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Summary

Glycosaminoglycans (GAGs) are heterogeneous, negatively charged, macromolecules that are found in animal tissues.
Based on the form of component sugar, GAGs have been categorized into four different families: heparin/heparan sulfate,
chondroitin/dermatan sulfate, keratan sulfate, and hyaluronan. GAGs engage in biological pathway regulation through their
interaction with protein ligands. Detailed structural information on GAG chains is required to further understanding of
GAG-ligand interactions. However, polysaccharide sequencing has lagged behind protein and DNA sequencing due to the
non-template-driven biosynthesis of glycans. In this review, we summarize recent progress in the analysis of GAG chains,
specifically focusing on techniques related to mass spectroscopy (MS), including separation techniques coupled to MS,
tandem MS, and bioinformatics software for MS spectrum interpretation. Progress in the use of other structural analysis
tools, such as nuclear magnetic resonance (NMR) and hyphenated techniques, is included to provide a comprehensive
perspective. () Histochem Cytochem 69:121-135, 2021)
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heparan sulfate (HP/HS), chondroitin/dermatan sulfate
(CS/DS), keratan sulfate (KS), hyaluronan (HA). Among
the four families of GAGs, HP/HS, CS/DS, and KS are
all conjugated to core proteins as PGs and are synthe-
sized principally in the Golgi apparatus of cells,
whereas the HA is synthesized in the cellular plasma
membrane unlinked to a protein core.?

The HP/HS are bioactive GAGs O-glycosidically

Introduction

Glycosaminoglycans (GAGs) are biological macro-
molecules ubiquitously present in animal tissues. GAG
chains bound to a core protein constitute a proteogly-
can (PG), which is considered among the most struc-
turally complex glycoconjugates. The core protein of a
PG is synthesized by a template-driven process, after

which GAG chains are added in a non-template-driven
synthesis, resulting in the remarkable structural and
functional diversity of PGs. The heterogeneity of the
GAG chains greatly contributes to PG complexity.
GAGs are unbranched, linear anionic polysaccharides
composed of 10 to 200 repeating disaccharide units."
Each disaccharide building block consists of an
amino sugar (i.e., N-acetyl-glucosamine [GIcNAc], or
N-acetyl-galactosamine [GalNAc]) and a uronic acid
(i.e., glucuronic acid [GIcA], or iduronic acid [IdoA]) or
D-galactose. These disaccharide units can be O- or
N- substituted with sulfo groups at different positions.
Based on the form of component sugar, GAGs have
been classified into four different families: heparin/

linked to a serine residue of the core protein through a
tetrasaccharide linkage region. The disaccharide
building block of this family is —4) a-L-1doA /B-D-GIcA
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(1—>4) a-D-GIcNS/-D-GIcNAc (1—. In HP, IdoA
accounts for >70% of the hexuronic acid. The IdoA
residue in HP is generally 2-sulfated and the glucos-
amine can be N- and/or 6-sulfated. In contrast to HP,
HS is majorly composed of GIcA as its hexuronic acid,
and generally contains one sulfo group per disaccha-
ride repeating unit. HS can be N-sulfated, 6-sulfated,
and 3-sulfated on its glucosamine residue and 2-sul-
fated on its uronic acid residue.® While HS is widely
distributed on membrane and extracellular PGs, the
HP PG is found primarily localized to intracellular gran-
ules of mast cells. HP has multifaceted biological func-
tions, including its well-known anticoagulant activity
and other bioactivities such as anti-inflammatory and
anticancer activities.2*5 The complex biological activ-
ity of HS-GAGs includes their roles in developmental
biology and cell signaling.* HS PGs engage in various
physiological and pathological processes, including
embryonic development, adult tissue homeostasis,
aging, and infection.®’

The CS/DS GAGsalso occuras PGs O-glycosidically
linked to the serine residues of their core proteins. The
GAGs of this family contain repeating disaccharide
unit represented as —4) B-D-GIcA /a-L-IdoA (1-3)B-
D-GalNAc(1—.The GlIcA is the hexuronic acid found in
CS, and IdoA is the hexuronic acid found in DS.8 Unlike
heparin, the CS and DS have no N-sulfo-group substi-
tution. The GalNAc can be sulfated at 4-O and/or 6-O
positions. The hexuronic acid residues are sulfated at
the 2-O, and the IdoA residues are rarely sulfated at
3-0 positions. CS PGs serve as one of the major bar-
rier-forming molecules in the central nervous system.
CS is often found as a hybrid structure with DS and is
involved in the formation of the neural network by cap-
turing and presenting growth factors to stem cells or
neuronal cells.®

KS has a galactose residue as its major backbone
constitute instead of uronic acid. KS is 6-O sulfated
GAGs with the disaccharide building block, —3) B-D-
Gal(1—4) B-D-GIcNAc (1—. KS is subdivided into
three classes according to the ways it is linked to the
core protein.?2 KS | (corneal type) is N-glycosidically
conjugated through a biantennary branched linkage
region to an asparagine residue of its core protein. KS
Il (skeletal type) is O-glycosidically linked to a serine or
threonine residue of its core protein. K IIl is O-linked
through mannose to serine, and is preferentially found
in PG of brain and nervous tissue.’® Generally, the
GAG chains of KS | are longer and less sulfated than
that of KSII. Also, KS | can be distinguished from KS |l
by its capped non-reducing end.! KS is believed to be
the newest GAG from an evolutionary perspective and
its biological functions are the least understood. A

growing amount of evidence suggested potential roles
for KS in cell-signaling processes."

