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ABSTRACT

Although a number of studies of arterial glycosaminoglycans
have been carried out, there is comparatively little inform-
ation available regarding the native state in which these
glycosaminoglycans occur, namely covalently bound to protein
to form proteoglycans. There are numerous factors that

make arterial proteoglycans difficult to study, such as their
relatively low concentration in the tissue as compared to
cartilaginous tissue, and their association with the fibrous
elements of the matrix which make quantitative extraction
difficult. In recent years reports of characterizations of
arterial proteoglycans have appeared in the literature but
they differ markedly in several respects. In order to
ﬁinimize such variables, proteoglycans isolated from pure
medial tissue of bovine aortas from different age groups

have been studied. Isolation of these proteoglycans was
carried out essentially as described for their counterparts
from cartilage. Furthermore, proteoglycans have been isolated
from a cultured clonal line of foetal bovine aortic medial
smooth muscle cells and comparisons made between the two
sources of material in terms of their proteoglycan monomer

size and glycosaminoglycan composition.

Material isolated from the aortas of all ages studied con-
tained two main sizes of proteoglycan monomer with Kav's of
0,31 and 0,56 when chromatographed on Sepharose CL-2B
columns. The larger species was the predominant one in

foetal tissue but in the adult tissue the smaller species
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predominated. The differences in size could be attributéd
partially to differences in glycosaminoglycan chain length

as this was found to decrease with age. However, the glycos-
aminoglycan chains of all ages were very long (with a molec-
ular weight of greater than 40000) and thus were at least
twice as long as those found in cartilage proteoglycans.
Proteoglycan monomers from young tissue appeared unable to
interact with both endogenous and exogenous hyaluronic acid,
whereas those from adult tissue could do so to some degree.
Chondroitin-4- and -6-sulphate made up the bulk of the glycos-
aminoglycans from the proteoglycans of all ages. No dermatan
sulphate was found in proteoglycans from foetal tissue but its
concentration increased with age. Small amounts of heparan
sulphate/heparin were found in all ages and its concentration
also increased with age. The presence of keratan sulphate-
like oligosaccharide chains was suggested by the presence of

sialic acid-containing material.

When |3SSl sulphate and |3H| glucosamine labelled proteoglycans
were isolated from the culture medium and cell layer of cultured
foetal bovine aortic smooth muscle cells, the sizes,as assessed
by Sepharose CL-2B chromatography,were similar to those found
for the proteoglycans extracted from foetal tissue. Two sizes
of proteoglycan monomer were found in both the medium and
cell-layer,with Kav's of 0,31 and 0,60 for the medium proteo-
glycans and 0,27 and 0,76 for proteoglycans from the cell

layer. However, the bulk of the sulphated material was

found in the culture medium and the sizes of the medium

proteoglycans were the same as those from foetal tissue. The



glycosaminoglycan chains were all found to be the same sizé
and the same as those from foetal tissue (MW approx. 50000).
About 16% of the proteoglycans from the medium could inter-
act with exogenous hyaluronic acid, whereas those isolated
from the cell layer appeared unable to form aggregates.
Chondroitin sulphate was the major glycosaminoglycan found

in the cultures, but significant amounts of dermatan sulphate
were found which had been shown to be absent from proteo-
glycans derived from the foetal tissue. No hyaluronic acid
or keratanase-sensitive material was synthesized by the
cultured cells. The glycosaminoglycan composition of the
different culture compartments was shown to be quite distinct,
with chondroitin sulphate making up the bulk in the extra-
cellular compartment (medium); heparan sulphate predominated
in the pericellular-matrix compartment and dermatan sulphate
was found in highest concentration in the intracellular

compartment.

The effects of ascorbic acid and p-nitrophenyl-g-D-xyloside
on the biosynthesis of glycosaminoglycans by the smooth
muscle cells was studied. Ascorbic acid supplementation
resulted in the cells producing a more copious extracellular
matrix which consisted largely of collagen, whereas in its
absence the matrix contained less than 2% collagen. Ascorbic
acid addition was also shown to increase the incorporation

of [355i sulphate into glycosaminoglycans, particularly in
the pericellular-matrix culture compartment. This increased

incorporation was shown to be partly as a result of increased

synthesis and partly due to increased sulphation of the
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glycosaminoglycan chains. In addition, the effects of
ascorbic acid were shown to be mediated, at least in part,

by the presence of the vitamin itself and not via its effects
on collagen production in the matrix. B-D-xylosides have
been shown to act as artificial acceptors for glycosamino-
glycan chains, thus circumventing the requirement for core
protein and the initial xylosyltransferase enzyme involved

in glycosaminoglycan synthesis. The addition of p-nitro-
phenyl-g-D-xylopyranoside to the cells in culture caused a
marked increase in [355| sulphate incorporation into glycos-
aminoglycans which were readily secreted into the medium.

The chains were shorter than normal and the increased incor-
poration was again shown to result both from increased
synthesis and increased sulphation of the glycosaminoglycans.
In addition, B-D-xyloside had the most marked effect on in-
corporation of labelled precursor into the dermatan sulphate
fraction so that its relative concentration increased in the
presence of the drug. Bg-D-xyloside was also shown to dec-
rease the amount of material synthesized on core protein and
the glycosaminoglycan chains formed on the core protein in

the presence of the drug were also shown to be shorter than

normal and to have increased levels of sulphation.

The turnover of proteoglycans was also studied using the
tissue culture system. When added to cells in culture
radioactively labelled proteoglycans were internalized via
receptor-mediated endocytosis, and unlabelled proteoglycans
.competed with their radiolabelled counterparts for these

binding sites. Degradation of the proteoglycans, once inside
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the cell, was inhibited by lysomotrophic agents which indi-
cated that they were degraded by the lysosomal enzyme system.
Degradation of the whole molecule occurred without prior

partial desulphation as has been suggested by some workers.

Thus the proteoglycans from the medial layer of bovine aortas
of different ages have been characterized with respect to
monomer size, glycosaminoglycan chain length, glycosamino-
glycan composition and ability to interact with hyaluronic
acid. Furthermore, it was shown that the smooth muscle cell
line derived from such medial tissue largely retained its
differentiated function with respect to the synthesis of
proteoglycans. The effects of various exogenous agents on
the biosynthesis and degradation of these molecules by the

cells in culture have been studied.
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ABBREVIATIONS AND SYMBOLS

ADP = adenosine diphosphate

APS = adenosine-5'-phosphosulphate

ATP = adenosine triphosphate

BSA = bovine serum albumin

5 = Celsius

Ci = Curle (3,7 % 1010 disintegrations per second)
cm = centimeter

cm3 = cubic centimeter

CDP = cytosine diphosphate

CMP = cytosine monophosphate

DEAE-cellulose diethylaminoethyl cellulose

ADi-45S = 2-acetamido-2-deoxy-3-0-(8-D-gluco-4-
enepyranosyluronic acid)-4-0-sulfo-D-galactose

ADi-6S = 2-acetamido-2-deoxy-3-0-(g-D-gluco-4-
enepyranosyluronicacid)-6-0-sulfo-D-galactose

ADi1-0S = 2-acetamido-2-deoxy-3-0-(B-D-gluco-4-
enepyranosyluronic acid)-D-galactose

ADi-diS = disulphated unsaturated disaccharide obtained
by digestion of dermatan sulphate by chondroit-
inase ABC

DMSO = dimethylsulphoxide

DNA = deoxyribonucleic acid

DPM = disintegrations per minute

EDTA = ethylenediamine tetraacetic acid

g = acceleration due to gravity

GDP = guanidine diphosphate

h = hours

K =Ve‘V0

av Vi - Vo

Kd = dissociation constant




LiCl

mg
min
m]l
mm
mM
MW
nm
PAGE
PAPS
PBS
PGM

pH

PMSF
rpm
RNA
5.D.
SDS
TCA
1ris
UDP
u (prefix)
ug
ul

uM

X1

litre

lithium chloride

molar

milligram

minutes

millilitre

millimeter

millimolar

molecular weight

nanometer

polyacrylamide gel electrophoresis
phosphoadenosine-5'-phosphosulphate
phosphate buffered saline
proteoglycan monomer

negative logarithm of the hydrogen ion
concentration

phenylmethylsulphonyl fluoride
revolutions per minute

ribonucleic acid (3

standard deviation

sodium dodecyl sulphate
trichloroacetic acid

tris (hydroxymethyl) amino methane
uridine diphosphate

micro I8~ Sx)

microgram

microlitre

micromolar
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elution volume
void volume

total volume
volume per volume
weight per volume

percent

concentration
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CHAPTER 1
INTRODUCTION

1.1. THE MOLECULAR STRUCTURE OF PROTEQGLYCANS

The name proteoglycans was introduced in 1967 to describe

a large group of complex macromolecules which are made up

of a protein core to which polysaccharide side chains(s)

are attached (1). Within this “class of molecules, there

is enormous variability; the name encompasses a range of
structures which are presumed to have different core proteins,
and carbohydrate chains which have been shown to differ in
length, composition and number (2-5). These molecules are
found in almost all parts of the body and serve many diverse
functions related to their characteristic physico-chemical
properties. Many of these functions result from their
ability to interact specifically with other biological macro-

molecules (see Section 1.4).

The polysaccharide side chains, which usually make up the

bulk of the proteoglycan molecule are called glycosamino-
glycans. To date seven different types of glycosamino-
glycans have been identified on the basis of their structural
units (Tabliess | hsanail 29406 ). They all consist of repeat-
ing disaccharide units linked together to yield unbranched
macromolecules. The repeating disaccharide units are usually
composed of an N-acetylated hexosamine linked to a hexuronic

acid residue. The unit also often contains 0- or N-linked



TABLE 1

i

MOLECULAR FEATURES AND DISTRIBUTION OF GLYCOSAMINOGLYCANS OF VERTEBRATE CONNECTIVE TISSUE

Polysaccharide

Hyaluronate

Chondroitin-4-
sulphate

Chondroitin-6-
sulphate

Dermatan
sulphate

Heparan
sulphate

Heparin

Keratan
sulphate

Molecular Weight
Range (x1073)
(ref.. 18)

4000 8000

15 - 40

50

4-16

o~
1

19

Disaccharide
Repeating Unit

D-glucuronic acid
D-glucosamine

D-glucuronic acid
D-galactosamine

D-glucuronic acid
D-galactosamine

D-glucuronic acid
L-iduronic acid
D-galactosamine

D-glucuronic acid
L-iduronic acid
D-glucosamine

D-glucuronic acid
L-iduronic acid
D-glucosamine
D—giucosamine-so4

D-ga]actoée
D-g]ucosamine-ﬁ-—SO4

Type of
Sulphation

0-S0

0-50
0-50
D-SHE
N-S03-
B-56_ "

N-S03-

0-S0

Charge/
Disaccharide
Unit

1,0

121=-2,0

is2=2 73

0= o2

151-2,8

3-4

0,9-1,8

Examples of Tissue
Distribution

Synovial fluid, vitreous
hiumor ssumbilical cord,
cartilage, skin

Cartilage, bone, cornea,
skin, aorta

Cartilage, bone, umbilical
cord, skin, intervertebral
disc, aorta

Cartilage, bone, skin,
tendon, aorta.

Lung, liver, skin

Liung. Tivers skils
intestinal mucosa

Cornea, cartilage, bone
intervertebral disc

[aS]



Polysaccharide

Hyaluronate

Chondroitin
sulphates

Dermatan
sulphate

Heparin,
heparan
sulphate

Keratan
sulphate

(-

-

TABLE 1..2.
STRUCTURE OF GLYCOSAMINOGLYCANS

Monosaccharide Units

Glucuronic acid

gOO

Glucuronic acid

coo-
0
OH j
OH

Glucuronic acid

e
Qoo
OH !
OH

Iduronic acid

coo

.
OH

OH

Glucuronic acid

Iduronic acid
CH, OH

H@‘
0
4
OH

Galactose

cH, OH
Q

HO

HENR
Glucosamine

HNR
Galactosamine

qﬂgoR‘
R'0 0

HNR
Galactosamine

CH,OR'

OH 0-

HNR
Glucosamine

HNR
lucosamine

Substituents’
4 )
R = -Cloy
o e
R = ~Cley
R'= -H or
-so;
&O
R = ~Cloy,
R'= -H or
-s07
R = -SO, or
' 0
—
Clen,
R'= -H or
-s0;
40
g
R' = -H or
=805



sulphate residues and these,in conjunction with the negative
carboxyl groups from the hexuronic acid residue, result in
glycosaminoglycan chains exhibiting a linear array of anionic
groups. Their high charge density results in proteoglycans
behaving as polyanionic molecules which occupy large molecular
domains. Generally the glycosaminoglycans do not occur as

free polysaccharide chains in vivo but rather are covalently

linked by the reducing end of their terminal sugar residue

to the core protein to form proteoglycans (7). Six of the
seven known glycosaminoglycans have been shown to be covalently
linked to core protein in this way,but it is not established
for certain yet whether hyaluronic acid occurs free or 1inkéd
to a protein in a manner similar to the other glycosamino-
glycans (8;9)¢ Evidence has been presented which suggests
covalent attachment of some protein to hyaluronic acid in
synovial fluid (10),'but most information points to its exis-

tence as a single unbranched carbohydrate polymer.

1.1.1. Structure of a typical cartilage proteoglycan monomer

Proteoglycans are especially predominant in the connective
tissues of the body, and therefore a great deal of the research
carried out has involved connective tissue-derived polymers.

In particular, cartilage, which has a large extracellular
matrix, making up about 90% of the volume of the tissue, and
composed of collagen fibres embedded in a high concentration

of aggregated proteoglycans, has been the main source of
material used for research on these glycoconjugates; appar-

ently 10 to 30% of the tissue dry weight is glycosaminoglycan

(1),



A typical cartilage proteoglycan monomer is depicted in Fig.

3 1 It consists of a protein backbone of about 3000 amino
acid residues resulting in a molecular weight of between 270
to 350000, and has been shown by electron microscopy to have

a length of some 300 nm (12,13). In spite of having such a
large molecular weight compared to that of other connective
tissue proteins such as collagen a-chains (MW approx. 100000)
and fibronectin (MW 220000), the core protein makes up only

5 to 12% of the mass of the large proteoglycan molecule,

which has an overall molecular weight of 0.5 x ]06 to 4 x 106
(14). The remainder is made up of the carbohydrate side
chains. It has been shown that a typical cartilage proteo-
glycan contains about 100 chondroitin sulphate chains (MW
approx. 20000) and about 60 keratan sulphate chains (MW approx.
5500) and a number of short N-linked and O-linked oligosaccha-
rides (MW 1200 to 2000) attached to the core protein. The
glycosaminoglycans are concentrated in specific regions of

the core protein to give a C-terminal chondroitin-rich domain
(15,16) and a keratan-rich area towards the N-terminal portion
of the core protein (15). The molecule thus consists of
approximately 80 to 84% chondroitin sulphate, 7 to 12% keratan
sulphate, and 1 to 3% oligosaccharides, the remainder being

protein (17).

The primary structure of the core protein has not yet been
entirely resolved and remains open to further revision. The
problems that have arisen in the elucidation of this structure

are primarily due to the general features of proteoglycans
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that make them difficult to study e.g. their high carbohydrate
density and Tow protein content, and their expanded structure
even in dilute solutions makes interpretation of molecular
weight and shape difficult (18). The molecular weight of
even a "pure" proteoglycan exhibits polydispersity and hetero-
geneity. This would appear to result from variations in

core protein size and/or in the length and number of attached
glycosaminoglycan chains (18,19,20). Thus each preparation
is a family of closely related molecules rather than a single
molecular species. The current model for the core protein
incorporates an N-terminal globular region of constant size
and composition with four or five intramolecular disulphide
bridges. This region has a low carbohydrate content and
forms a specific site for binding to hyaluronic acid and 1ink
protein. It is rich in cysteine, methionine and asparagine
and has a molecular weight of about 90000 (21,22). The
carbohydrate chains are in the form of glycoprotein-type
oligosaccharide branched chains covalently linked to the

core protein via N-glycosylamine bonds between N-acetyl-
glucosamine and asparagine (23,24). They primarily consist
of sialic acid, galactose, mannose and N-acetylglucosamine
residues with the presence of small amounts of fucose (25).
Adjacent to the hyaluronic acid-binding region is an extended
polypeptide region with many keratan sulphate chains attached-
(15). These keratan sulphate chains are bound to the core
protein by 0O-glycosidic bonds between N-acetylgalactosamine
and the hydroxyl groups of serine and/or threonine (23,24).

However, the greater part of the core protein exists as an



extended polypeptide with many O-linked chondroitin sulphate
chains (15]). This region is considered to be variable in
length and it has been suggested that it exhibits a repetitive
amino acid sequence containing many serine and glycine resi-
dues in roughly equimolar amounts (22). Each 0-Tinked side
chain is attached to the protein through a glycosidic linkage
involving the hydroxyl group of serine or threonine and a
specific tetrasaccharide, namely xylose-galactose-galactose-
glucuronic acid (26) (see Section Hai 3 M) - It is the
extension of these side chains away from the core protein that
is responsible for the "bottle brush" structure of the monomer
as seeﬁ in Fig. 1.1. Evidence suggests that the core protein
has one glycosaminoglycan chain attached to every 12th amino

acid residue (6).

Electron micrographs have shown that the protein core length
is variable. Rosenberg has clearly shown two types of
monomer in cartilage, one having a central filament of 170 -
190 nm and another with a Tonger central filament of 320 -
340 nm (27). Cell-free translation of proteoglycan mRNA
has provided evidence for a single high molecular weight
protein core (MW 300000) from both chick cartilage (28) and
calf "articular carli lage (29 ). It thus remains to be seen
to what extent the heterogeneity within different proteo-
glycans is related to variations in the length of the chon-
droitin sulphate attachment region and whether this is due
to a biosynthetic control mechanism or results from normal

non-pathological proteolytic degradation of core protein



taking place in the extracellular matrix.

1.1.2. Formation of proteoglycan aggregates

In their native state in cartilage, proteoglycan monomers
exist as large aggregates composed of many monomers bound

to hyaluronic acid chains (Fig. 1.1). This aggregation

has been studied in great detail using the techniques of
associative and dissociative caesium chloride (CsCl1) buoyant
density centrifugation. In 1969 Hascall and Sajdera showed
that when material from bovine nasal septum cartilage was
analysed in the ultracentrifuge under associative solvent
conditions (0,4 M guanidine HC1) the proteoglycans remained
aggregated and had a high sedimentation coefficient (50 to 60S).
In dissociative solvents (4 M guanidine HC1) the aggregate
dissociated into its individual components; the individual
monomers had higher buoyant densities than free hyaluronic
acid and thus could be separated from the latter (30). As
mentioned previously, the typical monomer has a globular
elongated foot at one end of the molecule which interacts
with hyaluronic acid. Reduction and alkylation of the core
protein prevents subsequent aggregate formation and inter-
action with hyaluronate (31,32). This suggests that the
conformation of the binding region is critical for the
binding process. Selective chemical modification of the
core protein has implicated the amino acid residues arginine,
tryptophan and lysine as being involved in this binding
process. These amino acids may be involved directly in the

interaction of core protein with hyaluronic acid or indirectly
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by merely maintaining the stability of the binding site (32,
33 ). It has been shown that a minimum of 5 hyaluronate
disaccharide units are required for binding of monomer to
occur (34,35) and calculations have shown that up to 200
proteoglycan monomers can bind to a single hyaluronic acid
chain of molecular weight 1.6 x 106. This would give rise
to an aggregate 4 um in length (36 ), The distance between
monomers has been suggested to be about 40 disaccharide units
£22) . Kimura et al. showed that the addition of hyaluronic
acid oligosaccharides (averaging about 50 monosaccharides)
to the culture medium of chondrocytes inhibited aggregate

formation by as much as 94% (37,38).

The interaction of core protein with hyaluronic acid is

6 i 10-?

specific and has a dissociation constant of about 10
M (39); no other anionic biopolymer has been found that will
compete with hyaluronic acid for binding (35,40). Modifi-
cation of the glucuronyl carboxyl groups with diazomethane
prevented aggregation with protein monomer and it appeared
that four consecutive unmodified carboxyls were the minimum
requirement for interaction (41). Furthermore, an absolute
specificity for N-acetylglucosamine was observed since poly-
mers such as chondroitin sulphate, which contain N-acetyl-

galactosamine,were unable to interact with monomers even at

high concentrations (22,39).

The interaction between proteoglycan core protein and
hyaluronic acid does not involve covalent bonding but is

stabilized by specific link proteins (22). Once they are
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present, the proteoglycan monomers are essentially locked
into position on the hyaluronic acid and the dissociation
constant becomes too low to measure accurately (35,42).

Two types of 1ink protein have been shown to exist in car-
tilage and they are structurally related to each other (31).
They have molecular weights of about 42000 and 500000,
respectively (43,44). They have the same amino acid com-
position, and exhibit the same electrophoretic behaviour,
but it has been suggested that the larger form is made up

of a longer polypeptide chain, and contains more N-linked
oligosaccharide residues (44). The 1ink protein binds to

a length of hyaluronate adjacent to the hyaluronate-binding
region of the proteoglycan (45), and it also interacts with
portions of the core protein in this region (46). It has
been calculated that a minimum of 15 hyaluronate disaccharide
units are required for the formation of stable hyaluronate-
link protein-monomer aggregates (12). The molar ratio of
proteoglycan to link protein has been shown to be 1:1 (47).
The tertiary complex of hyaluronic acid, link protein and
proteoglycan monomer has been found to be stable (22) and
absence of link protein results in instability of the hyal-
uronic acid-proteoglycan monomer complex (42). In cultures
of chondrosarcoma-derived chondrocytes it has been found
that there is no exchange of 1link protein between monomer-
link complexes and added exogenous monomers (47). This
suggested that the formation of stable tertiary comh]exes was
a sequential process, involving link-monomer complex first
and subsequent binding of this to hyaluronic acid. This

however does not account for the observation that hyaluronate
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can combine with a proteoglycan monomer to form a complex that

is only stabilized on subsequent addition of 1ink protein.

Aggregation of proteoglycan monomers with hyaluronic acid
only occurs after secretion and takes some finite time to be
completed (37). The mechanisms for the regulation of
aggregate assembly and for their organised deposition within
the collagen network of the extracellular matrix are not yet
understood. It has been proposed that in cartilage aggrega-
tion is Targely responsible for the"fixation" of the proteo-

glycan monomer in the matrix.

1.1.3. Functional aspects of proteoglycans

As a consequence of their chemical composition, proteoglycans
have an overall hydrophilic character and exhibit extended
structures in solution, thus enabling them to occupy very
large molecular domains (14,48). As a consequence of their
structure, these expanded molecules behave as molecular
exclusion media and are able to "sieve out" large molecules,
thus preventing their passage through connective tissue (49,
50). Proteoglycan molecules are reversibly compressible
when subjected to compressive loads; as solvent is displaced
from their domains, interactions between the glycosaminoglycan
chains increase. Once the load is removed the glycosamino-
glycan chains "reclaim" their molecular domains. Th1s. 4%

an important property essential for the normal physiological
functioning of cartilage, which must be able to act as a

cushion for variable, compressive loads. The collagen fibrils
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of the cartilage matrix define shape and the interspersed
proteoglycan aggregates provide a hydrated, viscous medium

that absorbs compressive loads.

A variety of proteoglycans are found in different tissues.
Some tissues have proteoglycans with features very similar
to those found in cartilage, whereas others have entirely
different structures and clearly serve different functions.
For example, ovarian follicular fluid contains a proteoglycan
which has smaller amounts of chondroifin sulphate chains
compared with cartilage proteoglycan chains (about 10 to 20
per core protein), but these chains are much longer (MW
approx. 55000) (2,51). The ovarian follicle proteoglycan
core protein is substituted with a very large number of
mucin-type O-Tinked oligosaccharides (about 300 to 400), and
the monomer does not aggregate with hyaluronic acid. A small
proteoglycan containing about one to three keratan sulphate
chains (MW 5000 to 7000) has been isolated from bovine corneal
stroma (4,52) and both rat liver (3) and bovine aortic tissue
(53) contain a heparan sulphate proteoglycan. Recently
human aortas have been shown to contain proteoglycans which
have either chondroitin sulphate or dermatan sulphate glycos-

aminoglycan chains (54).

The properties of the different tissue proteoglycans result
from their diverse biochemical structures and interactions
with tissue proteins. These aspects of proteoglycans, which
will be discussed fully later (Section 1.4), are all related

to their widespread functional roles in the extracellular
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matrix. These include the regulation of tissue water
content (55) and consequently the resistance of tissues to
compressional forces, the control of diffusion rates for
nutrient and degraded molecules through tissue (49.50), and
most l1ikely the control of collagen polymerization to form

fibrils in the extracellular matrix (56,57).

1.2, BIOSYNTHESIS AND SECRETION OF PROTEOGLYCANS

Recently considerable progress has been made in the elucida-
tion of the proteoglycan biosynthetic pathways and this may,

in turn, contribute to a better knowledge of both the struc-
ture and function of these molecules. Earlier studies were
concerned almost exclusively with the biosynthesis of the
carbohydrate side chains but in order to understand the
physiology of the extracellular matrix, it is essential that
the mechanisms leading to the coordination of all the reactions

necessary for the formation of the whole molecule be elucidated.

Many of these early biosynthetic studies were carried out on
pathological specimens or on cultured cell lines. In recent
times we have become increasingly aware of the artifactual
results that may result from using such systems. However,
cautious interpretation of these results plus the use of
cell-free systems have enabled us to obtain a good overall
view of the biosynthetic processes involved in the synthesis

of proteoglycan monomers in a variety of forms.

Essentially, the process involves the synthesis of the core
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protein, the initiation of the carbohydrate side chain on

this molecule, glycosaminoglycan chain elongation, sulphation

and chain termination.

1.2.1. Synthesysiiafiteore protein

There is no evidence to contest the assumption that core
protein biosynthesis takes place via the normally accepted
Paladel pathway for secretory proteins (58). The control
mechanisms for this process are not yet elucidated and

neither is it known if there is some discrete compartmenta-
lTization of the synthesis of different protein cores that
allows for the heterogeneity of proteoglycan species. 3t

is almost certain that different proteoglycans are the

products of closely related genes for core protein that have
originated by gene duplication, since it is known that

core proteins of different proteoglycans differ in structure
and represent different gene products,e.g. the keratan sul-
phate proteoglycan in the corneal stroma has been shown to

have a different core protein to the corneal chondroitin sul-
phate proteoglycan (4,59). A11 preparations of cartilage
specific proteoglycans studied so far have been found to be
polydisperse, with variability in the chondroitin sulphate bind-
ing region of the core protein (60). It seems unreasonable that
such a variability occurs during biosynthesis unless there

is a variation in processing or more than one gene product

is involved.

It is deducible that certain amino acid sequences code for

the attachment of the glycosaminoglycan chain and this code
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must of necessity contain L-seryl residues for the majority.
of glycosaminoglycans or L-asparaginyl residues for some
keratan sulphate chains, since these residues are part of

the glycopeptide linkages.

Cultured chondrocytes have been shown to contain a large
intracellular precursor pool of core protein having a molec-
ular weight of 370000 by analysis on sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS PAGE) after immuno-
precipitation with highly purified antiserum to the hyaluronic
acid-binding region of core protein (61). However, it may
already contain N-Tinked and partially completed 0-linked
oligosaccharides and thus the actual molecular weight should
be less. Other workers have succeeded in obtaining putative
core protein mRNA from embryonic chick sternal cartilage
differentiated 1imb bud cultures (28) and calf articular
chondrocytes (29) which, when translated in cell-free systems,
gave rise to a product with a molecular weight of 340000 on
SDS PAGE. These cell-free generated polypeptides may still
have their hydrophobic "signal" peptides attached. However,
the general agreemenf on the size of isolated core protein

as compared to the cell-free translation product suggests

that in the tissues studied the proteoglycan core protein is

a large (MW + 350000) single chain polypeptide.

1.2.2. Formation of carbohydrate precursors

The carbohydrate components of glycosaminoglycans are

derived from D-glucose without alteration in the carbon
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backbone. These sugars are activated using primarily UTP
to form UDP-sugars. However, in the case of fucose and
sialiceacid,sGTP and GTP, srespectively, are required for
activation. In Fig. 1.2 a detailed description of the
major sugars involved in glycosaminoglycan synthesis and

their activated derivatives is shown.

1.2.3, Synthesis of carbohydrate side chain (Fig. 1.3)

Whether or not initiation of carbohydrate chain synthesis
occurs on nascent core peptide or after peptide completion
remains to be clearly established. In the synthesis

of glycoproteins containing N-glycosidically linked carbo-
hydrate chains, 1ipid intermediates have been shown to be
involved in the transfer of activated sugars to the nascent
protein core whilst it is still present in the rough-
surfaced endoplasmic reticulum. A similar process may occur
in the biosynthesis of certain glycosaminoglycans, namely
N-linked keratan sulphate and oligosaccharide chains.
Studies using the antibiotic tunicamycin, which inhibits
N-glycosylation up to 95%, have shown that biosynthesis of
glycosaminoglycans by cultured chick embryo fibroblasts (62,
63) and of corneal keratan sulphate (64) was inhibited.
However, it has also been found that the antibiotic does

not inhibit the biosynthesis of sulphated g]ycosaminog]ycané
by chondrocytes (62). It is thus possible that the N-linked
oligosaccharides and glycosaminoglycans are synthesized on
the nascent core protein chains in a manner analogous to

glycoprotein biosynthesis.
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1.2.3.1. Chain initiation and synthesis of linkage region

The initiation step in the biosynthesis of chondroitin sul-
'phate, heparin and heparan sulphate glycosaminoglycan chains
is the transfer of xylose from UDP-xylose to the hydroxyl
'group of a serine or threonine residue in the core protein.
Whether the same xylosyltransferase is involved in synthesis
of heparin and heparan sulphate proteoglycans as in chon-
droitin sulphate proteoglycans is not known. It is generally
accepted that glycosyltransferases require a primer as the
glycosyl acceptor (65). In the case of chondroitin sulphate
the physiological primer appears to be the core protein, as
inhibition of protein synthesis by puromycin has been shown
to result in reduced formation of chondroitin sulphate in
chick embryo cartilage in spite of the fact that the trans-

ferases were not affected (66,67).

Xylosyltransferase appears to play a key role in the requla-
tion of proteoglycan synthesis, and furthermore UDP-xylose

is an inhibitor of UDP-glucose dehydrogenase (68). Thus a
decrease in the amount of core protein for xylosyltransferase
activity would result in an accumulation of UDP-xylose which
inhibits synthesis of UDP-glucuronic acid and thus further
synthesis of UDP-xylose and chondroitin sulphate. The xylosyl-
transferase differs from the other glycosyltransferases in-
volved in glycosaminoglycan chain elongation in that it is
relatively soluble. It interacts specifically with galacto-
syltransferase 1, the next enzyme involved in the biosynthetic
pathway (69). Its interaction with core protein, substrate

UDP-xylose, and galactotransferase may serve to coordinate
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efficiently glycosaminoglycan chain initiation, and to bring
the core protein into juxtaposition with the membrane-bound

multienzyme system required for chain elongation.

After xylosylation of specific serine residues in the core
protein, the Tinkage region is completed by the addition of
two galactose residues from UDP-galactose and the addition
of the first glucuronic acid residue. The enzymes involved
in these and further steps are membrane-bound. The two
galactose residues are transferred by two different galacto-
syltransferase enzymes. Galactosyltransferase I is loosely
bound to membranes and can be solubilized with nonionic
detergents (70), but galactosyltransferase II is tightly
bound and has not yet been isolated. It is probable that
chain initiation and perhaps completion of the linkage
region may occur on nascent peptides before the protein is
sequestered into the cisternal Tumen of the endoplasmic

reticulum.

1.2°3V2, " "Chatn e llunteilion

The synthesis of the main portion of the glycosaminoglycan
chain requires the alternate transfer of N-acetylated hexo-
samine and hexuronic acid from their respective nucleotides
to the growing glycosaminoglycan chain by two distinct
enzymes (71,72). The enzyme which transfers UDP-glucuronic
acid to the growing end of the chain is different to that
which transfers UDP-glucuronic acid to the second galactose

residue of the linkage region (73). Studies using electro-
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microscopic autoradiography (74,75) and purified Golgi
preparations from mouse mastocytoma cells (76) have demon-
strated that the site of elongation of glycosaminoglycan
chains is the Golgi. Extensive evidence indicates that in
cartilage keratan sulphate chains are linked to the same
core protein as the chondroitin sulphate chains (77). No
information is available regarding the site and time of
addition of 0-glycosidically linked keratan sulphate or
oligosaccharide chains but their synthesis is presumed to
follow a similar pathway of synthesis to that of chondroitin
sulphate. The mechanism of hyaluronic acid synthesis is
poorly understood, but it has been shown to be insensitive
to inhibition of protein synthesis (78,79), and is also
unaffected by tunicamycin (80), thus excluding the possibility
that it is synthesised on a core protein and that it requires
dolicholpyrophosphate derivatives for its polymerisation.
However, some coordination of hyaluronic acid and proteo-
glycan biosynthesis must exist, especially in tissues that
contain predominantly aggregated proteoglycans. The con-
version of glucuronic acid to L-iduronic acid via the action
of C5-epimerase, to give rise to dermatan and heparan sul-
phates, takes place during elongation and not after com-

pletion of the glycosaminoglycan chain (81).

122343 o Sarkphadion

Incorporation of sulphate into glycosaminoglycan chains has

been shown to follow a pattern similar to that described

for the incorporation of sugar moieties in that the sulphate
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is first activated and then transferred to the acceptor.
The activated sulphate is formed from inorganic sulphate in
a two-step process:

¥ A
1) 5042 + ATP — adenosine-5'-phosphosulphate (APS) + PPj

B
2) APS + ATP ———> 3' phosphoadenosine-5'-phosphosulphate

(PAPS) + ADP (82-84)
where A = sulphate adenylyltransferase and B = adenylyl-

sulphate kinase.

Specific 4- and 6- sulphotransferases transfer sulphate from
PAPS to the 4- or 6- position of the hexosamine residue in
the glycosaminoglycan chain at some stage after their poly-
merisation to the growing molecule, and electronmicroscopic
autoradiography has shown that the vesicular component of

the Golgi apparatus is the actual site of sulphation (85,86).
On examination of various chondroitin-4-sulphate fragments
obtained from rabbit ear cartilage, Derge and Davidson showed
that they contained stoichiometric amounts of sulphate hemi-
ester groups whichsuggests that a close relationship exists
between extension and O-sulphation of the chondroitin chains
(87). Such stoichiometry is less likely to be achieved
when sulphation occurs after polysaccharide completion.

Other experiments are consistent with the theory that sul-
phation occurs concurrently with polysaccharide elongation
(88,89). Hybrid molecules with both 4- and 6- sulphates
have been shown (90,91), and specificity for the position

of sulphation (4- or 6- position) is unknown. It s

reasonable assumption that the site of sulphate incorporation
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on the disaccharide unit may depend on the activity of a
specific sulphotransferase rather than on the acceptor, since
in the case of dermatan sulphate, sulphation appears to occur
before epimerization of glucuronic acid to L-iduronic acid

(92).

Heparin and Heparan sulphate also possess N-sulphate groups.

There is some evidence that sulphation of these residues
takes place after the completion of the polymer. However,
it has been suggested from work using aortic microsomal
fractions that rapid N-sulphation precedes O-sulphation of
heparan sulphate chains and that O-sulphation only occurs on

previously N-sulphated sugars (93).

1.2.3.4. '"Chain termimation

The termination of the glycosaminoglycan chain synthesis is
not understood. Chain lengths of all chondroitin sulphate
preparations examined so far appear to be polydisperse, thus
there may be different termination signals for different
glycosaminoglycan populations. One possible termination
mechanism in the biosynthesis of chondroitin sulphate chains
was suggested by Telser's finding that oligosaccharides con-
taining non-reducing terminal N-acetylgalactosamine-4-sulphate

residues do not serve as acceptors for further glucuronic acid

addition, but that those containing N-acetylgalactosamine-
6-sulphate are excellent acceptors (66). The addition of
sialic acid residues may also function as a termination signal

for the carbohydrate chains or as a trigger for the secretion



25

of proteoglycans from the cell in the same manner as has
been suggested for glycoproteins. Chain termination may
also perhaps partially depend on a decreased affinity of

the elongation enzymes for acceptors above a certain size.

1.2.4. Secretion of proteoglycans

Little is known with certainty of the mechanism of proteo-
glycan secretion. It appears that not all of the newly
synthesized proteoglycans are destined to be secreted.
Studies on the fibroblasts derived from the skin of patients
affected by metabolic disorders in which abnormal intracel-
lular accumulation of glycosaminoglycans takes place
(Hurler's and Hunter's syndromes) have shown there to be two
different pools of glycosaminoglycans inside the cell: those
that are secreted into the extracellular matrix and those that
remain inside the cell and are slowly degraded (94). The
completed molecules destined for export are collected in
secretory vacuoles which also appear to contain procollagen
(95,96). Electron microscopy has revealed that the secre-
tory product is transported to the Golgi zone in smooth sur-
faced vesicles which fuse with one another to give rise to
vacuoles of increasing size. Under electron microscopy the
material in the large vacuoles is similar to the extracellular
matrix in appearance and probably represents a combination

of collagen in fibrillar and amorphous form, together with
proteoglycans which are visualized as dense granules. These
vacuoles can be seen to fuse with the surface of the cell

and the contents are secreted into the matrix. Kimura et al




have shown that in chondrocyte cultures the contents of the
vacuoles are secreted to the matrix over a period of 10 to
30 min following a 5 min pulse with [35515u1phate (47). One
hour after addition of radioactive label most of the radio-
activity is in the matrix. Once outside the cell, the
proteoglycan interacts with link protein, hyaluronic acid
and the matrix proteins to become an integral part of the

matrix (47).

1.2.5, Effects of exogenous agents on proteoglycan biosynthesis

1:2{5:1°""EffectsS™0f "g=h-Xylosides

As described above, the majority of the sulphated glycosamino-
glycans in animal tissues are covalently linked to serine

residues of the core protein via a specific tetrasaccharide:

g1&3 Blad
Galactose

Glycosaminoglycan - Glucuronic Acid

81,4 813

Galactose Xylose

Serine (26397 )

The biosynthesis of the completed proteoglycan monomer requires
the initial formation of the protein core via the normal
protein synthetic machinery, followed by the stepwise addition
of the specific monosaccharides from their respective uridine

diphosphosugars by distinct transferases.

The addition of B-D-xylosides to intact cells has been shown
to provide an artificial primer for new glycosaminoglycan
synthesis and thus eliminates the need for core protein as

an acceptor for xylose (98-100). The levels of core protein,
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however, remain the same in control cells and in cells treated
with xyloside (101). Thus use of B-D-xylosides as initia-
tors of new glycosaminoglycan chains has made available a
potent tool for the dissection of the pathways of proteoglycan

synthesis.

It has been shown that the g- conformation of the xyloside

is essential, since a-xylosides are unable to initiate glycos-
aminoglycan synthesis (102,103). The aglycone moiety of the
molecule is also important; non-polar residues (e.g. n-butyl,
octyl, benzyl, phenyl xylosides) have been shown to maximally
promote glycosaminoglycan chain initiation (102). This may
reflect differences in the rate of transport through membranes
or differences in the affinity of these xylosides for the en-
zymes involved in the initiation of glycosaminoglycan synthesis.
Other sugar derivatives further along the glycosaminoglycan
chain sequence, such as g-galactosides, do not initiate
synthesis (102,103). Thus it seems that only the first
galactosyltransferase enzyme (galactotransferase 1) is able

to make use of a monosaccharide as an acceptor for the acti-

vated galactose moiety.

Most workers find that addition of B-xylosides to culture
systems causes a significant increase in the amount of |3SS[
sulphate incorporated into glycosaminoglycans (100,104,105).
Most of this radioactivity is recovered in the medium, indi-
cating that the glycosaminoglycans formed on the acceptor

are probably more soluble (100). The possibility exists
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that they may be secreted via a different pathway,or more
likely, that the protein core plays a vital role in "position-
ing" the proteoglycan molecules in the extracellular matrix;
in the absence of core protein the glycosaminoglycans move

rapidly into the medium.

Previous studies have also shown that there is a decrease

in the average glycosaminoglycan chain length in the presence
of these "false" acceptors, pointing to a role for the core
protein in the normal regulation of chain length (102,103).
It is possible that the length of thechains can be inversely
correlated with the rate of synthesis. This is supported
by the observation that a decrease in temperature leads to

a slower rate of synthesis of glycosaminoglycans and these
chains are longer than those of controls at normal tempera-
ture (106), In the presence of xylosides many more chains
are being synthesized and premature termination may be due
to the large amount of acceptor (xyloside) available for the
initiation of new glycosaminoglycan chains, Furthermore,
the free glycosaminoglycans may be more readily secreted by
the cell and thus may reside for a shorter period of time at
the sites for glycosyl transfer. It has also been observed
that in the presence of Bg-D-xylosides, chondroitin sulphate
is the predominant type of glycosaminoglycan synthesized,
even in cell types that normally synthesize only small

amounts of this glycosaminoglycan (103,107).
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125 h . 2 TEfffec s’ Of “ascorbdcliaci

The importance of ascorbic acid for the biosynthesis of con-
nective tissue proteins has been well documented by numerous
laboratories (108-111). From time to time further roles

for the vitamin have been suggested (112-114). One of these
involves the participation of ascorbic acid in the process of
biological sulphate transfer. Several workers have suggested
that the sulphated derivative of ascorbic acid (ascorbic acid-
2-sulphate) plays a direct role in biological sulphate trans-
fer, including the sulphation process which occurs in proteo-
glycan synthesis (115,116), Hatanaka and Egami studied
sulphate incorporation from ascorbic acid-2-sulphate into
chondroitin sulphate synthesized by embryonic chick cartilage
epiphyses (117), They postulated that ascorbic acid-2-

sulphate is synthesized in vivo from 3' phosphoadenylyl

sulphate and they proposed that it acted as a long-term storage
pool of ascorbic acid in the body. However, Shapiro and
Poon postulated that sulphation of glycosaminoglycans did

|3SS| sulphate from ascor-

not result from direct transfer of
bic acid-2-sulphate but rather from a decomposition product
thereof (118). They found negligible direct sulphation of
glycosaminoglycans by chondrocytes using freshly prepared
ascorbic acid-2-sulphate but some sulphation with ascorbic
acid-2-sulphate that had been stored at -20°C for several
days. Evidence was presented to show that the sulphation
pathway with the decomposition product involved exchange

with inorganic sulphate and they suggested that sulphation

proceeded via the normal PAPS pathway (see Section 1.2.3.3).
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However, Hatanaka and Egami disagreed with the above findings.
They did not detect such time-dependent decompositionduring
storage at -20°C for at least three months and in addition
the extent of incorporation of radioactivity from ascorbic
acid-2-|35515u1phate remained constant for at least three
months. Furthermore, they showed that the rate of incor-
poration of radioactive sulphate into glycosaminoglycan
|35

chains from ascorbic acid—2—l355|sulphate or inorganic S|

sulphate were different (117).

Thus the question as fo whether ascorbic acid plays a direct
role in the sulphation of proteoglycan molecules remains
unresolved. Transfer of sulphate from ascorbic acid-2-
sulphate may or may not be physiologically significant.
Ascorbic acid has many other functions, particularly involv-
ing the formation of the extracellular matrix and the main-
tenance of its integrity (108,119,120). Its influence on
proteoglycan biosynthesis may thus be secondary and may result
from its effects on the synthesis of extracellular matrix
generally,. Ascorbic acid has also been shown to have a role
in the promotion of microtubule assembly (114) and may thus

facilitate secretion of proteoglycans from the cell.

1.2.5.3. Effects of the ionophore, monensin

Monensin is a monovalent, carboxy]ic ionophore which has been
shown to reversibly block secretion by several cell types.
It has a common and specific effect on intracellular transport

at the level of the Golgi complex (121-124). Non-regulated
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cells, whose rate of secretion is free from short term con-
trols (as opposed to regulated cells which secrete only

when appropriately stimulated) lack a conspicuous storage
compartment for secretory protein. A11 the data accumulated
so far have indicated that the ongoing "basal" secretory rate
in such cells is maximal. For secretion, vesicles originat-
ing from the rough endoplasmic reticulum obligatorily fuse
with Golgi cisternae, and a secondary population of smooth-
surfaced organelles derived from this fusion pass towards the
¢ellusurface (B8}, In non-requlated cells the second popula-
tion of organelles corresponds to small Golgi-derived vesicles
endowed with a specificity which allows them to fuse with the
plasma membrane. Monensin causes a partial equilibration

of cellular Na/K levels, which leads to the arrest of vesicular
traffic in the region of -the Golgi, thus creating a secondary
organelle population. This appearance of many intracellular
membranous vacuoles on exposure to monensin has been recorded
consistently (122,124,125}, Monensin has been shown to have
no deleterious ef%ects on protein synthesis (123) and minimal
effects upon energy production in cells (126). Ledger et al.
have shown inhibition of secretion of both procollagen and
fibronectin from human fibroblasts in culture (124). Immuno-
fluorescence microscopy showed these proteins to be concen-
trated in the Golgi zone which became filled with a new
population of smooth-membraned vacuoles; normal Golgi com-
plexes were not found. They also noticed dilated rough endo-
plasmic reticulum, and this may have indicated an additional
blockage at the stage where secretory proteins exited from the

endoplasmic reticulum, or it may have been due to the build-up
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of protein in the Golgi compartment which exceeded the
latter's capacity and thus extended back into the endo-

‘plasmic reticulum.

Several workers have noted that the presence of monensin

led to a general undersulphation of all the newly synthesized
glycosaminoglycan chains (125,127,128). This implies that
all proteoglycan molecules and all glycosaminoglycan chains
of a given.proteog1ycan have equal access to membrane-bound
sulphotransferases. Undersulphation cannot be explained by
decreased access of selected glycosaminoglycans or proteo-
glycans. Since sulphation of glycosaminoglycans occurs at
"a late stage in their biosynthesis and takes p]acé in the
Golgi elements (83,84), it is reasonable to expect that a
Golgi-disruptive ionophore will impair sulphation. At low
doses of monensin,proteoglycans, though undersulphated, con-
tinued to be secreted; thus it appears that sulphation is not

essential for their exit from the cell (128).

The reason for the interference of sulphation of glycosamino-
glycan chains by monensin is not yet clear. Inhibition of

sulphation even in the presence of g-D-xyloside (127) showed
that monensin exerts its effects after core protein synthesis
and such synthesis has no bearing on the inhibition of sulph-

ation by monensin. Experiments showed that |355]

35
|°7S|

sulphate
incorporation into PAPS in the presence of monensin was
no different from controls (127). Also, measurements of

sulphotransferase activity, sulphatase activity, free sulphate
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and glucosamine uptake into cells showed no change in the
presence of monensin (127). Studies on cartilage of
brachymorphic mice which contain undersulphated glycosamino-
glycan chains have shown that the defect is at the level of
conversion®of APS" to PAPS (seé Sectton 1.20313)"N292130) 7
Whether monensin also interferes here or at some other stage

in the sulphation pathway remains to be determined.

Monensin is thus a useful probe for studying the relationship
between intracellular translocation of macromolecules destined
for secretion, and the structural modifications of such mole-
cules while they are en route to the cell surface as it dis-
rupts intracellular flow without permanently damaging cells,
and it has minimal effects on energy production and protein

synthesis.

1.2.5.4. Effects of inhibitors of protein synthesis

Inhibitors of protein synthesis such as puromycin or cyclohexi-
mide have been shown to inhibit synthesis of chondroitin sul-
phate in cartilage, presumably by prevehting the formation of
suitable core protein acceptors for glycosaminoglycan chain
initiation (66). When protein synthesis inhibitors have

been added to cells, in particular rat chondrosarcoma cells,

an immediate inhibition of [3H[ serine incorporation into core

35$| sulphate incorporation into glycos-

protein was noted, but |
aminoglycans was only inhibited gradually (104). This has
been taken to imply that certainly in the case of chondro-

sarcoma cells there is a large intracellular pool of core
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protein. Using these cells it has been calculated that the
newly synthesized core protein passes through an intracel-
lular pool for 70 to 90 min, before the glycosaminoglycan
chains are synthesized on it, and it is then rapidly secreted
from the cell with a half time of less than 10 min (104). It
remains to be seen, however, whether this lengthy time between
core protein synthesis and glycosylation is a general feature
of all cell types or whether it is a reflection of abnormal

behaviour of this cell type.

In rat chondrosarcoma cells cycloheximide has been shown to
interfere with the flow of core protein along the route of
intracellular synthesis leading to secretion as well as inhi-
biting synthesis of further core protein. In treated cultures
the proportion of |3H] serine labelled proteoglycan secreted
was less than 50% of that in control cultures, and the rate of
incorporation into secreted proteoglycan was decreased to

80 min as compared to 120 min for controls (104). Thus some
interference of intracellular transport of the core protein

has been proposed.

Puromycin has been shown not to inhibit incorporation of
|T4C| acetate into UDP-N-acetylgalactosamine or of I]QC]
galactose into UDP-glucuronic acid so it does not appear to
have any direct effect on glycosaminoglycan synthesis (66).
The addition of B-D-xylosides has also been shown to relieve

the inhibition of []46] or |3H| acetate incorporation into

chondroitin sulphate by puromycin and cycloheximide when
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studied with intact cartilage (98,102). This confirms that
inhibition of protein synthesis has no direct effect on
glycosaminoglycan chain elongation. The stimulation of
labelled acetate incorporation into chondroitin sulphate,
observed in the presence of B-D-xyloside and cycloheximide
(102),suggested that the synthesis of core protein may be a
rate-controlling step in proteoglycan synthesis. As expected,
however, the xyloside has no effect on the incorporation of

|3H| serine into core protein (102).

Several workers have also observed an increase in the size of
the proteoglycan monomer, due to an increase in glycosamino-
glycan chain length in the presence of inhibitors of ﬁrotein
synthesis (104,131). This may be due to a decrease in the
overall rate of proteoglycan synthesis as a result of less

core protein being available and this slower rate results in

an increase in chain length. Previous observations have
shown that the length of chondroitin-sulphate chains can be
inversely correlated with their rate of synthesis (106).

When B-D-xylosides were added together with the inhibitor the
length of the glycosaminoglycan chains was found to be the
same as those synthesised in the presence of xyloside alone
(102, 131 This may be explained by the fact that the re-
quirement for the core protein has been obviated and glycos-

aminoglycan synthesis can proceed at an increased rate.
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1.2.5.5., Effects of antimicrotubular and microfilament-

modifying agents

In 1968 it was first proposed that microtubules are involved
in, cell secretion (132). The antimicrotubular agent, col-

chicine, has been shown to inhibit secretion inter alia of

matrix components from osteoblasts and chondrocytes (133-136).
Thus it has been suggested that microtubules play an active
role in the secretion of collagen, elastin and proteoglycans
in these cell types. Morphological and chemical data have
suggested that the effects of microtubule depolymerizing
agents, such as colchicine,on secretion result from functional
disturbances in themicrotubular system which cause secondary
alterations in the Golgi complex (137,138). These changes

in the Golgi complex coupled with a retarded translocation

of secretory vacuoles result in inhibition of secretion.

In spite of the observed effects of colchicine on secretion,
chondrocytes treated with the drug were shown to retain a
large part of their biosynthetic and secretory activities
(138). Secretion of proteoglycans from these cells was
retarded but the effect was not dramatic. This suggested

that either alternative pathways for secretion of proteoglycan

existed that were independent of functional microtubules or that

the Golgi apparatus, in spite of structural alterations, re-
tained most of its synthetic and secretory capacities. Thus
the microtubules may play a facilitatory rather than an obli-

gatory role in intracellular translocation and secretion of
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proteoglycans by chondrocytes.

Colchicine has also been shown to inhibit synthesis of
proteoglycans in chondrocytes, but here again the effect is
not very dramatic, with 30% inhibition at the most, and the
molecules synthesised in the presence of the drug have only
minor alterations when compared to their counterparts from
untreated cultures (139). Treatment of xyloside-stimulated
cultures with colchicine has been shown to give comparable
inhibition to treatment of non-stimulated cells with colchi-
cine and indicates that its inhibitory effects probably occur

after core protein synthesis and xylosyl transfer (139).

Microfilaments are also thought to play a role in intracel-
lular transport phenomena as well as in cell surface events
such as pinocytosis (132,140-143). They may also act as a
cytoskeleton and thereby maintain cell shape and intracellular
organization (144,145). Cytochalasin B, a microfilament
modifier, has been shown to have no effect on the secretion

of proteoglycans by chondrocytes but it inhibits synthesis of
proteoglycans by about 30% (139). The role of microfilaments
remains unclear - perhaps the effects of cytochalasin B on
microfilaments results in the disruption of uptake and trans-
port of precursors for synthesis. When cells were treated
simultaneously with colchicine and cytochalasin B the effect
on synthesis was additive, suggesting that the sites of action

of the drugs were different (139).
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1.3. TURNOVER OF PROTEOGLYCANS

In their natural environment proteoglycans are subject to
turnover and are constantly being degraded and replaced by
new ones. Many experiments have been performed utilizing

radioactive precursors, both in vivo and in vitro, in attempts

to establish the pathways of proteoglycan metabolism (146-151).
These experiments have established that the pathways of metab-
olism of the various types of proteoglycans are by no means
uniform; metabolic compartments exist and within these com-
partments there are pools which exhibit metabolic heteroge-

neity.

