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Abstract—Elucidating the fragmentation mechanisms in oligosaccharides using theoretical calculations is useful in analyzing the
experimentally obtained mass spectra. Semi-empirical and ab initio quantum mechanics calculations were used to study the relation-
ship between the structure and reactivity and the chemical properties of oligosaccharides. In these calculations, sodium-cationized
oligosaccharides were investigated to determine Na™ ion affinity at several binding positions; in addition, the dependence of the gly-
cosidic bond cleavage on the Na™ position was examined. The calculated structures reported in this study are directed at interpreting
experimentally observed fragment ions, resulting from the cleavage of the glycosidic bonds. The calculated results for oligosaccha-
rides containing between three and five monosaccharide units (27 oligosaccharides) were compared with experimental data gener-
ated by matrix-assisted laser-desorption/ionization (MALDI) using a quadrupole ion trap (QIT) with a time-of-flight (TOF) mass

spectrometer (MS).
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Glycoprotein oligosaccharides are known to play a vital
role in biological processes, including protein conforma-
tion, stability, intra and intercellular signaling, and
molecular receptor recognition.'> Because the structures
of the oligosaccharides in glycoproteins are in many
cases related to their biological function, it is important
to identify their fine structures, including the complex
isomers arising from linkage types, branching, and o-,
B-configurations at the anomeric position. Although
the inability to identify complex isomers is intrinsic in
MS analyses, several examples involving tandem mass
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spectrometry in which different fragment ions and/or
different intensities of the same fragment ions were ob-
served for oligosaccharides with the same sequences
but different structures have been reported.® Therefore,
the high sensitivity and high-throughput analysis of
mass spectrometry is expected to be a powerful method
in the analysis of oligosaccharides.’ >

We have recently reported an approach to a high-
throughput analysis of oligosaccharides utilizing an
observational tandem mass spectral library.®® This
library contains the collision-induced dissociation
(CID) spectra of sodium-adduct ions of a large variety
of oligosaccharides, which affords the characteristic
fragment patterns in CID spectra.®® However, no
reports discuss the theoretical aspects of why each oligo-
saccharide affords the characteristic fragment patterns.
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One of the keys for this question may lie behind the
coordination of metal ions to the oligosaccharide mole-
cules, because the [M+H]" ions of oligosaccharides
afford less characteristic fragment patterns than the
[M+Na]" ions.” '' Additionally, the elucidation of the
fragmentation mechanisms for oligosaccharides would
be useful in interpreting the experimentally obtained
CID spectra and in assigning these spectra to the appro-
priate oligosaccharides. In this context, this study fo-
cused on the participation of the sodium ion in the
fragmentation of oligosaccharides by comparing molec-
ular models of sodium-cationized complexes with the
observational CID spectra in our library.

Semi-empirical methods allow for sufficiently fast cal-
culations of molecules that cannot be modeled conve-
niently using ab initio methods while still providing
information regarding electronic structure. These calcu-
lations have been used widely in the study of the
conformations of proteins, nucleic acids, and polysac-
charides.'” Some of the semi-empirical methods cur-
rently used include the Modified Neglect of Differential
Overlap (MNDO), the Austin Model 1 (AM1), and the
Parameterized Model 3 and Model 5 (PM3 and PMY).
Of these methods, PMS5 includes a new parameter set
with Li, Be, B, Na, Mg, K, Ca, Zn, Cd, Hg atoms, etc.
The average accuracy for the heats of formation over
all of the parameterized elements and the algorithms
for the PM5 method have been improved by approxi-
mately a factor of four compared with the current
AM1 and PM3 parameterizations.”> PM5 has been
reported to be suitable for modeling complexes with
alkali metals, making it a popular choice for calcula-
tions of biological systems involving saccharides and
metal jons.'* In this report, semi-empirical PMS5 calcula-
tions were performed to study the structure-reactivity
relationships for sodium-adduct oligosaccharides
that were experimentally analyzed in CID mass
spectrometry.

