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1. INTRODUCTION

The extracellular matrix is composed primarily of collagen, elastin and proteo-
glycans. It is of interest because of its ubiquity within mammals and because its
malfunction is involved in common chronic disease processes for which there is
no reliable cure. The principal polysaccharides of the extracellular matrix are
termed proteoglycans. They consist of a protein core with numerous covalently
linked gl cosaminoglycan (GAG) side-chains. Naturally occurring mammalian
GAGs and the slightly older term acid mucopolysaccharide are synonymous in
mammalian systems, each referring to one of five principal polymers; hyaluron-
ate, chondroitin, keratan, dermatan or heparan. Recent reviews of these mole-
cules [1-3] cover the structure, synthesis and degradation in appreciable detail.

The separation of GAGs from mammalian tissues and fluids has a lengthy his-
tory [4]. A landmark event, however, was the demonstration by J.E. Scott [5,6]
of polysaccharide precipitation by quaternary ammonium compounds, thus pre-
paring the way for the field of proteoglycan research. This review is intended to
cover recent advances in the biochemistry of the GAGs and proteoglycans, with
emphasis on separation techniques and biomedical applications.

The methods which will be reviewed here are electrophoresis (by agarose,
acrylamide and cellulose acetate), high-performance liquid chromatography
(HPLC); for molecular sieving and disaccharide analysis) and conventional col-
umn chromatography (ion exchange, gel permeation and affinity). Since detec-
tion systems are an integral part of modern separation technology, the best
methods for assaying GAGs or detecting column fractions will also be discussed.

The medical relevance of these procedures becomes obvious in the section on
associated disease states. For example separation and identification of GAGs are
prerequisites for confirming the diagnosis of mucopolysaccharidoses. In addition,
the identification of individual GAGs is also proving to be valuable in arthritis
research and in studies of other connective tissue diseases.

The selection of the citations to be reviewed here was restricted to those articles
describing new GAG separation techniques or analytical methods which might
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lead to new technical developments. Specifically omitted from this review were
medically related reports which were not concerned with GAG separation tech-
nology. Also omitted were applied clinical research reports whose primary con-
cern appeared to be the promotion of commercial products.

2. STRUCTURE

The basis of separation and the design of separation methodology entails a
thorough understanding of the chemical structure of the molecule. Accordingly,
each of the five structural GAG classes is summarized.

2.1. Hyaluronate

Hyaluronate is composed of alternating $-1-3 glucuronidic and #-1-4 N-ace-
tylglucosaminidic bonds, repeated ad infinitum.

-(1-4)-B-D-GlepA-(1-3)-B-D-GlcpNAc- (1-4)-

where GlcpA is glucuronic acid pyranose and GlcpNAc is N-acetylglucosamine
pyranose.

The primary occurrences in mammalian tissues are in skin, synovial fluid, vit-
reous fluid and umbilical cord. Non-mammalian sources include cocks comb and
streptococcal bacteria. Naturally occurring hyaluronate is believed to be the only
GAG not covalently attached to protein.

The single outstanding feature of hyaluronate is its ability to form a stable
aqueous gel at chemically low concentrations. Physiologically, however, hyalu-
ronate gels are only known to exist in the presence of collagen. When collagen is
absent or in low concentration as in the vitreous of the owl monkey eye, no gel is
formed [7].

Sodium hyaluronate has a very enhanced circular dichroism (CD) spectrum
relative to its constituent monosaccharides. This can be attributed to the f-1-4
linkage from N-acetyl-D-glucosamine to D-glucuronate. The principal CD band
is negative at 209 nm and its intensity is dependent on the chain length. As the
chain length decreases, the molar elipticity becomes less negative. Polymeric
hyaluronate molar elipticity values are — 10 200 * 500 while oligosaccharides are
approximately — 7500 + 300 deg cm® dmol ! [8].

The gel state of a hyaluronate solution is clearly affected by the solution pH.
At neutral pH a low-percent solution of high-molecular-mass material might dis-
play a viscosity between 500 and 1000 cP. As the pH drops to between 3 and 4 a
transition state is achieved yielding a gel state, which reverts to a thin liquid at
yet lower pH values. Above pH 7, the viscosity progressively decreases. At pH
12.5 a sharp, but reversible, drop in viscosity occurs [9]. The decrease in radius
of gyration and concomitant conformational changes are believed to be specific
to hyaluronate. Both light scattering and CD studies, used to investigate these
changes, suggest a left-handed chirality for the solubilized polymer and proton-
ation of the glucuronate carboxyl as the explanation for the multiple phenomena
[9-11]. Currently, the hyaluronate molecule is considered to be a double helix
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held together by extensive hydrogen bonding and hydration bridges [12]. Indeed
the hydration sphere of the dimeric unit, both within the intact hyaluronate and
as a separate entity, has been studied by compressibility and density measure-
ments [13]. The results indicate that the glucuronate residue is significantly
more hydrated in the polymer than is the N-acetylglucosamine, and that the poly-
mer is less hydrated than the individual monosaccharides. Counterions, partic-
ularly sodium, potassium and calcium, also effect the overall hydration and
conformation of the molecule. X-Ray fiber diffraction clearly shows the changes
occurring with pH, the state of hydration and the change in counterion. The
neutral sodium hyaluronate unit cell approximates a four-fold helix with no
requirement for water molecules [14]. Upon introduction of potassium, the axial
rise per disaccharide increases from 0.84 to 0.89 nm [14-16] and a requirement
of four water molecules per disaccharide is imposed. The introduction of substoi-
chiometric amounts of calcium cause the formation of the calcium complex, which
switches the molecule to a three-fold helix with a 0.95-nm axial rise per disac-
charide. Further, the unit cell now requires nine water molecules per disaccharide
to support the crystalline state [14].

2.2. Chondroitin sulfate

Chondroitin sulfate consists of alternating #-1-3 glucuronidic and #-1-4 N-
acetylgalactosaminidic bonds, and is sulfated at either C-4 or C-6 of the N-ace-
tylgalactosamine pyranose (GalpNAc). It is located in mammalian tissues in
skin, bone, cornea and especially cartilage.

-(1-4)-8-D-GlcpA-(1—3)-B-D-GalpNAc(4-SO5 ) - (1> 4)-

-(1-4)-B-D-GlcpA- (1-3)-B-D-GalpNAc (6-S0;5 ) - (1-»4)-

In vivo, chondroitin sulfate attaches covalently to protein through a
xylose—serine linkage in which the linkage region contains the tetrasaccharide
glucuronosyl-galactosyl-galactosyl-xylose [17].

Due to a much lower molecular mass of naturally occurring chondroitin sulfate,
10 000-50 000 [1], the viscosity behavior of chondroitin sulfate is apparently
Newtonian. Concentrations of 20-50% do not exhibit high viscosities. This dif-
fers markedly from the behavior of hyaluronate. For example, in one study a 50%
chondroitin sulfate preparation had an absolute viscosity of 900 cP while a 1%
sodium hyaluronate preparation had a viscosity of 32 000 cP [18].

X-Ray analysis of purified chondroitin 4-sulfate (chondroitin sulfate A) has
been performed. The sodium salt has a three-fold helical structure which in the
presence of small amounts of divalent calcium converts to a two-fold helix. The
potassium salt can adopt either the three-fold or two-fold conformation {19,20].

2.3. Dermatan sulfate

Dermatan sulfate consists of alternating #-1-3 glucuronidic (or a-L iduron-
idic) and #-1-4 N-acetylgalactosaminidic bonds, and is sulfated at either C-4 or
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C-6 of the N-acetylgalactosamine. The uronic acid residue is variably either idu-
ronic or glucuronic acid with the percentage of each dependent on the source.
Further, the iduronic acid may be sulfated or not in the C-2 position.

-(1-4)-B-D-GlcpA- (1-3) -B-D-GalpNAc(4-805 ) - (1-4)-
-(1-4)-B-D-GlcpA- (1-3) -B-D-GalpNAc (6-S05 ) - (1-+4) -
-(1-4)-a-L-IdopA-(1-+3)-B-D-GalpNAc (4-S05 ) - (1>4) -
-(1-+4)-a-L-IdopA- (1-+3) -8-D-GalpNAc (6-S05 ) - (1+4) -
-(1-»4)-a-L-1dopA (2-805 ) - (1-+3) -B-D-GalpNAc (4-S05 ) - (1-4) -

-(1-4)-a-L-IdopA (2-S05 ) -(1-3)-8-D-GalpNAc(6-SO3 ) - (1-4)-

where IdopA is iduronic acid pyranose.

Analogous to the studies with hyaluronate and chondroitin, X-ray diffraction
analysis has provided a refined concept of the molecular conformation. Of three
allomorphs observed, one was found to be unique among the GAGs in having
right-handed rather than left-handed helices [21]. Some minor controversy exists
yet over the chair-boat conformation of the iduronate moiety [22,23]. There is
evidence that the actual conformation is predominantly a mixture of chair forms
as well as one boat form [24].

2.4. Heparan sulfate

Heparan sulfate consists of alternating -1-4 uronidic and a-1-4 N-acetylglu-
cosaminidic bonds, and is sulfated at either N or C-6 of the N-acetylglucosamine.
It is the only GAG with invariable 14 linkages rather than alternating 13 and
1-»4 linkages between sugars. It is also the only GAG with an «-D linkage position
between the N-acetyl sugar and the uronic acid. As with dermatan sulfate, the
uronic acid residue is a mixture of either iduronic or glucuronic acid, dependent
upon the source of material, with the iduronic acid variably sulfated in the C-2
position.

-(1-4)-8-D-GlcpA-(1-+4)-a-D-GlcpNAc-(1-4) -
-(1-4)-8-D-GlcpA- (1-4)-a-D-GlcpNSO;3 -(1-4)-
-(1-4)-a-L-IdopA- (1-4)-a-D-GlcpNAc-(1-4) -
-(1-4)-a-L-IdopA-(1-+4)-a-D-GlcpNSO; - (1-4)-
-(1-4)-a-L-IdopA (2-SO35 ) -(1-4) -a-D-GlcpNAc-(1—+4) -

-(1-4)-a-L-1dopA (2-S05 ) -(1-4) -a-D-GlcpNSO; - (1 -4) -
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Heparin is distinguished from heparan sulfate in that heparin is the trisulfate
possessing SO; at C-2 of the uronic acid, and at the N and C-6 of the glucosamine
residue. Heparin is also the only sulfated GAG existing free in the extracellular
matrix and not specifically associated with protein or within a proteoglycan. Both
species are principally found in lung and liver tissue, with a molecular mass range
of 10 000-80 000.

