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Abstract

We combine ion mobility spectrometry with cryogenic, messenger-tagging, infrared spectroscopy
and mass spectrometry to identify different isomeric disaccharides of chondroitin sulfate (CS) and
heparan sulfate (HS), which are representatives of two major subclasses of glycosaminoglycans.
Our analysis shows that while CS and HS disaccharide isomers have similar drift times, they can
be uniquely distinguished by their vibrational spectrum between ~3200 and 3700 cm™1 due to their
different OH hydrogen-bonding patterns. We suggest that this combination of techniques is well
suited to identify and characterize glycan isomers directly, which presents tremendous challenges
for existing methods.
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Glycosaminoglycans (GAGS) are linear polysaccharide chains of repeating disaccharide
units of hexuronic acid and hexosamine that are found in extracellular matrices and on cell
surfaces.! Numerous factors contribute to the high structural diversity of GAGs, including
the type of hexuronic acid or hexosamine moiety, variations in the glycosidic linkages
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between the disaccharide units, and chemical modifications of the monomeric units (e.g.,
sulfation).2 This isomeric heterogeneity inherent to GAGs is key to their biological
function.3 However, the relationship between GAG structure and function remains elusive,
in part because characterization of structural isomers remains a significant challenge for
existing analytical techniques. Consequently, only a few function-specific sequences are
currently known.4-8

Presently, GAG structures are characterized using a variety of tandem mass spectrometry
(MS)-based techniques, including collision-induced dissociation (CID),%-15 electron
detachment dissociation (EDD),16-20 infrared multiphoton dissociation (IRMPD),20 negative
electron transfer dissociation (NETD),2122 and photon-based methods, including ultraviolet
photodissociation?3 and activated-electron photodetachment.24 While these powerful
approaches can provide important information about the structures of GAGs, limitations
associated with each technique make their direct, unambiguous structural assignment
elusive. For example, identification of sulfation sites with CID is difficult due to the lack of
glycosidic and cross-ring cleavages as well as the loss of the labile sulfate group.25-27 In
electron-based fragmentation methods such as EDD and ETD, the increase in the number of
sulfate groups in the disaccharide unit reduces glycosidic and cross-ring cleavages,
compromising the identification process.12:16 Since stereoisomers (e.g., glucose vs galactose
Vs mannose) generate similar fragments upon dissociation, MS-based methods cannot be
used for their identification. Similarly, information regarding the connectivity of the
glycosidic bond is not obtained easily and requires additional steps, such as chemical
derivation, enzymatic digestion, and extensive MS/MS analysis.28

Perhaps the most important limitations encountered by analytical techniques in GAG
analysis are that sample quantities are limited and sample workup often leads to a
heterogeneous mixture of isomeric GAGs. To address such complex systems, MS-analysis is
often preceded by a separation step. To this end, high-performance liquid chromatography
(HPLC),2%-31 capillary electrophoresis,32-3 hydrophilic interaction liquid
chromatography,36 high-performance anion exchange chromatography,3” and porous
graphite carbon liquid chromatography38-39 have all been used for the analysis of GAGs.
Such methods improve the ability to characterize some isomers; however, coupling these
strategies with MS is not straightforward and requires additional steps (e.g., removal of ion
pairing reagents and salts). Consequently, novel analytical approaches are needed to separate
and to identify isomeric GAG structures.

