70 Biochimica et Biophysica Acta, 758 (1983) 70-83
Elsevier

BBA 21489

HEMOSTATIC PROPERTIES AND SERUM LIPOPROTEIN BINDING OF A HEPARAN SULFATE
PROTEOGLYCAN FROM BOVINE AORTA

PARAKAT VIJAYAGOPAL 2, SATHANUR R. SRINIVASAN #®, BHANDARU RADHAKRISHNAMURTHY *" and
GERALD S. BERENSON #*

Louisiana State University School of Medicine, Departments of * Medicine and ® Biochemistry, New Orleans, LA 70112 (U.S.A.)

(Received April 19th, 1983)

Key words: Hemostasis; Lipoprotein binding; Heparan sulfate; Proteoglycan; (Bovine aorta)

The biologic properties of two major proteoglycans of bovine aorta, heparan sulfate proteoglycan and
chondroitin sulfate-dermatan sulfate proteoglycan were compared. The heparan sulfate proteoglycan was
isolated either by elastase digestion or by 4.0 M guanidine hydrochloride extraction, of aorta tissue,
fractionated by CsCl isopycnic centrifugation and purified by chondroitinase ABC treatment. The first
method resulted in considerably greater yield (about 70% of the total heparan sulfate proteoglycan of the
tissue) than the second procedure (12% of total). The chondroitin sulfate-dermatan sulfate proteoglycan was
obtained by 4.0 M guanidine-HCI extraction of aorta tissue followed by CsCl isopycnic centrifugation. The
chemical composition of both heparan sulfate proteoglycan preparations was similar. Unlike the chondroitin
sulfate-dermatan sulfate proteoglycan, which eluted in the void volume of Sepharose CL-6B column, the
heparan sulfate proteoglycan preparations were each resolved into a high molecular weight fraction
(k,,=0.18 and 0.13) and a low molecular weight fraction (k,, = 0.47 and 0.36). The heparan sulfate
proteoglycan preparations exhibited significantly more potent anticoagulant and platelet aggregation inhibi-
tory activities than the chondroitin sulfate-dermatan sulfate proteoglycan. The protein core of the proteo-
glycan molecules did not seem to be essential for their hemostatic properties. The complex forming ability of
the heparan sulfate proteoglycan with serum low density lipoproteins (LDL) was much less than that of
chondroitin sulfate-dermatan sulfate proteoglycan in the presence and absence of Ca’*. Interaction between
heparan sulfate proteoglycan and LDL was also much more sensitive to changes in the ionic strength of the
medium than that of chondroitin sulfate-dermatan sulfate proteoglycan and the lipoprotein. Since the total
sulfate content of both proteoglycans is almost similar, the smaller molecular size and hence the lower overall
charge density of the heparan sulfate proteoglycan appears to be partly responsible for its low affinity for
LDL. The differences in biologic properties of the two proteoglycans might have implications in the
pathophysiology of cardiovascular diseases.

Glycosaminoglycans of the arterial wall are
considered essential in maintaining the structural
integrity of the vasculature. In addition, they are
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also known to possess several biologic properties,
e.g., anticoagulant activity [1-3], platelet aggrega-
tion inhibitory activity {4,5], and serum lipoprotein
binding ability [6-9]. Since sulfated glyco-
saminoglycan occur in tissues covalently bound to
proteins as proteoglycans, a better understanding
of the physiologic functions can be obtained by
studying intact proteoglycans rather than their



component glycosaminoglycan.

It is now established that there are at least two
types of aorta proteoglycans: a chondroitin
sulfate-dermatan sulfate proteoglycan [{10-14] and
a heparan sulfate proteoglycan [12,15]. Recently,
we [5] reported on the biologic properties of the
chondroitin sulfate-dermatan sulfate proteoglycan
from bovine aorta, but no data are yet available on
similar studies of the heparan sulfate proteo-
glycan. Since heparan suifate is a major compo-
nent of the arterial wall glycosaminoglycan [15),
information on the biologic properties of heparan
sulfate proteoglycans is vital in fully understand-
ing its physiologic function and the role it plays in
the pathophysiology of vascular disorders. How-
ever, unlike chondroitin sulfate-dermatan sulfate
proteoglycan, it is difficult to extract aorta heparan
sulfate proteoglycan by common dissociative
solvents. Fibrous proteins of the tissue need to be
solubilized prior to extraction of the bulk of this
proteoglycan [15]. In the present study heparan
sulfate proteoglycan was isolated from bovine aorta
both by elastase digestion and guanidine hydro-
chloride extraction of the tissue. The purified pro-
teoglycan preparations were studied for their bio-
logic properties in comparison with a previously
reported chondroitin sulfate-dermatan sulfate pro-
teoglycan.

Materials and Methods

Materials

Bovine thoracic aortas were obtained from a
local slaughterhouse within 15 min of death. Sur-
rounding tissue was removed by dissection and the
intima-media was dissected from each aorta and
cut into small pieces. The aorta pieces were im-
mediately transferred into 0.15 M NaCl main-
tained at 37°C and containing 0.5% penicillin-
streptomycin and protease inhibitors and trans-
ported to the laboratory.

Chromatographically purified collagenase
(Form III, Clostridium histolyticum) was obtained
from Advance Biofactures Corporation (Lynbrook,
NY) and high purity elastase (115 U /mg, Porcine
Pancreatic) from Elastin Products Company, Inc.
(Pacific, MO); guanidine hydrochloride and ethyl-
enediaminetetraacetic acid (EDTA) were
purchased from Matheson, Coleman and Beli
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Manufacturing Chemists (Norwood, OH) and
technical grade CsCl from Kawecki Berylco In-
dustries (New York, NY); benzamidine-HCl was
obtained from Aldrich Chemical Company
(Milwaukee, WI); e-aminocaproic acid, N-ethyl-
maleimide, Russel’s viper venom, kaolin, throm-
bin, antithrombin III, a-N-benzoylarginine ethyl
ester (BAEE), adenosinediphosphate (ADP) and
bovine achilles tendon collagen (Type I) came
from Sigma Chemical Company (St. Louis, MO).
Chondroitinases were obtained from Miles
Laboratories (Elkhart, IN) and D,O from J.T.
Baker Chemical Company (Phillipsburg, NJ). Sep-
harose CL-6B was purchased from Pharmacia
(Uppsala, Sweden). Samples of glycosaminoglycan
standards were available in our laboratory from
other studies.

Isolation of heparan sulfate

Heparan sulfate proteoglycan was isolated from
bovine aorta by two different procedures.

Method 1. This method, which is a modification
of the procedure of Radhakrishnamurthy et al.
[15), is as follows: Finely minced intima-media
(100 g) was extracted twice with 0.15 M NaCl
containing penicillin-streptomycin and nonspecific
protease inhibitors (0.1 M e-aminocaproic acid,
0.005 M benzamidine-HCI, 0.01 M EDTA, 0.005
M N-ethylmaleimide) at 37°C for 24 h. The re-
sidue remaining after NaCl extraction was di-
gested twice with collagenase (15000 units) in
0.025 M Tris-0.01 M calcium acetate, pH 7.4,
containing protease inhibitors (no EDTA) at 37°C
for 24 h. The undigested residue was hydrolyzed
twice by elastase (25000 units) in presence of the
above protease inhibitors in 0.2 M Tris, pH 8.8, at
37°C for 24 h. The supernatants from these two
digests were combined and dialyzed against 0.15
M NaCl containing protease inhibitors at 4°C.
The proteoglycan materials were precipitated from
the dialysate by the addition of 2.5 volumes of
ethanol and 1% (w/v) potassium acetate and re-
covered by centrifugation.

