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a b s t r a c t

The methyl glycosides of N-acetyl-d-glucosamine (d-GlcNAc) and N-acetyl-d-galactosamine (d-GalNAc)
have been used as model glycan analogs to study the effects of lithium cation binding on glycan struc-
ture in gas-phase experiments. Infrared multiple photon dissociation (IRMPD) spectra for the two
Li+-complexed anomers of methyl-d-GlcNAc revealed a difference of 10 cm−1 between their respec-
tive carbonyl stretching band positions. A corresponding 11 cm−1 shift was observed for the two
Li+-complexed anomers of methyl-d-GalNAc. Theoretical calculations indicate that the position of the
methyl group (� and �, or axial and equatorial, respectively) on carbon 1 of the sugar and its close prox-
imity to the carbonyl of the acetamido group on carbon 2 cause the average orientation of the carbonyl to
change in order to minimize steric hindrance. This change in orientation is postulated to be the cause of
tereochemistry
nfrared photodissociation
ree-electron laser
-acetyl group

the observed C O stretching band shift. The calculations also predict competitive binding of the lithium
cation between two or more regions of d-GlcNAc and d-GalNAc. This is primarily due to differences in the
spatial arrangement and orientation of lone pairs of electrons among the isomers, and stereochemical
differences in hydrogen bonding. From an application point of view, differences in the infrared spectra of
lithium adducts of acetamido sugars establish the value of variable-wavelength IRMPD as an alternative

s in d
to fragmentation pattern

. Introduction

Gas-phase experiments with charged proteins and other large
iomolecules continue to expand into new areas of interest in
hemistry and biology as mass spectrometric techniques evolve to
llow routine study of these large systems [1–7]. Fourier transform
on cyclotron resonance mass spectrometry (FTICR-MS) experi-

ents [8–12], when combined with gentle ionization techniques
uch as electrospray ionization (ESI) [4,13–15] have the capa-
ility of studying sugar complexes without requiring heating of

he sample (and thus inducing its possible decomposition) in
rder to introduce them into the gas phase. In FTICR-MS exper-
ments sugars can be studied at low pressures (below 10−9 Torr),
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iscriminating between these isomers.
© 2012 Elsevier B.V. All rights reserved.

providing a virtually collision-free environment to investigate basic
chemical processes. Collision induced dissociation (CID) [16] and
single-frequency infrared multiple photon dissociation (IRMPD)
methods have been used to study carbohydrate isomers in tan-
dem MS experiments, both in the negative and positive ion modes
[11,17–24]. In some cases, when either of these methods is used
to examine isomeric compounds, particularly stereoisomers, dif-
ferentiation of ions can be difficult as they yield near-identical
dissociation patterns. Varying the wavelength of irradiation in
IRMPD provides an extra dimension to analysis, in the expecta-
tion that stereoisomers may not absorb photons identically over
a range of wavelengths [25–27]. Recent studies, using FTICR-
MS in conjunction with variable wavelength IRMPD, have shed
new light on the structures of carbohydrates [28–35]. Carbo-
hydrates, even simple monosaccharides, can assume multiple
configurations and/or conformations, sometimes favoring one over
another depending on environmental influences such as interac-

tion with different solvents, metals, and intramolecular hydrogen
bonding [36–40]. A number of physical techniques, including
crystallography [41], NMR [37], electrophoresis [42,43], mass spec-
trometry and theoretical calculations [40,44] have focused on
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ig. 1. Isomers �-methyl-d-GlcNAc (A), �-methyl-d-GlcNAc (B), �-methyl-d-GalNA
and epimers of glucose and galactose at carbon 4 are shown encircled in dashed o

he interactions of metal ions with sugars. The conformation of
lycans affects their role as components of larger biomolecules;
hey are important in cell–cell signaling [45] and have been
ound to affect protein folding [46], often stabilizing the protein
tructure.

