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Abstract

Background: Glycosaminoglycans are found in human tissues including plasma. They encompass chondroitin sulphates, heparan sulphate/
heparin, hyaluronic acid, and keratan sulphate. Glycosaminoglycans, in particular heparan sulphate and heparin, are strongly associated with
plasma proteins, so that their purification results quite difficult.

Methods: In order to study the distribution of glycosaminoglycans in plasma subfractions, we developed a novel method that allows their
identification even if they were still associated with proteins or peptides. Plasma was fractionated following the procedure of Cohn—Oncley, and
each fraction was treated with proteases. After centrifugation, glycosaminoglycan/protein complexes in the supernatant were analysed using a
modified cellulose acetate electrophoresis which allowed identification of glycosaminoglycans in mixtures of glycosaminoglycans/proteins.
Results: Chondroitin sulphate was recovered in cryoprecipitate and in all Cohn—Oncley fractions. Glycosaminoglycans belonging to the class of
heparan sulphate/heparin, however, were recovered in the cryoprecipitate and in fractions I and V-1, and, in smaller amount, in fraction I1+1II.
Conclusions: Since the largest amount of plasma proteins is partitioned in Factions IT+1II and V, these results demonstrate that heparan sulphate/
heparin are not randomly distributed in Cohn—Oncley fractions and are associated with certain plasma proteins. This association might play a role

in the physiological function of heparan sulphate/heparin, regulating hemostasis and atherogenesis.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Glycosaminoglycans (GAGs) are large polyanionic mole-
cules containing disaccharide repeating units. There are four
major classes of GAGs classified on the basis of their chemical
structure: hyaluronic acid (HA), keratan sulphate (KS),
chondroitin sulphates (including chondroitin sulphate A,
CSA; chondroitin sulphate C, CSC; and chondroitin sulphate
B, CSB, also termed dermatan sulphate, DS) (the class of
chondroitin sulphates is termed CSGAGs), and heparan

Abbreviations: CSA, chondroitin sulphate A; CSB, chondroitin sulphate B;
CSC, chondroitin sulphate C; CSGAGs, class of chondroitin sulphates; DS,
dermatan sulphate; GAG, glycosaminoglycans; HA, hyaluronic acid; HP,
heparin; HS, heparan sulphate; HSGAGs, class of heparan sulphate and heparin;
KS, keratan sulphate.
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sulphate GAGs (HSGAGs) that include heparan sulphate (HS)
and heparin (HP) [1]. With the exception of KS, they consist of
alternating copolymers of uronic acid and hexosamine. HA is
composed of alternate residues of the monosaccharide D-
glucuronic acid and N-acetyl-D-glucosamine linked by 3 (1 —
3) bonds; it is unsulphated. CSGAGs are composed of alternate
sequences of D-glucuronic acid (CSA and CSC) or D-glucuronic
acid or L-iduronic acid (DS) and differently sulphated residued
of N-acetyl-D-galactosamine linked by p (1 — 3) bonds. HP
and HS (HSGAGsS) are similar in structure, both consisting of
alternate units of N-acetyl-D-glucosamine with D-glucuronic
acid or L-iduronic acid; the disaccharide units can be N- and /or
O-sulphated.

GAGs are found in all human tissues including plasma.
Undersulphated CSGAGs are abundant in normal human
plasma [2] and they could be easily purified by ion-exchange
chromatography of protease-treated plasma [3,4] In the past,
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HSGAGs were described mainly associated with pathological
conditions [5—7]. More recent studies demonstrated that
HSGAGs could be found also in normal human plasma [3,4].
HSGAGs are associated with plasma proteins [8,9], and this
association is so strong that even exhaustive proteolysis does
not yield pure HSGAGs (i.e., protein-free) [4]. Little is known
about endogenous HSGAGs binding proteins in normal human
plasma [10]. In particular, it is not known whether HSGAGs
specifically bind certain classes of proteins or whether they are
randomly associated with basic plasma proteins [11]. In this
study, we decided to fractionate human plasma using the Cohn—
Oncley fractionation procedure. The Cohn—Oncley process is
based on 1940s technology that has been modified through the
decades, although the basic process remains unchanged [12,13].
It is a major primary purification process in use for commercial
protein purification from human plasma [14]. Since it allows
rapid and reproducible fractionation of plasma proteins, we
thought that it was suitable to study the distribution of CSGAGs
and HSGAGs in the obtained fractions with the aim of
elucidating possible specific interactions that might play a
role in HSGAGs function and regulation [1,11,15]. However,
conventional methods for GAG extraction and purification lead
to identification only of CSGAGs [9,16]. This happens because
HSGAGsS are so strongly associated with plasma proteins and
peptides that only laborious, non-routinely used procedures
allow their isolation [4]. In order to circumvent these
limitations, in this paper, we describe the development of a
novel and simple method, based on conventional cellulose
acetate electrophoresis, that allows identification of all plasma
GAGs (including HSGAGs) from mixtures of GAG/proteins
recovered in Cohn—Oncley fractionation of human plasma.