The elastase solubilized proteoglycans were
purified as shown in Fig. 1. Crude proteoglycan
material was dissolved in 4.0 M guanidine HCl
and subjected to CsCl isopycnic centrifugation at
40000 rpm for 20 h at 15°C in a vertical tube
rotor (Beckman VTi 50; Beckman Instruments
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Fig. 1. Purification procedure of elastase-solubilized heparan
sulfate proteoglycan from bovine aorta.

Inc., Palo Alto, CA) using a Beckman L5-75 ultra-
centrifuge. Following centrifugation, seven frac-
tions (5 ml each) were collected. Bottom fractions
1-3 were pooled, dialyzed against 0.1 M Tris /0.1
M sodium acetate, pH 7.3, at 4°C and treated with
chondroitinase ABC (1 U/ml) at 37°C for 24 h
[the enzyme was checked for nonspecific protease
activity by analyzing aliquots of the dialysate be-
fore and after the enzyme treatment for protein by
the ninhydrin reaction [16]]. Following dialysis
against 0.5 M KCl at 4°C for 24 h the proteo-
glycans were precipitated as their cetylpyridinium
complexes by the addition of cetylpyridinium
chloride to a final concentration of 0.5% [17].
After two washings with 0.5 M KCl the compex
was dissolved in 2.0 M NaCl and the proteoglycan

material was precipitated with 95% ethanol and
dried in vacuo.

Method 2. In the second procedure heparan
sulfate proteoglycan was isolated from bovine aorta
intima-media (50 g) by 4.0 M guanidine hydro-
chloride extraction in the presence of protease
inhibitors followed by CsCl isopycnic centrifuga-
tion essentially as reported previously for
chondroitin sulfate-dermatan sulfate proteoglycan
[18]. The seven proteoglycan fractions obtained
after the second isopycnic centrifugation were di-
alyzed against distilled water at 4°C and lyophi-
lized. Aliquots from each fraction were analyzed
for glycosaminoglycan by cellulose acetate electro-
phoresis after B-elimination (see below) and the
fractions (1-3) containing heparan sulfate were
pooled (46.3 mg) and dissolved in 10 ml 0.1 M
Tris-acetate buffer, pH 7.4. The proteoglycan solu-
tion was then treated with chondroitinase ABC
(0.1 unit of enzyme/200 ug uronic acid) in the
presence of protease inhibitors at 37°C for 8 h (the
presence of nonspecific activity in the enzyme was
checked as mentioned previously). The solution
was then dialyzed against 0.5 M KCI at 4°C for 24
h and the heparan sulfate proteoglycan isolated
from the solution as described in the first method.

Chondroitin sulfate-dermatan sulfate proteo-
glycan fractions were isolated and purified from
bovine aorta intima after guanidine hydrochloride
extraction as described before [18]. Chondroitin
sulfate-dermatan sulfate proteoglycan fraction 4,
whose biologic properties have been reported re-
cently [5] was used from comparison of activities
in the present studies.

B-Elimination of proteoglycan

B-elimination of the proteoglycan was carried
out in 0.1 M NaOH for 24 h at 4°C as described
before [18]. Following dialysis against distilled
water, the glycosaminoglycans were eluted from a
Dowex 50-X2 (H* form) column, neutralized with
0.1 N Na,CO, and dialyzed against distilled water.
Aliquots were subjected to gel filtration and cel-
lulose acetate electrophoresis.

Electrophoresis

Electrophoresis of proteoglycans and their con-
stituent glycosaminoglycans was performed on cel-
lulose acetate plates along with appropriate glyco-



saminoglycan standards in pyridine-formic acid
(pH 3.3) and 0.3 M cadmium acetate (pH 4.1) by
previously described procedures [19,20). In the case
of heparan sulfate proteoglycan, electrophoresis
was also conducted before and after chondroitinase
ABC digestion and nitrous acid degradation of the
proteoglycan.

Incubation of proteoglycans with collagenase and
elastase

Proteoglycan (4.0 mg) dissolved in 4.0 ml of
appropriate buffer containing protease inhibitors
was incubated with collagenase (5 units) or elas-
tase (5 units) at 37°C for 24 h. Following incuba-
tion, the tubes were heated at 80°C for 3 min in
order to denature the enzyme. The contents of the
tubes were then dialyzed overnight at 4°C against
0.5 M sodium acetate, pH 5.8. Control experi-
ments were run without the additions of enzymes.

Gel filtration

Gel filtration of different proteoglycan frac-
tions was performed on a Sepharose CL-6B col-
umn (1.5 X 100 cm) equilibrated with 0.5 M sodium
acetate, pH 5.8 [21]. The void volume of the col-
umn was determined with Escherichia coli and the
total volume with glucose. The elution volume of
the proteoglycan was determined by analyzing
fractions by an automated orcinol/H,SO, reac-
tion using a Technicon sugar chromatographic sys-
tem. The column was run at a flow rate of 0.5
ml/min.

Isolation of low density lipoprotein

Low density lipoproteins (LDL, density,
1.02-1.063 g/ml) were isolated by sequentil ultra-
centrifugation of pooled human serum by the
method of Hatch and Lees [22] using a type 40.3
rotor in a Beckman L5-75 ultracentrifuge. Solvent
densities were adjusted using NaCl-NaBr solutions
[23]. LDL was purified by recentrifugation at den-
sity 1.063 g/ml and was dialyzed against 0.15 M
NaCl/0.01% EDTA, pH 7.0, at 4°C and stored
under nitrogen in the cold. The purity of LDL was
determined by immunodiffusion and by agarose
gel electrophoresis [24,25]. The LDL was used for
interaction studies within 3 weeks of its isolation.
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Coagulation assays

Coagulation assays were done in a BBL
Fibrometer (BBL, Cockeysville, MD). Blood for
these assays was donated by laboratory personnel
and collected over 0.1 volume of trisodium citrate
(3.2%). Plasma was separated by centrifugation at
3500 cpm for 20 min at 4°C. Three clotting assays
were performed [5]. The proteoglycans were dis-
solved in 0.14 M NaCl for all coagulation assays
and platelet aggregation studies.

Strypven clotting time. A mixture of 0.1 ml of
plasma, 0.1 ml of proteoglycan solution of differ-
ent concentrations and 0.05 ml of Russel’s viper
venom was incubated for 2 min at 37°C. To the
mixture 0.05 ml of 0.025 M CaCl, were added and
the clotting time recorded.

Partial thromboplastin clotting time. To a mix-
ture of 0.1 ml of plasma, 0.1 ml of proteoglycan
solution (various concentrations) and 0.05 ml of
kaolin (5 mg/ml) incubated for 3 min at 37°C,
0.05 ml of CaCl, (0.033 M) were added and
clotting time recorded.