In general there are at least four different metabolic com-
partments: an intracellular compartment and three extra-
cellular compartments made up of aggregating, non-aggregating
and cell surface proteoglycans. The intracellular compart-
ment contains molecules which are being degraded and newly
synthesized molecules, of which about two-thirds are destined
for secretion tothe extracellular environment and one-third
is diverted to an intracellular storage pool and is ultimately
degraded (94). These different intracellular pools could
account for the metabolic heterogeneities which have been
observed by several workers. Olssen et al. have established
that there is more than one intracellular pool of proteo-
glycans that have different metabolic activities (152). Using
cultured bovine aortic and human skin fibroblasts, Kresse et

al. have presented evidence for the existence of topographi-

cally distinct glycosaminoglycan pools with varying metabolic
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characteristics (153). The different pools may occur as a
result of different activities of metabolizing enzymes or as
a result of the existence of distinct pools which differ in
their accessibility to degradative processes or as a combina-

tion of both.

Using in vivo studies on cartilage, Lohmander et al. have

shown that the total fractions of chondroitin sulphate and
keratan sulphate contain at least three metabolic pools (150).
One has a half-1life in the region of a few hours and was ten-
tatively interpreted as representing intracellular synthesis,
storage and degradation. The other two pools had components
with slow and faster turnover rates: in the order of about

3 days and 30 to 80 days for chondroitin sulphate, and 4 days
and 90 days for keratan sulphate. These were assumed to

reflect degradation of different pools of matrix proteoglycans.

No simple relationship exists between chemical nature and
turnover of proteoglycans. Metabolic heterogeneity exists
even at proteoglycan level. Hardingham and Muir have sugges-
ted that smaller proteoglycan molecules have a faster rate of
turnover than larger molecules even though they may have
similar glycosaminoglycan chains (147). They found that
proteoglycans with a low chondroitin sulphate content were
degraded more rapidly than those with a high chondroitin sul-
phate content. These results have been supported by other
workers (154). It is possible that molecules with fewer side
chains may be degraded more rapidly by proteolytic enzymes

than those protected by a high density of attached chains.
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The turnover rates of various glycosaminoglycan chains appear
to be different. Studies using rat epiphyseal cartilages
have shown that chondroitin sulphate has a turnover rate of
70 h as compared to hyaluronic acid which has a turnover
time of 120 h (148). In vitro labelling of bovine corneas
showed that chondroitin sulphate turned over every 251 h and
keratan sulphate every 723 h (149). The data obtained by
Lohmander et al., as mentioned above, do not however support
the notion of a considerably slower metabolism of keratan
sulphate compared to chondroitin sulphate (150).

In in vitro studies of incorporation of ]353| sulphate into
pig laryngeal cartilage proteoglycans, radioactivity appeared
in chondroitin sulphate after 2 min, but there was a delay

of 35 min in the appearance of extractable proteoglycans
(147). No precursor-product relationship was found between
fractions of different molecular size which appeared to be
labelled all at the same time. It has been suggested that
molecules of all sizes are synthesized at the same time but
this does not exclude the possibility that there are different
biosynthetic pools (147). Contrary to these findings, how-
ever, are the results of in vivo studies on rabbit auricular
cartilage which strongly suggested a precursor-product rela-
tionship between high molecular weight and low molecular
weight proteoglycan molecules (155). However, some doubt
exists regarding the validity of these results since it can-
not be exclusively proved that the low molecular weight

species, which are synthesized at a rate comparable to that
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of some of the fractions isolated from epiphyseal cartilage
by Handley and Phelps (148), are not themselves distinct

terminal biosynthetic products.

1.3.1. Degradation of proteoglycans

As most of the enzymes necessary for complete degradation of
the proteoglycan molecule are found intracellularly, it is a
prerequisite that the initial step in the degradation of

those proteoglycans which are found in the extracellular
matrix involves "releasing"” the molecule from the matrix.

In the cartilage matrix most of the proteoglycan molecules
occur in aggregate form complexed with hyaluronic acid but

in other tissues interactions between the glycosaminoglycans
and matrix proteins are thought to be important for the reten-
tion of proteoglycans within the extracellular matrix. The
proteoglycans can thus be released either by degradation of
hyaluronic acid and thus aggregate disruption, or by proteo-
lytic cleavage of the core protein in such a way that the
monomer is released. Glycqsaminoglycans do not appear to

be depolymerized before leaving the tissue (156,157) and
hyaluronidase activity has not as yet been demonstrated in
epiphyseal cartilage (158), thus the first possibility seems
unlikely. Most glycosaminoglycans released during autolysis
of cartilage slices wereunits of several intact chains attached
to a polypeptide (159), which indicated that it was indeed the
core protein that underwent cleavage. A considerable body of
evidence has been built up to support the contention that

degradation in adult articular cartilage is initiated by
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limited proteolysis of the core protein.

Sandy et al. labelled rabbit articular cartilage in vivo

35

with |"7S| sulphate and then incubated it in organ culture
at ph 1.2 {160). During the first 48 h, 65% of the tissue
radioactivity appeared in the medium. A significant result
was that this released material was only slightly smaller
than proteoglycan molecules isolated from similar tissue as
a control (Kav of 0,67 on Sepharose CL-2B as compared with
0,4), but it had lost its ability to interact with hyaluronic
acid and thus diffused readily from the tissue. It thus
seems likely that proteolytic cleavage occurs at or near the
globular hyaluronic acid-binding region of the core protein.
The proteolysis may be limited as a result of a higher rate
of release of the degradative product from the tissue, thus
preventing its further degradation by other enzymes. These
results were supported by Wastesonet al. using rat costal
cartilage for in vitro studies (161). They confirmed that
the first phase of the turnover process involved the partial

proteolysis of the core protein whilst the polysaccharide

chains remained intact.

Several workers have produced evidence for the existence of
proteases which cleave the subunit core protein, both at acid
and neutral pH (156,160-164). In vitro studies of cartilage
autolysis showed that the degradative activity was very
pronounced at pH 5.0 and relatively insignificant at neutral

pH (156,163,164). This led to the conclusion that it is the
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lysosomal cathepsins that must be the major degradative
proteases. However, there have been a few reports on neutral
proteases which are capable of degrading the core protein (162,

165).

In 1964 Ali described an enzyme which attacks peptide bonds
involving arginine in the core protein with optimum activity
ak. pH S5.0:(156). Its actfvation by cysteine and sensitivity
to inhibition by iodoacetamide led him to conclude that it
was probably cathepsin B]. Dingle et al. raised antiserum
to purified cathepsin D and showed that it inhibited degra-
dation of purified bovine nasal proteoglycan by this enzyme
(e, They excluded a major role for cathepsin B, as
proposed by Ali. Later Morrison et al. showed that both
cathepsins B] and D degrade proteoglycans from adult human
articular cartilage and they suggested that both these enzymes
are involved in core protein degradation (164). Sapolsky et
al. isolated three distinct metalloproteases from human
articular cartilage (162). One was active at neutral pH -

L+25 += and .the .othax twag.at acid phi's 4.5 apd 5. .54 These

they have shown to be distinct from cathepsins B, D and F.

The question has not been resolved whether it is the lysosomal
enzymes or the neutral proteases which are responsible for the
initial proteolysis in proteoglycan degradation. It seems
probable that in some tissues, particularly connective tis-
sues, the primary lysosomes migrate to the cell surface where

they discharge their contents into the extracellular space.
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The importance of these acid proteases in normal turnover

has been questioned since the pH of the extracellular fluid
is about 7,3 (166), and these enzymes have very limited
activity at this. pH. This limited activity at neutral pH,
however, might be sufficient to cause limited proteolysis

of the core protein and thus release it from the extracellular
matrix. Other possibilities are that lysosomes may trans-
port their environment with them and as a result may generate
a local acid environment suitable for their activity, or an
acid pH might be generated at the cell surface at the expense
of metabolic energy. Although reports on neutral proteases
are limited, their involvement in the initial stages of
proteoglycan degradation cannot be ruled out; although not

quantitatively important they may be important physiologically.

After the initial cleavage of the core protein and the release
of the proteoglycan from the extracellular matrix,the molecule
must either diffuse into the circulatory system or be taken

up by the cells for further intracellular degradation. Kresse
et al. have shown that proteoglycans are taken up into cells
by a process that exhibits kinetics characteristic for recep-
tor-mediated adsorptive endocytosis, i.e. binding to a recep-
tor on the cell surface followed by internalization via pino-
cytic membrane movements (167,168). They have shown that
endocytosis is dose and temperature dependent and is specific
and saturable (167,168). Unlabelled proteoglycans compete
for uptake with labelled counterparts (168). Binding to the

cell surface for integration into the pericellular pool and
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binding for uptake into the cell are separate processes as
the proteoglycan concentrations required for half maximal

saturation have been found to be quite different (167).

Different glycosaminoglycan components are endocytosed at
different rates; dermatan sulphate-rich proteoglycans have
the highest rate of uptake (167). This appears to result
from the existence of different cell surface receptors, since
the uptake of a heparan sulphate-rich proteoglycan was not
reduced by the addition of a 10-fold excess of unlabelled
dermatan sulphate-rich proteoglycan (167). Prinz et alx
showed that thekinetics of binding to the cell surface sugges-
ted two types of binding sites: 1low affinity binding sites
which were non-saturable and high affinity saturable binding
sites (169). The simplest explanation for the low affinity
non-saturable sites would be that the proteoglycans associaté
with the surface as multilayers owing to self-aggregation
rather than as a monolayer. The timing involved does not
allow for synthesis of new cell surface receptors (169) and
suggested that receptors wererecycled in a manner similar to
that for low density lipoproteins (170). Calculations showed

that the half-1life of a cell surface receptor would be less

than 3 min at the maximal rate of endocytosis.

It has also been shown that an intact protein moiety was
necessary for efficient uptake, as the uptake of glycosamino-
glycans initiated on B-D-xylosides was decreased by about 75%

(168). This would account for the initial step in degradation
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being limited to only slight proteolysis of the core protein.
Whether the protein moiety is specifically recognized by the
receptor or whether it just organizes the carbohydrate side
chains in a configuration necessary for efficient binding is
not yet known. When hybrid chondroitin sulphate - dermatan
sulphate oligosaccharides were used as competitors for the
uptake of xyloside-initiated glycosaminoglycan chains it was
shown that decasaccharides successfully competed for uptake
but smaller saccharide fragments were ineffective (168). It
remains to be tested whether the minimal length of five di-

saccharide units is required for interaction with only one

receptor or with two adjoining binding sites.

It has not been clearly established whether the endocytosed
proteoglycans are partially desulphated. There are some
suggestions that sulphated proteoglycans may inhibit endo-
cytosis” (1719. Wasteson et al. showed that proteoglycan
molecules released from cartilage by limited proteolysis
were partially desulphated (161). Studies on rat smooth
muscle cells in culture have shown that degradation appears
to take the form of desulphation of sulphated molecules with
the desulphation process occurring in the pericellular-matrix
compartment (172). Thus partial desulphationmay be the
first stage in the process of receptor-mediated endocytosis

of the proteoglycan molecule.

Once inside the cell the proteoglycan molecules are fully

degraded by the lysosomes which contain a full complement of
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enzymes necessary for destruction of the core protein and
carbohydrate moieties: proteases, B-glucuronidases, B-
glycosaminidases and sulphatases. Those proteoglycans which
have been endocytosed are degraded more rapidly than those
which are already inside the cell. Hickman and Neufeld have
suggested that in fibroblasts lysosomal enzymes may first be
secreted before they reach the lysosomes by adsorptive pino-
cytosis (173). In view of this the more rapid catabolism

of pinocytosed proteoglycans could be explained by a proxi-
mity of receptors for lysosomal enzymes and proteoglycans
which would result in the formation of pinosomes with proteo-
glycans (substrate) and a set of enzymes for adequate and
rapid degradation. Catabolism would start when the approxi-
mate pH was generated and would no longer depend on random

fusion processes.

Addition of glycosaminoglycans such as chondroitin sulphate,
dermatan sulphate and heparin to various acid hydrolases
resulted in neither reduction nor apparent increase in enzyme
activity L178-176]. This effect was considered to be due to
a protective action of the polysaccharide against enzyme
degradation by lysosomal proteinases (20). Studies involving
lysosomal enzymes from polymorphonuclear leucocytes have shown
that most of the enzymes interacted with glycosaminoglycans
and this interaction involved pH-dependent, reversible electro-
static binding (174,177). It was suggested that the enzymes
in acidic primary lysosomes occur in a complex with glycos-
aminoglycans and are hence in a protected and relatively

inactive form. Fusion of a primary lysosome with a phagosome
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will result in dilution of the intralysosomal acidic fluid
and thus an increase in pH. This in turn leads to a disso-
ciation of the complexes and a release of intact active

enzyme molecules.

It is generally thought that the endocytosed proteoglycans
are at least partially desulphated before total degradation.
Buerman et al. have shown that in polymorphonuclear leuco-
cytes the complete degradation of glycosaminoglycans into
inorganic sulphate and monosaccharides occurs by a concerted
synergistic mechanism involving aryl sulphatases, followed
by B-glucuronidases, 4- and 6-sulphatases and g-N-acetyl-
galactosaminidases and -glucosaminidases (178). An enzyme
isolated from bovine aortic tissue has been shown to release

inorganic sulphate from chondroitin-4-sulphate with a pH

optimum of 4.4 (179).

1.4. EXTRACELLULAR ASSOCIATIONS OF PROTEOGLYCANS

1.4.1. Binding to matrix components

Proteoglycans make up a major portion of extracellular matrix
material along with collagen, elastin and glycoproteins.

Thus the relationships of these molecules to each other and

to the water and ions of the extracellular milieu are physio-
logically extremely important and contribute largely towards
the physical properties displayed by the tissue. The deposi-

tion of insoluble proteoglycans into the extracellular matrix
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arises both from their aggregation with hyaluronic acid which
has been discussed in detail in Section 1.1.2, and as a result
of interactions between themselves and the other components of

the matrix.

Because of their polyanionic nature, the binding of glycos-
aminoglycans is generally thought to be of an electrostatic
nature although other types of interactions mayoccur. In
addition, specific stereochemical factors seem to operate as
in general glycosaminoglycans containing L-iduronic acid, such
as dermatan sulphate and heparan sulphate, bind to proteins
with higher affinity than do those containing D-glucuronic
acid such as chondroitin-sulphates, in spiteof having a
similar charge density. This may be most likely explained
by the fact that in the former the carboxyl and hydroxyl
groups are in an axial orientation, giving rise to a more
favourable conformation of the molecule for binding. The
degree of binding of glycosaminoglycans is directly propor-

tional to their charge density and chain length.

Ladeokihe Binding to collagen

The interaction between collagen and glycosaminoglycans has
been studied by a variety of techniques (180-185). The
results indicate that all glycosaminoglycans bind to collagen
by electrostatic interaction at physiological pH and ionic
strength except keratan sulphate which lacks carboxyl groups,
and hyaluronic acid which lacks sulphate groups. However,

some association between collagen and hyaluronic acid by
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mutual steric interaction has been postulated (186). As
mentioned earlier, higher charge density and larger molecular
size as well as the presence of L-iduronic acid residues
promotes binding with higher affinity. Dermatan sulphate

has been shown to have the strongest interaction with collagen
followed by heparan sulphate, heparin and chondroitin sulphate
(186). Radhakrishnamurthy has shown that a dermatan sulphate
proteoglycan was closely associated with collagen in bovine aorta
and could only be released by collagenase .digestion (187). Ejsen-
stein et al. have shown three distinct morphological patterns

of proteoglycan containing material in epiphyseal growth plate,
one of which was intimately associated with collagen and not
extracted with guanidinium HC1 (188). They have suggested

that these proteoglycan molecules may be covalently linked to
collagen. The number of polysaccharide chains bound to each
collagen monomer usually varies from between two to five chains;
however, it has been shown that a dermatan sulphate of high
molecular weight (approx. 41000) could bind as many as five

molecules of collagen per chain (184,189,190).

Experiments with isolated chondroitin sulphate proteoglycan
core protein point to a complex binding situation. Core
protein bound strongly to collagen (191,192), yet did not
appear to inhibit binding of intact proteoglycan (192,193).
Studies by Toole using a sensitive radioactive assay showed
that it was 1ikely that the primary specific binding site for
collagen Tlay in the core protein, and this reaction gave

rise to a spatial arrangement which maximizes secondary inter-
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action between the glycosaminoglycan chains and the basic

residues in the collagen molecule (193).

Proteoglycans have been shown to bind to all types of

collagen (193,194). Interaction of cartilage proteoglycans
with isolated g-chains from type I collagen have shown them

to have a preference for ap and B12 components, but by in-
creasing the concentrations of proteoglycan, o and B11 also
bound (192,195). Also in vitro competitive-interaction experi-
ments showed thatin the presence of equal amounts of collagen

type I and II, the proteoglycan bound type I preferentially (195).

The exact binding sites on the collagen molecule have not been
established but the positively charged guanido group of argi-
nine and the g-amino group of lysine are expected to play a
major role (196,197). Obrink et al. found at least three
binding sites for bovine nasal chondroitin-4-sulphate on each
collagen molecule (189,196). Scatchard analysis of the
binding gave non-linear results indicating that the binding

sites each have different binding strengths.

Proteoglycan-collagen interactions should influence the deposi-

tion of collagen fibres in vivo. Heparin, heparan sulphate

and cartilage proteoglycans have been shown to retard the
assembly of collagen molecules during fibrillogenesis if present
early enough during the process. Chondroitin sulphate and
hyaluronic acid were less effective (192). The molecules that

delayed fibrillogenesis also altered the final organization of
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the fibril by producing an increase in the degree of aggre-
gation. Thus the proteogliycan-collagen interaction could
be important in the organization and functioning of the

connective tissue matrices at all stages of development.

1.4.1.2. Binding to elastin

Little information is available concerning the interaction
between proteoglycans and elastin. Podrazky and Adams

have shown that an insoluble elastic product is formed from

o -elastin and sulphated proteoglycans from connective tissue
(198). They have also shown an electrostatic interaction
between the native precursor of elastin, tropoelastin,and the
proteoglycan (199). It is generally accepted that insoluble
elastic fibres are formed as a result of cross—]iﬁking of the
soluble tropoelastin. Prior to cross-linking, the trogo-
elastin molecules must be arranged in such a way that the
correct apposition is achieved forthe lysine side chains which
are responsible for the cross-link formation (200,201).
Hydrophobic associations have been suggested as the ordering
force but it is possible that the tropoelastin-proteoglycan
interaction is important. However, this binding occurs at
very low pH (2,5 - 4,0) with no binding at pH 7,0 (198,199),
thus its physiological significance appears uncertain. The
binding of proteoglycan seems to induce conformational changes
in the elastin molecule, leading to an increased content of

helical structure (202).

Radhakrishnamurthy et al. showed that elastase digestion of
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bovine aorta solubilized most of the heparan sulphate proteo-
glycans and some of the dermatan sulphate - chondroitin
sulphate species as well (187). The preferential solubili-
zation of heparan sulphate proteoglycan was taken as evidence
for a specific binding between this glycosaminoglycan and

elastin.

1.4.1.3. Binding to fibronectin

Fibronectin is an important glycoprotein component of cell
surfaces and extracellular spaces. It has been shown that
fibronectin binds both hyaluronic écid and heparin and to a
lesser extent heparan sulphate, but there is no evidence of
binding to chondroitin sulphate (203-207). Yamada et al.
have shown that binding of hyaluronic acid and heparin was
saturable and reversible and occurred at separate sites (203).
Binding of one molecule did not affect binding of the other.
Scatchard analyses revealed non-linear high-affinity binding

7 t0 1078

with K, 10° M for both glycosaminoglycans (203).
Results suggested that the binding was specific and not merely
due to simple non-specific electrostatic binding of charged
polymers. The fibronectin binding site for heparin is local-
ized in a specific 50000 dalton fragment. It is relatively
globular in shape and is nearly devoid of cysteine residues
and of carbohydrate (208). Its resistance to degradation by
moderate concentrations of Pronase is strong evidence for the
existence of a tightly folded polypeptide domain containing no

regions of exposed peptide. A structural domain for binding

hyaluronic acid on fibronectin has not been identified as yet
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but competitive inhibition studies show that it recognizes

between eight and ten monosaccharide units (203). Hyaluronic
acid plays a role in cellular adhesiveness and may have impor-
tant regulatory effects on cells during embryonic development
and thus the binding with cell surface fibronectin may be one

of the ways by which hyaluronic acid interacts with the cell.

The binding of glycosaminoglycan to fibronectin-collagen
complexes results in the formation of a more stable complex
than that of fibronectin and collagen alone (203-207). This
observation gave rise to the proposal that all three components
are necessary for the formation of a stable, insoluble extra-

cellular matrix.

1.4.2. Binding to plasma proteins

Several examples of interactions between glycosaminoglycans
and plasma proteins are known but wi11 only be briefly dis-
cussed. Whether these all have physiological roles depends,
among other factors, on availability of glycosaminoglycans
within the blood vessel wall. Their presence on the endo-
thelial cell surface may provide a means for the selective

binding of plasma components to the vessel wall (209,210).

Heparin is synthesized and stored inside mast cells in the
close vicinity of blood vessels. The physiological function
of endogenous heparin is uncertain in spite of its obvious
biological effects. It binds to several plasma components -

coagulation factors and antithrombin - but Tittle is known of
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the mechanisms and specificity of these interactions (L,
212). The binding is thought to be electrostatic, perhaps

inducing conformational changes.

Barber et al. have shown that platelet factor 4 (PF4) is
released from human blood platelets by thrombin in the form

of a high molecular weight proteoglycan-PF4 complex (213).

The composition of this complex shows remarkable stoichio-
metry: it occurs as a dimer, each monomer consisting of four
molecules of PF4 and one molecule of proteoglycan which con-
sists of four chondroitin-4-sulphate chains bound to a core
protein. Heparin, heparan sulphate, chondroitin-6-sulphate
and dermatan sulphate were also shown to combine stoichio-
metrically with PF4 but hyaluronic acid did not (213,214).
Binding was shown to be electrostatic and was promoted by high
charge density and the presence of L-iduronic acid residues.

Lysine residues of PF4 have been implicated in binding whilst

modification of arginine residues had no effect on binding (214).

The triglyceride-degrading enzymes lipoprotein lipase and
hepatic lipase may be released by heparin into the circulation
from tissue sites that are presumably located at the luminal
surface of capillary endothelial cells and in the liver res-
pectively (215-217). Heparin binds to both enzymes (218),
and experiments with chemically modified heparin have shown
that they bound to sites in the heparin molecule different to
the antithrombin sites (219-221). Both heparan sulphate and
dermatan sulphate also bound the enzymes but chondroitin

sulphate showed no appreciable affinity for them (222). The
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binding of the glycosaminoglycan to the enzyme might cause
lipase release as a result of a conformational change in the
enzyme or as a result of interaction with the cell surface
carrier structure (223). The glycosaminoglycan may, in fact,

form part of such structure.

One of the most important interactions between glycosamino-
glycans and plasma components must be that between sulphated
glycosaminoglycans and serum low and very low density_]ipo-
proteins (LDL and VLDL). This interaction has been impli-
cated in the retention of serum lipoprotein in the arterial
wall and in the subsequent development of atherosclerosis,
and has been studied using a variety of techniques (224-227).
Again binding depends on electrostatic forces, increasing
with charge density of the glycosaminoglycans, and it can be
abolished by N-acetylation of the lipoproteins.  Preferential
binding of L-iduronic acid-containing species was again noted
(22W)% Vijayogopal et al. showed that removal of the core
protein or the glycosaminoglycan chains or desulphation of the
proteoglycan molecule prevented interaction with LDL (228).
Divalent cations were found to stabilize the complexes and
this was thought to be as a result of these cations bridging
the anionic groups of the glycosaminoglycan and/or the lipo-
protein, thereby producing the cross-1links necessary for the

formation of insoluble complexes (226,228).

LDL, the major cholesterol-carrying lipoprotein in human plasma,

delivers its cholesterol to cells in tissue by a receptor-
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mediated process (229). Binding of LDL to its receptor can
be reversed by adding heparin or dermatan sulphate at a higher
concentration, whereas chondroitin sulphate is ineffectual
(230). These observations have suggested that extracellular
glycosaminoglycans may influence the binding of lipoproteins
to cells and, furthermore, raise the possibility that cell
surface glycosaminoglycans may in fact form part of the recep-

tor structure.

Interactions between serum lipoproteins and arterial wall
proteoglycans are believed to play a role in the development
of the atherosclerotic lesion, involving deposition of lipids
in arterial walls (231,232). Dermatan sulphate binds to
lipoproteins at physiological ionic strength (224). Kumar

et al. analysed glycosaminoglycan composition in human arterial
intima and externa in different stages of atherosclerosis and
showed that dermatan sulphate was almost exclusively confined
to the fatty streaks and pre-stages of this lesion (233).

Thus Tipoproteins may accumulate and form fatty streaks where

dermatan sulphate is abundant.

1.4.3. Interchain binding of glycosaminoglycans

A number of natural glycans form gels by cooperative inter-
actions between individual chains e.g. such glycans constitute
extraneous coats in bacteria or extracellular matrices in
algae and higher plants (234,235). As a result of an initial
observation of an ordered conformation for hyaluronic acid,

interchain binding for glycosaminoglycans was proposed but
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subsequently refuted (236-238). Recently, however, Fransson
claimed that copolymeric galactosaminoglycan chains (that
contain both D-glucuronosyl--and L-iduronosyl-N-acetyl-D-
galactosamine sulphate) bind to one another (239). The inter-
action was demonstrated by affinity chromatography using poly-
saccharide-substituted gels. Binding occurred at physiological
ionic strength and did not require the presence of divalent
cations. Both hydrogen bonding and hydrophobic interactions
appeared to play a role as guanidine, urea and trichloroacetate
prevented interaction. The presence of both D-glucuronic and
L-iduronic residues in the same chain was essential for inter-
actions to occur and the highest degree of association occurred
in copolymeric chains containing nearly equimolar proportions
of the epimeric uronic acids (239). Chondroitin-6-sulphate
showed no binding to copolymeric chains but chondroitin-4-
sulphate did (239). Thus it was the 4-sulphated regions of

the chains that were proposed to contain the binding zones. It
wasnot established whether the D-glucuronic and L-iduronic
regions were arranged in clusters or in an alternating fashion
(240). In a recent study on the formation of copolymers by
fibroblasts in culture it was observed that alternating sequen-
ces were particularly prominent in copolymers isolated from

the cell layer after trypsin digestion (241). The study by
Fransson also demonstrated binding of heparan sulphate and
heparin to copolymeric galatosaminoglycans. Since heparan
sulphate is associated with the cell surface (242), this
phenomenon may be a factor in concentrating certain proteo-
glycans containing chondroitin-dermatan copolymers in the

immediate vicinity of the cell.
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The binding of the copdlymeric chains to each other may also
explain the anomalous behaviour of such chains upon gel
chromatography observed by some workers (243). Copolymers

from fibrous cartilage were eluted earlier than both L-

iduronic acid-rich and D-glucuronic acid-rich glycans, despite
the fact that all fractions appeared to have the same molecular
weight. This was presumed to be as a result of the copolymeric
chains having a different conformation than the homopolymeric
chains but it now seems highly likely that chain-chain inter-
actions leading to aggregation are the cause of such copoly-

meric chains eluting earlier.

The concept of inter-chain binding of glycosaminoglycans under
physiological conditions thus offers new prospects for the
functional role of copolymeric chains in the intercellular

space and particularly on the cell surface.

1.4.4. Cell surface glycosaminoglycans/proteoglycans and the

interaction of glycosaminoglycans with cell surface

components

1.4.4.1. Cell surface glycosaminoglycans/proteoglycans

Cultured mammalian cells contain a variety of glycosaminoglycans
associated with their cell surface (210,244). The predominant
proteoglycan/glycosaminoglycan found associated with cell mem-

branes is heparan sulphate (210,242), although both chondroitin
sulphate proteoglycan and hyaluronic acid have also been iden—.'

tified (245,246). Diverse functions have been proposed for

these cell surface proteogliycans e.g. regulation of cell growth,
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cell-cell communication, and service as receptors (247,248).

The nature of association between these molecules and the cell
surface is largely unknown but is probably variable since they
may be loosely or tightly bound. Interactions probab]y in-
volve recognition of core protein or polysaccharide side chains
or both. Attempts to release total membrane-associated
proteoglycans from cell surfaces by repeated washing with
moderate to high salt buffers have been unsuccessful, suggest-
ing that they may be held in association with the surface by
more than mere ionic or electrostatic interactions (249).
Kraemer isolated a cell surface heparan sulphate component

from the surface of cultured Chinese hamster cells with mild
trypsin treatment under conditions which prevented irreversible

cell damage (242).

The occurrence of membrane-associated binding sites for heparin-
like polysaccharides was conclusively demonstrated in studies
on the uptake of radiolabelled heparin by rat liver cells in
primary culture (250). The uptake process was time- and
temperature-dependent and showed saturation kinetics. It was
also reversible since heparin, once bound, could be displaced
by addition of excess amounts of unlabelled heparin. Heparin
could also displace bound heparan sulphate but the reverse was
not true (251). The binding was confirmed to be specific as
attempts to displace bound heparin or heparan sulphate using
hyaluronate, chondroitin sulphate, dermatan sulphate and some

preparations of low-sulphated heparan sulphate were unsuccessful
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LBy The Tatter suggests that a certain high level of sul-
phation may also play a role in the interaction of heparin and

heparan sulphate to cell membrane components.

Kiellen et al. demonstrated that heparan sulphate proteoglycans

were associated with hepatocyte plasma membranes by two separate
mechanisms (252):

i) a portion was bound to surface receptors that recognize the
polysaccharide chains and these could be displaced by the addi-
tion of heparin;

ii) some cell surface heparan sulphate proteoglycans resisted
heparin treatment but were released after trypsin treatment.
The data suggested that in this case the core protein was em-
bedded in the bilayer of the plasma membrane and thus disrup-
tion of the membrane by detergent was required to solubilize
the proteoglycan in an intact form. The presence of a hydro-
phobic domain in the proteoglycan molecule was also shown.

The detergent-extracted molecule was shown to have a higher
molecular weight than the heparin-displaced species and its
core protein exhibited marked hydrophobic properties. It was
concluded that the larger molecule was directly attached to

the hepatocyte plasmalemma and that the smaller molecule may

be derived from it by proteolytic cleavage. Some cells Tlack
receptor bound heparan sulphate at their cell surfaces, but
have heparan sulphate associatedwith their surfaces, thus a

membrane-intercalated proteoglycan may occur generally (6).

It has been suggested that cell-associated proteoglycans may
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have their own biosynthetic pathways. Johnston and Keller
noticed that the synthesis of surface—-associated heparan sul-
phate was not affected by the addition of exogenous xyloside
while that of medium-associated heparan sulphate was enhanced
(253) As a result of tandem label experiments Kraemer
proposed that the heparan sulphate of the cell surface is
derived directly from a small intracellular membrane-associated
compartment rather than from the normal intracellular compart-

mentated pathway (242).

As constituents of membranes, proteoglycans could serve as
receptors e.g. for lipoprotein lipase (see Section 1.4.2).
They may also be biologically active in cell-cell contacts
or in the interaction of the cell with its substratum e.g.

via binding to matrix proteins.

1.4.4.2. Interactions of glycosaminoglycans with cell surface

components

Many specific cellular functions or behaviours have been attri-
buted to interactions between glycosaminoglycans and structures
on the cell surface. The endocytosis of proteoglycans from
their extracellular environment for degradation has been shown
to occur as a result of glycosaminoglycan-cell surface recep-

tor binding (167).

The interactions of hyaluronic acid with the cell surface are
very relevant during morphogenesis. In many systems it has

been demonstrated that the cessation of migration and the onset
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of differentiation are associated with a dramatic decrease in
the extracellular hyaluronic acid concentration (254,255).
When added to cultures of embryonic chick somite cells, hyal-
uronic acid inhibited differentiation (256). This effect
could not be reproduced with other biological polyanions e.g.
chondroitin sulphates. Hyaluronic acid was also shown to
inhibit chondroitin sulphate biosynthesis in chondrocytes
(38,287,258, This effect was not noticed in fibroblasts

and thus may be one of the factors controlling the essential
properties of cartilage matrices. The hyaluronic acid was
shown to bind to specific sites on the surface of the chon-
drocytes and could be removed with brief trypsin treatment
(Z84h.258). Scatchard analysis shows that binding is of high
affinity and it has been proposed that because of its repeti-
tive sequence, a single hyaluronic acid molecule can bind to
many receptors, and this would lead to an overall strong inter-
action. The binding between protein receptors and hyaluronic
acid was proposed to be of a noncovalent nature, but there may
be secondary covalent binding of hyaluronic acid to the mem-
brane. Hyaluronic acid did not affect chondroitin sulphate
synthesis in the presence of g-D-xylosides (258) and thus acts
by interfering with glycosaminoglycan synthesis, either by
specifically inhibiting the formation of normal core protein
or by inhibiting the initial enzyme involved in the synthesis

of the glycosaminoglycan chain, xylosyltransferase.

Hyaluronic acid has also been implicated in the adhesion of

cells to each other and to various natural or artificial
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substrates. These adhesive properties are considered
essential to normal morphogenesis and differentiation, and
manifest themselves in markedly selective cell aggregation
phenomena in vitro (260,261). Using certain lymphoma cells
it was shown that hyaluronic acid lost its aggregating proper-
ties on partial depolymerization and would not be substituted
for by any other glycosaminoglycan (267,263). However, oligo-
saccharides derived from either hyaluronic acid or chondroitin
sulphate were able to inhibit aggregation induced by polymeric
hyaluronic acid (263). A possible interpretation is that
both hyaluronic acid and chondroitin sulphate bind to the

same cell-surface component but due to the differences in
chain length, only hyaluronic acid is able to span the inter-
cellular space and thus induce aggregation. Not all cell
lines, however, possess the putative hyaluronic acid-binding

receptor and are thus non-aggregatable by hyaluronic acid.

1.5. AGE-RELATED CHANGES IN PROTEOGLYCANS/GLYCOSAMINOGLYCANS

The age-related changes in proteoglycans/glycosaminoglycans
have been studied primarily in various types of cartilaginous
tissue (264-268). The large size and high charge density of
proteoglycans in cartilage are largely responsible for the
elastic properties of the tissue and decreased elasticity of
cartilage with aging is primarily related to changes in proteo-
glycan content and structure. In general the following

changes occur with age:
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The proteoglycan content of cartilage decreases, and this
is manifested by a decrease in the amount of proteoglycans
that can be extracted (264-268), but this is also due to

much increased cross-linking of the collagen network.

The proteoglycan monomers decrease in size (264,268-270).
This has been shown to be due to a decrease in the size

of the chondroitin sulphate-rich region of the core protein
(264,270). Some workers have found a decrease in the
average chain length of the chondroitin sulphate chains
(266,269) with age; however, others found that the

lengths remain constant with age (264).

There is an increase in the keratan sulphate content in
older tissue (265,267,268,270). The keratan sulphate-
rich region of the monomer probably becomes larger (264,

267).

The chondroitin-6-sulphate : chondroitin-4-sulphate ratio

‘'generally increases (268,271,272).

There is no change with age in the ability of the monomers
to interact with hyaluronic acid to form aggregates (264,

268,269).

The hyaluronic acid content has been shown to increase

with maturation (264,273).

The protein:glycosaminoglycan ratio of the proteoglycan
increases (264,268). The serine and glycine contents

of the core protein decrease (268,270) and the arginine
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content increases in older tissues (268,270).

(viii) It has been shown in rat costal cartilage that the total
sulphotransferase activity decreases and as a result,
the sulphation of the chondroitin sulphate chains dec-
reases with an increase in the amount of unsulphated

disaccharides being found in the tissue (266).

Most workers favour the syntﬁesis of distinct populations
of proteoglycans in different age groups rather than the
concept of the smaller proteoglycans in older tissues arising
from degradation. This view is supported by the finding of
the variation in amino acid composition of core protein with

aging.

1.6. ARTERIAL PROTEOGLYCANS

The walls of arteries consist of three major layers with an
inner lining (Fig. 1.4). This lining is called the endo-
thelium and is made up of a single layer of flattened epi-
thelial cells. It is supported by a basement membrane and
connective tissue containing relatively few smooth muscle
cells - this constitutes the tunica intima. Below the intima
is an intermediate muscle layer, the tunica media, which is
comprised of smooth muscle cells embedded in connective tissue.
Closer to the media may be a definite external elastic membrane.
Adjacent to the media is a thick spongy outer connective
tissue layer called the tunica adventitia. The interactions

between the different layers and between the cells and their
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connective tissue are thought to be important in modulating
the compositioﬁ of the connective tissue and thereby influen-
cing its morphological and physiological properties. The
arterial wall is dependent to a large extent on its connective
tissue components for its structural integrity - this connec-
tive tissue is thought to influence many arterial properties
such as permeability, viscoelasticity, lipid metabolism,
thrombosis and homeostasis (274). It is also postulated to
participate in pfocesses such as cell proliferation, migration
and adhesion (275-277). Thus the composition and metabolism
of the components which make up the connective tissue are very

important in understanding the role of the tissue in vivo.

The major components of the connective tissue of the arterial
wall are, like cartilage, collagen, elastin, glycoproteins

and proteoglycans. Collagen and elastin are the major elastic
and tensile components of the extracellular matrix of the aortic
wall and here the collagen fibrils are much thicker than in
cartilage (278). Proteoglycans are prominent constituents

of the extracellular space in the major elastic arteries and
thus play an important role in vascular wall physiology.
Electron microscopy of steer and calf aortic tissue fixed in
the presence of ruthenium red has allowed visualization of
proteoglycans within the tissue (279). The proteoglycans

are visualized as dense granules, because of the collapse of
their carbohydrate side chains during the preparation, and are
seen to be closely associated with collagen in older animals

and with both collagen and elastin in younger animals. They
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are often seen condensed on the surface of the collagen
fibrils at the major periodic intervals of 640 R which
suggests that there are ordered interactions between the
proteoglycans and the collagen fibrils in the connective
tissue of the aorta (280). Recently, Wight and Hascall
have used safranin O staining which allows staining without
harsh treatment leading to collapse of the side chains, and
the proteoglycans have been observed under electron micros-
copy as having the typical "bottlebrush" structure (281),
Proteoglycans in aortic smooth muscle cell cultures have
been shown to be entangled with and among fine fibrils, as
well as present singularly in the intercellular matrix.

Some proteoglycans were also associated with the surface of
smooth muscle cells (281). In all electron microscopy
studies prior digestion of the tissue with chondroitinase
ABC or extraction with 4 M guanidine HC1 removed material
which stained positively with proteoglycan-specific stains
(279,280).

The aorta, like cartilage, undergoes repetitive transient
pressure changes and it is likely that the proteoglycans,.
together with the collagen and elastin components of the
connective tissue, buffer these changes and maintain the in-
tegrity of the vessel. In addition, the proteoglycans also
affect the transport rates of small and large molecules across
the arterial wall, they may affect arterial wall hydration
and they may be Qery important in binding macromolecular
species such as lipoproteins which have crossed the endo-

thelium from the plasma.
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1.6.1. Molecular structure of arterial proteoglycans

The polysaccharide moieties of the proteoglycan molecule, the
glycosaminoglycans, have been studied extensively in arterial
tissue (282-284). However, scant information is available onl
the native state in which these glycosaminoglycans occur in
the arteries i.e. bound to core protein to form proteoglycans.
The structural complexity of the vessel wall and the hetero-
geneity of glycosaminoglycans studied in blood vessels suggest
that the composition of the proteoglycans in cardiovascular
structures is complex. The proteoglycan content of the
arterial wall is low as compared to cartilaginous tissues and
they are difficult to extract quantitatively (285,288). In
addition, there are strong interactions between some of the
proteoglycans and the protein elements of the matrix which
makes these more resistant to extraction with buffers of

high ionic strength, and solubilization of the fibrous com-
ponents of the tissue is sometimes required for quantitative
extraction (187). Large amounts of the fibrous proteins of
the matrix are co-extracted (286) and this makes purification

of the proteoglycan an arduous task.

Several different techniques have been described for the isola-
tion of proteoglycans from the arterial wall (287-291).
Preparations differing in their chemical composition and in

6 have been

their relative molecular mass from 72000 to 2 x 10
identified (287,288,290). These conflicting results may be
explained in part by the variability in proteoglycan size and

composition that has been found with differences in species
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(292), in age (289,293,294), in the site of origin of the
tissue (289,295) and as a consequence of disease (233,282,296).
Proteoglycans have been shown to vary from species to species
and from age group to age group within a given species.
Generally, younger animals have a higher concentration of
glycosaminoglycans than older animals (289,293). The distri-
bution of glycosaminoglycans across the arterial wall also
varies. There is a radial decrease in the concentration of
glycosaminoglycans when assayed at different distances from
the endothelium outwards; this is most marked in the case of
chondroitin sulphate-dermatan sulphate fractions (289,295).

It has also been shown that there are more glycosaminoglycans
in the upper than the lower aorta, particularly in younger
animals (289). In addition, the diverse isolation methods,

a considerable molecular polydispersity, the close association
of the proteoglycans with other macromolecular constituents
that prevent the dissociation and extraction of proteoglycan
complexes account for the variability in proteoglycan struc-
tures. Bedevilling all these factors is the ever-present
problem of preventing proteolytic degradation of intact proteo-
glycans by the tissue proteases. It seems hardly surprising
that so many and various proteoglycan structures have been

described in the literature.

The extraction of proteoglycans from cartilageis based on the
ability of a large proportion of the proteoglycan monomers to
aggregate specifically with hyaluronic acid in a reversible

manner (30). Extraction of the tissue with a solvent of high
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ionic strength such as 4 M guanidine HC1 results in these
aggregates being dissociated, and their components are extrac-
ted from the tissue and are subsequently purified by caesium
chloride buoyant density centrifugation with resultant high
yields (31). Several workers have chosen to adapt these
methods to the extraction of proteoglycans from arterial
tissue but they pose some problems (290-292). Large amounts
of extraneous proteins, largely collagen and actin, are co-
extracted with the proteoglycan (286), and in addition sub-
stantial amounts of the proteoglycans become irreversibly
insoluble during the isolation procedure, due partially to
their complexation with these co-extracted proteins (54,289,
298). Thus other techniques such as gel-filtration or ion-
exchange chromatography have been introduced in the initial
stages to prevent losses during purification (54,288,297,298).
Yet other workers have used different techniques to solubi-

lize the proteoglycans from the tissue (53,187,287,299).

The earliest attempt to extract a proteoglycan from an artery
was in 1963 when Buddecke et al. described the properties of

a proteoglycan extracted from arterial tissue with water (300).
The proteoglycan was shown to have a molecular weight of

71000, to contain 16 to 22% protein and to have chondroitin-6-
sulphate as the predominant glycosaminoglycan component. It
was able to form large molecular weight aggregates in the
presence of divalent cations. Krésseet 'al.t“reporteda ‘the

characterization of a bovine thoracic aortic proteoglycan

isolated by ethanol precipitation of a phosphate buffer-EDTA
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extract (2687). By light scattering techniques its molecular

6

weight was calculated to be 2 x 10° and it was shown to con-

tain about eighty polysaccharide chains per core protein, each
having a molecular weight of 2 x 104. The major glycosamino-
glycan constituents were chondroitin and dermatan sulphate
with the ratio of chondroitin sulphate to dermatan sulphate
being 75:25. In addition, the proteoglycan contained chon-
droitin sulphate-dermatan sulphate hybrid chains with about
50% of the dermatan units arranged in clusters intercalated
between glucuronic acid-containing chains. Antonoupolous

et al. extracted a proteoglycan fraction from bovine aorta
with 4 M guanidine HC1 and then chromatographed it on a DEAE
cellulose ion-exchange column in the presence of 6 M urea to
remove co-extracted proteins from the preparation (288).

The resultant proteoglycans were shown to elute on Sepharose
CL-2B with a broad peak, indicating molecular heterogeneity.
In addition, they had a lower buoyant density compared to
cartilage proteoglycans, probably as a result of having a
lower glycosaminoglycan to protein ratio. These workers
found 4 M guanidine HC1 to be a good extractant, releasing
about 85% of the tissue uronic acid in 24 to 36 h. Using
thoracic aortas of steers and calves, however, Eisenstein et
al. found 3 M guanidine HC1 extracted 85% of the tissue uronic
acid,only after a 7-day incubation and only about 50% was
extracted after 2 days (289). The isolated proteoglycan was
smaller than cartilage proteoglycan and similar to that des-
cribed by Kresse and Antonoupolous et al. (287,288). Ehrlich

1. found 3 M magnesium chloride solubilized more proteo-

et
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glycans from bovine aortas than did 4 M guanidine HC1 (53%

vs 34% after 24 h) (290). The uronic acid-containing material
remaining in the tissue after extraction was almost all released
after elastase digestion of the residual tissue. Collagenase
did not release residual uronic acid in any significant amounts,
suggesting that the insoluble proteoglycans were trapped in a
network of elastin fibres. Since elastin is lipﬁphi1ic, a
strong ionic medium might cause compaction of the fibres and
increase the binding between the proteoglycans and elastin.

The proteoglycan extracted with 3 M magnesium chloride was
found to consist of 12% protein with chondroitin-6-sulphate
making up the bulk of the glycosaminoglycan component (56%),
followed by chondroitin-4-sulphate (20%) and then dermatan
sulphate (7%). The molecular weight of the proteoglycan was
72000 and it was shown to contain only four glycosaminoglycan
chains per core protein, each having a molecular weight of
15000. The size of this proteoglycan monomer is about one-
tenth of that of the proteoglycan described by Kresse et al.
and other workers, and may reflect degradation of the core
protein as the extraction was done in the absence of any
proteolytic inhibitors. The size of the glycosaminoglycan
side chains was similar to that described by some other

workers (287).

The hypothesis that the proteoglycans which were resistant to
extraction by dissociative solvents were largely linked to
elastin fibres was supported by studies by Radhakrishnamurthy

t al. (187). They digested bovine aortas with elastase or
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collagenase. Collagenase so]ubi11ied most of the chondroitin
sulphates and some dermatan sulphate and hyaluronic acid but

no heparan sulphate. Elastase solubilized most of the heparan
and about five times more dermatan sulphate than did collagen-
ase. The release of large amounts of proteoglycan from the
nonextractable residue by enzymatic digestion indicated a
possible general physical entrapment of proteoglycans in the
collagen-elastin network. However, it may also imply that
cross-linking between proteoglycans and these matrix compon-
ents plays an important role in the former's solubility and
extractability. Based on the specificity of the enzymes in-
volved, it may be postulated that about 50% of chondroitin
sulphate and part of the dermatan sulphate are bound to collagen
whereas heparan sulphate is bound to elastin in bovine aorta.

A sequential extraction method involving initial extraction
with 0,15 M sodium chloride followed by digestion with collag-
enase and elastase solubilized nearly all of the tissue uronic
acid (187). The glycosaminoglycans of the proteoglycan solubi-
lized by 0,15 M sodium chloride contained only chondroitin sul-
phate; those of the proteoglycan solubilized by collagenase
contained chondroitin and dermatan sulphate, whereas those of
the proteoglycans solubilized by elastase were largely heparan

sulphate and some dermatan sulphate.

Recently Oegema et al. have extracted proteoglycans from the
inner one-third of bovine thoracic descending aortas, using
the methods outlined previously (Section 1.1.2) for the puri-

fication of proteoglycans from cartilage i.e. extraction with
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4 M guanidinium HC1 in the presence of proteclytic inhibitors
and caesium chloride buoyant density centrifugation (291).
Only 35% of the total tissue uronic acid was extracted with

4 M guanidinium HC1 and 60% of this was recovered in the
bottom two-fifths (D1) fraction of a dissociative caesium
chloride gradient. A chondroitin sulphate-dermatan sulphate
proteoglycan and small amounts of a heparan sulphate proteo-
glycan were identified. The presence of a keratan sulphate-
like moiety was suggested by the presence of sialic acid,
fucose and mannose. The major chondroitin sulphate-dermatan
sulphate proteoglycan was polydisperse and eluted from Sepha-
rose CL-2B with a Kav of 0,26 and had a sedimentation equilib-

6

rium molecular weight of 1,5 x 10° to 2 x 106 which is similar

to ‘that "described Dy Kresst et'dT. (268, It contained
approximately 18% protein and glycosaminoglycans with 46%
chondroitin-4-sulphate, 47% chondroitin-6-sulphate and 7%
dermatan sulphate. The dermatan sulphate content was similar
to that found by Ehrlich et al (290). The glycosaminoglycan
chains had a molecular weight of about 40000 which is Tlonger
than those of cartilage proteoglycan, and the average proteo-
glycan melecule was shown to have nineteen to twenty-five
chains per core protein, molecular weight 2 x 105 to 2,4 X 105.
The chondroitin sulphate and dermatan sulphate were shown to
exist as copolymeric structures. The addition of exogenous
hyaluronic acid to the proteoglycan monomer suggested that
about 10% of the total was able to form aggregates in a manner

analogous to cartilage proteoglycan monomer. This was assayed

by quantitating the material eluting in the VO region of a
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Sepharose CL-2B column before and after hyaluronic acid addi-
tion to the proteoglycan monomer sample. However, if the
initial extract was dialysed against water to associative
conditions (where endogenous hyaluronic acid and proteoglycan
can aggregate) and then subjected to associative caesium
chloride density gradient centrifugation, about 25% of the
material appeared as aggregates in the VO of a Sepharose

CL-2B column, which was higher than was detected by the addition
of exogenous hyaluronic acid. Thus at least a portion of the
aortic proteoglycan monomers has the ability to form aggregates
with hyaluronic acid. McMurtrey et al. used similar techniques
to those of Oegema and his coworkers to isolate two proteo-
glycan-hyaluronic acid complexes from bovine aortas (298).
Complex I had a higher buoyant density than Complex II. They
both had similar amounts of chondroitin-4- and chondroitin-6-
sulphate and dermatan sulphate, but differed in their hyaluronic
acid content, Complex II having almost twice as much as Complex
L. It was suggested that they contained the same proteoglycan
subunit with molecular weight of only 80000, but Complex I con-
tained about 7 to 8 proteoglycans per mole of hyaluronic acid
which resulted in a total molecular weight of 800000, whereas
Complex II had only 1 or 2 proteoglycans per mole of hyaluronic

acid resulting in a molecular weight of about 250000.

Using 4 M guanidinium HC1 and DEAE-cellulose chromatography
in 6 M urea, Kapoor et al. isolated a proteoglycan from the
intimal-medial layer of bovine aorta (297). It contained
23% protein and the carbohydrate moiety consisted of some

oligosaccharides and glycosaminoglycans which were made up of

chondroitin-6-sulphate and dermatan sulphate, which could
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be degraded completely by chondroitinase ABC. The stepwise
addition of ethanol, in the presence of calcium ions, was used
to fractionate the proteoglycan into one separate proteochon-
droitin-6-sulphatepopulation and two pools containing dermatan
sulphate. The chondroitin-6-sulphate fraction was enriched
with keratan sulphate-like glycopeptides, the amino acid com-
position of its core protein was significantly different to
that of the two proteodermatan sulphate fractions and its
glycosaminoglycan chains were slightly shorter. The dermatan
sulphate pools also contained alternating mixed iduronic acid
and glucuronic acid-containing units i.e. they existed as

copolymers.

Recent characterization of proteoglycans extracted from human

aorta with 4 M guanidinium HC1 has shown there to be two major
sizes (54). Under dissociative conditions the larger popula-
tion (PGI) eluted near the v 9t " Sepharose CL-4B column

(K., 0,06) and was shown to consist predominantly of chon-

av
droitin-6-sulphate. The smaller proteoglycan (PGII) eluted
at a Kav of 0,38 and here dermatan sulphate was shown to be a
major glycosaminoglycan component. Small amounts of heparan
sulphate were present in both populationsand in the area
between the two peaks, indicating that it was very hetero-
geneous. The glycosaminoglycan chains of both proteoglycans
were shown to be of similar size. When PGI was chromato-
graphed under associative conditions, about 20% of the uronic

acid appeared in the VO of a Sepharose CL-2B column, indicating

its ability to interact with hyaluronic acid to form large
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molecular weight aggregates. In contrast, when PG II was
chromatographed under associative conditions no uronic acid
was detected in the VO even after the addition of exogenous
hyaluronic acid, indicating that this proteoglycan cannot
interact with hyaluronic acid to form the typical aggregates.
In another study by the same group, the large molecular weight
chondroitin-6-sulphate containing PG I of human aorta was
shown to have forty-nine glycosaminoglycan chains per core
protein, each chain having a molecular weight of 15000. The
molecule consisted of 72% glycosaminoglycan and 28% protein

(301).

