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a b s t r a c t

Negative-ion electrospray tandem mass spectrometry with an ion-trap provided a sensitive tool for
sequence determination of oligosaccharides derived from starch. Fragmentations of [M−H]− as well
[M+Cl]− ions allow an unambiguous differentiation between �-(1 → 4) and �-(1 → 6) linkage based on
the presence of diagnostic [M−H−90]− and [M−H−78]− ions. For nonreducing saccharides with termi-
nal sucrose groups, the fragmentation starts with elimination of the fructose unit, followed by cross-ring
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cleavages of the remaining rings. The specific fragmentation features of reducing and nonreducing sac-
charides can be used for their differentiation.

© 2010 Elsevier B.V. All rights reserved.
egative-ion mode

. Introduction

Starch is a naturally abundant reserve polysaccharide pro-
uced by photosynthesis in plants. It is found mainly in the seeds,
ruits, tubers, and roots and varies widely in appearance according
o source and growing period. It is composed of two compo-
ents, amylose (15–25%) and amylopectin. Amylose essentially is
linear polymer of �-(1 → 4)-linked d-glucopyranosyl units with

ew (<0.1%) �-(1 → 6) linkages [1]. Amylopectin consists of �-
1 → 4) linked d-glucose chains and is relatively high branched
ith 5–6% �-(1 → 6)-bonds [2]. The length of amylose-like chains

o branched structure may vary between 10 and 100 glucose
nits [3]. Related nonreducing oligosaccharides in plants are rep-
esented by raffinose-family oligosaccharides consisting of the
epeating �-(1 → 6)-galactopyranosyl units and terminal sucrose
oiety. Oligomers were found up to pentadecasaccharides. They

ave important functions such as cold and desiccation tolerance,
nd serve as storage and transport saccharides [4].
To understand relations between physical properties, chemical
ehavior and the functionality of starch it is important to char-
cterize its structure. A structural analysis of saccharides requires
he determination of included monosaccharides, their sequence,
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the type of linkages between monosaccharide units, branching and
anomeric configuration. Although the development of physico-
chemical analytical methods improved the situation, analysis of
oligosaccharides is still a difficult task. Mass spectrometry (MS)
is a unique tool for the structural analysis of saccharides and
offers precise results, analytical versatility and very high sensitiv-
ity. Previously, the “soft” mass spectrometric ionization techniques,
such as fast atom bombardment (FAB), have gained attention
as approaches to investigate oligosaccharides [5]. Over the past
decades the FAB technique has been replaced by the more sensi-
tive techniques of electrospray ionization (ESI) and matrix-assisted
laser desorption/ionization (MALDI) [6,7].

With MS, saccharides can be studied in both positive-ion and
negative-ion modes. Both modes can be applied to neutral oligosac-
charides that can be generally detected as adduct molecule ions
with alkali metal ions in the positive-ion mode and as deprotonated
molecules (or their fragments) or adduct molecule ions with anions
in the negative-ion mode [8–10]. Various anions can be added in
order to increase the response of saccharides in the negative-ion
mode [9,11]. MS structural analysis is based on MSn experiments
(n ≥ 2). The key problem is to find diagnostic fragment ions that

enable discrimination among alternative structures. Fragmenta-
tions of saccharides have different features in the positive-ion and
negative-ion modes [7]. [M+Na]+ ions provide MS2 spectra con-
taining both glycosidic and cross-ring fragments [12,13]. In the
negative-ion mode, the predominant ion derived from saccharides

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:cmelik@iach.cz
dx.doi.org/10.1016/j.ijms.2010.01.001
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Table 1
The list of oligosaccharides and their structures used in this work.