2. Materials and methods
2.1. Materials

Plasma samples were prepared from citrated blood of healthy
donors provided by the Centro Trasfusionale Militare of the
Istituto Farmaceutico Militare of Firenze, Italy. CSA (from
bovine trachea), CSC (from shark chartilage), and CSB (from
porcine intestinal mucosa) were purchased from Sigma Chem.
Co. (St. Louis, MO, USA). HA (from human umbilical cord)
was from Calbiochem (La Jolla, CA, USA). Unfractionated HP
(MW, 12.4 kDa; sulphation degree: SO3;/COO , 2.15) was
extracted from bovine intestinal mucosa and was provided by
Opocrin, Modena, Italy. Fractions of heparin, termed slow-
moving heparin 1927, fast-moving heparin 1020/25, and low-
molecular-weight heparin (LMW 2123/850, MW, 4.5 kDa;
sulphation degree: SO3/COO ", 2.19) were provided by
Opocrin, Modena. HS was from Upjohn International Inc.
(Kalamazoo, MI, USA). Chymotrypsin (EC 3.4.21.1), trypsin
(EC 3.4.21.4), collagenase (EC 3.4.24.3), pepsin (EC 3.4.23.1),
and chondroitinase ABC (EC 4.2.2.4) were from Sigma Chem.
Co. (St. Louis, MO, USA). Papain (EC 3.4.22.2) was from
Calbiochem (La Jolla, CA, USA). Titan III Zip Zone cellulose
acetate sheets (60x76 mm) were purchased from Helena
Laboratories (Beaumont, TX, USA). Alcian Blue was from

Fisher Scientific Co. (Pittsburg, PA, USA). Dialysis membranes
(cut-off, 3.5 kDa) were from Spectrum (Breda, Holland).
Human albumin, poly-L-lysine (KDa 84.0, Lot 031K5106) and
all common other reagents were from Sigma Chem. Co. (St.
Louis, MO, USA).

2.2. Improvement of conventional cellulose acetate electrophoresis

Conventional cellulose acetate electrophoresis was per-
formed at pH 1.0 and at pH 5.0 by using two chambers
containing 0.5 M barium acetate buffer, at pH 5.5, or 0.1 M
HCI, pH 1.0. as described [17,18]. Then we introduced the
following modification. An additional electrophoretic chamber,
termed stacking chamber, containing 0.1 M EDTA buffer, at pH
11, was assembled. Titan III Zip Zone cellulose acetate plate
was dipped for 2—3 s in 10 mM EDTA pH 10.5 (solution A) to a
height of 1.5 cm. The opposite end was immersed in 4 M NaCl,
5 mM EDTA pH 10.5 containing 5% acetone (solution B)
avoiding contact with the wet zone of the previous immersion in
solution A, leaving a narrow dry band (2—3 mm large), between
solutions A and B. Aqueous samples were loaded on the
cellulose acetate electrophoresis sheet in the middle of the wet
area previously immersed in solution A. The sheet was put in
the stacking chamber and run for 2 m at 200 V. Then, the sheet
was removed from the chamber and it was immersed in 3 mM
EDTA, pH 10.0, for 30 s. Afterward, it was put again in the
stacking chamber and run for 1 m at 200 V. The procedure
described here (stacking) is different from that previously
described [17] because it was performed at high pH. This
modification was introduced in order to promote disassociation
of GAGs from proteins to such an extent that, when the GAG/
protein ratio was high enough (see Results), GAGs could
migrate in cellulose acetate electrophoresis even if proteins
were still in the samples.

