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Abstract

Glycosaminoglycans are a class of biological macromolecules found mainly in connective tissues as constituents of
proteoglycans, covalently linked to their core protein. Hyaluronan is the only glycosaminoglycan present under its single
form and possesses the ability to aggregate with the class of proteoglycans termed hyalectans. Proteoglycans are localise
both at the extracellular and cellular (cell-surface and intracellular) levels and, via either their glycosaminoglycan chains or
their core proteins participate in and regulate several cellular events and (patho)physiological processes. Advances in
analytical separational techniques, including high-performance liquid chromatography, capillary electrophoresis and
fluorophore assisted carbohydrate electrophoresis, make possible to examine alterations of glycosaminoglycans with respec
to their amounts and fine structural features in various pathological conditions, thus becoming applicable for diagnosis. In
this review we present the chromatographic and electromigration procedures developed to analyse and characterise
glycosaminoglycans. Moreover, a critical evaluation of the biological relevance of the results obtained by the developed
methodology is discussed.
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1. Introduction

the reducing end of the nascent chain [9]. Unlike all

other GAGs, HA isolated from various tissues is not

Glycosaminoglycans (GAGSs) are a specific class
of biologic macromolecules distributed among all
organisms. They are major structural components of
proteoglycans (PGs), the main complex macromole-
cules of the extracellular matrix [1-3]. Evidence
derived from studies during the last years in the
fields of biochemistry, cell and developmental biolo-
gy suggests that proteoglycans are not only structural
components, but they participate in and regulate
many cellular events and physiological processes,
including cell proliferation and differentiation, cell—
cell and cell-matrix interactions [4—8]. Their po-
tential for being interactive in such a degree stems
from the great structural diversity in their GAG
chains, i.e., the GAG type, size and composition, as
well as the degree of substitution and domain
arrangement. At least six types of GAG chains have
been identified so far in higher mammals.

GAGs are linear polysaccharides composed of
variable number of repeating disaccharide units.

covalently bound to a protein core, although prepara-
tions of HA contain tightly bound small amounts of
protein [10]. It is by far the largest GR&0Q
disaccharide units) [11]. HA is found not only in
connective tissues but also in all tissues and fluids of
the body, seeming that most cells synthesise HA at
some stage of their life [12] and it possess several
functions. It interacts with a family of aggregating
proteins, the hyaladherins, and these interactions are
important in tissue morphogenesis, angiogenesis and
tissue remodeling [12,13]. HA plays a particular role
in cancer cell microenvironment. Cancer cells exhibit
binding-sites (CD44, RHAMM) for HA and their
adhesion to it can influence the cell motility; differ-
ent factors may interplay to facilitate cell detachment
from HA [14]. Increased amounts of HA are found
in the affected tissues/fluids in many malignant
cases, such as malignant mesothelioma, and in other
diseases, such as atherosclerosis and exfoliation
syndrome. Increased levels are also found in the

Each disaccharide consists of one hexosamine ( serum of patients with inflammatory rheumatic dis-

galactosamine as-glucosamine) and one uronic acid
(p-glucuronic acid, GIcA oc-iduronic acid, IdoA) or
neutral hexosentgalactose, Gal). According to the
type of the monosaccharides and the glycosidic
bonds between them, GAGs can be divided into four
main categories: (1) hyaluronan (HA) (Fig. 1A), (2)
chondroitin sulfate (CS) and dermatan sulfate (DS)
(Fig. 1B), (3) heparan sulfate (HS) and heparin (Fig.
1C), and (4) keratan sulfate (KS) (Fig. 1D).

The repeating unit of HA is
[-4GIcAB1- 3GIcNAB1-] and it is the only non-
sulfated GAG, i.e., none of its hydroxyls is esterified
with a sulfate group. It is synthesised by hyaluronan
synthase in the plasma membrane, where the elonga-
tion occurs by the alternate addition of UDP-
glucuronic acid and UDMN-acetyl-glucosamine at

eases, chirrotic liver diseases or malignant

mesothelioma. This is due to increased synthesis of

HA in the tissues owed to stimulation of cells by
different inflammatory mediators and growth factors,
except in the case of liver chirrosis, where the

removal of HA from the serum is reduced [15].
Thus, analysis of HA has been proposed to be useful
for diagnosis especially of malignant mesothelioma

(pleural fluid), rheumatoid arthritis and liver diseases

(serum) [16-18].

All other GAGs are synthesised as PGs in the
Golgi apparatus by elaborate biosynthetic machinery.
Biosynthesis of chondroitin sulfate, dermatan sulfate,
heparin and heparan sulfate is initiated by a tetra-
saccharide linkage region (BleAl
3Gd@L 3GallB - 4Xyl1g ), linked via an O-
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Fig. 1. Representative structures of hyaluronan (A), chondroitin sulfate (B), heparan sulfate (C) and keratan sulfate (D). Dermatan sulfate
and heparin are hybrid structures containing GIcA and IdoA. Hexosamine in heparin/heparan sulfate may bid-aitkttgtated or
N-sulfonylated.

glycosidic bond to certain serine or threonine res- the final structure, such as C-5 epimerization of
idues in a specific protein, the protein core. The GIcA to IdoA, ddéulfation at C-2 of IdoA.
GAG chain is elongated on this tetrasaccharide by L-Iduronic acid imparts conformational flexibility to

alternative additions to the non-reducing termini of the dermatan sulfate chain. It further alters the shape
GIcA and GalNAc, both derived from UDP-sugar and spatial orientation of sulfate residues, endowing
donors. With 3-phospho-adenosiné-phopshosul- the chain with higher negative charge content than
fate (PAPS) as a donor of sulfate group, a series of the GIcA [19,20]. Although the principles of the
enzymic modifications of the growing polysaccharide biosynthetic process are not yet fully elucidated, it is
chain determines the final structure of GAGs. Their well known that this process results in the generation
molecular mass is usually about 20 000 (CS) and of highly modified oligosaccharide domains within
30 000 (DS). the polymer chain which are separated by regions of
Chondroitin sulfate and dermatan sulfate chains relatively low-degree structural modifications. Thus,
are constructed by the repeating unit the DS chain has a hybrid co-polymeric structure
[-4GIcAB1-3GalNAgB1-], which is then sul- consisting of low modified (CS) and highly modified
fated at the C-4 or C-6 positions of GalNAc. Some, (DS) domains [21]. The IdoA-containing units are
but little, of these positions remain unsulfated. In the often sulfated at C-4 of the GalN, while sulfation at

case of DS, further enzymic modifications complete C-6 is frequently associated with GlcA-containing
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disaccharides [22]. Twenty-three different CS/DS
disaccharides have been identified so far [22]. The
detailed structure of this GAG is modified during
certain diseases, such as in all types of arthritis,
atherosclerosis and cancer. The well described struc-
tural modifications involve changes in ratios of IdoA
to GIcA and of 4-sulfated disaccharides to 6- and
non-sulfated disaccharides. Changes in the size of
chains are also described. Many of these alterations
can be observed after analysis of CS/DS in urine of
patients.

