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In this work, the glucose-containing disaccharide isomers were studied using negative electrospray
ionization tandem mass spectrometry (ESI-MS/MS). Interestingly, the full-scan mass spectra of the
disaccharides revealed that the deprotonated dimers were the predominant gas phase ions during
ionization process. Importantly, several diagnostic fragment ions relative to linkage positions and
anomeric configurations, arising from the covalent bond dissociation of dimers without breakdown of
the non-covalent complexes, can be detected in the tandem mass spectra. Based on the scarce
fragmentation characteristic, an original and simple approach for structural discrimination of disacchar-
ide isomers was put forward. In addition, density functional theory (DFT) was employed to find out the
reason why several fragmentations of intramolecular sugar bonds had preceded breakdown of the non-

ESI-MS covalent complexes.

Density functional theory

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Carbohydrates are ubiquitous compounds serving crucial struc-
tural and functional roles in almost all living organisms, and their
structural elucidations are an essential prerequisite for understand-
ing their many functions [1]. Carbohydrates are an extreme case of
isomeric molecules, with 80-90% of carbons being chiral as well as
having isomers with different positional linkage, and the amount of
individual pure species is often severely limited. Therefore, a
sensitive and effective analytical method for the structural deter-
mination of carbohydrate is required, which is still a great challen-
ging task given to biochemists.

A combination of techniques such as NMR, methylation analy-
sis (GC/MS), and monosaccharide composition analysis has long
been a mainstay in carbohydrate chemistry [2,3]. With the devel-
opment of soft ionization techniques, matrix-assisted laser deso-
rption/ionization (MALDI) and electrospray ionization (ESI) mass
spectrometry (MS) [4,5], MS-based technology, in particular the
ESI-tandem mass spectrometry (ESI-MS/MS), has become the key
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methodology for the analysis of underivatized carbohydrate both
in the positive and negative ion modes, being sensitive and
selective [6]. Positive- and negative- ion ESI-MS spectra could
provide complementary information for the structural elucidation
of oligosaccharides. In the positive ion mode, the dominant cross-
ring cleavage ions concerning linkages derived from alkali metal
attachment could be observed for the sugar unit at the reducing
end [7,8]. In addition to sequence data, the fragmentation of
negative ions could provide information on all linkage positions
and anomeric configurations in the sugar chain [9-11]. However,
the deprotonated ion signal of neutral carbohydrate in the nega-
tive ion mode has been proved to be much lower than that of
sodium attachment ion in the positive ion mode. Furthermore,
some fragment ions derived from the dissociation of deprotonated
neutral carbohydrate can be detected in the full scan mass
spectrum, rendering that the deprotonated ion is unstable
[12,13]. To improve the signal intensity of neutral carbohydrate
in negative ion mode, some frequent acid radicals should be added
to form the anionic adducts necessarily, such as CI—, Br—, I, F~,
CH5COO~, HCOO, NO3—, and H,PO,~ [14,15]. Recently, carbohy-
drates have been found to be present as not only deprotonation
and anion attachment but also the non-covalent sugar-sugar
complex in the negative ion mode. It is because their adoptable
structures allow them to have a range of potential hydrogen bonds,
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attracting each other. Cotter's group investigated non-covalent
sugar-sugar complexes by Infrared (IR) Atmospheric Pressure (AP)
MALDI [16]. Interestingly, it was found that some fragmentation of
intramolecular sugar bonds preceded the breakdown of the non-
covalent complexes. It appeared that it happened only with sugars
containing atleast one sialic acid, since the sialic acid has been
proved to be a mediator in the non-covalent complex formation,
associating tightly with other sugars. As for the neutral carbohy-
drates, similar noncovalent complexes had been observed, but only
the breakdown of the noncovalent dimers could be detected by IR
AP MALDI.