In the present study, we combine ion mobility spectrometry (IMS) with cryogenic,
messenger-tagging, infrared (IR) spectroscopy and MS to elucidate the covalent structure of
GAGs. lon mobility is a gas-phase technique that separates ions based on the difference in
their “shape”, which affects their mobility through a buffer gas. It can be easily combined
with various types of MS, and IMS-MS techniques have been used to characterize structures
for a range of biopolymers: folded and unfolded forms of proteins and protein complexes;*°
peptides, including isomers that arise because of variation in amino acid sequence and
composition;*! oligonucleotides;*2 as well as oligosaccharides, glycans, and glycopeptides,
including isomers arising from branching positions and linkage anomericity.43-50 While
IMS has substantial potential for analyzing these biomolecules, with typical resolving power
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of 50-150, it falls short of unique characterization due to the lack of the structural resolution
necessary to distinguish many closely related isomers. Infrared spectroscopy, on the other
hand, can provide information on the distinct vibrational modes of the molecule, which are
dependent on its structure. While a number of studies have been reported recently that
combine IMS with IR spectroscopy for the study of various biomolecules,>154 the broad
bands in the IR spectrum decrease its ability to discern subtle differences in structure. One
way to improve the resolution of the vibrational spectrum is by performing spectroscopic
analysis on cryogenically cooled ions.>® We have recently combined ion mobility with
cryogenic IR spectroscopy to probe the structure of peptides®®:57 as well as a series of small
glycans.>® Here, we report the use of a similar approach to distinguish five GAG isomers,
three of which are chondroitin sulfate (CS) disaccharides and two of which are heparan
sulfate (HS) disaccharides, as shown in Figure 1. CS and HS represent two major subclasses
of GAGs that differ in their monosaccharide composition (A-acetylgalactosamine vs A-
acetylglucosamine), glycosidic linkage (5(1-3) vs 5(1-4)), and sulfate group location (6-O-
vs 4-0- vs 2-O-sulfate). Recent work of Schindler et al. used IRMPD spectroscopy on some
of these same GAG disaccharides in negative ion mode to establish spectroscopic markers
for their sulfation patterns.>® While they clearly observe differences in spectra between the
CS and HS GAGs, the vibrational spectra obtained at room temperature were relatively
broad and not particularly diagnostic. We demonstrate here that cryogenic ion spectroscopy
is sensitive to subtle structural differences and can easily distinguish all of the various types
isomerisms. The ultimate goal of our multidimensional approach is to build a database that
contains mass, collision cross sections, and IR spectra of various GAG standards with
known structures, which would in turn be used to identify GAGs in a biological sample.

EXPERIMENTAL SECTION

We perform these experiments in a home-built instrument that combines an IMS drift tube
with a cryogenic ion trap and a time-of-flight (TOF) mass spectrometer.57:60 This instrument
provides a unique platform to measure the mass, collision cross section, and a cryogenic
vibrational spectrum in a single experiment. lons are generated using nanoelectrospray
ionization (nESI) and pulsed into a 2-m long drift tube, which maintains a constant electric
field gradient of ~10 VV/cm. Under these weak-field conditions, ions traverse the drift tube
with velocities proportional to their size-to-charge ratio. After exiting the drift tube, the ions
are directed into a quadrupole mass filter and detected using a channeltron. The measured
drift times (#) can be converted into collision cross sections using the Mason—-Schamp
equation.51 The drift tube can also be operated in tandem IMS-IMS mode, with an ion
funnel dividing it into two independent regions. In this case, the mobility-separated ions in
the first section are selected with an ion gate and collisionally activated. Changes in the
mobility distribution resulting from activation are then measured in the second section of the
drift tube. For spectroscopic analysis, mobility- and mass-selected ions are sent o to a planar,
cryogenic ion trap maintained at 13 K, where they are cooled through collisions with cold
H, buffer gas. Upon cooling, the H, forms weakly bound adducts with the ions, which are
later excited using infrared radiation. Resonant absorption of IR photons followed by
infrared vibrational energy redistribution (IVR) leads to evaporation of the Hy, which is
measured as a depletion of that particular species in the mass spectrum. Infrared spectra are
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then obtained by plotting the depletion of selected adducts as a function of the laser
wavenumber.52

Disodium salts of A-UA(6S)-GalNAc and A-UA(4S)-GalNAc (where AUA stands for 4,5
unsaturated uronic acid residue; GalNAc, N-acetyl galactosamine; 4S, 4- O-sulfate; and 6S,
6- O-sulfate) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and used
without further purification (minimum guaranteed purity =95%). Disodium salts of A-
UA(2S)-GIcNAc and A-UA(6S)-GIcNAc (where GIcNAC stands for A-acetylglucosamine;
2S, 2-O-sulfate) were purchased from Dextra Laboratories (United Kingdom). The disodium
salt of A-UA(2S)-GalNAc (minimum 90% purity) was purchased from Carbosynth Limited
(United Kingdom). HPLC methanol and nuclease-free water were obtained from VWR
International (Switzerland) and Ambion (Switzerland), respectively. Acetic acid (99%) was
obtained from Sigma-Aldrich (Switzerland). Disaccharide salts were electrosprayed from
50:50 water:methanol solutions with 1% acetic acid. The concentration of disaccharide salt
ranged from 200 to 600 M. Metal-coated borosilicate emitters purchased from Thermo
Scientific (Switzerland) were used for nanoelectrospray ionization.

