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ABSTRACT

Proteinpolysaccharides are macromolecules which consist primarily
of chondroitin-4-sulfate associated with non-collagenous protein. They
constitute about half of the dry weight of adult bovine nasal cartilage;
the remaining material is predominantly collagen. When cartilage slices
are extracted with concentrated salt solutions (typically 4 M guanidinium
chloride), 85% of the total proteinpolysaccharide in the tissue is easily
solubilized. The collagen framework of the tissue remains intact
during the extraction procedure, and the cartilage slices retain their shapes.
The amount of proteinpolysaccharide which is solubilized depends, in part,
upon the ability of the extraction solvent to dissociate proteinpolysaccharide
aggregates which exist in the extracellular matrix of the cartilage. 1In
a dissociative solvent, such as 4 M guanidinium chloride, the proteinpoly-
saccharide in a cartilage extract is disaggregated into subunits. After the
extract is dialyzed against an associative solvent such as 0.5 M guanidinium
chloride, up to 60% of the proteinpolysacchari@e molecules reaggregate. The
relative amount of aggregate to monomer which is formed depends upon the pH
of the extraction solvent; it is a maximum when extraction and aggregation

are carried out at pH 5.8.

Procedures which employ equilibrium centrifugation in density gradients
were developed to fractionate a cartilage extract. An extract was dialyzed
into an associative solvent (0.5 M guanidinium chloride buffered at pH 5.8)
in order to aggregate the macromolecules. Cesium chloride was added to a
density of 1.69 g/ml, and a gradient was established (40,000 rpm for 44
hours at 20° C in a Spinco SW 50 rotor). The small amount of free glyco-
protein and soluble collagen in the dialyzed extract was recovered at the
top of the gradient; more than 95% of the proteinpolysaccharide was re-
covered at the bottom in a fraction referred to as proteinpolysaccharide
complex, PPC. PPC contained 10% protein, 10% keratan sulfate and 80% chon-
droitin sulfate. The relative amount of aggregate to subunit in PPC was the

same as that in the dialyzed extract. PPC was dialyzed into a dissociative



solvent (4 M guanidinium chloride buffered at pH 5.8) in order to disaggregate
the macromolecules. Cesium chloride was added to a density of 1.50 g/ml,

and a gradient was established (40,000 rpm for 44 hours at 20° C in a Spinco
SW 50 rotor). About 30% of the protein in PPC was recovered at the top

of the gradient in a fraction referred to as glycoprotein Llink, GPL;

more than 95% of the proteinpolysaccharide was recovered at the bottom in

a fraction referred to as proteoglycan subunit, PGS. PGS contained 7%
protein, 8% keratan sulfate and 85% chondroitin sulfate. In associative
solvent conditions, PGS contained no aggregate. PGS reaggregated when it

was mixed with GPL. The amount of aggregate regenerated in a mixture was

greater when the relative amount of GPL to PGS was greater.

The non-covalent interactions between PGS and GPL that are required for
aggregation are mediated by conformations of the protein moieties within
the macromolecules. Aggregation is reversed by solvent pH below 4, by high
ionic strengths such as 2 M guanidinium chloride or 3 M MgCly, and by
protein denaturants such as 1% sodium dodecylsulfate or 6 M urea. Aggregation
is irreversibly abolished when cystine residues within the proteins are
reduced. Although sulfhydryl reducing agents and low solvent pH prevent
aggregation, they are not sufficient conditions to allow GPL to be separated
from PGS. This suggests that aggregation requires at least two distinct

interaction sites between GPL and PGS.

Viscosimetric and centrifugal studies indicate that the PGS molecules
have large effeptive hydrodynamic volumes (28-56 ml/g in 0.5 M guanidinium
chloride), and little, if any, asymmetry (axial ratios of less than 4). The
average number of PGS molecules per aggregate is about 13. The PGS fraction
is polydisperse; 80% of the macromolecules have molecular weights between
1.3 and 4.1 million. This polydispersity in molecular weights is due
primarily tc differences in the amount of chondroitin sulfate attached to

the protein moieties of the PGS macromolecules.
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CHAPTER I

GENERAL INTRODUCTION



A. Macromolecular structure of cartilage

Nasal septum is an example of the class of connective tissues known
as hyaline cartilages. These cartilages combine strength and rigidity
with a great degree of resilience. Such properties are important for the
structural functions of these tissues in an organism; and they are, to a
large extent, the result of the tissue's macromolecular composition and
organization. Hyaline cartilage consists of a relatively small popula-
tion of chondrocytes which occupy lacunae within an extensive extracellu-
lar matrix. The extracellular matrix is constructed primarily from two
types of macromolecules, collagen and the proteinpolysaccharides.* 1In
adult nasal cartilage these two types of macromolecules are present in
roughly equal amounts and account for more than 90% of the tissue dry
weight. The collagen portion of the extracellular matrix is organized
into a network of interlaced fibers. The remaining non-fibrous portion
of the extracellular matrix is referred to as the amorphous ground
substance of the tissue, and it is embedded between and around the
fibrous collagen network. Proteinpolysaccharides constitute all but a
few percent of the ground substance; they consist of polysaccharide
chains, mainly chondroitin-4-sulfate, which are covalently attached to
non-collagenous proteins. In solution, they are highly hydrated, and
much of the 70% water content of the tissue is probably associated with
these macromolecules. The tissue, then, can be thought of as a very
viscous semi-gel of proteinpolysaccharide macromolecules which surround

an interlaced network of collagen fibers.

