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ABSTRACT

The existence of collagen in predentine and cementum can be re-
garded as firmly established.  However as the amount of these tissues in 44
teeth is very small, most studies have been histochemical in nature,
The aim of this work was to extend the histdchemical studies.to a chemi-
%

Predentine was obtained from unerupted bovine teeth of animals
.-

cal basis,
one to two years old at slaughter. The translucent zone at the apex of
the root was cut away and the predentine subsequently dissected from the
dentine under a dissecting microscope, Cementum was.collected from
erupted bovine teeth. The roots of the teeth, from which the crowns had,

been sectioned off, were sliced longitudinally into thin lamellagvof

about 250 microns. Under the dissecting microscope, the cementum was’

*

carefully separated from the dentine.

Cglcium and phosphorus determinations were carried out on both
tissues, The EDTA decalcified insolﬁblé_collagenoué'matrices wefe then
subjected to three'majér analyses: reducible cross-link, amino acid gnd.

neutral sugar determinations. An investigation was undertaken of the

occurrence of phosPhoprotéin in these tissues, . "
Predentine:

Predentine was found to contain little calcium (,47%), ‘an amount
corresponding to 1% hydroxyapatite. The phosphorus content (.37%) was ‘
higher than could be accounted for as hydroxyapatite. | The additional

phosphorus was fifst thought to be paft'of the phospheprotein Veis and

185,187,189

‘cow0tkers had isolated from decalcified bone and dentine and

pontulated to be the site for epifactic nucleation of mineralization for

\ .
[l
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the matrix. However upon analysis, predentine was found to be frec 8f ‘Q_
phosphoprotein, which is consistant with Weinstock and Leblond's
radioautographicvstﬁdy showiny that a phosphoprotein ;raverses‘the pre-
dentine to thg mineralization front where it is deposited in tie dentine.

The reducible intermolecular cross-link content of predentine
sho@ed the same pattern as other miheralized tissugs, that is, dihydroxy-
lysinonorleucine and hydroxylysinonorléucine are the major cross-links
“with dihydroxylySinbnorleucine being the predorinant one,

The amino acid éompositibn of predentine collagen generally re-
sembled that of other g¢ollagens éxcépt that the glycine content was 1ow
and ﬁ%e proline content higﬁ indicating”the sémple was not gompletely

"

pure. The neutral Sugar results sﬁggested that one contaminaqt was a
glycoprotein,
. | e
The collagen hexose determination indicated that predentine is
a high hexose collagen as the hydrqulysine wad completely glycosylated.

However ohly a part appeared to exist as the disaccharide, gluéosyl

galdactosyl hydroxylysine, v .

Cemen tum:

The Ca/P ratio of cementum was determined to be 2.3 (w/w). That

4

of h}droxyapat1te is 2,2 (w/w), Ihus the mineral of cementum is hydroxy-
‘apatite,

Cementum was also found'to be free of phocphOprotéin This re-’

i

sult indicaces chat the role of phosphoprotein in uineralization must
now be reconsidered
~ The reducible 1ntermolecu1ar cross- link determination showed

#

that dihydroxyLy!inonorleucine and hydroxylysinonorleucine were the major

~cross-1inks of cementum as in other calcified tisaues. Of ;he :wo, di-

o
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4
hydroxylysinonorleucine was the predominant one.

The amino acid composition of cementum resembled that of other

’

collagéns although the high proline and low glycine content indicated
that the samplg was contaminatcd. This observation is supported by the
neutral sugar results which indicatca one contaminant as-a non-collage-
nous glycop{otein.

The neutral sugar determination on the collagen hexose showed
it to contain 1,5g hexose/l4g hydroxyproline, -This'vélyercorresponds‘to

36.87% glycosylation of the hydroxylysine, of which only g part is the

o
disaccharide. L

Due to the limited amount of predentine and cementum samples,

each determination was merforméd only once. Thus the results must be re-

{
i

garded as tentative. o ‘ .

vit -~ -
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INTRODUCTION

THE PURPOSE OF THE INVESTIGATION

.
t

Despite, the extensive information available on the biochemical

nature of coliurrn and other connegtive tissuce clements, no detinitive

studics have been reported on the chemical characwer of the fibres round

in cementum and proedentine,  Cementum is the thin layer of mineralizced

tissuc which covers the whole root of the tooth, Its primary lonction is

to attach the periodontal ligament to the tooth surface, thus relating

the teeth to the jaws. It also plays a part in maintaining the widti of

the périodontal ligament and in répair of damage to the root of the

teoth,  Predentine, on the other hand, as the name implies, represents
the precursor form of dentine. 1In contrast to dentine, however, our

knowledge of prod&htinc is meayver., While the existence of collagen in
. . i

this tissuc has been firmly established, the identity of other components

: . {
is less cert¥n, Because of the very small amounts of tissue involved,

most studies to date have been histochemical in nature, The aim of this

»

work was to~exfend the histechiemical studies to a chemical basis and so
. . i : ’
enldarge our knowledge of these two tissues,
. - : -
-
1Y {
1 ©
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T SiEVCE R 08 oo o N T O KO EDCE
Connective tiseues play womy inmportant roles in the body, scrve-

A}

Tup oportatize, supaoa v - detonsive ostora, e and reparative functions,

They are commosed of dorosos Tinlor substances of which collaren Is the
’ ’ ~

principal o penent: one cells,

The fondasenta] unmit of collaren is composcd of three of chains,
‘F;xch consiste of about 1000 amino acids linked in an A-amino pentide
linkare [‘mri has a1 moleculor weight of abont 100,000, The most cerunen
structure & (0(1)20(2. Two of the chains, the A1, have identical pij-
mary 5;1!‘ll(‘l.lltq(i;, whereas the thirvd, the K2, differs from the L1 in
amino acid cumpnsitionl. As a result, the K2 chain is more basic,
s Recently it has };u_'cn foumld that the &2 1% shorter than the 0(12. At
least four ;;zonotifa}]y-dist‘inct collayen o chains-designated A1(T),
K2, ol1(11) and XI(III) are found in the major vc;gob(ate connective
tissucs, These chains appear to occur normally in three types of mole-

chles with the following chain compositions: 0(1(1)25(2, the Type 1
molecule which is the predominant collaéén molecule in several tissues

-

sugch as bone, tendon, dentine and mature dermisB; o(1(11)3, the Type I1I \
-

-

molecule which is the predominant species of collagen in hyaline carti-
1ages3; o(l(III)j, the‘f}pe”III moIecgiefqpich coexists with Type I

collagen in several ti@;ueS; Type 11T molecules are especially preva-

lent in young tiSSueSﬁ'(diSCUSSEd in greater ‘detail on p. 25). *
- ‘w -

Each polypeptide within the collagen molecule chain forms a

L)

left-handed helix; ecach complete turn in the helix contains 3.3 amino

. ' o) e . .
acids which are separated by 2,9 A, To form the molecule, each helical :

&
¢ . Q
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The amino acid composition of collagen is unique in that about

one-third of the residues are glycine, the simplest amino acid havihg a

'
«

sjngle hydrogen atom instead of a side chain. The two imino acids, prol

line and hydroxyproline, make up about two-nintins of the total amino
! : '/ 4



acidey and Bvdrony e dne o np Ghont o pereent. Seo Table b ofor the

amine acid conpositien o v fons pugea b ian t1sses, rom thie ty

one sces that collaen contalns s onjificant anounts of all the common

ardine acidy evecpt o cystine and tovprophan,

Glycine, proline and by drooyproline, the threo most abundant
aminoe aciJds in collayen, have an fmportant bearine on its htrﬁ\(JrL.
lt. Is sarpricine that a protein having an anine aoid gomposition 1ike
colla en can torm a belix,  The ring strocturc oi proline and hydrony-

\

provine wonld normally prevent belis formation,  lHowcever, the struc-

ture ot the triple helical molecule is such that elycine in every thirvd
position Ties inside the triple helix, while the ring structure of pro-

lLine and-hydroxyproline and the side chains of the other amino aci

lic on the outside, thus allowing for close packing and & helixfforma-
tion. Once formed, the presence of these ricid rggions with bulky
yroups incorporated helps to stabilize i£ by preventing unwinding, The
structure is also stabilized by hydrogen bonds between the pcptidc'
chains transverse to the axis of the molecule,
Several conformations for the triplé helix have been prAposvd‘
in the last two decades. Recently, an unambiguous structufe determina-
tion appears to have becniachieved. Traub and Yonath7 studied the
- L _
polytripopcide (Gly-Pro-Pro)n and found it to conform with the para-
meters éf collagen, that is, thig model conformedeith the generally
accepted bond Iengths, bond angles, and minimdm'van der Waals contacts
aﬁd is consistent with the X-ray pattern, infrared frequency, as well
as other physical @nd chemical data relating to the structﬁre. This

conformation has only one¢ hydrogen bond for three amino acids. A pro;

jection of this structure down the helix axis is shown in Pig. 3.

¢



tntrh vocentIv ) rvdronvpr el i g baon thoe ot Phcerential ror

the Strrotoral dnte iy o0 the colla on fedocnte, It tonction My new
9,10 ‘ . .

hoave bedn revcated, Soveral vorkers Lave ftound that the amine acid

Fic. 3." Projection down the Lehy anis of (GIC-Pro-ProY, sirueture, including ewo
water molecules per tupepndo . The stmeture s viewed from the carboxy! end.
Dashed lines wudicute hydreghn Londs 8

is important for the thermal stability of'collagen: Jeminez et 3111
prepared chick tendon protocollagen samples which confaiped varying
amounts of hydroxypfoliAe.‘ The thermal stability was monitored by sus-
ceptibility to completg digestion h*sfepsiﬁ, an enzyme which doés-no£ 
degradé ﬂeLical moiecuIes. They observed ;hat-thé thermal égability
varied directly.with hydroxyprdline.cantent. AThe~protocoilagen'samples
Which lacked hydroxyproline completely were found t§ have a denaturatioq

. temperature of 24°C. This implies that hydroxyproline is necessary for



O

the procellacen chiains t8 assume the tiiple helis at body temperatog e
. Existing models tor the collaren Structure do not make ol lows
ances for the participation of the hydrosxyl croup of hydroxyproline in
. b

hyvdvogen bonding within the triple helis.  Evidence for the participation
of hydrovyprolyl residues in the stabilization of the collawen helix
requires @ resevaluation of the atomic structures proposed for collayen,

Once the monqmcré arv formud, these protofibrils bind extra-
collu]arly by vlcclrosLAtip forces to form fibrils, Fibrils then Com-
binc to form fibers, When viewed under the clectron microscope, the

0

fibers have a distinctive and characteristic 640 A banding. The primary
structure of collagen has two special aspects which account for this,
Firtely, there is a rccurr#nco of certain similar sequences of amino
acids. Glycine occprs in ovor} thirJ position wi&h'proline and hydroxy-
prolince frequently following. - This sequence is found in the non-polar
or crystallinb regions of the molccule, Seéoﬁdly, tﬁig;%ripeptide
alternates with a large polypeptide run-which secems to have polar side
chains of glutgmic acid, aSparLié acid and lysine., When collagen is
staincd with solutions of phosphotungstic acid or uranyl acetaté, a
characteristic band pattern is revealed which refiects the distfibuyibn

of clusters of charged ahd uncharged amino acids along the moleculelz.

12.

o Recently, following phe classical work of Kuhn and coworkers

"Bruns and Cross'3 have established the number and position of repro-

-ducib}é bands in segment-long—sé;cing crystallites of calf skin éollagen
Whiéh will permi; precise identification of individual 5ands or segmencé
of the band:pattern. They.were able to collocate; on the basis of band

numbers, published observations on positively stained sggment-long- a

spacing crystallites which included cyanogen bromide and hydroxylamine



peptides traprents produced by vnoynatic cleavage, sites of scission
by specific animal collayenares, amino acid residues identified by

: \
selective staining procedures, and clusters of specific residucs where
the amino dcid scequence has hvyn established.

The coll&yvn becomes covalently cross-linked once the fibrils
are formed, Two different types of cross-links form: intramolccular
¢ross-links duvolgp within the collagen monumer, whereas intorﬁolecular
cross-links form between the collaven molecules., The la£tcr typr of
cross-link is physiolonrically important for strengthcning tho“fibrils
and fcndering them lnsolublc. Fvidence for crOSS-Iinking comes from
denaturation studies on collagen. The products of such a study are & ,

: 14 o, v ) . Lo .
ﬂand ¥ components . As & function of time, in vivo, cross-links

form between chains to produce dimer components, the 15 components,

PR ES

’ . . L
which can be of two types when the cross-link is intramolecular,

X1 - ol (designated ﬁ).“) and o« 1 - o(VZ‘ (desi_gna;éd [3 12). When colla-
gbn is salt-extracted in the cold, pfodominantlycx 1 and & 2.chains are
obtained, making up 80-90 percent of the sample, On the.other hand:
when collagen is acid-extrac tevd, 50-60 percent of fhe 5‘samp1§ is (5 il énd
plZ' This is because the acid-extractable colllagen‘ is more crass-
linked than salt-extractable collagen. There also occurs a third c‘om-
ponent, the ¥ -compénent, which is a trimer composed of X1 - o(i - .0(2
(Tllz)- ‘These peptides‘ account for the intramo-léc,ular'cross~linkq. On
the other hand, if other extrac;fion mc;:hods are used, fof. example, 5M -
gdanidine, pH‘7._5, another type of. ‘3 component can be extracted, the

p22" aris‘ing from intermolecular éross-lin}ing betweea two &2 chains.

11, COLLAGEN BIOSYNTHESIS - L

v » . )

The site of protein synthesis is the ribosome, which contains



&

RNA and proteins,  The penctic information is brought to the ribosome
by the single stranded RNA known as "mestsenger' RNA (mRNA) which has o
primary structure complementary to a portion of one DNA strand.  Tiwe
nucleotide sequences of mKNA'dctcrmjnvs the amino acid sequence of the
protcin,  Amino acids arce attqgh!d to the solubld transier RNA (tRNA)

molecules which transfer amino acids to sites on ribosomes.  The tRNA

3 -

molecules are specific for a given amino acid bLut some amino acids are
, L
recognized by more than ont tRNA, The mRNA is read in units of 3
. N . _
niicleotides (triplet codon) for the incerporation of a single amino acid

and the tRNA posscsses a triplet anticodon that is complementary to the

¥

codon of the mRNA, It is through such intcractions that the genetic

message of the mRNA, originally derived from the active strand of DNA,
- ‘ g .

is translated into a polypeptide sequence, incorporating sequentially

. : _ < .
~one aming acid residue at a trnm beyinning at the N-terminal end of’the

peptide chain,

-

Collagen biosynthesis follows the same general pattern as that

. L . ..
for non-collagcnous proteins, It is accomplished by a series of sequen- l

.o
0 +

tial steps, Flrstly, the polypeptlde -precursor of collagen, procollégen,
is asgémbled on r1bosoma1 complexcs15 18. Secdndly, the appropriate
proline and lysine resxdues are hydroxylated to form hydroxyproline ana
hydroxylysine. This step dlffers from non- collagenous protexn synthesis
in_thag.these‘amino.acids are altered aftér incorporation ihto-the pro-
tgin.".The third step involves glycosyiation:of some.;f the hydroxyly-
sine with galaétose or glucosylgalactbse in o:glycostdfé'linkage. ’
” Though synthcsxs of the protein chains of coll aéen iésembles'

that of other non- collagenous proteins there is still some‘controyerSy

as to-how they are assembled, TIt'waa first thought~£hat; due to their

o



size, the C( chalns were synthesized Inosabamits wiich were releasced

from the ribosome and subscequently joincd in nonpeptidic covalent bonds

19-22

Now evidence discredits this theory, In the analojous case of
24,25 : '
henroglobin the complete &K1 and &2 chains have been shown to be
synthesize ] simultancously as sincle protein chains by sequential amino
: 23 .
acid addition from the amino-terminal end””, Tt is still unknown

whether the & chains combine to form the triple helix while still on

the ribosomes. However, there is evidence which strongly indicates that

3
q
1

both disulgidc bond formation and triple helix assembly occur after
release of pro o chains from the ribosome, probably within the cister-
26-28

nea of the endoplasmic reticulum

In the past few yecars, researchers have discovered that the

first pdiypeptide chains of collagen synthesized by cells are larger

-32

~

. All three chains of Che'procollagen moleculces

33-36

than the 0(. chaiﬁsz9
are found to have non-hclical)cxtensions at the Nﬂz-tcrmina} end
- Each cxténsiqn contains the same amount of cysteine, giving rise to
disulfide bonds which link the three ok chaihs37. These bonds stabi-
lize the procollagen trimer an; are ﬁhought to deterﬁine the correct
;ongitudinal alignment of the thrce étraﬁds38. Perhaps:these-extension§3
thé registrqtioa pcptides,'iﬁitiate triple helix formati;n,while the .
polypeptide is still on the ribosome. Thé‘tertiAry‘structurerf the
complex, that,is,‘the,trible helical collagen plus the registfation
peptide, méy keeﬁ the mblecqle from interaéting and p;égipiféting within
the celif  _“.’ | | | |

| The first édvances in knou}eage of cbllggcn-biosynthESis camé
iﬂfthe.l940ﬂs’with‘Stettéﬁ 8hd Schqénhe;her39. ,fﬁeSeireseathers found
'tha; when 15N?ptolin§ was fed to‘paté,'it wgsniﬁéorpof;ged in‘coilageq',‘

»
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in the hydroesyproline as well as in the proline, In subsequent experi-
. 40 . ) 15 .

ments, Stetten found that when he fod rats with N-hydroxyprolinc,

none of this vas incerporated into the collacen,  Other workers found a

41-44

parallel sitoation Lox the incorporation of hydroxylysine . It was
*
) ' L
therefoie conc! e’ that some of the proline and lysine residues were
hydrosylated aitey covpletion of chain synthesis.  On the other hand, it

was later siuvested tuat prolyl tRNA and lysyl tRNA were hydroxylated and

as a result the hydroxyproline and hydroxylysine were then incorporated

directly into the colld en polypgptldeaS—SI. It has now becn establish-

: - . 51 .
ed that the correct view is the former of the two” . This was made .
possible with the discovery that it was atmospheric oxygen that was re-

52,53

quired for the hydroxylation step and not water Experiments were

. ' . o 14 . .
carried out under anacrobic conditions where C-proline was incorporat-