In previous MS-based studies of HS disaccharides, considerable desalting was performed to
remove sodium and potassium adducts that were detrimental to the identification
process.2”:83 However, desalting is not required in this study, and spectroscopic analysis is
performed directly on the sodiated adduct. The use of a metal cation also simplifies the
spectrum, as the interaction with the metal shifts some of the OH stretch bands outside the
frequency region of our analysis. While the structure of the GAG complexed with a sodium
cation will clearly be different than the uncomplexed GAG, our goal is to determine the
covalent structure of the latter, and this is not altered by the presence of the cation. Because
GAGs are acidic, one could also use our approach to study the negatively charged species,
which we plan to do in the future.

RESULTS AND DISCUSSION

Chondroitin Sulfate Disaccharides

Figure 2a—c show the ion mobility distributions and vibrational spectra for [M — H + 2Na]*
ions (/ml z504) of the corresponding CS disaccharides shown in Figure la—c. Each CS
disaccharide is composed of glucuronic acid attached to GalNAc through a S(1-3) linkage,
but varies in its sulfation site (2S vs 4S vs 6S). Studies have shown that the precise position
of the sulfate group in the monosaccharide unit of CS and HS is important for its biological
function.84-87 |t is thus crucial to obtain detailed information regarding the sulfation sites in
CS and HS to fully understand how functional information is encoded in each GAG
sequence. All three CS disaccharides display a single peak in the mobility distribution with
drift times of 11.22, 10.45, and 10.72 ms for A-UA(2S)-GalNAc (Figure 2a), A-UA(4S)-
GalNAc (Figure 2b), and A-UA(6S)-GalNAc (Figure 2c), respectively.

The observed differences in drift times provide a way to distinguish CS isomers and suggest
that the location of the sulfate group influences its overall shape, although the latter two are
sufficiently close that it would be difficult to deconvolute them in a mixture. The mobility
distributions do not change when ions corresponding to these isomers are selected and
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activated in the middle of the drift tube, which suggests that these conformers are stable,
low-energy gas-phase conformers. We intentionally apply conditions that will activate the
ions and anneal them into their lowest gas-phase conformation so that our measurements
will be independent of electrospray conditions. The measured spectra are completely
reproducible from day to day, despite slight differences in the harshness of the ion injection
into the drift tube. The insensitivity of these annealed conformers to the source conditions
allows us to make reproducible measurements that can be compared across different
instruments. Numerous infrared active OH oscillators present throughout the backbone of
CS and HS disaccharides make them excellent candidates to be probed with IR
spectroscopy. The vibrational spectra of CS disaccharides (Figure 2a—c) show well-resolved
peaks in the free (3580-3650 cm™1) and hydrogen-bonded (32003550 cm™1) OH stretch
regions. These spectra are clearly distinct, consisting of unique bands that differ in both
intensity and position, which is critical for using such data for unambiguous identification.
The spectrum of A-UA(6S)-GalNAc (Figure 2¢) is the simplest, containing three bands
centered at 3244 cm™1, 3462 cm™1, and 3641 cm™1, whereas that of A-UA(4S)-GalNAc
(Figure 2b) consists of five sharp transitions at 3407 cm™1, 3462 cm™1, 3568 cm~2, 3641
cm™2, and 3663 cm™L. In comparison to these two disaccharides, the spectrum of A-UA(2S)-
GalNAc (Figure 2a) is fairly complex, but it still displays a series of sharp transitions
centered at 3322 cm~1, 3459 cm™1, 3537 cm™1, 3582 cm™1, and 3643 cm™L. The spectral
differences between these molecules result from a difference in the hydrogen-bonding
patterns of the OH and NH oscillators, as hydrogen-bonding interactions cause vibrational
bands to shift to lower energy and broaden. While the particular spectral pattern for a given
GAG molecule depends upon its 3-dimensional structure, our purpose in measuring high-
resolution vibrational spectra is to provide unique fingerprints for identification purposes
(i.e., to determine the precise isomer). It is not our intention to extract a 3-dimensional
structure by comparison with quantum chemical calculations, as is typically done for
peptides. Instead, by developing a database that includes the mass, the cross section (from
ion mobility), and the IR spectrum of standard GAGs, we have a method to identify an
unknown GAG in a given mixture. For this purpose, it is critical that the spectral bands are
sharp and distinctive for each molecule, which is clearly the case. Indeed in each spectrum,
the full-width at half-maximum of the widest bands is <20 cm™1, with some being as narrow
as 4 cm™L. The presence of these sharp peaks highlights the role of cryogenic cooling in
increasing the resolution of the IR spectra by narrowing the absorption bands. This improved
resolution increases the sensitivity of this technique to subtle structural differences and is
essential for identification purposes.

