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Abstract
The isomers of the Man7GlcNAc2 glycan obtained from bovine ribonuclease B have been
characterized by ion mobility spectrometry-tandem mass spectrometry (IMS-MS/MS). In these
experiments, [Man7 + 2Na]2+ precursors having different mobilities are selected by ion mobility
spectrometry and analyzed by MS/MS techniques in an ion trap. The fragmentation spectra
obtained for various precursor ions are specific, suggesting the isolation or enrichment of
different glycan isomers. One fragment ion with a mass-to-charge ratio (m/z) of 903.8 is found to
correspond to the loss of an internal mannose residue of a specific isomer. Extracted fragment
ion drift time distributions (XFIDTDs) yield distinctive precursor ion drift time profiles indicating
the existence of four separate isomers as proposed previously.
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Introduction

In contrast to linear biopolymers such as peptides, proteins
and nucleic acids, carbohydrate samples have the potential

to be more complex due to multiple linkage sites and
stereoisomers of monomer units, the formation of multiple
branching patterns, as well as variations in anomeric
configurations of glycosidic bonds [1]. Because of this
structural diversity, carbohydrates play important roles in
biological processes such as cell–cell recognition [2],
immune response [3], protein regulation [4] and intercellular
signaling [5, 6]. To better understand the roles of carbohy-
drates in such processes, a range of analytical methods have
been developed for molecular characterization [7]. However,
despite significant progress, characterization of isomer
structure is challenging.

In recent years, mass spectrometry (MS) has emerged as a
powerful tool for characterizing macromolecular structures
[8–12]. Collision-induced dissociation (CID) with MS
analysis has been used to identify carbohydrate and glycan
sequences as well as glycosylation sites [13, 14]. Recently,
multi-stage CID (MSn) experiments have become attractive

for sequencing glycans based on comparison to an ion
fragment library with algorithms for defining glycan
topology [15–17]. However, this method requires a robust
fragmentation database and an understanding of the frag-
mentation mechanisms to select appropriate ions for each
dissociation step. The presence of glycan isomers com-
pounds problems associated with this type of analysis.
Therefore, experiments have been devised to include
condensed-phase separation steps prior to MS analysis in
order to identify glycan isomers [10].

Ion mobility spectrometry (IMS) techniques have recently
been coupled to MS analysis to characterize glycan [18–21].
Collision cross section distributions of glycan ions have
been interpreted with the aid of molecular modeling
techniques to distinguish gas-phase conformations and
structural isomers [18]. Additionally, IMS-MS analysis of
human serum glycans associated with liver cancer and
cirrhosis revealed that IMS distributions of glycans could
be used to distinguish phenotypes [20, 21]. More recently, a
new instrument combining a drift tube with a linear ion trap
has allowed MSn analysis of mobility-selected carbohydrate
species [22, 23]. The instrument has been used to character-
ize a number of isomer mixtures including those containing
oligosaccharides, small molecules from a diesel extract, as
well as phosphorylated peptides [22]. By monitoring the
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intensities of fragments unique to isomers across all drift
times, extracted fragment ion drift time distributions
(XFIDTDs) can be generated corresponding to the mobility
distributions of precursor ions. This allows the differentia-
tion of isomers within a mixture having similar drift times.

In this work, the glycans from Ribonuclease B (RNase B) are
used as a model system for the IMS-CID-MS analysis. RNase B
is a high-mannose glycosylated protein with a single glycosyl-
ation site at Asn-34. Isomeric structures of glycans from
Ribonuclease B have been characterized by sequential exogly-
cosidase digestion [24] proton nuclear magnetic resonance (1H
NMR) [25] capillary electrophoresis (CE) [26], and MS [27].
During the last three decades, three structural isomers for
Man7GlcNAc2 have been identified [24, 25]. Recently Reinhold
and coworkers [27] have proposed an additional isomer based
on an elegant study employingMSn (n≥5) analysis performed in
an ion trap. For this work, the precursor ion was sequentially
disassembled to obtain unique fragmentation pathways from
which specific glycan topologies were determined. In our study,
unique fragments observed for mobility-selected mannose7
glycan ions are used to generate XFIDTDs for distinguishing
drift time distributions of different glycan isomers. Comparisons
of XFIDTDs show four unique patterns, indicating the presence
of four isomeric species for mannose7 glycans, supporting the
findings of Reinhold and coworkers.

