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Abstract

Glycans are ubiquitous, structurally diverse molecules that have specific and general roles
involving metabolism, structure, and cell-to-cell signalling. Functional specificity depends
strongly on the complexity of structures that polysaccharides can adopt based on their subunit
composition, length, extent of branching, glycosidic bond connectivity and anomeric
configuration. However, a rapid and comprehensive characterization of glycan isomers can be
challenging owing to limitations associated with their separation. Here, ten composition,
anomeric and connectivity disaccharide isomers were separated and detected using high-
resolution differential ion mobility-mass spectrometry (DMS-MS, also known as FAIMS).
Focus was primarily directed to compositional isomers corresponding to epimers that differ by
the axial or equatorial position of a single hydroxyl group. DMS resolving power was enhanced
14-fold primarily by increasing the fraction of helium in the ion carrier gas and lowering the
flow rate. At relatively high disaccharide concentrations, DMS-MS of each disaccharide
resulted in complex and unique multi-peak spectra with up to ten fully and partially resolved
peaks for -1,4-mannobiose (Man-1,4p-Man), which can be attributed to the DMS separation
and subsequent dissociation of ionic non-covalently bound oligomers into monomer ions. Each
DMS spectrum has at least one differentiating peak that is not in the other spectra, indicating
that DMS can be used to fully or partially resolve composition, configuration and connectivity
isomers. At relatively low disaccharide concentrations, disaccharide epimers can also be
readily separated by DMS. The integration of high-resolution, ambient pressure DMS with
complementary reduced-pressure ion mobility and MS-based glycomics and glycoproteomics
workflows may be useful for improving the characterization of glycans and glycosylated

biomolecules.



Introduction

Glycans are of crucial importance in biological systems.™? Most cells in nearly all
organisms are adorned with glycans that can have key roles in cell signaling and cell-to-cell
recognition. Glycans contribute both generally and specifically to virtually all biological
pathways, which can affect distinct intracellular mechanisms and phenotypic differences that
only manifest at the whole-organism level.> However, the chemical complexity of glycan
structures is astounding owing to compositional isomerism of monosaccharide building blocks,
branching, and the presence of stereocenters at glycosidic linkages.* Glycans consist of
monosaccharides linked by glycosidic bonds and exhibit many types of isomerism. Of the 75
known naturally occurring monosaccharide building blocks, 62 are found within ten general
classes in which each class has the same elemental composition (composition isomers).> For
example, in the hexoses, there are eight naturally occurring monosaccharides with the same
elemental composition (CsHi20s). Each of these building blocks has an anomeric
hemiacetal/acetal carbon which can adopt a discrete axial () or equatorial (5) stereoisomeric
configuration (configuration isomers), which can each connect to several possible carbons on
an adjacent monosaccharide (connectivity isomers). In addition, there may be more than one
glycosidic bond extending from a subunit, resulting in branched isomers.® Even when limited
to the nine common monosaccharides found in humans, over 15 million tetrasaccharides are
possible.” Thus, carbohydrates are considered more challenging to characterize than peptides

and oligonucleotides.

The method of choice for certifying the purity of synthesized glycans is nuclear
magnetic resonance (NMR) spectroscopy, which can provide highly detailed structural
information.® However, NMR typically requires milligram quantities of analyte, which can
often exceed biologically relevant levels. The separation and detection of glycans at trace

(femtomolar) levels is possible using fluorescent tagging in lectin- or antibody- binding assays,



which has been proven useful for the targeted testing of hypotheses regarding glycan function.®
10

