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Abstract

To address the challenges associated with glycan analyses, we have implemented a structures for
lossless ion manipulations (SLIM) serpentine ultra-long path with extended routing (SUPER) ion
mobility-mass spectrometry (i.e. SLIM SUPER IM-MS) platform to achieve much higher
resolution of isomeric glycoforms. We have demonstrated the potential of this platform as a future
component of the glycomics toolbox.
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Glycans are one of the most ubiquitous biomolecules, where their specific structures dictate
myriad biological and pathological functions in plants, fungi, mammals, and bacteria. As
compared to other biomolecules (e.g., nucleic acids, peptides), glycan synthesis is performed
in a non-template driven fashion, where their composition can be varied according to
immunological responses, cellular signaling, and disease state. This variation in glycan
composition, termed isomeric heterogeneity, leads to numerous potential structural
permutations (e.g., regioisomers, stereoisomers, and diastereomers), further complicating
analyses. This isomeric heterogeneity is further magnified by added structural permutations
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with key examples including glycosidic linkage position (e.g., 1-4 versus 1-6 linkage), a/f
anomericity, and monosaccharide subunit composition (e.g., galactose versus glucose), as
well as variation conformers (e.g., five-membered furanose versus six-membered pyranose
rings), as shown in Figure 1. In order to better understand how glycan sequence and
composition affect a wide array of biological factors, there is a pressing need for more
effective, faster, and higher-resolution analytical methods to address this isomerism puzzle,
as underscored in the 2012 National Academy of Sciences Report.

Currently, the most commonly used analytical technique for glycan separations is liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS)-. Chemical
derivatization is often a prerequisite for reversed-phase separations so as to increase the
hydrophobicity of the inherently polar glycans.. While reversed-phase separations remain the
preferred choice in glycan separations, HILIC or normal stationary phases have seen some
recent use. Even with the growing suite of MS" methods, the deconvolution and
identification of co-eluting species remains a challenge since isomers exhibit very similar
fragmentation pathways'. Additionally, while spectroscopic approaches have shown promise
for glycan fingerprinting, these methods remain of limited utility for accurately
characterizing isomeric mixtures.

lon mobility-mass spectrometry (IM-MS)-based approaches are quickly becoming an
attractive, and rapid, alternative to 1-D chromatographic separations, and even have shown
utility as a front-end separation prior to spectroscopic methods. In IM-MS ions are separated
in the gas-phase based on their mobilities (size/shape) as well as mass-to-charge (/m/2).
While IM-MS results have been demonstrated for rapid glycan separations, conventional
approaches still suffer from limited sensitivity and resolution for analyses of isomeric
glycoforms:, limiting their potential for broader utility. Metal adduction, and use of other
ligands, have seen some effectiveness in increasing IM glycan resolution, but these
approaches are still unable to resolve all isomeric glycoforms of interest. This resolution
bottleneck, highlights the tremendous need for further development of higher resolution IM-
based approaches for teasing apart the subtle differences amongst isomeric glycoconjugates.

Recently, IM-based structures for lossless ion manipulations (SLIM) has demonstrated
promise for providing greatly higher resolution and increased sensitivity compared to
conventional IM platforms. Specifically, SLIM serpentine ultra-long path with extended
routing (SUPER) separations are enabled by a switching region that sends ions on additional
passes through the ion path, resulting in much higher resolution measurements (Figure 1).
Increased sensitivity is simultaneously accomplished by the in-SLIM trapping of large
populations of ions in the extended volume provided by the first of two or more SLIM
regions (Figure 1), permitting over a billion ions to be introduced and trapped (a 2—3 orders
of magnitude increase compared to conventional approaches). More information on the
capabilities of SLIM are provided in the Supporting Information and these references. In this
work the most intense precursor for each glycan ion was selected for further SLIM SUPER
IM separations in helium. See the Supporting Information for detailed experimental
conditions and instrument parameters.
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With our goal of developing IM-based methods for the separation of isomeric glycoforms,
we began by evaluating separations for various classes of glycans that differ in their
monosaccharide composition, glycosidic linkage positioning, anomericity, number of
monosaccharide subunits present, and linear/branching points. Initially, we assessed the
separation of four common isomeric disaccharides (Figure 2). After a 112.5 m SLIM
SUPER IM separation the four disaccharide isomers were well resolved. Interestingly, non-
reducing (sucrose) was higher in mobility, i.e. smaller in collision cross section or more
compact in nature than the reducing species, lactose, maltose, and cellobiose. We
hypothesize that the observation of only one mobility peak from sucrose may be attributed to
its inability to mutarotate, and present two distinct a/p anomers at the C-1 OH group. The
maltose and cellobiose reducing species both displayed two mobility features, presumably
due to its a/p mutarotation, while lactose only displayed one such feature, perhaps due to
the influence of the galactose moiety on mutarotation, and leading to a preference for only a
single a or B anomer. (We note that the multiple mobility peaks observed for these
disaccharides may alternatively be rationalized by different sodium cation attachment
locations.) Additionally, we observed that cellobiose (B—1-4 linkage) was lower in mobility
(more elongated) than maltose (a—1-4 linkage), while the axial OH group at C-4 of
galactose moiety in lactose caused it to be higher in mobility than both maltose and
cellobiose, even having the same 1-4 linkage.