Experimental
General

IMS theory and instrument design have been previously
reported [28–35]. In this work, the IMS-MS analysis was
performed on a newly-developed instrument shown in
Figure 1. The details regarding different instrumentation
components and modes of operation have been reported
elsewhere [22, 23]. Briefly, the instrument is comprised of a
standard electrospray source and desolvation chamber
housing an hourglass ion funnel (F1) [36], the drift tube,
and a linear ion trap mass spectrometer. The drift tube is
~1 m long and filled with a buffer gas mixture (~3 Torr and
300 K) of primarily nitrogen and helium. Electrosprayed
ions are accumulated in the back of the F1 region and pulsed
into the drift tube at a rate of 55 Hz. As each packet of ions
migrates through the drift region, species separate according
to the differences in their mobilities through the buffer gas
under the influence of a uniform drift field (~2.3×103V/m).
Mobility selection of the ions is achieved by applying a
gating voltage to the selection gate (Figure 1) at appropriate
delay times from the initial ion pulse. A second ion funnel
(F2 in Figure 1) focuses the diffuse ion cloud to the center
axis of the drift interface region. Mobility-selected ions
exiting the drift tube are introduced into a LTQ Velos
instrument (Thermo Scientific, San Jose, CA, USA). In the
linear ion trap, ions are mass selected and dissociated using
CID. Mass-selected ions produce CID fragment ions under a
resonant rf excitation waveform applied for 10 ms with 30 %

normalized collision energy and an activation q of 0.25. For
CID of mobility and mass-selected ions, 35 % normalized
collision energy is used to increase the ion signal of fragments.
The resulting spectra are processed using algorithms developed
in-house to obtain the nested IMS-MS distributions [35] as well
as the extracted drift time distributions of individual ions [22].

Materials

Ribonuclease B from bovine pancreas, peptide N-Glycosi-
dase F (PNGase F), Chloroform, NaOH beads (97 % purity),
iodomethane, 2-mecaptomethonal, and acetonitrile (ACN)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Water (HPLC grade) was obtained from EMD Chemicals
(Darmstadt, Germany). Dimethylformamide (DMF), tri-
fluoroacetic acid (TFA), and formic acid were obtained
from Mallinckrodt Baker (Philipsburg, NJ, USA). C18
microspin columns, activated charcoal microspin columns,
and empty microspin columns were all purchased from
Harvard Apparatus (Holliston, MA, USA).

Sample Preparation

A detailed procedure of glycan release and permethylation
has been published elsewhere [37]. Briefly, 100 μL of
ribonuclease B solution (1 mg∙mL−1 in 10 mM sodium
phosphate and 0.1 % 2-mercaptomethonal buffer at pH7.5)
was thermally denatured at 95 °C for 5 min. After the
solution was cooled to room temperature, 0.5 μL of PNGase
F (500 mU∙mL−1) was added, followed by incubation
overnight at 37 °C. The released glycans were purified
using a C18 micro spin column. The protein/glycan mixture
was diluted with 100 μL of aqueous solution containing 5 %
ACN and 0.1 % TFA (Solution A) and loaded three times
onto the microspin column preconditioned with 400 μL of
Solution B, which is comprised of 15 % H2O, 85 % ACN
and 0.1 % TFA. The solution was collected and dried using
a vacuum centrifugal concentrator (Labconco Corp., Kansas,
MO, USA). The dried glycans were reconstituted with
400 μL of solution A and loaded onto the activated charcoal
micro spin column that was preconditioned with solution B.
The glycans were washed by 400 μL of solution A three
times and then eluted with 400 μL of aqueous solution
containing 40 % ACN and 0.1 % TFA. The samples were
subsequently dried under vacuum.