* The term proteinpolysaccharide was originally proposed by Gerber,
Franklin and Schubert, 1960, to describe particular preparations from
bovine nasal cartilage which were ''composed of protein and polysaccha-
ride." Since then, however, the term has become a generic name for all
preparations obtained from hyaline cartilages which consist primarily of
chondroitin-4-sulfate associated with non-collagenous protein. It is
used in this thesis in this broader, more general sense.



Some of these features of the extracellular cartilage matrix are seen
in the electron micrographs shown in Figure 1, which were kindly provided
by Gretchen Hascall. The picture on the left shows a portion of the inter-
territorial matrix of bovine nasal cartilage.* The fibrous part of the
matrix is not readily visible, although its presence is indicated by the
shadowy lines in the picture. The most prominent feature of the micro-
graph is the abundance of densely stained matrix granules. These matrix
granules contain proteinpolysaccharide (Matukas, Panner and Orbison, 1967).
They are most likely precipitation products of the lead or uranyl salts
of proteinpolysaccharides, In their native state in the tissue, the
proteinpolysaccharides are hydrated and may have occupied the large
unstained areas seen in the picture., The micrograph on the right shows
the interterritorial matrix of nasal cartilage after the ground sub-
stance material has been extracted with 4 M guanidinium chloride, a
procedure that will be described in chapter II. The collagen fibers are
now much more prominent. They appear to be more or less randomly
oriented; some fibers can be found aligned in every direction, and some
are seen in cross section. The overall impression is that the fibrous

matrix is composed of a felted arrangement of long collagen fibers.

The two micrographs suggest how closely the ground substance and
fibrous portions of the matrix are associated. The collagen fibers pro-
vide a structural framework and shape for the tissue; but by themselves,
they lack the rigidity and the resistance to deformation which are
‘attributes of the intact cartilage (Sajdera, 1969). The composite struc-
ture of fibrous matrix plus ground substance, then, has physical proper-
ties which are different froﬁ either component of the matrix by itself,

but which result from the macromolecular arrangement of the two.

* The matrix of hyaline cartilage consists of two distinct regionms,

territorial matrix which immediately surrounds the chondrocytes, and
interterritorial matrix which constitutes the rest. The two appear to

be composed of the same types of macromolecules but are apparently organ-
ized in different ways. They can often be distinguished histochemically.



Figure 1. Electron micrographs of interterritorial matrix of
bovine nasal cartilage. Samples of cartilage were fixed in 27
glutaraldehyde in buffered phosphate at pH 6.7 either directly
(left) or after extraction of the ground substance material from
the tissue with 4 M guanidinium chloride (right). The fixed samples
were post-fixed with 1% 0sO, and were embedded in Epon. Ultrathin
sections were made and were stained with 27 uranyl acetate and 0.37%
basic lead citrate.

The samples were prepared, and the sections observed in the
electron microscope by Gretchen Hascall.



B. Polysaccharides of cartilage

Nasal cartilage contains two polysaccharides, chondroitin-4-sulfate
and keratan sulfate. These polysaccharides are composed of unbranched
sequences of the repeating disaccharides indicated in Figure 2; the
repeating distance of a disaccharide unit is about 8-10 Angstroms. The
chemical details of the structures for the repeating disaccharides were
determined primarily through the work of Wolfrom, Madison and Cron,
1952, and Wolfrom and Juliano, 1960, for chondroitin sulfate; and
through the work of Hirano, Hoffman and Meyer, 1961, and Rosen, Hoffman
and Meyer, 1960, for keratan sulfate. A recent review of this work is
found in Brimacombe and Webber, 1964. Both chondroitin sulfate and
keratan sulfate have sulfate esters in their structures which carry
negative charges in solution at all pH values that are practical for
studying the intact macromolecules. In addition to the sulfate ester
on the galactosamine residue, chondroitin sulfate has a free carboxy-
late group on the glucuronic acid residue. The carboxyl group is
thought to be fully ionized in solutions with pH values greater than 5
(Warner and Schubert, 1958), and chondroitin sulfate consequently con-
tains two negative charges per repeat unit at physiological pH. The
high charge densities of the polyanionic polysaccharides are responsi-
ble for the characteristic basophilia observed in histological sections

from cartilages.