In the present research, the disaccharides were studied using
negative ESI-MS/MS and one novel approximately symmetric non-
covalent dimer of disaccharides had been detected to be stable and
predominant, where the fragmentation was quiet different from
the common non-covalent dimer of neutral carbohydrates.
Apart from the fragment ions arising from the non-covalent bond
dissociation of the dimers, other characteristic fragment ions from
glycosidic cleavages and cross-ring product ions without the
breakdown of non-covalent bond were observed in the tandem
mass spectra. It may provide us a new approach to discriminate
the native disaccharide isomers using tandem mass spectrometry.
Most importantly, it is the first time that the fragmentation of
intra-molecular sugar bonds without the breakdown of the non-
covalent complex is discovered for the neutral carbohydrate.

2. Experimental
2.1. Reagents

Reducing neutral disaccharides as listed in Chart 1 are isomers
of Ci2H»,04; with four different linkage types (1-2, 1-3, 1-4,
and 1-6) and two different anomeric configurations (« and B). p-
glucose, sophorose, maltose, isomaltose, nigerose and sucrose
(non-reducing disaccharide) were purchased from Sigma (St.
Louis, MO, USA). Cellobiose and gentiobiose were bought from
J&K (Beijing, China). Laminaribiose was acquired from Megazyme
(Wicklow, Ireland). Kojibiose was acquired from Carbosynth
(Berkshire, UK). Methanol used was of HPLC grade. HPLC grade
deionized distilled water was obtained with a Milli-Q plus TOC
water purification system (Millipore, Bedford, MA). The eight
reducing disaccharide samples and non-reducing sucrose were
prepared at a concentration of 10~ % mol/L in a solution of water/
methanol (50/50, v/v).

2.2. Mass spectrometry

All mass spectra were recorded on an LTQ XL linear ion-trap
mass spectrometer (Thermo Finningan, San Jose, CA, USA) equipped
with an electrospray ionization source operated in negative ion
mode. Samples were introduced at a flow rate of 5 pL/min. Typical
ESI conditions were as follows: sheath gas flow 0.45L/min and

No. Formula Name

1 Gleal-2Gle Kojibiose

2 Glep1-2Gle Sophorose

3 Gleal-3Gle Nigerose

4 Glep1-3Glc Laminaribiose
-] Glea1-4Gle Maltose

6 Glef1-4Gle Cellobiose

& Gleal-6Gle Isomaltose

8 Glep1-6Glc Gentiobiose

Chart 1. Reducing glucopyranosyl-glucose disaccharides.

auxiliary gas flow 0.6 L/min (both nitrogen), spray voltage —4.0 kV,
heated capillary temperature 300 °C, capillary voltage —20V, and
the tube lens offset —160V. CID-MS/MS experiments were per-
formed using standard isolation and excitation procedures (activa-
tion g value of 0.25; and activation time of 30 ms). lons were
isolated using a width of 2.0 m/z ( + 1.0 m/z). The relative collision
energy was set at 10%. The rich structural information can be
obtained under this condition. A total of 20-100 scans were
accumulated for each spectral acquisition. Data acquisition was
carried out with Xcalibur data system.

2.3. Density function theory calculations

Theoretical methods were performed to calculate the geo-
metric structures and intermolecular interaction energies of
the studied system. The equilibrium structures of the neutral
disaccharide, the deprotonanted disaccharide and the deproto-
nated disaccharide dimers were optimized by the density func-
tional theory (DFT) level using the B3LYP functional and 6-31+G(d,
p) basis set [17]. The intermolecular interaction energies were then
calculated at B3LYP/6-31+G(d,p) level, since the missing diffuse
functions were very important to quantitate electronic energies of
anions correctly. Meanwhile, basis set superposition error (BSSE)
using a counterpoise correction scheme was taken into account
during the calculations for all dimer system at the level of B3LYP/
6-31+G(d,p). All the calculations were performed using the Gaus-
sian 09 software package.

3. Results and discussion

To obtain reproducible and high quality tandem mass spectra,
the MS/MS experiments were carried out with the relative colli-
sion energy set at 10% to preserve the signal of the precursor ion
in the range of 5-20%. The rich structural information can be
obtained under this condition. The studied reducing disaccharides
as listed in Chart 1 are isomers of Ci,H»,04; with four different
linkage types (1-2, 1-3, 1-4, and 1-6) and two different anomeric
configurations (a and B). All the experiments were operated in the
negative ion mode.