Heparin and HS have a distinctly different repeat-
ing disaccharide structure than the previous GAGs,
that is [-4GIcABl-4GIcNAcx1-]. The distinc-
tion of these GAGs is confused, due to their structur-
al similarity, however heparin is more negatively
charged than HS. They follow different biosynthetic
steps in different cells and in different core proteins.
The glycosidic linkage between uronic acid and
GlcN is B1-4 instead offl- 3, and that between
GlcN and uronic acid isx1-4 instead offl- 4.
The growing GAG polymer chain ibl-deacetylated
and N-sulfonylated at the glucosamine residues,
yielding regions in the chain particularly available to
further structural changes: C-5 epimerization of
GlcA and O-sulfation mainly at C-2 of IdoA and C-6
of glucosamine [23]. Other more infrequeBtsulfa-
tions occur at C-2 of GIcA and C-3 oN-sul-
fonylated glucosamine. A few of the glucosamine
amino groups may also remain unsubstituted. This
process yields hybrid structures with hyper-variable,
highly sulfated domains and poorly modified ones.
Thirteen different disaccharide structures have been

recognised. Heparin has the highest charge density of

any known biological macromolecule, while HS is
generally less sulfated and with lower IdoA content
and, thus, presents greater structural variability
[24,25]. Both GAGs are highly polydisperse mole-
cules, depending on tissue origin and status [26—28].
Heparin exhibits diverse biologic functions, its hall-
mark being the antithrombotic activity. HS partici-
pates in a large number of interactions with other
effective extracellular and cell membrane molecules,
such as growth factors, integrins and thrombin/anti-
thrombin [29-33]. Therefore, the analysis of
heparin/HS, which may identify structural variations
due to differential expression of the corresponding
PGs and/or of the enzymes responsible for their
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biosynthesis, may provide evidence for tissue and
cell status. Such structural changes are observed in
cancer and correspond mainly to size changes and
degree of epimerisation &daoid N-sulfonyla-
tion of glucosamine. HS of various sizes is observed
in the urine of patients of many of the known
mucopolysaccharidoses (MPSs) due to deficiency in
specific degradative enzymes.

The repeating disaccharide unit of
-3GaB1-4GIcNAcB1-] contains a galactose
residue instead of uronic acid and the glycosidic

bonds are reversed, compared to those in HA and
CS/DS. Sulfate esters are present at the C-6 of one
or both of the component monosaccharides, but any
other hydroxyl group may carry an esterified sulfate
group [34]. This GAG is synthesized on two differ-
ent linkage oligosaccharide precursors, the structure
of which depends on the type of glycosidic linkage
on the protein cHNrglycosidic linkage, usually
found in the cell-bound glycoproteins, is characteris-
tic of the corneal KS (KS ) andD-glycosidic
linkage, usually found in mucins, a specific type of
glycoproteins, is characteristic of the cartilage KS
(KS 1I). Sialic acids attached to @rianked
oligosaccharide regulate the synthesis of KS; KS
elongation can occur by glycosyl-transferases and
sulfotransferases only when sialic acids are not
present in the non-reducing terminal of the chain.
Once the sialic acids are added, the elongation of KS
chains is terminated. The molecular mass of KS is
usually small, and it increases with ageing [35]. The
main tissue containing KS is cartilage and thus the
determination of KS in serum, urine or synovial fluid
is proposed as a marker for the measurement of
cartilage damage in joint diseases.
GAGs may be implicated in a disease for a variety
of reasons. There may be an in-built structural defect
in the GAGs, as in the case of KS in corneal macular
dystrophy, where, due to lack of sulfation, precipi-
tates form and with time accumulate in the collagen
lattice (which is less organised) of the stroma,
leading to increased corneal opacity. Alternatively,
defects may be present, for example, in matrix
proteins with which GAG chains are involved, or
deficiencies may be present in biosynthetic or
catabolic steps of GAGs. Among the latter, charac-
teristic examples are many types of cancer, where
impairment in the biosynthesis of GAGs is observed,

KS
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Table 1
Examples of diseases in which GAG chains are implicated

25

Disease Tissue affected

GAG altered in tissue  GAG altered in blood or urine

Gastrointestinal adenocarcinoma  Gastrointestinal tract

HA, CS/DS, HS ?

Degenerative joint diseases Cartilage HA, CS HA, KS in serum

Macular dystrophy Cornea KS ?

Chirrosis Liver HA HA in serum

Atherosclerosis Blood vessels HA, CS/DS ?

Mucopolysaccharidoses Skeleton, nervous system, cornea  ? DS, HS, KS in urine, depending on the type
Marfan’s syndrome Cartilage CS, KS ?

Metatropic dysplasia Il Cartilage ? KS in urine

Exfoliated syndrome Almost all eye tissues HA ?

Brachymorphy Cartilage Cs ?

Malignant mesothelioma Pleural fluid HA HA in serum

and all MPSs, where an inherited deficiency of at
least in one enzyme involved in GAG catabolism is

found. Some characteristic diseases, the tissue and

GAG affected are shown in Table 1.