Thrombin time. A solution of 0.1 ml of throm-
bin (2 U/ml) was added to a mixture of 0.1 ml of
plasma and 0.1 ml of proteoglycan solution
(different concentrations) and the clotting time
was recorded.

Effect of proteoglycans on thrombin-antithrombin
111 reaction

Experiments to determine the effect of aorta
proteoglycans on thrombin-antithrombin III reac-
tion were performed by measuring residual
thrombin activity using a-N-benzoylarginine ethyl
ester (BAEE) as a substrate [26]. These studies
were conducted with only one heparan sulfate
preparation (Method 1). A mixture of 2.4 ml of
0.15 M Na(l, 0.1 ml of thrombin (100 U /ml) and
0.1 ml of proteoglycan solution (1.5 mg/ml) was
brought to 37°C. A solution of 0.1 ml antithrom-
bin III (50 U/ml) was then added and the con-
tents rapidly mixed. After incubation at 37°C for
varying time intervals (1-5 min), 0.5 m! of BAEE
(1 mg/ml in distilled water, warmed at 37°C) were
added and the residual thrombin activity mea-
sured at 254 nm. Parallel experiments in which
0.15 M NaCl replaced proteoglycan and/or
thrombin served as controls.
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Platelet aggregation

The effect of proteoglycans on ADP-, collagen-
and thrombin-induced platelet aggregation was
studied as described before [5] in a platelet aggre-
gation module (Model PAP-2, Bio/Data Corp.,
Norshaw, PA). Platelet-rich plasma and platelet-
poor plasma were prepared from blood drawn
from normal subjects. Platelet-rich plasma was
preincubated for 1 min with proteoglycan solution
of varying concentrations before the addition of
aggregating agents. The light transmission reg-
istered 7 min after the addition of aggregating
agent was considered as the end point of aggrega-
tion,

Proteoglycan-LDL interaction studies

The formation of insoluble complexes of pro-
teoglycans was studied as described before [7).
Appropriate volumes of Tris buffer of varying
molarities (0.001-0.1) and pH (5.0-7.4), various
amounts of proteoglycan (25-300 p1/ml) and CaCl,
(5-50 mM) were added to LDL (50-500 ug
cholesterol /ml, final conc.) keeping the final
volume to 2.0 ml. A reaction mixture with no
proteoglycan served as the blank. The contents
were mixed and after standing for 15 min at 37°C
or room temperature, turbidity was measured at
600 nm against the blank. The insoluble complex
was then separated by centrifugation, solubilized
in 0.2 m! of 0.15 M NaCl and the amount of LDL
in the complex was determined in terms of
cholesterol.

The formation of soluble complexes of LDL
and the proteoglycan was studied by ultracentrifu-
gation at solvent density 1.063 g/ml [18]. LDL (1
mg cholesterol) was mixed with varying amounts
of proteoglycan (200-800 pg) and the volume was
brought to 2.25 ml with a buffer containing 0.14
M NaCl, 2.7 ml CaCl, or 0.14 M NaCl, 1 mM
EDTA adjusted to pH 7.4 with 0.5 M Na,HPO,
[27]. Control experiments were made with proteo-
glycan alone. After standing at room temperature
for 2 h, the solvent density was adjusted to 1.063
g/ml by adding 3.75 ml D,0 containing 30.66 mg
NaCl (0.14 M) and then centrifuged under condi-
tions used to isoate LDL. Following centrifuga-
tion, 6 fractions (1 ml each) were collected from
the bottom to top of the tube and were analyzed
for cholesterol and uronic acid as a measure of
LDL and proteoglycan, respectively.

Analytical Methods

Total uronic acid was determined by the method
of Dische [28], hexosamine by the method of Boas
[29], cholesterol by the method of Pearson et al.
[30] and protein by the method of Hartree [31].
Differential determinations of glucuronic acid and
iduronic acid and glucosamine and galactosamine
were performed by gas-liquid chromatography
(32,33]. Total sulfate was determined by the
rhodizonate method [34] after the sample had been
hydrolyzed by 1.0 M HCI at 100°C for 3 h.
N-sulfate groups in heparan sulfate proteoglycan
were determined after nitrous acid degradation by
the procedure of Lagunoff and Warren (35]. Hy-
droxyproline was determined by the method of
Woessner [36] after hydrolysis of the sample with
6 M HCl for 3 h at 130°C.

Results

Isolation and chemical characterization of heparan
sulfate proteoglycan

The CsCl isopycnic centrifugation profile of the
eastase-solubilized proteoglycans (Method 1) is
shown in Fig. 2. The proteoglycan fractions had
different buoyant densities and uronic acid con-
tent. On cellulose acetate electrophoresis in
cadmium acetate buffer fractions 1-3 gave two
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Fig. 2. Isopycnic CsCl centrifugation of elastase-solubilized
proteoglycans from bovine aorta. Centrifugation was per-
formed in a dissociative gradient at a loading density of 1.65
g/ml as described under Methods.
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Fig. 3. Gel filtration of heparan sulfate proteoglycan isolated
by method 1 on Sepharose CL-6B column before (panel A) and
after digestion with collagenase (panel B) or elastase (panel C).
The proteoglycan was eluted with 0.5 M sodium acetate, pH
5.8, at a flow rate of 0.5 mi/min.

minor fractions with mobilities corresponding to
standard hyaluronic acid and chondroitin sulfate
and a major fraction with a mobiity similar to
heparan sulfate standard. Fractions 4 and 5 showed
the presence of hyaluronic acid while fractions 6
and 7 showed no alcian blue positive materials.
Based on electrophoretic mobilities and density
gradient profiles, fractions 1-3 were pooled and
subjected to further purification procedures. Treat-
ment of the pooled fractions with chondroitinase
ABC removed all traces of chondroitin sulfates.
The enzyme did not hydrolyze the peptide bonds
of the proteoglycan over a period of 48 h (pmol of
leucine liberated at zero time, 24 and 48 h were:
3.3, 3.2 and 3.5, respectively), and therefore, the
enzyme treatment for 24 h is unlikely to cause any
cleavage of the protein core of the proteoglycans.
Precipitation of the proteoglycans in the next step
by cetylpyridinium chloride at a KCl concentra-
tion of 0.5 M resulted in the removal of all hy-
aluronic acid as evidenced by cellulose acetate
electrophoresis. The purified heparan sulfate pro-
teoglycan was resistant to degradation by col-
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lagenase and elastase in the presence of protease
inhibitors as evidenced by identical elution profile
of the proteoglycan before and after treatment
with the enzymes (Fig. 3, panels B and C, respec-
tively). In contrast, the chondroitin sulfate-der-
matan sulfate proteoglycan was degraded by elas-
tase, resulting in a shift of the material on Sep-
harose CL-6B column from excluded to included
volume (k,, =0.43). This indicates that the pro-
tease activity of elastase is not completely arrested
even in the presence of inhibitors (heating the
proteoglycan solution at 80°C for 3 min had no
effect on their elution profile). The final yield of
the heparan sulfate proteoglycan was 1.68 mg per
g wet weight of the tissue, which is about 70% of
the total heparan sulfate present in the aorta.