" edwinto an unhydroxylated intermediat054-58 of the"same.sizc as or
. _ . 0 A _ |
larger than the o chains of collagen57’59?§ . A substantial amount

of the proline in the ihtormediaté procollagen. was hydroxylafed to
hydroxyproline when exposed to oxygen. | When it was found that ferrou#
ion was requircd as a_;ofactor.for the hydroxylation~of proline'7’61,
simllar expcrlments were set up using metal chelator$ chh as

2,63 showed that when hydroxylat1on was

o, o( dipyr1dy1 Early studi‘es6
inhlbited secretion of co]lagen was also inhlbited There was a con-
comitant accumulatxon of the sunhydroxylated material within the cells
When‘more ferrous ion was'qdded to these cel}s, the‘preformed.prOf
collagen was hydrokyléted and sécre:éd as collggen62. it is thought the
unhydroxylated procollagen céﬁnot.form the tfiple'hélix and ABda'fééuit

cannét be secreted. Thus" hydroxylation of roline has an 1mportant §hy-

siological role dxrectly related to. the regulation of secretion of



collaven,
. 64

When the enzyme procollagen hydroxviase was iselated ) it pro-

vided further proef that procollapen was an intermediate in collayen
. 65 . . . .
synthesis 7, Sccondly, it binds much more tightly to and hydroxylates
much nore readily a sequence ¢f Cly-X-Pro in a large polypeptide than an
, . . 65-69 ‘
identical scquence in a short polypvptldv . It would appear that
hydroxylation occurs aftcr the release ol the nascent collagen chains
) ’ 0-72

from the ribosomal complexa

The hydroxylation of proline also requires o -ketoglutarate as

. 73-76 ) ) S . .
well as ascorbate . Astourbate is the least specific in that it can
be replaced by other reducing agents such ds enediols. It stimulates
the synthesis of peptidyl prolinc hydroxylase as well as activates it
in vitro. However, the requirement for o -ketoglutarate is specific.
It cannot be replaced by pyruvate nor .oxaloacetic acid, The synthesis
of ‘one mole of hydroxyproline involves a stoichiometric conversion of | y

‘ . , 7 , L
®-ketoglutarate to succinate and C02, , that is thé reaction is sub-~
stratc dependent and there occurs a stoichiometric decarboxylation of -
®-ketoglutarate coupled to the hydroxylation of the peptidyl prolinev
78 !

residue ~, The decarboxylation of & - ketoglutarate by the hydroxylase
is not related to the decarboxylatron of the same compound that occurs

4 .
in the Krebs cycle in the mitochondria since it does not inyqlve‘thia-

mine- pyrophOSphate or require coenzyme A79 80
Hydroxylation of lysine follows the same mechanism as that of
pro}ineal.' It requires oxygen iron and S ketoglutarate65 82 84 but °
the enzyme, Iysine hydroxylase, is different, Nor does ascorbic‘écid, ‘
‘_blay rhé same role.v When there is a deficiency of this vitantn the

hydroxylation of lysine is much 1ess affected than the hydraxylation.of



. i . . . . .
proline’ "o Poptidyl lysine hydrosviase will not further hydroselate
native codlien strongly sue ests that hydrosylation occurs prior to
) . - . 85-87 . . Lo
triple helix formation . There is no evidence that hydroxylysine

has any e¢ffeet on triple helix formation,

Glycosylation of the hydroxylysine is ¢

in completing the structure of the collagen molecule, It probably occurs

while the vascent collagen peptides are still bound to the rihosomcsa
. . . ! 193 : " LAl : C :
To the appropriate’” hydroxylysine, pgalactose " is "tacked on” first in g
(5-Qﬂ)©osidit bond. To some of the y§lactosyl residues, glucose is then
. 195 . " . . .
linked in an K 1 —= 2-0~-glycosidic linkayge.
< Once the collagen pblypcptidos are formed, hydroxylated, glyco-
-sylated and recleased from the ribosoﬁgl complexes, they probably mij te
to the cisternae of the endoplasmic reticulum, Several studies have
shown that the Golgi apparatus and its associated vesicles %% implicated
. o , ' 91-94 ) .
directly in the secretion of .procollagen . The Golgi vesicles were
reported to contain filamentous threads while still associated with the
Golgi and ¥éter as the vesicle traversed the cytoplasm, these threads
. M R . & ' . . -
appeared to aggregate into rod-like bmdlcs of dimensions appropriate to
a~ggrcgates of collagen molecules, Accordmg to Wems.:ock and Leblond9
the newly Synthesized procollagen is tran5ported to the Golgi - either by

N$

way of a transitlonpixelement or by fuzzy coated intetmedi Qwegicles
. - z"h;
budd1ng off from the fough endoplaSm1c reticulum Experiﬂipts ugxng

disruptlve drugs such as colchlclne or vinblasti,f ‘;‘EUXm-

pltcated microtubules in procollagen secretion a¥ these drugs tmp;ir
»

.<collagen Secretion9$ 97. Presumably microtubules play the roic of a

‘tranSport conduit along which . the secretory vesicles move from their

place of biogeneais within the Gelgi - apparatus to their eventual fusion -

3

he final synthetic sta.e



Wit the plosma menbrance and crcretion ol thelr contents from the cell,
When the procolla, o molecnles are extradediinto the extra-

“cellular cpace they Lorepate to form microtibrils, Huwcvur,vit is ex-

truded as the undesraded precurcor whigh ;ppcar in clectron micrbgraphs

91,98

. ' O
as bundlés which are 3000 or o000 A in lenoth’ The packing arrvange-

ment in the larger bundles is such that the amino terminal regions ave
L 4
all oriented toward the center of the spindle and the carboxyl terminal
regions point in oppoSite dircctions on either side of the central band,
99-101
) 3

it has been demonstrated that the conversion of proe

Recently
- i .
collagen to collaven in vivo in rat skin, must be a multi-step process
with at least two conversion steps, Intact procollagen and an inter-.
mediate form can be isolated from rat and bovine skin during the period
, , , . g 91394 4 o
of rapid growth of the animal, In odontoblasts , the first step in
'a .
the formation of the extracellular fibre and fibril system is thus the
dissolution of these antiparallel collagen molecule bundles and their
couversion and reorganization into parallel alignment, This, perhaps,
is the stage 'at which the enzyme procollagen peptidase makes its pri-
mary cieavage and scrves in rcleasing individual molecules from the
‘ ‘ : 99 Lo !
aggrcghtc state, Electron micrographs™” and pulse labeling studies
have shown that this intermcdiate material possesses an amino ter-
minal extension and it is this extension which is thought to facilitate
. ' - . .
fibril formation., The final step in %nzym{; conversion to collagen is
el | -~ 101
thought to occur after the microfibrils form .
102 - ' .
In 1955, Schmitt et al proposed the quarter-stagger] theory
whereby collagen molecules:of prbtofibrils were displaced_longitudinally

with respect to.one another by a distance equal to one-quarter of the

.qength'of the component molecules, Howevet;‘more recently, it has been

13



found that the stao.or is nol Me-quarter bot such that there jo g

Q

"hold™ region of about 410 A between cach ¢ollaysen molecn e as owell as
S L. 9103 . , X
an - overlap cone of about 270 A . The Tength o1 the collagen molecule

- O
1s 4,404 02D where D ois the period in the native 1ibril, that is, n90 A

Iin the wet state,  Sce .. 4,

i

]

It setmed clear to Schmitt and his coworkers that the band

pattern stained with phw.‘§j»ho[’ll!|&§.‘ﬂfq Aacid must represent a molecular mip ¥
. s -
of the di.sLn"lhntion of basic side chaing along the length of the colla\)
'

gen macromoloecule, 1In fact, collagen molecules have > charged regpions

0
680- A apare,
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Fig.4. Two d.mcn;'.annl rcprv..scntatlon of the Pachg aﬂ'o.naqmq.n{

of collagen macromolecules in the native-type {ibril

.
i

whe.fe ovcv‘\ap Zones . 4D and Ho\c Zona 3.6 D

o

Much interest has been generated by the hole region of the
collagen f1br1ls It is thought that perhaps it prov1des a nidus for
'

the depositidn of hydroxyapatite in the process of. calcificatlon
o ._ » ,
o . . B



111, COLLAGET CROS -1I1NETNC

N . \
Cross-links torm cotphicc I lolar by once the molecules have wayre-

1

gatod into tibres Two types ol cross-links occur in colla,en:  intra-

molecular and intermolecalar,

Both tvper or cross=links aviso hrow lvsyl or ','":_\'dx‘u:-:j.'],\:s_\'] ree-
siducs which arc converted to th..oﬁ'.‘@miuoadipic— K.-sumi;ll;h-hyd(-, more
often called allysine and hyd;ﬁxyulfﬂgino,~ In other words, the f{irst

step in cross-linking is the removal of the (L{—amino aroup of a 1¥sy1

or hydroxylysyl residue and the formation of an aldehyde cq

NH, CHO "NH, cHo
| -~ ] o
(CHy), — (CH)a ~ CH, CHOH |
| ’ [ ]
-HN-CH-CO- -HN-CI: H-Co- _ (CHy)2 ' (CHLY,
LY
L3$n¢ - Allysine : -HNfiH-CO- —Hu~iﬂ-co-

ijdréxa\gsind. Hﬂdmxjallglsinc

A

The formation of these precursor aldehydes is éatalyzed by lysine, oxidase

, v
105 and are located most often in the nonhelical N-terminal region of the
peptide although some have been found elsewhere in the chainle6’107[.

From these aldehydes, crosslinks are formed via two types of
reactions. The first is a Schiff base formation by a condensation of
an allysine with the amino group of lysine .or hydroxylysine on another

108,109
~ is not

- ‘chain. This precursor of deésmosine and isodesmosine
a stable cross-link and is considered not to be very important in colla-

éen. 'However, Baileyllo believes it is a precursor for_the intermolecu-

lar cross-link lyéinihOrIeucine.



[

CHO NHj» “HN-CH-CO- ~“HN -CH-CO-
(CHY N (CMp) ma—e> (CHa)y ————  (Cua),
] : I i
-HN -CH-Co- “HN -CH-Co- CH WNH '
N .
AHlismc , Lnjsmc N (CHL),
CH), ‘ "~HN -CH-co-
* ) ~HN -CH-coO- L\js.\nonorlq,uc'\r‘\c.

Dc.ktj-dro\gsinonorlv.ucim.

“HN -CH-CO-

o .

[} .
NH (G PO NH NH N
c CH = (CHR)y o~ (CH ) cH-co
co (CH)3-cn-co
| . ¥ ,
vy '.4“ ‘
e . g .
~HN-CH-CO- " L ~HN-CH-CO-
' . > . ' k4
Desmosine ' lscdasmosina e

in ¢last'm.0n\3 ) ' o in elastin o.nls



.

The socond tvpe o teactton v elves an o bdel condeosation betveen two
allveines on tvo adjacent o chuins . The prodoct b the fa o b S
Cross=b e dine ol presen s ety near thie S - termingd o colla-
. o , , L RGER
cncochoain  detny vaies readi v and s not o sten e tooactd hividro gt
111 , ]
. It tran: o I P ortertben and T thon heote boow e
. 11’
CUulrsor ol f e inta oot o - inl, hvarosvliveio vloocne
o e \
cince o dico; pears at this cross-1ink appears,
CHO “-HN-—CH ——CO-— —HN—CH —CO-~

—~HN— CH-—Cco~ HO — CH HH
A\\\jsinc H—C ——CHOo c|: —— CHO
(CHZ)Z (CH!)l
— HN — ' CH —COo — —MN —CH—CO-—
‘ o(,(ﬁ-wnsokumtecl
A\lgs'mu. aldol . aldc‘\\jda

The role of intramblccﬁfﬁr cross-links is in doubt since ally-

-

. . It :
sine aldol does not codtribute significantly to molecular stability nor

does it contribute to the stability of fibrils, Some researchers.llo’“3

believe that intramolecular cross-links are précursors of intermolecular

cross-links, The strangest evidencg supporting this thesis arises from

studies on lathyrism, Lathyrogens inhibit the conversion of lysine’to

.
/

-the aldehyde and since both intramolecular an ‘igtermolecular cross-

[§

linking +is inhibited, perhaps the aldehyde is ved in both process-
108 © o
es '
The role of intermolecular cross-links is better known. Colla-

> "

gén fibers‘havf?%gb unique ability to withstand stress due to the System

of covalent cross-links between q-Bdndividyal collagen making up the

fiber. Experimental lathyrism clearly demonstrates the need for these
. ) 4 ‘

*



cress-hinbe oas 0t prodioces an catrenely tracorle tibre doe o to the ship-
. . . o T4 , . .
pare ol adacent oo decalos undertension L Tt s possible to recoenioe

a Yme-depondent provess ol matargtion of the fibre by the ¢chanses in
- i

phyeical propertieos,  An extensiv, system of these covalent intermelecular

tv(_wml: Dotween adiac ot taleenles would Increasesthe tensile strenpth O
the tibve by preventin. shippa.c and wonld also be a lovical vxplanation
of the tormation ¢f insoluble collaven,

Chetidical information on intermoleculat cross-linking has been
nore difficult to obtain, bailey and I‘v;lch”f)’“b
dict of a Schiff base condensation between a hydroxylysyl “residue and an

allysyl residuc., The labile cross-link had the composition, hydroxyly-

sinonorleucine,

.

?Ho THz “HN — CH — CO- -HN —CcH — co-
] |
(cH CHq (cH,) (cH,)
iU D N S U Gy L)
~Hd — CH-- co- CHOMR : CH NH
. | . l !
Allysine -HN —— CH — Co - CH, y ?HOH
' ' I
CHoH (?4,_)1
]
Hsj dmislssinc (C|.Hz)z -HNd — CH —cCco -
-HN — CH —co -
| : Od\gdrohgd-oug- Hgdrc-glgbimnor—
Hsinonorlcucm: leucine :

It has been isolated in tendon as well as in reconstituted fibrils., This
cross-link decreases with age and is thought to be, in pa}t at least, an
intermediate.
| 115,117 . o '

’/)Gfley isolated in insoluble collagen from chick bone
and human and bovine tgcth another cross-1link which seems to be a ma jor
component.. It is also present in chick and bovine tcndon118 from old
animals 4nd is a minor component of skin, This cross-link,'Syndesine,

was first thought to be the product of an aldol condensation between a

e
»
»

Isolated a reduced pro-
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-

i, .

£/ . . .
\¢rﬂllyﬁyl vosidoe and oo hvdrosya hvey! residoe, T was Tater shown Lo be
an wldinine derioved Prem the condensation of ovdrosveysine and hvdiosv-
lyuin«]l”‘}?“.
INHI cHo “HN — CH.-—CO- .-HM —CH-—Co-
cl,H,_ é»\ou ((1“1)1 (c:_\-t,_)l
C oM * (éugh e éHoH o CHow
(€M -HN — cH —co- éu CHy '
-Hd_~LN~«Co- 3 LH
: | e |
HSAmxso“abmt Cry ' TLL
H\jdrcma‘gs\na. v CI_HOH Cowm O
. (CHY) ‘ CEH)L
T -HN —CcH_—Co- -HN—CH—co-
Delydmhydronylysino- .
( \\i&b-gnov\c.suznco) Hsdv’ovstgseno -

Syndesine, 5-Katonorlevcine

A
However, this is incoﬁsistvnt with the unusual SLability of dehydrohy-
droxylysinohydrosynomleucine to heat, dilute acids angd D-penicillamine.
Subsequently, it was found that there occurs a migr@tion of the double
bond to form the stable keto form by a spontancous Amadori rearraige-

121 . . . Co L .
ment . The cross-link must thcrotomiirust in vivo as hydroxylysino-

5-ketonor leucine, *

The above accounts for all products resulting from an aldol or
Schiff base co&heusation be tween lfsine; hydroxylysiné and their-aIAOI
conaehsétion ol two hydroxyailysiné residues which has not been report-

ed, However, a higher,molocular weight compound (or compounds) has been

reported and may be -a.cross-link.

3

Cross-links.arising from amino acids other than lysine residues

and the result of rcactions other than aldol and Schiff base condensa-

’ 122,123

tions have beeh isolated., Disulfide bonds are found in Ascaris

cuticle. collagen, There is also the aldol histidine which js found

°



predominant only in recenstituted cow srin collacen, 1t can potentially

anite 3 polypoptide chains and is tormed by a Michael addition of the

ot

imidasole of histidine to the (5~(\1rlmn ot the « ,ﬁ—unsa[uratvd bond

L ]’w: 2

s 124,125 ) ) 121
of an atdol condensation product ’ . Robins and Bailey now be-

lieve this crons=link to be an artitfact.,  The abscence of the reduced -
form of this compenent, histidino-hydroxymerodesmosine on reduction
under acid condlitions and a concomitant increase in the amount of the

*
aldol condensation product support this strongly. They believe that the

Michael addition of the histidine residue to the aldol is base catalyzed

by the borohvdride.