2. Methods of analysis

In earlier years, isolation and characterisation of
GAGs was achieved by solubilising the tissue with a
proteolytic enzyme, usually papain, and then frac-
tionating the mixture by either ion-exchange chroma-
tography on Dowex or DEAE-cellulose or on CPC-
cellulose columns [36]. The isolated GAGs were
quantitated by using a colorimetric reaction and were
further characterised by chemical analysis, solid
infrared spectroscopy, electrophoresis and digestion
with hyaluronidase (for a review, see Ref. [37] and
references therein). In cases when no isolation of
individual GAGs was required for their quantitation,
or when the amounts of GAGs were very low, the

samples were electrophoresed on cellulose acetate

stained with toluidine blue, and quantified by scan-
ning the strips in a densitometer. During the last
years, specialised liquid chromatographic and elec-
trophoretic instruments have been developed, to-
gether with sensitive detection systems, and there-
fore, very low amounts of GAGs can be separated
and quantified accurately.

Currently, GAGs may still be isolated from a
number of biological sources, tissues, cells, fluids
either from PGs extracted with solutions containing
chaotropic reagents and detergents or from direct

protease digests of sample. For a more detailed
description of procedures followed for the isolation
of PGs and GAGs, the interested reader is referred tc

a published review article [38].

The analysis of glycosaminoglycans by the various
separation techniques is performed by using either
intact molecules/metabolic products or degraded
molecules. A number of strategies may be used for

GAG analysis according to the information desired
and in all cases, similar methodology is used, with
little variations.

2.1. Analysis of intact molecules or metabolic
products

Analysis of intact polymers may give information
on the charge polydispersity and the molecular size
of GAG chains. The techniques proposed involve the
direct separation of the GAGs under investigation
followed by detection and quantitation or first the
derivatisation of the molecules and then the sub-
sequent separation. Chromatographic and electropho-
retic techniques are used.

The detection and quantitation is usually accom-
plished by either far UV (210 nm) or after reaction
with a cationic dye (alcian blue, dimethylmethylene
blue, etc., and measurement of the colour formed in

the appropriate wavelength) or by a colorimetric

assay (borate—carbazole reaction). When the GAGs
are first derivatised, a fluorophore such as 2-amino-
acridone (2-AMAC) is usually introduced thus add-
ing to the sensitivity of the detection.
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2.2. Analysis of degraged molecules

ester group at C-6 and non-sulfated GIcA. As it has

been reported [44], heparin- and HS-lyases can be

GAG structure is traditionally studied by scission
of the chains using specific enzymes and/or chemi-
cal treatments and analysis of the products using
various analytical techniques, such as electropho-
resis, high-performance liquid chromatography
(HPLC), nuclear magnetic resonance (NMR) and
mass spectroscopy [39-43]. The GAGs under in-
vestigation are first degraded with specific enzymes
and then the degradation products are subsequently
either separated using an appropriate procedure
followed by detection and quantitation or derivatised
first and then subjected to separation and quantita-
tion.

The enzymes that are mainly used for the degra-
dation of the GAGs belong to the family of chondro/
dermato lyases and heparin- and HS-lyases. All act
on thep(1-4) bond between hexosamine and uronic

acid and produce disaccharides possessing a double

bond between C-4 and C-5 of the uronic acid. The
unsaturated uronic acid strongly absorbs ultraviolet
light at 232 nm E=5500 M~ * cm ') and this
wavelength is used for the quantitation of the
products.

Chondroitinase ABC degrades HA, CS and DS,
chondroitinase AC HA and CS, whereas chondroiti-
nase B degrades only DS. A combination of enzymes

used in combination when degradation of heparin

and HS chains is required, since more than 92% of
the polymers are degrafietistaccharides.

The commercial availability of the above-men-
tioned lyases has made possible their use by a
number of different laboratories, applying modified
digestion protocols. The conditions normally used
are as follows. Simultaneous digestions of the galac-

tosaminoglycans (GalAGs) with chondroitinases
ABC or AC and chondro-4- and -6-sulfatases (0.1
units of each per mg polysaccharide) are performed
inubBolution of 50 nM Tris—HCI, pH 7.5, at

37°C for 90 min. Digestion with chondroitinase B is

carried out inNd0rmis—HCI, pH 8.0, at 37C for

60 min. Digestions of HS and heparin are performed

in LD@f 20 mM acetate buffer, pH 7.0, con-
tainingnol calcium acetate and 0.3 units of each

of heparin lyase | and heparinases Il and Ill per mg
polysaccharide dry mass°@tf87 90 min. The
end point of all enzymic depolymerisations is re-

corded by a stable value at 232 nm. The reactions are
terminated by heating the solutions &€ 100
3 min. Following centrifugation in a microfuge

(11 @dCdor 5 min, aliquots are used for direct
analysis of variously sized and sulfatsd-
charides.

may also be used for the characterisation of these
GAGs in a biologic sample. When quantitation of
GAGs is more significant than the identification of

Sreptomyces  hyalurolyticus  hyaluronidase is
another useful enzyme in the analysis of GAGs. It
splits exclusively Mracetylglucosaminidic link-

the various disaccharides present in a sample,
chondro-4- and chondro-6-sulfatases are used to
remove the sulfate ester groups from the disac-
charides.

There are three different enzymes that degrade
heparin/HS, known as heparin- and HS-lyases. They
degrade heparin/HS according to the type of uronic
acid and sulfation. Heparin lyase | (known also as
heparinase, since it mainly degrades heparin) cleaves
the GICNSE6S)(+=3S)(1-4)IdoA(=2S) bond,
heparin lyase Il (heparinase Il) is catalytically active
toward both types of uronic acid and therefore,
possesses the ability to degrade both heparin and

ages in HA, yielding unsaturated tetrasaccharides
and hexasaccharides as end-products. Other hy-
aluronidases, which are used in many procedures,

cannot be used for analytical purposes, since they

give products of varying size, some owed to trans-
glycosylation reactions, and all lack double bond in
the uronate residues due to the hydrolytic nature of
the enzymes.