Maltotriose �-d-Glcp-(1 → 4)-�-d-Glcp-(1 → 4)-d-Glcp
Maltose �-d-Glcp-(1 → 4)-d-Glcp
Erlose �-d-Glcp-(1 → 4)-�-d-Glcp-(1 ↔ 2)-�-d-Fruf
Isomaltotriose �-d-Glcp-(1 → 6)-�-d-Glcp-(1 → 6)-d-Glcp
Isomaltose �-d-Glcp-(1 → 6)-d-Glcp
Melibiose �-d-Galp-(1 → 6)-d-Glcp
Stachyose �-d-Galp-(1 → 6)-�-d-Galp-(1 → 6)-�-d-Glcp-(1 ↔ 2)-�-d-Fruf
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Panose �-d-Glcp-(1 → 6)-�-d-Glcp-(1 → 4)Glcp
Sucrose �-d-Glcp-(1 ↔ 2)-�-d-Fruf
Turanose �-d-Glcp-(1 → 3)-d-Fruf
Palatinose �-d-Glcp-(1 → 6)-d-Fruf

s [M−H]− but these ions frequently give rise to in-source frag-
ents. Fragmentation of deprotonated molecules gives the ions

iagnostic of the linkage type between adjacent units [5]. Chlo-
ide adducts provide comparable spectra [14,15]. Therefore, intact
accharides should be subjected to a two-step analysis. Firstly,
ositive-ion mass spectra provide information concerning the
onosaccharide sequence of the sugar core and secondly, negative-

on mass spectra reveal, in addition, all linkage positions [8,16].
Discrimination between different glucose oligomers, including

-(1 → 4) and/or �-(1 → 6) linkages, was reported several times.
he FAB [5] and ESI mass spectra [17] of deprotonated molecules of
ligosaccharides provide important information for characterizing
he glycosidic linkage type. Similarly, the fragmentation behavior
f disaccharides in the negative-ion mode was characterized by liq-
id secondary ion MS and related to the fragmentation behavior of

arger oligomers [18]. In other experiments collision-induced disso-
iation of ammonium [17], sodium [17,19,20], and lithium adducts
17,21], as well dilithiated species, [M+2Li−H]+ [22], were used.
altooligosaccharides in marine mucilage were investigated by the
SI-MS2 technique [23].

In the studies cited, emphasis was placed on mass spectral
escription of isomeric disaccharides and higher oligosaccharides,
ocusing on one type of saccharide-derived ions, in particular in the

Fig. 1. Mass spectra of maltotriose (a and b) and isomaltotrio
f Mass Spectrometry 291 (2010) 33–40

positive-ion mode. Attention was paid on a heterogeneous series
of target compounds involved several monomers and/or glycosidic
linkages, as well as anomericity.

Here, we report the differentiation of isomers of oligosac-
charides, especially �-(1 → 4) and �-(1 → 6) types of glycosidic
linkages using an ESI ion-trap (IT) MS. This technique combines
more gentle ionization of saccharides than MALDI [10] and has
MSn capability—a very efficient tool for elucidation of saccharide
structure [12]. First, our approach is comprised of a comprehen-
sive comparison of fragmentation behavior both of [M+Na]+ and
[M−H]− (or [M+Cl]−) ions derived from model samples of oligosac-
charides. Next, we investigated the samples without both the
derivatization and the addition of ionic dopants. It represents a sim-
ple method for analysis of saccharides with structural features of
starch.

2. Experimental

All oligosaccharides were obtained from Sigma (St. Louis, USA)
and used without purification. The sample solutions were prepared
in deionized water at a concentration of 10 �M.

The electrospray mass spectra were recorded with an Esquire
LC ion-trap mass spectrometer (Bruker Daltonik GmbH, Bremen,
Germany) equipped with an ESI source. Sample solutions were
introduced into the ion source at a flow rate of 3 �L/min via a metal
capillary held at high voltage (±3.5 kV). The other instrument con-
ditions were as follows: drying gas temperature, 250 ◦C; drying gas
flow, 5 L/min; nebulizer pressure, and 14 psi. Nitrogen was used as
both nebulizing gas and drying gas. The nozzle-skimmer potential
and octopole potential were modified and optimized before each

