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ABSTRACT T B

The perlddontal ligament of the mature bovine incisor was shown 'R\ v
to c0ntain 0 6;% (dry welght) glycosaminoglycan. Using CPC precipitation\‘t
'land hyaluronldase digesti thlS ‘was shown to be composed of 43% dermatan
v».sulphate type glycosamlnoglyc n, 31%. chondroitin sulphate type _f '
glycosaminoglycan, 24/ hyaluronic acid, a small proportion of: materlal |
”ltentatlvely 1dent1fied as heparan sulphate -and- possibly some
' undersulphated glycosamlnoglycan. Fractionatlon of the galactosamlnoglycans
‘by stepw1se prec1pitat10n with, ethanol gave .four dlStlnCt spec1es that
'varied in 1duronic ac1d content These were grouped lnto approx1mately
equal proportlons of two broad spec1es of galactosamlnoglyc%ns ‘one of
.hthe chondr01t1n sulphate famlly, the _other of the - dermatan Sulphate
‘»famlly. Hyaluronldase digestlon and perlodate ox1dat10n-alﬁﬁll cleavage
showed that the alcohol fractlons contalned copolymerlc galactosamino-
‘Mglycans composed of varylng proport1ons of glucuronlc and iduronic ac1ds
All the alcohol® fractlons W1th the exception of the smaller 50% "
:alcohol fractlon (molecular Welght approx1mately 21 000) had very sxmrlar

:molecular welghts (approx1mate1y 30 ,000) as shown by gel chromatography

and end-group analy31s,.The alcohol fractlonated galactosamlnoglycans, i/.

had 1ow degrees of polydlsper51ty .and together W1th the galactosamlnof;;;
‘.glycans 1solated from sk1n and cartllage proteoglycans exhlblted very’
'%51m11ar elutlon behav1our on Sephadex .G=-200, o L
‘ Proteoglycans were extracted from ‘the’ per10donta1 llgament by R
?_ sequential treatment with O%l M NaCl 2 M- NaCl .and 4 M guanldlnlum ‘
"d‘chlorlde and purlfled by DEAE—cellulose chromatography, denSLty gradlent
centr1fugat1on and gel chromatography. The proteoglycans extracted were '
gharacterlzed by composlte agarose polyacrylamlde gel electrophore31s ‘

gel chromatography, analytlcal ultracentrlfugatlon (1n ‘some cases)_and

*chemlcal analy81s.'

upredomlnance of the chondr01t1n sulphate typevglycosamlnoglycans as well
_Jas some hyaluronlc ac1d and an 1ntermed1ate fragtion poss1bly contalnlng

liundersulphated glycosamlnoglycan and/or heparan s_lphate. Though
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fheterogeneous‘on gel chrOmatography, they showed a‘EESemblance in size
‘ and composition to the proteoglycans extracted from cartilage. |
~The proteoglycans extracted with § M guanidinium chloride were
distinctly:different from those extracted with 0.1 M NaCl Physical
and chemical characterization indiuated a pnedominance oﬁ'a singlé
ﬂ spec1es of proteoglycan containlng 47A protein and 534 of a dermatan
sulphate type glycosaminoglycan. The proteoglycan haé a molecular '
i welght of approx1mate1y 130 000 and appears to contaln an.average of
two dermatan sulphate chains (30, 000 molecular weight) lin?edito a
: protein core of approxlmately 61, 000 molecular weight ‘'These proteo-
| -glycans showed striking 51milar1ty with a proteoglycan lsolated from
Ebovlne skln using simllar techniques the only difference appearS'to-

"be in: the

vql

) ngth of the glycosamlnoglycan hhain.'The skin and perlodontal

'llgament .ermatan sulphate proteoglycans showed a tendency to" aggregate
‘and alsé/ |

\\
appehred to contain a very closely as, ociated protease. A
§\t*e:)glyéans 1s proposéﬁ

'htentatlve model for these dermatan sulphate pro

k A study of thﬁ glycosaminoglycan compositlon\oi ‘the de eloplng L

.',7:,per10dontal 11gament showed that the hyaluronlc con edt de reased

o fdramatlcally very early in development whereas the s ilph ted galactos-

”amlnoglycans 1ncreased w1th development (on a dry welgh ba51s) Changes

' :sulphate 11ke galactosamlnoglycans (isolated by alcohol gractlonatlon)
:fincreased to a. max1mum in newly erupted 1nc1sors and then decreased
-slrghtly 1n the mature occluded 1nc1sors. These changes are dlscussed

~e

in relatlon to the proposed functlons of the assoc1ated proteog{z;ans.'
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. . CHAPTER 1.

. .
p \". - INTRODUCTION

1.1 CONNECTIVE TISSUES

connective

a

, The periodontal 1igament is one of a broad variety o
tissues distinguished by the types concentrations and org nization of
material in their extracellular matrix. The extracellular material ’

" generally may be described as a. three-dimensional collagen ﬁibre network

of varying flexibility embedded in" a gel like matxix of gro4nd substance

However there is, in fact ‘o generalized connective tissue but a large‘;

number of highly specialized forms such as bone cartilage, synovial

‘\anfluid intervertebral disk, skin Avessel walls, tendon, ligament,

cornea and the vitreous body._In general these tissueslcontain‘IOW'

“celr populations. The metabolism of the cells seems to be concerned

‘*?mainly with the biosyntheSis and secretion of matrix material. It

follows that many physiological functions of such tissues are determined.

largely by the natUre “dnd- organization of the extracellular components
: These components form the milfeu for the cells they surround.\lhey
vpresumably filter and censor the nmlecular or phySLCal 1nformat10n' -
that reaches the cells and ultimately influence their function -
Investigations on connective tissues andqthe}r extracellular

‘macromolecular components have been 1nten51ve for the past twenty years

R

chemical properties ‘structures and- metabolism and new knowledge of these "~

sareas is continuglly growingﬁ
i

glycoproteins might be considered the. common macromolecular determinants

of the connective tissues._This the31s COncerhs the study of one Species ;o

- of connective tissue component the proteoglycans in a 51ngle very

'spec1a1ized connective tissue ‘the: periodontal ligament.'_ S

£ D

.

or. so, A great deal of 1nformation has been gained on the physico— S ;"

Collagen the broad clas'f proteoglycans and the structural ST
s
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1,2 ¥ THE PERIODONTAL LICAMENT

S1.2.1 —Structureﬁ

/

!
/

The periodontal ligament is a band of dense connective tissue situated
between the cement“b? .the tooth and the cribriform plate of the

lveolar bone. In hi tological sections of mature human teeth, orientated

N bundles "of collagen fibres, the principal fibres, appear to be the

predominant constituents. Between these are collections of loose less
fibrous, connective tissue with which blood vessels,are associated

Single fibres do not -span the whole distance between bone and cement but

. rather make up bundles of fibres which interlace with each other and

with the abundant finer interstitial groups (Shackleford 1971). "Fibres
are seen to embed in bqth the cement and the alveolar bone, The embedded
parts of the fibres are termed Sharpey s fibres.

The bundles of fibres are artenged in grOups hav1ng varying

B orientation, Cervically, the alveolar crest fibres run from the crest

-

' €hat oxytalan fibres are embedded in cement at .one end and run ax1ally“

of the‘alveolar process coronally toward the cement.’Slightly nearer
theiroot apex an'adjacent group runs horizontally, while apically'to
‘this most of the bundles are seen to run obliquely from the alveolar
bone in an apical directlon (Fig;l)

As well as collagen: fibres, the periodontal ligament contalns

'argyrophilic and oxytalan fibres (thought to be an immature’ form of

‘though, 1n\man at least, there are few or no. elastic

elastic f1bres
fibres ) ep in ‘the blood-vessel walls | There 1s general agreement
through the per10donta1 space, often to ‘terminate 1n(a blood-vessel
wall (Fullmer 1967, Carmlchael 1968) B '

"The- per10donta1 ligament possesses -a rich blood supply (Saunders

“and Rockert 1967) comprised of véSsels that enter the periodontal g

' space through .the alveolar bone and also via the glngival and apical ’,‘

‘vessels and draln ‘to the basket-like venous retia that are present in
“the apical part of the periodontal space and to a venous network passing

through the: alveolar bone. “The periodontal ligament also has rich somatic

d 5
-

 efferent and autonomic afferent nerve supplies (Anderson et _al, 1970) c
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The typical cells of the periodontal” ligament are fihtoblnuts,
undi fferentiated mesunehymc cells, histlocytes, mast cells and
‘epithelial cells (the rests of Malassez) that exist as a network close
to bhe root sur face (Sicher and Bhaskar, l972). o ’ ,

- ) I

1.2.2 Development

It has been well established that the periodontal ligament and

cement are derived from the dental follicle. lbwever canfusion has
arisen oveér different’'use of the term dental follicle In this

, dissertation, the dental follicle is considered to be the entire

.

mesenchymal layer between the‘developing tooth germ and the forming B &qﬁ
. L o h

alveolar bone (Scott and Symons, 1971). It consists of thiree zones, ﬁ&f
,%

an inner zone related to the tooth an outer zone related to the alveolaqu.'%¢, '§g
o\

bone and between the two an intermediate zone (Sicher and Bhaskar 1972}¢ ¥
The layer of tissue immediately in contact with the tooth germ, the
»1nvesting layer appears to be the part of the dental follicle that
.glves rise. to the cement and periodontal Ilgament (Freeman_gg_al 1975) :
Root formation commences with eplthelxal proliferation at the
cerv1ca1 1oop of the dental organ. This leads to tte formatlax of
Hertw1g s epithelial root sheath, which seems to organlze the
differentiation of the odontoblasts underlyirg it. This complete it
becomes slightly separated from the newly formed root surface and “
fragments to form the. ep1the11a1 cel® rests of Malassez ‘The cement
forming cells dlfferentLate from the connectlve tissue collectxng
betWeen the cell res'ts and - the root surface. As ‘the root ‘sheath
. disintegrates collagen fibres-are found between the separated

1s and between these cells and the dentlne sur face.

—

eplthella
~ Follow1ng the mlgration of the epithelial cells away from the dentine surface B
undifferentiated cells are .found adJacent to the root 5urface and these

now become identifiable ig cementoblasts The flbrlls near the tooth -

surface gradually become more numerous and dep051t10n of crystallltes

occurs between the flbrlls to form the first ‘layer of cement, This

first formed cement layer does not appear to contribute to rthe support

of the tooth as Sharpey s fibres. are not found w1th1n it., A layer of

f1brous tissue lies agalnst the outer surface of the epithellal debrls

.

4

.



and in altpned pavallel to the root aurface, With development thafa
s an increased neparation of the call reats and fibrous layer [row
the tooth surface, with a correaponding fncrease in the amount of
iJ\L;urvenL'x\g connective timwsue, Apart from the longl tudinally arranged
layer of collagen fibres, which appears to increase In denatty as ft
is traced occlunnlly; there s no discernible orientatfon of the (gllu
or f{ibres in the remdining "connective tigsue, B A)
WLth subscquent development fibroblasts on the cement surface
lay down fine Sharpey's fibres.: Thoae fine thread-like structures are
closely spaced and more prominent Lownrd the cemento-enamel junction,
Sharpey's flbros are subsequently scen emerglug from the alveolar bone,
extending into the poriodontal space and Lth brlnuhlnh,to ‘end in a
‘splayed bofdcr. The central reglon of the pnriodontnl ligament is still
.occupied by a loose collagenous ¢ element aligned parallél to the root
sur face, At about the stage of tooth eruption into the oral cavity,
the fibres emanating from the alveolar bone appeur to clongate into
the central zone of the ligament and interdigitate with thL lengthening
cemental fibres near the cemento-enamel junction. Some of the fibre
bundles thus formed appear to have an oblique orientation across the
periodontal space, ‘With the onset of clinical occlusion and function .
the fibre bundles become thicker, preqent an appearance of continulty
from bone to cement and oceur the full length of the root, The tissue
thus formed has the classical appearance of the mature periodontal
ligament. , ,
~ The above description of periodontal ligément development is
taken largely from a detailed ;tudy'of.theldeueloping permanent teeth
.of squirrel monkeys (Grant and . Bernick, 1972) Although there are many
studies compatible with this description (O'Brian et al al, 1958, C
Ten.Cate, 1969 and Mashouf and Engel, 1975) the timing of the development
of the principal fibre bundles, particularly those of obllque orientation,
" has béen the;subjeet of some dispute; Thomasv(l965) and Tongue_(ciCed in’
~ ,Ten Cate, 1969) demonstrated in human, rodent and cat developing teeth i
an oblique orlentatlon of perlodontal ligament flbres concomitant with

‘the onset of ‘tooth eruption. Simllarly tooth germs transplanted

subcutaneously develop a per10dontal ligament which has dense bundles

~
»

.‘.‘ \ ’ . E \\\ : . { "
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of collagen fibres with the classical ortentation, although theae teeth
are completely non-functional (Freemas sral, 1975 and Wigglesworch,

1978, poraonal cdmmunicatinn).

1,2,3 Lhnctioué

The functions of the periodontal liéumenc include the formation of |
bone and cement, the nupply of nutrients to these tissues and Hendory
functions assoc ated with perception of the position of the teeth {n
relation to surrounding tissues and to extraneous matter such as food,
However, the major functlon of the ligament 1s probably to nuppuft the
tnorh and to accommodate tooth movement,

ﬂne perfodontal ligament supports the tooth against stresses of
vurying mnhnitude and applied in various directions during mastication,
qwallowinb, Sponkinp and other cmpty jaw movements, The total amount of
force involved {is considerable, not only during chewing but also during
other jaw movements; swallowing, for example, occurs about forty times i
per waking hour (Cunningham, “1971) and the occiusal force 1is considerable
as well as often being of long duration. When these forces are applied to
teeth they cause movement within the bony socket to a degree determined by
the support systems of the ligament (Parfitt, 1967), .

The drrangement of the principal fibres of the periodontal ligamenc
as seen histologicnlly suggests that a tooth is simply slung in its
socket, and that any stress on the tooth 18 transmitted through the
fibres to their attaéhments in the alveolar bone, However, studies .on
the movement of teeth undef applied forces of known magnitude and
direction (Parfitt, 1967 and Wills et al, 1972) and the derivation of
mathematical and physical models (Gabel, 1956 and Synge, 1933) have
shown that the periodontal ligament con31scs of more than such a single
simple system, The concensus of present opinion is that there are
several visco-elastic 8ystems, including a fibre system, a ground
substance system and a blood system (Melcher and Walker, 1975).

The collagen fibres are slightly wavy and thus cannot be put under
axial stress until some tooth movement has occurred (Gabel, 1956).

However it is 5uggested that they do resist tangential stress and thus



yestrain the flow of the proteoglycan matrix sa thag both act as a
cushion between bone and tooth (see discussion of proteoglycans,
section 1.4), | .

A major role has bheen attributed ro the prateaglycan matrix in the
support of teeth (Farfire, 1967), his bellef fs rattonal, however it s
imposntible to day juat what this role {8 as virctually nothing {8 kiown
about the structure of the periodontal lipament prateoglycans,
Furthermore the role of the proteoglycans cannol be ann&}dercd in
?;olactou. Their physiologlcal functions seem highly dependent upun
their interaction with solvent (water) and other proteins and
carbohydrates of the extracellular milieu (ave section L.h).

/ The part played by the circulatfon has recefved constderable
atrtention by investigators iaterested {n the manner in which the
perfodontal ligament supports the tooth, It {s evident that s tooth

at rest moves in jts socket in regponse to the vaﬁculdé'pulxv (Korber,
1970 and Lear et al, 1972) and that a pulsc=wave can be detected during
+

a rcobound of a tooth deflected by light loading (Parfite, 1967),

Exactly what happens to the blood (n the periodontal space betore,

_during, and after loading has been speculated upon, however, there

appears to be very little experimental information in this area.

Much remains to be determined abgut the precisc nature of these.
svstcms. fn particular the way in which they interace, but the rvaul(s
of thcin physical Lhardgterl tics is that when a force is applied to a
tooth there is an inicial rapid movement of the tooth in its socket
followed by a slower phase; when the force is released there is an
initial rapid recovery followed by a slower recovery phase (Parfitt, “r
1967). ‘

The involvement of the periodontal ligament in tooth eruption

- .

has been elegantly illustrated in a number of experiments involwing
root resectioning However most of these experiments have been carried
oaf on the concinuously erupting rodent incisor and some caution should
be exercised in extrapolating these findings to the eruption of teeth

of limi ted eruption, particularly to the stages of erpption otcurring

_'within the jaw. If the periapical tissues of the incisor (i.e. Hertwig's

epithelial root sheath, proliferating papilla cells and the apical

portion of the periodbhtai ligament) are removed surgically, eruption of-

g,



the disral parcioa of the root cuibinges, with evieijlual eafullation
even though no. fut ther Yuof Formdtion takes place (Herbuavies and
Thomas , 19049, Barkovirg, 1971 and Moxham and ferkoviee, 19714}, Thease
experjments largely elimtnated the roptributicns fyom roat formatian
and periapical vasculature and, stnce thé Jigament was the vuly tissue
tomagining 1o association with the etupting tooth i‘t‘agmcéi!, fndicated
that the force of eruption ts generated within the periodontal ltgament,
It is still pot kaown how a tractjle furce (8 penerated uumn
: the tissue, bur two pussibiltties have been }uggésrcd_ The first
involves rthe maturation and contraction of yullagﬁuéilh{qé perbiaps ia
adnociation with the pfoteoplyvvan matrix (Thomas, },i};(,)‘ Thi =
proposal Wwas supparted nv the finding that the ade ;tﬁiﬁ'“r’t{iﬁn BR
Lathivrogens (Iahiibitors of collagen crosy Hiaking) é!wnu«di E

reduction in the evuption rates of rodent fncisors (Thomas, 1ved and

1976) . However there is pa evidence to suggest that coellagen fihee
. 4
contraction occura with maturation {n viva,  The sdecond sugpen¥lon,

which {4 biologteally the st attractlve, proposes that fibroblants
within the Digament are responsible for penorating the eruptive force

vittar by their contractility or loceomotor action (Ness, 19el),

- Discovery of the prestnce of microlf{lameats within the cytoplasm ot ’
fibroblasts eof the pvrimdoncw‘ Higament added convincing support to

. this proposal (Beertsen ot 1} 19743, Hicrnfiiaé;ngé are thought o
funcrion as part of a contractile system which in fnvolved o cell
movements; for fastance cell locomotion (WQ§2uls gimﬂl, 1971). The
possible motile character of l{gament fibtoblhﬁzyinnd their inPolvement

4 in tootﬁ cruption was further 5upportcd by the observed corondl migration

of these ellh at a rate comparable with that of erup ziun (Heertsen, 1975),
Thus Beertsen et al (1974) prOpuscd thae fihdob}a'ta by mvanw of their
c.ytopl:mmc microfilament syscen., continyously migrate in an occlussal
‘direction and by means of thq'ﬁcﬂhuqu of cullagcn fibrils inscred in
the cement | draw the tooth axially. o

! -
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Tﬁe per10dontal~l1gament -as- a soft connectlve tlssue, 13 B

- composed predomlnantly of collagen together w1th smaller amounts of

“W'proteoglycans and noncollagenous prote1ns Collagen accounts for

, 'Ii] approxrmately 50% of the dry welght of ‘the llgament (Paunlo 1969 an%ﬂ Y;‘f.r‘

‘l{Guls et al 1973) and was sh%wnqto\contaln both type I and type III

Vgt

F‘fcollagens Estlmates based on’ the amounts of certaln CNBr peptldes
«'iblndlcated that about one flfth of the collagen 1s type III the'f“U*-’ S
1975) '

Lind1v1dual o chalns has now

Vﬂ*fremalnde'fbelng type I (Butler et al al'

Detalled chem1ca1 analysrs of'the

'bdemonstrated that con51derab1e dlfferences eX1st between the coélagens

mof dlfferent t _sues (see E Mlller‘ 1976 for a: rev1ew) At the

" ripresent tlme:

-

our well characterlzed genetlcally dlStlnCt types oﬁ

a.collagen have been 1dent1f1ed (I;ble 1) and 1t rs 11ke1y that further
'ﬁftxggs w1ll be dlscovered Type I collagen of skln, tendon bone and

‘“~:ident1ne contalns two 1dent1ca1 chalns (al) and a chémlcally dlstlnct i g

. ﬂylthlrd chaln (a2) (Plez et al 1963) Type II collagen was the flrst

e 1974) Type III collagen occurs 1n"®'.
‘1974) defmls (Miller et al 1971 and Epsteln 1974)
and uterlnt lelomyomas kChung and Mlller 1974) in addltlon to the

: ‘_perlodontal 11gament,:The relatlve proportlnns of type III and type I

jcollagens 1n derm1s change dramatlcally as a functlon of fetal E
» »development Type III and type I. collagen are present 1n approx1mately
f7{equa1 amounts 1n youngifetal dermls but the proportlon of type 11D

f“'lc011agen fallS o 1ess«than 20%,_ the total collagen 1n the newborn.‘u

' ‘1nfant and remalns at about the same level throughout 11fe (Epsteln,

“‘;1974) Basement membrane collagen has not been completely characterlzed

- but has been des1gnated as type IV and contalns three 1dentlcal a chalnsr
'1(Kefa11des 1975) It 1s hrghly llkelx that basement membranes from

_ dlfferent sources may be shown to be d1st1nct as more detalled analysesb

:fn<{'ibecome avallable. ' o ‘ B a

o

-
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: T | PRI A [ N
- Type |Molécular | Tissue Distribution Hydroxylysine Carbohydrate _
7 | Gomposition | . s o EF. ] Content- (% HydrOXYIYSlne

S S . S SR S 1‘- . Resj_d’u(yes’/l-looo gl_ycosylat.ed). .

"”7?:1? 'Q;I(lﬂ 2d2 1 "Dermis, tendon bone l“"ALG'a g:- . ~'j74<20;n3
R dentlne S . - :
: "/—-‘ L

oI ) ol(}l] 3 ~Hyaline cartllage oo )20 -
v _'35"“ »1ntervertebra1 disks. | o PR
vilh III . r—l(lll] 3 : Dermls Cardlovascular‘jkji6\-“8'f '.dyff -
B B System Smaller- amounts o : L
‘Qt SRR : “ o olodn many tlssues 1

'IV ‘,fEEl(IVﬂ{B B .Basement Membranesaixj,; 60 - 70 aéfl

L Possxbly'vffunknown"‘_BhsemehtiMembranes»>~"€E y
"Several : ' T T e

’ Table l Genetlcally DlStlnCt Types of Collagen

Taken from Balley and Roblns (1976) : éﬁ
. h@f ”, N -: L J_g ‘h‘.. ;I.'U;h' ,‘»ﬂ,;['.’ : ,}",~o ‘ i : !
The metabollc act1v1ty of collagen 1n rat molar perlodontal tlsSues
o was, measured by follow1ng the 1ncorporat10n of 3H—prollne 1nto .
'l'hydroxyproane The rate of collagen Synthe81s in the perlodontal ;ﬁt“
L llgament was found to be twlce as fast as 1n attached glnglva four.?
" times“as- fast as in: sk1n corlum and Six tlmes as fast as 1n alveolar v
"fbone The rate of 1ncorporatlon of prollneilnto mature collagen is also '6
.much hlgher 1n the perlodontal llgament A comparison between fhe rates R
‘”3Lof 1ncorporatlon of label 1nto newly synthe81zed collagen and lnto
imature collagen showed that newly synthe51zed collagen in the_ o
'perlodontal llgament (an also in the alveolar béhe) was. quantltatlvely
;converted into insoluble collagen ’whereas conversxon eff1c1enc1es of -
50 and 33 percent respectlvely were found 1n attached glnglva and in
“skln The half llfe of the turnover of mature collagen was found to. be
1 .day -in” the molar perlodontal 11gament whereas a- half 11fe of L5 dayS~rj<r
‘was determlned for skin corlum. Sllghtly longer turnover tlmes (3.days) :
',were found for eruptlng mandlbular 1nc130r llgaments (Sodek 1977)
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Studles of collagen synthe51s in explants of 1solated perlodontal .
llgaments in tlssue culture showed that collagen synthe51s
constltuted’only a. small proportlon of the total proteln synthe31s .

(ROSSmam et al 1975 and ‘Sodek. et et aly 1977), however 1t appears that*

L

“a- relatlvely small . number of cells survive in these explants and many .

of the Surv1v1ng cells enter ‘the. cell cycle and thus probably dlrect .

R much‘of ‘their proteln syntheSLS to dupllcatlng cellular macromolecules‘:

(Brunette et al 1976) Autoradlographlc evidence suggests that ’hl -

/i\ﬂh

' synthe31s of collagen occurs evenly across the w1dth of the 11gament

(BeertSen and- Everts 1977? The analysxs of the dlstrlbutlon of":

collagen phag0cyt051s havever trevealed that “in” the m1d-reglon of the

L)

1

lagament the amount of phagocytosed collagen was much greater than that:l‘."*

in areas adJacent to the tooth or alveolar compartment in the
3

contlnuously eruptlng mouse 1nclsor (Beertsen and Everts 1977)

| suggestlng “that remodelling of collagen may occur 1n an 1ntermed1ate

ﬂ‘1.2.5'>f»Glyﬁosaminoglycanst

":”vet a1 1975) Munemoto et al suggest that the 11gament contalnsrabout

area’of”/he 11gament in thlS tlSSue. However collagen phagocyt031s 1s

’ more or less randomly dlstrlbuted in: the perlodontal 11gament of

functlonal mouse molars (Ten Cate et al, 1976) suggestlng there is no-

preferred Slte of remodelllng 1n teeth of 11m1ted eruptlon. o

oy

e

Ry
N
-

Hyaluronlc ac1d chondr01t1n 4-sulphate’-condr01t1n 6 sulphate

dermatan sulphate and heparan sulphate have all been: 1dent1f1ed 1n the

e

perlodontal ligament: (Paunlo 1969 and Munemoto et al 1970 Pearson ';;"

o half as’. much hyaluronrc ac1d as chondr01t1n sulphate Wthh-lS 1n

sllghtly hlgher concentratlon than the dermatan sulphate However the

N absolute content of 1nd1v1dua1 glycosamlnoglycans could not “be

determlned because the welght of the per10dontal 11gament 1tse1f was -

of the dermatan sulphate 1n the 11gaments 0f b5v1ne molars could be
extracted with 0. 15 M NaCl whlle the remalnder appears. ¢losely’ T
assoc1ated w1th the collagenous matrlx. Further i appears that most of

the chondr01t1n sulphates and hyaluronlc acrd can be extracted Wlth

”0,l5 M NaClr Autoradlographic ev1dence suggests that the sulphated

4

) not determlned Pearson et al al (1975) found that approx1mate1y a quarter
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glycosaminoglycans are synthesized evenly across the llgament and turn, ///%

‘  over rapidly (Baumhammers and Stallard 1968). . o S ///{/'\ B
S L3 PRoTEOGLYCAN S“TRUCTURE‘ PN SRR A

The partlcular characteristlcs of each type of cobnective tissue
Q{ re3ults from dlfferences in the relatlve proportlons of fibrlllar _ |
protelns and Oother const1tuent§ prlncfpally in the relative proportions
of collagen and proteoglyc— ‘he types of collagen and proteoglycan'
. vary in dlfferent oonnectlve tissues’ and interactlons between them w1ll
' also affect the propertles of the tissue, S R
| : Cartllage proteoglycans have been extenslvely studled however
‘ llttle is known about the proteoglycans of noncartllaglnous tlssues S 1
';“i_' :?3b,.p other than thelr glycosamlnoglycan structures Lot ‘f"p s _' ‘;V‘;' T

Tl ‘""\»; S ,/

rﬁll;Brlf : Glycosaminoglycans 'Jf];b;'a°ﬂﬂf* B v-a"fvgc-t. SRR M

B PR S . Lo
Y . . B

1.Q'f';’.' ;d | The glycosamlnoglycans are characterlgtlc components oflvertebrate
‘b,f connectlve t183ues Wlth the p0551ble exceptlon of hyaluronlc ac1d , ).

' they do not occur as free polysaccharlde chalns 1n v1vo but are llnked };b
if”ﬁ:ﬁbpv.;;_ at the termlnal reduclng Sugar reSLdue o a proteln molecule to form ﬂi"!
Qproteoglycans, The structures of ~the glycosamlnoglycans are 81m11ar » c
in that they may be generally descrlbedyas llnear polymers bu11t of ],ﬂj",.b - o
V!stJTfo" dlsaccharrde repeat units con31st§hg of hexosamlne and hexuronlc a01d R
o (w1th the exceptlon of keratan sulphate Whlch has glucosamlne and f:*;fd

galactose) Earl1er v1ews of*glycosamlnoglycan structures generally ’;jf\’:fie_“
”a' presented .an. ldeallzed orj parent"type ofvstructure w1th a contlnuous B |
A * repeat of a s1ng1e dlsaccharlde un1t It 1s becomlng 1ncrea81ng1y ;
*/A‘ s fev1dent however that thlS representatlon is too 31mp1e -and. that\ f};t;@
actual molecules rarely contaln only ‘a 51ng1e type of dlsaccharlde : ?' xl e ’ivﬁl
Q"unit However ,it is nevertheless”convenxent to class each “5 s JRE s ;l' ,
h; g ‘ glycosamlnoglycan as belonglng to a_'family of related structures ?a“'/fAh:“:‘ {.' jl
. domlnated by a partlcular dlsaccharlde unlt.jseven fam111es of LT V -
glycosamlnoglycans are commonly found ‘in vertebrate tlSSUGS The ;;’f': y.;:,;
structures of their domlnant repeat dlsaccharlde unlts are given 1nj“vdibl“}iyﬁxfjb
Flg. 12 and these together w1th other—dlsaccharldes known “to occur | o o
: w1th1n each famlly are shown in Table 2, Examples of the1r dlstrlbutlon

i S LN . K -
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a tlssuQS/'

*contalns sllghtly 1ess than 2% proteln (Silpananta et al

.xHamerman

1 3.1.2 .

such as sk1n

:dlsaccharlde repeatlng‘pnlt has a structure similar to that of.

‘ hyaluronlc ac1d ‘but contalns galactosamlne 1nstead of glucosamlne and

;The degree of sulphatron can vary w1th1n a 51ng1e preparatlon and from

-contains an undersulphated form referr

. ' K . ' - X '
‘, v v . o, \

and some'physicalpdata are giyen in Table 3. '.bk

oo

' . . s : \“_,.... o
1.3.1:1 - Hyaluronic Acid o

Hyaluronic:acid is the only non-sulphated glycosamlnoglycan and

‘has a w1de dlstrlbutlon in both vertebrate and 1nvertebrate connectlve

) “In-m mammals it is abundant in many embryonlc trssues and 1t =

occurs in "large- amountsvln synov1al fluid, v1treous ‘humour and

Fumblllcal cord Hyaluron1c a01d does not occur as a multlchaln v f

‘proteoglycan as is shown by 1ts v1sc081ty 1n solutlon be1ng unaffected
1959).

by proteolytlc dlgestlon (Ogston and Sherman The questlon - RN

‘7 whether 31ng1e chaips are llnked to. proteln remalns in some doubt T

;Hyaluronic ac1d prepared by den81ty gradlent cegtrlfugatlon st111 ;1 ‘: .
1968)

though hyaluronlc ac1d pur1f1ed from synov1al f1u1d by 10n exchange
chromatography was’ reported to contain only O 3SA proteln (Scher and

1972)

proteln w1th hyaluronlc ac1d awalts the lsolatlon of a carbohydrate-:‘“

Proof of’the covalent/nature of uhe assoc1atlon off;w

proteln 11nkage fragment

1 \'

'/. K . « - i N g . . )
»Chondrbitin‘Sulphate NEE S R

: Chondroitin sulphate oCcUrSzln very large amounts 1n all types of

/wcartllage lwhere 1t1can account for up “to 40% of. the dry welght of the

V tlssue

- but 1t also has a broad dlstrlbutlon 1n other connectlve tlssues e

cornea blood vessel wall and ‘nucleus pulpOSus The _-';‘ R

9.

'Y_the galactosamlne has an ester sulphate group attached to" the 4 or-6

pos1tlon. The molecular weight of ehondroitln sulphate 1s in general 'VTV%
between 5 000 and 50 000 and mos t preparatlons are polydlsperse 1n 51ze
d\'
one tissue ‘to another Some sources\ such as shark cartllage 'h;"'\;’
o :
characterlstlcally contaln oversulphated condr01t1n 6= sulphate (Suzukl E
1960) w1th extra sulphate on 'the ‘uronic ac1d residue, whereas cornea

to as chondr01t1n Wthh has

ES

o . - .
e A e b it




. k SO o : R - Sulphate Positions
. . N ) ' . ) ; A oL . " . ) .
Polysaccharide : Sugar,Residue.l . -v\Sugar”Reqlﬁye 2 Sugar Sugar.

o . nd*:;;~m _ . .| Res.1 Res, 2
. Dominant Disacchari e Repeat \ ' ”.. o \
-Hyaluronate 1 ->3)BGlcNAc(l->4) BG cUA-(l-b \ . \’Q‘ : oy ‘
. . . A B R v .

. , , \ o
Chondroitin e -»3)BGa1NAc6804(1-k4) BGlc, A- (1-»* \ ca) 6
6-sulphate .. .| © .. C ’\ b) 446 . |

: B . _ A y
, Chondroitin e 3)s'ca1NAc4so‘4j‘(\1->4) BGLCUA-\(1p# - \,\a) 4,
4= Sulphate a | L ‘3\; 'sz”w ' \b) 4+6
‘,Dermatan ‘ﬁ ~ “->3)BGalNAc%SO4(1'{é) aIdU%#(l * § 4 .0 :
{Sulphate SETRE S “{f?} - L T b)ké‘ 2o0r 3. .
ok o hme o
(also contalns AT TP 5
L ->3)BGalNAc4SO\ >4y BGlcUA-(l-b*) LT[ d a6 2oor 3
. Lo , ‘e) 0 2 or 3
Keratan R ]-»_3) §Ga1(1;§4) S BGlC‘NAc6SO4- (1 a) 0 6
o Sulphate | R e A ibpo 0
] A )6 T 6
N ’\’; U o i
o . . Disaccharide Components - L v
Heparin like -1 =4)gGleNAc- (1»4)  QIdUAQL» | ‘-?)}b Yo
'.0291YS§CChar}~eS'VY<' i T /o lBy s 0 y
: e R S " : N
; N ?\ ' o T . ! c) 6 - 2 ¢ e
e ;,->l+)aG1cNSO (1-»4) " BGLcUA(1-» -1 a).6. 0 -
Jelo v'->4)aG1cNAe-1(1->4) © BGLUA(L» |a) 6 0
) | 8)ableNs0i(1s)  QIdUA(ER, i a) b o Y
- — LT Ty M - ST “;' . L . .
o L ‘.'2) RO N S S b) ,6 . 2
- . T, B : s |" ‘\"\" Rt ) . N I
S . R i Lk
;JTable 2 Dlsaccharlde Units 1n Glzcosaminoglycans - s E
, ' N S
B lthough these structures represent most of the disaccharide units
= found in vertebrate glycosamlnoglycans it is by no means comprehen31ve v
' because the detailed structures of heparln like- polysaccharldes and . o
keratan. sulphate :are still incomplete S0, , sulphate (ester) NSO., e .

- N—sulphamino, Gal,: D—galactose “GlcUA, D-glucuronlc acid; GlcNAc, N-acetyl-

D-glucosamine; GalNAc N-acetyl- D-galactosamlne, IdUA, L-iduronic acidf‘“ﬁ;
% the disaccharide sequences of chondr01tin 4-su1phate chondroitin 6-su1phate
and . dermatan sulphate are known to occurrwithln the same chain, Taken largely

|
'from Comper and Laurent (1978) o { N B - ,
. . e R . . . . . = .' . \‘ R : :
'./ .V . N "/JI\v ‘\ - " ‘ ‘ . 4 . g 'v : S . . \I\\ A
v . . \ L ‘e : R -

N & ) \\ i |

i Ly L |

- Iy e . o f



Molecular _
Weight ' e ' - Examples of

<+ . .~} Range i Charge per | Other Sugar Occurrence in
Polysaccharide | (x 1073) !Disaccharide | Components | Mammalian Tissues

\

. Hyaluronatg 4000-8000 1.0 ' : Ubiquitous in con—
C ’ = | nective tissue (7). °

’ ; skin, synovial

. - ' ‘ ' ' fluid, .vitreous _

' ~humor, heart valve,

cartilage. S

R

Chondr01t1n ) 5-50 l.1 - 2.0 D-galactose ‘Cartilege, cornea,
b4 Sulphate . 7 D-xylose bone, skin,
A - " ! arterial wall.

Chondroitin 5-50 1.2 - 2.3 D—galactosei Cartilage, bone,

~6-sulphate ' o D-xylose ' : umbilical cord,
' : intervertebral

“disk, heart valve.

L]

'“.Dermatan" 15-40 2.0°= 2.2 D—gaiactose Skin, heart valve,
- sulphate ‘ ‘ ’ D-xylose fibrous cartilage.
“Keratan - 4-19 0:9 - 1.8 D-galacto- | Cornea, cartilage,

et P+ Y — =

samine

.sulphate . intervertebral
) 1 D-mannose disk.

‘L-fucose - |- ' o
Sialic acid! ’

N
. ——— it A A LS et o e e
B

Heparan. o . 1.1 - 2.8 | D-galactose | Lung, liver,
sulphate = i ‘ ~ | D=xylose arter1a1 wall,
: RS 2 N ubiquitous on cell
o L S : " | surfaces (?)
Heparin - - 4-16 B D-galactose Lung, liver, skin, -
: . e I D-xylose intestinal mucosa’
s ‘ (intracellular in
mast cells).

N
\

vTéble 3.‘e0ccerrence and Ptopeftieg of Glchsaminqglycaﬁs

See reviews,: Mathews, 1975, Bettelheim,_l970 L1ndah1 L976,
‘Comper and Laurént, I978, and Muir. and Hardlngham, 1975 for references.
Other sugar components refer to sugars. other than those found in the
repeat dlsaccharlde (see Table 2) o
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\\fWSSuzu 1960 and Malmstrom and Fransson 1971)

'!Hhvesﬂigated\by Fransson and co-workers by spec1f1cally degrading a-

’ichondr01tinase AC (Fraﬁsson and Havsmark 1970 and Fransson and

ot

a molar ratio of sulphate to hexosamine as low ag 0.12 (Meyer et al,
1953); Individual'chondroitin sulphate chains may contain sulphate

groups in both the 4 and 6 positions'and may also be exclusively

@

(,

!

5

1.3.1.3 Dermatan Sulphatei

4-sulphated or 6-sulphated,

Dermatan'sdlphate“is an isomer of the chondroitin sulphates in
which a large portion of the D-glucuronate residues are replaced by

their €5 epimer L-iduronate. Considerable structural Variahility has

“been demonstrated. The D-glucuronic acid content may range from

negligiblé amounts to more than:90% of the total uronic acid. Some

preparations have a comparatively simple .structure, For example, pig

skin dermatam sulphate consists, essentially ofliduronosyl-N-

'acetylgalactosaminyl 4-sulphate disaccharide units (Eransson and Rodén;

.1967a ). However, sthers are extremely{comglexwwithwan extensively

hybridized polysaccharide backbone .and, \" addition both 4- and 6 0-

sulphated galactosamine residues’ (Fransson and Havsmark, 1970).

\Oversulphated regions may be due to the occurrence 9f sulphated -

‘L-'duronage residues sulphated glucuronate has not .been detected

N\ The distribution of uronic acid re31dues in dermatan sulphate was

/

pumber of dermatan sulphate preparations either. at glucuronic acid

o _residues, using hyaluronldase (Fransson and Roden, 1967 a and b ) or

1

'Malmstrom -1971) or at iduronic acid re81dues by periodate oxidatlon

followed by Smith degradation or alkali cleavage (Fransson 1974,

Fransson and Carlstedt 1974 Fransson et al al, 1974, Coster et al al 1975).

/

The structural character zatlon of the resulting fragments afforded
the follow1ng conclusions A maJor “df’E'th the D—glucuronlc
and the L- iduronic ac1d uni'ts in dermatan sulphate occurs 1nfblocks

composed of varying numbers of - glucuronosyl N-acetylgalactosamine and

. 'iduronosyl N-acetylgalactosamine repeatfng disaccharide units o

'respectively. The relative proportions of the two- rypes of blocks may

vary con81g§rably, as is ev1dent " from the fact that the D-glucuronic‘

I
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" acid which is,frequentlyvsulphated.at C2. Whereas heparin is highly

.vsulphated anHJcontains'predominantly iduroniciacid, heparan sulphate . -

N\ ‘ /

acld content of dermatan sulphate preparations ranges from negligible
amounts ‘to more than 907 of the total uronic chg (Habuchi et al, l973v.;
and Inoue and Iwasaki 1976) Although each kind' of block structure

may occur anywhere along the polysaccharide chain, mth is genorally

an over-representation of D-glucuronic acid units in the immediatt
vicinity of the carbohydrate-protein h;nk region. In the trangftton
zones between more extended blocks, glucuronic acid and iduronic ac
containing sequences alternate .at shorter intervals,

“The_ use of the chondroitinases AC and ABC has also allowed studies .

,,,,, of ~

\*on the distribution of" sulphate groups 1n de matan sulphate and has o ~

{Sden\that both kinds of uronic ‘acid may occur\baung\tg_either 4- or

6~ sulpha N-acetylgalactbsamine residues (Fransson ana\\\\smat\, 1970

Fransson et al 974 and Fransson 1968) . However there is a general T~

—

tendency, particularty with increasing block size, towards prevalence

of L-iduronosyl N-acetylga tosamine 4-su1phate and D-glucuronosyl -N-
acetylgalactosamlne 6-su1phate un

de - rangé\of btid polysaccharides introduces

\

a problem of nomenclature. Should glycosamind cans in which iduronic

‘The occurrence of a wi

_acid constitutes less than 20% of the total uronic id be included in

the}chqndroitin_Sulphate or dermatan sulphate families? rthermore it

appears likely that fibrous connective tissues tontain a varié of

'hybrid‘gl&cosaminoglycans rather than distinct chondroitin sulphate

dermatan,sulphate‘polysaccharidesu(Fransson‘and Rodén, 1967 a and b,

Fransson and Havsmark::1970, Habuchi> et al, 1973 and Inoue and Iwasaki, _ .

‘1976) For the purpose‘df discussion the glycosaminoglycans. : ‘ .

. contalnlng a small proportlon of iduronic ac1d will be grouped w1th the

chondroitin sulphates in this theSlS .

S

‘C6. The uronic acid moiety can be either glucuronlc ‘acid or iduronic

1.3.1.4 Heparan- Sulphate and Heparin S
Heparin and heparan sulphate contain glucosamine and uronic acid

in thelr disaccharide repeatlng units (Fig.: 2) The glucosamine re51due

is elther N-acetylated or N-sulphated and 1s frequently O-sulphated at

EN
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contains more N-acetyl, less N-sulphate groups and a higher proportion
= of glucuronic actd, Biuaygthutic studies indicate that both polymers

can arise from the same precursors by different degrees of polymer
modeicQtion and explain much of the apparent bewildering complexity
of these polysaccharides (McDuffie et et al, 1975) (seo Lindahl, 1976 for
a review). The sequence of polymer modiiigutions occurs as shown in

., Fig. 3. Some of the reactions take place In a strictly stepwise manner,
Other reactions operate in a more wnecerted, yet sequential, fashion;
this applies for instance to the CS-epimerization and 2-0 sulphation

. of uronic acid residues, Due to the substrate specificities of the

enzymes 1ﬁvolveg the individual polymer modification recactions are
strongly interdependant. N-deacetylation is thus prerequisite not only

' to N-sulphation but also to uronosyl C5- epimerization, since only the

N-sulphated polymer is recognized as substrate by the epimerase

(Lindahl et et al, 1977). Polymer sequences that escape N-dexcotrlation
) {11 therefore give rise to low sulphated, D-glucuronic acid-rich
\\\\\\\ regio s\ip the final product. Conversely only N-deacetylated segments
\\\\\\mgz\gzgfzizll rough the series of modification reactions and acquire
{\’ " high con :ﬁgz\éulgpate and L-1duronic acxd residues., However it is
‘ important to note that H‘sa\\Parlde ‘units may.remain.at various
levels of incomplete modlflcatlon\\ggr example the N-sulphated
disaccharide units identified 1n’hepafln and. heparan sulphate include
not only the extensively modified, di- O-sulphaced\\htﬁ\shown as end
product, but also the different mono- 0-sulphated pgrmutatlons 1nd‘tated\\\\\

in Table 2. A T

1.3.1.5 Keratan Sulphate ]

~ Keratan sulphate has many characteristics that distinguish it from -

other glycosaminogf;gans (Fig. 2). It has a repeating dlsaccharlde
‘contalnlng N-acetylglucosamlne and galactose but no Auronic acid. It is
" usually of relatively low molecular weight and has been characterlzed
if?cornea, cartilage and intervertebral disk. , .

On the basig of its linkage to protein it hés been classified into
two types. KS-I occurs in cornea and containstap alkali-stable linkage
to protein that involves an N-glycosylamine }iq&ége from

. ) L P

o . a
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T "Fig. 3 The Sequence of Polymer Modification Reactlons Leading to .
\ Formation of the Predominant Disaccharide Unit in Heparin.
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Neacetylplucasanine to iﬁpazapiﬂﬁ ay glu:amiﬁa {Baker er al, 1974),
K5-11I"s found {n cai(llabe and nucleus pulposus and (s tnvariably
linked to the same protein ati chondroftin sulphate (Tsiganos and Muir,
19h7). The available evidence suppgests that most of the keratan
aulphate chaing are attached to the protein through hly Oﬂjd{t'ﬂ:nda
between palactosamine and the hydroxyl wroups ot atxiuv and threonine
vesidues (Bray st al, 1907 and Hopwood and Robinson, 1974), The
galacrosamine molety often Appears to - be substitated on position d with
a naurnminylgalnccouylldinncchar(du and on'postligﬁ O with the
characteristic keratan sulphate chain (Hopwood and Robinson, 1974).