Apart from the various lyases, some hydrolases,

such as keratanases | and Il can be used for the
specific degradation of keratan sulfate. Keratanase |

catalyses the hydrolytic cleavggied of4) galac-
tosidic linkages between non-sulfated galactose anc

heparan sulfate regions of GAGs. Heparin lyase Il N-acetylglucosamine-6-sulfate of KS and related

(heparitinase 1), which mainly degrades the HS
chains, attacks
GIcNAc or GIcNS that does not contain a sulfate

the glycosidic bonds between B(1-3) glucosaminidic
glucosamine-6-sulfate, the major products being

glycans. Keratanase |l catalyses the cleavage of
linkages of N-acetyl-
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H OH
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INOH  H / © HO v
= H H NHCOCH, H Vil v H H NHCOCH
H OH
H OH
Fig. 2. Reaction of reducing sugar residue with 2-aminoacridone (2-AMAC).
mono- and disulfated disaccharides. Oversulfated each GAG and any alteration observed in a sample
regions remain unaffected by the enzymes. would reflect the metabolic status of the tissue from
Labelling of glycosaminoglycans or their degra- which it is obtained. However, since polydispersity is
dation products with 2-AMAC is a very simple an inherent phenomenon of GAG preparations, other,
reaction (Fig. 2), which can be carried out in any more or less sophisticated procedures have been
conventional laboratory. The steps involved are as introduced for the characterisation of this family of
follows [45,46]: (1) preparation of a 0. AMAC macromolecules. Enzymic degradation is the step
solution in dimethylsulfoxide—acetic acid (85:15, v/ that is generally accepted as a prerequisite before any
V). (2) Mixing of the dried samples with @l of separation procedure is employed. Specific enzymic
AMAC solution and incubation at 3T for 5-15 cleavage of a GAG using chondroitinases or heparin
min. (3) Addition of 5 pl of a 1 M solution of lyases, depending on the type of GAG the analysis is
sodium cyanoborohydride in water and incubation at required for in a papain digest of a tissue, permits the
37°C for 16 h. (4) Cooling to room temperature and identification of the cleaved GAG and its subsequent
mixing with 30 pl of 25% (v/v) glycerol. The characterisatiol-Disaccharide analysis cannot be
derivatised samples can be used directly or stored at performed by the traditional chromatographic sys-
—80°C for up to 6 months. tems and therefore, HPLC methods have been de-
veloped and successfully used. Although HPLC
methods do not generally provide complete infor-
3. Chromatographic methods mation on the sequence of the GAG chains, never-
theless they become popular because they reveal the
Chromatographic procedures are widely used for pattern of sulfation and therefore, the degree of
the separation and characterisation of GAGs. lon- modifications. Up to now, this has been the only
exchange and gel permeation are the earliest types of available source of information that enabled an
chromatography applied, because charge density and insight as to how GAG structure is modified during

molecular size are thought to be characteristic for the progress of normal biological events or in certain
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diseases, such as atherosclerosis and cancer [47—-49].

Moreover, all GAGs present in a sample may be A ” éé 2 (’06
sequentially degraded by appropriate specific en- g ';g ‘_;_' - ;
zymes and thus, the full characterisation of all GAG 0.04 _; E L Ie E
chains present may be accomplished. Alternatively, B 17 <= =
the intact GAG(s) in the initial sample may be b é

directly characterised, if a specific physical property,

such as molecular size and charge density, modified
during the development and progress of a certain
disease can be detected.

0.02

T

3.1. HPLC disaccharide analysis of GAGs

232 nm)

Over the years various HPLC modes, including

normal-phase, reversed-phase, ion-pair and ion-ex-
change chromatography, have been used for com-
positional disaccharide analysis of GAGs [43,50]. In .12 }+
general, analysis of unsaturated disaccharides is
simple and rapid, avoiding any time-consuming
derivatisation reactions. There is no need for special
equipment, such as fluorescence detectors, and the
sensitivity, provided by the absorption of unsaturated "% [
disaccharides at 232 nm, is satisfactory enough and
comparable with the sensitivity obtained by deri-  0.03 +
vatisation [21,44,51]. Derivatisation, however, may
be useful for the sensitive detection of saturated ,_J\J . " N
saccharides, such as various normal metabolic prod- 0 5 10 1
ucts of GAGs. Pre-column derivatisation with 2-
AMAC [52], 2-aminopyridine [53], and 2-amino-
benzamide [54] has been reported. Recently, Volpi Fig. 3. Typical_chroma_tograms showing the resolution_of various-
[55] reported that derivatisation with dansylhydra- ly sulfated A-disaccharides of CS/DS (A), and heparin/heparan
. . . sulfate (B). Chromatography was performed on a reversed-phase
zine offers high sensitivity. Toyoda et al. [56] have column (Supelcosil LC-18) and elutions as described in Ref. [42].
used post-column derivatisation with 2-cyanamide.
The majority of the separations have been performed

o=}

Adi—nonS

aAdi-nonS
——Adi-mono6S

“-Adi-mono2$

Absorbance (

aAdi-mono6S
aAdi-mono2S
aAdi-di(2, 6)S

0.09 r

Adi-tri(2, 6, N)S

Adi-monoNS

1 1 " It

20 25 30 35

%]

Retention time (min.)

on positively charged (amino) columns and elutions higher retention times. Due to this property, all non-,

were carried out either by salt gradients or isocratic mono-, di- and trisulfated GAG-defwidac-

systems often at elevated temperatures. charides with a sulfate/carboxyl ratio ranging from 0
lon-pair reversed-phase HPLC has proved quite to 3 were completely separated by ion-pair HPLC. In

useful in GAG compositional analyses and the the case of GalA@3H;mono2S can also be

determination of oligosaccharide size [44]. Binding resolved fraai-mono4S andAdi-mono6S, and

of tetrabutylammonium hydrogen sulfate (TBA) Adi-di(4,6)S fromAdi-di(2,4)S andAdi-di (2,6)S, as

cation to the anionic charges of thesaccharides well. Consequently, the presenceddimono?2S and

(the carboxyl and sulfate groups) results in hydro- Adi-di(4,6)S in these digests can be demonstrated

phobic interactions of the TBA—saccharide complex without further HPLC/HPCE analysis. In the case of

with the C,; bonded phase of the stationary phase heparin/HS-deYideshccharides, all known non-,

