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Abstract. Ion mobility mass spectrometry (IM-
MS) holds great potential for structural
glycobiology, in particular in its ability to resolve
glycan isomers. Generally, IM-MS has largely
been applied to intact glycoconjugate ions with
reports focusing on the separation of different
adduct types. Here, we explore IM separation
and report the collision cross section (CCS) of
complex type N-glycans and their fragments in
negative ionmode following collision-induced dis-

sociation (CID). CCSs of isomeric fragment ions were found, in some cases, to reveal structural details that were
not present in CID spectra themselves. Many fragment ions were confirmed as possessing multiple structure,
details of which could be obtained by comparing their drift time profiles to different glycans. By using fragmen-
tation both before and after mobility separation, information was gathered on the fragmentation pathways
producing some of the ions. These results help demonstrate the utility of IM and will contribute to the growing
use of IM-MS for glycomics.
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Introduction

I on mobility-mass spectrometry (IM-MS) is emerging as a
powerful tool to interrogate glycoconjugates and is capable of

differentiating isomeric structures [1–5]. IM-MS can improve
glycan detection by its ability to separate glycans from many
contaminating compoundswhose ions display different collisional
cross sections (CCSs) [6, 7] and fall on different CCS-m/z trend
lines. Most examples of the technique reported to date

demonstrate separation of glycans arising from varied adduct
formation [5, 8–11], ion polarity [10, 12, 13], methylation [14,
15], and reduction [16]. The separation of gas-phase ions by IM is
driven by the size, shape, and charge of the analyte as it passes
through a neutral gas, commonly nitrogen or helium, under the
influence of a weak electric field. Properties that alter the three-
dimensional structure of a glycan, such as fluorescent labelling,
permethylation or the radius of a cation/anion adduct will, there-
fore, influence the drift time and the resulting arrival time distri-
bution (ATD). The drift time is directly related to the CCS of a
given carbohydrate ion, which is an intrinsic molecular property
thus making its use for structural analysis universally applicable.
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Glycan CCS values can be measured directly by drift
tube (DT) instruments or by traveling wave (TW) instru-
ments following calibration with compounds of known
CCS values, such as dextran [17], analogous to glucose
units in HPLC glycan analyses [18]. Glycan structural
analysis by mass spectrometry is most easily accomplished
by negative ion collision-induced dissociation (CID),
which generates multiple cross-ring cleavage products di-
agnostic of specific structural features such as antenna
branching and location of fucose residues [19–21]. Recent-
ly, IM separation of positive fragment ions has proven
effective in discriminating anomeric and linkage informa-
tion [22–25] as well as differentiating isomeric Lewis and
blood group species [26]. Accordingly, combining IM and
CID for glycomics holds tremendous potential, and here,
we explore IM properties of complex type N-glycan stan-
dards and corresponding fragments as negative ions. We
identify unique drift time properties of complex glycan
fragments and show that isomeric structures can be identi-
fied by CID products in cases where identification by their
parent ion precursors is difficult.

Experimental
Materials and Sample Preparation

Complex type N-glycan standards were purchased fromDextra
Laboratories (Reading UK). Biantennary glycans containing
fucose attached to their antennae were released with hydrazine
from glycoproteins present in human parotid glands as de-
scribed earlier [27]. Hybrid glycans (Glc1Man4GlcNAc3 and
Gal1Man5GlcNAc3) were from the HIV glycoprotein, gp120
that had been produced in the presence of the α-mannosidase II
inhibitor, swainsonine. The triantennary glycan, A3G3 (see
Fig. 9 for structure and a description of the terminology used
to describe glycan structures), branched on the 3-antenna was
from bovine fetuin (Sigma) following desialylation by heating
with 2% acetic acid for 30 min at 80 °C and the corresponding
compound containing fucose attached to the 4-branch of the 3-
antenna was obtained likewise from human α1-acid glycopro-
tein (Sigma-Aldrich) [28]. The A2 glycan was released from
chicken ovalbumin by hydrazinolysis followed by re-
acetylation.

