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Glycosaminoglycan Glycomics Using Mass

Spectrometry*
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The fact that sulfated glycosaminoglycans (GAGs) are
necessary for the functioning of all animal physiological
systems drives the need to understand their biology. This
understanding is limited, however, by the heterogeneous
nature of GAG chains and their dynamic spatial and tem-
poral expression patterns. GAGs have a regulated struc-
ture overlaid by heterogeneity but lack the detail neces-
sary to build structure/function relationships. In order to
provide this information, we need glycomics platforms
that are sensitive, robust, high throughput, and informa-
tion rich. This review summarizes progress on mass-
spectrometry-based GAG glycomics methods. The areas
covered include disaccharide analysis, oligosaccharide
profiling, and tandem mass spectrometric sequencing.
Molecular & Cellular Proteomics 12: 10.1074/mcp.
R112.026294, 885-892, 2013.

All living cells require a layer of glycoconjugates on their
surfaces, sometimes known as a glycocalyx, for survival (1).
These glycoconjugates developed in response to evolutionary
pressures as a way to maintain organismal fitness. Sulfated
glycosaminoglycans (GAGs)' are found only in the animal
kingdom. They appeared with the cnidarians, the earliest an-
imals to have muscles and nervous systems (2). Among eu-
karyotes, only animal cells have the ability to biosynthesize
GAG polysaccharides modified with sulfate groups. Some
bacterial pathogens, including Pasturella, Eschericia, and
Streptococcus, have capsules containing polysaccharide co-
polymers with the same disaccharide structure as nascent
animal GAGs, but these arrived through a separate evolution-
ary path. The apparent functions of these capsules are likely
to involve camouflage from host immune systems and adhe-
sion. In animals, the expression of sulfated GAGs appears to
be required for the organization of tissue layers, organ com-
partments, epithelial cells, and basement membranes (3). In
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TOF, matrix-assisted laser desorption/ionization time-of-flight; MS,
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mice, the complete elimination of GAG biosynthesis via ge-
netic techniques results in embryonic lethality. Knockout of
specific GAG-modifying enzymes results in a variety of organ-
specific phenotypes of varying severity (4).

It is compelling to view GAG function through the lens of
protein binding. The acidic character of GAGs lends these
polysaccharides the tendency to bind basic protein domains,
such as are found on numerous classes of growth factors and
growth factor receptors. Seen in this way, GAG—protein inter-
actions may be viewed as comparatively nonspecific. We
know, however, that there are specific interactions that occur
between GAGs and proteins that indicate the presence of
both high- and low-affinity interactions in biological systems
5, 6).

According to present understanding, GAGs are expressed
on the surfaces of all nucleated cells. Given this wide expres-
sion, it has been said that the functioning of every mammalian
physiological system depends on the regulated expression of
GAGs (3). The expression of GAGs is required for embryo-
genesis (7), and the knockout of particular GAG biosynthetic
enzymes leads to organ-specific phenotypes (4). By exten-
sion, nearly every disease has an aspect that impinges upon
GAG function. GAGs expressed on cell surfaces serve as
co-receptors for growth factor-receptor interactions for
downstream receptor tyrosine kinase signaling cascades.
GAGs distant from the cell surface participate in the formation
of growth factor gradients and sequester growth factors from
the cell surface. Thus, there is interplay between the catalysis
of growth factor signaling at the surface and sequestration of
growth factors away from the surface. Extracellular endosul-
fatases remove 6-O-sulfate groups from heparan sulfate (HS)
chains, altering their interactions with growth factors and
growth factor receptors (8, 9). Extracellular heparanase cleav-
age of HS chains also occurs and has been correlated with
cancer phenotypes (10). In addition, heparan sulfate pro-
teoglycans may be endocytosed for degradation or recycling.
Thus, the HS structure associated with the cell surface is a
dynamic balance of biosynthetic, remodeling, and degrada-
tive activities.

Mature chondroitin sulfate (CS)/dermatan sulfate and hep-
arin/HS GAGs are expressed with domains of high and low
sulfation, on which substantial heterogeneity is superim-
posed. Although these general features are widely appreci-
ated, the detailed structures of GAG chains, in the conven-
tional “sequence” sense, are not known. Thus, although it is
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known that GAG structure varies according to spatial and
temporal factors, the dynamic natures of these glycomes are
only beginning to emerge. Analytical methods are the primary
factors limiting an understanding of GAG structural pheno-
types and their roles in physiology.

