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Abstract

Electron capture dissociation (ECD) has shown great potential in structural characterization of

glycans. However, our current understanding of the glycan ECD process is inadequate for accurate

interpretation of the complex glycan ECD spectra. Here, we present the first comprehensive

theoretical investigation on the ECD fragmentation behavior of metal-adducted glycans, using the

cellobiose-Mg2+ complex as the model system. Molecular dynamics simulation was carried out to

determine the typical glycan-Mg2+ binding patterns and the lowest-energy conformer identified

was used as the initial geometry for density functional theory-based theoretical modeling. It was

found that the electron is preferentially captured by Mg2+ and the resultant Mg+• can abstract a

hydroxyl group from the glycan moiety to form a carbon radical. Subsequent radical migration and

α-cleavage(s) result in the formation of a variety of product ions. The proposed hydroxyl

abstraction mechanism correlates well with the major features in the ECD spectrum of the Mg2+-

adducted cellohexaose. The mechanism presented here also predicts the presence of secondary,

radical-induced fragmentation pathways. These secondary fragment ions could be misinterpreted,

leading to erroneous structural determination. The present study highlights an urgent need for

continuing investigation of the glycan ECD mechanism, which is imperative for successful

development of bioinformatics tools that can take advantage of the rich structural information

provided by ECD of metal-adducted glycans.

Introduction

Tandem mass spectrometry (MS/MS) has become an indispensable tool for structural

analysis of a variety of biomolecules. Characterization of glycan structures poses one of the

greatest analytical challenges, not only because of the frequent limitation in sample

quantities due to the lack of glycan amplification methods, but also because of the structural

diversity and heterogeneity in most naturally-occurring glycans as a result of their non-

template-driven biosynthesis [1–2]. The structural diversity of glycans arises from their

varied branching patterns, and the existence of many possible linkage and stereochemical

isomers. While slow-heating fragmentation methods, such as collisionally activated

dissociation (CAD) [3–13] and infrared multiphoton dissociation (IRMPD) [14–15], can

*To whom correspondence should be addressed: Phone: +1 (617) 638 6705, Fax: +1 (617) 638 6761, chenglin@bu.edu.

NIH Public Access
Author Manuscript
J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 August 01.

Published in final edited form as:
J Am Soc Mass Spectrom. 2014 August ; 25(8): 1451–1460. doi:10.1007/s13361-014-0921-0.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



generate an abundance of glycosidic fragments for deduction of the glycan topology, they do

not normally produce sufficient numbers of the cross-ring fragments that are crucial for

determining the linkage configuration. Over the past few years, a number of unconventional

fragmentation methods have been applied to tandem MS analysis of glycans, including

ultraviolet photodissociation (UVPD) [16–19], free radical-activated glycan sequencing

(FRAGS) [20], and various electron activated dissociation (ExD) methods, such as electron

capture dissociation (ECD) [15, 21–24], electron transfer dissociation (ETD) [25], electronic

excitation dissociation (EED) [22, 26], electron-induced dissociation (EID) [27–28],

electron detachment dissociation (EDD) [29–30], and negative electron transfer dissociation

(NETD) [31]. In particular, ECD appears to be a promising tool for glycomics research as it

can provide richer structural information than CAD-based methods, and is fairly

straightforward to implement in online liquid chromatography-MS/MS studies. However,

the glycan ECD mechanisms are poorly understood, and this factor, in conjunction with the

presence of a large number of glycan fragmentation channels, makes spectral interpretation a

very challenging task.

To date, ECD mechanistic studies have been mainly focused on peptides. The classic ECD

mechanism (the Cornell Mechanism or the hot hydrogen mechanism) [32–35] assumes that

for protonated peptides, electron capture occurs at a protonated site, forming a hypervalent

radical cation, which in turn transfers a hydrogen to a spatially accessible amide carbonyl,

leading to cleavage of the adjacent N-Cα bond and formation of c and z• ions. The hot

hydrogen mechanism was subsequently challenged by the Utah-Washington (UW)

Mechanism [36–41], which claims that electron attachment to an amide π* orbital can occur

either directly, with sufficient Coulomb stabilization, or, during a cascade of relaxation

events that lead to lower-energy Rydberg levels, via electron transfer from an excited