: ! '
“HN - cH—co- NH ~HN —CH —-Co - NH

| l |

(CHa)y  m==y-CH-CH 0 (CHR)a  e==pCHz-CH"~
C|:‘H * "[/“ <':o, —* ch—/""“[\—/Nr %o
.
cl'l. —cHo Histidine ouc-cl;u
(c|H-,_)z | | ' (lu,_)z
~HN — CH —CO - -HN— CH —-COo -

Ald-o‘ residua Aldel histidine

Merodesmosine, a trifunctional cross-link is found in collagen

in small amounts*in its monohydrated form. It is formed in reconstitut-
ed collagen and may arise via three alternate biosynthetic pathways. It
- may be.an intermediate in cross-linking and it was proposed to be a pre-

cursor of histidino-hydroxymerodesmosineIZ5,126

. However, in view of
the current findings, it i{s difficult to assess the role of this cross-'

‘link,
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NH, CHO ' cHo
cIHz + (CH, + (CHR),
cl:HoH ~-HN —CH__-co- ~HN—CH-CcoOo -
(cluz)z Alljbina, Altysine
-HN _CH--cO- )

Hadro-j\jsint_ ‘ .
-HKN—CH-—cO- cI:Ho TH-,, -Hﬂ_cu-—c;—
1 | (C:"ﬂs + . (.T H)y ' T"‘z + (CHps

cH -HN—cH_-co- CHOMH CH

t!l ' F“Sa'\nc 3 (C.Hoz., C —CHo
<::r12 —HN _cH-_.co- c;:ut)l

|

Hsdmwj‘js'mc -HN-—"CH-cb-‘-

{cHy), ) unsaturated

ald ¢hsd¢
“HN ——cH-CO- .
demﬁlssinonm’-'
: levcine
l,
co
eHMeCHeCO- -t - CH.CO- Wyl = CN -N-C“-c'0~
(en), N +  cx . eMp (S
clu " on nn v' . -—CH on »o’m
€ - l-u—ca;-eh-gpuﬂ,-,tu Histidine o ‘C.N«-Cu-,N—-'u&-cu-%-cu . S
cuy, c;o - o gy : ?o
~HMN-CH-cO- . -.uul-cu-.w-' o

Hydrory m.«;a¢.mi;n¢ | E N%tﬂ)b-’wn erodesmesine



MM - CH-CO~ CHN - (M- O~ NH INTN

! | : | |
(Cwy), . cHy ~HN-CH-CO- clu-co vy
[ I
(47} (cu.)‘ cH, CHON
| + s T Yy
€ — Cwo N CH-—— o ",
| . K/ ‘ Z . l
(cHy), . €W cwo -HN.-CH-cO-
Histidine i "
HN-Cu-co- . . C(eHg)y . Hs rosylysine
A‘do\ V!b-\AUQ “HWN-CH-¢cO-

Aldol histidine

N —HH-C'O-.CO-

[ o

- T____] ,

’ N — CH (-1 ] Nn
~ N ]

co ~CH® N —CHy —CM - CM) —CH

|

(¥, co

~WN-CH-CcO~

Histidine -hy Jraus merodesmosine

Stable intcrmoleéu]ar cross~-link [ormation‘is impor tant in.the
maturation of collagen fibers, Bailey127 propésed that these reducible®
electrophilic éroés-link§;‘which are prbgressiVFIy lost during aging,lz8
are transformed into-ﬁore stable non-reducible cFoss-linkS whose struc-
tures have not yet been determined, thié and Risenlzg'tested fhis~hy-
pothesis and found tﬁa: nucleophflic‘addittog of lysine gnd/ér hyd{pxy-
iysine résidués to fhe eléctrophilic‘doublé bond[bf,ghe rgductblejcross-

links éransforms.them-1n£ocqore stabie, non-reducible crbss-iidks. He

-also. found that modificatién'of lysihe -and hydfpxylysine residues by

'destroying their ability to inxtiate nucieophilic attack on. the electro~

philic double bonds of the teducible cross links COMpletely blocks this

vtransformation while che modification of histidine, arginine glutamic '

k]



acid and aspartic acid is withoot ofitect,  They proposed the follywing

tentative structures,

PCH(X)CHaN=CHCH(x)P | i PCH(Xx)CH,NHCH,C(O)P
— bc»'a(-ocuzu Hy —— — |
i
PcH(x)CHoNH PCH(x)CHoNH
CHCH(x)P | C(OH)P
PCH(x)CHNH | P;:H(x)CHlNH CHo
PCH(«)CHNHy -
- H,0
PCHUOCHNH
xzH or OH ' | - C{PINHCHCHOAP

" PCH(X)CHZN HCHy

These cross-links are capable of joining more tzhan two colllagen mol'ev'-
CUlCS‘; Davis and Risen ilypothesized timF the formation éf» these-cers‘s-
links‘wc.)uld explain the increasing resistance of maturing collagen f[i-
‘bers’ to d~iss':(;1uvtvion in coIdA acid or'aik;ali, to mechanical dislruptvi:on;
as well as to thermal disruption, |

The location of intermolecular cross;links is"difficujlt to as-
certain, Howeverr this iﬁformation may ‘soon be available as sequencing
of the CNBr peptides of the A chains is well underway and cross- links

. have been isolatcd on various CNBr pep(:ides112 130

IV.  SEQUENCING OF.’C‘HAINS'
The primary structure of collagen must carry. 1nformation of
higher levels of structure.v It was with this thoughc in mind that re-' (S .

searchers began concentratmg on the aequencing of the ok chains

Sequencing' of ~the. ok (I) -cha-ins is 'gradu.‘nlyl_y bging accomplishe‘dv-



as a result of COBrocleavape, This mechod developed by Cross and

13 32 . . . . - .
L1 , Is based on the fact that CNBr (leaves the of chains at

“Wi tvkop
the methionine residues.  The resulting peptides, b to 9 fronj the o]
chain and 6 from the &« 2 chain,';n‘c then separated by column chromato-
graphy and further cleaved it necessary by various c¢nzymes, such as
trypsin, Invcsti;;ation:S of ealf and rat skin collasen have provided the
entire scquence of the amino acid residues of the o€ 1 chain, See Table
2 for the combined result as the differences between the two are few,
Attempts to sequence the o0 2 has not been quite as fruitful, Three of
its 6 CNBr beptides arc very long and as a result ‘difficult to sequence.
See Table 3 for o 2 CNBr peptides scqueneeda

When the sethnce of the o¢ 1, chain is cxamined, one notices
sooe striking features, Prior to sequencing, it was postulated ehat
although gl}eine had to be in every third position of the'helicalrpor-
tion, the other amino acids could occur at random, that is; in either

position X or Y of the tripeptide Gly-X-Y. However, this does not ap-

pear to be so, There is a prepondeance of some amino acids in a parti-
. L : .

-

cular oosition of the tripeptide. Leucine, phehylalaninevand proline
are restricted to position X 4nd glutamic acid occors.frequently in this
position. On the other hand, threonine,'atginine, methionine, lysine

and hydroxylysine occur frequently in position Y and hydroxyproline.
occurs exclusively in poSition Y. -Another interesting feature is that

" the hydroxylation of prolxne and lysine is often incomplete. The siéni-
' .
ficance of these observations has yet to be elucidated :

 An interesting paper recently pubiished by Hulmes et 31133
/

examines the primary structute of collagen for the origin of molecular

packing. They looked at the amino ecid sequence of the triplet fegion



[}
(g

of the &1 chain to vee if there would be complementary relationships

. QO '
that would capluin the cstayser of moltiples of 070 A between the mele-
cules of the fibril., They found that when the chains are stagpered Ob,
1D, 2D, 3D and 4D (D = 234- 1 residucs) the interactions arce maximal
between amine acids of opposite charge and between larpce hydrophobic
amino acid residucs, Unexpectedly they found that the hydrophobic
interactions showed a fine structure in theiv pattern wherecas the
charged residues were less repular, Positively-charzed residues tended
to be near negatively-charged residues but did not show a distinct perio-
dicity.

. 138 - . . . )

Fietzek et al ‘haVe recently sequenced the & 2-CB2 from calf,
human, rabbit and piy skin collagen and compared them to that of rat and
chick skin sequenced by Highberger et al. See Table 4. They observed
6 positions of high interspecies variability. Mowever, the substitu-
tions were conservative and in all cascs the functionally important side
chains were preserved in definite positions, The substitutions in-
volved uncharged polar or apolar residues except in position 15 where a
lysinc-arginine substitution is found.
. Much work is still required on the oL 2 chain. However, once
the ol 2 chain is completely sequenced, a more detailed diagram of the
interactions between the o chains_aqdvbétweeh collagen molecules will

be posSIble.'

V. TYPES OF COLLAGFN - CONTINUATION OF STRUCTURE- Specialland
Particular Cases :

Until 'recent‘ly' co'llagén was _co‘nsidér:ed to have a chain composi-

tion (o( 1)'20(2 Tissues of such a chain composit:lon include rat skinl,

139 140 ' 142 ©

dogfish skin '~ human skin Y chick skinw1 and chick bone” *, Ex- ‘ .
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ceptions include thfiShla} where the three chains are different, and
collagen from lower vertcbrates and invertebrates where the three chains
are idcnticallaé—lab. However, several rescarchers have isolated dir-
ferent types of. collazen which are wenetically diétinct. Miller and
Mntuk35147’obsorvcd a lack of stoichiometry whcnitryiné to iSOIaLo ol 1
chaino from ol 2 chains in chick cartilage., Prior to this collapgens’
exanined had had >d.l: d.Z ratios of 2:1. They found that although a
proportionAof cartilage collagen was identical to that of bone wund skin
of the chick, the cartilage contained another type of o 1 chain which
they designated as Type II They sugges‘ted that car&a{:e cbnsists of
2 distinct collagen naolecxxles, the (x 1)2;(2 and the ag I(II-)3
Trelstad et 31148 supports this view and added that the o1 Type II had
: a'moch higher amount of oarbohydrate, 5.5%, associated with it as com-
pared to toe .37 by weight of carbohydrate associated with Type I.
) ﬂiller et 514 have more recen;ly isolated a {hird~type of collagen,

Type III, in newborn huoan skin, They sugge;t that human skin collagen
'is a mixture of molecules with the chain ¢omposition o(l(I) o2 and

o l(III) See Table 5 for a comparison of amino acid compositions

of selectédeNBr'peotides from the 3 types, andtrablé 15,

Collogen from‘basement momoranesl49 has not been formally num-

bered hut by convention would normally be termed Type IV. 1It'is also
~ composed of 3 LdenC1ca1 chains and has a much h1gher content of hydroxy-
proline, hydroxylysine ‘and carbohydrate than interstitial collagens,
fThe proline ‘and hydroxypr011ne make up ab0ut 20% and the lysine and :
hydroxylysxne make up about 5%. The 10‘122 carbohydrate is virtuallyA
all gluCOSylgalaCtose linked to hydioxylyéine'rthat fs glucose and gal-

‘actose exist in almost equxmolar amounts and account for all hexose
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Unlike other mammalian collacens it contains half-cystine, Another fea-
ture kAIlL}; distinpuisties basement membrane is the low alanine content”
and its high phenylalanine content which is about twice that found in
tendon collagen, See Table b,

Recent developments. indicate that vertebrate collagens are a
heterogeneous poleation of molecules which are made up of five distinct
genetic types: o 1(1), X 1(11), &€ I(I11), o« 1(IV) and &K 2. More
types may be discovered, VCiLed earlier was codfish collagen143 which
had a molecule composed of 3 ' chains, each of which appears to be
unique,

As a result of $hcse findings, structu;e and function can be
more easily correlated, Several examples come to mind such as the
cartilage transition to bone accompanied by a change from the cartilage
species of collagen, « ‘l(II)'B to the bone species, a( 1(1)20('2, and
the change in collagen type occurring during the maturation of fetal
skin o 1(III); to the adult form o 1(I),%2. It can be seen, from
these e%amples, that as function changes, so do the collagen types,
Thus future 1nvest1gat10ns in. particular to the role of collagen m%i?

now take into account the d1fferent molecular species,

VI. MINERALIZATION

S

‘Calcification or tissue mineralization is the deposition of in-

organic crystals in or on an organic matrix. The inorganic crystals are

composed of calcium and phosphate, bound in a form resemBling hydroxy-

apatite, QalO(POa)b(OH)Z. The organic components are thevprqtgin matrix,

collagen: the mpEopdlysaccharlde ground‘lubatahce, tﬂought-to be. chgn-

-

droitlﬁ éulfate and acidic glyéoprotefns; and~lipids,

ro
~d
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The mechanism of calcification is still poor]y understood,  The
fact that only teeth and bone normally calcity whervas other tissues do
not even though the extracellular fluids are supersaturated with calcium
phosphate remains a perplexing question,  Several theories have been put

forward to explain the phenomenon,

Role of Glycosaminorlyveans

In the body, glycosaminouglycans are found in the form of hya-
luronic acid, sialic acid, chondroitin sulfates and various other pro-
tein polysaccharides, They form the basis of the ground substance but

. L . 130-152
their function is still unknown. Several workers , have found by
progressive analysis of cartilage toward the ossifying fromt that chon-
droitin sulfate decreascd abruptly as the calcium content increased.

, 153 L .
Glimcher suggested that free anionic groups of acid mucopolysacchar-
fdes may inhibit calcification by binding calcium ions thus making them

unavailable for crystallization. Perhaps .in caléifying tissues -the

. . . . ' -
muc op sacg 8 arc removed destroying their inhibitory action. At

um iSTre}easéd, raising itsalgcil concentratiqn and
e for calcification. The opposite viéy ;hat the gly-
 fomote calcification_has a1§o been proposgd. Rubin
,on‘Fhe baSisbof a coﬁformity between metaigiomafic stain-
uent'minerél.debosition, Suggested that the ?;openty of
calcifié , of epxphyseal cartllage and of tendon was assocxated
ased base~-binding power of the matrix, the base-binding
U;hondroitin sulfate, On the other hand, Bowness272 suggests
.the acid ﬁucopolysaccharldeé which he believes exigt in 2 tissue com-
_ partments, play both roles that_of nucleation and inhibition. These

compartments consist of 2 main fractions of chondroftin sulfate; one



Sfibrous and concerned with nucleatidn, the otiner beings true cround sub-
stance and concerned with inhibition of calcification. However, other

experiments have been carried out to further clarify the role of chon-

o . , , , 35, S :
droitin sulfates using the uptale of S as an indicator of mucopoly-
32 LAY
saccharide formation and P as an indicator of calcification, It was

found that the fall in S fompounds did not occur in the same rone as the
‘ 5

initiation of calcification, When. glucose was added to the-medium, S

uptake was increased whereas the enzyvme inhibitor phloridzin reduced it,

However, calcification was unaffected in both cases supgesting that

mineralization is indcpendent of mucopolysaccharide degradation

Recent work on cathepsin D, which is thought to be one of the enzymes

. L J
involved in the degradation, show it is not inhibited by most of the
chemical agents which inhibit other proteinases.

Thus, the role of glycosaminoglycans in calcificationi/still re-

mains an opeh question,

Role of Lipids .

i

In areas of teeth and bone where caléification is occurring, a
substance which stains as a lipid hasvbeen detected. It exists in a
form which is resistant to stain and must be ‘treatedewith pyridine or
alcohol go uﬂmask it, that is, these éolQeﬁts muét’removeia substance
whichvpro;ects it f;om the stainlss. wugﬁ;er156 studied-the disfribuz
tioﬁ‘of this lipid ‘component in the growth plate gij%ﬁne and found fts A_L
_concentration ;nc;éasing to&ard the active célcific;tion site and s@bseé
queqtl; deéreasing dramatically when éaltifieation was compléte.
| fhig.lipid'disappears in vitamin D'deficiehcy aqa?reappeafs'
‘when vitamfn‘D is é&ministered. Many.workers h@ve shouﬁvthat the vita-

. min encourages the incorporation of phosphorus into phospholipids.

4
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Cotmore ot al providod tortner evidence to the concept that
phospholipids are davelved in biciosical mineralization whdn they stu-
died the calcium bindin, propertice of pnospholipjids, Submivroscopic

" -9
spherules were observed to form when Ca and POA ions combined with

. . . G L . 156
phosphatidyl serine, an acid phosplolipid which Wuthier isolated and

characterized from caleifying cartilawve,

Cellular Activity 1n Mineralization

Mitochondria: Isolated mitochondria were found, by Vasington and

158,159

. . 160
Murphy ’ and independently by De Luca and Engstrom to accumulate
phy I y by 5

+2 . . .
large net amounts of Ca‘” from the suspending medium during electron

2

transport. They observed that the miteochondria could accumulate the
. ‘ . +2 .
calcium up to several hundred times the initial Ca . content. Then in
. 161 " . : ;
1970, Lehninger proposed that micro packets of amorphous calcium

phosphate could be released from the cell and diffuse to specific cal-
L4 -

NG
¢ifying sites,

6
Matthews1 2 observed in the growth plate thatIQSCa was concen-
trated in the cells‘nea;est the calcifying front, Subsequently, Martin

and Matthew5163'found a gradient in 47Ca concentration in the mitochon-
dria in the chondrocyte. The gradient showed the concentration of 47Ca

gradually incfeasing in the mitochondria from the proliferative zone to

that of provisional calcification at which point there was a decrease

-

in mitochondrial calcium granules, In a later  experiment, Matthews et

a1164 examined and'cbmpared the mitochondrial granules in notmggl as well

»

.

as rachitic rat epiphysis, They found that in tickets there were few

granules in. the mxtochondrla near the calcification front but when vita-

.

min D was administered normal density and dxstribution of granules was
! . t‘v‘, ’ \ . B -
reestablished he¥ suggested that both -an apatite binding matrix. and

’

e e
. .

30
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TNOE dn iy lwinwp@lv Were togaited oy e mitochondrra te torm sach

RGN . \ , -
pranudes,  More rtecently Arsonids tonund the tothe mitochondria of the

1

columiar and hyvpertiophic fones ot vroweh plate cells contained more

’

enzymes which mav be associatad with caleiffcation than did those of

the resting sone.
N\

Vesicles: Recently there has been another intrrcstinu development with
the identification ul‘vvbic]ys containing vrysgallites hetween the hy-
pertrophic chondrocytes in the prowth plate as well as in osteoid &nd
predentine

166,167
al

Anderson ¢t did an extensive study on the vesicles

, , - 168 . . .
first described by Bonucci . They found such vesicles, which contain-
. Lo o < . .
ed or were lipid and had lipid membrancs,z?n,tho longitudinal ‘septa of
“y _

. the growth plate from the hypertrophic cells downward., These vesicles

were closely associated withalcification, neigshboring needle-like
4 .

-

E w )

i‘ © apatite structures., Théir enzyme content was high in alkaline phospha-
) . .

tase, alkaline pyrophosphatase and ATPases; enzymes thought to be con-

nected with calcification. However, they were very low in acid phospha-

B +
tase gnd therefore not of lysozomal origin. These enzymes could raise
the Tocal content of orthophosphate, destroy phosphate inhipitoré and '*\\~Je

lead to the formation of hydroxyapatite. The vesicles were found‘to
possess a mechanifm for ATP dependent transport of calcium_gnd phosphor-
us intg themse]ves., The crystals were initially-closef;:a;sgk;ated with
Q.the inner surface of the vesicular membrane. APere#s et 31169 speculate
that the membrane serves as a nyeleating center for th; crystals;
KAShjwa and Komorousl70 found mineralized spherules in cytoplasm of

chondrocytes, in the matrix adjacent to the hypertrophic chondrecytes

i;;hd also in the core of the s.picules distal to the &ypertrophic chon-



drocvies. They hvpethestood that porhaps intracellula spherules mivht

boe the sonree of the cotracc tulur ones., Lo
171 . . \ : ,

Bernard and Peasce In studving intramémbranous hone tormation,
degeribed nucleatine sites for apatite as being extrusions from osteo-
blasts within the osteold,  Crystals were seen to prow epitaxially into
the curroundine colla,en forming bone nodules which coalesced to form
bone scams.  Between coalescing nodules, fully formed collaven was ob-
served,

. o172 , e .

