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Abstract—Urinary polyanions recovered from the urine samples of kidney stone-formers and normal controls were subjected to
preparative agarose gel electrophoresis, which yielded fractions 1-5 in a decreasing order of mobility. In both groups, chondroitin
sulfates were identified in the fast-moving fractions and heparan sulfates in the slow-moving fractions. Furthermore, two types of
heparan sulfates were identified based on their electrophoretic mobility: slow-moving and fast-moving. The fractionated urinary
polyanions were then tested in an in vitro calcium oxalate crystallization assay and compared at the same uronic acid concentration,
whereby, the chondroitin sulfates of stone-formers and heparan sulfates of normals enhanced crystal nucleation. Fraction 5 of the
normals, containing glycoproteins (14-97 kDa) and associated glycosaminoglycans, were found to effectively inhibit crystallization.
Papainization of this fraction in stone-formers revealed crystal-suppressive effects of glycoproteins, which was not seen in similar
fractions of normals. It was concluded that glycoproteins could modulate the crystal-enhancing glycosaminoglycans such as chon-
droitin sulfates of stone-formers but not in normals. The differing crystallization activities of electrophoretic fraction 1 of normals
and stone-formers revealed the presence of another class of glycosaminoglycan—hyaluronan. Hence, in the natural milieu, different

macromolecules combine to have an overall outcome in the crystallization of calcium oxalate.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The urinary environment, in which the salts of kidney
stones can be found, also contain macromolecules that
are considered to be important in the pathogenesis of
urinary stone disease. These macromolecules range from
ribonucleic acids, glycosaminoglycans (GAGs), proteins

Abbreviations: CPC, cetylpyridinium chloride; CS, chondroitin sulfate;
CsCl, caesium chloride; DS, dermatan sulfate; GAG, glycosamino-
glycan; Gp, glycoprotein; HA, hyaluronan; HPLC, high pressure
liquid chromatography; HS, heparan sulfate (f—fast; s—slow); kDa,
kilodalton; NC, normal control; SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; SF, stone-former.
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of few kilodaltons to the most widely studied protein
inhibitors of crystallization, osteopontin, bikunin and
prothrombin fragment 1.' The role of the macromole-
cules found in the urine remains unresolved, although
several studies have been done to observe the effects of
crude extracts of urinary macromolecules on the crystal-
lization of calcium oxalate,”> a salt most commonly
found in human urine. Certain glycoproteins (Gps)®'°
and GAGs''"'* have also been purified from urine sam-
ples to study their effects on in vitro calcium oxalate
crystallization systems.

In these studies, there is much controversy regarding
the possible roles (promotion/inhibition of nucleation,
growth and aggregation) played by individual macro-
molecules be it glycoproteins or GAGs and these have
been adequately reviewed by Rodgers and Khan.'>'®
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It is problematic to establish what individual macromole-
cule is most active in urine as it appears that there is an
overabundance of crystal modulators.!” The different
methods employed for the isolation of the urinary
macromolecule and crystallization assays may lead to
a distinctive role of the individual macromolecule.

Earlier studies on GAGs relied largely on commercial
products, which were from non-human sources.!*%2!
Proteoglycan metabolites in urine include chondroitin
sulfates (CS) and heparan sulfates (HS) both as free
GAGs and as peptide-linked forms bearing the serine—
xylose link.?* Recently, urinary GAGs have been impli-
cated in the modulation of calcium oxalate crystalliza-
tion'>!"? and studies have also shown that urinary
HS is incorporated in the stone matrix.** Both urinary
HS and CS have been observed to inhibit crystal
growth.”> However, these studies were done with crude
urinary GAG extracts, which had not been purified or
separated. Thus the relative importance of the purified
GAG-containing macromolecules to calcium oxalate
crystallization is not yet clear.