2.5. Keratan sulfate

Keratan sulfate consists of alternating §-1-4 galactosyl- and $-1-3 N-acetyl-
glucosamine residues. The dimer is also known as N-acetyllactosamine. It may
be sulfated or not at the C-6 position of either sugar.

-(1-3)-4-D-Galp-(1—-4)-B-D-GlcpNAc-(1-3)-
-(1-3)-8-D-Galp(6-S05 ) -(1—»4)-B-D-GlcpNAc-(1-3)-
-(1-3)--D-Galp-(1-4)-B-D-GlcpNAc(6-S0;5 )-(1-3) -

-(1-3)-8-D-Galp(6-S0;3 ) -(1-4)-B-D-GlcpNAc (6-SO; ) -(1-3)-

Keratan sulfate is linked to protein through either a #-N-acetylglucosamine-
asparagine linkage (keratan sulfate I) or a Gal(1,6)-a-N-acetylgalactosa-
mine-threonine (or serine) as in keratan sulfate II. Type I is located only in the
cornea, while skeletal tissue possesses both [17]. Keratans are unique among the
GAGs in that uronic acid is absent, and the molecular mass is quite low,
2000-20 000.

2.6. Proteoglycans

A proteoglycan in simplest form consists of protein covalently connected to
GAG. All other polysaccharide protein entities are classified as glycoproteins. In
general, proteoglycans have a greater glycan content and a lesser protein content
while for glycoproteins this concept is reversed. Three types of carbohydrate pro-
tein linkages are found. An O-glycosidic linkage can exist between N-acetylga-
lactosamine and the hydroxyls of threonine or serine. The amide of asparagine
can form a C-1-N bond to N-acetylglucosamine. These two linkages are unique
to keratan sulfate II and I, respectively. The third type which is found for chon-
droitin, dermatan and heparan is an O-glycosidic bond between D-xylose and a
serine hydroxyl group.

Electron microscopy has yielded a bottle brush structure for aggregates of pro-
teoglycans [17,25]. This structure is routinely interpreted as a hyaluronate core,
lined with non-covalently bound but tightly associated link proteins, which in
turn attach non-covalently to proteoglycans. The principal tissue source of pro-
teoglycan is cartilage, although much of the scientific work has been carried out
in swarm rat chondrosarcoma, an easily propagated cartilage- derived tumor. The
tumor is noted by the absence of keratan sulfate. '
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Why does the proteoglycan monomeric structure fail to include hyaluronate?
Although the definitive experiment has not been done, hyaluronate does not co-
valently attach to protein. Evidence for a covalent protein-hyaluronate linkage
may be explained by incomplete hyaluronate purification techniques designed to
preserve putative O-glycosidic protein linkages. Alternatively, since the synthesis
of the exceptionally large hyaluronate molecule is not template directed as is
DNA, one might expect residue errors, some of which might permit protein link-
ages. It can be shown that the biosynthesis of hyaluronate is not inhibited by
protein synthesis inhibitors such as puromycin or cycloheximide [26], and that
monensin, which perturbs ionic transport over the Golgi membranes, inhibits the
biosynthesis of chondroitin sulfate but not that of hyaluronate [27]. This evi-
dence suggests that hyaluronate is not synthesized by the same intracellular route
as are glycoproteins and proteoglycans. Indeed, the solubilization and resultant
purification of hyaluronic acid synthetic activity has been achieved only recently
[28]. Future mechanistic studies of hyaluronate synthetic activity should eluci-
date the enzymatic roles, the error rate for residue placement and reasons for the
absence of hyaluronate in proteoglycans.

3. DETECTION METHODS

The key to a successful biochemical separation is a specific assay. As such, what
follows is first a review of detection systems and assays. There are four principal
methods of detecting GAGs. The first group includes Alcian blue and Methylene
blue dye binding, bovine serum albumin (BSA) polysaccharide affinity, mono-
clonal antibody systems and a wide variety of radioactive methods which preserve
the intact polymer. The second group of methods detect the non-polymerized
carbohydrate components of GAGs. Included in this group are stains such as p-
dimethylaminobenzaldehyde, Toluidine blue, carbazole and indole. The third
detection method is ultraviolet (UV) spectrophotometry and the fourth is refrac-
tometry. In continuous monitoring of column chromatography, the latter two
methods are especially useful.

3.1. Polysaccharide analysis

Alcian blue dye (Alcian blue 8Gx, a copper phthalocyanin dye) [29] is the
most commonly used reagent for detection of GAGs. The blue dye—-GAG complex
is insoluble at netural pH. Thus the basis of detection is the specific removal of
GAG from solution. As is the case with many dyes, reaction conditions are
extremely critical. Some of the factors which are known to make a significant
difference include ionic strength, Mg®* concentration, temperature, time at tem-
perature, dye concentration, solvent concentration, pH, aggregation state of dye
in solution and presence of biological competitive inhibitors. Undoubtedly the
list could be extended. Alcian blue was popularized as a selective stain for mucin
by Scott [6,30], who also suggested that it was suitable for use in his critical
electrolyte concentration method for quantitating polyanions. However, one must
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carefully control all of the items listed above before attempting to quantitate this
method [31,32].

A very sensitive, albeit slow, method for the quantitative estimation of GAG
involves staining with Alcian blue and using atomic absorption to monitor for
copper [33]. The method is particularly suitable after cellulose acetate electro-
phoresis of biological fluid samples where contaminating copper complexes could
be presumed absent. The sensitivity is of the order of 15-190 ng of uronic acid. It
is notable that if the electrophoretic band is not visible, accurate quantitation is
unlikely.

An extremely simple and unusually direct method for the Alcian quantitation
of soluble GAG has been proposed by Gold [34]. Using 0.5 M sodium acetate as
solvent, the Alcian dye and dye-GAG complex remain soluble. Increases in the
absorption spectrum of the dye complex at 480 nm provide a convenient detection
of GAG. Sample (0.1 ml containing 5-75 ug of GAG) is combined with 1.2 ml of
dye solution (1.4 mg/ml in 0.5 M sodium acetate, made fresh and not filtered).
After 10 min the 480-nm absorbance is read and compared to standards. Absorp-
tion is linear with concentration and stable between 10 and 30 min but varies in
intensity among purified GAGs. A single objection to this method is a low absorp-
tion difference (0-0.35), which results in lowered precision. Still, it is an excel-
lent, quick assay for the estimation of total GAG in solution. By performing
essentially the same method but with 15% concentrated phosphoric acid, 2% con-
centrated sulfuric acid and 1 mg/ml Alcian blue dye as the dye solution, a similar
estimate of only the sulfated GAGs is achieved [35]. A slightly more complex,
but more sensitive, Alcian method is described by Bartold and Page [36]. Their
method involves spotting the sample onto cellulose acetate, permitting detection
of GAG after electrophoresis. The spot is stained, removed, solubilized with
dimethyl sulfoxide, and quantitated at 678 nm in a spectrophotometer. The sen-
sitivity limit is about 1 ug of GAG. ‘

Since neutral Alcian blue solutions bind, aggregate and remove polysaccharide
from solution, monitoring the decrease of solubilized dye provides a simple and
more precise assay for total GAG. A 1-ml volume of an Alcian blue dye reagent
[0.45 M sodium acetate, 50 mM magnesium chloride, 0.1% (w/v) Alcian blue
dye] may be added to 250 ul of sample containing 5-80 ug of GAG. This mixture
is mixed gently for 10 min, then spun in a microcentrifuge (3000 g for 3 min) to
pellet the GAG-Alcian aggregate. To 0.5 ml of the supernatant, 3.0 ml of 0.9%
sodium chloride are added, mixed, and the absorbance at 620 nm is determined.
Quantitation is achieved using a standard curve. The assay is based on an absor-
bance decrease and the blank must be set arbitrarily at about 1 A.U. However,
accuracy and precision are greatly enhanced by decreased sample handling and
the use of the full 0-1 absorption scale [37,38]. Recently it has been shown that
very short oligosaccharides, containing seven disaccharide units or less, do not
bind the dye. Depending on the solvent conditions, dye binding is linear between
12 and 30 disaccharide units [39].

An infrequently used dye, capable of measuring GAG content, is 1,9-dimethyl-
methylene blue [40,41]. While it has been suggested that intense stain differ-
ences for this dye exist among the GAGs, such a property could lead to a selective
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advantage when working with impure materials [42]. Another advantage of 1,9-
dimethylmethylene blue is that it is obtained chemically pure as opposed to most
dyes which are at best 90% pure. Thus, staining might lead to more precise
quantitation.

A particularly sensitive detection system for GAG spots on cellulose acetate
and agarose gels utilizes BSA and Coomassie brilliant blue R-250 [43]. BSA has
an affinity for GAG which greatly exceeds its affinity for the cellulosic electro-
phoretic media. After running the electrophoresis in any of a variety of systems,
the color is achieved by binding BSA to the GAG, and then washing away the
unbound albumin and staining the GAG-albumin complex with Coomassie blue.
The limit of detection is 15-40 ng on cellulose acetate and 50-150 ng in agarose.
Clearly in these media, this method is superior to the use of Alcian blue or Tolui-
dine blue, since both of the latter dyes produce an intense background stain which
limits their sensitivity.

The most sensitive detection scheme is to use a radioactive tracer or tag.
Obviously, one could inject radiolabeled GAG precursors in vivo and thereby obtain
labeled GAGs [44-46]. However, with the exception of cell or organ culture sys-
tems [47,48], most laboratories consider that labeling technique extremely
inconvenient. In some instances, it is very helpful to synthetically tag GAG. This
has been accomplished for hyaluronate through the use of hydrazine to partially
deacetylate the polymer followed by reacetylation with tritiated acetic anhydride
[49]. A potential objection to this method is that the labeling conditions reduce
the hyaluronate chain length. As such, it may no longer behave within an in vivo
pool as other more highly polymerized hyaluronate molecules. Still it is an excep-
tionally useful tool for any application in which chain length is not considered
critical. The acetylation technique is also very adaptable to other purified GAGs.

Two autoradiographic methods for use with cellulose acetate strips have
appeared. The first uses °*Ruthenium red dye as a GAG stain and exhibits a
detection level of 2-4 ng per spot [50]. A disadvantage is that the Ruthenium
dye does not adhere well to hyaluronate or keratan sulfate. The second and yet
more sensitive method (1 ng per spot ) utilizes the basic protein ['2°I ] cytochrome
C, which has a high affinity for GAGs [51]. This latter method appears sensitive
to all five GAGs although hyaluronate, which lacks a low-pK sulfate group, is not
as well detected.