Samples were diluted with HPLC-grade water to a final
concentration of 150 μM prior to use. One microliter from
the stock solution was added to 8 μl 1:1 methanol/water
(HPLC grade) and a trace amount of 100 μM ammonium
phosphate solution to generate phosphate adducts (the ad-
ducts most commonly observed on samples from biological
sources). Sample solutions were stored at − 20 °C between
analyses.

Ion Mobility-Mass Spectrometry

Traveling wave (TW) IM-MS measurements were per-
formed on a Synapt G2Si instrument (Waters, Manchester,

UK). For each sample analysis, 2 μl of N-glycan stock
material was ionized by nano-electrospray ionization
(nano-ESI) from gold-coated borosilicate glass capillaries
prepared in-house [29]. Instrument settings were as follows:
capillary voltage 0.8–1.0 kV, sample cone 150 V, extraction
cone 150 V, cone gas 40 l/h, source temperature 80 °C, trap
collision voltage 4–160 V, transfer collision voltage 4 V,
trap DC bias 60 V, IMS wave velocity, 450 m/s, IMS wave
height 40 V, trap gas flow 2 ml/min, and IMS gas flow
80 ml/min. The vacuum pressures were as follows: back-
ing = 3.3 mbar, source = 8.4e−3 mbar, trap = 2.4e−2, IMS =
2.8 mbar, and transfer = 2.7e−2. For investigating the origin
of fragment ions from parent and primary fragments (later
referred to as trap/transfer experiments), the first collision
voltage (in the trap) was adjusted to a value where all
relevant higher mass fragments were detected followed by
a ramped secondary collision voltage (in the transfer) slow-
ly over the range 30 to 110 V (higher voltages resulted in
loss of the ion beam). Single ion plots of the target ions
were then extracted from the accumulated data to identify
their precursors. Data was acquired and processed with
MassLynx v4.1 and Driftscope version 2.8 software (Wa-
ters, Manchester, UK). The nomenclature used to describe
the fragment ions is that devised by Domon and Costello
[30] with the addition of the use of the subscript R (for
reducing terminus) to describe fragments of the reducing-
terminal GlcNAc residue and R-1 to describe fragments
from the other core GlcNAc. This nomenclature simplifies
description of the fragmentation processes because it avoids
the subscript number changing with different antenna chain
lengths. An ion, named ion D, formed by loss of the
chitobiose core and 3-antenna defines the composition of
the 6-antenna.

TW-IM-MS and Collision Cross Section Estimation

Arrival time distributions (ATDs) of parent and product
ions were fitted to a single or greater Gaussian distribution
depending on the presence of single our multiple ATDs
[31]. A dextran calibration ladder with known absolute
drift tube DTCCS was used for estimating N-glycan TWCCS
values as previously described [17, 32]. In brief, measured
drift times (tD) were corrected for m/z dependent delay
time from Eq. (1) where c is an empirically determined
constant (c = 0.001 × EDC (enhanced duty cycle) delay
coefficient).

t0D ¼ tD−c
ffiffiffiffiffiffiffiffi

m=z
p

ð1Þ

Absolute dextran DTCCS was corrected for charge (z) and
reduced mass (μ) of the ion and the drift gas (Eq. (2)).

CCS
0 ¼ DTCCS= z� 1

μ

� �1
2

" #

ð2Þ
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A correlation plot of ln(CCS′) versus ln(t′D) (R
2 > 0.99)

gives two constants termed the fit-determined constant A and
the slope X from the equation:

ln CCS
0 ¼ X � ln tD þ lnA ð3Þ

Estimated TWCCS values were then determined from exper-
imental drift times by Eq. (4), derived from combining Eqs. (2)
and (3) (DTCCS now replaced with TWCCS):

TWCCS ¼ A� z� t0D
X � 1

μ

� �1
2

ð4Þ

Sample preparation and MS reporting are in accordance
with MIRAGE guidelines as described [33, 34].