The chondroitin sulfate chains in bovine nasal cartilage are gener-
ally thought to have 30 to 50 dissacharide units for molecular weights
of 15-25,000 (Partridge, Davis and Adair, 1961, Buddecke, Kr6z and Lanka,
1963, Anderson, Hoffman and Meyer, 1965, Luscombe and Phelps, 1967b)
although a lower value, 14,000, has been determined for chondroitin
sulfate chains from porcine nasal cartilage (Marler and Davidson, 1965).
Higher values, between 40-50,000, have been suggested (Mathews and
Lozaityte, 1958), but these estimates apparently were made on chondroitin
sulfate preparations which contained doublet structures, two individual

chondroitin sulfate chains bound together by a short polypeptide
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Figure 2., Chemical structures of the repeating disaccharide
units of chondroitin-4-sulfate and keratan sulfate.



sequence (Luscombe and Phelps, 1967b, Mathews, 1968a). The size of the
keratan sulfate chains in nasal cartilage is uncertain; in other tissues
this polysaccharide exists as short chains with 10-25 disaccharide units
terminated at the non-reducing end by a sialic acid residue (page 59,
Schubert and Hamerman, 1968). Because these two polysaccharides are the
only ones known to be present in nasal cartilage, the amounts of each in
samples isolated from the tissue can be estimated from the amount of
glucuronic acid or galactosamine (for chondroitin sulfate) and gluco-
samine (for keratan sulfate) contained in the samples. Galactose is
present in other saccharide structures in the tissue and cannot be used

as an indication of keratan sulfate alone (see section D below).

C. Current model for proteinpolysaccharide structure

Shatton and Schubert, 1954, were the first to present evidence that,
in nasal cartilage,chondroitin sulfate exists firmly attached to non-
collagenous protein. Mathews and Lozaityte, 1958, subsequently pre-
sented data which suggested that the structure of a proteinpolysaccha-
ride macromolecule consisted of a protein core with a number of
chondroitin sulfate chains attached to it. Results described by
Partridge, Davis and Adair, 1961, supported this model; and, on the basis
of reduction studies, these authors proposed that the chondroitin sul-
fate chains were unbranched and had molecular weights around 28,000.
Their evidence seemed to indicate that the reducing termini of the poly-
saccharide chains were free. Partridge and Elsden, 1961, treated
proteinpolysaccharide with dilute base which breaks the bond between
protein and chondroitin sulfate (see section D below). They then °
separated the protein fraction from chondroitin sulfate using ion
exchange chromatography. Because glucosamine, one of the saccharides
of the repeating unit of keratan sulfate, remained bound to the protein
fraction, these authors suggested that proteinpolysaccharide macromole-
cules contained keratan sulfate. Gregory and Rodén, 1961, provided
evidence for this suggestion when they isolated keratan sulfate from
bovine nasal proteinpolysaccharide which had been extensively digested

with hyaluronidase and proteolytic enzymes. Although subsequent work



has shown that the reducing ends of the chondroitin sulfate chains are
not free, the basic model for proteinpolysaccharide structure proposed
by Mathews and Lozaityte as modified by Partridge and co-workers is
currently accepted. The proteinpolysaccharides consist of 8-207% protein,
10% keratan sulfate and the remainder chondroitin-4-sulfate. All con-
stituents are thought to be covalently bound into one macromolecular
species with the protein presumably functioning as a core to which

polysaccharide chains are attached.

D. Attachment sites between polysaccharide and protein

Muir, 1958, first suggested that serine residues were involved in
the attachment of chondroitin sulfate to protein in proteinpolysaccha-
rides. She observed that half of the original serine content of a
proteinpolysaccharide preparation from porcine tracheal cartilage
remained attached to chondroitin sulfate after extensive proteolytic
digestion with papain, whereas other amino acids were, for the most
part, removed., The amount of serine left was about one residue for a
chendroitin sulfate chain molecular weight of 25,000. Serine was sub-
sequently shown to be the site of attachment by two groups of investi-
gators; Rodén and co-workers (Gregory, Laurent and Rodén, 1964, Rodén
and Smith, 1966, Rodén, 1968) and Anderson, Hoffman and Meyer, 1965. The
former workers used hyaluronidase and proteolytic enzymes on a protein-
polysaccharide preparation from nasal cartilage and isolated a fraction
which consisted of small peptides with oligosaccharides attached. Struc-
tural work on this fraction indicated that the attachment between protein
and chondroitin sulfate consisted of a glycosidic bond between the hy-
droxyl of a serine within the protein and a xylose residue at the
reducing end of the polysaccharide chain, Figure 3. Two galactose resi-
dues are then attached to the xylose through the B-glycosidic bonds
indicated. The second galactose is then attached to the repeating
sequence of chondroitin sulfate through a 8 1-3 bond with glucuronic