Eisenmann and Glick stndled,;ﬁc calcification process in rat
incisor teeth, They observed that the \Q,St crystalline material ap-

~ )\ .
peared in small round membrane-bound bodies in QrSPﬁL§Qdﬁ3QQ?S, but
~Zt
N\
distinct from the collagen fibrils of predentine matrix. These crystal-
containing bodies appcared to be cellular in origin and can be seen only
In the very earty stage of mineralization. Crystals were later ob-
served to radiafe beyond the crystal bodies and only then appear to be
A}
associated with collagen fibers, -
173 ; , . ~

Bernard studied developing molars of mice and observed that
the initial crystal formation' occurred, in and adjacent to, cellular
extensions of the odontoblasts into the predentine. When crystal growth

. ]
was more extensive, the pquma membranes of these cellular extensions
disappeared. Crystals growing from the calcification loci became
spheroidal and coalesced to form mantle dentine. Later Bernard and
171 . .
Pease . = observed that these vesicles budded off from osteoblasts and
odontoblasts. Bernard belfeves that the involvement of structural
1 . ’

protein is secondary to initial crystallization and that protein orients

and structures the size of crystals rather than organizes their nuclea-

tion,
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Role of~Coll Loen

Since collagen tibrrls and apatite crystallites have a close
physical relationship, it is thought that collaven can act as a seed
) Lo . . . , 174 .
for the initiation ot calcification., Termine et al found that there

is a direct physical bindiny between collapen fibrils and apatite cry-
stallites,
Reconstituted collapen fibers act as a sced when placed in a
solution supersaturated with respect to calcium and phosphate (epitaxy),
] 0
Only native type fibrils having 640 A banding are able to act as a

Ve

. 175 . ‘ , . .
nidus . Due to the exceedingly minute size of the first crystals laid

down and the tight packing of the collagen fibrils observed in most -

specirs; it is difficult to detect by electron microscopy whether the

crystals are located on, between or within the fibrils when seeding be-

gins, However, once the crystals are detectable, they are seen within
e

the co]]agen fibrils, 640 X apart mainly in the region of the interband

thys showing a relationship to the bands, that is, to some structure

)
having a period similar to the bands of collagen,

Collagen mi¢romolecules are staggered by one quarter of'theii
length giving rise to_“holes; at regular intervals which correspond to the
interband (see sectioﬁ on Collagen Siosynthesis, p. 14). _Glimchef and
Krane153 bélieve these holes permit the packing of collagen fibrils.di;h
calcium phosphate crystals, This abilify collagen haéifo act as a seed
may be due to thg présente of specific sites, In other words, the initial
crystallites have a specific spatial relationship to the cdllaggn fibers,
Ho&éver,>evidence of the exact phyéical relationship.gegween.che fibres
and crystals‘at thé initial‘ciystailization‘phaseiis.lackiné, Héﬁling

et 31176 found 6-7 sites for nucleation in the hole zone -and half as



many Iin the overlapping cone of dentine and bone collapon,  Davis and

177 . , . o
Walker expound that the carboxy! group of plutamic acid and aspartic

acid may be the nidus,  They found that if glutamic acid and aspartic
acid of decaleified bone and dentine were converted to glutamine and
asparapine, recalcification was completely blocked whereas the modifica-
tion of lysine, hydrexylysine, histidine and arpinine residues had no

., 153 ) .
effect,  Glimcher , on the other hand, thought that certain € -amino
groups of lysine and hydroxylysine were nucleation centers. However,
Davis (unpublished work) disagrees as he found that there was no effect
on the rate or extent of calcification when the lysine and hydroxyly-
sine were completely modified with ethoxyformic anhydride or acryloni-
. trile,

.178 )

Katz and Li have postulated that the molecular packing of
collagen from different tissues may be a factpr in calcification. They
studied adult bovine dentine, adult rat bome, adult rat tail tendon and
purified reconstituted steerskin collagen which they found to be com-
patible with the theory that collagen is packaged into hexagonal units

A . , 179
containing 7 molecules (in cross section) . Most importantly they
. : . , .o
obsérved that the intermolecular gap in bone and dentine was 6 A where-
as in tendon it was 3 A, Phosphate ions, having a diameter of & A,
could ‘therefore penetrate the bone and dentine by fonic diffusion but

not the tendon. ‘ ‘ ‘ ,

Collagen Types: Recent studies on the cheﬁistry of*cbllagen have shown

9]

differenbes in 1ts composition when takenvftom different sources (see
section on Types of collagen, p. 25). Miller et ala have stydied. the
composition of the different types of collagéh monomers. They found

_that the o 1(I) and e 1(1II) cyanogéﬁ’brqmide peptides differed in

34
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amino acid content such as 4-hydroxyproline, aspartic acid and leucine.
They also learned that the collagen of mature skin and bone was of the

142,180

same genetic type, & I(I)ZC‘2 and that the collagen of cartilage

was of the o 1(11)3 typc]8l. It was observed that the type which cal-

cifies is ﬁhe & 1(1)2d~2182. Toole et ai182 studied the co]lagcn of
rachitic osteoid (uncalcified layer between the osteogenetic fibers and
bone) and found it to be of ehe oL 1(1)20(2 type, like that of skin and
bone but with onc important difference. It had 507 more hydroxylysine
than normal hone'which they suggrsted could be glycosylated thus block-
ing calcification by steric interference with apatiee crystal formation
in the hole region of the collagen molecule. ,
Recently, Linsenmayer et alw3 studied ehe temporal and spatfial
transitions in collagen types during embryonic chick limk deveiopment.
They perceived that at early stages of leg mesenchyme development, én
(otl)- o2 type collagen is produced. At a‘ later stage, the limb cores
began synthesizing (0(.1)3 type collagen while the outer portion of the
limb still produces (o 1) 0(2 At the stage of bone production, the
(o« _1)2d2 type collagen reappears. The (o(l)zo(é the;eafter predominates
'.in bone,ann (a(l)3 in eartilage. Aithough.thelreaSOn for the different,

types of collagen is still unknown it can be supposed that this may ‘be

related to specific functlons and cherefore perhaps to calcification

Pho?phqprot_ein: Soft tissue collagens have a similar amino acid and

carbohydrate comp051tion as that of calcified tissues However/ one
ma jor difference between the ‘two is that calcified tisSue collagans pos-

sess a phosph-oprotein moiety which soft tissue collagens do no: possess
184 S | |

In 1964, Veis andfSchleucerlas»1:01;ced ch1s;pho-pho§ro£e1n in
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dentine and found it to be, at least partially, a phosphate bound to a
serine as phosphoscerine.  They tentatively postulated that perhaps this
phosphoprotein plays a role in the nucleation of mineralization as well
as stabilizes the structure of collagen, Subsequently they further
characterized the phosphoprotein finding it to be rich in aspartic acid,
glutanic acid, depleted in hydroxyproline as well as possessing some
5yan:0186; They also found it to be electrophoretically composed of a
s’gu (S) and a fast (F) anionic component, They thought it %o be
localized. in a few chain segments of the collagen moleculc.’ Later Veis
and Pcrry187 chéraéterizbd these S and F components, ~The § component,
having a molecular weighf of about'ZS;OOO, was -found to be similar to
the pareﬁt.cgllagen and“that the glycine, alanine, proline and hydroxy-
proline confent‘made up 63% of the molecule. Also, it was rich in as-
partic acid, glutamic acid and serine, The E coﬁponent, fpund to be
homogeneous by electrophoretic and.ulbracentrifugal techniques,iwaévdis-
‘Finctly different, being ricg in aspartic acid and serine»bq; having
small amounts of glycine,balanine.and‘prbline, It was of collagehéus
origin‘asiﬁydroxyproiine~and hydfoxyly;ine‘wére preéent. Tﬁe‘F“compon-
_ent which was the'thSphate riﬁh cdmponent had a moleculér.weighc ofv‘
about 38,006.and contained almosf ail'of the hydroxylysine which sur4
vived the.periodate éx{datign. In order for thé‘hyaroxylysine to have
;eétsfed,periédate oxidation, ité.gﬁino or hydroxyl group musf h&ve.
been involved in a covélent.bond, oﬁhérwisé it:iOula havégyielded am-
monia and formaldehyde. sihcg,the diéaccﬁaridé‘g;ugosylgﬁiacto:ezia

inown to be linkéd-to-hy&roxylystne;ee

» Veis and Perry prbppsgd the F -
compbhent to. be composed of three parts: the firaf section conatlied of

',proline;fhydroxyprpling and hydroxylysihe among other-aiino:iéids,‘ii



part of the peptide backbone of dentine collagen; the second portion,

an oligosaccharide linked glycosidically to hydroxylysine‘tq which the

third part, the phosphoprotein moicty is covalcntly‘linkcd. They found

the phosphoprotein to be present in an amount of le;s than 27 of the

total protein or in‘a ratio of one molecule of phosphoprotein to four tgo

six molecules of céllagcn, Therefore, this phosphoprotein could serve

- as the site for nucleatiqn in the hole zone of the collagen fiber,
Carmichael et a1189 later isolated glucose and»galaétose from

degradation products corre;ponding to the thSphOprotein and suggestéd

;hat perhaps the anibnic moiety is attached to the collagen>disacéharide

through a serine phosphate diester linkage. “
Subsequentiy, Butler et a1‘190 found that the phosPhoproLein

could be extracted via a gentle non- hydrolytlc extraction procedure,

They decalcified rat'iﬁcisors in aéetic acid and'foliowed this by ex-

Atrécting the decalcifiéd tissue in Tris-NaCl. The Tris-NaCl solubilized

, mosﬁ of éﬁe‘phosphOproﬁein thus providing evidence that the.pBOSphopro-‘

“tein could nof be covalqntly bound.. Davi% and Walkér”7 support Butlef'é

viéw that phosphoproteih is no£ necessary for miner#liiation, as they |

. .‘ : :
were able to'get dentine.td célcify at the same rate énd'éxtent once
the thSphoproteln was rem0ved by Tris NaCI extraction.

ACatmichael and Dodd191

ptoceeded to do a Tris-NaCl extraction
followed by periodate oxidation on bovine dentine They found that half A .“
'.the phosphoprotein vas extracted in the Tris-NaCl but that the other

half required periodate oxidation to releaae it They also found that
. the carbohydrate content was greater in the Tr(l-NaCI exttact natetinl

ithan in :he periodate 301ubilized fraction.l This’ they luggeated m-y re-

flecc the degree of degradatia& occurring during periodate oxidation

-~
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192 , ‘ . .
Veis et al characterized the Tris-NaCl soluble and the ma-

_trix bound phospheprotein, Tinding an overall similarity between the

.

two. They suggested that the soluble and thg matrix bound phosphopro-
tein may serve a dual role iﬁ Iocatgng the déposition of mineral on the
collagen matrix and inhibiting calcification of predentine, Recently,
its péssiblc'rolc in locating the deposition of mineral hés received
support from Weinstock and Lehlond'5193 clegant radioautographic studies
on the deposition qf phosphoproetein at the mineralization front of den-
tine, fhev showed the phosphoprotein crossedbthe predentine zone intd‘
the minernlizing froh} thus shggescing it may play a role in mineral
dgposition.

Up to now;lphOSPhoprotein has been chemically shown to be pre-
sent in bone and.dentine.A Although it has been seen raaioautographically
in a tran;itory state in predentine,'the‘;issde has never .been chemi-
cally analyzed f9r4i£ ;nd nor has cementum. If‘the theory,'tﬁat phos-
phoprotein play; a-role in mineralizatién is‘v'alidJ then>ceméntum as a
\ calcified'tissue shoulé possess it. §redentine .being a tissue which
will mineralize, should contain it only at the mineralization front, As
a re8u1t, predentxne and cementum were analyzed to see if. pAOSphoprotein -
18 a necessary component of qg}eified tissues1 . |
| Hith the current theories and experimental evidence minerali-
zation can be explained in general terms Cellu'lar activity ié certainly
' important However the involvement of the mitochondria and: its vesiclea;
: does ‘not exp}ain how the mineral is able to penetrate the collagen fi- \ |
hér +It must be remembered that 60-807. of the mineral 1s within the

collagen and that the ihtermolecular gap in the c.ollagen fiber of bonc

and &entine is just. large enough to accomodate a phoaphate 1on. Perhaps ,

v
.
. ..
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the mitoehondria and or vesicles bring high concentrations of calcium
and phosphate to the collajen fiber and deperding which way ;hg cellagpn
fibers are packed, and what type it is, the phosphate is able LQ pene-
trate the inturmolecule} gap along with the calcium, Phosphoprotein
and/or functional groups such as the carboxyl eroups of glutamic acid
and aspartic acid, act as the nidus for the initial crystal formation.
The mitochondriavand/or vesicles may then bring high coneentrations of
calcium andvphosphate ions (or some compound containing these sreciee)
to the calcifying,matrix allowing mincralization to continue on the ex-
“teriol of the f'ii\wrs.
Not mucﬁ is known about how calcification is inhibited or con-

! ‘ , :
trolled, what cau%es the local build up of calcium and phosphate nor why

. .
some tissues célc}fy more than others. From the aone'diScussion, it is.

obvious that there is still much to be learned about the finer details

of the process of mineralization,

VII. COLLAGEN: = A GLYCOPROTEIN

GiycoproEeins are proteins which hAVe variable amoun t’s of car-
'_bohydrate covalently 11nked to the1r peptide portlon. They do not have -
character1stic am1no acid compositions, although collagen 1s}ae obvious
lexceptlon On the other hand, their'Sugar componente are distinctive
~and 1nclude b-galactose D-mannose D-glucose, L-fucose, D-xylose L-

arabinose N—qsetyl-Dbglucosamihe N-acetyl D-galactosamine and the N—-i

,and O-acetyl and N-glycolyl derivatives of neuraminic acid

Collagen 8 carbohydrate unit is an- O(-I;Z-glucos!

diaaccharidelgael?e; As in almost all glycoproteins collagen pon '

its ;gibqhyd;dte hni;a-in<varying stages'of completion or with
o . . . . / e . ) , L 7‘ . . N
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modjfications (micioheteropencity)., The type of plycopeptide bond in

collagen is a f3 -¢lycosidic linkage between palactose and the hydroxyl
. 188,195,197 .

group on the X carbon of hydroxylysine ’ ’ . It is an unusual

linkage as it involves a glycosidic substitution onte a hydroxyl group
vlcinal to an unsubstituted amino group. In other plycoproteins, as-
paragine, serine and threonine are the residues to which the carbohy-
drate units are usually 1inked]98. Collagen is unique in that only hy-
droxylysine is involved in the carbohydrate linkage. There is cne ex-
ception, The carbohydrate units of annelid cuticle.collagen are linked
to serine and.threoeine and conslst only of ;elactose mono-, di- and
trisaccharides. This collagen contains no hydroxylysine-but much larger
amounts ol serine ana threonine than do other collagenslgg'zooi

’Butlerzol has isolated'ﬁhe cyanogen bromide peptide which is
rich in carhohydrate; the ol ILCBS. It is.the fourtg cyaﬁogcnﬂgromide
peptide fnom.the athino termlnal end an& its p:obable_SeQuencelln the
cérbohydratehlinkage region in guihea pig skin is 1CIy:Met-Hy1(Glé,Gal)-
Gly-His- Arg188. Moréan et aliﬁ? more recently detefmiﬁeé the sequeﬁce
in carp swim bladder and human skin collagen and found it to be only
tsl1ghtly different from that of the guinca pig skin isolated by Butler

Skin ane dentine collagen contain less than 17 hexose whereas
cartilage collagen contains up to 5% ‘hvexose»." In ekin; apprexi‘mateklyf
half ef-the hexose iSvpeesent in thevdlsacegaride forma;

. The effect of the carbohydrate in collagen is still speculative
fIt 18 thought that the density of carbohydrate units may have an effect
.~ on the or'ganization of collagen into fibr‘ila Tissues such as basement
menbranes having the largest number of hydmxylysine linked carbohy- ;

drate units show the least organization and_no fibrillar structute. Oﬂ



&

the other hand) tissues such as skin, tendon and sclera have the small-

est number of hydroxvlysine-linked carbohydr. te units and display wide
Q

fibrils with distinct 640 A banding., Tissues with intermediate amounts

of hydroxylysine-linked carbohydrate units, such as corneal cellagen,

‘0 8 194,202,203
have narrow fibrils cven thoush they possess 640 A banding ’ ’ .

202 ) : . . : .
Morgan et al feel that duc to the size of the disaccharide prosthetic

group, regulir hexagonal packing of collagen in a quarter-stagger, array
could seriously be impaired,

The role of hydrcxyfysino linkzd carbohydrate units in collagen
g ' 204 ‘ . ‘ .
is as yet unapparent. Eylar proposed some time ago that proteins are
glycosylated so as to provide a passport for excretion from the synthe-

. . : - 20 . . .

sizing cell. Winterburn and Phelps MBdispute thig hypothesis and hypo-

thgsize that the carbéhydrate tag determines the fate of the protein
' ' /

once it is extracellular. An example of this comes from Veis and Perry

who proposed that the phosphoprotein_linkcd to the carbohydrate units

.-

in c&lc_ifying,jsissucs may serve.as a nucleation site for the initial epi-

tactic pucleation of calcium ions (see section on Mineralization; p.35).
-]

'Spir0207 has Speculated that the sugars attached to hydrokyly—

&inc could p0851b1y play a regulatury role 1nd1rect1y, that is, the car-

0

bohydrate units may be attached to the hydroxylysine so that;the residue .

- €ould not participate in the types of crbss-links occurring in collagens;

.this effect occirring due td'éteric,hindrance.' However, Eyre and

A Glimche 208 209 and Robins and Baileyzoe'have‘EOUnd'evidence'for?a gly-

7

cosylated cross- I;nk in collagen Therefo;e, steric hindrance of cross-

RS

link-formation appa:ent does ‘not ocCut.,
As no vork was undertaken on the glycosaminoglycans of preden-

tine and cementum 1n this project the topic will nob.be disCussed here.

Ve . ] - : 3
te” ) . ". N : . 13



-

For a revicw op the subject sve reference 210,

Proteoglycans and slycoprotains - Terminolovy:  To understand the histo-

chemical sty
S\ .