THE ANALYTICAL CHALLENGE

The analytical challenge is to reduce the heterogeneous
GAG populations that exist in a biological context into se-
quences representative of those that carry out GAG biological
activities. Because the biological functions arise from GAG
populations in which heterogeneity overlies regulated domain
structure, the overall goal is to produce a model representa-
tive of the sequences present. An example of this process can
be seen from the analytical data used to demonstrate simi-
larity between generic and innovator forms of the low-molec-
ular-weight heparin enoxaparin (11). Under this U.S. Food and
Drug Administration ruling, analytical data are an essential
part of the totality of evidence used to demonstrate the equiv-
alence of generic and innovator enoxaparins. Disaccharide
analysis is used to demonstrate compositional equivalence.
Profiling is used to demonstrate the equivalence of oligosac-
charide fragments generated via partial depolymerization of
the enoxaparin preparation. Sequencing is used to demon-
strate the equivalence of functionally relevant enoxaparin
structures. The key point is that the analytical data represent
a model sufficient to support a conclusion of equivalence
between generic and innovator enoxaparin. The heterogeneity
of GAG populations is such that it is not possible to sequence
every oligosaccharide; however, effort can be focused on the
characterization of oligosaccharides that represent the bio-
logical function.

Structure/function

ANALYTICAL METHODS

Fig. 1 shows a workflow for the analysis of GAGs using
HS/heparin as the target. The goal is to deliver information
on GAG structure that is sufficient for an academic or in-
dustrial effort. For biomedicine, such a workflow is relevant
to the development of structure-function understanding in
relation to a particular disease condition. In many such
cases today, simple disaccharide analysis after exhaustive
digestion using heparin lyases |, Il, and lll is used to determine
the bulk properties of the GAG population in question. Al-
though not yet widely adopted, disaccharide analysis after
lyase digestion in series, combined with deaminative cleavage
analysis, informs HS structure domain modeling algorithms
(12). Oligosaccharide profiling determines the compositions
and abundances of GAG oligosaccharides. When combined
with purification, functional assays, and/or protein binding
experiments, profiling produces useful structural information
on functionally relevant GAG domains (13-15). Profiling can
also be used to determine oligosaccharide sequences when
combined with enzymatic and chemical digestion methods.
Mass spectrometric sequencing is made challenging by het-
erogeneity and the nature of the fragile sulfate groups on GAG
oligosaccharides. Nonetheless, recent progress has been
made toward these ends.

Disaccharide Analysis—Disaccharide analysis remains the
most often used analytical measurement for GAG popula-
tions. As shown in Fig. 2, GAGs can be depolymerized to
disaccharides through the use of bacterial polysaccharide
lyase enzymes (16) or deaminative cleavage by nitrous acid
(17). Polysaccharide lyases cleave via an eliminative mecha-
nism, resulting in disaccharides containing a A*®-unsaturated
uronic acid residue. As a result, lyase cleavage destroys in-
formation concerning the stereochemistry of the C5 position
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Fic. 2. Methods for the depolymerization of heparan sulfate. A representative HS hexasaccharide is shown with sulfate groups
highlighted in green, glucuronic acid carboxyl groups in yellow, iduronic acid carboxyl groups in red, and acetate groups in blue. Heparin lyase
digestion produces disaccharides with A*®-unsaturated uronic acid for which information on the stereochemistry of C5 is lost. Deaminative
cleavage produces disaccharides that contain anhydromannose (for CS GAGs, anhydrotalose is produced). Such disaccharides retain
information on the stereochemistry of uronic acid C5 but lose information regarding the substitution of the hexosamine amino group.

of uronic acid. Deaminative cleavage produces disaccharides
containing an anhydromannose (for HS) or an anhydrotalose
(for CS). With this method, the stereochemistry of the uronic
acid is preserved, but information is lost concerning the sub-
stituent on the hexosamine nitrogen. Therefore, the two meth-
ods are complementary, and both are necessary in order for
complete information on GAG disaccharides to be obtained.

The polysaccharide lyase disaccharide composition deter-
mines the absolute quantity of GAGs and the relative abun-
dances of each disaccharide. Because the non-reducing
chain terminus is not cleaved by the enzyme, the abundances
of A-unsaturated relative to saturated structures can be used
to estimate the average chain length of the GAG chains. The
disaccharide composition can also be used to calculate the
average number of sulfate and N-acetate groups per 100
disaccharide units (18). An algorithm has been developed to
model HS chain structure based on disaccharide analysis
data (12). This algorithm requires that the three heparin lyase
enzymes be used in series, with disaccharide analysis carried
out after each digestion. It also requires analysis of deamina-
tive cleavage disaccharides. This analytical paradigm drives
the need for rapid, sensitive, and robust disaccharide analysis
methods.