A much used radioactive assay for hyaluronate is that of Laurent and Tengblad
[52]. This competitive binding assay measures hyaluronate by its inhibition of
the binding of '?I-link protein to a hyaluronate-Sepharose gel. The method is
tedious but specific, even in the presence of gross impurities. Its major disadvan-
tage is that the link protein is not currently commercially available and must be
purified and radiolabeled in order to perform the assay.

The use of monoclonal antibodies as specific probes of proteoglycans and GAGs
is just emerging [53,54]. The interest in these is strong because of well founded
speculation that common pathological conditions result in changes to the extra-
cellular matrix proteins and polysaccharides. These methods have thus far been
used primarily in histological studies, but their potential for analytical applica-
tion is substantial. Due to the extraordinary specificity of the antibodies, the
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sensitivity of the technique is superior for the quantitative detection of
proteoglycans.

3.2. Carbohydrate analysis

The carbazole reaction was developed in 1947 by Dische [55] for analyzing
hexuronic acid. The method most frequently followed today uses the modification
of Bitter and Muir [56]. The method relies on acid hydrolysis of GAG to produce
the component sugars followed by derivatization with carbazole and colorimetric
detection. Since iduronic acid and glucuronic acid do not develop the same amount
of color, an appropriate standard should be used dependent upon the GAG assayed.
Precision of the assay is difficult to achieve because the derivatization results in
more than one chromophore, requiring tightly controlled reaction conditions to
obtain a consistent chromophore production. Also, the acid hydrolysis must be
quantitative, without degradation of the uronic acid. Enhanced precision has been
reported using an automated method [57], which has also been modified to use
the dye reagent m-hydroxydiphenyl [58]. This automated procedure is suitable
as a continuous-flow monitor of gel permeation columns [59].

A parallel approach for the detection of GAGs is to assay for hexosamine, using
the method of Elson and Morgan [60]. As with the carbazole reaction, an auto-
mated method has improved the precision [61]. The basis of the reaction, after
complete polymer hydrolysis, is an initial condensation between the amine por-
tion of the hexosamine and acetylacetone. This is followed by a second conden-
sation with p-dimethylaminobenzaldehyde to produce the color.

An alternative colorimetric assay for amino sugars uses indole hydrochloride
[62]. A modification of the original method has recently appeared [63] and is
very easy. The assay involves a 15-min acid hydrolysis of the GAG to deacetylate
the hexosamine, treatment at room temperature with sodium nitrate to cleave
residual glycosaminidic linkages and treatment with indole at 100°C:for 5 min to
obtain the chromophore. Measurement of the absorbance at 492 nm monitors the
extent of hydrolysis and formation of chromophore. A suitable standard for the
GAGs is N-acetylglucosamine or N-acetylgalactosamine. The method is sensitive
(15-75 nmol of hexosamine per assay tube) and can be easily used to monitor
column fractions.

3.3. Instrumentation

Specific assays can be developed for each of the GAGs based on the specificity
of enzymic lyases. For example, Streptomyces hyalurolyticus produces an elimi-
nase (hyaluronate lyase) which specifically hydrolyzes hyaluronate to oligosac-
charides. Each oligosaccharide contains one terminal A4-4,5-unsaturated
glucopyranuronic acid absorbing at 232 nm. For neat systems this is an adequate
assay since the enzyme contributes negligibly to the absorbance. Unfortunately,
most uses require detection in the presence of other strongly UV-absorbing com-
pounds. However, the 4-4,5-unsaturated uronic acid will react with periodate sul-
furic acid followed by thiobarbituric acid to yield a chromophore absorbing at 549
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nm [64,65]. Most biological tissue or fluid systems have very low endogenous
549-nm absorbance, thus permitting the use of this assay. A well characterized
hyaluronate standard is required, since several oligosaccharide chain lengths are
produced and the stoichiometry, even with complete digestion, is not well con-
trolled. A similar method exists for chondroitin sulfate and dermatan sulfate [66].

Obviously the above methods do not offer the quintessent solution to the prob-
lem of detecting fractions containing GAGs or proteoglycans. An alternative
method which can be used in many instances is differential refractometry. Many
commercial instruments are available. The differential signal produced is the
difference between the refractive indices of the sample and the solvent and is
proportional to concentration. The lower limit of detection has been reduced by
modern instrumentation and is now in the range of 0.01 mg/ml. A significant
disadvantage, of course, is that refractometry is completely non-specific, and any-
thing that differs from the refractive index of the solvent is detected.

A new instrument, which has recently been commercialized, is a differential
viscometer. It measures the difference between solvent viscosity and sample vis-
cosity in a manner analogous to the differential refractometer, except that the
solutions are put through a capillary tube version of a Wheatstone bridge with a
pressure transducer as the bridge element. The interest in this instrument is that
the output is directly proportional to specific viscosity. Specific viscosity data can
be transformed into more informative intrinsic viscosity and molecular-weight
data via the Mark-Houwink equation [n] =KM®, where K and a are predeter-
mined constants, and [n] and M are intrinsic viscosity and molecular weight,
respectively. The advantage is obvious in size-exclusion chromatography, since a
single chromatograph in which both a differential refractometer and a differen-
tial viscometer are used will yield a molecular weight of the polymer. The detec-
tion limit of this system is seemingly dependent upon both concentration and
viscosity, but typical useful concentrations are greater than 0.05 mg/ml [67, 68].

4. SEPARATION METHODS

Recent advances are discussed for ion-exchange, gel permeation and hydro-
phobic interaction chromatography, HPLC, electrophoresis, gas chromatography
and biospecific affinity chromatography. Enzymatic methods including separa-
tion through the use of proteases, nucleases and especially GAG lyases are cov-
ered in a separate section.

Detailed analytical methods are not presented here. Rather the discussion is
intended as a critique and compilation of existing GAG methodology. For specific
instruction in performance of these procedures, the citations must be referenced.

4.1. Separation strategy for proteoglycans and glycosaminoglycans

Proteoglycans are normally extracted from cartilage tissue using chaotropic
solvent conditions such as 8 M urea, 4 M quanidine, or 3 M magnesium chloride.
Such conditions promote dissociation of charge interactions, destabilize high-
molecular-mass aggregate forms and permit extraction of the majority of the pro-
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teoglycans. To separate the proteoglycans from other components of the extract,
cesium chloride density gradient centrifugation is commonly used. Ion-exchange
chromatography may then be used to further fractionate individual proteoglycans.

Extraction of tissues for the purpose of purifying GAGs is frequently performed
in the presence of broad-spectrum proteases such as papain, clostripain or pro-
tease K (Table 1). GAGs in the initial extract (except low-molecular-mass ker-
atan sulfate) may be precipitated with a quaternary ammonium salt such as
cetylpyridinium chloride (1% in low ionic strength, <0.15 M sodium chloride).
The remaining keratan sulfate can be isolated from the supernatant by diethyl-
aminoethyl (DEAE) chromatography, from which it is eluted at a relatively high
salt concentration (0.65-1 M sodium chloride). The cetylpyridinium precipitate,
which is greatly enriched in hyaluronate, chondroitin sulfate, dermatan sulfate
and heparan sulfate, can be redissolved in 1.0 M sodium chloride and reprecipi-
tated with ethanol to reduce the cetylpyridinium salt. After redissolving the
ethanol precipitate in water, the GAG fraction can be bound to DEAE-Sephadex
and gradient eluted to obtain enriched fractions of individual GAGs. Alterna-
tively, the dissolved ethanol precipitate may be treated with enzymes (see Table
1) to selectively degrade specific GAGs, proteins or nucleic acids prior to a second
ethanol precipitation and ion-exchange purification. Since most source materials
do not actually contain all five GAGs, these procedures can yield a nearly pure
fraction of any chosen GAG.

4.2. Enzymic fragmentation

In the laboratory analysis of GAGs numerous enzymes are used. Proteases,
especially papain and protease K, are used prior to GAG extraction to degrade
protein. Nucleases, especially DNAase I, effectively degrade nucleic acid during
isolation of high-molecular-mass hyaluronate. Analytically, chondroitinases and
hyaluronidases are used to identify specific GAG fractions. The most specific
degradative enzyme used is hyaluronate lyase from S. hyalurolyticus or S. equis-
imilis, a fungal eliminase-type hyaluronidase which produces 4-4,5-unsaturated
tetra- and hexasaccharides. Elimination of a chromatographic peak by this enzyme
identifies hyaluronate [69,70]. Testicular hyaluronidase, an endo-§-N-acetyl-
glucosaminidase, degrades hyaluronate, chondroitin sulfates and dermatan sul-
fate. Limited use of the enzyme will produce a broad spectrum of oligosaccharides,
which always contain multiples of GlcpA-GlcpNAc [8]. Leech head hyaluroni-
dase is an endo-f#-glucuronidase (hyaluronate f-glycanohydrolase) whose action
produces a GlcpNAc-GlcpA disaccharide [8]. Of the two common chondroiti-
nases (ABC and AC), chondroitinase ABC is similar in specificity to testicular
hyaluronidase. It degrades chondroitin 4- and 6-sulfate and dermatan sulfate more
rapidly than hyaluronate, but it does not degrade keratan sulfate, heparan sulfate
or heparin [71]. Chondroitinase AC is slightly more specific in that it will not
degrade dermatan sulfate. Thus one may confirm the identity of a proteoderma-
tan sulfate fraction by digesting it with chondroitinase ABC and failing to do so
with chondroitinase AC [72].

There are also two chondrosulfatases specific for the 4- and 6-sulfate positions
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ENZYMES USED IN GLYCOSAMINOGLYCAN SEPARATION AND ANALYSIS
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Group I: Enzymes that are specific to individual classes of glycosaminoglycans; group II: enzymes that have as
their substrates entities which are contained in multiple glycosaminoglycan classes; group III: enzymes used as
sample pretreatments prior to separation or analysis (except for lipoprotein lipase which is an affinity ligand for

heparan sulfate). EC No.: Enzyme Commission Number.