Results and Discussion
IM separation of one hybrid and 13 complex type N-glycans
were assessed using a traveling wave ion mobility instrument
with nitrogen as the drift gas. The glycans included bi-, tri-, and
tetra-antennary structures with core fucose (n = 6), bisecting N-
acetylglucosamine (GlcNAc) (n = 3), and terminal sialic acid
residues (N-acetylneuraminic acid; Neu5Ac) (n = 4). Collision
cross sections of neutral (non-sialylated) glycans were mea-
sured as phosphate adducts due to the observation that phos-
phate, along with several other anions such as chloride and
bromide, acts to stabilize neutral glycans during negative ion-
ization and are the most common adducts found in glycans
found in biological samples. Furthermore phosphate adducts
do not have multiple isotopes, as is the case with chloride or
bromide adducts [19] which may complicate interpretation of
IM results. Sialylated N-glycan parent ions were measured as
deprotonated species due to proton loss from carboxyl groups
(pKa = 2.6) in solution. However, all CID products of both
sialylated glycans and phosphate anion adducts were

Figure 1. Plot ofm/z against CCS for complex type N-glycans
ions. All ions excluding sialylated structures (marked with an
asterisk) were measured as singly charged phosphate adducts

Figure 2. IM-MS/MS spectra (trap fragmentation) of the F(6)A2G2 glycan with corresponding CID spectrum above the IM drift plot.
TWCCSN2 are shown in orange, andm/z and corresponding fragmentation assignments are in black over each peak. The extracted
ATD of the 1275 m/z ion is shown as representative data
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deprotonated ions following loss of a proton or H3PO4, respec-
tively, as opposed to positive mode analysis where the cation
adduct is generally retained with the product ions. Therefore,
all CID IM measurements were performed on [M-H]− ions in
this report.

General Correlations Between CCS Values
and Structure

CCS values of parent [M +H2PO4]− ions ranged from 368 Å2

(bi-antennary, fucosylated; F(6)A2) to 476 Å
2

(di-sialylated,

Figure 3. IM-MS/MS of hybrid bisect (HB) and A2G2 isomeric N-glycans (top). ATDs of fragment ionsm/z 951, 1113, 1275, 1418,
1478, and 1737 parent ions (ions fromA2G2are shown in blue andHBare shown in red) (bottom). The red line on glycan structures of
the ATD plots denotes the location of cross-ring fragments
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bi-antennary, fucosylated; F(6)A2G2S2). CCS values were
plotted against m/z for each glycan with a linear regression line
shown to relate IM to glycanmass data (Fig. 1). Non-sialylated,
fucosylated glycans with zero, one, and two galactose residues
were on the same trend line consistent with earlier reports of
similar glycans derived from glycoproteins [35]. Correspond-
ingly, the non-fucosylated, bi-antennary, di-galactosylated gly-
can A2G2, which has a similar m/z to that of the fucosylated
A2G1 glycan (A2G2 minus a single galactose), had a reduced
CCS. This trend for core-fucosylated glycans to have an in-
creased CCS, as compared with their non-fucosylated counter-
parts, was also demonstrated by the two bisected glycans
F(6)A2G2B and A2G2B. The CCCs of the sialylated glycans
generally fell below the trend line showing an increase in
relative CCS for both mono-sialylated and one of the bi-
sialylated glycans (F(6)A2G2S1) but not the equivalent glycan
lacking fucose (A2G2S2). The rationale for this observation is
difficult to predict, as modeling gas-phase [M-H]− glycan ions
is exceedingly challenging, evident from previous attempts
using quantum mechanical and ab initio molecular dynamics
simulations [33]. However, these calculations were based on
neutral oligosaccharides (i.e., non-sialylated), and to the best of
our knowledge, molecular dynamics (MD) has not been per-
formed on sialylated glycans. Lastly, the CCS of the tetra-
antennary A4G4 glycan did not align with other structures
and appears to adopt a more compact gas-phase conformation.

Overall, the use of CCS values to characterize glycan structures
is helpful, but employing IM to discern glycan isomers on their
intact properties alone (i.e., glycan plus adduct) is not always
sufficient because of limited resolution of current commercial
instruments. Consequently, the use of IM drift properties of
lower mass fragment ions for differentiating glycan isomers
was investigated.