HA is the only GAG family that is neither sulfated
nor linked to a protein core. However, HA is typically
bound to matrix proteins in the extracellular space.'? It
has a simple repeating disaccharide unit of —»4) p-D-
GlcA(1—3)B-D-GIcNAc(1—. HA is a significant bio-
compatible support material used in wound healing or
as growth scaffolds in surgery. HA has also been
widely used for providing lubrication and mechanical
support for the joints, or serving as a drug delivery
material.®

The numerous physiological functions of GAGs are
carried out by their interaction with protein ligand.™
These interactions are often specific between GAGs
and ligands, requiring a defined GAG sequence or
domain. Therefore, structural elucidation of GAG chains
is a prerequisite for exploring the mechanisms of GAG—
ligand interactions. Due to the non-template-driven bio-
synthesis of GAGs, the development of GAG sequencing
has lagged behind the sequencing of other biological
macromolecular counterparts, protein and DNA. Thus
far, there have been only two cases reporting GAG
sequencing and both relatively simple GAGs, bikunin'®
and decorin.'® Currently, the prevailing method for
GAG chain determination is mass spectrometry (MS).
Nuclear magnetic resonance (NMR) also represents an
option for establishing GAG structure. As summarized
in Fig. 1, GAG samples are prepared through extensive
separation processes and then subjected to MS and/or
NMR analysis using top-down or bottom-up sequencing
strategies. This review focuses on recent developments
of GAG analysis, including separation techniques cou-
pled to MS, tandem MS, MS data interpretation, NMR,
and other novel techniques applied for the characteriza-
tion of GAGs with the purpose of providing useful infor-
mation for glycomics research.

Preparation of GAGs for Analysis

The native GAG is generally a component of a PG
found in a biological sample. Thus, a procedure is
needed for the extraction and purification to obtain
GAG samples of sufficient purity for subsequent struc-
ture analysis. Detailed methods for preparing PGs and
GAGs from biological origins are extensively described
in several review articles."*'” PGs that are present in
physiological fluids or secreted into the fermentation
media can directly be obtain by dialysis, ultrafiltration,
and/or applying the sample to a fractionation column.
However, preparing PGs and GAGs from large amounts
of animal tissues can be very time-consuming and
labor-intensive. A particularly complex protocol was
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Figure |. A scheme for GAGs chain analysis. Abbreviations: GAGs, glycosaminoglycans; AEC, anion-exchange chromatography; SEC,
size-exclusion chromatography; GPC, gel permeation chromatography; LC, liquid chromatography (other than AEC and SEC, including
reverse phase liquid chromatography, reverse phase ion-pairing liquid chromatography, and hydrophilic interaction chromatography);
PAGE, polyacrylamide gel electrophoresis; CE, capillary electrophoresis; MS, mass spectroscopy; IMS, ion mobility spectrometry; NMR,
nuclear magnetic resonance; COSY, correlation spectroscopy; TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser
effect spectroscopy; HSQC, heteronuclear single-quantum coherence; HMBC, heteronuclear multiple bond coherence.

described to obtain decorin PGs and GAGs from por-
cine skin for use in sequencing studies.® In brief, tissues
or cells were defatted, sliced, ground, or homogenized,
and a buffered solution of chaotropic agent was used to
extract the PGs. The extracts were dialyzed or applied
to an anion-exchange column (AEC), the PGs were
treated with nonspecific proteases, and the GAGs were
released from core peptides using controlled f-
elimination. The resulting crude GAGs can be collected
by ultrafiltration or through solvent precipitation.™!”
The crude GAG extract, containing impurities and
chains of many sizes, needs to be properly enriched
and purified before it can be successfully interrogated
by MS or NMR. There are a variety of separation tech-
niques that can be used to purify and fractionate GAGs,
including AEC, size-exclusion chromatography (SEC),
reverse phase liquid chromatography (RP-LC), reverse
phase ion-pairing LC (RPIP-LC), and hydrophilic inter-
action chromatography (HILIC). RP-LC, RPIP-LC, and
HILIC methods for GAG separations are often applied
as a hyphenated technique using an HPLC-MS plat-
form. These methods will be introduced later in MS
section. In addition to the above-mentioned chro-
matographic techniques, preparative polyacrylamide
gel electrophoresis (PAGE) represents another good
option for the purification of GAGs. The GAG fractions

obtained from PAGE can often be directly applied to
MS analysis for sequencing.®'®

GAG Chain Analysis
MS-based Analysis

General Introduction. Mass spectrometry plays a leading
role in glycomics. Although other tools have been used
in the early stages of glycan analysis, such as NMR
or the gel electrophoresis—based sequencing, mass
spectroscopy has become preeminent due to its high
resolution, efficiency in providing detailed structural
information, adaptability for coupling separation tech-
niques, and a reduced demand for sample quantity.
The invention of soft-ionization techniques has
tremendously facilitated the application of MS for the
analysis of biological macromolecules. The two major
soft-ionization techniques are matrix-assisted laser
desorption/ionization (MALDI) and electrospray ioniza-
tion (ESI). The application of MALDI in GAG analysis
has, however, been limited due to the propensity for
labile sulfo groups to undergo decomposition. Thus, ESI
is most frequently applied to GAG analysis. ESI in the
negative-ion mode has been shown to be suitable for
analyzing negatively charged GAGs as well as
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preserving their sulfo groups.2® ESI is quite adaptable
and can be coupled to a variety of separation tech-
niques, including LC, and capillary electrophoresis (CE).