Our previous report'® on the separation of papainized
urinary GAGs into CS and HS by the application of
agarose gel electrophoresis on a preparative scale
revealed that when tested in an in vitro calcium oxalate
crystallization system”® the electrophoretically fast-mov-
ing fractions of stone-formers more actively caused crys-
tal nucleation as compared to normals. These fractions,
in stone-formers, were subsequently identified to be
hyaluronic acid (HA).?” Urinary HS (slow-moving frac-
tions) were found to be similarly effective in enhancing
crystal nucleation in normals. These studies indicate
the importance of fractionation in identifying urinary
GAGs important to crystallization events.

This paper studies the separation of the different clas-
ses of GAG-containing macromolecules in their native
forms from each other and from the co-extracted glyco-
proteins by a preparative agarose gel electrophoresis.'*
The fractions so obtained are then tested for effects on
both nucleation and the growth of crystals of calcium
oxalate arising from endogenous ions in urine. The crys-
tal active roles of GAG-containing macromolecules are
confirmed and crystal-suppressive roles of co-extracted
glycoproteins are suggested. The results not only show
the crystallization activities of isolated GAGs, but also
of co-existing glycoproteins, just as they are in the native
state in the kidney.

2. Results and discussion
2.1. Recovery of urinary GAGs
Some studies use commercially available GAGs and

these, from non-human and non-kidney sources, can
be very different from those found in the urinary envi-

ronment. However, the role of GAGs in urolithiasis is
almost always implied or extrapolated from studies that
rely on these commercially available GAGs, or other
non-purified and non-defined extracts or urinary macro-
molecules. Glycosaminoglycans in urine may be from
two sources, one, from the metabolic turnover of con-
nective tissue, which consists of smaller fragments, the
larger ones being degraded by the liver®® and secondly,
endogenous turnover in the kidney itself.?” Within the
kidney, HS is the major component of the glomerular
basement membrane. The mesengial matrices have also
been found to contain CS and HS.**-!

In this study, we studied clearly defined and purified
classes of urinary GAGs in their native forms and
explored the possibility that GAGs from normals and
stone-formers are different. The non-papainized urinary
polyanions were obtained from the pooled urine samples
of age-matched (22-56 yrs) normal controls (NC,
n=>51) and stone-formers (SF, n=155). The average
recovery from urine for the urinary polyanions was
227 and 149 pg/mL, respectively. Compared to NC,
the lower average concentration of urinary polyanions
among stone-formers was significant (P <0.01) and
may be due to an increased fluid intake and hence
urinary output. Preliminary identification of the crude
GAGs on cellulose acetate electrophoresis showed
Alcian-blue stainable materials in the mobility range
of standard GAGs and one band of mobility lower than
that of standard heparin for both NC and SF (Fig. 1).
The full identification of GAG classes in the urinary
polyanions was done on fractions recovered from pre-
parative agarose gel electrophoresis.

2.2. Preparative electrophoresis of non-papainized
urinary polyanions

Both normal controls (Fig. la) and stone-formers
(Fig. 1b) showed a major A400 peak within 5 h of electro-
phoresis, whereas the A,z peak was slightly out of
phase. The electrophoretic profiles shown here are
representative though variations in terms of GAG and
protein content were observed from one pooled urine
extract to another. The materials from repeated electro-
phoretic separations were then pooled into fractions 1-5
in the decreasing order of mobility to standard GAGs
(Fig. 1, inset). The pooled fractions were then tested
for GAGs and Gp composition based on their suscepti-
bilities to enzyme and chemical treatments. Overall,
chondroitin sulfates (CS), which appeared in fraction 1
of NC and SF, were separated from the heparan sulfates
(HS) in fraction 4 (Fig. 2, lane 3 of a and d, top and bot-
tom). For the intermediate fractions, HS appears as
early as in pooled fraction 2. Two distinct sub-popula-
tions of HS were identified (based on their electropho-
retic mobilities on cellulose acetate), a fast-moving HS
(fHS) with a mobility comparable to standard dermatan
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Figure 1. Preparative agarose gel electrophoresis of non-papainized
urinary polyanions, from (a) normal controls and (b) stone-formers
were monitored for cetylpyridinium chloride (CPC) turbidimetry at
Aapo and proteins at A,go. The relative electrophoretic mobilities of
alternate fractions were reproducible as shown in cellulose acetate
electrophoresis. The electrophoretic fractions were pooled as shown by
horizontal bars into fractions (1-4) and residual polyanions at the
origin are indicated as fraction 5. Fractions, 4 mL each, sm, standard
reference material; up, non-fractionated urinary polyanions.

