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a b s t r a c t

The mechanisms of fragmentation of the chlorinated Lewis-type trisaccharides Lewis a and Lewis X were
studied by using experimental and theoretical methods. In the fragment ion spectra obtained by ESI-
CID-MS, C- and Z-type fragmentations corresponding to 4- and 3-linked glycosyl bond cleavages of the
N-acetylglucosamine moiety were observed. The relationships of the relative ion intensities of C- and
Z-type fragmentations were Z > C in Lewis a and C > Z in Lewis X, suggesting that the relationships of
the activation energies were C > Z in Lewis a and Z > C in Lewis X. Anomeric and acetoamide groups
were assumed to be included in the mechanisms of C- and Z-type fragmentation; we therefore ana-
lyzed 3-fucosyllactose and methylated Lewis-type trisaccharides, which are the derivatives of Lewis-type
trisaccharides. These analyses revealed that C-type fragmentation was little influenced by anomeric group
and that Z-type fragmentation was influenced by both the anomeric and the acetoamide groups. Frag-

mentation mechanisms were proposed on the basis of the experimental results and were calculated at
the HF/3-21G(d), HF/6-31G(d) levels. From the calculations, C-type fragmentation of the 4-linkage was
considered to take place by electron transfer from the acetoamide group, and Z-type fragmentation at the
3-linkage was considered to take place in two steps: (i) elimination of the 3-linked saccharide moiety,
and (ii) deprotonation of an anomeric proton by a chloride anion. The activation energies for C- and Z-
type fragmentations, as determined by HF calculations, were consistent with the experimentally assumed
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. Introduction

Oligosaccharides have been the targets of intense study because
hey play essential roles in various biochemical processes: they
ct as media for cell–cell recognition, aid in the processes of
ertilization and inflammation, and add functionality to proteins
y post-translational modification [1,2]. There have recently been
idespread developments in the field of glycobiology, which

nvolves in vivo analysis of the molecular functions of saccha-
ides [3]. In particular, the structural study of oligosaccharides
as become an essential part of glycobiology, because oligosaccha-

ide structure has a close relationship with the receptor molecular
ecognition, and carbohydrates structure directly affects carbohy-
rate function [4]. The quantity of oligosaccharides obtained from
iological samples is in many cases so low that highly sensitive ana-
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apan. Tel.: +81 75 962 7094; fax: +81 75 962 2115.
E-mail address: yamagaki@sunbor.or.jp (T. Yamagaki).

i
m
e
a
s
b
v
o

p

387-3806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2008.07.012
© 2008 Elsevier B.V. All rights reserved.

ytical methods are essential for structural analyses. As a sensitive
nalytical method for the structural analysis of oligosaccharides,
ass spectrometry has widely been applied [5–8].
The advantage of applying mass spectrometry to such structural

nalyses is that fragment ion spectra that yield various structural
nformations can be obtained by decomposition via collision-
nduced dissociation (CID) [9] or postsource decay (PSD) [10,11].

uch effort has been exerted to obtain a variety of structural
nformation, including information on sequence, isomeric config-
ration, and stereochemistry, such as anomeric configuration and

inkage type. Conventionally, oligosaccharides have been studied
n positive-ion mode, since they have a high affinity toward alkali

etal cations such as lithium, sodium, and potassium and can thus
asily be ionized [12–14]. In particular, the fragmentation of sodi-
ted molecules has been intensively studied. Fragmentation from
odiated oligosaccharide molecules mainly takes place at glycosyl

onds of the B/Y-type (nomenclature by Domon and Costello [15])
ia various fragmentation methods. These types of fragmentation
ffer oligosaccharide structural information.