Another major MS breakthrough facilitating glycom-
ics research is the widespread availability of Fourier
transform mass spectrometry (FTMS), including both
Fourier transform ion cyclotron resonance (FT-ICR)
and Orbitrap mass spectrometers.2! FTMS provides
high resolution and mass accuracy, allowing unam-
biguous peak assignments that are essential in ana-
lyzing heterogeneous glycans.

A mass spectrum can provide general information
about the GAG composition, such as degree of polym-
erization and number of sulfo-group substitutions.
However, such information is insufficient to fully char-
acterize a GAG chain. Tandem mass spectrometry is
required to gain a deeper insight of the precise struc-
ture of GAG chains. Electron-based ion activation
techniques, such as electron detachment dissociation
(EDD) and negative electron transfer dissociation
(NETD), are capable of generating extensive cross-
ring cleavages, allowing identification of epimers, dis-
tinguishing between IdoA and GicA, and determining
the position of sulfo-group substitutions.?? Also, elec-
tron-based ion activation largely prevents the loss of
sulfo group.2® Although the loss of sulfo groups can
also be prevented by deprotonation of sulfo groups or
addition of metal adducts.?' Moreover, the application
of EDD or NETD can provide information of the same
and different ions to aid the deconvolution of the oligo-
saccharide structure for GAG sequencing.

State-of-the-art MS and tandem MS techniques
have been major technical achievements responsible
for much of the success in GAG analysis. It is expected
that the future will bring more progress in glycomic
analysis as new analytical instruments and methods
are developed.

Top-down and Bottom-up Strategies. The structural charac-
terization of GAGs can be achieved through different
types of instrumental analysis, but such characteriza-
tion basically follows two major strategies, referred to
as top-down (Fig. 2) and bottom-up (Fig. 3). Applying a
top-down strategy means a purified intact GAG chain is
directly subjected to structural analysis without a pre-
depolymerization step.'%16.1824 The development of MS
techniques, especially the emergence of FTMS that
provides high spectral resolution and high mass accu-
racy, has facilitated the application of top-down MS
strategies. A top-down strategy affords detailed infor-
mation on the sequence of an intact GAG chain with
reduced requirements for sample preparation steps.?®
In contrast, in a bottom-up approach (Fig. 3), intact
GAG chains are depolymerized using controlled

chemical or enzymatic methods. Such an approach is
essential for analyzing polysaccharides of very high
molecular weight. The resulting oligosaccharides
obtained on controlled depolymerization are usually
then subjected to a separation procedure such as LC,
CE, or ion mobility (IM) for structural characteriza-
tion.2426-28 Controlled chemical and enzymatic meth-
ods for GAG depolymerization have been described in
detail." Compared with a top-down strategy, the bot-
tom-up requires more steps to prepare samples, and
the depolymerization procedure may result in the loss
of substantial amounts of structural information.

Even when performing top-down sequencing, it is
quite common to use a bottom-up strategy to provide
additional supporting information on disaccharide units
or domain structures. In this case, the GAGs are digested
with a combination of different enzymes called GAG
lyases.'® The determination of building block disaccha-
rides can help narrow down peak assignments in the
MS spectra, and enables more confident interpretation
of MS data.

Separation Techniques. A sample needs to be properly
purified before being examined by MS to undertake
the sequencing of a GAG chain. A hyphenated purifi-
cation method with MS detection can be achieved by
using different separation techniques coupled with
MS. The major separation techniques adapted to MS
coupling are LC methods, including RP-LC, RPIP-LC,
HILIC, SEC, porous graphitized carbon (PGC), and
other separation techniques such as CE and IM. There
are a considerable number of review articles on com-
bining separations with MS in GAG analysis.?8%" Thus,
the following section focuses on only work published in
the past few years.

LC-based Separation. RP-LC is the most wildly used chro-
matography method. However, due to the polyanionic
features of GAGs, this method is not directly suitable
for GAG separations. This limitation can be addressed
by modifying GAG oligosaccharides to make them
amenable to RP-LC. A rapid separation and detection
method for HP/HS disaccharide analysis, relying on
2-aminoacridone (AMAC) derivatization, was built to
examine samples by an optimized selected ion record-
ing (SIR) RP-ultraperformance liquid chromatography
(UPLC)-MS?8 without requiring the removal of excess
unreacted reagent. Liu and coworkers® also used
AMAC to label disaccharides derived from CS and HS
of human intervertebral disc samples. An RP-LC cou-
pled with triple quadruple mass was used for online MS
analysis done by multiple reaction monitoring (MRM).
Principal components analysis identified clear separa-
tion of GAG profiles between nucleus pulposus and



Analysis of the Glycosaminoglycans

125

Decorin

protein core f§&

Preparation and
separation of GAGs
using a series

of procedures

PAGE purification

target band '