Group  Common enzyme Source EC No. Action/use Reference
name
1 Streptomyces Streptomyces 4221 Eliminase-type enzyme; 69
hyaluronidase hyalurolyticus specifically degrades
hyaluronic acid
Hyaluronate lyase Streptococcus 4.2.2.1 Eliminase-type enzyme; 70
equisimilis specifically degrades
hyaluronic acid
Keratanase Pseudomonas 3.2.1.103  Endo-8-galactosidase; 77
glycanohydrolase;
specifically degrades
keratan sulfate
Heparitinase Flavobacterium 4.2.2.8 Specifically degrades 80
heparinum heparan sulfates
(heparitin A, heparitin B)
a-L-Iduronidase, Human - Specifically degrades 79
form A fibroblasts heparan sulfate
a-L-Irudonidase, Human - Specifically degrades 79
form B fibroblasts dermatan sulfate
Chondro-4-sulfatase Proteus vulgaris 3.1.6.9 Sulfohydrolase; specifically 92
desulfates chondroitin 4-
sulfate
Chondro-6-sulfatase Proteus vulgaris 3.1.6.10 Sulfohydrolase; specifically 92
desulfates chondroitin 6-
sulfate
II Testicular Bovine or sheep 2.2.1.36 Endo-g-N- 8
hyaluronidase testes acetylglucosaminidase;
degrades hyaluronic acid
and chondroitin sulfates
Leech Head Leech Head . 3.2.1.36 Endo-f-glucuronidase; 8
hyaluronidase degrades hyaluronic acid
and chondroitin sulfates
Chondroitin AC- Arthrobacter 4225 Degrades chondroitin 4- 89
lyase aurescens sulfate, chondroitin 6-
sulfate and hyaluronic acid
Chondroitin ABC Proteus vulgaris 4224 Degrades chondroitin 4- 89
lyase sulfate, chondroitin 6-
sulfate, dermatan sulfate
and hyaluronic acid
11 DNAase I Beef pancreas 3.145 Phosphodiesterase; 17
specifically degrades most
forms of DNA; used in
sample preparation
Ribonuclease A Beef pancreas 2.7.7.16 Phosphodiesterase; 17
specifically degrades most
forms of RNA; used in
sample preparation
Papain Papaya latex 3.4.4.10 Broad spectrum 17
proteolytic activity; used
in sample preparation
Proteinase K Tritirachium 3.4.21.14  Broad spectrum 17
album proteolytic activity; used
in sample preparation
Clostripain Clostridium 3.4.22.8 Proteolytic activity; used 17
histolyticum in sample preparation
Lipoprotein lipase Bovine milk 3.1.1.34 Used in separation 116
protocols as an affinity
binding agent for heparan

sulfate
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of the unsaturated disaccharides produced by chondroitinase [71]. Likewise there
are two distinct sulfotransferases which catalyze the transfer of sulfate from
phosphoadenylsulfate to either the 4- or 6-positions of desulfated chondroitin or
chondroitin oligosaccharides [73-75]. Human urine contains an endo-f-galac-
tosidase specific for polylactosaminoglycan regardless of sulfation [76]. Another
endo-f-galactosidase specific for the non-sulfated residues of keratan sulfate has
been purified from Pseudomonas and is commercially available from ICN
ImmunoBiologicals (Lisle, IL, U.S.A.) [77]. Thus keratan sulfate, like hyalu-
ronate, may be specifically identified through the use of a single enzyme. Analo-
gous to the chondroitin sulfotransferases there is a pair of
phosphoadenylsulfate-keratan sulfate sulfotransferases which have been puri-
fied from bovine cornea cells [ 78]. Two forms of a-L-iduronidase have been iden-
tified. One of them specifically degrades heparan sulfate and not dermatan sulfate,
while the other does just the opposite [ 79]. A specific heparitinase which degrades
only heparan sulfate has also been purified from Flavobacterium heparinum [80].

4.3. Column liquid chromatography

4.3.1. Ion-exchange procedures

Conventional ion-exchange chromatography of GAGs is conducted chiefly with
aDEAE ligand. Binding occurs at low ionic strength through carboxyl and sulfate
charges. Separation of distinct GAG fractions is possible due to differing degrees
of sulfation. It is also possible to separate the majority of glycopeptides since their
charge density is proportionately less resulting in elution at low salt concentra-
tions. Most commercial DEAE preparations, including DE52 (Whatman),
DEAE-Sephacel and DEAE-Sephadex (Pharmacia Fine Chemicals) and DEAE-
cellulose (generic), have been used and it is their similarities rather than their
differences that stand out. The columns are ordinarily loaded in low salt (20-50
mM) at pH 7.0-7.4 in Tris or zwitterionic buffers. Urea up to 8.0 M is well tol-
erated and can be used to reduce the initial binding of many proteins [81]. How-
ever, urea may also inhibit the binding of desired proteoglycans and for that reason
it is probably best omitted. The elution, usually performed with a sodium chloride
gradient, follows a very characteristic pattern. For example, with rat liver homog-
enate, the first GAG to elute as the salt gradient is increased is hyaluronate. This
occurs at about 0.45 M sodium chloride, and for some tissues may occur in con-
junction with a high-molecular-mass heparan sulfate fraction. Heparan sulfate
and a fraction of dermatan sulfate are eluted next, at about 0.65 M sodium chlo-
ride. Finally, a clean fraction of dermatan sulfate is eluted at 1 M sodium chloride
[82-85]. In an alternative tissue, cultured embryonic mouse teeth, which possess
a high content of chondroitin sulfate, a similar elution pattern is observed, but
chondroitin replaces dermatan [ 86 ] . By adjusting buffer and running conditions,
many researchers have reported essentially clean GAG separations.

4.3.2. Gel permeation chromatography
Due to their extreme size, high-molecular-mass polysaccharides may be puri-
fied by conventional preparative gel permeation chromatography. Molecular
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sieving of GAGs is generally performed under dissociating conditions. The most
frequently used gels are Sepharose 2B, 4B, 6B and the CL versions of each, as
well as G-75 and G-100 (all from Pharmacia). The running buffers are commonly
0.5 M in sodium acetate and may contain other chaotropic ingredients such as
0.2 M sodium sulfate or 4.0 M guanidine hydrochloride. These chaotropic agents
are included to avoid proteoglycan aggregates which will not separate by gel per-
meation. The use of gel permeation chromatography for the determination of
molecular size has been largely replaced by high-performance procedures. Molec-
ular sizing by itself is not routine, although it is possible with some of the gel
matrices available. For example, Sephacryl S500 has an exclusion limit of 10
million, which is sufficiently large to permit the entry of the high-molecular-mass
chondroitin sulfate proteoglycans through the gel pores [84]. A problem with the
technique seems to be very broad peaks resulting in difficult separations and low
resolution.

4.3.3. Hydrophobic interaction chromatography

Phenyl-Sepharose CL-4B (Pharmacia) has also been used for the separation
of GAGs [87]. This hydrophobic gel acts by initially adsorbing the GAGs in the
presence of high ionic strength (approximately 3.0 M ammonium sulfate) and
eluting with an inverse salt gradient going towards water. It would appear that
the retention of GAGs is closely correlated with their solubility in ammonium
sulfate solution. A moderate differential solubility exists for hyaluronate, chon-
droitin and dermatan, which may be related to their molecular mass. Since the
eluting salt concentration is typically greater than 1.5-2.0 M, it is reasonable to
expect that a similar hydrophobic gel, octyl-Sepharose CL-4B (Pharmacia), which
binds even more firmly at low ionic strength, would also be suitable for the sep-
aration of GAGs.

4.3.4. High-performance procedures

General HPLC GAG methods can be divided into two distinct groups. The first
is separation and detection of constituent disaccharides produced by the use of
enzymes. Hyaluronate, chondroitin 4-sulfate, dermatan sulfate and chondroitin
6-sulfate can be unequivocally identified by their characteristic disaccharides.
The second HPL.C methodology is concerned with separation of intact GAGs and
proteoglycans.

4.3.4.1. Disaccharide separation. The separation and detection of constituent
disaccharides is only useful if one can deduce from the monomeric structures
those GAGs which must have been initially present. This deduction relies tre-
mendously on the availability and specificity of degradative enzymes, mostly
chondroitinase ABC and chondroitinase AC. Chondroitinase ABC acts on hyalu-
ronate, chondroitin 4-sulfate, chondroitin 6-sulfate and dermatan sulfate, whether
alone or in proteoglycans, to reduce the glycosaminoglycan to 4-4,5-unsaturated
disaccharides (expressed as the unsaturated uronic acid component followed by
the N-acetyl sugar component). The double bond coincidentally imparts to the
molecule an absorption at 232 nm which is a convenient assay property. Chon-
droitinase AC acts essentially the same as ABC except that chondroitinase AC
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cannot act on the iduronic acid of dermatan sulfate. To connect the old and new
terminology, chondroitin 4-sulfate, dermatan sulfate and chondroitin 6-sulfate
are chondroitin A, B and C, respectively. Thus, the basic premise for disaccharide
constituent analysis may be stated as follows: (1) 4-sulfated disaccharide pro-
duced by chondroitinase AC must have derived from chondroitin 4-sulfate; (2)
6-sulfated disaccharide produced by chondroitinase AC must have derived from
chondroitin 6-sulfate; (3) the dermatan sulfate component is best estimated by
the difference in total disaccharide produced by the separate action of both
enzymes. Because considerable heterogeneity in the primary structure exists,
extreme care must be exercised in composition analysis based on disaccharide
data alone. Dermatan sulfate by definition is a chondroitin sulfate with a predom-
inate, but not exclusive, composition of iduronic acid rather than glucuronic acid.
The disaccharide analyses alone cannot be used to identify those condroitin-like
sequences found in dermatan molecules, and the tendency is therefore to under-
estimate the total dermatan sulfate.

The preparation for disaccharide analysis of biological samples, such as urinary
GAG, requires initial purification work. Since the detection system is UV absor-
bance, interfering substances must be removed. A suggested scheme is serial
DNAase I/protease addition to reduce the size and increase the solubility of the
protein and DNA fractions. This may be followed by cetylpyridinium chloride
precipitation of the GAGs. Solubilization of the cetylpyridinium precipitate fol-
lowed by reprecipitation with ethanol will reduce the cetylpyridinium contami-
nant. Solubilization of the ethanol precipitate followed by hyaluronate lyase
treatment will specifically produce small hyaluronate fragments. These frag-
ments, as well as residual cetylpyridinium, may be removed on a desalting col-
umn. Keratan sulfate, due to its small size, is also lost by this procedure. The
remaining GAG fraction should be primarily chondroitin, dermatan and heparan
sulfates. The residual GAG may now be digested with chondroitinase to obtain
the constituent disaccharides. It should be noted that losses occur in these pre-
cipitation steps and thus quantitation should ultimately be presented as percent-
ages of total disaccharide.