In the second procedure, the proteoglycan frac-
tions 1-3 obtained after the second CsCl isopycnic
centrifugation contained, in addition to heparan
sulfate, dermatan sulfate, chondroitin sulfates and
traces of hyaluronic acid. Heparan sulfate proteo-
glycan was isolated from the mixture by removing
the dermatan sulfate and chondroitin sulfates by
chondroitinase ABC treatment and hyaluronic acid
by cetylpyridinium chloride precipitation of the
proteoglycan in 0.5 M KCl. (Chondrointinase ABC
was free of protease activity when incubated with
the proteoglycan; micromoles of leucine liberated
at zero time and 8 h were 2.9 and 2.7, respectively.)
The yield of the proteoglycan was 0.29 mg per g
wet weight of the tissue, which was 5.8-times less
than the amount obtained by the first method.

- Therefore, only a few key studies of biologic prop-

erties were performed using this preparation.

The chemical composition of the purified
heparan sulfate proteoglycan obtained by the two
procedures is reported in Table 1. The protein
content of the two preparations was 16.2 and
18.6%, respectively. Approximately equimolar pro-
portions of hexosamine and uronic acid were pre-
sent in the proteoglycan. Glucosamine was the
only hexosamine identified in both preparations,
while they contained both glucuronic and iduronic
acids in a proportion of 84:16 and 78 : 22, respec-
tively. The hexosamine was partly N-sulfated (N-
sulfate, 3.1 and 4.5%). The proteoglycan contained
no hydroxyproline. Thus, the chemical composi-
tion of the two heparan sulfate preparations was
very similar. Cellulose acetate electrophoresis of
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TABLE 1

CHEMICAL COMPOSITION OF HEPARAN SULFATE PROTEOGLYCAN OBTAINED FROM BOVINE AORTA BY TWO

ISOLATION PROCEDURES

HS-PG 1 and HS-PG 2, heparan sulfate proteoglycan prepared by method 1 and method 2, respectively.

Chemical composition HS-PG 1 HS-PG 2
% lyophilized uM/mg % lyophilized uM/mg
weight weight
Uronic acid 17.6 0.91 18.2 0.94
Glucuronic acid : iduronic acid * 84:16 78:22
Hexosamine 18.9 0.88 19.3 0.90
Glucosamine : galactosamine ° 100:0 100:0
Protein 16.2 18.6
Total sulfate 9.1 0.95 9.8 1.02
SO, /hexosamine molar ratio 1.08 1.13
N-Sulfate 3.1 4.5
Glycosaminoglycan 100% HS 100% HS

&P Determined by gas-liquid chromatography [32,33].

the two purified proteoglycan preparations in
cadmium acetate buffer showed one spot with
mobility similar to heparan sulfate standard; how-
ever, electrophoresis following HNO, degradation
of the proteoglycans and dialysis resulted in the
complete disappearance of alcian blue positive
materials. Furthermore, the proteoglycans were not
digested by chondroitinase ABC. Based on these
observations, the glycosaminoglycan in both pro-
teoglycan preparations was characterized as
heparan sulfate.

The chromatographic profile of the heparan
sulfate proteoglycan (prepared by the first method)
on Sepharose CL-6B column is shown in Fig. 3
(panel A). (The exlusion limit of polysaccharides
for the column is 1-10°) The proteoglycan ex-
hibited heterogeneity and resolved into a high
molecular weight peak and a low molecuar weight
peak with k,, values of 0.18 and 0.47, respectively.
The relative proportion of the high and low
moleclar weight fractions was 58.6 and 41.4%,
respectively. However, cellulose acetate electro-
phoresis of the two fractions gave single spots with
a mobility corresponding to standard heparan
sulfate. The glycosaminoglycan chains released
from this preparation of the heparan sulfate pro-
teoglycan gave an included peak with a k,, of
0.63. Detailed studies of the two subpopulations of
heparan sulfate proteoglycans were not attempted
due to limitations of material. The elution profile

of the heparan sulfate proteoglycan obtained by
the second procedure, on Sepharose CL-6B col-
umn was similar to the first one. This preparation
also gave two included peaks with k,, values of
0.13 and 0.36, respectively. The relative proportion
of the two fractions was 52.8% and 47.2%, respec-
tively.

The chemical composition of the current pre-
paration of chondroitin sulfate-dermatan sulfate
proteoglycan fraction 4 was essentially similar to
the one reported previously [18]. It contained 23.2%
uronic acid (glucuronate:iduronate, 90.0:10.0).
22.1% hexosamine, 17.9% protein and 10.2% total
sulfate. The proteoglycan eluted in the void volume
of Sepharose CL-6B column and, therefore, was
much larger in size than the two heparan sulfate
proteoglycan preparations.

Hemostatic properties

Anticoagulant activity. The anticoagulant activ-
ity of the two heparan sulfate proteoglycan pre-
parations and chondroitin sulfate-dermatan sulfate
proteoglycan preparation was compared in three
clotting assays, viz, Stypven time, partial thrombo-
plastin clotting time and thrombin time (Table II).
Since the results obtained with both preparations
of heparan sulfate proteoglycan were identical, the
clotting times for the first preparation are only
given in the table. Both types of proteoglycans
delayed or totally inhibited clotting in all three



TABLE 11

EFFECT OF PROTEOGLYCANS AND THEIR GLYCO-
SAMINOGLYCANS ON STYPVEN TIME, PARTIAL
THROMBOPLASTIN CLOTTING TIME (PTT) AND
THROMBIN TIME

Values are the mean of triplicate assays; coefficient of variation
is given in parenthesis. HS-PG, heparan sulfate proteoglycan
isolated by method 1; CS-DS-PG, chondroitin sulfate-der-
matan sulfate proteoglycan; HS, heparan sulfate; CS-DS,
chondroitin sulfate-dermatan sulfate. Clotting studies con-
ducted with heparan sulfate proteoglycan isolated by method 2
gave results identical to the first preparation.

Clotting time (seconds)

Stypven PTT Thrombin
time time
Control 408(3.3) 1433(3.6) 36.1(L7)
Proteoglycan
(pg/ml):
HS-PG:
15.75 39.8(2.9) 2852 (2.1)™* 98.5(0.6)**
315 425(1.9) 4625 (2.2)*® No clotting
63.0 78.9 (1.2) ** 763.4 (2.1) *° No clotting
94.5 89.5 (0.8) *® No clotting  No clotting
126.0 160.8 (1.2) *° No clotting  No clotting
3780 450.4 (2.5)>4 No clotting  No clotting
CS-DS-PG:
16.0 38.9(29) 156.8(1.2)Y* 48.5(L6)*®
320 418(5.5) 2626 (4.8)%° 56.8(4.0)*
64.0 63.5 (5.7) > 358.4 (2.0) *° 376.6 (0.9) "
94.0 71.8 (4.2)** 5758 (1.1)  795.5 (1.1)*
1280 110.6 (2.1)>° 685.5 (0.7)  No clotting
384.0 198.5 (1.6) ¢ 948.8 (0.7)  No clotting
Glycosaminoglycan
(pg uronic acid /ml)
HS:
10.0 73.5 (3.9) ° 742.8 (1.8) ¢ No clotting
25.0 154.8 (6.1) > No clotting No clotting
CS-DS:
10.0 53.2(6.1) > 325.8 (1.6) 9 362.8 (1.9)*
25.0 96.5 (4.2) > 620.5 (1.4)* No clotting

*¥ Clotting times significantly differ from the corresponding
control value at P <0.01 and P < 0.02, respectively (Stu-
dent’s t-test).