To obtain a more complete picture of the role of oligosaccharides
n protein-based systems, the interactions between alkali metals
nd sugars need to be understood in greater detail. Sodium and
otassium play a crucial role in regulating cell functions and their
lood concentration levels are carefully regulated in biological sys-
ems. Lithium ions are used as strong prescription drugs to regulate
ood. Practically, alkali metals more readily adduct with sugars
nd such charged adducts can be transferred to the gas phase using
lectrospray ionization. This provides adequate abundances of pre-
ursor ions required to conduct reliable MS/MS experiments. If the

ig. 2. Side (left) and top (right) views of �-methyl-d-GlcNAc. Lithium was initially placed
onding network is visible in the top view and is encircled in a dashed outline. The carb
onded to the anomeric carbon (C-1).
nd �-methyl-d-GalNAc (D). The differences between the � and � anomers at carbon
s.

alkali cation–sugar interaction is strong, fragmentation pathways
other than simple cation loss may be favored when ions are sub-
jected to irradiation with an infrared laser or CID. Intramolecular
fragmentation is usually observed for Li+-complexed saccharides
[17,47]. In the present work fragmentation of stereoisomers,
specifically the methyl glycosides of �- and �-N-acetyl-d-
glucosamine (�-methyl-d-GlcNAc and �-methyl-d-GlcNAc) and
�- and �-N-acetyl-d-galactosamine (�-methyl-d-GalNAc and �-
methyl-d-GalNAc) (Fig. 1) bound to a lithium cation was studied
as a function of infrared laser irradiation wavelength. The infrared
multiple photon dissociation (IRMPD) spectra obtained, as well as

differences in fragmentation patterns for the complexes, are com-
bined with theoretical calculations of ion structures and simulated
spectra to provide important information about their gas-phase
structures.

above the ring, approximately 2.5 Å from the ring oxygen. The clockwise hydrogen-
ons are numbered 1–6, and 1* marks the glycosidic oxygen of the O-methyl group
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ig. 3. IRPMD spectra of �-methyl-d-GlcNAc (dashed line) and �-methyl-d-GlcNAc
solid line) bound to a lithium cation, showing the 10 cm−1 red shift of the carbonyl
tretching frequency for the � anomer.

. Materials and methods

.1. Sample preparation

The methyl glycosides of �- and �-d-GlcNAc were obtained
rom Sigma Chemical Co. (St. Louis, MO) and �- and �-d-GalNAc
ere purchased from Behring Diagnostics (Calbiochem, La Jolla,
A). Stock solutions were made by dissolving 0.01 mg/mL of the
espective glycoside in 80:20 CH3OH:H2O solution. Stock samples
ere diluted by a factor of 10 and were mixed with an equimolar

mount of LiCl before introduction into the electrospray ionization
ource.

.2. Instrumentation

All ESI-FTICR-MS experiments were carried out using a
aboratory-built FTICR mass spectrometer equipped with a 4.7 T
uperconducting magnet (Cryomagnetics Inc., Oak Ridge, TN),
hich has been described previously [28,48,49]. An external Z-
pray source (Micromass/Waters Corporation, Milford, MA) injects
he samples into the ESI source at a flow rate of 10 �L/min. Elec-
rospray ionization efficiency was aided with a nebulizer and a
esolvation gas, both N2 gas, with a continuous flow of 35 and

Fig. 4. Calculated lowest energy structures of �-methyl-GlcNAc and �-methyl-GlcN
ss Spectrometry 330–332 (2012) 285–294 287

155 l/h, respectively. Source temperature was set to 52 ◦C and
the desolvation gas temperature was 125 ◦C. The electrospray
needle-sampling cone voltage difference was set to 3 kV. Precursor
ions were isolated using stored waveform inverse Fourier trans-
form (SWIFT) waveforms [50,51] to eject all other ions. Ions were
detected using the broadband detection mode covering a mass
range from 20 to 2000 Da.

