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ABSTRACT: Characterization of carbohydrate structures using
mass spectrometry is a challenging task. Understanding the
dissociation mechanisms of carbohydrates in the gas phase is
crucial for characterizing these structures through tandem mass
spectrometry. In this study, we investigated the collision-induced
dissociation (CID) of glucose, galactose, and mannose in their
linear forms, as well as the linear forms of hexose at the reducing
end of 1-6 linked disaccharides, using quantum chemistry
calculations and tandem mass spectrometry. Our results suggest
that the dehydration reaction in linear structures is unlikely to
occur due to the significantly high reaction barrier compared to
those of C=O migration and C—C bond cleavage. We

Differentiation of Stereoisomers

1001 1 @0-@ oY ¥
4
*-0:0-9 o-e'e-e

" ¥ ' ¥

50 .:' OT'
R=0.02 ? R=0.14 (?
o113 | |
150 200 150 200
m/z m/z

demonstrate that the different intensities of the cross-ring fragments observed in the CID spectra can be explained by the
different transition state energies of C=0 migration and C2—C3, C3—C4, and C4—CS bond cleavages, and the branching ratios of

the cross-ring fragments are significantly different between glucose

and galactose. The application of the cross-ring fragments to

oligosaccharides reveals that the stereoisomers of glucose and galactose in oligosaccharides can be differentiated based on the relative
intensities of the cross-ring fragments produced by the C2—C3 bond cleavage and C3—C4 bond cleavage, a differentiation that

cannot be achieved by conventional tandem mass spectrometry.

B INTRODUCTION

Carbohydrates are the most abundant biomolecules among the
four classes of biomolecules (nucleic acids, proteins,
carbohydrates, and lipids) that are essential for life. They
have many functions in biology, such as serving as an energy
source, mediating cell—cell adhesion and signaling, and
supporting the immune system.”” Understanding the bio-
logical functions of carbohydrates necessitates characterization
of their structures. However, the number of carbohydrate
isomers is vast due to the differences in the monosaccharide
units and their sequences and linkages, making structural
determination difficult.

Methods such as nuclear magnetic resonance spectrosco-
py”* and enzyme digestion®™” are used traditionally for the
carbohydrate structural determination. However, these meth-
ods often face challenges such as difficulties in obtaining a
sufficient amount of samples and suitable enzymes for
structural determination. Ton mobility spectrometry,” " infra-
red action spectra,’'™'” and 2D UV-mass spectra'®'® have
been shown to be able to differentiate carbohydrate isomers
based on their ion mobility and spectral differences, but these
methods usually require the carbohydrate standards to record
the mobility drift times, the infrared spectra, or the UV spectra.
Mass spectrometry, known for its high sensitivity, is widely
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used in carbohydrate structural determination.'®”** Single-
stage mass spectrometry provides only compositional in-
formation, whereas tandem mass spectrometry is necessary for
structural determination. In tandem mass spectrometry,
carbohydrates are dissociated into fragments, and the
carbohydrate structures are reconstructed from the structures
of these fragments. Conventional tandem mass spectrometry
typically determines the linkage positions of carbohydrates, but
differentiating anomericities and stereoisomers remains
challenging.

A new multistage tandem mass spectrometry method, based
on the carbohydrate dissociation mechanisms in the gas phase,
was developed for carbohydrate structural determination in our
laboratory recently.”>™>* In this method, precursor ions are
dissociated into fragments through collision-induced dissocia-
tion (CID), and the structures of these fragments are then
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Calculation procedure

Multi-walker well-tempered metadynamics MD
simulations to generate initial state structures.
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Structural screening to remove duplicated
structures
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DFTB structural optimization
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Structural screening to remove duplicated
structures
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Selection according to TS candidate criteria

4

NEB calculations
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TS optimization with DFT/ M06-2X

4

TS confirmed by IRC with DFT/ M06-2X

Number of configuration

Glc’s linears Man’s linear Gal’s linears Iso’s linears

600,000 150,000 600,000 450,000
83,863 15,608 78,126 209,457
83,863 15,608 78,126 209,457
14,391 796 4,420 19,862

1,208 671 2,937 13,927
1,208 671 2,937 13,927
1,029 387 2,191 5,246

633 97 597 513

Figure 1. Calculation procedure and number of configurations involved in each stage of calculation.

determined using mass spectra obtained by our specially
designed CID sequences. Understanding the CID mechanisms
is crucial in this method for deriving the structures of
precursors and fragments.