FTMS analysis
of target band

Determination of
polymerization and
sulfation extent
(dp24-36, 9S-16S)

500

600

FT-ICR MS spectrum

700 800 1000 m/z

CID-FT-ICR MS/MS analysis
of a selected precursor

1-/B 2-/B.3-/B.4 5-
7; /f;‘B/Bf //BBSB./ Buo Parent ion m/z 550.6652
12 14 16
dp30-13S
B2
Y13
[M-12H)22 G©
Bg-250,* ,
Be-150,*
B ¢ 3Y L Bi2505"
4
Bs-150,*
(% Yo B,-150,
. B,-150,1/B4-250,>

C,-1505! v . B Be2s0,0 P

Ye { v,

‘ B,-150,"

ll .llu.L HILILLLJ‘» ml;l .llu l N
200 300 400 500 600 700 800 900 1000 m/z
Sequence determination
y17 YIS Y13 v9 Y7 VE VS Y4 V3
+2H
BZ BS BA BS BS B7 BE B9 Blﬂ BlZ BIA BlE

O GalNAc © HexA 4 GIcA O Gal * Xyl

Figure 2. A mainframe of a typical top-down GAG analysis. Decorin GAGs were purified and subjected to FTMS and MS/MS analysis
for sequencing. Abbreviations: GAGs, glycosaminoglycans; FTMS, Fourier transform mass spectrometry; MS, mass spectroscopy; PAGE,
polyacrylamide gel electrophoresis; FT-ICR, Fourier transform ion cyclotron resonance; CID, collision-induced dissociation. (Adapted
from: Yu Y, Duan J, Leach IlIIFE, Toida T, Higashi K, Zhang H, Zhang F, Amster I}, Linhardt R]. Sequencing the dermatan sulfate chain of

decorin. ] Am Chem Soc. 2017;139(46):16986—16995).
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Figure 3. A mainframe of a typical bottom-up GAG analysis. Low-molecular-weight heparins were depolymerized and subjected to
LC-MS and MS/MS analysis. Abbreviations: GAGs, glycosaminoglycans; LC, liquid chromatography; MS, mass spectroscopy; HILIC,
hydrophilic interaction chromatography; LC, liquid chromatography; FTMS, Fourier transform mass spectrometry (Adapted from: Li
G, Steppich J, Wang Z, Sun Y, Xue C, Linhardt R}, Li L. Bottom-up low molecular weight heparin analysis using liquid chromatography-
Fourier transform mass spectrometry for extensive characterization. Anal Chem. 2014;86(13):6626—6632).

annulus fibrosus in specimens from young and old
patients. In the research carried out by the Sharp group,*
a method using trideuteroacetyl derivatization and RP-
LC-MS/MS was developed to sequence a complex
mixture of HS tetrasaccharides. Liang and coworkers*!
introduced a propionylation method to replace sulfo
groups from oligosaccharide and used LC-MS/MS with
coupled C18 columns to separate and fully sequence
two mixed tetrasaccharide isomers, which differed

solely by the order of their N-sulfation and N-acetyla-
tion. A stable isotope-labeled hydrazide tag (INLIGHT)
was used for labeling oligosaccharides derived from
digested heparin and enabled identification of a total
amount of 116 unique oligosaccharides.*? Derivatiza-
tion and labeling are frequently used in glycomics to
enhance RP-LC separation for oligosaccharides
and for a variety of other purposes, including stabiliz-
ing residues, serving as a linker for oligosaccharide
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attachment, facilitating ultraviolet/fluorescent/MS detec-
tion, and supporting detailed structural characterization
by tandem mass.®” Recently published works using
double labeling*® and sequential labeling** both have
demonstrated the virtue of labeling for the subsequent
detection.

GAG oligosaccharides can be separated and ana-
lyzed in an RP-LC-MS platform without derivatization by
adding ion-pairing reagent (IPR) to the mobile phase.
An alkylamine ion-pairing reagent can essentially neu-
tralize the ionic features of GAG oligomers. This offers
the advantage of enhanced volatility, especially through
a pH change above the pKa after the separation,
facilitating coupled MS detection.*> Reagents such as
tributylamine, 245 n-pentylamine,*  n-hexylamine,*
and n-butylamine*® are often used as anion-pairing
reagent to increase separation efficiency in RPIR-LC
system for GAG analysis. Persson et al.*® developed a
novel approach based on dibutylamine RPIP-LC-MS/
MS platform and used in disaccharide fingerprinting,
revealing differences in xyloside-primed CD/DC as well
as sialylation of the linkage region from two different
cell lines. The N-unsubstituted glucosamine residues in
HP/HS were examined using RPIP-LC (reversed phase
ion-pairing liquid chromatography)-MS method. By add-
ing hexylamine*” and pentylamine,* N-unsubstituted
disaccharides/oligosaccharides were well separated
and characterized.