Breton et al. isolated proteoglycans from the intima-media of
pig aortas using a sequential associative (0,15 M sodium
acetate) and dissociative (2 M calcium chloride) extraction
(299). The associative solvent solubilized about 28% of

the tissue uronic acid and the dissociative solvent about 57%,
and thus resulted in a good total yield of 85%. Furthermore,
by the addition of trace amounts of ]355| sulphate labelled
proteoglycan during the extraction procedure and by comparison
of its profile on Sepharose CL-2B before and after the prepara-
tion they were able to show that no proteolysis had occurred
during isolation. As the ionic strength increased the rela-
tive amount of chondroitin sulphate extracted decreased, and
that of hyaluronic acid and heparan sulphate increased. For
both extractions the material eluted in two peaks: at the VO

of a Sepharose CL-2B column and at an included position on

both Sepharose CL-2B and CL-6B. The material in the VO was



80

associated with hyaluronic acid and was only a small proportion
of the total® extratt = aboutsl6r; On chromatography under
dissociative conditions the VO peak became retarded, indicating
that it was in a dissociable complex form. The VO proteogly-
cans were also characterized by a relatively higher cysteine,
arginine, lysine, aspartic acid and tyrosine content than the
included proteoglycan. It has been shown that a greater
proportion of these amino acids exists for aggregatable proteo-
glycans from cartilage, reflecting the presence of the hyal-
uronic acid binding region and link proteins (30,32). It is
thus ﬁrobable that the excluded proteoglycan represented
aggregate and the smaller proteoglycan represented monomers
that may not be able to interact with hyaluronic acid. Attempts
to reaggregate this monomeric proteoglycan with hyaluronic acid

were undertaken but the degree of association was very low.

In general, it has been shown that the proteoglycans/glycsos-
aminoglycans synthesized by aortic cells in short-term organ
culture or in tissue culture reflect those found in intact
tissue (302-305) Schmidt et al. incubated calf arterial

tissue freed of adventitia under organ culture conditions for

24 h in the presence of |353| sulphate and |3H| glucosamine or
[3H| mannose (303). Extraction of the tissue with 4 M guani-
dinium HC1 solubilized 84% of the |°°S| sulphate and about 82%

of the uronic acid with lesser amounts of |3H| glucosamine
(67%) and |3H| mannose (35%). Again most chondroitin sulphate
and dermatan sulphate were solubilized but some hyaluronic acid

and heparan sulphate remained in the tissue. Chromatography
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of the extract on Sepharose CL-4B under dissociative conditions
gave two major peaks: at Vo (PGA) and an included peak with a
Kav of 0,33, {PGBR). A minor peak containing heparan sulphate
was also obtained. Using ion exchange chromatography,
hyaluronic acid with a molecular weight of 81000 was shown to
be associated with the excluded peak but not with the included
peak. The proteoglycan monomers from the two major peaks
were different molecular species with differences in protein
content (PGA 10,4% vs. PGB 20,3%), molecular weight (PGA
130000 vs. PGB 190000) and glycosaminoglycan content, PGA
was almost all chondroitin sulphate, predominantly chondroitin-
6-sulphate, with less than 4% dermatan sulphate, whereas PGB
was largely dermatan sulphate (46%) which was copolymeric with
chondroitin sulphate. Both contained very little heparan
su]phate,lless than 3%, and some oligosaccharides (about 16%).
The number of glycosaminoglycan chains attached to the core
protein averaged three to four for both PGA and PGB, with the
average molecular weight of the chains being 35000 for PGA
and 39000 for PGB. Both PGA and PGB could interact to some
degree with exogenous hyaluronic acid to form aggregates.
This supports previously mentioned work on proteoglycans
isolated from intact tissue, namely the existence of at least
two sizes of proteoglycans containing different glycosamino-
glycans and differing in their ability to form aggregates

with hyaluronic acid (54,299).

Nagner et al. characterized |355[ sulphate and ]3

proteoglycans synthesized in short-term organ culture by pigeon

H| serine Tabelled
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aortas and also found two major sizes on Sepharose CL-4B (304).
About 25% of the |355| sulphate labelled proteoglycans eluted at
the VO and the rest with a Kav of 0,44. On caesium chloride
centrifugation each proteoglycan preparation was shown to be
polydisperse and spread throughout the bottom one-third of the
gradient. The polydispersity was assumed to reflect a differ-
ence in the number of glycosaminoglycan chains attached to the
core protein. By examining the ratios of [358| sulphate and
|3H|serine specific activities at different times the two
proteoglycans were shown to be synthesized at different rates,
the smaller one being synthesized faster. This smaller
proteoglycan was shown to contain 34% dermatan sulphate and
thus was considered to be similar to those proteoglycans des-
cribed previously (54,299,303), while the larger proteoglycan
probablyconsisted largely of chondroitin-6-sulphate. Thus it
seemed possible that dermatan sulphate was synthesized faster
than chondroitin sulphate.

|355| labelled proteoglycans from smooth

Horn et al. isolated
muscle cells of pig thoracic aortic media (305) using the
sequential extraction procedure of 0,15 M sodium acetate fol-
lowed by 2 M calcium chloride described by Breton et al. (299).
The pattern found for the cell-synthesized glycosaminoglycans
was essentially the same as that described for the glycosamino-
glycans isolated from the intima-media of pig aorta. The
results also suggested the presence of at least two subunit
proteoglycan species possibly differing in glycosaminoglycan

composition and in their ability to form complexes. About
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10% of the proteoglycans from the smooth muscle cells were
excluded from a Sepharose CL-2B column under associative
conditions compared to 16% from the intima-media tissue.
Further interaction of the included proteoglycan with exo-
genous hyaluronic acid gave very low levels of aggregation -

less: than 3%.

Wight and Hascall studied proteoglycans synthesized by arterial
smooth muscle cells from intimal-medial strips of one to two
year old pigtail monkeys (281). After 48 h of labelling with
]355] sulphate, 70 to 80% of macromolecular sulphated molec-
ules were found in the medium. Proteoglycans isolated from
the medium and cell layer by 4 M guanidine HC1 extraction

gave quite similar profiles on Sepharose CL-2B, both containing
two major peaks of ]35SI sulphate radioactivity at Kav’s of
0,31 and 0,61 for the medium, and 0,31 and 0,78 for the cell
layer proteoglycans, respectively. The smaller proteoglycans
(Kav 0,61 and 0,78) did not arise from degradation of the
larger species since with increased time of labelling the
larger peak increased relative to the smaller peak. ‘Caesium
chloride density gradient centrifugation showed the proteo-
glycan molecules from both the media and cell layer to be
polydisperse. The Targer proteoglycans were predominantly
present in the denser fractions but no single population was
restricted to any one fraction. On analysing the glycosamino-
glycan moieties, after papain digestion or alkaline degradation,
the chains were shown to be the same size for proteoglycans

from all peaks with a molecular weight of about 40000. Thus
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the polydispersity must arise as a result of a different
number of chains being attached to the core protein. The
large proteoglycan species from both the medium and cell
layer were shown to contain 90% chondroitin sulphate and the
smaller proteoglycan species were shown to contain 20 to 30%
dermatan sulphate, thus agreeing with most previous work on
proteoglycans from intact tissue (54,299). When medium and
cell layer proteoglycans were extracted undér associative con-
ditions only about 5 to 10% of }355| sulphate radioactivity

was excluded from a Sepharose CL-2B column, indicating that
the majority of the proteoglycans synthesized and secreted

by these cells are not already bound in aggregate structures.
This was confirmed by electron microscopy of an associative
preparation which showed no evidence of individual monomers
aggregating into larger structures. However, if the proteo-
glycans prepared under dissociative conditions from the medium
and cell layer were combined with an excess of carrier prepared
associatively, and then returned to associative conditions by
dialysis, aggregation was shown to occur with the larger
proteoglycan species but not with the smaller populations.
Thus it was the large proteoglycan molecule,which contained
mostly chondroitin sulphate that could aggregate with hyal-
uronic acid. Electron microscopy studies also showed that
the monomers contained about eight to fourteen glycosamino-
glycan side chains per core protein molecule and that it was

about one-half to one-third the length of the core protein of

cartilage proteoglycan.
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Thus several conflicting results on molecular size and struc-
ture of aortic proteoglycans have been reported. In general
with aortic tissue an average of about half of the total
tissue uronic acid is extracted by the various workers (289-
291), with a few reports of much higher yields (289,299).

The chondroitin sulphate and part of the dermatan sulphate

are extracted from the tissues fairly easily but some of the
hyaluronic acid and most of the heparan sulphate remain behind
in the tissue after extraction with salt solutions, and need
to be solubilized by digestion of the fibrous components of
the matrix, particularly elastin (187,290). The aortic ex-
tracted proteoglycans comprise about 20% protein and contain
most types of glycosaminoglycans with condroitin sulphate
usually making up the bulk of the carbohydrate moiety.

Keratan sulphate has not been conclusively shown to occur in
aortic tissues although its presence is suggested by the
presence of sialic acid, fucose and mannose, and by digestion
with specific endo-g-galactosidase (291,306). The size of
the proteoglycan monomer is thought to be slightly smaller
than that of cartilage, with the core protein being shorter
but the glycosaminoglycan chains being longer than those of
the cartilage proteoglycan (281,291,297,303). There is great
discrepancy in the reported number of glycosaminoglycan chains
attached per protein core with values varying between four and
eighty (281, 287,290,291 301):. In general, at least two
different types of proteoglycans appear to exist in the aorta,
differing in their glycosaminoglycan composition and in their

ability to interact with hyaluronic acid (54,299,303,305).
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The larger species usually contains predominantly chondroitin
sulphate - largely chondroitin-6-sulphate - and is able to
interact with hyaluronic acid, and the smaller proteoglycan
contains a Tlarge amount of dermatan sulphate with dermatan
sulphate and chondroitin sulphate occurring, in part, as
copolymers. This species does not seem to be able to form
large molecular weight aggregates with hyaluronic acid. In
addition, an even smaller proteoglycan species containing
predominantly heparan sulphate has been reported by some
workers (53,291). Thus it seems as if aortic proteoglycans
may contain only one type of glycosaminoglycan chain attached
to a core protein, unlike cartilage proteoglycans which have
different glycosaminoglycan chains attached to a single core

protein in specifically localized areas (15).

A 2can 'bé s @en “From*the ‘vesalts of "several "Tauthors, '@ east
some of the proteoglycans from aorta can interact with hyal-
uronic acid (54,291,298,299). However, the proportion that
has been shown to be able to do so is very low compared to
the proportion of cartilage proteoglycan monomers that can
form aggregates. Cartilage proteoglycan monomer has been
shown to have a definite hyaluronic acid-binding region of
the core protein which has a specific globular conformation
and is rich in certain amino acids (see Section 1.1.2). It
has not been established whether such a region exists in
aortic proteoglycan monomer. Breton et al. showed that the
core protein of a proteoglycan from pig aorta, that was able

to form aggregates to some degree, was also rich in the amino
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acids cysteine, arginine, lysine, aspartic acid and tyrosine
(299) which are the amino acids that have been shown to be
present in the hyaluronic acid-binding region of the cartilage
proteoglycan core protein (30,32). The smaller proteoglycans
described by several workers which are unable to form complexes
with hyaluronic acid may lack such a binding region. Using
immuno-diffusion techniques, Gardell et al. showed that when
aortic proteoglycans prepared under dissociative conditions
were interacted with antisera prepared against cartilage
proteoglycan monomer or against its hyaluronic acid-binding
region, a precipitin line was formed, indicating structural
similarities between the proteoglycans from aorta and cartilage
and thus suggesting that aortic proteoglycan should be capable
of forming specific aggregates with hyaluronic acid (307). In
cartilage the interaction between proteoglycan monomer and

hyaluronic acid is stabilized by the existence of link proteins

(43,44). Clear evidence for such species in aortic tissue
has not been presented to date. Breton et al. digested their
larger and smaller proteoglycan species with chondroitinase
ABC and analysed the core proteins on SDS PAGE (299). Both
yielded a protein band with a molecular weight of over 300000.
In addition, the larger species yielded a few additional bands
(about 5% of the total sample protein) which migrated within
the gel at the position expected for link protein (308).
Gardell et al. also identified link protein from aorta from

a low density position after centrifugation of an associative

preparation of aortic proteoglycan under dissociative conditions

(3075 It was identified by cross-reacting with antiserum to
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cartilage link protein. The results of Mangkornkanok-Mark
t al., also using immunological studies (309), do not en-

—_—

tirely support those of Gardell et al. When reacting bovine
aorta with antibodies to cartilage proteoglycan monomer and

vice versa they found very weak cross-reaction and suggested
that possibly the aortic and cartilage core proteins do share

some weak antigenic determinants and have some slight simi-

larities, but there are also marked differences between them.

Thus it appears that although some aortic proteoglycans can
interact with hyaluronic acid, this interaction and resultant
aggregate formation is not as important as in cartilage tissue.
In cartilage the aggregation between proteoglycan and hyal-
uronic acid is thought to be of prime importance in the 'hold-

ing' of the proteoglycan within the extracellular matrix. In
aorta perhaps the proteoglycan-hyaluronic acid interaction
does not have such an important role. There may be other
more important ways of trapping the proteoglycans within the
matrix such as interaction with the fibrous proteins of the
matrix, since such interactions are known to occur (Section
180147 In addition, several workers have reported the
existence of chondroitin sulphate-dermatan sulphate hybrid
chains in the aorta (239,287,291). As discussed in Section
1.4.3. these hybrid chains associate with each other and
result in the formation of a complex which may have important
functions in the aorta. The self-association displayed by co-

polymeric chondroitin sulphate-dermatan sulphate glycosamino-

glycan side chains is particularly sensitive to shear forces (239).
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Thus they might physically separate as pressure increases
and might endow the matrix with a marked resistance towards

compression and deformation.

1.6.2. Metabolism of arterial proteoglycans

The aortic proteoglycans are highly heterogeneous and thus

the synthesis and turnover of the various different proteo-
glycan species may be subject to different metabolic controls.
The cells in the arterial wall are responsible for the syn-
thesis and secretion of the components of their extracellular
connective tissue. Wight and Ross initially studied the
synthesis and secretion of proteoglycans by arterial smooth
muscle cells in culture (310). Synthesis and secretion was
shown to be maximal during the stationary phase of growth.

They showed that significant amounts of sulphated glycosamino-
glycans were secreted into the culture medium and thus only
this compartment was analysed. They found much higher amounts
of dermatan sulphate than had been reported previously by other
workers (282,284,294). They suggested that this might be a
response by the cells to some form of mechanical or chemical
stress, or perhaps it might reflect some particular state of
development of the cells. Dermatan sulphate has been demon-
strated to be endocytosed more rapidly than other g]ycosamino—_
glycans (167), and has also been shown to exhibit the most
rapid turnover of all the glycosaminoglycans in the rat aorta
5 Thus, even though arterial smooth muscle cells syn-
thesize large quantities of dermatan sulphate, its rapid rate

of degradation in non-injured arteries may prevent its accumu-

Tation.
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Gamse et al. studied the synthesis and secretion of proteo-
glycans in endothelial cells and in smooth muscle cells

derived from the endothelium, intima and media of the same
aorta (306). They showedthat both the endothelial and

smooth muscle cells distribute newly synthesized glycosamino-
glycans into the extracellular, pericellular and intracellular
compartments but there was a unique pattern of distribution

in each compartment for each cell type. They found that
endothelial cells synthesized a Tower amount of glycosamino-
glycan - they only incorporated about one-third of the [3551
sulphate incorporated by smooth muscle cells on the basis of
cell number. Both endothelial and smooth muscle cells syn-
thesized chondroitin-4- and chondroitin-6-sulphate, dermatan
sulphate, heparan sulphate and small amounts of keratan sul-
phate, and these were distributed to the various compartments.
The distribution of glycosaminoglycans in the endothelial
compartments was different to that in the intimal and medial
compartments which had a fairly similar glycosaminoglycan
distribution. In general, keratan sulphate was not found in
the pericellular compartment and heparan sulphate was generally
higher in the pericellular and intracellular pools than in the
extracellular pool. Dermatan sulphate made up only a small
percentage of the pericellular pool but in the cells relatively
small amounts of chondroitin-4- and chondroitin-6-sulphate

were found. The endothelial cells formed significant quan-
tities of heparan sulphate but considerably less dermatan

sulphate, which was predominantly synthesized by the smooth

muscle cells. In addition, the heparan sulphate from
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endothelial cells differed significantly from that of the
smooth muscle cells, since it was larger, had a higher charge

density and a greater degree of N-sulphation.

Vijayagopal et al. studied the synthesis and secretion of
proteoglycans by bovine aortic tissue in organ culture (312).
Proteoglycans were extracted from the tissue by 4 M guanidine
HC1 followed by sequential collagenase and elastase digestion.
The highest content of radioactive sulphated material was
noted in the guanidine HCl-extracted proteoglycan, and the
least radioactive sulphate was incorporated into the proteo-
glycan preparation obtained by elastase digestion of the
tissue, which may well be due to the presence of large amounts
of hyaluronic acid in this fraﬁtion. In the culture medium
the material with the highest specific radioactivity was
heparan sulphate, followed by chondroitin sulphate, then
dermatan sulphate. Dermatan sulphate from the preparation
obtained by elastase digestion had a lower specific radio-
activity than dermatan sulphate obtained from the other ex-
tracts, whereas the highest specific radioactivity for heparan
sulphate was noted in the elastase-solubilized proteoglycan.
The specific radioactivity of the chondroitin sulphate chains
in all three preparations from the tissue was considerably
lower than those of the other glycosaminoglycans. It was
evident from this study that there are differences in the
uptake of |355! sulphate by the different glycosaminoglycan
chains of the tissue proteoglycans and in the release of the

proteoglycans by the cells into the medium. The very high
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specific radioactivity of dermatan sulphate in the tissue
suggested that these chains were synthesized relatively faster
than the chondroitin sulphate chains. These observations can-
not be satisfactorily explained by variations in the rate of
sulphation, as sulphation proceeds during or immediately follow-
ing polymerization (Section 1.2.3.3). Rather there are dif-

ferences in the rates of synthesis.

The differences in the specific radioactivities in the medium
glycosaminoglycans suggested that they were released into the
medium at different rates, with heparan sulphate, which was
primarily synthesized by the endothelial cells being released
faster than dermatan sulphate which wasprimarily synthesized
by the smooth muscle cells (306). The differences in rates
of synthesis of different glycosaminoglycans supported earlier
work by Kresse and Buddecke, who studied the distribution of

EI4 [355| sulphate-labelled glycosaminoglycans

C| glucose and
in calf aortic tissue maintained in organ culture (313). In
these studies, following incubation, the aortic tissue was
digested with papain and the total glycosaminoglycans were
quantified by electrophoresis. The highest rate of synthesis
was reported for hyaluronic acid, decreasing for the sulphated
glycosaminoglycans in the order dermatan sulphate followed by
heparan sulphate followed by chondroitin sulphate. Glycos-

aminoglycans released into the medium were not studied by

these investigators.

The metabolic heterogeneity of proteoglycans from the aortic
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wall was also reported by Deudon and Picard (314). They in-
cubated intima-media slices of pig aorta in organ culture and
then extracted the tissue with increasing concentrations of
guanidine HC1 (0,4 M, 4 M then 8 M). They found that the
different proteoglycan extracts were very heterogeneous in
their rates of precursor uptake. They suggested that the
proteoglycans extracted by 8 M guﬁnidine HC1 and those remain-
ing in the tissue after extraction (20%) might be tightly
bound to cellular structures, whereas those proteoglycans
extracted with 0,4 M and 4 M guanidine HC1 were associated
with the matrix. Pulse-chase experiments by these workers
gave some evidence of metabolic relationships between the
different proteoglycans and showed that the more insoluble
proteoglycans might be precursors of those from the soluble
pools, a finding which favours the hypothesis of similar

intracellular locations for polymerization and sulphation.

Von Figura et al. have shown that metabolic heterogeneities

exist in the chondroitin sulphate-dermatan sulphate hybrids
found in arterial tissue (315). By stepwise ethanol preci-
pitation they were able to isolate hybrids that are rich in
either chondroitin sulphate or dermatan sulphate. After in-

cubating arterial tissue segments with ]]4

|]4

C| glucosamine or

C| glucose they showed that the specific radioactivity of
the dermatan-rich hybrids was twice that of the chondroitin-
rich hybrids. The specific radioactivity of the disaccharides
from dermatan-rich hybrids was also twice that of those from

the chondroitin-rich hybrids, but within each fraction the
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galactosamine moieties of the chondroitin and dermatan sul-
phate units and their glucuronic or iduronic acid units exhi-
bited equal specific radioactivity. This supported the
theory that epimerization of the carbon-5 in glucuronic acid
to form iduronic acid occurs after polymerization to the
growing end of the glycosaminoglycan chain. Distinct com-
partments exist for the formation of hybrid chondroitin sul-
phate-dermatan sulphate proteoglycans with different propor-
tions of chondroitin sulphate and dermatan sulphate. These
findings supported earlier studies by Kresse et al. which
provided evidence for the existence of metabolic heterogeneity
of chondroitin sulphate and dermatan sulphate units in co-
polymeric chains from aorta (288). They had shown that the
specific radioactivity of the sulphate ester group of dermatan
sulphate units was about three times higher than that of the
chondroitin sulphate units in a chondroitin sulphate-dermatan

sulphate hybrid.

Several workers studying proteoglycans in intact tissue have
reported the existence of a large proteoglycan consisting
predominantly of chondroitin sulphate and able to interact
with hyaluronic acid and of a chondroitin sulphate-dermatan
sulphate proteoglycan which is smaller and is unable to form
aggregates (54,299). Pulse~chase experiments with |3551
sulphate suggested that both forms were primarily produced as
monomers and the chondroitin sulphate proteoglycan was sub-

sequently converted to a complex on interactionwith hyaluronic

acid :{(303) . Wagner et al. suggested that the rates of synthesis
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of the two types of proteoglycan were different - that
proteoglycan monomer containing dermatan sulphate was syn-
thesized faster than that containing chondroitin sulphate

(304).

Gamse et al. showed that radioactive sulphate was incorpor-
ated into macromolecular material in the intracellular and
pericellular compartments of endothelial and smooth muscle
cells in a hyperbolic manner, indicating the achievement of
metabolic equilibrium between the entry of labelled macro-
molecules into the particular pool and their disappearance
from it (306). The half-l1ives of the proteoglycans in the
intracellular and pericellular pools were much shorter than

those in the extracellular pool which did not reach equili-

brium within the 72 h experimental period.

The decay curves of the proteoglycans in the intra- and
pericellular pools were complex and indicated the presence

of more than one component (306). Endothelial cells exhib-
ited somewhat faster polysaccharide decay than did the smooth
muscle cells. Almost 50% of the labelled macromolecules
disappeared from the endothelial cells in the first 3 h and
there was a component with a slower rate of decay which had

a half-1ife of about 22 h. For smooth muscle cells the
half-lives of the components of the intracellular compartment
have been calculated to be about & h and 72 h. In the peri-
cellular compartment of endothelial cells a minor component

exhibited a rapid turnover with a half-l1ife of 6 h and
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approximately 60% had a half-1ife of 14 h, whereas a half-
life of 60 h was calculated for the perice1]u1ar'g]ycosamino-
glycans of the smooth muscle cells. Intracellular proteo-
glycans disappear by exocytosis or by degradation and peri-
cellular proteoglycans by receptor-mediated endocytosis into
the cell or via shedding to the medium. Gel chromatography
of intracellular glycosaminoglycans showed them to be smaller
than alkali-degraded proteoglycans from the other pools, and
in combination with other results obtained the authors con-
cluded that only a small part of intrace]}u]ar glycosamino-
glycans were in the process of biosynthesis and secretion
(306). Gel chromatography of labelled material from the
extracellular compartment gave rise to the expected elution
profiles for proteoglycans. The proteoglycans of the extra-
cellular pool which have been shown to have a glycosamino-
glycan composition resembling that of proteoglycans from
intact tissue have a much slower rate of decay with a half-

life of about 10 days calculated by some workers (315).

Thus, the synthesis, secretion and turnover of aortic proteo-
glycans are complex processes with the existence of different
compartments, each consisting of different pools which exhibit
metabolic heterogeneity. It is not yet known whethgr endo-

thelial cells secrete glycosaminoglycans in vivo and, if so,

whether they do so to the lumen or towards the side of the
basal membrane, or both. In other words, do the glycosamino-
glycans synthesized by the endothelial cells contribute to
the whole glycosaminoglycan composition of the endothelial

layer and do these cells also influence glycosaminoglycan
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secretion by the smooth muscle cells? The proportions of

the different glycosaminoglycans secreted by the different
cells may reflect the variety of functions for separate layers
e.g. the high proportion of heparan sulphate synthesized by
endothelial cells may have antithrombin activity whereas the
dermatan sulphate, primarily synthesized by the smooth muscle
cells, may be important in the organization of collagen in

the connective tissue and in the binding of cationic poly-
peptides and plasma Tipoproteins. The synthesis of the dif-
ferent glycosaminoglycans is most likely subjected to differ-
ent metabolic controls and injury of the artery may disrupt
this control, leading to the accumulation of those glycosamino-
glycans such as dermatan sulphate which are found associated
with atherosclerotic lesions (233). Knowledge of the metab-
olism of both endothelial and smooth muscle cells under normal
and pathological conditions will be very valuable for a better

understanding of the pathophysiology of vascular diseases.
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CHAPTER 2

CHARACTERIZATION OF BOVINE AORTIC MEDIAL PROTEOGLYCANS

2.1. INTRODUCTION

The importance of proteoglycans as constituents of the inter-
cellular matrix of the arterial wall has been alluded to
already in Chapter 1. Although various glycosaminoglycans,
isolated from aorta, have been studied quite extensively in
relation to their possible role in the pathology of athero-
sclerosis, only recently have attempts been made to study the
nature of native proteoglycans isolated from arteries. Such
studies are important as the functional properties of the
proteoglycans are derived from the structure of the molecule

as a whole and not only from the component parts.

The studies performed on intact proteoglycans isolated from
arteries from different sources have yielded conflicting
results. As explained previously, this was partly due to
differences that arose with material from different sources.
Several workers have documented the differences in glycos-
aminoglycan composition from aortas of different species and
it has also been shown that the glycosaminoglycan composition
varies in different regions of the aorta (289,292,293,295).
Using cells in culture, Gamse et al. demonstrated that the

endothelial and smooth muscle cells of bovine aortas have

distinct patterns of glycosaminoglycan synthesis (306).

Furthermore, glycosaminoglycan patterns change during maturation
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and -1n di'seasted states (233,287,289,293,294). Changes 1in
the proteoglycan and glycosaminoglycan composition with age
have been well studied in cartilage (264-271,273) but not

in any great detail for proteoglycans from the aorta.

Here I will describe the procedures used to extract and charac-

terize proteoglycans from bovine aortas of different ages.
Methods derived for the preparation of cartilage proteoglycans
were essentially employed (30,31), and to avoid variabilities
mentioned already the source of aortic material used for each
extraction procedure was carefully identified using histolo-
gical techniques. In order to minimize differences arising
as a result of the site of origin of the tissue, only those
proteoglycans isolated from the medial layer of the thoracic
descending aorta in all age groups have been studied. The
medial proteoglycans of foetuses, neonates and adults were
characterized in terms of their molecular sizes, the abiility
of the monomers to aggregate with hyaluronic acid and the

types of glycosaminoglycan chains present.

The data presented in this chapter were also fundamental to
the studies described later, where cultured bovine smooth
muscle cells from "pure" medial tissue were used to study

" metabolic aspects of bovine proteoglycans.
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2.e CWETHODS

2.2.).uslissescollection,and histoloay

Bovine thoracic descending aortas from foetuses in the first
trimester of foetal 1ife, neonates or adults, were obtained
from the local abattoir immediately after slaughter and trans-
ported to the laboratory on ice. The intima and adventitia
were dissected away and the medial Tayer was cut into fine
pieces. Representative tissue samples were retained for
histological identification each time material was extracted.
Samples were fixed in 4% phosphate buffered formalin, After
dehydration and embedding in wax, sections of each sample

were cut with a microtome. These sections were then dewaxed,
stained in haematoxylin and eosin and mounted. Tissue
samples were also analysed for their content of water,
uronic acid and protein, or were subjected to the extraction

procedures for proteoglycans as detailed below:-

2.2.2. Analysis of water, uronic acid and protein contents

(a) The water contents of weighed tissue samples were deter-
mined by freeze drying them repeatedly until the weight
of the dry tissue remained constant.

(b) Protein contents were determined in weighed tissue samples
following homogenization in water and precipitation with
equal volumes of 10% trichloroacetic acid at 4°Cc. After
centrifugation, the pellets were washed with 96% ethanol

and total protein determined using the Biuret method (316).

(c) Tissue uronic acid contents were estimated on samples of
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known wet weights suspended by homogenisation in a
solution containing 0,1 M sodium acetate and 0,05 M
EDIA, pH 7,0: Samples were digested by two sequential
additions of papain (1 mg) at 24 h intervals. Digestion
was carried out at 650, and after 48 h, at which stage
all tissue was completely digested, two volumes of
absolute ethanol containing 0,05 M potassium acetate
were added to precipitate glycosaminoglycans. After
standing overnight at —]506, precipitates were collected
and taken up in 0,5 M sodium acetate, pH 6,8, and uronic
acid concentrations were then determined by the method of

Bitter and Muir (317).

2.2+3+ Extraction phkocedire

The extraction procedure was a modification of the procedure
previously devised for the extraction of proteoglycans from
cartilage (30,31). The tissue was extracted with 4 M guanidine
HC1 (1 to 5g / 10 ml1) in the presence of 0,05 M sodium acetate,
0,1 M aminocaproic acid, 0,005 M benzamidine hydrochloride,

0,01 M EDTA and 0,005 M phenylmethylsulphonylfluoride, all at

pH: 5,8, Tor 48 'h at 4°C with constant stirring. Extracts

were clarified by filtration through glass wool and subsequent
centrifugation. At this stage, extracts were divided into

two portions: the major part was used for the dissociative
preparation of proteoglycan monomers (PGM) and the rest for an
associative preparation (PGA). Under dissociative conditions
using high molarity salt solutions, aggregate formation between

the PGM and hyaluronic acid is inhibited.
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2:2:8i1sqgeDissociative preparation

Solid caesium chloride (0,59 g/g solution) was added to the
clarified extract to give an initial density of 1,518. The
extract was centrifuged at 40 000 rpm at 10°C for 48 h in a
Beckman type 65 rotor, in a Beckman Ultracentrifuge-Model
L5-65 or L8-70. Routinely, gradients were separated into
two fractions using a Beckman tube cutter, to obtain the top
4/5 and bottom 1/5 of the tube contents. Densities were
determined by weighing 200 ul of each fraction in a constric-
tion pipette on a Mettler microbalance. The fractions were
dialysed with five changes against 0,5 M potassium chloride
(5 L)Pat 4%, Dialysis tubing (molecular weight cut-off of
12000) was routinely processed before use by boiling in a
solution of 0,005% (w/v) EDTA containing 0,2% (w/v) sodium
bicarbonate. The dialysed samples were then freeze-dried

and stored at =y Ee

2.2.3.2. Associative preparation

Proteoglycans were prepared under associative conditions by
dialysing the initial clarified extract against 10 volumes of
water containing protease inhibitors. The dialysed material
was freeze-dried and extracted in associative buffer (0,4 M
guanidine HC1, 0,05 M sodium acetate, pH 5,8 plus all the
proteolytic inhibitors described above). Caesium chloride
(0,3 g/g solution) was added to give an initial density of
1,236, The extracts were centrifuged at 40 000 rpm at 10°¢C

for 48 h in a Beckman type 65 rotor, in a Beckman Ultra-
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centrifuge-Model L5-65 or L8-70. Gradients were fractionated
as described above to yield three samples of equal volume.
The samples were dialysed at 5 against water containing

inhibitors. Samples were then freeze-dried and stored at -15°C.

2.2.4. Digestion of PGM

PGM from material of each age was subjected to the following

enzymatic digestions and treatments:

(a) Papain digestion: 1,8 mg of PGM dissolved in 0,1 M
sodium acetate containing 0,05 M EDTA and 0,005 M cysteine,
pH 7,0, were digested with papain at a PGM to enzyme ratio
of 40:1. The digestion was carried out at 65°C for 6 hr.
After digestion, the samples were boileﬁ to destroy the

enzyme and clarified in a Beckman microfuge.

(b) Alkaline borohydride treatment: About 5 mg PGM dissolved
in a solutionof 1 M sodium borohydride in 0,05 M sodium
hydroxide was flushed with nitrogen and incubated at 37%¢
for 48 h (267,318}, Acetic acid (4 to 5 drops/ml) was
added dropwise to stop the reaction. If the resu1tant.
bubbling was very vigorous, 1 drop of octanol was added
to reduce the surface tension. Samp]es were freeze-
dried, desalted on Biogel P-2 columns and freeze-dried

again.

(c) Digestion with chondroitinase ABC lyase (EC.4.2.2.5)(39),
AC lyase (EC.4.2.2.5) and with keratinase: 3,8 to 4,0 mg

PGM, dissolved in 0,1 M Tris acetate, pH 7,3, were digested
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with 0,2 units of enzyme at 3708 EorE3sh

(d) Digestion with trypsin and chymotrypsin: After digestion
with chondroitinase ABC, samples were sometimes digested
with trypsin for 90 min followed by chymotrypsin for a
further 90 min. Both digestions were carried out at 3?°C,

with a PGM:enzyme ratio of 100:1.

(e) Digestion of heparin and heparan sulphate: PGM samples,
containing about 500 pyg of uronic acid in 200 wpl buffer,
were treated with 25 pl of glacial acetic acid and 25 yl

of 18% sodium nitrite for 90 min at room temperature (320).

(f) Digestion with hyaluronidase (from streptomyces
hyaluroliticus, E.C.3.2.1.35): Proteoglycan samples
were dissolved in 0,1 M sodium acetate containing 0,65 M
sodium chloride pH 6,0, and digested with hyaluronidase
(T mg/md substratel for 3 h at 3796 (321).

2.2.5. Interaction with hyaluronic acid

Samples of PGM isolated dissociatively were incubated with
hyaluronic acid at a uronic acid:hyaluronic acid ratio of

33:1 by weight, in 600 ul of 0,5 M sodium acetate buffer,

pH 7,0, and dialysed for 24 h against the same buffer (291).
The source of hyaluronic acid was a commercial preparation
which was first chromatographed on Sepharose CL-2B. Material

corresponding to a KaV of 0,3 or larger was used.

2.2.6. Column chromatography

Columns of Sepharose CL-2B (0,6 x 110 cm or 1,6 x 130 cm),
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Sepharose CL-6B (0,8 x 110 cm) or Biogel P-30 (100-200 mesh)
(0,8 x 110 cm) were equilibrated with 0,5 M sodium acetate pH
7,0 at room temperature and used to assess the proteoglycan
samples prepared as described above. Usually samples (1 to 5
mg) were loaded in about 300 ul equilibration buffer. Column
flow rates were approximately 4 ml1/h and fractions (0,8 ml)
were analysed for hexuronic acid, protein or sialic acid con-
tents by the procedures to be described. The VO of the
columns was determined using aggregated proteoglycan isolated
from bovine nasal septum, and the Vt by using radioactive
1355| sulphate. Columns (1,2 x 28 cm) of Biogel P-2 (100-200
mesh) eluted with water were used to desalt samples of proteo-

glycan after the various treatments.

2.2.7. lIon-exchange chromatography

Columns (1,0 x 6 cm) of DEAE-cellulose were equilibrated with
0,05 M sodium acetate pH 4,0. Samples to be analysed were
dissolved in appropriate volumes of the equilibration buffer
and applied to the columns in a volume of approximately 1 ml.
Columns were eluted initially (10 fractions) with equilibra-
tion buffer and subsequently with a Tinear gradient of lithium
chloride (0,2 M to 1,5 M in 0,05 M sodium acetate pH 4.0).

The fraction size was approximately 880 ul and the flow rate

was about 25 ml/h.

2.2.8. Glycosaminoglycan analysis

The identification and quantitation of the glycosaminoglycan

side chains were performed on PGM samples which were papain-
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side chains were performed on PGM samples which were papain-
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digested and then subjected to the various digestions with
chondroitinase ABC, AC, hyaluronidase or nitrous acid as
described above. The digests were chromatographed on a
Sephadex G-50 (medium) column (1,0 x 120 cm) equilibrated

with 0,2 M pyridine acetate, pH 5,0 (297). The flow rate

was approximately 8 mi/h and fractions (1 ml) were assayed

for hexuronic acid to assess the percentage in the void volume
(i.e. undigested material) before and after digestion with the

various specific enzymes.

2.2.9. Thin layer chromatography

Thin layer chromatography was used to separate disaccharides
formed on digestion of glycosaminoglycan chains. Approxi-
mately 50 pg of material was spotted in each case onto cellu-
lose-coated thin layer plates. The plates were desalted by
ascending chromatography in 1-butanol:absolute ethanol:water
52:33:15 (v/v/v) at room temperature for 2 h, and then after
drying subjected to further ascending chromatography in glacial
acetic acid:1-butanoi:1 N ammonium hydroxide 6:4:3 (v/v/v), or
butyric acid:0,05 M ammonium hydroxide 5:3 (v/v) at room temp-
erature for approximately 4 h (322). The plates were dried and

then stained in 0,1 (w/v) toluidine blue in absolute ethanol.

2.2.10. Analytical procedures

Protein was determined by the method of Lowry et al. using
bovine serum albumin as standard (323). Hexuronic acid was
determined by the automated procedure of Bitterand Muir using

D-glucuronolactone as standard (317), and sialic acid was
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estimated by the periodate-resorcinol procedure using N-

acetyl neuraminic acid as standard (324). Sugar analysis

for the determination of the glycogen content of proteoglycan
preparations was performed on freeze-dried material prepared
from bovine medial tissue, obtained from different aged animals,
which was subjected to hydrolysis by 2 M trifluoroacetic acid

at 100°C for 15 h. The material was prepared from proteo-
glycans purified by dissociative caesium chloride centrifuga-
tion and chromatography on Sepharose CL-2B. The individual
peaks from the Sepharose chromatography were treated with

papain and resolved into separate charged glycosaminoglycan
species by DEAE-cellulose column chromatography (Section 2.2.7).
The individual species from the ion-exchange column were freeze-
dried, desalted and hydrolysed as described above. After
hydrolysis and purification, liberated sugars were converted

to alditol acetate derivatives and analysed on a Carlo Erba

420 Gas Liquid Chromatograph. Standard sugars were used to
calibrate the column and the glucose content of the unknown

samples quantitated using flame detection.

2.3." RESDEIS

Histological examination of the material used for the isola-
tion of proteoglycans clearly showed it to consist only of
medial tissue made up of smooth muscle cells and adherent con-

nective tissue (Plate 2.1}

The water, uronic acid and protein contents of the medial

tissues from the different age groups is shown in Table 2.1.
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Plate 2.1. Histology of aortic medial tissue.

Samples of adult aortic tissue were fixed in 4% phosphate buffered
formalin and stained in haematoxylin and eosin as described in
Section 2.2.1.
Magnification A x 35

B x 100
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TABLE 291
THE WATER, PROTEIN AND URONIC ACID CONTENTS OF AORTIC MEDIAL

TISSUE FROM DIFFERENT AGE GROUPS

Samples of bovine aortic media from different aged animals
were analysed for their total content of wéter, protein and
uronic acid as described in Section 2.2.2. The data repre-
sent the mean + S.D. for six determinations for one of two

similar experiments.

Water Protein Uronic Acid
g/100 g wet mg/mg dry ug/mg dry
tissue weight weight
Foetus 84,36 + 1,74 0,754 + 0,03 27.99 X #,58
Neonate 81,00 +'71,52 Q173 ¥ 0506 18,70 + 2,00

Adult 767850 5 V31T 0,846 + 0,17 7536 #0871
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Both water and uronic acid contents were highest in foetal
tissue and decreased for neonatal and adult tissue. Other
workers have shown the glycosaminoglycan content to be higher
in tissues from younger animals (289,293,294). The relation-
ship between water and uronic acid content is consistent with
the concept that proteoglycans play an important physiological
role in connective tissue by "trapping" water to maintain
fluid homeostasis (55). In the aorta, however, the proteo-
glycans make up a relatively small proportion of the tissue
and may thus play a less significant role in water binding.
The protein content of adult tissue was slightly higher than

that of foetal or neonatal tissue.

The glycosaminoglycan composition of the intact media of
neonate and adult aortas is shown in Table 2.2. Samples of
tissue were exhaustively digested with papain to release the
glycosaminoglycan chains which were isolated by precipitation.
with ethan01; The sensitivity of the chains to the different
specific glycosaminoglycan-degrading enzymes was then deter-
mined. It can be seen that both age groups contained high
amounts of hyaluronic acid; at least one-third of the total
glycosaminoglycan content of the tissue was hyaluronic acid,
with its concentration increasing slightly in older tissue.
Chondroitin sulphate was the major sulphated glycosaminoglycan
in both ages, accounting for nearly all of the sulphated
material in younger tissue. Dermatan sulphate was found in
adult tissue but neonatal tissue contained lesser amounts of

this glycosaminoglycan. Both ages contained small amounts of
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$RABLE 2.2
THE GLYCOSAMINOGLYCAN COMPOSITION OF AORTIC MECIAL TISSUE

FROM DIFFERENT AGE GROUPS

Samples of bovine aortic media from adult or neonate animals
were digested exhaustively with papain after which the glycos-
aminoglycans were precipitated by the addition of ethanol as
described in Section 2.2.2(c). The sensitivity of the glycos-
aminoglycans to the different glycosaminoglycan-degrading
treatments was determined after digestion and chromatography

on Sephadex G-50 as described in Sections 2.2.4 and 2.2.8.

The data represent the mean + S.D. for four determinations for

one of two similar experiments.

Glycosaminoglycan Glycosaminoglycan Content
(% of total)

Adult Neonate
Chondroitin-4- and -6-sulphate 37,5 .+ 4.1 54.0 + 3,7
Dermatan sulphate 18,2 =121 5,0 + 0,7
Heparan sulphate/heparin 8,0 % ]2 3,2 & 0.4

Hyaluronic acid 41,0 & 2,2 387

|+
w
-
mno
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heparan sulphate/heparin.

The extraction of PGM using guanidine HC1 has been documented
by a number of laboratories (289,293,294,297,298). Some
workers have shown that maximum amounts of tissue uronic acid
(85% of the total) were extracted from aortas only when 3,0 M
guanidine HC1 was used for prolonged periods (7 days) (289).

I found that shorter extraction periodsof 48 h yielded at

least 50% of the total uronic acid from the tissue and minf-
mized artifactual degradation of the material. Increasing
time of extraction to 4 days did not significantly increase

the amount of uronic acid extracted from adult tissue; about
40% was not extractable even after 9 days. Our 48 h extrac-
tion procedure using 4,0 M guanidine HC1 containing proteolytic
inhibitors, resulted typically in yields of 3,5 ug uronic acid/
mg dry weight (+ 50%) for adult tissue and 19 pg uronic acid/mg
dry weight (+ 70%) for foetal tissue. Prior digestion of
tissue with bacterial collagenase (EC.3.4.24.3) did not in-
crease the yield of uroniq acid obtained by subsequent extrac-
tion with 4,0 M guanidine HC1 but pretreatment with pancreatic
elastase (EC.3.4.21.36) did result in slightly higher yields -
about 8% more tissue uronic acid was extracted. Radhakrish-
namurthy et al. showed that elastase digestion of aortic

tissue residue after extraction with 0,15 M sodium chloride
yielded most of the heparan sulphate, some dermatan sulphate
and hyaluronic acid (187). The tissue I used contained

little heparan sulphate (Table 2.2), and low amounts of

dermatan sulphate, but large amounts of hyaluronic acid, thus
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the increased yield of uronate with elastase was probably
due to an increase in released hyaluronic acid. Other
authors have included detergent treatment prior to guanidine
HC1 extraction to obtain better yields (107) but in our
hands no improvement in extraction of material was obtained

in the presence of 1% (w/v) zwittergent 3-12.

The uronic acid and protein profiles for the dissociative

and associative extraction procedures obtained following
caesium chloride density gradient centrifugation are shown

in Figures 2 J1"and 2.2, The recoveries of uronic acid from
the gradients were routinely about 90% of thematerial loaded.
With adult material approximately 50% of the uronic acid was
found in the bottom 1/5 of the gradient under dissociative
conditions (Fig. 2.1a), whereas some 75% of the uronic acid

was found in this area of the gradient in the case of neonatal
or foetal material (Fig. 2.1b). The majority of protein is
found in the top of the gradient with less than 5% in the
bottom 1/5. Thus, using this procedure, the separation of

PGM from the co-extracted protein was successfully carried out.
In the case of the adult,the material appeared to be more
heterogeneous as a considerable amount of uronic acid was dis-
persed throughout the rest of the gradient (Fig. 2.1a). This
heterogeneity may arise as a result of a decreased glycosamino-
glycan:protein ratio which would result in a decreased buoyant
density for the proteoglycan monomers. Analysis by Sepharose
CL-2B chromatography of the various gradient fractions obtained

from adult tissue showed that the bottom 1/5 of the caesium
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Figs 2als Distribution of uronic acid and protein following

caesium chloride density gradient centrifugation of
extracted material from aortic media under disso-
ciative conditions.

Gradients were fractionated from the top (D4,D5) to the bottom
(D1) of centrifuge tubes, using a Beckman tube slicer (see Methods)
after centrifugation under conditions described in Section
2.2.3.1. Aliquots of each fraction were taken to determine the
protein and uronic acid concentration in each sample. The
profiles represent analysis of adult material (A) and foetal or
neonatal material (B) and the data represent the mean + S.D. for
triplicate determinations for one of several similar experiments.
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Fig. 2.2. Distribution of uronic acid and protein following
caesium chloride density gradient centrifugation
of extracted material from aortic media under
associative conditions.

Fractions from the top, middle and bottom one-third of the

tubes after associative caesium chloride density gradient
centrifugation of material extracted from adult (A) and foetal

or neonatal (B) aortic medial tissue were analysed for their
uronic acid and protein contents as described in Section 2.2.3.2.
The data represent the mean + S.D. for triplicate determinations
for one of several similar experiments.
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chloride gradient contained PGM (Fig. 2.3d). The middle
fractions of the gradient (2/5 and 3/5 from the bottom of

the tube) contained 38 to 42% material that eluted at the

Vo of the Sepharose CL-2B column as well as polydisperse-
included material (Fig. 2.3b and c). The large molecular
weight (VO) uronic acid-containing peaks were sensitive to
hyaluronidase digestion which implied that they either repre-
sent aggregates formed between hyaluronic acid and the PGM in
that section of the gradient or large molecular weight hyal-
uronic acid alone. The latter was most likely as after diges-
tion with hyaluronidase most of the degraded material was eluted
at the V. of the column (Fig. 2.3b and c). However, there may
have been some PGM-hyaluronic acid aggregation under the condi-
tions used for the Sepharose CL-2B chromatography. The top frac-
tions of the gradient contained mainly low molecular weight
uronic acid containing species that eluted near the Vt of -the
column and may have arisen by artifactual degradation during
extraction (Fig:pe-oda). In the case of the associative caesium
chloride centrifugation, 96% of the uronic acid was found in

the bottom 1/3 of the gradient for the adult and 80% for the

neonate and foetal material (Fig. 2.2).

When a comparison of the uronic acid profiles, obtained after
Sepharose CL-2B chromatography of the bottom 1/5 fraction of
the dissociative caesium chloride gradients of material from
different ages, was made, there was evidence for two sizes of
PGM in the younger tissues (Fig. 2.4). A1l ages showed a
peak of material with a Kav of 0,56, whereas neonatal and

foetal tissue had a second larger species of PGM with a Kav of
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Fig. 2.3. Sepharose CL-2B chromatography of dissociative
caesium chloride density gradient fractions con-

taining uronic acid.

Proteoglycans were extracted dissociatively from adult aortic
medial tissue and subjected to dissociative caesium chloride
density gradient centrifugation as described in Section 2.2.3.1.
After centrifugation,gradients were fractionated as described in
Fig. 2.1 and each fraction was dialysed and lyophilised. Samples
were dissolved in 0.5 M sodium acetate buffer pH 6.8 and chromato-
graphed on a Sepharose CL-2B column as described in Section 2.2.%
either before (—) or after (--) digestion with hyaluronidase.
Column fractions were assayed for their uronic acid content as

described in Section 2.2.10.
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Fig. 2.9, Sepharose CL-2B chromatography of bottom (D1) frac-
tions after dissociative caesium chloride density
gradient centrifugation of material extracted from
media of different aged animals.

Proteoglycans were extracted dissociatively from the media of
adult (A), neonatal (B) or foetal (C) aortas and subjected to
dissociative caesium chloride density gradient centrifugation

as described in Section 2.2.3.1. Aliquots of the bottom (D1)
fraction obtained after centrifugation, dialysis, freeze-drying
and redissolution in acetate buffer (see under Fig. 2.3) were
chromatographed on a Sepharose CL-2B column as described in
Section 2.2.6 and column fractions were assayed for their uronic

acid content.



B3 These were similar to the sizes reported by Wight and
Hascall for proteoglycans synthesized by smooth muscle cells
in tissue culture (281). The foetal and neonatal PGM con-
tained the larger and smaller peaks in roughly equal amounts:
about 45% and 51% respecfive]y for foetal PGM, and 44% and 49%
respectively for neonatal PGM. There was some evidence for
the larger species in profiles of adult material since, on
analysis of this material, a shoulder at Kav 0,31 containing
about 20% of the total uronic acid was consistently found.

The possibility that the smaller peak was an artifactual degra-
dation product of the larger peak which occurred during isola-
“tion was most unlikely, since the profiles were reproducible,
and furthermore proteolytic inhibitors were constantly present
during the extraction procedure. These inhibitors have been
shown to inhibit protease activity during extraction (325).

To further eliminate this possibility, prolonged extraction
procedures of foetal material in the absence of proteolytic
inhibitors at room temperature were carried out, and the pro-
files obtained of this material were essentially the same as
already seen (Fig. 2.5); there was no loss in the amount of
the larger PGM species to yield profiles similar to the adult
species. Even after 72 h at room temperature the two peaks
were still present in roughly equal amounts (39% and 41%) and
about 16% of the total material appeared in the Vt of a
Sepharose CL-2B column (Fig. 2.5b); thus both peaks had
degraded to a similar extent; the amount of material in the
smaller peak did not increase relative to that in the larger

peak, even after prolonged periods at room temperature.
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Fig. 2.5. Sepharose CL-2B chromatography of proteoglycans
from foetal medial tissue extracted at 4°C or at

room temperature.

Proteoglycans were extracted under dissociative conditions

from the media of foetal aortas as described in Section 2.2.3.1.
Aliquots of extracted material were then allowed to stand at

room temperature for a further 3 days. The two extracts (4°

and room temperature) were then subjected to dissociative gradient
centrifugation as described in Section 2.2.3.1; the bottom (D1)
fractions were collected, and after processing as described under
Fig. 2.3, were chromatographed on a Sepharose CL-2B column as
described in Section 2.2.6. Column fractions were assayed for
their uronic acid content and the profiles represent(A) proteo-
glycans extracted at 4°C for 48 h and (B) proteoglycans extracted
at room temperature for 3 days.
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Several workers have described the existence of distinct
proteoglycan species in aortas; a large proteoglycan made

up predominantly of chondroitin-6-sulphate chains and a
smaller species which contained both chondroitin sulphate

and dermatan sulphate (54,299,303-305). In order to assess
whether the larger PGM peak from foetal and neonatal tissue
consisted only of chondroitin sulphate, PGM samples from
foetal tissue were digested with chondroitinase AC. I1f, I
fact, the larger PGM contained mainly chondroitin sulphate
chains, this procedure should have resulted in a marked change
in its migration position on Sepharose CL-2B. However, it
was found that both peaks were degraded to some extent, and
also both peaks contained material that was resistant to the
enzymatic digestion (Fig. 2.6). It thus seems that either
the larger PGM species does not contain only chondroitin sul-
phate side chains, or that there are more than one species of

PGM present in that peak having similar molecular weights.

Both foetal and neonatal preparations contained small peaks
of uronic acid containing material (5 to 7%) that were ex-
cluded from Sepharose CL-2B under dissociative conditions
(Fig. 2.4b and ¢} This may be due to aggregate formation
with hyaluronic acid since some hyaluronidase-sensitive
material was found in the bottom 1/5 of the dissociative
gradient (see Table 2.3). However, it is much more likely
to be due to interactions between PGM (self-association) or
between PGM and those proteins which were found in the bottom

of the gradient. This belief was reinforced by the fact that
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Fig. 2.6. Sepharose CL-2B chromatography of proteoglycans
from foetal medial tissue before and after digestion
with chondroitinase AC.

Proteoglycans were extracted under dissociative conditions

from the media of foetal aortas and subjected to dissociative
caesium chloride density gradient centrifugation as described
ih Sectign“2.213%1% The bottom (D1) fractions were collected
and after processing as described under Fig. 2.3 were chromato-
graphed on a Sepharose CL-2B column as described in Section
PR Column fractions were assayed for their uronic acid
content before and after treatment with chondroitinase AC, and
profiles represent samples before treatment (A) and after
enzymatic digestion (B).
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if PGM samples were exposed to precipitation with ethanol
during prepération,as much as 50% of the total uronic acid
became excluded from a Sepharose CL-2B column as a result of
non-specific aggregation (Fig. 2.7). Ethanol precipitation
is postulated to denature the hya]uronfc acid-binding region
of the cartilage PGM (326), and this may lead to artificial

complex formation.