The primary drivers behind the development of new disac-
charide analysis methods have been sensitivity and robust-
ness. As described above, the modeling of GAG structure
depends on the ability to acquire a series of disaccharide
profiles, one after each enzyme digest and after deaminative
cleavage. As a result, it is imperative that the analysis system
be both sensitive and robust. Sensitivity can be viewed in two
ways. The ultimate sensitivity is likely to be highest for the
fluorescence-based methods. The practical sensitivity, how-
ever, is determined by the quantity of a biological sample

(number of cells, weight of tissue, etc.) necessary in order to
achieve adequate signal at the end of the workflow, through
modification or derivatization if necessary. The practical view
takes into account the full workflow and the challenges in
working from a biological matrix. Thus, the most appropriate
method to use is the one capable of producing results from
the biological matrix in question on a routine basis.

There are several methods used for disaccharide analysis.
Lyase-generated disaccharides have a UV chromophore that
allows detection with modest sensitivity. Efforts have there-
fore been made to improve sensitivity with fluorescence using
reductive amination (19-22) or post-column fluorophore for-
mation (23, 24). Methods that use radio (25) or optical detec-
tion systems have the advantage of simplicity but the disad-
vantage that standards are needed for every peak identified.
Standards are commercially available for lyase-generated di-
saccharides but are not available for 3-O-sulfated disaccha-
rides. In addition, standards are not available for deaminative
cleavage disaccharides. MS-based methods have been used
increasingly in recent years. Such methods range from the
direct infusion of lyase disaccharides (26-28) to a variety of
LC/MS systems using chromatography methods including
reversed phase (29-31), reversed-phase ion pairing (32-34),
size exclusion (18), porous graphitized carbon (51, 52) and
hydrophilic interaction. Recently, an LC/MS method for the
analysis of deaminative cleavage disaccharides was pub-
lished (35). MS has the advantage of being able to detect
low-abundance products in the digestion mixtures, including
saturated disaccharides from the non-reducing polysaccha-
ride termini and rare 3-O-sulfated disaccharides.

Oligosaccharide Profiling—The profiling experiment deter-
mines the compositions and abundances of oligosaccharides
generated by the partial depolymerization of GAGs. GAG-
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protein binding requires an oligosaccharide domain of the
polysaccharide chain. The use of selective lyase enzymes—
for example, heparin lyase Ill—produces oligosaccharides
that correspond to the N-sufated domains of the precursor
polysaccharide chain. Profiling determines the compositions
and abundances of such oligosaccharides.

MALDI-TOF MS Profiling—The earliest widely applied
method for profiling GAG oligosaccharides was developed in
the Biemann laboratory in the 1990s (36, 37). Those research-
ers reported that heparin oligosaccharides with losses of sul-
fate group equivalents were observed via MALDI-TOF MS.
Such sulfate equivalent losses were prevented when the oli-
gosaccharides were paired with a basic peptide of sequence
(RG),,- This method was applied for the sequencing of heparin
and HS oligosaccharides, with masses determined before and
after chemical and enzymatic digestion steps (38). This ap-
proach requires a degree of trial and error in order to get the
correct ratio of peptides and oligosaccharides for a strong
MALDI-TOF MS signal. As a result, several groups have
worked to develop matrices that minimize the extent to which
losses of sulfate equivalents occur (39-42). In particular, ionic
liquids appear to reduce the extent of losses of sulfate equiv-
alents from highly sulfated HS/heparin oligosaccharides.
Other authors have used MALDI-TOF MS to determine the
masses of oligosaccharides produced by means of limited
nitrous acid depolymerization. Bultel et al. minimized the ex-
tent of sulfate losses by adding sodium to the matrix solution
(43). Although a substantial degree of dissociation occurred, it
was possible to observe apparently intact molecular ions.
Infrared MALDI is considered softer than UV-MALDI and has
been used in the analysis of HS and CS disaccharides (44).
The results showed that disaccharides were detected as so-
dium adducts in negative mode with minimal losses of sulfate
equivalents. It was also possible to obtain IR MALDI-TOF
mass spectra of a heparin tetramer with five or six sulfate
groups without losses of sulfate equivalents; the results were
very similar to the profile obtained using electrospray ioniza-
tion (ESI) MS in terms of the abundance patterns of oligosac-
charide ions.