-1 Clotting times with a common superscript within a column
significantly differ at P < 0.01.

systems. The delay in clotting time was propor-
tional to the concentration of the proteoglycan in
the assay system. In all three systems the heparan
sulfate proteoglycan was a more potent inhibitor
of clotting than the chondroitin sulfate-dermatan
sulfate proteoglycan: e.g., the Stypven time was
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delayed by 450 s by 378 ug/ml (66.5 pug uronic
acid) of heparan sulfate proteoglycan, whereas 384
pg (89.0 pg wuronic acid) of the chondroitin
sulfate-dermatan sulfate proteoglycan delayed the
clotting time only by about 200 s. Similarly, par-
tial thromboplastin clotting time was completely
inhibited by 94.4 ug/ml and thrombin time by
31.5 pg/ml of heparan sulfate proteoglycan, while
similar results were achieved with the chondroitin
sulfate-dermatan sulfate proteoglycan at a con-
centration above 384 pg/ml for partial thrombo-
plastin clotting time and at 128 pg/ml for throm-
bin time. Coagulation assays were also performed
using the free glycosaminoglycans obtained from
the respective proteoglycans by B-elimination, in
order to assess the effect of removal of the protein
core of the proteoglycans on their anticoagulant
activity. Thus, at approximatey equal amounts of
uronic acid the prolongation of clotting time ob-
served with each glucosaminoglycn was almost
identical to that of its corresponding native pro-
teoglycan (Table II). The difference in the anti-
coagulant activities of the two proteoglycans still
persisted after removal of the protein core.

Effect of proteoglycans on thrombin-antithrombin
II1 reaction

Studies were conducted to determine the effect
of the two types of aorta proteoglycans on the
inhibition of thrombin by antithrombin III. Figure
4 shows the inactivation of thrombin by anti-
thrombin III in the presence and absence of pro-
teoglycans as a function of time. The results are
expressed as percent esterase activity of control. In
the absence of any proteoglycan the inhibition of
thrombin by antithrombin IIT was 28% at the end
of 5 min, whereas in the presence of 100 pg of
chondroitin sulfate-dermatan sulfate proteoglycan
(23.2 pg uronic acid) or heparan proteoglycan
(17.6 pg uronic acid) the inhibition of thrombin
activity was 53 and 80%, respectively. Thus, the
rate of reaction between thrombin and anti-
thrombin III was accelerated more by the heparan
sulfate proteoglycan than by the chondroitin
sulfate-dermatan sulfate proteoglycan. Similar re-
sults were obtained from studies using free glyco-
saminoglycans isolated from the respective proteo-
glycans after alkali hydrolysis. Thus, in the pres-
ence of heparan sulfate equivalent to 20 pg uronic
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Fig. 4. Effect of proteoglycans from bovine aorta on thrombin-
antithrombin III reaction. A solution of 0.1 ml of antithrombin
I (50 U/ml) was added to a mixture of 2.4 ml of 0.15 M
NaCl, 0.1 m! thrombin (100 U/ml) and 0.1 ml of proteoglycan
solution (1.5 mg/ml). After incubation at 37°C for 1-5 minutes,
0.5 ml of BAEE (1 mg/ml) were added and the residual
thrombin activity measured at 254 nm. Thrombin control
(® ®) values remained constant throughout the incuba-
tion and represent 100% activity. The antithrombin III control
(a 4) contained only thrombin and antithrombin III.
chondroitin sulfate-dermatan sulfate proteoglycan (a A);
heparan sulfate proteoglycan (O Q) isolated by method
I.

HS-PG, 125 ug
CS-DS-PG, 250 g
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Fig. 5. Effect of bovine aorta proteoglycans on thrombin-in-
duced platelet aggregation. Platelet aggregation was studied
using normal platelet-rich plasma. Thrombin was added at a
final concentration of 0.25 U/ml. CS-DS-PG, chondroitin
sulfate-dermatan sulfate proteoglycan; HS-PG, heparan sulfate
proteoglycan isolated by method 1; similar results were ob-
tained with the second preparation.

acid, antithrombin III inhibited 82.5% of thrombin
activity whereas in the presence of similar amounts
of chondroitin sulfate-dermatan sulfate the inhibi-
tion of thrombin activity by the inhibitor was only
49%. These studies confirm the recent observations
of Hatton et al. [26] using free glycosaminogly-
cans.

Platelet aggregation

Figure 5 shows the effect of proteoglycans on
thrombin-induced platelet aggregation. At or above
the concentration of 125 pug/ml (22.0 pg uronic
acid) the heparan sulfate proteoglycan completely
inhibited the aggregation induced by 0.25 U/ml
(final concentration) of thrombin, while a two-fold
higher concentration (250 ug/ml, 58.0 pg uronic
acid) of chondroitin sulfate-dermatan sulfate pro-
teoglycan was required in order to achieve the
same effect. Thus, at comparable uronic acid levels
the heparan sulfate proteoglycan was a more potent
inhibitor of thrombin-induced platelet aggregation
than the chondroitin sulfate-dermatan sulfate pro-
teoglycan. However, at a concentration equivalent
to 65 pg/ml the heparan sulfate proteoglycan did
not inhibit thrombin-induced aggregation. Aggre-
gation studies using heparan sulfate proteoglycan
between the concentrations of 65-125 pg/ml were
not carried out due to the lack of sufficient proteo-
glycan material. Similar studies conducted using
free glycosaminoglycans from the respective pro-
teoglycans gave identical results at equivalent
uronic acid levels (data not shown). Neither pro-
teoglycan affected platelet aggregation induced by
ADP and collagen. Aggregation studies performed
with the second preparation of heparan sulfate
proteoglycan gave results identical to those ob-
tained for the first preparation.