Mass spectrometry is an alternative method for glycan analysis where many different
glycans can be detected rapidly and nearly simultaneously with high sensitivity in a single
measurement.!! Although single-stage MS fundamentally cannot distinguish glycan isomers of
equal m/z, tandem mass spectrometry (MS") analysis can yield diagnostic fragment ions.
Connectivity isomers can be distinguished by use of MS", either through several stages of
collision-induced dissociation (CID)*? or ultra-violet photodissociation (UVPD).'? Infrared
multiphoton dissociation (IRMPD) can result in fragment spectra largely equivalent to
multistage or high energy CID,**" while electron-capture dissociation (ECD) can result in
additional structurally informative dissociation pathways such as cross-ring cleavages.'® *° In
matrix-assisted laser desorption ionization (MALDI), metastable precursor ions can undergo
post-source fragmentation followed by CID fragmentation (in a TOF/TOF system) to obtain
sequence information including connectivity isomerism.2%2® Nevertheless, differentiating
constitutional and compositional isomer analysis by MS" is difficult because the resulting
fragment ions have the exact same mass. Although relative fragment ion abundances may
provide information for identifying constitutional and compositional stereoisomers,
unambiguous identification can be highly challenging by MS" methods alone.

A range of methodologies have been used to separate glycans using liquid
chromatography (LC) with normal phase (polar), reverse phase (non-polar), anionic exchange,
and antibody columns.?*?” Capillary electrophoresis integrated with ESI-MS can be used to
separate 02,3- and 02,6- sialic acid connectivity isomers.?® However, like many other methods,
the baseline resolved separation of configuration and composition isomers is challenging.

Although the effects of such isomers in ubiquitous and well-studied glycans can often be minor,



the influence of subtle isomeric differences in more unusual glycans can often be crucial and
specific.® ?°

The separation of glycan isomers using ion mobility spectrometry (IMS)-based
methods has attracted significant recent attention, particularly in the use of low-electric field-
based methods (e.g. drift tube and travelling wave IMS) in which ions are rapidly separated
primarily based on their mass, charge, and collision cross sections.®*-3* Torafio et al.* utilized
drift tube IMS (DTIMS) to identify isomeric N-glycans based on their conformer distribution
‘fingerprints’. The partial separation of disaccharides using travelling wave IMS (TWIMS),
through derivatization using 1-phenyl-3-methyl-5-pyrazolone (PMP) was demonstrated by
Yang et al.*® Williamson et al®” used cyclic TWIMS to investigate complex peak patterns, often
associated with IMS-based oligosaccharide analysis. Ujma et al.*® demonstrated that cyclic
IMS could separate isomeric pentasaccharides. Recently, TWIMS has also been combined with
cryogenic infrared spectroscopy to separate disaccharide isomers.3® Furthermore, structures for
lossless ion manipulation (SLIM)-based IMS-IMS has been integrated with cryogenic infrared
spectroscopy to enable the separation of a range of disaccharides*® and oligosaccharides®.

A complementary ion-mobility based method to DTIMS and TWIMS is differential ion
mobility spectrometry (DMS), also known as field asymmetric ion mobility spectrometry
(FAIMS). In DMS, ion separation typically occurs at ambient pressure and by use of extremely
high electric fields in which ion mobility depends non-linearly on the electric field and is less
dependent on the mass, charge state and collision cross section of ions than in lower field ion
mobility-based methods.*>>* Thus, DMS and low-field IMS methods are complementary and
their integration is making high performance tandem ion separations feasible. For DMS
separation, ions are carried between two electrodes by a gas. An alternating current (AC),
bisinusoidal, asymmetric electric potential is applied across the electrodes to radially disperse

ions as they traverse through the channel between the electrodes. In the resulting asymmetric



field, the ions experience the high electric field for less time than that of the lower field portion
of the AC waveform. lons that have equal displacement in the high and low electric field
segments are transmitted. A particular ion can be selectively transmitted by superimposing a
compensation voltage (Vc) onto the asymmetric waveform corresponding to a compensation
electric field (Ec), resulting in the effective filtering of ions. The use of planar DMS electrode
geometries with relatively long channel lengths (6.5 cm) and high concentrations of low-
molecular weight carrier gases has been demonstrated to have higher resolving power than
alternative DMS methods. High resolution DMS can be used to separate peptide isomers that
differ by the position of a single methyl group,®® protein protonation isomers,®
diastereomers,®” %8 and isomeric glycopeptides.*®