acid. The data for this structure are summarized by Rodén, 1968.
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Figure 3. Structure of the attachment region between protein
and chondroitin sulfate in proteinpolysaccharides.
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Anderson et. al., 1965, used different methods to deduce that ser-
ines in the polypeptide were involved in the attachment region between
chondroitin sulfate and protein. They observed a loss of serine when
proteinpolysaccharides were treated with 0.5 M NaOH at room temperature
for 19 hours. They subsequently demonstrated that this loss was the
result of the B-elimination mechanism pictured in Figure 4. Base
catalyzes the reaction by removing the alpha hydrogen from the serine;
the chondroitin sulfate chain is readily eliminated with the formation of
a dehydroalanine residue in the polypeptide. The dehydroalanine inter-
mediate is converted to pyruvic acid in the acidic conditions of the
hydrolysis step for amino acid analysis., Unsubstituted serines are not
affected by therbase treatment, and ideally one residue of serine is
lost for each chondroitin sulfate chain that is eliminated. The same
authors presented strong evidence for the elimination mechanism by
reducing the dehydroalanine residues before acid hydrolysis and subse-
quently observing an increase in the alanine content in the amino acid
analyses; this is also indicated in Figure 4. Their experiments pro-
vided a chemical mechanism for explaining one of the oldest observations
known for the properties of cartilages; namely, that extraction of
cartilage with mild base readily solubilizes most of the tissue chon-
droitin sulfate (Morochowetz, 1877, and Krukenberg, 1884). A few
experiments are described in chapter IV which attempt to use this
B-elimination reaction to determine the number average molecular weights
of chondroitin sulfate chains from different proteinpolysaccharide

fractions.

The manner in which keratan sulfate is attached to the protein in
nasal cartilage proteiﬁpolysaccharides is unknown. The linkage is
apparently stabile to treatment with 0.5 M NaOH for 20 hours at room
temperature (Partridge and Elsden, 1961). This makes it unlikely that
the linkage is either serine or threonine as has been suggested for kera-
tan sulfate which was isolated from human rib cartilage and shark carti-
lage (Seno, Meyer, Anderson and Hoffman, 1965) and human tracheal carti-

lage (Castellani, 1968). The linkage also appears to be stabile to
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s 0

Il H H I H o
NN i A0
[ | \OH

.C.Hz CHZ [H]
<o —n® + \ ®

| Chondroitin H NHy o
Xyl sulfate \CHs—(ll—C/
. H \\OH

Figure 4. Base catalyzed B-elimination of chondroitin sulfate
chains from serine hydroxyl groups. The hydroxyl of the serine, which
is drawn at the left as part of a polypeptide, is attached through a
glycosidic bond with a xylose at the reducing end of a chondroitin
sulfate chain. The hydroxide ion, in mild basic conditions, catalyzes
the elimination of the chain from the B-carbon of serine by removing
the oa-hydrogen ion; the electrons shift as indicated to produce a
dehydroalanine residue in the polypeptide and a free chondroitin sul-
fate chain. The dehydroalanine is either converted directly to pyruvate
(upper right) by acid hydrolysis or to alanine (lower right) by
reduction before the hydrolysis step. Unsubstituted serines in the
polypeptide are unreactive to the P-elimination mechanism.
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treatment at room temperature with 1 M hydroxylamine, pH 7.4 (B. Fulpius,
unpublished observations), which makes it unlikely that it is an ester
linkage. It may be an asparaginyl-glycosidic bond as has been suggested

for keratan sulfate from cornea (Seno et. gl., 1965, Castellani, 1968).

E. Objective of the present work

At present, in spite of a great deal of thoughtful and diligent work
in a number of laboratories, there is little agreement as to what the
hydrodynamic characteristics such as the sizes, shapes or molecular weights
of the proteinpolysaccharides are. In fact, there is an uncertainty
about how many different types of proteinpolysaccharides exist in the
tissue, The macromolecules are firmly bound in the cartilage matrix,
and disruption of the tissue by high-shear homogenization is generally
required in order to recover more than 307 of its proteinpolysaccharide
content., The final products isolated after such an extraction step depend
upon subsequent purification and fractionation procedures. Such prepara-
tions can represent from 25-807% of the tissue proteinpolysaccharide and
can contain from 8-257 protein. Investigators have tacitly assumed that
the properties of such preparations reflect those of the macromolecules
in their native states, although it has been recognized that the vigorous
isolation procedures may introduce some shear degradation of the macro-

molecules (page 73, Schubert and Hamerman, 1968).