sulfate (DS) and a slow-moving HS (sHS) with a mobil-
ity comparable to standard heparin (Hp). Comparing
the composition of GAGs and Gps in the pooled frac-
tions 1-5, the trend is that the early fractions comprise
mainly of CS and the latter fractions contain increasing

proportions of HS and Gp—-GAGs. These observations
are mainly from enzyme and/or the chemical treatment
of the extracts. DS was not detected in the SF and
was barely discernable in the cellulose acetates of NC
after chondroitinase-ABC digestions. Fractions 3-5 of
NC (Fig. 2, lane 6 of b-d, top) and fractions 2-4 of
SF (Fig. 2, lane 8 of a, lane 6 of b and c, bottom) re-
tained an alcian-blue stainable band after sequential
digestion with chondroitinase-AC, chondroitinase-
ABC and nitrous acid treatment. This material was
resistant also to heparitinase, hyaluronidase, neuramin-
idase, papain and alkaline treatment.

One GAG sub-class that was not distinguished in our
early studies using papainized extracts of urinary
GAGs'* was fHS (Fig. 2). This fHS had a mobility com-
parable to the standard DS. The molecular weight of
urinary HS ranges from 8 to 30 kDa and those HS poly-
saccharide chains that were less sulfated were also smal-
ler in molecular size.* It is conceivable that this fHS is
precipitable with CPC only with its protein subunit. In
the papainized sample, being less sulfated and smaller,
it falls below its critical electrolyte concentration®® for
precipitation with cetylpyridinium chloride.

2.3. Crystallization characteristics of the preparative
electrophoretic fractions

Among NC samples, fractions 1 and 2 containing pre-
dominantly CS and fast-moving HS showed low crys-
tal-nucleating activities with a ratio of 1-2.5 to the
basal activity of the neat urine ultrafiltrate (Fig. 3a).
Fractions 3 and 4, containing mainly CS and fast- and
slow-moving HS, showed activities § and 20 times that
of the ultrafiltrate. Fraction 5 containing mainly Gp
associated with GAGs and HS showed a marked crys-
tal-inhibitory activity towards nucleation. Fractions 1-
4 obtained from SF indicated crystal-nucleating activi-
ties nearly 5-10 times that of neat ultrafiltrates except
for fraction 5, which showed activities similar to that
of ultrafiltrates.

Crystal growth-inhibitory activities were evident in
fractions 1-4 of both NC and SF except for fraction 5
(Fig. 3b). The most marked growth-inhibitory activities
were found in fraction 4 for both the NC and SF, which
also corresponded to the fraction containing the greatest
crystal-nucleating activities. It was however noticed that
in the SF the growth-inhibitory activities were similar
(ratio of 0.5-0.65 to that of ultrafiltrate crystal size),
however, when compared to NC, the crystal sizes were
dissimilar (30-40%), which was statistically different be-
tween the two populations in fractions 1, 2 and 4. In NC
there is a discerning growth-inhibitory activity due to
fraction 4 (40%), which corresponded to a nucleation
ratio of 22 times that of urine ultrafiltrates.