Following the newly introduced stacking procedure, elec-
trophoresis was performed either at pH 5.0 [17] or at pH 1.0
[18] in the respective chambers as described. In some
experiments, samples were treated with nitrous acid according
to Cappelletti et al. [19]. Staining of GAGs was obtained by
immersing the sheet for 3—5 m in an aqueous solution of 0.1%
Alcian Blue. The sheet was destained in 10% acetic acid,
washed under running water for 5 m, and finally dried by heated
air. Bands corresponding to GAGs, identified on the basis of co-
migration with standards, were analysed by densitometry for
quantitative analysis using a dedicated software (Scion Image,
Scion Co., MD USA). The results of quantitative analysis
reported in Table 1 are referred to one experiment representative
of three others that gave qualitatively identical results.

2.3. Plasma protein fractionation according to Cohn—Oncley

Plasma (400 ml) was frozen in a glass beaker at —20 °C for
24 h. Then, it was defrosted at 4 °C for 24 h. Afterwards it was
centrifuged at 15,000xg for 10 min. We obtained a supernatant,
termed cryosupernatant and a precipitate, termed cryoprecipi-
tate. Next, we followed the Cohn—Oncley fractionation
procedure as described [20].
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Table 1
Distribution of glycosaminoglycans in Cohn—Oncley fractions of human plasma
Total GAGs HSGAGs CSGAGs Proteins GAG/
(%) (%) protein
0, 0,
(hg) (%) () (o) P
Cryoprecipitate  604.8 23.8 58.5 41.4 79 266 1/13.1
Fraction I 485.0 19.1 61.9 38.0 6.0 223 1/124
Fraction II+III  508.2 20.0 20.8 79.1 6.4 239 1/12.6
Fraction IV-I 5228 21.6 372 62.7 2.0 74 1/3.8
Fraction IV-4 1814 7.1 0.0 100.0 32 119 1/17.6
Fraction V 137.0 58 0.0 100.0 1.2 46 192

The indicated amounts of glycosaminoglycans (GAGs) and proteins are referred
to 1 ml of the starting plasma samples. The results of quantitative analysis
reported in this table are referred to one experiment representative of three others
that gave qualitatively identical results.

Cryoprecipitate and fractions I, II+1II, IV-I, IV-4 and V, indicate the fractions
obtained by Cohn—Oncley fractionation procedure. CSGAGs: class of
chondroitin sulphates; HSGAGs: class of heparan sulphate and heparin.

2.4. GAG extraction from cryoprecipitate and Cohn—Oncley
fractions for analysis on cellulose acetate electrophoresis

Cryoprecipitate and fractions I, II+11I, IV-1, IV-4, and V were
suspended in 0.05 M Tris—HCl pH 7.4, and treated with proteases
as previously described [8]. Digested samples were centrifuged at
15,000xg for 10 min, and the supernatants were precipitated in
66% v/v ethanol for 24 h at —20 °C. Then samples were cen-
trifuged at 15,000xg for 10 min, and precipitates were re-
suspended in distilled water, dialysed against distilled water and
lyophilised. The retentates were solubilised in distilled water and
analysed on cellulose acetate electrophoresis at pH 5.0, and at pH
1.0. 1 pl of each sample was loaded onto the cellulose acetate
sheet for electrophoresis. Content of proteins in each sample was
evaluated by the method of Bradford [21].

2.5. Enzymatic treatments
Treatment with chondroitinase ABC was performed adding

0.1 U of the enzyme to 5 pl of the sample for 24 h at 37 °C, i.e.,
before electrophoresis [22].
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3. Results

