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Using Non-Covalent Complexes
to Direct the Fragmentation of Glycosidic
Bonds in the Gas Phase†

Ana K. Vrkic and Richard A. J. O’Hair
School of Chemistry, University of Melbourne, Parkville, Victoria, Australia

An investigation of the gas phase chemistry of proton bound oligosaccharide (S)–ligand (L)
non-covalent complexes, [S � H � L]� has been carried out using electrospray ionization (ESI)
and tandem mass spectrometry in a quadrupole ion trap. When subjected to collision-induced
dissociation (CID), these [S � H � L]� complexes undergo a range of reactions that can be
broadly classified into three main types: (1) Simple dissociation into the individual monomers;
(2) cleavage of the oligosaccharide to form B-type sequence ions; (3) cleavage of the ligand
species. The second type of reaction is particularly interesting as it can produce a “ladder
series” of [Bx � L]� ions via ligand induced oligosaccharide bond cleavage. This novel gas
phase reaction greatly simplifies the sequencing of oligosaccharides. Both the oligosaccharide
and ligand were found to influence the type of reaction pathway observed, with the “ladder
series” of [Bx � L]� ions being favored for permethylated oligosaccharides and for bifunctional
ligands. Cytosine is a particularly good ligand at facilitating the formation of [Bx � L]� ions.
Analogies with condensed phase chemistry of sugars is made and a potential mechanism for
ligand induced oligosaccharide bond cleavage is proposed. (J Am Soc Mass Spectrom 2004,
15, 715–724) © 2004 American Society for Mass Spectrometry
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Mass spectrometry (MS) has become an impor-
tant analytical tool for the examination of
non-covalent interactions of biological interest

due to the coupling of soft ionization modes [such as
electrospray ionization (ESI) and matrix assisted laser
desorption ionization, (MALDI)] with the inherent four
“S” advantages of MS: Specificity, sensitivity, speed,
and stoichiometry [1]. Chemists have also been in-
trigued by the possibility of examining the fundamental
properties (structure and reactivity) of these complexes,
giving birth to the new area of gas phase molecular
recognition and supramolecular chemistry [2]. Various
tandem mass spectrometry (MS/MS) techniques such
as collision induced dissociation (CID) and ion-mole-
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cule reactions have provided insights into the gas phase
chemistry of non-covalent complexes. Some non-cova-
lent complexes fail to simply dissociate to their mono-
mers under MS/MS conditions and instead undergo
remarkable alternative fragmentation reactions. For ex-
ample, in the gas phase, double stranded DNA frag-
ments via loss of nucleobases (i.e., breaking of covalent
bonds) rather than forming the single stranded DNA
monomer (i.e., breaking of non-covalent bonds) [3].
More recently, three groups have observed that phos-
phate anions of biological interest undergo condensa-
tion reactions that involve diphosphate formation (eq 2)
[4] or triphosphate formation [4] reactions that are in
competition with monomer formation (eq 1).

In a recent study, we noted that �-cyclodextrin:
nucleobase non-covalent complexes undergo novel
cleavage of sugar units of the �-cyclodextrin host, with
retention of the guest [5]. We suggested that a guest-
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induced ring opening reaction mechanism preceded
sugar loss, and observed that a bifunctional guest was
required. Such a bifunctional guest can potentially offer
combined acid and base catalysis for glycosidic bond
cleavage. During the course of our work, Von Seggern
and Cotter have reported that non-covalent sugar–
sugar complexes also undergo sugar fragmentation and
rearrangement before complex breakdown, although
they did not offer mechanistic insights into these pro-
cesses [6]. Anionic complexes between chloride ions
and oligosaccharides also appear to facilitate cleavage
of saccharide bonds [7]. In this paper, we examine the
CID fragmentation pathways of proton bound non-
covalent complexes between linear sugars and nucleo-
bases and related compounds to see if we can direct the
fragmentation of glycosidic bonds.

Experimental

Materials

All nucleobases (adenine, cytosine, guanine, thymine),
nucleosides (2�-deoxyadenosine, 2�-deoxycytidine, 2�-
deoxyguanosine, 2�-deoxythymidine, and oligosaccha-
rides (maltose, maltotriose, maltotetraose, maltopen-
taose, maltohexaose) were obtained from Sigma
Chemical Co. (St. Louis, MO) and used without further
purification. Permethylated oligosaccharides were syn-
thesized via the method described by Ciucanu and
Kerek [8].