Quantum chemistry calculations offer a method to under-
stand how carbohydrates dissociate inside of the mass
spectrometer. Since the 1990s, theoretical calculations have
been carried out using semiempirical and Hartree—Fock
methods to study the conformations and dissociation of
disaccharides™™** and oligosaccharides.”>** Recently, more
accurate methods, such as density functional theory (DFT),
have been used to investigate monosaccharide and disacchar-
ide CID.*** However, carbohydrates are floppy molecules,
with the sugar ring adopting various puckering forms and the
OH functional groups assuming different orientations. As a
result, more than 200 stable conformers exist for a
monosaccharide.”****”** When two monosaccharides are
linked, the two dihedral angles of the glycosidic bonds change
easily, resulting in over a million disaccharide conformers.**~*
However, some studies calculated only a handful of the most
stable conformers, which may not accurately describe the
dissociation mechanisms as the transition states (TS) with low
dissociation barriers are not necessarily correlated to the most
stable conformers. An efficient method to search for low-lying
TSs among a large number of stable conformers is essential for
understanding dissociation mechanisms.

We have developed an effective method for searching the
low-lying TSs of monosaccharides and disaccharides attached
to a sodium ion.****~*® Our previous computational studies
focused on the monosaccharides and disaccharides in their ring
forms.’***~*® We have shown that the dehydration and ring-
opening reactions at the C1 position are the two dissociation
channels with low barrier heights in the ring form. After ring
opening, carbohydrates adopt a linear form and subsequent
C—C bond cleavage via the retro-aldol reaction occurs,
resulting in cross-ring dissociation. The anomericity of the
carbohydrates in their ring form can be determined by the
branching ratios of the dehydration and cross-ring dissociation
observed in the CID spectra. In our previous studies, the
barrier for the ring-opening reaction was found to be higher
than that for C—C bond cleavage; therefore, only the rate-

determining step (i.e., the ring-opening reaction) of cross-ring
dissociation was investigated in detail. In fact, different C—C
bond cleavages lead to different cross-ring fragmentations. The
CID spectra of previous studies showed that the relative
intensities of these cross-ring fragments vary among different
stereoisomers, but the mechanisms are not clear. Moreover,
dehydration could possibly occur in a linear form in addition to
the C—C bond cleavages. In this work, we focus on the
reactions of carbohydrates after ring opening, i.e., reactions in
linear forms. We investigate various C—C bond cleavages and
dehydration reactions using quantum chemistry calculations
and experimental measurements. We show that the branching
ratios of different C—C bond cleavages can be explained by the
differences between the barrier heights of C—C bond cleavage
and the C=0 migration. These distinct C—C bond cleavages
can be used to differentiate the stereoisomers of glucose and
galactose. The dehydration barriers in linear forms are very
high, indicating that dehydration occurs only in the ring form,
supporting our previous study. Applications for differentiating
glucose and galactose in oligosaccharides are demonstrated.

B EXPERIMENTAL METHOD

The purity of the compounds was checked using high-
performance liquid chromatography (HPLC). For HPLC-
electrospray ionization (ESI)-MS experiments, S uL of the
sample, dissolved in deionized water (DIW) at a concentration
of 2 X 10™* M, was injected into the HPLC system (Dionex
Ultimate 3000, Thermo Fisher Scientific Inc., Waltham, MA,
USA) with a Hypercarb column (100 X 2.1 mm, particle size:
3 um, Thermo Fisher Scientific Inc.) for anomer separation.
The eluents were then directly injected into the ESI source of a
linear ion trap mass spectrometer (LTQ XL, Thermo Fisher
Scientific Inc.). A NaCl solution (2 X 10™* M NaCl dissolved
in methanol:DIW = 50:50 solution (v/v%)) was added to the
HPLC eluents before entering the ESI source. The mobile
phase of the HPLC consisted of DI water (solution A) and
HPLC-grade acetonitrile (solution B). The gradient of mobile
phase was changed linearly from A = 100% and B = 0% att = 0
min to A =90% and B = 10% at t = 30 min, with a flow rate of
200 yL/min. The temperatures of the ESI source and transfer
capillary were set to 280 and 350 °C, respectively. The voltages
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Figure 2. Structural changes from the ring form to various linear forms and fragmentation through various C—C bond cleavages. (a) Glucose and
mannose, (b) galactose, and (c) isomaltose. The numberings of carbon and oxygen atoms are in green and red, respectively.