Rydberg orbital initially located at one of the positively charged sites. Once an amide bond

acquires substantial electron density, it becomes a super-base which can abstract a proton

from an accessible site, resulting in the formation of a labile aminoketyl radical that

subsequently undergoes N-Cα bond cleavage. Because the electron transfer and proton

migration are decoupled in time (partially) and in space, the UW mechanism can be applied

to ECD of multiply charged ions with non-proton charge carriers (e.g. metal-adducted

peptide ions). For ECD of metalated peptides, the fragmentation pattern has been found to

be dependent on both the size and the electronic configuration of the metal charge carriers

[42–47]. Whereas peptides cationized with alkaline earth metal ions (e.g. Ca2+), or first-row

divalent transition metal ions with half-filled (e.g. Mn2+) or fully-filled d-orbitals (e.g.

Zn2+), produced primarily c- and z•-type ions under ECD, those adducted with metal cations

with partially filled d-orbitals (e.g. Co2+, Ni2+, and Cu2+) generated predominantly a-, b-,

and y-type ions. Chan et al. postulated that metal cations with stable electronic configuration

(e.g. Ca2+, Mn2+, and Zn2+) are bystanders during ECD, which proceeds via the radical-

directed pathway, whereas in the latter case, metal ion reduction competes favorably, and

the released energy is dissipated into the peptide moiety to generate slow-heating fragment

ions [45]. Protonation in metal-adducted peptides likely results from formation of

zwitterions with the metal cation participating in a salt bridge structure. On the other hand,

larger cations can be effectively solvated by the peptide without forming zwitterions.

Consequently, second- and third-row group IIB cations (Cd2+, Hg2+) are preferentially
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reduced during ECD to produce fragment ions via an ergodic process, despite their

presumably stable electronic configuration [46]. Similar fragmentation behavior was also

observed in ECD of trivalent metal ion-peptide complexes by Williams et al., who suggested

that it is the electrochemical properties of the metal ion in the peptide environment rather

than in isolation that determine the initial electron capture site and the fragmentation

outcomes [47]. Thus, through input from many laboratories, the search for understanding of

the ECD fragmentation of peptides and proteins has made substantial progress.

In contrast to the vast literature on ECD mechanisms of peptides and proteins, no chemically

explicit mechanistic study has been reported for ECD of glycans. Metalation is essential for

generating extensive glycan fragmentation and for minimizing proton-induced

rearrangements. However, neither the hot hydrogen nor the amide super base mechanism

can be directly applied to metal-adducted glycans, since both require the presence of

protonation sites. Furthermore, many glycans lack the amide moiety that plays a crucial role

in ECD of peptides. Our preliminary theoretical study revealed that competition between

glycosidic cleavage and metal loss is influenced by not only the recombination energy of the

metal cation, but also the detailed potential energy surfaces of various dissociation channels

[22]. It remains unclear how cross-ring fragments are generated and which fragmentation

pathways are accessible. This paper presents the first theoretical investigation into the ECD

fragmentation behavior of metal-adducted oligosaccharides, using the cellobiose-Mg2+

complex as the model system.

Experimental

Mass Spectrometry Analysis

HPLC-grade water and methanol were purchased from Fisher Scientific (Pittsburgh, PA).

All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO). The reducing

end 18O-labeling was performed based on the method introduced by Viseux et al. [12]

Briefly, native glycans were incubated in H2
18O (97%) in the presence of 2-aminopyridine

as the catalyst at 55 °C overnight. The 18O-labeled glycans were dissolved to a

concentration of 2 μM in 50:50:1 water: methanol: formic acid electrospray solution

containing 20 μM magnesium acetate, and directly infused into the mass spectrometer with a

nanoelectrospray ionization source.

The ECD experiment was performed on a 12-T solariX™ hybrid Qh-Fourier transform ion

cyclotron resonance (FTICR) mass spectrometer (Bruker Daltonics, Bremen, Germany). The

Mg2+-adduct was isolated by the front end quadrupole with an isolation window of 4 m/z,

which allowed transmission of both the 18O-labeled and unlabeled glycans whose presence

was due to incomplete isotopic labeling and back exchange during storage. Ions of interest

were accumulated in the collision cell for 1 s before being transferred to the ICR cell, where

they were irradiated by low-energy (~1.5 eV) electrons for 100 ms to generate ECD

fragments. The product ions were detected with a 0.577-s transient, and 24 transients were

summed to improve the S/N ratio. Fragment ion peak lists were generated using the Bruker