When proteoglycans were isolated from adult material using
associative methods and chromatographed on Sepharose CL-2B,
some 25% of the total material was found in the excluded peak
(Flg o i2. 8d); This material represented true PGM-hyaluronic
acid aggregation, since after hyaluronidase digestion it dis-
appeared to give an increased included peak. Neither foetal
nor neonatal-derived material showed any hyaluronidase sensi-
tive excluded peaks when isolated under associative conditions,
and the profiles obtained on Sepharose CL-2B were similar to
those seen in Fig. 2.4 b and c. Dialysis of the initial dis-
sociative extract to associative conditions resulted in the
formation of precipitates of PGM and coextracted proteins, and
thus a large amount of uronic acid-containing material was lost
due to the formation of these insoluble complexes. As a con-
sequence high yields of PGA could not be obtained. Some
workers have shown that dialysis must not be allowed to proceed
beyond a concentration of 0,4 M guanidine HC1 (337). However,
even with 1imited dialysis, large amounts of material were

lost during the associative preparations as described above.
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Fig g b The effect of an ethanol precipitation step during

isolation of proteoglycans on the Sepharose CL-2B
profile of such material.

Proteoglycans were extracted under dissociative conditions
from adult medial tissue and subjected to dissociative caesium
chloride density gradient centrifugation as described in Sec-
tion 2.2.3.1, either before (A) or after (B) precipitation
with two volumes of cold absolute ethanol. The bottom (D1)
fractions were collected and chromatographed on a Sepharose
CL-2B column.as described :under Fig. 2.3.and iinuSectians@2.6.
Column fractions were analysed for their uronic acid content.
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2.8. Sepharose CL-2B chromatography of proteoglycans from

adult medial tissue after incubation in the presence

of endogenous or exogenous hyaluronic acid.

Proteoglycans were isolated from adult medial tissue and sub-
jected to associative caesium chloride density gradient centri-
fugation as described in Section 2.2.3.2. A sample of the bottom
one-third fraction after centrifugation was chromatographed on
Sepharose CL-2B as described in Section 2.2.6. Column fractions
were assayed for their uronic acid content.

Proteoglycans were isolated dissociatively from adult medial
tissue as described in Section 2.2.3.1. A sample of the bottom
(D1) fraction after dissociative density gradient centrifugation
was mixed with an excess of exogenous large molecular weight
hyaluronic acid as described in Section 2.2.5 and chromatographed
on Sepharose CL-2B as described in Section 2.2.6. Column frac-

tions were assayed for their uronic acid content.
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The aggregation of PGM with excess exogenous hyaluronic acid
was studied as described in Section 2.2.5.. After incubation
with Targe molecular weight hyaluronic acid and chromatography
on Sepharose CL-2B only about 8% of adult PGM formed aggregates
and was excluded from the column (Fig. 2.8b). The system was
checked by incubating bovine nasal cartilage PGM with the same
hyaluronic acid under identical conditions. Over 85% of the
included cartilage PGM became excluded from Sepharose CL-2B
after incubation (Fig. 2.9). PGM derived from neonatal and
foetal tissue gave no detectable aggregation with exogenous
hyaluronic acid, and no increase in the amount of uronic acid

in the Vo of a Sepharose CL-2B column was noted.

To assess the size of the main glycosaminoglycan chains,
samples of PGM from the different aged tissues were digested
exhaustively by papain (see Methods) and then chromatographed
on a Sepharose CL-6B column (Fig. 2.10). The average molecu-
lar weight of the released glycosaminoglycans was estimated

by comparing the elution position (Kav) of the sample fraction
to that of known chondroitin sulphate standards as described
by Wasteson (327). From the uronic acid profiles obtained,
it appeared that there was a decrease in the bulk glycosamino-
glycan chain size with age, with the Kav on Sepharose CL-6B
being 0,27 for chains from foetal and neonatal PGM and 0,34
for chains from adult PGM. The Kavs suggest molecular
weights of greater than 50000 for foetal and neonatal glycos-
aminoglycans, and about 42000 for those from adult PGM.

These sizes are at least double the sizes found for glycos-
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Fig. 2.9. Sepharose CL-2B chromatography of proteoglycans
from bovine nasal cartilage incubated in the presence
and absence of exogenous hyaluronic acid.

Proteoglycans were extracted under dissociative conditions

from bovine nasal cartilage and subjected to dissociative
caesium chloride density gradient centrifugation as described
in Section 2.2.3.1. A sample of the bottom (D1) fraction was
processed {see under Fig. 2.3) and chromatographed on Sepharose
CL-2B as described in Section 2.2.6, either in the absence (—)
or presence (--) of an excess of exogenous large molecular
weight hyaluronic acid (Section 2.2.5). Column fractions were

assayed for their uronic acid content.
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Fig. 2.10. Sepharose CL-6B chromatography of free glycosamino-

glycan chains obtained from proteoglycans isolated

from aortic medial

tissue of different aged animals.

Proteoglycans were isolated under dissociative conditions from

the aortic media of adult (A), neonatal

(B) or foetal (C) animals.

.Free glycosaminoglycan chains were obtained either by papain
digestion or treatment with alkaline borohydride as described in
Section 2.2.4 and chromatographed on Sepharose CL-6B as described

in Section 2.2.6.

B Aoty ot L e i [ il SR S

Column fractions were'assayed for their uronic
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aminoglycans isolated from cartilage PGM (18). Furthermore,
a large proportion of the foetal and neonatal material (nearly
30%) was excluded from the column (Fig. 2.10 b and c), which
was not so in the case of adult material (Fig. 2.10a). These
larger molecular weight species were totally resistant to
further prolonged papain digestion. When glycosaminoglycan
chains werereleased from PGM by treatment with alkaline boro-
hydride and chromatographed on Sepharose CL-6B similar uronic
acid profiles as shown for Fig. 2.10 were obtained. The nature
of the excluded material from foetal and neonatal preparations

will be discussed later.

Evidence for kefatan sulphate-like chains was suggested by the
presence of sialic acid in PGM samples from all ages (Fig. 2.10).
The size of these keratan sulphate-like chains was monitored

by chromatography on both Biogel P-30 and Sepharose CL-6B after
treatment of the PGM with papain or alkaline borohydride.

After treatment the KaV of the sialic acid-contining moiety
from PGM isolated from different ages was found to be 0,82

by Sepharose CL-6B chromatography, which indicated that the
size of these chains remained constant with age (Fig. 2.10).
Chromatography on Biogel P-30 yielded the profiles shown in
Fig. 2.11, namely two sialic acid-containing peaks identified
for all ages with a small proportion of the chains having E

Kav of 0,49 and the rest a Kav af 0,67 These results sugges-
ted the existence of keratan sulphate-like oligosaccharides

on PGM from bovine aortas. The amount of material in the

smaller peak relative to that in the larger species was
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Figls @ Wk Biogel P-30 chromatography of sialic acid-containing

material obtained from proteoglycans isolated from
aortic medial tissue of different aged animals.

Proteoglycans were isolated under dissociative conditions from
the aortic media of adult (A) and neonatal or foetal (B) ani-
mals and treated with alkaline borohydride as described in
Section” 2.2.4. Samples were chromatographed on a Biogel P-30
column as described in Section 2.2.6. Column fractions were
assayed for their sialic acid content.
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slightly greater in younger tissue.

It has been shown that digestion of cartilage PGM by chon-
droitinase ABC followed by trypsin and chymotrypsin digestion
results in degradation of all but the keratan sulphate-rich
peptide portion of the core protein of the proteoglycan (15).
In order to see if such a region existed in aortic PGM,
samples derived from the different aged tissues were treated
with the same enzymatic process and subsequent chromatographic
analysis on Sepharose CL-6B gave rise to the profiles shown in
Fig: 2«12 The sialic acid profiles show that after digestion,
the PGM contained a "keratan sulphate area" which was only
slightly larger than that of the keratan sulphate-type chains
alone, implying thata keratan sulphate-peptide region, compar-
able to that in cartilage PGM which has a very much larger
molecular weight, does not exist in the aortic proteoglycans.
The trypsin and chymotrypsin digestions were likely to be less
effective in releasing single chains as compared to papain
digestion or alkaline borohydride treatments. This might
explain the slightly larger size of the product on Sepharose
CL~6B. It was possible that the peak material represented
two chains joined by a peptide. However, it was clear that

a keratan sulphate-peptide region containing a large number

of keratan sulphate chains joined together by a peptide,such

as found in cartilage, does not occur in aortic PGM.

Again, both neonatal and foetal-derived PGM contained a large
amount of uronic acid-containing material that was insuscep-

tible to chondroitinase ABC digestion and eluted at the VO of
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Fig. 2.12. Sepharose CL-6B chromatography of proteoglycans from

aortic medial tissue of different aged animals after
sequential enzyme treatment.

Proteoglycans were isolated under dissociative conditions from
the aortic media of adult (A), neonate (B) and foetal (C) animals
as described in Section 2.2.3.1. Samples of D1 fractions proces-
sed as described under Fig. 2.3 were digested with chondroitinase
ABC followed by trypsin and chymotrypsin, and chromatographed on
Sepharose CL-6B as previously described. Column fractions were
assayed for their uronic and sjalic acid content.
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the Sepharose CL-6B column, as observed above with papain
digestion, whereas PGM from adult tissue was almost totally
digested by the enzymes to small molecular species (disac-
charides). Further exhaustive digestion by chondroitinase
did not degrade the VO peaks obtained with the younger tissue

PGM any further.

To qualitatively assess the dermatan sulphate content of the
PGM from different age groups, samples containing the same
amount of material (ug uronate) were treated with either
chondroitinase ABC or AC prior to papain digestion and chroma-
tography on Sepharose CL-6B. The differences in profiles
wefe due to the presence of dermatan sulphate since this
species is susceptible to chondroitinase ABC and resistant

to chondroitinase AC digestion. The uronic acid profiles

for adult-derived PGM showed an area of included material on
Sepharose CL-6B that was sensitive to chondroitinase ABC but
not chondroitinase AC digestion (Fig. 2.13a). This, however,
was not detected when PGM from foetal material was subjected
to the same procedures and essentially the same profiles were
obtained whether they were treated with chondroitinase ABC

or. AC, (Fig. 2:13€). With PGM obtained from neomatal tissue
the results were inconclusive, with evidence for a small
amount of chondroitinase AC-resistant material (Fig. 2.13b).
The data indicated that only adult PGM contained any appreci-
able amount of dermatan sulphate, and the absence of dermatan
sulphate in foetal PGM was confirmed when the analysis of the

different glycosaminoglycan species was performed on PGM from

the different aged material (see Table 2.3). Furthermore,
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Fig. 2.13. Sepharose CL-6B chromatography of proteoglycans from
aortic medial tissue of different aged animals after
sequential digestion by chondroitinase ABC and papain
or chondroitinase AC and papain.

Proteoglycans were isolated under dissociative conditions from the
aortic media of adult (A), neonate (B) and foetal (C) animals as
described in Section 2.2.3.1. The bottom (D1) fractions were
collected after dissociative density gradient centrifugation and
processed as described under Fig. 2.3. Samples from these frac-
tions were digested with either chondroitinase ABC followed by
papain (---) or with chondroitinase AC followed by papain (—)

and then chromatographed on Sepharose CL-6B as described in
Section 22,6, Column fractions were assayed for their uronic
acid content.
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the dermatan sulphate did not elute as a single peak but
rather as a polydisperse area between Kav 0,35 and the Vt
of the column (Fig. 2.13). The average Kav of the material
eluting as dermatan sulphate was smaller than was normally
seen for glycosaminoglycan chains (Fig. 2.10), and thus was
consistent with the results of other workers, showing that
dermatan sulphate exists in the aortic proteoglycan as co-

polymeric chains with condroitin sulphate (287,290).

In order to determine the amounts of the different glycosamino-
glycan side chains in PGM derived from material from animals
of different ages, the PGM were first subjected to papain

digestion to release these chains, which could then be further

digested by specific enzymes. The digests were chromatographed |
on Sephadex G-50 as described in Section 2.2.8. In each case
the amount of undigested uronic acid - containing material i
remaining in Vo was assessed before and after digestion with
specific enzymes or chemical treatments. Before any digestions
all uronic acid was found in the Uo’ indicating that the chains
were not degraded in any way. However, with the material

derived from the foetal and neonatal tissue a uronic acid-con-
taining species which resisted digestion by all of the specific
enzymes was routinely noted. This was consistent with our
previous observations that some of the foetal and neonatal

PGM contained material resistant to digestion with papain

(Fig. 2.10) and chondroitinase ABC (Fig. 2.12). In order to
characterize this material, the following tests were carried

out. Firstly, exhaustive digestion with hyaluronidase using
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times and enzyme concentrations that totally destroyed 100 ug
commercial hyaluronic acid. Furthermore, from quantitation
of the various glycosaminoglycans in the bottom 1/5 fraction
of the caesium chloride gradient (Table 2.3), it was already
known that, although some hyaluronic acid was present, it
could not account for the large proportion of uronic acid
that was excluded from Sepharose CL-6B. The second approach
involved the digestion of the excluded material with amylase
(EC.3.2.1.1), since neutral sugars have been shown to give
positive results with the carbazole reaction used for quanti-
tating uronic acids. It was found after brief digestion

(10 min at 37°C) of PGM preparations with amylase that indeed
some of the uronic acid positive material appeared in the Vt
of the Sephadex G-50 column. This indicated that PGM pre-
parations, in spiteof the rigorous isolation procedure, were
contaminated with glycogen. It was not, however, feasible
to include as routine an amylase digestion step in the isola-
tion procedure, since all the amylase preparations invariably
contained some proteases which resulted in degradation of our
PGM preparation. Precipitation of the initial 4 M guanidine
HC1 extract with cetylpyridinium chloride has been shown by
some workers to rid the preparation of some of its contami-
nants, including glycogen (291), but in our hands such preci-
pitation made little difference to the amount of glycogen
present in the final preparation. Therefore, in order to
quantitate the amount of different glycosaminoglycan types in
PGM samples, the amount of contaminating glycogen was first

determined, and then the values corrected accordingly. The
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glycogen contaminant of the adult PGM preparation was only

a small proportion (less than 8%), but was higher in neonatal
and foetal PGM preparations. It was also important to show
which of the peaks found on chromatography of the PGM samples
on Sepharose CL-2B (Fig. 2.4) were contaminated with glycogen.
This analysis was carried out as follows: Tlarge amounts of
the two peaks (Fig. 2.4) were prepared, using a preparative
Sepharose CL-2B column (1,6 x 130 cm). Material from the
different peaks was pooled separately, dialysed and freeze-
dried. They were then digested with papain and then subjec-

ted to ion-exchange chromatography on DEAE-cellulose (Section

2-2:7): The uncharged glycogen was not bound by the cellulose,

whereas the highly anionic glycosaminoglycan chains bound and
eluted only at high salt concentrations. The profiles of
the individual peaks from neonatal and foetal PGM after
chromatography on DEAE-cellulose are shown in Fig. 2.14.

Both peak I (Kav 0,31) and peak II (Kav 0,56) from Sepharose
CL-2B contained a portion of material not bound to the column
as well as material that eluted later. The majority of the
bound material eluted at a position corresponding to that
where standard chondroitin sulphate elutes; this agreed with
results obtained on the quantitation of glycosaminoglycans by
susceptibility to different enzymes, which showed that the
majority of glycosaminoglycans were chondroitin and dermafan
sulphate (Table 2.3). Small peaks eluted at a position
corresponding to that of standard hyaluronic acid, indicating
that the dissociative preparation still contains hyaluronic

acid associated with it. The proportion of unbound material



A B

41 1
o
x 2 1
E
o b3
= i p—
o o
Q S
o
Z 101 4
@] w
[ oo
=)

51 1 3

20 40 20 40
FRACTION

Fig. 2.14. DEAE-cellulose ion-exchange chromatography of glycosaminoglycan chains associated with
individual proteoglycan species separated by Sepharose CL-2B chromatography of material
extracted from neonatal or foetal medial tissue.

Proteoglycans were isolated under dissociative conditions from the aortic media of neonate (A,B) and
foetal (C,D) animals as described in Section 2.2.3.1. The bottom (D1) fractions were collected after
dissociative density gradient centrifugation and chromatographed on a preparative Sepharose CL-2B
column as described in Section 2.2.6. Material corresponding to peak I (A,C) and peak II (B,D) (see
Fig. 2.4) was collected, dialysed, digested with papain and then chromatographed on DEAE-cellulose

columns as described in Section 2.2.7. Column fractions were assayed for their uronic acid -content.
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was greater in peak II for young material (Fig. 2.14) and,
after correction for the amount of glycogen in each peak, the
ratio of peak I to peak II was 1,4:1 for neonatal PGM and for
foetal PGM most of the material eluted in PG 1. Peaks I and
II from adult PGM were also analysed on a DEAE-cellulose
column (Fig. 2.15). In contrast to the material from younger
tissues, the small amount of unbound material was associated
with peak I and it disappeared after digestion with amylase.
Thus about 90% of the PGM from adult tissue eluted on Sepha-
roge CL-2B with a peak at Kav 0,56, compared to material from
younger animals which eluted at two peaks, and the younger
the tissue the greater the amount of material eluting in the
larger peak. The DEAE profiles also showed that the peaks

I and II seemed to be similar in terms of glycosaminoglycan

composition, as both produced similar profiles on the columns.

Further evidence that the material that did not bind to the
DEAE cellulose column was glycogen was provided by analysis
of the glucose content of the various peaks off the DEAE
cellulose column after hydrolysis, as described in Section
2:2:10. Those peaks that did not bind to the column were
shown to consist almost entirely of glucose, whereas those
that bound to the column contained no detectable amounts of

glucose.

The corrected results for the quantitation of glycosamino-
glycans from PGM from different ages are shown in Table 2.3.
The results parallel those from the intact media (Table 2.2)

in that the majority of the sulphated glycosaminoglycan
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Fig. 2.15. DEAE-cellulose ion-exchange chromatography of glycos-
aminoglycan chains associated with individual proteo-
glycan species separated by Sepharose CL-2B chromato-
graphy of material extracted from adult medial tissue.

Proteoglycans were isolated under dissociative conditions from
the aortic media of adult animals as described in Section 2.2.3.1.
The bottom (D1) fraction was collected after dissociative density
gradient centrifugation and chromatographed on a preparative
Sepharose CL-2B column as described in Section 2.2.6. Material
corresponding to peak I (A) and peak II (B) (see Fig. 2.4a) was
pooled and processed as described under Fig. 2.14, prior to
chromatography on DEAE-cellulose columns as described in Section
. 2.0 Column fractions were assayed for their uronic acid

content.
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TABLE “2. 3
THE GLYCOSAMINOGLYCAN COMPOSITION OF PGM ISOLATED DISSOCIA-

TIVELY FROM THE MEDIA OF BOVINE AORTAS FROM DIFFERENT

AGE GROUPS

PGM were prepared from bovine aortic media from different aged
animals as described in Section 2.2.3.1. Their glycosamino-
glycan composition was assayed after sequential digestion with
papain and specific glycosaminoglycan-degrading enzymes and
chromatography on Sephadex G-50, as described in Sections 2.2.4
and 2.2.8. The data represent the mean + S.D. for three dif-

ferent experiments.

Glycosaminoglycan Glycosaminoglycan Content (% of total)
Adult . Neonate Foetus

Chondroitin-4- 59,9+3,3 713.242.7 88,6+4,5

and -6-sulphate

Dermatan sulphate 1756 +1, 12,0+1,1 0

Heparan sulphate/ 10,3+2,0 6,4+0,6 4,8+0,4

heparin

Hyaluronic Acid 12,242,8 8,4+1,8 6,6+0,6
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chains were chondroitin sulphate in all age groups. Only
chondroitin sulphate was found in foetal PGM with no signifi-
cant dermatan sulphate beipg detected. The dermatan sulphate
content of the PGM increased with age, making up 12% of the
uronic acid-containing glycosaminoglycans in neonate and 18%
in adult PGHM. Heparan sulphate/heparin made up 10% or less
of the PGM in each age group and its concentration seemed to
increase slightly with age. In spite of the PGM having been
isolated from the tissue by dissociative extraction techniques
and dissociative caesium chloride density gradient centrifuga-
tion, small amounts of hyaluronic acid were still found in the
final PGM preparation from the most dense fraction of the

gradient.

Thin layer chromatography of disaccharides released from the
glycosaminoglycans of each age group after digestion with
chondroitinases ABC or AC resulted in the disaccharides being:
fractionated into three species: those sulphated at the 4-
position, those sulphated at the 6-position and unsulphated
disaccharides. Quantitation of these species proved difficult
as the spots were not sufficiently defined to yield reprodu-

cible results. However, it was consistently noted that in
the disaccharides derived from adult tissue the spot corres-
ponding to chondroitin-6-sulphate took up more stain than did
that corresponding to chondroitin-4-sulphate, whereas in the

disaccharides from the younger tissue they stained with about

the same intensity.
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2.4. DISCUSSION

In this study proteoglycans have been isolated from the medial
layer of bovine aortas from different age groups. Histology
showed that the tissues used for extraction were pure media

and thus the proteoglycans isolated were only those synthesized
and secreted by the smooth muscle cells of the media. The
total glycosaminoglycan content of the media was shown to dec-
rease with age, a change that has been noted by other workers
£289,293)% In addition, the water content of the aorta paral-
leled its glycosaminoglycan content, supporting the theory

that proteoglycans are important for trapping water in tissues

(55).

When the different glycosaminoglycans of the media were quanti-
fied it was noted that hyaluronic acid made up a large propor-
tion of the glycosaminoglycans in tissues from all age groups
and its amount increased slightly with age (Table 2.2). This
finding agrees with those of other workers who noted that
hyaluronic acid made wup almost one-third of the glycosamino-
glycans in the aorta (284). Chondroitin sulphate made up

the bulk of the sulphated glycosaminoglycans in all age groups
studied, with the amount of chondroitin-6-sulphate increasing
with age. Studies of changes with maturation have also shown
an increase in chondroitin-6-sulphate relative to chondroitin-
4-sulphate for both cartilage and aortas (268.271,272,292).
Toledo and Mourdo have shown that chondroitin-6-sulphate is
more abundant in adult human aortas, whereas in young aortas

chondroitin-4- and -6-sulphate are present in approximately
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equal amounts (292). Small amounts of heparan sulphate/
heparin were found in tissues from all ages and the amount
increased with age, a change that has been noted by some
workers (284). Dermatan sulphate was hardly detected in
the younger tissue but its concentration increased with age,

a finding also reported earlier (284).

The extraction techniques devised for the isolation of proteo-
glycans from cartilage seemed to be effective in the isolation
of proteoglycans from the aorta. With foetal and neonatal
tissue high yields of uronic acid (70% or higher) were obtained
after extraction for 48 h with 4 M guanidine HCI containing
proteolytic inhibitors. With the thick adult tissue, the
yields were not so good (about 50%) but still compared favour-
ably to yields obtained by other workers using several differ-
ent techniques (289-291,298). The dissociative caesium
chloride density gradient centrifugation was effective in
separating the PGM from the majority of coextracted proteins,
since most of the latter (90%) were found in the top of the
gradient after centrifugation, whereas less than 15% of the
uronic acid was found in this fraction. Precipitation with
ethanol should be avoided during isolation since it resulted
in the formation of artifactual complexes which were excluded
from Sepharose CL-2B (Fig. 2.7), and thus can give false
representation of the amount of material able to form aggre-

gates with HA.

Analysis of extracted PGM, following caesium chloride buoyant

density centrifugation, on Sepharose CL-2B showed them to be
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heterogeneous in size. They were smaller and exhibited
lower buoyant densities than cartilage proteoglycans and
there was a broader distribution throughout the bottom half
of a caesium chloride gradient as compared to cartilage PGM
(13053 ), On Sepharose CL-2B chromatography, two sizes of
PGM were found; the larger had a K,y of 0,31 and was thus

similar in size to that described by Oegema et al. (291) and

Wight and Hascall (281). The amounts of each species varied
within the different ages, the larger species predominated in
younger tissue and the smaller species (Kav 0,56) became pre-
dominant in older tissue. In agreement with some other
workers (281,291,303), we have found the glycosaminoglycan
chains to be at least twice as long as those from cartilage
PGM (18). Analysis of these chains on Sepharose CL-6B showed
them to be longer in PGM from younger tissue and this may, in
part, account for the differences noted in the sizes of PGM:
There may be the same number of chains attached to a compar-
able core protein in both young and older animals, but the
decreased chain length in older animals would lead to a dec-
rease in PGM size. However, it was possible that the number
of chains also varied, perhaps as a consequence of an increased
core protein length making available in increased number of
glycosaminoglycan initiation sites. This would lead to

changes in monomer size, particularly in the younger animals

where two monomer sizes were noted.

The presence of keratan sulphate chains has not been demon-

strated conclusively, but has been suggested by some authors
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(291, 306). The presence of keratan sulphate-like glycosamino-
glycans/oligosaccharides was suggested by the presence of
sialic acid in PGM preparations from all ages. These chains
were shown to be much smaller than the uronic acid-containing
glycosaminogliycan chains and did not seem to occur as a speci-
fic keratan sulphate-rich peptide cluster region on core
protein as is the case in cartilage (15). They may represent

potential oligosaccharide-keratan sulphate initiation sites.

Comparison on Sepharose CL-6B of PGM digested with either
chondroitinase ABC or AC followed by papain demonstrated that
adult and probably neonatal material, but not foetal material,
contained dermatan sulphate that was resistant to digestion
with chondroitinase AC. In addition, the dermatan sulphate
was very heterogeneous in size and generally was much smaller
than the size determined for intact glycosaminoglycan chains.
These observations support the findings of several labora-
tories that dermatan exists in aortic PGM as copolymers, with
lengths of iduronic acid-containing dermatan sulphate units
interspersed among glucuronic acid-containing chondroitin sul-
phate units to form chondroitin sulphate-dermatan sulphate
hybrids (287,290). The absence of dermatan sulphate in foetal
PGM was confirmed after quantitation of the glycosaminoglycans
found in PGM preparations from the different ages. We have
used susceptibility to specific glycosaminoglycan degrading
enzymes to quantitate these chains in our proteoglycan samples.
We consider this to be a better method for analysis than elec-

trophoretic separation, as many factors can alter the electro-
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phoretic mobility of the glycosaminoglycans (e.g. degree of
sulphation) and thus electrophoretic mobility may not be

definite proof of chemical identity. The foetal PGM con-

tained only chondroitin sulphate with less than 1% dermatan
sulphate, but the amount of dermatan sulphate increased with age
with a concomitant decrease in the amount of chondroitin sulphate.
The PGM derived from adult tissue contained 18% dermatan sul-
phate. This level was similar to that found for proteo-

glycans from bovine aortas as described by Kresse et al. (287)

but is higher than the amount found by Oegema et al. (291),

and Eht1ich ‘et @lEF (90 . The pattern of glycosaminoglycans
~found in the PGM samples paralleled that found in the tissue
and it seems that 4 M guanidine HC1 extracted a representa-
tive proportion of the total glycosaminoglycans and not only
one type. Heparan sulphate has been shown to most resist
extraction by dissociative solvents, but the aortic medial
tissue was shown to contain only small amounts of this glycos-

aminoglycan (Table 2.2) so this did not pose a serious prob-

lem for extraction.

In spite of having undergone a dissociative extraction and
caesium chloride gradient centrifugation, our final PGM prepa-
rations contained significant amounts of hyaluronic acid. The
hyaluronic acid content of the media was found to be very high
and, although it was broadly dispersed throughout fhe middle
fractions of caesium chloride gradients during purification.
It was not therefore surprising that some was found associated

with material at the bottom of the tube. The high content of
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hyaluronic acid in the media of all ages suggests that the

PGM should be able to interaét with it to form Targe molec-
ular weight aggregates as has been found in the casé of car-
tilage PGM. However, this does not appear to Bccur with
aortic material since little aggregation occurred with adult
PGM and no evidence for aggregate formation with material

from foetal and neonatal aortas was obtained. In spite of the
large concentration of hyaluronic acid in the young tissues,
when proteoglycans were extracted dissociatively and then
dialysed to associative conditions, no evidence of aggregate
formation with endogenous hyaluronic acid was observed.
Addition of an excess of exogenous large molecular weight
hyaluronic acid also did not result in the formation of
aggregates. Thus it seems as if the PGM from young aortic
medial tissue are not able to aggregate with hyaluronic acid.
Dialysis of a dissociative extraction of proteoglycans from
adult medial tissue to associative conditions, however, result-
ed in about 25% of the material being excluded from a Sepharose
CL-2B column, indicating that at least a portion of the adult
PGM was able to form large molecular weight aggregates with
endogenous hyaluronic acid. Addition of exogenous hyaluronic
acid, however, resulted in lower amounts of aggregate formation
(less than 10%). This difference between the amount excluded
from the column in associative preparations and after addition
of exogenous hyaluronic acid to a dissociative preparation was
also observed by Oegema et al. (291). Perhaps some additional
factors are needed which are separated from the PGM during the
dissociative caesium chloride spin and in their absence the
PGM cannot aggregate with exogenous hyaluronic acid to any

great extent. Such factors may also be lacking in young
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tissue, accounting for the inability of the PGM from thesé
tissues to aggregate. The potentiai to form aggregates may

be present but may not be expressed until later,when all the
necessary components are present. Qur findings support

those of several other authors who have all reported some
degree of aggregate formation between aortic proteoglycans

and hyaluronic -acid (291,299,305). The results also support
the view that such aggregation may not be as physiologically
important as it is in cartilage tissue. Other interactions
such as those between PGM and matrix proteins or with other

PGM or between hybrid chondroitin sulphate-dermatan sulphate
chains,as discussed in Section 1.4, may be just as important or
even more so in organizing the proteoglycans within the extra-
cellular matrix of the aorta. On dialysis of the initial dis-
sociative extract to associative conditions, large amounts of
proteoglycan precipitated with coextracted proteins which caused
significant losses of material. This has not been observed
during the extraction of proteoglycans from cartilage and may
reflect a tendency of the aortic proteoglycans to interact with

these proteins at low ionic strength.

One problem we have not been able to solve is the contamination
of our PGM preparations with glycogen, which gives a positive
reaction with the carbazole method used for detecting uronic
acids. This contamination was negligible in PGM material pre-
pared from adult tissue but is significant in PGM isolated from
young tissues. Neither digestion with amylase nor precipita-
tion with cetylpyrididinium chloride proved satisfactory as
additional routine preparative procedures. However, the quan-

titation of the glycogen content of our preparations and the
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subsequent correction of data by the amount determined has
enabled accurate analysis to be performed. Glycogen has been
shown to be mostly associated with the species eluting later

on a Sepharose CL-2B column.

The proteoglycans isolated from aortas are similar to carti-
lage proteoglycans in that they contain chondroitin sulphate
as the major sulphated glycosaminoglycan. However, they

are smaller than cartilage proteoglycans, have longer glycos-
aminoglycan side chains and are unable to interact with
hyaluronic acid to the same extent. These findings agree
with those of several workers regarding the polydispersity,
the glycosaminoglycan chain length and the ability to inter-
act with hyaluronic acid (281,288,291). However, the exis-
tence of different species of PGM, each containing side chains
with a specific glycosaminoglycan composition and differing

in their ability to interact with hyaluronic acid as described
by other workers (54, 299.303), was not found. In our system,
material from adult tissues eluted predominantly as one peak
on Sepharose CL-2B and contained chondroitin sulphate, dermatan
sulphate, heparan sulphate/heparin and sialic acid-containing
oligosaccharide/keratan sulphate chains. The smaller species
was presumed to be the one that interacted preferentially with
hyaluronic acid since it was found that only PGM from adult
tissue could form aggregates to any degree. PGM from foetal
tissue which contained the large proteoglycan species predomi-
nantly, could not form aggregates with hyaluronic acid. These

findings were in direct contradiction to findings of others
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(54,303-305) who describe their large proteoglycan species

as being the one able to aggregate withhyaluronic acid.

The changes observed with age, such as a decreased glycosamino-
glycan content in older tissue and possibly increased chon-
droitin-6-sulphate content, weresimilar to those observed

with cartilage (265-271,273). The proteoglycans from aortas
of different ages were fairly similar in glycosaminoglycan
composition but differed strikingly in terms of their ability
to interact with hyaluronic acid. The appearance of derma-
tan sulphate in older tissues may be physiologically important,
as it is this species that has the greatest ability to inter-
act with macromolecules around it. It is considered to play
important roles in processes such as atherosclerosis and
anticoagulation, and it has also been shown to bind to several
proteins in human tissue. It may be important in the response
of the arterial wall to certain stimuli, and may help to organ-

ize collagen and proteoglycans within the matrix.
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CHAPTER 3
CHARACTERIZATION OF CULTURED BOVINE AORTIC SMOOTH

MUSCLE CELLS

3.1. INTRODUCTION

The characterization of the proteoglycans isolated from bovine
aortic media of different age groups enabled me to approach the
task of culturing aortic smooth muscle cells and the study of
their proteoglycan synthetic capacity with a base-line of know-
ledge regarding the types of proteoglycans I should expect to
find. The use of cultured cells for the study of metabolic
pathways such as biosynthesis, secretion and turnover has con-
tributed greatly to our general biochemical knowledge; however,
it is necessary to clearly establish whether the cells in cul-

ture are representative of the situation in.vivo. The charac-

terization, biosynthesis and secretion of proteoglycans have
been studied using cultured chondrocytes and fibroblasts from
various sources, but information concerning the production-of
proteoglycans by cultured smooth muscle cells is as yet limited.
In this study two lines of foetal bovine aortic medial smooth
muscle cells have been used to characterize the proteoglycans
synthesized and secreted by these cells. Cells were isolated
from medial tissue of thoracic aortas from foetuses having
crown-to-tail lengths of 45 to 50 cm. This was the same size
of foetus used for the preparation of foetal PGM as described
in Chapter 2. Thus the direct comparison of proteoglycans
produced by cultured cells and extracted from medial tissue

could be undertaken. Before the characterization of the
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proteoglycans synthesized by the cultured cells could be
undertaken, it was important to thoroughly quantitate various
parameters of the culture system such as growth rate, matrix
production and proteoglycan synthesis and secretion in the

absence or presence of added ascorbic acid.

J.Z5" METRODS

3.2.1. Preparation of cell cultures

AS1C16 was a clonal cell line derived from explants obtained
from the media of the thoracic aorta of a bovine embryo and
prepared according to the method of Ross (328). A3 was an
uncloned mass culture also obtained from foetal bovine aortic
medial explants. The embryos used were in the first trimester
of foetal 1ife (crown-to-tail lengths 45 to 50 cm). Hearts
and thoracic aortas were excised from foetuses using sterile
techniques. A portion of the aorta was cleaned of adherent
fat, rinsed and cut into smaller circular segments in 100 mm
Petri dishes containing small amounts of medium: Eagle's
minimum essential medium, buffered with Earle's salts and con-
taining 10% tryptose phosphate broth (Difco), 10% heat-inacti-
vated foetal calf serum (inactivated at 56°C for 30 min),

60 upg/ml penicillin G and 100 pg/ml streptomycin sulphate.

The portions of aorta were cut open to expose the lumen. The
intimal surface was scraped with a blade and medial shreds of
less than one-third of the aortic wall thickness were stripped

from the surface with fine-tipped forceps. These shreds were

cut into approximately 1 mm squares for explants. The explants
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were transferred into 100 mm Petri dishes and covered with

a small amount of medium, The medium was used sparingly in
order to promote adherence to the plastic surface. Exp]ants'
were maintained at 37°C in a humidified atmosphere of 95% air,
5% carbon dioxide. After a few days, additional medium was
added and thereafter medium was changed carefully every 3 days.
After about 7 to 10 days, outgrowths of cells from explants
could be clearly seen using a Nikon inverted microscope. The
lumps of explanted medial tissue were washed free from the
outgrowing cells and removed from culture dishes at this stage.
When outgrowths appeared confluent they were trypsinized
(0,05% (w/v) Difco trypsin 1:250 containing 0,002% (w/v)
EDTA), and either grown to large numbers (uncloned mass cul-
ture-A3) or plated into 60 mm Petri dishes at a clonal den-
sity of between 100 and 400 cells/4 ml medium. These were
left for one to two weeks to allow colony formation. Dishes
were marked to identify single cells that gave rise to viable
colonies. During this time care was taken not to disturb
the dishes in order to prevent secondary seeding. These

colonies were later harvested using trypsin and the clonal

ring technique; harvested cells were grown to large num-
bers. Subsequent divisions were performed when growth
reached confluency. Cells were passaged by trypsination

and stored in liquid nitrogen in 1 ml aliquots containing 106

cells in medium containing 10% (v/v) dimethylsulphoxide (DMSO).
For initiation of new cultures, frozen cells were thawed in a
waterbath at 370C and transferred to 75 cm3 tissue culture

flasks containing 14 ml of fresh medium. The medium was
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changed the following day to ensure the removal of thé DMSO.

Cells were used between passages 6 and 13 in culture and were
cultured in plastic tissue culture flasks at a seeding density
6 cel1s/75 cm’

of 10 flask or in 35 mm plastic Petri dishes at

a seeding density of 105 cells/35 mm dish.

3.2.2. Determination of cell number

For the determination of cell numbers, medium was removed from
the cultures and the cell layers were washed with phosphate-
buffered saline (PBS). A mixture of 0,25% (w/v) Viokase and
0,05% (w/v) crude collagenase was added to the cell layers,
and they were incubated at S?OC for 30 min. Cell numbers
were determined in a Coulter Counter - Model Zf (Coulter
Electronics Inc., Hialeah, Florida, USA) after dispersion of
the cells. Trypsin was inadequate for cell number determina-
tions late in culture, especially in those cultures grown in
the presence of ascorbic acid, since the cells produced an
extensive cross-linked trypsin-insensitive matrix which en-

meshed cells and resulted in erroneous cell numbers.

3.2.3. Determination of cellularprotein

To determine the amount of cellular protein, the medium was
removed from the cultures and the cell layers washed with PBS.
Cells were lysed by the addition of 1% (w/v) sodium dodecyl
sulphate (SDS) for 30 min at room temperature. The lysates
were collected and a sample analysed for the protein content

by the method of Lowry et al. (323) using bovine serum albumin
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in 1% SDS as standard. The matrix proteins were .not

solubilized by SDS.

3.2.4. Determination of matrix collagen production

Cells were cultured in 35 mm dishes as described in Sectibn
3.2.1. for the requisite number of days in the presence or
absence of ascorbic acid (50 ug/ml culture medium) which was
added daily. During the final 24 hours of culture, medium
contained, in addition to ascorbic acid (see above), 10 pCi
L-|53H| Proline. At the end of incubation, culture medium
was removed, cell layers washed 3 times with PBS and cells
were solubilized by the addition of 1 ml of 0,5 M ammonium
hydroxide for 20 min. Culture dishes with their adherent
matrix proteins, which were not solubilized by the above.
procedure (329), were washed extensively with distilled
deionized water, followed by 70% (v/v) ethanol prior to air-
drying. Dishes containing dry radioactively labelled matrix
material were digested with 1 ml of solution which contained
20 pg pure collagenase, 20 mM Tris/HC1 pH 7,4, 2,5 mM N- .
ethylmaleimide and 10 mM calcium chloride. After digestion
for 12 h at 3706, 500 pl aliquots were removed and assayed
for released radioactivity. Samples were counted using
scintillation mixutre 299 (see Appendix) in a Beckman Liquid

Scintillation counter Model LS 9000.

3.2.5. Determination of matrix protein composition

Radioactively-labelled matrix components were quantified

according to the procedure of Jones et al. (330). Cell cultures
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were grown for 7 days in the presence or absence of ascorbic
acid. On the seventh day 10 Ci of ]3H| Proline was added
with fresh medium and the cells incubated for a further 24 h.
Alternatively, |3H| Proline was present throughout the cul-
ture period. Following incubation, the medium was removed
and the radiolabelled matrices prepared as described in
Section 3.2.4. The dried matrices were subjected to sequen-
tial proteolytic digestion, first with trypsin (EC.3.4.21.4),
then elastase and finally collagenase, all at 37%¢f0d” 350,
The enzymes were all used at concentrations of 20 pg/ml in
0,1 M Tris/HC1 pH 7,4, containing 10 mM calcium chloride.
After each 3 h digestion period aliquots were removed for
counting and the dishes were washed 3 times with distilled
deionized water before the next enzyme was added. Samples
were counted in scintillation mixture as described in Section
< O 2

3.2.6. Assay of macromolecular S| sulphate incorporation

into the medium and cell-matrix layer

Cells were cultured as described in Section 3.2.1 for the
requisite number of days in either the presence or absence of
ascorbic acid, prior to the addition of 10 uCi of |355| sulphate/
ml culture medium for 24 h. At the end of the labelling period
the culture medium was collected and its volume measured. Cell
layers were washed 3 times with PBS and then extracted with

4 M guanidine HC1 containing 0,05 M sodium acetate, 0,1 M 6-
aminocaproic acid, 0,01 M EDTA, 5,0 mM benzamidine HC1 and

250 mM phenylmethylsulphonylfluoride, all at pH 5,8 for 2 h.
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Medium samples were made 4 M with respect to guanidine HCI
by addition of solid material and a mixture of proteolytic
inhibitors was added from stock solutions. The separation
of macromolecular sulphated molecules from unincorporated
radioactive sulphate was carried out by chromatography of
samples of medium and cell layer extracts on Pharmacia PD-10
columns equilibrated and eluted with 4 M guanidine HCI,
0,05 M sodium acetate pH 5,8. The columns were calibrated
with respect to the V  and V. using dextran blue and [355]
sulphate, respectively. Fractions were counted for radio-
activity using "Instagel" (see Appendix).

|35

3.2.7. Analysis of macromolecular S| sulphate incorpora-

tion into the extracellular, pericellular-matrix and

intracellular culture compartments

Cells were cultured in 35 mm dishes as described in Section
3.2.1 for the requisite number of days, in the presence or
absence of ascorbic acid,prior to the addition of |35S[ sul-
phate as described above. At the end of the labelling period
culture medium was collected, its volume measured and it was
retained as the extracellular compartment for later analysis.
The cell layers were washed 3 times with PBS and then incub-
ated for 30 min at 37°C with 1 m1 of a mixture of 0,25% (w/v)
Viokase and 0,05% (w/v) crude collagenase containing 30 mM
sodium fluoride and potassium cyanide to prevent further
secretion of macromolecules from the intracellular compart-
ment (331). The cell suspensions obtained after Viokase/

collagenase treatments were transferred to centrifuge tubes
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after gentle aspiration with a Pasteur pipette. Samples

were centrifuged for 2 min in a bench centrifuge at 2000 rpm
in order to pellet cells, and supernatants were retained as
the pericellular-matrix compartment. Cell pellets were lysed
in 500 ul PBS by sonication for 30 sec with a Branson Sonifier,
microtip 50 W (Branson Sonic Company, USA). This fraction
was designated as the intracellular compartment. The separa-
tion of macromolecular sulphated molecules from unincorporated
precursor isotope was routinely carried out as follows:
Aliquots (100 ul) of samples from all compartments were sub-
jected to descending paper chromatography on Whatman 3 MM
chromatography paper (25 x 45 cm). Chromatograms were eluted
overnight using 1-butanol:glacial acetic acid:1 N ammonium
hydroxide 2:3:1,8 (v/¥/v) as salvent (332). After elution,
chromatograms were dried and the macromolecular material that
remained at the origin was cut out and counted in scintillation
mixture as described in Section 3.2.4. Under these chromato-
graphic conditions, radioactive precursors (]3H| glucosamine
or |355f sulphate) were eluted from the origin but macromolec-
ular labelled material remained. Corrections for background
counts due to non-specific binding of the labelled precursor

to macromolecules at the origin were routinely carried out on

each chromatogram by counting 100 ul aliquots of fresh medium
containing the requisite amount of radioactive isotope as used
in any experiment. The values obtained for radioactivity
remaining at the origin under these conditions were subtracted
from those found for test samples. They were routinely less

than 5% of the value for macromolecular labelled material.
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3.3. RESULTS AND DISCUSSION

Bovine aortic smooth muscle cells showed an initial fast rate
of proliferation during the first few days of culture when
plated at 105 cellls per 35 s Petri dish (Fig. 3.1). Once
cells reached confluency, about 6 to 8 days after plating,
their rate of growth slowed down; however, they still con-
tinued to divide, and formed thick multilayers of character-
istic "hills and valleys" (328,333) when viewed under light
microscopy (Plate’3.1). In addition, they displayed the
typical morphology of modulated smooth muscle cells under
electron microscopy (334), namely an abundance of thin fila-
ment bundles containing many dense bodies and also a large
number of plasmalemmal vesicles (Plate 3.2). Ascorbic acid-
supplementation of the cultures had no gross effects on their
morphology, which is contrary to the results of Schwartz et
al. (335), but resulted in the cells showing a faster rate of
proliferation. Cultures supplemented with ascorbic acid
exhibited higher cell numbers than the corresponding non-

supplemented cultures.

The amount of matrix collagen produced per.day for cultures
grown either in the presence or absence of ascorbic acid was
determined as described in Section 3.2.4. Production of
collagen in the matrix started early in culture with vitamin-
supplemented cells and increased steadily until day 10, when
it peaked and thereafter declined slowly (Fig. 3.2). This
is at variance with the findings of Schwartz et al. (335),

who showed that the amount of collagen in the extracellular
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Fig. 3588 Growth curve of AS]C16 in culture.

AS]C16 smooth muscle cells, plated at 1[]5 cells/35 mm dish,

were grown in the presence (a) or absence (b) of ascorbic
acid, and harvested every second day for determination of
cell number as described in Section 3.2.2. Each time point
represents the mean + S.D. for triplicate dishes. These

results represent one of several experiments.



Platé 3.1. Light microscopy of smooth muscle cells in

culture.

Phase contrast micrographs of cell line A3 in culture:
A. Eells 24 h after plating
B. Ascorbic acid-deprived cells three days after plating.

C. Ascorbic acid-supplemented cells three days after plating.

Magnification x 250



162




Plate 3.1. continued

D. Ascorbic acid-deprived cells five days after plating.
E. Ascorbic acid-supplemented cells five days after plating.
F. Ascorbic acid-deprived cells eight days after plating.

G. Ascorbic acid-supplemented cells eight days after plating.

Magnification x 250
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Prate 3.2, Transmission electron micrograph of cell Tine
AS,Clgs in culture (transverse section):

A portion of a smooth muscle cell in culture. The cell can
be seen to be rich in thin filament bundles (f) and dense
bodies (d), together with numerous other organelles, such as
rough-surfaced endoplasmic reticulum (rer) and lysosomes (L).
Note the presence of plasmalemmal vesicles (pv) and extra-
cellular collagen (c).

This is a negative print, final magnification x 80000.
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Elg. 3.2, Matrix collagenproduction by AS]CTG cultures
grown in the presence of ascorbic acid.

AS,C1, smooth muscle cells (plated at 10° cells/35 mm dish)
were grown in the presence of ascorbic acid and harvested
every second day for the quantitation of matrix collagen as
described in Section 3.2.4. Each time point represents the
mean + S.D. for triplicate dishes. The results represent

one of three similar experiments.
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matrix of cultured calf aortic smooth muscle cells changed
little for 6 days after the addition of ascorbic acid and
thereafter 5ncreased rapidly. In the absence of ascorbic
acid matrix collagen production was minimal, and only very
low levels of collagenase-sensitive material were found in
the matrix even after 2 weeks in culture. Light microscopy
of the cells at different times after plating clearly showed
the deposition of large amounts of extracellular matrix, par-
ticularly in vitamin-supplemented cultures. The matrix
material was visualized as dark spots when viewed by phase

contrast light microscopy (Plate 3.1).

Compositional analysis of the extracellular matrix proteins
secreted by vitamin supplemented or deprived smooth muscle
cells at confluency yielded the data shown in Table 3.1.

It 315 ¢leay | that Tu:bath the A, and NA5.€}

3 1. 8
was a marked increase in total matrix protein laid down in

cell lines there

the presence of ascorbic acid. For A3 and AS]C‘I6 cell lines
the ascorbic acid-supplemented cultures produced 8 times and
14 times more matrix proteins, respectively, than did the
scorbutic cells. In addition, there was a marked difference
in the types of matrix proteins synthesized by the cells with
and without ascorbic acid. In the absence of the vitamin
most of the |3HI proline in the matrix was sensitive to tryp-
sin digestion (86 to 88%), which indicated the presence of
non-cross linked glycoproteins and proteoglycans, whereas

elastin (elastase-sensitive material) made up about 10% and

collagen only 2 to 4% of the matrix proteins. In supplemented



TABLE 3.1
PROTEIN COMPOSITION OF EXTRACELLULAR MATRIX MATERIAL LAID DOWN BY SMOOTH MUSCLE CELLS IN THE PRESENCE

AND ABSENCE OF ASCORBIC ACID

Cells were grown for 8 days in the presence or absence of ascorbic acid; |3H| proline (5 pCi/ml) was
present during the final 24 h of culture. Compositional analysis was carried out by sequential en-
zymatic digestion as described in Section 3.2.5. The "glycoproteins" fraction given under the

"percentage composition" reading refers to the material sensitive to trypsin digestion and is so des-

cribed after the data of Jones et al. (330). The data represent the mean + S.D. from 8 determinations.
Smooth Ascorbate Total Radioactivity (dpm) released by Composition (%)
Muscle Radio-
Cell Tline activity Trypsin Elastase Collagenase Glycoproteins Elastin Collagen
(dpm)
AS]C16 + . 122007 £ ' 33391 % 5698 + 82918 + 27,341, 1 4,7+0,2 68,0+1,0
8530 1793 332 3986
- 8487 + 7470 + 853 + 164 + 88,0+ 156 10,0+0,4 1,940, 1
537 527 144 31
Ag + 526472 + 144380 + 31537 # 350555 + 27,9+1,2 6,0+0,4 66,5+1,5
42435 11186 2837 33491 :
- 65589 + 56248 + 6510 + 2831 +

£ 85,8+0,7 9,9+0,4  4,440,3
3580 3279 357 169 _

L9



168

cultures, however, only about 27% of the ]3H] proline-labelled
proteins were trypsin-sensitive, and 4 to 6% elastase-sensi-
tive, but there was a large increase in the amount of material
released by collagenase (66 to 68% of the total) (Table 3.1).
This was a net increase of about 20-fold, and was consistent
with the accepted role of ascorbic acid in collagen biosyn-
thesis; namely, its role as a cofactor in the posttransla-
tional conversion of proline and lysine residues in the newly
formed collagen chain to hydroxyproline or hydroxylysine.
These reactions are catalysed by the enzymes prolyl hydroxyl-
ase (EC,1.14.11.2) and 1ysyl hydroxylase (EC.1.14.11.4), res-
pectively, and are necessary for correct structural organiza-
tion of the procollagen molecule, leading to its incorporation
into cross-linked collagen fibriis. A relative decrease in
the elastin component of the extracellular matrix in the
presence of ascorbic acid has been reported previously for

rat heart smooth muscle cells (336).

The synthesis and secretion of proteoglycans by the cells was
assessed over a period of 14 days in culture. Cultures grown
in the presence of ascorbic acid cannot be maintained for

much longer than 14 days, as the matrix becomes very thick and
cell-matrix layers start to peel off dishes, and eventua]]y
round up and detach. This phenomenon has also been reported

by  Schwartzoet: als: (3869. On alternate days until day 13,
cultures were labelled with |355| sulphate for 24 h. At the

end of the 24 h labelling period, the medium and guanidine HCI
extracts of the cell Tayer were prepared as described in Section

|35

3.2.6 and analysed for S| sulphate incorporated into macro-
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molecular material. Both A3 and AS]Cl6 cell lines produced
similar patterns of synthesis and secretion. The results
obtained with AS]C]6 celds are shown iR Fig. 3.3. As may

be seen from the figure, proteoglycan synthesis and secretion
followed a similar pattern in both ascorbic acid-supplemented
and non-supplemented cultures, with the amount of material

being synthesized and secreted increasing until a peak was
reached at 6 to 8 days after plating, and thereafter the rate

of synthesis and secretion declined. The |3551 sulphate
radioactivity in macromolecular material in the medium accounted
for the majority of the total |355| sulphate incorporated into
macromolecular material. In ascorbic acid-supplemented cul-
tures the amount of radioactivity in macromolecular material
in the medium after 6 to 8 days was approximately 1,5 fimes
higher than the amount of |355| sulphate associated with macro-
molecular material in medium of cells grown without ascorbic
acid for the same period. Likewise, the amount of radioactive
macromolecular material in the extracts of cell layers from
cells grown in the presence of ascorbic acid was about 1,5 to
1,8 times that found in extracts of cell layers from cells
grown without ascorbic acid. Wight and Ross have reported
that the rate of incorporation of labelled precursors was
maximal during the stationary phase of growth and less during
logarithmic growth periods (310). My results showed that
incorporation rates were maximal just after the cells had
reached confluency but thereafter they were not maintained

at this high level and incorporation of ]355| sulphate into

macromolecular material declined late in culture.
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FYge®3:38t Incorporation of |355[ sulphate into proteoglycans.
AS]C16 smooth muscle cells were plated at 105 cells/35 mm

dish and grown in the presence (a) or absence (b) of ascorbic
acid. Cultures were labelled for 24 h with 10 uCi/ml of
13551_su1phate. At each time point the medium (-) and
guanidine HC1 extract of the cell layer (---) were collected
and assayed for their total incorporated radioactive sulphate
as described in Section 3.2.6. Each point represents the

mean + S.D. for triplicate dishes.
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Prgess s Incorporation of |“°S| sulphate into proteoglycans.