Information from Fragment Ions

Glycan fragment ATDs are highly informative, and IM has
previously proven capable of establishing oligosaccharide to-
pology, linkage, and anomeric configuration information [12,
22]. Structural features, specifically terminal fucose linkage
(i.e., blood group and Lewis epitopes), can be identified by
IM when examining fragment ATDs and CCSs [26]. This can
be done by IM separation following CID dissociation (generat-
ed in the trap region of a Synapt instrument), illustrated in Fig. 2
with the fucosylated biantennary glycan F(6)A2G2. These data
often contain extensive diagnostic information that is efficient at
discriminating between isomeric glycan structures even in cases
where MS/MS results or CCS of parent ions cannot. An exam-
ple ism/z 688, which can differentiate between the two antennae
of the F(6)A2G2 biantennary glycan as discussed below.

An example of two N-glycan isomers with similar parent ion
CCSs but different fragment CCSs is the biantennary (A2G2)
and hybrid, bisecting (HB) glycans (m/z of 1737, Fig. 3). The

Figure 4. ATDs of cross-ring and D-type fragments m/z 424, 586, 687, and 748 from bi-antennary N-glycans F(6)A2, F(6)A2G1,
F(6)A2G2, F(6)A2G2S1, and F(6)A2G2S2. The location of cross-ring fragmentation is shown as a red line
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CCSs of both intact glycans differ by < 1% (383 and 386 Å2 for
A2G2 and HB, respectively). The MS/MS spectra of these
glycans contain different fragments in the lower mass region,
but the major ions from both compounds are the cross-ring 2,4A-
type fragments from the reducing (m/z 1478) and penultimate (m/z
1275) N-acetylglucosamine (GlcNAc) residues (shown on the
glycan cartoon structures in Fig. 3). The ATDs of the m/z 1478

2,4AR ions are notably different, yet the m/z 1275 2,4AR-1 ions are
only slightly separated. It is important to note that them/z 1275 ion
could also arise from the loss of bisecting GlcNAc (shown) or 3-
antennae GlcNAc fromm/z 1478. However, because the diagnos-
tic fragmentation for the presence of a bisect (m/z 629) is loss of
the bisecting residue, the assignments of m/z 1418, 1275, 1113,
and 951 have several possible origins, namely from the loss of the
bisect and also neutral losses of the 2,4AR-1 fragment as shown in
Fig. 3. Interestingly, following the loss of a single hexose (m/z
1113) or two hexoses (m/z 951) from the m/z 1275 ion, the
resulting ATDs of A2G2 and HB are separated. The additional
Y-type cleavages from these ions are from the neutral loss of two
mannose (Man) residues from the hybrid glycan, HB, and two
galactose (Gal) residues from the biantennary glycan, A2G2.
Lastly, the B-type fragments (m/z 1418) were also separated.
Seemingly, the loss of bisecting GlcNAc has influence in the
gas-phase conformations of deprotonated ions as opposed to
phosphate adduct ions. Importantly, these results raise the possi-
bility that the presence of bisecting GlcNAcs and subsequent loss
of this residue during CID generate fragment structures that
significantly differ from the equivalent mass fragment of the
branched structure. If the primary fragment ions of m/z 1418,
1275, 1113, and 951 are from the loss of bisecting GlcNAc and
not some type of 2,4AR-1 plus respective neutral hexose loss, then
penultimate GlcNAc on the core is retained and may be an
important feature for IM separation of these fragments.

Another example where fragment IM is more informative
than that of the intact N-glycans is from fucosylated
biantenaary structures with zero (F(6)A2), one galactose
(F(6)A2G1), two galactose (F(6)A2G2) with one
F(6)A2G2S1), and two (F(6)A2G2S2) sialic acids (Fig. 4).
The two isomers of F(6)A2G1 (i.e., galactose linked to the 6-
or 3- arm) have not yet been resolved by IM as phosphate
adducts [35], but by evaluating deprotonated fragment ATDs,
the linkages of the galactose residues can be verified from
several fragment ions, namely m/z 424, 586, 688, and 748.