of the ion spray and capillary and tube lens were set to 4000
and 80 V, respectively. Helium gas was used as both the buffer
gas and the collision gas in the ion trap. The linear ion trap
settings were 1 u of isolation width, 30 ms of activation time,
30% of normalized collision energy, and 0.25 of the Q value in
positive mode. For the direct injection of ESI emission to mass
spectrometer, the analytes dissolved in the mixture of
methanol/DIW (v/v% 50:50) solution in a concentration of
2 X 107* M with NaCl of 2 X 107" M were loaded in the
emitter. The other experimental parameters were the same as
those used for the HPLC-ESI-MS.

B COMPUTATIONAL METHOD

Figure 1 illustrates the computational procedure and the
number of structures involved in or obtained at each stage. The
procedure begins with conformational search to identify as
many low-energy conformers as possible. These conformers
serve as initial reactants in the search for low-lying TSs for the
reactions of interest. The conformational searches are
conducted using molecular dynamics (MD) simulations to
explore various conformers with Na* complexes in a vacuum.
For each complex, three multiwalkers, well-tempered metady-
namics simulations are performed, with 10 walkers assigned to
each MD simulation. Bias forces were introduced in the
metadynamics MD simulations to facilitate sampling of
broader conformational spaces, implemented through the use
of collective variables. We used six collective variables: five
dihedral angles formed between two neighboring O atoms and
the coordination number of sodium ions to O atoms. The
former five collective variables aided in sampling various linear
structures with different dihedral angle combinations, while the
latter collective variables explored different types of sodium ion
binding to the O atoms. Three simulations with different rates

of bias energy addition, 0.001, 0.002, and 0.01 hartree, yield a
more diverse range of structures. The forces and the energies
in the simulations were computed using tight-binding density
functional theory (DFTB) method of GFN-xTB.*’

The conformers resulting from the simulations were
screened using the Ballester and Richards*® method. Con-
formers with similarity scores of >95% were grouped together,
and only the conformer with the lowest energy in each group
was selected for further calculations. These selected con-
formers were then geometrically optimized using the GFN-
xTB method and were screened again using the same criteria.
The resulting structures were analyzed to identify potential
reactants leading to the low-lying TSs, based on the premise
from our previous computational studies’®*® that the binding
of a sodium ion to an O atom can weaken the O—H or O—C
bonds of the associated O atom, thus reducing the TS energy.
The TSs of C=O migration, C—C bond cleavage, and
dehydration are the targets of our searches. The potential
reactants leading to low-lying TSs that are prone to undergo
C=0 migration with a low reaction barrier are determined by
the following two criteria. First, the distance between the O
atom of the OH group next to the C=O group and the O
atom of the C=0 group (02 and O1 for L1, O3 and O2 for
L2, and O4 and O3 for L3) is less than 3 A to promote H atom
transfer. Second, the sodium ion binds to one of the
aforementioned O atoms with a Na*—O distance of less than
2.5 A*** For C—C bond cleavage and dehydration, the first
criterion changes to the distance between the O atom of the
C=0 group and the O atom of the OH group that is two C—
C bonds away from the C=0 group (e.g, O3 and Ol for L1,
04 and O2 for L2, and OS and O3 for L3) being less than 3 A
for C—C bond cleavage, and the distance of any O—O of any
two OH groups is less than 3 A for dehydration. Meanwhile,
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Figure 3. Calculated zero-point corrected energies of TSs and reactants using the DFT/M06-2X method: (a) glucose in linear form; (b) mannose
in linear form; (c) galactose in linear form; (d) isomaltose with the glucose at the reducing end in linear form. Energies are relative to the energy of
the global minimum structure of each monosaccharide in linear form. The green and red lines represent the TS energies of C—C bond cleavage and
C=0 migration, respectively. The crosses are the energies of the lowest TSs from our previous study”’ reoptimized using the DFT/M06-2X
method. The black lines right below each TS represent the energies of the reactant states leading to the TSs, where the numbers above the black
line represent the numberings of the O atoms that bind to the sodium ion.

the second criterion for selecting potential reactants remains
the same.