Daltonics Sophisticated Numerical Annotation Procedure (SNAP™) algorithm [48]. Internal

calibration using several fragment ions assigned with high confidence typically provided a

mass measurement accuracy within 0.5 ppm.
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Theoretical Modeling

The Mg2+ binding characteristics and the steric energies of the corresponding conformations

of the cellobiose-Mg2+ complex were explored by molecular dynamics (MD) simulation,

using the CHARMm force field [49]. Various initial geometries of cellobiose with different

Mg2+ binding patterns were utilized for MD simulation. Each geometry was subjected to a

two-step initial optimization, using the steepest descent and the conjugate gradient

methodologies, respectively. The preliminarily optimized structure was heated gradually

from 50 K to 1000 K in 2000 steps, at 1 fs duration per step, followed by system

equilibration at 1000 K for 1 ps, and then subjected to MD trajectory calculation. Each

trajectory run lasted for 200 ps, or 200,000 steps with an integration step size of 1 fs. The

un-equilibrated geometries were recorded at a time interval of 5 ps, resulting in 40 collected

geometries for each trajectory. All geometries were then subjected to temperature-

independent geometry optimization, using the conjugate gradient algorithm, with 2000

optimization steps and a convergence criterion of 0.0001 RMS. The relative stability of

different conformers generated from the final geometric optimization was characterized by

the potential energy. A cellobiose-Mg2+ binding pattern was deemed typical if it appeared

repeatedly in different trajectories with different initial conditions. The conformation space

was then clustered based on the cellobiose-Mg2+ binding patterns. All MD simulations were

carried out using the standard dynamics cascade and minimization modules of the Discovery

Studio 2.5.2 software (Accelrys, San Diego, CA).

Density functional theory (DFT)-based calculations were performed using the hybrid of

Becke’s exchange and Lee-Yang-Parr’s correlation functionals (B3LYP) [50–52]. For each

important binding cluster found by the MD simulation, the conformer with the lowest

potential energy was selected for DFT calculations at the B3LYP/6-31+G(d,p)//B3LYP/

6-31G(d) level of theory, in which the B3LYP/6-31+G(d,p) electronic energy was corrected

by the B3LYP/6-31G(d) zero point vibrational energy with no scaling, and used to compare

the relative stability of different conformers. For mechanistic studies, all potential energy

surfaces were calculated at the B3LYP/6-31G(d) level, and the B3LYP/6-31G(d) electronic

energy was corrected by the zero point vibrational energy with a scaling factor of 0.9806

[53], and used as the zero Kelvin enthalpy. All reactants, intermediates, and products were

verified to be local minima by normal mode frequency analysis (no imaginary frequency).

The transition states were verified to be the desired critical configurations by frequency

analysis (one vibration mode with imaginary frequency which leads to the formation of

product ions) and intrinsic reaction coordinate calculation. All quantum mechanical (QM)

calculations were performed using the Gaussian 03 program suite [54] at the Scientific

Computing Facilities at Boston University.

Results and Discussion

Electron Capture Dissociation of the Cellohexaose-Mg2+ Complex

The ECD spectrum of Mg2+-adducted cellohexaose is shown in Figure 1. The fragment ions

were assigned using the Domon-Costello nomenclature [55]. As no attempts were made to

isolate the 18O-labeled precursor ions from the unlabeled ones (Figure 1, inset a), all

reducing-end fragment ions would be present as doublets with a 2-Da splitting. Interestingly,

Huang et al. Page 4

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



none of the fragment ions was observed as a doublet (e.g. Figure 1, inset b), suggesting that

they are either non-reducing-end fragments or internal fragments, and their assignments

have been confirmed by accurate mass measurements. The most abundant product ion in the

ECD spectrum is the 2,4A6 ion. Similar preferential formation of the 2,4An ion, where n is

the degree of polymerization, has also been reported previously in ECD of other metal-

adducted 1→4-linked oligosaccharides [21]. Several series of A ions, including

the 2,4A, 0,2A, and 0,3A (or the isomeric 1,4A) ions, are present, and their abundance

generally decreases with size. Other types of cross-ring fragments, 3,5A - 2H and 1,5A - 2H

ions, are present only at low abundance. Glycosidic cleavages generated primarily B-ions

(B3-5), as well as some low-abundance C-ions (C3-5). All fragment ions incorporated

magnesium.