The fragmentation of the lithiated HexNAc methyl glycosides
as a function of laser irradiation wavelength provides the IRMPD
spectra. These gas phase infrared spectra can be compared with the-
oretical calculations of the vibrational frequencies to obtain band
assignments and structural information for each isomer. For the
IRMPD activation, a free electron laser located at the FOM Insti-
tute for Plasma Physics Rijnhuizen, in Nieuwegein, The Netherlands
[52], was used to scan the infrared fingerprint region from 900
to 1800 cm−1 for the methyl-GlcNAc anomers. Since the desired
spectral feature was the shift of the carbonyl stretching frequency
for the methyl-GalNAc anomers, the spectra were taken only from
1400 to 1700 cm−1. Four individual transients were accumulated at
each wavelength to improve the signal-to-noise ratio. Three inde-
pendent IRMPD spectra were used to calculate the average peak
position of the C O stretch band for each isomer. The IRMPD yield at
a given frequency is calculated from the measured intensities of the
precursor and product ions, Iprec and Iprod, respectively, corrected
for the frequency-dependent laser power P(ω).

Relative IRMPD yield = (P(ω))−1 × ln

[ ∑
Iprod

Iprec +
∑

Iprod

]

3. Theory/calculation

Molecular mechanics conformational searches using the AMBER
force field [53] were conducted and density functional theory (DFT)
[54–56] geometry optimizations and frequency calculations were
used to identify spectral features of each methyl-HexNAc isomer.
Using the structure database provided in the Hyperchem software
[57], each anomer of methyl-d-GlcNAc and methyl-d-GalNAc was
examined as a clockwise hydrogen bonding network, which has
been shown to be the most stable solution-phase structure for d-
glucopyranosides [58–60]. Lithium was initially placed centered
above the ring system of the glycan, approximately 2.5 Å from the
ring oxygen (Fig. 2). Each methyl-HexNAc adduct was given an

overall charge of +1.

A conformational search of torsion angles was done to probe
the rearrangement of each isomer during its interaction with the
lithium cation. All calculations were performed in an isolated

Ac, using B3LYP/6-311++G(d,p), with hydrogen bonds shown as dotted lines.
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Table 1
Relative energies of methyl-HexNAc isomer structures obtained from the cor-
responding conformational searches. Relative energies were obtained at the
B3LYP/6-311++G(d,p) level of theory and are given in kcal/mol. Conformer 1 of each
isomer is shown in Fig. 4 (methyl-GlcNAc anomers) and Fig. 10 (methyl-GalNAc
anomers).

Conformer # �-Me-GlcNAc �-Me-GlcNAc �-Me-GalNAc �-Me-GalNAc

1 0.0 0.0 0.0 0.0
2 2.2 0.2 4.2 1.9
3 5.3 10.5 4.2 2.5
4 7.5 12.1 4.7 2.5
5 9.2 13.4 4.7 3.0
6 10.2 14.8 5.9 3.4
7 12.1 15.1 7.6 3.5

The calculated lowest energy structures for �-methyl-GlcNAc
and �-methyl-GlcNAc, each coordinated with a lithium ion,
ig. 5. Potential surface scan for rotation about the (C-2) N bond for �-methyl-
lcNAc.

nvironment. All H C O H torsion angles were defined so that
he O H functional group could rotate about the C O bonds, thus
eeping the structural definitions for each HexNAc intact. The ring
orsion angles were varied in the conformational search, making
ure that the orientation of chiral centers did not change. Using
he usage-directed approach [61], 1000 different structures were
reated with the algorithm. For each step, the dihedral angles
ere randomly changed to create a new structure, and a geom-

try optimization using the AMBER force field [53] was performed
o verify a stable point. The optimized structure was compared
o the other stable structures previously obtained from the con-
ormational search, and duplicate structures were discarded. On
verage, the 100 most stable structures within 15 kcal/mol of the
tructure having the lowest energy were subsequently geometry
ptimized using Gaussian 03 [62] with the B3LYP/6-311++G(d,p)
evel of theory. A frequency calculation at this same level of theory

as conducted for each structure to verify energy minima and to
ompare the resulting theoretical infrared spectra to experimental
pectra. This level of theory has been used previously to study sug-
rs in the gas phase [63–65]. A scaling factor of 0.98 was used for the
alculated frequencies, and is within the range of reported average
caling factors using this basis set [66–68]. For further verification
hat the lowest energy conformer was found for each stereoiso-

er, a rigid potential surface scan of the H (C-2) N H dihedral

ngle was carried out using Gaussian 03 with B3LYP/6-311++G(d,p).
ingle point calculations were performed as the amide hydrogen
tom was rotated by 10◦ increments about the (C-2) N sigma bond,
hile keeping the rest of the molecule fixed.