A simple reliable method for HPLC separation of the unsaturated disaccha-
rides produced from chondroitin and dermatan sulfate was described by Fluharty
et al. [88]. It uses a standard silica (Partisil 10 XAS) column (25 cm) and an
isocratic 7.5 mM potassium phosphate buffer elution for the first 7 min followed
by a gradient elution rising to 500 mM phosphate, all at pH 6.5. The higher salt
is required to remove multisulfated disaccharides. A similar silica gel (Partisil 10
PAC) system has been described using a completely isocratic ternary solvent,
acetonitrile-methanol- ammonium formate. Using sodium borohydride to reduce
the disaccharide carbonyls to terminal hydroxymethyl groups eliminates «,f8-
anomeric forms of the sugars, with subsequent improvement of peak resolution
[89]. The sensitivity of the method may be improved into the high picomole
range by the use of a fluorescent derivatization produced by coupling 2-amino-
pyridine to the unsaturated disaccharide with no effect on elution order of the
disaccharides [90]. The resultant pyridylamino derivatives are detected using a
fluorescence spectrophotometer with excitation and emission at 310 and 375 nm,
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respectively. A true alternative to silica, which has been used quite successfully
in these systems, is a sulfonized styrene-divinylbenzene copolymer (Shodex RS
Type DC-613 from Showa Denko, Tokyo, Japan) [91]. With this system the
order of peak elution is changed, but separation comparable to the silica matrices
is achieved using an isocratic solvent elution (acetonitrile-methanol-0.5 M
ammonium formate, 65:15:30, v/v/v, pH 4.5). Resolution appears to be improved
without the need of hexose reduction by borohydride.

In that the chondroitin and dermatan sulfates are not uniformly sulfated, it is
common to obtain peaks, which correspond to the disulfated configuration. Using
the Shodex RS column and the purified enzymes, chondro-4-sulfatase and chon-
dro-6-sulfatase, Murata and Yokoyama [92] have furthered disaccharide anal-
ysis by identifying which peaks correspond to precisely which sulfated forms.
This technique now offers greatly increased opportunity to study the heteroge-
neity within the chondroitin—dermatan glycans.

When hyaluronate is acted on by chondroitinase, one merely obtains non-sul-
fated 4-4,5 disaccharides. However, Streptomyces hyaluronidase will specifically
degrade hyaluronate to tetra- and hexasaccharides which are also 4-4,5-unsatu-
rated. Silica columns may be used to separate these components and thereby
quantitate the hyaluronate fraction of a GAG sample [93]. The solvent is again
acetonitrile-methanol-0.5 M ammonium formate (10:6:3, v/v/v, pH 6.0) used
isocratically at room temperature. In order to use this procedure in determining
the hyaluronate concentration of fluid samples (e.g. synovial fluid or vitreous)
one might first incubate and exhaustively degrade the fluid with hyaluronate lyase
and then ethanol precipitate to remove the remaining protein, nucleic acid and
non-hyaluronate GAG “contaminants”. The hyaluronate oligosaccharides may
then be recovered from the ethanol supernatant by evaporation.

4.3.4.2. Polysaccharide separation. Due to the development of improved gel
matrices and commercial packing of liquid chromatography columns, it is now
practical to separate and size differing molecular mass fractions of GAGs and
proteoglycans using gel permeation HPLC. The principal advantage of these col-
umns is the ability to rapidly examine the distribution of GAGs in biological
fluids. Although several manufacturers are marketing columns for this applica-
tion, it appears that only two gel matrix types are made. One is a glycerylpropyl-
silane hydrophilic phase bonded to 10 um diameter silica particles. Multiple pore
sizes are possible but the useful working range is 10-400 nm. For example, Brown-
lee Labs. produces OH-500 and OH-1000 Aquapore, and SynChrom makes
SynChropak [94,95] both of which are comprised of this gel type. Toyo Soda
produces TSK G6000 PW and TSK G5000 PW, which are described as being a
cross-linked hydrophilic polymer phase bonded to a silica support. The other
matrix used for this application is the hydrophilic organic polymer
poly (hydroxyalkyl methacrylate) produced by Showa Denko and sold as Shodex
OH Pak 800pR.

These columns are a success. They permit adequate and quick separation of
the high-molecular-mass hyaluronate, nucleic acid and proteoglycan fractions of
unprocessed biological fluids from the overwhelming number of smaller proteins.
Any aqueous buffer may be used which is compatible with the method of detec-
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tion. Low ionic strength (0-0.6 M salts) may offer slightly better resolution. The
pH is best kept between 3 and 7, but may be varied to the extremes for a short
time without significant deterioration of the matrices. Thus, between runs,
adsorbed proteins may be effectively washed off with high salt at high pH fol-
lowed by equilibration of the gel with a buffering solvent. Non-aqueous solvents
may also be used, but they do not appear to offer any advantage and are generally
incompatible with biological samples.

Hyaluronic acid and proteoglycan separations are the two primary targets for
these high-performance columns. The other non-associated GAGs are of suffi-
ciently low molecular mass as to be easily tractable by older technology. Hyalu-
ronic acid is readily separated away from the proteins and DNA of most biological
fluid by the G6000 PW column. Tandem columns offer increased resolving power,
but for most work a single 30 cm X 7.5 mm column is adequate. DNA, if present,
may be degraded with DNAase I, followed by protease digestion and trichloro-
acetic acid precipitation of protein. If protease is not to be used, then multiple
columns are a requirement when applying crude biological fluids such as synovial
fluid or the aqueous of the eye. These untreated fluids contain numerous com-
pounds which bind transiently to the column and are eluted well after the solvent
peak. A guard column is mandatory to protect the analytical column.

Purified hyaluronate exogenously added to crude samples is quantitatively
recovered. Hyaluronate size within these biological fluids may be determined by
comparison to polyethylene oxide standards [96]. The interaction of proteogly-
can subunits with hyaluronate is apparently dissociated by the shear forces
encountered during the chromatography. As a result, G6000 PW is not useful for
the study of proteoglycan aggregation, even when link protein is exogenously
added [97].

The Aquapore glycerylpropylsilane-silica columns may prove to be superior in
the study of untreated biological samples. This matrix is capable of separating
individual proteoglycan monomers from lower-molecular-mass GAGs and pro-
teins. Large proteoglycan aggregates are also passed through the column without
apparent degradation as judged by post-column electronmicroscopy [98]. While
the Aquapore matrix has been used to characterize newly synthesized proteogly-
cans from rat embryonic parietal yolk sac [99], the Shodex poly (hydroxyalkyl
methacrylate) matrix has been successfully used only with purified chondroitin
sulfate and hyaluronate samples of molecular mass less than 1:-million [100].
With this latter matrix the questions of proteoglycan aggregation and upper limit
of molecular size have yet to be addressed.

4.3.4.3. Molecular mass standardization. Suitable calibration standards for
HPLC columns are not readily available. Traditionally, a few high-molecular-
mass protein standards and well characterized dextrans have been used for the
standardization of size exclusion chromatography columns. Such molecular-mass
standards are not useful when the included volume of the proposed column is
capable of accepting water-soluble cellulosics with molecular masses approaching
10 million. Proteins are reasonably well defined standards but they are too small
to be used in large pore matrices. Polymers, such as dextran, are far less defined
and must be fractionated and calibrated one batch at a time. Furthermore, dif-
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ferent methods of molecular-mass determination invariably result in different
estimations of size. Indeed, the size of the polymers, which constitutes the pri-
mary measurement, is highly affected by the solvent conditions. Still, heteroge-
neous polymers are the primary molecular-mass standards because no other
suitably sized molecules are available. Besides dextrans, characterized mainly by
Pharmacia (Uppsala, Sweden ), there are polyethylene oxides (Toyo Soda) and
polyacrylic acids (Modchrom, Mentor, OH, USA), available as standardized
molecular-mass kits. The polyacrylic acids in aqueous solvent do not elute prop-
erly from the G6000 PW columns. They appear to be retarded by adsorptive inter-
actions independent of molecular sieving. Thus their elution profile, while
sequential with molecular size, is demonstrably behind the small-molecule sol-
vent front. Indeed, it has been noted by this author that many different molecules
(mostly low-molecular-mass molecules) which contain an unsaturated bond or
aromatic ring structure are retarded by the G6000 PW matrix in a manner incon-
sistent with molecular sieving. These observations are the result of highly repro-
ducible migration times with-elution two to three times that of the solvent front.
The polyethylene oxide standard kit offered by Toyo Soda has an upper limit of
1 million. Higher-molecular-mass polyethylene oxides are readily available from
the large chemical supply houses, but to be useful they must first be indepen-
dently fractionated and sized. A potentially superior set of high-molecular-mass
standards could be produced from deoxyribonucleic acid using restriction enzymes
and electrophoretic techniques to accurately produce and characterize high-
molecular-mass oligonucleotide sequences of defined tertiary conformation.
Nucleic acids are well behaved in aqueous media on these gels. Currently, such
kits are not commercially available.

4.4. Electrophoresis

4.4.1. Cellulose acetate procedures

Chain length and molecular size are somewhat less of a problem in cellulose
acetate electrophoresis because the method has been optimized to separate GAGs
according to charge density rather than absolute size. However, GAGs of uniform
charge density having vastly differing molecular size populations, such as can be
found with hyaluronate, may still result in heterogeneous streaks and smears.
Separation of GAGs also suffers from the presence of the so called “copolymeric”
structures which are not uniformly 4- or 6-sulfated, but are rather a seemingly
random mixture of permissible primary structures. Again, poor resolution, marked
by band smearing, is the result. Cellulose acetate electrophoresis remains a pow-
erful tool due to the development of techniques which have improved resolving
power.

Since endogenous GAGs exjst as proteoglycans, biological tissue samples or
fluids must be protease-treated to release the polysaccharides prior to electro-
phoresis. It is possible after only a protease treatment to separate hyaluronate
from the sulfated GAGs. However, to obtain finer resolution the technique usu-
ally requires defatted, delipidated tissue which is sequentially protease-treated,
desalted, lyophilized and redissolved. Any procedure which partially purifies the
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GAG fraction of biological samples is a potentially suitable preparation for qual-
itative electrophoretic analysis [101]. While quantitation of individual GAG
components can be achieved using cellulose acetate electrophoresis, care must be
exercised in extrapolating these values back to the original tissue or fluid. With-
out the judicious use of internal reference standards during the sample isolation
and purification steps, such back-calculations become meaningless.