After selecting the potential reactants, we performed
climbing-image nudge-elastic band (NEB)*’ calculations on
the chosen candidates to obtain the reaction pathways as well
as the TSs of the reactions. These calculations employed the
GFN-xTB method, and the resulting TSs were used as initial
guesses for more precise TS optimization via the DFT method.
The DFT-optimized TSs were further verified through intrinsic
reaction coordinate®® (IRC) calculations. All metadynamics
simulations, GFN-XxTB structure optimizations, and NEB
calculations were carried out using CP2K software (version
8.1).>! The DFT calculations utilized Gaussian 16°* with the
MO06-2X density functional, and the basis set of 6-311+(d,p)
was applied for the calculation of monosaccharides, while a
slightly smaller basis set 6-31+(d,p) was applied to that of the
disaccharides.

B RESULTS AND DISCUSSION

Most carbohydrates, including glucose, galactose, mannose,
and isomaltose, studied in this work primarily exist in a ring
form. During the CID process, some of them gain sufficient
energy and change to a linear form through a ring-opening
reaction. Carbohydrates in their linear form may undergo
dissociation. Dehydration and C—C bond cleavage are the two
major dissociation channels of carbohydrates observed in CID.
In this work, we investigated the dehydration and C—C bond
cleavage mechanisms of glucose, galactose, and mannose in

their linear forms as well as the 1—6 linked disaccharides with
the hexose at the reducing end in its linear form. The possible
linear structures of these carbohydrates are illustrated in Figure
2, where L1 denotes the structure immediately after ring-
opening reaction from the hexose in its ring forms. L2 is
obtained from L1 by C=0 migration from C1 to C2, while L3
is obtained from L2 by C=0 migration from C2 to C3. There
are two epimeric structures of L3, labeled as L3a and L3b.

Monosaccharides. Figure 3 shows the relative zero-point
corrected energy of the low-lying TSs and their corresponding
reactant states for C—C bond cleavage and C=O migration,
with the lowest energy of the most stable conformer of each
monosaccharide in its linear form taken as the energy
reference. Only the four lowest TSs are illustrated in Figure
3, and the full results are provided in the Supporting
Information. For each monosaccharide in its linear form, it
was found that the conformer with the C=0 located at C3 is
the most stable. The relevant lowest TS structures found in our
previous study’' calculated using DFT/B3LYP and Moller—
Plasset perturbation theory were reoptimized using the DFT/
MO06-2X method. These results are included in Figure 3 and
are denoted by a cross sign. These TSs from previous work are
generally similar to the lowest TSs identified in this study,
except in the case of C—C bond cleavage of Glc-L3a where the
current work found much lower reaction TSs.

The low-lying TSs for C—C bond cleavage and C=0O
migration of glucose and mannose in various linear structures
are shown in Figure 3a and Figure 3b, respectively. For Glc-L1,
the energies of the lowest TSs of C—C bond cleavage (which is
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Figure S. (1—18) Geometries of the lowest TSs of C—C bond cleavage and C=O migration in a series of linear structures. O atoms labeled as D
and A are H atom donors and acceptors, respectively. Cyan, red, white, and blue spheres represent carbon, oxygen, hydrogen, and sodium atoms,
respectively. The distances between atoms (in angstroms) indicating bond braking and sodium ion binding are labeled.