ig. 6. Potential surface scan for rotation about the (C-2) N bond for �-methyl-
lcNAc.
8 12.2 15.3 8.3 4.7
9 14.9 18.1 8.3 4.9

10 19.6 20.1 8.6 6.0

Structures with an initial boat configuration of the ring were also
investigated and optimized at the same level of theory as those
that started with a chair configuration of the ring. Optimizations
were conducted for different starting positions of the lithium cation
around the ring system. All optimized structures were compared to
obtain the lowest energy conformers.

4. Results and discussion

4.1. ˛- and ˇ-methyl-N-acetyl-d-glucosamines

4.1.1. Experimental infrared multiple photon dissociation spectra
The experimental IRMPD spectra of the methyl glycosides of

both �- and �-GlcNAc are shown in Fig. 3. The spectral bands in
the range from 800 to 1500 cm−1 are broad and, although there
are differences at some wavelengths between the spectra of the
two anomers, such as near 1100, 1250 and 1380 cm−1, definitive
spectral assignments are not feasible in this region. However, when
comparing the spectra of the two anomers, a shift in the position
of the band near 1652 cm−1 was clearly seen. Repeating the IRMPD
spectra 3 times, an average red shift of 10 cm−1 was observed for
the � anomer.

4.1.2. Calculations of minimal energy structures
are shown in Fig. 4. The �-methyl-d-GlcNAc anomer has a
chair 4C1 conformation, with evident hydrogen bonding, while

Fig. 7. Comparison of experimental IRMPD and calculated infrared spectra for �-
methyl-GlcNAc. The calculated spectrum has been scaled by 0.98, and has a 20 cm−1

Gaussian band profile.
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-methyl-d-GlcNAc’s lowest energy conformer has a BO3 boat
onformation. For both �- and �-methyl-GlcNAc, two hydrogen
onds are formed among the hydroxyl groups OH-3, OH-4 and
H-6.
With the methyl group at C-1 in the axial position, �-methyl-
lcNAc has the amide hydrogen located nearest to the glycosidic
xygen. To minimize steric hindrance, the carbonyl is oriented

ig. 8. Comparison of experimental IRMPD spectrum (solid line) to the calculated
nfrared spectrum (dashed line) of �-methyl-GlcNAc from (A) the lowest energy
onformer, (B) the next lowest energy conformer (0.2 kcal/mol higher is energy)
nd (C) a composite spectrum calculated from a weighted Boltzmann contribution
f each conformer.
ss Spectrometry 330–332 (2012) 285–294 289

away from the O-methyl group. A rigid potential surface scan
of the dihedral angle rotation about the (C-2) N bond led to
one stable minimum, with one other possible stationary point
at ∼-30◦ along the potential energy surface (Fig. 5). The lowest
energy conformation revealed the lithium ion interacting with
both the carbonyl of the acetamido group and the oxygen of OH-
3. The point of highest energy corresponds to the structure in
which the carbonyl oxygen is in close contact with the O-methyl
group.

For the lowest energy structure of �-methyl-GlcNAc, the methyl
group is nearly in the axial position for a skewed boat conformer
(Fig. 4). The acetamido group is oriented so that the oxygen inter-
acts with the lithium cation. The potential surface scan, shown
in Fig. 6, indicates that the torsion angle of 3◦ for the H (C-
2) N H dihedral corresponds to the lowest energy structure in
the range of 0–360◦. The highest energy position of the dihe-
dral occurs when the N-acetyl methyl group is closest to the
lithium cation, which is located between the N-acetyl and the C-3
hydroxyl group. Two other minima were found in the dihedral scan,
with potential energy barriers of 60 and 66 kcal/mol between the
minima.