experiment. Ions were scanned in the range of m/z 50–1500 at a
scan speed of 13,000 Da/s, and 25 scans were averaged for each
spectrum. The maximum number of ions allowed in the ion-trap
was set at 5000 with a maximum acquisition time of 200 ms. For
MS2 experiments the precursor ion isolation width was set to 5 Da,

se (c and d) in both positive- and negative-ion modes.
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Fig. 2. Positive-ion ESI-MS2 spectra of [M+Na]+ ions from maltotriose (a) and isomaltotriose (c). Negative-ion ESI-MS2 spectra of [M+Cl]− ion from maltotriose (b) and [M−H]−

ion from isomaltotriose (d). Precursor ions are indicated in bold print.

Fig. 3. ESI-MS2 spectra of [M+Na]+ (a) and [M+Cl]− (b) ions from melibiose.
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6 R. Čmelík, J. Chmelík / International Jou

nd the fragmentation amplitudes were varied between 0.5 and
.2 V to reduce the intensity of the precursor ion to 10% of its initial

ntensity. The fragmentation time was 40 ms, the low-mass cut-
ff was set at default 1/3 of the precursor m/z value. For the MS3

xperiment the isolation width was 5 Da and the fragmentation
mplitude was 0.95 V.

. Results and discussion

The set of eleven oligosaccharides (six disaccharides, four trisac-
harides, and one tetrasaccharide), including five nonreducing
erlose, stachyose, sucrose, turanose and palatinose) was selected
o be ionized and fragmented by ESI-IT-MS (see Table 1). The struc-
ural information was obtained from the relationship between the
ype of glycosidic linkage and the presence of specific fragment
ons in the MS2 spectra. Experiments started with maltotriose and
somaltotriose which were analyzed to determine the general frag-

entation pattern. The main features of pattern were compared
ith those of the corresponding disaccharides (maltose and isoma-

tose) and melibiose. Fructosylated oligosaccharides (palatinose,
uranose, sucrose) of different linkages, were investigated aimed at
howing the influence of the linkage type on fragmentation pattern.
he MS2 spectra of various structures were compared. Addition-
lly, the study was extended to tri- and tetra-saccharides, panose,
rlose, and stachyose which contain the sucrose disaccharide unit.
ass spectra presented here were acquired in both negative- and

ositive-ion modes.
The number of the ionic species recorded in the negative-ion

ode was rather high: deprotonated molecules [M−H]−, their
ragments [M−H−X]−, a certain amount of deprotonated sodium

dducts [M+Na−2H]− (e.g., for erlose), chloride [M+Cl]−, and hydro-
en sulfate [M+HSO4]− adducts. An anion attachment is related to
he sample contamination with traces of inorganic salts. (However,
he purification of the sample is not essential due to the very similar
roduct ion spectra of both [M−H]− and [M+Cl]−). Both cross-

able 2
omparison of fragment ions obtained from several oligosaccharides in positive- and neg
indicated with *), [M−H]− (indicated with x), and [M+Cl]− (indicated with +), where M c

Ion type [M+Na−Hex−X]+ [M

X = Hex 120 90 78 60 18 He

Maltotriose * * * *
Maltose * *
Erlosea * * *
Isomaltotriose *
Isomaltose *
Melibiose * *
Stachyosea * * * *
Panose * * * *
Sucrosea * *
Turanosea *
Palatinosea *

Ion type [M−H−Hex−X]− [M

X = Hex 120 90 78 60 18 He

Maltotriose + + + + +
Maltose + +
Erlosea x x x x x x
Isomaltotriose x, + x, + x, +
Isomaltose x, + x, +
Melibiose + +
Stachyosea x x x x x x
Panose x, + x, + x, + x, + x, + x, +
Sucrosea x x x, +
Turanosea + +
Palatinosea + + x, +

iagnostic fragments are in bold.
a Nonreducing oligosaccharides.
f Mass Spectrometry 291 (2010) 33–40

ring and glycosidic fragments of the deprotonated molecules were
found in the negative-ion mass spectra of the reducing saccharides
[24]. On the contrary, positive-ion mass spectra were simpler with
regard to the variety of the ion species. Sodiated molecules dom-
inated, accompanied by the less abundant potassium adduct ions.
The differences between the positive- and negative-ion modes in
the cases of maltotriose and isomaltotriose are displayed in Fig. 1.