The Binding Characteristics and the Conformation Space Clustering of the Cellobiose-
Mg2+ Complex

The first step in carrying out the ECD mechanistic study was determination of the

population distribution of different conformers of the cellobiose-Mg2+ precursor ion, as its

instantaneous geometric character is likely preserved during electron capture. The study of

oligosaccharide conformations has been a major research field in carbohydrate chemistry for

quite some time. The critical parameters for describing the conformation of disaccharides

are the extent of rotation of each monosaccharide residue about its bond to the glycosidic

oxygen atom, as indicated by the two dihedral angles: Φ (O5′-C1′-O4-C4 for cellobiose,

Supplemental Scheme S1) and Ψ (C1′-O4-C4-C5). For native disaccharides, the

conformation space can be explored systematically by grid search of the two dihedral

angles, within the frame of either molecular mechanics or quantum mechanics [56–58].

Molecular mechanics and MD studies on oligosaccharides have also been carried out using

the specifically developed force field [59]. However, for metal-adducted glycans, the

presence of non-covalent interactions prevents systematic investigation of the conformation

space, although ab initio or semi-empirical quantum mechanics studies can be performed on

very simple monosaccharide and disaccharide systems [9, 60]. In this work, MD simulation

was used to landscape the conformation space of the cellobiose-Mg2+ complex, and to

determine the most probable Mg2+-binding characteristics and their corresponding lowest

energy conformers, which were then used for the DFT-based molecular modeling to derive

the ECD mechanism.

MD simulation produced a large number of conformers, of which only a small portion were

likely populated. For instance, any conformer in which Mg2+ interacts with two adjacent

hydroxyl groups of the same glucosyl ring likely has a high potential energy, and therefore

negligible population. Excluding these irrelevant binding patterns, the conformation space

can be clustered into three sub spaces, each characterized by a typical cellobiose-Mg2+

binding pattern. For each cluster, the conformer with the lowest potential energy was re-

optimized using the density functional theory, and the optimized geometries are shown in

Figure 2.

The first binding pattern of the cellobiose-Mg2+ complex is represented by structure 1a, in

which Mg2+ interacts with five oxygen atoms: O6′, O3′, O5′, O4, and O3. The
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corresponding O-Mg2+ distances are 2.05, 2.05, 2.04, 2.22, and 1.99 Å, respectively. This

geometry is comparable to the lowest energy conformer of the native cellobiose previously

determined using the MM3 force field [57]. The two characteristic dihedral angles Φ and Ψ

for structure 1a are −85.8° and −94.9°, respectively, and may be compared with −87.9° and

−142.0° for native cellobiose. In structure 1a, the non-reducing glucosyl ring is in a boat

configuration rather than in a chair configuration as is the case for native cellobiose. Despite

its higher steric strain, adopting the boat configuration in structure 1a allows stronger

glycan-Mg2+ interaction, resulting in an overall decrease in potential energy. Structure 1b
represents the second type of glycan-Mg2+ binding pattern, in which Mg2+ also interacts

with five oxygen atoms: O6′, O3′, O5′, O4, and O2. The corresponding O-Mg2+ distances

are 2.10, 2.16, 2.17, 2.05, and 2.09 Å, respectively, with Φ = −117.8° and Ψ = −168.2°.

Similar to structure 1a, the non-reducing glucosyl ring in structure 1b adopts the boat

configuration while the reducing glucosyl ring remains in the chair configuration. The third

major binding pattern is represented by structure 1c, which involves Mg2+-binding to the

O6′, O3′, O5′, O6, and O1 atoms to achieve its maximum coordination number of 5. The

corresponding O-Mg2+ distances are 2.02, 2.14, 2.15, 2.08, and 2.18 Å, respectively, and the

dihedral angles Φ = 49.3° and Ψ = −118.9°. Both glucosyl rings are in the boat

configuration. In contrast to its role in structures 1a and 1b, the glycosidic oxygen in

structure 1c no longer binds Mg2+; instead, the C6 primary hydroxyl and the C1 secondary

hydroxyl from the glucosyl ring at the reducing end participate in the Mg2+-glycan binding.