Based on the calculated structures, the observed � vs. � anomer
frequency shifts for the carbonyl stretching band apparently result
from a complex interplay between the partial charge on the lithium
cation (0.58 for the � anomer, 0.66 for the � anomer), and the O-
3 – Li+-carbonyl oxygen bonding angle. Also, one other structure
where the lithium cation was located at a different position around
�-methyl-GlcNAc was higher in energy by only 0.2 kcal/mol, as
shown in Table 1. That structure (#2 in the table) has a chair
conformation and the lithium is located near the oxygen of the
ring system. Given that a substantial portion of the Li+-�-methyl-
GlcNAc ions probably have this structure, the fact that the lithium
cation is relatively far from the C O bond would keep the carbonyl
stretching frequency from being significantly red shifted. Struc-
ture #2 will also be included in the analysis of �-GlcNAc, when
comparing the calculated infrared spectra to the experimental
results.

4.1.3. Theoretical spectra
Calculations of infrared spectra indicate that the band near

1652 cm−1 is the C O stretch of the carbonyl on the acetamido
−1
( NHCO(CH3)) group. There was a corresponding shift of 9.8 cm

between the calculated frequencies of this band for the two
anomers of methyl-GlcNAc using the B3LYP/6-311++G(d,p) level
of theory for the vibration frequencies [66,67].

Fig. 9. IRMPD spectra of �-methyl-GalNAc (dashed line) and �-methyl-GalNAc
(solid line), showing an 11 cm−1 difference for the position of the carbonyl stretch
bands.
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Fig. 10. Lowest energy structures of the anomers of methyl-d-GalNAc from

The calculated spectrum of the lowest energy structure for �-
ethyl-GlcNAc is similar to the experimental spectrum, having

imilar partially unresolved features between 800 and 1500 cm−1

Fig. 7). The calculated C O stretch frequency after scaling is
632 cm−1.

The calculated spectra of the two lowest energy structures for
-methyl-GlcNAc are shown in Fig. 8. Again, there are many absorb-

ion bands in the calculated spectrum from 800 to 1500 cm−1,
lthough they matched the experimental spectrum in this region
ess well than those of the � anomer (Fig. 7). The calculated C O
tretch after scaling is 1642 cm−1 for �-methyl-GlcNAc, higher by
0 cm−1 than that for the � anomer and in agreement with the
xperimental wavenumber shift. A weighted average spectrum
ased on spectra of the two lowest energy �-methyl-GlcNAc struc-
ures was calculated from a Boltzmann probability (P) distribution
f the two conformers:

= exp[−(�E/RT)]∑
j(exp[−(�Ej/RT)])

,

here �Ej is the energy of the jth conformer relative to the lowest
nergy conformer, R is the Boltzmann constant and T is the temper-
ture, chosen as 298.15 K. The composite spectrum intensities (IC)
ere then calculated as the sum of the original theoretical inten-
ities of structures 1 (I1) and 2 (I2) multiplied by their respective
oltzmann factors, IC = I1 × P1 + I2 × P2.

ig. 11. Potential surface scan for rotation about the (C-2) N bond for �-methyl-
alNAc.
P/6-311++G(d,p) calculations, with hydrogen bonds shown as dotted lines.

4.2. ˛- and ˇ-methyl-N-acetyl-d-galactosamines

4.2.1. Experimental infrared multiple photon dissociation spectra
Following analysis of the methyl glycosides of N-

acetylglucosamine, where the major assignable feature in the
IRMPD spectra was the carbonyl stretch, spectra for the anomers
of methyl-d-GalNAc were only taken from 1400 to 1700 cm−1 and
are shown in Fig. 9. An 11 cm−1 shift in band position was observed
between �-methyl-GalNAc and �-methyl-GalNAc, with the band
for the �-anomer lower than that for the �-anomer, as was also
seen for the GlcNAc anomers.

4.2.2. Calculations of minimal energy structures
The lowest energy structures from the DFT calculations are

shown in Fig. 10, and have the 4C1 ring conformation. Examina-
tion of the �-methyl-GalNAc structure reveals hydrogen bonding
between the C-3 and C-4 hydroxyl groups, and between the car-
bonyl oxygen and the hydroxyl group at C-3. Other potential
hydrogen bonds are interrupted due to coordination of the lithium
cation to the oxygen lone pairs of OH 4 and OH 6. There is also
a hydrogen bond between the amide hydrogen and the glycosidic
oxygen.