The MS2 spectra obtained for maltotriose and isomaltotriose
in both modes are depicted in Fig. 2. In the negative-ion mode,
the abundant [M−H]− and [M+Cl]− ions were selected for the
fragmentation. The molecular masses of the fragment ions of
maltotriose (Fig. 2b) corresponded to [M−H−60]−, [M−H−78]−,
[M−H−120]−, and [M−H−Hex]− ions (the abbreviation Hex repre-
sents any hexose). The similar fragmentation pattern was observed
for mass region m/z 179–365. In comparison, isomaltotriose frag-
mentation (Fig. 2d) yielded [M−H−18]−, [M−H−60]−, [M−H−90]−,
[M−H−120]−, and [M−H−Hex]− ions. The most important dif-
ferences obtained by the comparison of both MS2 spectra were
represented by the neutral loss of 90 Da for maltotriose and 78 Da
for isomaltotriose. Generally, we determined that the fragment ion
[M−H−90]− can be used as a useful diagnostic ion for �-(1 → 6)
linkages and [M−H−78]− for �-(1 → 4) linkages. These conclusions
were further supported with the MS2 spectra of selected ions from
melibiose (Fig. 3b), maltose, and isomaltose (see Table 2). More-
over, Fig. 3b shows that both deprotonated molecules and chloride
adducts can be used for successful characterization of oligosac-
charide structure. The MS2 spectrum of the chloride adduct of
melibiose showed the analogous fragment ions as those formed
from the deprotonated molecules of isomaltotriose (cf. Fig. 2d). The
presence of an ion at m/z 341 corresponded to the additional release
of HCl from this adduct. Similar fragmentation behavior of chloride

adducts was also observed for the other reducing saccharides (e.g.,
for panose in Fig. 4f).

Fragmentations of [M+Na]+ ions were similar for all samples
and contained cross-ring fragments [M+Na−X]+ (where X corre-

ative-ion ESI-MS2 spectra. The observed fragment ions were formed from [M+Na]+

orresponds to molecule of saccharide.

+Na−X]+ Bond type

x 120 90 78 60 30 18

* * * 1–4
* * 1–4

1–4
* * * * 1–6
* * * 1–6
* * * * 1–6

1–6
* * * 1–6, 1–4

* * *
* * * * *

−H−X]− Bond type

x 120 90 78 60 30 18

+ + + 1–4
+ + + 1–4

1–4
x, + x, + x, + x 1–6
x, + x, + x, + x x, + 1–6
+ + + + + 1–6

1–6
+ x, + x 1–6, 1–4

+
x, + x, + x, + x x, +
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ig. 4. Mass spectra of panose: positive- (a) and negative-ion (b) mass spectrum. MS
recursor ions are in bold, diagnostic fragment ions are in bold italics. Cleavages of

ponded to 60 and 120) and ions derived from cleavage of glycosidic
ond. The [M+Na−90]+ ions were detected only in the cases of
ligosaccharides containing �-(1 → 6) linkage, e.g., isomaltose, iso-
altotriose, and melibiose.
The observed fragment ions in both ion modes are summarized

n Table 2. The low abundance of precursor ions disallowed get-
ing MS2 spectra of several deprotonated molecules. In these cases
hloride adducts were used for fragmentation studies.