The methodology for improving resolution requires GAG purification. This
usually involves multiple steps and the yield at each step is always in question.
An aliquot (ca. 1-20 ul) of the purified fraction is applied to a cellulose acetate
strip and run, along with GAG standards, in an acidic buffer [102]. A suitable
well resolved one-dimensional system [103] requires three electrophoretic steps,
a 3-min electrophoresis followed by a 1-min buffer soak (0.1 M barium acetate,
pH 5.0), an 8-min run followed by a 1-min soak in the buffer plus 18% (v/v)
ethanol, and a final 20-min run. This system uses 6X7.5 cm sheets having a
twelve-sample capacity. An equally well resolved two-dimensional system {104 ]
utilizes two buffer systems. The first dimension is 1.0 M pyridine formate, pH
3.1, run at 20 mA for 70 min. The second dimension buffer is 0.1 M barium acetate
run at 20 mA for 7 h. This two-dimensional system requires a 15X 15 cm sheet of
cellulose acetate for each sample. Alcian blue staining permits visualization of
the most concentrated spots. Quantitation schemes may include densitometry or
copper analysis of the cleared cellulose acetate strips [103,105] or UV absor-
bance or copper analysis of the dye following dissolution of the spot in dimethyl
sulfoxide [106].

4.4.2. Polyacrylamide procedures

GAG oligosaccharides produced by the action of chondroitin AC lyase or tes-
ticular hyaluronidase may be separated by conventional polyacrylamide gel elec-
trophoresis using a 15% gel and autoradiographic detection [107]. The basis for
separation is primarily molecular size which is analogous to the separation of
DNA oligonucleotides. However, the shortest oligosaccharides (less than ten
monomers) appear to behave anomalously. The method may also be scaled up
and used preparatively to obtain well defined fractions of oligosaccharides [ 108].
Such preparative oligosaccharide preparations produce sufficient quantities of
discretely sized oligosaccharides for subsequent investigations of the epimeriza-
tion process, protein binding properties and structural conformation.

A polyacrylamide agarose electrophoretic procedure has been developed which
separates the major proteoglycans of cartilage {109,110]. By the inclusion of
sodium dodecyl sulfate and Triton X-100, suitable dissociative conditions have
been found such that even crude guanidine-hydrochloride extracts of cartilage
tissue can be separated. In such systems smaller proteins run at the solvent front
while the more massive proteoglycans separate into distinct bands. It is interest-
ing to note that, of nine different cartilage tissues run by this technique, only
three electrophoretic bands were observed. These were identified as: (1) a fast
migrating band of small proteoglycans; (2) a keratan sulfate-rich proteoglycan;
and (3) a slow migrating band of chondroitin sulfate-rich proteoglycans [110].
It has also been possible with this technique to visibly demonstrate the aggregate
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association of these proteoglycans with hyaluronic acid. When hyaluronate is
mixed with the proteoglycans prior to electrophoresis, the migration distance is
immensely shortened, indicative of the higher-molecular-mass aggregate [110].
Detection is accomplished by either fluorography or Toluidine blue staining. This
procedure undoubtedly has a potential application for the analysis of proteogly-
can changes associated with disease states, affecting cartilage, synovial fluids,
dermis or vitreous.

4.5. Gas chromatography

Gas chromatography has been used with mixed results for the determination
of the GAG content of biological tissues [111-114]. Its primary use has been the
identification of constituent monomeric sugars. As in disaccharide analysis with
HPLC, an intact GAG fraction should first be purified to homogeneity by con-
ventional means to assure an unambiguous assignment of the constituent mono-
saccharides. Aside from the concerns of sample purity, the difficulties involved
in queantitative sample hydrolysis and derivatization preclude gas chromatog-
raphy as the “method of choice” for constituent monosaccharide analysis of GAGs.
Gas chromatographic methods are complicated by the need to cleave the GAG
polymer into intact monosaccharides which can be suitably derivatized prior to
chromatography. Aqueous acid hydrolysis of the polymer results in a loss of the
very labile uronic acid residues. As such, only hexosamines and neutral monosac-
charides are available for subsequent derivatization and separation. Methano-
lysis and trimethysilylation techniques are relatively ineffective since de-N-
acetylation of the N-acetylhexosamine occurs. This produces a glucuronidic lin-
kage to galactosamine which becomes resistant to methanolysis and inhibits fur-
ther depolymerization. Alternative procedures involving combinations of
deamination, methanolysis and re-N-acetylation steps have been proposed in an
attempt to simultaneously analyze all of the constituent sugars of various GAGs.
Overall, it appears that such extensive sample manipulation is not favored by the
majority of investigators, an observation supported by the relative scarcity in this
decade of GAG-related publications which have used gas chromatographic
procedures.

4.6. Biospecific affinity chromatography

Since GAGs are known to aggregate or associate with proteins or other GAGs,
these phenomena have been used to develop a variety of biospecific affinity chro-
matographic media. As yet, the nature of this binding has not been clearly resolved.
Lipoprotein lipase has a general affinity for GAGs which decreases in the order
heparin (strongest), heparan sulfate, dermatan sulfate and chondroitin sulfate
(weakest) [115]. Lipoprotein lipase, purified from fresh skim milk by hepa-
rin-agarose affinity chromatography, may be coupled to cyanogen bromide-acti-
vated Sepharose-4B to produce a heparan sulfate affinity column [116] capable
of purifying heparan sulfate-rich proteoglycans in the presence of chondroitin
sulfates. The basement membrane glycoprotein, laminin, has also been reported
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to have a high affinity for GAGs [117], and a laminin affinity matrix has been
prepared from glomerular basement membrane [118]. While hyaluronate has an
affinity for chondroitin 6-sulfate [119] its affinity for the protein portion of pro-
teoglycan may be much greater.

Cartilage proteins with a high affinity for hyaluronate are collectively known
as link protein and are currently thought to cause aggregation of proteoglycan
and hyaluronate. Coupling hyaluronate to AH-Sepharose-4B has become a rela-
tively common procedure for the purpose of purifying these HA-binding proteins
from a variety of sources [ 120-122]. Briefly, the procedure from cartilage involves
extraction of the GAG with 4.0 M quanidine hydrochloride, followed by dialysis
and lyophilization of the supernatant. The lyophilized powder is redissolved and
partially trypsinized, dialyzed versus 4.0 M quanidine hydrochloride and then
dialyzed again with the HA-derivatized gel versus distilled water. The link pro-
teins are then eluted from the affinity gel with 4.0 M guanidine hydrochloride
and 0.5 M sodium acetate, pH 5.8.

4.7. Discussion of individual glycosaminoglycans and specific separation procedures

Much effort within the research community has gone into locating, identifying
and quantitating GAGs. Although they are ubiquitous within membranes, cells,
matrix material and organ systems of mammals, different tissues and sources
possess very different GAG compositions. A separate discussion follows about
each of the GAGs prior to considering them collectively as proteoglycans.

4.7.1. Hyaluronate analysis

Sodium hyaluronate occurs in cell coats, extracellular ground substance of con-
nective tissues, synovial fluid, vitreous humor, umbilical cord, dermis, aortal flap
and numerous other locations. Purification schemes have evolved slowly, starting
with Boas [123] and others [124-126] in the late 1940s and continuing through
today. Scott [5,6] probably contributed the-most to the development of purifi-
cation schemes with a thorough examination of the variables involved in precip-
itation by aliphatic ammonium salts. Due to the commercial importance of
hyaluronate as a vitreous replacement fluid and as a joint replacement fluid, its
water retention properties and, therefore, its physical size have become very
important factors. Size-exclusion chromatography has proven reliable for com-
mercial quality control of sodium hyaluronate products [96,97,100,127]. How-
ever, the currently available technology is only marginally able to size the largest
hyaluronate molecules. Furthermore, based upon current levels of interest within
the scientific community, a breakthrough in the ability to size large, negatively
charged molecules may well occur first in the field of nucleic acid polymer
chemistry.

Biospecific affinity chromatography has been used for the purification of
hyaluronate although the technique is not common. Simian virus 40 transformed
cells (SV-3T3) possess on their cell surface high-affinity binding sites for high-
molecular-mass hyaluronate [128,129], and an affinity chromatography column
has been prepared which utilizes these sites after glutaraldehyde fixation of the
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cell [130]. Cartilage proteoglycans also possess a very high affinity for hyaluron-
ate. By attaching rhodamine to the core protein portion, these proteoglycans have
been used both as a probe for cell surface hyaluronate distribution [131] and as
an affinity ligand [120].

Despite a vast amount of research with hyaluronate, especially within the phar-
maceutical community, the routine measurement of concentration within biolog-
ical tissues has remained difficult. For concentrations of 100 ug/ml and higher,
the HPLC assay of Beaty et al. [96] is very convenient, although controls are
required to assure that hyaluronate and not nucleic acid or proteoglycan aggre-
gate is being measured. For urine, serum or amniotic fluid which may contain less
than 100 ug/ml hyaluronate, one currently must move to the more involved
radioassay [ 120,132-134]. This assay requires purification of the globular hyalu-
ronate binding region of the proteoglycan protein core and link protein from bovine
nasal cartilage. Although very sensitive, this assay is not trivial to perform.

In all of the available quantitative assays, sample preparation must be mini-
mized. Protease or nuclease addition is permissible and well tolerated. Lipid
extraction by chloroform is acceptable, but precipitations using alcohol, acetone
or quaternary ammonium salts should be excluded, as they cannot be performed
quantitatively. The carbazole (uronic acid) or hexosamine assays are notoriously
imprecise. For example, although glucuronolactone is the usual standard for the
carbazole assay, use of glucuronic acid will yield totally different results when
compared on a mole-for-mole basis in the same assay. Commercial preparations
of hyaluronate powder are impure and hydrated, containing 2-15% moisture.
Pharmaceutical injections of sodium hyaluronate are the purest commercially
available preparations. However, even the pharmaceutical “standard” Healon
(Pharmacia) possesses a 260-nm absorbance of 0.2-1.0, whereas pure hyaluron-
ate has no absorbance in that spectral region. Therefore, in critical research
applications the prudent investigator should independently establish the purity
of any commercial hyaluronate preparation.

4.7.2. Analysis of chondroitin and dermatan sulfates

The advent of monoclonal antibodies may shortly be expected to add new spe-
cific assays for each of the GAGs. For example, an antibody has been raised against
the chondroitinase ABC-digested bovine nasal cartilage proteoglycan which rec-
ognizes the unsaturated uronic acid residue linked to N-acetylgalactosamine 4-
sulfate [135]. One can easily imagine the chondroitin 4-sulfate assay which this
suggests, and indeed it has been used to demonstrate the complete absence of
chondroitin 4-sulfate in the epidermis around invaginating hair follicles [136].
A monoclonal antibody to a dermatan sulfate proteoglycan has also been devel-
oped [53] but it is not clear what portion of the molecule carries the antigenic
determinant. Such probes represent the best available technology for monitoring
the presence or tracking the purification of a specific proteoglycan.