Here, high resolution DMS is demonstrated to be capable of differentiating disaccharide
isomers, including composition, configuration and connectivity isomers. Disaccharides can be
considered fundamental models to reduce the complexity of glycan structure into a single
isomeric subunit, in which two glycosydically-linked monosaccharides can differ based on
epimeric, anomeric and connectivity isomerism. Such isomerism applies to all glycans and
thus, disaccharides are useful for evaluating the separation performance of different analytical
platforms. An emphasis is placed on composition isomers because they have more closely
related collision cross sections than configuration and connectivity isomers (owing to a
conserved glycosidic bond structure) and have been more challenging to resolve by IMS and
DMS.
Experimental and methods
Materials

4-0-a-D-glucopyranosyl-D-glucose (1, Glc-1,4a-Glc), 4-O-(a-D-galactopyranosyl)-
D-glucose (2, Gal-1,40-Glc), 4-O-B-D-glucopyranosyl-D-glucose (3, Glc-1,4p3-Glc), 4-O-p-D-

galactopyranosyl-D-glucose (4, Gal-1,4p-Glc), 3-O-(B-D-glucopyranosyl)-D-glucose (5, Glc-



1,3B-Glc),  3-O-(B-D-galactopyranosyl)-D-glucose (6,  Gal-1,3p-Glc),  4-O-B-D-
galactopyranosyl-D-mannose (7, Gal-1,4p-Man), 4-O-(B-D-glucopyranosyl)-D-mannose (8,
Glc-1,4p-Man), 4-O-(B-D-Mannopyranosyl)-D-glucose (9, Man-1,4p-Glc), and 4-O-(B-D-
mannopyranosyl)-D-mannose (10, Man-1,4p3-Man) were obtained from commercial sources
and used without further purification (see Table S1 for full details). Deionized water was
obtained using a MilliQ water purification system (Merck, Darmstadt, Germany). Sodium
chloride and HPLC-grade methanol were obtained from VWR (Radnor, PA, USA). High purity
nitrogen and ultra-high purity helium gas cylinders (ALPHAGAZ™) were obtained from Air
Liquide Australia Ltd. (Melbourne, VIC, Australia). Stock solutions were prepared by
sonicating 1 mg of each disaccharide or sodium chloride in 1 mL of deionized water, and
dilution in HPLC-grade methanol (90% v/v) and deionized water (10% v/v) to a final
disaccharide concentration of either 1 mM with 1 mM sodium chloride for oligomer
experiments, or to 20 uM disaccharide and 20 uM sodium chloride.
Differential ion mobility-mass spectrometry

All experiments were performed using a linear trap quadrupole MS (LTQ XL, Thermo
Scientific, San Jose, CA, USA) integrated with a planar DMS (Heartland Mobility, Wichita,
KS, USA). An electrodynamic ion funnel (Heartland Mobility, Wichita, KS, USA) was used
as the interface between the DMS and the MS to increase ion transmission efficiencies. Liquid
samples were infused by positive-mode ESI (+3.4 kV, 0.4 uL/min) through a borosilicate
capillary emitter (76 um inner diameter) via a syringe pump (NE-300 by New Era Pump
Systems, Farmingdale, NY, USA). Mass spectra were obtained from 100 to 1000 m/z with 10
microscans and a maximum injection time of 20 ps. lon transmission through the ion funnel
was optimized to maximize ion signal (Table S2). In some specific cases, CID was performed
using a 2 m/z isolation window centered on the ion of interest using helium collision gas at a

normalized collision energy of 5% with 30 ms activation time.



The DMS instrument has two parallel, planar electrodes that are 65 mm long, 35 mm
wide and separated by a 1.88 mm analytical gap. lons generated by ESI are injected
orthogonally into the gap through a cylindrical inlet (2 mm diameter) of a curtain plate (+1.0
kV) and a second cylindrical inlet (1 mm diameter) in one of the DMS electrodes. The carrier
gas composition ranged from 100 to 50% nitrogen gas mixed with 0 to 50% helium, and the
flow rate was controlled from 0 to 2 L/min using digital flow meters (MKS instruments,
Andover, MA, USA). An in-house heater was used to apply up to 200 °C to the carrier gas
tubing, consisting of ~2 m of brass tubing coiled to a diameter of 40 mm and wrapped by
silicone rubber heating tape, which was powered by a digital controller via temperature
feedback from a type-K thermocouple. Pre-scan heating was performed for 3 hours prior to
measurements to thermally equilibrate the DMS electrodes by applying up to 150 °C to the
carrier gas tubing with the RF waveform dispersion voltage set to 4.00 £ 0.01 or 4.20 £ 0.01
kV. Carrier gas temperature was indirectly sampled using a type-K thermocouple and a
resistance temperature detector (RTD) probe by measuring the temperature at the carrier gas
tubing outlet connected to a partially sealed polypropylene tube of 25 mm diameter and 100
mm length (Figure S1).