The crystallization studies revealed that polyanions
extracted from SF and fractionated by preparative elec-
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Figure 2. Identification of GAG classes in the pooled preparative electrophoretic fractions of normal control subjects (top) and stone-formers
(bottom). Cellulose acetate electrophoresis (a—d; Alcian blue stained) was performed after sequential enzymatic/chemical treatment of the pooled
fractions. Lanes 1 of (a)—(d) show the standard reference mixture of heparin, DS and CS, in an increasing order of mobility. Lanes 2 of (a)—(d) show
the non-fractionated urinary polyanions. CS in fraction 1 (lane 3 of a), fraction 2 (lane 5 of a), fraction 3 (lane 3 of b), fraction 4 (lane 3 of c) and
fraction 5 of NC (lane 3 of d) was digestible by chondroitinase AC (lane 4 of a, lane 6 of a, lane 4 of b and ¢ and lane 4 of d (top)). DS removal by
chondroitinase ABC was virtually indiscernible in fraction 2 (lane 7 of a), fractions 3-5 (lanes 5 of b-d). fHS and sHS was removable by nitrous acid
treatment in fraction 2 (lane 8 of a), fraction 3 (lane 6 of b), fraction 4 (lane 6 of c¢) and fraction 5 (lane 6 of d). Electrophoresis was performed at
5 mA (constant current) for 30 min and an equal amount was applied in each lane.

trophoresis reached 8-12 times that of urine ultrafil-
trates alone. In the normal controls, the late fractions
containing increasing proportions of HS, showed crystal
activities as high as 20 times that of urine ultrafiltrates.
The level of enhancement so observed was however con-
sistent but lower than that due to papainized extracts of
urinary polyanions studied earlier."* Mainly, it is ob-
served that fraction 1 of SF is active in crystal nucleation
mainly due to the presence of HA. The material that did
not electrophorese and remained at the origin after 40 h
was recovered and revealed to contain glycoproteins
associated with GAGs. It is suggested that this material
at the origin (for NC only) is aggregated as it would mi-
grate into SDS-PAGE only after it had been treated
with 4 M guanidinium hydrochloride and separated by
ultracentrifugation in a CsCl gradient. SDS-PAGE anal-
ysis (not shown) suggests that the major glycoproteins
observed were in the range of 14-97 kDa. Analyses by
specific antibodies revealed it to be positive for osteo-
pontin, Tamm-horsfall glycoprotein, albumin and hu-
man prothrombin fragment 1. NC5 fraction was
highly inhibitory towards crystal nucleation. As the
NCS5 fraction contains a mixture of glycoproteins, fur-
ther purification and analyses would be required to as-
sess as to which particular glycoprotein is important.
Most studies have indicated that much of the inhibitory
effect of crystallization is attributable to urinary proteins
such as prothrombin fragment 1, osteopontin, bikunin
and Tamm-horsfall glycoprotein’'>>* and we reveal
the similar proteins in our crystal-suppressive fraction 5.

2.4. Crystal-suppressive effects of the ‘putative’ protein

The observation of a strong nucleation—inhibitory activ-
ity in NC5 prompted the use of this fraction to test for
the suppressive effects on crystal-active fractions. For
this purpose, electrophoretic preparations of urinary
GAGs—NC-HS (fraction 4) and SF-CS (fraction 1)—
were used as they were shown to be particularly crystal
active as much as 30 times that of the neat urine ultrafil-
trates.'* Figure 4a shows the inhibitory activity of frac-
tion 5 of NC (non-papainized urinary polyanions) on SF-
CS (fraction 1) and NC-HS (fraction 4). Fraction 5 of
NC showed a marked inhibitory activity towards crystal
nucleation, even at the levels of 1 pg hexuronate/mL in
the final solution. Correspondingly, crystal-growth inhi-
bition was relieved to reach the levels of those found in
urine ultrafiltrates.