2. Experimental
2.1. MALDI-QIT-TOF Mass spectrometry

Mass measurements were carried out using a matrix-as-
sisted laser-desorption ionization (MALDI) quadrupole
ion trap time-of-flight (TOF) mass spectrometer (AXI-
MA-QIT; Shimadzu). A nitrogen laser (337 nm) was
used for the laser-desorption/ionization. A detailed con-
figuration of the AXIMA-QIT is described elsewhere.”’
All oligosaccharides were purchased from one of the fol-
lowing distributors: Glyko (San Leandro, CA), Dextra
Laboratories (Reading, UK), or Sigma-Aldrich (St.
Louis, MO). The structures of the 27 oligosaccharides
containing between three and five monosaccharide units
analyzed using the AXIMA-QIT are shown in Figure 1.

The samples were analyzed by placing 0.5 pL of analyte
(=2 puM) on the target plate followed by 0.5 pL of a 2,5-
dihydroxybenzoic acid (2,5-DHB; Bruker-Daltonik)
solution (10 mg/mL in 20% ethanol). The spot was
allowed to dry and inserted into the MS for analysis.
All collision-induced dissociation (CID) spectra were
obtained from Na-adduct ions. The collision energy
was adjusted to reduce the intensity of the parent ion
to less than 15% of the area of the base peak.’

2.2. Calculations

The 27 oligosaccharides shown in Figure 1 were used to
computationally analyze the structure-reactivity rela-
tionship of the fragmentation in the CID spectra. The
initial configurations for all of the models were obtained
using sweeT2.'>'7 In sweET2, the conformations are
optimized using a complete molecular mechanics force
field (MM3) interfaced with the software package TIN-
KER.'*2% In this study, the geometries of the neutral oli-
gosaccharides generated by SWEET2 were first optimized
using a semi-empirical calculation. Then, the alkali
metal cationized complex ions, [M+Na]", were opti-
mized by placing the Na*t at the appropriate position
of the oligosaccharide for analyzing the affinity
(M+Na*— [M+Na]") and preferential binding position
of Na™. The semi-empirical PM5 calculations were car-
ried out using the MmopAac 2002 program on a cluster at
Fujitsu Laboratories Ltd."* The full optimizations of
the geometries for the neutral samples and [M+Na]"
complexes were performed at the PMS5 level. To com-
pare the semi-empirical PM5 results with those of ab ini-
tio calculations, quantum chemical calculations were
performed using the Hartree Hock (HF) and density
functional theory (DFT) with the Gaussian03 programs
on a PC cluster and IBM Regatta at the Computational
Biology Research Center (CBRC). The PMS5 output
data for the neutral and sodiated oligosaccharide ions
were used as the input for the quantum calculations,
and those models were then optimized using suitable
basis sets [HF/6-31G(d), B3LYP/6-31(d), and B3LYP/
6-31(d,p)]. All of the optimized geometries were checked
to have positive vibrational frequencies by normal mode
calculations. In this study, classical trajectory simula-
tions were also performed to analyze the structural sta-
bility of the sodiated oligosaccharide ions at a constant
temperature. Molecular dynamics (MD) simulations are
an invaluable tool in studying structural and dynamic
details at the atomic/molecular level, and in linking
these details to the experimentally observable properties
of molecules.?! For the empirical potential functions of
the MD simulations, the potential parameters obtained
from GLYCAM based on the HF/6-31G* ab initio cal-
culations were used.’>?* The trajectories for the sodiated
samples were computed for several energies to investi-
gate the effect of the available energy on the stability
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of the Na™ binding position and associated structures.
The energy was controlled by varying the kinetic energy.

The MD simulations were conducted at temperatures of
298, 350, 400, and 500 K.