In negative-ion analysis, which is an alternate to the typical
ositive-ion analysis, oligosaccharides are ionized as deprotonated,

http://www.sciencedirect.com/science/journal/13873806
mailto:yamagaki@sunbor.or.jp
dx.doi.org/10.1016/j.ijms.2008.07.012
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alogenated ions or nitrate ion adducts; these negative ions give
/Z-type glycosyl bond cleavage, and also cross-ring cleavage ions
ith high intensity. Cross-ring cleavage ions reflect the anomeric

onfiguration or linkage type [16–18], and can be remarkably use-
ul for defining these structural features, which are usually difficult
o identify with conventional positive-ion analysis. The ionization
rocess is also preferable in the analysis of fucosyl or sialyl oligosac-
harides, because fucose and sialic acid residue are so labile in
ositive-ion analysis [19–21] that the inevitable decomposition
orresponding to the loss of sialic acid moiety predominates in
he mass spectrum, making interpretation of the mass spectra
ifficult [22]. Negative-ion analyses of oligosaccharides by ESI-
S have been reported since the generation of deprotonated and

hlorinated molecules was achieved [23–29], whereas analysis by
ALDI-MS has lagged behind. Ever since a series of �-carbolines
ere introduced as efficient matrices for the negative ionization of
eutral oligosaccharides [30–32], the use of negative-ion analysis of
ligosaccharides has been increasing in structural analyses [33–36].
n particular, chlorinated oligosaccharides have received attention,
ecause chlorinated molecules of oligosaccharide are stable ionic
pecies and therefore easier to analyze [34,37].

We have been performing structural analyses of chlorinated
ligosaccharides by using ESI-TOF-MS, MALDI-TOF, and ion-trap
S [38–40]. These studies concern the distinction of structural

somers of lacto-oligosaccharides that have a Lewis-type core struc-
ure; the structural isomers can be distinguished from one other
ecause each isomer gives a different fragmentation pattern. Study
f the fragmentation mechanism is indispensable to any discussion
f the theoretical aspects of why each oligosaccharide produces
characteristic pattern. An approach that uses both experimen-

al and theoretical methods can be expected to be useful for
lucidating these fragmentation mechanisms; in particular the the-
retical method is suitable for handling the chemical properties of
olecules in the gas phase.
Theoretical analyses of oligosaccharides have been undertaken

y the application of molecular mechanics, molecular dynam-
cs, and molecular orbital calculations. There have been several
eports on the fragmentation mechanisms of positively charged
ligosaccharides [16,35,41,42]. In studies of the fragmentation of
ositive ions of oligosaccharides, theoretical methods such as
emi-empirical and ab initio methods have proven useful in analyz-
ng fragmentation mechanisms. Previous studies of fragmentation

echanisms of negative-ion saccharides were limited to depro-
onated molecules and mono- or disaccharides [43,44], making it

ore desirable to study the fragmentation of chlorinated oligosac-
harides.

In this study, Lewis a and Lewis X, which are the structural iso-
ers of Lewis-type trisaccharides [45], were chosen as model com-

ounds. We focused on the C- and Z-type glycosyl bond cleavage of
hlorinated Lewis-type trisaccharides, and we propose fragmenta-
ion mechanisms based on the results of ESI-CID experiments. To
dentify which functional group influenced the fragmentation reac-
ion, we compared these spectra with those of structural derivatives
f Lewis-type trisaccharides. The proposed mechanisms were then
imulated by using quantum chemical calculations at the HF/3-
1G(d) and HF/6-31G(d) level of theory. We discuss the energetics
nd pathways of each fragmentation mechanism.

. Experimental
.1. Samples

All saccharides are commercially available. Lewis a (Lea) and
ewis X (LeX) were obtained from Sigma (St. Louis, MO). The struc-
ural features of these saccharides have been intensively studied

t
t
i
(
o

ass Spectrometry 278 (2008) 1–9

y the use of NMR [46–48], crystallography [49], computational
nalysis [46,50–53], and mass spectrometry [54–56]. Lewis X
ethyl glycoside (LeX-Me) and Lewis a methyl glycoside (Lea-Me)
ere obtained from Toronto Research Chemicals Inc. (North York,
anada), and 3-fucosyllactose was obtained from Funakoshi (Tokyo,

apan).