“ glycans (

.chondroitin-

ko5 which are discussed below, a brief explanation of the
terms glyce n, proteoglycan end gl;coprotoin are given fivst,
Protcin-¢ pleses in which the components are covalently

linkgl g sues,  The properties of the complex, depending

on Preions of the protein and carbohydrate, will be

&

nore e peptide of sugar component. Such influences can be

seen

cans and glycoproteins. '

glycans are protein-carbohyerate complexes in which poly-

sacchari ¢ up as mach as 907 or mgec of the complex, The protein
componen ;h¥collagenoqs and the carbohydrate, called glycosamino-
es called mucopo]&saccharide), are pelysaechérides'con-

taining he ‘These pclysaccharides include hyaluronic acid,

rlfate, chondroitin-4-sulfate, keratan sulfate, dermatan

sulfate, 3ul fate, . The polysaccharide chains are unbranched

hepaé
except perha rin sulfate and they also contain uronic acid ex-

fe. 1If présent in the free form, the constituent

cept keratatr

pofysacchar cha1ns show Iittle affinity for collagen apart from the

ionic 1nteract1on which is fa1r1y easily broken. However, when the poly-

saccharide chains are Iinked.to‘the non-collagenoUs protein, ‘the large

N Pl

moleeules.assbeiate more firmly with the collagen. .otk

AGlycoproteiné, of which collagen is a specialvcase,-efe a cova-

-

~lent compoun&'of non-toildgenoUﬁ protein and sugar chalnsi The sugar

chalns are sometxmes branched and do not contain more than 20 residues.

A large variety of sugars are found in- glycoproteins These include -
hexosamines and galactose (which is foupd in only one proteoglycan that

- . .. .
i . . .. 2 . »
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containing keratan sulfate) as well as mannose, fucose and hi;il‘é{cid,

the latter two often octupying tevminal positions on the olicosaccharice

chains,

fated like most of the plycosamineglycans and proteoslycans,

VIL1I,

Tocth&p composed of three calcificed tissucs/

and cementum,  Dentine

DENTINE, PREDENTINE AXND CEMENTUM:

forms the

“he Presen

bulk of the tooth .a

Clycoproteins do not contain uronic acid but a {ew appear sul-

T
'
{

L

-4

t State of Knowledye

ehamel, dentine

1Kl encloses the

pulp cavity. Enamcl cenvelops the dentine of the croyn whereas cementum

covers the root dentine.

trix must be laid down first.

In calcification of dentj

The collagen fibers,

¢, a collagenous ma-

arranged in a

trellis-like framework, are produced by the odontoblasts which line the

pulpai surface of the dentine, Since.mineralization. lags behind matrix

'

formation, there exists a zone of uncalcified tissue called predentine

.

especially noticeable at the apex of the immature tooth .

‘ “ . mel
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Ficj.e. Ddosrammah'c usiration of an unarupted tooth ’

-

Dentine and Predentine: Little is known about predentine due to the
small amount of tissue in teeth, As a result most studies on predentine .

have been histochemical in nature.

Considerable work has been done on dentine. Wislocki et 312l2

ot

)

were the first to observe histologically the ﬁ}ESence of mucopolysac-
charides in’ dentlne using the per1od1c acid-SEhiff (PAS) techn1que

‘Subsequgntly, using the_same techniQue, Matthiessen213 expanded these -

results to include predentine whigh.he'fodnd to be $as positivé. Other
histochemical investigations have shown significant amgmnts of acid .
; & . . | . ‘ ’ - . . DL
mucopolysaccharide in predentine, Bevelander and’Johnson214 s well as -

W’eill215 found predentine iﬁtensgl&_metachyométic, ‘waevér,:creuiich‘

~and LebiOnd216 found that predentine stained weakly compared to dentfine,

O



indicatin, a relative absence i plycoprotein in predentine.,  This has
, ' S1i-219
boeen the oboervation of several other worken: . Fullmer and

r )
p) 00 Lo .
Alpher were unable to detect any clyeeprotein in predentine,

A
Recently Wernstock™ ™ [ using the acidified phosphotungstic acid

I
tcchsiqnvk‘ tor glyeoprotein, ohserved that the stained material in den-
’
tine occurred between and associated with the collagen fibers. In pre-

dewtine the interfibrillar miaterial was unreactive althouvh the collagen
-
fibers did stain slivhtly, Weinstock sug,ests that glycoprotein may
) d & A
play a role in the initiation of calcification as predentine acquires a

carbohydrate rich material, probably yplycoprotein, as it is transformed

into dentine, .

#

The proteoglycans of dentine have been ubject of several

recent studies. The limiting factor in these studies has been their low

. . . 223 . .
concentration in dentine, Clark et al found that the major acid gly-

cosaminoglycan of human dentinc-cementum was chond’oitin-b-sulfate.

They also reported a small amount of hyalurenic acid (2% of the total
hexosamine) and were unable to detect keratan sulfate and dermatan sul-

fate, Engfeldt and Hjerpgzza have more recen;l% ;garadterized the gly-
cosaminoglycans of both canine predeptine and dentine. The major poly-
sacchariQes in both theée-tissues were galactosaminoglycans tentatively
ident{fied és chondroitin sulfate, They could not identify a.dnqll

amount of material which corresponded tq the amount of hyaluronic acid
Ciark et allhéd isolated from hum#n ;entin.-ceméntum;' Tﬁug hngfeldt and
‘ﬁjegpe could'hoc conclude that ﬁyaluronic acidawa; exciuded,f;om preden-
tine and dentine. These authors reporied that the glycosaminoglycan

hexosamine content’ of dentine was 0.06% of the organic dry ygight and

that” of predentine was 0,/2%. Their results indicate that there is more



Yo

chondioitin=o-soliate in predentine than dentine.  Jones and leaver
attompted to clarity the ;~‘III]lL‘ll'l]ni reports coneernig the nature ang
amounts of the constituent plveosaminoylycans of dentine, They demon-
strated that the major glycosaminoglycan of human dentine is chondroi-
tin-4-sulfate but it was sugvested that the chondroitin-4-sul fate:chon-
droitin-n-sultate ratio may vary with age since chondroitin-s-sulfate
may be lost Juring maturation, Jones and Leaver also found 2-67 of hya-
luronic acid, 2-3° of dermatan sulfate and a definite but small amount
of keratan sulfate iﬁ human dentine,

226
Linde has recently isolated the glycosaminoglycans of the

odontoblast predentine layer of porcine teeth, The total amount of hexo-
Samine was found to be 0,297 of the dry weight, This figure includes
hexosamine from the glycoprotein and glycosaminoglycans., "He obtained
five hexosamine ceontaining fractions when Ehc‘glyéosaminoglycans were
separated on CPC cellulose micro columns, cach of which was éredominant-
'
ly composed of one Qf the following components: chondroitin-4-sulfate
(30% of the total), chondroitin-6-sulfate (16%), hyaluronic acid (14%),: .
dermatan sulfatc (77), and keratan sulfate and glycoproteins (327%).
The keratan sulfate was found to account for about 47 of the total hexo-
samine, ) °

. Veis and coworker5185’187’192»227

have also done considerable
work on dentine. They féund‘fhat, although dentine collagen resisted
acid swelling and‘ﬁad no neﬁtral salt soluble or acid sblubl?_collagen,
there were few di fferences in.composition from corium (dermi;) collagens
except for the présence of phosphoérotéin in dentine‘(see,section on "’

Mineralization, p, 35). They reported that the two collagens contained

a comparable quantity of hexose (2.2 residues/IOOO amino 3cid residues).

.
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Recently Volpin and Veis have studied the CNBY

peptides of skin and
dentine collavens,  Facept for varjations in hydruxy]Jtion of pruling
and lysine, they found lew diflvrcncvs ol significance between the CNBr
peptides derived from the o I1(I) amd o€ 2 chains of insoluble bovine
corium, dentine collaven Jgd the corresponding CNBr peptides from the
soluble bovine collagens., However, in the insoluble bovine corium and
dentine collagens, three distinct new classes of CNBr beptides were de-
" tected. Both collagens were found to contaih An acid stable intermole-
cular cross-link component, o 1-CB6' [OL 1-CB6 + o€ 1-CB(Q, IB. Both
also contained twotadditional peptides attributed to éhe presence -of an

o« 1(I1I1) chain, the o¢ 1(III)-CE3 and & 1(I£I)-CB (4,5). Evidence
was also obtained indicating the presence’of a peptide'ot 2-CB4' con-
sisting of & 2-CB4 and a noncollagenous polypi{tide attachment. Both
corium cqllagen anﬁ dentine collagens were analyze@ for hexose and bound
phosphate groups. In dentine collégen, onty o¢ (I)-CB5 contained the
glucesegalactosyl hydroxylysine, while oC 1(I)-CB3 cén;ained only the
galactosyl hydroxylysine which was also present in o< 1(I)-CB5. The

0C 2-CB4 and ot 2-CB5 contained mixtures of mono- and disacchariae
attachments, In addition, Volpin and Veis were able to isolaté from the
dentine colflagen "oX 1(1)-CB6, ©K 2-CB4 and oOC 2-CBS containing cova-
lently bound pho;phate groups which were not found in corium collagen,
It seems likely that the hexose-is present as a hexose phosphate rather
than the phosphate attachment being via a serine hydroxyi. The acid-
insoluble CNﬁr digestion reStd;es were found to contain portions of col-
lagen with uncleaved ﬁcthionyl'residues in close associatién Qith a
‘fhighly acidic'polypepgide. This waé paréiédlar1y~;rué in dentine colla-

gen where this polypeptide was rich in phoaphoserine.groups.



: ) . 185 . . .
As mentioned above, Veis and Schleuter have 1dentificed in
dentine aneacidic peptide containing a high content of organically bound
. 193 . -
phosphorus,  Weinstock and Leblond found that this phosphoprotein

passed through the predentine to rceach the mineralization front possibly

playing a rele in calcification at the dentinec-predentine junction, .

Cementum: Cementum, the root covering of the tooth, is the calcified
dental tissue which most resembles alveolar bone in its composition,
étruc!tfo and behaviour., It provides a medium for the attachment of the
collagen fibers of the periodontal ligament that bind the tooth to the

surrounding structures as well as playing a role in preserving the width

- «

of the periodontal ligament. It assists in maintain§ng the length of
the root available for support of the tooth ané effects repair of damage
of the‘rootzzg.

Cementum is formed in much the same way as dentine, Cemento-
biasts‘lay down an uncalcifie& collagenous tiSsue.called'cementoid or
precementum which is subsequently minerali;ed to form cementum, Howevef,
since calbification is not as rapid as mattix formation? a thin layer of
cementoid tissue is seen on thé surface of the cementum.

Two ty;es of cementum can bé differentiated mqrphologically de-

pending on the presence or absence of cells and they are therefore known

as‘acellulsf (primary) ceheﬁtuﬁ and cellular (secondary) cementum. See

i\ .
-

Fig. 5, Acelluiar cementum may cover the root dentine from the cemento-
enamel junction of the apex, but is often missing on the apical third of

the toot, The more predominant cellular cemgntum-usually covers the

apical root dentine and acellular cementum and includes cementocytes. re- -

ﬁrésenting cementoblasts which_have'beén left behind and surrounded dur-
. R L . .
ing cementum formation.
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o ’ ) 230,231
Collayen ribrils of cementum are orientated two ways .
.

Sharpey's tibers, the croup of fibers which ran at right anvles to the
’

cementum surface, oriuginate {from the pericdontal ligament and are incor-
porated in the cemeptum as it mineralizes. The sccond group of fibers
are thought to be produced by the cementoblasts, These f{ibers are not
directly attached to the bone but are fundamental to the inherent struc-
ture of cementum. The two groups of fibers tend to run at right anyles
to one another.

Cementum is less calcified thar dentine. Selvig and Selvig
- found that the combined ecalcium plus magnesium content of human cementum
was in the range of 25.7 to 26,67 whereas that of dentine was 26.8 to
27.6%. The phosphorus content of cementum ranged from 11.8 to 12,.5%
compared to 12.2 to 13.2% in dentine. Neider et 31233 repoft similar
findings, Selvig also observed differenceg in the distribution of min-
erai in the matrix fibérs of cellular cementum as weli as iﬁ those of
acellular ccmentum. The acellular cementum, he noted to be more calci-
fied than the cellular farm,’fhe latter aISOFéontaining analctfied
éores of Sharpey's fiberg.

Glimcher et a1234 have determined the amino acid composition of
coronai cemen tum (seé Fig. 5) which was found to be characteristic of
collagen, that i{s, the organic matrix contains at least 901 collagen
\Cementum maé'!x collagen resembles bone. and dentine collagena in that it
is virtually insoluble in neutral and acidic buffers |

| The non- collagen.constituents of cementum have not Qeen char-
.’acterized nor has its collagen been studied in great detall For example

it has yec to be determined whether the phosphOprotein moiecy found in



bone and dentine, which is thought to scrve as the nucleation site for

. o . 185,190,191, 184
mlncrallzauon, oCcurs 1n cementum .

From the above it is apparent that further chemical analyses
are required to gain additional insights on predentine and cementum.

Q
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MATERIALS AND METHODS

1. MATERIALS

‘Fresh bovine jaws were obtained from animals between |1 and 2
years old at slaughter. Unerupted and erupted incisors and canines were
extracted ‘as well as unecrupted molars, The unerupted teeth were freed

of their dental sacs, and the pulps were removed. These as well as the

‘esupted teeth were then washed by soaking in distilled water at 4° over-
L4 .

nighet.

Predentine was obtained from the unerupted teeth by cutting a-
way the tranleéent zon§ at the apex of the'roott The fragﬁents wére
then re&ashéd in distilled water andAlyophili;ed. The predentine was
subsedpently dissected undéf a dissecting ﬁicroscope.to remove the ad-

hering odontoblasts and the opaque dentine.

0.1 mm

Fig. 7. Hemotoxylin eosin stained predentine ¢houing uineralization
front. The length of the predentine regim\ is 1nd1caud '
(By courtesy of Dr. 'K.A, McMurchy) , v



The erupted teeth were scraped clean of any adhering soft tis-
suc, The crowns Wcr; sectioned below the cervical line with a Gillings
»
Hamco Finc Sectioning Machine. The root was then sliged longitudinally
into thin lamellae of about 250 microns. Under the dissecting micro-
scope, the somewhat more translucent cementum, which appears as a thin

layer next to the dentine, was carefully separated'from the dentine -and

then lyophilized.

IXI. METHODS

Density Gradient Isolation of Cementum

_To ensure that the cementum was not significantly cbn;aminatéd
with dentine, the Manly and Hodge235 flotation method was performed on a
s;mple of cementum. Tge sample was ground‘dfy in a Heidelberg Colloidal
H?}l, ana thé_resulting powder'béSSed through a 60 u sieve. The powder
~ was then centrifuged in a mixture of broméform.and acetone having a
specific gravityﬁof 2,11. The:samplg sepérafed into a light (cementum)
and heavy (dentine) fraction, As an additional check for purity, the

heavy fraction was examined for dentinal tubules under the light micro-

-scope,

Calcium
In order thatuAny organically bound calcium miéhtzbe freed, the
,‘éalcium content of predentine ahd cgmentumAwas detérmined follbﬁing acid

hydrolysis in ION H250 . The calcium was detetmined by EDTA titration

according to the method of Ericsson236;? This method involvea the firm

bindlng of calcium in an un-ionized complex with EDTA A small ahount

‘

‘  of HgCl (.4 mls of IaM colution) vas added so thnt the indicator

13

Eriochrone Black T, vould shift from ted to blue whcn all’ Mg iont had

+

"2
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been bound by the EDTA titration solution as with calcium alone the coler

shift is too gradual and indistinct,

lPhosphorus  , +

The phosphorus content was determined using the modifications *

by Ea$t00237 of the Fiske and SuQQﬁrow238 method with the exception that
the amino-napthol Sulfoniélreagent was prepared according to the proce-
dure of Bartlett239. This method is based on the reduction of phospho-
molybdic acid by l-amfno-Z-napLhol-A-suldeic acid which is blue in the

v

presence of sulfite, . ' : A

Decalcification

The predenﬁine and cementum fragments were demineralized>by re-
peated extraction at 4° in 0.5M EDTA adjusted to pH 7.4 with NaOH, Ex-.
traction of cementum cbntinu;d for 17 days and predcntfne,_which contained
vlittle calcium, for 4 days, at which fime caiéium could no. lgnger be de-

A

tectcd in the residual matrix by atomic absqvptioh spectéométry. The
ﬁetﬁod éﬁployed here was a'mbdification of the procedure dle1lliszaQ.

' Lanthanum was used in the analysis to prevepc 1nterference by phosphos
rua.»vwith this procedure, ca1c1um content cannot be detected below
0;15 pafts p;f million, The res{duai cementum and predentine were wash-
) ed with distillgd‘ﬁate:‘until EDTA cogid no iﬁ@get.béydetectéd.v Tﬁe.‘

236 method-whére adding Mg to a 5 mls

[‘EDTA test!involves the Ericsson
portion of che water wash indicates the presence of EDTA using Erio- o {‘V>

chrome Black T as the indicator

, TTib-NaCI-Extrthion
Butler et all 90 ahqwed that phosphoptotein could be removed by:

a gentle non-hydrolytié extraction with Tri: NaCl Thus, the decalct-



ficd predentine and cementum residues were extracted for 3 periods, each
of 24 hours, in 500 volumes of 0.5M Tris-NaCl (pH 7.4) containing I:Oﬁ
NaCl. The remaining residues were washed in diftillcd water and lyopwi-
lized. The extracts were dialyzed aéninst distilled water‘and {yophi-
iizca. |

ol . . .
Phosphoprotein Determination

Carﬁichael and Dodd191 found Lha; not ;lljthc phosphoprotein
was.Tris-NACI soluSle and that some required periodate oxidatiodvto re-
movg.it. As' a result, the EDTA and Tris-NaCl extracted éredcntine and
cementum matrices were snbjécted to oxidative degradatioh for 44 hours
with sodium metaperlodate following the procedare of Carmichael et 31189
The 54 mg of predentine and 71 mg of cementum which were solubilized in
10 mlg of sodium‘metapcriodate‘(0.0ZSM Na;Oa + 0.025M NaHCO3, pHV7.75)I
were dialyzed at 4°c against 4 liters of.0.0lM sodium bicarbonate for
3 days, changing ;he~sqdium bicarbonate twice daily. The retentate was'
~‘subsequent1y dialy;édfexhaUStively aéainst distilled‘watef and then,
lyophilized. VTﬁe dried ;esidu; of each weighed about 45 mg,kand each
was analyzed for calchm and phosphorus, Using the ptocedure of Clark
and Veis241, elcctrophoresxs of SO/ul and IOO)ul of predentine (2701ug

lyophlllzed perlodate soluble material/ml Tris- Glyc1ne buffer) and
-tementum (310 pg lyophitlzed periodate soluble materfal/ml Ttis-Glycine

buffer) in a polyacrylam1de gel at pH 8,4 and run at %mA/tube sepa:ated

the non- diffusible components. Following electrophoretic sepan'tion,‘tbe.