Quadrupole Ion Trap Mass Spectrometry
Experiments

All experiments were performed using a commercially
available quadrupole ion trap mass spectrometer
(Finnigan-MAT model LCQ, San Jose, CA) equipped
with electrospray ionization (ESI) [9]. A 1:1 mixture of
the oligosaccharide and nucleobase/nucleoside was
dissolved in a 50:50 mixture of H2O and CH3OH (1%
acetic acid) (0.1 mg/mL) and introduced to the mass

Sch
spectrometer at 3.0 �L/min via electrospray ionization.
Typical ESI conditions used were: spray voltage, 4.0–
4.5 kV, capillary temperature, 200 °C, nitrogen sheath
pressure, 40 psi, and capillary voltage/tube lens offset,
0–10 V. Collision induced dissociation (CID) of the
inclusion complexes was carried out by mass selecting
the desired ions with a 5–10 Th window and subjecting
them to the following typical conditions: activation
amplitude, 0.7–1.5 V; activation (Q), 0.25 V, and activa-
tion time 100 ms.

Results and Discussion

The widespread use of tandem mass spectrometry for
the sequencing of biopolymers has resulted in an ac-
cepted nomenclature for sequence ions derived from
peptides [10], oligonucleotides [11] and oligosaccha-
rides (illustrated for a trisaccharide in Scheme 1) [12].
For example, oligosaccharide sequence ions that retain
the charge at the reducing terminus are designated X, Y
and Z ions, whereas the complementary sequence ions
that retain the charge at the non-reducing terminus are
designated as A, B, and C ions. The differentiation
between A, B, and C or X, Y, and Z ions reflects the
different bonds being broken in the oligosaccharide.

Changing the Identity of the Charge Donor
Influences the CID Fragmentation Reactions
of Oligosaccharides

A considerable amount of effort has been invested into
understanding the mechanisms and factors that influ-
ence the fragmentation reactions of ions derived from
biopolymers [13–15]. It has emerged that the identity
of the charge donor can have an important effect on
the fragmentation reactions observed. For example,
[M � H]�, [M � Li]� and [M � H]� ions of peptides
fragment differently and can thus provide comple-
mentary structural information, while recent work on
the fragmentation reactions of radical cations of pep-

1
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tides shows that the radical site can direct fragmen-
tation [16]. The same holds true for oligosaccharides—
two recent independent studies have shown that [M �
H]� ions of derivatized oligosaccharides can undergo
rearrangement reactions, while the corresponding [M �
Na]� do not [17].

Figure 1 confirms that the nature of the charge donor
does influence the types of fragmentation reactions
observed for a simple oligosaccharide. The permethyl-
ated maltose disaccharide provides a convenient model
as it readily forms a range of different types of ions
under ESI/MS conditions including protonated, sodi-
ated, and non-covalent complexes. CID of the proton-
ated disaccharide provides [Bn]� sequence ions, includ-
ing those that have undergone subsequent methanol
loss to form [Bn � xMeOH]� ions (Figure 1a). Men-
donca et al. have suggested that the reason why ions
such as [B1 � 2MeOH]� are abundant fragment ions is
that they have the Structure A shown below, which is
stabilized by aromaticity [18]. In contrast, the sodium
prefers to reside on the reducing end of the sugar, and
the [Y1 � Na]�, becomes the most abundant product
ion in the CID spectrum of the [PMe-maltose � Na]�

(Figure 1b), while the [B2 � Na]� is only a minor
product. Our previous study on the fragmentation
reactions of host–guest complexes revealed that the