.2. Electrospray mass spectrometry

ESI-CID experiments were carried out with a Q-TOF 2 mass spec-
rometer (Waters-Micromass Inc., Manchester, UK). Nitrogen was
sed as a desolvation and nebulizer gas at flow rates of 500 and
00 L/h, respectively. Source temperature was kept at 110 ◦C, and
esolvation temperature was 250 ◦C. Cone voltage was set to 40 V
nd capillary voltage was 3 kV. Argon was used as a collision gas at
pressure of 1 bar. The collision energy was varied between 10 and
0 eV to obtain the CID spectra at various energies. A monoisotopic
recursor ion was selected in the CID experiments.

For CID analyses, all saccharides were dissolved in
eOH:H2O = 1:1 (v/v) at a final concentration of 20 �M, con-

aining 30 nmol of ammonium chloride. Sample solutions were
nfused at a flow rate of 10 �L/min by a syringe pump system. The
can rate was set to 2 s/scan for the CID experiments.

. Theory

Theoretical calculations for the Lewis-type trisaccharides were
erformed to investigate the reaction mechanism. Quantum chemi-
al calculations were carried out with the Gaussian 98 and Gaussian
3 programs [57] on a PC cluster at the CBRC and AIST Super Cluster
t AIST. All calculations were performed by using the HF/3-21G(d),
F/6-31G(d) basis set. The initial geometries of the Lewis-type

risaccharides, which were obtained from the Cambridge Struc-
ural Database (CSD, version 5.25), were fully optimized. A full
eometric optimization was performed for the neutral, chlorinated
M+Cl]− molecule of the Lewis-type trisaccharides, and all of the
ptimized geometries were checked to have positive vibrational
requencies. In an attempt to verify the reaction pathway, optimiza-
ion of the transition state was carried out by using a quadratic
ynchronous guided transition state optimization (QST3) [58] at
he HF/3-21G(d), HF/6-31G(d) level. The transition structures were
hecked against the frequencies with respect to the geometries hav-
ng one imaginary frequency. All energy values were corrected with
ero-point vibrational energy from the frequency calculations.

. Results and discussion

.1. Fragmentation of Lea and LeX

Structural isomers of the Lewis-type trisaccharides Lea and LeX

ere ionized as chlorinated molecules by ESI-Q-TOF-MS. Fig. 1
hows the ESI-CID spectra of Lea and LeX and the assignment of
he fragment ions. The m/z 564 ion was the chlorinated molecule
M+Cl]− of Lea and LeX chosen as the precursor ion. In these spec-
ra, fragment ions from each isomer were observed; Z1� (m/z 348),
1�/0,4A2 (m/z 288), and C1� (m/z 163) fragment ions were gener-
ted from Lea (Fig. 1(a)), and Z1� (m/z 364), Z1�/0,4A2 (m/z 304), and

1� (m/z 179) fragment ions were generated from LeX (Fig. 1(b)).
n these molecules, C-type fragmentation indicates cleavage of

he 4-linked glycosyl bond, whereas Z-type indicates cleavage of
he 3-linked glycosyl bond of the GlcNAc moiety. These fragment
ons are generated by decomposition of the deprotonated molecule
m/z 528, [M−H]−), but the deprotonated molecule itself was not
bserved in the spectrum. This result is interesting, since deproto-
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ig. 1. ESI-CID spectra and assignment of fragment ions of Lea (a) and LeX (b) from
he chlorinated precursors. Collision energy is 20 eV.

ation by the chloride anion is thought to take place in the first
tep, as suggested by a previous study [59]. We suspected that
his characteristic is a key to the clarification of the mechanism
f fragmentation of Le-type saccharides, as we will discuss later.

From analysis of the CID spectra of Lea and LeX (Fig. 1), we
rdered the relative ion intensities for C-type (4-linkage) vs. Z-type
3-linkage) as C > Z in LeX and Z > C in Lea. When comparing Lea and
eX, we surmised that the C-type fragmentation reaction was ener-
etically more favorable than the Z-type in LeX, and that the Z-type
as more favorable than the C-type in Lea. To confirm these char-

cteristics, we investigated the behavior of the relative intensities
f fragment ions with collision energy. We plotted the relative ion
bundances of the precursor ion at m/z 564, the C-type fragmen-
ation ions, and the Z-type related fragment ions against collision
nergy (eV) (Fig. 2). Fig. 2(a) is a breakdown diagram of the precur-
or ions. The breakdown curves indicate that the collision energies
equired to decompose the precursor ions of Lea and LeX were simi-
ar. In the breakdown diagram of the C-type fragment ions of Lea and

X X a
e (Fig. 2(b)), the relative ion abundance was Le > Le at 10–30 eV
ollision energy. These results indicate that the relationship of the
ctivation energy for C-type fragmentation is Lea > LeX.