Cellulose acetate electrophoresis at pH 5.0 and at pH 1.0
separate GAGs on the basis of electrical charge and sensitivity
to barium and ethanol precipitation at pH 5.0 [17] and of their
different degree of sulphation and charge density at pH 1.0 [18].
This method is simple and convenient and has been successfully
used for many years. However, this method is not suitable to
study GAGs in the presence of proteins or peptides. Having
demonstrated that plasmatic GAGs (and HSGAGs in particular)
are strongly associated with proteins resistant to proteolysis
[8,10], we introduced a modification to the above-mentioned
methods in order to study the composition of GAG mixtures in
plasma even in the presence of peptides remaining after
exhaustive proteolysis. This modification consisted of the
introduction of a preliminary electrophoretic step that we
termed stacking procedure, aimed at dissociating proteins from
GAGs. Before analysing the GAG content of plasma fractions,
however, we validated this modification by evaluating the
migration of GAGs previously subjected to the novel stacking
procedure described in Materials and methods. Validation was
performed observing the migration of a mixture of standard
GAGs in cellulose acetate electrophoresis at pH 5.0, or at pH
1.0, in the absence (Fig. 1), or in the presence (Fig. 2) of
different amounts of proteins/polypeptides. Fig. 1 (panel A)
shows migration of standard GAGs, previously subjected to the
stacking procedure, on cellulose acetate electrophoresis at pH
5.0. In lane 1 a mixture of GAGs (CSC, CSA, HA, CSB, HS and
unfractionated HP, 250 pg/ml each) was separated by
electrophoresis. The results demonstrate that GAGs migrated
as previously described [17]. We also determined the migration
pattern of different HPs. In lane 2, unfractionated HP was
loaded, whereas in lane 3 a slow-moving HP of high molecular
weight and high degree of sulphation was loaded. In lane 4 a
fast-moving HP of lower sulphation degree was loaded, and in
lane 5, a low-molecular-weight HP. It is worth noting that the
migration pattern of low-molecular-weight HP was superim-
posable to that of fast-moving HP of low sulphation degree.

A B
CSC — 2
CSA—
- HSGAGs —
CE% —
CSGAGs —
HP — . S
HP — S e gy HA —
Start — Start —

1 2 3 4 5

1 2 3 4 5 6

Fig. 1. Panel A: Cellulose acetate electrophoresis at pH 5.0. Lane 1: standard mixture containing 250 ng each of the following GAGs, listed from the top of the sheet:
chondroitin sulphate C, CSC; chondroitin sulphate A, CSA; hyaluronic acid, HA; chondroitin sulphate B, CSB; heparan sulphate, HS; unfractionated heparin, HP.
Lane 2: unfractionated HP. Lane 3: slow-moving heparin 1927. Lane 4: fast-moving heparin 1020/25. Lane 5: low-molecular-weight heparin. Panel B: Cellulose
acetate electrophoresis at pH 1.0. Lane 1: standard mixture of GAGs as in lane 1 (panel A). Lane 2: unfractionated heparin. Lane 3: slow-moving heparin 1927. Lane 4:
fast-moving heparin 1020/25. Lane 5: low-molecular-weight heparin. Lane 6: mixture of CSGAGs containing CSA, CSB and CSC.
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Fig. 2. Effects of stacking procedure on impairment of GAG migration in cellulose acetate electrophoresis by proteins. Cellulose acetate electrophoresis at pH 5.0
(panels A, C, E, G), and at pH 1.0 (panels B, D, F, H) of 1 pul of standard HSGAGs (500 pg/ml) (panels A-D) and CSGAGs (500 pg/ml) (panels E-H) in the absence of
proteins (Column 1 in all the panels), or in the presence of different amounts of albumin (panels A, B, E, F), or poly-L-lysine (panels C, D, G, H), with stacking (grey
bars), and without stacking (black bars). R/F indicates the distance of migration from the start in arbitrary units. Columns 2—8: ratio GAG/albumin: 1/1.5, 1/3.1, 1/6.25,
1/12.5, 1/25, 1/50, 1/100 in panels A, B, E, F. Columns 2—8: ratio GAG/poly-L-lysine: 1/0.15, 1/0.3, 1/0.625, 1/ 1.25, 1/ 2.5, 1/5, 1/10 in panels C, D, G, H. Absence of

bars indicates lack of migration or staining with Alcian Blue.

The same samples were analysed by cellulose acetate
electrophoresis at pH 1.0 (Fig. 1, panel B), i.e., a method that
allows separation of GAGs on the basis of charge density. At pH
1.0, HA remained at the bottom of the sheet because it has no
negative charges (lane 1), whereas all types of HPs (lanes 1-5)
migrated above CSGAGs (lanes 1, 6) because of higher degree
of sulphation. Consistent, low-molecular-weight HP, encom-
passed with higher charge density, migrated higher than other
HP species (lane 5). Taken together, these results demonstrate
that introduction of the stacking procedure described in
Materials and methods did not impair the ability of cellulose
acetate electrophoresis at pH 5.0 and at pH 1.0 to separate
standard GAGs in the absence of proteins/peptides.