HILIC is a preferential method for polar compound
separations and it is also easily coupled with MS.
Therefore, it has become a popular approach in GAG
analysis. HILIC is efficiently coupled with LC-Orbitrap
MS for oligosaccharide characterization.?42” HILIC has
also been coupled with triple quadrupole M/M with an
MRM approach to analyze and quantify heparin build-
ing blocks.**50 HILIC can be combined with weak anion
exchange (WAX) method. Turidk and coworkers®' cou-
pled self-packed HILIC-WAX capillary columns to a
UPLC Q-Tof MS system, revealing that HS disaccha-
ride composition varies in different grades of prostate
cancer tissues. Zhang and coworkers used UPLC-
HILIC/WAX MS/MS equipped with a commercial HILIC/
WAX column to evaluate both the epimerization and
composition of heparin and dalteparin.5? HILIC can
also be used to separate derivatized oligosaccharides.
Antia and coworkers used a HILIC-ESI-MS in positive-
ion mode to investigate procainamide-derivatized HS
disaccharides, completing separation of eight HS
disaccharides together with an internal standard.5® A
HILIC method was used in conjunction with a microflu-
idic chip LC-MS and provided an efficient separation of
GAGs.5*45°

Porous graphitized carbon (PGC) can be used as a
stationary phase in LC. PGC is less durable compared

with common stationary phase materials. In a PGC-LC
experiment, longer equilibration time is required to pro-
duce repeatable results.?> However, PGC-LC-ESI-MS
analysis is characterized by a high isomer separation
power enabling a specific glycan compound analysis
on the level of individual structures, and is well
described in Stavenhagen et al’s review. Turnbull
and coworkers recently applied a commercial PGC
column to an LC-MS system to investigate digested
HS oligosaccharide mixtures. The method was effec-
tive and allowed the separation of oligosaccharide
from tetrasaccharide to octasaccharide, enabling
more confident interpretation of the MS/MS data.5”

CE. In addition to LC-based methods, CE is another
attractive option for GAG analysis amenable to MS
coupling. CE has been shown to be superior in multi-
ple aspects such as a high separation efficiency, short
analysis time, low consumption of sample, and repro-
ducibility.3*%8 Linhardt and coworkers used a reversed-
polarity CE coupled with LTQ Orbitrap MS method to
analyze HP/HS disaccharides, Arixtra, and low-molec-
ular-weight heparin (LMWH) building blocks. The
results obtained were comparable or better than those
obtained when these analyses were performed using
LC-MS.%® This method could also separate oligosac-
charides from tetrasaccharides to dodecasaccharides,
elucidating sulfation position and epimeric structural
differences, and could also determine more than 80
molecular compositions from complex GAG mixture.®°
Recent work published by Stickney et al.6' combined,
for the first time, negative electron transfer dissociation
(NETD) and CE for assigning the structures of GAG
oligomers. This approach allowed enoxaparin (a com-
plex mixture of LMWHS) to be separated within 30 min,
37 unique molecular compositions be identified, and
nine structures were assigned with tandem MS.

lon Mobility Spectrometry (IMS). IMS is a new technique,
which emerged as a promising choice for GAG sepa-
ration. Different from LC and CE, IMS is a postioniza-
tion, gas-phase method, providing fast separation, and
easy to be coupled to MS.2® IMS defines how an ion
drifts through a gas buffer under the influence of a
varying or fixed electric field. Different ions are sepa-
rated according to their motion, which are affected by
both the acceleration caused by the electric field and
the deceleration caused by collisions with gas mole-
cules. The ion’s motion is associated with molecular
mass, charge, size, and shape. Thus, IMS is consid-
ered to be a powerful tool for separating isomers. A
variety of IMS methods have been developed, such as
field asymmetric IMS (FAIMS), trapped IMS (TIMS),
traveling wave ion mobility (TWIMS), and drift Tube
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IMS (DTIMS). A combined FAIMS-FTICR-MS/MS was
used in GAG analysis and was shown to be capable of
resolving isomeric and isobaric GAG negative ions
having the same mass-to-charge ratio, and it also facili-
tated MS/MS analysis.®> Wei and coworkers?® used
gated-trapped ion mobility spectrometry (gated-TIMS),
which allowed the ions of a given mobility selected by
an electrical gate and accumulated in a low-pressure
collision cell. Highly sulfated HP/HS isomers were
separated by gated-TIMS and examined by coupling
NETD MS/MS. The method was useful for both quali-
tative and quantitative GAG analysis. A TWIMS
method was used to investigate changes in the gas-
phase conformation of antithrombin Il upon binding
of Arixtra, validating the utility of IMS to measure pro-
tein conformational changes induced by the binding
of GAG ligands.®® Miller and coworkers® used ion
mobility mass spectrometry and tandem MS to inves-
tigate heparin/HS-like isomers. Six synthetically pro-
duced octasaccharides, which are isomeric with
regard to either glucuronic acid (GlcA) or iduronic acid
(IdoA) residues at various positions, were analyzed
and differentiated. Changing from IdoA to GIcA in spe-
cific locations resulted in strong conformational distor-
tions, showing the importance of sequence to overall
conformation.

In addition, hyphenated separations have also been
used in research, such as combination of RPIP to
HILIC,® and RPIP** or SEC®® coupled to AEC. These
separation methods play significant roles in the analy-
sis of glycan and GAG structures.

Tandem MS. Tandem MS plays a crucial role in char-
acterization of GAG structure. It generates glycosidic
and cross-ring cleavage, leading to fragmentation
of precursor ions. Fragments, particularly cross-ring
ones, can provide detailed information about the con-
figuration and modification of each monosaccharide
residue, allowing the GAG structures to be fully
characterized.