\\

1.3.2, Cartilage Procteoglycans !

Proteoglycans are diutinguiﬁhcd by the type of glycoxnminuglygun
chain and by the protein core, By far the most, intensively studied
| proteoglycan {s that obtained from hyalime cartflayq
Mathews and Lozaityte (1958) concluded from viscosity dnd 1i5hr

scattering studies on bovine nasal cartilage procoohlycan that the
molecule had a protein core to which a lxryo-nnqber of chondroitin
sulphate chains were attached so that the total ECructura took the
form of a bottle brush. The molecule had 2 molecular wczgﬁt of 4 x IO
and could exist in large aggregate forms, However many of the distinct
characcerlstxcs of these protecoglycans were not recalized uptil new
téchniqucb of extraction and purification were introduced (Sajdera and
Hascall, 1969 and Hascall and Sajdera, 1969). Dissociative procedures
‘were used to extract proteoglycans instead of the disruptive
homogenlzation procedures- used previously, The proteoglycians were chen
purified by equ librium density gradient centrifugation (Franek and
/Dunstone 1966), Hascall and SaJdera showed that proteoglycans prepared
in this way concalned both aggregated and non-aggregated species and
that aggregates, could bé4élssoc1ated in 4 M guanidinium chlorige These
procedures, which are now in general use in this field, have enabled
considerable advances to be made in’ the understanding of cartilage
proteoglycans, . - ’ )

" The average proteoglycan molecule from bovxne nasal cartllage

for example has a molecular weight of approximately 2.5 X 10 (Hascall



.

and fSajders, LY and Pasternack s al, 1974) 0 le vontatne a vore

protein of abour 00,000 molecular welpht with about WO Chondroitin
ﬁi,x*lv;nlmt:e chaing | cach with an average molecular welght of 0,000 and

J0 = 60 keratan sulphate chaing, each with molecular welghts or 4,000

- H,UQD disteibured along "special regions of the protein core, (Fig. 4),
(Haseall :xm{q R{nin, 972 aud Hascall and !l<‘1;!’c*gﬁ;':§' 19Hi44), A large
px’«r‘r;m.rt_luu uf the proteoglveany have a pertian o pratein, the hyaluranic
actd binding regton, located at one end of the vore (Mavdingham and

Huty, 1972 and Hascall and Huin-gSrd, 1972%4) 0 About 657 af the keratan

sulphate chatos are tocallzed on another portivn of the care, the

keratan :iuwlph;n‘v enrfched region, wdfacent to the hvaluroni. acid
bindtog regton, while more than 907 of the chondroficin .'mlph:;{;" chains
are attached to the chondroitin sulphate enriched veplan, iura;‘hl
turther from the hyaluronic acid binding region (Fig, 4), (Helnegird
and Axelsson, 1977 and Hedoegird, 1977).  fata from clectron-
microscopical studies (Thyberyg et al, 167%) and protcdly{ic Jivestton

of the pt"\\'rx‘nglyu.m (Heinepird and Hascall, 1974 and Roughley amd
Barvett, 1977) supgest that the chondroftin sulphate chains are attached
to the protein in clusters,

The family of proteoglycan molecules in bovine nasal carcilage is,
homzvcr,‘ widely polydisperse with Mmolecular weights ranging from a few
hundred thousand to more than 4 million (Hascall and Sajder ta, 1970).
fhiJ range of molecular wclghcs is primarily the res ult of\a variation
in the number of cheondroitin sulphate chains bound to cach core protein
(Hardingham et al, 1976, Rosenberg et al 1976 and Heinegird, 1977).

It is, moreover, corrﬁlated wi th chanyes in the overall lengths of

protecglycan cores obSeryed in electron microscopic studies of

“proteoglycans spread on thin films of cytochrome C (Rosenberg et al,

1975 and Thyberg et al, 1975) and also with changes in the amino acid
and hexosamine content. Thes results suggest that the polypeptide in
the chondroitin sulphate enriched region is longLr when it contains nore
chondroitin sulphate chains, whereqs the hyaluronic acid binding region
remains constant (Hardingham et al, 1976 and Rosenberg et al, 1976 and
Heinegird, 1977). i L T .

- Physicochemical studies show that the glycosaminoglycan chains

are extended out from the core and hence the macromolecules occupy large
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. contalnlng 9 or: more sugar re51dues compete strongly w1th hyaluronlcv

P
v . - »
. P

molecular domalns whieh encompass 1arge amounts of solvent per mass of /y.ﬁf .
proteoglycan (Hascail and SaJdera 1970 andAPasternack et ad 1974)
Cartllage proteoﬁlycans generally occur in the tlssues as aggregates"

of very hlgh molecular welght held together by blndlng of- proteoglycan

 monomers  to hyaluronic ac1d in- the presence of link protelns (Flg &),

(for rev1ew see Mu1r and Hard1ngham,,1975 and Hascall 1977) Ind1v1dual
strands of hyaluronlc acid blnd as many as- 100 proteoglycan monomer : y'i -
molecules (Hardlngham and Mulr 1972 and 1973 and Hascall and Helnegard .
.1974a and b) to form aggregates Although the 1nteract10n lS not ‘

- covalent 1t is ‘extremely spec1f1c to: hyaluronlc ac1d\and does notloccur gi’
w1th any other glycosamlnoglycan even those as’ closely related as
chondr01t1n (desulphated chondr01t1n sulphate, Hascall ‘and. Helnegard
1974b) whlch dlffers from hyaluronate only 1n the con%ormatlon of: the
hydroxyl group on C- 4 of ;he hexosamlne re31dues or an 1ntermed1ate ‘in
heparln blosynthe31s [} 4)3 D—glucuronosyl- (1 4)a—D-N acetylgldcosamlnyl
wh1ch dlffers from hyaluronate only 1n the glyc081d1c 11nkage (D Helnegard
personal communlcat%on) The - minimum length of hyaluronate that blnds
‘strongly is nlne sugar resldues Ollgosaccharldes of. hyaluronate
ac1d and 1nh1b1t the 1nteract10n whereas octasaccharldes and smaller
ollgosaccharldes have 11tt1e effect (Hardlngham and Mu1r 1973
Hascallfand Helnegard 1974b and J. Chrlstner, personal communlcatlon)

v The hyaluronate blndlng reglon however is- qulte large Core proteln'f

fragments Wlth molecular welghts 1n the order of 60 - -'70 0001 whlch

- contaln the hyaluronate blndlng reglon@ could be lsokited after mlld

' proteolytlc drgestlon of the aggregates (Hascall and Helnegard l974a'f
Helnegard and Hascall 1974 and Oegema et al, 1975) ‘-va” -1pw’ .

Proteoglycan aggregatlon ‘is prevented by reductlon'of cystlne

- res1dues (Hascall and Sajdera, 1969) suggestlng that the conformatlon o

.of the hxaluronate blndrng region is critical for ‘the b’ Zing process.

Selective modification of amind'acid residues in the core protein

) 1nd1cated that blndlng to hyaluronate also requ1red 1ntact arglnrne and: .l LT

A,

tryptophan re51dUes as well as. eramlno groups of. 1y51ne (Hardlngham -
et al 1976) .'ﬁ’ e : : S

Hyaluronate proteoglycan 1nteractlon .can be demonstrated in the-~

S R : S
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e absence of proteoglycan ‘and proteoglycan in the ab

‘l proteoglycan (58% of the total extracted) wh1ch ma9 be a dlStlnCt

&

BRI
"

2

. . . by . ) B
rdingham and.Muir, 1973, Hascall‘*
N976), but it is stably/zed by T_

two’ link protelns that form part of the'n'tlve aggregates (see Hascall

absence of addit#onal components

and HelnegArd 1974a and. Swann et al

1977 -for a rev1ew) The 11nk protelns are structurally closely related

(Baker and Caterson 1977) and are able' to bin hyaluronate in, the:

ence’ of hyaluronate'.
(Caterson and Baker 197QLuf SR i a

- Be31des proteoglycans that 1nteract w1th hyaluronate there are. e
some that do .not, do so.f These are not present as aggrega s and may bev
preferentlally extracted w1th 0. 15 M NaCl They contaly”fes

£

and tryptophan and have a Small 51ze and 1ow proteln an Tkerab'n‘

sulphate content (Hardlngham ‘and. Mulr 1974 and Mayes et al; l9 1"
has been suggested that these molecules may be fragments -contalnhng
the chondr01t1n sulphate bearlng reglon of aggregatlng proteoglycan :
produced by proteolytlc cleavage (Hardlngham et al, 1976) The add1t1 n

e

of a mlxture of protelnase 1nh1bitors to O 15 M\KCl extracts of bov1ne

from 10 to 42% of the proteoglycan extracted (Pearson and Mason 1977)

-

~ - s K :,“, . .‘, i R . | 9

25

s cysteln ST

However thls extract Stlll contalned a large proportlon of . non aggregatlnglnr

.

spec1es of proteoglycan or a proteoglycan breakdown product formed prlor
to extractlon ‘y"-ﬁf'-,ya'.v ;D’[f521"' ﬁ rhgi/_ o -

A S

1.3.3 'ProtéoglyéahSTAfITiésuésfothéf‘than"éaftilagg.eﬁ

There 1s much less 1nformat10n abaut proteoglycans 1n tlssues other e

a than cartllage ThlS stems from the lower amounts of proteoglycan found

in these tlssues and the consequent problems 1nvolved 1n purlfylng small

amounts of proteoglycan 1n the presence of large - quantltles of’ non-
proteoglycan proteln, partlcularln collagen. Another problem that :'“v
deterred these studles was the early observatlon that the dermatan »7 -
Sulphate proteoglycans Were much more dlfflcult to extrac y the

technlques ln voguei?t the tlme ‘ Lowther and co- workers found that .

- whereas chondr01t1n sulphate proteoglycans and hyaluronlc,ac1d could be

extracted by homogenlzation 1n water (Meyer et al 1969) or 0. 2 M NaCl ,
(Lowther et al 1970) the dermatan sulphate proteoglycans could only be

. . i} '-._, ) . R

~

nasal septum cartrIage 1ncreased the. proportlon of aggregatlng,proteogly an;(f_;iﬁ
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kzextracted in reasonable yleld with 6M urea at 60 C

N Chondr01t1p sulphate proteoglycans extracted from bov1ne heart
’valves (Lowther‘gt_al 1970) and bov1ne aorta (Kresse et al, 1971,
: Antonopoulos‘etral 1974 Ehrlich et al 1975 and Radhakrishnamurthy
.lgj;al 1977) dlffer from those in cartllage in being. of lower molecular
R welght in Iacklng keratan sulphate and 1n contalning small amounts of

dermatan 3u1phat ;t in the case of the aorta proteoglycans)

V‘There appears- to be a number of chondrortln sulphate proteoglycan

“species. in heart valves, Lowther et al (1970) found that those

‘quproteoglycans extracted w1th 0. 2 M NaCl were smaller (molecular welght

bsv‘apprOXLmately~40 000, c £, 65 000) contalned less proteln (5%.c f. 30%)

‘fand had a hlgher chondr01t1n 6- sulphate' chondr01t1n 4-sulphate ratio

(1.5 ¢ f 1 0.6) than thosevextracted with 1- M NaCl <81m11ar ;Fﬁ_l Cafe

:fextracted from cartllage have been extracted from aorta w1th 04 15 M

. proteoglycans have been extracted from bov1ne aorta\w1th 3.0 M MgCl2 LT
B ;(Ehrllch et al 1975) or by dlgestlon‘W1th collagenase\i*" e o
e (Radhakrlshnamurthy et al 1977) althouéh these appearfd sllghtly i »f"hlle:r
E 1arger Gnolecular welght 72 000) and contalned a small amount of _. '
' ﬁdermatan sulphate (7% of the’total glycosamlnoglycan) Although no _T:
dermatan Sulphate was reported in the heart valve proteoglyean_ ~ '_
“,preparatlons Othe analyses performed suggested that low'levels of thlS o

":order may “be’ present ': R .' A o : Aﬂfﬁ e ST »", L

& N . =

L s Chondr01t1n sulphate proteoglycans approachlng the 51ze of those v

.,phosphate buffer(Kresse et al 1971) or with 4 M guan1d1n1um chlorlde'
H'(Antonopoulos»et al, 1974). Ihese proteoglyeans*haﬂ a chemlcal'
composition: srmllar ‘to’ the smaller chondroxtln sulphate proteoglyca%s
bt‘;‘_'}."‘rom hyaluronldase dlgestlon studles Kresse EE_él (1971) concluded that
‘the dermatan sulphate and chondrortln sulphate were linked to- the same
'proteln ‘core and that about 50% of the dermatan sulphate’. unlts occur;ed
as dermatan sulphate chondr01t1n sulphate copolyméis. .‘h S y"' L
B The sxmllarlty in glycosamlnoglycan compos1tlon and broaq,range of o
molecular 51zes observed w1th these proteoglycans may reflect’ the - -
kLactlon of endogenous proteases elther actlve in the tlssue or.in the
f.tlssue extracts ThlS pos31billty was recognlzed by all the authors

“ac1ted who took measures e1ther to m1n1m1ze the act1v1ty or detect 1ts .2;"

'; presence.; However although no endogenous protease activ1ty was
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detected the poss1b1e occurrence of a small number of proteolytic
cleavages sufficlent to reduce the molecular weight of -the molecules ld | ;
from approx1mate1y 2 million (cartllage proteoglycan subunit) to L <f
50,000 - 100 ,000 could not be eliminated. - - - . s e
AT dermatan sulphate proteoglycan ©is extracted w1th hot concentrated R
‘urea from bov1ne heart' valves (Toole and Lowther 1968b) It was Sl -
-~ .shown to contain. “about 50% proteln and” was polydlsperse w1th a molecular>'p*
:\ .welght of 1.~ 2 X 105 (Preston 1968) Dermatan sulphate proteoglycansfl
. wrth very 51m11ar protein content (45 58/) and amlno acid- composrtlon
have been obtalned ﬁrnm bov1ne ach111es tendon by 3 0 M- MgCl &
’_extractlon (Anderson 1975) .and . from\bov1ne -skin (Obrlnk5 1972) by hot

v,'ﬁ L urea extractlnn The molecular werght of the tendon proteoglycan

seemed 51m11ar to that 1solated from heart valves however ‘the molecular

_ welght of the skln preparatlon was determlned to. be 2. 0 X 106 fu31ng

large aggregates whlch have been shown to form w1th this mater1a1
(Toole ‘and Lowthe7 l968b) o

Helnegard have recently reported the 1solat10n e T D

L B .

Axelsson andl

(Axelsson and He1negard 1975) and careful chemlcal and phy51cal '_:”‘a,'
s A

er S

_ characterization (Axelsson and’ Helneg 1978) of keratan, sulphate
‘;. proteoglycans that accounted for approxrmately one- thxrd of the ‘
‘ proteoglycans and a harge proportion of the keratan sulphate of the"
bov1ne corneal stroma. The proteoglycans contaln monomers w1th
- molecular welghts of about 723%80, 1n addltlon to sllghtly larger

’ polydlsperse molecules 'w1th the same ohem1ca1 comp031tion of about

- 45% proteln 30% keratan sulphate (the only glyoosamlnoglycan present) l.\

and 10 - IZA ollgosaccharrdes.- The molecules appeared to contaln o
1ntracha1n dlsulphlde bonds, one polypeptlde chaln, one to three '
keratan sulphate chalns and approxrmatély 12.011gosacchar1de chalns
per molecule. The proteoglycans were-able ‘to form aggregates and. »7;L:
f aggregatlon was’ promoted by the 1arge molecular srze fractlon of the '
keratan sulpha&a proteogrycans by low pH and reductlon and alkylatlon ?
ffof disulphlde bonds Non-proteoglycan factors promotlng aggregatlon fll;
“could- not be detectéd ;id;fV."fi T o '_ ’ "’_ :
H&;v~ f"g; Thds ‘there are a number of proteoglycan SpEClES that are un1que 1n v{g,f5

N,

the1r phy31ca1 characterlstlcs and in: thelr glycosamlnoglycan and .
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f‘protein'composition, The proteoglycans of‘non~eartilaginous'tissues ‘
\tend'tO'be smaller and contain more protein than their cartilaginous
-counterparts though the molecular sizes of jthe proteoglycans obta1ned
should be viewed with some reservation due [to the p0331b111ties of

proteolytlc cleavage prior to or durlng extractlon and puriflcation

'(see Oegoma et al, 1975). There is some indication that proteoglycans

with sxmilar glycosaminoglycan comp081t10n may have homologous

structureS\ : " ' 4
. \\\_ e h ﬁﬁw>, N S P
1.4 - THE PHYSIOLOGICAL FUNCTIONS OF PROTEOGLYCANS . h
: e - ’ t N \'\ N . ' ' . .

. [ . D
]

N , .
v Most of the understandlng wa have of the phy51olog1cal function of
- proteoglycans _small though it is, has come from the 1nvest1gat10n of
the physical propertles of artilage ﬁroteoglycans (see Comper and

Laurent 1978 and L1ndah1 and ok, 1978 for comprehen31ve reviews of

b

e glycosamlnoglycan ‘and proteoglyca functlon)
Cartllage proteoglycans are eXtae\ely large molecules that have 4 ;‘J
hlghly expanded structure in solutlon. Because of these propertles and
their - abillty to aggregate WLth hyaluronlc acid, they become entangled
‘and 1mmoblllzed in the collagen network of . -the cartilage. They 1mpede«‘:
'fthe ‘flow of 1ntérst1t1a1 watet when an external force 1s applled thus
:g1V1ng the. tissue elast1c1ty and re5111ence to compress1ve forces, The
'f'hy rophlllc nature of proteoglycans and collagen 1nduces a - swelllng
‘pressure 1n?the tlssue to which osmotic pressure ‘also contributes. Thus
“proteoglycans are 1mmob111zed polyanlons and therefore ‘mobile c0unter
1ons become more concentrated in thelr vic1n1ty creatlngda Donnan
’equ111br1um and a large positive: osmotlc pressure w1th1n the’ tlssue
, The swelllng Pressure of connectlve tissue thus 1ncrea§ﬁs\w;th the . .
nproteoglycan content (Comper and Laurent 1978), — ’
1_ Broteoglycans also act as molecular SLeves as: a consequence of.
,thelr sterlc exc1u31on of other solutes. Thls helps to—éQplaln the
. strlklng effect of spreadlng factor (hyaluronldase) on the flow of
water in. subcutaneousftissue (Chain'and Duthle 1940) and the almost»
s.complete exc1u51on of molecules the size . of 1mmunoglobu11ns from the )

;.fcartllage matrix (Poole et\al 1973)

s



Proteoglycans as a consequence of their branched polyanionic
character: and theiﬁ _entanglement. and immobilization in tissues ‘have
Jd .
been viewed as a phase similar to anvanion‘exchange resin and many of

their properties have been interpreted in this fashion. They are. :‘.

capable of immobilizing 1arge quantities of counterion.'their interaction

with which appears to depend on the linear charge den31ty of the

Laurent,} 1978) The interaction of ca1c1um ions with proteoglycans

‘ glycosaﬁ?noglycan chains and the valence of the counterion (Comper and
- has received donSiderable attention in View of the obVious role of
“calcium in tissue mineralization.\Though proteoglycans do appear to
bind 81gnificant amountb of Ca2 ‘(Farber et al, 1957 MacGregor and
Bowness 11971 and Smith ‘and Lindenbaum '1971) no- marked differences
“have - been observed in the behav1our of free glycosaminoglycah chains
proteoglycan monomers and proteoglycan aggregates (Cuevero EE_él 1973)
‘Several lines of eVidence favor a. relatively high affinity for’ caICium
" for, proteoglycan fractions assoc1ated with collagen (Smith and-’
'Lindenbaum 1971) Tt has been reported (Cuevero et al, 1973 and
‘.Smith and Lindenbaum 1971) that aggregate forms of proteoglycans
possess a poSent inhibitory effect on mineral gnawth in vitro in
:comparison With non aggregate forms These observations are conSistent
" with the observed decrease in size and aggregation of the. proteoglycans
of the epiphyseal plate (Howell and Pita 1976) and matrix induced v
g~cart11age (Reddi et al 1978) With increased ca1c1fication and Subsequent
3_OSSification. "

Although few detailed structure function relationships have been

postulated the functions sdy far described would not seem to warrant .

:the structural complex1tymg;% v;riability observed with glycosaminoglycans
and proteoglycans It see likely that other . functions of . proteoglycans
may 1nvolve theiy binding to biological macromolecules Diverse patterns
of binding have been demonstrated, including not only polysaccharide-
protein but also polysaccharide polysaccharide interactions Some- of
_these binding reactions have been 1mplicated 1n such phenomena as the ‘
v-formation of atherosclerotic plaque and the control of hemostaSis

Frans30n (1976) recently reported ;he binding of copolymeric

1dermatan Sulphate~- chondr01tin sulphate chains as well as homopolymeric,

1ycosamino lycans to dermatan sulphate substitute agarose els The S
g g 8!

Il
A
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'showed interaction With gels substituted with. copolymeric .

: presence of L-1duron1c ac1d re31dues appears to. promote the b1nd1ng

mos t pronounced interaction occurred if the copolymeric chains

- contained similar proportions of L- iduronic acid and D-glucuronlc acid,

However chondroitin 4*su1phate,“heparan sulphate and heparin also-

'glycosamlnoglycans, while chondroitin 6-sulphate, hyaluronate and

keratan sulphate chains dld not. No physiological role for this

1nterchain interactlon has as yet, been found, however selective

‘-polysaccharlde chain aggregatlon under physiological condltions offers

prospects for future research on the functlonal role of copolymerlc

. glycosamlnoglx@ans in the intercellular space and, particularly, on

‘the cell surface (see Malmstrom et al, 1975)

One type of glycosamlnogﬂycan or proteoglycan lnteractlon which

has been dealt with in considerable detall due to its obvious

' phy81olog1cal slgnlflcance, is the binding between polysaccharldes and

collagen. This'interaction has been demonstrated by a number of .

techniques (see Obrhnk 1975 for a reV1ew) 1nc1ud1ng electrophore31s

' "(Mathews , 1965) afflnlty chromatography (Obrlnk and Wasteson 1971 and
V)Greenwald et al 1975), prec1pltat10n (Toole and Lowther, 1968 a . and b),

llght scitterlng (Obrlnk and Sundelof 1973) agglutlnatlon of collagen—

" ‘coated: erythrocytes (Conochle et al 1975) and circular dlchr01sm

spectroscopy (Gelman and Blackwell, 1974). The results 1nd1cate that

the. blndlng\ls electrostatlc‘ that glycosam1nog1ycans~of hlgher charge

’ den81ty and large molecular 31ze b1nd wi th hlgher affinity and that the

process Proteoglycans 1nteract more strongly than the 1nd1v1dual chains

and the’ proteln core seems capable of lnteractlng in’ the absence of the

fglycosamlnoglycan chalns (Oegema et al 1975 and Greenwald et al, 1975)

It has been lmplled that the interaction between proteoglycans and

collagen could be 1mportant durlng collagen fibre formatlon “Most,

studles have examlned the kinetics’ of fibre formatlon turbldlmetrlcally .

: by reflnements (Wood and Keech 1960) of a technlque descrlbed byaGross h.
~and Kirk (1958). The effects of proteoglycans on collaéen fibre: formatlon

A-howeyer are. d1ff1cu1t to 1nterpret due to apparently conflictlng results :

that arlse largely from dlfference51n the homogenelty ‘of the ‘collagen

‘preparatlons (Obrlnk 1973) However Oegema et al 1975, us1ng a monomeric

: collagen preparatlon .recently concluded that proteoglycans have two

¢
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+ factor 4, Which mediates the antlcoagulant effect of heparin, is
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distinct effects on colihgen fibrilfogenesis:'thcy retard the asscmbly

of coliagen‘if;pre;ent earl& enough during the process, and they alter

the fina1=organization of the fibril as visualized through electron

,Jmicroscopy; Furthermore the proteoélycan molecules were tightly bound

to the collagen fibrils‘only if present before fibril formation began,

Indiv;ﬁual chondroitin’sulphate chains, large trypsin'fragments with

one to eight chondroitin sulphate chains per peptide and the slightly

larger cathepsin D fragments. had no effect on-fibril formation., Isolated

core protein molecules whiie capable of binding to the forming fibrils,

"did not alter the kinetics of fibre formation.

The interaction of glycosaminoglycans with 1ipoproteins has been

L fnvestigated by a- variety of techniqnes 1nc1uding prec1pitati0n

(Srinivasan et al ai 1975 and Nakashima et al ali 1975) and equilibrium
b1nd1ng of 11poprote1ns to polySaccharide substltuted agarose gels

(Iverius, 1972 and Srlnlvasan et al, 1975). Low, density and very low

‘den31ty 11poproteins were found to bind glycosaminoglycans Binding -
' depended on electrostatic forces 1ncreased w1th charge denSLty of the

‘ polysaccharlde and as with many other 1nteract10ns preferent1a1 b1nd1ng

of species contalnlng L-iduronic acid waé\gzted Heparin and other

iduronic acid containing glycosamlnoglycan also.bind to 11poprote1n

vv-iipasev(OIivecrona et al, 1977). The presence of,th;s type of

glycosaminoglycan in the blood vessel wall may conceivably provide a3
means for selective %inding\of'plasma\COmponents and perhaps a
mechanism for the formatlhn of atherosclerotlc plaques

3

‘Several of the protelns of the blood coagulatlon sys tem also ‘bind

bglyeosamlnoglycans Heparln appears to bind Qpeciflcally to antithrombin.

[
(Li et al a1 1976 Hopwood et al, 1976 and Elnarsson and kndersson 1977)

thereby fac111tat1ng thrombln antithrombin ihteraction and hence

ighlbitlon of thrombolytic activity.'Heparan sulphate -and dermatan

‘sulphate are also able to prevent blood:coagulatlon though at hlgher

concentrations and by unknown mechanlsms (Telen et al, 1976) Platelet

displaced from its natural proteoglycan carrler by heparln as well as
heparan sulphate and dermatan sulphate (Ollvecrona et al, 1977) further

1mp11cating these glycosamlnoglycans in the control of hemosta31s

31



Glycosaminog ycana huVL aluo beeon tmplicated fn a large numhv: of
other binding rcactiona, Nuclui from different kinds of cells appear
to contain significant amounts of glycosaminoglycans (Kinoshita, 1974,
Bhavanandan and D Gidson, 1975, Stein ct_al, 1975 and Fromme et al, '
1976) and these hpvbebeen suggested to affect translation (ngdmnn
et al, 1974 and aéldstcin ct_al, 1975) as well as trauqcriptiﬁn
(Arnold et et al, 1 72 Cook and Alkawa, 1973 and Schnffrdth et al, 1976)

of genetic inforv tion, Glycosaminoglycans (hyaluronic acid, chondroitin
sulphates and h Paran sulphate) have been found in neural gxssucs and
implicated in t}e processes of neurotransmission and the storage and
release of bioyenic amines and hormones (see Margolis and Margolis,
‘1977 for a revfew). Sulphated glycosaminoglycans have also been .-
identified as/consti;uents of varipusiatorage’aAd segretor} granules

» (Lagunoff'et’al 1964, Schuel et al, 1974, Blaschke et al, 197?,
Giannattasio and Zanini, 1976 and Margolls and Margolis, 1973) ’
The functions of ‘the glycosamlnoglycan in these gfanules may "be 31m11ar
‘to that proposed for heparin in the mast cell granules where heparin
occurs as an insoluble complax with a- basic small proteln and this.
complex acts as a store for‘hlstamlne (Bergqv1st gg_al, 1971). Tltpation
data suggested that the hisﬁamine moleéules are primarily bound to
carboxyl groups in the protein; the proteinxin turn is electrostatically
bound to sulphate gpoups.in the"polysaccharidé. During degranulation

and subsequent exposure of the ‘heparin - protein - histamine complex "to
the cations (mainly Na+) of the extracellular‘fluid,'histamine is
liberated by a simpie cation-exchange mechanism (Qvaas,’1974,and;Uvnas .
and Aborg, 1976). s R

] Thus a large number of macromolecules may bind to glycosamlnoglycans
The majority of li/gands are proteins or proteln conJugates though some
glycosamlnoglycans appear capable of interchain blndlng. The general
interactions of g samlnoglycans are facilitated by increased charge
density and by stereochem1ca1 factors that are not understood but which
‘arise from the presence of L-1duron1c acid re51dues Other than “the-

spec1f1c 1nteract10n of cartilage proteoglycan with hyaluron1c acid

(see section 1.3.2 ) the involvement of the respective proteoglycans in

1

binding reactions has received lzﬁtle attention.’



1,5 AIMS OF THE PRESENT INVESTIGATION

The proteoglycan compongnts'of the periodontal ligament have been
'1mp11cated.&n'mnny of {ts functions in partlcular in .the process of
tooth support and tooth movement, Yet Lhe structure and composition of
these protecoglycans (s largely unknown dcqpiCQ the fact that puriodnntal
discase, which results in destruction of this tissue, is widespread and:
affects about éO? of adults (Freedmanlané Grainger, 1965).

e The present 1nvestigation was therefore initiated in vrder to gain
some insight into the d§tailed structure of, the ligament glycosamino-
glycans, into their changes associated with ligament development and
hence some ide} of their association with tooth eruption, From. the
study of their proteoglycan structure we hoped to achieve a closer
understanding of their possible functions and in assocxation “with the
study of proteoglycans from the skin and cartilage we hoped to expand
; oui underst&nding of the §Eructure of non-cartilaginous proteoglycans

.

in general, _ .
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CHAPTER 2

MATERIALS and METHODS

2.1  MATERIALS

lgréde'obtained from*Schwar;/Mann; Orangeburg, N.Y., U.S.A, - When

Papain, 2 x crystallized and byaluronidase, type V from ovine
testes Qure obtained from Sigma Chcf&}nl Co., St, Louis, Mo;; U,S.A,
Chondroitin ABC lyase and the standard glycosaminoglycans (Chondroitin
sulphate type A, chondroitin sulphate type B, chondroitin sulphate

type C, and hyaluronic acid) were obtained from Miles Research Products,
filkhart, Indiana, U.S,A. Cathepsin D was isolated from bovine chymus.
and purified by 'Dr. Pearson (Scétt'and Pearson, 1978). The stock
solution coAtained iOO wg/ml. Cathepsin B obtained from human liver and
huﬁan leucocytic elastase were gifcs'from’Dr. A, -J. Barretc.quueous
stock solhtioﬁs contained 1.9 mg/ml (specific activity 4.5 units/mg,
Starkey and Barrett, 1973), and 1.8 mg/ml (specific activity 72 units/ﬁé,
Ségrkey and Barrett, 1976) respectively, )

Gel chromatography media (Sephadgx G-25, C-SO,/and G-200, Sepharose
2B, 4B and 6B) were obtained from Pharmacia (Canada) Ltd., Dorval, Quebec."
DEAE-cellulose (DE1525 was obtained from Whatman Biochemicals, Ltd., (
Maidstone, Keht, England.

‘ChemicaIs used for composite gel electrophoresis were of electro-
phoresis grade and obtained from BioRad Laboratories, Richmond,
California, U.S.A, "’

The urea solutions used in this work were ﬁurifiedAby pas%aée
through a mixed bed ion-exchange resin of the type cbmmonly used &oﬂ
deiohize water,

Guanidinium chloride, used in most experiments, was ultra pure

w

solutions of a lower grade of guanidinium.chloride were used they were
"first purified by stirring with activated charcoal (Norit) and then

 filtered.

Bovine mandibles from cattle aged 1 - 2 years were obtained fresh .

from the abattoirs. After fracturing the.bones, unerupted, partially

-
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crupted and macure occluded {ncisors were cantty removed, These ware

then sorted Into snix groups, each group representiong a difterent stage
of tooth development, The eriteria used to elassify the teeth ware
" ’

size, welght, root formation, position {n the jaw and attrition,

Group Wetr Weight Root length Intraoral Oce luded Ligament
‘ pm i :
l 0.6 -2.5 0 . - - -

2 2.69-3.75 2.5 - 5 N
3 3.60-5,65 6-18 - - +
4 5.50-7.90 19-27 . - - A+
9 5.50-9,20 19-27 + - +
6 6.0 -10,0 19-27 + + +

Table &4, Bovine Incisor Classification

" Root length was meaéﬁred from the cemente-cnamel junction to the
root apex. Group 1 were small unerupted teeth showing no sign of root
formation. Group 2 were small unerupted teeth showing the first signs
of root formation, Group 3‘w¢re unerupted teeth showing prominent root
formation, Group 4 were also unerupted teeth showing promingnf root

.formation, however the crowns of these teeth were in contact with the
oral mucosa and appeared. to be close to erupﬁioh into the oral cavity.
The teeth from group 5 had just broken the oral mucosa and those in
group 6 were mature occluded teeth, '

The ligament was removed from the cement surface of the root with
gentle scrdbing, care being taken to éxclude connective tissueA
surréundiﬁg the root apex and the small amounts of alveolar bone
adhering to the ligament. Ligaments used in the isolation of proteo~- o
glycans, because of the limited material~available, were pooled from
teeth in grdups 3, 4, 5 and 6. Ligaments were cut into small éfeqes,

frozen in liquid nitrogen and milled using a Wiley Mill cooled with

liquid nitrogen. Care was taken to keep the incisors and ligaments
chilled on ice. at all times.

»




Rovine nasal septa wers obtained from a local abattolr, chilled on
€ « o
{ce and brought to the laboratory within 1= hirs, after slaughter, The

perichondrium was removed and the cartilage cut fnto small pleces with
a acalpel, frozen in liquid nityogen and milldd tn a Wiley M{11l cooled
with liquid nltrogen, .

Bovine akin was obtained [rom a 1 to d ?e:u‘ ald sreer, freed ot
hair and subcurancous tlusue and cut foto small pleces, This material
was trozen in lHquid nitrogen and milled fn a Wiley M{ll cooled with'

Hquid nitrogen,

o

METHODS ; .

C il

2.2.1 Isolation and Fractionation of Glycosaminoglycans

2.2.1.1 Extraction

Samples of periodontal ligament (4 to 10 gm wet wuight) woere dried

ot

[

to constant weight at 110° C then defattred wich severa anges of

acetone, This material was digested with papain (1 mbﬁpdﬁa;1/J0 my dry
weight tissue) in papain buffer at 65° C for 16 hrs. !
contained 0.1 M sodiu® acethte, S mM EDTA, pil 6.0, 1 mgmg#Cysctcine

and a few drops of toluene as bacteriostatic agent. After 16 hrs. an
additiodal 0.5 mg papain/ SO'mg dry weight was added and the fncubation
continued a further 24 hrs. After papain digestion 1007 (w/v) :
‘trichloracetic ac1d (TCA) was added to a concentration of GA and 1eft
‘.at 4 ¢ for 30 min. to precipitate nucleic acid and partially dxg&sted
protexn. The residue was collected by centrifugation. In order to
decrease the amount of residue after papain digestion some samples were
made to 0.5 M in NaOH prior to centrifugation and kept at 4° C overnight,
This treatment made no difﬁerehce to the total uronic acid analyses and
. suggested that little or no uronic acid was present in the residue after

-

ﬁapain digestion.

- A L ) *
2.2.1.2 CPC Precipitation of Glycosaminoglycans

A floy diagram for the fractionation procedure is given in Fig. 5.
The supernatants after TCA precipitation were dialysed against several

changes of distilled water for 24 - 48 hrs., at room temperature, and

16
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"Lthen ‘made to 0.03 M in NaCl Glycosamlnoglycans were prec1p1tated by Ti“t;r\*ﬁa\“
. the dropw1se addltlon of 5% cetyl pyrldlnlum chlorlde (CPC) at 37°‘ ’Tv ; T
A'untll no further prec1pitatlon occurred After 60 mln.‘at 37° C the p‘ o )
- . CPC prec1p1tate was pelleted on a bench centrlfuge then dlssolved 1n ;';;ff
21 0 M KCNS 1n 20% (v/v) ethanol éb exchange pota381um for ‘the cetyl “v;f
h‘?yrldlnlum lons on.. the glycos mlnoglycans. . The glycosamlnoglycans were_in
. then reprecipltated by the addltlon of 5 volumes‘ of ethanol and o
- 1ncubated at. 0° C. for 16 hrs. The prec1p1tates were then centrlfuged “
washed w1th ethanol/ether (1 l) then.ether and drled at 37 C These
prec1p1tates weré then dlssolved in dlStllled water made to 0. 15 M
w1th respect to MgClz, prec1p1tated wrth CPC and pelleted In contrastff
to the CPC prec1p1tates in O 03 M NaCl these precrpltates (and those '
1n O 3 M MgCl ) often requrred hlgher Speed centrlfugatlon (15 OOO g e\ez
b for 15 mlns ) before they formed a- pellet The prec1p1tates were L o
dlssolved in 2. O M KCNS 1n 20% ethanol reprec1p1tated w1th ethanol ‘ '; ;'MVv
washed wrth ethanol/ether then ether and dr1ed at 37 -C as descrlbed e
above 5~ volumes of ethanol were added to the CPC supernatant ThlS

i was’; kept at O° C for 16 hrs., pelleted washed w1th ethanol/ether and

drled at 37 C Thrs fractlon was“termed the 0 a3 M NaCl fractlon The
glycosamlnoglycans prec1p1tated from the 0 15 M MgClznsolut1on were f"'“"*

water made to. O 3 M in MgCl and prec1p1tated w1th 5% CPC
”as pelleted dlssolved 1n 2 0 M KCNS in 20% ethanol

washed w1th ethanol/ether and then ether

Thls fractlon was termed"he

bed above.

Hfdescribediabove.

‘electrpphoresis,:

The 0. 3 M MgCl g#actlons were dls‘olved in. Water'and made to“S%:”A}_

falc1um acetate 0 5 M acetlc ac1d by the addltlfli'f an equal volume
e J .

B of IOA calc1um acetate 1 0 M acetlc acid Thls so‘
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w1th ethanol essentially as descrlbed by Meyer et al (1956) Ethanol
. was added dropwise w1th v1gorous stlrrrng and each fractlon was left‘d
2 for at least 24 hours at 0° -C.. The prec1p1tates wére centrlfuged then

.
;washed twice with 807% (v/v) ethanol then ethanol/ether thenfether
and dried. at 37°

\
-

' Four fractlons were collected at. 18 25 40 and 50 percent ethanol
. In lnltlal experlments a further fractlon was prec1p1tated at 30 percent
'ethanol Thls contalned a very small fractlon of the total sulphated
\~f|" 'hglycosamlnoglycans and appeared by cellulose acetate electrophore31s
h"id;f;.fto be a mlxture of the 25 and 40 percent ethanol fractlons In some
Mkb ‘Vb_experlments the 40 ‘percent . ethanol fractlon was refractlonated at’

'_ethanol concentratlons of 30 40 and 50 percent

2.2;2 Enzymlc and Chemlcal Dlgestlon of the Glycosamlnoglycans
2 2, 2 L Hyaluronldase Dlgestion R k '

«u’ B
.

“?Tt,fhfie h Ihe glycosamlnoglycan samples were drgested w1th ov1ne testlcular
dhhlhyaluronldase (Slgma type V) (1432 NF unlts/mg glycosamlnoglycan) in

‘_O € M sodxui acetate 0. 1 M NaCl, pH 5.0 at 377+ ¢ for 18- hours. The

;_NaCl concentratron was reduced to- O 03 molar and the glycosamlnoglycansi

v

gremalnlng were prec1p1tated wlth SLpercent CPC as descrlbed prev10us1y ?
5 4

”bonds to D-glucuronlc a01d and not- to L-1duron1c ac1d the uronlc ac1d

'fconten; of the prec1p1tated materlal wag used as :a determlnatlon of the'

u{dermatan sulphate content However nly 80 percent of standard

,,ﬁrmatan sulpha,'

pwas recovered 1n the prec1p1tate by use of thlS

"“technlque, calculatlons of the dermatan sulphaﬁé content of ¥

glycosamlnoglycanJsamples were corrected for thlS dxgestlon ‘That. is

the uronlc‘ac1djcontent of ‘the . precrpltate was multlplled by 1. 25 to-

u on1c ac1d‘1n dermatan sulphate Ihe chondr01t1n Sulphate

w e

o content was determlned by dlfference ’by ana1y31sﬁbf the supernatant

The nature of the dlgested*maqprial prlor to CPC prec1p1tat10n
Fwas also'exam1nea b‘"gel flltratlonl%n Sephadex G-50 and Sephadex G-ZOO
\Thé e 1 ted w1th Byrldlne acetlc ac1d buffer (0 2 M in

‘ﬂreactlon was>stopped by 2 m1ns 1ncubat1on 1n a b0111ng water. bath hé

n(see sectlon 2 2 1, 21) Slnce hyaluronldase cleaves only B hexosamlnlc‘:t"

%
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2.2.2.2 Chondroitin ABC Lyase Digeséionl

v
“

Samples of glycosamlnoglycan were dlgested with chondroitin ABC

!;;ilyase essentlally as descrlbed by Saito et al al (1968) Chondroitin .

ijBC lyase was stored in 50 mM Tris- HCl buffer pH 8.0 at 0° C and
’fireleased 0.01 pmol of hexuronic ‘acid per min. per pl of enzyme solution.
'-at 37° C from standard chondr01t1n sulphate. Distllled water solutions
:fof the approprlate glycosamlnoglycan fractlons contalnlng approx1mate1y
‘:‘150 pg as uronlc acxd were lyophlllzed and dlssolved 1n\50 pl of 0.1'M
V‘Trns HCl pH 8. 0. Chondr01t1n "ABC 1yase (lO ul) was added “and the
: sqlutlon 1ncubated at 37° C. for 16 hrs. The products were’ spotted on
Whaﬁman 3 MM paper and subJected to descendlng chromatography for
E 40 hrs in. 1sobutyr1c ac1d - 2M NH4OH (5:3) v/vfgéttf:'the papers
,vwere drled thonoughly the unsaturated dlsaccharldeé“cduld be v1sua11zed
“’under ultra v1olet light (the products of chondrOLtrnase dlgestlon
could_hot -be seen under ultrav101et llght unless the papers were :;39“
tthoroué‘r:ly drled in a\drylng oven). The papers were cut 1nto StrlpS and'
";the materlal eluted with d1stllled water at- 100° C ‘and analysed by

"\
~uronic acud determlnatlon or absorbance at 232nm

Standﬁ‘d samplef'of chondr01t1n 4~ sulphate chondr01t1n 6 sulphate'

ﬁaphy and the moblllty of: the resultant e
o]

2.2, 2.3 Periodate Oxidation and Alkaline Degradation h ‘, .

Glycosamlnoglycan samples suspected of be1ng copolymerlc were

r;ox1d1zed (FTansson and Carlstedt 1974) ‘with: 20 mM sodlum metaperlodate

ed as references for the"’ dlgested 11gament glycosamlno—b

40

adjusted ‘to pH"2.0 with 0. 1 M HCl in the dark, at 4°'C for 24 hrs. (2 mg. -

:glycosaminoglycan per’ ml of perlodate solutlon) The" reactlon was
term1nated by . the addltlon of 0 l volumes of: lOL aqueous D-mannltol
Oxidized iduronate re51dues were then cleaved by adJustlng the pH to 12
Aw1th 0.5 M, NaOH “and 1ncubat1ng 30 mlns. at room temperature In later»\
experlments samples were" dlalysed exten51ve1y agalnst dlstllled water
before alkali cleavage ThlS made no dlfference to the behav1our on gel

chromatography but ellmlnated salt 1nterference near the column total

g

i oo s
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l]‘samples was‘examineduby adJustlng the pH of the sodlzm metaperiodate

- 2 2 3. 1 Alkaline Cleavage and Borohydride Reduction L : o ﬁ“
. ‘ Tl i
. . _ ‘ . p;

‘buffer at pH 5.0.

"

RN

volume, :“The pH was then adjusted to 5. 0 with 1 M acetic ‘acid and the

ox1dized alkali cleaved samples were SubJected to gei chromatography
on Sephadex G-200 or Sephadex G-50 eluting w1th 0 2 M pyridine acetate

W ~ 1 - {
"n '_t;-..;b‘\ b ;

‘The eﬁfect of pH'on the oxidation of standard glycosaminoglycan

solutiop\to 2.5 and '3:0. " In some cases 50 mM citrat buffer was”

_included 1n ‘the sodium metaperiodate solutions but had no discernible

effect of- the oxidation or subsequent cLeavage

4., - “ :\'»,‘
A

‘n

water for cellulose acetate chromatography

~—2:2.2;4 vbigestion with-Nitrous Acid_"

¥ B
< u

Glycosaminoglycan fractions suspected of contalning heparanr

ssulphate (0. 15 M NaCl fractions from CPC prec1p1tat10n) were: digested
,ln n1trous ac1d 50 nl. -each’ of 33% acetic ac1d and 5% NaNO was added

2

- to a 50 nl solution of glycosaminoglycan ¢! mg/ml) (Lagunoff and

IWarren 1962) After 1ncubat10n ‘for 2 hrs at room temperature the

miktUre ‘was frozen lyophilized and dissolved in 50 ul of dlStllled

L

:‘2;2;3: Molecular Weight Determination of Glycosamlnoglycans by End

Group Estimation stngﬁTritiated Sodium Borohydrlde Reduction

, chromatography on Sepharose 2B or. Sepharose ‘6B,

',’ @ .’

by papain digestion CRC prec1p1tat10n and alcohol fractionation as
'?described preViously.,Proteoglycans were prepared from bov1ne nasal
-septay skin and periodontal llgament as described in: section 2 2. 6
1They were . purified by DEAE—cellulose chromatography (excepf cartilage

: j,proteoglycan) e81um chloride den31ty gradient centrifugation and gel

a0

%

The carbohydrate protein (or peptide 1n the case of the papain

' 1
1solated glycosaminoglycans) llnkages between xylose and .the serine

__hydroxyl groups were cleaved w1th dilute alkali and the exposed xylose -
"re51dues reduced and radioactively 1abe11ed w1th trltiated borohydride
e as described by Robinson and. Hopwood (1973) -fwl““,:'_fu‘ o ,-.f‘

N
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L NaBBH

Freeze dried proteoglycans or glycosaminoglycans (approximately
‘250 ng as uronic ac1d) were gently dissolved in 1 Wl of 0.02 M NaB3H4
in 0.5 KOH.and -stirred at 4° C for 10 days A sllght turbidity was
noticed in’ the llgament and skin proteoglycans after this time and it
,was removed by centrifugation-at 15 000~g—and 4° C for 30 min. Excess
borohydride was destroyed by ac1d1ficat10n to pH, 5 0 with-2 M acetlc

acid-and the reaction mixtures desalted on a Sephadex G- 25 column

e (1.5 % 25 cm) equ111brated w1th pyrldlne acetic acid buffer pH 5.0

V‘(O 2 M in acetic ac1d) The column. was eluted with the same buffer. at

a flow rate of 25 ml. per hour and 2 ml fractlons were collected and’
hassayed for uronlc acid content and radloact1v1ty. All the hexuronate e
positive mater1a1 was eluted close to,the v01d volume of the column -
and these fractions were comblned .and lyophlllzed R .lL' "‘
These glycosamlnoglycans were then dlssolved in 0 03 M NacCl,
precxpltated w1th CPC and then fractlonated by CPC and’ alcohol

' prec1p1tat10n 1n a ‘manner 1dent1ca1 to the 1solatla1 of llgament

:glycosamlnoglycans as described in’ sectlons 2.2.1.2 and 2. 2 1.3 .