Indeed, proteins impair GAG migration in conventional
cellulose acetate electrophoresis. In order to demonstrate that
introduction of the stacking procedure allowed migration of
GAGs even in the presence of proteins, we performed the
following experiment (Fig. 2): fixed amount of HSGAGs, or
CSGAGs, was mixed with different amounts of a basic
polypeptide, i.e., poly-L-lysine, or with albumin.

The mixtures were then subjected or not to the stacking
procedure. Then, the mixtures were subjected to cellulose
acetate electrophoresis at pH 5.0, or at pH 1.0. The migration of
GAGs in the presence of different amounts of proteins were

recorded as ratio of front (RF). Fig. 2, panel A, shows that
introduction of the novel stacking procedure allowed migration
in cellulose acetate electrophoresis at pH 5.0, of HSGAGs
mixed with albumin even when the ratio HSGAG/albumin was
1/100 (column 8). At this HSGAG/albumin ratio, HSGAGs did
not migrate at all in the absence of the novel stacking procedure.
A similar pattern was observed when HSGAG/albumin
mixtures were subjected to cellulose acetate electrophoresis at
pH 1.0 (Fig. 2, panel B). In the absence of the novel stacking
procedure, when the ratio HSGAG/albumin was 1/3 (column 3),
HSGAGs did not migrate.

It is well known that albumin does not specifically bind
HSGAGs; however, at acidic pH and with excess amount of
albumin, the total basic charge of the protein was so high that
binding with HSGAGs was strong enough to have these GAGs
migrating together with albumin toward the cathode.

However, introduction of the stacking procedure allowed
migration at ratios HSGAG/albumin 1/6, 1/12, 1/25 (columns 4,
5, 6). In other words, introduction of the novel stacking
procedure allowed identification of HSGAGs even in large
excess of albumin, i.e., in conditions where conventional
cellulose acetate electrophoresis could not allow identification
of HSGAGs. Panels C and D show the results concerning
mixtures of HSGAG/poly-L-lysine. At pH 5.0 (panel C),
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introduction of the novel stacking procedure allowed migration
of HSGAGs even when the ratio was 1/1 (column 5). At this
HSGAG/poly-L-lysine ratio, absence of the novel stacking
procedure did not allow any migration of HSGAGs. Improve-
ment was less pronounced with cellulose acetate electrophoresis
at pH 1.0 (panel D). When the ratio HSGAG/poly-L-lysine was
1/0.3 (column 3), introduction of the stacking procedure
allowed better migration of HSGAGs. However, when the
amount of poly-L-lysine increased (columns 5—8), no migration
of HSGAGs could be observed even with the stacking
procedure.

Fig. 2, panel E shows that introduction of the novel stacking
procedure allowed migration of CSGAGs in cellulose acetate
electrophoresis at pH 5.0, even when they were mixed with
albumin at the ratio CSGAG/albumin 1/100 (column 8).
CSGAGs did not migrate at CSGAG/albumin ratio of 1/50 in
the absence of the novel stacking procedure. A similar pattern
was observed when CSGAG/albumin mixtures were subjected
to cellulose acetate electrophoresis at pH 1.0 (Fig. 2, panel F). In
the absence of the novel stacking procedure, when the ratio
CSGAG/albumin was 1/25 (column 6), CSGAGs did not
migrate. However, introduction of the stacking procedure
allowed migration at ratio CSGAG/albumin of 1/100. In other
words, introduction of the novel stacking procedure allowed
identification of CSGAGs even in large excess of albumin, i.c.,
in conditions where conventional cellulose acetate electropho-
resis could not allow identification of CSGAGs. Panels G and H
show the results concerning mixtures of CSGAG/poly-L-lysine.
At pH 5.0 (panel G), introduction of the novel stacking
procedure allowed migration of CSGAGs even when the ratio
was 1/10 (column 8). Absence of the novel stacking procedure
did not allow migration of CSGAGs at CSGAG/poly-L-lysine
ratio of 1/0.6. Improvement was also pronounced with cellulose
acetate electrophoresis at pH 1.0 (panel H). When the ratio
CSGAG/poly-L-lysine was 1/0.3 (column 3), introduction of the
stacking procedure allowed migration of CSGAGs. However,
when the amount of poly-L-lysine increased (columns 4-8),
migration of CSGAGs could be still observed with the stacking
procedure, whereas no migration of CSGAGs could be
observed without the stacking procedure. Taken together, the
results shown in Fig. 2 demonstrate the following points:
introduction of the novel stacking procedure allowed migration
(and identification) of HS- and CSGAGs even in the presence of
a large amount of albumin, chosen as a non-specific GAG-
binding protein. This phenomenon was particularly evident
with the cellulose acetate electrophoresis at pH 1.0. Poly-L-
lysine binds HS- and CSGAGs; the binding of poly-L-lysine
with HSGAGs is stronger than that with CSGAGs [23].
Consistent introduction of the novel stacking procedure
produced a slight improvement in HSGAG migration in the
presence of low amount of poly-L-lysine, whereas it caused a
significant improvement when CSGAG/poly-L-lysine mixtures
were analysed.