There have been different kinds of ion activation
methods applied in tandem MS, including collision-
induced dissociation (CID),%” infrared multi-photon
dissociation (IRMPD),%8 electron-induced association
(EID),%° EDD,?2626870 gnd NETD.236171.72 CID, an ion-
ization method based on collision-activation, has been
widely applied for characterizing GAG chains. Intact
GAG chains have been sequenced using CID by
Linhardt and coworkers.'®16

In recent years, the electron-based ionization meth-
ods such as EDD and NETD have become new trends
in glycomics research. EDD can produce more infor-
mative spectra of both cross-ring and glycosidic cleav-
age product ions, while CID and IRMPD are not as
efficient as EDD in causing cross-ring cleavages.®®

EDD also minimizes sulfo-group loss, which is a major
complication when using the CID method. Research
carried out by Amster and coworkers has confirmed
the benefit of using EDD for identification of C5 uronic
acid epimers.?26270 According to these reports, EDD
can generate different ion fragment patterns for
2-O-sulfo uronic acid epimeric tetrasaccharides.”®
Further research confirmed the efficacy of using these
ions for assigning the C-5 stereochemistry of the
reducing end uronic acid in 33 HS tetrasaccharides.??
The combination with high-field asymmetric waveform
ion mobility spectrometry (FAIMS) was described pre-
viously. EDD was able to distinguish the two sets of
epimeric GAG tetramers separated in FAIMS method.®?

Although EDD can provide rich informative frag-
ments, it is a relatively slow technique intended for
FT-ICR because it requires long acquisition times and
is not conducive to a high-throughput platform. Another
electron activation method NETD shows its promise in
both generating sequence-informative fragmentation
spectra and improving throughput rate (i.e., 1 s for EDD
vs. 0.1 s for NETD).2! NETD is as excellent as EDD
in generating extensive, structurally informative frag-
ments and minimizing the occurrence of sulfate loss
peaks.”? NETD can enable structural characterization
of synthetic HS isomers containing 3-O-sulfation.” In
recent years, NETD has been applied in GAG analysis
when coupled to new separation techniques such as
CES®' and gated-TIMS.22 NETD was found well adapted
for these separation approaches, providing efficient
information for stereocisomer identification, and negligi-
ble sulfo losses.

Besides the electron-based ion activation, a photo-
dissociation method, referring to ultraviolet photodis-
sociation (UVPD), has been suggested for the analysis
of GAG chains.?! UVPD has also been applied in pro-
teomics and some preliminary studies targeting oligo-
saccharides.”®™ Further exploration is needed for its
application in glycomics.

Structural Interpretation. Tandem MS is a powerful tool to
reveal the complex structure of GAG chains. Fragments
generated by tandem MS are crucial for establishing a
precursor’s structure. The fragmentation of oligosac-
charide follows a certain pattern, and a nomenclature
has been established by Domon and Costello.2'7576
The processing of an MS spectrum into meaningful
information is a time-consuming task. Manual interpre-
tation of tandem data sets required for GAG oligosac-
charide analysis may take many hours or even days."”
Hence, suitable bioinformatics software is essential to
assist data interpretation. Many labs have developed
tools for automated or semi-automated interpretation of
MS data for GAG analysis. The following section is an
introduction to these programs.
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HOST is a computational tool early developed to
help HP/HS oligosaccharide sequencing using enzy-
matic digestion and ESI-MS". Based on disaccharide
composition analysis, the program scores and returns
the most likely sequence.?’”” The widely used soft-
ware, GlycoWorkbench is a package designed to
semi-automatically annotate glycomics data. It can be
used to annotate MS and MS/MS spectra of free oligo-
saccharides, N- and O-linked glycans, GAGs and gly-
colipids, as well as MS spectra of glycoproteins.”
GlycoWorkbench allows the user to draw a glycan
structure and calculate a list of theoretical fragment
ions.2" Another popular bioinformatics software called
GlycReSoft was developed for automated recognition
of glycans from LC/MS data.” It is able to automati-
cally assign structures within 5-ppm mass accuracy.®°
The software GAD-ID is the first to automate the inter-
pretation of mixtures when coupled to LC-MS/MS, but
it requires derivatization to replace sulfo group with
acetyl groups. This tool uses a scoring system based
on peak intensities and could properly assign 21 syn-
thetic tetrasaccharides in a defined mixture from a
single LC-MS/MS run.8! Recently, a statistical model,
which using a multivariate expectation maximization
algorithm, was build to estimate the accuracy of deriva-
tized HP/HS assignments to tandem mass (MS/MS)
spectra made by GAG-ID. This analysis makes it pos-
sible to filter large MS/MS database search results
with predictable false identification error rates.®? For
HP/HS analysis, GlycCompSoft is designed to enable
the comparison of top-down analytical glycomics data
on two or more LWMHs. In a test based on three lots
of Lovenox, Clexane, and three generic enoxaparin
samples, the program proved its low error rate and
good time efficiency when processing large data sets.
Hu and coworkers developed an algorithm to convert
the raw data from electron-based dissociation (ExD)
tandem mass spectra into HS saccharide sequences.??
A genetic algorithm has been used by Duan and
Amster to design a de novo approach for rapid, high-
throughput GAG analysis. The program is coded in a
software package using the MATLAB environment. By
using a genetic algorithm, the search space of iso-
meric structures that are considered is greatly reduced,
which enables the analysis time to be reduced to a
maximum of a few minutes. This approach was tested
and properly identified structures from MS? data of
GAG chain from bikunin.®* Machine learning strategy
was introduced by Hong and coworkers to develop
GlycoDeNovo. This is a novel algorithm that can auto-
matically learn fragmentation patterns from real-world
tandem MS data. It contains a data-driven lonClassifier,
to which machine learning is applied to distinguish B
and C ions from other ion types using experimental