Permethylation of glycans was performed using the spin-
column method described previously [37]. The empty
column was packed with NaOH beads suspended in ACN
up to 1 cm from the top of the column. The purified glycans
were mixed with 45 μL of methyl iodine, 60 μL of DMF,
and 2.4 μL of water and the reaction mixture was loaded
onto the packed column preconditioned with DMF. The
column was incubated for 15 min before centrifugation.
After the second addition of 45 μL of methyl iodine, the
mixture was reloaded onto the column and incubated for
15 min. The permethylated glycans were extracted with two
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applications of 50 μl of ACN and dried under vacuum. Finally,
the electrospray solution of the glycans (at a final concentration
of ~0.1 mg∙mL−1) was prepared in 49.9:49.9:0.2 (vol:vol:vol)
water:ACN:formic acid and 2 mM sodium acetate solution. The
solution was electrosprayed into the instrument at a flow rate of
300 nL∙min−1 using a syringe pump (KD Scientific, Holliston,
MA, USA). The needle voltage was maintained at ~2,000 V
relative to the desolvation chamber entrance aperture.

Results and Discussion
Example IMS-MS Dataset

A nested IMS-MS distribution of the permethylated glycans
from RNase B is shown in Figure 2. Dataset features for
high-mannose glycan ions are observed over a drift time
range of ~17 to 24 ms. Five [M + 2Na]2+ glycans having m/z
values of 801.5, 903.5, 1006.0, 1107.9, and 1209.9 are
observed in the spectrum. These features have been assigned
to the glycans Man5GlcNAc2, Man6GlcNAc2, Man7-
GlcNAc2, Man8GlcNAc2, and Man9GlcNAc2, respectively.
The individual drift time distributions for each glycan can be
obtained by integrating a narrow range of m/z values
centered about each ion. The work presented here focuses
on the characterization of isomeric mannose7 structures.
That is, experiments are described for [Man7 + 2Na]2+ ions.
The inset in Figure 2 shows the drift time distribution of the
[Man7 + 2Na]2+ glycan ion. The precursor ion exhibits a
broad drift time distribution from ~20.2 to ~21.6 ms with
two unresolved features. Two smaller higher-mobility
features at ~19.4 and 19.8 ms are also observed.

MS/MS Analysis of [Man7 + 2Na]2+ Glycan Ions

In presenting the results obtained in the study of the precursor
ions, it is instructive to consider the nomenclature for the high
mannose glycans as shown in Scheme 1. It has been proposed
that the mannose7 glycan can exist as multiple isomeric forms,
as additional mannose residues link to the core structure
(Scheme 1) by occupying different positions with predefined
linkages [24, 38]. Four distinct isomeric structures for

mannose7 have been previously identified as the D1, D2, D3,
and C13D13 isomers (Scheme 1) [24–27].

Figure 1. Schematic representation of the IMS-MS instrument used in these studies. The instrument is comprised of an ESI
source, a drift tube, and a linear ion trap. See the section 2 for additional details
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Figure 2. Nested IMS-MS distribution for the electrosprayed
high mannose glycans ions derived from RNase B. Across
the top is the total drift time distribution obtained by
integrating data points over entire m/z range for each drift
bin. Across the left shows the total mass spectrum obtained
by integrating data points over entire drift range for each m/z
bin. Figure inset displays the drift time distribution of the
doubly-sodiated Man7GlcNAc2 glycan ions, obtained by
integration of the drift bins across a narrow m/z range
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Figure 3a shows the fragmentation spectrum of the
[Man7 + 2Na]2+ ions obtained without mobility selection.
Collisional activation of oligosaccharides produces three
types of fragments: (1) glycosidic fragments that result from
the cleavage of a single bond between two neighboring
sugar residues; (2) cross-ring fragments that involve the
cleavage of two bonds within the sugar ring; and (3)
rearrangements in which an internal portion of the structure
is eliminated. Glycosidic bond dissociation is predominantly
observed in low-energy CID; these fragments provide
structural information regarding sequence and branching
[39]. Cross-ring fragments are observed at higher collision
energies and are useful for identifying linkage types on
adjacent sugar residues [39]. As shown in Figure 3, major
fragments that are observed upon collisional activation of the
[Man7 + 2Na]2+ ions can be assigned as those obtained from
no-specific cleavages as well as cleavage of specific bonds
associated with individual isomers. Nonspecific fragments
(labeled in Figure 3) are observed for all isomeric structures
and result primarily from glycosidic cleavages. For example,
fragment ions at m/z0866.8 are produced from the glyco-
sidic cleavage between the two N-acetylglucosamine resi-
dues. Because all isomers have the same reducing terminus,
the loss of one N-acetylglucosamine residue cannot be used
to distinguish individual isomers. Overall, 13 different
fragments have been described as non-specific fragments
for the mannose7 glycan ions (Figure 3).