Having demonstrated that we could now identify GAGs even
in the presence of variable amount of proteins, we decided to
study the distribution of GAGs in Cohn—Oncley fractions of
human plasma.

Cohn—Oncley fractionation of plasma yields a cryoprecipi-
tate and five fractions termed fraction I, fraction II+1III, fraction
IV-1, fraction IV-4, and fraction V. Each fraction contains a
number of proteins that are described in [24].

Fig. 3 shows migration of GAGs recovered in Cohn—Oncley
fractionation of plasma, using the stacking procedure described
above followed by cellulose acetate electrophoresis in barium
acetate at pH 5.0. In cryoprecipitate, we detected GAGs co-
migrating with CSGAGs, HA, and HSGAGs (HS and HP). As
far as HP was concerned, we detected bands co-migrating with
unfractionated HP. In fraction I, we detected a pattern of GAG
migration analogous to that observed in cryoprecipitate. In
fraction II+III, however, we could detect large amount of
GAGs co-migrating with CSGAGs and only trace of HSGAGs.
In fraction IV-1, we detected GAGs co-migrating with
CSGAGs, HA, and HSGAGs. Also, in this fraction, we
detected bands co-migrating with unfractionated HP. In fraction
IV-4 and V, we could detect GAGs co-migrating with CSGAGs
and HA. In summary, plasma GAGs co-migrating with
CSGAGs were recovered in cryoprecipitate and in all Cohn—
Oncley fractions, whereas plasma GAGs co-migrating with
HSGAGs were recovered only in cryoprecipitate and fractions I,
II+1IT and TV-1.

In order to ascertain whether the plasma GAGs described in
Fig. 3 actually belonged to CSGAGs or HSGAGs, samples
were subjected to chondroitinase ABC or to nitrous acid
treatment. Chondroitinase ABC treatment was performed in
order to selectively degrade all types of CSGAGs [22], whereas
nitrous acid treatment was performed in order to selectively
degrade HSGAGs [25]. It is worth noting that excess
chondroitinase ABC, as used in this study, also degrades HA
[22]. As far as HSGAGs are concerned, we decided to use
nitrous acid instead of enzymatic digestion with different
enzymes (heparinases I, II, and III), because this treatment
degrades all types of HSGAGs (HS and HP) in one single step.
Fig. 4 (panel A) shows that chondroitinase ABC treatment
removed all the bands co-migrating with CSGAGs in all Cohn—
Oncley fractions, thus demonstrating that the bands described in
Fig. 3 actually belonged to this class of plasma GAGs. Nitrous