(Fig. 3). Thus, the increased number of anionic mono-, di- and trisulfAtelisaccharides, bearing

charges, owed to either the increased number of N-sulfonylated, N-acetylated or non-substituted
sulfates and/or the size of the saccharide, results in glucosamine, are completely resolved by ion-pair
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HPLC [44]. For the determination of the exact
sulfation pattern of GalAG-derived-disaccharides,
Karamanos et al. [22] have described an HPLC
method, by which 23 different disaccharides in
GalAGs and the HA-derived disaccharide can be
determined on the same analytical column (Econo-
sphere NH ) through a series of three elutions. The
column is eluted isocratically with: (1) 5Mh sodium
dihydrogenorthophosphate, pH 2.55, for nonsulfated
A-disaccharides, (2) 50 Mh sodium dihydrogen-
orthophosphate, pH 2.50, for monosulfated, and (3)
50 mM sodium sulfate—10 M sodium acetate, pH
5.0, for the separation of di- and trisulfated-
disaccharides. This method is very useful for di-
saccharide analysis, since monosulfated disaccha-
rides at either C-2 or C-3 of the uronic acid moieties
and mono-, di- and trisulfated disaccharides, as well
as non-, mono-, and oversulfated disaccharides de-

Because of the natural structural variations of GAGSs,

this method is not sensitive enough to determine net

alterations found in many pathological conditions.
lon-exchange chromatography, i.e., on DEAE-
Sephacel, is mainly used for the enrichment of a
tissue protease digest in GAGs or for the separation
of glycopeptides and HA from the sulfated GAGs

and their subsequent characterisation after enzymic

treatment and HPLC or another analytical technique.

4. Electromigration methods

Electromigration methods include a variety of
techniques involving separation on a solid support of
biomolecules under analysis according to their
charge density and/or molecular size; GAGs being
highly negatively charged molecules are, therefore,

rived from IdoA can be identified. separable by this technique. Separation, however, is
accomplished by the combination of GAG size and
charge density, which reflect structural differences
between these molecules. The known electromigra-
tion methods are gel (polyacrylamide or agarose)

electrophoresis, capillary electrophoresis (CE) and

3.2. Gel permeation chromatographic
characterisation of GAGs

A recent development, alternative to-disaccha-

ride analysis by HPLC, is the gel chromatography
behaviour of a GalAG-containing mixture before and
after treatment with specific enzymes. Quantitative
determination of the GalAG content in each chroma-
tography fraction before and after the enzymic
treatment enables one to determine the amount of the
digested GalAG. In addition, from the difference in
GalAG content in each fraction from both chro-
matographies, the elution profile of the digested
molecules may be derived. By applying this meth-
odology, the absolute content and the size distribu-
tion of the digested GalAG is obtained using a
precalibrated column [57]. This procedure has been

fluorophore-assisted carbohydrate electrophoresis
(FACE). Capillary electrophoresis is a technique
developed during the last decade. CE is a unique
technique since it utilises the principles of separation
of both electrophoresis and liquid chromatography,

giving much more resolution and sensitivity and uses
more sophisticated apparatus. Because of the various
CE modes developed for the analysis of GAG-de-
rivaddisaccharides and the increasing rate of
evidence on separations by the use of capillary
electrophoresis, this technique is reviewed separ-
ately.

successfully applied to determine the net amounts 4.1. Intact molecules

and size distribution of CS and DS in samples from
various cartilages [57] and from normal and can-
cerous tissues [58].

Intact GAGs or metabolic products thereof can be
analysed by cellulose acetate, agarose or poly-

acrylamide gel electrophoresis. In all cases, the
identification of bands is performed after reaction
mainly with toluidine blue, although many other
staining techniques are used, such as alcian blue,
stainsall and silver nitrate. Quantitation of the re-
solved bands may be obtained by using image
analysis systems, band density or digital scanning.

3.3. lon-exchange chromatographic separation of
GAGs

This type of chromatography, although it has been
used for gross separation of various GAGs, it is not
normally applied for fine characterisation of GAGs.
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The conditions proposed for polyacrylamide gel Each lyase product contains a free reducing end that
electrophoresis permit the separation of GAGs main- can be stoichiometrically coupled to 2-AMAC (or
ly by their molecular size. However, the bands are whatever fluorescent tag) via reductive amination
highly diffuse and this does not allow detection of and the labelled products can be resolved into
small molecular mass changes without the use of discrete bands by electrophoresis on high percentage
sophisticated gels, such as complicated poly- polyacrylamide gels. No specialised equipment is
acrylamide gradient gels. On the other hand, the so required for the application of such a procedure,
far applied cellulose acetate electrophoresis proce- which, in addition, does not involve preparative steps
dures permit the separation of the known GAGs that can lead to losses of products.

based exclusively on their charge density. Once When only the analysisdefaccharides or of
again, small molecular size changes cannot be de-A-oligosaccharides of small size is required less
tected. The most common conditions involve a complicated gels than initially applied may be used.
monodimensional electrophoresis in bivalent cation Turnbull [64] has proposed such a system for
buffers or pyridine—formate buffer. However, no sequencing heparin/HS-derived saccharides of spe-
such a system can separate all the known GAGs in cific functional structures. Regardless of the sepa-
one run and therefore, two-dimensional methods rational system applied, fine differences in the struc-
have been proposed with the disadvantage to ex- ture of the digestion products, found in cancerous
amine only one sample per run. Comparison of the tissues, corneal macular dystrophy or osteoarthritis,
electrophoresis profiles before and after selective can be easily revealed [45,65,66].

enzymic treatment allows characterisation of the
major GAGs in a given sample and quantitative 4.2.2. Capillary electrophoresis

estimation. The separation principles of the various HPCE
operating modes, the ways of detection commonly
4.2. Degraded molecules used in carbohydrate analysis and applications of
HPCE in the structural characterisation of GAG
4.2.1. Polyacrylamide gel electrophoresis moieties of PGs have been extensively presented in
Because of the difficulties in detecting structural the literature [67—-78] (Fig. 4). The commonest and
differences in intact GAGs, all attempts are focused simplest mode of CE is capillary zone electropho-
on analyses of degradation products, especialy resis (CZE). Upon voltage application, the nega-
disaccharides thereof. Degraded GAGs may be ana- tively charged wall of the uncoated fused-silica
lysed either by polyacrylamide gel electrophoresis or capillary causes electroosmotic flow (EOF) of buffer
capillary electrophoresis, with or without derivatisa- species, which moves all analytes towards the nega-
tion of the molecules. The pioneer work from John tive electrode (cathode). The separation of solutes is
Gallagher's laboratory [59-61] concerning the accomplished by the vector sum of EOF and their
identification of radiolabelled heparan sulfate oligo- electrophoretic mobility (EM); the latter depending
saccharides after polyacrylamide gel electrophoresis on the charge to mass ratio of the molecules. In the
has widely been regarded as a powerful tool for the case of GAG-derived saccharides, which are inher-
separation and structural characterisation of GAG- ently negatively charged, EOF and EM counteract
derived oligosaccharides [39,62,63]. The advantage each other, and the apparent migration depends on
of this methodology lies on the ability of the the net difference between these two driving forces.
electrophoretic system to detect not omydisac- At acidic pH, EOF is so low that it cannot over-
charides of different structures but also possibly less whelm the EM of anions. In this case, the polarity is
degraded regions of the molecules due to unusual reversed.
structures. Employing fluorotagging of the enzymic Micellar electrokinetic capillary chromatography
products with 2-AMAC, the sensitivity of the de- (MECC) mimics reversed-phase HPLC conditions,
tection system reaches down to pmol of product. since analytes interact with micelles in the operating
This methodology is especially applicable for studies buffer, which is also known as pseudostationary