C2—C3 bond cleavage, generating fragment m/z 143) and the
C=O0 migration are similar (175 and 176 kJ/mol,
respectively). In contrast, for Man-L1, the energy of the
lowest TS of C—C bond cleavage (also C2—C3 bond cleavage,
generating a fragment m/z 143) is 8 kJ/mol higher than that of
C=0 migration. This suggests that Man-L1 is more prone to
undergo C=0 migration to form Glc-L2 compared to Gle-L1.
Both Glc-L1 and Man-L1 become Glc-L2 after the C=0O
migration from C1 to C2. For Glc-L2, the lowest TS for C—C
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bond cleavage (C3—C4 bond cleavage, generating fragment
m/z 113) is lower than that for C=0 migration by 6 kJ/mol,
suggesting that Glc-L2 tends to undergo dissociation, rather
than changing into different linear structures through C=0
migration. If C=O migration occurs in Glc-L2, then Glc-L2
may revert to Glc-L1 or Man-L1, or it may become Glc-L3a or
Glc-L3b. For both Glc-L3a and Gle-L3b, the lowest TS of C—
C bond cleavage (C4—CS5 bond cleavage) is lower than that of
the lowest TS of C=O migration, indicating that Glc-L3a and
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Figure 6. CID spectra of 1—6 linked disaccharide sodium ion adducts (m/z 365). (a—d) Glucose disaccharides, (e—h) mannose disaccharides, and
(i-1) galactose disaccharides. Glca-(1 — 6)-Glc-1 and Glca-(1 — 6)-Glc-2 represent two anomers of Gleca-(1 — 6)-Glc (a or f§ of the glucose at
the reducing end) separated by HPLC. Similar notations are used for the other disaccharides. R represents the intensity ratio of the fragment at m/z

275 to the fragment at m/z 30S.

Glc-L3b tend to dissociate into fragments. The C4—CS bond
cleavage of Glc-L3a and Gle-L3b also generates a fragment m/
z 143. However, this makes only a minor contribution to
fragment m/z 143, as most Glc-L2 undergoes C—C bond
cleavage instead of converting into Glc-L3a and Gle-L3b. The
differences in TS energies between C=0O migration and C—C
bond cleavage explain why the intensity ratio of fragment m/z
113 to fragment m/z 143 of mannose is higher than that for
glucose in the CID spectra (Figure 4a,b,e,f).

Figure 3c shows the low-lying TSs for C—C bond cleavage
and C=O0 migration of galactose in various linear structures.
For Gal-L1, the energy of the lowest TS of C=0 migration is
6 kJ/mol lower than that of C—C bond cleavage (which
involves C2—C3 bond cleavage and generates a fragment at m/
z 143). This suggests that, relative to Glc-L1, Gal-L1 has a
lower tendency for C—C bond cleavage compared to C=0
migration, similar to Man-L1. Meanwhile, Gal-L2 is found to
have a significantly lower barrier of C—C bond cleavage (which
involves C3—C4 bond cleavage and generates a fragment at m/
z 113) compared with that of C=O migration, where the
energy difference is 11 kJ/mol. This difference is nearly twice
that of Glc-L2 (6 kJ/mol). For Gal-L3a and Gal-L3b, the
lowest TS of C—C bond cleavage (which involves C4—CS$
bond cleavage and generates a fragment at m/z 143) is
significantly lower than that of C=O migration. However,
most Gal-L2s do not convert to Gal-L3a or Gal-L3b, and the
contributions of Gal-L3a and Gal-L3b to the fragment at m/z
143 are small. These TS energies suggest that the ratio of the
fragment at m/z 113 to the fragment at m/z 143 for galactose
must be larger than those for glucose and mannose. This is in
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agreement with the observation of the experimental results
(Figure 4a—f).

The dehydration TSs for linear structures of glucose,
mannose, and galactose were found to be approximately 80
kJ/mol higher than the lowest TSs for C—C bond cleavage or
C=0 migration. The significantly high barrier of dehydration
in linear structures means that dehydration does not occur in
linear forms; thus, the dehydrated product at m/z 185
observed in the CID spectra (Figure 4a—f) results entirely
from dehydration in the ring form. Our previous computa-
tional studies’™” suggested that the dehydration in ring form
at C1 has a very low barrier, and most dehydration occurs at
C1. This study further strengthens our previous conclusion.