Figure 1. LCQ CID spectra of: (a) [PMe-maltos
� pyridine � H]�; (d) [PMe-maltose � cytosine
guest can induce fragmentation of the oligosaccharide
bonds of the host [5]. To investigate whether related
reactions occur for permethylated maltose, S, we have
examined the fragmentation reactions of its proton
bound non-covalent complexes with a number of li-
gands, L, including those with pyridine (Figure 1c) and
cytosine (Figure 1d). A comparison of these two spectra
reveals that the ligand, L, plays an important role in
directing the fragmentation reactions of the [S � H �
L]� non-covalent complex, consistent with our previous
study [5]. Thus pyridine, which bears a sole functional
group, undergoes neutral ligand loss to form the pro-
tonated permethylated maltose at m/z 454.8 (Figure 1c),
which undergoes subsequent fragmentation reactions
to yield similar sequence ions to those formed via direct
CID on protonated permethylated maltose (Figure 1a).
In contrast, the cytosine ligand directs cleavage of the
oligosaccharide bonds to yield the novel [Bx � L]�

sequence ions (Figure 1d). Simple neutral ligand loss to
form the protonated permethylated maltose at m/z 454.8
is attenuated, as are its subsequent fragmentation prod-
ucts. Thus, the presence of multiple functional groups
within the cytosine ligand appears to help facilitate the
formation of [Bx � L]� sequence ions.

In order to further examine the formation of these
ions, we decided to thoroughly investigate the role of

]�; (b) [PMe-maltose � Na]�; (c) [PMe-maltose
�.
e � H
�H]
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each of the partners in the proton bound [S � H � L]�

non-covalent complexes. Thus, we have varied the
structure of the sugar, S, not only by changing its size
(from a disaccharide through to a hexasaccharide) but
also by examining the role of methylation (i.e., compar-
ing the native, non-methylated saccharide to its perm-
ethylated counterpart). In addition, we have examined
a range of ligands, L, in order to determine the struc-
tural motifs required to “switch on” the formation of
the novel [Bx � L]� sequence ions. The results of these
studies are described in the next sections.

Table 1. Summary of the main CID fragmentation pathways of
ion trap

PMe-maltose PMe-maltotriose

Guest Species Major Minor Major Minor

Adenine 1aa 2aa 2a 1a
Cytosine 2ab 1ab 2ad

Guanine 2a 1a 2a
Thymine 1a 1a
Deoxyadenosine 1b 2a,

3
1a

Deoxycytidine 1b 3 2a
Deoxyguanosine 1b 1b,

3
2a

Deoxythymidine 2a 1a
Pyridine 1ac 1a
2-Hydroxypyridine 1a 1a 2a
2-Aminopyridine 1a 2a 1a
3-Aminopyridine 1a 1a 2a
4-Aminopyridine 1a 1a

Note: 1a � loss of ligand, with charge on oligosaccharide; 1b � loss of
ligand.
aSee Figure 2a.
bSee Figure 1d.
cSee Figure 1c.
dSee Figure 3a.
eSee Figure 3b.
fSee Figure 3c.
gSee Figure 3d.
Summary of the CID Fragmentation Reaction
Pathways of Non-Covalent Oligosaccharide-Ligand
Complexes

By varying (1) the sugar, S, to include permethylated
and native oligosaccharides and (2) the ligand to in-
clude nucleobases, nucleosides and structurally related
pyridines, a total of 130 tandem mass spectra were
examined to determine the structural motifs required to
“switch on” the formation of the novel [Bx � L]�

sequence ions. While each of the mass spectra are
available from the authors upon request, Tables 1 and 2
summarize the primary CID fragmentation pathways of
the various permethylated and native oligosaccharide–
ligand complexes, respectively. Under these conditions,
the complexes undergo a range of reactions, which can
be broadly classified into the following types: (1) Simple
dissociation of the complex into its monomeric constit-
uents; (2) cleavage of covalent bonds within the oligo-
saccharide; (3) cleavage of covalent bonds within the
ligand. These reactions are represented in a simplified
cartoon form in Scheme 2. Overall, the fragmentation
reactions of these oligosaccharide-ligand complexes are
quite diverse and do indeed depend upon the struc-
tures of both the oligosaccharide and the ligand. Thus,
product ions corresponding to the simple loss of the
ligand, with either charge retention by the oligosaccha-
ride (Path 1A, Scheme 2) or by the ligand (Path 1B,
Scheme 2) were observed. Cleavage of the oligosaccha-