Assigned
Abbreviation Structure fragment lons
A-022 Fucol - 2Galpt — 4GIcNAc  Y,(100),P(8),P-H,O(7)
A-023 GalNAco1 3 > cal ¥,,(100).2,,(9),P(©)
Fucol 2
A-024 Galol 3
> Gal ¥ 15(100),P(12),Y,,(10),Z,4(9)
Fucol 2
A-025 Galal - 3Galp1 - 4Gal Y,(100),B,(41),Y,(15),P(8),168.9(6)
A-028 Fucol 4 > GloNAG Y,,(100)
Galp1 3
A-029 Galp1 4
> GlcNAc  Y(1001.Z,4(23),P(5)
Fucal 3
A-030 Galol - 3Galp1 - 4GIcNAC  Y,(100),550.2(20),B,(18),P(13),Y,(11)
A-031 Manod 6 > 275.0(100),Y,(34),P(11),190.1(8),
Man 160.1(5)
Manol1 3
GSL-003 Neu5Aco2 - 3Galp1 — 4Glc Y,(100)
M-012 Neu5Aco2 — 6Galp1 — 4Glc Y,(100),P(24)
Y,(100),4670,82(17),304.9(10),
S-002 Galpi -  4Galpi -  4Glc PH.0(10)
S-004 Fucol - 2Galp1 - 4Glc Y,(100), P(9)
A-033 Fucol 4
> GIcNAG  Y20(100),Z10(9),Y200Y 1a(9),P(8)
Fucol - 2Galp1 3
A-034 Fucol - 2Galp1 4
> GlcNAc Y54(100),Y50/Y5(13),Z4(11),
Fucol 3 P1.Y10(0)
A-035 Fucol 4
> GlIcNAc Y,5(100),P(9)
Neu5Aco2 — 3Galpt 3
A-036 Neu5Aco2 — 3Galp1 4
> GlcNAc Y2u(100)
Fucal 3
B,(100),Y,(26),P(12),
N-001 Manol -  3Manf1 — 4GIcNAcB1 -  4GIcNAc p?,ﬂzo()ﬁifgz()ﬂg )
M-001 GalBl - 4GIcNAcB1 — 3Galpt - 4Gilc B,(100), Z5(24), Y,(22), C,(13)
M-002 GalB1 - 3GIcNAcB1 — 3Galpt - 4Glc  Z;(100), B,(87), C,(50), Y,(30),C4(22)
GalNAcol 3
S-003 > Galp1 - 4Glc Y1,(100),B,(64),B,/Yg(54),

Fucol 2

1o

Figure 1. Schematic representation of oligosaccharides and the experimentally observed MS/MS fragment ions. The nomenclature for the assigned
fragment ions is based on that proposed by Domon and Costello.>® The parentheses show the percentage of the relative abundance (%). The
abbreviations used are: Gal, galactose; Man, mannose; Glc, glucose; Fuc, fucose; GIcNAc, N-acetylglucosamine; Neu5Ac, N-acetylneuraminic acid.
All residues are in the pyranose form. P represents the abundance of the parent ion.
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C,(23),B,(20),Y,,(18)

Assigned
Abbreviation Structure fragment lons
A-038 GIcNAcB1 — 2Manal 6 478.4(100),Y,(88),
>Man Y/Y,(19),
GIcNACB! — 2Manod 3 275.5(12).Y14(9)
A-039 Manol1 6
>Manoc1 6
Manad 3 >Man 599.3(100),Y,,(19),
Manol 3 P®
A-040 GalNAca1 3>
Galp1 4 Y,4(100),B,, /Y 5(10
Fucol 2 >Gal B;‘;ﬁg),pf(’ef“ w10
Fucal 3
A-041 Galo1 3
> Galpt 4
Fucoal 2 >Gal Y15(100), P(8)
Fucal 3
Y,(100),P(24),C4(15),
M-005 Fucal - 2Galfi - 3GINAB! - 3GaBl -  4Glc g o0 059
M-006 Fucol 4 Y,(100),C,(45),
>GIcNAcB1 — 3Galpl — 4Glc  By/Y(32),Z,,(25),
Galp1 3 B,(19)
M-007 Galp1 4
>GIcNAcB1 — 3Galpi - 4Gl Lel100:BaY4y(32)
3