The relative energies of structures 1a, 1b and 1c are listed in Figure 2. Since geometry

optimization at the B3LYP/6-31+G(d,p) level was beyond our computational capability, the

B3LYP/6-31+G(d,p) single point energies were calculated on the B3LYP/6-31G(d)

geometries to investigate the basis set augmentation effect. The result indicated that the

basis set augmentation did not change the order of the relative stability of these three typical

cellobiose-Mg2+ conformers. Therefore, further theoretical modeling was carried out based

upon structure 1a, which should be the predominant conformer at room temperature.

The Hydroxyl Abstraction Mechanism for ECD of the Cellobiose-Mg2+ Complex

Unlike the peptide cations, the cellobiose-Mg2+ complex contains neither protonation sites

nor unsaturated bonds. Thus, the initial electron capture likely occurs at the Mg2+-binding

site due to large second ionization potential of Mg (15.04 eV). The actual electron-Mg2+

recombination energy in the cellobiose-Mg2+ system (7.08 eV, or 163.2 kcal/mol, based on

structure 1a) is smaller because Mg2+ is solvated by the glycan. The frontier singly occupied

molecular orbital (SOMO) of the charge reduced species 2 is illustrated in Supplemental

Figure S1. The unpaired electron is localized at the Mg nucleus, as confirmed by the

population analysis which shows that the Mulliken spin density at the Mg nucleus is 0.9035.

As electron transfer occurs on a much faster time-scale than nuclear motion, the initial

geometry of the cellobiose-Mg2+ complex is likely preserved in the charge-reduced

cellobiose-Mg+• species. Under such circumstance, as depicted in Supplemental Figure S1,

three hydroxyl groups, located at the C3, C3′, and C6′ positions, respectively, are spatially

accessible to Mg+•. In contrast, direct hydrogen abstraction by Mg+• is not favored, as it

would require disruption of the electrostatic interaction between Mg+• and one or more
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hydroxyl groups to accommodate hydrogen transfer. Thus, it seems most likely that

hydroxyl abstraction by Mg+• forms a MgOH+ closed-shell cation, which is still

electrostatically bound to the cellobiose moiety, and serves as a charge tag in MS

measurements. Meanwhile, a carbon radical is formed, which can initiate further α-

cleavages or β-eliminations, producing different fragment ions. Note that in structure 1a,

four out of the five oxygen atoms that bind Mg2+ are contributed by the nonreducing

glucosyl unit, since O4 can also be regarded as O1′. Thus, following bond dissociation,

nonreducing end fragments would be more likely to retain the charge and be detected, and,

indeed, this preference is observed experimentally. The large recombination energy release

ensures that hydroxyl abstraction from any of the three positions is energetically and

kinetically accessible. Here, the discussion will be focused on the reaction pathways

following the C3-hydroxyl migration.

Scheme 1a illustrates a possible pathway for the 2,4A2 ion formation. The number in

parenthesis next to each intermediate or transition state indicates its potential energy (in

kcal/mol) relative to the precursor ion. The initial C3-hydroxyl abstraction is associated with

an energy barrier of 16.3 kcal/mol, and the resultant C3 radical (intermediate 3) is 7.7

kcal/mol more stable than the charge reduced specie 2. The C3 radical can induce α-

cleavage of the C4-C5 bond, with an energy barrier of 23 kcal/mol, forming intermediate 4
with a reaction endothermicity of 11.3 kcal/mol. Intermediate 4 then undergoes consecutive

α-cleavages and loses two small neutral species, 2-hydroxyacetaldehyde and 1,2-trans-

dihydroxyethylene, respectively, to form the 2,4A2 + H ion, 6. Loss of 2-

hydroxyacetaldehyde is associated with an energy barrier of 20.7 kcal/mol, close to the

reaction endothermicity, whereas no canonical transition state can be found for loss of

dihydroxyethylene at the B3LYP/6-31G(d) level of theory. Such a phenomenon is common

for direct bond dissociation, which often involves a loose transition state that is dependent

on either temperature or overall internal energy. Since a loose transition state is usually a

late transition state that resembles the product rather than the reactant, its number of states

can be approximated by the number of states of the product, from the point of view of the

RRKM theorem. Therefore, in cases where the transition state cannot be identified, the

energy barrier is estimated to be approximately the same as the reaction endothermicity (e.g.

5→6). The 2,4A2 + H ion can further lose a hydrogen atom to form the final product, the

closed-shell 2,4A2 ion, 7.