Proteoglycan-LDL interactions

Insoluble complexes Studies were conducted to
determine the propensity of heparan sulfate pro-
teoglycan in rendering serum LDL insoluble. These
experiments were performed under a variety of
reaction conditions by altering the pH and ionic
strength of the medium as well as the concentra-
tions of proteoglycans, LDL and Ca’* as de-
scribed under Methods. The heparan sulfate pro-
teoglycan prepared by both procedures formed
insoluble complexes with LDL only at or below



pH 6.0 and an ionic strength of 0.18. However, at
that pH and in the presence of 30 mM Ca?", the
amount of LDL converted into insoluble complex
by 100 pg/ml of the two heparan sulfate proteo-
glycan preparations was 4.5 and 12.8%, respec-
tively. On the other hand, as previously reported
[18], the chondroitin sulfate-dermatan sulfate pro-
teoglycan at 40 pg/ml and physiologic pH con-
verted 98% of added LDL into insoluble complex
in the presence of 30 mM Ca?",

Soluble complexes. Formation of soluble com-
plexes of LDL and heparan sulfate proteoglycan
(first preparation) was studied at physiologic pH
and ionic strength in the presence and absence of
2.7 mM Ca’*. The ultracentrifugal profiles of mix-
tures of proteoglycan (250 pg) and LDL (1 mg
cholesterol) with and without Ca®* at 1.063 solvent
density is shown in Fig. 6. In the presence of Ca**
all of the LDL and 15.4% of proteoglycan were
recovered in the top fraction, whereas in the ab-
sence of Ca’* only 4.5% of the proteoglycan was
associated with the LDL in the top fraction. In
similar studies using the second preparation of the
heparan sulfate proteoglycan, the amount of pro-
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Fig. 6. Ultracentrifugal profile of LDL-heparan sulfate proteo-
glycan complexes with (left panel) and without (right panel)
Ca®*. Proteoglycan (250 pg) prepared by method 1 was mixed
with LDL (1 mg cholesterol) in the presence and absence of 2.7
mM Ca’* and the volume made up to 2.25 ml with 0.14 M
NaCl, pH 7.4. After leaving the mixture at room temperature
for 2 h, the solution density was adjusted to 1.063 g/ml by
adding 3.75 ml of D,0 and 30.66 mg NaCl. The solutions were
then subjected to ultracentrifugation at 114000X g for 20 h.
Following centrifugation, 6 fractins (1.0 ml each) were collected
from bottom to top and each fraction was analyzed for
cholesterol and uronic acid as a measure of LDL and proteo-
glycan, respectively. Results are expressed as percent LDL and
proteoglycan in each ultracentrifugal fraction. Similar observa-
tions were made with the heparan sulfate proteoglycan isolated
by method 2.
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Fig. 7. Effect of heparan sulfate proteoglycan concentration on
soluble complex formation with LDL. Varying amounts
(200-800 pg) of proteoglycan were mixed with LDL (1 mg
cholesterol) in the presence of 2.7 mM Ca?* and subjected to
ultracentrifugation as described in Fig. 6. Following ultra-
centrifugation, 6 fractions were collected and the amount of
cholesterol and uronic acid in each fraction was determined.
The proteoglycan binding to LDL is expressed in terms of
cholesterol /uronic acid ratio in the top fraction. Studies con-
ducted with the proteoglycan isolated by method 2 gave similar
results.

teoglycan recovered in the top fraction in the
presence and absence of Ca’* was 18.9 and 6.2%,
respectively. In the absence of LDL all proteo-
glycan remained in the bottom fraction (not shown
in figure). When similar studies were conducted
with the chondroitin sulfate-dermatan sulfate pro-
teoglycan the amount of the proteoglycan associ-
ated with LDL in the presence and absence of
Ca’* was 32.2 and 29.8%, respectively (data not
shown).

Figure 7 shows the effect of heparan sulfate
proteoglycan concentration (200-800 ug) on the
formation of soluble complexes with LDL (I mg
cholesterol) in the presence of 2.7 mM Ca?*. Fol-
lowing ultracentrifugation, the amounts of proteo-
glycan and LDL in the top fraction was expressed
in terms of cholesterol /uronic acid weight ratios.
The ratio of cholesterol to uronic acid decreased as
the amount of proteoglycan in the system was
increased up to 400 pg. At this level 18.2% of the
added proteoglycan was contained in the soluble
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complex. The cholesterol to uronic acid ratio of
the complex remained constant at proteoglycan
concentrations above 400 ug (177.7 ug/ml). Simi-
lar results were obtained when these studies were
repeated using the second preparation of the pro-
teoglycan. In that case, 21.2% of the proteoglycan
was recovered in the soluble complex when the
proteoglycan content of the system was 400 pg. In
contrast, under similar conditions the soluble com-
plex formed with chondroitin sulfate-dermatan
sulfate proteoglycan contained 40% of the proteo-
glycan [18].

Binding of heparan sulfate proteoglycan and
chondroitin sulfate-dermatan sulfate proteoglycan
to LDL was also studied at increasing molarities
of NaCl (0.035-0.14) at pH 7.4 in the absence of
Ca’?" in order to determine the affinity of these
two proteoglycans for the lipoprotein. Following
ultracentrifugation of the proteoglycan-LDL mix-
ture (proteoglycan equivalent to 70 pg uronic acid
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Fig. 8. Effect of ionic strength on proteoglycan-LDL interac-
tion. Heparan sulfate proteoglycan isolated by method 1 and
chondroitin sulfate-dermatan sulfate proteoglycan (both pro-
teoglycans equivalent to 70 ug uronic acid) were separately
mixed with LDL (1 mg cholesterol) and the volumes made up
to 225 ml with NaCl solutions of varying molarities
(0.035-0.14) at pH 7.4. The mixtures were then ultracentri-
fuged and fractions were collected as described in Fig. 6. The
uronic acid and cholesterol content of the top fraction was
determined. The results are expressed in terms of the relation-
ship of free/bound uronic acid ratios to NaCl concentration.
A a4, heparan sulfate proteoglycan; @ o,
chondroitin sulfate-dermatan sulfate proteoglycan.

and 1 mg LDL-cholesterol) at solvent density
1.063, the cotent of proteoglycan in the top frac-
tion was determined. The results are expressed in
terms of the relationship of free/bound uronic
acid ratios to NaCl concentration (Fig. 8). At all
concentrations of NaCl a less amount of heparan
proteoglycan was bound to LDL than chondroitin
sulfate-dermatan sulfate proteoglycan. Thus. at
0.035 M NaC(l the amount of each proteoglycan
associated with the lipoprotein was 17 and 49%,
respectively. There was a sharp linear increase
with NaCl concentration in the free /bound uronic
acid ratio for heparan sulfate proteoglycan with
the result that at 0.14 M only 7% of the proteo-
glycan was associated with LDL. In contrast, the
free /bound uronic acid ratio increased very little
with NaCl concentration for the chondroitin
sulfate-dermatan sulfate proteoglycan and 39% of
the proteoglycan was bound to LDL at 0.14 M
NaCl. These studies were not performed with the
second preparation of the heparan sulfate proteo-
glycan due to nonavailability of material.