The structures of the lowest TS for each reaction in Figure 3
are illustrated in Figure 5. The structures of the lowest TSs
indicate that the sodium ion mostly binds to the O atom that
donates the H atom. In a few cases, such as C—C bond
cleavage of Glc-L3a, Glc-L3b, and Gal-L3b [Figure S (7), (9),
and (17), respectively], sodium ion binds to the acceptor.
Although the starting configurations of the TS searches satisfy
the criteria discussed in the Computational Method section,
the optimization may end up with the low-lying TS in which
the sodium ion does not bind to either the O atoms in which
H atom transfer takes place, as in the case of C—C bond
cleavage of Gle-L2 [Figure S (5)] and C—C bond cleavage of
Gal-L3a [Figure S (15)]. The structures of the dehydration
TSs are provided in the Supporting Information.

The differences in the intensity ratio of the fragment at m/z
113 to the fragment at m/z 143 observed in monosaccharides
were also found in the monosaccharides produced from the

https://doi.org/10.1021/acs.jpca.4c05929
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Figure 7. Ratios of C2—C3 bond cleavage to C3—C4 bond cleavage for various 1—6 linked disaccharides. (a) HexNAc-(1 — 6)-Hex through CID
sequence: 406 (sodium ion adduct) —. (b) Hex-(1 — 6)-Hex through CID sequence: 365 (sodium ion adduct) —.

CID of the disaccharides. Figure 4g shows the intensity ratios
of the fragment at m/z 113 to the fragment at m/z 143 for
glucose and galactose produced through various CID
sequences: (1) 367 (sodium ion adduct of disaccharides) —
347 (fragment from dehydration at the reducing end) — 203
(monosaccharide at the nonreducing end) —, (2) 367 — 305
(fragment from cross-ring dissociation at the reducing end) —
203 (monosaccharide at the nonreducing end) —, and (3) 367
(sodium ion adduct of disaccharides with O1 at the reducing
end labeled by '®0) — 203 (monosaccharide at the
nonreducing end) —. It is clear that the ratios of galactose
are higher than those of glucose, although the ratios vary with
the CID sequences to generate the monosaccharide.

In summary, the transition state energies from calculations
of linear glucose, mannose, and galactose predict the ratios of
C3—C4 bond cleavage to C2—C3 bond cleavage increase from
glucose to mannose and then to galactose. The trend was
confirmed by the CID spectra of monosaccharides and
monosaccharides produced from the dissociation of disacchar-
ides. The large difference between the ratios of glucose and
galactose is useful for the differentiation of these two
stereoisomers.

1-6 Linked Disaccharides. Figure 3d shows the TS
energies for isomaltose with the glucose at the reducing end in
its linear form. The structures of the TSs are provided in the
Supporting Information. Unlike glucose in Glc-L1, where the
lowest energy TS of C—C bond cleavage is just slightly lower
than that of C=O migration, the lowest energy TS of C—C
bond cleavage (which is C2—C3 bond cleavage) of Iso-L1 is
higher than that of C=O migration. The C2—C3 bond
cleavage of isomaltose generates a fragment at m/z 305 (loss of
neutral m 60), which is analogous to glucose Glc-L1
producing a fragment at m/z 143 (loss of neutral m = 60). The
lowest TS for C—C bond cleavage of Iso-L2 (which involves
C3—C4 bond cleavage) is 12 kJ/mol lower than that for C=0
migration, which is significantly lower than that for the

analogous reaction in Glc-L2 (6 kJ/mol). The C3—C4 bond

cleavage of isomaltose generates a fragment at m/z 275 (loss of
neutral m = 90), which is analogous to glucose Glc-L2,