Although all processes in Scheme 1a are energetically accessible, the dihydroxyethylene

loss is associated with a substantial energy barrier and reaction endothermicity (41.9 kcal/

mol), as it requires the formation of a vinyl radical. Moreover, hydrogen loss in the final step

is also associated with a large energy barrier (53.6 kcal/mol) and endothermicity (48 kcal/

mol), since the hydrogen is eliminated from an sp2 carbon. An alternative pathway for 2,4A2

ion formation is shown in Scheme 1b. In intermediate 5, internal rotation about the C2-C3

bond can lead to a planar conformation, 5a, which facilitates C4→C1 hydrogen migration.

Without ring constraint, this rotation about a single bond only has a 2 kcal/mol energy

barrier. The resultant intermediate 8 then loses a 1,2-dihydroxylethyl radical to form

the 2,4A2 ion. The mechanism presented in Scheme 1b is much more appealing than the one
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in Scheme 1a, as the key 1,4-hydrogen migration step only poses a moderate reaction energy

barrier of 27.8 kcal/mol, and the final product is 39.9 kcal/mol lower in energy.

Formation of the other prominent A ion series, the 0,3A (1,4A) ions, however, cannot be

explained by the mechanism shown in Scheme 1, as consecutive α-cleavages can only result

in breakage of bonds that are separated by two atoms, whereas the 0,3A or 1,4A ion

formation requires cleavage of bonds that are three atoms apart. In CID of hexoses, neither

0,3- nor 1,4-cross ring cleavage was observed for 1→4 linked residues, although cleavage of

a 1→3 linked hexose can produce an isomer of the 0,3An ion, where n is the degree of

polymerization, possibly via a retro-aldol or retro-ene rearrangement of an open-ring

structure [9, 61]. Here, however, observation of the 0,3A ions (or their isomers) is not limited

to the reducing end, and they were likely generated by a different, radical induced,

mechanism, such as the one illustrated in Scheme 2. The C3-radical in intermediate 3 can

undergo 1,2-hydrogen migration which generates a C4-radical species, 10. Although 1,2-

hydrogen migration is associated with a substantial energy barrier (42.7 kcal/mol), this

restriction is still easily surmountable owing to the large energy release during electron

capture. The C4 radical can induce consecutive α-cleavages, releasing a dihydroxyethylene

molecule to form a radical species, 12, which then either loses a hydrogen atom to produce

the 0,2A2 ion, product 13, or loses a hydroxymethyl radical to form an ion that is isomeric to

the 0,3A2 ion, product 14. The latter pathway is both energetically and kinetically favored,

and is consistent with the observation of the (apparent) 0,3A6 ion but not the 0,2A6 ion.

Alternatively, the 0,2A ion can be formed via consecutive α-cleavages induced by a C5-

radical, which is generated following two 1,2 hydrogen migrations, as shown in Scheme 3.

However, as was the case in Scheme 2, the final step involves hydrogen atom loss, which is

thermodynamically and kinetically unfavored. Scheme 4a shows a third possible pathway, in

which intermediate 5 loses its O1 hydrogen to form the 0,4A2 ion, which is isomeric to

the 0,2A2 ion. At first glance, this mechanism offers little advantage over those presented in

Schemes 2 and 3, as it also involves a hydrogen loss which is associated with a 33.2

kcal/mol reaction barrier. However, for internal residues in the larger cellohexaose-Mg2+

complex, the equivalent process would lead to glycosidic bond cleavage and formation of

a 0,4Ai/Ci ion (i < n), instead of hydrogen loss. Using the model system shown in Scheme

4b, the corresponding reaction barrier for isopropyl loss is only 20.1 kcal/mol. This

mechanism seems to agree with the observation that 0,2Ai ions were only observed for i < 6.

Since QM calculation on the cellohexaose-Mg2+ system is beyond our current

computational capability, MD simulation was performed to explore its conformational

space. Because the β-1→4 linkage in cellohexaose affords less flexibility than other types of

linkage (e.g. α-1→6 linkage), the access to the population of low-energy conformers

involving Mg2+ binding to adjacent residues is entropically favored. Supplemental Figure S2

shows a typical Mg2+-binding pattern for the cellohexaose-Mg2+ complex, in which Mg2+ is

solvated by residues 4 and 5, and interacts with the same five atoms (O3′, O5′ and O6′ on

the non-reducing ring, and O3 and O4 on the reducing ring) as in the cellobiose system.