Several of the fragment ions produced by CID of the
[Man7 + 2Na]2+ glycan ions can only originate from one or
two specific isomers. These result from the different linkage
types and occupied sites of the mannose residues. For
example, fragment ions at m/z0851.4 can be obtained from
the D1 and D2 isomers as cross ring cleavage products
(Figure 3). However, the D3 and C13D13 isomers cannot
produce these fragment ions due to the lack of one mannose
residue on the 1-3 linked mannose branch (Figure 3).
Additionally, both fragment ions at m/z01043.4 and
1157.4 are unique for the D2 and D3 isomers, but not for
the D1 and C13D13 isomers because of different numbers of
residues in the 1-6 and 1-3 linked mannose branches.
Similarly, the peaks observed at m/z0649.3 and 1361.4
correspond to distinctive fragments for both the D1 and the
C13D13 isomers. Finally, the C13D13 isomer has a unique
fragment at m/z0903.8 generated from the loss of an internal
mannose residue (see discussion below). Overall, six
different fragment ions have been described as originating
from specific (one or two) glycan isomers.

Although the structurally specific fragments indicate the
existence of different mannose7 isomers based on the MS/
MS analysis, it is impossible to identify all four isomers
because most have no fragments with a unique mass. Higher
order tandem MS analysis can alleviate the problem, but
relatively high signals for the fragment ions are required for
sequential MSn experiments.

IMS-CID-MS Analysis

To demonstrate the isomer characterization abilities of the
IMS-MS instrument, CID spectra were recorded across the drift
time range of 19.2 to 21.6 ms in increments of 200 μs. Three
CID spectra at selected drift times of 20.2 ms, 20.6 ms, and
21.0 ms are shown in Figure 4. For the three collection times,
the relative intensities of the nonspecific fragment ions atm/z0
866.8, 896.3, 989.3, 1257.4, 1288.4, 1465.6, and 1483.5
remain almost identical. The fragment ions at m/z0851.4,
903.8, 1043.4 and 1361.4 that are unique for the D1/D2,
C13D13, D2/D3, and D1/C13D13 isomers, respectively, exhibit
relative intensities that vary with the selected drift time. For
example, the relative intensity ratio of the peaks atm/z01043.4
to 1361.4 increases by ~5-fold between the drift times at
20.2 ms and 20.6 ms. The peak intensity of the fragment ion at
m/z0903.8 decreases sharply from 20.2 ms to 20.6 ms and
almost disappears at drift times of 21.0 ms.

Reconstructed Drift Time Profiles from the MS/MS
Fragments

The drift time distribution of [Man7 + 2Na]2+ precursor
ions is shown in Figure 5a (the same distribution as
Figure 2 inset). A broad mobility distribution (20.2 to
21.2 ms) with partially resolved peaks and two small
shoulders at shorter drift times (~19.4 and 19.8 ms) are
observed. Previously, we have suggested that a single

High mannose glycan topology Isomer D1

Isomer D2 Isomer D3 Isomer C13D13

D       C       

3

2

1
α 1 - 2 α 1 - 2

α 1 - 2

α 1 - 2

β 1 - 4 β 1 - 4

Scheme 1. Numbering system for high-mannose glycans.
The circles correspond to mannose residues. The squares
indicate N-acetylglucosamine residues. The solid circles and
squares compose the core of the N-glycan structure. Addi-
tional mannose residues (empty circles) can be linked to the
core structure and the resulting species are named according
to occupying positions (circles) of the mannose residues. For
Mannose7, the D1, D2, and D3 isomers refer to the structures
that have the last mannose residue at D1, D2, and D3

positions, respectively. The C13D13 isomer has additional
mannose residues at C1, C3, D1, and D3 positions
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isomer can have multiple features in the mobility distribu-
tion due to the presence of different conformations in the
gas phase [20]. It is also possible that different isomers
overlap in the mobility distribution due to their similar
sizes, resulting in a single broad peak. To distinguish as
many isomeric structures of mannose7 as possible,
XFIDTDs have been generated for this system. The