3.1. Mass spectrometric analysis of cellobiose

The results from negative ESI-MS analysis of disaccharides
in this study were much different from previous reports
[10,12,13]. Taking cellobiose as an example, the base peak in the
negative full scan ESI-MS spectrum is the deprotonated dimer ion
([2M—H]~) at m/z 683, rather than the deprotonated ion
(IM—H]™) at m/z 341, or the anion attachment ions such as
[M+HCOO]~ at m/z 387, [M+Cl]~ at m/z 377, and [M+C3HgO3]~
at m/z 431, as depicted in Fig. 1a. Additionally, several ions (i. e. m/z
323, 263, 221 and 179) arising from the fragmentation of unstable
deprotonated ion and other non-covalent complex ions at m/z
1025 ([3M—H] ) and 1327 ([4M —H] ™) also can be observed. Even
if the experiment was carried out using a different instrument, the
dimer ion at m/z 683 could still be detected as long as it had been
under the electrospray ion source (Fig. S-1 of Supporting informa-
tion). Stemming from previous studies, it was noted that the
noncovalent homodimers of sugars can be formed at high con-
centrations [18]. The dimers can be observed in a large range of
sample concentration (10 pmol/L~1 mmol/L, Fig. S-2 of Supporting
information). With the increase of the sample concentration, the
propensity of the dimer formation would increase gradually. The
dimer was formed without the loss of water or other small
molecules indicated by its mass-to-charge ratio. Therefore, it
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Fig. 1. (a) ESI full-scan mass spectrum of cellobiose in negative ion mode; negative
tandem mass spectra of the dimer ion (b) and trimer ion (c) of cellobiose.
Conditions were given in the Supporting information.

should be formed by the non-covalent interaction between the
negative and neutral monomers.

The fragmentation of the dimer ion at m/z 683 yielded the
major deprotonated ion [M—H]~ at m/z 341 arising from the
neutral loss of one disaccharide molecule and small amounts of
ions at m/z 623 and 503, as illustrated in Fig. 1b. Based on the m/z
value of the fragment ions at m/z 623 and 503, they were
determined to be formed from the neutral losses of C,H40,

(—60Da) and CgH1005 (—162 Da), respectively. Therefore, it was
easy to deduce that these product ions must be formed directly
from the dissociation of the dimer without the breakdown of the
non-covalent complex. The fragmentation of the [3M—H]|~ at m/z
1025 is illustrated in Fig. 1c. Unlike the fragmentation of the dimer
ion at m/z 683 that yielded fragment ions arising from both
noncovalent and covalent bond dissociation simultaneously, the
trimer generated product ions only from the noncovalent bond
dissociation, yielding the ion at m/z 683 and the ion at m/z 341,
which was formed from the loss of one and two disaccharide
molecule, respectively. As for the dimers of the other disaccharide
isomers, the same fragmentation patterns could also be observed.

3.2. Ionization mechanism of the deprotonated dimer ions

It is well-known that the intermolecular interaction energy
(binding energy) is a quantitative indicator of the strength
of interaction, and its magnitude could be used to measure the
relative stability of a dimer [19]. To explain the phenomena
reasonably, theoretical calculation was employed by the software
package Gaussian 09, as described above. As previously reported,
[6] the deprotonation of reducing carbohydrate occurred on
the hemiacetal hydroxyl at the reducing end. By optimizing the
experimental parameters, the equilibrium configuration of the
non-covalent dimer of cellobiose is established, as depicted in
Fig. 2. The interatomic distance between O1 and H is 1.07 A, while
the interatomic distance between 02 and H is 1.42 A, both of
which are longer than the normal covalent bond length of O-H
(0.96 A). It indicates that the two hemiacetal hydroxyl oxygens
share one hydrogen atom, making the two monomers to get close
to each other. Furthermore, the intermolecular interaction energy
was calculated to be —330.65 kJ/mol, which was close to the bond
energy of the C-C bond (347 kJ/mol) or the C-0 bond (358 kJ/mol).
That is the reason why some fragmentation of intramolecular
sugar bonds had preceded the breakdown of the non-covalent
complex.