The fractlons were then dlssolved in water and analysed for uronlc ac1d

\
. nd rad10act1v1t :

The end- la elL
. and the. llgameng gl cosamlnoglycan preparatlons were applled to a
'column of Sephadei\ 200, prepared and- eluted as . descrlbed in section
2.2:.4, 2 ml fractlons were collected and analysed for uronlc acid and
:’rad10act1v1ty.‘ ,‘-'\ B R . : oo .
. In order to determlne molecular welghts a’knowledge of the‘uronic

ac1d content of the. glycosamlnoglycans and the spec1f1c activity of ~

‘was requ1red. S I

S~

4 .

2 2 3, 2 Uronlc Ac1d Content of Glycosamlnoglycan Samples, S

VA . <

3 <

Glycosamlnoglycan fractlons obtalned from the . perlodontal llgament

£

as described in F1g 5 were reprec1p1tated from 5%vcalc1um acetate ,;f

0.5 M acetlc acld solutlons with two volumes of ethanol and washed

'thoroughly, as descrlbed ln section 2.2.1.3. The potass}um salt of

: _chondr01t1n sulphate was obtained from cartllage proteoglycan by papain

al'dlgestlon and prec1p1tat10n w1th CPC from solutlons 0.3 M in MgCl2

o

s

lycosamlnoglycans dbtained from the proteoglycans

42
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* described for ligament glycosaminoglycans in section 2.2.1.2 . The.

glycosamlnoglycan samples were dried thoroughly in a vacuum oven,
over P205 at 60° C. Dried samples were weighed on.an electronic
mlcrobalance dissolved in distilled ater'and.analysed‘for uronic

/
acid. The following analyses/were obtained. ,K
R !
: N / Y

Alcohol fraction E o ‘Wg uronic acid/mg dry wt,
SR - . . 304 |
25 . B L - 308 .
s T 339
s N /. 350
chondrditin sulphate | ° - 330

[

Table‘S.‘ The Uronic Acid Content of Galactosaminoglycan Samples

T

" The uronxc ac1d contents of the skln glycosamlnoglycans were ‘not

determlned due to 1ack of materlal but were assumed to be the same  as

the llgament glycosamlnoglycans v - L

-2;2;3.3 ‘ Standardlzatlon of Tr1t1ated Sodlum Borohydrlde

2.2.6. 2) by papaln dlgestlon and CPC prec1p1tat10n from a solutlon 0.3 M
'1n MgCl

T \ - - o

PN

Trltlated sodlum borohydrlde was - standardlzed by the end labelllng

"of a sample ‘of chondroxtln sulphate of known molecular welght Chondr01t1n

sulphate was 1solated from bov1ne nasal cartllage proteoglycan (sectlon

-

2° The number average molecular welght (Mh) was calculated from

the welght average molecular welght (Mw) determlned by sedlmentatlon

‘equlllbrlum analy51s us1ng the Mw/Mn ratio calculated from- end group

ana1y51s w1th the NaB3H4 spec1f1c activity. glven by the manufacturers

from sedlmentatlon equ111br1um analyses ‘was. 24 400 .and the Mw/Mn ratlo

: 1.127 Thus Mn = 21, 700 ThlS result is. con51stent with prev1ously

reported molecular welghts for bov1ne nasal cartllage chondrd%tln sulphate
(Luscombe and Phelps, 1967 Wasteson 1969 and . Roblnson and Hopwood 1973)‘

The proteoglycan sample was: dlgested with, alkallne NaB3H4 as descrlbed

tprevlously and the spec1f1c act1v1ty determlned in'a manner svmllar to”

 that descrlbed for the determlnatlon of molecular welght exc:ut that' the

7
i

unknqwn 1n thlS case 1s the’ Spec1fic act1v1ty S - N




Three separate determinations of Speciflc activity gave 3. 75 X 10 2
5.64 x 1012, and 5,56 x 1012
calculated from that reported by the manufacturers (Amersham) 1is

18.8 x lO1 dpm/mole NaBH4 and would give 4.69 x 10 12 dpm/mole xylitol ‘

and a molecular weight for the chondroitin sulphate of 17 500, A~

-dpm/mole’ xylitol. The specific- activity

similar discrepancy' in ‘specific activities was also observed by

"Robinson and Hopwood (1973)

2;2;3.4 Calculation of Molecular Weight

&
!

Thus with a knowledge of the radioact1v1ty in d. p.m., the weighc

of glycosaminoglycan and the specific. act1v1ty of the NaBBH the

molecular weight of the glycosamlnoglycans can be calculated

- . - E - R
‘ -2 mass

» mole . 2 R
“Mwt ..

E whe%e Mwt is the molecura; weight of the sample and mass is the weight

of the glycosamlnoglycan in gm.

_ - , . .o dopom, - : o - e
ST Soomele = L0
' where d p m, is the: rad10act1v1ty of the end -labelled. sample and
5.64 x lO12 is the spec1f1c act1v1ty (1n d. p m, /mole xylltol) of the
NaBBH . Thus - . ‘ A ‘ o '
e Y

mass x. 5. 64 x 10
d P. m.. ‘

Mwt, =
I - - ._.pq

2.2.4 Gel Chromatography of Glycosaminoglycans" o St

Aliquots of the. glycosaminoglycans .(about 0 5 mg/ml water or buffer)
"were applied to an analytical Sephadex G-200 columy’ (90 x 1 cm) and °
eluted 1n an upward directlon at 4 ml per_hour ‘either pyridine
acetlc ac1d ‘buffer (0.2 M in acetic ac1d) pH 5, 0.or 0,2 M NaCl buffered
with O 02 M 1m1dazole chloride pH 6 b 2 ml fractlons were. collected -

44

) and analysed for uropic. ac1d and, in the case of alkaline’ tritiated . 5_

borohydride treated sample for radicactivity. Hyaluronidase dlgested or -

v perlodate ‘oxidized and alkallne cleaved samples were chromatographed
on: thelanalytical G-200 column mentioned or on an analytical G-SO column
(L x 120 cm) in 0. 2 M pyridine acetate buffer at pH 5.0 w1th upward

elution at a rate of 4 ml per hour _The - above columns were run at room

-

<
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temperature. The void volume of the columns was determindd with blud
dextran and the total volume determined with tritiated water, ‘

/

2,2.5 Cellulose Acetate Electrophorésis of Glycosaminoglycans

Cellulose acetate electrophoresis waskperformed essentially as

described by Habuchi et al (1973) Cellulose, acetate strlps (Sepraphore III)
.were soaked in pyrldine, acetic acid; water (4: 36 460) for several

hours , 11ght1y blotted then placed in the electrophore31s tank. Sample

(O 3 ug/pl) was applled to one side of the strip with a dual appllcatorv
(Gelman Instrument Co Ann Arbor Michlgan U, S A.), and a standard
mlxture of" glycosamlnoglycan containing 0. 3 mg per ml of hyaluronxc
acid, O 3 mg/ml of dermatan sulphate and 0.3 mg/ml of chondroitin 4- or
6- sulphate was applied to the other side of the strip in the same
operatlon._ Electrophore51s was performed at a constant current of |

0.5 mA per cm for one hour. The strips were blotted dry and stained

r'w1th 0.5 percent alc1an blue in 3% acetic acid for 20 min; followed

by washing with 2% acetic ac1d for 1 min. then tap water for lO‘min

. Excess ‘water was - ‘removed from the strips ‘and they were placed 1d the

clearlng agent 40. percent N-methyl pyrrolldone for 5.min, They were

then placed on clean glass sl1des and cleared at 80 to 90° C for 20 min.

- The slides were then scanned at 600 nm using -a Beckman-Gllford
dglng

spectrophotometeraflttedwwlth a Gilford linear transporter unit,
th{S'technique the_mobility of one microgram of glycosaminoglycan -

could be*compared'accuratelyfwith~that of a standard mixture.

'2.2.6 Isolatlon and Purlflcatlon of Proteoglycaﬁs

2;2.6.1 Cartllage Proteoglycans

‘ for 48 hrs, Solid c931um chloride was,adde

1.

Proteoglycan aggregate -and subunlt were prepared from mllled

cartllage as descrlbed by Hascall and Sajdera (1969) and Sajdera and

'AHascall (1969) (Flg. 6). Approx1mately 70 gm (wet welght) of milled

Acartilage ‘was extracted with 1 lltre of 4 M guan1d1n1um chlor1de

buffered to pH 5.8 w1th 0.05 M sodlum acetate at 4° C for 24 hrs. The

extract was isolated by centrlfugatlon at 23 000 g for 30 mlns. -and

= dlalysed agalnst 7 volumes of 0.05 M sodlum acetate at pH 5. 8 ‘and 4° C,.

t6 the dialysedvextracts.



starting density
1.69 g/ml.

0.5M in guani-
dinium chloride
100,000 g 4°C,
48 hrs.

starting density
1.5 g/ml in 4M
guanidinium
chloride..
100,000" g for 48
hrs. at 4°cC.

s

. -

-

~Fraction’
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.

extracted with 1 litre of 4M guanidinium chloride,
0.05M sodium acetate, pH 5.8, 24 hrs at 4°C.
Centrifuged 23,000 g 30 min. 4°C.

dialysed against 7 volumes of 0.05M
sodium acetate, pH 5.8

Protebglycan ' . > Proceoglycaﬂ
. Aggregate dialysed Aggregate
: . # ‘

Fraction .
made to 4M
guanidinium
chloride -

Disaggregated - ? Disaggregated
Proteoglycan dialysed Proteoglycan

~

'Figv 6  The.Preparation of Aggregaﬁed and ﬁ!Laggregated Cartilage'

N .
- Proteoglycans

N,
>

-

~
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until the demsity reached 1.69 gm/1 and a denuity gradient was formed
by cc;ntrlg[ugation at 10(),()()() g oat 47 ¢ for 48 hra, The gradients werc
divided into three fractions, the bottom third of which contained
proteoglycan aggregate, Half of this solution was dialysed at 4" C
agains t several changes of distilled water (16 hra.), then 1,0 M NaCl
(48 hrs,) and finally 0.05 M sodium acetate, pil 5.8 (16 hrs.), The
final solutien was Qtorod frozen and contﬁtncd approximately 5 mg of
protecoglycan aggregate per ml. The rémaining half was made to 4 M
guanidinium chloride by the addition of an cqual volume of 7.5 M
guanidinium chloride and to a density of 1.5 (gm/ml) with solid LLgium' ‘
chloride. This solutiop was centrifupud at 100,000 g for 48 hrs, at

4° C and the resulting gradlentq fractionated into thirds by aspiration
from ;he top. The bottom third, containing approximxtely 90% of the
total Gronic acid and about 7 mg of disaggregated proteoglycdn per ml,
was dialysed extensively against distilled water, then 1 M NaCl and
finally against 0.05 M sodium acetate, pH 5.8, at 4° C and stored

frozen until required.

2.2.6.2- Non Cartilaginous Proteoglycans

2,2,6.2.1 Extraction N

Proteogiycans from bovine skin and -incisor periodontal ligament
weré isolated and purified eésentiatly as described by @ntonopoulos et al
(1974) (Fig. 7). Froéeh milled tissue (85 ém wet weight of periodontal
ligament or a similar weight of skln) was extracted sequentially with
0.1 M NaCl, 2.0 M NaCl and 4 M guanidinium chloride. Five volumes of
0.1 M NaCl solution was added to the frozen milled tissue and shaken
gently at 4° C for 24 hrs. The mixture was then centrifuged for 30 mins.
at 4° C and 15,000 g. The supernatant Qaé separated and the residue
re-extracted with 5 volumes of 0.1 M NaCl solution. After extraction
for 24 hrs, as described above the mixture was again centrifuged and the
residue extracted once more with 0.1 M NaCl, This mixture was then
centrlfuged and the re51due subjected to three sequential extractLonsi
with (5 volumes each) 2 M NaCl, The residue obtained from this ) ’ | h

extraction was then subjected to three sequential extractions with 4 M

guwanidinium chloride using the procedures described above. All- extractions

)



Milled bovine skin or purlddnnLul Tigament.
\

¥ . | extraceed with 9 vol.
v 0.1M NaCl {n extraction

DU L 4 e

[L0.0IM EDTA

J 0.005M benzamidine ~ HCI
0.1M 6-amino hexanoic acid

1 0.0009M NEM

Shaken gently, 24 hrs, j ().()ZY.VN;qu

4v¢, centrifuged L 0.05M Tris, pl 7.0

30 min. at 15,000 g, 4%¢ 7

f - 1
0.IM NaCl extract 1 residue

Re-~extracted twice more with (2x5 vols)
O.IM NatCl under the above conditions

O0.IM NaCl extract 2 —

0.1M NaCl extract 3

N
. ‘ ) residue
. . : ;
. . ) extracted 3 times (3'x 24 hr) with 2.0M
: . NaCl (3x5 vol) in the same extraction,
o ) { buffer and under the above conditions.
. o ) , N

«

2.0M NaCl extract 1 _—

2.0M NaCl extract 2 —

2.0M NaCl extract 3

residue ‘ .
|
extracted 3 times (3x24 hr) with
- 4M guanidinium chloride (3x5 Yol)
: in the same buffer and under the
above conditions. -

4M guanidinium chloride extract 1 —=—

4M guanidinium chloride extract -2 —f

4M guanidinium chlqride,extract 3 ___~,_~._1

residue : o

Fig. 7  Extraction of Bovine Skin and Periodontal Ligament

Extraction of bovine skin did not inclﬁde the 2M NaCl extractions.

-
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were performed at 47 € and extrac tton solutfons were buttered with
0.05 M Trias to pl 7.0 and containced 0,02 percent ﬁndﬁum artde as
bacterlostatic agent and the following concentrations of proteasc
{nhibitors = 0.01 M cthylene diamine tetra acetic actd (EDTA) ,
0,005 M benzamidine hydrochloride, 0.1 M 6~aminohexanolfc acld dret
0.0005 M N-cthyl maleimide (NEM). All extracts -wore analysed for uronic
acld, protein and hydroxyproline. Extraction of bovine skin differed [
slighgly {n that the 2 M NaCl extraction step was omftted and 1 mM PMSY '
was substituted for 0.1 M 6-aminohexanoic actd in the extraction buffers,

Due to the time and tedium of obtaining sufficicnt quuntitius of
periodontal ligament for the extraction and purification of pndecoglycanq
initial experiments were conducted using bovine skin, In thesc

experiments the skin was sequentially extracted with three treatments

- of 0.4 M guanidinium chloride followed by three treatments of 4.0 M

anidxnxum chloride. The copditions used were the same as described '
above (except that the pH of the 4 M guanxdlnlum chloride solution
was 5.8) and extracting solutions contained the same buffered protease

inhibitor cocktail (containing 6-aminohexanoic, acid).

2.2.6.2.2 Purification by DEAE - cellulose Chromatography

lyopﬁilized and‘stored‘at -40° C until required.p

( The three 0.1 M NaCl extracts were pooled as were the 2 M NaCl and

4 M guanidinium chloride extracts. These solutions were then concentrated .
to 50 to 100 ml on an Amlcon PM 10 ultrafllter and the guanidinium
chloride or sodium chloride was exchanged for a solution of 7 M urea in

0.05 M Tris buffer, pH 6.5 - 6.8, in the same apparatus The solutions
were then passed, at 4° C, through a 20 x 2.5 cm column of DEAE - cellulose A

which has been equllibrated with 7 M urea in 0.05 M Tris buffer, ,
pH 6.5 - 6.8, The %ﬁjumn was eluted with 2 - 3 bed volumes of 1 7 M Urea;” B
2) 9.15 M NaCl in 3 iﬁrea and '3) 2 M NaCl in 7 M urea at 45 ml/hour. il

..r

All urea sojlutions were bufﬁered to pH 6.5 - 6.8 w1th 0.05 M Tris and the
fract10na£1 n was_ carrled ‘out at 4&4° C. ~The fractlons iwere dlalyzed

extensively agalnst dlstllled water, then agalnst 1 ‘M NaCl and flnally -

L.t R
Tt

6
Hd

against several changes of distilled water. The fractions were then.

e

y ""‘w;‘u% »
g
A et

.- e
%)
-

bt %5&«9&‘
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Aafe 0, 2,3 Benuity Cradient Purfffcation

Densigy gredtunt centrifugation of these proteoglycans was
pertormed easentially as deseribed for cartilggu proteoplycan (section
2.2,6.1) (lhseall and Sajdera, 1969), Initial experimefcs wore
performed on skin proteoglycans in order to determine the optimum
starting density and conditions of centrifugation., Cesium chloride
was dissolved in a guantdinium chlorfde~sodium acetate solution o
plve dendities of 1,595 or 1,44 (gm/ml) and a final cnncuntrdtinn of
4.0 or 0.4 M guanidinium chloride, 0,05 M sodium acctate, pH 5.8,

~Proteoglycan samples which had been extracted from bovine skin with
4 M guantdinium chloride and purified by DEAE - cellulose chromatography
(2 M NaCl fractions) werce dissolved ip, these solutions (approx. 1.5 mg/ml)
ang a dunsity gradient was formed by centrifugation at 190,000 ¢ at
4° C for 48 hrs, The tubes.were divided into five equal fractions,
. using a Buchler tube picrcer. Densities of the fractions were determined
by using a 100 ;1 constriction pipette as a pycnometer and the fractions
were analysed for urodic acid and proteiq. |
- Ligament proteoglycan, extracted with 4 M guanidlnlum chlorxde
and purified by DEAE-cellulose chromatography, was dissolved in a
solution of cesium chloride, 4 M guanidinium chloride and 0.05 M sodium
acetate; PH 5.8 atean initial den51ty of 1.41 gm/ml., A gradient was
formed and analysed as described for the skin proteoglycan. Proteoglycan

i ,,

o -Q extracted from the perlodontal ligament with 0,1 M NaCl,solu}xon and
'0.&

hﬁﬁrlﬁled by DEAE-cellulose chromatography was subjected tp Ehe same

o,

&
“gtadléntzcentrlfqgatlon except that the startlng density was 1.63 (gm/ml)

"and_tbé guaqxdf ium chloride concentratlon 0.5 M. The gradxents were also

Protease Digestion of Skin and Ligament Proteoglycans
L}

22,7

: 25 pl solutlons of bovine skin and periodontal ligament proteoglycans
L% 4 (4 mg/ml) purified by DEAE-cellulose chromatography, were mixed with

! 25 ul of buffer and 3 pl of stock protease solution and incubated at 377 C
. _ for 28 hrs, Control incubations were performed in the absence of enzyme,
LR ’r¥17;:.; The buffer used for cathep51n D dlgestlon was 0.2 M PAF,pH 3.6, That used
i '%;‘, ‘for cathepsin B digestion was 0.1 M NaK phosphate, pH 6.0 and contained '

A\
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'3 . .
oSl

1 mM DTA “and 1 mM cysteine The buffer used for 1eucocyt1c elastase o ﬂ‘T:‘hlibl 5
1ncubat10ns was. O 05 M Trls HCl 1M KCl, pH 7.5. All 1ncubat10ns o ‘ :

’ /
' contained 0 02% NaN3 flnal concentratlon The producgs of protease

/dlgestlon:and control 1ncubat10n were subJected to comp081te agarose

- y7(.polyacrylamide gel electrophoresis as descrrbed 1n sectlon 2 2. 10.
PARTRE o
o 2.2.8¢ Incubatlon of Highly Purlfled Prote;glycans at 37° Cc

: . “ e T e
P -«% T < C
iy . S 3

25 pl (aqueous solutlon) of 4 M guanldlnlum chlorlde extracted, o J'ﬁ“XA

bov1ne ékln and perlodontal llgament proteoglycans (4 mg/ml) concentrated _ _:‘jl}w
from the peaks (Flg 24c and 25b) from Sepharose 6 B chromatography, R '
prev1ous1y purlfled by DEAE-cellulose chromatography and’ den31ty "f‘gg .j; fw'
‘ ,gradlent centrlfugatlon were mlxed w1th 25 nl of a) 0.05 M Trls HCl . ; v . . ‘,
KpH 7. 2, 0 02% NaNB, b) 0. 05 M ‘Tris=HCL 0. 02% NaN3,0 2 M 6- amlnohexan01c Lﬁh. g "f{y
';ac1d pH 7. 2 or c) 0 05 M Trls HCl 0. OZA NaN3, 1.8 mM phenylmethyl- '

‘ "ﬂ_;sulphonyl fluorlde (PMSF) and 1ncubated at 37° C for 24 hrs The ‘_'*,H{,lfd, _,%'y

‘l‘products of 1ncubat10n were subJected to comp051te agarose polyacrylamlde

gel electrophore51s as descrlbed in sectlon 2.2. 10 v' ? u‘.?h.;‘sl. . ,fﬂ_kfh‘.“

';t2ﬁ2‘9 Gel Chromatog;aphy of Proteoglycans g'{: :' o : e F‘Lf“”_'/* z

Proteoglycan samples (approx1mate1y 300 ug of uronic ac1d) were s./f‘

"Tchromatographed on analytlcal Sepharose 2B Sepharose 4B or Sepharose 6B

: columns (90 X 1 cm) eluted 1n an upwards dlrectlon w1th 0. 5 M sodlum :’f S .;’,;fb
.5 ml per hour and at 4° (o} 2 m1 fract/ons

.]were collected and analysed for proteln by absorbance at 280/nm and for

3Tacetate buffer pH 6 8 at;

E T i

-uronlc ac1d R PR I L » // Sl R

The v01d volume of the columns was determlned w1th blue dextran or

cartllage proteoglycan aggregate. The total volume of the columns was
:determlned w1th tr1t1ated watel..‘ }'»; - o *'”';

N . . © : e - Sa ‘6 .

' 2 2*10 . CompOSLte Polyacrylamlde-Agarose Gel Electrophoresrs

e
2

Cyllndrlcal gels contalnlng O 6. percent agarose and 2.0 percent (w/v)

'ﬂpogyacrylamlde were prepared by a. method based on that of McDev1tt and
”giMulr (1971) and run under Slmllér conditlons Stock buffer contalned

;ﬂj:ffﬁO 2 M Tris acetate contalnlng 5 mM sodlum sulphate adJusted at 4” C to




fsﬂ and cut o exactly lO cm _to ensure a flat gel surface and con51stent
h’?;gel length The gels were then carefu ly replaced 1n the glass tubes

'whlch were resealed at one end W1th Zlaly81s tublng.,-.ubw‘,‘-

’ ﬁ"72 2 lO 2 Electrophore51s Condltlon"

4 Qihbromphenol blue dye marked with 1nd1an 1nk The?

4 . A .\ v . B -

blS acrylamide and was made by addlng 29 l gm’ of acrylamlde to 0 9 gm of

_N N' methylene blS acrylamlde. ThlS solut10n~was stored 1n the dark at

M,:4§‘C All chemlcals used wgre Blo Rad electrophoresxs grade.j L

,‘._ AT

2.2.10, 1 Gel Preparatlon‘ S B '».'?

o ,;/ S . E .-n "— e »l'_ I r

"':}100° ‘C.‘ After. dlssolutlon of the agarose-(apprOXLmately lO mln )ﬂjf‘ff'

of stock buffer was added and the mlxture allowed to cool to 43 .G whlle;fif

R

. f‘fbelng stlrred‘ 2 ml of stock acrylamlde solutlon was" then added and the‘f} S

o m1xture malntarned at 43°?C and stlrred ThlS solut1on was then PVL_»

N
N
)

‘”transferred to an Erlenmeyer flask and l 5 ml of freshly prepared ammonlum 757},f

v"”persulphate (5 mg/ml) and 50 ul TEMED (N N N' SN - tetramethylenedlamlne

0, l7 percent) added ThlS solutlon was mlxed and qu1ckly transferred to

’ ‘prev1ously sealed at o efend w1th parafllm and placed vertlcally. The

ftubes were then transferred to the cold room to hasten gelatlon of the
Vvagarose and,’ after approx1mately 15 ml'., returned to room temperature

'and left to stand anotherk3OJm1n. The,gels were removed from the tubes

-:1_ L

T I

: ST i ;‘71'“1 . N
ProteoleCan samples were prep red by the comblnatlon of 5 pl of

. proteoglycan (4 pg/ul water) to 5 1 of 0 05 percent (w/v) bromphenol
fblue and 10 pl of 20 percent sucro e, ThlS solutlon was . layered on’ top

| of, the gels under Che eleCCTOPhore_ls buffer A current of 1 mA per tube L

’ was applled unt11 the bromphenol lue- marker entered the gel

(approx1mate1y 20 m1n ) It was hen 1ncneased to 2 mA - per tube for o

i
r‘

- 40 m1n "and flnally to 4 mA per-*ube for 60 m1n Electrophore51s was .

'performed in the cold room :

w

_2 2 lO 3 Locallzatlon of Bands _»f.

B

The gels were removed from thelr tubes and the poS1t10n of the :~@}“’

els were then stained

1

in. 0, 2 percalt (w/v) toluidlne blue in O 1 M acet.c atld for 30 mln.;?f »i'

' ;for glycosamlnoglycan chalns either free or present as proteoglycans. jﬁlfc‘l

':;,lglass electrophoresis tubes (13 cm x O 6 cm i d; and 0 1 cm wall thlcknessy;jQ-ff




.

‘,-_;(\'

‘.) e R L
The' gels were then destalned in 3 percent acetic ac1d in a Bio -Rad
dlffusron destalner and scanned at 550 nm uSLng a Ghlford llnear

't ansporter on a Beckman DU~ G;lford Spectrophotometer. Gels were alsgyx

K i

¢ned for proteln by 1mmersxon for 16 hours in 0 045 percent :‘-’

Y

-'Coomassxe blue in 25 percent 1sopropanol' 10 percent acetlc acld then N

"1n 0. 0035 percent COOma681e blue in 10 percent 1sopropanol 10 percent
Jﬂ:acetlc acxd for. 6 hrs.‘The gels were ' destalned in 10 percent:acetlc '

3:ac1d 1n a. Blo-Rad dlffusron destalner and scanned at 560_nm5asv

descrlbed above '

. v, e Y . NN . . . .- : S
C i . : . . B (‘.
\ ; . N B L P

2 2 ll j Determlnatlon of Molecular Wexghts by Sedlmentatlon Equlllbrlum

All experlments were perf5rmed at 20° C in“a. Beckman Model E

ultracentrlfuge equlpped w1th both Schleren and Raylelgh 1nterference ,E

optlcs,‘Veloc1ty sedlmentatlon was observed at 60 /000 rpm, Molecular

welghts were determlned either by ‘the low speed equlllbrlum.téchnlque'- :

: (Chervenka 1969) and calculated as-.a functlon of concentratlon across

A"fthe cell 1ng a program supplled by the Department “of’ Blochemlstry L

:‘ﬂ'at thlS unrver51ty, or by the menlscus depletlon*approach of thant1s
'zﬂf(1964) A 12 mm double sector cell was used w1th a charcoal fllled
"_7;epon centre p1ece and sapphxre w1ndows The samples used for molecular«
;ot,welght determlnatlon were flrst dlalysed for 48 hrs agalnst several

: :J_f_changés of 0.1 M NaCl, o 12 mM. NaHC03, pH 6.8, A value. of 0. 52 was

ﬁ~assumed for the partlal spec1f1c volume of chondrortln sulphate

(Roblnson and Hopwood 1913) 0 69 for the part1a1 spec1f1c Volume of

TTthe llgameﬁt proteoglycan (4 M guanldlnlum chloride extract) ﬁ?d 0.71%
for. the partlal spec1f1c volume of ‘the skin proteoglycan The*iatter
'b values were calculated from. the buoyant densrty of the samples -and wpgg
__consrstent with values obtalned w1th very 31m11ar dermatan sulphate .
V,lprotqu1Ycans (partlal Bpecrflc Volume 0 71 Preston, 1968) and also o

wrth the value obtalned for keratan sulphate proteoglycans of srmllar

polysaccharrde content (45% proteln 55% polysaccharlde part1a1

l_specrflc volume 0: 67 Axilsson and Helnegard 1978)

Welght average mole ular welghts of" ‘the cartrlage chondr01t1n

v;sulphate and the 4 M gu n1d1n1um chlorldejkxtracted skin - proteoglycan

'.(an allquot of the frac ion taken from Sepharose 6~ B gel chromatography,

0

L'F1g. 24b) were determlnEd by ‘the low speed technlque at concentrat;ons_"

-




l9 OOO rpm respectively. The welght average molecular welght of the o

“t0§centratlon of 0.5 mg/ml and a rotor speed of 15 OOO rpm

‘2.2.12 Chemlcal‘Estlmatlons.?

.of 1 42 and 1. 31 mg/ml reSpectlvely anddrotor speeds of 20 ,000 and

4 M guanldlnlum chlorlde extract of the 11gament proteoglycan (an

\uallquot of the fractlon taken from Sepharose 6 B gel chromatography R

gFlg. 25a ) was determlned by ‘the meniscus depletlon technlque at a

2.2 12,1 “1C0llagen

\

: . l L b,
Collagen concentration was determlned from hy roxyprollne analyses

.(Stegeman and Stalder 1967), assumlng the hydroxyp ollne contént of
' colbagen to be 13 5: percent by welght ' '

. . Y S
v . ot

“2.2.12.2 ‘lUronlc Ac1d _: : - ‘ o Lo

[

’ Uronlci cid analyses were . performed by a mod1f1cat10n (Brtter and

: Mu1;, l962;‘gf the Dlsche method (Dlsche 1947)bor‘by an automated

modlflcatlon of this’ technlque (Helnegard l973) The urohicdacid. '

.content’ oﬁ the varlous glycosamlnoglycan fractions ‘was' determlned after

‘ .
the fractlons prec1p1tated wmth ethanol were drleﬁ to constant welght'

at.70°_C ~over Péﬁs in vacuo (sectlon 2. 2 3 2)

.

2 2 12 3 *Protein'

: u51ng bov1ne serum albumin as a standard

. ‘.' . ,';,_, . I “ A H : . . . .
S "7_1 . g . : B

' Proteln was determlned by the Lowry technlque (Lowry et al 1951),

‘,.-

-Di’ Ferrant'h

'technlque simllar to. that descrlbed by L1111e (1965) Zzgm*

: fuchsrn (Serva Felnblochemlca Heldelberg) and 3.8 gm of‘w

' of gentle shaklng the resultant solutlon wh1ch was clear brown 19

“,2.2 12~4 3 Dérmatan Sulphate and'Iduronic Acid '_'_ h " o 3\-:;;i

3

Colorlmetrlc dermatan sulphate determlnatlon was carrled out by - the’”

vechnlque (Dl Ferrante et al 1971), u51ng commerc1a1 ' 'v'ﬂ

dermatan sulphate (MllES) as a standard stng ‘this: technrque 40 ° ug

dermatan sulphate ‘gave an- absorbance at-540 nm. of apprOXLmately 0145,

h_whereas 500 g of chondr01t1n 4-su1phate gave an absorbance of 0. 035

S

»:I found the sensit1v1ty of the assay to be. cr1t1cally dependant upon
:}the qualaty of the Schiff reagent The reagentmwas prepared by a

f H@%IC‘

sodlum
!‘,*1

3

'metablsulphlte were dlssolved in. 100 ‘ml of 0 25 M HCl After 2 hours

5 A
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colour, was: décolouriaed by vigorous shaking with 1 gm of activated

‘charcoal for 1 to 2 min. - This mixture was filtered and the *

decolourization procedure repeated The‘final solution which was water

o
e

white was_ used W1thin 12" hrs. of preparation. Glycosaminoglycan samples
were also. analysed for dermatan sulphate by hyaluronidase digestionoas
deSCribed 1n section 2. 2.2 l.; These two techniques agreed closely and

»

for fifteen analys&s of 11gament glycosaminoglycans where both

iy téchnlques were used varied by ‘an average of 5% The results obtalned

by the colorlmetrlc technique tended to be sllghtly Tlower than that -

" oBtained by hyaluronldase digestlon.

1 L .
o This cologametric technlque was also used to determlne the .
proportion of 1duron1c ac1d to. total uron1c acid. ThlS requlred a. o .
knowledge of the: colour y1eld of 1duron1c acid- as determlned by tHe

carbazole technlque (Bitter and Muir \1962) whlch was, dalculated as

‘ follows 1 mg of standard chondr01t1n b= or "6~ sulphate was shown to

contain 320 pg of uronic’ acid by the\éarbazole technlque However DR

e
‘ standard dermatan Sulphate 1n which 80% of the uronic acad is 1duronic’

' ac1d (Inoue and MiyaWaki 1975) -conta1ned only 280 ug of uronic ac1d’““

per mg as analyzed by this technique -a relative colour yleld for

g dermatan sulphates identlcaf’to that obtalned by Bitter and Muir (1962)

P

. sulphate used to make up standards for the colorimetric analyses was .

. for 51m11ar’mater1al Thus’

fhe oolour yleld of iduronio ac1d can be

-

N

e

calculated-as follows:. »ﬁ‘

‘:«iz‘o% g.f 0.2 + 256x °
ie. A '64 + 256x

i

280
1280

. where 64 is the number of ng of glucuronic acid 1n 1 mg dermatan :

sulphate (1 e. 20% of 320) 256 is the numbér of ug of 1duron1c ac1d R
1n'l mg dermatan sulphate (1 e, 80% of 320) 280 is the number of ug , o
of uronic ac1d obtained from carbazole analyses of’l mg of dermatan
sulphate X 1s the colour y1eld of 1duron1c acid-in the carbazole - o
analyses if the colour yield of glucuronlc acid 1s taken as 1.0, ThlS '

assumes that the colour y1e1d of. glucuronic ac1d 1n the carbazole

reaction 1s ‘not affected ‘by:the type of polymer 1n wh1ch 1t is contained

~Thus the colour y1eld«_
nl"

; 1duron1c acid is- calculated to be 0,844, ,
The determinatlon of 1duron1c a01d by thlS technlque is also complicated R

r

by the fact ‘that only 80% of uronic ac1d in the- standard dermatan e

A .
A;;, .
Lo -

X
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"iduronic acid ,Thus 1if UA is the numbér of pg of total uronic acid as o
de termined by the carbazole technique DS is the number of pg of dermatan
" gulphate as determined by the Di Ferrante technique GUA is the number of

I

lug of gluburonic acid and IUA. is the number of e of iduronic acid !
‘ v wa = DS X 10,256

Since the standard dermatan sulphate contains 256 ug iduronic acid’

per mg dry weight Taking into account the contribution of iduronic ac1d
: /7
to the carbazole uronic aCid analySis '

*UA - 0.256 DS x 0,844 = aGUA PUEE R S AT N S W
| T = © ps'x0.256 .
GUA + WA ~ - (UA- 0.256 x 5,844 D5) * 0. 356 75 ‘
‘ .= __ DS %0.256 ' e
. TUR+ DS x 0.0AT SR -

Periodate w111 not ox1dize 2—su1phated iduronic aCld under theSe "
conditions -hence iduronic ac1d analySis by this technique excludes .
-sulphated iduronic aCid reSidues Iduronic aCld analySis by this techniQue
also assumes the colour yield. is unaffected by the compOSition ‘of the
”-glycosaminoglycan chain. Sulphated iduronic aCld residues w111 further‘

introduce errors in ‘this. estimation Since the colour yield in the Bitter Muir

,7’*~
. a

’uronic acid determination is also unknown.'

o

2.4 2 12, 5. Sulphate - u'?‘» B \ .

@ Sulphate was determined by the rhodizonate technique of. Terho and

- Hartiala (1971) with slight modification. The estimation depends on’ the‘-

formation of a coloured complex between barium and potassium rhodizonate°
" When'’ inorganic sulphate is present aSO4 Forms and the colour’ intenSity
‘diminishes - the quantity of sulphate can be calculated from this reduction.g

v"{B%Sl buffer solution was made up -as follows 10 ml of 2 M acetic acid”

‘ml of 0.005 M BaC12 and 8 ml of 0. 02 M NaHCO3 were ‘made to 100 ml with  °

’yabsolute ethanol, BaCl2 free buffer was made in the same way. except that
2 ml of distilled water was" substituted for the BaCl solution. A solution
of potassium rhodizonate was made by dissolVing 6 mg (potaSSium rhodizonate,
' Aldrich Chemical Co.) in 20 ml water. 100 mg of L-a8corbic aCld was then
fadded and the solution shaken until all solids were dissolved The volume-
was made up ~to 100 ml with ethanol, The solution which ‘was 1ight brown in
‘7colour, was used after standing 30 min. and was- not stable more "than*24 hrsr
Standard sulphate solutions 1. to 8 ug sulphate were made from Na SO, in

distilled water All glassware ‘was cleaned With nitric acid and rinsed o
o b ' - . " oot . -

&




.repeatedly in distilled water, Two sets'of standards and samples were

used, BaCl buffer was’. added to one set andeaCl2 free buffer was added

2
to the other set. It was noticed that in some instances a colour was’' . N
formed in the absence of barium and the use of the barium‘free buffer was

¥ .
used to correct for nonspecific interference.' . : R o j

|

! 045 ml each of samples standards and water were pipetted into test

’tubes and 2 ml ethanol was added 1 Q’mﬂ of barium chloride buffer was'
added to another set of standards and samples 1. 5 ml of potassium
N rhodizonate sol ion was added gnd the ‘tubes. shaken well It was - important'
- Tto add the rhodizonate solution immediately after the BaCl2 buffer.»Failure o
to.do sthis' resulted in very erratic absorbance readings "The absorbance at’
520 nm was read after allOWing the tubes to stand for|10 min. at room
' temperature R _
k \ A standard curve was constructed by SUbtracting the absorbance of a ’ <
: ‘given. sulphate standard from that of the water sample and plotting this '
difference in ‘absorbance against the ng sulphate present The\standard
~ curve is linear and allows the determination of between 1 and 6\pg of
'sulphate. Calculation of ‘the sulphate contents of the samples was performed R
_ by Subtracting the absorbance value found in the absence of Ba £ram that Oﬁﬂ
the’ sample’ With Ba. This value was, subtracted from the absorbance of distilled
water and the amount of sulphate correSponding to this value was found: from R
the standard curve, In most cases the Ba free control had a negligible -
~absorbance, . - = : . ',‘ PR f S '_‘h

2 2 12.6° RadioactiVity .

Radioactivity was assayed uSing a Searle Mark III liquid sc1ntillation

system. Aqueous samples were mixed with 10 ml of Unisolve 1 (Koch Light

.

Laboratories Ltd., Bucks England). o Cot ' :fla 3

t2.2.12.7 \Hexosamines B ?E.‘A ST "“,‘»rvf‘- SR

.4[_.

7

:‘ Glucosamine and galactosamine were determined by 1on exchange ‘chromato-
graphy after hydrolySis in 4 M HCl at 100°1 for 18 hours. Theaacid.was‘
L removed in a vacuum deSiccator over P2 5 and NaOH _ l" i
A column of Chromobeads A resin (Technicon) was employed, Jacketed at
60 \C and the separated amino sugars%were determined With ninhydrin gSlng a

Technicon apparatus (Pearson et al 19783) A 45 x 0.6 gm column and a

c1trate buffer gradient pHS ‘to pH4 5 was employed i%%gpme analyses,.as

described by Pearson et al (1978a) for ‘total: hydroxylysine determinations. :"

"
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h 2?2;12.8’ Am1no Ac1d Analyses

N

In later work an 11'x 0,6 cm. column was preferred, /f&uting with a
f .

single buffer (sodium citrate, 0,1 M, pHS5, 0)
e Hydrolysates were dissolved in l - 3 mls of 0.1 M° citrate buffer

and 1.0 ml containing 20 -, 50 pg of hexosamlne (45 cm ‘column) or:

10 - 25 ng hexosamlne (ll cm column) was analysed L-leucine (Sigma)

! was run JUSt before the sample as a standard Colour yields of both

hexosamlnes.were as given for glucosamlne by Pearson et al ,(1978a).

] &
' Sampdes for analyses were dried on an Buchler evapomix’ and

d1ssolved Ln constant b0111ng 6 M HCl A crystal of phenol was added_,

to reduce ox1dat10n the solutlons were bubbled w1th nltrogen and -

’ then sealed and. 1ncubated at 110° C for. 21 hrs., The hydrolysed samples

were dried qulckly on ‘a Buchler evapomlx and dlssolved in distilled
water . The amino acid content was determlned on a ‘Beckman 121 MB

automatlc amino acid analyser using the 31ng1e column collagen

4

‘: hydrolysate procedure W1th ‘a Beckman AA-lO TESlnk Methlonlne was.

' determlned as” the sulphox1de The phenylalanlne peak was largely

2 2, 13 -“‘“’,Hi"stélogy .

obscured by the presence of a large hexosamlne peak in this system.
The phenylalanlne results quoted are., thus only estlmates 'possibly

e

contalnlng large errors

A

. -
°

: Bov1ne ‘incisors, of various stages. of development were fixed and
adeca1c1f1ed in- 60 percent formalln contalnlng 10 percent EDTA and
4% cetyltrlmethylammonlum bromlde (CTAB) \JAfter decalcification the

fissues. were embedded in paraffln and sectloned by routlne procedures

".The,sect;ons,were stained with’ hematoxylln-eo51n, MasSon trichrome or
: Van Giesens stain. Some sections were stained for glycosaminoglycanS»

‘ W1th alcian blue, u51ng the dlfferential stalnlng technlque of Scott

and Dorllng (1965)

é
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' CHAPTER 3

THE GLYCOSAMINOGLYCANS OF THE PERIODONTAL LIGAMENT OF THE
MATURE OCCLUDED BOVINE INCISOR !

3.1 GROSS AND HISTOLOGICAL APPEARANCE OF THE INCISOR PERIODONTAL

LIGAMENT

/ T r '
The periodonta1~ligament'from fully occluded bovine incisors was

tough and fibrous ‘and flrmly attached to both: the root surface and the :

‘ alveolar bone. Attachment to the root surface seemed stronger since it
' usually remained attached when the tooth was removed from the fractured

-mandlble Hlstologlcal examlnatlon of the llgament revealed dense

bundles of wavy collagen flbres the maJorlty of which are’ orlented

"obllquely across the per10dontal Space The contlnulty of these collagen

fibres between the cement and. the perlodontal llgament was- partlcularly

noticeable ( Plate 3). Between these were collectlons of loose less

\

, flbrous connectlve tlssue w1th whlch blood vessels are frequently J

Q

assocrated The proteoglycans of the matrlx apbear largely sulphated

as revealed by d1fferent1a1 a1c1an blue stalnlng (Scott and Dorllng,‘

. can be cla881f1ed into two broad groupS'ﬂckhe degradatlve techniques

'spec1f1c to certaln dlsaccharlde or monosaccharlde structures and the

- as ethanol prec1p1tat10n.‘ ) : A -

1965) and appear to be assoc1ated w1th the collagen bundles. : L e
3.2 | TECHNlQUES OF GLYCOSAMINOGLYCAN ANALYSIS IN GENERAL f '”,‘d. '
,\. . [ ' 6..

The wide varlety of techn1ques employed to analyse glycosamlnoglycans-'

..

such as those- employlng enzymes (e g. the chondroltlnases and hyaluronldase)

“Iuor degradatlve chem1ca1 technlques (e.g. controlled periodate oxldatlon)

-t

- nondegradatlve technlques those wh1ch separate glycosamlnoglycans by

physical _techniques, wh1ch are based 1arge1y on differences between the *
various polysaccharides with regard to charge den51ty and solublllty in

ethanol, These 1nclude such methods as electrophoreSLS, ion exchange : "

jchromatographyJL fractlonatlon of quaternary ammonium complexes as. well’ . @%3,

o

~Both types of technlquevhaveftheir advantages and disadvaqtagesf

. For example;‘althoughrresistance.t0»hya1uronidase digestion has been ' - %

regarded,as one of theicharacteristic_properties of derflatan sulphate, ‘@%-

'./7 N
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the finding that thia polysaccharidc is a hybrid containing a cernain

~amount of glucuronic acid has led to a revision of this notion The

presence of the glucuronic acid makes the molecule su3ccptible to attack

by ‘hyaluronidase at the hexosaminic bonds involving these uronic acid

‘units 'and a partial degradation may therefore occur, Neverthelcﬂs the

use of hyaluronidase and more reccntly the chondroitinascs enables the

' convenient differentiation be tween very small amounts of dérmatan

sulphate type and chondr01t1n sulphate type glycosaminoglycans The
physical techniques although produc1ng no dtgnadation of the
polysaccharides' seldom give complete: separation of a complex

ycosaminoglycan mixture. Thus a. combination of techniques is usually,

i employed Fractionation of the quaternary ammonium complexes (cpc

prec1p1tation) in combination. with hyaluronidase digestion,,controlled
periodate ox1dation 11nked with the colorimetric determlnation\of
released aldehyde or: alcohol precxpitation from acetic ac1d - ca1c1um'
_acetate so1utions was. used .to analyse or fractionate ‘the glycosamlno-

”'ne periodontal ligament The: effic1ency of -

glycans o 2.

each fraction is shown in Table ‘6.