To further demonstrate the crystal-suppressive effects
of the Gp, fraction 1 of both NC and SF were subjected
to papain digestion and the GAGs recovered from the
digestion product were assayed for crystallization activ-
ity. As shown in Figure 4b, the moderate activity of frac-
tion 1 of SF sample was increased significantly after
papainization, but no change was observed in the basal
activity of fraction 1 of NC after papainization. In con-
trast, the basal activity, characteristic of NC-CS was
unmodified by Gp, if any that co-migrated in this frac-
tion. The nucleation-promoting activities of SF-CS
was apparently recovered after digestive removal of
the co-migrating SF-Gp, reaching the levels observed
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Figure 3. Calcium oxalate crystal nucleation-promoting activities (a)
and growth-inhibitory activities (b) of preparative electrophoretic
fractions of urinary GAGs at 5 ug hexuronate/mL. The horizontal line
depicts the population density (a) and size (b) of the crystals found in
urine ultrafiltrates alone. *P < 0.05; **P < 0.005; ***P < 0.0001 (n =15,
mean + SEM).

in the electrophoretic fractions of the papainized coun-
terpart.'* This confirmed our original crystallization
activities on the fraction 1 of SF and fraction 4 of NC
in Figure 3.

As glycoproteins co-migrate with the GAGs during
preparative electrophoresis, the crystal activities ob-
served would be the interplay of both the crystal-inhib-
itory activities of the glycoproteins and the crystal-
promoting activities of the GAGs, which is proven
above. It is possible that the free chains of HA and
HS in the absence of glycoproteins (NCS5) could provide
the template for crystal nucleation, whereas in the pres-
ence of glycoproteins, the free GAGs may aggregate
with the GPs thus removing the template from the solu-
tion.*> The effects of glycoproteins were further corro-
borated by papainizing fractions NCI and SFI1 and
studying the crystal properties before and after papaini-
zation (Fig. 4b). The crystal-nucleating promoting prop-
erties of NC1 was unaffected suggesting that the basal
level (above that of urine ultrafiltrates alone) of crystal
nucleation is solely due to CS. However, for the
SF1, the crystal-nucleating promoting properties was
enhanced after papainization, confirming our earlier
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Figure 4. Crystal-suppressive effects of the putative glycoprotein is
shown by the (a) modulatory effects of NC5 on crystallization activities
of NC-HS (fraction 4) and SF-CS (fraction 1) (*P <0.001, n=6;
mean + SEM) and (b) papainization of SF1 and NCI1 showing the
suppressive effects of glycoproteins on crystallization activities
(*P <0.05; n=16; mean + SEM). All crystal studies were performed
at 5 pg hexuronate/mL and values in brackets indicate pg hexuronate/
mL for fraction NC5. The solid horizontal line indicates a ratio equals
to 1 (i.e., crystallization activity equivalent to urine ultrafiltrates).

observation by crystallization'* that SF GAG class in
fraction 1 was distinctly different from that of fraction
1 of NC.

Murata et al.*® has shown that several chondroitin
sulfate isomers exist in normal human urine. When the
CS were digested by chondroitinase AC and/or ABC
enzymes, the products were mainly disaccharides includ-
ing non-sulfated-, C4-sulfated-, C6-sulfated-, di-sulfated
species. Indeed, our HPLC analysis of fractions 1 of NC
and SF revealed that in addition to disaccharides of CS,
hyaluronan isomers were found in both the groups
(Fig. 5).2” Whether the difference in the crystallization
activities of the HA in NC and SF lies in the composi-
tion of HA will only be revealed when we have studied
the nature of urinary HA for their molecular mass and
any associated peptides. This will then shed light as to
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Figure 5. SAX-HPLC chromatograms of the unsaturated disaccha-
rides from chondroitinase digestion of papainized urinary glycosamino-
glycan of fraction 1 from (a) normal controls and (b) stone-formers.

the importance of the isomers of HA within which the
composition may differ between the two populations.
Differential proteoglycan turnover, control and excre-
tion in urine has been implicated in other diseases such
as diabetes,’” bladder carcinoma,® pseudoxanthoma
elasticum™ and progressive systemic sclerosis.** These
have also reported HA to be produced as a secondary
product of injury or inflammation, akin to an injury
due to a growing stone.