'gela vere sliéed-transVersely'and analyied for- phosphorus.

Detafminétion of LYSiﬁe-dergyea Cross-links

. Q

Suppensiéns 9f 12.mg’eacﬁ ofvpredén:iqe'p:eparation.and cefiientum
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preparation in 1.8\mls of 0,15M saline (QH 7“ﬁ) were \fduccd with 0,
Y .
mls of tritiated sodigm borohYdride (18.4 mCi/mmode) dissolved in 0 O1M

NaOH (30:1 w/w ratio of predentine and cementum preparations to NaBHQ).
The tritiated sodium borohydride was standardized, according to Paz 5L

242 . ' . .
al 4 , by reduction of 4-(p-nitrobenzamido)-butyraldchyde to 4-(p-nitro-

benzamid094b0tdnol which had a specific activity of 5.45 mCi/mmole, The
pH was adjusted to 9.0 and the reaction mixture Stirred at room tempcra-.
ture. for 1 hour, After acidification to pH A,O’with 507 acetic acid, the

Fl

. ) ) ' . . . . . o
reaction mixturc was coxhaustively dialyzed against distilled water .at &

.

and thég lydphilizedi

Acid hydrolysrs\in 6N HC1 under Nz in ;;aled tube! at:103° ;or‘
22 héurs or alkaline hydrolysis in 2M KOH under'N2 in t¢fI6n 9ottles at
.1080 for 26 hours wasicanried our on portjons of the reduced cementum
and predentiné preparations. Reduced aldimine cross-linké were deter—
m1ned in the acid hydrolysatos u51ng the Jeol 5AH amlno acid analyzer
(0.8 x 4§ cm column, LCR-2 resin, 60 ) eluting with O, 35M (Na ) sodium
citrate buffer, pH 5;?8 at a flow rate of 0.62rm1/mrn. ,Reduced’cro§s-
link precursors (G -hydroxyndrleucine and 8‘,‘é-dihydréxyﬂorleucine
were determined in.alkaline hydrolysates using the amino acid analyzer
j (0 8 x 45 cm column “LCR-2 resin 54 ) elutxng with Q, 2M '(Na ) citrate
buffer, pH 2. 93 contalnxng 3% propanol OrZM (Na ) sodium citrate buffer,
'PH 3,35, and 0. 2M (Na ) 'sodium citrate, pH'4.10, at a flow rate of 9.80
.'9i/ﬁin. For borh the reduced cross-1links ana‘the croghilink precursors,
" fractions were cdilected ;sihg a splir stréam deriée and. e#ch ftaction
was mixed with 10 ml Aquasol (New England Nucleat) and counted in a

-

thlear Chicago Mark I quuxd Scintillation System.

E ¥
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‘ﬁeutral‘Sugar»Analzsis

Amino Acid Analysis @’

g : ) s
' Samples of predentine and cementum matrices were hydrolyzed in
6N HCI at llbo in Scalgi:puhcs under N2 for 22 hours, Amino acid analy-
ses were carriged out using the two-column system on a Jeol 5AH analyzer,
No corrections were made for hydrolysis losses,

- 243
Separation of *Collaven 1nd mon-collagzen Glycopeptides

EDTA and Tris-NaCl extracted predentine and cementum matrices

were cach digested 16 hours at 65° with 0.03 ml of previously activated

papain (Sigma, 2x recrystallized) in Q'mls'of 0.1M acetic acid sodium

‘acetate buffer (pH 6.0) containing 88 mg of cysteine hydrochloride and

186 mg of EDTA/100 mls. 3.0 mls of the digest were added to a Sephadex

" G-25%olumn (fine grade, 33 x 1.5 cm) and ecluted with water at rdom

A

temper uro._‘The flow rate Qas 45 mls/hr and 2 5 - 3.0 mls fractions

were collecked,* A monitor for nom-amino sugaré was performed on O 1 ml

. This was done by modifying the or61nol HZSO me thod

for increased sen31t1v1ty, that is, 1.5 mls of 80%'52804-14 orcinol sol-

ution was added to the 0,1 mls portion-of each fraction previoysly di-

i

lufed_to 0.5 mlo, Twa orcinol _positive peuks were'detected' peak 1l at

the void ‘'volume conta1n1ng the '’ higher molecular welght non- collagen

4 .

P

- glycopeptides and the retarded peak 2, contain1ng the collagen glycopep— Cﬁ

tideszaah

Tbe fractions containlng peak 1 were pooled as wéll as those

v

for. peak 2, The pooled fractions were then lyophillzed and hydrolyzed

V:. in 2N HCl for 4 hours at 103 However before hydtolysls ZS/ug of_‘

L-Rhamnose was added to each to act 48. an 1nternal ;tandard -The hyd}o-




lysates were neatralized with the®bicarbonate torm of Dowes 1 x 4 (Q0=-h50
mesh beads),  The 5Iurriu§ were then poured into small chromatogsraphy \
columns collecting the ¢f fluent and sceveral water washes, These were
lyophilized and analysed for neutral surars on a Tochnicun‘Carhuhydrch
Autoanalyzer,  The dry residuc was dissolved in 1,0 ml of borate bufter
1 and added to the carbehydrate column (type S chromobeads), A similar
buffer gradient as the Sténdurd me thod was used except that the volume
per ch;mbcr was reduced from 50 ml to 30 mls, The temperature was as in
the standﬁrd method,

In the, standard method, the column was 68 ¢m x 0,6 cm long which -
corresponds to an 8 hour run. As a more rapid separation was desired
and this column length Svpérates a rather large number of sugars (includ-
ing disaccharides) some of which were not expected in our analyses, the
column length wés_shortcncd to 33.5 cm. The sugars of intc;ést, mannose,
fucose, galactose, xylose‘aéd.glucose, were well geparated.

Elution was achieved at 45 m)s/hr at'53.5~0 C with the following
gradient in a mine chambered autograd: chambefs 1 and 2, 30 mls of buf-
fer 1 (0,.1M H3B03, pH 8.00); chamber 3, 15 mls of;buffer~l and 15 mls of
buffer 2 (0.1M H;BO, + 0.05M NaCl, pH 8.00); chamber 4, 12 mls of buffer |
3 (0.1M HyBO, + 0.1M NaCl, pH‘8.60) and 18 mls of buffer & (O;ZM HyBO,, . -
pH 8.00); chambers 5,'6 and 7; 15 mls of buffer 4 and 15 mls of buffer S‘
(0.2M H3B03~+ 0.2ﬁ SaCl,_pﬁ 9.50); chambers 8 and 9,‘30 mls of buffef{S.
The effluentvwas énélyzed fo:ﬁneutral suéars with orcinol-H2$04 (76%

. HéSQa-OJIZ.orcino}, Sigma). Thié.colotimetr;cvsys;em was_éi ipl£he stan-
ldatd Technicon system forvcarbghydraceé (Technicon Deveidément Bulletin
124) . The individua}kmonosacﬁh;tides were quantitated Sy.éomp§riné their

areas with that of Rh ose, 1See.Tab1é 8 for a'diggraMmatfé illuﬁtratigp



.

of “typical «hnomatosrans of G-20 Peak 1oand feak 2. 10 (an be scen Jtoat
Rl AT - et owere very well senar ]t Me or. two unkinow
the suptirs of Intorest wer VOry W Sepaldltod oul oone ors two unknown
orcinol positive compoands wore detected especially from the G-205 Peak |
hydrolysate,  The final unknown pears immediately tollowing glucose ap-
B i
pearcd in all chronatorrams inclading those from unhydrolyzed standard
mixtures ol pure suprars and therefore did not appear to bea hydrolyéYs
artifact, This unknown could possibly he due to depradaticn products of
- -
more than one sugar, formed on the colurn under the alkaline conditions
and elevated temperature,

The color yields in the orcinol method are different for each

L

- sugar. The acid hydrolyses losses were different for- each sugar. There

was also a possibility of mechanical lossg¢s particularly'during'the lyo=

philization of the resin neutralized hydrolysate, The addition of a
known quantity of L-Rhamnose before acid hydrolyses €liminates some of

these problems, However, it was ‘necessary to carry out analysis-of hy-

_drolyzed standard mixtures of sugars, including, L-Rhamnose, in, order to

-

obtain reliable ¢olour yields felative to L-Rhamnose.’ 1he:c¢lour yields

relative to khamnose ‘also var1ed to some extent with the total quantxty

.
.

of sugar in 4 given peak; in other words, the scandard curve was mot

‘.

iinear. This had to be taken iato account when applylng the colour

factors, : . - . .

gzdrongrolige _ -

Hydroxyproline content was determined by the metq?d of Stegemann
and Stalderzaa on a 0.1 ml portion of the papain digest which vas hydro-‘
lyzed in 6N HCl at 103 . for 23 hours. The hydrolysates were evaporated
to dryness in vacuo over PZO and NaOH. The small amount of acid remain-

5

ing in the residues were neutralized before ‘the analyses were performed
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The range ot this method ds o l/m' to 3/‘;2'“&"“;%\'&”Ulim' pur mls

ol .“-\l:‘\l» | ¢,
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RESULTS

1. FTREDENTINE

Pri'or to EDTA extractiong the calcium content of predentine was
determined to be 0047 (Tuble 7). This value corresponds to a hydr oxya-
patite content of 1 which in turn corresponds to a phosphorus content
of 0,18.. H\W.;t'\,'t r, the phosphorus content was-foumftu be 0,377, The
prodentine traction was 997 O oanic material. |

The EDTA extract was dialyzed against distilled water and then
lyophilized, The dry residue was found to have a phosbﬁorus content of
0.07%.  The phosphorus content of the pooled Tris-NacCl e,tracts was 1,70,
this being considerably lower thgn the coméarable Tris-NaCl extract of
dentine, .

In the EDTA-Tris-NaCl extracted predentine residue neither
phosphorus nor calcium (%y the method of Erics50n236) could be detected,

When Subj;CtOd to oxidative-degradation with~sodium_motaperio-
date, the EDTA-Tris-NaCl extracted predentine was completely solubilized,
The resulting cxtract, which had been dialyzed first against sodiu@!bi:
carbonate and then againsttdistilled water, was lyophilized and analyzed
for phOSpho;us. &he phosphorus content was fouﬁd to be-0.0ZZ; Several

]

anionic components were revealed by electrophoresis of this fraction,
) v

includiﬁg a lightly staining band with a mobility corresponding to the
phosphoprotein component previously demonstrated in dentinelss_ ‘See
Table 9 for gel results. However, no phosphorus could be détegted in
this band,” Total absence of phosphorug in this fraction cannof be rg-
garded as establishéd in view of the small sample size, low phosphorus

- COnteng of the sample, and low staining 1nteq§ity of "this. band, pr-
ever,‘the use of a comparable s#mple size of dentine p?éduced a signifi-

k3 ) . .
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cant amount of phosphioprotein at this pos1tion,

The amine acid compeitror ¢ 0 EDIA-Tris-NaCl extracted proe-
3 d
dentine (Table 10) cenerally res " ‘iilﬂ. o odentine matrvix collagen.
The plycine content was redaced fiow U 0 Lera g about 320 residues/ 1000

N
amine acids to 281 residues/ 1000, The Lydiosyproline content of 90 1e-

$1ducs/ 1000 was also low coupared to the normal value of about 100 pe-
sidues/1000.  The proline (174 residues 1000) and thc‘hydruxylysine
(12;4 residues/1000) were high as compa;cd to the normal values for pro-
line (about 115 residuces/1000) and hydroxylysine (about 4-8 residues/
1000) as in skin or dentine collagen, .

Chehically reduced aldimine cross~link content as well as cross-
link precursor content are recorded in Table 11 accompanied with similar
dat# for dentine matrix collagen. The hydroxylysinohydroxynorleucine

content of predentine was 4,8 x 10-1 lysine derived residues/1000,

-2
while the hydroxylysinonorleucine content was 3.5 x 10 °,. Thus, the

4 L

major cross-link Q{ predentine is hydroxylysinohydroxynbrleucine.: The
cross-link precursors, dihydrogynorleucine and hydroxynorleucine, were
preseﬁt in concentrations of 1,2 x 10.2 lysine derived residues/1000,

The neutral sugar results are given in Table 12. The total
neutral sugar content of the Sephadex G-25 peaks was considered more

. ‘ -

accurate when obtained from the sum of the results derived from ;;:\gqto—
analyzer than from ;he modified orcinol re;;lts, The total in each case.
was expressed as'g_neutral sugér/lég hyd;oxyproline; (The hydroxypro-
line content of the bapain'digest was used in this cal;ulatiqﬁ as this
avoids crrors due'to the possibility of incomplete digestion of |

the collagen by papain.) This valye gives quantities which are close to

-4 percentage on the dry wéight of a pure collagen, The G-25 peak 2 re-

ol
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Vsn]tr; (cofluapen hexose) tor prodentine collagen corresponded to 4,9

hesose/ T4y hvdrdsyproline , of which 927 was’ );-’l\ic(m;c and 417 311\1(‘956,
The hexose or the non-collayen glycoprotein associated with the preden-
tine collaven (G=25 peak 1) corresponded to 2.2 hexose/l4g hydroxypro-

line. This hexose was made up of 2070 vlucose, 337 palactose, 237, man-
b ’ } ’

nose, and 107 fucose,

I1.  CEMENTUM

Undecalcitied cementum, examined by the flotation procedure,
contained less than 17 of the heavier ”dcntinc” fraction., However, when
scrutinized under the microscope, this heavier -fraction was also found
to be mainly cementum,

Cementum was shown to have a calcium content of 26,37 by weight
(Table 7). This percentdge of calcium corresponds to a hydroxyapatite
contentkof 665 and an oxganxc content of 347, Phogéhorus conﬁpn; was
determined to be 11.47%, and hence the Ca/P ratio is 2.3 (w/w), 'The
Ca/P ratio of hydroxyapatite is 2,2 (w/w). Thus, the mineral of cemen tum
is hydroxyapatlte like that of other calcified thssues.

The phosphorus content of the EDTA extract was 0,147, whereas
that of the pooled Tris-NaCl extracts was 1.761. No phosphorus or cal-
cium could‘be'detected'in'the Aecalci[ied Tris-NaCllextract;d cementum,

Decalcifled Tris-NaCl extracted cementum was completely salubi-
’__Ejhed when subjected to oxidative’ degradation.w1ch sodium meéaperlodate
The resultlng extract was dlalyzed agalnst 4 liters of 0.01M sodium bi-
carbonate, and‘then exhaustively dialyzed againét’distilled water, The
reientateigas iyophil%zed.and'the calcium content was,determined to be :
0.3% and the phosphorus cbntént to beIO 03% Upon electroPhoretic exa-l

mination a large diffuse anionic component and a diacrete band vith a.

02



-leucine content was 1,1 X 10: .

-

mobility approximately that ot the phosphoprotein found in dentine were
revealed.  Sce Table ¥, The vels were analyzed ror phospliorus an found
to be free of this element,  Since the sample size was small and the
consequent component concentrations were low, a control experiment was
set up with a_compdrablo weight of decaleified Tris-NaCl extracted den-
tinc, The periodate extract was analyzed just as that of the cementum,
and then lyophilized., The dried residue was then subjected to polyacr}-

. o
lamide gel c¢lectrophoresis, and the phosphoprotein fraction was»analyzod
for phosphorus. The presence of phosphorus was clearly es&abiishcd in
this fraction,

Amino aéidvanalysis of the decalcified Tris-NaCl extracted ce-
mentum matrix revealed its composition to be characteristic of collagen
(Table 13). The arginine (57.6 residues/iOOO amino acids) and the pro-
1§ne (156 residues/1000) are higher than in bone énd géntiné. -.‘;

‘Table 11 shows the contents-of reduced aldiqine cross-links'and.
éross-link precursors, jointly with similar results fqr dentine ma&rix

collagen, The cross-link, hydroxylysinohydroxynorleucine, was present

fn the concentration of 2,6 x 107! lysine derived residues/1000

¥ A
‘whet“séhydroxylysinonorleucine was detected to be 5.2 x 10 2. Thus, the

ma jor crqsé-link of cémentum-is'hydroxylysinohydroxynorleuéind. The
cross-link precursor, dihydroxynorleucine, was found to occur in con-
centrations of 3.2 x 10 = lysine derived restdues/1000 and hydroxynor-

Thé neutral sugar results are given in Table 12. The G-25

A peak 2 result for cementum coLlégen was'l.Sg hexose/l4g hydroxybfoline

of which 627 was galaétosevand 387 glucose. The hexose of the non-éollafA

”

gén glyoopro!éin associated.vith-the cementum'épliagen,(c-25 Pgak 1)

[4
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corresponded to 0.9, tiexose/14yp hydroxyproline., This hexose was composed

of 407 galactose, 26° mannose, 7. fucose, 167 glucose, and 117 of an un-

known,



DISCUSSION )

Few chemical analysis have been carried out on predentine, Moot
studies have been histological in nature apart from the recent studies
on glycosaminorlycans, Cementum has not been studied cliemically in

. . . 245 . ) . .
great detail either,  Selvig has studied its genesis and fine Struc-
ture histologically as well as with the electron microscope and deter-
- ) ' , 234 . .
mined its mineral content, Glimcher has reported the amino acid com-
position of the less typical coronal cementum whercas Birkedal-Hansen et
246 : : I .

al have reported the amino acid composition of bovine cementum, As a
result further chemical analysis were carried out on these tissues in
order to acquire more information about their nature, These included
four major analyses: reducible cross-link, amino acid and neutral sugar

determinations and an investigation of the occurrence of phosphoprotein

in predentine and cementum, .