CSC—
CSA—

HA —
cs8—
Hs —

HP —

HP —

Start —

1 a b ¢ d e f 2 3

Fig. 3. Cellulose acetate electrophoresis of cryoprecipitate and Cohn—Oncley
fractions at pH 5.0. Lane 1: GAG mixture (see Fig. 1). Lane 2: unfractionated
HP. Lane 3: HS. Lane a: cryoprecipitate. Lane b: fraction I. Lane c: fraction I+
III. Lane d: fraction IV-1. Lane e: fraction IV-4. Lane f: fraction V.
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Fig. 4. Panel A: Cellulose acetate electrophoresis of cryoprecipitate and Cohn—Oncley fractions at pH 5.0 following chondroitinase ABC treatment. Lane 1: GAG
mixture (see Fig. 1) following chondroitinase ABC treatment. Lane ch: chondroitinase ABC. Lane a: cryoprecipitate following chondroitinase ABC treatment. Lane b:
fraction I following chondroitinase ABC treatment. Lane c: fraction II+1II following chondroitinase ABC treatment. Lane d: fraction IV-1 following chondroitinase
ABC treatment. Lane e: fraction IV-4 following chondroitinase ABC treatment. Lane f: fraction V following chondroitinase ABC treatment. Panel B: cellulose acetate
electrophoresis of cryoprecipitate and Cohn—Oncley fractions at pH 5.0 following nitrous acid treatment. Lane 1: GAG mixture (see Fig. 1) subjected to nitrous acid.
Lane a: cryoprecipitate subjected to nitrous acid. Lane b: fraction I subjected to nitrous acid. Lane c: fraction II+1II subjected to nitrous acid. Lane d: fraction IV-1

subjected to nitrous acid. Lane e: fraction IV-4 subjected to nitrous acid. Lane f: fraction V subjected to nitrous acid.

acid treatment (Fig. 4, panel B) removed the bands co-migrating
with HSGAGs in cryoprecipitate and in fractions I and IV-1,
thus demonstrating that these bands actually belonged to the
class of HSGAGs.

Next, we sought to determine the charge density of CSGAGs
and HSGAGs recovered in cryoprecipitate and Cohn—Oncley
fractions. Indeed, samples were submitted to stacking procedure
and electrophoresis at pH 1.0, before (Fig. 5 panel A) and after
(Fig. 5 panel B) treatment with nitrous acid. Fig. 5 (panels A and
B) shows that HSGAGs sensitive to nitrous acid, recovered in
cryoprecipitate and fractions I, II+III and IV-1, co-migrated
with standard HP of high degree of sulphation. Consistent with
results showed in Figs. 3 and 4 (panel A), CSGAGs, resistant to
nitrous acid, were represented by bands co-migrating with
standard CS and by slower bands (undersulphated CS). These
CSGAGs were observed in cryoprecipitate and in all Cohn—
Oncley fractions; undersulphated CS was observed in higher
amount in cryoprecipitate and in fractions I1+1II and I'V-1.

Having described the qualitative distribution of CS- and
HSGAGs in Cohn—Oncley fractions of human plasma, then we
evaluated the amount of GAGs in each fraction by densitomet-
ric analysis of GAG spots identified in cellulose acetate

A

start —»