To conclude, there is an extensive amount of literature
that has implicated glycosaminoglycans as an active
participant in the crystallization processes of calcium
oxalate.*' #® Preparative agarose electrophoretic separa-
tion of urinary GAGs and co-existing glycoproteins
revealed that CS are predominant in the early fractions,
whereas the heparan sulfates and the glycoproteins-
associated-GAGs appear in the later fractions. Appar-
ent differences between NC and SF in the separation
of urinary GAGs is observed following enzymatic and
chemical treatment to analyze the GAG sub-classes by
HPLC. The inhibitory glycoproteins merits further

investigations as to its identity, structure and function.
Thus, an overall crystallization characteristics (nucle-
ation and inhibition of growth) in the urine is achieved
through the relative contributions of the different
GAG classes and Gps in the natural milieu.

3. Experimental
3.1. Enzymes

Chondroitinase AC (chondroitin AC lyase, EC 4.2.2.5;
from Flavobacterium heparinum), chondroitinase ABC
(chondroitin ABC lyase, EC 4.2.2.4; from Proteus vulga-
ris), heparitinase (heparan sulfate lyase, EC 4.2.2.8;
from F. heparinum), hyaluronidase (hyaluronate lyase,
EC 4.2.2.1; from Streptomyces hyalurolyticus) were
obtained from Seikagaku Corporation (Tokyo, Japan)
and papain (EC 3.4.22.2) was from Sigma (St. Louis,
MO, USA).

3.2. Recovery of urinary GAGs

The procedure is as previously described'* except that
the recovered urinary polyanions were not further di-
gested with papain. Briefly, urinary proteoglycan meta-
bolites and glycoproteins were recovered as polyanions
from pooled early morning urine of age-matched
healthy controls and stone-formers by sequential precip-
itation, first as the cetylpyridinium salt and subsequently
as the sodium salt.**” The urine samples of stone-form-
ers were treated separately from those of normal control
subjects. The stone-formers recruited for this study were
all calcium stone-formers with calcium oxalate and/or
admixed with calcium phosphate. The subjects were on
a free diet and there was no statistical difference between
the two populations in terms of the urinary concentra-
tions of sodium, potassium, calcium, chloride, creati-
nine, oxalate, citrate and phosphate.

3.3. Electrophoretic methods

3.3.1. Cellulose acetate electrophoresis. This was per-
formed on cellulose acetate in 0.05 M barium acetate
buffer (pH 5.8), using a Microzone apparatus (Beck-
man) at 5mA (constant current) and 30 min. Each
sample was applied equivalently three times. The
membranes were stained with 0.2% Alcian Blue.*®

3.3.2. Preparative agarose gel electrophoresis. A pre-
parative apparatus® with 1% agarose gel was used to
perform electrophoresis (11 V, constant voltage, 40 h)
of the urinary polyanions. The fractions were collected
at 30 min intervals and monitored for GAGs and glyco-
proteins by turbidimetry with cetylpyridinium chloride*’
and for 280-nm-absorbing glycoproteins. Urinary



M. D. I. Gohel et al. | Carbohydrate Research 342 (2007) 79-86 85

polyanions in the electrophoretic fractions as well as
residual material of application were well recovered by
sequential precipitation procedure.’ The fractions were
assayed for hexauronic acid contents by the Carbazole
reaction” and proteins contents by Bradford protein as-
say (Biorad). The GAG classes therein were identified by
their respective susceptibilities to digestion by chondro-
itinase AC, chondroitinase ABC,”' and treatment with
nitrous acid.>> The GAG/glycoprotein associates
remaining in the application were well dissociated in
4 M guanidinium hydrochloride and were separated by
ultracentrifugation (48 h, 110,000g, 4 °C) through a cae-
sium chloride density gradient (1.435 g/mL) followed by
dialysis. The separated polyanions were recovered
through sequential precipitation procedure as described
earlier. These separated GAG/Gp associates were then
tested for susceptibility to digestion with enzymes as
above and in addition—heparitinase,”* hyaluronidase,>*
papain®’ and alkaline treatment.>