Cross-ring fragmentations of cation adducts, as well deproto-
ated glucooligosaccharides related to losses of 60, 90 and 120 Da
ave been attributed to neutral molecules C2H4O2, C3H6O3, and
4H8O4 respectively [5,25–27]. The formation of the [M−H−78]−

on was the result of the subsequent dehydration of [M−H−60]−

on [5,27].
The predominant mechanism of fragmentation of cationized

ligosaccharides involves a series of retro-aldol reactions occurring
n the reducing end of the molecule, as elucidated in detail in ref.
22,25,27]. A similar pathway, retro-ene reaction, was suggested

or a 90 Da loss [27]. The mechanisms proposed for the fragmenta-
ion of deprotonated molecules are similar to those of alkali metal
dducts [18]. Molecular orbital calculation supported parallel for-
ation of 60, 90, and 120 Da species for �-(1 → 6) linked glucose

nits [28].
tra of [M+Na]+ (c), [M−H]− (e), and [M+Cl]− (f). MS3 spectrum of [M+Na−Hex]+ (d).
e molecule are indicated in the molecular structure above corresponding spectra.

The anions at m/z 221 obtained from deprotonated (1 → 4) and
(1 → 6) glucose disaccharides by the direct loss of 120 Da in fact
consisted of sugar moiety linked to glycolaldehyde. The structures
of these ions were based on the comparison to synthetic stan-
dards [29]. The loss of C2H4O2 including anomeric and adjacent
carbon atom was confirmed with the 13C-labeled lactose [18]. In
the negative-ion mode, the proposed mechanism for the formation
of several fragments of N-glycan mannose core corresponding to
losses of 90 and 120 Da was reported by Harvey [15].

With the assignment of the specific product ion to �-(1 → 4),
respective �-(1 → 6) linkages were supported by the set of experi-
ments applied to oligosaccharides with a more complex structure.
Since panose contains both �-(1 → 4) and �-(1 → 6) glycosidic
bonds, it was a proper model for testing the sequencing abilities
of ESI-IT-MS. Both MS and MS2 spectra of sodium and chloride
adducts and the deprotonated molecule are shown in Fig. 4. In the
negative-ion mode mass spectra, the presence of an ion at m/z 425
(corresponding to neutral loss 78 Da) and the absence of an ion at

m/z 413 was a diagnostic of an �-(1 → 4) structure (Fig. 4e and f).
The second glycosidic bond, �-(1 → 6), was characterized by the
presence of an ion at m/z 251 (neutral loss 90 Da; see Fig. 4f). This
result corresponds to the fragmentation pathway starting from the
reducing end of the panose molecule (for structure, see formula in
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Fig. 5. ESI-MS2 spectra of [M+Na]+ (a) and [M−H]− ions (b) from erlose, and spectra of [M+Na]+ (c) and [M−H]− ions (e) from stachyose. MS3 spectrum of product ion
[M+Na−Hex]+ derived from stachyose (d). Precursor ions are in bold, diagnostic fragments are in bold italics.

Fig. 6. Comparison of negative-ion mass spectra of turanose (a), palatinose (b), sucrose (c), and erlose (d).
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ig. 4). Similarly, the absence of an ion at m/z 437 in the product ion
pectrum of [M+Na]+ is consistent with �-(1 → 4) linkage between
he residues at the reducing end (Fig. 4d). The ions observed at m/z
47 and 305, formed by loss of one glucose residue and water or
0 Da, did not allow a reliable attributing remaining linkage. Nev-
rtheless, a desired [M+Na−Hex−90]+ ion was found in the MS3

pectra of ions at m/z 407, as well as 365, which also leads to
he identification of panose (Fig. 4d). Whereas the differentiation
etween �-(1 → 4) and �-(1 → 6) linkages from the fragment spec-
rum of the sodium adduct is complicated, the fragment spectra
f both the deprotonated molecule and the chloride adduct clearly
how the differences in the specific fragmentation pattern.