ermethylated oligosaccharide non-covalent complexes in the

ID reaction pathway

PMe-
maltotetraose

PMe-
maltopentaose

PMe-
maltohexaose

Major Minor Major Minor Major Minor

2a 2a 2a
2ae 2af 2ag

2a 2a 2a
1a 1a 1a
2a,
3

3 2a 3 2a

3 2a 3 2a 3 2a
3 2a 3 2a 3 2a

1a 3 1a 1a 3
1a 2a 1a 1a
1a 1a 2a 1a
2a 2a 1a 2a 1a
2a 1a 2a 1a 2a 1a
1a 2a 2a

d, with charge on ligand; 2a � [Bx � Nu]� formation; 3 � cleavage of
the p

C

ligan
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ride with retention (i.e., [Bx � L]�) (Path 2A, Scheme 2)
or loss (i.e., [Bx]�) (Path 2B, Scheme 2) of the Ligand
species were also observed. The final reaction pathway
involved selective fragmentation and loss of part of the
ligand, with the remainder of the complex staying intact
(Path 3, Scheme 2).

Based on Cooks’ kinetic method [19], the relative
abundances of the ligand loss fragmentation pathways
(Path 1A versus Path 1B, Scheme 2) should reflect the
relative gas phase basicities of the sugar and the ligand.
We note that Cai and Cole have adopted a similar

Sc

Table 2. Summary of the main CID fragmentation pathways of

Maltose Maltotriose

Guest Species Major Minor Major Minor

Adenine 1ba 2b 1a
Cytosine 2a 1a 2a 1a, 2b
Guanine 1b 2a
Thymine 2a 1a, 2b 2a
Deoxyadenosine 1b 1b
Deoxycytidine 1b 1b
Deoxyguanosine 1b 1b
Deoxythymidine 1b 2a 2b 1a, 1b, 2
Pyridine 2a 1a, 2b 2b 1a
2-Hydroxypyridine 1a, 2a 2b 2b 1a, 2a
2-Aminopyridine 1a 2a, 2b 2b 1a
3-Aminopyridine 1a 2a 2b 1a
4-Aminopyridine 1a 2a 2b 1a, 2a

Note: 1a � loss of ligand, with charge on oligosaccharide; 1b � loss of l
following loss of ligand; 3 � cleavage of ligand.
aSee Figure 2b.
approach to determining the gas phase acidity of �-D-
glucose by examining the fragmentation reactions of its
anionic non-covalent complexes [20]. While the careful
evaluation of the gas phase basicities and proton affin-
ities of oligosaccharides was not the aim of this work, a
rigorous full-entropy kinetic method analysis [19] of
proton bound dimers of oligosaccharides might provide
such data, thereby alleviating the dearth of information
on the gas phase basicities sugars [21]. Note that any
kinetic method determination of the gas phase basicities
and proton affinities of oligosachharides using related

2

ative oligosaccharide non-covalent complexes in the ion trap

D Reaction Pathway

Maltotetraose Maltopentaose Maltohexaose

Major Minor Major Minor Major Minor

2b 1a 1a 2b 2b 1a
2a, 2b 1a 2b 1a, 2a 2b 1a, 2a

2a 2b 1a, 2a 2b 1a, 2a
2a 1a, 2b 1a 2a, 2b 1a 2a, 2b

1a, 2b 2a, 3 1a 2b, 3 1a 2b, 3
3 1a, 2b 3 1a, 2b 3 1a, 2b

1b 3 3 1a 3 1a, 2b
1a 2b 1a 2a, 2b, 3 1a 2a, 2b
1a 2b 1a 1a
1a 2b 1a 2b 1a
2b 1a 1a 2b 1a, 2b
1a 2b 1a 2b 1a 2b
1a 2b 1a 2b 1a 2b

, with charge on ligand; 2a � [Bx � Nu]� formation; 2b � Bx formation
heme
the n

CI

a

igand
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non-covalent complexes would also need to ensure that
all caveats are heeded [19] including the assumption
that isomeric forms of the activated cluster ion are
absent and that consecutive decompositions of the
implicated species do not take place. Given the rich
other chemistry observed for many of the non-covalent
complexes (Paths 2 and 3B, Scheme 2), neither of these
requirements is assured in these systems.