4‘3;} ANALYSIS OF THE PERIODONTAL LIGAMENT GLYCOSAMINOGLYCANS

FRACTIONATED HY cpc PRECIPITATION ’

. -
Polyanions form water 1nsolub1e salts’ W1th certain detergent cations

such asg’ cetylpyrldinium (CP) The complexes are dissoc1ated and dissolved
i+ by 1norgan1c salts at. cértain cOncentrations (critical electrolyte

concentrations) Wthh depend largely on the charge density of the polymer

(Scott~ 1960) . :
T 1 mg. each of hyaluronic acid chondroitin ‘4-sulphate, \chondroitin”

6- sulphate and dermAtan sulphaté was fractionated by CPC precipitation
|

.as described in, section 2. 2, L. 1* The recovery of glycosaminoglycan 1n

[
.

As expected from previous work (Scott 1960) hyaluronic acid was

recovgfed from the 0.03 M NaCl fractlon while the sulphated glycosamino-

glycans were recovered 1n the O 3 M MgCl2 fraction Recoveries better -

S

‘than 85% were routinely obtained. o ' - . -

& s [ S
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percentage of the total uronic actd {n | total
cach [raction rccﬁ?cry
0.03 M NaCl 0.15 M MgCl2 0.3 M MgCl2
5
llyalurontic acid 90.2 0.1 2.7 93
Chondroitin 4-sulphate 1.4 1.7 89.3 92
Chondroitin 6-sulphate 0.9 1.4 84.7 87
Dermatan sulphate ' 7.0 A 0.4 84.5 92
Table 6. Recovery of Standard Glycosaminoglycans after
‘ CPC Precipitation S ' \

‘1 pg of each glycosaminoglycan was fractionated by CPC precipitation.
0.03 M.NaCl refers to that fraction precipitated by CPC from 0,03 M NaCl
but remaining in the supernatant after CPC precipitation in 0.15 M MgCl,.

0.15 M MgCl, refers to that fraction precipitated from 0.15 M MgCl by
CPC but remaining in solution in 0.3 M MgCl 0.3 M MgCl refers to that
fraction precipitated from a solution of O. % M MgCl CPC.

In order to separate chondroitin sulphate from dermatan sulphate,
the 0.3 M MgCl.

2
glycosaminoglycans was digested with hyaluronidase

fraction from the CPC precipitation of a mixture. of
The recovery of
uronic ac1d in the various fractlons is shown in Table 7. 1f correctlon
'is made for the digestion of standard dermatan sulphate shown to: be
20 percent, good recovery and- fractlonatlon of the glycosamlnoglycans &L
is obtained. Furthermore these results show that hyaluronldase digestion
was unaffected by prior CPC precipltatlon .

Glycosamlnoglycans were igolated from mature bovine incisor
llgament by papain dxgestlon and fractlonated‘W1th CPC as described in
section 2.2.1. 2 , The dermatan sulphate content ‘of the 0.3 M MgC12
fraction was determined by hyaluronidase dlgesthn and/or by the
colorimetric analyses of Di Ferrante (Di Ferrante_et al, 1971). The
results in Table 8 show that the maJor1ty of the ligament glycosamlno-
glycans . are of the chondroitin sulphate (31% of total glycosamlnoglycan)
and dermatan sulphate (43% of the total glycosamlnoglycans) types.
Thereils a1§q a 81gn1ﬁ1cant-amount of hyaluron;c acid €24%) and a small
| broportign 2%) of,ah,intermediate fraction 60.15 M_MgCl2 fraction).

P :

A
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pp uronic actd
s : %
CGAG 0.03 M NacCl 0.3 M MpCl. total
- ' . 2 , _
fraction [raction . recovery
HA'se CPC cs HA'se CPC ns
o aupernatant] fraction|precipitate| fraction
T 206.8 | 79.4 68.5 | 43.6 5.5 100
2 | 82.0 | 90.6 | 59.8 123.2 154.0 104
‘ , ( .
Table 7.LA'Recovery of .Glycosaminoglycans after Hyaluronidase Digestion

" Two mixtures of standard glycosaminoglycans (GAG) containing
1,204 pg hyaluronic acid, 67.2 pg chondroitin sulphate and 54.4 ug
‘dermatan sulphate, 2. 81, 8 ng hyaluronie acid, 67.2 ng chondroitin
sulphate and 136 pg dermatan sulphate (expressed as qug in uronic acid)
were fractionated by CPC precipitation and digested with hyaluronidase.
HA'se CPC supernathnt refers to the digested glycosaminoglycan not
precipitable with /CPC.. HA'se CPC precipitate refers to the material
precipitating w ¢h CPC after hyaluronidase digestion. The CS (chondroitin
sulphate) and Dg (dermatan sulphate) fractions were-obtained by
correcting for the hyaluronidase digestion’ (20%) of standard dermatan
sulphate.

The homogeneity of each fraction was assessed by cellulose acetace
electrophoresis., 'As shown in Fig. 8, the hyaluronic acid fraction ran
as a sharp band with'a very similar mobility to that of a standard
hyaluronic acid. The 0,15 M MgCl2 fraction ran as a broader band with

a mobility: between” standard hyaluronéte and dermatan sulphate. The

sulphated glycosaminoglycen fraction 66.3 M MgCl2 fraction) migrated

as a broad band, the mobility of which extends from Slightly'less than

that of standard dermatan sulphate to slightly less than that of
standard chondroitin sulphate. After digestion with hyaluronldase the
dermatan eulphate fraction migrated as a sharp band, with a mobility
slightly less than that of the standard dermatan sulphate,

In order to investigate the nature of the 0.15 M Mg012 fraction
it was subjected to sequentlal hyaluronxdase and chondroitinase ABC
digestion, ‘This produced no .noticeable change in behavxour on cellulose
acetate eleCtrOphoresis, though a part1a1 dlgestlon of the glycosamlno-

glycan mixture could have occurred since, the electrophoresis reSults

were not quantitated. A standard mixture of.glycosaminoglycan\\ Ty

.d 4
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ng uronic. acid  percent
Iraction ol hybbﬂ dry walght
Hyaluronlc Actd 7.05 + 0,01 1 O‘I%/ + 0,01 _ v
Chondroitin Sulphate 9.0+ 2.3 0.205 ¥ 0.05 e
Dermatan Sulphate 12,6 + 2,2 0.332 +0.05
0.15 M MgCL, precipitate ~0.61 %0009

‘gﬂrlp 8, (lycosnmtnqgjycan Compohitlon of Bovine Periodontal

Liglmgnt from Mnturo Oce luded Incisors

Bovine, periodontal ligament f{rom mature occluded incisors was
digested with papain and the glycosaminoglycans released fractionacted
with CPC, The sulphated glycosaminoglycan 'fraction (that precipitated
from 0,3 M MgCl, by CPC) was analysed for dermatan sulphate and
chondroitin sulphate by hyaluronidase digestion or for dermacan
sulphate by the Di Ferrante technique. In the latter case chondroitin
sulphate was determined by difference, The values given are the
averages and standard deviations from 7 separate analyses of individual
or pooled ligaments. The uronic acid composition of standard hyaluronic
acid, chondroitin sulphate; and dermatan sulphate was calculated from
analyses of dry samples, to _be 41%, 327 and 287 respectively. These
figures were used in the calculation of the weight of the ligament
glycosamxnoglycan fractions.

(containingvhyaluroéic acid, chondroitin 4-su1phaté and'derma;an
sulphate) after similar digestibn ;ould not be dééected on cellulose
aéetate electrophoresis and was assumed to be completelykdigesfed to 2t
disaccharides, The enzyme digested 0,15 M MgCl2 frgction was then
subjected to digestion with nitrous acid as described in section 2.2,2.4,
The ﬁaterial, thus treated, could not be detected by alcian bluel
staining after cellulose acetate electrophoresis, and was assumed to

be comﬁlete1;>degraded. Ni trous écid digestion produced only sligﬁt

band broadeﬁing‘ﬁith a mixture/of,stanaard‘glycosaminoglycans. Nitrous
acid reacts with the free amino groups and the N-sulphated hexosamine
enits occurring in heparin and heparan sulphate. Suscéptible

glucosamine residues are converted to 2, 5-anhydro-D-mannose during
cHelreacgion and éoncurrent éleavage of a@jacent glycosiéic bond

?ccuré (tagunoff and Warrén 1962) Thus the behaviour of the Oﬁ}B\L\
MgCl fraction was con51dered typical of heparln and heparan sulphate,

However since the ratio of glucosamlne to galactosamlne in this

ffaction was found'to be only 1:2 (Table 10.), this fraction was



A oL, (.Llluloru- Acetate Hc-cwnphorua[u of the Calac tonmnlnohlyczm @
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S g e Frnutinnu of the Mature Inclsor Periodontal Iigament

N e 4. o
ﬁ-'z The! l& 25, 30, 40 and 507 xlgohol Lractionu off zgu periodontal ¢y

ﬁ gament halggtauaﬁino&lycans wert subjected to cellulafie acctate

; i§ 1gctxopbnvew! »as described in Fig. 8. The cleared stripy ‘are shown,
g ﬁ CQ DS and HA, standard chondroitin aulphate, dermatan sulphate, and

»u;, hyﬂluronic nctd The broad bamds and inability to regolve the 40 and 50%
ﬁ -aleohol fractions are believed due to thetr gd%olymeric nature (Fransson

: .JndwRodon 1967a), though effects due to possible vnziutionq in the degree

of aulphqtion dnnoc be eliminated,

e
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df,O 3 M MgCl, are the fractlons precipltated from 0 15 M and O
~respective y. 184, 25%,40% and 50% are- the; fractlons prec1p1tated

!

' ',.” w,of Ligament Glycosamlnoglycans

'f) \

'one side of cellulose acetate strips. Slmultaneously a mixture of .
. ~standard glycosamlnoglycans (1.0 ng/pl hyaluronlc acid; 1.0 pg/nl
.dermatan sulphate; 1.0 pg/pl chondroitin 4-sulphate’ and/or 1.0 pg/ul

‘°v;chondroitin 6*su1phate) was added to .the other side of the . strip: with”
" a dual applicator. Electrophoresls was, then performed in pyrxdlne.

3 acetlc ‘acid: H,0.(1:9:115), at a- constant current of 0.5 mA/cm for

1 hrd The StrlpS were' stained w1th alclan blue: and cleared. Egch side

—of the cleat Strlp was scannéd separately at 600: nm and the standard

“and samp:le profile” superlmposed Total represents the unfractionated-
. periodontal ligameént glycosamlnoglycans. HA frn, the hyaluronate. "

 fraction precipitated with CPC.from 0,03 M NaCl. . 0.15.:M-MgCL ~and -
3 M MgCl

‘from 18, 25, 40 and 50% ethanol HA, DS and Cs: ‘indicate. the p031t10n

l%“lc Scans of Cellulose Acetate Electropéoresis

c ngament glycosamlnoglycan samples (l 0 pg/ul) were applied to B

2]

:_of standard hyaluronlc ac1d dermatan sulphate and- chondr01t1n sulphate -

' ~-respectively. The ‘solid 1ines are. the profiles. of the standard”

: glycosaminoglycan mlxtures ‘and . the dotted llnes the proflles of )
llgament glycosamlnoglycan fractlons. - » '
Then : o : L

'?ééd:ﬁh
1

b
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\*3.4.1 Chemlcaerna1y81s,

’ndlfflcult to resolve by ‘other nondegradat1v{4;

LR
-

4assumed to contain’'a mixture of“glycosaminoglycans - probably'an-
R undersulphated chondroitin sulphate as well as heparan‘sulphate and
4 appears very 51m11ar to a fractlon (F 3) 1solated from the perlodontal

| 'ligament by Pearson et et al (1975).

Fractlonatlon of CPC complexes of standard glycosamlnoglycans on
cellulose columns by the technlque of Tanaka and Gore (1966) was also

1nvest1gated however this technique, was. abandoned after many trials.
w

*due to very poor recoverles and 1nconsxstent separatlon of standard

glycosamlnoglycan mlxtures v ) '

/

“3.4‘ ANALYSIS OF .THE PERIODONTAL LIGAMENT GALACTOSAMINOGLYCANS

FRACTIONATED BY ALCOHOL PRECIPITATION

Fractional“precipitation with'ethanol is One of>the‘c1asSical

methods for the separatlon of polysaccharlde mixtures and glves

3eff1c1ent separatlon of ' very 31m11ar glycosamlnoglycans (1n partlcular

;the chondr01t1n sulphates and dermatan sulp B" hlch are extremely
P —
(D 3:-" .

1.0 mg each of chondr01t 4-Sulphate, c ondr01t1n 6 suLphate

,y‘iand dermatan sulphate was fractlogatéd‘byra}cohol prec1p1tat10n ‘and
" the recovery of uronlc ac1d in the varlous fractlons is. shown in Table 9.
"kExcellent recovery and a dlstlngf“séparatlon of the standard glycosamlno—‘.
‘glycans ‘was obtalned u31ng thlS technlque The presence of. some uronlc o

.ac1d 1n the 30 and 40\percent ethanol fractlons of the dermatan sulphate"

'may be explalned by. the presence of small amounts of glycosamlnoglycans
wh1ch contaln a. larger proportlon of’ glucuronlc ac1d (Fransson and Roden

1967a) e e e

The 0. 3 M MgCl fractlon obtalned by CPC prec1p1tat10n of'the _54

' 11gament glycosamlnqglycans was further fractlonated us1ng this
fh technlque and as’can be seen from Table 10, fractlonatlon of
",glycosamlnoglycans w1th dlfferent 1duronate contents was achleved
'Although there 1s A progre351ve decrease in 1duron1c ac1d content w1th
"increa81ng ethanol concentrat1on the fractlons can be grouped 1ntog‘
: approglmately equal proportqcns of two Spec1es of glycosamlnoglycans

'f._one r1ch 1n 1duron1c ac1d - the 18 and 25% ethanol fractlons contalnlng[

e . B
N . N . : : S
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_ % uronic acid.

‘ethanol fraction 18 25 | 30 40 50 |'% total recoyery
.glycosamlnoglycan » ‘ L 1 .

chondroi tin 4= sulphate; 1.4 1.6 &3.8 62.2 |11.0 .| ' 92
chondroitin 6-sulphate | 1.8 1.4 1.0]83.5|12.2 | 100
dermatdn sulphate | s4.9|28.2 | 9.5 6.1 1.2 100

yTable‘9lv Alcohol Fractlonation of Standard Glycosamlnoglycans )
c 53 :

1 mg -each, of chondr01t1n 4= sulphate, chondr01t1n "6~ sulphate and
dermatan 3u1phate, was. fractionated by alcohol prec1p1tatlon in calcium
acetate=acetic acid. Fractions were obtalned at 18 25, 30 40 and 50

percent ethanol concentrations. | } ..
D e . v : ! > . LA ‘-3‘_ :

90.2 and 73. 5% of the total uronlc ac1d as 1dur0n1c ac1d respectlvely

'and one rlch in glucuronlc ac1d - ‘the 40 and 50% ethanol fractlons

"respectlvely. Electropho

contalnlng "84, 4 and 94.7% the total uronic ac1d as glucuronlc ac1d
proglles.on celldlose acetate strlps .

shown ‘in Plate 1 and den31tometr1c scans of theée strlps in Fig. 8

'support this: grouplng. The 18. and 25% ethanol fract§ons mlgrated as

‘jslngle sharp bands with mob111t1es sllghtly less than that of the

standard dermatan sulphate. The reason for the cons1stently 1ower ’;gﬁ'

.moblllty of these fractlons compared w1th the standard dermatan sulphate

"lS unknown but may involve. dlfferences 1n glucuronate content or

o

dlstrlbutlon The 40 and 50% ethanol fractlons m1grated as broad bands

'jw1th an average moblllty between that: of the chondr01t1n sulphate and

'Jdermatan sulphate standards. Glucosamlne c0u1d not be detected 1n

' 4w1th hyaluronlc acid and the heparin type glycosamlnoglycans (as: was$ »~"'

.also 1ndlcated by the cellulose acetate electrophoreSLS)

'these fractigns ‘(Table lO ) Suggestlng they were free from contamlnataon

.

The fractlons show-. }1tt1e dlfference in: the degree of sulphatlon

"'however, dlfferences in the p051t10n of sulphatlon were demonstrated

in dlsaccharldes obtalned by chondroltlnase dlgest1a1 The fractlons

C. were dlgested and the dlsaccharldes produced separated by paper .

' chromatography. Predomlnantly one dlsaccharlde was obtalned from the

18 and 25% fractlons corresponding to thezCSdl 4S dlsaccharlde produced

A”v by d1gest10n of chondroxtln 4= sulphate (Yamagata‘et alu 1968) ‘A -small

l,'amount (19% of the total disaccharldes) of mé}erlal correSpondlng to

69



fraction| % dry | pg UA.| Tqua GINHy | GalNH, 80,3 4= |6- o
weight{ mg hyp| % | pg/mg | ug/mg’ hexNH2 sulphate sulphate
: hyp | hyp’' |molar®‘|% V. .
X __,ratio: A
HA 0.127| 7.1.| o-.]5.61 0 0 | !
+0.013| + 0.6 ' S J
0.15M .| o6t .. [0.128}  .254] ' :
.AMgClz NI + 0.09 S o .
18 0.164| 6.8 |90 |o0 6.46 | 1.1 | 98 L2
) to0.020f{%0.7 |t5 - 1o |
25 .4 0.055| -2.2 | 74 a 100 | o0
B t0.004|+ 0.2 |F3 | s y RET
N 40 0.108 5.0 |16 |0 | 335 1.1 | 8L . 19
- gto.014afto.7 |t N i S I
50 0.110/ 5.2 | 5 [0 00339 10,95 |52 - 1 4
to.014)to.8|+3 | ' P g

. . . . .- . h.:v’ . . a Y.
Table 10. Analyses of Glycosaminoglycan Fradtions from the. Periodor"

Ryt : B S
77 :

" Ligament of the Matu *Océfhded'BoVi e el

. _ . S 4 . » .
2 - The glycosaminoglycan fractions from 1ligamep¥hy #ture occluded N
* . .bovine incisors were prepared by papain ‘digestig #id’ by CPC :
, ‘ " precipitation and ethanol,precipitation from calc b etdte-aceti¢ acid.
- . The weight of "the fractions  was ' determined from ﬁgﬁ' : ab}d‘anafyses S

b - glycosaminoglyca teryined previously. The analyses given for percentage
- l-dry weight, pg UA™fironic acid) per mg hydroxyproline and iduronic acid . ‘
. (IdUA) are the average of eight separate analyses of ligament or pooled ,
7y @ ligaments (except fractions HA and 0.15 M MgCl, which are averages of,7
+*  and 5 analyses respectively) and include standard deviations, @gﬁic
acid:was determined by the Di Ferrante technique and is expres as a _
.percentage ofﬂtbtal,uronic»acid;‘Glucbsamine‘(ClNH ) and. galactgsamine . = .-
- (GalNH )»were_sepa:atedﬁaftér_hydrolysiéuin 4 M HCI. at .100° C for 18 hrs.
il . as des€ribed in section 2,2.12.7. Total sulphate was determined by the
ilf '__-rhodizonate;tgchnique-(Térho,and Hartiala, 1971). IN-aggtyl galactosamine
¥ 4--and 6-sulphates were separated as disaccharides and quantitated as
- -.described by Saito et al (1968). Each is expressed as a percentage of

———

using a-conversthor (i.e. mg uronic acid/mg dfy'_aWeight of - - . ,

. total 4~ and 64sulpha;%ngA;_;%équfoﬁthe‘Hyaluponic;gcid fraction
" .v . " obtained by CPC pfecipf%g%tbﬁ 7rom’0,03.M NaCl, =~ The 0,15 M M3012"
‘ fraction is that material precipitated from 0.15 MgCl, with CPC."
- Fractions 18, 253 <49 -and ‘50 were obtained by precipitation .of the
. 0.3 M MgCl, fraction at ethanol concentrations of 18, 25, 40 and 50
" .percent. %he 0.3 M MgCl, fraction was the glycosaminoglycan obtained"

l by;CPC.precipitation ﬁfole.B M»MgClz.'-Ox;eﬁggsgto,analyses be1ow the ;

limits’ of ‘quantitation. o
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|

-.the /\di 6S was apparent in digests of ‘the 407 alcohol fractions,
whereas digests of thé 50% fraction shewed approximately equal
proportions of Adi 45 and  /\di-6§ disaccharides (Table. 10.),
Whereas the standard glycosamlnoglycan mixtures (dermatan sulphate,
chondr01tin 4= sulphate and chondroitin 6- sulphate, Miles Research )
,Products) were completely digested (greater'than 95%) to disaccharides

digestion of the alcohol fractions of the llgament glycosaminoglycans jé!

LN

‘appeared to be less complete, Approximately 15 to 30% of the polymers

remalned near the origin after paper chromatography of.the

chondr01t1nase ABC dlgests The 187 ethanol fraction co sistently
~showed the 1east digestion ‘Thesé results can be explained by the

presence of regions of polymer containing sulphated Aduronic acid

i

to be. poo¥ substrates for chondr01t1nase ABC (Fransson et a1 1974
'4yand Coster et al, 1975) ’ l S ;--- e ”i,tm

-3.4.2> Gel Chromatography L. : é
NP R » -« : .

T
J

e

'\

, F1g 9 shows gel chromatography profiles on Sephadex G-ZOO of l@

glycosamlnoglycan fractions fromythe periodontal 11gament K}he 18, 25
and ‘407 alcohol fractlons have almost ‘identical elption behav1our and
appear to be much less polydisperse thaglthe 50% ethanol fraction

which has - an elution behav1our a]most identlcal to that of cartilage

,.A

-

.reﬁﬁdues Iduronic ac1d sulphate containing oligosaccharides are known L

"chondroitin sulphate' Since it has beeén shown that the glycosamlnoglycan o

chain configuration and” thus elution behav1our is -greatly 1nf1uenced
Lo l?the type and concentration of catlon (Mathews 1953 Mathews 1956
d Urist et al 1968), it das Suggested that. the pyridlnium cation may

have 1nf1uenced elution behav1our of these glycosamlnoglycans However
jelution w1th 0.2 M buffered sodium chloride ‘made - very little difference
_.to the elution proflles of the ligament glycosaminoglycan fé@ctlons
The- 18, 25 and 40% ethanol fractions again had’essentially fdentical
elution behav1our (the 25 and 4OA fractions are not shown in Fig.v9b b

- for the . sake of: 51mplic1ty) whlle the 50% fraction and cartilage
'..chondr01t1n sulphate appeared smaller and much more polydlsperse
“.Elution behav1our was also unchanged after 1ncubat10n 1n 1 o.M NaOH

for 16 brs.,at 4f C suggesting that the polymers are not’ peptidoglycans

-’

#

w1th mhltipﬂe dermatan su}phate or. chondr01t1n sulphate chains attached

]
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X Fig. 9.,.1__Ge1 Chromatograﬂhy of tha Aldohol Fractions of Ligament

PO

L 1‘ Glycbsaminogiycans on Sephadex G=200"

""" a) Samples of the.aleohol fractions of the 1igament.glycosamino-
 glycans, approximately 'L mg dissolved in 0.2 M pyridine acetic acid
_buffer, pH 5,0, were applied to.a Sephadex G-200 column (90 x 1.0 cm)
_and eluted with the ‘game buffer. 2 ml fractions were collected and
analysed for uronic acid. (O) 40% alcohol fraction, (A) 18% alcohol

fraction, (m) 25% alcohol fractiom, (A) 50% alcohol fraction. S

b). Samplgs (0.3mg) of the .alcohol fractions of the ligament
‘glyéos\amin‘pglsgzns and a chondroitin sulphate isolated from.cartilage *
proteoglycan by alkaline cleavage and precipitation in: 40% ethanol

(dee. section 4,3) jwere chromatographed on Sephadex 5G-200 ‘as described .

“in a); except that the column was equilibrated and eluted with. = . BRI

0.2 M /NaCl} buffered with 0,02 M imidazole chloride, pH 6.0.
2° (A)- cartliagédhofidrof tin sulphate,
“ethanotfraction, -

.
v

v

v

) 18% ethanol  fraction, ©) 50"/° o, :
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to single polypcptide cores, , ; '

3.4.3 Molecular w%ight Determinations .

In order to calculate their molecular weight and examine their
mo%fcular weight distribution, the 18%, 40% and 50% alcohol fractions.
of’glycosaminoglycans isolated Erom the periodontal ligament were

9subjected to alkaline cleavage and reduction with tritiated aodium
\-borohydride. .The molecular weights of the glycosamlnoglycan fractions,

calculated from theseﬂkxperiments were consistently very high for

,glycosamlnoglycans All determlnations were repeated one or more times

and -the molecular weights calculated. for the 18%, 407% and 50% alcohol
fractlons were 94,000, 82,000 and 43,500 respectlvely. These molecular

dw@ights were inconsistent with the behavxour of the glycosamlnoglycans

7lonmge1 chromatography on Sephadex G-200 (Fig. 9). .

:wﬁfun The ‘end group estlmatlon technique descrlbed by Roblnson and

‘f&
Hopwood (1973) relies upon the eff1c1ent alkaline cleavage of the -

xylo§y1-ser1ne linkage. In 0.5M KOH,,the xylosyl-serine bond is
cleaved by a B-elimination reaction 4n whi@h,the serine is converted

to dehydroalanine (Anderson et al, 965) If thi's. reaction is carried

zyout in the"presence.of,NaB3H4 the xylose at the redu01ng terminal Sf

each chain is reduced tov3Hrky11tol (Fig. lO).~Rob1nson and” Hopwood
(1973) showed, using cartilage'proteoglycan,:that the B-elimination

reactlon was complete after &4 days at 4% cland that there was no

7 evldence of” further degradatlon'of the 11nkage reglon by peeling

= reactlons (Lloyd et al, 1966) or of random chain cleavage.

In B- ellmlnatlon reactlons of this type a proton’ is released from
‘the . a-carbon of the serine and a nucleophile (xylose at the reducing

/
end of the glycosamlnoglycan chain) from the B-carbon resultlng in the

{

formatlon of a double bond (Fig. 10) MAsklng of the amino and carboxyl

groups 1n serine 1s reportedly essent1a1 for eff1c1ent B-ellmlnatlon‘\
lectron<w1thdraw1ng groups, such as those found in peptlde llnkage

fac111tate ‘elimination prlmarlly by 1ncrea51ng the acidity of the

' anhydrogen atom (Neuberger et al al, 1966 ‘Stern et al, 1971 and - Inoue and

Iwasakl, 1976) In view of the extensive proteolytlc dlgestlon used in
the lsolatlon of the llgament glycosamlnoglycans 1ncomp1ete cleavage
of the xylosyl serlne linkdge. was conSLdered a 11ke1y explanatlon for

S | o -
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~-aby CPC and alcohol precipitation and subjected to gel chromatography

76

“the high molecular welghts determined, This was conf{f{rmed by amino acid

analyses of the alkaline borohydride treated plycosaminoglycans. The
. L3
uronfc acid to serine ratio was still 70 - 80% of that found with the

i
untreated matertal, showing that few xylosyl-serine linkages had been

- ¢leaved,

In view of these problems and the fact that the raeductlve end-
labelling of chondroitin sulphate trom cartilage prntenglycan wis
consistent with published reports, pruteuglyuana isolated from the
periodontal 1151ant and from bovine skin, as well as that from bovine
nasal cartilage, were used as substrgtes for alkaline cleavage and
borohydride reduction. The proteoglyéans from bovine. periodontal
ligament and bovine skin were obtained by scquential extraction with
0.1 M NaCl, 2 M NaCl (only used with periodontal ligament) and 4 M
guanidinium chloride, They ‘were purified by DEAE-cellulose chromatography
in 7 M urea, cesium.chloridc density gradient centrifugation and gel
chromatography on Sepherdse 2B or 6B, See section 2.2.6 for the ]
preparation and purification and section 4.3 for the characteristics
of these protecoglycans. The reductively end-labelled glycosaminoglycans

obtained from these purified proteoglycan preparations were fractionated

on Sephadex G-200 (Fig. 11). For all fractions (except the 18% ethanol
fraction obtained from 4 M guanldlnlum chloride extracted, ligament,
proteoglycan) the peaks of rad10act1v1ty and hexuronic acid - positive
material were dlsplaced by several fractions and calculation of the

number average molecular welght of each fraction- showed that 3 1+
fractlonatlon of the glycosaminoglycans had occurred on the basis of

molecular size. The number average molecular weights of the 18, 40 and o /

’50 percent.alcohol»fractlons of ligament glycosamlnoglycans were

4

3.08 x 10, 2.98 x‘lO4 and 2.10 x 104 reSpectively. The glycosaminoglycans

isolated from skin and cartilage*proteoglycéne (25 and 40% ethandl
fractions ‘respectively) gave number average molecylar weights of

1.82 x. 104jand 2,10 x iO4 respectlvely\and all molecular welghts

~, EE o=

calculated were consistent with the: behav10ur of the glycosamlnoglycans_ o -
on Sephadex G-200, . T % SR ﬂ~wr. '

The appllcatlon of thlS type of end- group ana1y31s to the';' T ” 

r i ; :
% SRR SV S T . - : .
\ . : . I
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Flg, 11, Gel Chromatopraphy on Sephadex G-200 ot End-Labolled

Glyconaminoplycan Fractions Obtained trom Proteoglyeans

s by Alkaline Cleay \L'i‘)ﬁiw‘r‘.!.‘“‘t},{ﬁ duction with. l“x& l,_ft,wi ated
Borohydride . k

Proteoglycan samples from periodontal ligament bovine nasal septum

and bovine akin were isolated and. purificd as described in section 2,2,6

These, samples (approximately 250 pg as uronie acid) were digeated wiﬁh\
0.5 M KOH and reductively labelled with tritiated sodium borohydride,
Excess borohydride was destroyed, the samples desalted on Sephadex G-25
in pyridine acetate buffer, lyophilized and then fractionated usloy CPC
and alcoho prcclpita[lon Ind labelled glycosaminoglycan samples were
then applilld to a° G-200 column (L x 90 cm) cquilibrated with 0.2 M NacCl
bufferced with 0,02 M imidazole, pH 6.0, The column was eluted with this
buffer at a rate of 4 ml/hr, and the 2 m! fractions collectued were
analysed for uronic acid and llledLLIVLLy

Cartilage CS refers to the end- lnbvllvd chondroitin sulphate
obtained from bovine nasal c1rtildgc protL051yLan and prccipitated from
407 c¢thanol.

PL 4 M GuCl 18 refers to thc end- labclled glycoslmlnoglycan

.obtained from periodontal ligament protecoglycan (4 M gaanidinium

chloride extracted) and precipitated from 18% ethanol,

PL 0,1 M NaCl 50 refers to the end-labelled glycosaminoglycan
obtained .from perloaontal llgament proteoglycan (0.1 M NacCl extracted)
apd ‘precipitated from 507% ethanol, .

"“PL 0.1 M NaCl 40 refers to the ond-labelled plyuoaam1nog1ycnn .
obtained from perLodontal ligament proteoblycan (0.1 M NaCl extractgd)

‘and_precipltated from 40% ecthanol,

S%"M.GuCl 25 refers to the end- labelled glycosamlnoglycan e

obtained. from skin proteoglycan (4 M 5uan1din1um chloride extracted)
and precxpltated from 25% ethanol o i . st
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:?3 proteoglycals"ﬂ

e
: : ; , .
determlnatlon of the molecular welght of the galactosamlroglycans of .

“the skln and perlodontal llgam&QE requ1res some kpowledge of the

carbohydrate proteln llnkage Stern et al (1971) showed that the S

dermatan sulphate - protéln llnkage 1n p1g skln was’ the same as thatl
found for chondrbltln 4-sulphate (Lindahl and Rodén, 1966 and Roden~
and Smith\\l966), cho 01t1n 6 sulphai\\Tﬁeltrng andwkoden 1968)
and heparin (L1ndah1 1966) shown 1n.F1g. 10 \Thrthermore they

V'showed that\over 90% of the xylosyl serine llnkages 1n a dermatan‘i"

'Qéglp;\

SR N

“‘of the NaB 'H,

sulphate peptlde ;rsolated by tryp51n dlgesthp;.could be-. cleaved by

treatment w1th 0. 4 M KOH _Thus the carbohydrate proteln 11nkage in oo C\l'w

bov1ne pefiodontal 11gament and skln proteoglycans may be'confrdently
[ :

expected to be of the .same type Mbreover cleavage of the carbohydrate-

proteln llnkage would expected to be as @ff1c1ent or, probably mire

effic1ent than Wlth the derm _an sulphate peptldes 1solated byLStern .

et al/(l97l) ~yj”v5:';V\>\§; /  :. “,j“.,ﬂﬁv 1. : -1‘, :
: & b e . TN

*»jInaccuracy in’ the determlnatlon of molecular welghts by thls'ut TQQ:_

technlque of end group ana1y31s can a}so be lntroduced by errors 1n "

_the: determlnatlon of the uronlc acid content of the reSpect;ve f

glycosamanglycans The uronlc ac1d’content was/determlned on o ﬁff}» P ,
g r T

glycosamlnoglycans lsolated from the wholenllgaments w .molecular :

welghts were.determlned on glycos mlno lycais 1solated from the urlfled
8. et P

“hape- very431m1rar compos1t10n / e uronlc ac1d content of the skln\

1

l‘cosamlnoglycans was not determlned due to the 11m1ted mater1a1

1&La11able and these fractlons were aSSumed to have a. 81m11ar comp031t10n

5df to the llgament glycosamlnoglycans. Moreover 81nce uronlc acrd contents

of the;glycosamlnoglycan samples varled by only a few percent the>“

k3

errors lntroduced 1n thrs determlnatlon woul be eXpected to be small

i Error could also arise an the determlnatlon of the spec1f1c act1v1ty

-3
4

. /:fr
- qu1valent fractions should be exp\cted ‘to ‘;lf'

s

The chondr01t1n sulphate 11berated by- alkallne cleavage T

of the chondr01tin smlphate proteoglycan and the other glycosamlnoglycans s

llberated by alkallde cleavage of the1r respectlve proteoglycans should

Tﬁit be effectlvely 1dent1ca1 substrates for NaBH.4 reductlon. Thus any errors

"ffafc ondr01t1n S/lphate moﬁeéular weléht Thls was determlned from RO TR

" the NaB

'"In molecular wel; ht determlnatlon arlslng from the standardlzatlon of”

?H&ifshbuld only reflect errors’ in’ the determlnatlon of the_bfﬁww

A
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| )equilibrium sedimentation and the results obtained (Mn 2l1700
Mw 24, 400) were very 51milar to those prevzously reported 6Luscombe

| :and Phelps 1967 Wasteson l969land Robinson and Hopwood 1973).
® - Since Sephadex G~200 fractionation of énd-labelled glycosaminoglycans
fconveniently y1elds a large number of. essentially monodiSperse fractions
each with a different molecular size, weight average (Mw) as well as -
.number average (Mn) molecular weights can be calculated (Table 11)

A convEnient measure of the molecular weight distrlbution of at polymer
“may be obtained from.Mw/Mn ratios (Flory, 1953) A monodisperse - '/t
preparatlon has a Mw/Mn ratlo of 1,00, . The Mw/Mn ratio obtained/for
chondroltin sulphate prepared from bov1ne nasal cartllage proteoglycan
‘;':'was 1.13 and,is closely comparable w1th the result; obtained by Hopwood _

-and Robinson (1973) _The ratlo for- the glycosaminoglycans 1solated from ;.';‘_'_-ﬁ\
‘_the periodontal ligament\were all/lower/(l 10 and 1.04 for the. 40. and 50% ‘ip; J*_dj'?
'alcohol fractions respe trvelys suggestive of less polyd1Sper81ty.,: \fjf e i
7,' Moreover the 13%/5123§;i fractlon obtained from the 4 M guanidiniumv :3-f'. wef“f:"%
’-‘f 1ch//r1de Eggracted 11gament proteoglycan gave an Mw/Mn ratio of 1 004 . | l
frgk/yindfcative of ? Iargely monoﬁisperse preparation. ‘This . result was ‘v' 'ffiflefu.'

o con31stent w1th the very sharp peak obtained on Sephadex G—200 chromato-

S —. 4 EE ERSE . B

graphy. However the calculation d1d no.t 1nc1ude the Low molecular weight vgr

' fractlon obtained at. the VOld volume (Flg. ll PL 4 M GuCl 18) ;,xfwfyffh
In Flg./lZ .the "

between Sephadex G-2.0 and bﬁﬁfer ‘calculated for the glycosamlnoglycan ff;‘f“"-

értltlon coeff1c1ent Kav (Laurent and Klllander 1964) : lb;;, i;

fractions o?talned 'rom perlodontal llgament skln and cartllage proteo—~

fd. glycans _1s plotted agalnst the calculated lecular weight of each S :;.i\': d.;
: polysaccharide sample Some differences arelobserved between the varlous ; ffu b B
glycosaminog ycan fractlonB The" skin ZSA,e hanol fraction. and the llgament i
SOA ethanol fractlon which show 51milar elution behav1our tend to differ va”i\}d’

slightly from the ligament 4OA ethanol fraction and the cartilage 40A ethanolg’fA

fractlon\which resemble each other 1n elution behav1our The differences 1n

'lbvope of the lines produced may be due to different rates of dlfqulOn

‘gests that they have very 31m1far“distr1bution on gel flltration"




v .
- Fig. 12 i'Fractionation Coefficient (Kav, Laurent ‘and KillanderL 1964) o ;
e . .between Sephadex G-ZOO and Buffer for a Series of ‘f '_"v R . ‘_ \ ‘
L ,°> Glycosaminoglycan Fractions DeriVed from Bovine Nasal S B ‘ ' k' -
"Cartilage ProteoglycanJ Periodbntal Ligament ProteoglLans ﬁ " o A

.and Bovine Skin Proteo 1 can_as a Functi n/of Molecul Wei ht
_ g Y — 30) %_g*
'I'he partitlon coefficient (Kav) between Sephadex G—-ZOO and bufferm ‘ -
’calculated for glycosaminoglycan fr €tio‘n§ shown in the’ previous figure - . . =

Vis plotted against the .molecular weilght qf' each’ glycosam:.noglycan sample / '
The . 40% ethanol fraction from bovme nasal cartllage proteoglycan (e), .

18% ethanol fraction” from 4-M guanidlm.um chloride extracted, per1odonta1

: ligament proteoglycan @), 407 ethanol: fraction (0) and 507%\ethanol.

, fraction @) from 0,1 M NaCl extracted, periodontal ligament, pr’oteoglycan T

: and: 25% ethdnol fraction from bovine skin proteoglycan (0) are -shown, . 5

© For the ‘sake of clarlty lines for’ the 40% ethanol. fraction from: bov1ne P L
‘nasal cartilage proteoglycan (-e-) and the’ 25% ethanol fract:.on irom Y RN

R N o Lot T
B .- .
, ST ) s

bov1ne sk1n p,roteoglycan (—u—) only are drawn. P
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’Table.llﬁi.Molecular Weight Valuesufor Bovioe Periodontal Ligament,,

- > ] ) t v ;
‘Eraction‘ R 10-3,_ fw x 1073 '_%ﬁ.‘
\ pr . : ' y . : ‘ , " ‘

o Periodontal 1igament_ e o o _ ‘ D T
4MGucl 18 30.8\ 4309 1.004
0.1MNacL 4O ' 298 33,0 110

R L2100 T 21,8 © 1,04
Skdn s 182 .oLo19.2 105
Careilage 40 - ¥ o Toase L 1127

(1 :

j Skin and Cartilage Glzcosaminoglzcans : - - ﬁ' j‘*

Number average (Mn) and weight average (Mw) molecular weights were -

~

' \ocalculaned after alkaline .elimination’ and NaB™H, reduction of purified

‘]=bov1ne ‘skim, cartilage and perlod ntal ligament proteoglycans° The

isolated glycosamlnoglycan samples were chromatographed on Sephadex G-200 |
(Flg. 11) and the molecular weights calculated from the results obtained

'vfwould be expected to produce a hor1zonta1 11ne such as’ that produced by the

‘uv18% ethanol fractlon. Deviatlon of the lower molecular welght cartllage

_chondr01t1n sulphate fraotions from a straight 11ne plot and the scatter

5observed w1th some fractlons are probably due to errors introduced by the

.EnalySLS of smal famoun3§ of material, partlcularly in the lower reglons

f the chromatograph peaks

<]

e of Lrgament Glycosamlnoglycans » v

3, 4, 4 The Copolymerlc Nat

From the 1duro\ﬁ'fﬂ acid a a1y81s of the 18%,»25%, 40% an/"sor-

.';ethanol fractlons 1t appeared that these llgament glycosamlnoglycan

-,/(Fransson and Roden, 1967a; Habuchi et 1973 and Inoué and Iwasaki,

fractions contalned both gluc ronic, and . iduronlc ac1d in varylng o ta

' gave no. pre61 1tation at SOA eﬁhanol su estlng that the 1duron1c ac1d
g P 88

observed in - th1s fractlon was not due to contamlnatlon w1th a f

glycosaminoglycan r1ch 1n iduronic acid The profiges on cellulose .

cetate strlps were also characterlst1c<:f4£his type of copolymer.
a

1976) (see Fig. 8) However more deflnltive evgdence for - et

A';/f\*\\;;

fprOportlons - that 1s they appear 6 be’ hybrld structures Refractlonatlon -

,£°f the 40% ethanol raction at 30%, '40% and 50% ethanol concentratlons

i b g R e




'Lfor that re51dues w1th1n the cha1n are not susceptlble ‘to perlodate

—

)

L ' "

the copolymeric nature of thcse glycosaminoglycans was
‘ hyaluronidase digestion and also by perlodatc oxldatio
~alkali cleavage.‘- o ' ,

. Under controlled conditions of pH and temperat re, ' unsubstiftufled .
L—iduronosyl residues can be oxidized with perioda e while / / |
D—glucuronosyl residues are largely unaffegted (' ansson,‘l 74) . R FA ; '
Oxidation can be demonstrated by cleavage of. the/oxidized ‘ " /
‘with alkali (Fransson and’ Carlstedt, 1974) l order to 4

conditions under which minimal ox1dat10n of chondroitin S 1phake
‘occurred samples of chondr01tin sulphate were oxldlze fat 3.0;

pH 2.5 and pH 2.Q and cleaved in alkali lhe‘results f this/experiment
- are shown in Fig. 13. As can be seen, the degree of/oxidation at

:pH 2.0 issvefy Small whereas oxidation at pH 3.0, reporfe ‘to be B
'negligible (Fransson 1974), was quite extensive in my '
ox1dation of 11gament glycosamlnoglycan samples was ro
E outatpHZO , o

‘ ' Hyaluronldase has been shown to cleave B-hexosa'
'glucuronlc ac1d but not to those inVolving 1duronic
degradatlon with hyaluronldase is consrdered 1nd1ca lve of the presence
"“of glucuronic acid if these polymers."

The results of hyaluronldase dlgestlon and' periodate oxidation -

4’?alka11 cleavage 1nd1cate that all four glycosamln glycan. fractrons
- contain copolymers and give some idea of their uronic acid dlstrlbutlonkl
Slnce.they;appear to belong to separate famllles of glycosamlnoglycan,' '
results of’digestion'of Lhe 40 and 50% alcohol’ 5%
'ealcohol fractlons w1ll be dlscussed Separately
} - The extent of peri date oxrdatlon and al a11 cleavage of the 40
“and‘SOZ .aleohol fracti ns is cons1stent with he premise that. the’
" iduronic ac1d and gluchon1c ac1d 1n these f actions are contained
ftwrthln the same glycosamlnoglycan chalns i e. they are copolymers.
- The degradatlon of the 50% alcohol fractxo .is only slightly .greater. .
lthan the. control at pH 2. O‘(Flg. 14 and 13) suyggesting that»thelSmall‘/

/
proportlon of 1duron1c acrd is elther at termlnal reglons of the chain/

' 5ox1dat10n Exten51ve degradatlon of ‘the 40% alcohol fraction is Ce

‘-:}observed on Sephadex G-200 (Flg. 14), 1nd1cat1ve of a\number of “
I J . / . e



Fig, 13 Effect| of pH on the Periodate Oxidatf%nfand“Alkaliné

/ R
Elimihétion q& Chondroltin Sulphate

N 7

2.0 mg saéples of/ standard chondroitin 4-sulphate were oxidized in
20 mM sodium nletaperiodate containing 50 mM.sodium citrate and incubated
{n the dark at 4 C for 24 hrs. at pH 2,0 (u), 2.5 (), or 3.0 (A). The
reaction was /terminated by the addition of 0.1 volumes of 107 aqueous
D-mannitol. After treatment with alkali (pH 12.0 for:630 mins.), the
reaction mixture was ‘neutralized, applied to a Sephadex G-200 column

i

(1 x 90 cm) /and eluted with pyridine-acetic acid buffer (0,2 M in acetic
acid) at pH 5.0. Z ml samples were analysed,for uronic acid.,Va and Vt
are the/ elytion vdlumes of blue dextran and HZO'r¢5pective1y, ’

(o) nnﬁfeq ed chondroitin 4-sulphate. ~ - o

e

i
/
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Plg., 14, Gel Chromatography on Sephadex G-200 of the 40 and 507

Alcbﬁol Fractions after Periodate Oxidation and Alkall
Elimination ‘

The 40% and 50% alcohol fractions of ligament glycosaminoglycans
were oxidized with .20 mM periodate at pH 2,0, in the dark, at 4° C for
24 hra, After alkalt Qacavage fand neutralization, the rcaction mixture
was applied to a Sephddex G-200 column (1 x 90 cm) and eluted with
pyridine-acetic acid buffer (0.2 M in acectic acid). &) untreated
glycosaminoglycan, (0) oxidized alkali cleaved sample, Vo and Vt are °
the elution volumes of blue dextran and sz reSpectively

. [N -
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periodare ausceprible fduropie actd residues within the chain, !hunvzr
the products of periodate oxldation ave almost cowpletely excluded from
Sephadex G-50 (Plg, 15), supgesting that the tduronic acld residues are
separated by longer polymer regions that contain no periodate susceptible
fduronié acid residuea. 4

The copolymeric nature of these fractions is further supported hy
the pattern of hyalurenidase digestion and the analyses of digestion
products. Hyaluronidase digestion degrades both fractions to tetra,
hexa and octasaccharides together with a small proportion of larger
oligosaccharides, The preoportion of larger oligosaccharides {s preater
_in the digest of the 407 aleohol fraction consistent with the higher
iduronic acid content and hence fewar hyaluronidase susceptible linkages
in theso chains (Fig. 15). Approximately 507% and 307 of the total
iduronic acid in the digests of the 40 and 50% alcohol fractions ;
respectively, 1s found in oligosaccharides that are retarded on
Sephadex G-50 (Table 12), These products of hyaluronidase digestion
could only have arisen from single chains containing both iduronic
and glucuronic acid.