Fuco1

Figure 1. (continued)

3. Results and discussion

3.1. CID Spectra of sodium-adduct ions of
oligosaccharides

The fragment patterns in the CID spectra of oligosac-
charides vary in the species of ions and in their relative
intensities according to the structure, particularly in the
case of sodium-adduct ions as the parent ions.® Figure
2a shows the MS/MS spectrum of S-003 generated by
MALDI-QIT-TOF MS. All of the fragment ions de-
rived from [M+Na]" at m/z 714.2 were sodium-adduct
ions that were assigned in Figure 2b. Because oligosac-
charide S-003 has no acidic functionality, the sodium
ion should form a positive-charge center in each frag-
ment ion. Although one bond cleavage divides the mole-
cule to two parts, the intensities of the resulting
fragment ions are usually not even. For example, while
B, and C;a were strong signals, their counterparts, Y
(m/z 203) and Z,o (m/z 493), respectively, were very
weak signals. This might be due to an uneven distribu-
tion of the sodium ion in the S-003 molecule.

It has also been suggested that the metal ion can un-
dergo coordination with several atoms simultaneously,
resulting in the stabilization of a glycosidic bond, which
generally contains the most basic oxygens in an oligo-
saccharide.” The binding position of sodium might affect
the oligosaccharide molecule where the fragmentation is

likely to occur. The relative intensities of the signals in
the CID spectra, which vary according to the CID
energy, give some information regarding the dissocia-
tion tendencies of the oligosaccharide molecules. To
investigate these tendencies in oligosaccharide S-003, a
series of measurements of the dependence of the frag-
mentation on the CID energy were carried out. As
shown in Figure 2c, although the relative intensities of
the fragment ions varied according to the CID energy,
the order of the intensities remained constant at all of
the CID energies examined with the exception of the
B,/Y>p double cleavage ion. These results suggested that
the order from most to least stable bond in the glycosyl
linkages of sodiated S-003 is GalpNAc-(1—3)-Galp, B-
Galp-(1—4)-Glcp, and a-Fucp-(1—2)-Galp, which can
be ecasily interpreted from the CID spectra. The
observed species of fragment ions and their abundances
in the CID spectrum strongly suggest that the sodium
ion might be positioned in the vicinity of the Galp-
NAc-(1—3)-Galp linkage in the sodiated ion [M+Na]"
of S-003. Although the order of linkage stability in the
sodiated ion of S-003 follows the order of hydrolysis
rate,”*? the order in CID experiments does not always
correspond to that of hydrolysis rate (e.g., N-001 in
Fig. 1).

The positions of the sodium ion in the [M-+Na]" mole-
cules for all of the oligosaccharides in this paper were
examined by interpreting their CID spectra similar to
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Figure 2. (a) MS/MS spectrum of [M+Na]" of oligosaccharide S-003. All fragment ions were observed as sodium-adduct ions. P: parent ion. All
other symbols for fragment ions are shown in (b). (b) The structures of the fragment ions of S-003. (c) CID energy dependence of the relative
intensities for all major fragment ions of S-003. The error bars for the points are estimated at +3%.

the process described for S-003. The experimentally low-energy CID process is most likely responsible for
assigned MS/MS fragment ions for the 27 oligosaccha- cleaving the single glycosic linkages to yield the B/Y
rides using QIT-TOF MS are listed in Figure 1. The and C/Z-series fragmentation products. The assigned
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peaks (B/Y and C/Z-series) are listed for the five most
abundant fragment ions in the order of their relative
intensities.