producing a fragment at m/z 113 (loss of neutral m = 90).
These TS energies suggest that the presence of a
monosaccharide at C6 enhances C=O migration from Ol
to O2 and reduces the TS energy for C3—C4 bond cleavage.
Consequently, the ratio of the fragment at m/z 275 to the
fragment at m/z 305 in isomaltose must be larger than the
ratio of the fragment at m/z 113 to the fragment at 143 in
glucose. This is in agreement with the experimental
observations (Figure 6). The ratio of C3—C4 bond cleavage
to C2—C3 bond cleavage increases from glucose (0.01—0.07)
to isomaltose (0.22—0.25). Only a small fraction of Iso-L2
converts to Iso-L3a and Iso-L3b, where the lowest TSs for C—
C bond cleavage (C4—CS bond) and C=O migration are
similar to each other, suggesting an equal preference for the
two reactions. Interestingly, the C2—C3 and C4—CS$ bond
cleavages of glucose produce ions with the same m/z value (m/
z 143), which cannot be distinguished in the mass spectrum. In
contrast, the C2—C3 and C4—CS bond cleavages of isomaltose
produce ions at m/z 305 and m/z 24S, respectively. Using
these distinct m/z values, the minor contribution of C4—CS5
bond cleavage from Iso-L3 can be found in the CID spectra
(Figure 6). The effect of a monosaccharide at the C6 position
is also observed with different stereoisomers, such as mannose
disaccharides (Figure 6e—h) and galactose disaccharides
(Figure 6i—1), where the ratios of C3—C4 bond cleavage to
C2—C3 bond cleavage increase from mannose (0.08—0.10)
and galactose (0.09—0.26) to mannose disaccharides (0.41)
and galactose disaccharides (0.46—0.57).

The increase in the ratios from monosaccharides to 1—6
linked disaccharides was also observed in different disacchar-
ides with glucose, mannose, or galactose at the reducing end.
Figure 7a and Figure 7b show such a comparison for
disaccharides with the nonreducing end as N-acetylhexosamine
(HexNAc) and Hex (hexose), respectively. The trend of
increasing ratios from glucose to mannose and then to
galactose was also observed in these disaccharides. Notably,
the ratios for disaccharides with HexNAc at the nonreducing
end span from 0.31 to 0.76, while the ratios for disaccharides
with Hex at the nonreducing end span from 0.22 to 0.70. The

https://doi.org/10.1021/acs.jpca.4c05929
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Figure 9. CID spectra of Hex-(1 — 6)-Hex disaccharides produced from CID of oligosaccharides and the structure changes during the CID
process. (a) Raffinose, (b) gentianose, (c) isomaltriose, (d) Glc-f-(1-6)-Gle-B-(1-6)-Gle-f-(1-6)-Gle, and (e, f) stachyose. The R value represents
the intensity ratio of the fragment at m/z 275 to the fragment at m/z 305 in the CID spectra. Comparison of panels (e, f) shows that the CID
sequence of panel (e) generates the disaccharide consisting of sugars 2 and 3 for structural determination, while the CID sequence in panel (f) is
interfered by the secondary dissociation (see details in the text).

distinctions between glucose and galactose are well separated, mannose and then to galactose was found in the disaccharides
but the ratios of glucose and galactose relative to mannose are with 1 — 6 linkage and can be used in the differentiation of

not clear-cut. glucose and galactose at the reducing end of disaccharides.
In summary, a similar trend that ratios of C3—C4 bond Applications to Oligosaccharides. The identification of
cleavage to C2—C3 bond cleavage increase from the glucose to stereoisomers in oligosaccharides using mass spectrometry is
10220 https://doi.org/10.1021/acs.jpca.4c05929
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challenging. Here, we apply distinct ratios between glucose and
galactose to identify the stereoisomers (glucose or galactose)
in oligosaccharides. Figure 8 presents the CID spectra of
glucose and galactose obtained from the sequential CID of
oligosaccharides. Notably, the specially designed CID
sequences, based on our new mass spectrometry method
(logically derived sequence multistage tandem mass spectrom-
etry),”' ~*° have been applied to obtain the glucose or galactose
at specific positions of oligosaccharides. In brief, these CID
sequences are designed based on the following dissociation
mechanisms: (1) the dehydration and cross-ring dissociation in
the CID of oligosaccharide sodium ion adducts mainly occur at
the reducing end due to the low dissociation barriers, and (2)
glycosidic bond cleavage occurs at any position. Details
regarding how to design the CID sequences were reported in
our previous reports.”' >® The results in Figure 8 demonstrate
that glucose and galactose are correctly identified using the
intensity ratio of the fragment at m/z 113 to the fragment at
m/z 143, by comparison with the ratios in Figure 4.