We constructed a breakdown diagram of Z-type fragmentation
Fig. 2(c)). In the breakdown curve of Lea, the curves for the Z1� ion

Fig. 2. Relative ion abundances vs. collisional energy (eV) of the precursor ion and
product ions in the CID-MS/MS spectra of Lea and LeX. Breakdown diagrams for (a)
precursor ions of Lea (�) and LeX (�); (b) C-type fragment ions of Lea (�) and LeX

(�); (c) Z-type fragment ions of Lea (�) and LeX (�); and Z1/0,4A2 ions of Lea (©) and
LeX (�).
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nd Z1�/0,4A2 crossed at 22 eV, and the order of relative intensity
as Z1� > Z1�/0,4A2 under 22 eV, inverting when over 22 eV. This
as again different from the breakdown diagram of LeX, where the

elative intensity of the Z1�/0,4A2 ion was lower than that for the

1� ion at all collision energies. The generated Z1�/0,4A2 ion, a sec-
ndary ion of the Z1� fragment ion, is a characteristic fragment ion
or Lea. For example, when C-type fragmentation is more favorable
han Z-type fragmentation, the relative ion intensity of the Z1/0,4A2
on will decrease at high collision energy because C-type fragmen-
ation cannot generate the Z1/0,4A2 ion. In contrast, when Z-type
ragmentation is more favorable than C-type fragmentation, the rel-
tive ion intensity of the Z1/0,4A2 ion will increase at high collision
nergy because the generation of the Z1 ion will increase, and gener-
tion of the subsequent Z1/0,4A2 ion can be accelerated. From these
esults, we defined the activation barrier of these fragmentations
s C1� (4-linkage) > Z1� (3-linkage) in Lea, and Z1� (3-linkage) > C1�

4-linkage) in LeX.

.2. Comparison of fragmentations with derivatives of Lewis-type
accharides

Substitutional effects on fragmentation were investigated in
tructural derivatives to detect which functional groups influenced
he C- and Z-type fragmentation reactions. Fig. 3 shows the ESI-
ID spectra of LeX methyl glycoside and 3-fucosyllactose (3-FL).
-FL has a d-glucopyranose moiety at the reducing end, and the
tructures of 3-FL and LeX differ only in the substituents at the C2
osition (Glc or GlcNAc).

To investigate the influence of the anomeric hydroxyl group,
eX methyl glycoside was analyzed. In the CID spectrum of LeX-
e (Fig. 3(a)), the deprotonated molecule (m/z 542, [M−H]−) was

bserved with high intensity, and the C1� (m/z 179) fragment ion
as also observed, whereas the Z1� fragment ion of the 3-linkage

m/z 378) was not observed. This result indicates that the anomeric
roup is essential for Z-type fragmentation of the 3-linkage to pro-
eed. The influence of the N-acetyl group on fragmentation can
e detected by comparing the CID spectra of LeX and 3-FL. In the
ID spectrum of LeX (Fig. 1(b)), Z1� (m/z 364), Z1�/0,4A (m/z 304),
nd C1� (m/z 179) fragments were observed. In contrast, chlori-
ated 3-FL gave C1� (m/z 179) fragmentation of the 4-linkage with
igh intensity and Z1� fragmentation at the 3-linkage with very

ow intensity (Fig. 3(b)). In positive-ion MALDI-PSD analyses of
he same saccharides, Lea and LeX generate Z-type fragment ions;
owever, Z-type fragmentation is hardly observed for 3-FL [54].
he N-acetoamide group was involved in the mechanism of Z-
ype fragmentation at the 3-linkage in both positive and negative

ode. These results indicated that both the N-acetoamide and the
nomeric hydroxyl groups had an influence upon Z-type fragmen-
ation of the 3-linkage.
.3. Proposed fragmentation mechanism