3.2. Calculation of the sodium ion stabilities

Figure 3 shows six possible structures of Na-adduct
complexes for [A-034+Na]", which has 92 atoms and
270 vibrational degrees of freedom. The Na' affinities
of the ions for A-034 (A-034+Na*—[A-034+Na]") cal-
culated at the PMS5, HF/6-31G(d), and B3LYP/6-
31G(d)/6-31G(d,p) level are listed in Table 1. The results
of the PM5 calculations in terms of the order of stability

(a)

(b)

of the complexes were consistent with the ab initio calcu-
lations using the HF and B3LYP methods. Figure 4a
shows the computed structure of the most stable [A-
034+Na]" complex. The calculations indicate that the
energy for the structure of [A-034a+Na]", in which
the sodium ion interacts with the amide oxygen of the
GlcpNAc residue in Figure 4a, is about 13 kcal/mol
more stable than the second stable structure in Figure
3b. The complex shows a tetradentate interaction
between the metal ion and the carbonyl oxygen (O2N)
of GlcpNAc, the hydroxyl oxygen (06) of Galp, the
hydroxyl oxygen (O2) of Fucp, and the glycosyl oxygen
between GlcpNAc and Fucp. The calculated structure

(d)

Figure 3. PM5 optimized geometries of the stable conformers of [(A-034)+Na]".

Table 1. Na ion binding affinity®

PM5 HF/6-31G(d) B3LYP/6-31G(d) B3LYP/6-31+G(d,p)
A-034a —74.0 —104.4 —106.9 -94.3
A-034b —61.0 —87.9 —91.6 —79.0
A-034c —53.8 =771 -79.0 -70.3
A-034d —46.5 —67.1 —72.8 —61.5
A-034e —44.0 —62.7 —67.3 —57.7
A-034f —41.7 —61.8 —64.8 —57.5

4 Units are kcal/mol. The order from the most to least stable structure is from A-034a to A-034f.



630 K. Fukui et al. | Carbohydrate Research 341 (2006) 624-633

(a)

(b) B ) B e U L e R e e R B e
3.6 <1
— 02N

sl —02 |
L —06 i
3.2+ "
3.0

il

2.8f

Distance

2.6

2.4

22

0 100 200 300 400 500 600 700 800 900 1000
Time (ps)

Figure 4. (a) Optimized geometry (PM5) of the most stable conformer
of [A-034+Na]". Bonding interactions are indicated by the dashed
lines, and the corresponding bond lengths are given in angstroms. The
distances from the Na™ ion to the oxygen atoms (O2N, 02, and O6)
are 2.27, 2.29, and 2.30 A, respectively. (b) Distance to the Na™ ion to
the oxygen atoms as a function of time in a constant-temperature
molecular dynamics simulation at a temperature of 298 K. The blue,
red, and black lines are the distances from the Na atom to the oxygen
atoms of O2N, 02, and O6, respectively.

clearly shows that the metal cation is in the vicinity of
GlcpNAc for the [A-034+Na]" complex. To study the
stability of this conformation for the complex, a con-
stant-temperature molecular dynamics simulation was
performed at a temperature of 298 K.*® The distances
between the Na™ ion and the oxygen atoms were moni-
tored (Fig. 4b). The distance of the oxygen atoms did
not fluctuate much, indicating a stable adduct position
for the Na™ ion in the complex. The position of the so-
dium metal cation with respect to the amide oxygen of
GlcpNAc could be a preferential site in the metal bind-
ing distribution. To gauge the effect of temperature (to-
tal energy) on the preferential position of the adduct,
MD simulations were conducted at 350, 400, and
500 K. Varying the amount of available energy appeared
to have little effect on the Na™ position distributions.
This indicates that after the sodium cation binds to the
oligosaccharide, the conformer exists predominantly as

the initial complex structure. In the experimental results,
the m/z value for the most abundant fragment ion was
observed at 552 Da (Y»,,), corresponding to the cleavage
of the glycosidic bond between Galp and Fucp. The
uneven distribution of the Na-adduct position in the
[A-034a+Na]" complex may lead to the preferential
cleavage of the glycosyl bond of a-Fucp-(1—2). The cal-
culated energies of Na ion affinity for the most stable
structure of the 27 oligosaccharides using PM5 method
are listed in Figure 1.