3.3.3. SDS-polyacrylamide gel electrophoresis. This
was performed in a mini-gel apparatus (Hoeffer Sci-
ences) (12% gel, 8 x10x0.075 cm, Tris—glycine-SDS
buffer, pH 6.8 for stacking gel, pH 8.8 for separating
gel) to monitor and determine the molecular weights
of proteins that co-migrated with GAG-containing
forms in the fractions. The fractions were all standard-
ized with 5pg protein application onto the gel and
mixed with a sample buffer (SDS-glycerol-2-mercap-
toethanol in Tris, pH 6.8 buffer, 0.002% bromophenol
blue) (1:1 v/v, 20 pL. maximum volume). Both high
molecular (29-205kDa) and low molecular (14.2—
66 kDa) weight protein standards (100 pg) were applied
(Sigma). The gels were pre-run for 15 min at 40 V. Fol-
lowing sample application, the gels were electrophoresed
at 40 V for 20 min, 80 V for 30 min and thereafter at
150 V until the tracking dye reached 1 cm from the bot-
tom of the plate. A cooling system was attached to the
electrophoretic unit. The gels were stained with Coo-
massie Brilliant Blue R-250 (0.1% in 50% methanol/
10% acetic acid/water) and destained in the same solvent
without the dye.

3.4. Strong anion exchange high pressure liquid
chromatography (SAX-HPLC)

SAX-HPLC was performed to study the disaccharide
composition of the purified extracts following an
exhaustive digestion with chondroitinases. Chromato-
graphy was performed with an ISCO-HPLC (Model
2350, USA) system equipped with a V* absorbance
detector and connected to a computer for running of
the HPLC pumps (isocratic or gradient) and analyses
of the data. The digested urinary GAGs were separated
on a Whatman Partisil-10 (SAX) column (250 x 4.6 mm)
at a flow rate of 1.0 mL/min, 25 °C. The column elute

was monitored at 232 nm and the peak heights and area
determined. The unsaturated disaccharides were eluted
with a linear gradient, which was begun at 5 min (post-
injection) (0 M KH,PO,) to 25 min (0.4 M KH,PO,).
The integrity and efficiency of the column was tested
by measuring the linearity of the disaccharide standards
at three different concentrations (2.5, 5 and 10 pg/mL).

3.5. Crystallization assay

GAG-containing macromolecules recovered from the
electrophoretic fractions were tested for crystallization
activity according to the method of Gohel et al.?®
Briefly, this involved the addition of test GAGs at a final
concentration of 5 pg hexuronate/mL to urine ultra-
filtrates (pH 5.3, 1250 mOs mol/kg), which had been
prepared at a nominal cut-off of 10 kDa (YM-10 mem-
branes; Amicon) from urine of normal control subjects.’
The concentration of GAGs being used for the crystalli-
zation studies are those found in the urinary range (2—
6 ng hexuronate/mL of urine) as determined by us®’>°
and others.>”® Envelope crystals of calcium oxalate
dihydrate were assessed for the population density and
size with the ‘Improved Neubauer Chamber’ haemocy-
tometer under light microscope fitted with a high power
objective (400x) and an ocular micrometer. Each sample
was determined six times to obtain an average value. All
crystal assessments were done in the urine ultrafiltrate in
the presence of test material were expressed as ratios to
that observed in the neat urine ultrafiltrate to minimize
the effects due to micro-ions in the ultrafiltrate and thus
demonstrate the effects due to the test GAG. Crystal
nucleation is demonstrated when a ratio of >1 is
indicated in the population density of the crystals and
conversely crystal suppression (or crystal nucleating inhi-
bition) is demonstrated when a ratio of <1 is indicated.
Crystal growth is demonstrated when a ratio of >1 is
indicated in the size of crystals and conversely crystal-
growth inhibition is demonstrated when a ratio of <1
is indicated. The crystallization studies were repeated
(see legend) to substantiate statistical comparisons.

3.6. Statistical analysis

All statistical analyses were performed using the Mann—
Whitney U-test using Graphpad INSTAT (Ver. 3.06)
and PRISM (Ver. 4.03) software (Graphpad Software
Inc., San Diego, USA).
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