�-Methyl-GalNAc (Fig. 10) has one hydrogen bond between the
C-3 and C-4 OH groups. For the GlcNAc anomers, lithium was pre-
dicted to be located between the amide oxygen and the OH-3 group,

but for the GalNAc anomers there is a tridentate interaction of the
lithium and the O-4, O-5 and O-6 electron lone pairs. Thus the car-
bonyl stretching frequency shift observed for the GalNAc anomers
is due to a different set of interactions. Most important in this case

Fig. 12. Potential surface scan for rotation about the (C-2) N bond for �-methyl-
GalNAc.
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Fig. 13. Calculated infrared spectra of �-methyl-GalNAc (dashed line) and �-
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ethyl-GalNAc (solid line), indicating a 29 cm−1 shift in the C O stretching
requencies.

s the direct hydrogen bonding of the carbonyl to OH-3 for the �
nomer, which would shift the carbonyl stretch band frequency to
lower value (as seen experimentally).

The potential surface scans of �- and �-methyl-GalNAc (torsion

bout the (C-2) N bond) indicate that the conformers found in the
onformational search and used throughout this analysis are the
owest points on the 1-dimensional surface (Figs. 11 and 12).

ig. 14. Fragment ion abundances as a function of laser wavelength for the four methyl-H
alNAc, and (D) �-methyl-GalNAc.
ss Spectrometry 330–332 (2012) 285–294 291

The highest energy points on these surfaces correspond to struc-
tures in which the carbonyl oxygen is in close proximity to the
O-methyl oxygen at C-1 for both anomers of methyl-d-GalNAc and
these structures are analogous to those corresponding to the high-
est energy points on the potential surface scans for the d-GlcNAc
anomers. The �-methyl-GalNAc lithium cation is bound to the
ring oxygen and the oxygens of OH 4 and 6, and has a charge
of 0.57. The interactions of the lithium cation with the oxygens
of �-methyl-GalNAc are the same as those of the �-anomer (the
ring oxygen and those of OH 4 and 6), with a correspondingly
similar charge of 0.58 on the lithium cation. The charge on the
lithium cation is higher for the methyl-GlcNAc anomers than for
the methyl-GalNAc anomers as is evident from the interactions just
reported. This may in part be due to the different stereochemistry at
the 4-position which enables the 4-hydroxy oxygen to participate
in a unique tridentate coordination complex with lithium, which
is not possible with either anomer of the methyl glycosides of Glc-
NAc. A table of the relative energies using DFT for the 10 lowest
energy forms of the HexNAc methyl glycoside structures from the
conformational search is given above (Table 1).

4.2.3. Theoretical spectra
The calculated spectra indicate a shift of 29 cm−1 for the C O
observed experimentally for the Me-GalNAc anomers, and also
larger than that seen and predicted theoretically for the Me-GlcNAc
anomers. However, the band for the � anomer is always predicted

exNAc stereoisomers: (A) �-methyl-GlcNAc, (B) �-methyl-GlcNAc, (C) �-methyl-
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Fig. 15. Possible fragmentation patterns of methyl-HexNAc stereoisomers leading
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o spectra seen in Fig. 14. Black dotted lines indicate fragment ions to which a lithium
ation is adducted and solid lines with an arrow indicate fragment ions without the
ithium cation.

o be red-shifted compared to that for the � anomer as observed
xperimentally.

.3. Fragmentation patterns

In the tandem mass spectra produced by IRMPD fragmenta-
ion of all four stereoisomers, four fragments were produced for
ach of the sugars (Fig. 14). One fragmentation channel involves
he neutral loss of methanol (CH3OH) (210 m/z), either from the
glycon or from position 6 of the precursor ion (242 m/z). Neutral
osses may either be accompanied by desaturation of precursor ions
double bond formation) or through reactions that generate anhy-
rosugar products; both types of mechanisms occur in thermal
egradation of neutral sugars and glycosides [69]. A larger frag-
ent (127 m/z) is produced by cross-ring cleavage at C-1 O1 and