Since the usual hydrogen bond energy is at the range of —21 to
—29 KkJ/mol, it is easy to deduce that the strong interaction force
between the two adjacent monomers is mainly from the two
hemiacetal hydroxyl oxygen atoms sharing one proton. The con-
clusion was further proved by the comparison with the negative
full-scan mass spectrometric analysis of sucrose, a non-reducing
disaccharide without hemiacetal hydroxyl. As depicted in Fig. 3a,
the predominant peak is the deprotonated monomer ion at m/z
341, accompanied with minor dimer ion, whose relative abundance
is lower than 20%. The reason is that the sucrose has no hemiacetal

o1 H 02

LS

Fig. 2. Optimized computer modeling structure of deprotonated dimer of cellobiose.
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Fig. 3. (a) ESI full-scan mass spectrum of sucrose in negative ion mode and

(b) negative tandem mass spectrum of the deprotonated dimer of sucrose. The CID
energy, used to preserve a signal of the precursor ion in the range of 5-20%, was 7%.

hydroxyl, and the interaction force between the deprotonated ion
and neutral molecule is only from the multiple hydrogen bonds. The
tandem mass spectrum of the dimer of sucrose, depicted in Fig. 3b,
shows only the fragment ion at m/z 341 derived from the dissocia-
tion of the common non-covalent bond. The CID energy, used to
preserve a signal of the precursor ion in the range of 5-20%, was 7%,
lower than that of reducing one. It further illustrated that the
formation process for the reducing oligosaccharide dimers seemed
as a chemical reaction forming a new bond, rather than the two
monomers attracted each other and fell toward each other. It is
consistent with the above conclusion of the tandem mass spectro-
metric analysis that the dimers are not the common non-covalent
bonded ions. The further tandem mass spectrometric analysis of
[3BM—H]~ (Fig. 1c) illustrated that the sharing proton structures had
a certain saturation. As for the trimer, two of the three monomers
still shared one proton forming dimer and the third monomer
cohered loosely to the dimer only by intermolecular hydrogen bond.

3.3. Tandem mass spectrometric analysis of disaccharide dimers

The characterization of disaccharide isomers has always been
a hot research spot [8,11,20-22]. In this study, extra diagnostic

information can be gained from the investigation of the fragmen-
tation pathways of [2M —H]~ ions. The fragmentation of dimers
could yield the product ions from the cleavage of covalent
bond, providing us a new method to investigate the disaccharide
isomers. Under the same measurement conditions, both the
patterns and the relative ion abundances of fragment ions arising
from disaccharide dimers depended on the disaccharide linkage
types and anomeric configurations. Furthermore, fragmentations
of the deprotonated disaccharide dimers were obviously different
from that of chloride adducts of disaccharides, since the collision
energy in the above experiment had been mainly dispersed for the
dissociation of dimers into momers. By comparison of tandem
mass spectra of chloride adducts of disaccharides, some product
ions from the dissociation needing more collision energy have not
be detected in that of deprotonated dimers, i. e. fragment ions
formed from the loss of C;HgO3 (—78 Da) in 1-2 linked disacchar-
ides (Fig. 4a and b vs Fig. S-3a and S-3b); fragment ions formed
from the loss of C3HgO3 (—90Da) of 1-3 linked disaccharides
(Fig. 4c and d vs Fig. S-3c and S-3d); fragment ions formed from
the loss of C;HgOs (—78 Da) and fragment ions from the loss
of C4HgO4 (—120 Da) in 1-4 linked disaccharides (Fig. 4e and f vs
Fig. S-3e and S-3f); fragment ions formed from the loss of C4HgO4
(—120Da) in 1-6 linked disaccharides (Fig. 4g and h vs Fig. S-3g
and S-3h). Therefore, it can be easy to identify the linkage
disaccharides by the fragmentation of deprotonated dimers.