AS C16 smooth muscle cells were plated at 105

1 cells/35 mm
dish and grown in the presence (a) or absence (b) of ascorbic
acid. Cultures were labelled for 24 h with 10 puCi/ml of
]355|_su1phate. At each time point the medium (-) and
guanidine HC1 extract of the cell layer (---) were collected
and assayed for their total incorporated radioactive sulphate
as described in Section 3.2.6. Each point represents the

mean + S.D. for ‘triplkicate ‘dishes.
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The amount of I355[ sulphate labelled macromolecules released
into the medium and present in the guanidine HC1 extract of
the cell layer at various times during a continuous radio-
active labelling regimen using cultures grown in the presence
and absence of ascorbic acid is shown in Fig. 3.4. Cultures
were labelled continuously from day 1 and at each medium
change media were retained and fresh medium containing |35S|
sulphate (10 uCi/ml) was added to the cells. The secretion

of the labelled macromolecules into the medium increased up
until 9 days in culture, after which it remainedconstant. On
the other hand, the amount of labelled macromolecules in the
guanidine HC1 extracts of the cell layers reached equilibrium

4 days after plating. This indicated that the extracellular
medium proteoglycans turned over at a slower rate than the
cell-associated ones, since only after 9 days in culture was
equilibrium reached between molecules entering and leaving

this compartment compared to 4 days with respect to the proteo-
glycans found in the matrix/cell layer. It was routinely
noted that the presence of ascorbic acid resulted in a greater

|3SS| sulphate into macromolecular material

incorporation of
in the medium and extracts of the cell layer of supplemented
smooth muscle cell cultures as compared to scorbutic cultures.
However, since ascorbic acid also resulted in increased cell
numbers, it was of interest to see if there was a net increase

1358| sulphate incorporation in the presence of

35
|

in total
ascorbic acid, or whether the increased S| sulphate incor-
poration merely occurred as a result of a general increase in
metabolic activity in the presence of the vitamin. As already

mentioned, there were marked differences in the composition
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Fig. 3.4. Accumulation of | °S| sulphate labelled macro-

molecules in AS]C16 cultures.

AS1Clg smooth muscle cells were plated at 10° cells/35 mm

dish and grown in the presence (a) or absence (b) of ascorbic
acid. Cultures were labelled continuously with |39S|sulphate.
At each time point the medium (-) and guanidine HC1 extracts

of the cell layer (---) were collected and assayed for their
total incorporated radioactive sulphate as described in Section
3.2 .65 Each point represents the mean + S.D. for triplicate

dishes.
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of the matrices in the presence and absence of ascorbic

acid. Furthermore, since there is clear evidence for inter-
action between proteoglycans and the matrix proteins (Section
1.4.1), an investigation of the effect of ascorbic acid on

the biosynthesis of matrix-associated proteoglycans was under-
taken. Cultures were therefore maintained for 7 days with

or without ascorbic acid, followed by a 24 hour exposure to
|353[ sulphate. The amount of macromolecular material asso-
ciated with the extracellular culture medium, pericellular-
matrix and intracellular compartments was quantitated as des-
cribed in Section 3.2.7, and related to the amount of total cel-
lular protein present in the cultures. These results are

shown in Table 3.2.

It can be seen that there was a net increase in the total
amount of ]353| sulphate incorporated into macromolecular
material per ug cell protein in the case of the cultures
supplemented with ascorbic acid. The biggest increase in
incorporation was found in the pericellular-matrix compart-
ment for both the A3 and A51C]6 cell lines. With the A3
cells the amount of |35S| sulphate labelled macromolecular
material found in the extracellular and intracellular comp-
artments did not change significantly in the presence of
ascorbic acid, but for the AS]C16 cells an increased amount

355| sulphate into macromolecular mater-

of incorporation of |
jal was found in these compartments as well, although the
increase was not as dramatic as that found with the peri-

cellular-matrix compartment (Table 3.2). Thus, addition of



TABLE 3.2

THE EFFECTS OF ASCORBIC ACID ON THE INCORPORATION OF |35S| SULPHATE INTO THE DIFFERENT

CULTURE COMPARTMENTS

Cells were grown for 8 days in the presence or absence of ascorbic acid; ]3551 sulphate (10 pCi/m1)
was present during the final 24 h of culture. The incorporation of |355[ sulphate into the medium
(extracellular), pericellular-matrix and intracellular compartments of the culture system was carried
out - as deseribed in Section 3.2.17. The data represent the mean + S.D. of triplicate determinations

in one of several similar experiments.

Smooth Muscle Ascorbate Incorporation of |355| sulphate (dpm/ug cell protein)
Cell Line
Total Extracellular Pericellular-Matrix Intracellular
AS]C16 + 515,8+19,8 352,6+421,2 115,7+5,4 47,5+1,4
- 300+12,4 238,7%9,3 350¢6¢.3 RdsdElyd
A3 - 465,3+21,2 289,4+15,4 154,9+6,5 21,0+2,8

- 368,6+17,5 311,5+15,7 37,6+2,6 19,4+1,6

Ll



175

ascorbic acid resulted in a net increase in the amount of
|355[ sulphate incorporated into macromolecular material
with the biggest effect being in the pericellular-matrix
compartment. The nature of this effect will be discussed

in detail in Chapter 5.

Therefore, both the A3 and A51016 cell lines isolated from
bovine foetal aortic media were shown to have the growth
patterns and morphology characteristic of smooth muscle cells
in culture. They were shown to produce an extracellular
matrix, the amount and composition of which was greatly affec-
ted by the addition of ascorbic acid to the cultures. In

|3551 sulphate

addition, they were also shown to incorporate
into macromolecular material, and the synthesis and secretion
of such material reached a maximum just after the cells attain-

|35S| sulphate incorporated by

ed confluency. The amount of
the cultures was increased in the presence of ascorbic acid,
with the biggest effect being in the pericellular-matrix

compartment.
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CHAPTER 4

ANALYSIS OF PROTEOGLYCANS SYNTHESIZED AND SECRETED BY AORTIC

MEDIAL SMOOTH MUSCLE CELLS IN CULTURE

4.1. INTRODUCTION

Although a number of studies on the biosynthesis and secretion
of proteoglycans by cultured cells has been reported (13,23,306,
310,337), few of these are concerned specifically with cultured
smooth muscle cells. Wight and Ross were among the first
workers to study glycosaminoglycan secretion by primate arter-
ial smooth muscle cells in culture (310). They noted that

the incorporation of labelled precursors into glycosaminoglycans
was maximal during the stationary phase of growth and was much
reduced during the logarithmic growth phase. The majority of
labelled material was found associated with culture medium

and thus in their early work they only analysed this material.
Smooth muscle cell cultures were shown to synthesize dermatan
sulphate principally, and some chondroitin sulphate, but little
or no hyaluronic acid. Gamse et al. showed that arterial
smooth muscle cells synthesized chondroitin-4-sulphate, chon-
droitin-6-sulphate, dermatan sulphate, heparan sulphate and
small amounts of material identified as keratan sulphate (306).
The different glycosaminoglycan species were also shown to be
distributed between the extracellular, pericellular and intra-

cellular compartments in a distinct manner.

Information on the size of the intact proteoglycan monomer

synthesized by smooth muscle cells in culture is scarce.
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Recently, Wight and Hascall studied cultured arterial smooth
muscle cells obtained from intimal-medial strips of pigtail
monkey aorta, with respect to proteoglycan monomer size, the
size of the glycosaminoglycan side chains and the ability of
the proteoglycan to interact with hyaluronic acid (281).

They found two sizes of proteoglycan monomer separated on
Sepharose CL-2B which they could isolate from both the cul-
ture medium and the cell layer. The two species had the
same size glycosaminoglycan side chains but differed in their
glycosaminoglycan composition and in their ability to aggre-

gate with hyaluronic acid.

The smooth muscle cell Tlines AS]CIG and A3 were shown to
behave in tissue culture as typical smooth muscle cells,
exhibiting the morphology and growth patterns characteristic
of such cells (Chapter 3). By 7 to 8 days after plating,
the cells had reached confluency and their rate of division
sTowed down. At this stage their rates of synthesis and
secretion of proteoglycans was shown to have reached a maxi-

mum - (F1g.«.3.3).

The addition of ascorbic acid to these cells resulted in
their producing much larger amounts of extracellular matrix,
with collagen making up the greatest proportion of this
matrix (about 70%), whereas the matrix of cells that had not
been supplemented with ascorbic acid contained less than 5%
collagen (Table 3.1). Proteoglycans have been shown to

interact with the structural protein elements of the matrix
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and such interactions are thought to be important in the
maintenance of the integrity of the matrix (see Section 1.4.1).
The addition of ascorbic acid to smooth muscle cells was also
shown to result in an increased incorporationof 1355| sulphate
into macromolecular material in these cultures with the most
marked effect being in the pericellular-matrix compartment
(Table 3.2). Thus it was of prime importance toascertain
whether the presence of ascorbic acid and hence the presence
of a more copious collagenous extracellular matrix had an
effect on the type or size of proteoglycans synthesized by

these cultured cells.

In this study proteoglycans synthesized and secreted by medial
smooth muscle cells during their maximum synthetic phase, i.e.
at days 6 to 8 after plating, were studied. Cells were cul-
tured both in the presence and in the absence of ascorbic
acid, and proteoglycans produced under these conditions charac-
terized with respect to their monomer size, the size of their
glycosaminoglycan side chains, their ability to interact with
hyaluronic acid and their glycosaminoglycan composition. The
data so obtained would enable the full evaluation of the
tissue culture model for the study of proteoglycan synthesis
to be made. A full comparison between the proteoglycans
synthesized by cultured cells and those extracted from medial
tissue could be made since cells were obtained from the same
tissue as used for PGM extraction and characterization (Chap-

ter 2 ).
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4.2. METHODS

4.2.1. Preparation of proteoglycan monomer from smooth

muscle cell cultures

Proteoglycan monomers were prepared from cultures that had

been seeded into 75 cm3 tissue culture flasks at a density

< A 106 cells per flask, and grown either in the absence

or presence of daily additions of ascorbic acid (50 ug/ml)

for 8 days. Medium was changed on days 3 and 6 after plating,
and ]355| sulphate (10 uCi/ml1) was added, together with fresh
medium on day 6. After the 48 h labelling period, the cul-
ture medium was removed and retained, cell layers were washed

4 times with PBS and the washes that did not contain signifi-
cant amounts of macromolecular labelled material were dis-
carded. Washed cell Tlayers were then extracted at -5°C with

6 mls of 4 M guanidine HC1 containing 0,05 M sodium acetate,
0,1 M 6-aminocaproic acid, 0,01 M EDTA, 5 mM benzamidine HCI
and 250 mM phenylmethylsulphonylfluoride, all at pH 5,8,

for 24 h, Medium samples were made 4 M with respect to
guanidine HC1 by addition of the solid compound, a mixture

of proteoiytic inhibitors was added from concentrated stock
solutions and the pH was adjusted to 5,8 by addition of glacial
acetic acid. After extraction, the cell layers were centri-

fuged at 10000 rpm for 5 min in a Beckman J-21C centrifuge

(JA-21 rotor) to remove any insoluble residue.

In a parallel experiment the amount of |35S| sulphate-labelled

macromolecules released into the medium by the cultured cells
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and that present in the 4 M guanidine HC1 extracts of the

cell layers at various times after the beginning of continuous
labelling were determined, using cells plated in 35 mm Petri
dishes. At various times after the initiation of the radio-
active labelling procedure the culture media and guanidine

HC1 extracts of cell layers from triplicate cultures were
analysed with respect to the amount of [35S| sulphate in macro-
molecular material, using chromatography on PD-10 columns as

described in Section 3.2.6.

Solid caesium chloride (0,59 g/g solution) was added to treated
culture medium and guanidine HC1 extracts of the cell layer to
bring them to an initial density of 1,51 g/ml. The cell layer
extracts were clarified by centrifugation at 8000 rpm for 10 min
in a Beckman J-21C centrifuge, and then both extracts (medium
and cell layer) were centrifuged at 40000 rpm for 48 h at 10°¢C
in a Beckman type 65 rotor using a Beckman model L5-65 or

L8-70 ultracentrifuge. After centrifugation tubes were frac-
tionated using a Beckman tube cutter, and the collected frac-
tions dialysed against distilled-deionized water, containing

the proteolytic inhibitors mentioned above, at 4°C for 48 h.

The protein content of each fraction together with its mean
density were determined as described in Section 2.2.3.1. The
amount of macromolecular |355[ sulphate radioactivity was deter-
mined after descending paper chromatography of samples. This
procedure removed any remaining unincorporated isotope (see

section 3.2.7).: Dialysed fractions were then freeze dried

and stored at -15°C for further analyses.
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4.2.2. Treatments of the PGM

The PGM isolated from the culture medium and cell layers of
smooth muscle cells grown both in the presence and absence

of ascorbic acid were subjected to the enzymatic degradative
treatments described in Section 2.2.4, i.e. digestion with
papain, chondrbitinases ABC or AC, keratanase and hyaluronidase.
Furthermore, samples were also subjected to treatment with alka-

1ine borohydride or nitrous acid.

4.2.3. Interaction with hyaluronic acid

Samples of PGM isolated using dissociative techniques from the
culture medium and cell layers of smooth muscle cells grown
either in the presence or absence of ascorbic acid were dis-
solved in 0,5 M sodium acetate pH 6,8, mixed with high molec-
ular weight hyaluronic acid and dialysed for 24 h against the
same buffer (Section 2.2.5). Mixtures were applied to a
Sepharose CL-2B column and eluted with 0,5 M sodium acetate

pH 6,8 . The percentage of radioactivity eluting in the Vo
was used to provide an estimate of the amount of aggregate

formation.

4.2.4. Column chromatography

Columns of Sepharose CL-2B and CL-6B prepared as described

in Section 2.2.6 were used to assess the sizes of the isolated
proteoglycan samples. Biogel P-2 columns (100-200 mesh)

were also used for the removal of salts from proteoglycan

samples. Quantitation of the glycosaminoglycan side chains
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was performed on PGM samples which were papain-digested and
then digested with specific enzymes and chromatographed on a
Sephadex G-50 (medium) column equilibrated with 0,2 M pyridine

acetate pH 5,0, as described in Section 4.2.8,

4.3. - RESULTS

The amount of 1355[ sulphate labelled macromolecular material
released into the culture medium of aortic smooth muscle cell
cultures and that associated with the cell layers and extrac-
table with 4 M guanidine HC1 is shown in Fig. 4.1 as a function
of time after addition of the radioactive precursor. Secretion
of radioactively-labelled macromolecules into the culture medium
was linear over the 48 h experimental period. However, this
was not the case with incorporation of ]355| sulphate into
macromolecules associated with the cell Tlayer. By between

12 and 24 h this incorporation had reached equilibrium and did
not increase over the remaining incubation period. This indi-
cated that dynamic equilibrium between labelled macromolecules
entering and leaving this compartment had been attained early

in the incubation period (12 to 24 h). At the end of the 48 h
labelling period, the majority of the ]355| labelled macro-
molecules were found in the culture medium,64% of the total
material for cells cultured in the presence of ascorbic acid
and 85% for cells cultured in its absence. In addition, for
cells grown in the absence of ascorbic acid the amount of

labelled material found in the extracts of the cell layer was

only about one-third of that found in the extracts of cells
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Fig. 4.1. Incorporation of |3%S| sulphate into medium or

cell layer macromolecular material.

Smooth muscle cells were cultured either in the presence (A)

or absence (B) of ascorbic acid and labelled with |35S|sulphate
(10 uCi/m1). At each time point the medium (—) and guanidine
HC1 extracts of the cell layer (---) were assayed as described
in Section 3.2.6. Each point represents the mean + S.D. of
triplicate determinations for 1 of 2 similar experiments.
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grown in the presence of ascorbic acid.

The 4 M guanidine HC1 extraction procedure was found to be an
extremely efficient quantitative method for the extraction of

the proteoglycans associated with the cell layer (+ 95% of total).
The protein and macromolecular |358| sulphate contents of
samples obtained after gradient centrifugation under dissocia-
tive conditions, for both the culture medium and guanidine

HC1 extracts of the cell layers, are shown in Table 4.1. The
recoveries from these gradients were routinely better than 90%
of the material loaded. The majority of the |355| sulphate
labelled macromolecules (about 60 to 70% of the total) were
recovered in the bottom 2/5 of the gradient. Most of the
protein was found associated with the top of the gradient which
indicated that the gradient procedure was an effective method
for the separation of proteoglycans from coextracted proteins.
The top 2/5 fraction of the gradient contained less than 17%

of |355| sulphate labelled macromolecules with material derived
from the medium, but slightly more material was found associated
with this fraction for material derived from the cell layers
(about 25%). Thus the distribution of the labelled macromolec-
ules throughout the gradient was different when material from
the media or cell layers was compared, which indicated that
proteoglycans from these two compartments exhibited different
buoyant densities. The presence or absence of

ascorbic acid made no difference to the behaviour of the
material in the gradients and the profiles obtained from

or AS

either A 1C]6 cells were almost identical for material

3



TABLE 4.1

DISTRIBUTION OF PROTEIN AND MACROMOLECULAR ]35Si SULPHATE RADIOACTIVITY IN A DISSOCIATIVE

CAESIUM CHLORIDE DENSITY GRADIENT CENTRIFUGATION

Fractions from the top (D4 and 5) to the bottom (D1) of centrifuge tubes collected after
caesium chloride density gradient centrifugationof material extracted from the culture
medium or cell layer of smooth muscle cultures were analysed for density, protein content
and macromolecular |35Si sulphate content as described in Methods. The amount in each
fraction is presented as a percentage of the total recovered off the gradients. Recoveries
of }355[ sulphate-labelled macromolecular material were routinely greater than 90% of the

material loaded.

Medium Cell Layer

Fraction Density Ascorbate IBSS] sulphate Protein [355i sulphate Protein
(g/ml) (%) (%) (%) (%)
D4,D5 g + 1552 90,3 28 & 92,0
- 17 & 92,4 25.2 92,4
D3 1,41 - 14,0 5ad 12,8 4,8
- 16,8 348 14,5 45
D2 1,48 + 26,6 2,6 24,6 2.5
- e 8 2% 2 21,4 2,8
D1 1,61 + 44,2 22 37,4 %
- 432 156 38,9 0,9

681
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derived from the same culture compartment (culture medium or

cell layer).

Analysis of the various gradient fractions from the medium

and cell layer extracts by Sepharose CL-2B column chromato-
graphy yieided the profiles shown in Fig. 4.2(a,b). Frac-
tions from AS]C16 or A3 cultures, whether grown in the presence
or absence of ascorbic acid, gave very similar profiles on
Sepharose CL-2B, so only the results of the material from A3
cells grown in the presence of ascorbic acid are presented.

(As indicated, profiles obtained from the other cultures were
very similar to these shown). A11 fractions from both the
medium and cell layer contained material that was included on
the column. For material derived from the cell layer, the

more dense gradient fractions contained material that eluted
predominantly in two peaks with KaJS of 0,27 and U376 (Fig.
4.2b). In the less dense fractions the smaller proteoglycan
species was present with no evidence of the larger species
(Fig. 4.2b). For material derived from the medium, the less
dense gradient fractions also contained a predominantly smaller
species of proteoglycan with some evidence of a larger species,
whereas the fractions from the bottom (dense area) of the
gradient contained two peaks corresponding to KaJs et 0,31

and 0,60 (Fig. 4.2a). The bottom 1/5 of each gradient was

retained for further analysis.

Thus the proteoglycans extracted from both the culture medium

and cell layer of smooth muscle cells grown in either the
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Fig. 4.2a. Sepharose CL-2B chromatography of |35S; sulphate
labelled material from the different fractions
obtained from caesium chloride density gradient
centrifugation of samples isolated from the cultured
medium of smooth muscle cells grown in the presence
of ascorbic acid.

|3SS| Sulphate-labelled macromolecular material from the D1
(bottom) to D4 & D5 (top) fractions of caesium chloride gradients
after centrifugation of material extracted from the medium of
smooth muscle cells grown in the presence of ascorbic acid

was chromatographed on a Sepharose CL-2B column as described

in Methods (Section 4.2.4).
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Fig. 4.2b. Sepharose CL-2B chromatography of 1353| sulphate-
labelled material from the different fractions ob-
tained from caesium chloride density gradient cen-
trifugation of material isolated from the cell layer
of smooth muscle cultures grown in the presence of
ascorbic acid.

13°S| sulphate labelled macromolecular material from the D1 (bot-
tom) to D4 & D5 (top) fractions of caesium chloride gradients
after centrifugation of guanidine HC1 extracts of the cell layers
of smooth muscle cultures grown in the presence of ascorbic acid
was chromatographed on a Sepharose CL-2B column as described in
Methods (Section 4.2.4).
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presence or absence of ascorbic acid eluted as two peaks on

a Sepharose CL-2B column; the medium proteoglycans with Kav's
of 0,31 and 0,60 and those from the cell layers with Kav's of
0,27 and 0,76, respectively (Fig. 4.3). The proportions of
material found in the two peaks varied slightly from differ-
ent preparations and no fixed ratio between them could be
established. The smaller peak was usually present in the
larger amount. The sizes of the two species from the medium
and cell layer were essentially similar to those described by
Wight and Hascall (281), and they have shown that the smaller
species did not arise by degradation of the larger form. In
addition, the presence of proteolytic inhibitors during the
extraction procedure would minimize any proteolytic degrada-
tion (325). The sizes of the two peaks, particularly those
from the medium, were very similar to the sizes found for the
proteoglycans extracted from the medial layer of bovine foetuses

(K., of 0,31 and 0,56 on Sepharose CL-2B).

av
In order to investigate the ability of these PGM samples,
prepared from culture medium and cell layers of aortic smooth
muscle cells, to interact with hyaluronic acid, samples from
the different preparations were mixed with an excess of high
molecular weight hyaluronic acid, dialysed against 0,5 M
sodium acetate pH 7,0, and then chromatographed on a Sepharose
CL-2B column. Proteoglycans from cultures were not prepared
under associative conditions as preliminary experiments had
already shown that no hyaluronic acid was synthesized by these

cells under culture conditions, and thus trueaggregation between
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Sepharose CL-2B chromatography of proteoglycans isolated from the culture medium

and cell layer of smooth muscle cells grown in the presence and absence of
ascorbic=acid.

[35S] Sulphate labelled macromolecules from the D1 fraction of the caesium chloride density
gradient obtained after centrifugation of culture medium (A,B) and guanidine HC1 extracts
of cell layers (C,D). Samples were isolated from cultured cells either in the presence of

ascorbic acid (A,C) or in its absence (B,D) and were chromatographed on a Sepharose CL-2B
column as described in Section 4.4.2.

Solid bars indicate the fractions pooled for sub-
sequent glycosaminoglycan analysis.

061
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proteoglycan and hyaluronic acid could not occur. The
results of the interaction with exogenous hyaluronic acid
are shown in Fig. 478, There was very little agaregate
formation (less than 3%) between hyaluronic acid and PGM
prepared from the cell Tayers of cultures grown both in the
presence and absence of ascorbic acid. The PGM derived
from the medium, however, showed a greater tendency to form
aggregates with exogenous hyaluronic acid. About 16% of

the |3°s

| sulphate Tabelled material eluted at the VO of
Sepharose CL-2B columns after interaction with hyaluronic
acid, which indicated that the proteoglycans from the medium

were able to form aggregates to some degree.

Samples of proteoglycans extracted from the culture medium
and cell Tayers of cultures grown in the presence or absence
of ascorbic acid, and obtained from the bottom (D1) of the
caesium chloride gradients, were chromatographed on Sepharose
CL-2B columns and material corresponding to the different
peaks was collected (as indicated by the bars in Fig. 4.3).
After dialysis and lyophilization, peak material was subjected
to digestion with papain or treated with alkaline borohydride
to liberate free glycosaminoglycan side chains. These were
then chromatographed on Sepharose CL-6B columns (Fig. 4.5).
The peak material of both sizes from the culture medium or
cell layer, whether obtained from ascorbic acid-supplemented
or non-supplemented cultures, gave rise to identical profiles
on Sepharose CL-6B. These profiles were also the same for

both papain-or alkaline borohydride~liberated free glycosamino-
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Fide 4.4c Sepharose CL-2B chromatography of 1355| sulphate labelled proteoglycans from
the medium and the cell layer of cells in the presence of exogenous hyaluronic
acid. :

i35

S| Sulphate labelled proteoglycans obtained from the D1 fractions of caesium chloride

density gradients of culture medium (A,B) and guanidine HC1 extractsof cell layers (C,D)
from cells cultured in the presence (A,C) or absence (C,D) of ascorbic acid.

Samples were
chromatographed on a Sepharose CL-2B column in the absence (---) or presence (—) of an
excess of large molecular weight hyaluronic acid as described in Section 4.2.3.
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Fig. 4.5. Sepharose CL-6B chromatography of free glycosamino-
glycan chains obtained from the two proteoglycan
populations isolated from the culture medium and
cell Tayers of smooth muscle cells grown in the
presence and absence of ascorbic acid.

[35S| Sulphate labelled free glycosaminoglycan chains from peaks
I (A,C) and II (B,D) after chromatography on a Sepharose CL-2B
column of proteoglycans extracted from the medium (—) and cell
layer (---). Cells were cultured either in the presence (A,B)
or absence (C,D) of ascorbic acid and free glycosaminoglycan
chains were obtained either by papain digestion or treatment
with alkaline borohydride as described in Section 4.2.2.
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glycan chains. The chains eluted with a Kav af ‘0,275 which
corresponds to a molecular weight of greater than 50000
according to the data of Wasteson (327). This size of the
glycosaminoglycan side chains was the same as that of the
glycosaminoglycan chains of PGM prepared from foetal aortic
medial tissue (Chapter 2). Thus the glycosaminoglycan chains
do not contribute to the differences in size of the proteo-
glycans; rather the differences must arise as a result of

different numbers of side chains attached to the core protein.

The types of glycosaminoglycans present in the PGM isolated
from the medium and cell Tayers of cultures grown in the
presence or absence of ascorbic acid were quantitated by
making use of specific glycosaminoglycan degradative enzymes
or chemical procedures, and chromatography on Sephadex G-50
before and after these destructive techniques (Section 4.2.4).
The glycosaminoglycans from cell layers were further divided
into pericellular and intracellular compartments by treatment
with Viokase-collagenase, as described under Section 3.2.7.
The culture medium, pericellular-matrix and intracellular
compartments were digested with papain and then subjected to
the degradative treatments referred to above (Section 4.2.2).
The results of the analysis of the glycosaminoglycans from
the different culture compartments of A3 cells cultured in the

presence or absence of ascorbic acid is given in Table 4.2.

The absence of keratan sulphate was indicated, since there was

no |3SS| sulphate labelled material susceptible to keratanase



TABLE 4.2
COMPOSITIONAL ANALYSIS OF THE GLYCOSAMINOGLYCANS FROM THE DIFFERENT CULTURE COMPARTMENTS

Compositional analysis of glycosaminoglycans was performed as described in Sections 2.2.4
and 4.2.4, using specific enzymatic digestions or nitrous acid treatment of material iso-
lated from the different culture compartments, and chromatography on a Sephadex G-50 column
before and after treatment. Cells were grown for 8 days and |3SS] sulphate and |3H|
glucosamine (when used) were added to the cultures for the final 48 h. The figure in
brackets gives the percentage of total sulphated material found in that compartment. The

data represent one of three similar experiments.

Glycosamino- Composition (%)
glycan type Extracellular Pericellular-matrix Intracellular
+Ascorbate -Ascorbate +Ascorbate -Ascorbate +Ascorbate -Ascorbate

(64,2) (81) {3035) (el ) (5:8) G s %]

Chondroitin 61 70,0 30,2 39,5 1138 32,8

4 and 6 2

sulphate

Dermatan 223 220 36,6 S 76 37 48,6

sulphate - :

Heparan 16,8 7En] s 49,3 & B 18,6

sulphate/ :

heparin

Keratan 0 0 0 0 0 0

sulphate -

Hyaluronic 0 0 0 0 0 0

acid

G61
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digestion. The glycosaminoglycan chains associated with the
proteoglycans in the culture medium were predominantly made

up of chondroitin sulphate - 61% of the total in cells grown
with ascorbic acid and 70% of the total for cells grown with-
out ascorbic acid. Dermatan sulphate made up about 22% of

the glycosaminoglycans in the medium for both cells grown with
and without ascorbic acid. About twice as much heparan sul-
phate was found in the medium for cells grown in the presence
of ascorbic acid than for cells grown in its absence. The
predominant glycosaminoglycan in the pericellular compartment
of cells grown in the absence of ascorbic acid was heparan
sulphate/heparin, which made up about 50% of the total sulphated
glycosaminoglycans in this fraction. Small amounts of dermatan
sulphate (about 11%) were found and chondroitin sulphate made
up the remainder of the glycosaminoglycans (39%). However,
when the glycosaminoglycan composition of the pericellular-
matrix compartment of cells grown in the presence of ascorbic
acid was analysed, the relative amount of dermatan sulphate in-
creased at least 3-fold to make up over one-third of the total
sulphated glycosaminoglycans, whereas the relative amount of
heparan sulphate/heparin decreased to about 67% of the amount
found in the absence of ascorbic acid, making up about 33% of
the total glycosaminoglycan content. The relative amount of
chondroitin sulphate present decreased by 23% to make up some
30% of the total sulphated glycosaminoglycan content of the
pericellular-matrix compartment. However, as the amount of
macromolecular material in the pericellular-matrix compartment

from cells grown in the presence of ascorbic acid is about four
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times that found in this compartment from cells grown in the
absence of the vitamin, increased amounts of chondroitin-4-

and -6-sulphate, and heparan sulphate/heparin, were actually
found, but the most marked effect of ascorbic acid was to in-
crease incorporation of labelled precursors into dermatan sul-
phate in this compartment. When glycosaminoglycans were
analysed from the intracellular compartment, it could be seen
that the major glycosaminoglycan found was dermatan sulphate,
particularly in cells grown in the presence of ascorbic acid.
Here dermatan sulphate made up nearly 80% of the total sulphated

glycosaminoglycans. The remainder consisted of chondroitin

sulphate (12%) and heparan sulphate/heparin (11%). In cells
grown without ascorbic acid, dermatan sulphate was still the
major glycosaminoglycan present in the intracellular compart-
ment, but its amount had decreased to about 63% of that found

in the presence of ascorbic acid and thus it made up about 49%
of the total glycosaminoglycans. Chondroitin-4-and-s-suiphate
increased 2,8-fold, making up 33% of the total sulphated glycos-
aminoglycans, and the amount of heparan sulphate/heparin in-
creased 1,6 times, making up 18,6% of the total in the intra-

cellular compartment in the absence of ascorbic acid.

In order to assess the size of the dermatan sulphate chains

associated with proteoglycans derived from the culture medium
and cell layers, samples were treated with either chondroitin-
ase ABC or AC prior to papain digestion and chromatography on
Sepharose CL-6B (Fig. 4.6). The chondroitinase AC-resistant

dermatan sulphate did not elute as a single peak but as a
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Fig. 4.6. Sepharose CL-6B chromatography of chondroitinase
ABC and AC digests of material from the culture
medium and cell layer of cells grown in the presence
of ascorbic acid.

|355i Sulphate Tabelled proteoglycans were obtained from the cul-

ture medium (A) and guanidine HC1 extract of cell layers (B) after
fractionation by caesium chloride density gradient centrifuga-
tion. Cells were cultured in the presence of ascorbic acid

and glycosaminoglycan chains and were digested with either
chondroitinase ABC (---) or chondroitinase AC (—) as described

in Section 2.2.4 prior to chromatography on a Sepharose CL-6B
column.
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polydisperse area between Kav of about 0,3 and the Vi of the
column and its mean KaV was smaller than was normally seen for
undigested glycosaminoglycan chains (Kav D27 ) Thus the
dermatan sulphate synthesized by the smooth muscle cells in
culture also appears to exist in the form of copolymers with
stretches of dermatan sulphate units interspersed among stret-
ches of chondroitin sulphate containing chains as has been
shown for matéria? isolated from aortic tissue (287,290).
Perhaps, however, the size of these chains in the cell-matrix
layer reflects chains that are in the process of being modified

or degraded.

Thus in the medium chondroitin sulphate makes up the bulk of
the glycosaminoglycans, in the pericellular-matrix compartment
heparan sulphate is a major glycosaminoglycan and in the
intracellular compartment dermatan sulphate is the major glycos-
aminoglycan. However, the intracellular compartment accounted
for only 7,9% of the total in cells grown without ascorbic acid
and 5,3% for cells grown with ascorbic acid, and the pericellu-
lar-matrix compartment accounted for 11,1% and 30,5%, respect-
ively, for cells grown without and with ascorbic acid. If the
proportions in which the different compartments occurred are
taken into account, the total glycosaminoglycan composition for
the medium, pericellular-matrix and intracellular comparfments
for cells grown either in the absence or presence of ascorbic
acid is as shown in Table 4.3. For both cultures grown with
or without added ascorbic acid, chondroitin sulphate was the

major glycosaminoglycan, especially for those grown in the
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TABLE 4.3
TOTAL GLYCOSAMINOGLYCAN COMPOSITION FOR SMOOTH MUSCLE CELLS

GROWN IN THE PRESENCE AND ABSENCE OF ASCORBIC ACID

The total glycosaminoglycan composition of cultures grown
either in the presence or absence of ascorbic acid was cal-
culated from the values in Table 4.2, taking into account the
proportions in which the different compartments occur. The
proportions are indicated by the figures in brackets in

Tabie 4.2.

Glycosaminoglycan type Composition (%)

+ Ascorbate - Ascorbate
Chondroitin 4 and 6 sulphate 49,0 63,6
Dermatan sulphate 29,5 2d.D
Heparan sulphate/heparin i s 12359
Keratan sulphate 0 0

Hyaluronic acid 0 0
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absence of the vitamin. The relative amount of dermatan sul-
phate increased about 1,3 times in cultures grown in the presence
of ascorbic acid and the relative amount of heparan sulphate/
heparin increased 1,7-fold. In addition, the total amount of
material synthesized by the cells in the presence of ascorbic
acid was routinely about 1,7 to 1,8 times the amount synthesized
in its absence. Thus the amounts of |3SSI sulphate in dermatan
sulphate and heparan sulphate/heparin found in the presence of
ascorbic acid were actually 2 to 3 times the amounts found in
the absence of the vitamin and the amount in chondroitin-4- and

-6-sulphate was about 1,3 times that found in the absence of

ascorbic acid.

To check for the presence of hyaluronic acid in the cultures
they were labelled with both ]3551 sulphate and |3H| glucos-
amine (5 uCi/ml), and the glycosaminoglycans in the medium,
pericellular-matrix and intracellular compartments were treated
with hyaluronidase. None of the macromolecular su]phated
material was digested by the enzyme, indicating that it was not
contaminated with chondroitinase activity. However, with all
three compartments macromolecular |3H] glucosamine digested by
the enzyme was less than 1% of the total. Thus no hyaluronic

acid is synthesized by the aortic smooth muscle cells in cul-

ture, an observation that has been reported previously.
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4.4. SUMMARY AND DISCUSSION

Aortic smooth muscle cells in culture were shown to synthesize
and secrete |3SS] labelled macromolecules. After a 48 h
labelling period the majority of the sulphated macromolecules
were found in the medium but for cells grown in the presence

of ascorbic acid a somewhat higher percentage was found asso-
ciated with the cell layer (36% as against 15% for cells grown
in the absence of ascorbic acid). 4 M Guanidine HC1 was

shown to efficiently extract over 95% of the macromolecules
from the cell layer. Caesium chloride density gradient cen-
trifugation of extracted PGM gave clear evidence of differences
in buoyant density between material obtained from the culture
medium and the cell layer, and this was underlined from varying
proportions of material found in the different gradient frac-
tions from the two samples (Fig. 4,2). The presence or

absence of ascorbic acid during culture made no difference to

this distribution throughout the gradient.

The smooth muscle cells were shown to synthesize at least two
different size classes of proteoglycans. The proteoglycans
from both the medium and cell layer contained a larger species,
usually present in a smaller amount,which eluted on a Sepha-
rose CL-2B column with a Kav of 0.31 and 0,27/ for the cu]ture
medium and cell layer proteoglycans, respectively. In
addition, both the medium and the cell layer contained a

smaller proteoglycan species which eluted with a Ka af 0.6

v
and 0,76 for the culture medium and cell layer proteoglycans,

respectively. These sizes are in very close agreement with
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those found by Wight and Hascall forlprimate arterial smoofh
muscle cells but they showed that the larger proteoglycan was
the predominant one which increased with time of culture rela-
tive to the smaller one (281). 1In addition, the Kav's noted on
Sepharose CL-2B for the culture medium proteoglycans, which
made up the bulk of the material, were similar to those found

on chromatography of PGM isolated from foetal aorta (Chapter 2).

The proteoglycans isolated from the cell layer of cultures
grown both in the absence and presence of ascorbic acid, using
dissociative salt concentrations, were unable to interact with
exogenous, large molecular weight hyaluronic acid, but those
iso]ated from the medium were able to form a small amount of
aggregated material. These data were to some extent consis-
tent with results obtained in this regard with PGM from bovine
foetal aorta, namely that these molecules are unable to inter-
act with hyaluronic acid to any significant extent. In con-
trast to this, Wight and Hascall found that although the
majority of the proteoglycans synthesized and secreted by
cultured cells and extracted with associative solvents were
not already bound in aggregate structures, the larger proteo-
glycan species was able to form aggregates after it had been
incubated with rat chondrosarcoma material prepared under
associative conditions (281). They showed that 90% of their
larger proteoglycan species consisted of chondroitin sulphate
and the smaller species contained 20 to 30% dermatan sulphate.
This agreed with the findings of several authors, in relation
to aortic proteoglycans, who have described a large chondroitin

sulphate proteoglycan able to interact with hyaluronic acid,
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and a smaller proteoglycan made up of a high content of
dermatan sulphate which was unable to form aggregates (54,
299,303). It is likely that purification steps involving
caesium chloride centrifugation resulted in the loss of some
component essential for aggregation. Proteoglycans were not
isolated from the smooth muscle cells under associative con-
ditions since, as already mentioned, preliminary studies had

shown that the cultures were unable to synthesize hyaluronic

acids

Analysis of the glycosaminoglycan side chains from the larger
and smaller proteoglycan species from both the medium and cell
layer from cells grown in the presence or absence of ascorbic
acid showed these chains to be exactly the same size, with

an estimated molecular weight of greater than 50000. The
size of these chains was identical to those found in the PGM

isolated from foetal aortic media.

Ana1ysis of the glycosaminoglycan types found in the different
culture compartments showed that the smooth muscle cells did
not synthesize hyaluronic acid or keratan sulphate. The
absence of hyaluronic acid supported earlier studies by Wight
and Ross (310) and by Gamse et al. (306). This was a sur-
prising finding in view of the presence of large amounts of
hyaluronic acid normally found in aortic medial tissue (Table
2a2 )t Gamse et al. found that arterial smooth muscle cells

synthesize small amounts of keratan sulphate (306), but we

were unable to detect any keratanase-sensitive |355| sulphate
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material produced by the smooth muscle cells. The quanti?
tation of glycosaminoglycans from the extracellular, peri-
cellular-matrix and intracellular compartments supported the
observation that the glycosaminoglycans are distributed to
the different compartments in a distinct manner (153,306).
The glycosaminoglycans found in the medium (extracellular)
were largely chondroitin sulphate. In the pericellular-
matrix compartment heparan sulphate/heparin was an important
glycosaminoglycan, and in the presence of ascorbic acid the
proportion of dermatan sulphate increased in this pool. The
overall results supported those of other workerg who have
shown that heparan sulphate is associated with the cell sur-
face,and in some cases it has been identified as an integral
membrane component and may play important roles in cell-cell
interactions (242). The glycosaminoglycans found in the
intracellular compartment were largely dermatan sulphate, and
this agreed with studies showing that relatively small amounts
of chondroitin sulphate are found inside cells (306). In
addition, the dermatan sulphate synthesized by the smooth
muscle cells was shown to occur in copolymeric form with
chondroitin sulphate in agreement with previous reports on
the structural organization of dermatan sulphate in aortic

tissue (287,290).

When the proportions of glycosaminoglycans that were found
in the different compartments were taken into account and the
results calculated accordingly, it could be seen that chon-

droitin sulphate made up the bulk of the glycosaminoglycans
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synthesized by the smooth muscle cells (Table 4.3). With
cells cultured in the presence of ascorbic acid the rela-
tive amounts of dermatan sulphate and heparan sulphate
increased and that of chondroitin sulphate decreased. The
glycosaminoglycan composition of cells cultured in the
absence of vitamin C was similar to that of foetal aortic
medial PGM in that chondroitin sulphate made up the bulk
of the glycosaminoglycans and heparan sulphate accbunted
for a small bercentage. However, dermatan sulphate was
not found in PGM isolated from foetal bovine aortas,
whereas significant amounts were synthesized by the smooth
muscle cells in culture. This presence of significant
amounts of dermatan sulphate in glycosaminoglycans sec-
reted by smooth muscle cells in culture was noted by Wight
and Ross (310). They suggested this perhaps to be a res-
ponse by the cells to some form of mechanical or chemical
stress or to reflect some particular state of development

of the cells.

Thus it has been shown that the proteoglycans synthesized
by smooth muscle cells in culture were similar to those
isolated from the intact foetal medial tissue in terms of
their size on Sepharose CL-2B, glycosaminoglycan chain
size and ability to interact with hyaluronic acid. Like-
wise the composition of glycosaminoglycans isolated from
intact tissue or cell cultures was very similar.

However the absence of any hyaluronic acid in the cultures
may indicate that the aggregation between hyaluronic acid

and PGM in aorta may not be important physiologically.



207

The sizes and nature of the proteoglycans synthesized

by both the AS]Cl6 and A3 cell lines were identical and
indicated that the different smooth muscle cell lines
retained their differentiated function with respect to
proteoglycan synthesis in vitro. The presence of
ascorbic acid during growth had no effect on the sizes

of the proteoglycans formed or on their ability to inter-
act with hyaluronic acid but affected the glycosamino-
glycan composition to some extent, resulting in increased
synthesis of dermatan sulphate and heparan sulphate. It
was thus reassuring that the proteoglycans produced by

cultured smooth muscle cells were representative of those

produced by foetal tissue.



208

CHAPTER 5

THE EFFECT OF ASCORBIC ACID ON GLYCOSAMINOGLYCAN SYNTHESIS

BY CULTURED SMOOTH MUSCLE CELLS

5.1. INTRODUCTION

Supp]ementatioﬁ of aortic smooth muscle cells in culture with
ascorbic acid led to increased cell numbers (Chapter 3). This
finding has been reported by other laboratories (335) and may
be a result of a reduction in cell-doubling time. In addition,
cultures supplemented with ascorbic acid produced greatly in-
creased amounts of extracellular matrix material containing a
high collagen content (Table 3.1). Concomitant with this
increased matrix production there was increased incorporation
of [355i sulphate into macromolecular material (Table 3.2).

|3SS!

This was shown to be a net increase in the amount of
sulphate incorporated per ug cellular protein and not merely
as a result of an increased metabolic activity brought about
by vitamin C. The most marked effect was noted in the peri-

cellular-matrix compartment.

The role of ascorbjc acid in the biosynthesis of connective
tissue proteins, especially collagen, has been well-documented
by numerous laboratories (108-111). In general the effect of
ascorbic acid on collagen biosynthesis has been thought to be
mediated through its effect on hydroxylation. Ascorbic acid
is a cofactor for the enzymes prolyl hydroxylase and lysyl
hydroxylase, which are responsible for the posttranslational

conversions of proline and lysine residues in the procollagen
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a-chains to hydroxyproline and hydroxylysine (338). The
formation of hydroxyproline stabilizes the triple helix of
collagen (339) and the absence of ascorbic acid has been

shown to result in structurally unstable collagen (119,340)
which is not secreted from the cell at a normal rate (108).

In addition, hydroxylysine residues are the sites for glyco-
sylation of collagen, and they also promote intermolecular
cross-link formation in the molecule (120). From time to
time additional roles for the vitamin in collagen biosynthesis
and normé] growth have been indicated apart from its knownrole
in hydroxylation (112-114). Most recently Murad et al. have
postulated a direct effect of ascorbic acid in the control of
collagen synthesis, perhaps at the level of the protein syn-
thetic machinery (341). They reported that a comparison of
the short-term and long-term effects of ascorbic acid in cul-
tured human skin fibroblasts showed that collagen synthesis
continued to increase even after prolyl hydroxylation had been
maximally stimulated. Thus the cofactor function of the
vitamin for the. enzymes involved in the hydroxylation of
proline and lysine residues may be just one of many related
functions. Collagen polypeptide synthesis, posttranslational
hydroxylation and the activities of prolyl and lysyl hydroxyl-

ases may be independently regulated by ascorbic acid.

In addition to its roles in the biosynthesis of the extra-
cellular matrix proteins, there have been suggestions in the
literature that the sulphated derivative of ascorbic acid
(ascorbic acid 2-sulphate) plays a direct role in the process

of biological sulphate transfer, including the sulphation
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process which occurs in proteoglycan synthesis (see Section
122.8:3)ad4155146,842)1 However, using radiolabelled
ascorbic acid 2-]353| sulphate, Shapiro and Poon provided
evidence that ascorbic acid 2-sulphate is not the direct sul-
phate donor in the sulphation process of g1yc65aminog]ycans
(118). They showed that any labelled sulphate associated
with the proteﬁg]ycans synthesized in their systems arose from
degradation of the ascorbic acid-2-sulphate and the incorpora-
tion of the resultant inorganic labelled sulphate into proteo-
glycans after activation in the manner established by Gregory
and Lipman (343). However, their results were disputed by
Hatanaka and Egami, who showed that radioactivity from ascor-
bic acid 2-[358i sulphate was incorporated into chondroitin
sulphate by embryonic chick cartilage epiphyses and suggested
that ascorbic acid 2-sulphate may act as a long-term storage
form associated with the ascorbic acid pool of the body (117).
Ascorbic acid has also been shown to promote the assembly of
microtubules by maintaining cytoplasmic tubulin in a poly-

merizable form and thus may also have a role in the efficient

secretion of molecules from cells (114,344).

The data mentioned in the previous chapters prompted a further
investigation of the effect of ascorbic acid on the biosyn-
thesis of proteoglycans/glycosaminoglycans by cultured aortic
smooth muscle cells. It was important to establish whether
the increased radioactive sulphate incorporation into peri-
cellular/matrix material by the bovine cells was a result of

the increased collagen present and thus due to a collagen-
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related phenomenon. Interactions between proteoglycans and
the extracellular matrix proteins have been shown to occur
in particular between collagen and dermatan sulphate and
between elastin and heparan sulphate (Section 1.4.1). The
extracellular matrix is thought to be important in deter-
mining cell behaviour and differentiative state of cells.
Alternatively, the increased sulphate incorporation may be
unrelated to the increased secretion of collagen into the
matrix and its subsequent interaction with proteoglycans and
may be a direct result of the presence of ascorbic acid.

|355| sulphate incorporation was

The nature of the increased
also investigated, i.e. whether it reflected a general in-
crease in proteoglycan synthesis in the presence of ascorbic
acid or whether it reflected an increased level of sulphation

of the glycosaminoglycan chains.

5.2. METHODS

5222150 Gellifciultire

Bovine smooth muscle cells were prepared from medial layers
of foetal bovine descending thoracic aortas and cultured

as described in Section 3.2.1. For cultures supplemented
with ascorbic acid (50 pg/ml culture medium), fresh vitamin
additions were made daily as it is rapidly destroyed under

tissue culture conditions.

5.2.2. Incorporation of radioactive isotopes

Incorporation studies were carried out on cultures grown in
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35 mm Petri dishes which were initiated at a seeding densify
of 10° cells/dish. Cells were pulsed with |3531 sulphate
(10 wCi/m1) or D-|6-H| glucosamine (5 wCi/m1) for 24 h and
thereafter the extracellular, pericellular-matrix and intra-
cellular compartments were fractionated and collected as des-
cribed liniSectiontla2. .7 The amount of radioactivity incor-
porated into macromolecular material was determined.by sub-
jecting aliquots of these fractions to descending paper

chromatography on Whatman 3MM paper, as described in Section

0

5.2.3. Estimation of Cellagen synthesis

The estimation of synthesis, deposition and cross-linking of
collagen into the extracellular matrix compartment of the
culture system was carried out, after labelling matrix proteins
with 13H[ proline, essentially as déscribed in Section 3.2.4.
Dried matrices were prepared and the collagen content was
assayed using pure collagenase dissolved in U,UZ M Tris/HC1

pH 7,4, containing 2,5 mM N-ethylmaleimide and 10 mM calcium

chloride.

5.2.4. Estimation of protein synthesis

The estimation of protein synthesis was carried out after

labelling cultures with I3Hl leucine (2,5 uCi/ml), |14

14

C| phenyl-
alanine (2 uCi/ml) or | "C| amino acid mixture (2,5 uCi/ml).
At times 0 and 24 h after labelling, the culture medium was
removed and retained, cell layers washed 5 times with 2 ml of

PBS and cells lysed with 1 ml of 1% SDS. 100 w1 aliquots of
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the medium samples and 500 ul aliquots of cell lysates weré
treated with an equal volume of 20% trichloroacetic acid (TCA)
at 5°C overnight. Samples were heated at 90°C for 30 min
prior to cooling and collection on GFC filters. Filters were
washed 5 times with 10 ml of 5% TCA, air-dried and counted in
scintillation cocktail as described in Section 3.2.4. The
24 h incorporation into TCA precipitable material was computed

by subtraction of the background radioactivity for the zero

time samples.

5.2.5. Ion-exchange chromatography

Samples of the pericellular-matrix fractions obtained from

the cultures were digested with papain (0,5 mg/ml) at 65°C
for,8: to,r104hs The enzyme was destroyed by boiling digests
for 3 min and samples were clarified by centrifugation in a
Beckman microfuge at 11000 rpm for 3 min. The supernatants
were dialysed against 5 £ of distilled deionized water at 5°C
for 24 h with 2 changes. Samples, each in a total volume of
1 ml, were then applied to columns (1,0 x 6 cm) of DEAE-
cellulose equilibrated with 0,05 M sodium acetate pH 4,0.
Columns were eluted initially (10 fractions) with equilibration
buffer and then subsequently with a linear gradient of lithium
chloride (0,2 M to 1,5 M) in 0,05 M sodium acetate pH 4,0,

as described in Section 2.2.7. Fractions were counted in

the scintillation mixture described in Section 3.2.4.

5.2.6. Quantitation of glycosaminoglycan chains

Glycosaminoglycan analysis was carried out on samples of the



214

radiolabelled culture compartments which had been digestedl
with papain, dialysed and freeze-dried. Samples were dis-
solved in appropriate volumes of 0,01 M Tris/acetate pH 7,3,
and then subjected to degradation using various specific
g1ycosaminog1ycah degradative procedures, as described in
Section 2.2.4. The amount of material digested was assayed
by chromatography on a column (1,0 x 120 cm) of Sephadex G-50
(medium) equilibrated with 0,2 M pyridine acetate pH 5,0, as

described in Section 2.2%18.

5.2.7. Analytical procedures

Protein determinations were carried out using the method of
Lowry et al. (323), with bovine serum albumin as standard.
When carried out on material solubilized by 1% SDS BSA
standards were dissolved in the same solution. Uronic acid
was estimated by the procedure of Bitter and Muir which had

been adapted for use with the Technicon Autoanalyser (317).

DedvaBESULTS

As already seen in Chapter 3, the supplementation of aortic
smooth muscle cell cultures with ascorbic acid had no gross
effects on their morphology, but routinely resulted in in-
creased cell numbers, In addition, a profuse extracellular
matrix was laid down in the presence of ascorbic acid, which
consisted largely of collagen (Table 3.1). In contrast, the
extracellular matrix laid down in the absence of the vitamin

consisted to a very large degree of material that was
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susceptible to trypsin treatment, indicating the presence of
glycoproteins and some proteoglycans (Table 3.1). Other
workers have shown that in the absence of ascorbic acid,
collagen is still secreted by aortic smooth muscle cells,
but, as it is not cross-linked, it is not deposited as a com-
ponent of the extracellular matrix (335). In the presence
of ascorbic acid,collagen synthesis started early in culture
and increased steadily until about 10 days after plating
(Fig.38.2). Preliminary experiments also showed that there

|353[ sulphate incorporated

was a net increase in the amount of
into macromolecular material in the presence of ascorbic acid,
the most pronounced increase being associated with the peri-
cellular-matrix compartment (Table 3.2). This is not unex-
pected, bearing in mind the large increase undergone by this
compartment with vitamin supplementation (Table 3.1). These
results for the cell lines are presented again here in Table
Bl In another experiment, the pericellular-matrix fraction
was further divided into two subfractions. After labelling

cells with |355|

sulphate for 24 h the medium was retained

and the cell layer was initially treated with pure collagenase
and then with trypsin, essentially as previously described.
The results are shown in Table 5.2. The biggest increase in
|3SS| sulphate incorporation (3-fold) was found for that
portion of the pericellular-matrix fraction digested by
collagenase, although that portion digested with trypsin also

increased about 1,5 times.