12 3 abcdef

electrophoresis at pH 5.0, performed after the stacking
procedure. We also determined the amount of proteins (GAG-
binding proteins) still present in each fraction after the treatment
described above. We were particularly interested in the ratios
GAG/protein since we had demonstrated that it was critical for
GAG migration in cellulose acetate electrophoresis. Recovery
of total (i.e., CSGAGs+HSGAGs) GAGs from cryoprecipitate
and all Cohn—Oncley fractions after the extraction procedure
described above was 2.5 pg of GAGs from each milliliter of
starting plasma sample. Of these GAGs, 62% was represented
by CSGAGs sensitive to chondroitinase ABC and resistant to
nitrous acid treatment. 38% was represented by HSGAGs
sensitive to nitrous acid treatment and resistant to chondroiti-
nase ABC. Table 1 shows the distribution of CS-, HSGAGs, and
proteins in cryoprecipitate and each Cohn—Oncley fraction.
Protein distribution here refers to the proteins remaining after
the procedure described to extract GAGs, i.e., proteolysis, cen-
trifugation, ethanol precipitation of the supernatant, dialysis and
lyophilization. In other words, the proteins referred to are those
resistant to proteolysis that were described in [10]. Total amount
of protein recovered was 26.8 pg for each milliliter of starting
plasma sample. Table 1 shows that most proteins were
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Fig. 5. Panel A: cellulose acetate electrophoresis of cryoprecipitate and Cohn—Oncley fractions at pH 1.0. Lane 1: standard mixture containing 250 ng each of the
following chondroitin sulphates: CSA, CSB, and CSC. Lane 2: unfractionated HP. Lane 3: HS. Lane a: cryoprecipitate. Lane b: fraction I. Lane c: fraction II+1II. Lane
d: fraction IV-1. Lane e: fraction IV-4. Lane f: fraction V. Panel B: cellulose acetate electrophoresis of cryoprecipitate and Cohn—Oncley fractions subjected to nitrous
acid at pH 1.0. Lane 1: standard mixture containing 250 ng each of the following chondroitin sulphates: CSA, CSB, and CSC subjected to nitrous acid. Lane 2:
unfractionated HP subjected to nitrous acid. Lane 3: HS subjected to nitrous acid. Lane a: cryoprecipitate subjected to nitrous acid. Lane b: fraction I subjected to
nitrous acid. Lane c: fraction II+III subjected to nitrous acid. Lane d: fraction IV-1 subjected to nitrous acid. Lane e: fraction IV-4 subjected to nitrous acid. Lane f:
fraction V subjected to nitrous acid.
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recovered in cryoprecipitate and in fractions I and II+1II. As far
as total GAGs are concerned, they were evenly distributed in
cryoprecipitate, fractions I, IT+1II, and IV-1 (about 20% of total
GAGs in each of these fractions). CS- and HSGAGs, however,
showed a different distribution. Indeed, HSGAGs were reco-
vered mostly in cryoprecipitate, fractions I and IV-1, and,
although in smaller amount, in fraction II+III. CSGAGs,
however, were recovered in cryoprecipitate and in all Cohn—
Oncley fractions, including fractions V-4 and V, where they
represented the only recovered GAGs. The highest amounts of
CSGAGs were recovered in fractions II+1II and IV-1, where
they represented about 80% and 60%, respectively, of all
recovered GAGs. The ratio GAG/protein in cryoprecipitate and
Cohn—Oncley fraction ranged from 1/3.84 (fraction IV-1) to 1/
17.69 (fraction IV-4). These ratios were consistent with those
shown in Fig. 2, thus demonstrating that the amount of proteins
was such that GAGs could not have migrated without the newly
introduced stacking procedure.

4. Discussion

It is believed that GAGs play a role in different physiological
and pathological conditions [1,11]. In recent years, we focussed
our attention on plasmatic HSGAGs, with particular emphasis on
those HSGAGs endowed with anticoagulant activity [4]. We and
others demonstrated a strong association between plasma proteins
and HSGAGs, but the role of this association is still largely
unknown [8—10,16]. In this study, we show for the first time the
distribution of plasmatic GAGs in Cohn—Oncley fractions. In
order to achieve this goal, we chose to update a relatively simple
technique, i.e., cellulose acetate electrophoresis, by introducing the
so-called stacking procedure. This decision was based upon recent
observation demonstrating that plasmatic GAGs, in particular
HSGAG:s, are so strongly associated with proteins that complete
purification of HSGAGs from healthy subjects is a quite long and
difficult process, unsuitable for routine analysis of plasmatic
HSGAGs [4]. Because of this, we opted for analysing plasmatic
GAGs even in the presence of proteins remaining after proteolysis
[10]. It is worth noting that HSGAGs behaved differently than
CSGAGs. Thus, CSGAGs were recovered in all fractions and
cryoprecipitate, whereas HSGAGs were recovered in cryopreci-
pitate, fractions I and IV-1, and, in smaller amount, in fraction 11+
III. Since the bulk of plasma proteins is partitioned in fractions I+
III and V (i.e., those fractions containing immunoglobulins and
albumin, respectively), these results demonstrate that HSGAGs
are not randomly associated with plasma proteins. It is worth
noting that most coagulation factors and proteins involved in the
control of hemostasis are concentrated in cryoprecipitate and in
fractions I and IV-1 [26—28]. This observation lends further credit
to the hypothesis that endogenous plasmatic HSGAGs could play
a role in the hemostatic balance. Fraction IV-1 is also rich in
lipoproteins and lipids [29]. It is well known that HP (administered
as a drug) has a strong hypolipidemic effect, and we demonstrated
that HP formed supramolecular complexes with phosphatidylcho-
line [30]. Thus, the recovery of HSGAGs in fraction IV-1 could
indicate that these GAGs might play a role in lipid metabolism and
might be involved in atheroprotective effects [31].
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