Heparan Sulfate Disaccharides

lon mobility distributions and vibrational spectra for [M — H + 2Na]* ions (/7/2504) of
isomeric HS disaccharides are shown in Figure 2d—e, with the corresponding structures
shown in Figure 1d—e. Heparan sulfate disaccharide is composed of glucuronic acid attached
to GIcNAc through an B(1-4) linkage with either 6S or 2S groups. A-UA(2S)-GIcNAc
(Figure 2d) displays a single peak (10.98 ms) in the mobility distribution. Two different
conformations, denoted as A (10.66 ms) and B (11.08 ms), are present in the mobility
distribution of A-UA(6S)-GIcNAc (Figure 2e). Upon activation, these two conformers do not
interconvert, indicating the presence of two structural isomers with a high barrier for
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interconversion that may arise from two competing metal binding sites on the HS backbone.
The hydroxyl group at the C-1 position of GIcNAc, which can be in either the a- or g
position, may also influence the metal-binding site. Since the measured drift times of A-
UA(2S)-GIcNAc and A-UA(6S)-GIcNAc are close to each other, distinguishing them based
on IMS data is not possible.

Figure 2d—e also shows the IR spectra recorded for the HS disaccharides. In the case of A-
UA(6S)-GIcNAc (Figure 2e), an IR spectrum of each conformer is obtained by selecting
ions with a specific mobility in the middle of the drift tube before spectroscopic analysis.
Similar to CS disaccharides, the spectra for isomeric HS disaccharides are distinctly
different from each other, resulting from different hydrogen-bonding patterns of the OH and
NH oscillators. Qualitative analysis of the high-frequency region shows the presence of two
free OH stretches for A-UA(2S)-GIcNAc (Figure 2d; 3581 and 3641 cm™1), and for
conformer B (Figure 2e) of A-UA(6S)-GIcNAc (3581 and 3661 cm™1). Conformer A of A-
UA(6S)-GIcNAC contains only one free OH stretch (3575 cm™2).

In the lower frequency region, two sharp transitions (3440 and 3498 cm™1) are observed for
conformer A of A-UA(6S)-GIcNAc (Figure 2e). On the other hand, conformer B of A-
UA(6S)-GIcNAC contains only weak transitions in this region, occurring at 3440 cm™1, 3458
cm~1, and 3469 cm~1. These two conformers can be distinguished from each other based on
the peaks at 3661 and 3498 cm™L. The broad feature in the hydrogen-bonded region of A-
UA(2S)-GIcNAc (Figure 2d; 3367 cm™1) is absent for both conformers of A-UA(6S)-
GIcNAc.