when small amounts of tissue or GAGs are available. phase. MECC can easily be used for separation of
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Fig. 4. (A) Typical CE separation of the non-sulfated disaccharides from HA and CS. Conditions are as described in Ref. [78]. (B) Typical
electropherogram showing the complete resolution of all 12 known heparin- and HS-dArdisdccharides. Analysis was performed at
25°C, using a 50 vl phosphate buffer, pH 3.5, with reversed polarity at 30 kV and@&ising a HE® CE (Agilent Technologies)
instrument with a built-in diode array detector set at 255 nm. PeaksAdli-nonS, 2=Adi-nonS, 3=aAdi-mono6S, 4 Adi-mono6S,
5=aAdi-mono2S, 6 Adi-mono2S, #Adi-monoNS, 8-=aAdi-di(2,6)S, 9=Adi-di(2,6)S, 16=Adi-di(2,N)S, 1EAdi-di(6,N)S, 12=Adi-

tri(2,6,N)S. (From Ref. [142]).

both charged and neutral solutes bearing either
hydrophobic or hydrophilic characteristics. In GAG
analysis, the benefits of MECC have been exploited
by the addition of detergents and other additives,
such as sodium dodecyl sulfate (SDS) and cetyl-
trimethylammonium bromide (CTAB) in the alkaline
borate buffers commonly used. Microemulsion elec-
trokinetic capillary chromatography (MEEKC) is
another recently introduced CE operation mode in
which neutral and ionized species can be resolved
according to their partitioning into oil droplets
moving in the operating buffer. The alteration of the
structure of the saccharides and of the CS-derived
A-disaccharides using pre-column derivatisation with
2-AMAC has been exploited for the separation of the
derivatised saccharides by MEEKC [79].

By and large, CZE analysis of different types of
variously sulfatedA-disaccharides involves two op-
erating systems: one of reversed polarity at low pH
and another of normal polarity at high pH. Tri-
ethylamine as an additive in alkaline borate buffer
(pH ranging from 8.8 to 10.4) suppresses EOF and
EM, and efficient separations of eight CS- and 11

HS-derivelisaccharides have been obtained at
normal polarity [80].

Analysis in acidic phosphate buffers (low pH) and
reversed polarity provides a rapid resolution of all
variously sulfated GAG-derived disaccharides [81—

83]. The only problem that has been observed in this
system is the lack of reproducibility of the migration
times of non-sulfated disaccharides, which may be
attributed to the stability of the capillary used
[83,84]. Eight GalAG-deAwdidaccharides and
the non-sulfated HA disaccharide are separated in a
phosphate buffer at pH 3.0 [81]. All known 12
HS/heparin-dexidéshccharides are separated at
a pH of 3.5 [83]. The same separation conditions can
be applied to AMAC-derivatives of theksac-
charides [82].
The real benefits of CE are demonstrated by both
the ease and speed of separations (an excellent
resolution of all resultant disaccharides is accom-
plished in one run at short times), the trace amounts
of samples required, and the high sensitivity. Ultra-
violet detection at 232 nm Afdisaccharides is
quite satisfactory, as demonstrated by both the mass
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detection limits (in the order of attomol) and the
concentration detection limits (in the order of a few
pM) [81]. Pre-column derivatisation with AMAC

and detection with an Ar-ion laser-induced fluores-
cence (LIF) detector resulted in sensitivity 100- and
10-times higher than those obtained by ultraviolet
detection at 232 nm of underivatisaddisaccharides

and at 254 nm of those derivatised with amino-
acridone, respectively [82]. It has been reported [85]
that disaccharides derivatised with 7-amino-naph-
thalene-1,3-disulfonic acid (ANDSA) were detected
by a He—Cd LIF detector and the detection limit was
at the nanomolar level, three orders of magnitude

lower than the limits of detection of underivatised 6.

disaccharides at 232 nm.
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extensively used for a variety of natural products and
drugs, its use in studies of GAGs is up to now very

limited [87,88]. In early studies of GAGs, however,
gas chromatography (GC) coupled to MS was ap-
plied for the determination of fine structure of
oligosaccharide-linkage region of GAGs [89]. Al-

though this methodology is highly applicable for
studying structures of neutral oligosaccharides, its
application for structural elucidation or analysis of
GAGs is limited, because uronic acids are vulnerable
to such treatments.

Sensitivity and validation

The various procedures developed for the analysis

of glycosaminoglycans aim to be rapid, sensitive and
accurate. However, due to the complex structure of
the molecules and their similarities in chemical

5. Hyphenation procedures

The establishment of the fine structure of the
various GAGs can be facilitated by using a variety of
spectroscopic techniques, such as NMR spectroscopy
and mass spectrometry (MS). Highly purified GAG
preparations or fragments thereof are required, and
such samples have been used to identify specific
structural characteristics and to detect unusual struc-
tures, especially in KS (for a review, see Ref. [86]
and reference therein). In all cases, a separational
system is firstly used to isolate and/or subfractionate
the specific GAG product followed by characterisa-
tion of the isolated specific structures by these
techniques. Coupling of separational modes to spec-
trometric detection instruments, although it has been

structure it is difficult to have an one-step analytical

procedure. Therefore, any multistep procedure used
should have high recoveries, low sample consump-

tion and also to give accurate and reproducible
results. The analytical procedures developed during
the last years were focused on increasing the ana-
lytical sensitivity so that they could be applied for

the analysis of samples available in very low
amounts, such as tissue biopsies.