spectra of glycan standards.®> A tandem mass spec-
trum peak finding program was recently developed by
Hogan and coworkers specifically for GAGs. The pro-
gram being called GAGfinder uses precursor composi-
tion information to generate all theoretical fragments,
which is a targeted, brute force approach to carry out
spectrum interpretation.8®

There have been major achievements in MS spec-
trum interpretation in the last few years. However,
some of the tools are more suitable for specific types
of GAGs and certain workflows. A more rapid, high-
throughput, universal and user-friendly software will
need to be developed for future GAG analysis.

NMR

In addition to MS-based techniques, NMR spectros-
copy has become another powerful technique for
determining GAG structures. NMR permits structural
analysis directly on unmodified GAGs using isotopes
'H, 13C, and ®N."8” The most basic NMR approaches
used for GAG analysis are 'H and C mono-dimen-
sional NMR (1D NMR). A 'H-NMR spectrum is quite
often used in distinguishing IdoA and GIcA residues,
revealing monosaccharide compositions, and assign-
ing anomeric configurations. ®*C-NMR is less sensitive
than 'H-NMR but offers more dispersion of chemical
shift resulting in less signal overlap.’ 13C-NMR spec-
troscopy is particularly useful in determining sulfation
pattern and positional linkages of polysaccharides.
However, due to the structural complexity or impurity
of some GAG samples, the area of signals in 1D
NMR spectra is often very complicated and affected
by severe signal overlap. In this case, multidimen-
sional NMR spectroscopy is required to help assign
signals, complete structural characterization, or even
quantify the composition of sugar residues.®® The
commonly used multidimensional NMR in examining
glycans is two-dimensional (2D) NMR both homonu-
clear and heteronuclear, including '"H-"H correlation
spectroscopy (COSY), total correlation spectroscopy
(TOCSY), nuclear Overhauser effect spectroscopy
(NOESY), rotating frame Overhauser effect spectros-
copy (ROESY), 'H-'3C heteronuclear single-quan-
tum coherence (HSQC), and heteronuclear multiple
bond coherence (HMBC).

NMR is an attractive technique for GAG analysis
because it directly interrogates a sample requiring no
derivatization procedure and results in no sulfo loss.
As NMR is nondestructive, it allows a sample to be
further used for other analytical methods. Moreover,
NMR is sensitive to conformational changes and can
provide information on the secondary structure of
GAGs and their complexes with proteins.! However,
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the NMR spectroscopy is limited by its relatively low
sensitivity, and usually requires milligram amounts of
pure samples for glycan analysis. In a protocol pub-
lished by Carnachan and Hinkley,®® a concentration of
17 mg/mL of GAG sample was the minimum for highly
reproducible HS analysis using 2D NMR. Increasing
the strength of the static magnetic field can help
improve NMR sensitivity. However, it is hard to detect a
minor monosaccharide residue in a long glycan chain.
For a precise de novo structural characterization of
unknown oligosaccharide using NMR, the size of GAG
chains is limited to approximately an octadecasaccha-
ride." Therefore, the NMR is often used alone in a bot-
tom-up approach or as assistance for top-down MS
analysis.

One-dimensional 'H-NMR has been used to help
to determine the ratio of IdoA/IdoA2S: GIcA in DS
chain, in support with MS analysis.’® One- and two-
dimensional NMR were used to compare relative
quantities of seven types of monosaccharide between
parent and daughter heparins.?* NMR was also used
to characterize structures of pure oligosaccharides
derived in a bottom-up approach. A series of GAG oli-
gosaccharides up to octasaccharides were separated
from different kinds of sea cucumbers and character-
ized by 1D and 2D (COSY, TOCSY, ROESY, HSQC
and HMBC) NMR.% A bottom-up approach was used
to analyze the central core of fucosylated CS from two
species of sea cucumbers using COSY, TOCSY, and
HSQC, and only slight differences were found between
the two species.®’ Guerrini and coworkers® used
HSQC for the structural characterization of three
commercially available LMWHSs of enoxaparin, dalte-
parin, and tinzaparin. In this research, the minor resi-
dues generated by a depolymerization procedure, as
well as the relevant residues belonging to the parent
heparin, have been characterized and quantified.
HSQC has recently been considered a quantitative
tool for GAG analysis. This can be achieved by proper
selection of analytical signals among those with sim-
ilar magnetic relaxation and one bond proton-carbon
J-coupling. The method was elaborated by Torri and
Guerrini®® that can be confidently used to compare
different GAGs, by quantification of their various sub-
stituted monosaccharide components.