The HPLC disaccharide assay of Murata and Yokoyama [91,92] provides the
best available tool for further study of heterogeneity within the chondroitins.
Their method (sulfonized styrene-divinylbenzene copolymer) resolves all of the
possible sulfated disaccharide isomers. Discrete oligosaccharide components of
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chondroitinase-digested chondroitin sulfates have also been resolved by polysac-
charide gel electrophoresis [84].

4.7.3. Keratan sulfate analysis

The development of monoclonal antibodies has significantly advanced the study
of keratan sulfate. Caterson et al. [54] have developed an antibody, “1/20/5-D-
4”, of the immunoglobulin G, (IgG,) classification which appears to be specific
for the polysaccharide portion of keratan sulfate. Their evidence suggesting spec-
ificity is that skeletal keratan sulfate and corneal keratan sulfate, which are known
to have different peptide linkages, yield very similar inhibition curves in a
radioimmunoassay. Also, removal of the sulfur from corneal keratan sulfate pro-
duced a significant reduction in recognition by the antibody. Specifity of the
monoclonal antibody was also demonstrated by a lack of antibody inhibition in
the presence of dermatan, heparan sulfate, heparin, hyaluronate and rat chon-
drosarcoma proteoglycans which are specifically known to lack keratan sulfate.
Recently, two other keratan sulfate monocional antibodies have been produced
(1-B-4 and MZ15) and continued analysis by radioimmunoassay confirms that
the specificity for all three antibodies is directed against the sulfated poly(N-
acetyllactosamine) sequences [137]. Non-sulfated sequences obtained from gly-
coproteins and desulfated keratan sulfates or desulfated keratan sulfate hexa-
saccharides are not recognized by the antibodies. The minimum sequence length
required for full binding varied slightly among the three antibodies but the pen-
tasulfated hexasaccharide was the smallest oligosaccharide which bound all three.
As one might expect, the immunosorbant inhibition assay can be used to obtain
clinically relevant information about the presence of keratan sulfate in various
disease states. Patients with macular corneal dystrophy exhibit no serum keratan
sulfate while patients with osteoarthritis have significantly high serum levels
[138].

4.7.4. Heparan sulfate analysis

Heparan sulfate associated as proteoglycan is the major GAG of the glomerular
basement membrane and is ever present, as well, in plasma membrane. It is
believed to play a very important role in both membrane permeability and inter-
cellular communication [139]. However, much of the research effort has con-
cerned the role of heparan sulfate proteoglycans in brain and nerve tissue. As
with the other GAGs, monoclonal antibodies have been developed for use with
radioimmune inhibition assays and these have been particularly helpful in the
localization of heparan sulfate proteoglycans during various stages of develop-
ment [140-146]. Additionally, an affinity chromatography system has been
developed which uses lipoprotein lipase bound to agarose as the affinity medium.
This system permits separation of heparan sulfate proteoglycan from the more
voluminous chondroitin fractions [115].

4.7.5. Proteoglycan separation and analysis
The GAGs associated into proteoglycan aggregates are ubiquitous as part of
the extracellular matrix. Quantitation is difficult because aqueous extraction is
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not easily achieved. As a result, the conditions of extraction become quite impor-
tant to all reports of a new proteoglycan. Research efforts have been focused
primarily on three specific sources, bovine nasal cartilage, bovine tracheal carti-
lage and rat chondrosarcoma cells. Most of these proteoglycans associate into
very large aggregates. As such, the use of molecular sieving chromatography as it
is currently understood would be ludicrous. For example, if an aggregate consists
of 100 proteoglycan molecules each of about 2.5 million and one hyaluronate
sequence (2 to 5 million - negligible!), the total aggregate molecular mass is 250
million. Successful extraction procedures disrupt the aggregate and rely upon
diffusion to solubilize the molecules. Some procedures (4.0 M quanidine hydro-
chloride at 4°C for several days) are more gentle than others (mechanical grind-
ing followed sequentially by quanidine hydrochloride and protease for several
days). The end result is a solution of proteoglycan or smaller molecules devoid
of aggregates. It is obvious that protease treatment to facilitate proteoglycan
release may result in an underestimate of the proteoglycan molecular mass. Con-
sequently, one may be left with comparisons of individual GAGs and merely infer-
ence about the proteoglycan.

The chromatographic and electrophoretic methods by which one can study the
proteoglycans are principally those which have already been discussed. The com-
ponents of the proteoglycan aggregate must be torn apart and inspected with the
hope that a comparison between the disease and normal states will reveal consis-
tent differences. One of the methods by which extracted proteoglycans may be
rapidly separated from other proteins is through the use of a cesium chloride
density gradient produced in a small air-driven ultracentrifuge [147]. The pro-
cedure requires a very small sample size and can be performed on multiple sam-
ples simultaneously, thus permitting direct comparison of identically purified
proteoglycan fractions from normal and disease affected cases. Multiple samples
are also of great benefit in the acquisition of statistics, a necessary nuisance in
the quantification of human data.

For larger preparative samples, DEAE-cellulose chromatography is the pri-
mary method for separating proteoglycans from glycoproteins. The unbound gly-
coprotein fraction is washed through the column while the bound proteoglycans
are easily eluted at higher salt concentrations. Through the use of lyase enzymes,
enriched fractions of specific GAG-containing proteoglycans may be obtained.
For example, in the presence of protease inhibitors and chondroitinase ABC, the
monkey cornea proteoglycan fraction is composed exclusively of keratan and
heparan sulfates. These may be further separated on ConA-Sepharose, which
binds only the keratan sulfate proteoglycan and can be eluted, with methylman-
noside [148]. An alternative approach for the purification of an enriched heparan
sulfate fraction is to use a lipoprotein lipase affinity ligand and elute the column
with an increasing sodium chloride concentration [115].

When available, monoclonal antibodies offer the best available technology for
the identification of either specific proteoglycans or classes of GAGs. An excellent
general discussion of the production of monoclonal antibodies directed against
connective tissue proteoglycans has been written by Caterson et al. [149]. They
also describe the production of six antibodies and discuss their specificities. In



212

summary, these include antibodies to (a) the disaccharide keratan sulfate, (b)
the unsaturated or saturated tetrasaccharides derived from chondroitin 4- or
chondroitin 6-sulfate and (c) the unsaturated disaccharides of chondroitin or
hyaluronic acid. New specific monoclonal antibodies continue to be developed.

Basically, there are two HPLC methods for studying proteoglycans. These are
disaccharide analysis and molecular sieving. Ion-exchange columns using a binary
salt gradient elution are feasible, but have not thus far been applied. Disaccharide
analysis following specific lyase digestion [88,89,150,151] has the advantage of
relative quantitation of the so called “co-polymeric” substructures of the specific
classes of GAGs. For example, within the class chondroitin sulfate one has type
A (4-S0%7), B (dermatan), disulfated B (uronic 2-SO2—, 6-S0%2-), C
(6-S02-), D (uronic 2-SO%-, 6-S0%~), E (4-S03%-, 6-S0%~), H (dermatan
4-S0%-, 6-S027), K (uronic 3-S02~, 4:S0%~ ), and trisulfated dermatan (uronic
2-S02-, 4-S02-, 6-SO2%-). Whether .or not the-increased information gained
through the use of this system is worthwhile depends on the medical relevance of
the particular study. The other HPLC-method, molecular sieving, has limited
resolving power for proteoglycans unless numerous-columns are run sequentially,
which translates into lengthy run times [97-99]. The principal advantage of gel
permeation is that, with the use of specific lyase digestion, naturally enriched
GAG fractions from biological fluids or tissue extracts may be easily quantitated.
Thus, a kinetic study which observes the concentration of a GAG or proteoglycan
can be performed to monitor the progress of a disease.

Electrophoresis of intact proteoglycans remains a new technology [110]. The
technique employed (agarose polyacrylamide) is analogous to the separation of
large DNA sequences. Thus far, the resolving power is no better than that of gel
permeation HPLC and the quantitation must be considered more difficult.

Proteoglycans also have a protein component, and while that is not the subject
of this review, it is prudent to mention that some excellent work has been per-
formed on the purification and characterization of core proteins [152-154]. At
present, the most interesting feature of the core protein is the hyaluronate bind-
ing region, which has been shown to possess less polysaccharide than the remain-
der of the protein. Using the aggregating proteoglycan of the swarm rat
chondrosarcoma it has been possible to locate the hyaluronate binding region on
the N-terminus of the protein, a region possessing few or no chondroitin sulfate
chains [153]. ‘

Link protein describes any glycoprotein (not proteoglycan) which has an
increased affinity for hyaluronate and which promotes the aggregation of proteo-
glycans and hyaluronate. Measurements of aggregate size are performed in ana-
lytical ultracentrifuge sedimentation velocity experiments. Purification of link
protein is as varied as protein purification in general [155]. However, biospecific
affinity chromatography is the most fequently used method. Since link protein is
known to have an affinity for hyaluronate, the glycoprotein may be further frac-
tionated on hyaluronate-Sepharose using 3.0 M thiocyanate as eluent [156,157].
Link protein also has an affinity for lectins and wheat germ agglutinin has been
used as an affinity ligand with N-acetylglucosamine as eluent [158].
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5. GLYCOSAMINOGLYCAN ASSOCIATED DISEASES
5.1. Mucopolysaccharidosis

The obvious diseases associated with GAGs are the mucopolysaccharidoses.
The sufferers of this group are often phenotypically grotesque and mentally
retarded. Except for the possibility of bone marrow transplantation {159,160],
there is no cure nor effective treatment. Since the diseases are inherited, genetic
counselling may prevent future births of affected individuals [161]. A thorough
review of the individual diseases, all of which are catabolic enzyme deficiencies,
is available [162].

Phenotypic diagnosis of mucopolysaccharidosis is followed by laboratory
screening of urinary GAGs using a wide variety of methods. These tests are per-
formed at three levels. First, a paper spot test [163] or quaternary ammonium
turbidity test [ 164] is used to identify greater than normal urinary GAG. Second,
specific testing is performed to identify the relative concentrations of sulfated
GAG, thereby suggesting which defects might actually be present. Third, the
demonstration of deficiencies of specific lysosomal enzymes normally responsible
for catabolism of the various GAGs confirms the diagnosis.