-2 C-3, resulting in a 4-carbon product ion originating from car-
ons C-3 to C-6, possibly a lithiated aldotetrose, with a neutral loss
f 115 Da containing the aglycon, carbons C-1 and C-2, as well as
he acetamido group. Another product ion (122 m/z) may represent
he same structure as the 115 Da neutral loss, but now adducted to
ithium (115 + 7 = 122 m/z), with a neutral loss of 120 Da, possibly
imilar in structure to the m/z 127 ion, but without the adducted
ithium (127 − 7 = 120 Da). The m/z 132 product ion(s) appear to
e protonated, rather than lithiated product ions, with neutral loss
f 110 Da comprising a fragment having Li+ alkoxy− structure(s)
erived by cross-ring cleavages indicated in Fig. 15. These dissoci-
tion sites are a working model and more information about their
xact structures and possible isomeric composition would need to
e derived from additional experiments.

However, it is noteworthy that significant, wavelength-
ependent differences in product ion ratios were seen among the

somers that displayed a stereochemical dependence. For exam-
le, for the �-methyl-GlcNAc isomer, the m/z 210 product ion was
he highest abundance product over much of the wavelength range
tudied, whereas it was of lowest abundance for the �-methyl-
lcNAc isomer and of second highest abundance over much of the
avelength range studied for the GalNAc isomers (Fig. 14). Simi-
arly, the m/z 122 product ion was of greatest abundance over much
f the wavelength range investigated for the �-methyl-GlcNAc iso-
er, yet was of lowest abundance over most of the wavelength

ange for the �-methyl-GlcNAc isomer and of quite low abundance
ss Spectrometry 330–332 (2012) 285–294

for both GalNAc isomers. The m/z 127 product ion was most abun-
dant for the methyl-GalNAc isomers. In addition to these more
general differences in product ion ratios between isomers, there
were unique differences in ratios observable for each isomer that
were wavelength-dependent (i.e. where abundances of product
ions crossed over as a function of wavelength or became signifi-
cantly different in relative amounts, Fig. 14). These differences point
out specific wavelengths where a judicious choice of laser power
could be used to selectively dissociate and/or to differentiate them
in the gas phase. As such, variable-wavelength infrared photodisso-
ciation may be used as an alternative, and more isomer-selective,
tool for dissociation than collision-induced dissociation, where a
wide range of energies are imparted to precursor ions.

5. Conclusions

Differentiation of HexNAc methyl glycosides in the gas phase
with IRMPD spectra is possible because each isomer either has dis-
tinct infrared spectral features or fragmentation patterns in the
tandem mass spectra. In this study C O stretching mode band shifts
(10 and 11 cm−1) were observed for the lithium cationized anomers
of methyl-GlcNAc and methyl-GalNAc, respectively, and these can
be used to differentiate the anomers. The shifts in C O stretches
between the � and � anomers are explained using theoretically
calculated spectra as resulting from the difference in orientation of
the acetamido carbonyl, which is influenced either by the binding
location of a lithium ion between epimers of methyl-GlcNAc and
methyl-GalNAc, and alternate hydrogen bonding of the acetamido
group between OH-3 for the anomers of methyl-GlcNAc, as well as
the glycosidic oxygen position for the anomers of methyl-GalNAc.
The favorable interaction of the amide hydrogen with the O-methyl
oxygen also influences the location of the carbonyl, since both are
part of the acetamido group. Calculated structures indicate that the
lithium cation is located between C-3 and the acetamido group for
�/�-methyl-GlcNAc. In the calculated structures of �/�-methyl-
GalNAc, the lithium cation is found to interact with 3 oxygens: the
ring oxygen, and the 4- and 6-hydroxyl oxygens. Other defining
spectral features, which could be seen in different IR wavelength
ranges, can also be used to further differentiate the isomers.

From a purely analytical perspective, variation of the wave-
length of infrared irradiation provides another dimension to
analyses where differences in both the total ion abundance and
abundances of each independent product ion are a function of laser
wavelength. This enables optimal differentiation of isomers to be
assessed over a reasonably broad wavelength range and may per-
mit selective isomer dissociation to be achieved using isomeric
mixtures in the future.
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