Hyphenated and Other Techniques

Although both MS and NMR show their specific advan-
tages in characterizing GAG chain, in most cases, the
combined application of both methods provides more
informative details and allows a more thorough struc-
tural characterization. NMR can assist MS in identify-
ing monosaccharides and quantifying IdoA/GIcA

ratio. Beccati and coworkers®® reported an integrated
approach using IPRP-HPLC, LC-MS, NMR, SEC-MS,
and ESI-Q-TOF-MS to characterize bovine kidney HS,
providing overlapping and confirmatory information
from different perspectives for the determination of the
GAG structure. Recently, some research carried out
using hyphenated or individual spectroscopic tech-
niques was also quite inspiring. Renois-Predelus and
coworkers® reported a novel approach coupling mass
spectrometry with ion spectroscopy for the structural
analysis of GAGs. Distinctive spectroscopic finger-
prints of the monosaccharide standards GalNAc4S
and GalNAc6S were found in the 3 um range. Khanal
and coworkers® used IMS combined with cryogenic,
messenger-tagging, infrared (IR) spectroscopy, and
MS to identify different isomeric disaccharides of CS
and HS origin. Disaccharide isomers can be uniquely
distinguished by their vibrational spectrum between
—3200 and 3700 cm™' due to their different hydroxyl
group hydrogen-bonding patterns. Another spectro-
scopic associated research method used a combina-
tion of gas-phase IRMPD (infrared multiple photon
dissociation) spectroscopy with MS to address the dif-
ferentiation of positional isomers of sulfated carbohy-
drates on monosaccharide standards and disaccharides
of HP and CS. Mass spectrometric fingerprints and
gas-phase vibrational spectra in the near and mid-IR
regions were obtained, which validate the potential of
the spectroscopic approach to resolve isomeric disac-
charides.?® In a review published by Mohamed and
coworkers,® the application of vibrational spectros-
copy for GAG analysis was introduced. By comparing
the GAG IR and Raman spectral signatures of the
media and live cells, Chinese hamster ovary (CHO)
wild type cell line and its mutant counterpart, CHO-
745, which lacks xylosyltransferase associated with
low GAG synthesis, were discriminated. In recently
published research, surface plasmon resonance imag-
ing (SPRIi) was coupled to an on-chip mass spectrom-
etry. The thermodynamic parameters of the interactions
between cytokines and GAGs were determined using
SPRi monitoring, and the captured carbohydrates
were directly examined on the biochip surface using
MALDI-TOF MS.%

Perspectives

The future development of GAG analysis and sequenc-
ing will be facilitated by the emerging innovative tech-
niques, materials, and methods. A “shotgun ion
mobility mass spectrometry sequencing” (SIMMS?)
method was recently be developed by Miller and
coworkers.®® Intact HS saccharides are subjected to
ion mobility mass spectrometry and MS? analysis.
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Matching of data for intact and fragment ions against
known values for defined HS oligosaccharide struc-
tures permits unambiguous sequence determination
of validated standards as well as unknown natural sac-
charides, including variants with 3-O-sulfo groups. It is
envisioned that by limited digestion with multiple site-
specific enzymes, sets of partially overlapping frag-
ments can be separated and sequenced by ion mobility
mass spectrometry and MS?2. Overlaps of such frag-
ments may enable assembly in a similar manner to the
shotgun sequencing approaches used in genomics
and proteomics. A newly emerging technique, based
on nanopore sensing, seems to represent a promising
breakthrough. The nanopore can be made of either
biological (such as aerolysin and o-hemolysin)'® or
inorganic materials.’”"=1% The nanopore filled with
electrolyte solution allows ions to pass through unless
a charged polymer in the passage and disrupts ion
flow, generating a blocked-pore current. Karawdeniya
and coworkers'® reported this technique allowed easy
differentiation between a clinical heparin sample and
one contaminated with oversulfated chondroitin sulfate
(OSCS). In other research carried out by Im and
coworkers, solid-state nanopore device with a support
vector machine (SVM) learning algorithm was used for
GAG analysis. The nanopore/SVM technique was able
to distinguish between monodisperse fragments of HP
and CS with high accuracy (>90%), allowing the detec-
tion of as little as 0.8% (w/w) CS impurity in a heparin
sample.%3

The development of new materials will also promote
progress in GAG-related research. Mothéré and
coworkers used molecular imprinting technologies to
prepare a library of polyethylene glycol acrylate func-
tionalized hydrogels, which showed certain recognition
specificity and selectivity to sulfated oligosaccharide.'*
Also, GAGs are natural negatively charged biopoly-
mers, which suggest they have great potential to be
engaged in new material development.21%5

New methods that are fast, high throughput, and
user-friendly are still needed for GAG analysis, such
as a fast and sensitive detection of HP based on che-
miluminescence sensing,' high-throughput microar-
rays that enable in situ structural characterization of
GAGs,%1%7 and more easy-to-use structural interpre-
tation software for MS will be important in advancing
the field. In addition, due to the highly complex and
heterogeneous nature of GAGs, it is quite common
that multiple analytical techniques are used to com-
plete GAG analysis. Therefore, a bioinformatics plat-
form on which integrated information can be stored
and crosschecked will no doubt be meaningful for gly-
comics scientists.?®
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