Generally, chlorinated oligosaccharides are thought to decom-
ose to deprotonated molecules as a result of the elimination

t
n
n
i
e

Scheme 1. Proposed mechanism of C-type fragmentation at the 4-linkage in Lewis
ig. 3. ESI-CID spectra of LeX methyl glycoside (a) and 3-fucosyllactose (b). Collision
nergy is 20 eV.

f hydrochloride molecules in the first step and the continuous
ecomposition of the deprotonated ions to each fragment ion. In
uch cases the deprotonated molecules can be observed in the
ragment ion spectrum. However, no deprotonated molecules were
bserved in the CID spectra of chlorinated Le-type trisaccharides.
y the computational method, deprotonation reactions on amide
rotons by chloride anion and all the hydroxyl groups were sim-
lated, but all the optimized structures converged to the initial
tructure whereby the chloride forms a hydrogen bond with vic-
nal hydrogen. In the case of chlorinated Le-type trisaccharide, the
xistence of another reaction pathway that generates fragment ions
ithout going through the deprotonated molecules is a reasonable

xplanation for the experimental results.
C-type fragmentation was commonly observed in both Le-type

accharides and methylated Le-type saccharides, although the rela-
ive intensities differed. Presumably the anomeric group itself does

ot strongly influence C-type fragmentation. A possible mecha-
ism of C-type fragmentation based on this assumption is shown

n Scheme 1. C-type fragmentation is assumed to take place by
lectron transfer from the chloride anion on the acetoamide group

-type trisaccharides. The reaction takes place by successive electron transfer.
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Scheme 2. Proposed mechanism of Z-type fragmentation at the 3-linkage in Lewis-type trisaccharides. This mechanism includes amide proton transfer to O-3 of GlcNAc and
subsequent deprotonation.
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Fig. 4. Stable structures of chlorinated Lea (a

o the C4 glycosyl bond of GlcNAc, and consequently the C-type
ragment ion is generated. This mechanism can generate C-type
ragment ion at the 4-linkage in one step. A similar mechanism has
een proposed by Pfenninger et al. for deprotonated oligosaccha-
ides containing GlcNAc [25], although the mechanism has not yet
een confirmed by theoretical methods.

We proposed a possible Z-type fragmentation mechanism in
ight of the fact that the N-acetoamide and anomeric groups play
mportant roles in Z-type fragmentation. The Z-type fragmen-
ation pathway was divided into two steps: elimination of the
-substituted moiety takes place first, followed by the depro-
onation reaction in the second step (Scheme 2). The amide
roton rearrangement produces aziridine saccharide, which has
strained 3-membered ring. The aziridine structure is suspected

o be energetically labile owing to this highly distorted structure.
fter elimination of the 3-substituted moiety, deprotonation of the
nomeric proton by chloride anion gives a Z-type fragment ion. We
uspect that the deprotonation reaction from aziridine saccharide
an take place owing to the distorted structure of the 3-membered
ing; as a result of deprotonation the Z-type fragment ion may form
n open-ring structure because of the presence of the aziridine ring.
.4. Stabilization energy of chlorinated saccharide

Theoretical calculations were begun with the chlorinated
olecule. To investigate the stable structures of chlorinated

4

m
o

able 1
hermochemical data for isomeric Lewis-type trisaccharides, calculated at the HF/6-31G(

Lea Lea + Cl−

otal energy −1955.0771 −2414.6684
H298 (kcal/mol) −39.7
LeX (b), calculated at the HF/6-31G(d) level.