Figure 5. Simultaneous trap/transfer CID of the F(6)A2 glycan showing IM separation of trap CID ions (circled in gray) and transfer
CID (time-aligned) fragments (white dotted lines). The extracted ATD ofm/z 424 is shown in blue (top) as well as their location in the
drift plot (blue dotted line). The trap/transfer ATD of all glycan fragment ions produced from both CID events is shown in black (top)
and corresponding MS CID spectrum (left)

Scheme 1. Strcutures of N-glycan fragments. Structures of
N-glycan fragments
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For the five fucosylated, biantennary glycans tested, m/z
424 fragment ion yielded a single ATD but with different
drift times. The possible structures of the F(6)A2 glycan are
varied, with two possible CID products corresponding to
this mass (shown as structure a and b in Scheme 1). To
identify the source of this fragment (i.e., which part of the
precursor it was derived from following CID), we used a
trap/transfer experiment, where the precursor is fragmented
in the trap (prior to IM) with mild dissociation energy,
followed by CID in the transfer region (post IM) producing
a MS3 type of analysis. In this way, the fragments produced
from the second (transfer) CID have the same drift times
(i.e., time aligned) to their precursors. The data generated is
shown in Fig. 5 and informs whether the m/z 424 originates

primarily from the molecular ion or diagnostic fragments
generated during trap activation. These data showed that the
m/z 424 was from m/z 1154 (2,4AR) and m/z 951 (2,4AR-1)
indicating that both structures a and b were present as
shown in Fig. 4 and probably accounting for the asymmetry
of the m/z 424 ATD peak. The two possible cross-ring m/z
424 fragments of the core mannose from F(6)A2 are shown
in Fig. 4a but are equal structures (b, Scheme 1). The
corresponding ion from Man3GlcNAc2, which can only
have structure a, aligned with the second component of this
peak (data not shown). The ion at m/z 424 from the remain-
ing galactosylated biantennary glycans (Fig. 4e, i, m, q)
mainly has structure c (Scheme 1) and displays a slightly
displaced ATD maximum from the peak from F(6)A2.

Figure 6. Trap/transfer extracted ATDs of the m/z 586 ion from F(6)A2. The ATD from all fragment ions is shown (blue chromato-
gram), and the four extracted ATDs of them/z 586 ion are shown in the red chromatogram. The corresponding CID spectra of them/z
586 ATDs are indicated (red) and the overall CID spectrum from the precursor F(6)A2 glycan (blue, bottom)
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When evaluating the ATD of them/z 586 ion (Hex2GlcNAc1
composition), the non-galactosylated F(6)A2 structure was
found to have a single, broad ATD peak (Fig. 4b). A trap/
transfer CID experiment was also used to establish the possible
structures of this fragment. This spectrum displayed four peaks,
the m/z 586 fragment (3.8 ms) from the molecular F(6)A2 ion,
and three ATDs corresponding to m/z 1154 (2,4AR 7.5 ms), 951
(2,4AR-1 6.2 ms), and 748 (2,4AR-1-GlcNAc 4.5 ms) precursor
fragment ions (Fig. 6). The major ATD arising from a fragment
was from the 2,4AR-1 ion

2,4AR-1 at m/z 951 (6.2 ms drift time)
supporting the structures d and e (Scheme 1). The
galactosylated structures measured in Fig. 4f, j, n, r produced
twoATDs, the first of which was coincident with the ATD from
the F(6)A2 glycan (structures d and e). The second peak was
produced by all of the galactosylated biantennary glycans and is
a Gal-GlcNAc-O-CH=CH-O− structure (ion f).

Two galactose-containing structures (h, i) are possible for the
larger ion at m/z 688 (Hex3GlcNAc1) depending on which anten-
na they originate from and, indeed, two well-separated ATD
peaks were observed from the biantennary glycans (Fig. 4g, k,
o, s). However, other structures such as j–l in Scheme 1 are also
possible. In order to determinewhich ionswere responsible for the
two observed peaks in Fig. 4, the ATD profiles of the equivalent
ion from several other glycans were examined (Fig. 7).
Man3GlcNAc2 (Fig. 7, green trace) should give only ion j and
the ATD of m/z 688 from this compound aligned with the first of
the peaks from the biantennary glycans discussed above. Similar-
ly, the m/z 688 ion from the un-galactosyl biantennary F(6)A2
glycan (red trace, possible structures k and l) also aligned with the
first of the biantennary glycan peaks showing that this peak could
contain at least three structures. The second of the two peaks was
only present in the spectra of glycans that contained non-
fucosylated galactosylated 6-antenna, a situation that paralleled
that of m/z 586, discussed above. This peak, therefore, must
contain one or both of structures h and i. The spectra of the hybrid
glycans, all of which contained the structure of ion h, produced an
ATD peak (Fig. 7, blue trace) that coincided with the right hand
side of the first of the peaks from the biantennary glycan. Thus, the
drift time (or CCS) of the ion at m/z 688 can be used to charac-
terize the two antennae. The conclusion that the second peak is
produced by ion i is consistent with the observation that the
triantennary glycan A3G3 produced only the second peak (light
blue trace), and this observation, combined with the relatively
small contribution of ion h to the first peak, supports the earlier
conclusion thatm/z 688 in these complex glycans is predominant-
ly the D ion (ion i).