A large proportion of the iduronic 5c£d in the 40 and 507 ethanol
fractions occurs in regions that are not susceptible to hyaluronidase
(frns. 1, Fig. 15 and Table 12). These regions do, however, contain
some glucuronic acid (approximately 407 of the total uronic acid in the
frns,), This would suggest chaé‘tﬁé ma jority of these gluéu{onic acid
residues occur as single units within blocks of iduronic acid containing
polymer, since single glucuronic acid - N-acetylgal SCOSQmine sulphate
periods do not constitute hyaluronidase-susceptible sites (Ludowieg et al,
1961).‘The apparent absence of a block region containing only iduronic
acidi-acetylgaléctosamine sulphate residues but ; region of interspersed
iduronic acid and glucuronic acid -~ N-acetylgalactosamine sulphate -
residues may explain the'absence of small oligosaccharide degradation
products that would be expected to arise from the beriodate oxidation -
alkali cleavage of such block regions.

Most (approximately 707 of the total) of the glucuronic acid
re§idues in the 40 and 507 alcqhol fraction occur in large block regions ,
that are cleaved by hyaluronidase Fo_cétfa, hexa and octasaccharides

and ‘are resistant to controlled periodate oxidation - alkali cleavage.

1
>




Fig, 15 Chromatography of fephadex G-10 Gfﬂghfbfpﬁiqﬂé{fmgiidiéqg

- Alkalt Cleaved and Hyaluropidase Dipested, Ligament
i T PR R e 2 s T AR S i g "\._ .
Glycomaminoglycan, Fractlons 1.

Alcohnl fractions of ligament plycosaminoglycans were oxidized
with 20 mM pertodace at pil 2,0, in the dark for 24 hra, Afrer alkali
cleavage and neutralization, the veaction mixtupe wvas applied to a
Sephadex €-50 columa (1 x 120 em) and eluted with (0.2 M pyridine acetate
(0,2 M in avetate), pl 2,0, 2 ml fractions were collected and apalysed
for uronte acld, =

Alcohol fractions of lipgament glycosaminoglycans wore aldo
digested withyovine testicular hyaluronidase (1,400 N, ¥, untts/mg
glycosaminaglycan) in 0,1 M sodium acetate, 0,1 M NHacl at pH 5.0 and
17° ¢ for i8 hrs. The reaction was stopped by 2 min, incubation at
100° C and the dipested mixture applicd to the Sephadex G-50 columi
and eluted with pyridine acetate an describaed,

2 ml fractions were analysed for uronfce acid, The fras, marked
were pooled, lyophilized and analysed for uronic actid and dermatan
aulphate. Octa, hexa and tetra refer to the clution positions of veta,
hexa and tetrasaccharides obtained by hyaluronidase digestion of
chondroitin ﬁulphace. Vo and Vt are the elution positions of blue
dextran and “H,0 respectively,
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,The pOSS1b111ty exists that\the’SO% alcohol fraction lS 1n fact a-
L:;chondroltln sulphate contamlnated with: a small amount of the copolymerlc
b,materlal such .as found rn th\ 40% alcohol Tractlon. If thls were the

'Abcase however the proportlon of 1duron1c acxd retarded on Sephadex G-SO

vbwould be expected to be[the same in the 40% and 50% alcohol fractlons oy

“woo. .
. |
FEE

:”.‘whlqh is not the case (Table 12). bf‘Ad“x"’j".“c . ‘._h_ ‘ S

. W
Thede fractlons \however are probably not homogeneous but contaln:,_ Lo .

.”.a range of. glucuronlc ac1d rlch copolymers Furthermore the occurence ,ﬂ}vo_.j S

. of a small proportlon of chondrortln sulphate homopolymers (contalnlng :”‘
b -

A : . i

gils} tduronlc ac1d) cannot be ellmlnated ;“fjg ;' i e |
The C°P°h{?€rlc nature Of the: 18 and 25% alcohol fractlons 1s;i;f‘j?’

"1nd1cated by the products of hyaluronldase dlgestlon Although extenS1veufi S

ddegradatlon of the 18% alcohol fractldn 1s\not obv1ous on Sephadex G 50 o

t;ffllef;(Flg 15) the degradatlon of both the118 and. 25% alcohol fractlons 1s ;w o :
A ”ev1dent on Sephadex G'ZOO (Flg 16) The extent of degradatlon by boﬁh ' -

'-*ﬁhyaluronldase and perlodate alkall was dependant or: the 1duron1c ac1d
: /

chontent of the polymers and suggests that both are copolymers conté;nlng

”‘}fﬁdlfferent proportlons of glucuronlc ac1d The apparent aggregatlon

z”{}q:daFjbbserved w1th e hyaluronldase dlgest of the 25% alcohol fractlon “fFLE{i_;;;j;yfg
;T;”v:ﬁffff(Flg. 16) 1s.unusua1 but may be of the type reported by Fransson (1976) ; L
B ‘”‘"ffoccurrlng between copolymeric glycosamlnoglycans though thlS fractlon

1f ﬁhy, glucuronlc ac1d In both the 18 and 25% alcéhol

’ontalns 11ttle

[od

»fractlons the number of re81dues res1st1ng‘per10date ox1dat10n -‘alkalllf'Vi

1c1eavage 1s greater than expected from the glucuronrc a01d content of
:fgithe polymer ThlS 1s conslstent w1th the reSults of Fransbon (1974) and

K may be. due to sulphatlon of the 1duron1c ac1d re31due at CZ or CB (thus

frenderlng the re51due§ perlodate 1nsen51t1ve) Ther 1s also the

‘d"yl{,ﬂp0331b111ty that a sma l”proportlon of the non sulphated L—1duron1c ac1d

4

’?Tunlts had the lh7,conformatlon and- thus dlaxral glycol $LO
'fgﬁand CB Thls conformatlon (51m11ar to tha‘

onlc ac1d 1n

-fof gluc”’

'”ﬂf;chondr01t1n sulphate) renders the 1duron1c ac1d less senSLtlve to f;f s

o Shiint ST e A e R e T s

"f;perlodate ox1dat10n.g_

] S

‘v.

The results 1n Table 12 show that nearly all the 1duron1c acld in-

S AL R e PN S St R

(5

d;ﬂﬁgthe 18% alcohqd fractlon occurs in long block reglons that appear t\
ff,“lf;;~{be Iargely free of glucuronlc ac1 (frn._I, F1g..15 and Table 12) L

e

e TN -
. ‘ : : ..
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a“;Fig@:i6j" Gel Chromatography of Hyalur e
s "Alcohol: .Fractions éf Per10donta1 ngament Glycosamlnoglycans Ll

idase. D‘.‘lvgé'stedllé/a'hé\'VZS%“ e

Ton Sephadex G- 200 E ;;a s T ‘_’_“v\

T The 18 and 25 percent ethanol fractlons of perlodoptal llgament
glycosamlnoglycans were. dlgested with hyaluronldase (1

for 18! hrs. After 1O m1n.-1ncubat10n at lOOOC the dlgested materlal was’
applied to -a Sephadex G-200 column: (90 x 1 cm) ‘and eluteéd with 0.2M ‘,
'pyrldlne acetate pH 5% 0., 2 ml? fractlons were collected and analysed for

'i}uronlc“ cid. -V f“and V are the elution volymes of blue dextran and

L dlge$t10n-l, (o and @), h}’aluronldase dlgested 18> and 25 percent ethan01
B fractlons respectlvely- T ‘ | |

H20 reSpectlvely., «3) 18% ethanol; fraction prior to hyaluronldase R

o ;432" N.F. unlts/mg‘
i glycosamlnoglycan) in'0.1M sodlum acetatey O. 1M 'NaCl, at.pH 5.0 and-37 °c BN R
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4 | ) o SR S . S
ST '”'alcohola’ er. "~ % total % total ' iduronic . U
A Lo . fraction. . ‘uronic acid iduronic a01du acid contént . - '
ST e - C . ‘ . of peak % .

- 99,0
48.9

18% L 68.1 g
10.7 o

8
15,5 . 9,
6.5 2

W

27.0 . . 45,2 . 100
45.8- 48,24 0 69.0
10.3 4wl T 25%. 0 .
e LY T | T T - LN
L ‘\ o N, . ) . . »‘ﬂ

. 25%

I3
W M

S 8.z 03555 o 6Ll
N 14,30 G350 44,2

‘ 19.9 .. ;8T 6T
29.6 0 % ( 3%
28,1 - 6#i-ﬂ S 3w

40%

U N O

31.8 - 28,1 4.61 A
LsL2o e Bk e
L LA I LT L

© 50%

‘_‘Tahle 125’ _Ana1y81s of the Frns. Obtalned from SephadequxSOQ

.

fChromatography of Hyaluronldase Dlgested ngament

R

,Glycosamlnoglzcan Fractlons ’:,ef”dfﬁf'ﬁ'%n?

- The erS 1nd1cated in Flg. 15 were collected 1yoph llzed and
..”;fanalysed for ur ic-acid by 'the. carbazole techﬁlque and for 1duron1c
"“-acid.by. the Di’ %@rrante technlque T total uronic ‘acid’ and A;total
. iduronic. ‘acid.refer” to the amount’ of uronic” ac1d and’ 1duron1c dcid N

' 'ngfiﬁound in the des1gnated frns., egpressed as-a: percentage of: the" total L

“ uronic ac1d ‘and a percentage of the: total: 1duron1c acid; recovered from

" <the’ column Iduronlc racid” content of. frn. reﬁers ‘to  the: percentage of
iduronic ac1d to the total. uronlc ‘acid 1nathat frn..'n lndlcates flgures

: "hcalculated from- 1duronlc a01d estlmatlons very close to the llmltsm T8

"fdetectlon R L e s : » SRt A

N BN i :
P .

g581m11ar1y the glucuronlc ac1d also appears to occur in block reglons e
d‘ 81nce after hyaluronldaSe dlgestlon 1t lS ;eérly all found in small
‘¥f ollgosacoharldes (frns 2 and 3, Flg. 15 and Table 12) Hyaluronldaseié
dlgestlon of . the 25% alcohol fractlon suggests that thlS gIYCOSamlno- '
glycan contalns 1arge reglons where 1duron1c and glucuronlc ac1d occurir
1nterspersed Logether Almost 50% of the dlgest is composed of -

g T .

B



"

f‘oligosaccharides‘(fen, 25 that have an overall glucuronic : iduronic
‘ac1d ratio of almost 1 to 2. Ihe remainder of the polymer appears ‘to
"be composed of block regions containlng either iduronlc ‘acjd, giving
'rise‘to frn, 1, or glucuronlc ac1d giving - rlse to ‘frns, 3 and 4, on:
hyaluronldase digestion. R ' |

: ‘Thus, even though lt\seems va11d to pool these glycosamlnoglycan
fractlons\lnto polymers contalnlng predomlnantly glﬂcuronlc acid ‘and
bpolymers congeinlng predomlnantly 1duron1c ac1d the fouq fractlons
- appear to be dlstlnct hybrld glycosamlnoglycan spec1es whlch ﬂlffer *
in the proportion and dlstrlbutlon of gluchronlc and iduronic acid,

in the p031t10n of sulphatlon and 1n mole ular size. . - Vo

95




CHAPTER 4 . . °
THE PROTEGGLYCANS OF THE PERIODONTAL LIGAMENT

. Y
E : e
C ‘ '

4.1 INTRODUCTION ' . o A ‘\_ | -

There is now general agreement that most glycosamlnoglycans occur

in the native state covalently bound ‘to proteln as proteoglycans (see
'.sectlon 1, 3 for a dlscussion of proteoglycan structure), which are ’
"dlstlngulshed by the type of glycosamlnoglycan cha1n and by. the protein
- core. The mos t 1ntensely studled proteoglycan is that from cartllage.
Invest1gat1on of the structure of thlS type of proteoglycan was greatly
fac111tated by the development of a new method of extractlon and
' purlflcatlon us1ng 4 M guanldlnlum cHlorlde extractlon and pun@flcatlon
‘lby den81ty gradlent centrlfugatlon in the presence of guanldlnlum
1’chlor1de (Hascall and SaJdera 1969) In contrast to: cartllage other
connectlve t1ssues such as skln'or perlodontal 11gament contain much

£

smaller amounts of proteoglycan and. the. guanldlnlum chlorlde extracts

»contaln much larger amounts of non-pro eoglycan protelns These factors o

B ‘.-.C
: and the fact that proteoglycans “from these _1ssues ‘have 1ower buoyant "

dens1t1es' wh1ch make them dlfflcult to purlfy

",centrlfugatlon are tbe maJor reasons, for the 11m1t\d

study of this '
type of. proteoglycanp Antonopoulos et et al (1974) however '

flntroduced a tecﬁnlque u81ng DEAE-cellulose chromatography ln 1
~‘wh1ch overcame'most of these problems and greatly fac111tated the' .
isolatlon and purlflcatlon of non—cartllaglnous proteoglycans These

technlques formed the basls of those used to extract and characterlze

-_,//.'.

Ethe proteoglycans of the per10donta1 l;gament - STl ;,\

. It has beconm 1ncrea81ng1y apparent that the presence of proteolytlc ~

; enzymes w1th1n connectlve tlssues can cause partlal degradatlon of the

s

prroteoglycans durlng extractlon (OEgema et al,’ 1975a Pearson and Mason

‘1977) For th1s reason e%;ractlons were /carrled out at neutral pH to

;tmlnlmlze the effect of cathep81n D /an - apparently ub1qu1tous connectlve.}

tlssue acid protease (Barre 1975), and extractlon solutlons\

'id' contained a number of protease 1nh1b1tors (see secfaon 2,2.6.2, l)
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Since very limited quantities of periodontal {1gament could be ”

: obtained extraction and purification techniques were first investigated
using bovine skin, Moreover, preparation of the skin .and. also cartilage
-proéeoglycans enabled valuable comparison with proteoglycans isolated

' fn:m the periodontal ligament. R ) ' C P

Y
. ‘

4,2 EXTRACT].ZON
4;5'1 Extraction of Bovine Skin with Guanidinium Chlordde Solutions o

|
Bov1ne skin was extracted by three sequential treatments with

O 4 M guanidinium chloride fOIIOWed by a similar treatment with 4 M

guanidinium chloride, The yield of glycosaminoglycans protein and
“collagen was determined as described in Table 13, The extraction of
- 90 percent of the. dermatan sulphate was unexpected Sane ~at the time

these results were obtalned the eXGEemely flrm attachment of dermatan‘.h
py&ﬂd hence low yield of |
ered to be characteristic of

' oole and Lowther 1966

P R "“" S

: sulphate proteoglycan to the collagenapatr

'_dermatan sulphate proteoglycans was’ con
this type of proteoglycan (Meyer 1966

'?:Lowther et a1 1967). For the same reaso ] extraction of almost SO

-vpercent of the dermatan sulphate -in- 0, 4 M guanidinlum chloride was even. |
more unexpected although Pearson et al’ (1975) 1n ‘a preliminary rstudx
'lof the glycosaminoglycans oﬁ the . perlodontal llgament had reported

rthat a small amount of dermatan sulphate could be extracted w1th

“ ¥ : S ‘ S
0. 14 M NaCl, ~ . '@,1 gl _: S T I

S

l:4.2.2? Seguential"Ektractigg‘of the Periodontal‘ﬁigament o

C o Im the hope of sel;ltivevy extracting hyaluronic ac1d and the‘fza_‘”f“
chondroitin sulphéte and'dermatan sulphate proteoglycans, perlodontal. "_. :f, 1i],i

_ p11gament was ﬁﬁsracted w1th 0 1 M. NaCl (rather than O 4 M guanidinlum j<\ .?;a;t””
'bchlorlde), 2.0 M NaCl and 4 M guanidinium chlorlde As can be ‘seen from

u'-fTable 14 94% of the total uronic ac1d and 85% of the ‘total dermatan

'sulphate was extracted from the ligament. Some selective extraction o

‘:was apparent from the dermatan sulphate analyses as well as cellulose

_'acetate electrophore81s of theaisolated glycosamlnoglycans However"

v

B almost ZOA of the dermatan sulphate was extracted w1th O 1M NaCl

N 4
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A

Extract | % total % total % total mg Protein | mg hyp
1 HA cs DS
,',\’Ji'f :

0.4 M GuCl
extract 1 - 36,1 26.4 . 21,2 12,5

TR . 1 R : -
extract 2 © | 40,6 9.7 11,2 10.5
extract 3 13,6 .. 13.6 10.8 8.4
extract 1, 2°& 3| 90.3 49,7 43,2
;- e ! /;.;' v )
4MGucl - |y
extract 4 o sa 21.3 - 21,7 | 780 73.4.¢‘
extract 5 | . 2.5  20.6 11,3 360 r] 35
extract 6 | 1.9 . 5.8 . 14,6 | . 158 - | 23.5.
extract 4, Si& 6| 9.5 4.7 47.6 ‘
Residue. - " [ 0,1 " 2.5 . - 9.2 - .

“Tablei13.  Yield of.Proteoglycans(sjafrgHLBevineﬂSRin After’

R Seguential Guanidinium CﬁloridéfEktraction

40 gm (dry weight) of milled boVine skln was extracted with
3 treatments of 0.4 M guanidinium chlorideg’ followed by 3 treatments
4,0 M guanidinium- chloride as described in section-2.2.6.2, Samples
of the extracts were dialysed against distilled water, Aliquots were
,analysed for protein (Lowry et al, 1951) and the remainder digested
with papain, Samples of this mlxture were analysed for hydroxyproline B

, . .(Stegeman and Stalder, 1967). Hyaluronic acid (HA) “and the sulphated

fglycosamlnoglycans were separated by CPC prec1p;tatlon. Chondroitin

"

sulphate - (CS) and dermatan sulphate (DS) were analysed by hyalufonidase\

. digestionﬁ»
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;" Table 1l4.

/ , ~Uronic| Acid Dermatan|Sulphate] llyp Lellulosc
Extﬁu(t , o . o - , Acctate
' 'y‘ ™8l ofal /M8 toéal &  Mlectrophoresis
. ' /"
0.1'M im 11 20,2 | 51.6 4,75 14,7 |16.8
’ 't[ I N
Joam Na GL 2 1551 4.0 0.44 1.4 | 2.83},
0.1 M NaCl 3 - 0.36| 0.9 0.35 1.1 0.874 DS -
A ¢ o ‘ o HA CS
 Total 0.1 M'NaCl | 22.1 1| 56.5 5.54 17.1 |20.5 L
i S |
'2.M NdCl 1 - 3.10 | 7.9 * 0.54 .
P , | .
'2 M-NaCl 2 0.38] 1.0 * : *
. . , -
2 M NaCl 3 0.38) 1.0 * *
. 1 .
: Total 2u Nadl 13.861 9.9 * 0.54 '
4 M Gucl 1 7,501 19.2 | °19.8 61.2 |10.2
 4.M GuCl 2 2;68} 6.9 -} 2.07 6.4 | 5.87|"
L 4MGucl 3 0.438 1.1 | 0.137 { 0.4 | 6.55
" Total 4.M GuCl 10621 27.2 | 22,0 68.0 |22.6 l,fl
 Residue  \__ | 2.53! 6.5 | 4.8 14.8
g: ‘ P ) . . ’:
~_Yield \of Proteoglycans dnd Collagen From Bovine Periodontal

ngament

86 gm (wet welght) of milled bovine per10donta1 hlgament was' extracted
e following solutions:

~with ‘three ‘sequential tréatments of each of .
0.1.M NaCl, 2.M NaCl and 4 M-guanidinium chloride (GuCl). All extractlons

were. carr1ed out at '4° C.and the solutions contained the buffered protease

-analysed by the carbazole technique .(Bitter and Muir,
"digestion and CPC precipltatlon of the glycosaminoglycans ‘
- sulphate analyses- of the ‘glycosaminoglycans was by the periodate- SChlff

technique of Di Ferrante et al (1971)..
hydroxyproline by the Stegeman&:Stalder

. ~inhibitor cocktail described in section 2.2.6.2.1 + Uronic acid was

1962) ,after papain

Dermatan

Extracts were analysed for B
_ technlque (1967). * refers to
- analyses below the limits of detectlon. HA,; CS and DS refer to the

elution positions of standard hyaluron1c ac1d chondroitin sulphatevand

, dermatan sulphate respectlvely, on cellulose acetate electrophoresxs

approx1mate1y 17 gm dry weight isolated from approximately 400 bov1ne

incisors.;-l

SN

\,'

-ﬁ..
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The 2 M NaCl extract contained very little uronic acld posaitive
material and from the strong absorhuncn at 260 nm (2,2 times that at
280 nm at pll 6,8) and from the loss of 80% of the carbazole posicive
material, after digestion with ribonucleaser and deoxyribonutlease and'
/SUbscqucnt dialysis, it waa concluded to contain predominantly nucleic
acild, However this extraction‘stcp was valuable in removing nucleic
acfds which otherwise would have contaminated the 4 M‘gnanidinium

chloride extract.

te

: * « )
4,3 PURIFICATION AND CHARACTERIZATION

4.3.1 DEAE-cellulose Chromatography

A tYpical elnﬁion profile of the conocntrated tissue extracts:ron
bEAE—cellulose is shown in Fig, 17 and the analyses of the fractions
obtained'are given in Table 15. 85 - 98% of the uronic acid positive
material appliea to tbe:DEAE-celluloSe‘columns were recovered in the
eluted fractions for all extracts studied except the 2 M NaCl extract
of the ligament, Nearly all the: collagen was eluted with 7 M urea .and
most of the uronic acid positive maﬁerial was eluted with 2 M NaCl in
7 M urea (with the exception of the 2 M NaCl extract of the ligament),’
The presence of varying amounts of uronlc ac1d positive. mater1a1 in
a‘t:he fractlons eluted with 7 M urea and 0.15 M NaCl in 7 M\urea is

$-d&'@wg»believed largely due to ;nterferenge from non-proteoglycan material,

| in pa;tiénlar the-nucleic acids, Cellulose acetate electrophoresis
‘ f these fractions of the O.Q-M’gqpnidininm chloride,exlfact of the

;/;//// skin and 0.1 M NaCl eXtraot oé the-periédontal 1igament revealed the

- presence of some mater1a1 migrating w1th the mobllity of standard
hyaluronate, However mos t of the low salt fractlons from the DEAE-“ s
eellulpse COlumn.revealed no alcian blue posxtive mater1a1 even. though
'very.high coneentrations based on the uronic ‘acid analyses , were
applied. These fractions were not analysed further. The anomalous

behaviour of the 2 M NaCl extract is . be11eved due to the presence of

The fractions eluted with 2 M ‘NaCl in 7 M urea were dialysed

3 o exten31ve1y against dlstllled water then 1yoph1112ed A slight turbldity

was noticed prlor to 1yoph111zat10n of the 2 M NaCl eluted- fractlon of

1
R ¥

. large amounts of nucleic agads and negllglble quantltles of proteoglycan.

\
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fraction number _ :
Y
Fig. Iy Chromatdgraphy of the 4M Guanidinlum Chlorlde Extract ' .
-3 " on DEAE—Cellulose »

L.

The 4M guanidinium chloride extract ‘of the perlodontal ligament was
concentrated, made to 7M .urea and applied to a DEAE—cellulose column,
previously equilibrated with 7M urea, 0.05M Tris, pPH 6.8.  The column was’
eluted with 7M urea, 0.15M NaCl in 7M. urea and 2.0M NaCl in 7M urea.
‘Eluting solutions were buf fered ‘with 0.05M Tris PH 6.8. 2 ml fractions
‘were collected and the absorbance at 280 nm measured ' -

e
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Uronic Actd | Hyp mg !Celluloua Acatate

 acid and, hydroxypro11ne,neze«defe?ﬁfﬁz§ﬂefter dialysis agalns

‘below the limits: of.de deteet — . -

Fraction ' it
| % total i Flectrophoreain

Skin ! i \

0.4 M GuCl 0,0 | 0,215 47 | \

0,4 M GuCl 0,15 © 0,275 6.1

0.4 M GuCl 2,0 3.93 86,9 ! DS \

. ' : HA  CS s

4,0 M GuCl 0.0 S 0.246 6.1 ! i \

4,0 M GuCl 0,15 ;0,246 6,1 ! r “

4,0 MGul 2.0 3,23 80.8 | I \

Periodontal Ligaqutf "

0.10 NaCl 0.0 877 9.7 7,67 I '

0,10 NaCl 0,15 P3.77 0 17.1 g 10,635 rn ‘

0.10 NaCl 2.0 ' 6,70 0.3 P }.‘;

2.0 NaCl 0.0 0.3 8.80 | 0.115) Il

2.0 NaCl 0,15 © 1,09 28,2 * o

2, o'Nact 20 }0.63 16,3 Lo =i
4w GuCl 0.0 - 1.48 13,9 | 7.32 o

AMGuCl 0,157 ° | 1.84  17.3 0.823 L

4MGuCl 2,0 | 6.36 60,0 * BN '

;Table 15, Recovery ;f Uronic Acid and Hydroxyproline after DEAE- ‘ o

/_ cellulose Chromatography of the Tissue Extracts

The 0.4 M and 4.0 M guanidinlum chloride extracts of bov1ne skln
and 0, y M and 2,0 M Na€l extracts and 4,0 M guanidinium chloride extracts
of bovine incisor periodontal ligament were concentrated, made to 7 M urea,
0.05 M T%is, pH 6.8 and applied to as DEAE-cellulose column previously .

‘equilibrated with 7 M urea, 0,05:M Tris, pH 6.8, The column was eluted 6”45;5

with 7 M urea “(fraction 0, 0), 0.15 M NaCl in 7 M urea (fraq;;gn_ofiﬁigaﬁa”'
2.0 M NaCl in 7 M urea (fraction 2.0), Theeneccvef?”ﬁf_?ﬁe applled uronic

water and papg igestion, HA, DS ang ) B
of standard hyaluronlc acid;-dettmata

respectively——on‘téllulose acetate e S refers to analyses - B

R
3 -
3 .



vsulphate closely paralleled that of the uronic acid, however tzz dermatan

'After gradient centrlfugatlon this. was reduced to 64 and SlA respectively

103

-

the 4 M goantdinium chloride oxtract of the perfodontal Hgament, T™is.
wat removed by centrifuggtion and shown to_contain 194 HE Of hydroxy-
proline and 184 pg of uronic actd, The glycosaminoglycan, luolated by
papain digestion was subjected to collulose acetate elvctruphnrfsia and
was shown to have a very similar mohility to thnt rvmalntng {n soluttion,

though ft appenrvd nlightlycmux'dlltuuo

4,3,2 Density Gradient Centrifugation of Skin and Ligament Proteoglycans

The proteoglycan extracted from bovine akin with 4 M puanidlnium
ehloridc and puriffed by.DFAE-ccllulose chromatography was subjected a
to density gradient cuntrifugntion in 0.4 M guanidinium chloride at a
starting density of 1.55 gm/ml. ‘As observed with an apparently similar

proteoglycan extracted from heart valves (Toole and Lowther , 1968b)

'more than 80% was found at the top of ‘the gradient and: appeared to have

“"a buoyant density less than or_equal to 1.46 gm/ml (Fig, 18a).

Recentrifugation of this material at an initial density of 1.4 gm/ml
and a guanidinium chloride concentration of ®,4 M gave the profile ’
shown in Fig. 18b. The proteoglycan fractionated as a single component
with a buoyant density between 1.4 and 1.5 gm/ml.

In light of these flndings the 4 M guanidinium chloride extract

m@,ﬁ,ﬂ#«of the periodontal ligament, previously purified by DEAE-cellulose

chromatography, was subjected to density gradient centrifugation in 4 M~

.guanidinium chloride at a starting density of 1.4 gm/ml (Fig., 19b).
A DEAE-cellulose purlfled skin proteoglycan preparation (4 M guanidinium

chloride extract) was subjected to-density gradient centrlfugation

bunder the same conditions in parallel (Fig; 19a) Both preparatlons

ran as essentlally 51ng%e proteoglycan species. The analysis of dermatanA

sulphate ‘toruronic acid ratio - varled slightly and was .the greatest in

the fract1on containing the maJorlty of the dermatan sulphate in both
cases (Table 16). Some proteln wasrseparated from the proteoglycan and

ran at the top of the gradient Before centrifugation the skin and- '\\\\\\\\i“

: perlodontal ligament pgeparations contained 71 and 617% protein respectively. |

\\
.
~

based on Lowry proteln and uronic acid analyses ; . )

Q’ e
PR

-~ . . : . .
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Fig, 18 Depaity Gradient Centrifupgation of Skin Proteoglycan

(a) The 4 M guanidintum chloride extract of bovine skin was .
purified by DEAE-cellulose chromatography then made to a denaity of
1,55 gw/ml with CacCl, 0.4 M in guanidinium ehloride and 0,05 M in
sodium acetace, pH 5.8 and centrifuged 4t 190,000 g for 48 hra, The
gradient was divided into 5 equal fracciona which were analyaed for
protein (Q) by absorbance at 240 nm or by the Lowry techniljue after
dialysts agafnst distilled water, and for oronie acdid (@) after dlulysins
and papain digestion, The density of the fractions was determined
using a 100 nl constriction pipette as a pycnpmeter,

' (b) Fractions 4 and 5 were made #0"a density of 1,44 gm/ml with
CaCl, 0.4 M guanidinium chloride™and 0,05 M sodium acetate, pH 5.8
and recentrifuged at=190,000 g for 48 hrs, This gradient was also
divided into 5 equal fractions which were analysed for densfry,
absorbance at 280-nm (0) and uronic acid content (@).
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o uronlc ac1d (Bltter and Mﬁlri 1962)

’ ;JFig;i19 ’ Den31ty,Grad1ent Centrlfugatlon of Skln and ngament :ﬂ :

e LR . < Voo [ SN

g 4
R

Protegglycans &

RN

-

o (a) The - proteoglycan extracted from bov1ne skln‘ w1th 4 M guanldlnlum\
chlorlde purlfled by. DEAE—cellulose chromatography was made to’ a density¥:
of 1. 39 gm/ml with CsCl, 4 M in guanidinium chloride and 0.05" in sodium

‘ acﬁtate pH, 5,8 ‘and centrlfuged at 190,000, g for 48 hrs. The gradlent .»?Fiv"
e was d1v1ded R

ifito . 4: approx1mate1y qual fractions: (51nce fractlon 53 in
"Table 16 wafﬁl“‘ll it was., 1ncluded in fraction 4) which were analysed

" for. den31ty u81n§°a 100~ pl conStrlctlon pipette as. a pycnometer, proteln
(Lowry et al, 1951), ‘dermatan’ sulphate, (Di. Ferrante et al"1971) and

\\-‘ )

(b) “The proteoglycan extracted frem the perlodontal llgament w1th

i HA'M guanldlnlum chloride and purlfled by DEAE cellulose(chromatography

.

'7.¢5 equaI fractlons

! was subJected to- SLmllar den81ty gradient, centrlfugatlon except: that ‘
fthe startlng‘den31ty was 1.4 gm/ml and the gradlent was d1v1ded 1nto L

(c) The’ proteoglycan extraqted from bov1ne perlodontal llgament
d9181ty gradient centrlfugatlon except- that’ the startlng den31ty was ?
= fractlons plus -a-gel (G) Whlch floated’ at the:.top - of the gradlent were

o obtalned and . analysed as de3cr1bed above ’“_.:,,v o Tl

,.2:- .

and purlfled by DEAE-cellulosé“ﬁhromatography was subjected to a 51m11arif[ff-

VL 63 gm/ml and guanidiniunm chloride concentratlon t#as 0.5 M. Five equal _‘fh'ﬁ“
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. The skln proteoglycan preparatlon had a buoyant dens1ty of 1 42 gm/ml

:and the llgament protedglycan, whlch %ave a sharper fractloﬂatlon had

lsllghtly hlgher buoyant den31ty of 1.45 gm/ml Alteration of the.

‘lguanldlnlum chlorlde concentratlon from 0.4 to 4, O M made 11tt1e apparent

dlfference to.. the den51ty gradlent centrlfugatlon pattern of the skln' <

,proteoglycan (co f F1g.,18b and F1g._l9a) or to the protein content 0f

N

\fvac1d analyses R 1’ T " ?;”’« V:.‘ 2 ﬂ'  S

‘:gkglycosamlnoglycans 1Solated from the varlous fractlons of both the skln

>f,the fractlons Fractlon 3 (Flg. 18b) from . the denslty gradlent formed
f1n 0. 4 M guan1d1n1um chlor1de had a proteln content of 67% wh11e"”
'fractlon 2. (Flg. l9a) from the gradlent formed 1n 4 M. guanldlnlum

- chlorlde had a proteln content of 64% based on Lowry proteln ahd uronic

[

I

Den51tometr1c 3cans from cellulose acetate electrophore31s of the o

f;and llgament proteoglycans (4 M- guanldlnlum chlorlde extracts) shown

'1n Flg. 20 revealed only one sharp peak w1th a mOblllty sllghtly less -

- ”'[ pattern ‘given by the 18 and 257 alcohol fractlonsllsolated from the_fj

"ffperlodontal llgament by papaln dlgestlon. Slnce all fractlons had

~‘than that of the standard dermatan sulphate and 1ndlscern1ble from- the

108
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.'essentlally the same behavrour on cellulose acetate electrophore31s

PN

\-Aqnly, 1s shOWn.

“centrqugatlon 1n O 4 M_guanldlnlum chlorlde at an 1n1t1al-dens1ty of
1,63 gm/ml The proflle obta1ned§>§h9yn in Flg. 19c suggests that most
‘f,of th1s mater1a1 haS‘a buoyant den51ty greater than 1 6 gm/ml but the

Xy :

The 0 l M NaCl extract of the perlodontal llgament after

“tfpurlflcatlon on: DEAE—cellulose was subJected o~ denSLty gradlent

o

proteoglycan de not fractlonate lnto a 51ngle spec1es of a well deflned :

-buoyant den51ty._The hlgh den81ty fractlons contalned low 1evels of B
| R

‘protein and dermatan Sulphate wh1ch were concentrated in the 1east dense o
o fractlon and the gel.formlng at the top of the gradlent These fractlops

*’contalned 75%. of the proteln and 62% of the dermatan sulphate presenﬁ

(Table. 16) Hydroxyprollne ana1y81s of the gel showed that collagen

7const1tuted only 4. SA\of the total proteln present ln tZe gel ( 30 pg

,1f hydroxyprollne equlvalent to 0, 22 mg collagen ‘in thelge

\

)e

Den81tometr1c scans from cellulqse acetate electrdphoresls of the

A EERT L i T P
e , SR o N
kS RS Lo . :

Ca representatlve proflle of the skln and lrgament proteoglyqan fractlons‘\ﬁ
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. Fig,ﬁ!@;' Eleétrophoretic Patterﬁs of GlycbséminogLycané from. the

. dialysed.agdinst.distilled water then dried under vacuum, Glycosamino=:
section 2,2.5, - The standar

* ‘glycosaminoglyc isolated from the density gradient fractions 1, @
2, 3, 4, 5.and tuc gel of the 0.1 M‘NaCl~extraCted_ligament'proteoglycan.

' Representative profiles of glycosaminoglycans from the density gradient -
' fractions of the 4.M guanidinium chioride extracted ligament = proteoglycan . R
(4 M GuCl) ™ (gradient’ fraction 2) and 4 M guanidinium chloride extracted  * R S

LSKin_protédglyCaﬁ_(skin)'(gradfént'ffaction[3)4are’also shown,. HA, DS : '

.
L/
a
|

‘DegsitY'Grddient Fractions .of Skin and Ligament Proteoglycans‘;;~' Ly
S B Co / "' » L o . B '_;;v,_‘“', " e » L }
. Glycosaminoglycans were isolated from the'dénsity gradient fractiong,
of the skin and~ligament proteoglycans (Fig. 19) by papain digestion,

e

glycan samples iﬂ_distilledvwater;(approx:.1;Q ug in uronic acid/nl) f'b Qf»

.were subjected to cellulose acetate electrophoresis as described in

. T » dnénd,samplefglyposéminbglycan’bandsAwere~‘” k/“"ffiw; R
scanned separately at 600 nm and the profiles superimposed. S s

0.1, 13 0.1 2; 0.1, 3;-0,1, 4; 0.1, 5 and 0.1, G refer to the

- -

and CSvreferjto,thavaSitionﬁofvstandard‘hyaluronic-écid,‘de:matén N Do
sulphate and chondroitin sulphate respectively. Tne solid lines are '

‘the profiles_of the standard glycosaminoglycan mixtures and’ the dotted

lines are thé'pfbfilés'pf“glycqéaminoglycans-frpm‘thé density gradiemt
fractiénS’I ~-'.k:;.‘v‘ i "h:Ak‘ ‘“f‘v 'H{ : ’,' 3 e S e s

g

e

e

&
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B S
Efactiony ' density"'prQQein aronic ’ darmatan mg DS %3pratéinf‘
: : , - acid sulphate o '
‘ ‘mg/ml‘ vmg/fra . ng/frn . mg/frn mg UA ‘
. 4 \ ..
Skin 1| 1. 534"'- 0.089 198’ 0.156 0,79 - 13.0
- 2 | 422 3.57  ©663  .3.12 4,70 ° 64,2
3| L3610 sise - s77 1'99'1f, 3,40 672
41 L3040 374 525 1039 L 2,65 . 7004 -
75.',1;289 f«o;927 . 97.7 o0, 371;' 3.80 . 76,0 . o
Ligament 1 1,567 0.432 . 258 .. 0.583 2. 26 35.8
&M GuCl - 5 1y st 388 1255 6,10 - 4, 85 50.8 "
37 1:376‘_'. 1,78 / 493 1. 83 I B 72 ;_54.6”s'\
4 | 1327 1.6 a2l 64. a?:3,88 57,0
5| 1280 2,50 ._246,'j y»0,9381>f»j3;8x 2
© Ligament 1 | 1,791 0,342 449 0.158. © 0.35 202
SO MNCh las _o.sse sk 0.226 0.43 22,0
3 | 16707 0.767 . 605 0,310 0,51 .. 29,7
4 | 1.604 . 1,04 . 521 .o, 445 . .0.86 40,0 W
5| 1516 2,53 .'559'f“1 0.783 . 140 60,1
e 4L84a/7if«550'. S 114‘.»;.2.03;r 75T TR
'Table 16'- Analyses of the Fractlons from the Den51ty Gradlent ‘ o
o Centrlfugatlon of Skin and ngament Proteoglycans o
The 4 M guanldlnlum chlorlde extracts of bovlne skln and per10donta1 f,,Au“

. ‘ligament:and-the 0,1 M NaCl extract of periodontal llgament, prev1ously
purified by DEAE-cellulose chromatography were subJected to CsCl density. .\
f.gradlent centrlfugatlon at initial densities of 1.39, 1,41 and 1.63 gm/ml

: respectlvely, in guanidinium chlorlde (4 M for guanldlnlum chlorxde
;extracts -and 0.4 M for the 0,1 M NaCl- ‘extract). -The gradlents were -

: fd1v1ded into- 5 approx1mately ‘equal fractions and analysed for. den81ty,

“ . -after didlysis ‘and papain digestion, and dermatan sulphate (DS) by the

- using a 100 pl constriction pipette as a pycnometer -protein- by the Lowry

' technlque after d1a1y51s uronic acid (UA) by the carbazole technlque S
" Di Ferrante technique (1971) ;- after dialysis. % protein: was ‘calculated’
from Lowry proteln and uronlc}ac1d analyses, u31ng a convars1on fattor

‘of uronlc ac1d to glycosamlnoglycan of 3.3. SR
A = - o BT :
" ' R . ',,7‘
v ! . -
# ‘ R / '
o \; oY
4 ; ’; :
{v o /”“, PR
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. .
glycosaminoglycans, iSOlated from the various fractions, are shown in

Fig. 20, All fractions contained a predominance of material which ran

" as a brpad band xextending from the pDSition "of standard chondrOitin
sulphate to that of standard hyaluronic actd? In concurrence with the
1“"high\er concentrations of dermatan sulphate found \n the gel,

glycosaminoglycans isolated from this fraction ‘showed a sharper peak
I

with'a mobility slight}ymless thanthat of standard dermatan 3u1phate

,~ff\xand similar to the 18 and 25% alcohol fractions isolated from theg§7f

;Y u
S

| 1igament by papain digestion. All fractions with sthe exception of the

\\

'p‘ highest denSity fraction conLained\material which had a- mobility very o .

Similar to that of standard hyaluronic - -acid. - o *\\\\ .

\

7'4.3.3'1 CompOSite AgarosetPolyacrylamide Gel ElectrophoreSis of l{\ :

A

DenSity Gradient Fractions ..

-\ L B . B . oy ) <9

“The fractions isolated from denSity gradient- centrifugation of
‘the- proteoglycans were subJected to composite- agarose—polyacrylamide :
gel electrophoreSis Densitometric scans of gels stained for. proteoglycan
f oT protein are’ shown in- Figs:,21 22. .and 23. -The mobility of the'bands
observed relative to that of the marker dye. (bromphenol blue) are shown' »
,: in Table 17 T S / S e
_ », From the toluidi%e blue staining patte&n it appears that most of
_5§r he gradient—fractions of theiskin proteoglycan contain two closely\
>T,Similar proteoglycan spec1es with a relative mobility of 0, 70 and 0. 73
The proteoglycan bands were. not always separated on gel electrophoreSis.
: The reason for this variation is unglear but may be‘due to s}ight N
variations in electrophoreSis conditions._Staining for protein showed;
) | three predbminant bands one with essentially identiCal mobility ‘to -
{7;\ one of the proteoglycan bands (0. 70) . ough it is difficult to make ‘
comparisons between bands distinguished With different dyes these s
4i fractions appear ib contain non-proteoglycan proteins of very Similar
' ‘£~ ‘mobility to the proteoglycans. The 1east dense fraption.(s) shows’ ‘the |
presence of\much slower mov1ng protein SpeC1eS 'some of whi h failed

to enter the gel The ‘most’ dense fraction (l) showed two bands of - gyl

toluidine blue staining material which ran faster than the marker dye 3

. and failed to. stain With CoomaSSie blue This behaViour is- conSistept 7:ff , 1;'”¥

v

v
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Fig., 21  ‘Den5itometric Scans_of Agarose-Polyacrylamide Gel .

Electfaphoresis of Skin Proteoglycan Density Gradient

-, Fractions’ 2
\ ' ! {

Samples (containing approximately. 20 pg im uronic acid): f£xom. the

density graﬂient‘fraqtions of skin proteoglycan were lyophilized then
dissolved in ‘50 pl distilled water. 25 pl samples were subjected to . |
.electrophoresis on composite agarase-polyacrylamide gels (0.%% agarose, . =
2% acrylamide). Gels were staimed for proteoglycan with toluidine blue (TB).
and scanned at 550 am, or fér protein with Coomassie blue (CB) and L
scanned at 560 nm. Scans 1, 2, 3, 4 and 5 refer 'to the'fractions isolated .,
. giom the density gradient (Fig. 19). Rbpb’ mobility relative to bromphenol

_ blue. | o : ‘ : , \

1
|
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Fig, 22 Densitometric Scans of Agarose-Polyacrylamide Cel

Electrophoresis of 4 M Guanidinium Chloride Extracted

Ligament Proteoglycan Density Gradient Fractions

Samplesa (containing approximately 20 ng uronic acid) from: the
.density gradient centrifugation of 4 M guanidinium chloride extracted"
ligament proteoglycan were lyophilized ;gén dissolved in 50 nl of
distilled water, 25 nl samples were subfected to gel electrophoresis
as described in Fig, 21, Scans 1, 2, 3, 4 and 5 refer to those fractions
isolated from the "density gradient, TB, toluidine blue stained,
CB, Coomassie blue stained, Rbpb’ mobility relative to bromphenol blue,
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Fig. 23 Densitomctric Scans of. Agarose-Polyacrylamide Gel

Electrophoresis of 0,1 M NaCl Extracted Ligament Proteoglycan

Samples (co Ining approximately 20 pg uronic acid) from the
‘density gradicn Aﬁtrifugation of 0,1 M NaCl extracted ligament
proteoglycans weiﬂf yophilized then dissolveéd in 50 pl of diastilled

water, 25 pl samples were subjected to gel electrophoresis as described
in Flg., 21, Scans 1, 2, 3, 4, 5 and G (Gel) refer to those fractions
isolated from the dcnsity grndient. PGS refers to a sample of
proteoglycan Ssubunit isolated from bovine nasal septum cartilage.