DMS-MS spectra were obtained from the raw MS files by smoothing across 15-scan
intervals using Boxcar averaging in Xcalibur 2.2 QualBrowser (Thermo Fisher Scientific, San
Jose, CA, USA). In the plotted spectra, shaded envelopes around median lines correspond to
two standard deviations from the mean of 3-4 consecutive replicates. Figures were prepared
using Origin Pro 2016b (OriginLab Corporation, Northampton, MA, USA).

Results and Discussions
Selection of disaccharide isomers
Ten disaccharide isomers (Figure 1) were chosen with an emphasis on composition

isomers, which are epimers that differ by a single subunit. Such isomers generally have more



closely related collision cross sections than connectivity and configuration isomers because
their structures differ by only the axial or equitorial position of a single hydroxyl group (e.g.
epimers 1 and 2). In Figure 1a, the six disaccharide isomers (1-6) correspond to three pairs of
composition isomers that differ by a single monosaccharide subunit (epimer pairs 1/2, 3/4 and
5/6), two pairs of configuration isomers (o or B anomers, 1/3 and 2/4) and two pairs of
connectivity (glycosidic linkage) isomers (3/5 and 4/6). Four additional disaccharides (7-10)
were chosen to provide six additional prototypical examples of compositional isomer pairs
(epimers 4/7, 3/8, 9/10, 7/8, 3/9 and 8/10; Figure 1b). In Figure 1b, all adjacent isomers differ
by only the axial or equatorial position of a single hydroxyl group (epimers). Overall, these ten

disaccharides correspond to a total of nine pairs of epimers.
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Figure 1. (a) Six of the ten disaccharide isomers investigated here (1-6). Composition
(monosaccharide subunits), configuration (o/f anomers) and connectivity (glycosidic linkage)
isomers are indicated by arrows. (b) Six of the ten disaccharides that were investigated are
composition isomers (34, 7-8).

Sodiated disaccharide dimer formation and dissociation

ESI-MS and ESI-DMS-MS spectra of 1 mM 4-O-B-D-glucopyranosyl-D-glucose in a

90:10 %(v/v) methanol:water solution containing 1 mM NaCl are shown in Figures S2a and



S2b, respectively. Relatively high concentrations were used to facilitate the formation of non-
covalently bound ionic complexes, which can potentially be used to enhance ion separations in
DMS. The ions were transmitted through the DMS device in ‘transparency mode’ with a carrier
gas flow rate of 2 L/min (i.e., RF and DC potentials were not applied to the DMS electrodes).
In Figures S2a and S2b, the most abundant ion corresponds to the sodiated monomer (m/z 365).
A second ion formed in lower abundance (10%) is assigned to the sodiated dimer (m/z 707).
For each disaccharide, CID of the ion at m/z 707 resulted in the formation of a major ion at m/z
365, which is consistent with the precursor ion being assigned to the non-covalently bound
sodiated dimer (e.g. Figure S2c). Thus, DMS-MS signals corresponding to m/z 365 can arise
both from: (i) the transmission of the sodiated monomer through the DMS device and (ii) higher
ionic oligomers that are separated by DMS and then dissociate in the ion source to form the
sodiated monomer, which is consistent with previously reported DMS-MS data for lithiated
hexose ions.®