Recently, Sajdera and Hascall, 1969, described new methods for
extracting proteinpolysaccharide from bovine nasal cartilage. They
found that parficular concentrations of different salt solutions, such
as 2 M CaCl,, 3 M MgCl, or 4 M guanidinium chloride, allowed 85% of the
proteinpolysaccharide in cartilage slices to be solubilized without the
necessity for tissue homogenization. The procedures were termed
dissociative because evidence indicated that efficient extraction of pro-
teinpolysaccharide from the cartilage depended upon the ability of the
extracting medium to dissociate proteinpolysaccharide aggregates in the
tissue matrix. In vitro,proteinpolysaccharide preparations isolated by

dissociative methods exhibited a reversible aggregation under appropriate
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solvent conditions. In addition, a comparison of proteinpolysaccharide
prepared by dissociative extraction with proteinpolysaccharide prepared
by a method which utilized high speed homogenization of the tissue indi-
cated that the latter method significantly shear degraded the macro-
molecules, These results suggested that it would be useful to determine
in more detail the causes and properties of proteinpolysaccharide aggre-
gation, and that some of the physical characteristics of proteinpoly-
saccharides isolated by dissociative extraction procedures should be
reinvestigated. Experiments were designed to explore these two major

areas, and they are described in the remainder of this thesis.

The next chapter discusses data which suggest that aggregation
requires interactions between two distinct types of macromolecules, small
glycoproteins and much larger proteinpolysaccharides. The third chapter
describes some of the chemical characteristics of these interactions
which are required for aggregation. The fourth chapter describes physi-
cal measurements of the subunit and aggregate forms of proteinpolysaccha-
rides. The final chapter briefly summarizes the results and proposes a
model for proteinpolysaccharides which is consistent with the results

presented in this thesis.



CHAPTER II

THE FUNCTION OF GLYCOPROTEIN IN THE FORMATION OF
PROTEINPOLYSACCHARIDE AGGREGATES

14
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A. Introduction

Shatton and Schubert, 1954, were the first to report the actual iso-
lation of a proteinpolysaccharide from hyaline cartilage. They described
a preparation from bovine nasal cartilage which consisted of chondroitin
sulfate and non-collagenous protein and suggested that the protein and
polysaccharide were covalently combined. In their procedures, tissue
was extracted with water at 4°C for periods of several days. Even when
extraction was continued for 90 days, only about 50% of the total
proteinpolysaccharide in the tissue was solubilized. Later, Malawista
and Schubert, 1958, reported methods for increasing the yields of
soluble proteinpolysaccharide to about 80% of the total. They homogen-
ized dried cartilage into water with a rotory homogenizer operated at
high speeds; proteinpolysaccharide was isolated from the clarified
homogenate. The fact that long extraction times or high-shear, mechan-
ical disruption of the cartilége was required to extract proteinpoly-
saccharide suggested that the macromolecules were tightly bound into the

structure of the tissue.

Gerber, Franklin and Schubert, 1960, subsequently devised a centrifu-
gal method for fractionating soluble proteinpolysaccharide into two frac-
tions on the basis of sedimentation characteristics. The fractions were
called proteinpolysaccharide light, PP-L, and proteinpolysaccharide
heavy, PP-H. Pal, Doganges and Schubert, 1966, developed a more complex
differential sedimentation method which separated PP-L into four frac-
tions, designated PP-L3, PP-L4, PP-L5 and PP-L6. The work of Schubert
and co-workers has been carried out with care and insight, and it has
greatly influenced the direction of thought and research by workers in
this field. Nevertheless, the isolation techniques developed by these
workers have not led to a clear understanding of the structure of protein-
polysaccharides or of their role in the macromolecular organization of

the cartilage.

Sajdera and Hascall, 1969, discovered that certain concentrations

of different electrolytes facilitated solubilization of proteinpolysaccharide
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from cartilage slices without the necessity for tissue homogenization.

A method was described for extracting and purifying 85% of the total
tissue proteinpolysaccharide. Because the preparation encompassed all
of the fractions described by Schubert and co-workers, it was called
proteinpolysaccharide complex, PPC. Under certain solvent conditioms,
PPC exhibited a reversible aggregation; in dissociative solvents such

as 4 M guanidinium chloride only one component was observed in the
ultracentrifuge, while in associative solvents such as 0.5 M guanidin-
ium chloride a second, faster sedimenting peak appeared. Because
electrolyte concentrations which dissociated PPC were also efficient in
extracting proteinpolysaccharide from the cartilage, it was proposed that
proteinpolysaccharides existed in the ground substance of the cartilage
to a great extent as aggregate complexes which were entrapped in the
fibrous matrix. When these aggregates were dissociated into subunits,
the subunits were able to diffuse out of the tissue. This hypothesis
offered an explanation for why proteinpolysaccharides are firmly embedded
in the cartilage and why homogenization is required to extract them in

low ionic strength solvents.