TB, toluidine blue stained, CB, Coomassie blue stained, Rb b? mobility
relative to bromphenol blue.
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Table 17, Cal Klectrophoretic Properties of Skin and Ligasent
! / ol hlertry tic jie A 1t and Liganenht

imunit¥”0§ﬁﬂivnc Practions

Proteoglycans extracted from bovine skin and perfodontal 1{gament
and purified by DEAE-cellulose chromatography were subjected to cesfum
chloride density gradient centrifugation, The electrophoretic behaviour
of the various fractiona, on composite polyacrylamide~agarose gel
¢lectrophoresis, {8 shown in Figs, 21, 22 & 23, Cela were stalned for
protoin (Cosmansis blue) and for proteoplycan (toluidtne blue) and the
mobility of the banda (observed viaually) relative to that of the
marker dye  (bromphenol blue) s given, Skin proteoglycan was that
extracted with 4 M guanidinfum chlortde (GuCl), Fractfons 1 to 5 ave
those obtatned from dennity pradient centcifupation of the proteopglycans
and shown {n Fig, 19. * refers to very faint bands,
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with the presence of free glycosamlnoglycan chalns or nuclelc ac1dsn
n.r{j‘ The gradlent fractlons of the 4 M guanldlnlum chloride extracted
llgament proteoglycan all sh0wed the predomlnance of a 31ng1e spec1eso ,

‘ of proteoglycaﬁ Whlch had a relatlve moblllty of 0, 64 to 0. 66 and

fspuxi stalned Wlth both Coomass1e blue and toluldlne blue (Flg. 22 Table 17)

The most dense fractlon (1) also contalned a proteoglycan spec1ﬁs Wthh
had a relatlve moblllty of 0 43 to. O 45 and the. less dense fractlons
showed the presence of 1ower moblllty proteln spec1es,}some of whlch :

falled to enQer the gel

The gel electrophoretlc proflles of the - gradlent fractlons of o -

the Q 1 M NaCl extracted llgament proteoglycans were much more complex,ﬂii.
Gel electrophores1s dlsplayed the presence of ‘a mlxture of slow mov1ng T

proteoglycan components as’ Welllas s0me fast mov1ng components (F1g.,23)’d”

The predomlnant proteoglycan spec1es had a mob111ty 51m11ar to the L
: maJor component found on the electrophore31s of proteoglycan subunlt
"1solated from bovine nasal septum cartllage (F1g° 23 and Table 17)

Cooma831e blue did not. staln these components of the higher den51ty

fractlons (l 2 and 3). The proteln present was probably masked by

”’; gfycosamlnoglycan chalns and unavallable to Coomassie blue A 31m11ar_¥‘

¥

stalnlng pattern was observed w1th cartllage proteoglycans; A number of.-
proteln spec1es were observed 1n the lower densrty fractlons and. a'
/large proportlon of- these falled to enter the gel The gel floatlng at
‘the top of’ the density gradlent contalned two proteoglycan spec1es
:hOne stalned w1th t01u1d1ne blue and Coomass1e blue and had a- s1m11ar
- mob111ty to! the proteoglycan extracted hlth 4 M guan1d1um chlorlde ’f*
(relatlve moblllty O 65 = O 66) The other was., detected with toluldlne'

V‘blue only and had a relatlve mobllrﬁy of 0 78 The other apparent peaks

on’ the scan (Flg° 23 GTB) were not obv1ous v1sually and are belleved ol '

-~ .due to uneven gel"destalnlng°

t’

*4.3.4f Mblecular Characteristlcs  the 4 M Guanidinium'Chlorided'

Extracted Proteoglycans”

4, 3 4 1 Gel Chromato phy

e

The elutlon proflle obtalned when Skln proteoglycan, purlfled by

23

'DEAEZcellulose chromatography and den31ty gradlent centrlfugatlon wasf'

chromatographed on Sepharose 2-v’f1s shown in Flg. 24a..A s1ngle peak

ST .
Lo -
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Fig;_24t Gel Chromatographx of Skln“Prpteoglycan

~ ) N i . . PN
\‘ ' '

v .
P .- \;’—
(a) Proteoglycan (approx1mately 1 mg) extracted\from bovine skln

| with 4 M, guanidinium chloride and purified by DEAE-cellulose
: chromatography and density gradient centrlfugatlon pooled fraction® 2,

3 and 4, QF1g,(18b) was. applied to a SepharoSe\Z -B. column (1 x 100 an,
equ111brated with 0,5 M sodlum acetate pH 6.8 ‘and, eluted with the same

. buffer-at &4 ml/hr.\. , 4

(b) .Proteoglycan’ (2,5 mg) extracted from‘bov1ne skln and purlfled

- by DEAE-cellulose ‘¢hromatography was applied to a Sepharose 6-B column

' (1 x 90 cm) and eluted with the same buffer at 4 ml/hr.

() /Bgnaity\gradlent ‘fractions. '2:and" 3 (Flg. 19a) of the sklo

: proteoglycan were pooled and an: allquot (1,6 mg) subJected to gel

chromatography on” the ‘Sepharose: '6-B column under - the’ same . conditions.
2-ml fractlons were’ collected and measured for absorbance-at ,
280 nm (O) and: for- uronic ac1d by: the manual. (a) or automated (b) and.

>. (c) carbazole technique, (@). Vo is the: elutlon position of*cart:llage, J

- proteoglycan aggregate and Vt. the elution position of “H,O. The bar. in
(c) refers .to the: fractions taken ' for isolation’ and analyse§ of
glycosaanoglycans The peaks marked with bars in both (b) and  (c) were

~ pooled and analysed for proteln content by the ‘Lowry- technigueé '(1951).

- Aliquots of the’ peak marked in (c¢) were used for amino acid analysis :and

"aliquots of the peak marked in. (b) were used for the determlnatlon of

the moléecular welght by Sedlmentatlon\equlllbrlum centrlfugation.-

s
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very close to. the total volume of the column was .observed by monitoring

“f‘the distrlbutlon of protein ‘and uronic. ac1d Slnce no hlgher molecular

.‘tWELght materlal such. as that isolated ‘from pig sk1n (Obrink 1972),

observed in these hreparations,subsequent chromatography of the 4 M
guanldlnlum chlorlde éxtracted proteoglycans from bov1ne sk1n and
per10donta1 llgament was performed\on Sepharose 6~B, '

Density gradient centrifugation made llttle di fference to the ‘
.elutlon profiles of the skin proteoglycan on Sepharose 6-B (Fig. 24b and c)

' The mater1al taken prior to den31ty gradlent centrlfugatlon shows the“

t'_kpresence of contamlnatlng proteln near the void and total volumes of- the
fﬁcolumn and well separated from the proteoglycan peak, ‘After  density
\xgradlent centrlfugatlon no- _change was observed in the elutlon proflle o ‘Q‘ji
of" the proteoglycan however there is'a reductlon in the contamlnatlng

o .o . P N

proteln peaks e ‘ T S - -
‘A somewhat s1m11ar 51tuat10n was found with 4 M guanldlnlum chlorlde "nf. -

.extracted llgament proteoglycan. Gel chromatography prlor to den31ty

gradlent centrlfugatlon showed the presence of a promlnent proteoglycan

‘peak and proteln peaks at: thé v01d volume and near the total volume of

‘the column however in’ thlS case a. shoulder of uronlc ac1d p031t1ve L L 5" NQ
‘materlal was observed that eluted close . to ‘the v01d Volume of the o ‘ :
column (Flg. 25a) After dens1ty gradlent centrlfugatlon there was
'»11ttle chang in the. maJor proteoglycan peak but the proteln peaks at ‘;'

v;the v01d and;near the total volumes of the column were markedly d1m1M15hed

"as was the shoulder ‘of uronic ac1d p051t1ve materlal near the v01d

' volume. of - the column° f o L ' '

) - Equlllbrlum den31ty gradlent centrlfugatlon in 4 M guanldlnlum
chlorlde causes the dlssoc1at10n of cartllage proteoglycan aggregate
"to free hyaluronlc ac1d chalns link, protelnzgand proteoglycan subunlt

(Hascall and SaJdera 1969, Hardlngham and. Mu1r, 1974) However a
l similar treatment of the 4 M. guanldlnlum chlorlde extracted 11gament

‘or skln proteoglycans, after purlflcatlon by DEAE-cellulose chromato— : o f:,Z

5
§
g
b
b

-graphy caused nelgher change 1n apparent molecular 51ze nor change 1n

'the proteln content of the proteoglycans The skrn proteoglycan peak

vby uron1c ac1d and Lcwry proteln analySLS After densrty gradlent

_centrlfugatlon 1n 4/M guanldlnlum chlorlde the proteoglycan further R

-




125

i
'

" Fig, 25 Gel Chromatography of 4 M Guanidinium Chloride Extracted .

Periodontal Ligament Proteoglycans
A i . - -

. - (a)  Proteoglycan (approximately 2 mg) extrdcted from bovine
periodontal ligament with“4 M guanidinium chloride and purified by
DEAE-cellulose_chromatégraphy was applied to a Sepharose 6-B. column
(L.x 90 cm) and eluted wijth' 0,5 M sodium‘aéetate, pPH 6.8 at 4 ml/hr,:

(b)  Density gradient fractions 2 and 3 of the same ligament . .y
proteoglycan were pooled and an aliquot (approximately 2 mg) was applied
to the Sepharose 6-B column and eluted as described above, ‘ ‘

. 2 ml ‘fractions were collected in both cases and ‘analysed for
absotbance at' 280 am (0) and for uronic acid (@) by the automated
carbazole téchpiqpe.fvd is ;he,elution-positiqnbof aggregated cartilage:
proteoglycan and Vt. the elution position of “H,0., The bar in (b) refers -
to ‘the fractions. takgm for the isolation and afialyses of glycosamino=

:glycans, The peaks marked with bars in both (a) and (b) were pooled and

analysed;for:protein'content‘b§ichefLowryfteéhnique'(1931);vAriquots

“of the peak marked in (b) were used for .aminc acid analyses and aliquots

of the peak marked 'in (a) were ‘used for the'determinaﬁion.of”mblecular

‘weight by sedimentation eqhilibrium’cené&ifugation}'v
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‘purified by Sepharose 6 B gel chromatography (Fig 24c) was shown to
contain -60,8% proteln and 39.2% glycosaminoglycan. Similar analysis of
the 4 M guanidinium chloride extracted ligament proteoglycan showed

that before gradient centrlfugation the proteoglycan obtained from gel
chromatography on Sepharose 6-B (Fig.25a) contained 47 BA protein and’
52, 7% glycosamlnoglycan, and that obtalned from gel chromatography after
‘density gradient centrlfugadlon (Fig.25b) contained 47.7% protein and
.-52 3% glycosaminoglycan, Thus either these proteoglycans do not, appear
to have a hlgher/order of a83001at10n 'such as is observed w1th cartllage
proteoglycans or ‘any associated proteln or polysaccharlde is. lost on
DEAE-cellulose chromatography. _
4,3, 4 2 Molecular Weight - v l | 'i\ A
4 -

The welght average molecular weights of the skin and 11gament

vyproteoglycans after pur1f1cat10n by gel chromatography (peaks marked
1n ‘Fig.. 24b and 25a respectlvely) were determined by sedlmentatlon
equlllbrlum centrifugation to be 100 OOO and 130 ,000 respectlvely.
However, whereas sedlmentatlon veloc1ty studles showed the ligament -

proteoglycan to be’ homogeneous the skln proteoglycan showed the

.- presence of a small amount of lower molecular welght contamlnant An

attempt was made to compensate for thlS by ignoring the flrst two points
taken across .the cell and ‘using the last 8 p01nts only to calculate
molecular welght The lower molecular welght contamlnant was believed
3to have arlsen due to the action of an endogenous protease (belleved

to - be present in these preparat1ons see section 4, 5) on the proteoglycan

'wh11e ‘the proteoglycan was 1ncubated at 20° ¢ for several hours due ‘to , -

a centrlfuge mal fi on,

o

4.3.4,3  Amino Acid‘Analysis

‘ Ana1y51s of the 4'M guanldlnlum chlorlde extracted skln and \'<

periodontal llgament proteogly ans (allquots taken from gel chromatography

- shown in Figs, 240 and 25b) showed that they had v1rtua11y 1dent1cal
amino acid composi tions (Table» 8) “The only reésidue. that showed -
substant1a1 disfference was phenylalanlne and, as mentloned in section _

t 2.2, 12 8, thls amino. acid’ could only be roughly estlmated due to" the

poor separatlon from galactosamlne. The 'amino ac1d’analy31s of these . .

‘proteoglycans showed famlllal;resemblance to.thetdermatan sulphate

-
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Table 18. Amino Acid Composition of Dermatan Sulphate Protcoglycans
' * .

The periodontal ligament (P.L.) and skin protcoglycans were
extracted with 4 M guanidinium chloride and purified by DEAE-cellulose
chpomatography, and gel chromatography (aliquots of peaks shown in
Figs. 25b and 24c). The amino acid composition was determined as
described in-section 2.2.12,8. Each value given is the average of two

~ separate analyses on’'duplicate hydrolysates. For comparison, analyses

are given for pig skin proteoglycan extracted with hot 6'M urea and

. purified by density gradient centrifugation (Obrink, )72), heart valve.

proteoglycan purified by the same technique (Toole and Lowther, 1968b),

~and tendon proteoglycan extracted with -3 M MgCl, and purified by

affinity chromatography and density gradient centrifugation (Anderson
1975). Analysis of the keratan sulphate proteoglycan reported by
Axelsson and Helnegard (1978) 1is also included for comparison.

1
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Tabie 18, “Amino/Acid'Composition“of Dermatan Sulphate Proteog}ycahs

Residues per 1000 residues

-

P

Anino Dermatan Sulphate Proteoglycans Keratan
Acid P, L. Bovine Pig Bovine _Bovine i:iigggiycan
Skin Skin  Heart Tendon
_Valve

Hyp 0 0 - 14 - -
Asp 126-- 129 134 122 110 153
Thr 40 42 46 56 43 35

ﬂ'Ser 76 71 69 67 79 74
Glu 105 106 110 139 104 106
Pro | 67 72 79 75 87 62
Gly 84 85 81 90 89 48

. Ala 751 .. 52 53 .7i’ 53 " 43

Valw | 59 62 56 50 58 52
Met '8 8 14 5 10 1

CTleuw | 57 61 56 37 54 47

. Leu 126 12 132 96 119 158

Tyr 29 28 24 23 22 40
Phe . a1 17 54 33 28 - .34

" Hyl 0 0 | - - - -
Lys 76 83 29. 46 86 63
His 28, 28 22 19 29 21
wg |32 29 3 sl 29 a7
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proteoglycans isgola ted from pig skin, bovine heart” valves and bovine
tendon (Table-18), though some marked differences were observed, Analysis
of the pig“kin ang/bovine heart valvé preparations showed relatively

low levels of}‘?éfhe, probably arising from the carbamylation of the 1
€ -amino group during isolation, It hasg bcen shown (lh&el et al, 1971

and Gtrding et al, 1971) . that cyanatgﬁiormatioann urea solutions cannot
be avoided at pH values higher than 4, and is 5rtqt1y favoured by }
1ncreasing temperature.: The skin and heart valve preparations cited were
extracted with 6 M urea at.60° C and were thus exposed to considerable
amounts of dyanate which is known to carbamylate free amino groups, '
resulting in the formation of. homocitrulline (Stark et al, 1960),

‘bovine skin and periodontal ligament proteoglycans ware also expésed to

concentrated urea solutions, however the temperature was always maintained
at or beloQ 4” C and the solutions were buffered with 0,05'M Tris which
should have reacted with any cyanate formed, Lysine levels similar to
those of the dermatan sulphate proteoglycan isolated without exposure

a-to urea (bovine tendon Preparation, Anderson, 1975) Suggest that

modification of the lysine" re51dues in these preparations was negligible,

The other dlfferences in aplno ac1d composition observed may have been

due to dlfferent tethnlques af 1solat10n and purification of the

N -

proteoglycans, L i1 ‘ . o ;@,

Comparison of the amlno acid- anaIyses of‘the dermatan sulphate
proteoglycans with that of a keratan sulpha%g Proteoglycan (Axelsson and
Helnegérd 1978) showed some resemblance suggestlng that the proteln'
cores of these dlstlnctly dlfferent proteoglycans may have a fam111a1

51m11ar1ty.

4.3.5 Molecular_Characteristics of the 0,1 M NacCl Exézacted Periodontal

Ligament Proteoglycan

As wes observed with gel electrophore81s the gel chromatograph1c
behav10ur of the 0.1 M NaCl extracted llgament proteoglycan was much
more complex and from the elution behaviour on Sepharose 2-B of the
DEAE-cellulose purified preparatlon shown in Fig, 26a, it appears to
contain a number of proteoglycan species of varylng molecular §ize,
Furthermore from the relative absorbance at 260 and 280 nm (2.3 at pH 6.8)

the material eluting near the total volume of the column appears to be
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© Fig., 26 Gel Chromatography of 0,1 M NaCl Extracted Periodontal Iigament
. ! ) ;o P

Proteodglycans

(a) Protcoglycan (approximately 1.5 mg) extracted from bovine
periodontal ligament with 0,1 M NaCl and purified by DEAE-cellulose
chromatography was applied to a Sepharose. 2-B column (1 x 90 cm) and
eluted with 0.5 M sodlum acetate, pH 6.8 at &4 ml/hr, -

‘ (b) Density gradient fractions 2, 3 and &4 of the DEAE~ccllulose
purified, 0.1 M NaCl extracted ligament proteoglycan were pooled and
an aliquot (approximately 1.0 mg) was applied to a Sepharose 2-B column
and eluted as described above,

2 ml fractions were collected and analysed for absorbance at 280 nm
(O) and for.uronic acid by the automated carbazole technique (@).

Vo refers to the elution positign of Wggregated cartilage proteoglycan
and Vt the elution position of "H,O. The bar in (b) refers to the
fractions taken for the isolation® and analysis of glycosaminoglycans
and analysis of amino acid composition, ! '
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heavily contaminated wtthf nuclelc actds,
Fractions 2, 3 and 4 from the equilibrium densivy gradient
centri fugation of the 0,1 M NaCl extracted ligament proteoglycan were
' pooled and applied to the Sepharose’ -8 column (Fig, 206h), The elution
hehhviour was similar to that aobtained prior to density gradient
centr{fugation, though it appeared slightly less complex and enriéhed
in higher-molecular weight material, Contamitniating nucleic actds were
sti1l present, though the lower molecular weight prutu@glygnua vo-eluting
with this materlal'were considerably diminished and thus most likely
present in the lower densfry fractions of the gradient,

Analysis showed that this higher molecular weight prSCvnglycan
preparation (aliquot from gel chromatography, Fig,26b) had an amino
acid composition resembling the cartilage proteoglycans (Table 19).
This similarity is consistent with the behaviour of the proteoglycans
on Sepharosc 2-B gel chromatography, The amino acid composition of the
other chondroitin sulphate type proteoglycans quoted (Table 19) showed
marked differences particularly in the serine,aspartic acid and glycine

residues, This probably arises ik the apparently greater heteropeneicy

of the aorta (Antoncpoulos etkgjx 3§74) and cornea (Axclsson and Heinegard,

1975) preparations and the mug er size of the heart valve preparation
(Lowther et al, 1970). However e noncartilagensus chondroitin
sulphate-type protecoglycans showed much higher levels of lysine than the
cartilage préparations.

It may be noted from Table 19, that the two proteoglycan preparations
isolated from the periodontal 1igamént (that is, the 0,1 M NaCl extracted
and 4 M guanidinium chloride extracted proteoglycans) showed distinct
differences in amino acid composition and, though it remains to be

proven, they appear to be different gene products. -

4,3.6 Giycosaminoglycan Composition of the Proteoglycans

The glycosaminoglycans of the proteoglycans isolated from bovine
skin, periodontal ligament ‘and cartilage and from the residue obtained
‘after guanidinium chloridz extraction of the periodontal ligament are
shown in Table 20, | ‘

The proteoglycans extracted from bovine skin and periodontal ligament

» with 4 M guanidinium chloride contained a predominance‘of glycosaminoglycans

3
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: \. Table“l9r‘ .Aminc Acld‘Composltionfof Chdndroitin'Sulphateﬂlroteoglycanspivw

LN

o The periodontal 11gamewt proteoglycans (O 1M NaCl extracted

‘proteoglycan and 4 M. guanidlnlum chloride extracted proteoglycan

“included for pomparlson) were aquuots taken from gel chromatography
(shown in Fig. 25b and 2b). ,The -amino acid. compositlon was determined

‘as described in section 2. 2.12, 8 . Analyses of cartllage proteoglycans :'

NDI non-aggregating and--DI’ aggregatlng were taken from Muir and’
Hardlngham 19757 “The aorta proteoglycan andlyses. are taken from
___Antonopoulos et al, 1974. The proteoglycan preparatlon was a, 4 M.

v guanidinium chlorlde extract purified by DEAE=cellulose chromatography.“h
'= The analyses of the heart valve. chondr01t1n sulphate proteoglycan are.

taken from Lowther: ét’ al, 1970. The proteoglycan was extracted with.
l 0'M NacCl and. purlfled by den31ty gradient centrlfugatlon. The cornea
\proteoglycan analyses were reported by Axelsson and . Helnegard (1975) ..
“The proteoglycan was extracted by %M guanldlnlum chlorlde purified
by DEAE=cellulose- chromatography and- separated from, the keratan AR
‘sulphate proteoglycan (Table 18) by alcohol prec1p1tat10n. 0 refers to
analyses below the level of quantltatlon Fan it T IV

N
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Residues per 1000 Residues

/ N . : : 2

;* + Amino - ‘Per10donta1 Cartllage . ‘ Heart. » : 'Periodontal.i \

Aorta " Valve - Cornea ngament -

;_Adid 1 ngament “.NDi>
“ . CS-PG . 4M(mm.",*,

0.1 M NaCl

i 'ngv‘; e ‘ R . -
:"_v .
[
i

“hsp 79 76 105 100 101 - 126
| thr‘,  t ié; : a ,58 ﬁ'62'>.;'861 v~';92"j}  37f,.." .:40 2,;.
Ser . | 150 ﬁ~i$0ﬂ‘;i237 0699 ss | 18] SR
clu ; \" §152; 146 \»140 1 "iéiG;v | 135i“i 106" “ . 105 .
j ?rq  :‘f 59 - 1- $°; 99  ,‘7§fi;:i_fZ5 ”_ ‘ 84 |. . f‘f67\" ,-A‘ $\\'
ey 1 131 . _‘»£143 ;.1367' 85 :i_» ?71 178 * o osh

Ala | .67 o 12719 58 67 87 | sl T

e ) - ,' Val :

Cs1 - 62 59 S8 590 . 58 o seT

St S39 .37 s 3139 o osT .

[ PERN AT T RSP LSRR P 126

319 2219 .29

a5 .28 3535 VRN AN R S

100 127 35 s3. . sy | 16

;8 100 27 21 18 | 28

29 44 34 33 48 32

Table 19 ino Aqad CompOSLtlon of Chondroltln Sulphate Proteoglycans
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s,
prec1p1tat1ng at low alcohol concentrations characterlstic of
glycosamlnoglycans rich in 1duron1c acid, The glycosamlnoglycans of
‘the skin proteoglycan tended to. prec1p1tate at sllghtly hlgher alcohol
concentratlon con51stent with thelr lower molecular weight (Fransson :
and Rodén 1967b) The perlodontal llgament proteoglycans extracted ,.vh
w1th O 1M NaCl however, contalned predomlnantly glycosamlnoglycans
.prec1p1tat1ng at hlgher alcohol’ concentratlons characterlstlc of the
glycosamlnoglycans rich in- glucuronlc ac1d This proteoglycan also ‘
“contained substantial amounts of glycosamlnoglycans prec1p1tated by . -
3CPC from 0. 03 M NaCl and 0.15 M MgClz, 1nd1cat1ve of the presence of .kg
F,hyaluronlc -acid and heparan sulphate or undersulphated chondr01t1n
alsulphate AS would be expected the glycosamlnoglycans 1solated fnom\;l
"*cartllage proteoglycan preclpltated in a manner’ characterlstlc of .
,chondr01t1n 4-su1phate The re81due obtalned after extractlon of the.
perlodontal llgament gave a prolee of glycosamlnoglycans whlch _
- ‘dlffered from that»obtalned w1th the. extractable materlal and was
suggestlve of another dlStlnCt type of proteoglycan(s)

_Thus the 4 M guanldlnlum chlorlde extracted sk1n proteoglycan_
’appears to con51st of a 31ngle spec1es Wthh has a buoyant denslty of
‘approxxmately 1.42 gm/ml, a proter@ comtent of 614, an elutlon -
‘coeff1c1ent (KaV) of 0.51 on%Sepharose 6 B a relatlve moblllty of .

0.71 - O 74. onltomp051te agarose polyacrylamlde gel electrophore31s ~ K
and .a- molecular welght of lOO OOO The. two bands of proteoglycan o
: observed on gel electrophore31s dld not always separate -and are dlfflcult
'vto explaln though hlghly purlfled dlsaggregated cartllage proteoglycan'
.preparatlons also give two: bands on 31m11ar gel electrobhore31s .
ﬁ(Roughley, 1977 and Stanescu and Maroteaux 1975) The glycosamlnoglycans

o in the. skin proteoglycan aﬁbear to be predomlnantly of the type rich in

31duron1c acid, . e . Cie ‘ . T

The proteoglycan extracted from the perlodontal llgament with.
'4 M guanldlnlum chlor;de 1s 81m11ar to that extracted from the skin,
' however the glyco§am1noglycan chainS“are larger (30 x 103 qompared with
v[18 X 10 ) 1hé§15&ger molecular size of the glycosamlnoglycan chalns V
,Qfobably accoun@s for the hlgher buoyant den81ty (l 45 gm/ml) a lower

U:\proteln epntent (477) and larger size. (molecular welght 130 OOO Kav on K

~

e o

Sepharose 6 B.of O, 36, relatlve mob111ty of 0. 64 - 0.66. on comp081te gel
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Table 20. Glycosamihdglycan,Composition/bf Bovine Skigg £igamenﬂ
S . and Cartildge Proteoklycans /‘-‘.4‘ o " o

° \ . ' \
, Proteoélycan was extracted from bovide skin and periodorital
ligament and purified by DEAE-cellulose chromatography,, density
' gradiéntVCentrifugation and gel chromatography as described in
section 2.2.6.2. The fractions from gel chromatography (shown in
Figs. 24 and 25). and cartilage proteoglycan subunit (prepared as
described in section 2 2.6.1) were subjected to alkali cleavage
and reduction‘with NaB H, and the glycosaminoglycans recovered as
described in the me thods section 2.2.1. Glycosaminoglycans from the.
guanidinium chloride residue were recovered after papain digestion ‘
by CPC precipitation (0.03 and 0.15 M MgCl, fractions) and subseguent.
'alcohoI'prgoipitation (18, 25, 40 and 50% “alcohol fractidns). The
', ~fractions obtained from the proteoglycans and residue were analysed
_"‘i-3for uronic ‘acid (the results-are expressed as a percentage of thel
. * total uronic acid recovered),énd,radioaétivity. The number average - !
 ‘molecular weights calculated (as sjiowa .in section 2.2.3) from these
results are given. * refers\ M¥ higtéeyilar weights calculated after
gel chromatography of the glycdsdminoglycans on: Sephadex G-200. The
- “other molecular weights were calculated from analysis of the alcohol
 precipitates. The CPC fractions were those precipitated from. .,
0.3 M NaCl and 0.15 M MgCl, (see Fig. 5)i GuCl, guanidinium chloride..

. n o 2
e b ' . . ) . ‘
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Proteoglycan ' CPC Alcohol yrohic‘Acid“ Mne x 10-3,'

S Fraétion QFréEtioq , %

Skin. - - ..0,03 T 0
"4 M GuCl extract. o 0:15 ‘ o o
' - | | 18 | - |
25" 49,2 4 18.2%

| 40 298 17,0,

\\ - N IR S
"Perlodontal Ligament N 0;03, B : .0 f/,/‘u

. 4 M GuCl extract - 0,15 . - o 4,7 ‘ ot
| , o s 62,3, . 30.8% L
i S 25 T 6 TR 27.3. <
g ' 40 12,7 0 9.8 ¥
50 . 2.3 o

Periodontal Ligament l0,03 . .”_A "‘ o3 23,1
M'NaCl extract ! o0,15 - 16.4

. o L b0 , -_"-26‘1
B T 1 I Y

Perlodontal ngament - 0.63’ '{, tll S .;;Q 2. 81?
"t?Res1due e IR IR S R ; ' 29.6
B JE I 18 . a1

| e S s iy
40 252

Cartllage o b‘%f&-;‘ 0.03_: 0
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electrophoresis) of the llgament proteoglycans.

The per10donta1 ligament proteoglycan extracted with 0, 1 M NaCl

"contalns predomlnantly higher molecular weight materral which has :a

e

' 'detected with tolu1d1ne blue These bands were not present 1n the

- unlncubated proteo lycans ‘and were con51stent1y found with- this type

' con51ste 1t with the work of Pearson et al (1975). who found that

"llgament could be extracted with 0, 15 M NaCl. Similarly the 4 M guanldullum f

,hlgher buoyant density, 1ower proteln content ""and a’ predominance of ,

glycosaminoglycans rich in glucuronic acid,

There appears to be some overlap in the material extracted from . -

the per10donta1 llgament w1th 0.1 M NaCl and 4 M guanldlnlum chlorlde . . {Tw~\n

The 0.1 M M'NaCl extract contalns some material similar in size and :

1duron1c acid content to that extracted by 4 M guanldrnlum chlorlde o ' i

approx1mately 25% of ‘the total dermatan sulphate in the perlodontal

chloride extract contains some hlgher molecular §T§%_mater1al.

o

4.4 _THE DEGRADATION OF SKIN AND LIGAMENT PROTEOGLYCANS BY TISSUE ... .

(2 M NaCl fractlnns from DEAE-cellulose chromatography) were dlgested

~with cathep81ns D and B, and leucocytlc elastase and. the products

_glycosamlnoglycan ‘chains llnked to small peptldes (Flg. 27 and 28)

’of 1ncubatlon They may be due ‘to the- presence of-small glycosamlnoglycan

or ollgosaccharlde chalns attached either to the. proteoglycans or, more

. PROTEINASES S T

In order to fur ther - 1nvesg1gate the structure of the skln and ‘
perlodontal llgament proteoglycans and- their susceptlblllty to d1gest10n'

by 4 number of tlssue protelnases partlally purlfled preparatlons

electrophoreéed on composite agarose polyacrylamlde gels (Flg. 27 28

and 29, and Table 21). The- prote1nases used in this 1nvest1gat10n :

: . produced flnal degradatlon products hav1ng a range of sizes.

~ The fragments produced by cathep31n B and elastase dlgesbron of o

. the 4 M guanldlnlum chlorlde extracted skin ‘and llgament proteoglycans
- had relative mobilities only sllghtly less than that of the free

: glycosamlnoglycan chains , suggesting that ‘they: contain. 81ngle B ﬁ' E o é

In addltlon to these fragments  faint fast moving bands were also

l

llkely, to contamlnatlng glycoprotelns tor proteoglycans S1nce they

were not. observed after ddgestlon of the hlghly pur1f1ed proteoglycans
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enzyme, The buffer used in ca
‘“The enzyme concentrations was 0,3 ng pet- incubation or ,006 pg/ug of PG,
- The buffer used in cathepsin B digestions was 0.1 M Na K phospate which.

T

Fig.'27. Composite Gel Electrophoresis of Tissue Protease Digests of
Skin Proteoglycan :

Bovihe skin proteoglycad&extracted with 4 M guanidinium chloride

. and purified by DEAE-cellulose chromatography was incubated with
‘cathepsin D or B or 1eucocytic elastase at 37° C for 24 hrs, Control’

incubations were performed in| the appropriate buffer in the absence of
&hepsin D digestions was 0,2 M PAF, pH: 3.6,

contained 1 mM EDTA and 1 mM cysteine, pH 6.0 and an enzyme concentration
of 6 pg per incubation or .07 ug/pg of PG was employed, The buffer used
in leucocytic’ elastase incubations was 0.05 M Tris HCl containing.
1.M-KCl, pH 7.5 and the enzyme concentration was 6 pg per incubation or
.07 ng/pg of PG. The products of digestion were subjected to composite ‘
agarose-polyacrylamide gel electrophoresis (0.6% agarose, 2% polyacrylamide)
and ‘stained for glycosaminoglycans with toluidine blue (TB) or for protein

‘with Coomassie blue (CB). The gels were -scanned at 550 nm (toluidine blue

stained) or 560 nm (Coomassie blue stalned) Rb b mobility relative to

'.bromphenol blue.
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- Fig. 28 . Composite Gel Electrophoreais of Tissue Protcasc Digests of

4 M Guanidinium Chloride Extracted Ligament Protcoglycan

Proteoglycan isolated from the bovine periodontal ligament by
extraction with 4 M guanidinium chloride and purified by DEAE-cellulose
chromatography was subjected to protease digestion followed by composite
agarose-polyacrylamide gel electrophoresis as described in the previous

- figure, . mobility relative to bromphenol blue, TB, toluidine blue,

’
CB, Coomasgge blue,

A\
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Fig, 29 Composite Gel Electrophorenis of Tianue Proteane Digeats by
el the i Y

0,1 M NaCl Extracted Ligament Proteoglycan ' .

. Proteoglycan isolated from the bovine periodontal li gament by )
extraction with 0.1 M NaCl and purified by DEAE-cellulose chromatography
was spbjected to protease digestion followed by composite apgarose-
polyacrylamide gel.electrophoresis as described in Fig, 27, b, cathepsin D,
B, cathepsin B, TB, toluidine blue, CB, Coomasaic hlue, R , mobility

. e | . bpb

relative to bromphenol blue, e

.
p
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L Table 21

Gel Electrophoretlc Progertles Qf Skln and L;gament =

Protecglzﬁans and Dﬂgestlon Products

Mbb111t1es were’ calculated ‘fron’ the recordings shown in the figures,

\," ¢

e

e o

The llgament glycosamlnoglycans (GAG) were those iisolated by papaln
digestion and alcohol:precipitationy 18 and 40% ethanol fractions,

R refers to very faint’ bands or éhoulders

O

* Skin-dermatan. sulphate (DS) was a, 61g skin pfeparatlon (Mlles)
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'“were sllghtly larger than thoSe pr0duced bp dige

C proteoglycans w1th all three enzymes consust;'.'

Dlgestlon of the ligament and Skln proteoglycans (4 M guanldlnlum :
-chlorlde extracted) w1th cathepSLn D produced sllghtly larger fragments,
1nd1cat13e of the’ presence of multlple glycosamlnoglycan chalns attached
| to peptide fragments.‘ : o ‘ : ' |
The fragments produced by d1gest1on of the llgament proteoglycan

.lﬂof the skln

.%dpthe larger size
of the llgament glycosamrhoglycan cha1ns. The dlu-stlon products of.
the skin proteoglycan stalned much more 1ntense1y with’ toluldlne blue

"than did the 1ntact proteoglycan (see for example Fig. 27 cathep31n D

"fdlgest and control) Suggestlng that prote1n masklng may have reduced

- the aCCESSlblllty of toluidlne blue molecules to the glycosamlnoglycan :

'fchalns in’ the 1ntact proteoglycan. Thls phenomenon did not .oceur with
the llgament proteoglycan and may reflect the lower proteln content ‘
Cooma581e blue ﬂtalned the 1ntact proteoglycans very Lntensely, whereas o
the fragments produced by - cathepsln D showed only very fa1nt stalnlng
(F g. 27, the ligament proteoglydan dlgest gave essentlally the same

. scan) and those produced by: cathepSLn B and elastase gaVe no dlscernlble
stalnlng at all (Flg. 28).uThlS/lS conslstent w1th a hlgher peptlde to. .
glycosamlnoglycan ratlo forlthe/cathepSLn,D fragments However 1nbv1ew
of the falnt proteln stalnlng bserved it seems unllkely that the lower
moblllty of these fragments ico pared w1th the fragments produced by
cathep51n B and elastase coul be due to the presence of large peptldeS‘
attached to SLngle glycosamln glycan chalns.vCoomaSSLe blde stalnlng of
the protease dlgested proteo lycans showed the presence of some slower

gmov1ng glycosamlnoglycan-free proteln Spec1es. The relatlve S1ze of k‘\,‘
these protelns (presumably. - ragments of the proteoglycans) could not be
determlned from the el ele trophoresis 31nce the1r charge propertles '

i were unknown but should be, astly dlfferent from that of the 1ntact

proteoglycan \ A; f*ng/V - o

L Incubatlon of’ the 4 M guanldlnlum chlorlde extracted proteoglycans_
in the absence of enzyme revealed an apparent aggregatlon of these
proteoglycans 1nd1cated by the presence of a sloWer movrng proteoglycan~

band (Flg. 27, pH 7 5 control) or. shoulder (Flg. 28 pH 7 5 control see E

8 also Table 21) on compOSLte agarose polyacrylamlde gel electrophoreSLS,ff

B P » \
. : o Y . . R
. 5 ; T - .
e . L ; . Ly oot “3 T i .

R
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.. "of the resulta't material is shovn in Flg. 30 and Table 22.

The aggregatlon was favoured by low pH but it also occurred at pH/7 5
(see also Pearson et al, 1978b and sectlon 6, 4) The results obtained
w1th the skin proteoglycan were also compllcated by ‘the’ apparent

presence of a contamlnatlng neutral protease Incubatlons at pH 7.5 in

" the absence of added elastase produced two bands 'shown in the scan as

shoulder and small peak (Fig. 27, pH 7. 5 control) that ran faster than

“the nonlncubated control (Flg. 28) One had a relatlve mob111ty of 0. 85
-slightly 1ess than that of the cathep81n D produced fragments. The

lother had a moblllty (relatlve moblllty(l 46) 81m11ar to the fast mov1ng \

'fragments produced by cathepsln B and- elastase
Dlgestlon of the 0,1 M NaCl extracted llgament proteoglycan with'

'

\tlssue protelnases showed that all the 1ower mob111ty toluldlne blue

d'p031t1ve materlal on comp081te agarose polyacrylamlde gel electro-

'phoresis was of a proteoglycan nature and could be digested to molecules

approachlng the size of free glycosamlnoglycan chalns by. catheps1n B

and, leucocytlc elastase whereas cathep31n D produoed larger fragments e

. that presumably contalned a number of glycosamlnoglycan chalns llnked

‘to a 81ngle peptlde core (Fig. 29) Slmllar susceptlbllrty to\the same-
tlssue protelnases was found with cartllage proteoglycan extracted from’

bov1ne nasal septum and the fragments produced were of 51mllar 51ze

‘o (Roughley and: Barrett 1977)

4 5 ENDOGENOUS PROTEOLYTIC ENZYME AND THE AGGREGATION BEHAVIOUR OF
HIGHLY PURIFIED ‘SKIN AND LIGAMENT PROTEOGLYCANS -

In order to. further 1nvest1gate§$he apparent aggregatlon of the

4 M guanldlnlum chlorlde extracted proteoglycans and the pOSSlble

rpresence of an endogenous proteolytlc enzme,-
(allquots from the peaks obtalned from Sepharose 6 B chromatography
zshown in Figs. 24c and. 25bj were 1ncubated at 37 “C and pH 7. 2 1n the£

-presence of or. absence of protease 1nh1b1tors 6—am1nohexapolc ac1d or

fphenylmethylsulhhonyl fluorlde (PMSF) The results of gel electrophoresxs

Incubatlo‘ of the skln and llgament proteoglycans fac111tated'both

thelr apparent aggregatlon and. degradatlon The unlncubated proteoglycans

lghly pur1f1ed proteoglycans‘

-ran as 81ngle sharp bands (1dentica1 to those of the less pure 3 F ; /;

:_proteoglycans shown in Flgs 28 and 27, relatlve mobllltles'skln 0.73

T
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S _ 1 : . ‘ .
Fig, 30 Gel Electrophoresis of Incubated Skin and Ligament Proteoglycans

o )

t

> ‘ L : N

. 4'M’guanidinium chloride extracted skin and periodontal. ligament
(P.L.) proteoglycan$ were purified by DEAE-cellulose chromatography,
density gradient centrifugation and gel chromatography (peaks shown in

- Figs. 24 'and 25) and incubated for 24 hrs. at 37° C in 0.05 M Tris,

pH 7.2, The products were then subjec;ed‘t6 composite agarose=- o
polyacrylamide gel eleétrophoresisﬂ the bands located with Coomassie PR
blue (CB) or toluidine blue (TB) and the7gels'5canned; The arrow marks '
the position of the marker dye,,bromphenoy Qlue,»Rbpb,{ﬁdbility‘relative

to bromphenol blue, - T .\\ -
: : ) : . k RN L
. - W

‘
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!

- Skin 24hr.37°C **°

f
\, -

0.2 fOA 0.6 0.8 . 1.0 ‘ 02 0.4 0.6 , Q-8’l-‘0'.
c R - . Rbpb:

o~ PL2ahr 31°C"

R ) ‘
’ — v — A A, A

0.6. 0.8 1.0 - 0.2 0.4 0.60.8 1.0
R " R bpb

R bpb °



L age

1‘(4‘Mqucl)

24 hr,, 37°, pH-7.2 + BMSF . .. | 0.0

VQproteoglycans pur1f1ed by DEAE-cellulose chromatography, dlssoc1atlve

SRR 153

;:x Proteogiycaq'Incubation‘ : ‘ - 1 Relative Mbbility -

(Brcmphenol blue = 1.00)

T ‘ ' E _'. — 1 .

Skin .
(4 M GuCl)

: nonincubgted»‘ o C o 0.73

24 hr., 37°, pH 7.2 T | o.57, 0.72, 0.85
24 hr,, 37°, pH 7. 2+ 6-am1nohexan01c acid 0.57, 0.72, 0,85

24 hr., 377, pH 7.2 + PMSF 0.4k

Reriodontal Ligament

\ - “
«nonlncubated ' f ‘ ' » v g i ' S 0.64
24 hr., 37°, pH 7.2 R ST 0443, 0.65, 0,77
2% hr., 37°, pH 7.2 + 6-aminohexanoic acid | 0.43,.0.65, 0.77

\ .

'lTeble 221 Gel. Electrophoretlc Propertles of Incubated Skin and:

ngament Proteoglycans

°

; . ‘ , :
4 M guanldlnlum chLoride (GuCl) extracted skln and. 11gament :

den51ty gradient centrlfugatlon and gel chromatography on Sepharose 6-B,

. were incubated in 0,05:M Tris, pH 7,2 for 24 hrs, at 37" C in the -

absence of protease. 1nh1b1tor or in the presence of 0.1 M 6-aminohexanoic
acid or ‘1,8 mM: PMSF. These samples were subjected to composite gel

. electrophoresls the bands located with toluidine blue orcCooma551e blue
'and the- mob111t1es calculated from the recordlngs o | )



-

.

v w
R

. 1nh1b1tors ‘(Table 22). | o

) T . |

and 1igament 0. 64 ) whereas gel scans showed that after incubation a

, 31gn1ficant}amount of the proteoglycan ran as a slower moving band

(relative mobllities skin 0.57, llgament 0. 43) that stained with both '
Coomassie. blue and toluidine blue’ Furthermore 1ncubat10n gave rise to
faster mov1ng bands (relatlve mobllltles skin 0,85, ligament 0.77) .
which in the case of the skin proteoglycan constituted most of the.
toluidine blwé”stainlng material The faster moving band was stalned -
more 1ntense1y=w1th toluldlne blue than with Coomassie blue ‘and in the
case ofy the: Coomassie blue stalned 11gament mater1a1 was v181ble as
only a slight shoulder (Flg. 30). ThlS suggests that the apparent

degradation products contaln most of th@ glycosamlnoglycan but only a

small portion of the proteln of the natlve molecule and fur ther supports

jthe contentlon that the glycosamlnoglycan chains are clustered ‘together

on a small region of protein core. " ‘ Co <
The llgament proteoglycan preparatlon underwent less degradat10n~
but greater apparent aggregatlon than the skin preparatlon suggestlng
these two phenomena may be related. /Thls observatlon was supported by;
studies u51ng protease 1nh1b1tors. Incubatlons in the. presence of 1.8 mM

PMSF showed. only the apparent aggregatlon phenomenon//whlch it appeared

to enhance, but no sign of degradatlon. Incubatlon of the skin proteoglycan o

?
’in the presence of PMSF gave a single slow moving species on ‘gel

electrophore51s (relatlve m0b111ty 0 44) and after similar incubation
~the ligament proteoglycan falled to enter ‘the gel (Table 22) .
6 amlnohexan01c acid had no effect on elther the aggregatlon or

degradatlon phenomena and the gel electroPhore51s proflles werelldentlcal

to those of the proteoglycans 1ncubated in the absence of protease

<

' Comparison of - these results with those obtalned Wlth the 1ess pure
proteoglycan preparatlon (Flg. 27 and 28, pH 7.5 control incubations)
suggest that potentlal degradatlon is enhanced with purlflcatlon of the
proteoglycans. However it should be noted that the earller 1ncubatlons
were performed at pH 7.5 and the dlfferences observed could be due. to
pH dlfferenges. B o . e ‘ ,‘l. I o \\
. . Thus although further .experiments are requlred to confirm the "
.enzynlc nature of the degrag?tlon both- proteoglycans appear to COntaln -
. .o o & , . ‘ C

[

‘o oo

%
s

Y
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i

a very closely associated protease that is active at physiological pH .
and,inhibited by PMSF, an inhibitor of serine dependant proteases, but
not 6-aminohexanoxc acid an inhibi of plasmln activity (Castellino

et al, 1973). The apparent protease?tivxty was not destroyed by the
strong denaturing agents (4 M guanldlnlum chloride and 7 M urea) used
during the preparations of the proteoglycans and must be very firmly
bound to the proteoglycans since it was not released on density gradient
oentrlfugatlon in the presence of 4 M guanldlnlum chloride,

Both proteoglycans also appear capable of exten31ve aggregation

although:ehdecrease»in proteoglycan mobility on gel electrophoresis

" could also be due to conformatlonal changes or masking of the anionic

glycosamlnoglycan chains. These 1atter explanatlons however, seem much’

less plau51b1e since conformatlonal changes would not be expected to

?produce such 1arge changes in moblllty and it is unllkely that the long

glycosamlnoglycan chalns could be so exten31ve1y masked “Aggregation

' appears to be enhanced by low pH 1ncubat10n at 37’ c and the presence

‘of PMSF, suggestlng that it is- _probably hydrophoblc in nature and occurs

between glycosamlnoglycan freefportlons of the proteln core. However

© the evidence to date cannot "eliminate other types of blndlng between

the proteln\portlons of* the proteoglycans, . f | ;v



CHAPTER 5

GLYCOSAMINOGLYCANS'OE THE DEVELOPING BOVINE INCISOR PERIODONTAL ﬂIGAMENT

, In order to investigate the changes occurring in the glycosamino-
glycans associated with the development of the periodontal ligament
-and the eruption of the bovine incisor through the mucosa into the bral
cavity and finally to occlusion with the opposing bony plate, periodontal
llgament was dissected from incisors of various stages of development, -~
- The progress of 1ncisor and’ ligament development was examined by

histology using collagen and glycosamlnoglycan stalnlng and the

glycosamlnoglycans were 1solated and fractionated as described preV1ously.

v

5.1 '  GROSS APPEARANCE OF THE DEVELOPING BOVINE INCISOR PERIODONTAL
LIGAMENT = - BT : S

_ Periodontal ligament, obtained from bovime incisors, of various

stages of development'(see section 2, 1),‘showed marked differences in R
' gross appearance, The f0111c1e dissected from “tooth germs prior to

root development,was .an almost transparent gel like mater1a1 which

.because of its gel- 1ike nature was often dlfflcult to remove from the

bony crypt which surrounded the tooth germ.'The first small root

"~ observed in the developing incisor was closely covered\w1th a thin

layer of tissue wh1ch ‘though still rather gel- like, revealed a strong
fibrous attachment to :the root surface upon dlssectlon. Very 11ttle of

thlS tlssue termed group 2 llgament could be obtalned As the tooth : .
» developed (groups 2, 3 4 and 5 1nc1sors) the llgament became more

d1ff1cult to remove- from the tooth surface and appeared more densely
oflbrous. The 1igament from the mature, fully occluded 1nc1sor (group 6) &
" was the most dense and fibrous, though erhaps a, little thinner than ‘
that observed’with group 5 teeth, It wai very flrmly attached. to the
_root surface and: frequently to pieces of alveolar bone which broke

away: when . the 1nc150r was removed from the mandlble. Pieces of attached

alveolar bone were also observed, though much 1ess frequentfb

o

groups 4 and 5 incisors.