Recently, MALDI-TOF MS has been used to determine the
relative quantities of CS from disaccharides enzymatically
released from dermal fibroblasts (45-47). This approach has
the advantages of simplicity and high throughput. Disaccha-
rides generated from mammalian CS contain predominantly
one sulfate group per disaccharide unit. The observation of a
singly charged negative ion does allow direct detection of this
ion, as well as a variety of salt adducts. It is not clear from the
data presented to what extent dissociation of the sulfate
groups occurs.

ESI MS—ESI MS results in relatively low vibrational excita-
tion of analytes during the ionization process and is capable
of producing ions from highly sulfated GAG oligosaccharides
with minimal losses of sulfate (48). Readers wishing to analyze
GAGs or other fragile biological molecules using ESI MS are

H/O\ O
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L"O/ O

N

NHAc O

7N

803 HO

) o=

XO

A —

NHAc

Fic. 3. The tendency for the loss of sulfate group equivalents
during vibrational excitation depends on the charge and the na-
ture of the ion pair. A, protonated sulfate groups are readily lost as
SO, during vibrational excitation. B, deprotonated sulfate groups are
much more stable. Thus, the higher the density of negative charge,
the lower the extent of SO; loss, and the greater the abundances of
ions from glycosidic bond dissociation. C, pairing of a metal cation (X)
also stabilizes sulfate groups and enables glycosidic bond cleavage.

advised to adjust the mass spectrometer source and ion
transfer optics appropriately. In many cases, instrument-tun-
ing parameters appropriate for small molecules or peptides
will result in the in-source dissociation of fragile ions. It is
recommended that a highly sulfated molecule such as Arixtra
be used as a performance standard for this purpose. In some
cases, it might be necessary to get input from the instrument
vendor in order to tune the instrument properly for fragile ions.

The most straightforward way to analyze GAGs using ESl is
as deprotonated ions in the negative mode. This approach
leverages the tendency of these acidic compounds to form
negative ions in aqueous solutions, even at acidic pH values.
In order to quantify GAG oligosaccharides, however, a sepa-
ration step is strongly recommended. The separation step
removes matrix components such as salts and surfactants
that render direct analysis using either MALDI or ESI suscep-
tible to fluctuations in ion abundances for which compensa-
tion is difficult to achieve.

LC/MS—The use of a chromatography dimension for GAG
analysis removes background from the biological matrix, en-
abling quantitative comparisons among different samples.
Several chromatography systems have been used for this
purpose. Among the most widely used, reversed-phase ion
pairing allows the use of reversed-phase chromatography
columns for the separation of GAG oligosaccharides (49, 50).
There is high resolution of the oligosaccharides in the chro-
matographic dimension using this method. Reversed-phase
ion pairing LC/MS is most appropriate for instruments dedi-
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Fic. 4. Comparison of methods for CAD tandem MS of highly sulfated HS/heparin oligosaccharides. A, CAD tandem MS of the
octasulfated pentasaccharide Arixtra, subjected to the replacement of N-sulfate groups with d;-N-acetate groups as a 4— ion. lons were
supercharged with sulfolane (60). The data were acquired using an Agilent 6520 QTOF instrument. The ion labeled with a diamond is the
precursor, and that with a star resulted from the loss of SO; from the precursor. Product ions are labeled using the widely accepted
Domon-Costello nomenclature (65). B, CAD tandem MS of a synthetic octasulfated hexasaccharide adducted with 7 equivalents of Na as a
3— ion (59). Data were acquired using a Fourier transform ion cyclotron resonance mass spectrometer. The CAD product ion is indicated with
a slash (/), open circles indicate SO; loss, and solid circles indicate the loss of two or more equivalents of SO;.

cated to GAG analysis owing to the need to infuse mobile
phases containing millimolar quantities of amine compounds.
Porous graphitized carbon LC/MS has been applied to GAGs
(51, 52). This approach appears most suited to the analysis of
GAGs, such as CS, containing no more than one sulfate group
per disaccharide unit. More highly sulfated oligosaccharides
are likely to irreversibly bind to the stationary phase. Hydro-
philic interaction chromatography MS has been used to pro-
file both CS and HS/heparin oligosaccharides (14, 53-56). The
hydrophilic interaction chromatography dimension separates

oligosaccharides according to size and polarity. The mobile
phase includes volatile ammonium formate and is compatible
with extended, robust LC/MS operation.