Optimization
The effects of the temperature, composition, and flow rate of the carrier gas on the DMS

resolving power (Rowms) was investigated. Rows is defined as Ye

, Where vc is the compensation
Wi/2

voltage (or compensation field) and waz is the full-width half maximum of ion peak. In
principle, an increase in the difference between the high and low field mobility should result
in an increase in resolving power, which can be obtained by using lower molecular weight
carrier gases (e.g. helium).>" %8 The use of a DMS carrier gas with helium fractions higher than
~50% in N2(g) resulted in the electrical breakdown of gas within the interelectrode gap®” *® and
thus, were not used. The use of lower carrier gas flow rates should also increase the resolving
power with a corresponding increase in the ion residence time within the interelectrode gap,

although at the expense of ion transmission efficiency. By controlling the temperature of the
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carrier gas, the signal stability was expected to improve, particularly for Type-C ions that are
highly sensitive to ion-neutral clustering during the low-field portion of the waveform.

For all 10 compounds, as the fraction of helium in the carrier gas increased, the peaks
generally narrowed (reducing waiz) and the peak centroids shifted to more positive values,
resulting in an increase in Rowms for all 10 disaccharides (Figure 2). This observation is in line
with the previous studies, which showed that the use of a low molecular weight gas in the
carrier gas mixture can significantly improve the separation of ions because of the relatively
higher mobility of ions in such gases.>” 61-63

In Figure S3, DMS-MS spectra of sodiated disaccharide 4 as a function of the
temperature applied to the carrier gas (1:1 He:N2 with total flow rate of 2 L/min) are shown.
Across all temperatures, at least four peaks or partially resolved peaks are observed. As the
temperature increases, the spectra change considerably. For example, at 40°C, there are three
peaks observed between 32 and 64 V/cm for the sodiated monomer, including a moderately
abundant peak at a relatively low compensation field of 32-43 VV/cm and a second major peak
at around 55 V/cm. With increasing temperature, lower-field peak completely disappears by
100°C which may be attributable to reduced clustering in the low-field portion of the
asymmetric AC field. Overall, the DMS spectra are highly sensitive to the temperature of the
carrier gas within the analytical gap, which is far lower than the applied temperature (Figure

s1).

11
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Figure 2. DMS-MS spectra of the sodiated disaccharides [M+Na]* 1-10 (365 m/z) obtained
using increasing amounts of helium in the carrier gas (2 L/min). The dispersion field was 22.3
+ 0.1 kV/cm. Data correspond to the mean of four replicates, and the shaded envelopes indicate
the error range (95% confidence interval). The carrier gas was not heated.

To further investigate whether the monomer signal can arise from dissociation of the
dimer after DMS separation but prior to detection by MS, the monomer spectra were compared
to the dimer spectra as a function of the temperature applied to the carrier gas (Figure S3). For
a given temperature, the spectra for the monomer and dimer were remarkably similar in terms
of the centroids and relative abundances with some key exceptions. In the dimer spectra, the
corresponding peak at 32-43 V/cm was absent at all temperatures, unlike in the monomer
spectra at lower temperatures. Thus, this lower field peak can be attributed to the transmitted

monomer [M+Na]*, whereas the higher field peak cluster is likely the monomer formed by in-
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source dissociation of different dimer conformations [2M+Na]*. Furthermore, there is a minor
peak near 50 V/cm in the dimer spectra at relatively low temperature that becomes more
abundant with increasing temperature (Figure S3). In the monomer spectra, a peak at ~50 V/cm
also emerges at ~80-100°C and becomes abundant at higher temperatures (Figure S3),
indicating that this peak likely originates from transmission of the sodiated dimer through the
DMS electrodes, and then dissociation of the dimer into the sodiated monomer prior to
detection. Furthermore, lowering the carrier gas flow rate improved Rpoms by 53 to 100%
despite signal losses of approximately 98% (Figure S4). The reduction of the longitudinal
carrier gas flow velocity between the electrodes increases the ion residence time in the DMS
channel and the extent of ion dispersion in the direction perpendicular to the DMS electrodes,
enhancing resolution. Such ion dispersion can result in higher ion losses at the narrow capillary
inlet to the mass spectrometer.5*