Analogously, the fragmentation behavior of erlose and
tachyose was studied. These nonreducing saccharides contain, in
ddition to starch-like moiety, the same disaccharide part, termi-
al sucrose unit. From the negative-ion MS2 spectra of erlose and
tachyose (Fig. 5b and e), it is evident that loss of the terminal
ructose residue occurs [30,31]. It was followed by fragmenta-
ion of the remaining part of the saccharide, providing several
ypes of product ions. The similar fragmentation patterns appeared
or both oligosaccharides, with exception of ions at m/z 263 (for
rlose) and 413 (for stachyose). The first ion, corresponding to
M−H−Hex−78]−, can be used as a diagnostic indicator of �-
1 → 4) linkage, the second one (i.e., [M−H−Hex−90]−) provides
vidence for the presence of �-(1 → 6) linkage adjacent to the
ucrose part. No cross-ring fragments in the mass range between
M−H−Hex]− and [M−H]− (precursor ion) were detected. Com-
ared to the negative-ion mass spectra, the positive-ion product
pectra produced fewer ion species. The spectrum of sodiated
rlose was dominated by an ion at m/z 365 arising from a loss
f a hexose unit. The ions at m/z 203, 305, and 347 were of low
ntensity. Sodiated stachyose underwent fragmentation consistent

ith that observed for erlose. To distinguish between �-(1 → 4) and
-(1 → 6) linkages, abundant ions were selected for MS3 experi-
ents. An MS3 spectrum of [M+Na−Hex]+ ion (m/z 527) derived

rom stachyose contained an abundant ion at m/z 437 correspond-
ng to [M+Na−Hex−90]+ (Fig. 5d). This observation allowed the
ssignment of �-(1 → 6) linkage. As expected, this specific fragment
on was not observed for erlose (m/z 365) that does not contain
-(1 → 6) linkage.

With reference to studied nonreducing saccharides (erlose,
tachyose), the initial loss of a hexose is probably related to the
elease of terminal (�1 ↔ �2)Fru. The same result was obtained
egarding sucrose. These observations indicate that nonreducing
accharides yield [M−H]− ions that are less susceptible to con-
ecutive decomposition. Having only the ion adducts and the
eprotonated molecules in mass spectra (Fig. 6c and d) they corrob-
rated this suggestion. On the other hand, the reducing saccharides
ontaining terminal fructose (e.g., turanose, palatinose) showed
he fragment ions in their mass spectra (Fig. 6a and b). This phe-
omenon, as well preferential fragmentation of [M−H]− ions on
lycosidic bond between glucose and fructose, can also facilitate
he differentiation of reducing and nonreducing saccharides with
terminal fructose unit. The same conclusions were deduced from
ALDI measurements of reducing and nonreducing saccharides

24].

. Conclusions

The oligosaccharides containing Hex-�-(1 → 4)Hex and Hex-�-

1 → 6)Hex structural motifs examined in this study were readily
menable to analysis by negative-ion ESI-IT-MS. Tandem mass
pectrometry permitted unambiguous differentiation of the �-
1 → 4) and �-(1 → 6) linkages using the presence of specific
ragment ions. It seems that the method is particularly useful for

[
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identification of partially hydrolyzed starch oligosaccharides as
well as for sequencing various oligosaccharides.

The MS2 spectra obtained in the negative-ion mode enable
identification of ions specific for both types of studied glycosidic
linkages. On the other hand, the positive-ion mode, while more
sensitive, gives no diagnostic ion for �-(1 → 4) linkage. Absence of a
structural indicator plays a crucial role in the correct determination
of glycosidic linkage following the first cleaved one. In these cases,
some less abundant ions could not be detected and therefore the
false linkage can be deduced. The advantage of the higher sensitiv-
ity of the positive-ion mode could be compensated by the addition
of appropriate ammonium salts (e.g., NH4Cl), which enhances ion
signals in the negative-ion mode.

Oligosaccharides terminated with sucrose moiety showed
[M−H]−, [M+Cl]−, respective [M+Na]+ ions in mass spectra, which
were usually accompanied by a small amount of ions related to
in-source fragmentation. In the MS2 spectra of mentioned precur-
sor ions, characteristic ions attributed to the initial loss of fructose
residue and ions corresponding to the subsequent fragmentation
of [M−H−Fru]− or [M+Na−Fru]+ product ions. Both characteris-
tic features of behavior make possible discrimination between the
common types of reducing and nonreducing oligosaccharides.
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