The CID-MS/MS spectra of a(1— 2)-linked kojibiose and p(1—2)
-linked sophorose illustrated in Fig. 4a and b, respectively. The
major ions at m/z 341 correspond to the deprotonated monomer ion
arising from the breakdown of non-covalent bond. The ions at m/z
665 and 647 are formed from the loss of one and two H,O,
respectively. The cross-ring cleavage ions at m/z 563 and the
glycosidic cleavage ions at m/z 521 are formed from the neutral
loss of C4HgO, and one glucose residue, respectively. Several
fragment ions at m/z 323, 263 and 221 formed from further
dissociation of deprotonated monomer ion (i. e. m/z 341) also can
be observed. The anomeric configurations of kojibiose and sophor-
ose can be easily assigned based on the relative abundance ratio of
myz 563:521, larger than 1 (« isomer in Fig. 4a) or smaller than 1 (8
isomer in Fig. 4b).

Compared to the spectra of (1— 2)-linked disaccharides, Fig. 4c
and d clearly shows that the presence of the ion at m/z 503 aris-
ing from the loss of one glucose molecule (C{,H5,041, 180 Da), of
which the high abundances are typical for the spectra of (1-3)-
linked disaccharides. The biggest difference between the two
anomers is the relative ion intensity of the peak at m/z 503 (higher
in «f(1—-3)-linked one and smaller in p(1-3)-linked one). The
(1-4)-linked disaccharides can be distinguished from the (1 - 2)-
linked disaccharides by simply checking the appearance of frag-
ment ions at m/z 623 and 503, which are formed from the neutral
loss of C;H40, (—60 Da) and C;3,H,,04; (—180 Da), respectively.
The clear-cut differentiation between the o- and p-configurations
in the (1—4)-linked disaccharides is the relative ion intensity of
the fragment ion at m/z 281 arising from further dissociation of
deprotonated monomer ion (i. e. m/z 341) and the relative
abundance ratio of m/z 503:623, which is larger than 1 in Fig. 4e
(o isomer) and smaller than 1 in Fig. 4f (g isomer). As for the 1-6
linked disaccharides, the observation of fragment ions at m/z 623,
593 and 521 (Fig. 4g and h) is the characteristic of the o(1—6)
glycosyl linkages. They are formed from the loss of CoH40,, C3HgO3
and CgH;00s, respectively. The fragment ions at m/z 323, 263 and
221 are assigned as dehydration ion, ®?A-ion and %“A-ion, respec-
tively, which are formed from further dissociation of deprotonated
monomer ion. By comparison of a(1- 6)-linked isomaltose and
B(1—6)-linked gentiobiose, the appearance of fragment ions at
m/z 623 and 593 but the absence of ion at m/z 521 is indicative of
the p(1—6) glycosyl linkages.
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Fig. 4. Tandem mass spectra of deprotonated dimer ions of reducing disaccharide isomers. (a) kojibiose, (b) sophorose, (c) nigerose, (d) laminaribiose, (e) maltose,
(f) cellobiose, (g) isomaltose and (h) gentiobiose. The Domon and Costello nomenclature [23] has been employed to define several fragment ions.

4. Conclusions

One novel highly stable and approximately symmetric disac-
charide dimer was discovered in ESI-MS and several fragment ions
arising from the dissociation of covalent bonds without destroying

the non-covalent bonds were detected in ESI-MS/MS. Density
functional theory (DFT) level using the B3LYP functional and
the 6-31+G(d,p) basis set was employed to find the reason
why it happened. The result showed that the two hemiacetal
hydroxyl oxygen atoms shared one proton and the intermolecular
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interaction energy was close to the bond energy of the C-C bond
and the C-0 bond. By investigating the fragmentation pathways of
[2M—H]~ ions, extra diagnostic information had been gained to
distinguish the glucose-containing disaccharide isomers. This
work improved our understanding of behavior of carbohydrate
in the negative mass spectrometry, which would open the new
view to investigate carbohydrate.
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