premise behind this analysis is that by extracting ion
intensities of unique fragments across the drift time range,
the obtained XFIDTDs are representative of the mobility
distribution of specific precursor isomer ions. We have
recently shown that XFIDTDs help to distinguish species
having identical m/z values and even similar drift times
within a mixture [40].
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Figure 3. (a) CID spectrum of the [Man7 + 2Na]2+ glycan precursor ion without mobility selection; schematic representations
of the (b) D1, (c) D2, (d) D3, and (e) C13D13 isomers with CID fragment ions are also presented. Black labels represent nonspecific
fragments. Pink, purple, green, and brown labeled fragments can be specifically generated from the D1/C13D13, D2/D3, D1/D2, and
C13D13 isomers, respectively
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Figure 5b is the XFIDTD obtained from the nonspecific
product ions at m/z0866.8. A broad, unresolved distribution is
observed across a range of 19.2 to 21.6 ms. The distribution is
very similar to the drift time distribution of the precursor ions
(Figure 5a). As before, the XFIDTDs for other non-specific
fragment ions also present similar distributions (data not shown
here). In contrast to the XFIDTDs obtained from non-specific
fragment ions, the distributions obtained from each of the
unique fragments at m/z01361.4, 851.4, 1043.4, and 903.8 for
the D1/C13D13, D1/D2, D2/D3, and C13D13 isomers, respective-
ly, appear to be different (Figure 5c and d). For example, the
XFIDTD obtained from the fragment ions at m/z01361.4
(Figure 5c) that are specific for the D1/C13D13 isomers shows a
narrower feature with a peakmaximum at 20.8 ms. This feature
has a drift time that is identical to a peak maximum in the
precursor ion distribution. Also observed is a higher mobility
shoulder at 20.4 ms that is identical to the peak maximum of
another feature in the precursor ion distribution (although in the
former case the feature is of much lower intensity). Figure 5d
shows the XFIDTD for the unique f ragments
(m/z0851.4) of the D1/D2 isomers. A broad distribution over
the 20.2 to 21.2 ms range with a small shoulder at 20.0 ms is
observed. As before, the distribution range and peak maximum
of the XFIDTDs are similar to the precursor ion distribution,
however, there are differences in the relative intensities of the
low- and high-mobility features. For fragments that are specific
to the D2/D3 isomers (Figure 5e), the XFIDTDs are similar to
those obtained for the D1/D2 isomers but the relative peak
intensity at 20.8 ms is decreased. The XFIDTD for the unique

fragment associated with the C13D13 isomer shows a dominant
peak at 20.3mswith a small shoulder at 19.6ms. Notably absent
from this dataset is the lower mobility feature (20.8 ms).

Internal Residue Loss Determined by XFIDTD

Studies of internal residue loss have been previously reported
for both native and permethylated oligosaccharide [41–45]. In
high mannose glycans, the 1-6 linked branches have a
tendency toward internal rearrangement during MS/MS due
to their flexible nature [44]. Of note, Kovac and co-workers
have investigated the loss of an internal monosaccharide from
1-6 linked trisaccharides and proposed a mechanism for the
internal residue loss [42]. Although these limited studies have
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pointed out that protonated species are required for internal
rearrangement to occur [43], here this rearrangement is
reported for a doubly sodiated and permethylated mannose7
glycan isomer. We note that subsequent MS3 analyses support
this assignment (see below). It is also noted that although the
mechanism is reported for protonated species, it does not
preclude the possibility of remote triggering of this process by
sodium ions. As shown in Figure 3, all isomers for mannose7
contain 1-6 linked trisaccharides; however, only the C13D13

isomer does not have a second branch on the middle mannose
in the trisaccharides moiety. If additional mannose residues
are attached to the middle mannose, only an internal
rearrangement that includes the middle mannose would result
in the loss of more than one residue. However, such a
branching structure increases steric hindrance and conse-
quently is less likely to lose internal residues via rearrange-
ment [41]. Because the C13D13 isomer has a moiety of linearly
1-6 linked trisaccharides without any branching at the middle
residue, it is the only species that can produce the fragment
ion at m/z0903.8 by internal residue loss.