3.3. Fragmentation analysis

3.3.1. Oligosaccharides with the reducing end of
Manp. Cancilla et al. have investigated the fragmenta-
tion pathways for protonated and alkali-cationized gly-
cosidic bonds.’’ In the mechanism they reported, a
proton is localized at the glycosidic oxygen leading to
a charge-induced reaction. A similar mechanism was
suggested by Hofmeister et al. to explain the bond cleav-
ages in lithium-cationized gentiobiose.”® On the other
hand, it has also been theorized that metal ions interact
with several oxygen atoms in oligosaccharides for
the stabilization of the glycosidic bond, leading to a
remote-charge reaction.””** The activation energy of
the protonated oligosaccharides leading to the cleavage
of the glycosidic bond that produces the Y/B and C/
Z-type fragmentation is smaller than that of the alkali-
cationized samples.’'**> The multiple binding between
the cation and the oxygen atoms leads to a highly stable
form of the complex ion. The stability may increase with
an increasing number of Na'—oxygen interactions.

The experimental oligosaccharides containing Manp
as a reducing end were A-031, A-038, and A-039. The
cross-ring fragment ions 0,2A and 2,4A, which arise
from the reducing termini of N-glycans, were observed
as the most abundant ion. In these molecules, the disso-
ciation energy for the appearance of cross-ring cleavage
ions was determined to be lower than that of the glyco-
sidic cleavages between two Manp residues. Figure 5
shows the Na-adduct structures for A-038 and A-039.
The calculated preferential adduct position of the Na
ion was located on the bisecting branches of these oligo-
saccharides, which increases not only the number of
oxygen atoms that can be accessed by the Na' ion,
but also those on the reducing termini of Manp. The
favorable Na-adduct position in Figure 5 makes the gly-
cosidic bonds stronger than those in the neutral case.
The experimentally observed major fragment ions are
the cross-ring cleavage ions for [A-038+Na]" and [A-
039+Na]" at m/z =478 and 599.3 Da, respectively,
which can be assigned to 0,2A and 2,4A, respectively.
The calculated results of the Na' ion position for
A-031, A-038, and A-039 are consistent with the exper-
imentally observed cross-ring cleavages in the charge-
remote process.
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Figure 5. Optimized geometry (PMS5) of the most stable conformer of
(a) [A-038+Na]" and (b) [A-039-+Na]*. The energies of the Na affinity
for (a) and (b) are —84.6 and —61.8 kcal/mol, respectively.

3.3.2. Oligosaccharides with NeupSAc and Fucp. Fucp
and NeupSAc are terminal sugars in oligosaccharides
as well as in glycopeptides and glycoproteins. It is
known that Neup5Ac and Fucp residues are easily
cleaved in low-energy CID,* leading to difficulty in
the identification of the exact attachment site and the
branching location by MS methods. To avoid the loss
of sialic acid in the fragmentation reaction under low-
energy CID conditions, Powell and Harvey studied the
stabilization of the glycosidic bond of Neup5Ac in
the analysis of positive ion MALDI MS by converting
the sialic acid moieties of Neup5Ac into methyl esters.**3*

The experimental oligosaccharides containing Neu-
pSAc as a terminal nonreducing unit in this study were
GSL-003, M-012, A-035, and A-036. In these samples,
the highest intensities of the fragment ions correspond-
ing to the loss of 291 Da ([M+Na]"*~Neup5Ac) were ob-
served. A-035 and A-036 containing Neup5Ac and Fucp
both had intense peaks representing the respective losses
of Fucp and NeupSAc. The results of the observed frag-
ment ions for A-035 and A-036 show a more intense
peak associated with the loss of 291 Da ((M+Na]"—Neu-
p5Ac) compared with that of 146 Da ((M+Na]"™—Fucp).
This indicates that the energy required to cleave the gly-
cosidic bond of Neup5Ac is lower than that of Fucp. A
loss of sialic acid appears as the most frequent fragmen-