ewis-type trisaccharides, the chloride ion was located at arbi-
rary positions around the saccharide molecules, and these initial
eometries were optimized at both the HF/3-21G(d) and HF/6-
1G(d) levels. In the optimized structures there are several
ositions at which the chloride anion can stably form a hydrogen
ond. To evaluate the stabilization energy of chlorinated Lewis-
ype trisaccharides, the most stable saccharide-anion structure was
nvestigated. The initial geometries of Lea and LeX were obtained
rom the CSD, and the initial geometries of the chlorinated com-
lexes, [Lea, LeX + Cl]−, were fully optimized at the HF/6-31G(d)

evel. Fig. 4 shows the stable structures of isomeric Lewis-type
risaccharides. Chloride anion formed hydrogen bonds between
he amide proton and C1–H of Gal in Lea, whereas binary hydro-
en bonds were formed between 2-OH and 3-OH of Fuc in LeX.
able 1 lists the total energies of the neutral molecules, complexes,
nd chloride anion. Both isomers were stabilized by forming com-
lexes with the chloride anion. The stabilization energy values are
9.7 kcal/mol for Lea and 32.1 kcal/mol for LeX. These values are
onsistent with those of a density functional theory study of a
lucose and chloride anion complex by Cai and Cole [37].
.5. C-type fragmentation at the 4-linkage

The transition state structure was calculated for the proposed
echanism in Scheme 1. Fig. 5 shows the optimized structures

f the initial, transition state, and product ions of C1� fragmen-

d) level

LeX LeX + Cl− Cl−

−1955.0856 −2414.6631 −459.5260
−32.1
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Fig. 5. Optimized structures of the chlorinated LeX molecule (a), transition state (b),
and intermediate product ion (c) of the reaction in Scheme 1. All geometries were
optimized by using the HF/6-31G(d) basis set.
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Table 2
Activation energiesa of Lewis-type trisaccharides undergoing C-type fragmentation

Lea

Initial

HF/6-31G(d) Total energy −2414.6684
ZPVEb 0.644898
E + ZPVE −2414.0235
�Ea (kcal/mol)

HF/3-21G(d) Total energy −2401.8137
ZPVEb 0.638162
E + ZPVE −2401.1755
�Ea (kcal/mol)

a Energy values are in Hartree unless noted otherwise.
b ZPVE represents zero-point vibrational energy.
ass Spectrometry 278 (2008) 1–9

ation of LeX. In the geometry of the transition state, the distance
etween C2–C3 and C4–O(Fuc) is elongated, resulting in 4-linked
lycosyl bond cleavage. Table 2 summarizes the activation ener-
ies of Lea and LeX in the fragmentation mechanism. In both
ea and LeX, the difference in calculated activation energies in
he HF/3-21G(d) and 6-31G(d) basis sets was about 10 kcal/mol,
hich was attributed to variations in basis size. The transition

tate has one imaginary frequency, and the vibrational motion
f the imaginary frequency represents the stretching motions of
he C2–C3 and C4–O(Fuc) bonds, which lie along the decompo-
ition reaction coordinate. The transition state structure is more
imilar to that of the product than to that of the initial struc-
ure. This characteristic is rational, since fragmentation in mass
pectrometry is generally an endothermic reaction; thus the tran-
ition structure tends to resemble the structure of the product ion
ather than that of the initial ion, in agreement with Hammond’s
ostulation [60].

In the reaction mechanism of Lea, it is significant that the acti-
ation energy was about 10 kcal/mol higher than that of LeX. This
s interesting, because a similar reaction mechanism also gave a
rominent difference in activation energy between Lea and LeX.
his difference is attributed to the ranking of relative stability of the
Gal−H]− and [Fuc−H]− ions in the gas phase. The fucose moiety is
omparatively negative relative to the galactose moiety, owing to
he presence of the electron-abundant C6 methyl group, whereas
he galactose moiety is more positive than the fucose moiety owing
o the presence of the methoxy group. The product ion of C-type
ragmentation has a negative charge on the anomeric oxygen; thus
he fucose anion is expected to be more energetically labile than the
alactose anion because the electron-rich methyl group is located
ear the negative charge on the anomeric oxygen. This factor may
ffect the activation energy of C-type reactions. In the experimen-
al results, these chemical properties were directly reflected in the
elative ion intensities of Lea and LeX.