Although the XFIDTDs generally do not reveal specific
IMS features as correlating to specific glycan isomers, the
observation of four distinct IMS distributions supports the
hypothesis that this glycan exists as four separate isomers.
That said, the XFIDTDs do show that the C13D13 isomer
does not form a low-mobility conformer. Additionally this
isomer is comprised of primarily the ions with the highest
mobilities (e.g. peak shoulder at 19.6 ms in Figure 5a).

There is another possible fragment that can be assigned to
the product ions at m/z0903.8. The cross-ring cleavage of
N-acetylglucosamine at the reducing end, which is com-
monly observed by MS/MS, would also result in fragment
ions appearing at the same m/z value. Because all isomers
have an identical core structure, this cross-ring cleavage
would generate a structurally non-specific fragment. If this
were the case, the XFIDTD obtained for the fragment ions at
m/z0903.8 might be expected to be similar to that of the
precursor ions. As shown in Figure 5, the XFIDTD of the
fragment ions is found to be very different. For example,
there is no low-mobility feature in the XFIDTD of the
m/z0903.8 fragment ions. This suggests that the ions at
m/z0903.8 are due to a unique fragmentation of the C13D13

isomer. Additionally, the MS3 spectrum (CID of the
fragment at m/z0903.8) reveals a peak at m/z01261.6,
which involves the loss of two N-acetylglucosamine residues
(data not shown here), indicating the presence of intact
N-acetylglucosamine residues. These results reveal that the
fragment ions at m/z0903.8 are produced by the loss of one
internal mannose residue. That is, the product ion at
m/z0903.8 is specific for the C13D13 isomer.

Comparisons of Specific Isomeric XFIDTDs

It is worthwhile to examine the XFIDTDs shown in Figure 5.
First we note that the distribution obtained for the unique
fragment for the C13D13 isomer (Figure 5f) does not contain

any low mobility features as observed for all other XFIDTDs.
In comparison, the distribution obtained for the fragment
originating from the D1/C13D13 isomers (Figure 5c) results in a
low-mobility feature that dominates the spectrum. High-
mobility features that would be associated with the C13D13

isomer comprise only a very minor portion of the distribution.
Thus it can be deduced that the D1 isomer forms primarily low-
mobility structures. When the specific fragment for the D1/D2

isomers is used to create the XFIDTD (Figure 5d), a shift is
observed to higher mobility species. Thus it can be argued that
the D2 isomer forms primarily a more compact structure
compared to the D1 isomer. Finally, a comparison of the
XFIDTDs obtained from specific fragments for the D1/D2 and
the D2/D3 isomers (Figure 5d and e, respectively) reveals a
small difference for lower mobility species. For example, as a
percentage of the base peak, low mobility species (i.e., with
drift times ≥21 ms) are increased for the latter isomer pair
resulting effectively in an overall broader distribution. This
indicates that the D3 isomer contributes a significant portion to
the lowmobility species in the IMS distribution. Although only
one XFIDTD originates solely from a single isomer, the
combination of unique distributions obtained from specific
fragments can provide evidence for all four isomers and can
yield information about conformer types observed for different
isomers. Therefore, in this regard, it is noteworthy that the
XFIDTD analysis is useful to differentiate the structurally
specific fragments from the shared fragments.

The naturally occurring abundance of high mannose
glycans in RNase B has been reported using NMR, [25]
LC-MS, [46] and CE [47] techniques. The mannose7 glycan
is the fourth most abundant glycan (~4 %) of the total glycan
species in RNase B, after mannose5 (~57 %), mannose6
(~31 %) and mannose8 (7 %) [46]. The majority of the
mannose7 glycan exists as isomer forms D1, D2, and D3 that
are reported to have approximately equal proportions [46].
To date, the abundance of isomer C13D13 in mannose7 has
not been reported, however, it might be expected to exist at
lower levels than the other three isomers. This is supported
by the fact that isomer C13D13 was not previously observed
by NMR or condensed-phase separation techniques. Al-
though MS possesses high detection sensitivity, one aspect
of multistage MS that hinders the quantification of
precursor ions is the lack of knowledge of the efficiencies
of formation of specific fragment ions. Therefore it is not
possible to estimate the relative amounts of precursor ions
based on the intensities of fragment ions. In the present
experiment it is noted that the unique fragment ion at m/z0
903.8 is observed as one of the more intense isomer-specific
fragment ions. Considering the suggested low abundance of the
isomer C13D13, it may be that the internal rearrangement
producing the unique fragment ion occurs at a higher efficiency
than the fragmentation pathways producing other specific
fragments. Additionally, it is possible that the C13D13 isomer
exists at higher abundances than had been conjectured.