We also applied the intensity ratios of the fragment at m/z
275 to the fragment at m/z 305, produced from the CID of
Hex-(1 — 6)-Hex disaccharides, to differentiate glucose and
galactose. Figure 9 presents the CID spectra of Hex-(1 — 6)-
Hex produced from various oligosaccharides. Similar to the
monosaccharides, these specific disaccharides are obtained
through specially designed CID sequences. Comparing the
intensity ratios of the fragment at m/z 275 to the fragment at
m/z 30S in Figure 9 with the ratios in Figure 7 shows that
most of the CID spectra correctly assign the glucose or
galactose at the reducing end of Hex-(1 — 6)-Hex
disaccharides, except for the CID spectrum in Figure 9f.
Indeed, Figure 9e,f shows the CID spectra of the same
disaccharides, ie, Gala-(1 — 6)-Gala, although they are
generated through different CID sequences. The low R value
obtained from the CID spectrum in Figure 9f may result from
the disaccharide Gala-(1 — 6)-Glca produced through
secondary dissociation during the CID sequence. In the first
step of CID in Figure 9f, 689 — 3685, only two disaccharides,
Gala-(1 — 6)-Gala and Glca-(1 < 2)-Fruf, are produced.
However, it is possible that the disaccharide Gala-(1 — 6)-
Glca is produced through secondary dissociation, i.e., the
precursor ion at m/z 689 is resonance-excited and undergoes
CID to produce two trisaccharides: Gala-(1 — 6)-Gala-(1 -
6)-Glca and Gala-(1 — 6)-Glca-(1 < 2)-Fruf. These two
trisaccharides have large enough energy left to undergo
dissociation without resonance excitation, generating the
disaccharide Gala-(1 — 6)-Glca. Although the CID sequence
in Figure 9e requires one more step compared with that in
Figure 9f, it avoids the potential secondary dissociation and
predicts the stereoisomer correctly. This example shows the
importance of the CID sequence to obtain the desired
disaccharides.

Compared to the method used in our previous reports for
differentiating stereoisomers (glucose, galactose, and mannose)
using the entire CID spectra of lithium ion adducts after
dehydration,””** this method uses the CID spectra of sodium
ion adducts, which is one CID step less than that of lithium ion
adducts in multistage tandem mass spectrometry. However,
this method is limited to the differentiation of glucose and
galactose. Furthermore, if the ratio is near the boundary, then
it is better to cross-check the stereoisomers using alternative
CID sequences or by using lithium ion adducts.
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B CONCLUSIONS

The transition state energies from calculations for linear
glucose, mannose, and galactose suggest that the ratios of C3—
C4 bond cleavage to C2—C3 bond cleavage increase
progressively from glucose to mannose and then to galactose.
The substantial difference between the ratios of glucose and
galactose can thus be used to differentiate these two
stereoisomers. The same trend was similarly observed in the
calculations of the hexose at the reducing end of disaccharides
with 1 — 6 linkage. These calculations were validated by
experimental measurements. Although the calculations were
conducted only for monosaccharides and disaccharides, they
provide valuable insights into carbohydrate dissociation
mechanisms in mass spectrometry (i.e., in the gas phase).
The dissociation mechanisms are the foundation of our
method, LODES/MS", for determining oligosaccharide
structures. We demonstrated the applications of these
mechanisms and LODES/MS" to determine the stereoisomers
of monosaccharide compositions in trisaccharides and
tetrasaccharides. Unlike other tandem mass spectrometry
methods, which either provide only linkage position
information or require oligosaccharide standards to record
mass spectra as fingerprints, LODES/MS" enables the
determination of linkage positions, anomericities, and stereo-
isomers of oligosaccharides without using oligosaccharide
standards,”” making LODES/MS" particularly useful for
discovering new oligosaccharides.26’53 The mechanisms stud-
ied in this work offer an alternative approach to LODES/MS”
for stereoisomer identification, enhancing the capability of
LODES/MS" for oligosaccharide structural determination.
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