Based on the IM trends observed for these disaccharides, we set out to see if similar patterns
would hold for isomeric trisaccharides (Figure 3). Similar to the disaccharides, it was
observed that the non-reducing glycans (melezitose and raffinose) were higher in mobility
than their reducing counterparts, and also exhibited only one mobility peak. As speculated
above, we attribute this observation to the ‘locked’ configuration at the anomeric carbon,
while the reducing trisaccharides each exhibit two mobility peaks, potentially from a./p
anomeric configurations. Again, it is also possible that the multiple mobility peaks are
caused by multiple cation attachment sites, leading to multiple, distinct, ion conformations,
that can only be teased apart with the high-resolution SLIM SUPER capabilities. In
comparing the separation between a versus p linked trisaccharides (maltotriose versus
cellotriose), it was observed that the B linkage was more elongated (lower mobility) than the
a-linked, as also found for the isomeric disaccharides (maltose versus cellobiose).
Surprisingly, this a/p anomericity trend did not apply for isomeric tetrasaccharides (Figure
3), where it was observed that cellotetraose (B-linkages) was more compact than
maltotetraose (a-linkages). This suggests that a conformational change may occur when the
number of monosaccharide constituents exceeds three, and where the B-linked glycans
become more compact than their a-linked ones. Previous work showed cellopentaose was
more compact than maltopentaose, indicating this potential anomericity trend also holds for
pentasaccharides. Mannotetraose was seen to have the most elongated structure from the
SLIM SUPER IM separations, potentially due to its axially oriented C-2 OH group on each
monosaccharide, as compared to the equatorially oriented ones for the glucose
tetrasaccharides. As also evident in Figure 3, these informative high-resolution separations
of both isomeric tri- and tetrasaccharides could be performed on a rapid timescale (< 1
second).
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With such encouraging separations for various isomeric di/tri/tetra-saccharides, it was
unclear whether the approach would be effective for even more challenging, isomeric,
human milk oligosaccharides (HMOs). HMOs have received widespread attention for their
roles in potentially protecting the gut microbiome, promoting growth and immunological
development in infants, and their anti-adhesive and probiotic properties.. Lacto-N-tetraose
and lacto-N-neotetraose (LNT and LNNT, respectively), which only differ in their linkage
position (1-3 versus 1-4) between the D-galactose and N-acetyl D-glucosamine residues,
were able to be baseline resolved after 31.5 meters of separation as their protonated adducts
(Figure 4). While we hypothesized that two mobility features could exist for each HMO
isomer (due to their a/p anomers at the C-1 OH group undergoing mutarotation), we
observed four distinct mobility features for the LNT species. This suggests that
monosaccharide sites in addition to the N-acetyl D-glucosamine residue may be protonated,
or potentially that the LNT ion species exists in multiple, unique, conformations. The
striking difference in peak widths may potentially arise from LNNnT conformers
interconverting on a faster timescale than LNT, which may interconvert more slowly,
allowing their resolution. In the separation of the lacto-N-fucopentaose isomers (Figure 4), it
was seen that the linear isomer (LNFP i) was the most elongated and lowest mobility
species, while the branching isomers (LNFP ii and iii) had more compact structures. This
result supported our hypothesis that the structural difference (linear versus branched) of
these isomers would have a major effect on their mobilities. LNFP i and ii shared a common
mobility peak, perhaps due to similar cation attachment site, but their other observed
conformers could be baseline resolved.

These new results demonstrated that the combination of in-SLIM accumulation of large ion
populations in conjunction with SLIM SUPER 1M separations, provided previously
unachieved resolution, speed, and sensitivity in the separation of isomeric HMOs and other
glycan species. As compared to the separation of isomeric glycans in a 89 cm drift tube ion
mobility platform, we were not only able to much better resolve isomeric mixtures, but also
tease apart other conformers and/or substructures for the individual glycan species. Future
work can now e.g. probe whether the observed HMO conformers are correlated to their
microbial bioactivities. We also observed that isomers were easier to resolve as they
increased in size (i.e. the number of monosaccharide constituents). The positive ion mode
cation attachments enable 1M separations and MS analyses that potentially provide
diagnostic glycan mobility fingerprints; future work will assess whether the negative ion
mode provides complementary information. Additionally, we will explore methods for
annealling these glycan species into a single mobility peak, potentially through the use of
fixed charge modification reagents, such as quaternary ammonium ones, in lieu of metal
adduction, potentially further increasing their IM resolution. This new approach provides
large gains in resolution over existing IM-MS-based glycomics platforms, suggesting it will
have broad utility for improved characterization of isomeric, biologically-relevant, glycans.
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GM103493) and National Institutes of Health (R21 1R21CA199744-01). Experiments were
performed in the W. R. Wiley Environmental Molecular Sciences Laboratory (EMSL), a
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of some of the isomeric heterogeneity of glycans in various tri/tetra-saccharides

(top), and a simplified schematic of the SLIM device ion path used in these experiments
(bottom).
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Figure 2.

112.5 m SLIM SUPER IM separation of isomeric disaccharides, 365.1 /m/z [M+Na]™.
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45 m SLIM SUPER IM separation of isomeric trisaccharides, 527.2 m/z (top) and 72 m
separation of isomeric tetrasaccharides 689.2 m/z (bottom), both as [M+Na]*. For IM peak
assignments, see Supporting Information.
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Figure 4.

31.5 m SLIM SUPER IM separation of human milk oligosaccharide isomers, LNT and
LNNT (top) as 708.3 m/z [M+H]*. 45 m separation of lacto-N-fucopentaose isomers
(bottom) as 446.6 m/z [M+H+K]2*. Structures are drawn according to conventional glycan
symbol nomenclature. For IM peak assignments, see the Supporting Information.
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