The ascorbate dose response of the smooth muscle cells with

respect to the production of collagen, cell number or cellular
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THE EFFECTS OF ASCORBIC ACID ON THE INCORPORATION OF |355| SULPHATE INTO MACROMOLECULAR
MATERIAL ASSOCIATED WITH THE DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

Cells were grown for 8 days in the presence or absence of ascorbic acid. |355[ sulphate
(10 uCi/m1) was present during the final 24 h of culture. The assessment of incorporation
of [3581 sulphate into macromolecular material in the extracellular, pericellular-matrix
and intracellular compartments was carried out as described in Section 3.2.7. The data
represent the mean of triplicate determinations in one of several similar experiments.

Smooth muscle Ascorbate Incorporation of ]3SS| sulphate (dpm/ug cell protein)
Gl e Total Extracellular Pericellular- Intracellular
Matrix
AS,Clg + 516,8+19,8 352, 65212 115,7+5,4 47 ,5+1,4
- 300,0+12,4 238,7+9,3 33,6+2,3 elulal4
A3 : + 465,3+21,2 289,4+15,4 154,9+6,5 &1 ,0%2 .8

- 368,6+ 17,5 311,5+15,7 37,6+2,6 19,4+1,6

91¢
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THE EFFECTS OF ASCORBIC ACID ON THE INCORPORATION OF |355| SULPHATE INTO MACROMOLECULAR

MATERIAL ASSOCIATED WITH THE DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

139s| sulphate (10 uCi/m1)

was present for the final 24 h of culture. The assessment of incorporation of ]35515u]phate into

Cells were grown for 8 days in the presence or absence of ascorbic acid.

macromolecular material in the extracellular, pericellular-matrix and intracellular compartments

was carried out as described in Section 3.2.7. The pericellular-matrix compartment represented
macromolecular |SSSI sulphate Tabelled material released by collagenase digestion followed by trypsin
digestion and was performed essentially as described in Section 3.2.5. The data represent the means
of triplicate determinations in one of several similar experiments.

Incorporation of ]355| sulphate (dpm/ug cell protein)

Ascorbate Total Extracellular Pericellular-Matrix _ Intracellular
Collagenase Trypsin
+ 448 ,3+31.,4 22,0721 .72 53,9+2,1 32,9+2,0 L A

- 363,6+32,7 302,3+23,4 18,5+1,1 21,2+1,4 20,6+1,4

12
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protein content, and |355| sulphate incorporation into the
different culture compartments, is shown in Fig. 5.1. As

may be seen, the production of collagen was very sensitive

to the presehce_of ascorbic acid and increased rapidly, even
with the addition of relatively low doses of ascorbic acid
FFif. Jhla). Collagenproduction reached a plateau at a dose
of about 10 ug/ml and then stayed fairly constant until doses
of 100 ug/ml or higher, at which it declined. Cell numbers
or the related total amount of cellular protein increased with
increasing doses of ascorbic acid until a level of about

10 ug/ml. The very high doses tested (100 - 200 ug/ml) were
found to be toxic to the cells and the cell numbers declined.
|35

The amount of S| sulphate incorporated into macromolecules

in the different culture compartments is shown in Fig. 5.1b.

At low doses (0-1 npg/ml) the amount of macromolecular \35

S|
sulphated material associated with the pericellular-matrix
compartment remained unchanged, but thereafter increased

sharply to reach a plateau at 5 ug/ml. The amount of |35

S|
sulphate labelled macromolecular material in the medium
remained fairly constant at the lower doses but decreased at
doses of 25 ug/ml or above, presumably as more material was
being trapped in the matrix. The macromolecular material
found in the intracellular compartment also remained fairly
constant at the different doses of ascorbic acid but decreased
as the vitamin reached toxic levels.

|355| sulphate incorporation found in

The large increase in
the presence of ascorbic acid, particularly in the pericellular-

matrix compartment, was in keeping with the current theories



19

3H-PROLINE DPM x 10"2/pg CELL PROTEIN (=)

S-SULPHATE DPM x102/pg CELL PROTEIN

35

w
OO0
o

G
CELL NUMBER x 10~ (

CELL PROTEIN pg x1072 (= = =)

" 3 H & 1 r
o i = 1 f’FL
. " .
5 (e 19 oS 50 100 200

[ASCORBIC ACID] pg/ml

5.1. The effect of different concentrations of ascorbic
acid on cell number, incorporation of |3Hi proline
and [3%s| sulphate incorporation into the different
culture compartments.

Cells were cultured for 8 days in the presence of the ascorbic
acid concentrations indicated. :

(a)

(b)

The cell number (0-0) and concentration of cellular
protein (---) were determined as described previously
(3.2.2 and 3.2.3). The incorporation of |3H| proline
into collagenase sensitive matrix components (—) was
assessed as described in Section 3.2.4.

|35S| Sulphate incorporation into macromolecular material
in the extracellular (—), pericellular-matrix (0o-0) and
intracellular (A-a) compartments was assessed during the
final 24 h of culture as described in Section 3.2.7.

The data represent one of several similar experiments.
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on the relationship between collagen and proteoglycans in

the extracellular matrix and their electrostatic interactions.
However, studies in our laboratory with rat heart smooth

muscle cells that produce the same amount of extracellular
matrix in the presence or absence of ascorbic acid also showed
increased incorporation of 13551 sulphate into macromolecular
material in the pericellular-matrix compartment during ascorbic

acid supplementation (336). In addition, the AS 016 line of

1
bovine aortic smooth muscle cells showed increased incorpora-
tion in all culture compartments (Table 5.1). This prompted
further investigation into the increased incorporation in more
detail. Cultures were grown in the presence of ascorbic acid
up until the 24 h labelling period and then subjected to a
series of medium changes to remove the ascorbic acid prior

to the addition of i355| sulphate. In addition, cultures
were grown in the absence of ascorbic acid, subjected to the
same series of medium changes and then pulsed with ]355|
sulphate, either together with ascorbic acid or in its absence.
The results are shown in Fig. 5.2. For cells grown in its
absence, the presence of ascorbic acid during the pulse re-
sulted in marked increases in the amount of |35S[ sulphate
incorporation in both the extracellular and pericellular-matrix
compartments. For cells normally grown in the presence of
ascorbic acid the removal of the vitamin during the 24 h
lTabelling period resulted in a significant reduction in IBSS[
sulphate incorporation into the pericellular-matrix compart-
ment compared to those pulsed in the presence of ascorbic acid.
The other compartments were not affected to any significant

135

extent. Thus cultures incubated with S| sulphate in the
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Eig b ooy The incorporation of ]3531 sulphate into macromolecular material associated with

the different culture compartments of smooth muscle cells pulsed in the presence
or absence of ascorbic acid.

Cells were grown for 8 days under conditions of ascorbic acid-supplementation (+) or-deprivation

(=) as indicated in the respective h%stograms After changes of medium, cells were cultured for
24 h in the presence of 10 uC1/m1 sulphate either together with ascorbic acid (++) or after
its deliberate removal (+-) |35 S] Su1phate incorporation into macromolecular material in the

extracellular, pericel1u1ar -matrix and intracellular culture compartments was determined as des-
cribed 1n Section 3.2.7. The data represent the mean + S.D. of quadruplicate determinations for
one of several similar experiments.

122



222

presence of ascorbic acid had increased levels of incorpora-
tion compared to those incubated with |355| sulphate in its
absence. The explanation for this phenomenon could be the
rapid secretion and deposition of collagen when cells were
supplemented with ascorbic acid during the labelling period.
To clarify this point, collagen secretion into the extra-
cellular matrix was monitored during the 24 h labelling
period, both in the presence and absence of ascorbic acid.

The response to the vitamin was slow as far as collagen sec-
retion was concerned (Fig. 5.3), and the amount of collagenase-
sensitive material laid down by cells pulsed with |3HI proline
in the presence of ascorbic acid only during the labelling
period was very similar to the amount laid down by cells cul-

tured and labelled in the absence of ascorbic acid at all

times. After ascorbic acid had been present for longer than
24 h, collagen production did, however, increase. Thus the

increase in IJ5S| sulphate incorporation into the pericellular-
matrix compartment over 24 h could not be accounted for by an
increase in the amount of collagen secreted during this incuba-

tion period.

Cultures were grown under different conditions of ascorbic

acid supplementation to further check the contribution by

either ascorbic acid or collagen to the increased ]358| sulphate
incorporation. If cells were grown for 5 days in the presence
of ascorbic acid and thereafter the ascorbic acid was removed

by a series of medium changes and the cells maintained for a
further 3 days in the absence of the vitamin, although cultures

had l1aid down a large quantity of extracellular matrix consisting
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3H-PROLINE DPMX10~2/pg CELL PROTEIN
[ %]

24 : Py
TIME h
PGt g, The rate of incorporation of i3H] proline into

the collagenase-sensitive component of the
extracellular matrix of smooth muscle cells.

Cells were cultured for 8 days in the absence (0-0, e-9)
or presence (A-a) of ascorbic acid and then, following
medium changes, ascorbic acid was added to some cultures
(A-4A, o-8) for a further 24 h in the presence of 5 uCi/ml
|3H| proiine. The symbols thus represent the following
culture conditions: A-A growthfor 8 days in the presence
of ascorbic acid and pulsed for 24 h with |3H| proline in
the presence of the vitamin; e-¢ growth for 8 days in the
absence of ascorbic acid but with the addition of the
vitamin during the 24 h pulse period; and o-o growth and
pulse in the absence of ascorbic acid. The incorporation
of label into collagenase-sensitive material in the extra-
cellular matrix was determined as described in Section 3.2.4.
The data represent the mean + S.D. for triplicate determina-
tions for one of two similar experiments.
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largely of collagen (Table 5.3), there was reduced incorpora-
tion of |3551 sulphate into macromolecular material (Fig. 5.4).
The amount of incorporation for cells grown and pulsed in the
presence of ascorbic acid is greater than that found for cells
grown.in its presence for only 5 days, and pulsed with |355|
sulphate in the absence of vitamin C. The incorporation in
the latter case was very similar to that seen with cells that
had never been exposed to ascorbic acid. Thus the increased
incorporation must be due, at least in part, to the presence

of ascorbic acid during the radioactive incorporation period,
since both cultures either grown for 8 days or 5 days in the
presence of the vitamin had significantly higher amounts of

collagenous matrix when compared to cultures grown in the

absence of ascorbic acid.

The enzymes involved in the hydroxylation of proline and lysine
residues in procollagen chains require iron as an additional
cofactor for their activity, apart from vitamin C (345,346).
The compound aa-dipyridyl, when added to culture medium,
chelates available iron, and has been used to prevent hydroxy-
lation of prolyl residues and thus impair collagen synthesis
(347-349). We used this compound to further test the above
effects of ascorbic acid. Initially, to check the'response

of the smooth muscle cells to the compound, the amount 6f
collagen produced by cells in the presence of both ascorbic
acid and different doses of aa-dipyridyl were tested. As is
shown in Fig. 5.5, even at the lowest dose tested (50 uM) the
amount of collagen deposited by the cells into the extracellular

matrix was markedly reduced (10% of the controls), and at higher



TABLE 5.3

PROTEIN COMPOSITION OF EXTRACELLULAR MATRIX MATERIAL LAID DOWN BY SMOOTH MUSCLE CELLS UNDER
DIFFERENT CONDITIONS OF ASCORBIC ACID SUPPLEMENTATION

Cells were grown for 8 days in the presence (++) or absence (--) of ascorbic acid or for 5 days

in its presence and thereafter, after changes of medium, for a further 3 days in the absence of
vitamin (+-). The cells were cultured in the presence of |3H| proline (5 uCi/ml). Compositional
analysis was carried out on sequential enzymatic digestions as described in Section 3.2.5. The
data represent the mean + S.D. from 8 determinations.

Ascorbate Total Radioactivity (dpm) released by Composition (%)
RadioneLivity § brevbdihe | B1ask Coll G1 teins Elastin Coll
(i) rypsin astase ollagenase ycoproteins astin ollagen
++ 3770298 + 1 V92874 + 56859+ 2521262+ 37 +1ab 1,5+0 66,8+1,5
98854 56596 8615 50224
+- 17216341+ 746261+ 29778+ 945592 + 43,642,2 £,7+40,1 54,7+2,3
143291 72140 2329 63790
S 347642 + 339254+ 5728+ 2660+ 97,6+0,2 1,6+0,1 0,8+0,06

31648 34747 236 235

T
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Fig, g The effect of a collagenous matrix on |35S\ sulphate incorporation into the different

culture compartments of smooth muscle cells.

Cells were cultured for 8 days in the presence of ascorbic acid (++) or in its absence (--) or

for 5 days in the presence of ascorbic acid and thereafter the vitamin was removed and the cells
maintained for a further 3 days in its absence (+-). 10 uCi/ml |35S| sulphate was present during
the final 24 h of culture. Incorporation into macromolecular material in the extracellular,
pericellular-matrix and intracellular culture compartments was determined as described in Section
3.2.7. The data represent the mean + S.D. of quadruplicate determinations for one of several
similar experiments.
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3H-PROLINE DPM X 104

100 200
[« «-DIPYRIDYL] pMm

Eigd iS5 The effect of aa-dipyridyl on |3Hi proline
incorporation into the collagenase-sensitive
component of the extracellular matrix of smooth
muscle cells grown in the presence of ascorbic

acid.

Cultures were grown for 8 days in the presence of ascorbic
acid. |3H[ proline (5 uCi/ml1), together with the different
doses of wo-dipyridyl were added to cultures for the final

24 h. The incorporation of label into collagenase-Sensitive
material in the extracellular matrix was determined as des-
cribed in Section 3.2.4. The data represent the mean + S.D.
of triplicate determinations for one of two similar experi-

ments.



228

doses the collagen laid down decreased to about 5% of the
control value. A dose of 100 uM co-dipyridyl was used for
all future experiments, since at this level no cytotoxic
effects were observed in the cultures over 24 hr or longer.
Cells were cultured with and without ascorbic acid supplemen-
|355|

tation and incubated with sulphate in the presence or

absence of aa-dipyridyl. The results are shown in Fig. 5.6.
There was some reduction in the amount of 13551 sulphate in-
corporated into the pericellular-matrix compartment of cultures
grown both in the presence of ascorbic acid and co-dipyridyl
when compared to cultures having no inhibitor present. How-
ever, the incorporation of radioactive sulphate into peri-
cellular-matrix material by cells cultured with the vitamin

and coa-dipyridyl was still significantly higher than in cul-
tures labelled in the absence of ascorbic acid. As expected,
aa-dipyridyl had no effect on the radioactive sulphate incor-
poration of cells grown without ascorbic acid, since they any-
way laid down very small amounts of collagen. The increased
[353| sulphate incorporation into pericellular-matrix material
observed in the presence of ascorbic acid was thus nbt merely
related to a "collagen effect". Ascorbic acid is therefore

playing some specific role in the biosynthesis of sulphated

glycosaminoglycans.

To check whether the increased incorporation of |35515u]phate
in the presence of ascorbic acid merely resulted from a
general increase in metabolic activify of the cell in the
presence of the vitamin, the incorporation of labelled amino

acids into trichloroacetic acid-precipitable material was
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i355| sulphate incorporation into macromolecular material

in the different culture compartments of smooth muscle cells.

Fig. 5.6, The effect of aa-dipyridyl on

Cells were grown for 8 days under conditions of ascorbic acid supplementation(+) or deprivation (-).

}355i sulphate (10 uCi/ml1) was added for the final 24 h either together with 100 uM aa-dipyridyl

(+,+a0; -,+aa) or in its absence (+,-aa; =-,-aa). Incorporation of label into macromolecular
material in the extracellular, pericellular-matrix and intracellular culture compartments was
determined as described in Section 3.2.7. The data represent the mean + S.D. for quadruplicate
determinations for one of three similar experiments.
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studied and related to the total amount of cellular profein
found in cultures. Table 5.4 shows that there were no sig-
nificant differences in incorporation over 24 h between cells
grown with ascorbic acid or those grown in its absence, indi-
cating that they have similar rates of protein synthesis.
Thus ascorbic acid did not result in a general increase in

synthetic activity by these cultured cells.

In order to determine whether there was an overall increase

in proteoglycan/glycosaminoglycan synthesis, cultures were

l3

labelled for 24 h with 13551 sulphate and H | glucosamine

and the levels of these two isotopes were checked in the
different culture compartments of cells grown either with or

without ascorbic acid. The results are shown in Table 5.5.

135¢ |

It can be seen that the incorporation of both sulphate

and |3H1 glucosamine increased in vitamin-supplemented cultures

|35

but the incorporation of S | sulphate routinely increased

to a greater extent than did that of 13H1 glucosamine so that

Baey &

in the presence of ascorbic acid the HI

sulphate to
glucosamine ratios in the different compartments were always
higher than in the absence of the vitamin. Thus ascorbic
acid did increase synthesis of the glycosaminoglycanchains,

|353| sulphate to |3Hi

but in addition, the increase in the
glucosamine ratios strongly suggested that the presence of
the vitamin in the culture medium increased the degree of
sulphation of the glycosaminoglycans. In order to investi-

|355| sulphate to uronic

gate this aspect in more detail, the
acid ratios of the glycosaminoglycan molecules were examined

in the various culture compartments under conditions of
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TABLE 5.4

EFFECT OF ASCORBIC ACID ON THE INCORPORATION OF AMINO ACID

PRECURSORS BY SMOOTH MUSCLE CELLS

The incorporation of Tabelled amino acid precursors into TCA

precipitable material

in the medium or SDS lysates of the cell

layer was carried out as described in Section 5.2.4. The

data represent the mean + S.D. of quadruplicate determinations

from one of two similar experiments.

Precursor

|3HlLeuc1ne

i14C[Pheny1a1anine

114C|Amino acid
mixture

Ascorbate

Radioactivity Incorporated
(dpm/ug cell protein)

Medium Intracellular
57,8+7,1 60,2+5,8
70,7+3,4 65,0408
5151 52,2 5157+48.,4
45,8+0,1 51,210 ,2

530,1+17,5  282,2+14,5
503,3+12.9  308,0+10,3



TABLE 5.5

THE EFFECT OF ASCORBIC ACID ON THE INCORPORATION OF |3°s| SULPHATE AND |3H| GLUCOSAMINE

INTO THE DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

Cells were cultured for 8 days in the presence or absence of ascorbic acid. |35Si sulphate
(10 uCi/m1) and lSH[ glucosamine (5 pCi/ml) were present for the final 24 h of culture. The
assessment of incorporation of [355| sulphate and ]3H| glucosamine into macromolecular

material in the extracellular, pericellular-matrix and intracellular compartments was carried
out as deseribed in Section?3.2.7. Thesdats represent the mean: + 5.D; of quadryplitatg& deter-

minations from one of three similar experiments.

Ascorbate Radioactivity incorporated |355|Su1phate - |3H|81ucosam1ne
(dpm/ug cell protein)

|355I5u1phate ]3H[ Glucosamine

Total + 230144+15239 203449+15339 1,13 + 0,06
- 117964+4337 140704+7160 0,84 + 0,04
Extracellular + 128977 1+12224 127066+8707 1,03 + 0,01
- 94713+3925 110248+7101 0,86 + 0,05
Pericellular-Matrix + 75913+5332 51540+4577 1,5 + 0,02
- 13760+729 13603+699 108 0,50
Intracellular + 24460+1795 24843+1936 0,98 + 0,06
- 9488+273 16853+821 0,56 + 0,03

¢ee



233

ascorbic acid-deprivation and supplementation. These deter-
minations were carried out on cultures that had accumulated
|35S| sulphate labelled material for 8 days in order to permit
accurate determination of the uronic acid contents of the
different samples. At each medium change 1353| sulphate was
added to the fresh medium; all media were retained and pooled.
Media samples were dialysed extensively before analysis, as
failure to do this resulted in erroneous uronic acid determina-
tions due to the colour of the medium. Medium which had never
been exposed to cells was routinely treated in exactly the

same way to determine the levels of uronic acid normally
present in the medium. From the data shown in Table 5.6 it
was clear that there was an increase in the ]355| sulphate to
uronic acid ratios in all compartments in the presence of
ascorbic acid, providing further evidence for an increase in
the sulphation levels of the glycosaminoglycans in the presence

of the vitamin.

It was shown in Chapter 4 that the glycosaminoglycan chains
derived from proteoglycans from the medium and cell layer for
cultures grown both in the presence or in the absence of
ascorbic acid were all the same size. Thus, if the chains
synthesized in the presence of ascorbic acid were the same
size but had a greater degree of sulphation and hence a
greater total negative charge, they would be expected to bind
more strongly to DEAE-cellulose at low ionic strength and
require higher levels of ions to displace them compared to
less sulphated species. To test this hypothesis, samples

from both ascorbic acid-supplemented or -deprived cultures



TABLE 5.6

THE EFFECT OF ASCORBIC ACID ON THE RATIOS OF MACROMOLECULAR |355| SULPHATE TO URONIC ACID IN THE

DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

3
Cellswere cultured for 8 days in the presence or absence of ascorbic acid and with | 5S| sulphate

(10 pCi/ml). At each medium change during this period |3SS| sulphate was added to the new medium;
all media were retained and pooled. At the end of the culture period these samples were exhaust-
ively dialysed against running water at 5°C. The media, pericellular-matrix and intracellular

compartments were analysed for total macromolecular ]355| sulphate and uronic acid contents. The

data represent one of three similar experiments.

Ascorbate Total Radioactivity Total Uronic Acid
(dpm) (ug)
Extracellular + 9735243 2970
- 4344325 2880
Perice11u1ar- + 54577 65
Rauag = 24447 59
Intracellular + 58003 72

- 14630 63

Specific Radioactivity
(dpm/ug UA)

3278
1058

842
412

809
232
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were run on the same DEAE-cellulose column. Cultures were in-
cubated for 24 h in the presence of ascorbic acid and [3H|
glucosamine, or in the absence of the vitamin and 114C|
glucosamine. Pericellular-matrix material from the cultures
was prepared and processed as described in Section 5.2.5.
Samples were mixed at approximately equivalent radioactivity
levels and an aliquot was analysed by DEAE-cellulose chromato-
graphy as described previously (Fig. 5.7). The majority of

the glycosaminoglycan chains from the pericellular-matrix
compartment of cells grown in the presence of ascorbic acid
(|3H| glucosamine labelled) eluted from the column at a higher
salt concentration than did the_chains synthesized by cultures
grown in the absence of ascorbic acid (114C| glucosamine
labelled) (Fig. 5.7a). In the material from the supplemented
cells the biggest change was a pronounced peak of radioactivity
(peak IV) eluting at approximately the ionic strength required
to elute commercial chondroitin-4-sulphate, whereas the glycos-
aminoglycans from ascorbic acid;deprived cultures mostly eluted
at lower ionic strengths, Digestion of equal aliquots of the
mixed samples with chondroitinase ABC (Fig. 5.7b) or nitrous
acid (Fig. 5.7c) revealed that peaks I and IV were chondroit-
inase ABC-sensitive, peak III was sensitive to nitrous acid
treatment and peak II contained matef1a1 degraded by both
chondroitinase ABC and nitrous acid. The differences in
elution profiles on DEAE-cellulose for material from the peri-
cellular-matrix compartments of cultures grown either in the
presence or absence of ascorbic acid supported the observa-
tions that the vitamin caused increased levels of sulphation

of the glycosaminoglycans.



236

DPM x 10~2
(%]
[uci] m

FRACTION

Fig. 5.7. Elution profiles of radioactively-labelled glycosamino-
~ alycan chains analysed by DEAE-cellulose column chroma-
tography. -
Cells were cultured for 8 days under conditions of ascorbic acid
supplementation or deprivation. During the final 24 h]1aclg1ucos_
amine (--) was added to those cultures grown in the absence of
ascorbic acid and|3H|glucosamine (—) was added to those cultures
grown in the presence of the vitamin. After labelling the peri-
cellular-matrix, material from both ascorbic acid-supplemented and
-deprived cultures was mixed and applied to DEAE-cellulose columns
before (a) and after digestion with chondroitinase ABC (b) or
treatment with nitrous acid (c). Recovery of radioactivity from
the columns was better than 95%.
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The total amount of i3Hl glucosamine labelled material
(supplemented cultures) that remained after chondroitinase
ABC digestion was 29,8% of the total before any treatment,
and the amount that remained after nitrous acid treatment

was 70.,7%. This suggested that 70,2% of the sample was
chondroitin sulphate and dermatan sulphate and 29,3% was
heparan sulphate/heparin. This agreed closely with previous
figures of 66,8% and 33,2% obtained on quantitation of the
glycosaminoglycans from the pericellular-matrix compartment
for cells grown in the presence of ascorbic acid (Table 4.2).
The amount of |1dc]g]ucosamine labelled material (deprived
cultures) that remained after chondroitinase ABC digestion
was 47,0% of the total before treatment, and the amount that
remained after nitrous acid treatment was 53,9%. This like-
wise suggested that 53,0% of the sample was chondroitin sul-
phate and dermatan sulphate and 46,1% was heparan sulphate/
heparin, and this was in close agreement with the values of
50,7% and 49,3% obtained for chondroitin/dermatan sulphate
and heparan sulphate/heparin on quantitation of the glycos-

aminoglycans from the pericellular-matrix compartment of

cells grown in the absence of ascorbic acid (Table 4.2).

The results of the analysis of the various glycosaminoglycans
from the different culture compartments from cells groWn in

the presence or absence of ascorbic acid was discussed fully

in Chapter 4. These results are summarized here in Table 5.7.
Briefly, the presence of ascorbic acid caused an overall in-
crease in the relative amounts of dermatan sulphate and

heparan sulphate/heparin,and a decrease in the relative amount



TABLE 5.7
COMPOSITIONAL ANALYSIS OF THE SULPHATED GLYCOSAMINOGLYCANS FROM THE DIFFERENT CULTURE COMPARTMENTS

OF SMOOTH MUSCLE CELLS

Compositional analysis of glycosaminoglycans was performed as described in Section 5.2.6, using
specific enzymatic digestions or nitrous-acid treatment of material isolated from the different
culture compartments. Cells were grown for 8 days and |35S] sulphate (10 pCi/m1) was added to
the cultures for the last 48 h. The data represent the results from one of three similar

experiments.

Glycosaminoglycan Content (%)

Glycosaminoglycan Ascorbate Extracellular Pericellular-Matrix Intracellular Total
Type

Chondroitin-4- and + 61,1% 30,2% 11,8% 49,0

wo-sulphate : 70,0% 39,1% 32,8% 63,6

Dermatan sulphate + L 36,6% 76,7% 29,5

- ek 14.6% 48,6% Zan b

Heparan sulphate/ + 16,8% 38,2% 11,5% i
heparin

- 7,3% 49,3% 18,6% 1259

8ee
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of chondroitin sulphate synthesized and secreted by the cells.
In the pericellular-matrix and intracellular compartments
there was a marked increase in dermatan sulphate in the
presence of ascorbicacid and in the intracellular compartment
this was concomitant with a decrease in the amounts of chon-
droitin sulphate and heparan sulphate/heparin. In the extra-
cellular compartment the amount of heparan sulphate/heparin
increased in the presence of the vitamin but that of dermatan

sulphate remained constant.

Thus the presence of ascorbic acid in the culture medium of
bovine aortic smooth muscle cells resulted in increased levels
of proteoglycan synthesis, increased levels of sulphation of
the glycosaminoglycan chains of these proteoglycans and re-
sulted in the increased synthesis of dermatan sulphate and
heparan sulphate/heparin at the expense of chondroitin sul-
phate. These effects appeared to be due to the direct in-
fluence of ascorbic acid and were not only mediated via the
vitamin's effects on collagen biosynthesis. However, the
large increase in radioactive sulphate associated with the
pericellular-matrix compartment may be due to some extent to
an increased trapping of the proteoglycans by the much-

increased extensive collagen matrix.

5.4. DISCUSSION

Until recently the role of ascorbic acid in collagen synthesis
had been accepted as an exclusive involvement in the hydroxy-
lation of proline and lysine residues. However, alternative

roles for ascorbic acid in the control of collagen biosynthesis
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have now been reported (341).

Other roles for ascorbic acid have also been suggested, for
example, as a promotor for microtubu1é assembly and thence

the process of secretion (114,344). Studies in our labora-
tory with rat heart smooth muscle cells in culture showed

that bethanecol, which has been used to mimic the effect of
ascorbic acid on this process, did not cause enhanced secre-
tion of sulphated proteoglycans into the pericellular-matrix

compartment.

The results with bovine aortic smooth muscle cells showed
that the presence of ascorbic acid resulted in an increased
incorporation of 13551 sulphate into macromolecular material,
particularly in the pericellular-matrix compartment. In the
presence of ascorbic acid a greater proportion of the total
sulphated macromolecules was found in the pericellular-matrix
compartment (30% compared to 11% in the absence of the vitamin).
Presumably, the proteoglycan molecules are trapped in the
extensive extracellular matrix by electrostatic interactions
between their glycosaminoglycan chains and the matrix proteins.
The results showed that the increased incorporation of |35Sl
sulphate into macromolecular material in the presence of
ascorbic acid was in part due to an increased synthesis of
proteoglycans and in part due to an increase in the sulphation
level of the glycosaminoglycans. The increased levels of
macromolecular radioactive sulphate would seem to be due not

only to the increased amount of collagen found in the extra-

cellular matrix of ascorbic acid-supplemented cultures but
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also as a direct result of the addition of the vitamin.
Although Shapiro and Poon have negated the role of ascorbic
acid 2-sulphate as a sulphate donor (118), other workers have
suggested that this sulphate intermediate of ascorbic acid
does have a role to play in biological sulphate transfer (117).
The findings presented here do not support either contention
but clearly shbw that the vitamin plays an important role in
the biosynthetic pathway leading to secretion and deposition

of the suiphated macromolecules.

There is increasing awareness of the presence of desulphatase
enzymes associated with the external surface of some cultured
cells (169). The presence of these enzymes has been postula-
ted to be involved in the desulphation of external proteo-
glycans which can then be internalized by receptor—mediafed
endocytosis, prior to being degraded intracellularly (see
Section 1.3.1) £ 167=169). Ascorbic acid may inhibit these
ecto-sulphatases and this may result in a higher sulphate con-
tent for the macromolecules associated with the pericellular-

matrix compartment in the presence of the vitamin.

The process of sulphation is a complex one and involves the
formation of both sulphamino groups and O-sulphates 1in
heparan sulphate (93,350). Under tissue culture conditions
in the presence of ascorbic acid there may be over-sulphation
of certain glycosaminoglycan species - dermatan sulphate and
heparan sulphate. Sulphate levels have been shown to vary
from tissue to tissue, for example, chondroitin 4 and 6

sulphate may have between 0,1 and 1,3 sulphate residues per
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disaccharide unit (351). Studies in our laboratory showed
that the sulphate to uronic acid ratio of glycosaminoglycans
synthesized by rat heart smooth muscle cells under scorbutic
conditions is low; this is based on direct analysis for
inorganic sulphate. Thus in the absence of ascorbic acid,
glycosaminoglycans synthesized in tissue culture may be under-
sulphated and the supplementation of the culture with ascorbic
acid may result in an increased incorporation of sulphate at
the many sites that are still available for sulphation. The
undersulphation of glycosaminoglycans in tissue culture is
supported by the fact that, although the pericellular-matrix
compartment of vitamin deprived cells contains about 50%
chondroitin and dermatan sulphate, the glycosaminoglycans
eluted from a DEAE-cellulose column at a much lower ionic
strength than that required for the elution of commercial

chondroitin sulphate of shark origin.

The interaction of connective tissue macromolecules and their
coordinated synthesis has been under study for some time (352).
Collagenous matrices have been shown to alter the growth of
normal and transformed cultures. Thus some of the effects
reported here, such as the increased cell number, may be due

to the increased collagen production in the presence of
ascorbic acid. The changes in the types of glycosamino-
glycan chains synthesized by cells cultured in the presence

of the vitamin that were observed, may be due to such phenomena,
since a certain degree of specificity of interaction between
dermatan sulphate and collagen on the one hand, and between

elastin and heparan sulphate on the other, has been proposed
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(187). Ascorbic acid-supplementation caused an increase in
the amount of dermatan sulphate in the pericellular-matrix
compartment and a decrease in the amount of heparan sulphate/
heparin, possibly as a result of an increased amount of collagen.
This is at variance with the data reported by Schwartz et al.
(335} Using antiserum to heparan sulphate, they have re-
ported an increase in this glycosaminoglycan associated with
the cell TlTayers of ascorbic acid-supplemented bovine calf
aortic smooth muscle cells in culture. The overall pattern
in our culture system, however, revealed increases in both
dermatan sulphate and heparan sulphate/heparin in the presence
of ascorbic acid at the expense of chondroitin sulphate. The
data that have been presented relating to the inhibition of
matrix protein deposition caused by oca-dipyridyl showed that
the changes in glycosaminoglycan content may nevertheless

occur in the absence of the interacting protein components.

Thus supplementation of aortic smooth muscle cells with
ascorbic acid led to both increased synthesis of sulphated
macromolecules and increased levels of sulphation of these
molecules. In addition, the glycosaminoglycan patterns in
the presence of the vitamin were altered with increasing
amounts of dermatan sulphate and heparan sulphate/heparin
being synthesized at the expense of chondroitin sulphate.
These changes may occur as a result of increased collagen
production as well as by some direct effect mediated by the
addition of the vitamin. As yet the mechanism whereby

ascorbic acid exerts this direct effect is unknown.
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CHAPTER 6

THE EFFECT OF g-D-XYLOSIDES ON GLYCOSAMINOGLYCAN SYNTHESIS

BY CULTURED SMOOTH MUSCLE CELLS

6.1. INTRODUCTION

Five of the the seven known types of glycosaminoglycan chain,
namely chondroitin-4- or -6-sulphate, dermatan sulphate,
heparan sulphate and heparin have been shown to be initiated
on peptidyl serine residues on the proteoglycan core protein
via a unique linkage region involving a specific tetra-

saccharide (Section 1.2):

- GlcUA - Gal - Gal - Xyl - Ser _ (97)

The enzyme xylosyltransferase transfers the initial xylose
residue from UDP-xylose to the hydroxyl group of the serine
and the covalent attachment that ensues gives rise to an
acceptor for the transfer of the first galactose residue by
galactosyltransferase 1. Other monosaccharides are added
sequentially from their respective UDP-activated derivatives
by distinct, specific transferases (353-355). Fhus it 1
not surprising that this metabolic process can be mimicked _
and short-circuited by the introduction of a group of com-
pounds, the g-D-xylosides. The use of these compounds with
tissue culture cells has resulted in the synthesis of glycos-
aminoglycan chains initiated on the exogenously supplied
acceptor. Thus the requirement for core protein may be
circumvented and glycosaminoglycan synthesis is no longer

regulated by the activity of xylosyltransferase.
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Several workers have made use of B-D-xylosides as tools for
dissecting the pathways of proteoglycan synthesis. In general
these artificial acceptors have been shown to prime the syn-
thesis of glycosaminoglycans, specifically chondroitin sul-
phate, more efficiently than does the core protein-xyloside,
and their addition to cells in culture results in a marked
stimulation of incorporation of radioactive precursors into
free glycosaminoglycan chains which are initiated on xyloside
acceptors (98,100-103,356). The B-conformation of the accep-
tor is essential because of the specificity of the first
galactosyltransferase for B orientation of the hydroxyl group
on the anomeric carbon (100,102,103). D-xylose has been
shown to be able to initiate chondroitin sulphate chains but
only at a very high concentration, and then only to a limited
extent (100). Thus, presumably, galactosyltransferase I
exhibits preference for a xyloside linkage. The aglycone
moiety of the B-D-xylosides also influences the stimulation
of glycosaminoglycan synthesis; non-polar residues such as
n-butyl, phenyl and benzyl groups are most effective (100,
102,103). This may result from differences in the rate of
transport of the different xylosides through the plasmalemma
or from differences in affinity for the xylosides exhibited
by UDP-galactosyltransferase I. Furthermore, it has been
shown that other. sugar derivates further along in the.
sequence, such as B-D-galactosides and B-D-N-acetylgalactos-
amine, cannot initiate glycosaminoglycan synthesis since
clearly only UDP-galactosyltransferase I recognises a mono-
saccharide as an acceptor (100,103). At variance with this

finding, however, is the result of Robinson et al., who showed
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that g-D-galactosides could act as artificial initiators of

chondroitin sulphate synthesis (102).

It is generally agreed that the glycosaminoglycan chains
formed on xyloside acceptors are shorter than those synthe-
sized on core protein in the absence of xyloside (100,103,
357,358), although there have been one or two reports in
which no differences were found in glycosaminoglycan chain
length from control or xyloside-treated cultures (100).
These studies have given rise to the proposal that the core
protein plays a role in the normal regulation of chain length.
In addition, chains initiated on B-D-xyloside acceptors have
been shown to be more soluble and were rapidly secreted from
cells so that in the presence of B-D-xylosides a much greater
proportion of the glycosaminoglycan material was found in the
culture medium, and correspondingly less was associated with
the extracellular matrix (100,358-360). The response to

the addition of Bg-D-xylosides is rapid and has been shown to

reach a maximum after 3 to 6 h of exposure (100).

Several workers have reported a marked stimulation of radio-
active 13551 sulphate incorporation into macromolecular
material in the presence of B-D-xylosides (96,100,103,356).
However, this increase is almost always attribued to an in-
creased synthesis of glycosaminoglycans. Only in a few
instances have the levels of sulphation of the synthesized
glycosaminoglycans been examined. Some laboratories have
found no change in sulphation level of glycosaminoglycans

initiated on g-D-xylosides compared to those formed on the
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core protein in the absence of the xyloside (360). Yet again
others have reported a decrease in sulphation of chondroitin
sulphate chains from xyloside-treated cultures, whether they
are primed on the acceptor or on core protein (358,361).
Sudhakaran et al. were able to induce heparan sulphate syn-
thesis on xyloside if synthesis of core protein was inhibited
by cycloheximide (362). They reported that the heparan sul-
phate initiated on the artificial acceptor was more sulphated,
as well as being shorter than heparan sulphate synthesized in

the absence of B-D-xylosides.

It has been observed that addition of B-D-xylosides to cultures
enhances the synthesis of chondroitinase ABC-sensitive material.
Greater proportions of chondroitin sulphate are synthesized

in the presence of B-D-xylosides than in its absence, even by
non-connective tissue cell types that normally synthesize very
small amounts of this glycosaminoglycan (100,107). Stevens
and Austen have shown that rat mast cells which normally syn-
thesize heparin proteoglycan.almost exclusively (greater than
90% of total proteoglycan) can be stimulated by B-D-xylosides
to synthesize free glycosaminoglycan chains which were almost
entirely degradable by chondroitinase ABC (107). In their
system, as well as in that of other authors (103), it has

been shown that relatively few, if any, heparin chainé were
initiated on the artificial acceptors, which suggested that,
in spite of having the same tetrasaccharide linkage sequence
to core protein, more specific initiation requirements than
those offered by the B-D-xyloside may be required for heparin

biosynthesis. Alternatively, the cell may have the capacity
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to synthesize a greater amount of chondroitin sulphate than
is normally expressed in the presence of core protein, but
the synthesis of heparin may be at a maximal level and thus
cannot be stimulated by addition of xyloside. Thus in

heparin proteoglycan synthesis the elongation enzymes may

be the 1imiting factor.

Whether the increase in chondroitinase ABC-sensitive material
is a general increase in chondroitin synthesis or a specific
increase in one form of chondroitin sulphate, i.e. chondroitin-
4-sulphate, chondroitin-6-sulphate, or dermatan sulphate has
not been established. Lohmander et al. found that a some-
what largerproportion of 6-sulphated disaccharide was isolated
from xyloside-treated chondrocyte cultures than from control
cultures, and comparisons of digestions with chondroitinases
ABC and AC showed that dermatan sulphate was not synthesized

in these cultures (359).

In addition to greatly stimulating the synthesis of free
glycosaminoglycan chains, the presence of B-D-xyloside was
also shown to markedly decrease the amount of glycosamino-
glycan chain polymerized on core protein (101,131,360).
However, by the use of a specific radioimmunoassay, the con-
centration of core protein/cell was shown to be the same for
both control and xyloside-treated chondrocyte cultures (101).
Furthermore, glycosaminoglycans that were synthesized on core
protein in xyloside-treated cultures were shown to be of a
smaller size as compared to those synthesized on core protein

in the absence of xyloside (354,358). By analysis of
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|3H] glucose to ]3SSI sulphate ratios and relative amounts
of unsulphated to sulphated disaccharides, glycosaminoglycans
initiated on core protein in the presence of g-D-xyloside
have been shown to be undersulphated (357,358). In addition,
it has been shown fhat the number of chondroitin sulphate
chains initiated on core protein from xyloside-treated chick
1imb bud cultures decreased but the number of keratan sulphate
chains initiated remained the same (359). This may be a
reflection of their different linkage trisaccharide require-
ments. However, the length of both chondroitin sulphate
and keratan sulphate chains was shown to decrease, and this
has been explained by the fact that the synthesis of both
chains utilizes common precursor pools, and the high stimula-
tion of synthesis of free chondroitin sulphate chains on the
artificial xyloside acceptor has the effect of lowering the

concentration of available precursors (359).

Preliminary experiments with p-nitrophenyl-g-D-xyloside
resulted in a marked increase in ]35$| su1pﬁate incorporation
into macromolecular material in the medium of aortic medial
smooth muscle cells. The effects of the B-D-xyloside on
glycosaminoglycans synthesized both on core protein and on
the artificial acceptors were therefore investigated with a
view to the characterization of the glycosaminoglycan length,

degree of sulphation and composition.
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6.2. METHODS

6.2.1. Preparation of cell cultures

Bovine foetal aortic smooth muscle cells (A3) were isolated
and cultured as described in Section 3.2.1 and were grown
in either the presence or absence of daily additions of ascor-

bic acid (50 ug/ml).

6.2.2. Incorporation of radioactive isotopes

Incorporation studies were usually carried out on cultures

grown in 35 mm Petri dishes which were initiated at 105

cells/
dish. Cells were grown for 8 days and |355| sulphate

(10 uCi/ml1) and/or |3H| glucosamine (5 uCi/ml1) were added

for the final 24 h (unless otherwise stated), in the presencel
or absence of the requisite dosage of either p-nitrophenyl-g-
D-xylopyranoside or 4-methylumbelliferyl-g-D-xyloside dissolved
in dimethylsulphoxide (DMSO). Control cultures were treated
with a volume of DMSO equal to that used to administer the
B-D-xyloside. At the end of the incubation period the medium
(extracellular compartment) was removed and retained for
analysis, and the pericellular-matrix and intracellular com-
partments were isolated after treating the cell layers with

a solution of Viokase and collagenase as described in Section
3.2.7. Incorporation of radioactive precursors into macro-
molecular material was assessed after descending paper

chromatography to remove unincorporated isotope, as described

in Section 3.2.7.
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6.2.3. Molecular exc]usion chromatography

Columns of Sepharose CL-6B (0,6 x 110 cm) equi]ibrated at

room temperature with 0,05 M sodium acetate pH 6,8, or
Sephadex G100 (medium) equilibrated at room temperature with
PBS, were used to compare the sizes of glycosaminoglycan
chains synthesized by g-D-xyloside-treated or control cul-
tures. Glycosaminoglycans attached to either the core
protein or to the artificial acceptors, in cultures treated
with g-D-xyloside, were prepared after chromatography of the
sample on a preparative Sepharose CL-6B column (1,6 x 80 cm).
Columns (1,2 x 28 cm) of Biogel P-2 (100-200 mesh),equi]ibrated
and eluted with distilled-deionized water, were used to desalt
samples. Columns were calibrated with respect to their void
volumes (VO) and total volumes (Vt), using either proteoglycans
purified from bovine nasal septum or blue dextran and l355|

sulphate, respectively.

6.2.4. DEAE-cellulose chromdtography

When radioactive culture media were to be ana]yseq by DEAE—
cellulose chromatography, they were first digested with papain
(1 mg/mi) at 65°C for 8 to 10 h and then dialysed against

5 litres of cold distilled-deionized water at 5°C for 48 h
with five changes of water, after which they were freéze~
dried. Freeze-dried samples, dissolved in appropriate
volumes of 0.05 M sodium acetate pH 4,0 were applied to
columns (1,0 x 6,0 cm) of DEAE-cellulose equilibrated with

the same buffer. Columns were eluted initially (five
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fractions) with equilibration buffer and subsequently with a
linear gradient of 1ithium chloride (0,2 M to 1,5 M) in 0,05 M

sodium acetate pH 4,0, as described in Section 2.2.7.

6.2.5. Quantitation of glycosaminoglycan chains

Glycosaminoglycan analysis was carried out on radiolabelled,
papain-digested, freeze-dried samples prepared from culture
media as described above, but isolated from cultures initiated
int 6 cm® tissue culture flasks at 106 cells/flask. Lyophil-
ized samples were dissolved in the appropriate volume of 0,01 M
Tris acetate pH 7,3, and then subjected to digestion with
chondroitinase ABC, chondroitinase AC, hyaluronidase or treat-
ment with nitrous acid as described in Section 2.2.4. Samples
were chromatographed on a column (1,0 x 120 cm) of Sephadex
G-50 (medium) equilibrated with 0,2 M pyridine acetate pH 5,0,
before and after digestion, as described in Section 2.2.8.

The amount of excluded material before and after digestion

was used to assess the content of a specific glycosamino-

glycan type.

6¢2¢6: Thin layer chromatography

Freeze-dried samples were dissolved in the appropriate volume
of 0,01 M Tris acetate pH 7,3 and then subjected to d{gestions
with either chondroitinase ABC or chondroitinase AC. The
digests were filtered through sterile Millipore filters (0,45
uM pore size). Carrier disaccharides were added to the
digests and aliquots were streaked onto cellulose-coated thin

layer plates and subjected to ascending chromatography in
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glacial acetic acid : 1-butanol : 1 N ammonium hydroxide

6 : 4 : 3 (v/v/v) (332), at room temperature for approximately
6~ h. Thin layer plates were air-dried and stained in 0.1%(w/v)
toluidine blue in absolute ethanol. The bands corresponding
to the various disaccharides were collected by scraping, and

counted as described in Section 3.2.4.

6.2.7. Analytical procedures

Determinations of the concentration of cellular protein were
carried out on washed cell layers after lysis of the cells by
a solution of 1% (w/v) SDS,'using a modification of the method

of Lowry et al. (323) as described in Section 3.2.3.

6:3. | RESULIS

6.3.1. Comparison of glycosaminoglycans from control and

B-D-xyloside-treated aortic smooth muscle cell cultures

The A3 line of bovine aortic smooth muscle cells showed a
marked stimulation of |3551 sulphate incorporation into macro-
molecular material when cultured in the presence of various
levels of p-nitrophenol-g-D-xyloside (Table 6.1) or 4-methyl-
umbelliferyl-g-D-xyloside (Table 6.2). The effect was most
marked for cultures exposed to the xyloside for 24 h at a

final concentration of 0,5 mM. At the higher doses tested,
the incorporation decreased slightly, although at all concen-
trations it was still significantly higher than that of control
cultures. The highest doses of g-D-xyloside tested were

toxic to the cells and resulted in cell death, and thus



: TABLE 6.1
THE EFFECT OF p-NITROPHENYL-8-D-XYLOSIDE ON [35S| SULPHATE INCORPORATION INTO MACROMOLECULAR
MATERIAL IN THE DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

Cells were cultured for 8 days in either the presence or absence of ascorbic acid. |355[ Sulphate
(10 uCi/m1) was present during the final 24 h of culture, together with the different ggses of p-
nitrophenyl-g-D-xyloside described in Section 6.2.2. The amounts of macromolecular |°°S| sulphate
in the extracellular, pericellular-matrix and intracellular culture compartments were determined as
described in Section 3.2.7. The data represent the mean + S.D. for triplicate determinations for
one of two similar experiments. The figure in brackets gives the percentage of the total radio-
activity found in that compartment.
Ascorbate Dose Cellular Radioactivity Incorporated (dpm/ug cellular protein)
(mM) P{3;?1n Total Extracellular Pericellular-Matrix Intracellular
+ 0 740 347,345,0 211 ,846,8 (61) 11746,8 (33} 19,3+1,3 (86)
DMSO 7382 331,3+11,0 204,3+6,1 (62) 109+4,7 (33) 175640152 (5)
0,1M 744 2054,5+30,4 1936,9+30,7 (94) 94+15857 (59 235 7915,4° (1)
0,5 699 2357 ,0+27 .0 2240,0+25,6 (95) 89+2,0 (4) 23,8+3,.8 (1)
1,0 664 1967 ,2%239 1865,0+23,0 (94) g150r5.4" (4) 21, 7#3,7 (1)
2 646 1535,0+50,0 1442,3+49,0 (94) r2, 352 8 (5] 20,5+0,6 (1)
5,0 545 1361,6+19,6 1280,0+22,3 (94) 64,0+4,6 (5) o )
10,0 530 1176 ,14285,3 " 1116,0+2276 (85) 48,0+18,2 (4) 13, 133,¢4 (1)
- 0 519 303,9+12,0 252,4+10 (83) 27,5+2,7 (%) 24,1+1,9 (8)
DMSO 525 288,0+5,6 231,3+6 (83) 26,050,989 (9) 20,9+1,1 (8)
0,1 511 1711,3#185,6 1653, 2% 36,6 {07} 27,921,080 (2) 30,3+2,7 (1)
g 517 1838,5+7,8 1786,1+77,2 (97) 25,5+0,9 (1) 26,9+0,5 (2)
: 491 1649,1+47,0 1599+469,0(97) 25,.0+0,7 (2] 24,9+0,8 (1)

1,0
550 424 1201,4+23,0 1164,3+%22,2 (87) Wil (1) 21,4+0,1 (2)
0,0 400 764,5+93,2 73929053 (37] 12,0+0,8 (2) 13,0+2,1 (1)

vSe



TABLE 6.2
THE EFFECT OF 4-METHYLUMBELLIFERYL-B-D-XYLOSIDE ON |355] INCORPORATION INTO MACROMOLECULAR MATERIAL
IN THE DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

Cells were cultured for 8 days in either the presence or absence of ascorbic acid. |3SS] Sulphate
(10 uCi/m1) was present during the final 24 h of culture, together with the different doses of 4-

methylumbelliferyl g-D-xyloside as described in Section 6.2.2. The amounts of macromolecular |353|
sulphate in the extracellular, pericellular-matrix and intracellular culture compartments were deter-
mined as deseribed in Section=3.2.7. The data represent the mean + S.D. for triplicate determinations
for one of two similar experiments. The figure in brackets gives the percentage of the total radio-
activity found in that compartment.
Ascorbate Dose Celfular Radioactivity Incorporated (dpm/ug cellular protein)
(mM) P’EE;?‘” Total Extracellular Pericellular-Matrix Intracellular
+ 0 668 20l H8F . 184,8+13,1 (67) 79,1+21,0 (29) §2,251.6 (4)
051 644 1595+163 1507,2+143,1 (95) 70:,3+0,8 _ (4) 17,1+0,8 (1)
Us 5 596 1851+90 1747 ,1+92 .00 (94 ) 85,4+2,9 (5) 17,8+1,0 (1)
1,0 568 13764192 1290,2+112,5 (94) 685242 .8 5 {5) 17,0+1,4 (1)
&5 576 1430+104 1361,3+106,7 (95) 56,8+6,0 (4) 13,5421 (&)
- 0 480 224+21 194,2+19,2 (87) 225 14850  (10) 8.,3+055 (3)
g1 492 1496+156 1461,5+153,1 (98) 24,2+2,3 (16) 10,5+0,6 (0,4)
0% 5 472 1543+31 1912, 133108 (98] & #0,7 . (1) 12,0+0 (1)
0 464 1403+146 1372,1%118¢2 (B8) 2050+1,45 (1) 11,040 Gl )=
2% 5 254 1283+72 1261,6+72,0 (B8) 132641.45 (19 9.5%0.7 (1)

G52
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decreased amounts of cellular protein in these cultures.
Therefore, in all future experiments a dose of 0,5 mM p-nitro-
phenyl-B-D-xyloside was used. Stock solutions of B-D-xylo-
side were made up in DMSO and dilutions were made in order
that the amount of DMSO added to the cultures was never
greater than 5 ul/ml of medium. This level of DMSO was

shown to have no effects on the amount of cellular protein

or on the amount of |353| sulphate incorporated into macro-
molecular material (Table 6.1). At a dose of 0,5 mM B-D-
xyloside there was a 6- to 7-fold increase in the amount of
|355| sulphate incorporated into macromolecular material/ug
cellular protein for both cultures grown in the presence and
absence of ascorbic acid. Thus the presence of the vitamin

did not enhance the effect of the xyloside to any significant

degree.