Role of the Oligosaccharide Species in Directing
CID Fragmentation Reactions of Non-Covalent
Oligosaccharide–Ligand Complexes

A representative example illustrating the differences in
reactivity between the permethylated and native sys-
tems is shown in Figure 2. Upon CID of [PMe-maltose
� adenine � H]� (Figure 2a), loss of the ligand yields
the most abundant product ion, i.e., [PMe-maltose �
H]� (m/z 455) (Path 1A, Scheme 2). We also see the
formation of the novel [B1 � adenine]� (m/z 354) and [B2

� adenine]� (m/z 558) sequence ions (Path 2A, Scheme
2). In contrast to this, CID of [maltose � adenine � H]�

(Figure 2b) yields a much less complicated spectra, in
which loss of the ligand results in formation of the
[adenine � H]� ion (Path 1B, Scheme 2). These results
imply that adenine is a stronger base than maltose, and

Figure 2. LCQ CID spectra of: (a) [PMe-maltose � adenine �
H]�; (b) [maltose � adenine � H]�.
that permethylated maltose is a stronger base than
maltose (since proton transfer to the sugar becomes
competitive). Due to the low mass cutoff of the LCQ, we
cannot comment on the relative gas phase basicites of
adenine and permethylated maltose.

Table 1 reveals that for the smaller permethylated
oligosaccharide–ligand complexes (such as PMe-mal-
tose-ligand), dissociation of the ligand species (either
Path 1A or 1B, Scheme 2) is most prevalent. We do
however, also see the emergence of product ions corre-
sponding to the formation of novel [Bx � L]� sequence-
type ions (where ligand � adenine, cytosine, guanine,
and dT) (Path 2A, Scheme 2). These ions are consistent
with cleavage of the oligosaccharide with retention of
the ligand. We note that as the size of the oligosaccha-
ride species increases, formation of the [Bx � L]� ions
becomes the main fragmentation pathway for many of
the complexes. This observation appears to offer evi-
dence that a ligand-to-oligosaccharide proton transfer
reaction is occurring whereby the oligosaccharide effec-
tively competes for the proton within the complex.
Furthermore, it suggests that the proton is not limited to
residing in one position, but actually “roams” around to
other glycosidic bonds within the oligosaccharide. A
possible mechanism for the above fragmentation will be
discussed later.

Table 2 shows the reaction pathways of native oligo-
saccharide-ligand complexes are quite different when
compared to their permethylated counterparts. It is
interesting to note that dissociation of the ligand species
(Paths 1A and IB, Scheme 2) is one of the major reaction
pathways for all of the complexes listed in Table 2. In
Table 1, however, [Bx � L]� formation (Path 2A,
Scheme 2) was observed to be the main fragmentation
pathway for many of the permethylated systems.

For the majority of the larger native oligosaccharide–
ligand complexes, dissociation of the ligand species was
subsequently followed by cleavage of glycosidic bonds
to yield [Bx]� ions. These product ions were generally
the most dominant peaks in the spectra. The formation
of [Bx � L]� ions occurred only in some of the com-
plexes and in relatively minor amounts.

Role of the Ligand in Directing CID
Fragmentation Reactions of Non-Covalent
Oligosaccharide–Ligand Complexes

In this study, three main types of “ligand” species were
employed: (1) Nucleobases (i.e., adenine, cytosine, gua-
nine, and thymine); (2) nucleosides (i.e., deoxyade-
nosine, deoxycytidine, deoxyguanosine, and deoxythy-
midine); (3) structurally related pyridines. We will first
discuss the gas-phase fragmentation reactions of the
permethylated complexes and then compare them with
their native counterparts.

If we turn our attention back to Table 1, we can
clearly see there are correlations between the type of
ligand species utilized and the fragmentation behavior
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of the non-covalent complexes. Thus, CID of [S � H �
L]� (where L � adenine, cytosine, and guanine) were
all observed to fragment via the loss of a saccharide
residues (whilst retaining the ligand species) to yield
[Bx � L]� ions (Path 2A, Scheme 2). A representative
example of this type of fragmentation behavior is
shown in Figure 1d for [PMe-maltose � cytosine � H]�.
Upon CID of this complex, we clearly observe [B1 �
cytosine]� (m/z 330) and [B2 � cytosine]� (m/z 534) to be
the most abundant product ions. In contrast to this, the
[PMe-oligosaccharide � thymine � H]� systems all
resulted in dissociation of thymine (Path 1A, Scheme 2).