Because an understanding of the mechanisms involved in aggregation
of PPC in vitro might suggest models of how the ground substance in vivo
is organized, the aggregation process was studied in more detail. Some
of the experiments from this investigation are described in this chapter.
Evidence is presented which shows that aggregation of proteinpolysaccha-
ride results from non-covalent interactions between two different types
of macromolecules. The first, which will be referred to as proteoglycan*

subunit, PGS, contains more than 95% of the weight of PPC and is

* The term proteoglycan is used to describe macromolecules which are

primarily polysaccharide. The polysaccharide is postulated to be cova-
lently bound to the small amount of protein present. The term is intro-
duced to avoid the confusion with the PP-L nomenclature of Schubert and
co-workers which would result if this fraction were referred to as
proteinpolysaccharide subunit.
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predominantly polysaccharide. The second, which will be referred to as
glycoprotein 1link, GPL, contains less than 3% of the weight of PPC and is
primarily protein. PGS aggregates in the presence of GPL, and the amount

of aggregate in mixtures is greater when the proportion of GPL to PGS is

greater,

B. Experimental procedure

1. Materials

Guanidinium chloride (ultrapure) was purchased from Mann Research
Laboratories. Cesium chloride (99.95%) was obtained from A. D. Mackay,
Inc. 2-(N-morpholino)ethanesulfonic acid monohydrate, A grade, subse-
quently abbreviated as MES, was obtained from Calbiochem. All other

chemicals were reagent grade.
2, Analytical methods

a. Hexuronic acid -- Glucuronic acid is the only known hexuronic
acid in bovine nasal cartilage. Also, glucuronic acid accounts for
about 25% of proteinpolysaccharide preparations.* For these reasons, the
relatively easy and specific carbazole method for measuring hexuronic
acid in samples was used in order to estimate the approximate amount of
proteinpolysaccharide present in the cartilage fractions described in
this thesis. In all experiments, hexuronic acid was determined by the
modification of Bitter and Muir, 1962, of the carbazole method of Dische,
1947, 1In extraction experiments, some proteinpolysaccharide remained
bound in the tissue. In order to determine the amount of hexuronic acid
in this insoluble fraction, the extracted tissue was dispersed by heating
at 100°C in about 10 volumes of 3 N sulfuric acid for 30 minutes. Con-
trol experiments with soluble proteinpolysaccharide showed no detectable

loss of hexuronic acid as a result of this treatment.

e e—

* See section 5 of Results and Discussion, this chapter.
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b. Hexosamines -- Most of the samples described in this chapter were
in solutions which contained guanidinium chloride. Since the chromato-
graphic systems which were used to measure the amounts of hexosamines or
of amino acids in samples are sensitive to the presence of guanidinium
chloride, samples which were to be hydrolyzed for hexosamine analysis
were first dialyzed against 0.1 M KCl. After dialysis, the hexuronic
acid concentrations of the samples were determined, and then measured
aliquots were hydrolyzed in 4 N HCl at 100°C in evacuated, sealed tubes
for 8 hours. The samples were flash dried and dissolved in water. The
amounts of glucosamine and galactosamine in the hydrolysates were then
determined on the Beckman amino acid analyzer. The chromatographic sys-
tem of Spackman, Stein and Moore, 1958, for measuring basic amino acids
was used, but a longer resin column (17.5 x 0.9 cm) than that normally
used for amino acids (10 x 0.9 cm) was required to achieve better
resolution of the hexosamines. The amounts of glucosamine and galacto-

samine per glucuronic acid in the samples were then calculated.

c. Amino acids -- Samples were first dialyzed against 0.1 M KCl and
then their glucuronic acid concentrations were determined. Measured
aliquots were hydrolyzed in 6 N HCl at 110°C in evacuated, sealed tubes
for 20 hours. The samples were then flash dried and dissolved in water.
Amino acids were then measured on the Beckman amino acid analyzer by
the ﬁethod of Spackman, Stein, and Moore, 1958. The amino acid contents
in residues per 1000 residues were calculated. The total amino acid
recovery per glucuronic acid content in a sample provided an estimate

of its relative amount of non-dialyzable polypeptide.

d. Hexose -- Total hexose contents of samples were determined by
the anthrone method described by Yemm and Willis, 1954; galactose was
used as a standard. Corrections for the hexuronic acid and hexosamine
content of the samples were estimated from controls as described by

Doganges and Schubert, 1964.