Upon electron capture, conformers involving Mg2+-binding to internal residues will likely

give rise to smaller Ai cross-ring fragments with i < 6. Thus, it appears to be reasonable to

extrapolate the cellobiose model to the larger cellohexaose-Mg2+ system.
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Implications of the Hydroxyl Abstraction Mechanism

The hydroxyl migration mechanism suggests that the fragmentation pattern of metal-

adducted glycans is likely influenced by the choice of the initial position(s) of the abstracted

hydroxyl group, which is determined by the detailed metal-glycan binding pattern. Thus,

ECD may be used to differentiate stereo glycan isomers that differ in either their epimeric or

anomeric configuration. However, hydrogen migration after hydroxyl abstraction can

potentially move the radical to any of several positions, resulting in a “blurring” of the

fragmentation pattern that would otherwise be unique to hydroxyl abstraction from a certain

position.

A second, perhaps more important implication of the results presented here is that some

fragments observed experimentally may not have the expected structure. Secondary radical-

induced fragmentation, before or after radical migration, is a well-known phenomenon in the

ECD of peptides [62–70], and evidence now becoming available suggests that this can also

occur in ECD of metalated glycans. These secondary fragment ions may be misinterpreted

as the products of simple cross-ring fragmentations. For example, the ECD spectrum of the

laminarihexaose-Mg2+ complex (Supplemental Figure S3) contains a series of ions that have

the same m/z values as the 0,3A ion series in the ECD spectrum of the cellobiose-Mg2+

complex. However, laminarihexaose contains exclusively 1→3 linked glucosyl rings,

wherein 0,3 cross-ring cleavage should lead to loss of C3H6O3 in all residues. In light of the

mechanism proposed here, these ions could potentially be formed in a reaction pathway

similar to the one outlined in Scheme 2 (reaction 12→14), which generates 0,2A – CHOH

ions. If one has no prior knowledge of the analyte’s identity, 0,2A CHOH ions could easily

be mistaken as 0,3A ions characteristic of 1→4 and 1→6 linkages, leading to erroneous

structural determination. Therefore, there is a practical need for continuing investigation into

glycan ECD processes. Further experimental work, possibly involving selective isotope

labeling at different ring positions, is needed to validate the mechanism proposed here.

Conclusions

This theoretical study on the cellobiose-Mg2+ model system investigated the ECD

fragmentation process of metal-adducted native glycans. It was found that the electron was

initially attached to Mg2+, converting it to a Mg+• radical cation which could abstract a

hydroxyl from an accessible site to form a carbon radical. Subsequent α-cleavages and

hydrogen elimination induced by the carbon radical, either at the original hydroxyl

abstraction site or at a different site following 1,2 hydrogen migration(s), could lead to

formation of various glycosidic and cross-ring fragment ions. The hydroxyl abstraction

mechanism can successfully explain the characteristic ECD fragmentation behavior of the

cellohexaose-Mg2+ complex observed experimentally. Meanwhile, exploration of the

proposed mechanism also revealed some unexpected fragmentation pathways which will

likely have significant implications for the development of bioinformatics tools for

interpretation of glycan ECD spectra. There is still much to be learned about the glycan

ECD process. Further theoretical studies are needed to investigate the effects of different

metal charge carriers on the ECD fragmentation behaviors of metal-adducted glycans, and

change in fragmentation patterns due to structural variations, including alternative linkage
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and stereochemical configurations, as well as the consequences of chemical modifications

such as permethylation and reduction and/or labeling of the reducing end.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Low-energy (1.5 eV) ECD spectrum of the partially 18O-labeled cellohexaose-Mg2+

complex.
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Figure 2.
Typical low-energy conformers of the cellobiose-Mg2+ complex. The number in parentheses

indicates the potential energy (in kcal/mol) of each structure relative to structure 1a.
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Scheme 1.
Proposed mechanisms for formation of the 2,4A2 ion.
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Scheme 2.
Proposed mechanism for formation of the “0,3A2” (0,2A2-CHOH) ion.

Huang et al. Page 17

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Scheme 3.
Proposed mechanism for formation of the 0,2A2 ion.
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Scheme 4.
Proposed mechanism for formation of the 0,4A ions at the reducing end (a), and in internal

residues (b).
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