Another fragmentation pathway occurs for some
ligands and involves cleavage of a covalent bond of the
ligand (Path 3, Scheme 2). This type of fragmentation
occurs for the majority of the oligosaccharide–nucleo-
side complexes in which pyranose sugar loss from the
nucleoside generates a new oligosaccharide–nucleobase
non-covalent complex. This cleavage of the N-glyco-
sidic bond in the nucleoside (and subsequent sugar
loss) was the main fragmentation pathway for those
complexes generally containing: (1) Deoxycytidine and
deoxyguanosine and (2) larger host oligosaccharides
(ranging from [PMe-maltotriose] to [PMe-malto-
hexaose]). In contrast, loss of the intact ligand species
occurred for the smaller complexes (such as [PMe-

Figure 3. LCQ CID spectra of: (a) [PMe-malto
cytosine � H]�; (c) [PMe-maltopentaose � cytos
maltose � nucleoside � H]�, where nucleoside �
adenine, cytosine, and guanine) (Path 1B, Scheme 2).

The final set of ligand species utilized involved
pyridines that were structurally related to the nucleo-
bases. We decided to look at a range of ligand species
which mimicked particular aspects of the nucleobases
in order to ascertain what made these non-covalent
permethylated oligosaccharide-ligand complexes prone
to fragmentation via Path 2A, Scheme 2. For [PMe-
oligosaccharide � ligand � H]� (where ligand � pyri-
dine and 2-hydroxypyridine) dissociation of the ligand
species was observed to be the main reaction pathway
(Path 1A, Scheme 2). This type of behavior is illustrated
in Figure 1c for [PMe-maltose � pyridine � H]�. CID of
this complex resulted in formation of [PMe-maltose �
H]� at m/z 455. In the case of [PMe-oligosaccharide �
ligand � H]� (where ligand � 2, 3, and 4 aminopyri-
dine) there were two types of reaction pathways, i.e., (1)
dissociation of the ligand species for the smaller com-
plexes (Path 1A, Scheme 2); (2) cleavage of the oligo-
saccaharide with retention of the ligand for the larger
complexes (Path 2A, Scheme 2). Thus, these results
appear to suggest that the amino group on the nucleo-
bases plays an integral role in assisting the complexes to
fragment via Path 2A, Scheme 2.

Examination of Table 2 shows correlations between

e � cytosine � H]�; (b) [PMe-maltotetraose �
H]�; (d) [PMe-maltohexaose � cytosine � H]�.
trios
ine �
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the ligand species and the fragmentation pathways of
the native oligosaccharide–ligand complexes are not as
clear cut as for the permethylated systems. For the
[oligosaccharide � nucleobase � H]� complexes, [Bx �
L]� formation occurs only in some instances (Path 2A,
Scheme 2). The majority of the other product ions
formed are due to dissociation of the ligand species
(Paths 1A, 1B, and 2B, Scheme 2).

In the case of the [oligosaccharide � nucleoside �
H]� complexes, product ions corresponding to loss of
the ligand are observed to be the major reaction path-
way for many of the systems (Paths 1A, 1B, and 2B,
Scheme 2). Cleavage of the ligand species however,
does occur as a major fragmentation pathway in the
larger systems containing deoxycytidine and deox-
yguanosine (Path 3, Scheme 2). With regard to the
[oligosaccharide � structurally related pyridine � H]�

complexes, they are generally observed to also result in
loss of the ligand (Path 1A, 2B, Scheme 2).

Taking into consideration all of our findings thus far,

Scheme 3
there appear to be two main structural requirements for
inducing fragmentation via Path 2A (Scheme 2), i.e., (1)
a permethylated oligosaccharide; (2) a robust ligand
species with multiple acidic and basic sites, particularly
one with a NH2 group.