HPLC is the mostly studied technique, since its
application on the separation of GAG disaccharides
is studied during the last 25 years. The more recently

proposed HPLC analytical techniques are shown in
Table 2. Detection of GAG-derived disaccharides is

Table 2

Detection limits of derivatised and non-derivatised GAG products in more recent HPLC methodologies

Type of GAG Type of column Detection limif(mol 1) Ref.
HA and GalAGs Amino ca. 24 [21]
HA and GalAGs Amino ca. 5 [55]
GalAGs Amino ca. 5 [54]
GalAGs AS4A anion exchange ca. 0.3 [53]
GalAGs Amino ca. 0.1 [54]
HS and heparin G ca. 0.i6 [44]
HS and heparin Sulfonated styrene—divinylbenzene cd. 2.4 [51]
HS and heparin Amino ca.’s [52]
HS and heparin Amino ca. 0.1 [54]
HS and heparin Amino ca. 05 [55]
HS and heparin Amido-bonded silica ca.'0.2 [56]

® Double bonds,” : derivatives with dansylhydrazine, 2-aminoacridone,

respectively.

2-aminopyridine, 2-aminobenzamide, 2-cyanoacetamide,
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Table 3

Detection limits of FACE methodologies

Type of GAG Detection limit umol 17%) Ref.
HA and GalAGs ca. 3 [43]
KS ca. 3 [44]
HS and heparin ca. 0’2 [64]
HS and heparin ca. 0.62 [91]

Derivatives of:®: 2-aminoacridoné : 2-aminobenzoic acid; :
7-amino-naphthalene-1,3-disulfonic acid.

usually carried out by measuring the absorption at
232 nm, because of the double bond of uronate
[21,44,90] or by using fluorescent labelling before
[52-55] or after [56] separation. The detection limits
range from 0.1 to Sumol | * and this reflects the
high sensitivity of the HPLC procedures.

Separation of GAGs, GAG-oligosaccharides and
disaccharides by gel or cellulose acetate electro-
phoresis is mainly used for their qualitative analysis.
The detection limits are rather high (more than 20
pmol | 1), Derivatisation of GAG disaccharides with
a fluorophore makes feasible their quantitative analy-
sis. FACE, due to the use of specific fluorescent
derivatives, seems to be more sensitive than the
HPLC utilising detection ofA-disaccharides at 232
nm. The proposed FACE procedures can be applied
for the detection of HA, GalAGs, KS and heparin/

HS. The limits of their detection depend on the
fluorescent label (Table 3), being@nol 1~* using
2-AMAC, 0.5 wmol |I~* using 2-aminobenzoic acid
and 0.05pmol |~ using ANDSA [45,46,64—66,91].

CE separational analysis of intact GAG, GAG-
derived oligosaccharides and disaccharides is the
most recently developed and rapidly expanding
miniaturised methodology. The developed methods
offer high resolution and extremely high sensitivities.
Some characteristic CE separations of GAG dis-

accarides are shown in Table 4. The sensitivity of
these assays is very high reaching down to the pmol
level (underivatised samples) [79,80,83,90,93—-104]
or to the amol level (derivatised samples) [52,82,85].

7. Critical evaluation of biological relevance of
GAG analyses

GAGs are the polysaccharides that are found in all
tissues and body fluids. Under normal conditions,
their concentration depends on the tissue, i.e., it
varies from 20 g | (cartilage) to less than 1 mg |
(body fluids), and depends on the type of GAG.
Local changes in the concentration of GAGs have
been reported to occur with ageing, but more intense
changes are associated with almost all diseases.

Table 4

Running conditions for the separation of GAG products using CE methodologies

Type of GAG Conditions Ref.
HA- and CS-derivedA-disaccharides UFS, normal polarity, high pH [90]
HA- and CS-derivedA-disaccharides UFS, normal polarity, high pH [92]
HA- and CS-derivedA-disaccharides UFS, normal polarity, high pEdditives [93]
HA- and CS-derivedA-disaccharides UFS, normal polarity, high plEdditives [94]
HA- and CS-derivedA-disaccharides UFS, reversed polarity, low pH [95]
CS-derivedA-disaccharides UFS, normal polarity, high pEdditives [96]
CS-derivedA-disaccharides UFS, normal polarity, high pEdditives [97]
CS-derivedA-disaccharides CFS, normal polarity, low pH [85]
CS-derivedA-disaccharides UFS, reversed polarity, low pH [82]
CS- and HS-derivead-disaccharides UFS, reversed polarity, low pH [52]
CS-, HS- and heparin-derivettdisaccharides UFS, reversed polarity, low pH [98]
DS- and HS-derived\-disaccharides UFS, normal polarity, high pEdditives [82]
HS-derivedA-disaccharides UFS, normal polarity, high plEdditives [99]
HS-derivedA-disaccharides UFS, normal polarity, high pEdditives [100]
HS-derivedA-disaccharides UFS, reversed polarity, low pH [83]
HS- and heparin-derived-disaccharides UFS, reversed polarity, low pH [101]
Heparin-derivedA-disaccharides UFS, reversed polarity, low pH [79]
Heparin-derivedA-di- and oligosaccharides UFS, reversed polarity, low pH [102]
Heparin-derivedA-di- and oligosaccharides UFS, reversed polarity, low pH [103]
Acetylated heparin-derived disaccharides UFS, normal polarity, highgaiditives [104]
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These changes usually reflect changes of specific
GAG(s). Typical examples are many malignant
cases, where a significant increase of HA
[15,16,58,105—-112] and/or CS [111,113,114] con-
centration occurs, and the various MPSs, where
increased amounts of either DS, HS or KS are
excreted in the urine due to lysosomal enzyme

the analysis of HA in malignant cases, where in-

creased amount of HA is detected in biopsy samples.