tation reaction under low-energy CID conditions.
Accordingly, the sialylated B and C ions characterizing
the terminal epitopes are frequently present in low abun-
dance. Because Neup5Ac has a carboxyl group at car-
bon atom 1, the sodium cation has a tendency to
interact with the oxygen atoms of the carboxyl group,
based on both their terminal localization and negative
charge (acidic functionality). Proton loss from the car-
boxyl group of the sialic acid was presumed to occur
during the Y cleavage.

To investigate the bond energy of the glycosidic bonds
for A-035 that leads to fragmentation into the B/Y ion
series, ab initio calculations were performed. In these
calculations, the geometry was fully optimized by the
HF/6-31+G* method used for zero point energy
(ZPE) corrections. The calculated glycosyl bond ener-
gies of GlcpNAc-Glep, GlepNAc-Fucp, and Neu-
pS5Ac-Galp were 60.7, 54.6, and 43.1 kcal/mol,
respectively. The energy of the glycosyl bond between
Neup5Ac and Glcp that produces B/Y type ions is sig-
nificantly lower than that of the other bonds. The calcu-
lated bond energies (GlcpNAc—Glcp > GlcpNAc—
Fucp > Neup5Ac—Glcp) are directly related to the order
of stability in the glycosyl linkage, which correlates to
the abundance of the experimentally observed fragment
ions in S-003. These calculations suggest that the glyco-
syl bond cleavage in NeupS5Ac oligosaccharides may be
less dependent on the position of the alkali metal ion,
because the trigger for the cleavage at the glycosidic
bond is the migration of the proton from the carboxyl
group of the sialic acid on the glycosyl oxygen atom.

In the CID spectra of the oligosaccharides containing
Fucp (A-022, A-023, A-024, A-028, A-029S-004, A-033,
A-034, S-003,A-040, A-041, M-005, M-006, and M-007),
a fucose loss was also observed as the favorable glyco-
sidic cleavage in the fragmentation studies reported
here. In our experiments, the dominant product ions
were produced from cleavage of the glycosidic bond be-
tween Fucp and Galp and were assigned as Y,g, giving
[S-003+Na]"—Fucp as the highest relative ion abun-
dance (see Fig. 2a and b). The preferential adduct posi-
tions of the Na' ion for the oligosaccharide [S-
003+Na]" were investigated to compare the experimen-
tally obtained CID spectra with the calculations (see
supplementary data). In the calculations, the most stable
structure has a tetradentate interaction between the me-
tal ion with the oxygen atom (O3) of Glcp, the hydroxyl
oxygen (O6) of Galp, the ring oxygen (RO) of Galp, and
the glycosyl oxygen between Glcp and Galp. The inter-
action of the Na™ jon with the oxygen atoms makes
the glycosyl bond between Glcp and Galp stronger so
that the dissociation energy to cleave the glycosyl bond
between Fucp and Galp is the lowest in [S-003+Na]".

To explore the fragmentation mechanism of the
configuration isomers, we analyzed o,0-, o,pB-, and B,
B-disaccharide in a D,O system using collision-induced
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dissociation MS/MS measurements in quadrupole/time-
of-flight mass spectrometry.?"*® The results indicate that
the fragmentation of the glycosidic bond involves the
hydrogen atom of the C-2 hydroxyl group rather than
the C-1 and C-2 hydrogen atoms. The proton transferred
via this dissociation process comes from the H/D
exchangeable hydrogen atoms (-OH hydrogen atoms)
rather than the C-H hydrogen atoms, indicating that
the hydrogen atom at the C-2 hydroxyl group is
involved in the cleavage mechanism of the glycosidic
bonds. This fragmentation of the glycosidic bond to
form B/Y-type ions may introduce the formation of an
epoxide ring (between C-1 and C-2). In the case of Fucp
loss, the cleaved Fucp residue forms the epoxide (1,
2-epoxy-hexose). Because Fucp does not have a hydroxyl
group on its sixth carbon, the electronegativity of the
residue is less than that of the other residues, making
Fucp a less favorable site for the binding position of
the Na™ ion.