e. Sialic acid -- The sialic acid contents of samples were measured

by the thiobarbituric acid method described by Aminoff, 1961.
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3. Physical methods

a. Analytical ultracentrifugation -- All analytical sedimentation
velocity experiments were performed at 20°C in a Spinco model E ultra-
centrifuge with the use of interference optics and a rotor speed of
. 35,500 rpm. Dilute proteinpolysaccharide solutions (0.25% w/v or less)
were investigated in cells equipped with 30 mm Epon double-sectored
centerpieces and sapphire windows. The camera lens was focused two-
thirds of the height of the solution column above the lower window.
Interference patterns of the boundary were photographed on Kodak type
II-G plates at various times after an experiment was initiated. Fringe
resolution across the boundary was usually apparent within an hour
under these conditions. A Gaertner comparator was subsequently used to
measure the fringe displacements on the photographic plates as a func-
tion of radial distance. The data were then transferred to IBM cards
and read into a Control Data 160G computer which was programmed to
calculate g(s) distribution functions of the solute sedimentation

coefficients. The g(s) function is defined as follows:

g(s) = (1/cy)(dc/ds) €D

where c, is the loading concentration, ¢ is the concentration at a given
radial position and time, and s is the sedimentation coefficient associ-
ated with that radial position and time. In terms of the actual param-

eters measured, the function has the following form:
g(s) = (1/n)w?t(r?/ry?)r(dn/dr) (2)

where w is the angular velocity of the rotor in radians per second, t

is the time in seconds that the centrifugal field was applied to the
sample (corrected for the acceleration time), r is the radial distance
in centimeters, rp is the radial position of the air-solution meniscus,
the ratio (rz/rmz) is a correction for radial dilution, dn/dr is the
incremental fringe displacement with respect to radial distance, and

n, is the total fringe displacement due to the solute. The methods used

for the calculation were essentially those of Schumaker and Schachman,
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1957, but, whereas they determined Ac/Ar from graphs of concentration
with respect to radial distance, computer methodology was used in these
experiments to evaluate dn/dr by differentiation of second order least
squares polynomials fitted to groups of 5 to 11 (n,r) points across the
solute boundary. A theoretical treatment of this method is given by
Williams, VanHolde, Baldwin and Fujita, 1958; the first application to
polydisperse polysaccharide systems was by Williams and Saunders, 1954.
The g(s) function provides a quantitative method for measuring the
extent of polydispersity in the sedimentation velocities of the macro-
molecules under the particular solvent and centrifugal conditions of
the experiment. It allows different experiments to be compared directly;
and, as experiments in chapter IV show, the technique can be used to
estimate the range of molecular weights for proteinpolysaccharides. A
more detailed presentation of the method for calculating the distribu-
tion functions, and some discussion of the advantages and limitations
of the technique for evaluating centrifugal data for proteinpolysaccha-

rides are presented in the Appendix,

b. Viscometry -- The viscosities of proteinpolysaccharide solu-
tions were measured with an Ubbelohde dilution viscometer equipped with
four bulbs in order to provide four different shear stresses. The
viscometer was obtained from Cannon Instruments Company (State College,
Pa.) and is designated by them as type 100; the shear stress range
characteristic of this instrument for solution densities near 1 g/ml
is 1.9 to 18.7 dynes/cmz. Viscosity measurements were made at 25.0°C
on solutions which had been pressure-filtered directly into the
viscometer through coarse grade sintered glass to remove dust particles.
The constants used to calculate the rates of shear were those supplied
with the viscometer. The shear stresses were determined experimentally
with 0.5 M guanidinium chloride, the solvent used for most of the
studies reported below. The viscosity of 0.5 M guanidinium chloride,
Ny, was calculated to be 1.017 centistokes from equation 5 of Kawahara

and Tanford, 1966.
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The procedure used for calculating the viscosity of a solution, n,
under the ideal conditions of zero rate of shear is described in detail
by Sajdera, 1969. An outline of the method is as follows. The viscos-
ity of a Newtonian fluid can be defined as the rate of change of an

applied shear stress, T, which is required to produce a given change

in the rate of shear, G.
n = dt/dG 3)

This equation is true for non-Newtonian fluids only in the limit of

zero rate of shear, T = 0. For each solution, then, the measured values
of the rate of shear were corrected for non-Newtonian flow as suggested
by Yang, 1961, (equation 47, page 376). These corrected values and the
point G,T = 0,0 were then fit by the methods of least squares to a poly-

nomial of the defined shear stress values.
G(T) = ky + kT + k1% + kytT? (4)

where the k; are the polynomial coefficients. Closeness of the fit of
the polynomials was evaluated by analysis of variance and by observation
of the magnitude of k;, which must be zero for equation 4 to be valid;
k, never exceeded the standard deviation of the G points from the calcu-
lated polynomial. The value dG/dt at T = 0 is the first order coeffic-
ient for the polynomial, k;, and from equation 3 at T = 0, the recipro-

cal of k; is an estimate of the solution viscosity.

n = l/kl (5)
The data in this chapter are presented as the specific viscosity, nsp'
Ngp = (M = Ng)/ng (6)