In the case of malignant mesothelioma, especially,
the net increase of HA is high enough to be used for
diagnostic purposes. Here, the analysis of HA is
better performed after its degradation with chon-
droitinases ABC and AC and the quantitation of

deficiencies [115]. However, an increase of the A-disaccharide by HPLC or CE, instead of using any

concentration of a specific GAG in a tissue or body

fluid may be observed in more than one cases, i.e.,
diabetes, renal failure, systemic diseases, meningo-
coccal septicemia, emphysema, mercury poisoning,
causing an increase of GAGs or their products in

urine [116-122]. In these cases, additional infor-

mation is required to distinguish them. Therefore,

separational techniques must be applied to delineate
possible alterations of GAGs, such as changes in
molecular size and fine chemical structure, and thus
to use them for the diagnosis of the pathophysiologi-

cal status of a specific tissue or of a patient.

The choice of the type of separational technique
that should be used, depends upon the information
required. When the metabolic products of a tissue
have to be examined, the separational technique
should provide evidence on the size of the molecules
and thus a gel permeation chromatographic or a gel
electrophoretic procedure is recommended. On the
other hand, when the detailed chemical structure of a
GAG is required, the separational technique should
be able to provide information on the structure of the

other technique. From measurements of HA in a
large number of pleural fluids, it was concluded that
values below 25 mg of HA-uronic acid per litre
should be considered as normal. People having such

values belong to low risk for development of malig-

nant mesothelioma (normal population). High-risk
individuals have HA concentration values between
25 and 75'mg | , and values over 75 mg | are
taken to mean presence of malignant mesothelioma
[16,17,123]. These analytical results, together with
the pathological findings are used for differential
diagnosis of malignant mesothelioma. In other types
of cancer, where the net increase in HA content is
quite small, and, since variations in HA concen-
trations may be due to other causes, such as ageing
or other diseases, i.e., rheumatoid arthritis or certain
liver diseases, HA values alone are not conclusive
for the diagnosis. However, in a number of malig-
nant cases, additional changes in the other GAGs are
reported, such as increase in CS [111,113,114,124]
with a concomitant increaskdiimono6S in

various gastrointestinal adenocarcinomas. Increase of

disaccaride repeating units, and therefore, the use of Adi-nonS is found in most cancers [58,111,112,114],

HPLC, CE or FACE becomes unavoidable. In some
cases, where fine biochemical characterisation is
needed, the combination of HPLC with CE may be
necessary. It should be emphasised that high sen-
sitivity of the analytical system is an additional
prerequisite for its use for diagnostic purposes.

The analytical procedures described so far have
their own merits and disadvantages in determining
GAGs, metabolic products thereof or their respective
disaccarides obtained after specific enzymic degra-
dation. However, since similar alterations of GAGs
content and composition may be observed in more
than one cases, emphasis will be given in those
pathological conditions, where the results of the
separational procedures can be directly applied for
the diagnosis of a disease.

The most characteristic example is that referring to

and the presence of undersulfated chondroitin in
urine is reported [125]. It is not only the fine

chemical structure, but also the size of the GAGs
that changes in many carcinomas, possibly due to

altered GAG biosynthesis by the cells [58]. Thus, the

combined results regarding the fine chemical struc-
ture and size alterations of all GAGs should be
consider when applied for cancer diagnosis. On the
other hand, the significant increase of HA concen-
tration alone in a tissue sample, has been proposed a:

a marker of metastatic potential of some tumours

[124,126,127].

Characteristic examples of urinary GAG analysis
are used for the various types of MPS, where the
presence of specific GAGs in the urine correlates

with the clinical findings [128—-134]. The GAGs

found are mainly DS and/or HS, and in some cases
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KS. They can be identified after degradation with
specific enzymes and subsequent separation of the
products using HPLC, CE or FACE. The normal
population excretes in urine predominantly CS, and
therefore, the amounts of the other GAGs, which
may be up to 500-times greater than those of CS, can
help to describe the severity of the diseases, although
in some cases of mild MPSs there is no substantial
excretion of GAGs. The biochemical findings must
be suitably evaluated taking into account the clinical
observations. The latter is of crucial importance,
since other diseases, such as renal diseases
[118,135], stone-forming [136], diabetes [116,117]
and systemic diseases [119] may be the cause for the
excreted GAGs.

Fine structural differences of GAGs isolated from
tissue specimens are observed in many pathological

On the other hand, when quantitation and characteri-
sation of other GAGs is required, FACE methodolo-
gies may be used with similar accuracy and sensitivi-
ty as HPLC or CE. FACE, in addition, seems to be
the most applicable methodology when the charac-
terisation of GAGs metabolic products is required.
From the accumulated data until now it becomes
apparent that GAGs may be useful as biochemical
markers for many diseases. However. as it happens
with other biochemical markers, conclusive diag-
nosis may be achieved when the analytical findings
are in harmony with the clinical findings. Analysis of
HA, at least for malignant cases, may be useful for
reliable diagnosis. More studies are required to

establish the usefulness of the analysis of other

GAGs, such as the CS/DS content and ratio, the
amoundienonS.g, and the ratio ofAdi-6S to

conditions, with cancer being the most characteristic Adi-4S, for direct or differential diagnostic purposes.

example. Those observed in various joint diseases,
where the ratios ofAdi-mono6S toAdi-mono4sS in
synovial fluid is altered [137-139], are of similar
significance among other alterations, such as the
elevated amounts of KS in serum [140] or the

However, from the available information and ex-

perience, their analysis may be reliable for moni-
toring follow up of patients after treatment.

presence of neoepitopes in PGs due possibly to 8. Nomenclature

metalloproteinase action [141]. Therefore, the analy-
sis of the A-disaccharides, together with other bio-
chemical parameters and the clinical findings, may
contribute to the diagnosis of the type of joint
disease.

The application of a certain method for the
detection of any alterations of GAGs in a tissue
sample or a body fluid is depending on the data
required. Analysis of HA is better performed after its
degradation with chondroitinases and subsequent

separation and quantitation of the releastdli- HS

saccharide. This procedure is recommended because
other GAGs that might be present will contribute to
direct colorimetric determination of HA (measured
as uronic acid) or the possible presence of non-
sulfated chondroitin sulfate will also affect its quanti-

CE Capillary electrophoresis
CS Chondroitin sulfate
DS Dermatan sulfate
FACE Fluorophore assisted carbohydrate electro-

phoresis

GAG Glycosaminoglycan
GalAG Galactosaminoglycan
HA Hyaluronan

HPLC  High-performance liquid chromatography

Heparan sulfate

KS Keratan sulfate
MPS Mucopolysaccharidosis
PG Proteoglycan
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