.6. Z-type fragmentation at the 3-linkage

In the mechanism shown in Scheme 2, Z-type fragmentation
s suspected to take place by amide proton transfer, followed by
eprotonation of the anomeric proton by chloride anion to give
he aziridine product ion. First, the transition state of the elim-
nation reaction of the 3-substituted moiety was calculated. The
nitial, transition state, and product-ion structures involved in the
-type fragmentation of Lea are shown in Fig. 6. The transition state

tructure, in which the 3-substituted galactose moiety has already
een eliminated, is similar in structure to the product ion, in agree-
ent with Hammond’s postulation. The transition state structure

as geometry in which the nitrogen atom and neighboring C2 and
3 atoms on the GlcNAc form a 3-membered intermediate, and its

LeX

TS Initial TS

−2414.5082 −2414.6552 −2414.5103
0.637834 0.644084 0.638403

−2413.8704 −2414.0111 −2413.8719
96.1 87.4

−2401.6289 −2401.8022 −2401.6491
0.631775 0.638588 0.632757

−2400.9971 −2401.1637 −2401.0163
111.9 92.5
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was the most stable. Calculations for both C-type (Scheme 3) and
ig. 6. Optimized structures of the chlorinated Lea (a), transition state (b), and inter-
ediate product ion (c) of the reaction in Scheme 2. All geometries were optimized

y using the HF/6-31G(d) basis set.

ibrational motion corresponds to that of the transition state. The
ctivation energies are listed in Table 3.

We next calculated the deprotonation reaction by the chloride
nion. In this calculation, the eliminated neutral saccharide was
mitted and the aziridine disaccharide was selected as the initial
eometry. Fig. 7 shows the optimized structures of Lea, along with

he reaction pathway. The activation energies of the deprotonation
eaction are listed in Table 4. The activation energies calculated at
F/6-31G(d) are 25.7 kcal/mol (Lea) and 17.8 kcal/mol (LeX)—much

ower than the activation energies of Z-type fragmentations at the

Z
t
a
7

ig. 7. Optimized structures of Lea along with deprotonation reaction initial (a),
ransition state (b), and product (c) ion structures.

-linkage (Table 3). The aziridine group is a highly distorted struc-
ure, since the conformation around the C2–C3 bond is fixed by
he bridged amide bond. This distortion makes the deprotonation
eaction at the anomeric hydroxyl proton by chloride anion easier,
nd at the same time, the ring-opening reaction takes place on the
lcNAc moiety by a deprotonation reaction. The ring-opened Glc-
Ac structure is more stable than retention of the 6-membered ring
ecause of the presence of the strained aziridine group.

Comparison of the activation energies of C- and Z-type frag-
entation calculated by HF theory revealed that the relationships

f the calculated activation energies were C1� (4-linkage) > Z1� (3-
inkage) in Lea, and Z1� (3-linkage) > C1� (4-linkage) in LeX. These
esults are consistent with the experimentally deduced trends in
he activation energies of C- and Z-type fragmentations, as previ-
usly discussed in Section 4.1.

We also considered fragmentation mechanisms from the depro-
onated molecule, and performed quantum chemical calculations
rom the deprotonated molecule. There are some possible depro-
onation sites in Le-type saccharides, we calculated the optimized
tructures of various deprotonated molecules and found that the
eprotonated molecule generated by amide proton withdrawal
-type (Scheme 4) fragmentations were performed from the depro-
onated molecule based on the schema. From the calculations, the
ctivation energies were determined; C-type 78.5 kcal/mol, Z-type
1.0 kcal/mol in Lea, C-type 76.9 kcal/mol, Z-type 72.0 kcal/mol in
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Table 3
Activation energiesa of Lewis-type trisaccharides undergoing Z-type fragmentation

Lea LeX

Initial TS Initial TS

HF/6-31G(d) Total energy −2414.6557 −2414.5011 −2414.6597 −2414.5060
ZPVEb 0.646059 0.638479 0.645843 0.638751
E + ZPVE −2414.0096 −2413.8626 −2414.0139 −2413.8672
�Ea (kcal/mol) 92.3 92.0

HF/3-21G(d) Total energy −2401.8137 −2401.6289 −2401.8022 −2401.6491
ZPVEb 0.638162 0.631775 0.638588 0.632757
E + ZPVE −2401.1755 −2400.9971 −2401.1637 −2401.0163
�Ea (kcal/mol) 105.4 104.6

a Energy values are in Hartree unless noted otherwise.
b ZPVE represents zero-point vibrational energy.