Overall, the combination of using lower gas flow rates with a higher fraction of He can
significantly enhance the resolving power by transmitting ions at higher compensation fields,
narrowing the range of compensation fields that ions of a given conformation are transmitted,
and ‘splitting” broader peaks into several narrower, resolved peaks. For example, in the spectra
of 4-O-B-D-glucopyranosyl-D-glucose (monomer), four relatively abundant peaks were
measured between 48 and 74 VV/cm using 50% He and a flow rate of 1 L/min (Figure S5), which
had Rowms values up to 56. In contrast, using 0% He and a flow rate of 2 L/min resulted in the
identification of only a single major peak at ~11 VV/cm with an Rpwms value of ~14 (Figure S5).
For 2 L/min flow rates, increasing the extent of He in the carrier gas from 0 to 50% shifted the
peak at ~11 V/cm to ~32 V/cm (Figure 2). Owing to the reduced transmission efficiency at
lower flow rates, this species became less abundant and was not observed using flow rates as
low as 1 L/min (50% He; Figure S6). A lower dispersion field of 21.3 kV was used to ensure

that the higher field peak b corresponding to the dimer ion that is transmitted through the DMS

13



electrodes prior to dissociating into monomer (Figure S6) can be detected under these
conditions compared to the use of higher dispersion fields (Figure 2). As the carrier gas flow
rate is further decreased (50% He), the b peak splits into five features (Figure S6). Overall, the
Rowms can be enhanced by up to a factor of 14-fold by using low carrier gas flow rates with a
high fraction of He (Figure S5).

DMS-MS spectra of disaccharide isomers

Next, the ten disaccharide isomers were analysed by DMS-MS using the optimised
separation conditions (i.e. carrier gas at 1 L/min of 50:50% N2:He, and an applied temperature
of 150°C). For clarity, the DMS spectra for all nine compositional isomer pairs (epimers) and
the two pairs of both configuration and connectivity isomers are shown in Figures 3 and 4,
respectively, with expanded x-axis ranges. Overall, multiple DMS-MS peaks were observed
between 40-83 V/cm for all disaccharide isomers. In each case, composition, configuration,
and connectivity isomers exhibited unique DMS-MS peak patterns in terms of the number of
peaks, peak centroids and abundances (Figures 3 and 4). In Table S3, a summary of the peak
patterns (peak centroids, widths, and abundances) obtained from Gaussian fitting of clearly
resolved peaks is shown. The detection of up to 10 fully and partially resolved peaks for a
single analyte (i.e. 10) is distinctive, and not generally observed in the case of low-field IMS
or other DMS methods for small ionized molecules,® 33 thus enabling the potential
identification of different isomers by using a ‘fingerprint’ approach.

The DMS-MS spectrum for each compositional isomer has one or multiple distinctive
peaks and thus, can in principle be fully or partially resolved from its isomer pair (Figure 3 and
Table S3). As an example, chosen at random, five peaks were measured for isomer 3 between
48.8 and 73.1 V/cm whereas only two peaks were measured for isomer 4 at 53.7 and 56.6 V/cm,
which corresponds to the baseline separation of multiple peaks between the two isomers. In

some cases, partial resolution of epimers can be possible. For example, isomer 1 had three
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clearly resolved peaks at 49.8, 51.3 and 53.7 VV/cm, unlike isomer 2 that also had three peaks
but at different compensation fields (48.9, 50.4 and 55.1 VV/cm) and relative abundances. As a
further example, isomer 9 has two well-resolved peaks at 49.3 and 60.2 VV/cm whereas the
spectrum of its epimer 10 had three well-resolved, highly abundant peaks at 40.1, 45.4 and 51.6
V/cm. In contrast, isomer 8 has two major peaks at 47.6 and 64.1 VV/cm with a shoulder peak
at 62.2 VV/cm, which should thus enable the differentiation of 8 from its epimer 10 based on the
DMS-MS spectra. Overall, the position of a single hydroxyl group (equatorial vs axial) can
dramatically impact the DMS spectra of these ions under these conditions.

Composition Isomer Pairs
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Figure 3. DMS-MS spectra of sodiated monomers [M+Na]* for composition isomer pairs
(epimers). A carrier gas flow rate and temperature of 1 L/min (1:1 He:N2) and 150°C V were
used. The dispersion field was 22.3 + 0.1 kV/cm.