156 R




5,2 HISTOLOGY OF THE DEVELOPING PERIODONTAL LIGAMENT
¥ T .

: \
It is generally accepted that both the periodontal ligament and

cement are derived from the dentalifollicle which, in this dissertation,

refers to the’entire tissue between the developing tooth germ and the

2 forming alveolar bone, The tissue has been co sidered to consist of

three layers (evidence of which can be seen in Plate 2,a), an inner
zone related to the tooth an outer limiting zone separating the
environment of the tooth from that of the adJacent bony crypt and
between the two a predominant intermediate zone (Sicher and Bhaskar
1972) The inner zone contains a higher concentration of cells which
are believed (Ten Cate, 1969) to give rise to the fibroblasts of the
'_periodontal ligament and cementoblasts. The predominant 1ntermadiate‘
zone, shown in hlgher magnification in Plate 2,b, is a_ loose
conglomerate ‘of cells and fine collagen fibres in a matrix which stains
strongly with alcian blue in 0,025 M MgCl but much less intensely in
0.3 M MgCl (Plate 2, ¢ and d), indicative’ of the presence of a large
concentration of hyaluronic ac1d Alcian blue will stain all
[glycosaminoglycans 1n the ‘presence of only 0,025 M MgClz, but at

10 I M MgCl2 concentrations it will only stain the sulphated ‘ /

’ glycosaminoglycans (Scott and Doring, 1965). The outer layer, close to
the bony crypt, containswthicker collagen fibres and a higher
concentration of blood vessels.

The dental follicle was taken for analyses before root and ligament
formation could be observed (group 1 incisors) and differences in the’
relative amounts of the three zones dissected or slight differences in
the 'stage of development of this tissue may have given rise to some |
of the variations in analyses obtained, T ’ _

A cellular‘cement, in associationqwith a layer of cells,\érobably
of epithelial cementoblast and fibroblast origin was observed to
accompany the first overt signs of root formation (group 2 incisors,
‘Plate 2,e). Very few Sharpey s fibres were observed embedded in the
cement and the collagen fibres adJacent to the cells overlying the
cement surface ran in- thick wavy bundles parallel to the root surface.
Tissue‘dissected from the root surface of these and~more developed
incisors is termed%ligament, in this dissertation, though 'the stage at
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Plate 2.

a) The follicle of group 1 bovine incisors, Van Gicscn stain,
x 100, 1In, inner zone; out, outcr zone; int, intermediate zone.

b) The intermediate zone of the follicle of group 1 bovine
incisors, Van Glesen stain, x 400, ‘

c) The intermediate zone of the follicle of group. | bovine
incisors. Stained with alcian blue in 0.025 M MgClé; x 400,

. d) The same tissue as in c¢), Stained with alcian blue in
0.3 M MgCl,. x 400.

e) The periodontal ligament of group 2 bovine incisors. Mid
root region, Van Giesen stain. x 400,
! Q © \ "
D, dentin; C, cement; L,'ligament; Apex toward bottom,

/
7
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Plate 3,

a) The periodontal ligament of group 3 bovinc aniqora. MitL

: T

root region, Van Giesen stain, x 400, . o
b) The periodontal ligament of group 3 bovine incisorb. Near gfﬂf '5
the cemento-enamel junction, Van Giesen atain, x 400, - SR

S n Tl
J;! ER - .
\ "¢)  Group 4 bovine ineisor periodontal ligament, Mid root | W
region, Van Giesen stain, x 400, N Y
RE . A
d) Group 5 bovine incisor periodontal ligament. Toward the
cemento-enamel junction. Van Giesen stain, x 250,

e) Group 6 bovine incisor periodontal ligament, Mid root
region. Van Giesen stain, x 400, : ‘ /

£) Group 6 bovine incisor periodontal ligament, Mid root
region. Van Giesen stain. x 100,

D, dentin; C, cement; L, ligament; AB, alveolar bone, Apex toward
bottom, -
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/which the collagenous tissue 1nvesting the root Suﬁface should be. called

,ligament rema1ns in some doubt (see Ten Cate, 1969)

 With further development of the root (group 3 incisors, Plate 3 a)

‘a Large anber of Sharpey s flbres ‘were observed These separated the‘

0
oy

/ﬂn'\? root’ surf ce, The Sharpey s flbres were much more promlnent near. the T: e

v~cemento-evamel Junctlon and ran in tufts at rlght angles to ‘the root.
. - \ - QEERES -A .

oot ‘had. decreased and numerous Sharpey s flbres were observed

AY

in the cement Just after eruptlon 1nto the oral cav1ty ’“f.:-%;\'f,,, .

~ R

1nc130rs) some obllquely orlented collagen flbres were observed
\ wtf.flrst tlme close to the kemento—enamel Junctlon (Plate 3. >d).

\ The - ;.hagen flbres in the more Jplcal ‘regions of the 11gament were°‘f‘v B o
hf f’bindlsti“gulshable from those obsérved 1n the llgament from group 3 aﬁa\ A

P

ccluded 1nc1sor (group 6) exhlblted s 'al-;“
(- / T T

agen f1bres orlented obllquely across ,-;; ST

'}ﬂ;, a‘predomlnance of thlck.wavy col _
o the perlodontal space. The flbre‘ showed f1rm attachments to both the . "? g

te 3 e and f) The f1bres embedded

’e.‘alve‘lar bone and the cement (Pl>

in the cement showed two orlenta;lons"those toward the dentln surface _'f“~

' were oriented perpendicularly to” the root surface whereas the f1bres;{,: Loy
for a small thickness near /the- cement surface had an orlentatlon ?‘;357J7 '
__—srmllar to those 1n ‘the per}odontal llgament“(Blate 3 ) ThlS 1s 1n'“* 5»“ AT

v A
T

W;keeplng w1th‘the observation thet obllqueeorrentatlon of the collagen

;e’flbres occurs relatlvely late',n 1ncisor development Pr1or to thls:}

jh;;,;lflbres,embed at rlght angles (Plate;3 a and c) Thusiafrecord of the :‘:givk
‘ :orléhtation df'flbre attachmeht to the ce. » v
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' aSSoc1at10n than hyaluronate W1th the collagenous matrlx
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“\

general appearance w1th all ligaments examined imilar staining was . - R

i observed in the presence of 0.025 M MgCl and 0 3 M MgCl except'that

‘the flbrous nature of the llgament was more prominent in the sections

stalned 1n the presence of O 3 M MgCl and was consistent w1th the o e

'observatlon that the sulphated glycosamlnoglycans tend to have a, closer .

a

Lo LA
a’ X

\,
:5,3 ‘ CHANGES IN THE COLLAGEN AND' GLYCOSAMINOGLYCAN CONTENT WITH-

‘:the ligament: by degradatlvejprocedures (sectlons 2.2, 2.1 and: 2, 2 12, 4)

"may reach a max1mum rn ‘the llgament from newly erupted (group 5) 1nc1sors

j;ﬁbut results obtalned for both chondr01t1n sulphate and dermatan sulphate

'anlmals. *_*'um.‘.x"1; e W;v;7 e

LIGAMENT‘DEVELOPMENT o ;f j. » : o o S

<

» Hydroxyprollne analyses showed that the collagen content of the :

llllgament lncreased markedly w1th development Conversely, the,-- ﬂ‘ o ._ i
u,vhyaluronate content dropped sharply w1th the flrst signs of llgament . '
:formatlon but varled 11ttle with further llganmnt development (ﬁ?%.t&})

Analysrs of the chondr01t1n sulphate and dermatan sulphata,contq’a oﬁ; "le

'ﬂﬁrevealed'llttle varlatlon in: the dermatan sulphate content (expressed
gon/a collagen basrs) w1th development There was, however, an 1nd1cat10n

”1,‘Athat the chondroltln sulphate content (expressed o a collagen ba51s)

..were very varlable Thrs may have been due\to varlatlons in’ technlque

difflculty in c1a831f1cat10n of 1nc1sors and varlatlon between 1nd1v1dual
Sy f-H o a '. g Q .

»H-'

. =
5. 4 cﬁANGEs ﬁw fﬁt ALCOﬁbE%?RAé%IONATED GLYCOSKML&QGLYCANS WITH o

-

B yew s \\
LIGAMENT DEVELOPMENT B PRREAE BT

In order to examlne the changes 1n llgament glycosamlnoglycans-b

g \.

o W1thout use: of degradatlve procedures and 31nce the sulphated glycos-

:?ﬁlaminoglycans (from mature occluded 1nc1sors) were shown to con81s

v"ps largely of. a serles of copolymers (sectlon 3 4 4) -changes in: llgament

e A

e glyCOSamlnoglycans w1th development were examlned usrng alcohol _kvgz,f‘

'af'prec1p1tat10n The 18% and 257 alcohol fractlons showed a. 51m11ar L.?:t'ﬁﬁhg‘r L

”?approx1mate two fold increase w1th development The 40 and 50% alCOhi
:f_fractlons also showed 31milar changes w1th development ﬁhese fractloni;

R reach a maxrmum content 1n llgaments from newly erupted (group 5)




164

Ruef

Vi

i

o
]

.Fig,'3l‘ Chan es in thé Cdllaﬁ%n and Glycosamindglyéaﬁ Composition of

v /. ' ‘ — , Y ” T
.the/@eriodontal T.igament Associated with Development

\

Collagen| composition was determined from hydroxyproline analysis

1

of the dried ligament after hydrolysis in 6'M HCllat 105° C for 24 hrs,

.and .is'expresised as a percentage of the dry weight, ' Hyaluronate is the
. glycosaminoglycan fraction precipitated. from 0,03 M NaCl with CPC and
-is expressed as pg uronic acid per mg . hydroxyproline (pg UA in HA/mg
-HyR);IDerma%én sulphate and chondroitin sulphate were determined by

.ther hyaluronidase digestion (section 2,2,2.1) or by the Di Ferrante

-3

‘colorimetric analyses (section 2,2,12.4) of the 0.3 M Mng . fraction

and are expressed. as pg uronic. acid per mg hydroxyproliné. The 0.3 M

:- MgCl Jfradtionjigthat material precipitated ‘from 0.3 M MgCl, by CPC.
" .Group refers to the developmental stage of the incisor from which

ligament (follicle in group 1) was obtained, Group 1 refers to. tooth
germs before root development. Groups 2, 3  and 4 are unerupted ‘incisors.,

~Groups 5 and 6 are erupted incisors - group 5 prior to_occlusion and

bars represént standard deviations.

.bgrqup 6 fully occluded. The points are averages of ‘a number. (given in

pafenthesis)_qf determinations of individual or pooled ligaments.’/The.

-

[V oy
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Fig. 32 Changes in the Alcohol Fractions of the Ligament

Glycosaminoglycans with Tooth Development | @
. —

The 0.3 M MgCl, fractions of pefiodontal ligaments of various

.stages of developmePt were further'fréctionqted by ethanol

precipitation from calcium acetate-acetic acid solutions. The glycos-

s

‘ »aminoglycan content is expressed as pg uronic acid per mg dry weight

(pg UA/mg dry wt.). The points are averages of a number (given in
parenthesis) of analyses and the bars refer to s;andard deviations,
Group, refers to the stage of tooth development, .
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alcohol fractions was probably due, in part to the g@eater'changetin
. _1igament content of “these fractions with development combined with the
difficulty in classifying incisors into distinct groups., '
On the. basis of their structural similarity (section 1.4) and . e
parallel changes with" development,the 18 and 25% alcohohlfractions and
40 and 50% alcohol fractions respectively, were combined and the
results of this manipulation are shown in Fig. 33. The content of the
40 and 50% alcohol fraction increased steadily W1th tooth development\u%"

- and peaked just after eruptiom 1nto ‘the oral cav1ty (group 5 1ncisors)

' ~:»*3

On'. the other hand the content of ‘the 18., + 25% -alcohol fraction 1ncreased

with early ligament development but{? gan to plateau well’ prior ‘to 'fy

.'.tooth eruption (group 3 incisors), somewhat reminiscent of the changes .’
observed in collagen content with ligament development (Fig.«31). L e
In, order to more clearly observe the apparent relationship of '
“these glycosaminoglycans to the collagen content of the ligament’ they
were, expressed on a hydroxyproline basis, (F:.g° 3§b) Expressed in thlslf
waye%he 40 + 50% fraction was Stlll ‘observed"’ t . peak just after eruption
S ef “the 1nc1sors, but- the changes observed’ in Eﬁe 18 + 25% fractlon were
much less pronounced After root formation the cbné!nt (on a collagen
~ bas 1s) of the '18 + 25% fractionfreachedﬂa max1mum early in development o
’ (gEoup 3 incisors) and then decreased slightly with further” deve10pment ©

two techn1ques¢§f glycosamlnoglycan fractionation thusé ' broadly ‘

similar? results..The much w1der variations ‘observed in the analyses

)

I rploying hyaluronldaSe digestion is difficult to explain but may be‘
d

e to some varlabllity of hyaluronidase digestion gr “in the

‘rec1p1tat10n of partlally digested glycosamlnoglycan fragments - ‘4,9‘
| "These- results suggest that’ the’ 18 and 25% alcohol fractloﬁ@ have

B similar properties and, as shown in the prevrous chapter -are probably

k linked to the same protein core. Since they appear to parallel the
collagen content with development of tﬁe ligamentg 1t is reasonable to
assume that their function 18 closely assoc1ated w1th the collagen -

' fibre netw0rk of the tissue, Similarly the 40 and 50% alcohol fractions
-display parallel changes with develoPment and may be 11nked toxthe Same o
"proteoglycan. The content of the glucuronic ac1d rich fraction however

reaches a definite maX1mum in the ligament from newly erupted 1nc150rs ,'f

e
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"Fig. 33 ' Changes in the Chondroitin Sulphqte-like and Dormatan

N

Sulphate-like'Co qlxmeric Glycosaminoglycans with Ligament’
Debelogment'

" The 18% and 25% alcohol fractions and 40% and 50% alcohol’ fractions,
respectively, of individual glycosaminoglycan determinations were ’

. summed and plotted against the stage of incisor development, The points
.are averages of the analyses ‘of individual or pooled ligaments, the

number of which is. the same as indicated. in'the prev?bus ﬁigure. The
bars refer to standard deviations The glycosaminoglycan determinations

are expressed as pg uronic acid.per mg hydroxyproline (pg UA/mg hyp)

and as pg uronic acid per mg dry weight (ng UA/mg dry wt.). Group
refers to the stage of incisor; development-~C%- 40 + SOA alcohol fraction

——IP— 18 + 25% alcohol fractlon. o b S RO
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and does not parallel the collagen content,of the ligament,
The alcohol fractions appecarced homogencous and euserinlly identical

‘to the .alcohol frnctions obtaincdgfrom the mature occluded incisor

(Fig. 8and Plate 1) on cellulose acetate electrophoresis, llowever,
hexosamine analyses (Table 23) showed thnt, whereas most of the

periodontal ligament samples contained only galactosamine and appearcd

free of contamination with hyaluronic acid or heparan sulphate, analysis

of the follicle (group 1) showed that the 25, 40 and 50% alcohol fractions.«

btained from this?tissne contained considerable levels of glucosamine,
@ﬁ%om'xhe apparently high sulphate :‘hexosamine ratio in the 25 and 40%
alcohol fractions, it wonld appear that the glucosaminp is due to the
presence of contaminating heparan sulphate. Conversely, the low

‘sulphate : hexosamine ratio in the 50% alcohol fractlon suggests that

the glucosamine contam1nation~1n this fracblon is due to hyaluronic : .fx“
acid, These results emphasize the necessity for rigorous checks on
'homogeneity before the 1dent1ty of a glycosaminoglycan sample can be

assumed and suggest that considerable .caution should be exercised in

_ comparin'g the alcoholgfracfions obtained from the group me tissue

with those obtained from tissue of later steges of development

Few dlfferences in the composition of the 1nd1v1dua1 glycosamlno-
glycan: fractlons were observed Wlth ligament deve10pment (Table 23)
The uronic acdid content ofkthe various fractlons was similar, though & y n”
decrease in the Aduronlc acid content of the 40% alcohol ﬁractlon was
seen with the eruptlon of the 1nc1sor into. the oral cav1ty (groups 5
and 6 1nc1sors) The proportions of 4- ‘and 6—su1phate"determ1ned by
chondr01tinase ABC dlgestlon and subsequent paper chromatography,

showed some variation, though no definite trend was apparent,

A Approx1mate1y 50% of the 40% alcohol fraction from the group 1 tlsSue

was resistant to chondr01t1nase ABC digestion, consistent with the
~ apparent heparan sulphate contamlnatlon of this fractlon The small »
amounts of chondroitinase ABC re31stant mater1a1 (1ess than 25% of the
total glycosamlnoglycan tn each fractlon) in the other fractions may

be partly explained by the presence of sulphated 1duron1c ac1d residues
- (see section 3.4.1). - '

; Mbst fractions (Wlth the exceptlon of the glycosamlnoglycans
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Table 23, Composition of the Alcohol Fractionatod Glycosaminoglycans
T LR it I v S - T S P o Syl

From QELJkygloptggéPqugquggkgqgument'

Glycosaminoglycans\wepe isolated from perlodontal ligaments q§
various stages of development (groups 1 to 6) by papain. digestion and
fractionated by CPC and ethanol precipitation, Figures for the uronic
acid content per mg dry weight (ug UA/mg dry wt) and uronic acid
content per mg hydroxyproline (ug UA/mg hyp) are averages of a number
of determinations of individual or pooled ligaments, Standard deviations
are given where 4 or more determinations were performed. % iduronic acid
(IdUA) refers to the amount of iduronic acid present expressed as a
percentage of the total uronic acid, This was determined by the Di Ferrante
technique (1971) and figures given are the averages of three or more
(except group 2 where only one analysis could be performed) separate
determinations, Where 4 or more determinations were per formed, standard
deviations are given, Sulphate was determined by the rhodizonate =
technique (Terho and Hartiala, 1971), 4- and 6-sulphate were analysed
by the technique of Saito et al (1968), ‘ B
- ,Glucosamine (GLNH,) and galactosamine were determined as described
in section 2,2,12,7. ‘%otal hexosamine (HexNH, ) was taken as the sum
of the gLﬁdpsamine"add galactigBamine, At the %ime the samples (¥) were
. analysed difficulties were experienced with régard to the colour yields
., " of hexosamine standards, In the majority of analyses the colour yields
used in the’calcﬁlations were determined on the same day as the sample
“dnalysis, 0,0. refers to glicosamine analyses below the limits of
o quantitition. In these cases the total hexosamine represents galactosamine,
We have assumed keratan sulphate to be absent fro ssue since
: it has only been found in,cartilage, intervertebral dis rnea
“t-—_ _ (Mathews, '1975). However were keratan sulphate present i d be
' " Texpected to be found in the hyaluronic aCigﬁhnd 0.15 M MgCl, frattions,

=1

o Its aEEéhce;grom the ethanol fractions of the ligament (exc%Uding'group 1)
is indicated by~the absence of glucosamipEjr wi,
‘ : . ’ '\\\ . (m:fy e , ~ S g T
. v T~
— .



Group| EtOH| __pg UA | pg UA A wole 50, | GINW, | % | %
frn,| mg dry wt.| mg hyp IdUA mola llcle[2 chNﬁz_ 68 | 45
6 18 0,49 + 0.046 16,7 + 0.7/90 + 5 1.1 0.0 2| 98
25 10,16 + 0,02 ] 2,2+ 0,2})74 + 3 - = o | 100
40 10.39 + 0,05 5,0 + 0,7]16 + 3 1.1 0.0 19 81
50 [0.34 + 0,10 5,2+ 0,8/ 5+ 3| 0,95 0.0 | 48 52
5 18 |0,47 + 0,03 | 7.3 + 0.3|85 0.99 0,00 | 3| 97
25 10,19 + 0,01 2.9 + 0.2{72 - - 11 | 89
40 {0.46 + 0,06 7.3 + 0.9[18 1.1 0.0 33 | 67
50 10,45 + 0.07 | 7.1+ 0.9 4 0.8 0.0 56 | 44
4 18 [0.43 + 0.04{ 7.1 + 0,5|87 1.0x 0.0 4 | 96
25 [0.18 + 0.01| 3,0 + 0.2|74 1.1% 0.0 10 | 90
40 10,32 + 0.06 | 5.5 - |26 0.96% 0.0 |22 78
50 10,32 + 0.06 | 5.7 + 0,7 & 0,58% 0.0 39 61
3 18 [0.46 + 0,02 | 8.7 + 0,1{91 0.88% 0.0 18 82
25 {0.14 + 0.01| 2.5 + 0.3|75 - , - 17 83
40 10,27 + 0.05| 5.0 + 0.9]21 0.72% 0.2 |34 | 66
50 {0.25 + 0.04 | 4.9 + 0.8] 7 0.88% 0.0 53 | 47
2 | 18 {0.32 6.3 90 ‘
25 |0.12 2.4 73
40 {0.16 © 13,2 35
50 {0.20 3.8 .5 ) ‘
1 | 18 |0.28 +0,15{9.1 % 2.1j95+ 5| 0.95% 0.0 18 | 82
: 25°10,07 + 0.03 | 2.4 + 0.7{67 + 10| 2,0% 0.2 18 | 82
- 40 10,12 + 0.04 { 3.3 + 1,0|19 + 4| ~1,9% 0.6 |46 54
50 |0.17 + 0.04 | 8.4 + 1.4| 5 1 0.53% 0.2 |47 | 53
) LS

e

'Tablé 23. Compositioh of the 'Alcohol Fractionated GleoSaminoglycans

From the Developing Periodontal Ligament
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. X '.3“‘;5 . “isolated from group 1 follicle) contain approximately cquimolar aulphate ;
 and hexosamine, The alightly lower sulphate content of the 40% aleohol [
. : _ : . Y
fraction isolated from the group 3 ligaments may be explained by the b
N " presence of a small amount ofshyaluronic acid indicated by the presence ‘

JP‘ ofgsome glucosamine (Table 23). The 50% alcohol fraction of the group b
ment appears to be significantly undersulphated. However, those
yses were not congistent with the results obcniﬁed from
chondroitinase ABC digestion, The non-sulphated unsaturated disaccharide

(.\di 0-S) could not be detected on paper chromatography even though o

greater than 80% of this glycosaminoglycan fraction was digested with
chondroitinase ABC, At the present time this anomaly cannot be explaiqga£;

i A

but may be due to inadequate scparation of the AdL 4-S and A\ di RS

unsaturgted digaccharides, S
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0,1 PERTODONTAL LIGAMENT GLYCOSAMINOGLYCANS

S

Uslug CPC ptaciﬁitattau combined with hyaluven{dase digestion ov
~the c:dlt’)!,‘in‘l’c(ft'lc :ma;ly:;«:n;tur dermatan sulphiate 1 have shown that the
"periodontal lfgnmonc of the mature bovine inclior contains O.GZK (dryJ

welpght) glycosaminoglycan which {s made up of 31% chondroftin sulphate

type glycosaminoglycan, 437 dermatan sulgkatv type glycosaminoglycan,

. 24% hyaluronic acid, a small proportion of material (vnr1tlvvl'
y » prog Y

tdentified as containing heparan aulph\tv and possibly somc under=
sulphmted ydlﬂLLOQ1miﬂ05LyCﬂn. These rvﬂults agree remarkably well with
the 1na1vsis of bovine molar ptriodontal ligament reported by Pvarqon:J
et al (1975) using similar techniques, Although they did not determine
the glycosaminoglycan content they showed the same types of glycosamino-
glycan were present in almost precisely the same proportions. Paunio:
(1969) had previously shown that the human periodontal ligament
contained sulphated galactosaminoglycans and also hyaluronic acid
although the proportion of hyaluronic acid reported in this material
was much higher. Munemoto Ej_él (1970) also reported a similar
glycosaminoglycan composition of the bovine molar periodontal ligament

“although they reported,tne presence of approximatély twice as much

«chondroitin sulphate type as dermatan sulphate type glycq@aminoglycan

These estimatiOns‘ however, relxed upon degradative technlques to
distinguish the dermatan sulphate from the chondroitin sulphate polymers.

and thus give little idea of the content and structure/ ‘of the native

/.

o h | ! o /‘{

galactosamlnoglycans.,

6,1,1 - Copolxperxc Nature of the Periodontal L1gament Galactosamlnoggycans"

A
A wide range of copolymefic sgbpctures containing bo'th L-iduronﬁca

acid and D-glucuronic acid have been isolated from a variety~of tissues
(Fransson 1968, Fransson«and Roden, 1967a;— Fransson and Havsmark 1970

,tﬁyaﬁsso% et aI 1970 Habuchi et et al, 1973 and Inoue and Iwasaki, 1976)

%



o 'Hyaluronldase dlgestlon

fl,constltute the maJority of tﬁe uron1c acid 1n/g1ycosaminogly
,4men1scal cartllage (Habuch1 et al 1973) and aorta (Franséon and

f;lHavsmark 1970) Furthermore a. w1de range of COpolymers frequently

ﬂ‘foccurs in-a 31ng1e tlssue (Inoue and Iwasak1 1976 Habuchi et al 1973

n?h;and Fransson and Havsmark 1970) -~;w

‘e11m1nate the presence of small amounts of dermatan sulphate and d;jfh.“

;}‘chondr01t1n sulphate homopolymers.

;'contalnlng few glucuronlc ac1d

f;fimodel a);

L B S b . R .
: . . ' O . C f -

\

‘The proportion of glucuronic acid\varies from only a few percept in

glycosamlnoglycans 11ke those from sk1n (Fransson and Roden Jﬁ967a) to
ans like

"those 1solated from umb111ca1 cord (Inoue and Iwasaki 1976), ..

e Co

“\r'

"Nl‘ Ethanol fractlonatlon resulted 1n resolutron of the perlodontal

“l&gament galéctosamlnoglydans into a serles of varlants of drfferlng

' 1duron1c acid. contentw These can he d1v1ded 1nto approx1mately equal

_;;proportlons of glucuronlc ac1d rloh (40 and 50%.a1cohol fractlons) and

”f,lduronlc ac1d r1ch (18 ind ZSZ\alcohol fraetloﬁs) polymers.._f\?'“l"”
Tand perlodate‘ilkall cleavage establlshed i247"

that the fractlogs contalned -a predomlnance of copolymerlc glycosamlno-‘ﬂ

i

';iglycans that var1ed 1n the proportlons and d1str1butlon of Lduronlc’

and glucuronlc acid though the experlments performed could not fi

“a. numbef\of hypothetlcal models can be proposed for ‘the prevalent
\“:hybrld structures of the perlodontal llgament galactosamlnoglycans b

:tl ;(Flg. 34)

Hyaluronidase dlgestlon of copolymerlc glycosamlnoglycan fk;,.‘..'

‘..represented by model a) w0u1d y1eld predomlnantly large ollgosaccharldes

. \
'_1ntermed1ate 31zed ollgosaccharldes contalnlng approx1mately equal

vproport1ons of glucuronlc and 1duron1c ac1d and ‘a 81m11ar number of

smaller ollgosaccharldes contalnlng few iduronic ac1d re31dues

‘“Perlodate ox1dat10n and alkall cleavage would produce extensive o ;if

f.degradatlon to small and 1ntermed1ate 31zed ollgosaccharldes Ihe lSA

\alcohol fractlon followed thlS pattern of degradatlon (Flg. 15 and
kTable 12)" and pr/hably has a hybrld structureesrmrlar to that 1n'7.'

The 25% alcohol fractlon gave a degradatlon pattern 51m11ar to

“‘in'the 18%- alcohol fraction except the proportlon of»intermedlate sized

:On the ba51s of the reSults obtalned ufk:s’

re81dues a much smaller amount of » ﬁ?/g\ﬁf

PR R
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gFig. 34. . Schematic Models of Some qusible Hybnid Structures 0

Perlodontal Ligament Galacgngaminoglycans - o

% . . Ly

The iduronosyl-N—acetylgalactosamine 4-su1phate repeatlng ‘

- '\disaCcharide residues are represented. by solid lines, .The blauk areas .

represent glucuron —N-acetylgalactqsamine sulphate repeating e
dlsaccharide resid (2mm =1 diSacchénide) H,  the,non reduc1ng
- terminal;, GGX the neutral trisaccharide galactosylgalactosylxylose

‘;1 of the lrnkage region.\The lengths of, the re§pect1ve regions ‘are very.
'afjapproximate -and are calculated from the molecular ‘size Of the SR .
a\polysaccharldes as well as the degradation patterns., ;’.- ot

i . I /

el y‘ R

¢ " A /
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|éiuronosyl N-acetyl galactosamlne T
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El glucuronos’.yl -N- acetyl galactosamme
o sulphate
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\\Tr tarded on Sephadex G-SO) oligosaccharides contalning interSpe $ed
glucur nic ‘and iduronic acid contalning disaccharides was much g§;ater. " k
Slmllarly‘, e extent of perlodate ox1dat10n - alkali’ cleavage was ' L

Ay >

reduced (Fig. ThlS degradatlon pattern is compatiblt W1th the
: hybrid structure proposed in Model b). ’
.The 40 and 507 alcob

ac1d and as might be expec%e

ol fractions contalned much more gluturonlc

khz?luronldase degradatlon was much more”

-extensive . and perlodate— lkal ‘eavage con31derabl%freduced The; |

model hybrld structures proposed for' 0 and 50% alcohol fractlons.‘

‘,are models c) and d) respectlvely. The models. are 81m11ar except thatu

.c) contalns more 1duron1c acid re31dues ‘ wh1ch are located in

7, cha1n -Model d) would exhlbrt only a small change in molecul,r\sije on
perlodate ox1dat10n-alka11 cleavage 31m11ar to géat observed with ,he'. -
50% alcoholwfractlon. The sma17 amount of material excluded from L

‘ Sephadex G-SO on, hyaluronidase dlgestlon of the 40 and 50% alcohol .-”;i
.fractlons (Fig. 15): is: compatlble with the %odels proposed in c) and d)- N
if we realize that hyaluronldase hs not a very eff1c1ent €énzyme and, as b
'demonstrated by, the. presence of large quantltles of hexa and '
j;octasaccharldes after hyaluronﬂgase dlgestlon of chondr01t1n|su1phatev
(Ludowelg et al, 1961) does not cleave all the hyaluronldase c
fsusceptlble llnkages. Thus a small portlon of. large ollgosaccharldes
'hcould be expected to - arlse from the non-reduc1ng ends of ‘the chains
;:‘proposed ln ‘models’ c) and. d). - The. correspondlng fractlons 1solated from
.the llgament galactosamlnoglycans contalned approx1mate1y equal A‘
proportlons of glucuronlc and 1duron1c ac1d 'compatlble w1th the models' '
- proposed : ;h: s L ,‘. ] _
Although these modelsfa;e-cons1stent w1th the uronlc ‘acid content
"and the results obtained from hyaluronldase dlgestldn and perlodate

: ox1dation - alkali cleavage of the 18 25 40 and 50% alcohol fractlons

v;;-of the llgament galactosamlnoglycans it should ‘be: empha51zed that each

W

‘lfractlon probably contalns a. large number of different Variants and the

‘proposed models serve to lllustrate the probable acf&\?e type of hybrdd

\structure of the respectlve fractlons.' T D T N .
o ; . :
. . . . .
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d structure proposed is similar to those suggested
for a'number of copolymeric galactosaminoglycan preparations isolated
from a'Variety £ tix ansson and Roden, l967a and b Fransson v
/and Havsmark 1970 Fransson -and Malmstrom 1971 and Fransson et.al, »
o ”1974) All ‘the structures reported had a number of geperal features in
,common. A major fractlon of: both the D—glucuronlc and the L—iduronlc

' acid units occur 1n blocks comppsed of varylng numbers of only o

1glucuronosyl N—acetylgalactosamlne or only iduronosyl N-acetylgalactos—
amlne repeating disaccharlde units, respectlvely and the relatlve _
_ '.'proportlons of the two types of blocks has been found to vary considerably."
R ‘ .(Habuchi et al 1973) Although each kind of block Structure was found :
..to ocqur anywhere along the polysaccharide chaln there was generally
l‘an over-representatlon of D-glucuronlc. ac1d unlt;\ln the 1mmediate , ,f,'
| v1cin1ty of the carbohydrate-protein llnkage In ‘the tran81tlon zones.
frbetween moresextended blocks glucuronlc ac1d - and 1duron1c aeld -
‘contalnlng sequences alternated ‘at sho ter 1ntervals o _
The perlodontal ligament hybrld g lactosamlnoglycans all contalned
‘i approx1mate1y equlmolar proportlons\of galactosahlne and sulphate
‘although the p081t10n of sulphatlon varied cons derably (Table 10 )
l'_»The fractlons contalnlng few glueuronlc ac1d ré31dues (18 ‘and 25% |
‘,alcohol fractlons) contained 4-sulphated galactosamlne re31dues almost
exc1u31ve1y, whereas’ the fractlons contalnlng few 1duron1c ac1d resxdues'g Y
| “(the 40 "and 507% alcohol fractions) contalned N-acetylgalactosamlnd o wéff
‘re81dues Sulphated in elther the 4~ or 6- po$1tlon ‘The 50% alcohol ) :
°,'I;fract10n contalned approklmately equal proportlons of 4~ .and 6-su1phated .

fN-acetylgalactosamlne resldffs These results concur w1th the general

l-tendency toward the prevalence of L~1duronosy1 N-acetylgalactosam1ne

P

4-sulphate and Dhglucuronosyl N-acetylgalactosamine 6-sulphate units

.'copolymers must ‘occur llnked to N-a cetylgalactosamlne 4-sulphate
_/7 o Some underst 'dlng of the structural features of theselcopolymerlc_
P - ‘galactosaminoglycans m be galned from studles of the mechanlsm of .-
;cellular synthesis Recent ults. u31ng a’ partlculate subcellular

asts. (Malmstrom et al 1975)

:fract1on fr?m cultured sk1n f1bro

R
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" indicate that the incorporation of L-iduronic acid units into dermatan
sulphate occurs in a d@osely similar manner to that found in heparin‘
biosynthesis (section 1,3.1, 4), involving C5 inversion of D~g1ucuronic
acid residues at therolymerllevel. In dermatan sulphate, as iq heparin,
‘the. process was stronglyjprbmoted by concomitant sulphation of the
polymer. In ‘the sulphated product about one-third of the uronic acid

sunits. were L-iduronic acid, a mAJor‘portlon of which occurred in block
ystructures composed of alternating L-1duronic acid and N-acetylgalactos—‘

E am1ne,4—su1phate residues, However, the two processes display certain
p diss{milarities.vln the case of heparin, no. L-lduronlc ac1d could be

‘detected in products formed in the'absence of Sulphatlon (Hook et al,

-

1975), whereas the gaghctosaminoglycan produced under 51mllar conditlons
by the flbroblast system contained 1301ated (1 e, surrounded by
glucuron1c ac1d - contalnlng repeatlng disaccharlde unlts) 1duron1c
.ac1d re81dues amduntlng to -5-10% of the total uronic acid. However,
:subsequent sulphatlon of the nonsﬁlphated galactosamlnoglycan in the
flbroblast partrculate system 1ncreased the proportion of iduronic ac1d :
3 to 5 f/o1d (Malmstrom et al, 1975). ' |

oo Sulphatlon andqpulphatlon'at C4 in partlcular of N-acetylgalactos-

amine .Seems. to be 1nt1mately assoc1ated with the C5' 1nver81on of uronic

‘ac1dare81dues There is some evidence to suggest,-at leaSt in heparln

'blosynthesis that the sulphotransferase(s) and C5 1nver51on enzyme. may ‘

: _be ‘tightly bound to. a common membrane structure. in such "way as to

:lprender the two. events (sulphat1on and uronic acid 1nversion) inseparable
or tlghtly coupled (Llndahl 1976) However in’ cells that synthesize

dermatan Sulphate the membrane bound . enzyme complex may be . less flrmly

'ated and separation of the two prOcesses elther by dlstance or

N
v

~time:may. produce a modulatlon in’ the ‘iduronic acid content of the type
observed w1th perlodontal llgament copilymers -

v;iac1d composition of thlS type of polysaccharlde may
1s0 be influenced by the presence o a so called reverse eplmerase
".(1973) showed that fibroblasts in‘'culture synthes1zed

v efgd,a product which contalned very lrttle D-glucuronlc acid,
Some of the L-1duron1c ac1d m01et1es of this' pohymer were subsequently

1'Jtransformed to Dhglucuronic ac1d res1dues without cleavage ofthe
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dermatan sulphate chains, The epimerization reaction apparently took
place extracellularfy and was catalysed by an enzyme derived from the
fibroblasts; Incubation of a labelled dermatan sulphate preparation
with the cell medium (médium in which the cells had been grown for 3
days) resulted in an increase in the glucuronate content of the polymer
Erom a few residues to 20% of the total uronic acid.

However our knowledge of the mechanism of biogynthesis of the
iduronic dcid containing galactosaminoglycans is still very limited,

The influence oé the proteoglycan nature of these galactosaminoglycans
on their synthesis and factors that control the relative. proportion of
iduronic acid and glucuronic acid are still largely unknownv ‘

The recent work of Fransson (1976), descrlblng the interchain
.bindlng be twaen copolymeric galactosaminoglycans and other glycosamlno-
glycans, has ascribed a functional signlficance to the copolymeric .
nature of these galactosamlnoglycans, The copolymer was attached to
agarose gels and‘varigus glycosaminoglycans mere then ‘chromatographed .
on this material, when the same kindbof'copolymer was chromatographed
on the gel it bound at 0,15 M NaCl but could be eluted with 1 M urea .
or 0,5 M guanidinium chloride or 0. 4 M NaCl, The most pronounced , '
,interaction occurred if the copolymer contalned approx1mate1y equal
amounts of iduronosyl- and glucuronosyl N-acetylgalactosamlne Sulphate
/However a certain interdction occurred between the copolymer and a
homopolymer of chondroitin 4-su1phate as/well as w1th heparan sulphate

and heparin, No 1nteracfaon was observed w1th chondr01t1n 6~sulphate

hyaluronic acid or keratan sulphate

’

' 6,1;2 - The Molecular Welght of the Ligament Galactosamlnoglycans and

Their Behav1our on Gel Chromatograghy

, The results obtained from end-group analy81s of the llgament and
skin glycosaminoglycans gave number average molecular welghts of
30.8 x 10°,29.8 x'10°, 21.0 x 10%, and 18.2 x 10% for the 18, 40, and
'SOA alcohol fractlons isolated from the ligament proteoglycans and the
125% alcohol fraction 1801ated from the skin proteoglycan, reSpectlvely.‘
. Gel chromatography of the end-labelled glycosaminoglycans on
,'Sephadex G-200 enabled thelr separatlon into a large number of

\_essentially monodlsperse fractlons The relationship of the partltion

1
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Fig. 35 The Molecular Weights of Two Series of Chondroitin Sulphate

-

Fractions as a Function of Their Kav

'The partition cOéfficient‘(Kav) between Sephadex G~-200 and buffer
of the chondroitin sulphate fractions (¢) isolated from bovine nasa}
cartilage proteoglycan by alkalinélcleavage, and reduction with“NaB HZ
and a series of chondroitin 4-sulphate polymers taken from the data
reported by Wasteson [(1971) @) are plotted against their respective
‘molecular weights. : o ‘ ' , :
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coc[(ic[cuc between the buffer and the gel resin to the molecular
- welght of the individual fractions from gel chromatography, gave some
idea of the relative molecular conformatlions of .the glycosaminoglycans,
These atudiea showed that all glycosaminoglycan fractions examined
‘canfoxmcd to very aimilax stralght line relationships (Fig. 12),
supgesting éﬁnt they dll had similar conformations in 0.2 M NaCl,
0,02 M imidazole buffer at pH 6.8, Moreover, {f the.partition
cocfficients on Sephadex G-200 and the respective molecular welghts,
(determined by equiltbrium sedimentation) of a homologous se¢ries of
_chondroitin 4-sulphate polymers reported by Wasteson (1971) are plotted
in the same way, the two sets of data are almost preciscly superimposed
(Fig. 35). Alchough~Constantop0ulos et al (1969) calibrated a Sephadex
G-200 column with chondroitin 4-sulphate standards”of\inown molecular
weight and found that a dermatan sulphate sample of known molecular
weight fell on the same calibration line, a thorough comparison of the
behaviour of the different glycosaminoglycans on'gel chromatography
had not been reported before the present work,

It should be emphasized here that althqugh the glycosaminoglycans
of the isolated proteoglycans were not thoroughly chatacterized, the
_prdteoglycans extracted represent over 90% of the hrodic acid of the
periodontal ligament and hence .their glycosaminoglycan fractions would
be expected to have the same structure as the equivalent fractions
isolated fromvthe whole tissue, ThusAthe present studies show that five
galactogaminoglycan‘preparations (40% alcohol fraction isolated from
cartilage and the 18, 40 and 50% alcohol fractions isolated from the
perlodontal ligament and the 25% alcohol fractlon 1solated from skin),
exhibiting broad varlatlons in the relatlve proportions of iduronic
acid and glucuronlc acid and galactosamine 4-sulphate and 6-sulphate
and ranglng in molecular weight from 18,000 to. 30,800, have essentlally
the same elution behaviour on Sephadex G-200 and thus similar chain’

 conformations, These studies further suggest that gel chromatography

columns can be calibrated with any series of galactosaminoglycans of

known molecular weight, such as those produced by’the .end~labelling of

chondroitin sulphate from cartilage proteoglycan;ato determine the

molecular welghts of all appes of galactosamlnoglycans

- 5
o
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‘The Mu/Mn ratio dotermined for the cartilage chandroicin aulphate
*o(1.127) wus\vary ‘similar to those previously reported (1,09, Hopwood
 and Robinaon; 1973 and 1,22-1.28, Wasteson, 1969 and 1971) and suggegcﬂ
that these glycoaaminoglyodnﬂ ar¢ alightly more polydiaperse than tho

_skin and ligamvnt galactosaminoglycans, (Mw/Mn 1,004 - 1,10), However
.HOpwood and Robihaon (1973) have reported the ,presence of two distinct
pools of chondroitin sulphate chains in bovine nasal septum cartilage
with Mw/Mn ratios of 1.03 and 1,04 and hence rather low polydispersity
gimilar to those detgrm;ned for .the mnjority of the ligament and.skin
glycosaminoglycans, v‘ J .

The 187 alcohol fraction from the 4 M guanidinium chloride extracted
ligament proteoglycan shpwed strikingly different polydispersity from )
the other glycosaminoglycans. The Mw/Mn ratio was véry close to 1.0 and /
gel chromatography of Sephadex G-200 gave a very sharp peak suggestive /‘
of a monodisperse fraction. I have been unable to fitd Any other reports /
of a‘monodisperse glycosaminbglycan, isolated either from a tissue or /
purified proteoglycan;'Polydigpersity has been thought to be one of the }
characteristics of glycosaminoglycans JBettelheim, 1970) and has been /
suggested to arise due to the lack of a chain termination mechanism
»(ﬁodén and Schwartz, 1975). " Hopwood and Robinson {1973) suggested ‘that
the size of the chondroitin sulphate chains synthe31zed in bovine nasal
cartilage could ‘be regulated by the rate at which the initiator molecule
is transported along the endoplasmic reticulum past a complex array of
membrane-bound'glycosyltréhsferasgs-(Rodén and‘Scﬁwartz, 1975). Though
- this could conceivably,be the case for ﬁost of the glycosaminoglycaﬁg '
examined, mcnod1spersity of the 18% alcohol fraction of the llgament
proteoglycan suggests that a specific chain termination mgchanism must

occur but may be peculiar ‘to this proteoglycan species.