Tandem MS—

Collisionally Activated Dissociation Tandem MS—The effort
to sequence highly sulfated GAGs using tandem MS is com-
plicated by the tendency of sulfate groups under some con-
ditions to undergo dissociation in response to a relatively low
degree of vibrational excitation. As shown in Fig. 3A, proto-
nated sulfate groups dissociate easily to lose SO,, a process
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that may be observed in the source or during collisional
dissociation (48). The extent of such losses is considerably
decreased for deprotonated sulfate groups (Fig. 3B) (57).
Thus, the extent of losses of sulfate group equivalents dimin-
ishes with increased negative charge density. Charge-charge
repulsion increases, however, ultimately limit the achievable
charge density. Metal cations may be used to pair with sulfate
anions, resulting in a stabilizing effect that increases the rel-
ative abundances of glycosidic bond cleavages (Fig. 3C)
(57-59).

These observations are consistent with the conclusion that
the density of free protons in the sulfated oligosaccharide ion
determines the extent of deleterious SO; losses that occur
during a collisional excitation experiment (60). This density
can conveniently be expressed as a free proton index (FPI):

FPI = [#(HexA) + #(SO3) — #(Charge)

— #(Metal)*Valence)]/[#(HexA) + #(GIcN)] (Eq. 1)

Thus, as the charge state increases, the FPI decreases.
Generally speaking, an ion with an FPI < 0.5 will produce
abundant ions from glycosidic bond and cross-ring cleavage
with low abundances of ions from losses of SO,. The extent of
SO, losses increases to the extent that FPI > 0.5.

Two approaches for manipulating the FPI for highly sulfated
HS/heparin oligosaccharides in order to enable effective col-
lisionally activated dissociation (CAD) tandem MS are sum-
marized in Fig. 4. The target compound is a synthetic octa-
sulfated pentasaccharide that readily undergoes losses of
SO, when subjected to collisional dissociation as a deproto-
nated ion. In the first approach (Fig. 4A), N-sulfate groups
were chemically replaced by N-d;-acetate, and the density of
charge on the precursor ions was maximized using sulfolane
(60). When using on-line LC-tandem MS with collisional dis-
sociation, the abundances of losses of SO; from the precur-
sor ion were low relative to those from backbone dissociation.
Cleavage was observed to every glycosidic bond, enabling a
determination of the numbers of sulfate and acetate groups
on every monosaccharide. The second approach (Fig. 4B)
involved static infusion of the synthetic octasulfated pentasa-
ccharide in the presence of sodium salts (59). Tandem MS of
the 3— ion with 7 sodium adducts resulted in a greater variety
of product ions than in Fig. 4A, including a complete series of
glycosidic bond cleavages. Cross-ring cleavage ions were
observed across three of the monosaccharide residues. The
increased structural information relative to Fig. 4A is offset by
the need to add salts to the spray solution. A third option, that
of electron detachment dissociation, has been demonstrated
for GAG oligosaccharides (61-63), but not those having the
same density of sulfate groups as the octasulfated pentasa-
ccharide shown in Fig. 4. Permethylation of GAGs followed by
chemical de-sulfation and re-acetylation has been explored
as a means of replacing sulfate groups with chemically stable
reporter groups (64). This approach has been demonstrated

for CS saccharides and the resulting derivatives amenable to
reversed-phase LC-tandem MS.

CONCLUSIONS

The field is moving toward analytical platforms for GAG
analysis that inform bioinformatics modeling of structure—
function relationships and chemo/enzymatic synthesis efforts.
As of this writing, there are effective methods for MS-based
disaccharide analysis that are being adopted by groups
around the world. We can expect to see analytical platforms
capable of the throughput necessary for the effective use of
combinations of disaccharide analyses from polysaccharide
lyase and deaminative cleavage in conjunction with algorith-
mic modeling of chain structure in the near future. The profil-
ing of GAG oligosaccharides has progressed to the point that
robust and sensitive LC/MS methods are available. As with
any glycomics project, glycomics methods are most likely to
be successful when a suitable block of instrument time is set
aside for that purpose. For tandem MS, it is necessary to
decrease the FPI of highly sulfated GAG saccharides in order
to produce backbone dissociation with a minimum of sulfate
losses. A decrease in the FPI can be accomplished via a
combination of chemical derivatization, supercharging, and
metal cation adduction.
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