Apart from the effect of B-D-xyloside on total incorporation
of 1355| sulphate, there were marked changes in the distri-
bution of the xyloside-initiated material within the culture
system.  More than 94% of the macromolecular |355| sulphate
was associated with the culture medium in the presence of
xyloside, whereas in its absence only some 60% of the total
macromolecular material was found in the culture medium after
24 h when cultures were grown in the presence of ascorbic acid.
The amount of radioactivity found in the pericellular-matrix
and intracellular compartments decreased correspondingly in
the presence of B-D-xyloside. The increase in the relative
amount of macromolecular radioactive material associated with

the culture medium has been noted by other workers (100,359-361),
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and implies that the glycosaminoglycan chains initiated on
B-D-xyloside acceptors were more soluble and were secreted
more readily into the medium. The timing of macromolecular
radioactive sulphate appearance in the culture medium for
g-D-xyloside-treated or control cultures grown in either

the presence or absence of ascorbic acid supported this
implication (Fig. 6.1). Smooth muscle cells were preincu-
bated either in the presence of 0,5 mM B-D-xyloside (treated)
or in the presence of equivalent amounts of DMSO alone (con-
trol) for 3*h. At Eilie zero 1355| sulphate was added to the
culture medium and the amount of macromolecular material in

the medium was assayed at various times after the introduction
of the radioisotope. It may be clearly seen that for cultures
incubated in the presence of B-D-xyloside, the appearance of
macromolecular material in the medium was much more rapid than
in control cultures. In treated cultures a significant

amount of macromolecular material had already been secreted

into the culture medium even after only 1 h of incubation.

It had previously been noted that the addition of ascorbic
acid to bovine smooth muscle cell cultures caused an increase
in i35Si sulphate incorporation into macromolecular material
by these cultures (Chapter 5, 363). This prompted further
investigation into the effects of B-D-xyloside on the incor-
poration of radioactive sulphate into macromolecular material
in order to determine whether this simply reflected an in-
creased synthesis of glycosaminoglycans or, alternatively,

whether the xyloside actually stimulated the sulphation of

the glycosaminoglycan chains. Cultures were consequently
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Fdg.nbyls Kinetics of secretion of |355| sulphate labelled
glycosaminoglycans into the culture medium of
smooth muscle cells either in the presence of
absence of p-nitrophenyl-g-D-xyloside.

Cells were cultured for 8 days either in the presence (a) or
absence (b) of ascorbic acid. Dishes were pretreated with

10 ul DMSO (---) or 10 ul p-nitrophenyl-g-D-xyloside in DMSO

to give a final concentration of 0,5 mM (—). After 3 h both
control and treated cultures were incubated with 10 uCi/ml

|355| sulphate for the times shown in the figure. At each

time point media were removed from triplicate dishes and
processed to obtain the radioactivity present in macromolecular
species (Section 3.2.7). The data represent the mean + S.D.

of triplicate determinations for one of two similar experiments.
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labelled for 24 h with both |3 1355| sulphate

H| glucosamine and
in either the presence or absence of 0,5 mM p-nitrophenyl-
B-D-xyloside (Table 6.3). The incorporation of both isotopes
info the macromoleéular material in the culture medium was
markedly stimulated by the xyloside and incorporation into

the perice]1ular-matrix and intracellular compartments was
depressed. Thus both the synthesis of glycosaminoglycans

and their secretion into the culture medium was stimulated.
However, the incorporation of l355[ sulphate into macro-
molecular material in the medium was routinely stimulated to
a greater degree (6- to 7-fold) than that of l3H| glucosamine

(about 4-fold), resulting in an increase in the ]355|

o

sulphate
to |“H| glucosamine ratio in the presence of g-D-xyloside.

The ratios increased from 0,86 and 1,03 for untreated cultures
grown in the absence or presence of ascorbic acid, respectively,
to 1,7 for treated cultures from cells grown both in the ab-
sence and presence of vitamin C. This suggested that g-D-
xyloside might be causing an increased sulphation of glycos-
aminoglycan chains. Although less labelled macromolecular
material was found in the pericellular-matrix and intracellular
compartments, the |35Sl sulphate to |3H| glucosamine ratios
of material from these compartments of cultures grown in the
presence of B-D-xyloside were also higher than those from
corresponding compartments of cultures grown in the absence

of xyloside.

In order to further check the effect of g-D-xyloside on
sulphation, glycosaminoglycans from control and treated cul-

tures were analysed by DEAE-cellulose ion-exchange chromatography.



THE EFFECT OF B-D-XYLOSIDE ON THE INCORPORATION OF

TABLE 6.3

| 3]

SULPHATE AND |3H| GLUCOSAMINE INTO

Cells were cultured for 8 days in either the presence or absence of ascorbic acid.
glucosamine (5 uCi/ml) were added for the final 24 h of culture either in the

(10 uCi/m1) and
The assessment of incorporation

presence or absence of 0,5 mM p-nitrophenyl-g-D-xyloside in DMSO.
of |39S| sulphate and |3H| glucosamine into macromolecular material in the extracellular, peri-
cellular-matrix and intracellular compartments was carried out as described in Section 3.2.7.

THE DIFFERENT CULTURE COMPARTMENTS OF SMOOTH MUSCLE CELLS

|35

S| Sulphate

data represent the mean + S.D. of quadruplicate determinations from one of three similar experiments.

Total
Extracellular
Pericellular-

matrix

Intracellular

Total

Extracellular

Pericellular-~
matrix

Intracellular

Ascorbate Xyloside

Radioactivity Incorporated
(dpm/ug cellular protein)

|355|Su1phate

999072+26438
230144+15239
929555+25362
129771+12224
45988+2224
7591345332
2335041372
2446041795

674647+6005
117964+4337
654570+59026
94713+3925
9238+751
13760+729

108404578
9488+273

3HIG]ucosamine

58317142199
203449+15339
542621+22983
127066+8707
25973+3550
5154044577
1546042799
2484341936

399733428341
140704+7160
387063+24808
110248+7101
6123+329
13603+699

8048+729
16853+821

3
|

5S|Su1phate

3H|GTucosamine

1409+9,07
1,13+0,06
1,70+0,09
1503+0,01
fo? 920,18
1,50+8,02
1,54+0,23
0,98+0,06

1,70+0,25
0,84+0,04
1,70+0,04
0,86+0,05
1,51+0,16
1,02+0,1

1,36+0,16
0,56+0,03

092
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Polyanions bind more tightly to these columns when their
total negative-charge density is increased. However, it

was necessary to know the relative length of the chains being
applied to these columns,as longer chains would bind more
tightly as a result of having more negatively-charged groups,
but this would not necessarily mean that the charge/unit .
length was increased. Most workers who have studied the
effects of BR-D-xylosides on glycosaminoglycan synthesis in
other systems have reported that the chains initiated on
xyloside acceptors were shorter than their natural counter-
parts initiated on core protein (102,103,357,352). These
findings have been confirmed with bovine aortic smooth muscle
cells. Glycosaminoglycan chains from the culture medium of
control cultures eluted with a KaV of 0,28 when analysed on
Sepharose CL-6B (Fig. 6.2a), whereas those from the medium

of cultures treated with 0,5 mM g-D-xyloside eluted with a
K, of 0,59 to 0,60 (F1g.U612b). ~The position of elution
from Sepharose CL-6B columns was unaffected by the presence
of ascorbic acid during culture. According to the data of
Wasteson (327), these K,y values correspond to molecular
weights of approximately 50000 for glycosaminoglycans from
control cuitures and 12500 for those from xyloside-treated
cultures. Similar values were obtained from the data
supplied by Churms (364). In a separate experiment, control
cultures were labelled with [14C| glucosamine and treated
cultures with |3H| glucosamine, and the glycosaminoglycans
prepared from the media of these two cultures were chromato-

graphed on the same Sepharose CL-6B column (Fig. 6.3), con-

firming the difference in chain length. At doses of
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Fig. B.4. Sepharose CL-6B chromatography of glycosamino-
glycans from the medium of control or g-D-xyloside-
treated smooth muscle cell cultures.

Cells were cultured for 8 days in the presence (a,c) or
absence (b,d)' of ascorbic acid. |°S| Sulphate (10 uCi/ml)
was present during the final 24 h of culture, either in the
presence of DMSO alone (a,b) or in the presence of 0,5 mM
p-nitrophenyl-g-D-xyloside dissolved in DMSO (c,d). The
glycosaminoglycans were isolated from culture media as des-
cribed in Section 6.2.4 and chromatographed on a Sepharose
CL-6B column.
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FRACTION

Rig. a6:3 Sepharose CL-6B chromatography of glycosamino-
glycans from the medium of control or Bg-D-
xyloside-treated smooth muscle cell cultures.

Cells were cultured for 8 days in the presence (a) or absence
(b) of ascorbic acid. For the final 24 h in culture they

were treated with 0,5 mM p-nitrophenyl-g-D-xyloside in DMSO

in the presence of |3H| glucosamine (---) or with DMS0 alone

in the presence of |14C| glucosamine (—). Isotopes were

used at a level of 5 pCi/ml culture medium. At the end of

the 24 h labelling period the glycosaminoglycans were isolated
from the media as described in Section 6.2.4 and samples from
both control and xyloside-treated cultures were chromatographed
on the same Sepharose CL-6B column.
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B-D-xyloside which resulted in lower levels of stimulation

of glycosaminoglycan synthesis (Table 6.1), there was a slight
reduction in the Kav of glycosaminoglycan chains initiated on
the artificial acceptor (Fig. 6.4). However, the latter

were still significantly shorter than those glycosaminoglycan
chains synthesized by control cultures. The data were in
agreement with the proposal that the length of the glycosamino-
glycan chains may be inversely correlated with their rate of
synthesis (106,360). Having established the size of the
xyloside-initiated glycosaminoglycan chains it was now cogent
to analyse them on DEAE-cellulose columns. Smooth muscle
cells were therefore incubated for 24 h either in the presence
of B-D-xyloside and |3H[ glucosamine or with DMSO alone and
|14C| glucosamine. Media from the cultures were collected
and processed as described in Section 6.2.4 and, after mixing
at approximately equal radioactivity levels, they were analysed
on the same DEAE-cellulose columns (Fig. 6.5). The majority
of the glycosaminoglycan chains synthesized and secreted into
the culture medium in the presence of g-D-xyloside eluted

from the columns at higher salt concentration than did the
chains synthesized by control cultures, indicating that they
had a higher total negative charge. Since these chains from
treated cultures have been shown to be shorter than those

from control cultures (Fig. 6.2, 6.3), they must, of necessity,
contain more negative charges per unit length. With material
from treated cultures, there was a pronounced peak of radio-
activity (peak IV), eluting at about the ionic strength re-
quired to elute commercial chondroitin-4-sulphate, whereas the

[14C| glucosamine labelled chains from control cultures eluted
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Fag. 6.8 Sepharose CL-6B chromatography of glycosamino-
glycans from the media of smooth muscle cell
cultures treated with different doses of B-D-
xyloside.

Cells were cultured for 8 days in the presence (a) or absence
(b) of ascorbic acid. For the final 24 h of culture they
were treated with 0,5 mM p-nitrophenyl-g-D-xyloside in DMSO
in the presence of |3H| glucosamine (---) or with 5,0 mM
p-nitrophenyl-g-D-xyloside in DMSO in the presence of 1140|
glucosamine (—). Isotopes were used at a level of 5 uCi/ml
culture medium. At the end of the 24 h labelling period, the
glycosaminoglycans were isolated from the media as described
in Section 6.2.4 and samples from both 0,5 mM and 5,0 mM
xyloside-treated cultures were chromatographed on the same
Sepharose CL-6B column.
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Eg o 19,5 DEAE-cellulose chromatography of glycosamino-

glycans from the medium of control or B-D-
xyloside-treated smooth muscle cell cultures.

Cells were cultured for 8 days in the presence (a) or absence
(b) of ascorbic acid. For the final 24 h they were treated
with 0,5 mM p-nitrophenyl-g-D-xyloside in DMSO in the presence
of |3H| glucosamine (---) or with DMSO alone in the presence
of |14C[ glucosamine (—). Isotopes were used at a level of
5 uCi/ml culture medium. At the end of the 1ébe1]ing period
the glycosaminoglycans were isolated from the media as des-
cribed in Section 6.2.4 and samples from treated and control
cultures were mixed at approximately equal levels of radio-
activity and applied to the same DEAE-cellulose column.
Profiles were reproducibly obtainﬁd many times.



267

at lower ionic strenghts. There were no differences between
the profiles obtained on DEAE-cellulose columns for glycos-
aminoglycan chains from culture medium of cells grown with
B-D-xyloside either in the presence (Fig. 6.5a) or absence

of ascorbic acid {Fig. "6.5b).

The sizes of the various peaks (peaks I to IV) off the DEAE
column were assessed by chromatography on a Sephadex G100
(medium) column as described in Section 6.2.4. Peaks I to IV
from DEAE-cellulose columns were pooled and freeze-dried,
prior to desalination on columns of Biogel P-2. After
further lyophilisation, samples were applied to Sephadex G100
columns and elution profiles for the individual DEAE-cellulose
peaks are shown in Fig. 6.6. For material frem HB-D-xyloside-
treated cultures, peak I consisted largely of polydisperse

low molecular weight material eluting near the V_ of the

E
column, whereas peak I material from control cultures contained
mainly large molecular weight material,. "DEAE" peaks II and
III from both xyloside-treated and control cultures eluted in
broad peaks, indicating that they were polydisperse in size,
but they were of large molecular weight, with the material

from control cultures on the whole eluting earlier than that
from treated cultures. “DEAE" peak IV, the predominant

peak obtained from treated cultures, eluted as a single broad
peak with a Kav of 0.,29. The fact that thepeaks were poly-
disperse in size, and yet eluted as single sharp peaks on
DEAE-cellulose, indicated that it was their charged nature

only that accounted for their elution profiles on ion-exchange

chromatography. The presence of ascorbic acid (Fig. 6.6a),
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Fig.. 6.6a. Sephadex G100 chromatography of peaks I to IV
obtained after DEAE-cellulose chromatography of
glycosaminoglycans from the medium of control
and g-D-xyloside-treated smooth muscle cells cul-
tured in the presence of ascorbic acid.

Cells were cultured for 8 days in the presence of ascorbic acid.
For the final 24 h they were treated with 0,5 mM p-nitrophenyl-
6-D-xyloside in DMSO together with |3H| glucosamine (---) or
DMSO alone, together with |14C| glucosamine (—). Media from
control and treated cultures were processed as described 1in
Section 6.2.4, mixed and the glycosaminoglycans analysed by
DEAE-cellulose chromatography (Fig. 6.52). Material corres-
ponding to peaks I to IV were pooled and rechromatographed on

a Sephadex G-100 column as described in' Seetion §5.2.3.
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Fig. B:6b. Sephadex G-100 chromatography of peaks I to IV
obtained after DEAE-cellulose chromatography of
glycosaminoglycans from the medium of control and
g-D-xyloside-treated smooth muscle cells cultured
in the absence of ascorbic acid.

Cells were cultured for 8 days in the absence of ascorbic acid.
For the final 24 h they were treated with 0,5 mM p-nitrophenyl-
8-D-xyloside in DMSO, together with |3H| glucosamine (---), or
DMSO alone together with |14C| glucosamine (—).  Media from
control and treated cultures were processed as described in
Section 6.2.4, mixed and the glycosaminoglycans analysed by
DEAE-cellulose chromatography (Fig. 6.5b) Material corres-
ponding to peaks I to IV were pooTed and rechromatographed on

a Sephadex G-100 column as described in Section 6.2.3.
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or its absence (Fig. 6.6b), during culture of cells again
made no difference to the profiles obtained on DEAE cellulose

or Sephadex G100 column chromatography.

The relationship between the degree of sulphation and ionic
strength requirement for elution was confirmed by chromato-
graphy of glycosaminoglycan chains from the media of control
and g-D-xyloside-treated cultures, labelled with both |3H]
glucosamine and }3581 sulphate (Fig. 6.7). Clearly, the
higher the content of radioactive sulphate associated with
the eluted material, the higher the ionic strength required
for its elution. The higher [3551 sulphate to |3H| glucos-
amine ratio for xyloside-initiated chains was also observed

with this procedure.

The fact that the glycosaminoglycan chains initiated on the
xyloside acceptor had increased levels of sulphation was
conclusively proved on analysis by thin layer chromatography
of the disaccharides formed after digestion with chondroitin-
ases ABC (Table 6.4). In the presence of xyloside there was
a decrease in the proportion of 13HI glucosamine associated
with material corresponding to unsulphated disaccharidés, and
a corresponding increase in sulphated species. The marked
increases in the amount of material that migrated as ADi-6S
was most probably a result of contamination by the ADi-diS
(disulphated) disaccharide species that migrated only slightly
behind the single sulphated species. This disulphated
disaccharide is generally associated with dermatan sulphate

chains and arises after chondroitinase ABC digestion.
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Fig. B.73. DEAE-cellulose chromatography of 13531 sulphate
and l3H| glucosamine labelled glycosaminoglycans
from the medium of control and g8-D-xyloside-
treated smooth muscle cells cultured in the
presence of ascorbic acid.

Cells were cultured for 8 days in the presence of ascorbic acid.
For the final 24 h they were treated with DMSO alone (a) or
with 0,5 mM E—nitropheny]—&ﬂ—xyioside in DMSO (b) together with
10 uCi/m1 |35s| sulphate (—) and 5 uCi/ml |3H| glucosamine(--).
At the end of the labelling period the glycosaminoglycans were
isolated from the media as described in Section 6.2.4 and
samples were applied to DEAE-cellulose columns.
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Fig. 6.72. DEAE-cellulose chromatography of }358| sulphate
and |3H[ glucosamine labelled glycosaminoglycans
from the medium of control and g-D-xyloside-
treated smooth muscle cells cultured in the
presence of ascorbic acid.

Cells were cultured for 8 days in the presence of ascorbic acid.
For the final 24 h they were treated with DMSO alone (a) or
with 0,5 mM E~nitropheny1—&ﬂ—xy1oside in DMSO (b) together with
10 uCi/m1 |35S| sulphate (—) and 5 uCi/ml |3H| glucosamine(--).
At the end of the labelling period the glycosaminoglycans were
isolated from the media as described in Section 6.2.4 and
samples were applied to DEAE-cellulose columns.
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hig. 8. 1h . DEAE-cellulose chromatography of |3551 sulphate

and |3H| glucosamine labelled glycosaminoglycans
from the medium of control and B-D-xyloside-treated
smooth muscle cells cultured in the absence of

ascorbic acid.

Cells were cultured for 8 days in the absence of ascorbic acid.
For the final 24 h they were treated with DMSO alone (a) or

with 0,5 mM p—ni%ropheny]-B—D—xy1oside in DMSO (b% together

with 10 uCi/ml | °S| sulphate (—) and 5 uCi/ml | 3H| glucosamine
(---). At the end of the labelling period the glycosamino-
glycans were isolated from the media as described in Section
6.2.4 and samples were applied to DEAE-cellulose columns.
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TABLE 6.4

DISACCHARIDE ANALYSIS OF GLYCOSAMINOGLYCANS SECRETED INTO
CULTURE MEDIUM OF SMOOTH MUSCLE CELLS IN PRESENCE AND ABSENCE
OF B-D-XYLOSIDE

Cells were cultured for 8 days in the presence of ascorbic acid
and bothissslsuiphate (10 uCi/m1) andI3H[glucosamine (5 uCi/m1)
were added for the final 24 hours, either in the presence or
absence of 0.5 mM p-nitrophenyl-g-D-xyloside in DMSO. At the
end of the labelling period glycosaminoglycans were isolated
from the culture media as described in Section 6.2.4 and sub-
jected to chondroitinase ABC digestion for 4 h at 37°. After
digestion a mixture of standard disaccharides was added to
samples and aliquots then streaked on cellulose thin layer
plates. Samples were diluted before application to plates to
give approximately equal amounts of radioactivity in each ali-
quot applied. Plates were processed as described in Section
6.2.261 Data ‘represent 'the means + S.D{ of itriplicate ideter-
minations and have been multiplied by the requisite dilution
factor to give the total DPM present in each fraction.

Disaccha- Rf. + Total Radioactivity DPM x 103 Bl
ride i 3 R Be

Species Xyloside | Hig;?ﬁgs |¥7S|Sulphate H-Glu.
ADi-0S 0,47 - 4,03+0,39 19,4

+ 2,93+0,30 2,6
ADi-4S 0.29 - 6,42+0,67 2,12+0.31 30,9

+ 41,53+1,02 117,18+4,91 36,4
ADi-6S 0,18 - 10,32+1,04 4,34+0,46 49,7

+ 69 +07+3 .45 220,00+8,40 - 60,8

* Represents the i3Hi glucosamine present in each band as a
percentage of the total.
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Since the DEAE-cellulose chromatographic data suggested that
B-D-xyloside-treated cultures secreted a large amount of
chondroitinase-sensitive material, it was of interest to
analyse the amounts of the various types of glycosaminoglycans
found in the culture medium of cultures grown in the presence
or absence of B-D-xyloside. It has previously been shown

that the culture medium from bovine aortic smooth muscle cells
contained no detectable amounts of hyaluronic acid (Table 4.2).
Thus the increased levels of sulphation cannot be explained

by a switch from the synthesis of a non-sulphated glycosamino-
glycan to that of sulphated glycosaminoglycans. Rather B-D-
xyloside must cause an increase in the levels of sulphation

of the glycosaminoglycans which may normally be under-sulphated

in culture (see Table 6.4).

1355|Su1phate-1abe1]ed culture media from control or B-D-

xyloside-treated cultures grown in 75 cm3

tissue culture
flasks, either in the presence or absence of ascorbic acid,
were collected and processed as described in Section 6.2.5.
Samples were analysed by chromatography on Sephadex G-50
before and after treatment with the specific glycosamino-
glycan-degrading enzymes, and the results are shown in Table
6.5% The culture media of cells grown in the presence of
B-D-xyloside contained increased amounts of all glycosamino-
glycan fractions when compared to control cells. Further-
more, in treated cultures the relative amount of material
digested by chondroitinase ABC increased from 83,2% and 92,7%
of the total to 97,2% and 96,8% of the total for cells grown

either in the presence or absence of ascorbic acid,



TABLE 6.5

COMPOSITIONAL ANALYSIS OF SULPHATED GLYCOSAMINOGLYCANS SECRETED INTO THE CULTURE MEDIUM
OF SMOOTH MUSCLE CELLS GROWN IN THE ABSENCE AND PRESENCE OF B-D-XYLOSIDE

Cells were cultured for 8 days in the presence or absence of ascorbic acid. |355| Sulphate
(10 »Ci/m1) was added for the final 48 h of culture, either in the presence or absence of
0,5 mM p-nitrophenyl-8-D-xyloside. At the end of the labelling period, glycosaminoglycans
were isolated from the media as described in Section 6.2.4. Compositional analysis was
performed as described in Section 6.2.5 using specific enzymatic digestions or nitrous acid
treatment, followed by chromatography on Sephadex G-50. The data represent one of three
similar experiments.

Glycosaminoglycan Type Ascorbate Glycosaminoglycan Content
Total dpm % of Total
+ Xyloside - Xyloside + Xyloside - Xyloside
Chondroitin-4-or-6-sulphate + 2258143 269923 97 ;2 83572
+ Dermatan sulphate
Chondroitin-4- and -6- - 1473345 198225 63,4 | Taliog
sulphate _
Dermatan sulphate + 785475 71698 w338 2251
Heparan sulphate/heparin 3 65070 54505 238 16,8
Chondroitin~-4-or-6-sulphate - 1584060 219498 96,8 ge7
+ Dermatan sulphate
Chondroitin-4- and -6- - 1091495 165748 66,7 70,0
sulphate
Dermatan sulphate - 492565 53750 30,1 2ds T

Heparan sulphate/heparin - 52365 17285 5 7,3

SLZ
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respectively (Table 6.5). The increased incorporation of
|355| sulphate in the presence of B-D-xyloside was most

marked for chondroitinase ABC-sensitive material and least

for nitrous acid-sensitive material. The absolute amounts

of nitrous acid-sensitive material in treated cultures in-
creased 1,3-fold and 3-fold, compared to control cultures,

for cells growh in either the presence or absence of ascorbic
acid, respectively (Table 6.5). This increase was only about
one-third to one-half of that of the chondroitinase ABC-
sensitive material. Furthermore, the relative amounts of
chondroitin-4- and -6-sulphate remained almost the same for
treated and control cultures, but that of dermatan sulphate in-
creased from being 22% of the total to 34% and 30% for cells
grown in either the presence or absence of ascorbic acid, respec-
tively. Thus treatment of aortic smooth muscle cells with
B-D-xylosides caused an increase in the incorporation of

1355| sulphate into all glycosaminoglycans found in these
cells, but the increase was most marked for the dermatan sul-

phate fraction and least for the heparan sulphate/heparin

fraction.

Equivalent samples from control (\14C! glucosamine-labelled)
or g-D-xyloside-treated (13H| glucosamine-labelled) cultures
grown in the presence of ascorbic acid were digested with
the various enzymes and chromatographed on DEAE-cellulose
before (Fig. 6.8a) and after digestion with chondroitinase
ABC (Fig. 6.8b), chondroitinase AC (Fig. 6.8c) dr treatment
with nitrous acid (Fig. 6.8d). Chondroitinase ABC digested

almost all of the material from the xyloside-treated cultures,
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Fig. 6.8. DEAE-cellulose chromatography of glycosaminoglycans
from the media of control and B-D-xyloside-treated
smooth muscle cells cultured in the presence of
ascorbic acid, before and after specific digestions.

Cells were cultured for 8 days in the presence of ascorbic acid.
For - the final 24 h they were treated with 0,5 mM p-nitrophenyl-
g-D-xyloside in DMSO together with \3H\ glucosamine (---), or
with DMSO alone in the presence of 114C| glucosamine (—).
Isotopes were used at a level of 5 uCi/ml culture medium. At
the end of the labelling period the glycosaminoglycans were
isolated from the media as described in Section 6.2.4 and
samples from treated and control cultures were applied to the
same DEAE cellulose column before (a) and after digestion with

chondroitinase ABC (b), chondroitinase AC (c) or treatment with
nitrous acid (d).
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but some chondroitinase ABC-insensitive material was found

in peaks I, II and IIIfor material from control cultures.
Peaks II, III and IV from xyloside-treated cultures and

peaks II and III from control cultures contained material
that was insensitive to chondroitinase AC. No obvious
difference between the profiles on DEAE-cellulose for
material from'kyloside-treated cultures could be detected
before and after treatment with nithouﬁ acid, but such treat-
ment revealed that peaks I, II and III from material from
control cultures contained some heparan sulphate/heparin.

The total amount of |3H| glucosamine-Tabelled material froﬁ
g-D-xyloside-treated cultures that remained after chondroit-
inase AC digestion was 29,8% of the total, whereas the amount
|14

of C| glucosamine-labelled material (control cultures) that

remained was 35,1%. This suggested that 70,2% of the mat-
erial from treated cultures and 64,9% from control cultures
was chondroitin-4- and -6-sulphate. This supports the data
obtained by other means and shown in Table 6.5. The amount
of |14C| glucosamine-labelled material (control cultures) that
remained after chondroitinase ABC digestion was 19,4%, and
that remaining after nitrous acid treatment was 81,7% of the
total sample before digestion; thus in control cultures
glycosaminoglycan chains were made up of 80,6% chondroitin

and/or dermatan sulphate and 18,3% heparan sulphate/heparin.

The data again agree well with those shown in Table 6.5.

Thus in the aortic smooth muscle cells, B-D-xyloside treat-
ment caused an increase in the synthesis and sulphation of

glycosaminoglycans which were rapidly secreted into the
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culture medium. In addition, the incorporation of ]3551
sulphate into dermatan sulphate was markedly increased,
whereas incorporation into chondroitin-4- and -6-sulphate
and heparin/heparan sulphate was only increased to a lesser

extent.

6.3.2. Comparison of glycosaminoglycans synthesized on core

protein in the absence and presence of xyloside

It has been shown above that, when g-D-xylosides are added to
aortic smooth muscle cells in culture, there was a marked in-
crease in the incorporation of radioactive precursors into
glycosaminoglycan chains, most of which were initiated on the
B-D-xyloside acceptor. However, some glycosaminoglycan chains
were still formed on the core protein, although these proteo-
glycans usually made up less than 5% of the total |355l sulphate
labelled macromolecular material. The amount of radioactive
label associated with protein-linked glycosaminoglycans in the
presence of B-D-xyloside was only about one-third of that

found for control cultures. Thus the addition of g-D-xylo-
sides caused a decrease in the amount of proteoglycan synthe-
sized. This observation was pursued in order to ascertain
whether the glycosaminoglycans formed on the core protein in

the presence of B-D-xyloside were the same as those formed on
the core protein in control cultures. Samples of protein-
linked glycosaminoglycans from control or treated cultures and
xyloside-linked glycosaminoglycans from treated cultures were

isolated from the media of control or treated cultures by chromato-

graphy on a preparative CL-6B column (Fig. 6.9). The protein-
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Preparative Sepharose CL-6B chromatography of
media from control or g-D-xyloside-treated smooth
muscle cells cultured in the presence of ascorbic

Fig. 'b

acid.

Cells were cultured for 8 days in the presence of ascorbic

acid. |355| Sulphate (10 wCi/m1) (-) and ]3H] glucosamine

(5 uCi/m1) (---) were added during the final 48 h in culture
either in the absence (a) or presence (b) of 0,5 mM p-nitro-
phenyl-g-D-xyloside. Media were collected, dialysed and freeze
dried and then applied to a preparative Sepharose CL-6B column

as described in Section 6.2.3.
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linked glycosaminoglycans from B-D-xyloside-treated cultures
eluted at the VO of the column, whereas the xyloside-linked
chains eluted at a Kav of 0,6 (see also Fig. 6.3). Material
from the dffferent peaks obtained on the Sephadex CL-6B
columns were pooled, dialysed and freeze-dried prior to use

in subsequent analysis.

Protein-linked glycosaminoglycans from control and treated
cultures, as well as xyloside-linked glycosaminoglycans from
treated cultures were digested with papain and re-chromato-
graphed on Sepharose CL-6B (Fig. 6.10). As shown previously,
(Fig. 6.2), the glycosaminoglycans from control cultures
eluted with a Kav of 0,28 (Fig. 6.10a), and those initiated

on B-D-xyloside acceptors from treated cultures eluted with a
Kav of 0,6 (Fig.l6.1c). However, the glycosaminoglycans
initiated on core protein from g-D-xyloside-treated cultures
eluted from the same column at a Kav of 0,68/t0 0372, which
indicated that they were even smaller than those chains

formed on the B-D-xyloside acceptor. From the data of
Wasteson (327), and also Churms (364), molecular weights for
the protein-linked chains from treated cultures were estimated
to be of the order of 6000 as compared to 12500 for those
formed on the xyloside acceptor,and 50000 for those formed

on core protein in control cultures. Thus in the presence
of xyloside the glycosaminoglycans formed on the core protein
were much shorter than normal, and this may be the reason

why it was observed that incorporation of [3551 sulphate into

these proteoglycans was reduced.
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Figsld; e Sepharose CL-6B chromatography of protein-linked
and g-D-xyloside-linked glycosaminoglycans from
control and g-D-xyloside-treated smooth muscle

culfures:
Cells were cultured for 8 days in the presence (a,c,e) or
absence (b,d,f) of ascorbic acid. |35S] Sulphate (10 uCi/m1)

was present during the final 24 h in culture either in the
absence (a,b) or presence (c-f) of 0,5 mM p-nitrophenyl-g-D-
xyloside. Media from control or treated cultures were
collected and subjected to chromatography on a Sepharose
CL-6B column. Material corresponding to protein-linked
glycosaminoglycans from control cultures (a,b), protein-linked
glycosaminoglycans from treated cultures (c,d), and xyloside-
linked glycosaminoglycans from treated cultures (e,f) were
pooled, digested with papain and rechromatographed on
Sepharose CL-6B for size analysis.
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]355| sulphate to |3H| glucosamine ratios were

However, the
determined for material from the different peaks collected

off preparative Sepharose CL-6B columns and the results are
shown in Table 6.6. The ratio was highef for protein-linked
glycosaminoglycans from xyloside-treated cultures than from
control cultures, suggesting that they may also have increased
levels of sulphation. The ratio was, however, not as high

as that of the xyloside-linked glycosaminoglycans.

|3SS| Sulphate and |3H| glucosamine-labelled glycosaminoglycans
from control or treated cultures (protein-linked and xyloside-
linked) were chromatographed on DEAE-cellulose ion-exchange
columns (Fig.n6:11). The protein-linked glycosaminoglycan
chains from control or Bg-D-xyloside-treated cultures eluted
with very similar profiles, i.e. they required the same con-
centration of 1lithium chloride for their release and elution

to accur. They also eluted at lower salt concentration than
the bulk of the g-D-xyloside-linked chains. However, since the
protein-linked glycosaminoglycan chains from treated cultures
have been shown to be very much shorter than those from

control cultures (Fig. 6.10) (6000 vs 50000), their elution
from the DEAE-cellulose columns at the same salt concentration
as control protein-linked chains strongly suggested that the
former were more sulphated to yield the same overall total

negative charge.

Thus, as the presence of B-D-xyloside caused a decrease in the
length of glycosaminoglycan chains formed on core protein and

an increase in their levels of sulphation, it was not possible
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TABLE 6.6

THE RATIO OF |3°S| SULPHATE T0 |3H| GLUCOSAMINE OF PROTEIN-

LINKED AND XYLOSIDE-LINKED GLYCOSAMINOGLYCANS FROM THE MEDIA
OF CONTROL AND XYLOSIDE-TREATED CULTURES OF SMOOTH MUSCLE CELLS

Cells were cultured for 8 days in the presence or absence of

ascorbic acid. 1355[ Sulphate and |3H| glucosamine were
present for the final 48 h of culture in the presence or
absence of 0,5 mM p-nitrophenyl-g-D-xyloside. Protein-linked

or xyloside-linked glycosaminoglycans were isolated from the
media of control or xyloside-treated cultures by chromatography
on Sepharose CL-6B as described in Section 6.2.3. The |355|
sulphate to |3H| glucosamine ratio was determined as already
described. The data represent the mean + S.D. of triplicate
determinations from one of three similar experiments.

Ascorbate Radioactivity (dpm) i355|5u]phate
|355|Sulphate tBHlﬁlucosamine |3H|G1ucosamine

Control + 89070+824 60130+375 1,48+0,09
(Protein-

GAG)

Xyloside + 37467+2532 24017+2378 1,56+0,09
(Protein-

GAG)
Xyloside + 750798+5397 414795+4368 1,82+0,16
(Xy1-GAG)
Control - 76995+5175 55605+3375 1,39+0,12
(Protein-

GAG)

Xyloside - 24459+741 14820+1146 1,65+0,11
(Protein-

GAG)
Xyloside 5 537600+9945 303729+7875 1,77+0,16

(Xy1-GAG)
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Fig. 6.11%1a. DEAE-cellulose chromatography of protein-linked
and B-D-xyloside-linked glycosaminoglycans from
control and g-D-xyloside-treated smooth muscle
cells culturedin the presence of ascorbic acid.

Cells were cultured for 8 days in the presence of ascorbic acid.
}3 S| sulphate (10 uCi/m1) (—) and |3H| glucosamine (5 uCi/ml)
---) were present during the final 24 h in culture in either
the absence (a) or presence (b,c) of 0,5 mM p-nitrophenyl-g-D-
xyloside. Media from control and treated cultures were collected
and subjected to chromatography on a preparative Sepharose CL-6B
column. Material corresponding to protein-linked glycosamino-
glycans from control cultures (a), protein-linked glycosamino-
glycans from treated cultures (b) and xyloside-linked glycos-
aminoglycans from treated cultures (c) were pooled, digested
with papain and subjected to DEAE-cellulose chromatography as
described in Section 6.2.4.
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Fig. 6.11b. DEAE-cellulose chromatography of protein-linked

N and g-D-xyloside-linked glycosaminoglycans from
control and g-D-xyloside-treated smooth muscle
cells cultured in the absence of ascorbic acid.

Cells were cultured and cultured medium processed and analysed
as described under Fig. 6.11a, except for the absence of
ascorbic acid in this instance. (-) |35S| Sulphate; (---)
|3H| glucosamine; (a) protein-linked glycosaminoglycans from
controls, (b) protein-linked glycosaminoglycans from treated
cultures, (c) xyloside-linked glycosaminoglycans from treated
cultures,
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to estimate how much proteoglycan was formed in treated
cultures as compared to control cultures, without perhaps
resorting to immuno]ogicé] techniques which were unavailable.
However, what was clear was that the proteog1ycans synthesized
in the presence of B-D-xyloside differed markedly from their

counterparts synthesized in control cultures.

6.4. DISCUSSION

The addition of Bg-D-xylosides to cell culture systems provides
the cells with exogenous acceptors for the synthesis of new
glycosaminoglycan chains, obviating the necessity for core
protein. The results presented above, in agreement.with
those of other laboratories, indicated that the glycosamino-
glycans that were synthesized on these artificial acceptors
differed significantly from those normally synthesized on core
protein (100-103). In the presence of p-nitrophyenyl-g-D-
xyloside there was aI6-f01d increase in the total amount of
macromolecular sulphated material synthesized by bovine aortic
smooth muscle cells in culture, suggesting that the presence
of core protein may play an important role in the overall
regulation of proteoglycan synthesis and may be a rate-limiting
step. Furthermore, in agreement with results obtained with
other cell culture systems, the glycosaminoglycans synthesized
on the exogenous acceptor were shown to be more soluble and
more readily secreted into the medium, and correspondingly
lower amounts were found associated with the pericellular-
matrix fraction (100,358-360). The core protein is almost

certainly necessary for the correct "positioning" of the
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proteoglycan within the extracellular matrix, and thereafter
further interactions between the glycosaminoglycan chains

and the cationic proteins of the matrix may stabilize this
arrangement. It has been shown that the addition of B-D-
xylosides to chick 1imb bud mesenchymal cell cultures resulted
in an abnormal morphology and lower water content of the extra-
cellular matrix, thus underlining the importance of the proteo-

glycans for extracellular matrix structure and function (359).

It was shown that the glycosaminoglycans synthesized on the
B-D-xyloside acceptor by aortic smooth muscle cells were
significantly shorter than those normally synthesized on core
protein in the absence of the g-D-xyloside. This supported
previous observations on the effect of this artificial acceptor
on chain length of glycosaminoglycans synthesized by chondro-
cyte cultures and some non-connective tissue cell cultures
($02;103,357,360)8 The shorter length may result from the
increased solubility of the chains formed on the acceptor,
causing them to reside for a shorter time at the site of
glycosyl transfer. It has been suggested that the presence

or absence of the core protein is an important factor in
determining the length of the glycosaminoglycan chains,and

this was supported by cell-free studies by Richmond et al. (365).
They found that the chondroitin sulphate polymerizing system
of microsomal preparations from embryonic chicken epiphysial
cartilage behaved differently in the presence of different
primers: when an endogenous peptide-glycosaminoglycan primer
was present, the chains formed were longer than when the

terminal pentasaccharide or hexasaccharide of chondroitin
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sulphate was added as an exogenous primer to an identical
system. However, the fact that the glycosaminoglycans
formed on the core protein in the presence of xyloside were
also shown to be shorter than those from control cultures
suggested that the presence of the core protein may not be
the only determining factor. The decreased length may occur
as a result of an increased rate of synthesis. As a result
of an increase in the number of new glycosaminoglycanchains
being initiated, there would be an increased ratio between
available acceptor and available precursors, chain elongating
enzymes or energy supply, and as a result chain length might
decrease. This viewwas supported by studies that showed that
in g-D-xyloside-treated chicken 1imb bud mesenchymal cells
the keratan sulphate chains formed on the core protein also
decreased in length (359). These are not bound to the core
protein via the normal trisaccharide linkage region and their
decreased Tength most likely resulted from a decreased amount
of available precursors, as a result of increased free chon-
droitin sulphate synthesis. In addition, the amount of 1355|
sulphate incorporated into proteoglycans by aortic smooth
muscle cells in the presence of g-D-xyloside decreased relative
to that incorporated into proteoglycan in the absence of the
acceptor. Other workers have shown that the amount of core
protein in control and g-D-xyloside-treated cultures was
similar (101). Thus, once again the decreased incorporation
into proteoglycans in the presence of xyloside may be a result
of a decreased availability of precursors etc. due to a marked

increase in the rate of glycosaminoglycan synthesis. Thus

glycosaminoglycan termination would appear to be a variable
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process which may be requlated by the availability of initia-
tor relative to the capacity of the polymerizing system.

This is supported by observations that partial inhibition of
protein synthesis caused an increase in size of glycosamino-

glycan chains linked to core protein (104).

The increased incorporation of I3SS| sulphate into macro-
molecular material in the presence of B-D-xyloside was shown

to result from increased synthesis as well as an increased
level of sulphation. However, it must be borne in mind that
some perturbation of the uptake or utilization of the isotopic
precursors may occur to account for the much-increased ratio

of [355[ sulphate : |3H| glucosamine. This does not, however,
detract from findings described here that clearly show an
increase in the sulphation Tlevels of glycosaminoglycans
synthesized in the presence of B-D-xyloside by smooth muscle
cells (refer Table 6.4). Other workers have reported decreased
or unchanged levels of sulphation of chondroitin sulphate chains
in the presence of B-D-xyloside (357,358). Only one other
laboratory has reported an increase in sulphation of heparan
sulphate chains formed by xyloside-treated rat hepatoma cul-
tures when core protein synthesis was inhibited (362). The
increased level of sulphation of chondroitinase ABC-sensitive
chains was conclusively demonstrated in our system.. The reason
for this increase may reside in the ability of xyloside-linked
glycosaminoglycans to associate more efficiently with the
enzyme systemsinvolved in sulphate transfer. However, in
contrast to other reports (357,358), it was shown that those

glycosaminoglycans initiated on core protein in the presence



291

of B-D-xyloside were also more sulphated than their ndrma]
counterparts in control cultures. Since these protein-linked
chains from treated cultures were also very much shorter than
control chains (6000 vs 50000), these proteoglycans may also
be better able to associate with the sulphotransferase
enzymes. Gibson et al. suggested that the major effect of
B-D-xyloside in chick embryo cartilage was to cause a signi-
ficant decrease in the length of the glycosaminoglycan chains
of the proteoglycans and decreased sulphation followed as a
result of the inferior ability of the short chain to accept
sulphate (357). However, this would imply that sulphation
occurs at a site separate from polymerization and not during
or immediately after polymerization as is generally believed.
Increased levels of sulphation may be related to the increased
activity of the sulphotransferase system in the presence of

B-D-xyloside.

The addition of B-D-xyloside to aortic smooth muscle cells in
culture resulted in a net increase in |353| sulphate incorpora-
tion into all sulphated glycosaminoglycans found in these
cells, chondroitin sulphate, dermatan sulphate and heparan
sulphate/heparin. However, the increase was most marked for
the dermatan sulphate fraction and least for the heparan sul-
phate/heparin fraction, so that the relative amount of dermatan
sulphate increased and that of heparan sulphate/heparin dec-
reased slightly. This was in agreement with the findings of
other workers who have generally reported an increase in the

chondroitinase ABC-sensitive fraction in the presence of g-D-

xyloside (100,103,107). The fact that this increase in the
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bovine smooth muscle cell system was due to a specific increase
in dermatan sulphate synthesis contradicts the findings of
Lohmander et al., who showed a total absence of dermatan sul-
phate in g-D-xyloside-treated chondrocytes (360). LE. s
possible that under normal physiological conditions different
core proteins are directed to different subcellular locations
rich in polymerizing enzymes for a particular glycosaminoglycan.
The addition of xyloside would therefore "short-circuit" this
system, and thus give rise to changes in the types of glycos-
aminoglycan chains synthesized. Alternatively, a particular
core protein may normally be limiting and g-D-xyloside would
again circumvent this limitation. To illustrate this point
with our data it would mean that under normal circumstances

the amount of core protein for dermatan sulphate chain accept-
ance would be Timiting, whereas there was a ready supply of
heparan sulphate/heparin-specific core protein. In the
presence of g-D-xyloside the potential activity of the poly-
merizing enzymes for dermatan sulphate would be utilized fully,
and thus increased proportions of these chains would be made

in relation to heparan sulphate/heparin chains.

Thus it is clear that the core protein must play an important
role in the regulation of glycosaminoglycan synthesis, and the
glycosaminoglycan polymerizing system behaves differently in
the presence or absence of core protein. Whether the core
protein is important directly as a result of its sequence dic-
tating what kinds of glycosaminoglycans may be attached at

initiation sites, or indirectly by simply steering the molecule
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to a specific site for addition of specific residues, is not
known. However, because of the differences between protein-
linked glycosaminoglycans found in the presence or absence

of B-D-xyloside, it can be postulated that the polymerizing
system also behaves differently when the rate of synthesis

of glycosaminoglycans is changed.

The results of our study suggested that the core protein may
be important for determining the type of glycosaminoglycan
synthesized in a particular system, whereas factors 1ike the
length of glycosaminoglycan chain and degree of sulphation

are largely determined by the rates of synthesis of these
glycosaminoglycan chains. This was supported by observations
that conditions which decreased the rate of synthesis, such

as addition of protein synthesis inhibitors (104), or lowering
the temperature (106), resulted in increased glycosaminoglycan
length, whereas factors that increased the rate of synthesis,
such as the addition of B-D-xylosides (102,103), caused dec-

reased glycosaminoglycan chain lengths.
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CHAPTER 7

TURNOVER OF SULPHATED GLYCOSAMINOGLYCANS IN BOVINE AORTIC

SMOOTH MUSCLE CELLS

7.1. INTRODUCTION

The relatively few studies that have been carried out on the
degradation of proteoglycans have been discussed fully in
Section 1.3.1, and all the data accumulated so far have sugges-
ted a complex process. Newly synthesized glycosaminoglycans
are distributed in a distinct manner into the various culture
compartments and these compartments contain pools exhibiting
metabolic heterogeneity (153,306). Tissue culture studies
have been invaluable in the elucidation of these metabolically
distinct pools since the technique allows the ready separation
of these compartments to be carried out, which is not possible
with intact tissue. As a result, the data obtained from

studies using intact tissue have tended to be overéimp]ified.

As already stressed, the turnover of sulphated proteoglycans
in cultured cells has not.been widely studied, but already a
number of important facets of this process have been documented.
Generally, newly synthesized glycosaminoglycans are distributed
into three pools - the extracellular, pericellular and intra-
cellular pools. The intracellular pool is depleted either as
a result of normal secretion or degradation. Glycosamino-
glycans associated with the pericellular pool may either be
shed into the medium or taken up by the cell for degradation.

Complete degradation (hydrolysis of the carbohydrate moiety)
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of glycosaminoglycans has been shown to take place intra-
cellularly within lysosomal vesicles (173). In genetic
mucopolysaccharidosis, where degradation of proteoglycans is
impaired, there is only enlargement of the intracellular pool;
secretion into the medium and pericellular compartments re-
mains unaffected (94). It is thus a prerequisite for com-
plete degradation, that extracellular molecules are interna-
lised by the cell via receptor-mediated endocytosis (167,169).
Recycling of such receptors has been proposed to occur in a
manner analogous to that of low density lipoprotein receptors
(174). The proteoglycan receptors on the surfaces of cultured
human skin fibroblast have been shown to consist of two types:
low and high affinity binding receptors (169), and both of
these showed specificity for the core protein of intact proteo-
glycan monomers, since they have been shown not to interact
with free glycosaminoglycan chains (167,169). Furthermore,
the addition of sulphated glycosaminoglycan chains was shown

to inhibit endocytosis (169), and this has led to speculation
that sulphated proteoglycans may have to be desulphated, or

at least partially, at some extracellular site prior to
endocytosis for further total degradation. Such ecto-
sulphatase(s), capable of partially removing sulphate residues
from sulphated proteoglycans, have been shown to be associated
with the pericellular compartment of rat heart smooth muscle
cells (172). In addition, it has been observed that, both

in human embryo fibroblasts (IMR-90) (366), and in pig medial
smooth muscle cell cultures (302), the pericellular compartment

contributed to the degradative process, since the amount of

sulphated proteoglycans involved in the catabolic pathway far
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exceeded the amount of labelled material initially present

in the intracellular compartment.

Using pulse-chase radioisotope techniques, the turnover of
sulphated glycosaminoglycans in bovine aortic smooth muscle
cel]é has been studied, with a view to establishing the site

and mode of degradation of these molecules.

7.2. METHODS

7.2.1. - Preparation of cell cultures

Bovine foetal aortic smooth muscle cells (A3) were isolated
and cultured as described in Section 3.2.1, and were grown
in either the presence or absence of ascorbic acid (50 pg/ml)

which was added daily.

7.2.2. Incorporation of radioactive isotopes

Incorporation studies were usually carried out on cultures

grown in 35 mm Petri dishes which were initiated at 10°

cells/
dish. Cells were cultured for 8 days with medium changes at
3 and 6 days. Cells were pulsed for the requisite times

|3553 sulphate (10 uCi/ml1) and/or |3H] glucosamine (5 uCi/

with
ml). At the end of the pulse periods the medium was removed
and the cell layers were washed three times with 2 ml of warm
medium. Fresh medium containing 20 mM sodium sulphate and/or
10 mM glucosamine was then added to the cultures and the cells

were returned to the incubator for the required chase periods.

At each time point inpulse-chase experiments the medium
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(extracellular compartment) was removed, centrifuged briefly
at 1800 g for 2 min to remove any free floating cells, and
retained for analysis. The cell layers were washed three
times with PBS containing 30 mM KCN, and the pericellular-
matrix and intracellular compartments were isolated, after
treating the cell layers with a solution of Viokase and
collagenase, as described in Section 3.2.7. The amount of
radioactivity present in macromolecular material was assessed
after descending paper chromatography as described in Section

8ueiT.i

7.2.3. Molecular exclusion chromatography

Samples of the various culture compartments were analysed by
gel exclusion chromatography on a Sephadex G-50 (medium)

(1,5 x 100 cm) column, equilibrated with PBS containing both
penicillin and streptomycin as antibacterial agents. Samples
were run at 4°C and fractions analysed for their radioactivity
as described in Section 3.2.4. The column was calibrated in
terms of VO and Vt by chromatography of purified bovine nasal

135

septum proteoglycan monomer and radioactive S| sulphate,

respectively.

Columns of Sepharose CL-6B (0,8 x 110 cm), equilibrated at
room temperature with 0,5 M sodium acetate pH 6,8, were used
to assess the size of the labelled proteoglycans or glycos-
aminoglycans in harvested culture medium, which was then re-

incubated with fresh cells (see Section 7.2.5).
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i alidy ] DEAE-cellulose chromatography

When samples were to be analysed by DEAE-cellulose éhromato-
graphy they were first digested with papain (1 mg/ml1) and
then dialysed exhaustively against distilled-deionized water
at 5°C and freeze-dried. The samples were dissolved in
appropriate volumes of equilibration buffer (0,05 M sodium
acetate pH 4,0) and applied to columns (1,0 x 6,0 cm) of
DEAE-cellulose which were eluted initially (5 fractions) with
equilibration buffer,and subsequently with a linear gradient
of 1ithium chloride (0,2 M to 1,5 M in equilibration buffer)

as described in Section 2.2.8.

7.2.5. Inhibition of intracellular lysosomal degradation

Cultured cells labelled as described in Section 7.2.2 were
treated with 1lysomotrophic inhibitors as follows: fresh
medium containing either chloroquine at a final concentration
of 70 uM or ammonium chloride (10 mM final concentration)

was added to the cells. Since the solutions of chloroquine
were temperature- and light-sensitive, fresh, sterile solutions
were always used. Chloroquine and ammonium chloride have

been commonly used in the study of lysosomal function, largely
because of their well-documented effects on lysosomal pH
(367-369). Cultures were only maintained in the presence of

these lysomotrophic agents for a maximum of 48 h.
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7.2.6. Incubation of cultures with medium containing

radioactive macromolecules

Medium containing macromolecules labelled with ]353| sulphate

and | 3H| glucosamine was obtained following incubation of con-

fluent cultures in 75 cm3

flasks for 48 h with fresh medium
which contained the isotopes and either plain DMSO (20 ul)

or 0,5 mM p-nitrophenyl-8-D-xylopyranoside dissolved in that
solvent. At the end of the labelling period, "hot" medium
was collected by sterile techniques and then dialysed

against ten volumes of complete, ice-cold medium for 48 h
with four changes. Dialysed samples were made 20 mM with
respect to sodium sulphate and 10 mM with respect to glucos-
amine, as were samples of the final medium used for dialysis.
In addition, medium containing "cold" proteogliycans was pre-
pared in exactly the same way from confluent cultures grown
in the absence of the radioactive precursors. After re-
sterilization by filtration, the various medium samples were
incubated, as described in the text, in 35 mm Petri dishes
containing A3 cells grown for 6 days. Aliquots of the
medium samples were chromatographed on Sepharose CL-6B as a
check on the sizes of the macromolecules being added to the
cultures. The radioactivity incorporated by cells incubated
with the medium obtained from the dialysis procedure, namely
the last batch of medium against which hot medium was dialysed,
was used as controls to assess any de novo synthesis of
proteoglycans during the experimental period. De ﬁﬂlﬂ syn-
thesis was slightly less than the background obtained during

the descending paper chromatographic procedure described above.
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7.2.7. Analytical procedures

Determinations of cellular protein were carried out on
washed cell Tlayers after lysis by a solution of 1% (w/v)
SDS using a modification of the method of Lowry et al.