6,2 THE PROTEOGLYCANS OF THE PERIODONTAL LIGAMENT

'The sequential extraction procedure used in these experiments was
effective in extracting the bulk (greater than 90%) of lhg-pfoteoglycéﬁs
(as measured by urdnic acid and the Di Fertante defmatén sulphate
.analyses) of bovine skin and periodontal ligament. The majority of the
dermatan ~sulphate contalning proteoglytan was extracted with 4 M

' guanidinium ‘chloride, although a considerable_proportion (17.1%) could
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be uxtraccéd from the perfodontal ligament with 0‘1.M NaCl. Analyses
of the ligament glycosaminoglycans showed that a large proportion of
the dermatan sulphate containing material in $he low salt extracts
could ‘be.due to the presence of copolymers containing ﬂnmllip;oporiionﬂ
of Ldurunic actd, However the relative amount of dormatah asulphate,
suggoes ted thae some.%duranic acid rich glycosaminoglyecan contalning
material may have been present. These observations were uUpporCﬂd‘tSr'l
subsequent purifichcion of the proteoglycans and confifm the previous
observations of Poaruon et al, (1975) that approximately a quarter of
the total dermatan Sulphate from bovine molar periodontal ligament 2
could be extracted with 0,15 M NaCcl,  *

Although the high ylelds of p:otepglycap were unexpectcd when the
initial experiments were performed, several laboratories have since
reported equally efficient extrattion of proteoglycans from bovine
cornea and sclera (Antonopoulos et al, 1?7&),‘bqvine,aorta
- (Antonopoulos et al, 1974, Ehrlich et al, 1975 and Eisenstein ct al,
1975) and from newborn calf dermis (Yamanishi and Sato, 1976).

A Efficient purification of the‘propebglycans'was achieved by DEAE-
cellulose ehromategraphy and density gradient ckntyifugation. The

2 M NaCl fraction from DEAE-cellulose chromatography was largely free
of collageh and further purifica&ion by density é;adient centrifugation
separated most of the non proteoglycan proteih om the proteoglycan
material, However it may be noted‘that gel chrojiipgraphy on Sepharose 6-B
appears to Pe as efficient as density gradient centrifugation in
pdfifying the 4 M guanidinium chloride extractéd proteoglycans, since
the proteoglycan fraction isolatedifroﬁ gel chromatography (Figs.ZQ and
25) héd'precisely the same elution position and protein and uronic acid
conteﬁt regardless of whe ther density gradient centrifugation had been
performed.. ‘ ) ,

The’ extraction and purifieationiconditions employed were mild and
high shear forces and extremes of pH were avoided to minimize the ;iék
" of degradation of the proteoglycans ‘Furthermore extractions were
performed at pH 7.6 in order to inactivate any cathepsin D likely to be
present and extractlon solutions contained a cocktail of protease

inhibitors to inactivate_tissue prote1nase active at pH 7.6,

~
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6,2,1 The Chondrotrin Sulphate Froteoglycans

4
i

Purification of the 0,1 M NaCl extract of the perfodontal ligament
showed 1t to contain a predominance of proteoglycans of large molecular
alze, htgﬁ buoyant density and low protein conteat, The major pglycos-
amfunaglyeans fsolated from thede pmm;amw belonged to the chondroitin
sulphate family, though they contained small proportions of {duronie
actd, The predosinant proteoglycan ta the 0.1 M NacCl extract of the
periedontal ligament resembles the chondroitin sulphate proteoglycans
isolated (rom the cornea (Axeldson and Helneglrd, 1975) and the aorta

£ al, 1974), These proteoglycanns

€
T T

(Kresse et al, 1971 and Antonopoulos
appear to have similar elution volumes on Sepharose 2-B and are cumpqﬁ%d'
“of glycosaminoglycans that contain similar small proeportions of tduronic
acid (207 and 107% of the total uronic acld {n the gor;a and corneal
.preparations respectively). Though this type of proteoglycan tends io
have slightly higher protein contents an& differs slighely {n ,
glycosaminoglycan composition,it resembles the protuogl&can subunit
isoiatcd from cartilige, _ 3
“The proceoglycans extracted from the periodontal ligamenc with

0.1 M NacCl showed a simiiar susceptibility to tissue prateinases as

those extracted from bovine nasal cartilage. Digestion of the ligament
.proteoglycan,wich leukocytic elastase or cathepsin B produced some
fragments with the mobility of free glycosamihoglycan chains on

composite agarose polyac}ylamide gel'eléctrophoresis whereas cathepsin D
produced no single ghains but only relatively large fragménts that '
“presumably contained a number of glycosaminoglycan chaing linked to a
single peptide cére (Fig. 29). Cartilage protegglycans gave very similar
size digestion products though elastase produced slightly larger -
fragments and only cathepsin B (at pﬁ 5.0 ¢f, pH 6,0 here)produced single
chains (Roughley and Barrett, 1977).

The recent discovery that proteoglycans. with the ability to
aggrégate with hyaluronic acid can be extracted from the aorta has
provided concrete evidence that proteoglycans with most of the
‘characteristics of cartilagé{proteoglycans can be found in othér tissues,
Gardell (1978 personal communication) extracted proteoglycans from the

aorta with 4 M guanidiniuﬁ chloride, taking rigorous precautions to



avoid proteolyelc eleavage dus tp chdﬂ5=ﬂﬂu§<€fvT¢45¢ avtiviry, Jhe
proteoglycans, purified byydiaaaviatch dens ity gradient centrifugation,
were shown to ‘ha larger than the subunit extraceed {“w&s bovine nadal
septum cartilage and had che abiliey o agegregare vi th hyaluronic acid,
Fn;tbarmnra he showad rhat the piretenglycan, if prepared in ahi_
asgaciarive densirty gradient, eonfained solscales of immunﬁ!égtrﬂx
Ldenttity with the link prul_nm:;' and the hyalurvmate binding reglon.of
hovine nasal septum prateosglyean,

The apparent degradation of the proteoglycans previously prepared
fyom theae rissues presumably reflecta the action of endugenous
proftealyric activity vccurring either within the tfzsue or during
extraction and purification of the proteoplycanns, However asome depradation

“also appears 4 occur during puriffcatfion by UFEAE-cellulose chromatography

“in 7 M urea. Although the mechahiem of degradation s unexplained,
proteoglycans from the aerta when purified in th!p way were M lier amd
lacked: the ability to aggregate with hyaluronic actd (Cardell, 1974,
?«rsanal cormunication), Theae findings supgpest that the praoteoglycan
in' the 0.1 M NaCl extract of the perfodontal ligament may be part{ally
degraded ci{ther due t$ protease activity occurring within the tissue or
during purification of the proteoglycan by DEAE-cellulose chromatography
{n 7 M urea, Partinludegradacioﬁ of the proteoglycan may also explain
some of the heterogenefty observed in this fraction, In ncaard_ufch

.'thqge proposals amino acid analysis of the ligament pfocaoglycnn
preparation showed some ﬁimi}arity with the non-aggregating protecglycan
extracted from laryngeal c&rtiluge with 0,15 M NaCl (Hardingham and

. “Muir, 1974, Table 19). It has been suggégted that this proteoglycan

. arises as a result of enzymicicleav;ée of the hyaluronic actid binding
region of the predominant cartilage proteoglycan (Hardingham et al, 1976).

These studies suggest that the chondroitin sulphate proteoglycans
isolated from a number of connecti{w ctissues may have been degraded
either by enzymic or chemical action during extraction and purifggation
and that proteoglycans with the characteristics (including the abfility
to aggregate with hyaluronic acid) of cartilage type proteoglycans may
be common to many connective tissues in the body, including the

periodontal ligament. »

1]



'ﬂ.i an average of two dermatan[sulphate chains linked to a protein core

»

'hl6;2§ 2 Dermatan Sulphate Proteoglycan

A8

. b

/Afé_ of molecular weight approx1mate1y 61 000

\
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n Purification of the 4 M guanidinium chloride extracts from skin and

periodontal ligament showed that both’ extracts contained a 31ngle

vt

predominant spec1es of proteoglycan. The ligament proteoglycan was

slightly larger but otherwise very 31milar to the skin preparation and

‘ran- as a sharp peak (buoyant densaty 1 45 gm/ml) on. den51ty gradient ,Qﬂf.“r

centrifugation.\Subsequent gel chromatography on- Sepharbse 6 B gave a »1y=ﬂ

31ngle predominant peak (Kav 0 36) that contained 47% protein and
' 53% of a classical dermatan sulphate type glycosaminoglycan The

molecular weight of the proteoglycan ‘was’ determined to. be 130 OOO and

the moIecular weight of ‘the isolated lecosaminoglycan chains' . ~v*“

approx1mately 30 OOO Thﬁs the proteoglycan molecule should contain

(A

The skin proteoglycan gave ‘a- slightly 1ower buoyant densrty
(1 42 gm/ml) on densxty gradlent centrifugatlon it appeared to. be
homogeneous on comp081te agarose'polyacrylamide gel electrophore51s
(relatlve 111ty 0. Jl-— 0. 78) and Sepharose 6~ B gel chtomatography
(Kav 0, 51) and. contained 61% protein and 49A glycosaminoglycan. The'

. glycosaminoglycans probably of the dermatan sulphate type (containing

onby a small propqﬂtinnoof glucuronlc ac1d res1dues) had~a‘molecu1ar
weight of approxrmately 18 OOO The molecular welght of 'the proteoglyca
was determlned ‘to be 100 000 and hence “the molecules should contaln an’

average of two glycosaminoglycan chains linked to a: protein core of

.tapprOX1mately 61 ,000 molecular weight Furthermore amino ac1d ana1y31s

~ of the two proteoglxcan preparations showed that the respectlve cores

T

T

[1

i( had v1rtua11y 1dentica1 comp081t10n (Table 18). Thus the?skin'and ligament ,J

proteoglycans appear to be essentially identical except for the chain
length ‘of their- respective glycosaminoglycans /,~f/{“ s

| /‘Proteoglycans of somewhat 31m11ar comp031tion have been 1solated
from bov1ne skin and heart valves (Toole ‘and Lowther, \1968b) pig skin
(Obrink 1972) and bovine tendon (Toole and Lowther 1968b and Anderson
1975) The proteoglycans extracted -from heart valves with hot 6 M urea-
have been the mos t exten81ve1y characterized They were shown to have a

buoyant den81ty of 1. 55 gm/ml t‘a molecular weight between 100 OOO and

R ‘ : / .
.« - . . B v * - . N
' . . , ’
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"to some polysaccharldeﬁmaterlal of 31m11ar mOblllty to the freeb
v:gl cosamlnoglycan chalns ‘on comp031te agarose polyacrylamlde gel

H_ electrophore51s However dlgestlon w1th cathep51n D produced 1arger

"'suggest that they both are 11nked to a small reglon of the“proteln core

:f(Pearson et al 1978b) Q,; ‘“fv

fthat 1f the dermatan Sulphate proteoglycans are 1solated from various BRA

flbrous .connective tlSSUES and purrfled by the same technlques we may

'sk n and per10donta1 11gament w1th catheps1n B ‘and elastase ‘gave ‘rise.

»sulphate proteoglycans at 37° C and pH 7 2 for 24 hrs gave r1i
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+ 200,000 (Preston 196 ), a protein content of approxlmately 50% and to

Ve

contain 2 - 4 derma an Sulphate chains llnked to-.a proteln cbre of

h‘molec 1ar weight 50 000 - 100 000 . Dermatan’. sulphate proteoglycans h

‘1solated from the other ‘tissues exhiblted sllght differences in proteln

and 1ycosam1nog1ycan content It thus seems 11 ely that thls type of

';proteoglycan may . bemfound assoc1ated w1th coll gen (see later dlSCUSSLOH)

in: all flbrous connéctive tlssues.,The present study further suggests

Y

ba

: find that they have essentlally 1dent1ca1 proteln cores and vary only”‘ i

7 in the substltuent glycosamlnoglycan chalns

Dlgestlon of the dermatan Sulphate proteoglycans 1solated from)the'
\

i

frhgments indlcatlve of the presence of multlple glycosamlnoglycan
5. .

‘chhlns Ilnked to’ small peptldeS"If we propose that‘these protepglycans

I

contaln only two glycosamlnoglycan chalns per molecule\thls would

7

\ . L / e
\ Incubatlon of the bov1ne skln and perlodontal 11gament derm tan \\“

toa

' to be breakdown products (Flg. 30) The relatlve mob111ty on'comp051te

agarqse polyacrylamlde gel e1ectrophores1s (skln O 85 11g ment 0. 78)
suggested ‘the fragments were sllghtly 1arger than those produced by :

:~cathep31n D: and thus contaln a larger fragment of the prbteln core.
1'Slnce thlS effect was only observed at close to neutraI pH and was' |
‘b‘~1nh1b1ted by ‘the presence of 1,8 mM. PMSF 1t was attrlbuted to the’
’faction of a serlne protease present in these preparatlons There was
- some ev1dence to. suggest ‘that the actlvity was lnhlblted 1n less pure

?preparatlons and became more(actlve w1th proteoglycan purlflcatlon. o

"If the degradatlon observed 1s as(ye propose,’ due to the- presence*.

: of a neutral protease the enzyme mus t be either very res1stant to
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e centrlfugatlon in 4 M guanldlnium chloride;

- .sharp bands of proteoglycan mater1a1 (Flg. 23) One had prec1sely the: N

0.1 M NaCl extracted perlodontal 11gament proteoglycans contalned two. -

'the enzyme: is’ actlve on the proteoglycan at 1east before

191
denaturation or c pable of efficient renaturatlon since it was not

destroyed by the strong denaturing agents (7 M urea and 4 M guanldlnlum _

chloride) used in the preparation of the proteoglycans. Furthermore it

o must be firmly attached to‘the proteoglycan even after density gradlent

\ [

- Chance attachment of the. protease and the proteoglycan could have

occurred due to the condltlons of extractlon and pur1f1cat10n of the"‘
.proteoglycans However 1f the enzyme was . assoc1ated W1th the degradatlon

"of the proteoglycan 1n\ylvo we mlght have expected to flnd ,some - of the’

smaller proteoglycan fragments in the extracts. The gel. formed at the

1top of the: gradlent .after den31ty gradlent centrlfugatlon of the e »

;same moblllty (Rb b 0. 78) as’ the degradatlon product obtalned by

.1ncubat10n of the. 11gament‘dermatan sulphate proteoglycan at 37 C and

81mllar to these degradatlon products stalned clearly ‘with tolu1d1ne

"Ahblue but was not detected w1th Coomassle blue eféther proteoglycan ) f{ﬁ
“band- had the’ moblllty (Rbpb 0. 66) and staining propertles} ‘

dermatan sulphate proteoglycan. Thus there is- eVLdence o

-extracted w1th guan1d1n1um chlorLde and perhaps in v1vo..ue¢,,"

= s
. The pos51b111ty of a protelnase attached to the proteoglycan in’ v1vo

perhaps noéﬁas outlandlsh as’ 1t m1ght’have been thought a few years o

Ty

»:fagoa Immunocytochem1ca1 studles have shown that cbllagenaSe 1s found 1n

A[»assoc1at10n w1th collagen flbres 1n extracellular 31tes in ‘most ;fp

'°fjmatr1x in cartllage'explants in organ’ culture._He 1ncorporated

- degradatlon p*oducts but not the undegraded proteoglycan. The gels were

'Aconnectlve tlSSueS (Dlngle 1976 and Montfort and, Pérez Tamayo 1975)

'ijurthermore the collagenase appears to be f1rm1y bound to the collagen

o . iw’},&»a R

N _'flbres 81nce ‘it has‘also been found 1n a number of purlfled collage
'4'\preparat10ns (Pardo and Pénez-Tamayo 1975) D1ng1e (1976) also had

_evidence. to suggest that a protease may be ‘bound : to the proteoglycan R

35

-vlabelled proteoglycans (pur1f1ed by convent10na1 means) lnto :' o . (Z '

vaolyacrylamlde gels of a pore size that enabled the release of 1 R

-4

: placed in close prox1m1ty to. cartllage explants in organ culture and T



',1>w1th warmlng and lower pH (Pearson et al 1978b) Toole anj

i

even though the cartilage ‘was rapidly degraded under stimulation with
\LVitamin A, no effect on-the acrylamide proteoglycan gel could be
‘demonstrated Though a numBer of possible explanations were proposed
‘one was that protease 1n an inactlve form was bound to the proteoglycan
matrlx in the cartilage but was not present in the proteoglycan gel
,because it had’ been removed on purlflcatlon of the proteoglycan. The
apparent protease attachment to the dermatan sulphate proteoglycans
howeVer, must be much stronger than that proposed with cartllage explants.
I recognlze that fur ther experiments are required to establish the
:enzymlc nature of the degradation observed w1th the dermatan sulphate
proteoglycans however .the 1ab11ity of these molecules is common to at
»,least two dlfferent preparatldns from dlfferent connectlve tissues and
may be characteristlc of this type of proteogly?an. Furthermore ‘ '
accumulatlng evidence suggests that the. attachment of protease, ’in an
'1nact1ve form to their substrates in the extracellular matrlx may b&
a general phenomenon..The control of the turnover of the extracellular
matrlx may .. thus 1nvolve actlvatlon of the protease or. removal of ‘

© / N
4 ,’ . J / B

Another characterlstlc of the skln and perlodontal llgament

‘ a53001ated 1nh1b1tors
proteoglycan revealed by 1ncubat£on at 37° C is their apparent ablllty
to aggregate. In addltlon to the appearance* pf smaller apparently I N

“‘degraded proteoglycan products after 1ncubat10n at 37 C ‘slower mov1ng

‘.lbands representlng apparently larger proteoglycan mater1al were

l ,observed on. comp031te agarose-polyacrylamlde gel e1ectrophoresrs

“‘These are. belleved to’ arlse from the hydrophoblc 1nteract10n of
:'proteoglycan molecules 31nce their: relative proportlons 1nc eased

Lowther .'

'(1968) and Obrlnk (1972) also notlced that th1s type of
had thevablllty to form larger aggregates and self-aggrigatlon has.

oteoglycan

'recently been reported for' cartllage proteoglycan (Sh eHan et a1 1978)
'and for the- keratan sulphate proteoglycan 1solated f om cornea‘}n;
(Axelsson and Helnegard 1978) cg:', o ,/ e )
Sheehanlgg_al (1978) prepared an essentlally monodlsperse cartllage -
proteoglycan preparatlon by dlssoc1at1ve extractlon and denSLty gradlent

centrlfugatlon (D~1 1 fractlon of Hardingham et -al al 1976) and found that

192
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moleqular weights determined by 1ight scattering varied hith ionic
strength in buffered 150 mM NaCl, pH 7. 4, the proteoglycan(had a
partlcle weight of about 5 X 106, but at 100, 200 and 300de NaCl .
particle weights of 2.5 x 106.- 3. x 106 were observed These results . ?
together with corroborating evidence f{ﬂ' sedimentation velocity
experlments were, interpreted Ln terms .o proteoglycans self associatlng
‘at phySLOloglcal ionic strength These 'authors suggested that lower
ion1c strength results. in severe repulsions between the charged glycan
chalns on the proteoglycans whereas higher 1onic strength inhibited
the binding at the protein site(s).
L ' Axelsson and Helnegard (1978) found that the keratan sulphate
e ; proteoglycan monomers could form aggregates as determined by gel
chromatography ‘and sedimentatlon veloc1ty analyses .The aggregation
was. promoted by 1ow pH and reductlon and alkylatlon of diSulphlde‘ .
| bonds and could not be attributed to the presence of any non-= proteoglycan’f,H
: materlal It is not known at present whether the self-aggregation of

any of the proteoglycans occurs in VlVO or is an artlfact caused by
e the purlflcatlon proce ure, - - : ‘/‘-é“‘" '

. Incubation’ of the sL1 1-and llgament dermatan sulphate proteoglycans

in the presence of PMSF not only\ini:tlvated the apparent protease v S
act1v1ty ‘but also greatly enhanced ekdegree of aggregatlon. The ' nature o

:h_‘ \\_giéihis effect. 1S\pnknown though' the two henomena mag be 11nked Ihe =
o ovaction of the protease could cleave reglons oF>the proteln core’ 1nvolved

‘n)apparently .

in aggregatlon. However those proteoglycans that re
' unchanged after 1ncubat10n at 37° C appear 1ess ‘ablé to aggr\gate than
1f 1ncubated 1n the presence of PMSF Only a fraction of the proteoglycan

s

'l aggregated in the absence of PMSF whereas only one band representlng

i
presence of PMSF Thus another action of the PMSF may ‘be: to modlfy

apparently aggregated. proteoglycan was observed after 1ncubat10n in the

certaln reactive groups or the oonformation of the proteln core such asliﬁ
to enhance aggregation. N T LR A: - ' ""\i\

Fig.136 depicts a SChematlc model for the structure of the skin or

perlodontal llgament dermatan sulphate proteoglycan. The dermatan . )
sulphate prqteoglycans appear ‘to be relatlvely Smahl contalnlng only -

’[ approx1mate1y two dermatanfsulphate cha1ns per molecule and a proteln

Lo
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Devr‘ﬁ1aata‘ﬁ»Sulphéte Chains <
-Figpfé_aﬁuSQhe'mafiC Model of Dermatan Sulphate Proteoglycan -



A verxéclosely associated neutral rotcase and have a proclivity to

self-aggregation. Although extensive steps weré taken to avoid

degradation we cannot rule out tho“effects of protease activity or

chemical modification during purific tion of the. proteoglycans, Howeuer
the homogeneity of the dermatan sulph te proteoglycans and very close
similarity of. the protein cores of- the skin and periodontal ligament -
preparations suggest that if protelytic\cleavage has occurrgd it must
have been specific and limited. : o oo
There is strong evidence to suggestf that the dermatan sulphate

proteoglycans are closely associated wit' collagen in the fibrous

. connective tissues, The .bulk of the dermatan sulphate proteoglycan

- can only be extracted from bovine periodontal ligament with 4 M

guanidinium chloride 0. 4 M guanidinium chloride may extract a large c

qproportion of the dermatan sulphate from bovine skin though thlS

proteoglycan was not thoroughly characterized Furthermore there is

"~ evidence to suggest that a large proportion of the dermatan Sulphate

'é%e type formed by incubation of the dermatan sulphate proteoglycan

proteoglycan extracted in.0,1 M NaCl may be a degradation product of

at 37° C (see p. 191) Tbole and. Lowther (1965) also had evidence to ' [

suggest that the dermatan sulphate proteoglycans extractable 1n

1.0 M NaCl were degradation products These preparations were found to

'have consxderably lower. protein contents and sedimentation coeff1c1ents'

".f than the proteoglycans extractableiln hot urea (proteoglycans similar B

to the skin and ligament proteoglycans reported in this the81s)

‘ The extraction, using low salt solutions of dermatan sulphate
proteoglycans ‘that appear to contain the glycosaminoglycan region. of
the native proteoglycan but have a degraded protein core suggests

that the protein core is involved in binding to the collagen fibres.

. Toole (1976) also. found - that the binding of cartilage proteoglycan

"~ and prec1pitation of collagen was ehhanced in the presence of PMSF- and

.attributed this to the inactivation of endogenous protease present in

the proteoglycan preparations (1s91ated from chick limb bud or embryo

»sternae with 4 M guanidinium chloride and purified by CTAB and alcohol '

EN
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precipltution) These findings, are consistent 'with the observation that
isolated core protein, from cnrtiluge proteoglycan bound to collagen
fibres covalently linked to an affinity column (Greenwald ct al al, 1975)
or to collagen during fibril formation in vitro (Ocgema ct al, 1975b),
‘,whereas the free chondroitin sulphate chnins had no affinity for the
collagen at physiological ion strength in these experlments. However,
competition for binding between core protein and intact protcoglycan
could not be demonstrated (Greenwald et al, 1975 Oegema et al, l975b
and Toole, 1976). The explanation for these apparcntly contradictory
results might lie in the complex nature of the proteoglycan collagen
interaction, It appears likely that\binding may occur between collagen
and either the chondroitin sulphate chains (Gbrink, 1973 Greenwald et al,
1975 and Obrlnk and Sundeldf, 1973), the core protein (Greenwald et al,
1975 and Oegema et al, 1975b) or the intact proteoglycan (Oegema et al,
1975b Obrink and Sundeldf, 1973 Greenwald et al, 1975 and Toole, 1976), .
' but that the binding of the core protein is considerably stronger than
" that of chondr01t1n sulphate chalns. Thus it is likely that the primary
‘SPECLflc blndlng site lies in the core protein, but that this reactlon
' giyes rise to a spat1a1 arrangement Whlch maximizes secondary
"interactions between chondr01t1n sulphate chalns and ba51c residues in =
the collagen molecules, _ ) _

It has been suggested that proteoglycans also affect the organlzatlon
of collagen flbres LoeW1 and Meyer (1958) have shown that dermatan
, sulphate is found in those tissues where there are coarse or thlck
collagen f1bres but not 1n/€lssues containing much finer fibres such
"as cornea or cartllage. Borcherdlng et al (1975) correlated the number
and size of collagen fibres W1th the concentration ‘and composition of
glycosamlnoglycans at, dlscrete 1ntervals across’ the transxtion zone ,: ’ e
tktween the cornea and sclera. They found there was a rapid 1ncrease in- |
fibre size and decrease in organlzatlon accompanled by a rapld decrease
' ;ln keratan'sulphate and 1ncrease in dermatan sulphate concentration.
Considering the famlllal 81m11ar1ty of the protein cores of the dermatan
sulphate proteoglycan and the keratan sulphate proteoglycan (Table 18)
1t is 1nterest1ng -to speculate that these two proteoglycans may compete

for the»prlmary binding site on the collagen molecule and whereas the-



keratan sulphate chains Wiscourage the formatio of thicker fibres,
(the frea chains do not .ppuur to bind to collugun, 6hrlnk, 1973), the
dermatan sulphntd{éhnins intoract strongly at secondary binding sites
on the collagen molecules\to encourage the formation of thicker collagen
fibres, perhaps by linkinp fibres, as observed under the electron
mlcroscobe (Myere et al, 1 73) or by a similar mechanism QLabilizinp
the formation of largcr collagen bundles,

There is good evidcnce ?fat the interaction of glycosamiﬁ%glycan
chains wi th collagen 1s dependant on the chain length of the glycos-

aminoelycans (Obrxnk and Wasteson, 1971), Obrink and Sundeldf (1973)

- found that wherens 2 to 4 dermatan sulphate molecules of 18,000

molecular weight could bind to ‘ach collagen molecule, a single high

molecular weight (41,000) derma an sulphate of similar iduronic acid

’ -
composition could bind as many a

5 moleculee of collagen per chain,
This may suggest that the perioddntal ligament dermatan sulphate
proteoglycan nlay give rise to thikker collagen ffbres than the skin

dermatan sulphate proteoglycan si ce the only apparent difference in

_the proteoglycans is their polysacicharide chaln length (33,000 c, f.

18,000 molecular weight). _Unfortunately the precise fibre diameter of

collagen flbres from the perlodont 1 ligament has not, been reported,

‘though thick bundles of collagen fibres (the principal fibres) are

known to occur, The proposed diffegence in dermatan sulphate proteoglycan-

collagen binding may also explain hy newly synthesized collagen in the

perlodontal ligament was quantita 1ve1 ‘converted to insoluble colla en, -
g q y g

whereas in the skin a conversion efficiency of only 33% was found

(Sodek, 1977).

a

6.3 CHANGES IN THE LIGAMENT GLYCOSAMINOGLYCANS ASSOCIATED WITH

° TOOTH DEVELOPMENT

The growth and development of the permanent incisor was accompanied
by marked changes in the structural organization of the periodontal

ligament, "Histological ei?r ination revealed an obvious increase in-

collagen fibre organlzatlon and-orientation with the- flrst signs’of

root formation (group 2 1nc1sors) The fibres were much thicker than
those'of -the fOlllCle and organlzed in wavy bundles, parallel to the

root surface (Plate 1). 1In support of these observations, chemical
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analyses revedloed an®almost two fold increase In the collagen content
and also a dramatic decrease In the hyaluronie acid contcnc of tha
ligament at thia’atngu-of development,

The hyaluronic, acld analysces obtained are consistent with thc work

of Pecarson et _al (1975) who showed that hyaluronic acid decveased

relative to’ chondroitin sulphate in the periodontal 1lbamcnt %ith the

development of bovine molars and with the general observationithat

hyaluronic acid is more concentrated in embryonic mesenchyma tissues
teen ot /al,

1970)JfFurthermorc hyaluronate synthesis has betn shown to b

than in their plder counterparts (Loewi and Meyer, 19)8 und.

with the early stages of growth and reparative processes ianil
synthesis of connective tissue elements and the ac;} e wi rat&\UJ
proliferation of the participating cells in for dxample '

(Bentley,1967), tendon regeneration (Dorner 1968f? A,
regeneration (Toole and Gross, 1971), chick embryo cornea d Qelopment
(Toole and Trelstad, 1971), limb bud and axial chondrogene is (Toole,
1972) and,theyfetal development of human ékin’(Breen et a
Small amounts of hyaluronic acid have been shown to inhibit the
synthesis of chondrocyte specifid glycosaminoglycans by. nondrocytes in
tissue culture‘(WeibRin and Muir, 1973) and removal of fhe hyaluronic
acid, préeumably by a hyaluronldase, has been proposed to cause the
immobilizhtion of chondroé}tes/and allow their differentiation during
limb bud chondrogenesis (Toole 1973) “However hyalurpnic acid does not
appear to effect the synthe31s of sulphated glycosa ‘noglycans by
dermal f1brob1ast in tissue culture (Welbkin and Muir, 1973) suggesting

" that the effect of hyaluronic acid on cell differentiations varies with

different cell types: However the presence of layge amounts of hyaluronic

acid in the f0111c1e prior to root, and ligament/formation is consistent
with the embryonic nature of this tissue and the organlzatlon and
development of presumptlve cementoblasts and ligament fibroblasts.
Subsequent development of the periodontal ligament réevealed little
obvious histological change until the incisor: erupted into the, oral
cavity. Obliquely oriented collagen flbre bundles were first observed
in the newly erupted incisors and became the predominant fibre-type in

the mature occluded inCLSors The proposed function of the periodontal

: .
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ligament in pulling the tooth Into occlusion by the action of conrﬁucﬁlle
fibroblasts attached to the collagen fibrea, is compatiblo with an

ablique ortentation of collagen [ibres Lhat are firmly attached to thv

cement (Bcortaen_ggmgl 1974). Failure to observe these fibrea in the
carlicr stages of incisor development casts some doubt on the involvcment
of the periodontal ligament in this procqss'prior to eruption into the \\
oral cavity. It is possible that fibre orientation was lost in removing
the incisors from the fracturedlmnndiblen, however fibre orientation

in the cement of the mature occluded incisors sdgg sted that the oblique \
orientation of collhgen fibres occurred late in the dcvclopmcnt of the
cement (Plate 3 e) and the histological observation of developing monkey
premolars .sectioned while still within the mandible, suggested a very .
similar sequence of 1igamcnt deveclopment (Grant and Bernick, 1972)

Although it was not always obv1ous from histological examination

hydroxyprqllne analysis revealed a steady increase in the collagen

content of. the ligament with development. This probably reflects an
increasing requirement for mechanlcal strength which may be expected

to reach a maximum in the ligament of .'the mature occluded incisors,

" While 1little change was observed in the hyaluron1c\ac1d content

of the 11gament at these stages’ of development a marked change in the
galactosamlnoglycans was observed, Isolatlon of the alcohol

fractionated galactosamlnoglycans showed that though there appeared to

be’ llttle change in the composition of the indtyidual fractions there

were: marked changes in the amounts present. The 18 and 25% alcohol
fractlons showed approx1mate1y parallel changes w1th*de»elopment as did

.the 40 and 507 alcohol fractlons consistent with the proposal that
most of the dermatan sulphate-llke galactosamlnoglycans that 1is the

- 18 and 25% alcohol fractlons and the chondroitin Sulphate like

) galactosaminbglycans that is the 40 and 50% alcohol fractions, are -
vpresent in distinctly different proteoglycans ‘ 1 .

_ The dermatan sulphate-1like glycosamlnoglycans 1ncreased steadily .

- with development and approximated the changes observed in the ligament
collagen content, "Similar changes in dermatan sulphate content have ‘
been observed with the deposltion of collagen fibres and the development
of human sk}n (Breen et al, 1970), pig skin (Loewi and Meyer, 1958) and

Y

-



a4

- composition of the extracellular matrix.

chick akin (Kawamote and Nagai, 1976). As previoualy mentioned,
Jdermatan uulpﬂhtu and dermatan sulphate proteoglycan have long heen
1ﬁpljcatdd in the formacinn and organization of collnhcn fibres, "hus
the px('uuncv of dermatan sulphate f{n the periodontal 1igament tu
compatible with the Ltbxouﬁ nature of this tisauc a 1t is not
surprising that chnngca in the amounts present closely reflect changes
in collagen content,

The chondroitin sulphate~1like glycosaminoglycans increase rapidly
with development to reach a max { mum content in the newly uruptad‘
incisors thcn decrcase slightly in the mature fully occluded iucisor,
From the analysis of the chdndroicin sulphate—typc proteoglycan from
the ligament it seems likely chat this proteoglycan is similar to the

arcilage type proteoglycans As such it would be well suited,
because of its greater water-1inclusion properties to protect both’

the cells and collagen from increased pressure as the ligament is
compres/ d betwcen Ehe -alveolar bome and the tement, Dramaelc
altergﬁion in the proteoglycan content in relation to compression or
‘tension of the extracellular matrix has been ‘shown in the rabbit flexor
digitorum profundus tendon (Gillard et al, 1977), This tendon is A
subjected to either compressive or tensile forces depending on its ]
position in tﬁe leg or foot of the rabbit., Where the tendon was under
«tension the tissue contained less than 0, ZA proteoglycans on a dry °
weight ba31s /?mposed predomlnantly of dermatan sulphate, In the area .

of- compression however, thé tendon contained approximately 3,5%

-

pfSteoglycan composed of predominantly chondroitin sulphate, Accompanylng

the change from predominantly dermatan sulphate to predominantly
tchondr01tin sulphate glycosaminoglycans the authors observed a decrease
in the axial periodicity of the collagen fibres from 63 to 54 nm. From
these and studies of the staining properties of collagen f1bres under
tension and relaxation (Flint‘gg_gl 1975), they proposed that changes
-in the distributlon‘of freely available fixed charges which are

reﬁlected in differences in the axial periodicity and staining of

collagen fibres, could be résponsible for changes in the cellular 'o“.

. metabolic activity, wh1ch gives rise to the modulatlon in proteoglycan
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However, although the amount of comprennfve force produced within
the periodontal ligament and the changes {n thin force with development
ave unknown, 1t might be expecred to reach a maximum in maturs teeth
due to the forcea involved {n occlusfon, The fact that the chondrotrin
nulphata=-like glycosaminoglycans reach a maximum {n the incisor
pertodontal ligament prior to occlusion suggesta that the assoctated
proteoglycans may have additional functions in this tissue,

Studiea of embryonic salivary glands have shown that hranching
morphogenesins {a dependant on the presence at the eplithelial surface
of a proteoglycan complex, composed of approximately equal amounts
of hyaluronic acid and chondrottin sulphate (Cohn et al, 1977). The
accumulation of newly synthesized proteoglycan {s greatest {n areas
" of incipient ;lcfc formation (Bernfield et al, 1972) and clefts are
lost after removal of surface proteoglycans and reappear coincident
with the accumulation of newly ayﬁthuaiz&d proteoglycan at specific
sites (Banerjee et al, 1977). Contractility of microfilaments within
the cells of the epithelium has been proposed to cause the cells to
change in shape and to initiate the formation4of cleftas (Spooner and
‘Wessells, 1970). The contractility of microfilaments is dependent on
the availabiiity of ca?t (Wessells et al, 1971) and Bernfield et al,
(1972) proposed that surface assoclated proteoglycans because of theig

high affinity for Caz+ may be involved in gegulhcing}Cagg access to

o

_the plasma membrane and/or the cell interior and thus 1§volved in

promoting cleft‘fofmation. L

| ‘The eruption of teeth has also been proposed to involve the
contractile mechanism of microfilamehts, in this case within the
fibroblast (Beertsen, 1975), A similar involvement of the chondroitin
sulphate proteoglycans with the process of contraction may also be
envisaged in this tissue. The greatest rate of eruptién“may be expected
just‘prior to occlusion; since thg resisting forces are 105%3: in this
fsitua;ion (Berkovitz and Thomas, 1969), Thus a high rate of eruption
may account for the high levels of chondroitin sulphate-gype; q/j
gLycosamipoglycéhs found in 8§e periodéntal ligament just prior to
qcclusion of the bovine incisor.

The periodontal iigament'contains tﬁo'predominant types of



galactosamtnoglycans and probably tua carrespanding types of protecglyean,
hoth of which may play vital rules in thie develupment, rgantzation and
normal ;ﬂﬂﬂtiﬂniﬂg of the periadontal ligament, The deymalan sulphate
pfngcugiycgn ig probhably tavolved tn the formation and organtzation of
collapen flbres and the chondroftin sulphate proteaglycana with the
resistance lo compressive forces and possibly atlso with the contracrton
of microfilamenta within the fibrublasts, Proteoglycans may have some
assoctiation with axytalin (known to be present in considerable quautiticﬁ
in bovine periodontal 1igamegt), however very lirrle {s known concerning
oxytalin- or rldﬂtih“ﬂfﬂtwhgly;ah intergetion,

’ The presence of two d;;ginLL types of proteoglycan withia the
periodontal ligamvut’suggdacé that changes fn the relative proportions
of the dermatan aulbhuta type and chondrotein dulphate type glycaosanminag-
plycana fnvolve a regulation of the ayntheais of distinct proteoglycans
rather than a modulation at the level of glycosaminoglycan synthesis,
such an {n epimerase or sulphotransferansc activity. Howevey modulation
of cpimerase or sulphotransferase activity may pive rise to some

modi flcation of chc Lopolymoric nature of the klycdﬂxn(nuﬂlyganﬂ vf the
individual protcchlyCdns. This may amount to changes {n a relatively
small proportion of the disaccharide units of the glycosaminoglycans

and could produce a vnrlacign such as is obscrved hetween the 18 and 257%

alcohol fractions,

6.4 SUGGESTIONS FOR FURTHER WORK

v

As well as gliving somo insight into the nature of the pcrtodoncnl
ligament protcoglycnns and non carcilaginouq proteoglycans’ in goncraL
it is hoped that the work réported in this thesis will stimulate furgber
research; not only to confirm somc‘of the findings already qﬂgg&#tud
but also to extend these investigacions to further examine the nature -
of the chondroitin Suléhate and dermatan sulphate proteoglycans., Oae N
area of investigation that is currently receiving a great QGal of
interest is the nature of the non cartilaginous $h¢ndro£tin sulphate
proteoglycans and the comparison of the characteristics of these
molecules with those of the proteoglycans isolated from cartilage, °
The characceriscics of the apparent protease associated with

. the dermatan sulphate proteoglycang also warrants further investigatlon.
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We' hope to make extens1ve efforts to lsolate the apparent protease .
act1v1ty from the proteoglycan. Gel chromatography in SDS or yrea may
vkbe effectlve 1n this regard Isolatlon of the enzyme free from the

'-bproteoglycan would fac111tate more exten51ve characterlzatlon and should

oy

: ?l»;nd;cate whetheﬂ thls enzyme cor?esponds to any of/the proteases already

"hlsolé éd from connectlve tissues (Barrett e1975 and Dlngle ,1976)
Further 1nvest1gat10n of the apparent aggregatlon phenomenon of -
‘fthe dermatan sulphate proteoglycans is planned for the near- future.'

o

We have already shown that the apparent aggregation phenomenon can be -

"

demonstrated on gel chromatography in the _presence of 0,5 M’ sodlum acetat
,(Pearson_gt_al l978b) .These results Suggest that the assoc1at10n is
'unllkely to be an 1on1c 1nteract10n (for example between a p031t1ve1y
'charged reglon of the core proteln and the glycosamlnoglycan chalns

gof another proteoglycan molecule) The results also suggest that the
-.apparent aggregatlon LS ‘not . 31mp1y a masklng of negatlve charges, whlch

bl

‘was ‘a possrble 1nterpretat1a1 of the decreased mlgratlon toward the
I’p031t1 e pole observed ‘in gel electrophoreSLS ' _f

| ‘IE the apparent 1ncrease 1n proteoglycan size on 1ncubatlon at,

37° C is a 81mp1e aggregatlon phenomenon it should be. ea31ly rever31ble,
'We propose to 1nvest1gate ‘this by incubation of hlghly purlfled dermatan

’_sulphate proteoglycan preparatlons at 37° C in- the manner descrlbed
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'tprev1ously (sectlon 2. 2 8) and 1solat10n of any apparently aggregated

material by gel_chromatography. Inltral_work, performed 1n.Dr.vPearson's

laboratory, has shown that the apparent aggregation phenomenon, observed .

on compoSiteﬁagarOSeypolyacrylamide gel7e1ectrophoresis is inhibited L

_by-incubation in the presence of 6 M urea, suggestlng that. urea may be
’;‘effectlve 1n dlssoc1at1ng the aggregated proteoglycan We thus plan to.
treat the - aggregates" with '6-M urea and isolate the products by gel-
chromatography. Isolatlon of proteoglycans the size of the "subunlt”
mater1a1 should fac111tate the demonstratron of subsequent reaggregatlon
after rncubatlon at 37° C. Reversible changes demonstrated in this manner
' would.suggest the occurrence\of‘an'aggregation.phenomenon"however A
, rever81b1e conformatlonal changes would,not be ellmlnated o
‘ Analyt1ca1 ultracentrlfugatlon may: also be used to demonstrate the
aggregation of the dermatan sulphate proteoglycan. we have shown that
“the bov1ne skln and perrodontal 11gament dermatan sulphate proteoglycans

give 81ng1e sharp peaks on sedlmentatlon ve10c1ty ana1y81s at 20”‘
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(unpublished results) If aggregatlon oceurs a. faster moving peak would

b

' g‘be expected after incubation at 37 C. These studies or. the . use of

‘equlllbrlum sedlmentatloh ana1y81s should ellmlnate effects due to - -“ ‘1
exten31ve conformatlonal changes and also’ g1ve an 1ndiqat10n of the L ﬂ% '
;extent of aggregation. Some cdution should however, be exercrsed in '

the 1nterpretat10n of a negative result._The fallure to’ observe any larger ‘

-molecular werght mater1a1 in the uftzacentrlfuge may ‘be. due to the »
“‘_1nstab111ty of aggregates under the forces produced\durlng u1tracentri-~»:

"fugatlon. Such an Lnstablllty is; observed Wlth the aggregates of: hyaluronlc,.:'

- acid and cartllage proteoglycan 1n the absenceﬁpf 11nk protelns (Mulr »
.‘yand Hdrdlngham 1975) '

A e

y; 3 _ . .
Assumlng that aggregatlon is proved the nature of the assoc1at1on

7

‘ o whether 1on1c or hydrophoblc and the 31teés) on the dermatan SUlphate'g

proteoglycan involved in aggregatlon could readlly be establlshed by
modlflcatlon (e1ther enzymlc or chemlcal) of the proteoglycan structure,
the stablllty and p0351ble extent of agg gatlon could be revealed by
varylng ‘the condltlons under whlch the aggregates ‘are formed

_ ~ An area of 1nvest1gatlon touched on' 1n thlS the81s - . I feel .

© may prove very rewardlng in the future .is: the 1nvest1gat A theﬂ .
b1nd1ng of dermatan sulphate proteoglycans to collagen flbr ©and o

‘ 1solated collagen molecules Though collagen-proteoglycan 1nteract10n _
has been 1nvest1gated for many years, the ava11ab111ty of two. relatlvely
'Slmple well characterlzed dermatan sulphate proteoglycans may open a -_ﬂ'ivl

‘-number of opportunltles for a fresh approach to. ‘this problem. lelted

"Qenzymlc cleavage (cleavage of the glycosamlnoglycan chains . and/or

3part1al proteolytlc cleavage of the protein core) comblned w1th

collagen blndlng studles (e g. collagen affrnlty chromatography) should

iglve some idea of the locatlon of the collagen b1nd1ng s1tes on the

dermatan sulphate proteoglycan. These studles should reveal the relatlve

" involvement of the. glycosamlnoglycan chalns and the proteln core in ;' %
b1nd1ng to collagen and hopefully glve a more detalled understandlng

of the: structure of mhe collagen blndlng region of the proteln core

if, 1n fact, 'such a reglon ex1sts. By use of competltlve bindlng studles(

‘1t may be poss1b1e to show whether these proteoglycans (and p0331bly
-vlsolated blnding reglons) compete w1th other proteoglycans (e.g. keratan | ;

'"_sulphate proteoglycans and chondr01t1n sulphate proteoglycans) for the )

'4'same b1nding sites or whether they- bind to diStlnct S1tes on the ne '

~

2
.
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: o collagen molecule. Comparative studies of collagen-proteoglycan ;v )
ﬁ'lnteraction using the ‘skin dermatan sulphate proteoglycan and the. l
perlodontal ligament dermatan Sulphate proteoglycan may g1ve some
. 1nd1cat10n of the effect the chain length of" the constlUJent .
R glycosaminoglycans has on collagen flbre formation flbre stabillty

and perhaps flbre form.

ot
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