A critique of the cellulose acetate electrophoresis method for urinary GAG
determination and a statistical analysis of the Ames paper spot test versus the
cetylpyridinium chloride—citrate turbidity test has been reported by Huang et al.
[165]. They concluded that the spot test was superior for identification of uri-
nary GAG, yielding only 2.9% false positives and 3.4% false negatives, and if the
urine concentration was adjusted (or corrected) to 10 umol creatinine then zero
false results could be obtained. The second step, screening of urine samples for
GAG patterns, can either be done electrophoretically [166-168] or by HPLC
[169-171]. The HPLC method involves disaccharide analysis, as previously
described, on a Partisil 10 PAC (10 um, 25 cm X 4.6 cm) column. Whether elec-
trophoresis or HPLC analysis is used, the urinary GAGs must be isolated by
cetylpyridinium chloride precipitation and partially purified, requiring an effort
of one to two days. A method sufficiently sensitive to permit a more direct anal-
ysis from urine is needed. Urine concentrations of uronic acid in these diseases
are estimated at 0.02-0.2 mg/ml, nearly within the range of the available assays.
For example, the Coomassie blue-BSA-GAG staining technique for cellulose ace-
tate strips has a reported detection of 15-40 ng of GAG per 1-ul spot {43].

5.2. Periodontal disease

In addition to mucopolysaccharidoses, changes in GAGs are important in peri-
odontal disease, osteoarthritis, rheumatoid arthritis and other less prevalent
anomalies. In periodontitis it is apparent that sulfated GAGs serve as a marker
of tissue breakdown. Hyaluronate is a normal component of gingival crevicular
fluid, while chondroitin 4-sulfate is a characteristic of untreated chronic peri-
odontal disease involving the deeper periodontal tissues. The concentration of
chondroitin 4-sulfate in these tissues is sufficient to permit direct application of
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crevicular fluid to cellulose acetate for electrophoresis. Indeed the appearance of
chondroitin 4-sulfate in the gingival crevicular fluid would appear to differentiate
gingivitis, where inflammatory changes are confined to the soft tissues, from peri-
odontitis, where destructive activity in the deeper tissues is present [172-178].
Proteoglycans are also isolated from dental pulp and dentine, and the GAG com-
position of these tissues exhibits distinct differences [179]. Indeed, an HPLC
analysis of puppy dentine consisted primarily of chondroitin 4-sulfate and chon-
droitin 6-sulfate while hyaluronate, keratan or heparan, even in trace amounts,
were not present [180,181].

5.3. Osteoarthritis

The HPLC techniques are especially pertinent to the research of disease pro-
cesses which compare differences in healthy and diseased tissues. The identifi-
cation of specific GAGs is of interest because of a widely held belief that several
common chronic disease processes should produce biochemical changes in either
the primary structure or the relative proportions of certain affected GAGs. A case
in point is arthritis. We know that arthritis eventually results in near total degen-
eration of the articular surfaces and we further know that in the laboratory, work-
ing with healthy articular cartilage, the conditions for extraction of proteoglycan
result in severe cartilage degeneration. Yet those extreme conditions (approxi-
mately 4.0 M guanidine hydrochloride) are never encountered in vivo. Thus in
arthritis, one can reason that fundamental biochemical changes must occur which
are devastating to the intercellular matrix of cartilage, and by association, to the
constituent GAGs. It would seem logical that close examination of the composi-
tion and primary structure of GAGs and proteoglycans in both healthy and dis-
eased tissues will reveal those fundamental changes.

The monoclonal antibodies, which have been developed to react with specific
structural features of cartilage proteoglycans, provide the best opportunity to
study the arthritic disease process [149,182]. The most significant finding in this
area has been the coincidental increase of serum keratan sulfate levels with con-
firmed osteoarthritis [138]. This finding is a result of the development of mono-
clonal antibodies to keratan sulfate. Age-related differences in serum keratan
sulfate exist between children and adults, but among adults no significant age-
related differences were observed. The mean osteoarthritic serum level was
357+ 73 ng/ml, while normals were 251 +78 ng/ml. As judged by DEAE and
Sepharose CL-6B chromatography, the excess serum keratan sulfate was free
GAG rather than proteoglycan. Thus far, no study exists to observe changes which
might occur in the progression of the disease. However, this method could poten-
tially be very useful in the early diagnosis of joint disease.

Animal models of osteoarthritis are useful since onset of the disease can be
hastened and experimental parameters can be better controlled. Using a strain
of osteoarthritic mice, Rostand et al. [147,183] have shown that osteoarthritic
articular cartilage proteoglycans are very similar to normals with respect to
molecular size and degree of sulfation. However, the osteoarthritic cartilage yields
significantly more proteoglycan than normals when extracted with 4.0 M guani-
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dine hydrochloride. Osteoarthritis may be produced similarly in the dog stifle
joint by transection of the anterior cruciate ligament. In contrast to the mouse,
the dog model has shown that osteoarthritic proteoglycans are larger than nor-
mals, due to the presence of abnormally long chondroitin sulfate chains on newly
synthesized proteoglycans. These results were obtained through gel permeation
chromatography with Sepharose CL-2B, -4B and -6B [184]. A rabbit model,
similar to the dog model, indicated an increase in total GAG and a decrease in
cartilage keratan sulfate as shown by disaccharide analysis [185]. Yet another
model which has been investigated calls for the injection of glucose oxidase into
the joint. This enzyme produces hydrogen peroxide within the joint space and
results in histological damage similar to that observed with advanced osteoar-
thritis [186]. Despite the occurrence of arthritic processes in animal models,
results continue to reflect only the chronic aspects of the disease. A predictable
acute phase arthritic model is still needed.

In addition to mammalian in vivo models, there are many studies of primary
chondrocytes in cell culture. The advantages of cell culture are still greater bio-
chemical control, as opposed to in vivo models, and the convenience provided by
a non-animal system. One of the potential defects in osteoarthritis is increased
proteolysis of GAG. Proteoglycan characterizations using primary chondrocyte
cultures, and Biogel P-60 and Sepharose CL-2B chromatography have indicated
that specific metalloproteases play a role in the normal metabolism of proteogly-
cans [187]. Conversely, another potential defect is in the synthesis of GAG. Organ
culture of osteochondrophytic spurs of human femoral heads have been used to
study in vitro proteoglycan biosynthesis [188]. The value of these models is in
rapid experimentation which hopefully will lead to testable hypotheses in human
osteoarthritis.

Studies of normal versus naturally occurring osteoarthritic populations in which
the size of proteoglycans and GAGs or the activity of cartilage protease fractions
were observed have been able to demonstrate few significant differences. For
example, human urine measurements of total GAG show no change [189]. Bovine
cartilage proteoglycan and GAG chromatographic size are not different [190],
and guinea pig cartilage proteoglycan size [191] is unchanged between the nor-
mal and diseased state. However, human cartilage metalloprotease activity is ele-
vated by three- to ten-fold [192].

Severe osteoarthritis has been treated principally by corticosteroid adminis-
tration. The production of hyaluronate in organ cultue by cells of the villous
synovium is now known to be suppressed by both steroid suspensions and soluble
hydrocortisone [193,194]. Whether this observation is clinically relevant is
unknown. The inflamed joint does not necessarily show a decrease in hyaluronate
concentration. However, large effusions would indicate an increase in the total
hyaluronate production. Thus in some instances, a reduction in the hyaluronate
synthetic activity is related to a reduction in effusion. Sodium hyaluronate injec-
tion has also been used in the treatment of acute osteoarthritis in horses
[195-199], where it appears to improve lubrication of soft tissues, thus easing
pain through decreased resistance to joint movement. Two human clinical trials
have been performed using the intra-articular injection of hyaluronate as treat-
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ment for symptomatic osteoarthritis [ 200,201 ]. Both studies concluded that, for
most cases, hyaluronate was effective.

5.4. Rheumatoid arthritis and other diseases

Rheumatoid disease, unlike osteoarthritis, presents a consistent story of poly-
saccharide changes. Serum levels of circulating hyaluronate are elevated; 232 ug/1
in the disease state; 42 yg/l in normals [202]. The pathological tissues produce
more hyaluronate than normals and it is of a lower molecular mass {203-205].
Also, the protease activity of diseased synovial fluid is higher than normals. This
latter point is significant since the breakdown of cartilage proteoglycan may con-
tribute to the etiology of the disease [206-208].

Metabolic or genetic alterations in the content or composition of the GAGs are
characteristic of other diseases such as systemic lupus erythematosus [209], pul-
monary injury {210] and cirrhosis of the liver [211]. Additionally, hyaluronate
and other GAGs have been investigated as potential dermal, corneal and burn
wound treatments [212-215]. '

6. CONCLUSIONS

GAGs and proteoglycans in mammalian systems are ubiquitous. Compared to
efforts in the fields of protein and nucleic acid research knowledge about mam-
malian polysaccharides is scant. Perhaps this disparity is related to the complex-
ity of the extracellular matrix constituents. However, proteins and nucleic acids
- two complex molecular classes — have yielded to investigative efforts following
basic advances in separation technology and analytical methodology. Before the-
ories of the structure and function relationships of GAGs and proteoglycans can
be advanced, novel purification and detection systems must be developed. Such
technology only now appears to be evolving. Additional basic research is needed.
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8. SUMMARY

This review of the mammalian extracellular matrix polysaccharides covered
the glycosaminoglycans (GAGs) and their association into proteoglycans. As they
necessarily pertain to the chromatographic and electrophoretic separations of
these molecules, the structural features of the five principal GAGs were briefly
reviewed. Much of the current structural work as well as the separation technol-
ogy has been concerned with the sulfation state and copolymeric sequences of the
individual classes of GAGs. The separation methods discussed included electro-
phoresis by agarose, acrylamide and cellulose acetate, high-performance liquid
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chromatography (HPLC), ion-exchange, gel permeation and biospecific affinity
methods. Since detection systems are an integral part of chemical separation
technology, current thoughts about the best methods to assay GAGs or detect
column fractions were discussed. These included polysaccharide-specific detec-
tion systems such as Alcian blue dye, 1,9-dimethylmethylene blue, bovine serum
albumin-Coomassie blue, as well as non-specific carbohydrate detection systems
such as the carbazole or indole hydrochloride methods. Instrumentation used in
the detection of chromatography fractions for these molecules was discussed, since
the usual ultraviolet detector, standard with HPLC equipment, is often unsatis-
factory. The most sensitive specific detection method for GAGs is the use of mon-
oclonal antibodies, which are only now becoming commercially available. The
use of these antibodies, combined with HPLC separation, appears to be the best
available biochemical technology for studying the extracellular matrix polysac-
charides. Finally, the association between proteoglycans, GAGs and mammalian
disease processes was reviewed, emphasizing mucopolysaccharidoses and arthri-
tis. The early detection of both of these diseases is desired for effective counselling
and treatment. Many of the methods discussed here have been applied, but others
are yet to be tried in efforts to further that goal.
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