(323), as described in Section 3.2.3.

7:3. " RESHLTS

The kinetics of |32

S| sulphate incorporation into the proteo-
glycans of the extracellular, pericellular-matrix and intra-
cellular compartments during a 48 h labelling period are

shown in Fig. 7.1. The intracellular [>°S| sulphate labelled
glycosaminoglycan pool showed a slow rate of incorporation

with time, with Tow overall accumulation of radioactivity.
However, incorporation into medium-associated glycosamino-
glycans increased linearly with time, with either 64% or 80%

of the total radioactivity being found in this compartment

at the end of the 48 h incubation in the case of ascorbic acid-
supplemented or' deprived cultures, respectively. As shown
previously, ascorbic acid-supplemented cultures exhibited
increased ]3551 sulphate incorporation into the pericellular-
matrix compartment. Pulse-chase radioisotope experiments
were undertaken in order to study these pathways of metabolism
in the smooth muscle culture system in more detail. After a
24 h pulse with radioactive sulphate more than 80% of the
total macromolecular radioactivity (pericellular-matrix and

intracellular) was associated with the pericellular-matrix

compartment for cells grown in the presence of ascorbic acid
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335-SULPHATE DPM x 10"2/pg CELL PROTEIN

24 48
TIME h

Fig. 7.1. Kinetics of incorporation of 13551 sulphate into
macromolecules present in the different culture
compartments of smooth muscle cell cultures.

Cells were grown for 8 days in the presence (a) or absence

(b) of ascorbic acid, with the addition of ]355| sulphate

(10 uCi/ml1) during the final 48 h of culture. At each time
point during incubation the medium (—), pericellular-matrix
(---) and intracellular (a—a) compartments were collected and
assayed for the total incorporated isotope as described in
Section 3:2.7. The data represent the mean + S.D. of tripli-
cate determinations for one of two similar experiments.
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(Fig. 7.2b) and about 70% was associated with this compartment
in the absence of the vitamin (Fig. 7.3b). During the first
24 h of the chase period with "cold" medium (see Methods),

the amount of radioactive material associated with this com-
partment decreased by approximately 50% and there was also
some loss of macromolecular Isssl sulphate labelled material
from the intracellular culture compartment; only the extra-
cellular compartment showed an increase in sulphated macro-
molecules during the chase period. The increase in this
latter compartment was greater than the decrease in the intra-
cellular compartment and thus could only have arisen by trans-
fer of material associated with the pericellular-matrix com-
partment during the chase period. This is consistent with

a secretion pathway for sulphated macromolecules which in-
volved their transfer from the intracellular to the peri-
cellular-matrix compartment and thence to the extratel]u]ar
compartment. During the remaining chase period of the
experiment, both the intracellular and pericellular-matrix
compartments continued to show smaller decreases in macro-
molecular sulphate content and.the extracellular compartment
also accumulated radioactivity at a decreased rate. When

the specific activity data, dpm /ug cellular protein (Fig.
7.2a, 7.3a), were replotted in terms of the percentage of

the total specific activity at a given time associated with
each compartment (Fig. 7.2b and 7.3b), the biphasic decrease
in radioactivity associated with the pericellular-matrix
compartment was still apparent, especially for ascorbic acid-

deprived cultures which have a less well defined extra-

cellular matrix (Chapter 3). The initial rapid loss of
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Kinetics and percentage distribution of SJ
pulse-chase experiments with cells cultured

sulphate lTabelled macromolecules during
n the presence of ascorbic acid.

Cells were grown for 6 days in the presence of ascorbic acid and then pulse-labelled for 24 h with

10 uCi/ml of |35S]| sulphate.

was added to cells for the requisite chase period (Section 7.2.2).

radioactivity in the extracellular (—), pericellular-matrix (---) and intracellular

After labelling, cells were washed with medium and fresh culture medium

The amounts of macromolecular
(A—A) compart-

ments were assessed as described in Section 3.2.7 both in terms of specific activity (DPM/mg total
cell protein)(a) and percentage of the total radioactivity associated with a particular culture

compartment at each time point (b).

radioactivity present at each time point was also calculated (4--4).

Furthermore, the percentage of the initial total macromolecular
The data represent the mean -

+ S.D. of triplicate determinations for one of several similar experiments.
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Fig. 7.3. Kinetics and percentage distribution of |355| sulphate labelled macromolecules during
pulse-chase experiments for cells cultured in the absence of ascorbic acid.

Cells were grown for 6 days in the absence of ascorbic acid and then pulse-labelled for 24 h with
10 ,Ci/ml of |35S| sulphate. After incubation, cells were washed with medium and fresh culture
medium was added to the cells for the requisite chase periods (Section 7.2.2). The amounts of
macromolecular radiocactivity in the extracellular (—), pericellular-matrix (---) and intracellular
(4—a) compartments was assessed as described in Section 3.2.7 in terms of both specific activity
(DPM/mg total cell protein) (a) and percentage of the total radiocactivity incorporated at each time
point (b). Furthermore, the percentage of initial total macromolecular radioactivity present at
each time point was also calculated (a--a). The data represent the mean + S.D. of triplicate
determinations for one of several similar experiments. e
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material from this compartment, followed by a subsequent slower
decrease in radioactivity, suggested a process involving a
rapid transfer of macromolecular material from the peri-
cellular-matrix compartment (possibly involving some modifi-
cation by extracellular processing), followed by a slower
release of material that had a more prolonged sojourn in the
matrix. These two "turnover" rates may be associated with

different species of molecules.

It was consistently observed that there was an overall loss
of about 50% of the macromolecular sulphate in the culture
system over the 96 h chase periods used (Fig. 7.2 and 7.3).
The presence or absence of ascorbic acid made very little
difference to this loss of macromolecular radioactivity, and
pulse-chase experiments yielded essentially similar profiles
except that in the pericellular-matrix compartment from
vitamin-supplemented cultures a higher proportion of radio-
activity was present than was found with vitamin-deprived
cultures. This overall 1oss in macromolecular sulphated
glycosaminoglycans stfongly suggested that a process of
turnover was occurring in this culture system, and this was

investigated in more detail.

The amount of free radioactive sulphate associated with the
various culture compartments at various times during the 96 h
chase period was also monitored (Table 7.1). The amount of
free |355| sulphate present intracellularly decreased very

35

rapidly and no free |“°S| sulphate was found associated with



TABLE ¥ 1
DISTRIBUTION OF RADIOACTIVE SULPHATE DURING PULSE-CHASE EXPERIMENTS

The distribution of macromolecular and free radioactive sulphate between the extracellular, peri-
cellular-matrix and intracellular compartments was determined using the data obtained from pulse-

chase experiments as described for Fig. 7.2 No free sulphate was found associated with the

pericellular-matrix compartment.

Tim

(h) Intracellular Pericellular-matrix Extracellular Total Intracellular Extracellular
0 8850+563 51860+1075 0 60710+488 4165+332 872+101
12 3693+159 31535413822 11790+1060 47017+2223 1250+42 18588+640

24 1345+233 2437041895 14940+28 40625+1633 530+177 23070+1202
48 1847+619 20215+728 19255+1348 41317+1657 340+71 26774+5298
72 2200+367 15935+587 19655+742 37790+523 321+37 33829+4086
96 2680+396 13075+253 17805+434 33560+4963 303+10 36910+1060

Macromolecular |355| Sulphate (dpm)

The data represent the mean + S.D. for triplicate determinations.

Free |35S] Sulphate (dpm)

90¢€
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the pericellular-matrix compartment. The amount of free
l3551 sulphate in the medium increased with time and when
compared to the observed loss in macromolecular sulphate over
the same time period, it was apparent that the two values

were similar. Furthermore, when media samples collected at
different time points during the chase period were analysed

by Sephadex G-50 chromatography, it was seen that there was

an increase in material associated with both the VO and the

Vt of the column which represented macromolecular material

and free |358| sulphate, respectively (Fig. 7.4). Thus there
were no intermediate-sized products that accumulated in the

culture medium with time.

In an attempt to assess whether the overall decrease in macro-
molecular sulphate and the concomitant increase in free ]355|
sulphate which occurred in the culture medium of bovine smooth
muscle cells was the result of complete degradation (lysosomal)
of sulphated glycosaminoglycans or of enzymatic desulphation,
parallel sets of cultures were pulsed with either ]SH] glucos-
amine or |355| sulphate for 24 h, followed by chase periods in
the presence of either 10 mM glucosamine or 20 mM sodium
sulphate. The profiles for the distribution of 135S| sulphate
with time of chase were essentially the same as in Fig. 7.2a
and 7.3a. The |3H| glucosamine profiles are presentéd in
Fig. 7.5; 1loss in radioactive macromolecular material was
also noted with these cultures, although it was not as great
as that seen for cells pulsed with \355| sulphate. At the
end of the 96 h chase period, the amount of |355| sulphate

labelled macromolecular material had decreased to approximately
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Fig. 7.4. Sephadex G-50 chromatography of culture media
isolated at times during various chase times.

Cells were grown for 6 days in the presence of ascorbic acid
and then pulse-labelled for 24 h with 10 uCi/ml of 1353|
sulphate. After labelling, cells were washed with medium
and fresh culture medium was added to the cells for the
requisite chase periods (Section 7.2.2). Samples of culture
medium at a) 24 h chase period and b) 72 h chase period were
chromatographed on a Sephadex G-5C column as described in
Section Jh2 3.



309

\co
4'\\{
\ g
3.
\
\
L)
\
24 . X
y 1+ : +—1
w \
0
< b ctid g
8 ¥ =3
g
g
'9 \ A <
> \b'
= \
(-9
T
wi
4'
Z ~
E: §--——F——--e_
&
0
O
o
<
I
(o]

2% 48 72 56
CHASE TIME h

Fig. 7.5. The kinetics of pulse-chase experiments carried out on
smooth muscle cell cultures pulse-labelled with |3H|

glucosamine.

Cells were grown for 6 days in the presence (a) or absence (b) of
ascorbic acid and then pulse-labelled for 24 h with 5 uCi/ml | 3H|
glucosamine. After labelling, cells were washed with medium and
fresh medium was added to cells for the requisite chase periods
(Sectiow i 2. & The total amount of macromolecular radioactivity
(ao--4) and that associated with the extracellular (—), pericellular-
matrix (---) or intracellular (a—a) compartments at each time point
was assessed as described in Section 3.2.7. The data represent

the mean + S.D. of triplicate determinations for one of two similar

experiments.
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50% of its initial value (see Figs. 7.2a and 7.3a), whereas
that of ]3H| glucosamine had decreased only to about 70% of
its initial value. However, some of the macromolecular
radioactive glycosamine may have representeq glycoprotein
oligosaccharide, and thus would not reflect glycosamino-
glycan turnover. The overall pattern of decrease in
macromolecular radioactivity was, however, the same for both
isotopes. The decrease in |3H| glycosamine labelled macro-
molecular material as well as in |35S| sulphate labelled
macromolecular material suggested that glycosaminoglycan
chains were degraded as a whole, and not merely being desul-
phated. Once again the presence or absence of ascorbic acid
made very little difference to this turnover process (Fig.
7.5a and b), and since it would appear that a similar mechan-
ism was operating in both types of cultures, the remaining
data are presented for supplemented cultures only. A1l
experiments were, however, performed on both supplemented

and deprived cultures, and the results were essentially the

same.

Samples of macromolecular material associated with the peri-
cellular-matrix compartment of cultured cells,collected at 3 h
after the start of the chase and at the 48 h chase period, were
chromatographed on DEAE-cellulose ion-exchange columns (Fig.
1.68), Although the amount of macromolecular material in the
pericellular-matrix compartment at the 48 h chase was con-
siderably reduced, its profile on DEAE-cellulose was unchanged
when compared to that of material from the start of the chase.

This strongly suggested that the glycosaminoglycan chains
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Fig. 7.6. DEAE-cellulose chromatography of radioactively-
labelled pericellular-matrix material after
different chase periods.

Cells were grown for 6 days in the presence of ascorbic acid
and then pulse-labelled for 24 h with 10 pCi/ml of l3551
sulphate. After labelling, cells were washed with medium and
fresh medium was added to the cells for the requisite chase
periods (Section 7.2.2). Pericellular-matrix material from
chase periods 3 h (a) and 48 h (b) were collected and processed
as described in Section 7.2.4 before being analysed on DEAE-
columns. The data represent one of two similar experiments.
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still exhibited the same degree of sulphation from the begin-
ning to the end of the chase period. Thus again there is no
evidence for pericellular/matrix desulphation of glycos-
aminoglycan chains by cultured bovine smooth muscle cells in
contrast to rat cells of the same type (172). These glycos-
aminoglycan chains were all excluded from a Sephadex G-50

column (results not shown).

To establish whether the bovine smooth muscle cells secreted
enzymes into the medium which were responsible for the degra-
dation of proteoglycans/glycosaminoglycans found extracellu-
larly, culture medium was removed from cells after a 24 h
pulse in the presence of |355| sulphate and centrifuged to
remove any cells. Thereafter, macromolecular radioactive
sulphate was assessed over a period of time following con-
tinued incubation at 37°C in a humidified carbon dioxide
incubator. As the data in Table 7.2 clearly show, there was
no significant change in the amount of macromolecular radio-
active sulphate present in the medium during the incubation,
nor was any free |3551 sulphate generated (Table 7.2). Thus

the degradation of the macromolecular material that had been

observed thus far required contact with the cultured cells.

Since it has been shown that proteoglycans may be internalized
and degraded by lysosomal hydrolases (169,178), and, further-
more, that both chloroquine and ammonium chloride may be used
to inhibit lysosomal degradation of macromolecules (367-369),
these compounds were used to investigate the role of lyso-

somes in the degradation of proteoglycans by bovine aortic
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EABLE 7.2

INCUBATION OF CELL-FREE CULTURE MEDIUM CONTAINING RADIU-

ACTIVE MACROMOLECULAR MATERIAL

Cells were cultured for 6 days in the presence of ascorbic
acid and incubated during the final 24 h with 10 pCi/ml
|355i su1phate; The culture medium was subsequently
removed, centrifuged to remove any free floating mitotic
cells and maintained at 37°C for a further 4 days in a
humidified carbon dioxide incubator. Aliquots were removed
daily and assessed for their content of macromolecular
radioactive sulphate, as described in Section 3.2.7. The
data represent the mean + S.D. for quadruplicate dishes for

one of two similar experiments.

Time Macromolecular |355| Sulphate
(h) (dpm)
0 279115 + 6619
o8 263801 + 8423
48 281004 + 5372
72 273017 + 10149

96 268418 + 9273
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smooth muscle cells in culture. Consequently, cultures

were pulsed for 24 h with |35S| sulphate and then subjected
to a chase period of 24 h in the presence of the lysomo-
trophic agents (Fig. 7.7). The presence of either ammonium
chloride (Fig. 7.7b) or chloroquine (Fig. 7.7c) resulted in
almost complete inhibition of turnover of sulphated macro-
molecules over 24 h when compared to cultures incubated in
the absence of these agents (Fig. 7.7a). The total amount
of |35S| sulphate.labelled macromolecular material present in
the culture system after a chase period of 24 h in the absence
of any exogenous lysomotrophic agents was routinely about

72% of the amount present at the start of the chase. Un-
fortunately, experiments could not be pursued for longer than
24 h, since prolonged exposure to these agents, especially
chloroquine, resulted in cytotoxicity. However, the inhibi-
tion of turnover in the presence of the lysomotrophic agents
for 24 h indicated that a lysosomal process was responsible
for the degradation of sulphated proteoglycans/glycosamino-

glycans.

In order for the degradation to occur, the proteoglycans must
be internalised by the cultured cells. Kress et al. have
shown that uptake of proteoglycans was achieved by receptor-
mediated endocytosis (167). In order to elucidate.the
mechanism of internalisation carried out by the cultured
bovine aortic smooth muscle cells, 1353i sulphate and 13H|
glucosamine labelled proteoglycans or glycosaminoglycans were
isolated from the media of cultured smooth muscle cells as

described in Section 7.2.6. These medium samples, which



Eig. Z.?. The effect of lysomotrophic inhibitors on the
kinetics of macromolecular sulphate distribution
among the culture compartments of bovine smooth

muscle cells.

Cells were grown for 6 days in the presence of ascorbic acid,
and then pulse-labelled for 24 h with 10 uCi/ml of l358|
sulphate. After labelling,cells were washed with medium and
fresh medium was added to the cells for the required chase
period in the absence (a) and presence of 10 mM ammonium
chloride (b) or 70 uM chloroquine (c). The total amount of
macromolecular radioactivity (A---a) and that present in the
extracellular (—), pericellular-matrix (---) or intra-
cellular (A——a) compartments at each time point was assessed
as described in Section 3.2.7. The data represent the mean

+ S.D. of triplicate determinations for one of three similar

experiments.
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contained labelled macromolecules, were chromatographed on
Sepharose CL-6B to assess their size (Fig. 7.8). Samples
prepared from cultures incubated with the isotopes in the
absence of p-nitrophenyl-g-D-xyloside eluted at the Vo of

a Sepharose CL-6B column (Fig. 7.8a), whereas the majority
of those prepared from cultures incubated in the presence of
the B-D-xyloside eluted with a Koy of 0,6 (Fig. 7.8b),! thus
the former were intact proteoglycan molecules and the latter
were free xyloside-initiated glycosaminoglycan chains (see
Chapter 6). Furthermore, it may be seen that no degradation
of the macromolecules had occurred during the preparation of
dialysis procedure. In addition, it could also be seen that
the dialysis procedure was effective in removing unincorpor-
ated precursors from the medium, as no radioactivity was
found eluting at the Vt of these columns. Thus any radio-
activity found associated with the intracellular compartment
of cultures after incubation with this medium, could not
have arisen by de novo synthesis. The media used for the
preparation of labelled macromolecules were dialysed against
complete medium to remove any unincorporated isotope rather
than making use of a chromatographic step, because other
studies have shown that proteoglycans, once freeze-dried,
cannot be taken up by cells (153). A chromatographic step
would involve freeze-drying the sample in order to Eeduce
its volume such that it could be reintroduced to fresh

cultured cells as complete medium.

The uptake of radioactively-labelled proteoglycans or glycos-

aminoglycans by the aortic smooth muscle cells is shown in



37

a.
]0..
754
5.-
25.
©
x e
z b.
2100+
75¢
50+
25¢
wh 20 : 40 50
T FRACTION T
Vo \(}

Fig. 7.8. Sepharose CL-6B chromatography of radiocactively-
labelled proteoglycans and glycosaminoglycans present
in culture medium prior to incubation with smooth
muscle cells.

Mledium which contained radioactive macromolecules was prepared
as described in Section 7.2.6. Culture medium samples were
prepared, processed and aliquots checked by Sepharose CL-6B
chromatography to assess the size of the proteoglycans (a) or
free glycosaminoglycan chains (b). l3Hl Glucosamine (--);

5355|_su1phate (—).
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Tables 7.3 and 7.4 respectively. Although at the end of

48 h only about 3% of the labelled proteoglycans were found

in the intracellular compartment (Table 7.3), this value was

in agreement with those reported by other authors (168). It
was shown that the cultures did not selectively internalise

a certain population of proteoglycans, since if the same

medium was again incubated with fresh cells they internalised

a further 3% of the total radioactivity due to labelled proteo-
glycans in 48 h. In contrast to this, only 0.2% of the radio-
activity from medium containing g-D-xyloside-initiated glycos-
aminoglycan chains was internalised when incubated with cells
for 48 h as above (Table 7.4). This finding again agreed

with the results of other workers who have shown that an intact
proteoglycan core protein was a prerequisite for the endocyto-
tic internalisation of glycosaminoglycans, and furthermore

that free polysaccharide chains were taken up with much-

reduced efficiency compared to proteoglycans (167.169).

It is also clear from Table 7.3 that some degradation of the
labelled proteoglycans had occurred, as at the end of the
48 h incubation period the amounts of macromolecular |355[
sulphate or IBHL glucosamine labelled material had been re-

duced to 84,6% and 79,4%, respectively, when compared to their

initial values. At the same time, only the end products of
this degradation process, namely free |3531 sulphate and |3H[
glucosamine were found in the medium. Furthermore, it was

noted that the addition of ammonium chloride inhibited this
degradation (Table 7.5), since when incubated with smooth

muscle cell cultures, culture medium containing radioactively



TABLE 7.3

UPTAKE OF RADIOACTIVELY LABELLED PROTEOGLYCANS BY SMOOTH MUSCLE CELL CULTURES

Cells were grown for 7 days in the presence of ascorbic acid and then incubated for 48 h with
fresh medium containing proteoglycans labelled with [353| sulphate and |3H] glucosamine which
was prepared as described in Section 7.2.6. At various times during the incubationperiod, the
amount of macromolecular material associated with the various culture compartments was assessed
as-described.in: Sectidon: 3udada The data represent the mean + S.D. for quadruplicate determina-

tions for one of three similar experiments.

Time Macromolecular |3SSE Sulphate (dpm) Macromolecular |3H[ Glucosamine (dpm)
(h) Intra- Peri- Extra- Total Extra- Intra- Peri- Extra- Total Extra-
cellular ce?]g?ar cellular cellular Cellular cellular cellular cel]ulgr
Matrix Free|39s| Matrix Free |3H|
sulphate glucosamine
(dpm) _ (dpm)
0 0 0 2943732 2943?31 0 0 0 283763+ 283763+ 0
5709 5709 Y3213 ¥32137
24 54001 6950: 273881: 286231+ 4142+ 2826+ 3790+ 243874+ 250491+ 25458+
238 665 26291 26480 589~ 58~ a i 8777 8631 1662
48 6492+ 7400+ 235150+ 249042+ 38421+ 4127+ 4310+ 216844+ 225281+ 55915+

668 244~ 12906 12442 4137 908 56 36303 3703, 34577

6lE



TABLE 7.4

UPTAKE OF RADIOACTIVELY LABELLED B-D-XYLOSIDE INITIATED GLYCOSAMINOGLYCANS BY SMOOTH MUSCLE CELL CULTURES

Cells were grown for 7 days in the presence of ascorbic acid and then incubated for 48

culture medium containing free glycosaminoglycan chains initiated on B-D-xylosides and

135 13H | glucosamine, prepared as described in Section 7.2.6. At

dual S| sulphate and

during the incubationperiod, the amount of macromolecular material associated with the
ture compartments was assessed as described in Section 3.2.7. The data represent the

for quadruplicate determinations for one of two similar experiments.

h with fresh

labelled with

various times

various cul-

MEan Sl

0ce

Extra-
cellular
Free|3H|
glucos-
amine

(dpm)
0

58531+
6335

98003+

Time Macromolecular |358| Sulphate (dpm) Macromolecular 13H| Glucosamine (dpm)
(h) Intra- Peri- Extra- Total Extra- Intra- Peri- Extra- Total
cellular cellular cellular cellular cellular cellular cellular
Matrix Free|355| Matrix
sulphate
(dpm)
0 0 0 - 2140174+ 2140174+ 0 0 1030318+ 1030318+
16472 16472 2640 17640
24 4800+ 11743+ 2039816+ 42056359+ 87915+ 4983+ 959767+ 966968+
121 734 15072 20385 4301 91~ 9203 34752
48 6002+ 16663+ 1865466+ 1888131+ 222430+ 6880+ 920456+ 929986+
559 849 34880 35662 17651 150 1731 99316~

6472



JTABLE 7.5

THE EFFECT OF AMMONIUM CHLORIDE ON THE UPTAKE OF RADIOACTIVELY LABELLED PROTEOGLYCANS BY SMOOTH MUSCLE CELLS

Cells were grown for 7 days in the presence of ascorbic acid, and then incubated for 48 h with fresh

culture medium containing

]3

H| glucosamine.

10 mM ammonium chloride and proteoglycans labelled with

At various times during the incubation period,

|355|

associated with the various culture compartments was assessed as described in Section 3.2.7.

sulphate and

the amount of macromolecular material

The

data represent the mean + §.D. for quadruplicate determinations for one of two similar experiments,

Time
(h)

24

48

Macromolecular ]3551 Sulphate (dpm)

Intra-

cellular

16593+
495

23913+
659

Peri-
cellular
Matrix

10793+
§56

12630+
430~

Extra-
cellular

336142+
19976

313064+
27105

305708+
14991

Total

336142+
19976

340451+
8221

342251+
14958

Extra- Intra-
cel]u;gr cellular
Free|3°S|
sulphate
(dpm)
0 0
145+31 8113+
-
0 20957+
2526

Macromolecular ]3H| Glucosamine (dpm)

Peri-

cellular
Matrix

6417+
476~

8110+
465

Extra-

cellular

342607+
18738

344087+
29757

312442+
10611 %

Total

342607+
18738

358617+
29729

341509+
17935

R4

Extra-
cellular
Free|3H|
glucosamine
(dpm)

0

162+25
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labelled proteoglycans in the presence of 10 mM ammonium

chloride did not yield increased amounts of free |35SI

sulphate of l3H1 glucosamine over 48 h. However, there

was a not unexpected increase in the amount of radioactive
material accumulated within these cells. Thus, since no

free |35 3

S| sulphate or |“H| glucosamine was found associated
with the medium, no turnover had taken place. The data
obtained for 48 h incubation under the different conditions
has been summarised in Table 7.6. This table represents

data taken from Tables 7.3, 7.4 and 7.5.

Clearly then in cultured bovine aortic smooth muscle cells
extracellular proteoglycans are endocytosed and degraded
intracellularly by lysosomal enzymes, the degradation products
being secreted into the medium. The mechanism of this endo-
cytosis was studied in more detail using cultures incubated

in the presence of increasing amounts of labelled proteoglycan
for 48 h. At the end of the incubation period the amount of
radioactively-labelled macromolecular material in the differ-
ent culture compartments was assayed and yielded the results
shown in Fig. 7.9. Clearly at the low levels of radioactive
proteoglycan offered to cells a linear relationship between
available proteoglycan in the medium and the amount bound

and taken up by cells existed. Using homogeneous prepara-
tions of labelled proteoglycans it was not possible to offer
high enough quantities to reach saturation kinetics for
binding and uptake. Thus, because the limits of the experi-
mental restraints mentioned above, it is not feasible to

ascertain the number and affinity of the proteoglycan receptors



TABLE 7.6
SUMMARY OF DATA RELATING TO THE UPTAKE AND DEGRADATION OF RADIOACTIVELY LABELLED PROTEOGLYCANS/

GLYCOSAMINOGLYCANS BY BOVINE SMOOTH MUSCLE CELLS

The table was compiled from the 48 h data listed in Tables 7.3, 7.4 and 7.5. The values for the
amount of "degraded" material represent the total amount of free radioactivity present in the medium
after 48 h of incubation. Numbers in parentheses indicate the % of the total material (macromolecular

and free radioactivity) that is represented by the accompanying figure.

System Total DPM |3%s| soq4 Total DPM |3H| Glucosamine
Bound Internalised Degraded Bound Internalised Degraded

Control + proteoglycans 7400 (2.6) 6492 (2.3) IBAR(13.4) 4310.(1.5) 4127 { Ih5) 55915 (20.0)

+244 - +668 +4137 + 56 +908 +3457
Control + free- 16663 (0.8) 6002 (0.3) 222430 (10.5) 6880 (0.7) 2680 (0.3) 98003 (9.5)
glycosaminoglycans +849 +559 +17651 +180 #2140 & 647
Control + proteoglycans 12630 (3.7) 23913 (7.0) 0 (0) SNl (2.3) 20957 (6.1) 162+28,(0.44)
+ NH,C1 (10 mM) +430 #659 +465 420826

4

€¢€
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355 SULPHATE-LABELLED PROTEOGLYCAN ADDED

(DPM X 10-3)

Fig. 7.9. 'The uptake of |3551 sulphate-labelled proteoglycans

by bovine smooth muscle cell cultures as a function
of the concentration of the labelled proteoglycans.

Cells were grown for 6 days in the presence of ascorbic acid.
Medium containing increasing amounts of |3551 sulphate-labelled
proteoglycans was added to the cells and after 48 h the amount

of macromolecular radioactivity associated with the pericellular-
matrix (a) or intracellular (b) culture compartments was assessed
as described in Section 3.2.7. The data represent the mean B S0,
of triplicate determinations for one experiment.
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as has been carried out with such processes as low density

lipoprotein receptor mediated endocytosis (370).

In another experiment cultures were incubated with a re-
quisite amount of labelled proteoglycans in the presence of
increasing amounts of unlabelled proteoglycans which were
prepared from cultures in exactly the same manner as were

the lTabelled proteoglycans. The amounts of macromolecular
radioactivity in the different culture compartments at various
times during the 48 h incubation period were assayed and yield-
ed results shown in Fig. 7.10. It was clear from the data
that the unlabelled proteog]ycans were able to compete success-
fully with the radioactively labelled species for uptake, and
that in the presence of increasing amounts of unlabelled proteo-
glycans less macromolecular radioactivity was found associated
with the pericellular-matrix and intracellular compartments.
Because of the manner in which the media containing proteo-
glycans (both labelled and unlabelled) were prepared, and
because of the practical difficulties involved in concentra-
ting them without in any way prejudicing their ability to be
endocytosed, the maximum amount of unlabelled proteoglycans
that could be added to the culture system to compete with

the labelled species present was only a three-fold excess

as compared to labelled proteoglycans. However, even with
such low levels of unlabelled proteoglycans, competition for
uptake was still noted. This indicated the presence of high-

affinity saturable receptors for the uptake of proteoglycans.
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DPM x 102

34 68 102
UNLABELLED PROTEOGLYCAN ADDED
( pg URONIC ACID )

Fig. 7.10, "The "eftecy o additfon of unlabelled proteo-
glycans on the uptake of radioactively-labelled
proteoglycans by smooth muscle cells.

Cells were grown for 6 days in the presence of ascorbic acid.
Medium (500 ul) containing |3581 sulphate (—) and 13H|
glucosamine (---) labelled proteoglycans was added to the
cells for 48 h in the presence of increasing amounts of
unlabelled proteoglycans. The amount of macromolecular
radioactivity associated with the pericellular-matrix (a) or
intracellular (b) culture compartments was assessed as des-
cribed "1 SecEianTave i The data represent the mean + S.D.
of triplicate determinations from one of two similar experi-
ments.

&.
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7.4. DISCUSSION

In the bovine aortic smooth muscle cell culture system it

was shown that proteoglycans were subjected to turnover and
such turnover took place intracellularly in lysosomes.
Kinetic studies revealed that newly synthesized s sulphate
labelled glycosaminoglycans were secreted from the cell to
the pericellular-matrix compartment and from thence the major-
ity of them were rapidly shed into the medium (Fig. 7.1 - 7.3).

139s| sulphate into macro-

In contrast, incorporation of
molecular material in the intracellular pool quickly reached

a plateau, reflecting the limited quantity of glycosamino-
glycans in this small metabolic pool bElgda7 s} Pulse-chase
labelling experiments suggested that glycosaminoglycans leave
the intracellular and pericellular-matrix pools by at least
two different routes (Fig. 7.2, 7.3) as has been shown for
cultured fibroblasts (94). Most of the labelled material
was secreted rapidly into the medium from the intracellular
pool via the pericellular-matrix compartment, whilst a portion
of the extracellular material was taken up by the cells and
degraded to monomeric units. Thus several pools of glycos-
aminoglycans exist within the different cellular compartments.
The intracellular compartment, for instance, contains some
structural components associated with membranes, as well as
the biosynthetic, storage and degradative pools. On the
other hand, the pericellular-matrix compartment contains
structural components, largely heparan sulphate, together

with those glycosaminoglycans destined either for secretion

or for endocytosis.
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In the aortic smooth muscle cells, turnover was shown to

take the form of complete degradation of the molecule. The
partial desulphation of the glycosaminoglycans, extracellular-
ly, was not demonstrated with this system. DEAE-cellulose
chromatography of extracellular (pericellular-matrix)

material after different chase periods revealed no signifi-
cant changes in the sulphation levels of glycosaminoglycan
chains (Fig. 7.6), thus it appeared that the partial desul-
phation reported for rat smooth muscle cells (172), was not

a prerequisite step in the turnover process with bovine smooth
muscle cell cultures. However, the data do not entirely
preclude the action of ecto-sulphatases on proteoglycans/
glycosaminoglycans outside the cell, but.in this system it is

not an obligatory step in the degradation process.

The degradation of proteoglycans by bovine aortic cells was
shown to be inhibited by lysomotrophic inhibitors (Fig. 7.7),
indicating that such degradation occurred intracellularly
within the lysosomes. The proteoglycans were shown toibe
taken up by the cells in a process similar to that described
by other workers, i.e. receptor-mediated endocytosis via high
affinity receptors (167-169). In agreement with the findings
of other authors, the efficiency bf endocytosis was markedly
increased in the presence of an intact proteoglycan core
protein, since free glycosaminoglycans were only endocytosed
at much-reduced levels (Tables 7.3 and 7.4) (167-169).
However, those glycosaminoglycans that were endocytosed were
degraded because at the end of a 48 h incubation the total

macromolecular radioactivity present in the cultures had
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decreased relative to that present initially (Table 7.4).
After proteoglycans had been degraded by the lysosomes, the
degradation products were found associated with the medium

(Tab]es e dvand 7.3 ta 7.5).

The presence or absence of ascorbic acid made very little
difference to the overall patterns of proteoglycan degradation
by bovine aortic smooth muscle cells. This indicated that

if the pericellular-matrix compartment does have any signi-
ficant role to play in such degradation, by inference it would
be the pericellular (i.e. cell surface) component that would
be responsible, since the presence (+ ascorbic acid) or
absence (- ascorbic acid) of an extensive extracellular matrix
made little difference to this overall process. Ascorbic acid
has been shown to influence the activity of the lysosomal
system in cultured human skin fibroblasts (371). It has been
shown to provide some protection to the intra-lysosomal hydro-
lases against the inhibitory action of lysomotrophic agents
such as chloroquine. However, with bovine aortic smooth
muscle cells, no such protection of the lysosomal enzymes was
shown to occur in the presence of ascorbic acid (Fig. 7.7).
Lysomotrophic agents such as chloroquine or ammonium chloride
were effective in inhibiting the activity of the lysosomal
hydrolases to a similar degree in both the presence (Fig. 7.7)

and absence (results not shown) of ascorbic acid.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

The work presented in this thesis was carried out with the
primary objective of the elucidation of bovine aortic medial
proteoglycan biochemistry. Since the advantages of cell
culture techniques for the study of metabolic processes such
as biosynthesis and turnover have been well-established, the
initial experimentation aimed at establishing a sound know-
ledge of the structure, sizes and glycosaminoglycan content

of proteoglycans synthesized in vivo, prior to their in vitro

study by such culture techniques. The rationale being that,
having established the in vivo pattern of what forms and types
of proteoglycans are normally found associated with bovine
aortic media, cell cultures established from such tissue

could then be better assessed as to their "faithfulness" in

the reproduction of the in vivo condition during culture.

Therefore, in the first instance, proteoglycans were isolated
from the aortic media of different aged animals immediately
after slaughter and characterized as described in Chapter 2.
Secondly, a clonal line of bovine aortic medial smooth muscle
cells were also characterized in relation to the proteoglycans
they synthesized during culture (Chapter 4), and subsequently
such metabolic processes as the biosynthesis and turnover of

their proteoglycans were investigated.

Although the glycosaminoglycan contents of the major arteries

have been studied and changes occurring with site of origin,
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maturation or in diseased states have been documented (282-
284, 292-296), this is the first time that a study has been
made on the aortic proteoglycans derived from different ages
of animal. Since most of the studies on intact proteoglycans
have been carried out using material extracted from adult
animals (287-291), virtually no information is available on

the changes that take place during ageing and deﬁe]opment.

The aortic medial layer was chosen as the source of material
for two main reasons: Firstly, to minimize the variability
in the proteoglycans extracted due to differences in the
sites of origin, and second]y; a clonal line of smooth muscle
cells which had been isolated from bovine foetal aortic media
was readily available for in vitro studies. Thus it was
important that the assessment of the true phenotypic expres-
sion of the medial smooth muscle cell cultures was carried
out against the background of knowledge on bovine medial
proteoglycans. A further factor in the limitation of the
choice of tissue for study was the fact that the medial
smooth muscle cell layer is a very important constituent of
the arterial wall and it has been shown to play a prominent
role in the development of pétho]ogica] lesions such as that
which occurs in atherosclerosis (372). Thus each time
material was collected for the isolation of proteoglycans,

a representative sample was analysed histologically to con-

firm purity of the sample.

A further criterion was employed for the comparison of in

vivo and in vitro produced proteoglycans, namely the AS,Clg
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and A3 lines of bovine aortic smooth muscle cells were
isolated from the media of bovine foetuses which were the
same size as the foetuses used for the isolation of aortic
proteoglycans. The cells were shown to behave as modulated
smooth muscle cells in culture, exhibiting the morphological
characteristics of such cells under both 1ight and electron

microscopy (Plates 3.1 and 3.2).

The isolation of proteoglycans from the aortic media of
different aged cattle revealed that changes in proteoglycan
size and glycosaminoglycan composition occurred during ageing.
The size of the predominant proteoglycan monomer decreased
with age, as did that of the glycosaminoglycan chains. Two
main sizes of proteoglycan monomer were isolated from all
ages, and eluted from Sepharose CL-2B with Kav's of 0,31 and
0,56, respectively. The larger species was predominant in
foetal material, whereas, in adult material, the converse

was true, and the majority of these proteoglycans eluted with
a Kav of 0,56, This change in size was associated with a
decrease in the length of glycosaminoglycan chains. Thus
older animals had shorter chains than younger ones. However,
with all age groups, the size of the glycosaminoglycan chain
was very long when compared to those found associated with

cartilage proteoglycans.

The sizes of the proteoglycan monomers isolated from the
culture medium and cell Tlayers of cultured smooth muscle
cells parallelled those isolated from intact foetal tissue.

The proteoglycans derived from the culture medium, which made
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up the bulk of the méteriaT synthesized in the system, eluted
from Sepharose CL-2B columns with Kav's identical to those

of the proteoglycans from foetal medial tissue. The size of
the glycosaminoglycan chains was also the same as those

associated with proteoglycans extracted from intact tissue.

Neither proteoglycan monomers isolated from aortic tissue,

nor from cell cultures were able to form aggregates with
hyaluronic acid to any great extent. This strongly suggested
that such aggregation may not be of prime importance for the
“trapping” of the proteoglycans in the extracellular matrix
material in aortic tissue, as is the case in cartilaginous
tissues. In agreement with other workers, the aortic
proteoglycans were shown to contain chondroitin sulphate and
dermatan sulphate in copolymeric form (287,288,290,291).

Such copolymeric chains have been shown to display a consider-
able degree of self-association (Section 1.4.3), and thus may
have a role to play in the maintenance of the structural

integrity of the extracellular matrix.

The glycosaminoglycan composition of aortic proteoglycans
extracted from medial tissue showed some variation with the

age of animal. Chondroitin sulphate was the predominant
glycosaminoglycan in all age groups; however, the proportion
of chondroitin-6-sulphate appeared to increase relative to chon-
droitin-4-sulphate in older animals; such changes have been
documented for cartilage (268,271). Dermatan sulphate was
absent in tissue from young animals but was increasingly

evident with older animal tissue. Small amounts of heparan
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sulphate/heparin chains were found in proteoglycans extracted
from all ages of animals and amounts present also appeared

to increase with age. This may suggest proliferation in
cells associated with medial tissue during ageing, since the
two glycosaminoglycans in question are generally associated
with the cell surface (242). The glycosaminoglycan com-
position of proteoglycans isolated from cell cultures was
similar to that of the proteoglycans isolated from foetal
aortas with the one big exception that the former was shown
to contain dermatan sulphate. Abnormally high amounts of
dermatan sulphate associated with culturedcells as compared
to tissue of origin have been found by other workers (306,310),
and may reflect some particular artifactual response of

cultured cells.

The existence of distinct classes of proteoglycan monomer
made up of discrete types of glycosaminoglycan chains
attached to specific core proteins which differ in their
ability to aggregate with hyaluronic acid, has been reported
b} other laboratories (54,299,301,303). Such a scenario
was not demonstrated with the proteoglycan monomers isolated
from bovine aortic medial tissue. Proteoglycan monomers
derived from adult tissue contained essentially one size of
proteoglycan monomer which was shown to consist of chondroitin
sulphate, dermatan sulphate, heparan sulphate/heparin and
some keratan sulphate-like oligosaccharides. This finding
may be a reflection of the purification procedure, and, in
fact, the one species mentioned may not be homogeneous;

however, some new method of purification will have to be
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developed to resolve this question.

The tissue culture system was used to study the pathways of
glycosaminoglycan biosynthesis and degradation and the
effects of various exogenous agents on these processes.
Incorporation of |355| sulphate was routinely used to monitor
biosynthesis or metabolism of glycosaminoglycans in these
studies, and thus the presence of macromolecular i3551 sulph-
ated material was taken to reflect incorporation into glycos-
aminoglycans, although recently the existence of sulphated

glycoproteins has been reported (373).

The addition of ascorbic acid to the smooth muscle cells in
culture resulted in increased cell numbers. In addition

the presence of ascorbic acid promoted the deposition of a
copious extracellular matrix which consisted largely of
collagen. In the absence of the vitamin the amount of in-
soluble matrix deposited was significantly decreased and was
made up largely of trypsin-sensitive material with very
little collagen (Chapter 3). The addition of the vitamin

to culture medium neither altered the size of the proteoglycan
monomer ncr of the glycosaminoglycan chains synthesized by
smooth muscle cells. Also, it had no effect on the ability
of the monomer to aggregate with hyaluronic acid (Chapter 4).
However, ascorbic acid-supplementation was shown to increase
the incorporation of |355| sulphate into macromolecular
material, and this was shown to be both as a result of in-
creased synthesis and increased sulphation levels of the

glycosaminoglycans. These effects were shown to occur as
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a direct result of the presence of the vitamin and were not
mediated by its effects on the increased synthesis and
deposition of collagen into the extracellular matrix. The
increased incorporation of |355| sulphate into macromolecular
material was most prevalent for glycosaminoglycans associated
with the pericellular-matrix compartment. The possibility
that the increased levels of sulphation of glycosaminoglycans
associated with the afore-mentioned compartments merely
reflected a role of ascorbic acid as an inhibitor of ecto-
sulphatase enzymes (363) was unlikely, since no evidence

for such desulphation enzymes was apparent from the data
obtained on the turnover of proteoglycans by bovine smooth
muscle cells (Chapter 7). It must be borne in mind.that,
although the more extensive collagenous matrix formed in the
presence of ascorbic acid was not directly respdnsib1e for
the increased incorporation of 13551 sulphate into macro-
molecules associated with the pericellular-matrix compartment,
this increase may occur as an indirect result of "trapping”

of proteoglycan molecules by the more extensive matrix.

However, such "trapping", far from being in any way arti-

factual, may merely reflect the sort of in vivo interactions

between proteoglycans and matrix elements such as collagen,
elastin and fibronectin which are important for the maintenance

of matrix integrity in the artery wall.

The addition of B-D-xyloside to the smooth muscle cells in

culture also resulted in a marked stimulation of |3531 sulphate

incorporation into glycosaminoglycans initiated on the

exogenously supplied acceptor. The glycosaminogiycans



337

synthesized by initiation on B-D-xylosides differed markedly
from their natural counterparts synthesized on core protein

in the absence of B-D-xyloside. Their chain length was
considerably shorter and their molecular weights were dec-
reased to about a quarter of that found in the absence of
B-D-xyloside (Chapter 6). Glycosaminoglycan chains initiated
on B-D-xyliosides were rapidly secreted into the culture medium
of cells and were presumably more soluble in this medium.
Furthermore, it was shown that the glycosaminoglycans syn-
thesized on the exogenously supplied acceptor had increased
levels of sulphation when compared to glycosaminoglycans

from control cultures. The addition of B-D-xylosides to

the medium of bovine smooth muscle cell cultures also caused

a marked stimulation in the synthesis of dermatan sulphate.
Glycosaminoglycan synthesis initiated on core protein in the
presence of B-D-xyloside also resulted in shorter chains than

controls (no g-D-xyloside) and increased levels of sulphation.

Thus it appears that agents such as ascorbic acid and g-D-
xylosides which caused increased synthesis of glycosamino-
glycans also have a positive effect on the sulphation processes
involved in glycosaminoglycan synthesis. Furthermore, the
results of these studies, which utilized the afore-mentioned
agents, supported the proposition that the rates of synthesis
of glycosaminoglycans can affect such properties as their
length and degree of sulphation (102,360). Further support-
ive evidence for this proposition is evident from the obser-
vation that glycosaminoglycans synthesized on core protein in

the presence of g-D-xyloside differed strikingly from those
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synthesized on core protein in the absence of this exogenous
acceptor, and were in fact similar to those synthesized as
free glycosaminoglycan chains initiated on B-D-xylosides.

If the core protein was the only determinant of structure

and specificity, then protein-linked glycosaminoglycans from
control or B-D-xyloside-treated cultures should have identi-
cal, or very similar, properties. In relation to these
findings, it was of interest to note the effects of ascorbic
acid in relation to such marked changes in glycosaminoglycan
structure as chain length. In spite of the stimulation of
glycosaminoglycan synthesis brought about by the inclusion

of ascorbic acid in the culture medium of smooth muscle cells,
there was no change in the length of glycosaminoglycan chains
synthesized. This marked difference between increased
glycosaminoglycan synthesis by ascorbic acid and g-D-xyloside
may be explained by the much-reduced stimulation induced by
the former when compared to the -exogenous artifactual accep-

tor of glycosaminoglycan chains.

However, both agents (ascorbic acid and g-D-xylosides)
resulted in increased sulphation levels of glycosaminoglycans
when present in the culture medium of smooth muscle cells.
This was apparent when a number of different techniques were
employed to assess the sulphation levels of glycosaminoglycan
chains synthesized by cultured cells in the presence and
absence of these exogenous compounds. Furthermore, these
agents (ascorbic acid and g-D-xylosides) had specific effects

resulting in the preferential increase of incorporation of
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|3SS| sulphate into dermatan sulphate (and/or heparan

sulphate/heparin). These glycosaminoglycan species contain

a high content of L-iduronic acid as compared to D-glucuronic
acid residues which are prevalent in most sulphated glycos-
aminoglycan chains (Chapter 1). 0f significance is the fact
that the occurrence of sulphated L-iduronic acid units has

been routinely reported, whereas sulphation of D-glucuronic
acid has not yet been detected (351). Hyper-sulphated regions
in dermatan sulphate and heparan sulphate/heparin are thus
often due to the occurrence of such sulphated L-iduronic acid
units, resulting in disulphated disaccharides on digestion

by chondroitinase ABC. Thus the identification of such di-
sulphated disaccharides generated by digestion by chondroitinase
ABC of glycosaminoglycans synthesized by g-D-xyloside-treated
cultures, and separated by thin layer chromatography, accounted
for some of the increased incorporation of |3551 sulphate by

these cultures.

Under normal tissue culture conditions the secreted glycos-
aminoglycans may be undersulphated, which would account for
the profiles obtained on DEAE-cellulose ion-exchange chromato-
graphy for such molecules. Although both the culture medium
and the pericellular-matrix compartment contained considerable
amounts of chondroitin sulphate and dermatan sulphate, these
glycosaminoglycans eluted from a DEAE-cellulose column at a
much lower salt concentration than did commercial chondroitin
sulphate (Fig. 5.7 and 6.5), indicating that their total
negative charge was lower than normal. Ascorbic acid and

g-D-xyloside may cause increased sulphation at the non-sulphated
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sites on glycosaminoglycan chains but the effect could be

most marked for the iduronic acid-containing glycosaminogly-
cans, since these residues could also be sulphated in the 2°'
position. This would go a long way to explaining the prefer-
ential increase in the synthesis of dermatan sulphate (and/or
heparan sulphate/heparin) fraction, as édjudged by radioactive
sulphate incorporation, whereas in fact the synthesis of all
glycosaminoglycans may be stimulated to a similar degree.
However, the availability of the polymerizing enzymes for the
various glycosaminoglycans would also play a role in deter-
mining what types of glycosaminoglycans would exhibit increased
synthesis. This is why in cultures treated with g-D-xyloside,
the relative amounts of heparan sulphate/heparin synthesiied
appeared to decrease; presumably the polymerizing enzymes were

limiting.

The presence or absence of ascorbic acid made no difference
to the endocytosis and turnover of glycosaminoglycans by the
smooth muscle cells. Although the glycosaminoglycans in the
pericellular-matrix compartment from ascorbic acid-supplemented
cultures had increased levels of sulphation, they were still
endocytosed and degraded to a similar extent as those from
scorbutic cultures. This was contrary to results that
suggested that sulphated glycosaminoglycans may inhibit
endocytosis and that extracellular desulphation may occur
before such glycosaminoglycans were endocytosed (169). The
existence of ecto-desulphation was not demonstrated with
bovine aortic cells, and it would appear, at least in .this

cell type, that prior desulphation is not an obligatory step
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in the process leading to endocytosis and degradation. As
has been shown previously for other cell types (94), degrada-
tion of the proteoglycan in bovine aortic cells was per-
formed intracellularly by the lysosomal vesicles, and the
small molecular weight degradation products were then sec-
reted from the cell and could be recovered in the culture
medium. The addition of lysomotrophic inhibitors was

shown to completely inhibit turnover and there was no loss

of macromolecular material over 24 h; concomitantly, no

degradation products were found in the medium.

Thus the proteoglycans from aortic medial tissue have been
characterized and the changes occurring with maturation have
been documented. In addition, it was shown that cultured
smooth muscle cells derived from foetal bovine aortic media
largely retained their differentiated functionwith respect to
the synthesis of proteoglycans. Factors effecting the path-
ways of synthesis, secretion and degradation of the sulphated
glycosaminoglycans were examined by making use of the tissue

culture system.
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APPENDIX

Chemicals, Materials, Enzymes and Culture ware were obtained
from the following suppliers: '

BDH Chemicals, Poole,
England

Beckman Instruments,
Fullerton, USA

Biorad Laboratories,
Richmond, California,
USA

Corning Ltd., Staftord-
shire, England

Coulter Electronics Inc.

Hialeah, Florida, USA

Difco Laboratories,
Detroit, Michigan, USA

Gibco Laboratories,
New York, USA

Glaxo (PEy) Ltd.,
Wadeville, Transvaal
South Africa

E. Merck, A.G.
Germany

Miles Laboratories,
Goodwood, South Africa

Darmstadt

: Ethylenediamine tetraacetic acid

Sodium dodecyl sulphate
Di-sodium tetraborate

Polyallomer centrifuge tubes

Bio-Gel P-2 (100-200 mesh)
Bio-Gel P-30 (100-200 mesh)

Tissue culture plastic ware
Isoton II
Trypsin (1:250), tryptose phosphate

broth

Eagle's Minimum Essential Medium
buffered with Earle's salts

Penicillin G, streptomycin sulphate

A11 Taboratory chemicals used
(analytical grade)

Thin layer cellulose plates
L(+) ascorbic acid

Bovine serum albumin
Hylauronic acid



Packard Instruments
Downers Grove, USA

Pharmacia, Uppsala,
Sweden

Seikagaku Kogyo Co.,
Ltd., Tokyo, Japan

Sigma Chemical Co.,
St. Louis., MD. USA

State Vaccine Institute
Cape Town, South Africa

Whatman Ltd., Kent,
England

Radioactive chemicals:

New England Nuclear,
Boston, USA

The Radiochemical Centre,:
Amersham, Bucks, England
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Scintillation mixture 299
Instagel '

Sepharose CL-2B, Sepharose CL-6B
Sephadex G-50 (medium)

Sephadex G-100 (medium)

PD-10 columns

Chondroitinase ABC, Chondroitinase AC,
Hyaluronidase, keratanase, chondroitin
sulphate standards, Di-4S, Di-6S

and Di-0S standards

Collagenase (EC.3.4.24.3) (if pure
(bacterial) from Worthington, USA)
elastase (EC.3.4.21.11), LPypein

(EG.3.8.21.4), chymotrypsin REC.3 0 218 1

papain (EC.3.4.22.2), amylase
(EC.3.2.1.1), phenylmethylsulphonyl
fluoride, carbazole, p-nitrophenyl-g-
D-xylopyranoside, chloroquine,
N-ethyl maleimide

Foetal calf serum

3MM chromatography paper
DE-52 Diethylaminoethyl cellulose
GF/C glass microfibre filters

L-|5-3H|-Proline 20-40 Ci/nmole

Sulphur-35 25-40 Ci/mg

D-|6-*H| glucosamine hydrochloride
20-40 Ci/mmole

D-|U-**C|glucosamine hydrochloride
>200 mCi/mmole
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: L-|4,5-3H| Leucine 130-190 Ci/mmole
L-|U-**C| Phenylalanine > 450 mCi/
mmole

L-|U-**C| amino acid mixture,
code CFB 104