As mentioned above, the C13D13 isomer was first
discovered by Reinhold and coworkers using a MSn
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experiment in an ion trap [27]. In contrast to the work
presented here, the MSn technique is powerful in that it
directly identifies isomer structures based on their stepwise
disassembly. The XFIDTD strategy is an indirect method
that reconstructs the drift time profiles of individual isomer
ions and this approach cannot provide a definitive identifi-
cation for most species. Nevertheless, the XFIDTD approach
provides complementary information in the form of evidence
for multiple isomers. The presence of unique XFIDTD
profiles may indicate the existence of separate isomers; yet a
further MSn analysis is needed to elucidate the exact isomer
structure. Therefore the XFIDTD approach may serve a role
of informing MSn analyses. The XFIDTD analysis offers the
advantage in that for an isomer mixture, it may be used to
rapidly provide an indication of the degree of sample
complexity by distinguishing isomers without the need for
a comprehensive fragmentation analysis.

Another important demonstration of the XFIDTD ap-
proach is the potential to quantitate isomeric species such as
those reported here. Although the abundances of each
isomer may not be predicted directly from their fragment
intensities, it may be possible to quantify the relative
intensities of each isomer using a new technique that
employs Gaussian functions to fit the precursor ion drift
time distribution [48]. In this case, the Gaussian functions
representing distinct ion populations could be obtained from
the reconstructed isomer distributions; that is, the peak
positions and widths (in drift time) for all Gaussian functions
would be obtained from the XFIDTDs. Using these values,
the precursor ion distribution would be fit with the Gaussian
functions to provide relative isomer abundances. Noting the
timescale of the measurement as well as potential sample
quantity limitations, such an ability would be superior to any
condensed-phase separation approach. It is also noted that
improvements in IMS resolving power would significantly
enhance this ability to obtain relative quantitation data for
isomeric species.

Summary and Conclusions
The structural isomers of mannose7 glycans have been
analyzed by IMS coupled with MSn techniques. The drift
time distribution of the [Man7 + 2Na]2+ glycan ion is
relatively broad exhibiting at least four local maxima that are
attributed to different isomers and/or gas-phase conforma-
tions. MS/MS analysis of the precursor glycan ion reveals
the presence of product ions that are unique to one or pairs
of four proposed isomers. The intensities of several of these
fragment ions are observed to vary with precursor ion drift
times. XFIDTDs, generated by extracting drift time data
centered about the m/z values of the fragment ions, yield
mobility distributions that are representative of those for the
precursor ions.

Comparisons of the XFIDTDs obtained for fragment ions
that are unique to a single isomer (or isomer pair) with the
entire glycan distribution show differences in the relative

amounts of high- and low-mobility species. Additionally,
comparisons of XFIDTDs obtained from different fragment
ions reveal a dependence on the precursor ion isomer
makeup. Overall such comparisons provide evidence for all
four proposed isomers of the mannose7 glycan. Additional-
ly, the XFIDTD method is used to reproduce the mobility
distribution of the C13D13 isomer of the mannose7 glycan
from a mixture of four isomers using a single fragment that
is unique to this species. These efforts therefore corroborate
the assignment of the C13D13 isomer by Reinhold and
coworkers [27]. Because the XFIDTDs obtained from other
specific fragments represent the distributions of combina-
tions of isomers, it is not currently possible to reproduce the
IMS distributions for isomers D1, D2, and D3 separately.
However, distribution comparisons do provide some infor-
mation regarding mobilities for features representing specific
isomers. This work thus presents the XFIDTD method as an
efficient analysis strategy for determining the presence of
multiple glycan isomers without requiring any complicated
higher-order MSn analyses.
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