I. PHQSPHOPROTEIN

Prédentine: The .inorganic crystals of teeth closelygresemble ﬁydroxya-

patite, Calo(f94)6(05)2; From its molecular weight of lOOQ, the caléiuﬁ,

'coﬁtent of hydroxyapatipe‘iS‘calculatéd to be 40%, 'The calcium content ‘. ,

“of predentine (0;4%) therefore corresponds to 1% h;dro¥yapétifg. Based

on this figurc of 1% hydroxy;pgtite.one can now esti;ate the phosﬁhorps

_content of gredentiné'CO bé'O;ISZ. Haﬁeéer, upon analysis, predentine'hiu

wasifound fb conéain'0.372 phdsPhorpﬁz This additignél.phbsphorug may

be organically bound and/or iﬁorganic. ‘..i | |
: Veié?an@_coworkezslgs’187?189_havg ipdl;ted; from déchlcifiéd»

bone and dentine matrix, a highly anionic phosphoprotein ﬁh;ch‘is'

c9vaient1y.1inked to -the collagen. 'Tﬁey suggested it may provide the

-

]

T
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sites for the epitactic nucleation of mintralization for the matrix,
This phosphoprotein was also found in Tris-Na”l extracted dcgalcifivd
dentine matrixlgl. Thus it was loyical first to extrfact this soluble
phosphoprotein from predentine, However, once the predentine had bcbn
extracted with EQTA and Tris-NaCl, phosphorus could no longetr be detect-
;d in the residue., This would tend to indicate that the collagen bound
phosphoprotein was absent in prédentine but the possibility that phos-
phorus was present below the limits of detection (0.3 p; phosphorus/ali-
quot analyzea) could nét be excluduaﬁA Thus the insoluble residue was
examined for the presence of small quantitiESIOf phpsphopfotein. Oxi-
dative degradatibn, cérriqd out on a sample offpfedentiné, led to the
: solubiiization of a fraction containing aAloq_conccntration of phosphor-
ué (0.027). This f;acfion, upon electrophoretic é#amiﬁation, was shown
to be composed pf several anionic cémboncnts, one of which displayed an
Aeléccrophoretic mobi}ity closely similar to that of dentine phosphopro-
teiﬁ. No phosphorus could pevdéteéted in this band, ,quevef,.calcula;
tion showed that even. if all the pﬁqsphofug knpwn §o be ﬁresent in thé
fractibn obtained aftefqperiodate treatment'was‘in one electrophoretic
band, the concentration in the fih#l anélytical solutioh was béléw the -
limit of detection (O 3‘pg phosPhorus/aliquot analyzed) Tﬁérefore,
/there was no proof that the phosphoprotein was absent. However. the
ptedentme 'component isolated by electrophoresis could not be the same
.as the dentine phosphoprotein as “the absence or virtual .eqce of phoa-'
phate fr& the protein would resu\fg in. 1t having a significancly differ- |
en'f;'.mobility Hence, it 18 probable the two components differ 1n primry
Acomposition but this could only be detemined by an amino acid deter-
.minatiou and there wss insufficient sample for this. o o

e ‘ ‘ v IR .

.



The above results suprest the absence of a bound phosphoprotein
: . g . 193 L
in predentine and thus support Weinstock and Leblond's radioautograph-
ic study on the deposition of a phosphoprotein in dentine,  These re-

.33 3. . o .

scarchers, using “"P and “H proline labcis, were able to demonstrate that
a pliosphoprotein, secreted by the odontoblasts, traverses the predentine
to the mineralization front where it is deposited in the dentine,

. 192 : 191

EDTA extracts as well as Tris-NaCl extracts have been
found to contain soluble phosphoprotein. Both the EDTA extract and the
Tris-NaCl extract of predentine contained non-diffusible fractions con-
taining phosphorus. However, the EDTA extract and the Tris-NaCl extract
of dentine contain much more phosphorus than those of predentine, The
Tris-NaCl soluble non- dlalysable fractions of both dLntlne and preden-

R 191 .

tine matrices form about 5% of the organic matrix ~ . Hence, if a sol-
uble phosphoprotcin is present in predentine, it is present in a much

lower concentration than in dentine, One should expect to find a-very:

gmall transitory fraction, . ' ‘®

LCementum: The values obtained in this study for the calcium (26.3%) and

. . ‘ _ o _ .
phosphorus (11,4%) contents of bovine cementum-are in agreement with the

results given below for human tissue. The calcium and phosphorus con-
b ) . . .

©

.tents of human cementum }ange froﬁ'25.7 to 26, 6% and 11.8 to 12.5% dry

\

Qeight'reSpéctive1y232. The ofganic content of bovine cementum was
~ found to-be<34%.

Phosphoprotein is thought to be the site of nucleation for

mineralizationlss Tbe content of bhis component found id cementum

closely gesembles that of predentine. The Tris-NaCI extraction solubi-'\

.

lized abou; SZ qf the deealcified cementum matrix. The non-diffusible

1
components of this extract.contained 1,767 phosphorus

{
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When the decalceified Tris-NaCl extracted cementum matrix was
analysed for phosphorus And calcium, neither of these two clements were
detected,  Oxidative degpradation solubilized a non-diffusible material
which containca 0.03° phosphorus and 0,37 calcium, Elfctrophprctic eXa-
mination of this material revealed a larve diffuse anionic component and
a discrete bdﬂd which had a mobility similar.to that of dentine phospho-
prétoin. However, no phosphorus could be detected in the gel althouph
phosphorus was_clcarly discernible in a control experiment utilizing an
equal weight of dentine, As in the case of the predentine, the lcvel of
‘phosplrorus in the fraction obtained after periodate trcatment was so low
that when the resulting electrophoretic band waglanalyzed, the concen-
tration of phosphorug would have becn*be{ow the limits of detection,
Thérefore;.the CompléCe absence of the phosﬁhoprotein was not proved,

The lack of phOSphoprétéfn in cementum is very 8urprising; Veis

140,185,187,189 isolated the phosphoprotein in ‘the mineral- -

and coworkers
_ : Q . 184 ‘ o .
ized tissucs, bone and dentine , but were unable to detect it in skin,
As a result they hypothesized that it may play a role in mineralizatién.‘

As this fraction is imperceptible in cementum, the function of phospho-

protein in calcified tissue matrices must be reviewed.
[ ' ’ A '

II.  REDUCIBLE CROSS-LINKS: B - _ .

Because of thé'fuﬂdamental role of cross-linké in presé;ving
biééue intégriﬁy, it wQS’iﬁpﬁrﬁant to establish the cross-link pattern
;n‘;hcse iiSSues.‘ It is iméo:tant.foireﬁemﬁef-th;t with.the"techhiqpés e
présénfly aﬁailéble; only,teducible crqsg—Iinks cén‘be in;eQ;igdtea;
Perhaps other cfoss-linkk, which'gre hof’réduciblé, ire.preaegtiin col-

 1agen 1n:addicion tolghe'redgciblé'éﬁea;
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Predentine:  The most abundant reducible intermolecular cross-link in
. ) 117,120 ) . 247
mincrdlized ! and embryonic tissucs has beun reported to be de-

hydrodihydroxsylysinonorlcucine,  Duriny aring this cross-link is re-
Y y Y1)

o ) . 247,128 :
placed by other polyrunctional cross-links ’ . It is therefore not

surprising that the major reducible cross-link of predentine (4.8 x lO.1
lysine derived residues/1000 amino acid residues) and dentinev(S.S X 10-1
residues/1000) {rom unerupted feeth is dehydrodihydroxylysinonprIcucine,
detccted as the reduced éldimine. There is a slight inecrease of the
cross-link in dentine which may be accounted fqr by.taking into consid-
eration the age-of the tissue, The sourée of the déntine was unerupted
teeth, that is, a young organ in which growth and cross-link formation
is at a peak. Dav15248 found dohydrodihydroxylyéiqonbrleﬁcine to be re-
duced to 1,6 x 10-'l residues/1000 in eruptéd bovine molar dentine Coila—
gen,  As pred(ﬁtine macures; the cross-links peak in anrupted dentine
and subscquently droptsignificantly in‘gﬁc erupteé dentine,

.

Deh&drohydroXylysinonorleucine also deéreases in concent[ation

with age after having pedked during the period of maximum raté of growth

128

Comparing the results obtained for predentine and dentine, one ob-

'serves a considerable drop in the concentration of “this reducible cross-

link 'in dentine. Hence, the decrease of dehydrohydroxylysinonorleucine
occurs much'moqe-rapidly than'is the case for dehydrodihydroxylysinonor-
leucine. . ' : )
127 o
Bailey proposed .that the reducible cross-1links were inter-

mediates which are transformed into more‘stable non-feducible cro§a-

Iinks. Davis and coworkersl?9 249 -have recently shown that lysine and/or

_hydroxylysine residues can be added to the electrophilic double bond of

\

the reducible crass Links traqsforming these into’stable non-reducible



cross-links which in turﬁ ¢an join mnré,{hnu two collagen molcecules.
Thus the above observations that debydrodihydroxylysinenorleu-
cine and dehydrohydrexylysinonorieucine decrease, that is, are trans-
formed with aye in predentine, are %h accord with the current theories
|

on the fate of collagen cross-1links in maturing tissues, !

Although less marked, the cross-link precursors show a similar
relationship to development as the cross-links. Dihydroxynorleucine is
slightly increased in the dentine matrix collagen while hydroxynorleu-

. - [} ’ .
cine is decreased, because there is more- hydroxylysine in regions sus-
ceptible to lysine oxida;e.

Tﬁe equilibrium between rqduc@ble cross;links and their pre-
cursors is much more favourable in the caéc of"hydroxyallygine derived
reducible cross-links than ailysine derived reduciblé croSs-links:‘ This
is a result of isomerization of the hydroxyallysine derived cross-links
to the more stable C(-keco-amigg‘cross-links. Therefore, one equivalent
of hydroxyallysine will be }n equilibrium with more of its derived cross-

-

links than will‘one équivalent of allysine.

‘Cemcntumf As in other calcified tissue céllagens; as well as preden-
tine, the'majbr reducible cross-link of cementum is dehydrodihydroxyly-
.giﬁbnorleucige. This reducible cross-link decreases in concentration

" with maturation of the tissue probably brought Abbu_t ‘1t.modi’fic;3tion
to a fore stable non-reducible cross-link. Therefore, it ié to be e)‘t-’

pected that this cross-1ink is q‘onsidera'ﬁlyllw_er 'in'concentration in

v

A

cementum ma' than in dentine matrix as ‘the cementum. was collected
from‘eruptgd teeth and the dentine frbm.younget uheruﬁted teeth, On the
other hand, the minor cross-link of cementum, dehydrphydrokylysinonor-

_leuciné, occurs in greater concentration than in'dentine.



Cementum is thwe calciticd tivsue which most resembles alveolar

bone in its composition, structere and behavior,  Comparison of the ce-

. 248
mentum cross-link results with those obtained by Davis on bone (Table
14) shows tne cross-link content of the two matrices to be very simitar,
In this comparison, it will also be noted that less calcified tissues,

cementum included, seem ty contain more dehydrohydroxylysinonorleucine

® than the more calcificd tissucs,

The cross-link precursor resul'ts are similar to those of den-
tine, that is, the dihydroxynorleucine.in. cementum is more plentiful

i ) . . 120 . .
than hydroxynorleucine. Mechanic found this to be also the case in
bone, As discussed in section on predentine cross-links, this indicates
that there is*more hydroxylysine in regions Susceptible to lysine oxi-

. B a :
dase,

e

The implications of the cementuficross-link and precursor re-

sults are the same as that for thé predentine results, that' is, the

equilibrium between reducible cross-links and their precursors is more

favorable in the case of hydroxyallysine derived reducible cross-links

Y
s

“than allysine derived reducible cross-links.

IIE. AMINO ACID COMPOSITION S
Predertifie:  The EDTA-Tris-NaCl extracted predentine matrix proved to

have an amino acid composition generally similar to that of dentiqe“ma; ’

trix collagen, Comparison of these results reveal that the lysfne‘(23

- residues/1000) and the hydroxylysine (12;4 residues/1000) of p{edenfine N

¢
'.‘ 2.4 ’ ’ . ’
n}ﬁgtgesidues/JQOO) of dentine, The sum of hydroxylysine and lysime.(35.4

-~ @re higher than the 1yside (18.§ residues/1000) and hydroxylysine (9.2

<o
"'
B

" ".residues/1000) "is slightly higher than the normal range for tissue ¢olla-

"
- i

gens (29-33 residues/1000) and significantly hiéher than the sum in den- .



l}ydrdxy lysine content
e '

ro

~1

tine (25.1 residues/1000),  The hydrosyiysine content of collayen s

L)
known to vary widely tirom ti:suce to tissue and with the age of the ang-
i : ‘ E »

“

250,142

mal 4n the same tissue™ ' even though the total of lysine and hy-

v

droxylysine remains constant, A progressive loss of hydroxylysine and

an equivalent increase in lysine content has been observed in maturing

250 . . -
rat and chick skin as well as in mineralizing turkey tendon collagen

251 ° A : N : . e
, that 1s, the sum of these two amino acids remained constant, This

-

constancy was not obswrved in_the transfermation of predentine to dentine.

‘'

It must be remembered that only one amino acid analysis was performed on

the predentine matrix and that the above observation may be due to ex-

perimental error, However, if the experimental errors are not signifi-
cant, this finding may be significant and may indicate that maturatiog

is not' the on‘ly process occurring in the transforma‘on of predentide to

4

dentine.

253 ‘ A
Cartilage collauens , are known to contain higher- levels of

hydroxylysine than the Type I collagenﬁ skin, tendon and bone. ’ This
is duc to the genetjcally different types of collagch known to occur in

this type of tissue. The amino acid.composition‘of these different types

v

’ 228
a

of collagen are being determined, 'I‘ypz;III cobl_lag,en which was first.
nd

isolated from fetal skina has been recently isolated from dentine

.o 254 ' .
gingival tissues . . Its amino acid compo&ion does not exhibit higher -
' . . ~
levels of hydroxylysine than the Type I (skin, bone, tendon) and as, a

reéu]t it is dgicult to comp_a'ré.predentine with Type III collagen"zi'a"‘?55

256. See Table 15. However, Type II (cartilage) does have an increased

257'260.‘ Recently Linsenma)'el‘zg-o ‘compared "th‘e i'

}&I(II) and o1(I) chains of embryonic chick cartiilage. The sum of

hydroxylysine and lysine of the ol 1(1I) chain (36 'fesidues/IOOO) was

A
* el



r3

hivher than that of the o1 (32,0 restdues/1000) 0 There was also

conciderably more hvdrosylysine in the Jype 1T collapen (1Y residues’
1000) than in the Type 1 collason (7.0 residues/1000),  In both preden-

tine and Type 11 collacen (soo Table 10), the alaningcontent is low

A

while the tyrosine is hieh,  Thas from the point of view of amino acid

composition, predentine approachies tie Type IT values more closely than

Y

« the Type 1. . Hence, the transtormation of predentine to dentine may be
analogous to hone formation, that is, Type 1I collagen is replaced by

Type 1 collagen. e
\
The proline and hydroxyproline results are more difficult jo

-

‘account for. The sum of proline (174 residues/1000) and hydroxyproline ,
(90 residues/1000) in prcdchtinc is 264 residues/1000, while in dentine

it is 216,5 residues/1000, The normal range is from 213 to 218 residues/

261,262 . o ' ) .
had observed incomplete hydroxylation of in-

1000, | Bornstein

dividual prolyl rcSi(l&*S in carly sequence studies of Fat Skin and tail
b .

tendon collagen,  He hypothesized that age as well as dietary factors

may ha?e a possible effect on hydroxylation of proline, Juva and
Prockop69 have shown that the reduced affinity of prolyl hydroxylase. for °

: . o .
partially hydroxylated chaﬁaccounts for the phenomenon of incomplete

/ , . ) ,
« hydroxylation of individual prolyl residues observed by Bornstein.  Berg

and (Proc:kops6 %s well as Murphy and Rosenbloom85 have reaéhed the con-
. . 2 -l .'\
clusion that the triple helical conformation prevents its further hy-
; . by

droxylation, Several laborat:‘ories1."2'263 &{aye réported that there is no

change in 'tll:e overall‘ extent of prolir}e' hy"droxylation with age».. A com-
? parison of the sum of 'h'ydroxypx‘fglin.e' and- pr-olinglcontengs of the v“cxl('I),
uq.l(ll) and O 1(III) sh’ows no significant dil"fete“aces:. See_.Tablkg 15. ~"
The glyciné and hydro;;ypr'oli‘he conte‘n;ﬁ of predentine ‘proved to be low

3
N *

('-,



whereas the proline content was hih,  As animal neu-collavenous pro-
¥ :
teins contain no hyvdrosvproline and are relatively Tow in plycine but
84,208 265

tavsrly rich in profine , lhu above discrepancics in the analysis
of predentine collaren are enderstandable,  The reduced rlycine and hy-
droxyproline content and the ¢levated proline value are probably due to
the proedentine collay en being contaminated with non-collagcnuﬁs protuein,

The neatral sugar results suspest that the contaminant is vlycoprotein,

Cementum:  The amino acid composition of the EDTA - Tris-NaCl cxtréctud
cémcntum matrix is in general agreement with that of other calcified
tissues. The hydroxylysine content oi(fzfntum (10.6 residues/1000) was
similar to that of dentine (9.2 residues/IU00) but much higher than that
a .
of bone (6.4 residuyes/1000). See Table 13. This trend is also ohserved
, . 234 . ~ )
in the less typical coronal cementum as well as in the bovine cementum
. 246 )
Birkedal-Hansen ¢t al” ' analyzed, Sce Table 16, The .per cent hydroxy-
lation of lysine in cementum collagen (357), dentine (327) and bone
(19.57) also showed the same pattern, This difference betwcen the den-
.

tal tissues and bone may prove to bc significant, The hydroxylysxne con-
tent of cementum collafen is very similar to that obtaxned from perio-

' o v e 269
donal ligament collagen from which the Sharpey's fibres originate .
The sum of the lyslne and hydroxylys1ne 1n cementum (33.6 resldues/}OOO)
‘was intmedlate between that of bone (32,8 residues/lOOO) and dentine
(28'1 residues/lOOO) the normal range for mammalian t1ssues being bet-
ween 29 and 33 residues/1000. ' Y

.