To complicate matters further regarding contributions to the
structures forming m/z 688, the trap/transfer spectrum of the
first of the biantennary peaks suggested additional formation
from the cross-ring 2,4AR-1 ion. Such an ion must have lost an
equivalent mass (60 units) from another part of the molecule as
that gained from the cross-ring fragment, leaving a residue of
102 mass units. Fragmentation of this ion showed that, indeed,
the major fragment represented loss of 102 U, supporting such
a double cross-ring structure. To conclude, therefore, the sec-
ond of the two peaks from the biantennary glycans appeared to

be ion i from the 6-antenna (the D ion), but the first peak
appeared to be a complex mixture of structures, precluding
the identification of a peak specific to the 3-antenna.

We next compared fragment ATDs from bi-, tri-, and tetra-
antennary glycans with GlcNAc residues terminating the non-
reducing end of the molecules. Characteristically, the major
fragment ions in the MS/MS spectra were 2,4A cross-ring frag-
ments of the reducing and penultimate GlcNAc (chitobiose
core) with additional Y-type cleavages of the terminal GlcNAc
residues (Figs. 8 and 9). The 2,4AR fragment ATD (m/z 1560)
from the tetra-antennary structure (A4) is a single distribution
(blue chromatogram). The equivalent ions from the tri-
antennary (m/z 1357, red trace) and bi-antennary (m/z 1154,
green trace) glycan also displayed single ATDs. The m/z 1357
ion from the tetra-antennary glycan (A4) can be assigned to
either the 2,4AR-1 fragment or to the 2,4AR ion plus a neutral loss
of one of the four non-reducing terminal GlcNAc residues (Y4

cleavage). The extracted ATD showed a complex profile (blue
trace) indicating the presence of several of these ions. Although
non-linear Gaussian fitting could define the profile, the instru-
mental resolution was too low to determine if the calculated
Gaussian peaks were reliable. Like the results for the tetra-
antennary glycan, A4, the m/z 1154 ion from the triantennary
glycan, A3, resulted in two well separated ATD distributions
(red trace). The early peak aligned with the 2,4AR fragment from
the bi-antennary F(6)A2 structure (green chromatogram) con-
sistent with loss of the 4-linked galactose residue on the 3-

Figure 7. ATDs of them/z 688 ion from Man3GlcNAc2 (Man3),
F(6)A2G2, F(6)A2, and A3G3 glycans (top). ATDs of them/z 748
ion from Man3GlcNAc2 (Man3), F(6)A2, and A3G3 glycans
(bottom)
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antenna. There were three distributions for this ion from A4
further highlighting the range of glycan fragments present in the
MS/MS spectra arising from Y4 fragments. The m/z 951 ion
(Man3GlcNAc2-containing ions) is from an additional GlcNAc
loss from m/z 1154 and was observed as a single ATD for
F(6)A2 (green trace), which could be derived from three frag-
ments (2,4AR-1 or