Like the compositional isomers, each of the configuration and connectivity pairs have

multiple distinctive multi-peak patterns including at least one peak that can be resolved either
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fully or partially from its isomer pair (Figure 4). For the anomeric pair 1/3, isomer 3 has three
DMS peaks between 66.1 and 73.1 VV/cm whereas isomer 1 had essentially no ion signal across
this range of compensation fields, and three major peaks between 49.9 and 53.7 VV/cm. For the
connectivity pair 3/5, isomer 5 had four major peaks between 45.5 and 60.3 VV/cm compared to

the spectrum for 3 which had three well resolved peaks from 66.1 to 73.1 V/cm.
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Figure 4. DMS-MS spectra of sodiated monomers [M+Na]* for configuration (anomers) and
connectivity isomer pairs. A carrier gas flow rate and temperature of 1 L/min (1:1 He:N2) and
150°C V were used. The dispersion field was 22.3 + 0.1 kV/cm.

By comparing the monomer and dimer DMS-MS spectra (Figure S7) for a given
composition isomer, the number of peaks and peak centroids were broadly similar for both
monomer and corresponding dimer spectra, but with some exceptions. For example, the
number of peaks and corresponding compensation fields of the monomer and dimer spectra of
configuration and connectivity isomers (Figure S8) were comparable for 2, 3 and 4. However,
there were some major differences between the monomer and dimer spectra in some cases. For
example, one additional peak for each of isomers 1 and 5 was observed in their dimer spectra

compared to the corresponding monomer spectra. For isomers 2 and 6, the dimer spectra had
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two additional major peaks compared to the monomer spectra. Overall, the dimer spectra had
the same or more peaks than the monomer spectra. Thus, both the monomer and dimer DMS-
MS spectra can potentially be used to differentiate isomers. The use of larger oligomeric cluster
ions would likely result in even more complex isomer DMS patterns.

The observation of several or more peaks in ion-mobility spectra has been previously
reported for planar macroscale DMS-based analysis of moderately to relatively small ions such
as glycopeptides® and amino acid complexes.®” %8 The origin of the multiple peaks in such
spectra can be attributed to the presence of multiple conformers including charge solvation
isomers during the separation process, in addition to the transmission of dimers and other
higher order non-covalent oligomers through the DMS electrodes prior to in-source
dissociation. For example, planar macroscale DMS-MS analysis of the proton-bound dimer of
tryptophan and N-tert-butoxycarbonyl-O-benzyl-I-serine using 50% He and ~22 kV/cm
dispersion field resulted in three major peaks in the spectra, indicating the presence of different
proton bound conformers including possible protonation isomers.>” DMS-MS analysis of T9a-
GalNAc glycopeptide isomer using 50% He and ~27 kV/cm dispersion field resulted in the
isomers having two distinctive peaks, corresponding to major and minor conformers.>® For
type-C ions, such as those reported here, ion-neutral clustering in the low field portion of the
waveform is particularly important and should be highly sensitive to conformation, including
the local structure near the charge site. The relatively large number of hydroxyl groups on the
carbohydrate ring function as charge acceptor sites for cation adduction, or the formation of
transient neutral adducts.®® Additionally, the disaccharides are conformationally flexible and
can readily adopt subtly different conformations, and the O-atoms can likely coordinate the
sodium ion in many ways that are energetically competitive. The number of such
conformations should increase significantly for dimers and other higher order oligomers. In

some cases, the impact of the position of a single hydroxyl group can dramatically affect the
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number of DMS species that are resolved (e.g. isomers 8 and 10 in Figure 3). Enantiomeric
configurations are known to strongly impact the extent of non-covalent clustering in the gas
phase. For example, the serine octomer is considered a ‘magic’ cluster that is preferentially
formed in higher abundance for the L-form than the D-form.%® % Furthermore, ‘glycans’ as
small as disaccharides have hydroxyl groups that may align clockwise or counterclockwise
with each 6-membered monosaccharide ring, which are connected by a rotatable glycosidic
bond. Thus, the ring structures may adopt one of many conformations, in addition to rotatable
bonds around C6, and an anomeric carbon at the end of the glycan sequence.®’