Comparative Study of CS and HS Disaccharides with the Same Sulfation Sites

The isomeric species A-UA(6S)-GalNAc and A-UA(6S)-GIcNAc, which have the same
sulfation site (6-O-sulfate) but different linkage and monosaccharide composition, could not
be distinguished using IMS alone due to overlapping drift times of 10.72 ms for A-UA(6S)-
GalNAc (Figure 2c) as compared to 10.66 and 11.08 ms for the two conformers of A-
UA(6S)-GIcNAc (Figure 2e). However, the IR spectra of these two species contain
prominent peaks that can be used to distinguish them. The broad feature at 3244 cm™1
present in the spectrum of A-UA(6S)-GalNAc (Figure 2c) is absent for both conformers of
A-UA(6S)-GIcNAc (Figure 2e). Moreover, the peaks at 3498 and 3661 cm™1 are unique to A-
UA(6S)-GIcNAc, and that at 3641 cm™ is unique to A-UA(6S)-GalNAc.

In contrast, CS and HS disaccharides with a 2-O-sulfate group exhibit different drift times:
11.22 ms for CS (Figure 2a) and 10.98 ms for HS (Figure 2d), which allows for
identification based on IMS alone. When IR spectra of these isomers are compared, we find
that the broad band in the low-frequency region appears at a different position: 3322 cm™!
for A-UA(2S)-GalNAc (Figure 2a) and 3367 cm™1 for A-UA(2S)-GlcNAc (Figure 2d),
indicating the presence of stronger hydrogen-bonding interactions in the former. Moreover,
the transitions at 3537 and 3388 cm™1 are unique to A-UA(2S)-GalNAc. Our findings show
that in this case both IMS and IR spectroscopy can be effectively used to identify
compositional and configurational isomers of CS and HS.
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Comparing All Five Isomeric/lsobaric Disaccharides of CS and HS

With the exception of A-UA(2S)-GalNAc (Figure 2a) and A-UA(4S)-GalNAc (Figure 2b),
the drift times of other CS and HS disaccharides are within 2% of each other, preventing
IMS from being used to distinguish these isomers. While large differences in drift times are
not expected from such small disaccharides with subtle structural differences, the use of
sodium as a cationizing agent might even reduce the structural differences in isomers due to
metal-induced compaction.4>68 Based on previous studies, possible ways to improve
isomeric separation in IMS include the use of carbon dioxide as a drift gas,5%70 study of
deprotonated species*3 and different metal adducts,*471 as well as application of alternative
mobility approaches.’2-74 Nevertheless, by comparing the IR spectra of all five isomeric
disaccharides (Figure 2), one can see that each isomer gives rise to at least one unique band.
Moreover, the entire spectrum of each disaccharide serves as a unique fingerprint by which
one can identify it. This is an important finding for our ultimate goal of identifying GAG
structures from a biological sample through a database search based on mass, collision cross
section, and IR spectrum. If each GAG standard in our database displays such drastic
differences in its vibrational signatures, this should allow for unambiguous identification of
unknown GAGS in a mixture.

CONCLUSION

Considering the complexity faced by current analytical techniques in identifying isomeric
GAGs, the rapid gas-phase separation provided by IMS together with the distinct vibrational
patterns provided by cryogenic IR spectroscopy shows potential to become an important tool
for comprehensive analysis of GAGSs. In the present study, we have used this combined
approach to unambiguously identify isomers of CS and HS disaccharides. While subtle
structural differences of these isomeric disaccharides in their connectivity, composition, and
sulfate group location do not lead to large differences in their drift times, the IR spectral
fingerprint obtained for each disaccharide is clearly distinct, allowing for unique
identification. The improved resolution of vibrational spectra due to the application of
cryogenic IR spectroscopy makes this technique highly sensitive to subtle structural
changes, which is of critical importance when closely related isomeric species are to be
identified. Ultimately, the constitution of a database containing the mass, cross section, and
IR spectrum of GAG standards with known chemical structural composition could prove to
be an important tool for the identification of GAG structures in biological samples.
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Figurel.
Isomeric GAGs investigated in this work: (a—c) chondroitin sulfates; (d—e) heparan sulfates.
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Figure 2.
Comparison of drift times and IR spectra of the isomeric CS and HS disaccharides. Key

identifying bands in the IR spectra are indicated with dots.
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