Table 4
Activation energiesa for the deprotonation reaction of aziridine disaccharides

Lea LeX

Initial TS Initial TS

HF/6-31G(d) Total energy −1731.1900 −1731.1468 −1806.0340 −1805.9903
ZPVEb 0.422806 0.417228 0.428147 0.421275
E + ZPVE −1730.7672 −1730.7296 −1805.6059 −1805.5690
�Ea (kcal/mol) 23.6 23.1

HF/3-21G(d) Total energy −1722.0612 −1722.0132 −1796.4811 −1796.4449
ZPVEb 0.417776 0.410646 0.422316 0.41454
E + ZPVE −1721.6435 −1721.6025 −1796.0588 −1796.0304
�Ea (kcal/mol) 25.7 17.8

a Energy values are in Hartree unless noted otherwise.
b ZPVE represents zero-point vibrational energy.

Scheme 3. Proposed mechanism of C-type fragmentation at the 4-linkage in deprotonated Lewis-type trisaccharides. The reaction takes place by successive electron transfer.
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cheme 4. Proposed mechanism of Z-type fragmentation at the 3-linkage in depro
-3 of GlcNAc and subsequent elimination.

eX. The relationship of the calculated activation energy was C-
ype (3-linkage) > Z-type (4-linkage), and experimental trend of
eprotonated molecules of Le-type saccharides was that Z-type
ragmentation took place easier than C-type fragmentation [61].
he calculated results agreed with trends of CID experiments for
eprotonated molecules of Lea and LeX, whereas the calculated

rends for the deprotonated molecule could not account for exper-
mentally deduced tendencies of CID spectra from chlorinated
e-type saccharides.

From these discussions, the calculated reaction pathways of the
- and Z-type fragmentations of chlorinated Le-type saccharides

5

g
L

ed Lewis-type trisaccharides. This mechanism takes place by C2 proton transfer to

ould well account for the characteristic lack of observation of the
eprotonated molecule in the CID spectra. The reaction mecha-
isms proposed from these results were in accordance with the
xperimentally deduced characteristics, which have been proven
easonable.
. Conclusions

C- and Z-type fragmentations corresponding to 4- and 3-linked
lycosyl bond cleavages of the N-acetylglucosamine moiety of
ewis-type trisaccharides were studied by both experimental and
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heoretical methods. In the fragment ion spectra of chlorinated Le-
ype trisaccharides obtained by ESI-CID-MS, both C- and Z-type
ragment ions were observed, but the deprotonated ion, which
ould be generated during the process of decomposition of chlo-

inated oligosaccharides, was not observed. The relationships of
he relative ion intensities of C- and Z-type fragmentations were
> C in Lea and C > Z in LeX, suggesting that the relationships of

he activation energies were C > Z in Lea and Z > C in LeX. We sur-
ised that anomeric and acetoamide groups were included in the
echanisms of these fragmentations; we therefore analyzed the

tructural derivatives of Lewis-type trisaccharides to identify the
unctional groups that influenced the fragmentations. In CID exper-
ments on 3-FL and methylated Lewis-type trisaccharides, Z-type
ragmentation was rarely observed, whereas C-type fragmentation
as commonly observed. These results indicated that C-type frag-
entation was little influenced by anomeric group, and that both

nomeric and acetoamide groups enhanced Z-type fragmentation.
n light of these results, fragmentation mechanisms of C- and Z-
ype were proposed and studied by quantum chemical calculations.
he results of these calculations suggested that C-type fragmen-
ation of the 4-linkage takes place by electron transfer from the
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ther; this was attributed to the difference in the stability of the Gal
nd Fuc anions in the gas phase. In contrast, the activation energies
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heory, the activation energy of the C-type was greater than that
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entally deduced trends in the activation energies. Fragmentation
echanisms of the deprotonated molecules were also studied by

erforming quantum chemical calculations. Calculations for the
eprotonated molecule were in good accordance with experimen-
al trends of the deprotonated molecules of Le-type saccharides,
owever the calculated results did not agree with the trends of the
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