Discussion

Proteoglycans in the aorta are highly heteroge-
neous. While some of them are extractable by
dissociative solvents such as 4.0 M guanidine hy-
drochloride, others require solubilization of fibrous
proteins prior to their extraction. As indicated by
the present studies and reported by other investi-
gators [12], extraction of bovine aorta with 4.0 M
guanidine hydrochloride releases only a small
amount of the heparan sulfate proteoglycan. Since
the majority of heparan sulfate proteoglycan in
bovine aorta is associated with elastic fibers, diges-
tion of the tissue by elastase is a feasible method
for isolating the bulk of proteoglycan [15]. There-
fore, in the present study aortic tissue was digested
with elastase in presence of protease inhibitors in
order to obtain a good yield of heparan sulfate
proteoglycan. However, due to inherent protease
activity of this enzyme, despite high purity, the
possibility of some degradation of the native pro-
teoglycan molecule during the isolation procedure
does exist. Therefore, we also isolated this proteo-
glycan by extraction of aorta tissue by 40 M
guanidine hydrochloride — a procedure used by
several laboratories to isolate aorta chondroitin



sulfate-dermatan sulfate proteoglycan in the native
state [12,14,18). Coextracting chondroitin sulfates
and dermatan sulfate are removed by digestion
with chondroitinase ABC. Since chondroitinase
ABC digestion of proteoglycans is used extensively
to isolate their protein core [37-39] and no pro-
tease activity could be detected in the enzyme
preparation in the current study, it is likely that
the material obtained by this procedure might
represent native heparan sulfate proteoglycan
species. The high protein content and k,, values of
heparan sulfate proteoglycan obtained by this
method as compared to the one obtained by elas-
tase digestion suggests that either elastase causes
some degradation or the guanidine hydrochloride
selectively extracts a high molecular weight frac-
tion.

The gel filtration profile of the two heparan
sulfate proteoglycan preparations indicates their
heterogeneous nature which could be due to the
existence in the aorta of two species of the proteo-
glycan, one of them occurring probably as elastin-
bound, high molecular weight proteoglycan and
the other as a low molecular weight form that
exists as free proteoglycan. Two pools of heparan
sulfate proteoglycans, one a lipid-bound, high
molecular weight aggregate and the other a low
molecular weight type that does not form micellar
structures, have been isolated from rat liver plasma
membranes by Kjellen et al. [40] and from cul-
tured glial cells, endothelial cells and fibroblasts
by Norling et al. [41]. More detailed compositional
and structural studies will be required on the
subspecies of aorta heparan proteoglycan to ob-
serve its characteristics in comparison to prepara-
tions that can be obtained from other tissues.

Even though the hemostatic properties of
arterial glycosaminoglycans have been known for
many years, it was demonstrated only recently that
most of the activities were due to dermatan sulfate
and heparan sulfate [2]. The reason for the dif-
ference in the anticoagulant activity of the two
aorta proteoglycans revealed in the present study
might be found in the difference in their respective
structures. Heparan sulfate, which closely resem-
bles heparin in its structure, might contain regions
of the octasaccharide unit, IdUa-GIcNAC-
GIcUA-GIcNSO;-1IdUASO,-GIcNSO,-IdUASO,-
GIcNSO,, essential for the anticoagulant activity
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of heparin {42,43]. The increased inactivation of
thrombin by antithrombin III in the presence of
heparan sulfate proteoglycan (Fig. 4) lends sup-
port to this possibility. The N-sulfated gluco-
samine units of the proteoglycan might also con-
tribute to its anticoagulant activity analogous to
heparin [43]. The anticoagulant activity of
chondroitin sulfate-dermatan sulfate proteoglycan,
on the other hand, might be due to its dermatan
sulfate content. However, the mode of action of
dermatan sulfate in delaying clotting time is not
known at the present time.

The antithrombin activity of the aorta proteo-
glycans appears to be due to the ability of polysac-
charides to accelerate the inactivation of thrombin
by antithrombin III (Fig. 4). Proteoglycans might
do this by increasing the binding affinity of
thrombin for antithrombin III as has been sug-
gested for free glycosaminoglycans [26]. The pro-
teoglycans also seem to potentiate the inactivation
of other serine proteases involved in coagulation
by antithrombin III, thereby prolonging the Styp-
ven time and partial thromboplastin clotting time.
It is also obvious from the present study that the
heparan sulfate proteoglycan is a more potent
inhibitor of thrombin-induced platelet aggregation
than the chondroitin sulfate-dermatan sulfate pro-
teoglycan. Thrombin-induced platelet aggregation
is initiated by the interaction of thrombin with
fibrinogen [44]. The heparan sulfate proteoglycan
might inhibit this interaction more effectively than
the chondroitin sulfate-dermatan sulfate proteo-
glycan. Furthermore, the glycosaminoglycan char-
acteristics of the macromolecules but not the pro-
tein core appear to be responsible for the hemo-
static properties.

Numerous studies have now shown complex
formation between sulfated glycosaminoglycans
and serum lipoproteins [6-9,27,45]. We have re-
cently studied the interaction of serum lipopro-
teins and a chondroitin sulfate-dermatan sulfate
proteoglycan from bovine aorta and showed that
the protein core of the proteoglycan is essential for
interaction with LDL [18]. The present studies
were undertaken to investigate the interaction of
the second major type of proteoglycan, viz, heparan
sulfate proteoglycan, of bovine aorta with serum
LDL. The results indicate that, irrespective of the
mode of isolation of heparan sulfate proteoglycan,
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there are marked differences between that proteo-
glycan and the chondroitin sulfate-dermatan
sulfate proteoglycan in their ability to form solu-
ble and insoluble complexes with LDL. Earlier
studies by us [7,8] and others [9,27,45,46] suggest
that the complexing ability of different free glyco-
saminoglycan depends not only on their degree of
sulfation but on other structural characteristics as
well. However, the reason for the low affinity of
heparan sulfate proteoglycan towards LDL is not
readily apparent from the chemical composition.
Since the heparan sulfate proteoglycan contains
almost equal amounts of total sulfate as the
chondroitin sulfate-dermatan sulfate proteoglycan,
the differences in the complexing abilities cannot
be attributed to their sulfate content alone. Also,
the heparan sulfate proteoglycan does not react as
avidly with LDL as the chondroitin sulfate-der-
matan sulfate proteoglycan in spite of its higher
iduronic acid content (16 and 22% vs 10%). This
indicates that, contrary to the suggestion made by
Iverius [9], the presence of iduronic acid in a
proteoglycan or glycosaminoglycan does not en-
sure its strong interaction with serum LDL. How-
ever, the chondroitin sulfate-dermatan sulfate pro-
teoglycan used in this study, due to its larger size,
must possess higher net charge density than the
heparan sulfate proteoglycan. This proteogiycan
with its high negative charge density might en-
velope domains of positive charges on the LDL
molecule and promote cooperativity in binding (9]
more effectively than the heparan sulfate proteo-
glycan. The observation that the removal of the
protein core of the chondroitin sulfate-dermatan
sulfate proteoglycan almost completely eliminated
complex formation with LDL [18] despite the pres-
ence of iduronic acid in the proteoglycan lends
support to this view. Since the nature of the pro-
teoglycan, especially its size, could affect the opti-
mal charge density, it is reasonable to suggest that
the low affinity of the heparan sulfate proteo-
glycan for LDL might be partly due to its smaller
molecular size. _

Our studies thus suggest that the arterial wall
heparan sulfate proteoglycan with its potent anti-
coagulant and platelet aggregation inhibitory ac-
tivities on the one hand, and with its inability to
interact avidly with serum LDL on the other might
be functionally important. This proteoglycan,

synthesized predominantly by the endothelial cells
[47], might also increase the cell surface negative
electrostatic charge without affecting LDL binding
and thereby selectively provide an antithrombo-
genic surface and offer protection to the endo-
thelium from platelet deposition analogous to
heparin [48,49]. The pathophysiological signifi-
cance of our findings in terms of atherosclerotic
vascular disease is apparent.