To investigate the effects of lower concentrations, DMS-MS spectra of 4-O-B-D-
galactopyranosyl-D-glucose at 20 uM was obtained (Figure S9). Two major DMS peaks were
observed, which may be assigned to o and B anomers resulting from mutarotation about the C-
1 OH bond.** In comparison with the DMS-MS spectrum obtained at higher concentration,
both spectra had a major, most abundant peak at ~38 V/cm. However, in the higher
concentration spectra, there were more peaks (Figure S9). For example, the abundant peak at
56 V/cm in the higher concentration spectrum is mostly absent at 20 UM, consistent with this
peak being assigned to a higher ionic oligomeric peak that is transmitted through the DMS
device but subsequently dissociated to a monomer ion in the source. The spectra of the lower
concentration solution had a peak at ~73 V/cm with a higher relative intensity than that in the
high concentration spectrum, presumably owing to the differential ion clustering potential of o
and P anomers.

Next, the separation performance of DMS for a mixture of disaccharide epimers was
investigated. In Figures 5a-c, the DMS-MS spectra of the sodiated monomers [M+Na]" for the
composition isomers 4-O-a-D-glucopyranosyl-D-glucose (20 pm) and 4-O-(o-D-
galactopyranosyl)-D-glucose (20 um) that were obtained separately are shown, along with that

for the mixture containing both isomers. Both two isomers were separated by > 3 VV/cm within
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the mixture at a concentration of 20 pm. Similarly, composition isomers 4-O-B-D-
glucopyranosyl-D-glucose (20 pm) and 4-O-B-D-galactopyranosyl-D-glucose (20 um) were
also separated by ~ 4 V/cm (Figures 5d-f), indicating that mixtures of epimers at relatively low

concentrations can be separated by DMS.
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Figure 5. DMS-MS spectra of sodiated monomers [M+Na]* of the composition epimers (a) 4-
O-a-D-glucopyranosyl-D-glucose (1), (b) 4-O-(a-D-galactopyranosyl)-D-glucose (2), (c)
mixture of 1 and 2, (d) 4-O-B-D-glucopyranosyl-D-glucose (3), (e) 4-O-p-D-galactopyranosyl-
D-glucose (4), and (f) a mixture of 3 and 4. A carrier gas flow rate of 2 L/min (1:1 He:N2) at
ambient temperature was used. The dispersion field was 21.3 £ 0.1 kV/cm.

Conclusions

In this study, the separation and detection of a range of epimeric, connectivity and
anomeric disaccharide isomers using high-resolution differential ion mobility-mass
spectrometry (DMS-MS) is demonstrated. By use of an ‘optimal’ carrier gas composition and
flow rate, and temperature, the resolving power of DMS was increased up-to 14-fold, and nine
composition (monosaccharide subunits), two configuration (o/p anomers) and two connectivity
(glycosidic linkage) isomer pairs could be reproducibly differentiated. At low concentrations,
DMS-MS was able to readily separate disaccharide epimers in simple mixtures. At high
concentrations, DMS-MS spectra of different disaccharides exhibited complex, multi-peak
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spectra with a single disaccharide resulting in up-to ten peaks. Remarkably, the difference in
the axial or equatorial position of a single hydroxyl group (i.e. in epimeric pairs) can
dramatically affect the resulting DMS-MS spectral profiles. The complexity of peak
distributions in the DMS-MS spectra also opens the possibility for identification based on
database searching. A holistic “fingerprint” analysis could be used to determine unknown
compounds through automated spectral matching and/or manual ‘lookup’ tables (e.g. Table
S3). It is anticipated that the incorporation of DMS with complementary ion mobility and MS-
based glycomics and glycoproteomic instrumental platforms can potentially be used to enhance
the characterization of more complex glycans and glycoconjugates. For instance, DMS can be
used to selectively introduce a given ion conformation into a low-field IMS instrument in a
separation process that takes milliseconds. Thus, the integration of DMS with advanced MS-
based methods is anticipated to enhance the characterisation of glycans.
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