Using Non-Covalent Complexes to Direct the
Fragmentation of Glycosidic Bonds: Possible
Mechanisms and Comparisons to the Condensed
Phase Chemistry of Sugars

In order to further illustrate our above observations
regarding the structural requirements for inducing frag-
mentation via Path 2A of Scheme 2, we have compiled
the CID spectra of the [PMe-oligosaccharide-cytosine �
H]� complexes (where oligosaccharide � PMe-malto-
triose, PMe-maltotetraose, PMe-maltopentaose, PMe-
maltohexaose) in Figure 3. Irrespective of the size of the
oligosaccharide, in all instances (Figure 1d, Figure 3) we
can clearly see that the preferred fragmentation path-
way of these non-covalent complexes involves cleavage
of the oligosaccharide whilst retaining cytosine, i.e., [Bx

� cytosine]� (Path 2A, Scheme 2). These reactions thus
provide a “ladder series” of [Bx � cytosine]� ions,
which greatly simplifies the sequencing of these oligo-
saccharide. While “ladder series” have been generated
by condensed phase acid hydrolysis for subsequent MS
analysis [22], this approach is novel since it generates
the “ladder series” in the gas phase.

What insights might the condensed phase chemistry
of sugars offer into potential mechanisms for these
novel gas phase glycosidic bond cleavage reactions? An
examination of the literature reveals that several impor-
tant classes of reactions of glycosides are catalyzed by
species that provide acid and base sites. For example,
enzymes that catalyze the hydrolysis of glycosidic
bonds often involve a concerted attack of a enzymic
nucleophile at the anomeric carbon coupled with
protonation of the glycosidic oxygen by an acidic
residue of the protein [23]. Epimerization of sugars
can be catalyzed by bifunctional catalysts such as
2-hydroxypyridine, which offer acid and base catal-
ysis in a concerted process [24]. Using these insights
from condensed phase studies and the system [PMe-
maltose-cytosine � H]� as an example, a potential
mechanism for our gas phase cleavage reaction is
shown in Scheme 3. As cytosine is a robust species
that possesses both acidic and basic sites, a concerted
reaction may occur whereby cytosine becomes co-
valently bound to PMe-maltose as the glycosidic
bond closest to the reducing end is broken (i.e.,
methanol loss) to yield the [B2 � cytosine]� (m/z 534)
ion (Figure 1d, Path 1 of Scheme 3a). Formation of the
[B1 � cytosine]� ion (m/z 330) however, involves
intermolecular proton transfer from cytosine to a
different glycosidic bond that is subsequently cleaved
coincidentally with nucleophilic attack by cytosine
(Figure 1d, Path 2 of Scheme 3b).
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Conclusions

The gas phase formation and chemistry of a number of
permethylated and native non-covalent oligosaccha-
ride–ligand complexes have been examined using ESI
and tandem mass spectrometry. For the majority of the
[PMe-oligosaccharide-ligand]� complexes (where Li-
gand � adenine, cytosine, guanine, 2-, 3-, and 4-amino-
pyridine), collision induced dissociation led to fragmen-
tation via loss of a saccharide residue, whilst retaining
the ligand species. This resulted in the formation of
novel [BX � L]� ions (Path 2A, Scheme 2). The struc-
tural requirements for the formation of these [BX � L]�

ions included the presence of a (1) permethylated
oligosaccharide and (2) ligand containing multiple
acidic and basic sites (particularly NH2). Cleavage of
the ligand species occurred for those complexes con-
taining nucleosides (Path 3, Scheme 2), while loss of the
ligand species was observed for pyridine and 2-hy-
droxypyridine. For the native [Oligosaccharide-Li-
gand]� complexes however, loss of the ligand species
was one of the major reaction pathways for all of the
complexes (Paths 1A and IB, Scheme 2). Further studies
are underway to examine the general analytical utility
of these ligand-directed cleavage reactions. In particular
we are interested in determining whether gas phase
“ladder series” of [Bx � L]� ions can be generated from
other types of sugars such as branched sugars and
glycoconjugates.

Addendum

After this manuscript was submitted, an excellent re-
view of the mass spectrometry of sugars by Zaia has
appeared which discusses various approaches to struc-
turally characterize oligosaccharides via MS-based tech-
niques [25].
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