Acknowledgements

This research was supported by funds from the
National Heart, Lung and Blood Institute of the
U.S. Public Health Service, Biochemistry of
Cardiovascular Connective Tissue (HL-02942), the
Specialized Center of Research — Arteriosclerosis
(HL-15103), and the American Heart Association
of Louisiana.

References

—_

Kirk, J.E. (1959) Nature 184, 369-370

2 Izuka, K. and Murata, K. (1972) Atherosclerosis 16, 217-224

3 Murata, K., Nakazava, K. and Hamai. A. (1975)
Atherosclerosis 21, 93-103

4 Tsao, C., Eisenstein, R. and Schumacher. B. (1977) Proc.
Soc. Exp. Biol. Med. 156, 162-167

5 Vijayagopal, P.. Radhakrishnamurthy, B. Srinivasan. S.R.
and Berenson, G.S. (1980) Lab. Invest. 42, 190-196

6 Amenta, J.S. and Waters, L.L. (1960) Yale J. Biol. Med. 33.
112-121

7 Srinivasan, S.R., Lopez-S.A., Radhakrishnamurthy. B. and
“Berenson, G.S. (1970) Atherosclerosis 12, 321-334

8 Srinivasan, S.R., Radhakrishnamurthy, B. and Berenson.
G.S. (1975) Arch. Biochem. Biophys. 170, 334-340

9 Iverius, P.H. (1972) J. Biol. Chem. 247, 2607-2613

10 Kresse, H., Heidel, H. and Buddecke, E. (1971) Eur. J.
Biochem. 22, 557-562

11 Ehrlich, K.C.. Radhakrishnamurthy. B. and Berenson. G.S.
(1975) Arch. Biochem. Biophys. 171, 361-369

12 Oegema, T.R., Jr., Hascall, V.C. and Eisenstein. R. (1979) J.
Biol. Chem. 254, 1312-1318

13 McMurtrey, J., Radhakrishnamurthy. B., Dalferes, E.R.. Jr.
and Berenson, G.S. (1979) J. Biol. Chem. 254, 1621-1626

14 Salisbury, B.G.J. and Wagner, W.D. (1981) J. Biol. Chem.
256, 8050-8057

15 Radhakrishnamurthy, B., Ruiz, H.A., Jr. and Berenson.
G.S. (1977) J. Biol. Chem. 252, 48314841

16 Moore, S. and Stein, W.H. (1954) J. Biol. Chem. 211.
907-913

17 Eisenstein, R., Larson, S.E.. Kuettner, K.E.. Sorgente. N.

and Hascall, V.C. (1975) Atherosclerosis 22, 1-17



18

20

21

22
23

24
25
26
27
28
29
30

31
32

33

34

Vijayagopal, P., Srinivasan, S.R., Radhakrishnamurthy, B.
and Berenson, G.S. (1981) J. Biol. Chem. 256, 8234-8241
Matalon, R. and Dorfman, A. (1966) Proc. Natl. Acad. Sci.
U.S.A. 56, 1310-1312

Seno, N., Anno, K., Kondo, K., Nagase, S. and Saito, S.
(1970) Anal. Biochem. 37, 197-202

Radhakrishnamurthy, B., Dalferes, E.R., Jr., Vijayagopal, P.
and Berenson, G.S. (1980) J. Chromatogr. 192, 307-314
Hatch, F.T. and Lees, R.S. (1968) Adv. Lipid Res. 6, 1-68
Havel, R.J., Eder, H.A. and Bragdon, J.H. (1955) J. Clin.
Invest. 34, 1345-1353

Ouchterlony, O. (1968) Handbook of Immunodiffusion and
Immunoelectrophoresis, Ann Arbor Science Publishers Inc.,
Ann Arbor, Michigan

Noble, R.P. (1968) J. Lipid Res. 9, 693-700

Hatton, M.W.C., Berry, L.R. and Regoeczi, E. (1978)
Thrombosis Res. 13, 655-670

Nakashima, Y., Di Ferrante, N,, Jackson, R L. and Pownall,
H.J. (1975) J. Biol. Chem. 250, 5386-5392

Dische, Z. (1947) J. Biol. Chem. 167, 189-198

Boas, N.F. (1953) J. Biol. Chem. 204, 553-563

Pearson, S., Stern, S. and McGavack, T.H. (1953) Anal.
Chem. 25, 813-814

Hartree, E.F. (1972) Anal. Biochem. 48, 422427
Radhakrishnamurthy, B., Dalferes, E.R., Jr. and Berenson,
G.S. (1966) Anal. Biochem. 17, 545-550
Radhakrishnamurthy, B., Dalferes, E.R., Jr. and Berenson,
G.S. (1968) Anal. Biochem. 24, 397-408

Terho, T.T. and Hartila, K. (1971) Anal. Biochem. 41,
471-476

3

n

36

37

38

39

40

4

—

42

43

45

46

47
48

49

83

Lagunoff, D. and Warren, G. (1962) Arch. Biochem, Bio-
phys. 99, 396-400

Woessner, J.F., Jr. (1961) Arch, Biochem. Biophys. 93,
440-447

Christner, J.E., Caterson, B. and Baker, J.R. (1980) J. Biol.
Chem. 255, 7102-7105

Kimata, K., Hascall, V.C. and Kimura, J.H. (1982) J. Biol.
Chem. 257, 3827-3832

Damie, S.P., Coster, L. and Gregory, I.D. (1982) J. Biol.
Chem. 257, 5523-5527

Kjellen, L., Pettersson, I. and Hook, M. (1981) Proc. Natl.
Acad. Sci. U.S.A. 78, 5371-5375

Norling, B., Glimelius, B. and Wasteson, A. (1981) Bio-
chem. Biophys. Res. Commun. 103, 1265-1272

Rosenberg, R.D. and Lam, L. (1979) Proc. Natl. Acad. Sci.
U.S.A. 76, 1218-1222

Hook, M., Thunberg, L., Riesenfeld, J., Backstrom, G.,
Pettersson, I. and Lindahl, U. (1980) in Chemistry nd
Biology of Heparin (Lundblad, R.L., Brown, W.V., Mann,
K.G. and Roberts, H.R.,, eds.), pp. 271-279, Elsevier,
Amsterdam

Ardlie, N.G. and Han, P. (1974) Br. J. Haematol. 26,
331-356

Bernfeld, P., Nisselbaum, J.S., Berkeley, B.J. and Hanson,
R.W. (1960) J. Biol. Chem. 235, 2852-2859

Mourao, P.AS,, Pillai, S. and Di Ferrante, N. (1981) Bio-
chim. Biophys. Acta 674, 178-187

Buonassisi, V. (1973) Exp. Cell. Res. 76, 363368

Sawyer, P.N., Stanczewski, B., Pomerance, A., Lucas, T.
Stoner, G. and Srinivasan, S. (1973) Surgery 74, 263-275
Jaques, L.B. (1980) Pharmacol. Rev. 31, 99-166

>