3.3.3. Oligosaccharides with GlcpNAc. The internal
fragment ions in Figure 1 were observed for A-033
(Y2o/Y15), A-034 (Y2,/Y1p), A-038 (Y2/Y>), S-003 (B,/
Y ), M-006 (B»/Y ), and M-007 (B»/Yp). These oligo-
saccharides contain either GlcpNAc and Fucp residues
(A-033, A-034, S-003, M-006, M-007) or GlcpNAc and
Manp residues (A-038), and have branching chains
(biantennary and triantennary structures). In the case
of the complexes that have two Fucp units ([A-
033+Na]" and [A-034+Na]"), the primary internal frag-
ment ion is due to the loss of the Fucp units (Y2,/Y14).
The calculated stable structure of [M-007+Na]" in-
volved the Na™ ion interacting with the oxygen atoms
of Fucp, Galp, and GlcpNAc. The Na cation in the com-
plexes was in the vicinity of GalpNAc. In addition, C
type fragmentation was observed in S-003, M-005, M-
006, and M-007, which have GlcpNAc and Fucp units
in the single and bisecting chains. In the cases of the
sample (e.g., A-035 and A-036) containing GlcpNAc,
Fucp, and Neup5Ac residues, the loss of NeupSAc was
only observed as the fragment ion. For samples like
M-005 in which there is no branching in the sugar chain,
there was no internal fragment ion observed.

4. Conclusions

Theoretical calculations were performed for sodiated
oligosaccharides and compared with the experimental
studies to obtain more information about the struc-
ture-reactivity relationship of fragmentation reactions
in mass spectrometry. Several computational methods,
such as molecular dynamics (MD) simulations, semi-
empirical (PM5), and electron orbital (HF and
B3LYP) calculations, were used to interpret and analyze
the experimentally observed fragmentation ions of oli-

gosaccharides using a QIT-TOF mass spectrometer.
The ab inito (HF and B3LYP) calculations indicated
trends in the binding interaction energies that suggested
that the PMS5 calculation is adequate in studying the
affinity energy. Using the PM5 method, the Na-adduct
position in the oligosaccharides was investigated to
establish the relationship between the sodiated struc-
tures and the resulting ions. The Na-adduct position
was explored for the oligosaccharides containing Neu-
pSAc and Fucp, or Manp as a reducing end, or
GlcpNAc. The Na position was less crucial in terms of
the resulting fragment ions from the loss of Fucp and
Neup5SAc because of the acidic functionality and electro-
negativity of the Neup5Ac and Fucp residues. The calcu-
lated structures for the oligosaccharides containing
Manp as a reducing end and GlcpNAc indicated an
increase in stability with an increasing number of oxy-
gen atoms interacting with the Na™ ion. The highly sta-
bile complexes exhibited this multiple interaction factor
and linkage flexibility. The preferential Na-adduct posi-
tion in the calculations was in the vicinity of GlcNAc,
which was consistent with the experimental results.

In our calculations, the stability of many different
conformations was studied in an attempt to establish
the dependence of the stability of the complex on the so-
dium-adduct position. It was difficult to determine a sin-
gle initial conformation for oligosaccharides with more
than five monosaccharide units due to the high confor-
mational flexibility. Recently, molecular dynamics simu-
lations employing principle coordinate analysis (PCA)
have been used to establish several dominant conforma-
tions for oligosaccharides having more than 5 residues.*’
By sampling these initial configurations, the interaction
of the metal ions (Li, Na, and K) and the oligo/polysac-
charides are calculated to investigate the structures con-
taining metal ions with the experimentally observed
fragment ions.
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