2,4AR/Y4 (two ions)) as well as two and three
ATDs for A3 and A4, respectively. The major ATD from A3
(red chromatogram) and the earliest A4 ATD align with the
F(6)A2 peak suggesting similar glycan fragment structures.
However, upon further loss of a single mannose (− 162 Da,
m/z 789), the resulting ATD of the A4 glycan (blue trace)
differed further from that fromA3 (red trace) and F(6)A2 (green

trace). Furthermore, following an additional GlcNAc loss (m/z
586), the ATDs were similar but not identical. Highly branched
glycans, such as A4 and likely similar glycans with galactose
and LacNAc extensions, pose a considerable challenge in the
ability to assign ATDs to specific fragment structures. The
possible combinatorial fragments from Y-fragments with
2,4AR-1 or

2,4AR cleavages from the A4 glycan could result in
five possible structures for m/z 1357 and up to 18 for the m/z
1154 fragment. Assigning ATD peaks is exceedingly challeng-
ing, and therefore, the best application may be in assessing IM
of smaller fragments for glycan structural assignments.

Another ion showing isomeric separation was the cross-ring
fragment m/z 748 (Man3GlcNAc1 plus -O-CH=CH-O

−). Five

Figure 8. IM-MS/MS of bi-, tri-, and tetra-antennary N-glycanswith terminal GlcNAc residues (top). ATDs of fragment ionsm/z 586,
789, 951, 1154, 1357, and 1560 (F(6)A2 are green, A3 are red and A4 are shown in blue)
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Figure 9. Estimated TWCCSN2 values of complex N-glycans. Glycan structures, name, and phosphate adduct m/z are presented. The degree of
glycan branching is indicated, BA2^ (bi-antennary), A3 (tri-antennary), and BA4^ (tetra-antennary). The number of terminal galactose follows with BG2^
being two galactose, BG3^ equal to three, etc. This is similar for the number of sialic acids (BS^). The presence of alpha1–6 linked core fucose is
designated as BF(6)^ and a bisecting GlcNAc is BB.^ Structures are represented using the Oxford system (green circle =mannose, blue square =
GlcNAc, yellow diamond = galactose, red diamond with dot (for deoxy) = fucose, purple star = N-acetylneuraminic acid (i.e., sialic acid)) [36]
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structures (m–q, Scheme 1) are possible from complex glycans
lacking galactose and another four (not shown) if galactose is
present. Three ATD peaks (Fig. 7, bottom) were found from
glycans lacking galactose. The biantennary glycan F(6)A2
yielded a single peak. Man3GlcNAc2, which can only yield
ion m, gave a single ATD similar to that from F(6)A2. This
peak corresponds to structures n and/or o. The un-
galactosylated triantennary glycan, A3, also yielded this peak
but, in addition, produced a second which, presumably, could
be assigned structure p. It was not present in the spectrum of the
fucosylated glycan from human α1-acid glycoprotein which
contains the fucose attached to this GlcNAc residue, supporting
this structure. The non-glycosylated, tetra-antennary glycan
produced peak 2. Antennae containing galactose could not be
differentiated by this technique. These results show that some
of the ions at m/z 748 have different cross sections but that it
was only the un-galactosylated triantennary glycan that ap-
peared to give a unique structure.

These results confirm that fragmentation of branched struc-
tures is very heterogeneous due to neutral losses from different
arms. Additionally, this is complicated by the possibility of
cross-ring fragmentation of either GlcNAcs on the chitobiose
core. Furthermore, we do not account for possible gas-phase
conformers which is exceedingly difficult to assign especially
for deprotonated glycan ions as discussed above. It is equally
possible that deprotonated fragments with the same structure
adopt different conformers which would lead to alternate drift
times and account for the observations described here. There-
fore, although negative ion analysis is desirable when
performing MS/MS alone for its propensity to generate cross-
ring fragmentation, the presence of larger fragments compli-
cates interpreting IM ATD data and efforts should focus on
investigating smaller fragment ions.

Conclusions
The combination of CID applied pre-IM yields considerable
glycan structural data and through interpreting the spectra of
pure, synthetic glycan standards, we can start to understand the
gas-phase behavior and, therefore, the potential of IM for
glycomics. Here, we have described IM separation of complex
type N-glycans as both intact glycan phosphate adducts and of
fragments following CID in negative ion mode. These results
show that (1) some isomeric structures can be identified by the
drift time properties of CID products in cases where IM sepa-
ration of parent ions fails and (2) the presence of various
product ion structures is represented by multiple ATD peaks.
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