4, Fractionation of cartilage extract

a. Preparation of tissue -- Nasal septa from 1- to 2-year-old
cattle were obtained from an abattoir within 1 hour of slaughter, were
freed of adhering non-cartilaginous tissue and perichondrium, and were
rinsed with isotonic saline solution at 4°C. The septa were then
sliced with a Stanley Surform, a woodworking tool that can be purchased

at many hardware stores. It functions in a manner similar to a kitchen
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grater and facilitates the preparation of thin, uniform slices of carti-
lage. Slices prepared in this way were about 0.5 mm in thickness and

were stored in sealed containers at -15°C until used.

b. Preparation of cartilage extract -- Approximately one gram of
nasal cartilage slices per 15 volumes of 4 M guanidinium chloride,
0.05 M 2-(N-morpholino)ethanesulfonic acid, MES, or 0.05 M sodium
acetate, pH 5.8* was stirred at room temperature by means of a magnetic
stirring bar. For preparative purposes, the extraction solution was
freed of slices and particulate matter after 24 hours by vacuum filtra-
tion with the aid of 5% (w/v) Hyflo Super-Cel. The filter cake was
sucked dry and discarded without washing. The filtrate, which will be
referred to as cartilage extract, contained approximately 0.6% (w/v)

proteinpolysaccharide.

In one experiment, the solubilization of proteinpolysaccharide from
the tissue was measured as a function of extraction time in two sol-
vents; the 4 M guanidinium chloride solvent just described and 0.15 M
KCl, 0.05 M tris-HCl, pH 7.5. The data were tabulated as the percentage
of the total hexuronic acid in the slices released into the solvents at

different times after the beginning of the experiment

c. Preparation of proteinpolysaccharide complex, PPC -- The carti-
lage extract was dialyzed against 7 volumes of 0.05 M MES, pH 5.8 for
16 hours at room temperature; this brought the retentate to 0.5 M in
guanidinium chloride. Modifications of the density gradient methods
described by Franek and Dunstone, 1966, and by Franek and Dunstone, 1967,
were then used to remove soluble collagen and other low-density pro-
teins and glycoproteins from proteinpolysaccharide. Solid CsCl was

added to the dialyzed cartilage extract to give a solution density of

* The pH value of the extraction solvent was selected to maximize the

yield of aggregate recovered in later steps; this is discussed in
chapter III.
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1.69 g/ml (1.19 g of CsCl per g of solution). The solution was centri-
fuged at 40,000 rpm in a Spinco SW 50.1 rotor for 44 hours at 20°C in
order to establish an equilibrium density gradient (density gradient 1).
The tubes from the gradient were sliced into 5 fractions with a Spinco
tube slicer. A thin film of collagen which collected at the top of the
gradient was removed by filtering the top fraction through a glass wool
plug. The densities of the fractions were measured by using a 500 micro-
liter pipette as a pycnometer. The fractions were then dialyzed against
0.5 M guanidinium chloride to remove CsCl, and the absorbance at 280 mu
and the hexuronic acid content of each were measured. The results of
such an analysis are shown in the top half of Figure 5. Most of the
hexuronic acid and about 607 of the absorbance at 280 mu contained in
the cartilage extract was recovered in the bottom two fractions of the
gradient*; the material in these fractions will be referred to as
proteinpolysaccharide complex, PPC. The top fraction contained most

of the remaining soluble material in the cartilage extract which had a
significant amount of absorbance at 280 mu. Analytical data presented
later indicate that the material in this fraction is primarily protein,
and it will be referred to as glycoprotein-I, GP-I. The second and
third fractions probably contain small amounts of material from both

the GP-I and PPC fractions; for analytical purposes they were discarded.

For preparation of larger quantities of PPC, the Spinco type 40
angle rotor was used. Centrifugation was carried out at 34,000 rpm for
48 hours at 20°C; and PPC was recovered in the bottom 2/5 of the grad-

ient.,

d. Preparation of proteoglycan subunit, PGS, and glycoprotein link,
GPL -- Two methods were developed to isolate proteoglycan subunit. The

first uses PPC as a starting material and allows recovery of glycoprotein

* In many experiments when the PPC concentration in the bottom of the

gradient was high, a small CsCl pellet formed; it was discarded.
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Figure 5. Analyses of density gradients used for preparation
of proteinpolysaccharide complex, Gradient 1, and for preparation
of proteoglycan subunit and glycoproten link, Gradient 2a. The
Ppp indicates the initial density of each gradient.
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link fraction free of glycoprotein-I fraction; the second provides a
quick, one-step preparative method for obtaining PGS directly from the

cartilage extract.

In the first method (density gradient 2a), PPC was dialyzed against
0.5 M guanidinium chloride buffered at pH 5.8. The retentate was then
diluted with an equal volume of 7.5 M guanidinium chloride, which made
the final solution 4 M in guanidinium chloride. CsCl was added to give
a solution density of 1.50 g/ml (0.59 g CsCl per <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>