From the above experbmental data, cemen tum collagen appear: “to

v

resemble déntine collagen ruthnr ;ban :hag}af bone. Thls is surprising

as cementum ha¢ always been: thought ko, resemble bone wore than any other

tissue. These results are difficult te expllin in terms of the genetlc



»

]

)

types of colblayen as bone and dentine have the same yenetic

252

L1 (1) o, Very recently Butler et al have shown that

tum collayen is predominantly Type I, with less than 57% of Type 111 pre-
sent,  The offect of the latter on the avera,e amino acid composition as
ohtainced in the prognte work would be 'nugliy\ihlu. However, the differ-
ence obscrved between cementum and bone may be due to the presence of
som; Type II collaren in cementum as this type of collagen hdé elevated
levels of hydru:\;;lysinc:’v-zno. There are no reports of Type II co]ld—
gen occurrine in bone,

Cementyum proved to have a low hydroxyproline content and a high
proline content as compared to bone apd dentine, The sum of proline
(156 residues/1000) and hydroxyproljne (81,2 residucs/1000) waé 237.2
residucs/1000 which is higher than the normal range ‘f 211 to 218 resi- .
dues/1000, The plycine content was sfmcwhat low indicating the cementum
collagen was notrpurc. This is also reficcted in the low hydroxyproline
and high prolihe content, One contaminant was an insoluble non-colla-

T————

@

genous glycoprotein associated with the collégen.

>

A The differences in aming acid composition observed betwecen ce-
mentum, bone and_dentine may partly be due to the different purification

’

me thods utilized, such as different lperiods of extraction in EDTA andf

whether or not the tissue yas.extracted with Tris-NaCl. It may also be

. S .

that the same purification methods were more effective on one tissue

.

than another, but {f so, this may indicate some fundamentaludifferences-

such as hon-collagenous components more quséiyfasso;iatéd withfone
_ ‘ ' . ' 1 o P
collagen than with another. ‘,

-

Some resérvations should b;ennde‘abhut comparing-average fnino .

acid values bbtaingd here for predentine, dentine and cementum vith values

»



for individual poriticd o1 chains of Types 1, II aud I}I.  For cxample

L]
when looking at the individual ol | chains of the Type T collagen, the
o 2 is-not taken into consideration., Also the fact that these chains

arc highly pdtiticd does not show the repercussions of cven a very small

amount of contgminant on the average amino acid composition,

IV. NEUTRAL SUGARS .

Predentine: The separationyef collagen and non-collagen glycopeptides
released from inscoluble tissue fractions by papain is similar to that
obtained when collagenase is employed followed by trypsin or pronase
266

Only one analysis for neutral sugars was carried out on the se-

parated glycopeptides, and hexosamines and other sugars were not deter-.

mined due to the small amount of predentync available, Accordingly, the

quantitation of collagen hexoses (peak 2) requires confirmation. Al-

though the modified manual orcinol method-yielded a ‘lower result.than

v

the-Téqhnicon dharbohydrate method, both values were still much higher

than has been found for skin148’243 and dent.ine185 collagens, which con-

tain*lesé.than 1% hexose, Predentine collagen seems to resemble carti- .

148,243

'lagenous tissue coIlagens in its apparent hlgh hexose content. It

has yet to be proven that the sugar is linked to the hydroxylysxne be-
cause there yas not enough of the 'G-25 peak 2 the collagen glycapeptide

containing peak,. to determine the glycosylated amino ac1da by%

methods of Splrolga 270

B ' : -,9

The galactose content cotresponds to 13, 5 teiidues of galactoae/ 

1000 amino acidysifThis 1nd1cat¢a with an’ 8% dilcrep.ucy, conplete gly-
) s \ i . L s
cosylation of ' the hydroXylysine e LT S .

-
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»

The calculation for predentine is as follows:
. v .
let y = number of grams of {falactosc 414 arams of hydroxyproline
(4.9w neutral sugar/l4g hydroxgprgline of which 59 is
galactose = 2.9y palactose/14n hydroxyproline)

131

i

molecular welyit of hydruxyproli%e (M,W, hypro)
v .
180 = molcecular weight of valactose (MW, gal.)
number of residucs hydroxyprolinc/lOOO amino. acid

residues determined by amino acid analysis (res. hypro/
1000 res.)

90

1]

residucs of palactose/1000 amino acids residues

"’

{t X M.w,>hyproix ros'hyﬁio/lOQO res,’ x ETE%QE;TT ;

- Y x MW, hygro X res _hypro/1000 res,
14 x M, W, gal.

C 249 x 131 x 90
B 14 x 180

"13.5 moles galactose/1000@ming acid residues

¥

The excess of galactose over glucose indicates that only a part

of the heXose is in the disacchéride form, Presumably galactosylhydroxy-

. v ~196 - )
: lysine 1s also present as in other collagenslga 19 such.as dentine228

and skin nglagena’zzs. o o T
Peak 1 'was: found to conoain significant amounts of mannose, fu-

cose. and galaotose A These hexo§es are the ma jor* sugar}components of non-

. . ' /
collagenous glyc0prote1n389 243 264 265 263. This strongly sugggbts

I

that, as 1n other connective tisbheé glycoproteins weré., important com-

<.

’bnents of the nﬁn collagenous material associated with the 1naoluble
"collagen.‘ Gluqose which 1s frequently found i tiasue glyeagroteins
: 243 +265 266 267 but not in serum g!ycoproteins occurred in rela:ively
'>high concencration. 'me significance of 1nsoluble zlycoproteinu hn yct

C ;ovbe glucidated. Theit wida distribucion {n connecti*e tia:uct so-n*:

¢ . ' . :
4 - -
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243 . .
times in quite large amounts , has become increasingly evident in re-

cent years, ’ .
"'

Pcrhaps'the limited PAS staining of, predentine, mentioned ear-
* . »

lier, may be due to the insoluble }:lycoproteir;a-\lrthe’twork is -requnod

"

J

on the pxotto {vcans and soluhle blyLOprotc1n9 of prgdentxne .
<

.
’

_ . . . ‘ .
Cementum: .  The soluble glycoproteins and ﬁrotoaglycans of cementum were

*

not studicd-in the present work as the sample was small and the EDtA and

i‘ris-NaCi extracts wc’vre utilized fPr the calcium and phbs'phorus deter-
minations; As a resul:t we concentrated on the inpoluble‘.glycoprotein
fraction. 'This ,non-c‘oikla‘genous fraction appea%‘ed ,in peak 1 of the
Sephadex gel chromatography of the cémentum'papain digest, -It was found .
to contain glucose and generally resemble glycopro;:exns from other ¢on-

.

nective tissues in contaim.ng significant amounts of galactose ) mannose

.’

3
_ and fucosqza’3 26[’ 265, 68, This frac’mn 18 probably heterogenmns 1Lke
- . ’ '
the similar frac!lon of other connectlve tlSS e524§ 264;265 Qﬁa;fﬁ Its

"‘. .

composn;xon ma/ vary ‘with" age and from tlsSue to tissue 7,

As opposed to skm collagen which contains about 0. Sg hexoqe/l&g ,‘ : "

hydroxyprolmcu's 243 , (0.46g hexose/l&g hydxoxyproline jn our lab - un-

’

published resultS) Cementum collagen was found by a similar technique to
contain 1 5g heXodeg hydroxyprolme, of which 6q ﬁs gal,;ctose This.
corresponds to. 3 9 residues of - galactose/lOOO amino’ raiduea. See calcu-‘
.lation for predentine on p. 76, Cmparing this value with the number ot'
' hydroxylysine residues (10, 6/1000) indicates 36 8% glycosylation of
vhich only a part 1: che dikaccharide.A However ‘as vtth predentint

there wu 1n:uff1cient timsye . for. proof to bé obtained that the quea e o

- 3 vy

" were linked to hydtoxylyain.. ‘ .\ .‘

. o

: hqu: _r.h_g}a,bove ,hexoae‘ results on prefientine and c‘ehgh_tm;g



tentative prediction ¢an now be made cnn'ccrning collayen types,

Trelstad ot a1]48 have found that there is a>relativély high amount of
carboliydrate, 5,51 by weight, covalently bound to the cartilage TypO-II
collagen as compared to thé 0.5 hexosc in skin Type I collagen. We,
thcreforb have indirvect evidence that predentine, by its carbohydrate
content, may be of the cartilage Type 11 collagop. Ihe rather high per I-P
éeﬁt of Lydfoxy]atcd iysinc residucs is consistent with the increased
sugar coﬁtent. However | thé increase in sugar content (4.9y hcxosc/l&g:
hydroxyproi}qc in predentine as compared to 0.46g/14g hydroxyproline in
skin) ;as‘Much larger than Lhe.ipcfeasg in hydroxylated lysine (12.&
Vresidues/IOOd amino acid residues in predentihe as'comﬁared to an average
'value of 6 8 residues/lOOO for TVpe 1 colla gens).

Cementum has a sugar content of 1,57 which is intermediate bet-
Qeéﬂ;ﬂentine and skin-'and cartilage. Thls may be an 1nd1cat10n that -
démqntuﬁ collag?n whxch contalns two types of flbers the Sharpey's.
fibers and the intrinsic, is a mixture of CWo.typgs of collagen;‘that of
skin and dentine: the '0(17(1)20('2 and. _chat_-p.f‘cfartilage:'_;.t‘ﬁé [ 4 1(1.1)3

;Although‘the hydroxylysine fesélts.show no indication of this.‘ The!ﬁyr

' droxylysirte content 1; not significantly higher than that of the perio-

*

dontal lxgamencz . See Table 16, " - e .v“" B i.. .
The hexo-e content of the coflagen of dental tissues is. of in- fﬁ‘bf
.'terest as it 1s thoughf to.have a relationship with the notphology of -;-J‘dg*
, :l:e collagen fibe-rszm"'m 243 (see section on Couagen-' a glycoProtein ‘ ,
‘°p. 40) -as well as with calcification. >_1;;i ? _,A,.f  ;, . '. '7 v
. 1 it d;ought that the seeding site. 'fo‘r”mttte cry:ula occuu .

1:\ the hole regim of chc collagen ﬂbrul (aec uctim on Colhgen binl-



:lnhibir.ion of,ealcification. me two compartm“" ﬂ“‘""’ ““y ‘1“ be.

‘ ‘ . N S .
€—amin0 proups of lysine-and hydroxylycine in this vicinity inhibits
. 154 . .
nucleation ~ ', Since the plucose-palactose moiety attached to the hy-
: . . . . 201 L .
droxylysine is thought to project in the hole region , calcification
may be hindered by steric interference. Transformation of a non-calci-

fied tissuc to a calcified one, such as predentine to dentine, might

then involve an enzymic modification of these strategically located re-
sidues, although there is no evidence for such a change in fully formed

collagen fibers, There are other possibilities, The transformation of ,

predentine may involve the resorption-of collagen which is Type I, but
nevertheless has a Eigh thOse'content,.with a‘conéufreﬁt replacement
witthype I collagen having a low hexdsg content. On the other hand,
the transformation ﬁay involve a Type'II'COIIageg teplacement rkth Typé“

I. There is no evidence for the above statements, however, Collagen

- is not Ehought to be resorbed in the predentine to dentine transformacion.

In the secL1on on the role of glyoosam1nog1ycans in m1neralxza-

tion (p. 28), it was suggested that acid muc0polysaccharides can- either

initiate or inhlbxt caIc{.ficationlS3 271; Bownessz72, on ‘the other

N

.

.

_ hand, suggested chat they could do both if a tvo compart:ment systen was

.

| cmsidered one compaftment being f:lbrous and concerne&dth nucleatton )

) and the other being tha true ground substance and concerned with the

3

;*.\"Applicable to glycoproteins.» However, aa opposad to Boupess ] theory,

“-the 1nulub1e glycoprouin wbich may be presumed to odcur 10 :h! fi- N

1

i .“'braus compartment may aﬁt as an inhibitot of calciﬂcgmm! . 'I‘hete

gl:coprotei,ns have high pont.ents of glumtcrand upar..lc acid which

are cajpabh of bindins caleium., e wduld therefore ex‘

80
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calcification can occur. It is interesting to note that, using similar
mcethods, the non-collapenous neutral sugar content of dentine (Pearson

uiypublished results) was determined to be one-tenth that of predentine,

V. SUMMARY:

Predentine was found to be virtu&lly phosphoprotein free. As

the basic'premisé was that phosphoprotein provided a nidus for calcifi-

cation and thercfore should net occur inm. uncalcified tissues and if so,

only in very, small quantities as in a transitory state, this result was
V 1)

expected, The lack of this component in cementum, however, did come as

a surprise and now the role of phosphoprotein in calcified tissues must

[ 1 .
be recBnsidered.

The major cyoss-linké of the calcified tiSSUGQ bone and dentine

4
3

S . . ,
are hydroxylysinohydroxynorleucine and hydroxylysinonorleucine. These

were fodﬂakgo be the.major cross-links in predentine and cgmentdg,also.

. _ | S
0f the“two cross-links, hydroxylysinohydroxynorlehcine was the predomin-

ant one in both tissues, - The cross-11nk yrecursors dihydroxynorleucine

and hydroxynorlcucine showed che same trerid as ‘that of the cross- links

The amino acid compoqitions of predentine and cementum. generally

J

. & _
resembled tha' of other colla%a There is’ some indication that pre-

dentihe may possess Type II collagcn, thia being alSO’téflected in its‘.

. w

apparently high cbllagen hexose content Cementum 13 probably mostly

Type I collagen judging by 1ts amino acid composition.. However 1ts

coliagen hexose content fhdicates a possible mixture of Type 1 and Ii

predentine and cementum col{agnna are nssociated with an tnsoluble g}y‘
» 5 - .

- cpptot!in as. gn other confiective tisouea.‘;

l4

collagen.A The non-collaggnqos ﬂeutral augar results indicate that the

.
LW

v . v - Lo R
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VI, SUCGESTIONS FOR FURTHER WORK

From the discussion above it is obvious that there were many
quantitation problems as the amount of sample for each analysis was very

limited especially in the case of predentine,
. 224 . . R
Engfeldt and Hjerpe chose to use dentine and predentine from

rachitic beagle puppies @r studying the glycosaminoglycans of these

tissues, as this provides a large predentine zone and therefore high

yield of predentine. This method of obtaining predentine was not satis-
) s
factory in this project as it is not known what cffects richets may have’
: ) " B L : 26
on the collagen or on the predentine tissue as a whole. Linde chose,

on the other hand, to obtain the odontoblast;predenfine layer by scrap-

y

-ing the pulp cavity of unerupted porcine teeth, _This me thod was not

- - chosen gibher)as it igvites contamination of the predentine sample with
odontoblastsraS'wellias with dentiney. Pérhaps in future, wholé téeih
could be deqélcifipd, althoggh the decalcification Qrécess Qodld take.
'_much,longcr than the,usual way'wheré thgtt;eth are broken iﬂto Splintcts: f-

The dcca1c1£icd tooth could then be ‘sectioned - longitudinally an& the
, ’ ('Y
prcdentme dlssected from th théA apex of the tooth and the pul%cavity.

/
'I‘his method was recently u cd very efficaciously on’ erupted bovfae teeth

. . 'ia
~by Birkedal- Hansen et 81246 252 to obtain cementum andiﬁhus couﬁ& allo .

. s ﬂ» %1“.. .
“be used in future to collect predentine as well .  . -:7 R APy )

4 oL P

Having thus obtained sufficient sample of. both ptedentme aﬂd |

cementum the phosPhoprOtein dete;min??ous should be repeated with

. ."

v -enough sample such chat -NaCI soluble pho;phoprotein T

‘(if any) as u.ell as the ctiocfa't,’ ;:fsol:;.jl;@ { phocphoprotei.n (1f any) cm be

e "'I A . ‘

'isohted and their amino acid aiitf hexose compbsition eharutetized Thg - R
'“150 C‘?N Cmposition crosc-link and cron-unk pmcutlo!‘ contout of S

o 3,

T " ¢ A

-
.



both

the

prodentine and cementum matiix should be verified as well as
B < :

their neantral supar composition.,  The plycosylated amino acids could

then be identified and quantitated by ion exchanpge column chromatopraply

194,270 -

The non-collavenous contaminants rcfcrfcd'to earlier in the
v

neutral sugar scction (p. '76) could be isolated by -first digesting the

. L]
insoluble residue with collagenase so as to rid the sample of collagen.

The remaining residue could be treatced with reducing agents so as to

solubilize the insoluble protcoglycans and glycoproteins thus enabling

‘their separation characterization by usual methods

»

223-226,243,264,265

The soluble proteoglycans, and glycoproteins of both tissues could alsp

be investigated, It would also be very interesting to see a cellagen

type determination on predentine,
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&3

position of the insoluble co]la renous matrix of bOV1ne predentine.

Calc. Tiss. Res.: in press, 1975. ;.

Chovelon, A,, Carmichael, D;J. and Pearson, C.H,: The composi-
tion of che organxc matrix of bovine cementum Arch Oral
Biol.: in press, 1975 - it



L g ' TABLE 1

. 1
AMINO ACID COMpPosITION OF SEVERAL MAMMALIAN TISSUE COLLACENS

Renal
Tendon Skin Uterus Reticulum Bonv
Alanine : 110.7 114.5 95.9 - 96,5 113.5
. G:Scinc 324 324.4 337.1 309 319
M Valine 1254 24,5 21.6 26.8 23,6
Leucine ' '26.0 - 24,8 24,5 35.8 25.5
Isoleucine 11.1 10,4 10.8 18.0 13.3
Proline _ 126.4 . 125.1 108.2 97.2 123.4
Phenylalanine 142 12,6 2.3 18. 1 13.9
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_ | ‘ ,
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‘ partic ,acié ) 48.4 - 47,2 52'5. - 52;9 o 47.'0..
| lﬁtamic‘acid’ 23 B o 76.7 .2 :
uydfogyproliné' o | 92}; ' .9o.§ ~ W8.6 107.7 } 100;2
Hydroxylysine T Cos9 s 122 as
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TABLE 3

XCNEr
RAT

AMINO ACID SIQULNCE OF
FROM CHICR

PEPTIDES SEQUENCI
AND (ALl SKIS

DOTO DATE
COLLAGEN

oL 2.CNBr pepties @

o(?-(‘,}’.l1
Chick
Rat
? .
. & 2-Cho y
ST eie Mo ’
Rat Gly-Leu-Met ‘ ™
0("2-CI’\42 42

N-terminal

Rat

. . : |
Pca-Tyr-Asp-Pro-Ser-Lys-Ala-Ala-Asp-Phe-Gly-Pro-Gly- l‘ro-“-io?

Péa- Tyr-Ser-Asp-Lys-Gly-VPal-Soer-Ala-Gly-Pro-Gly-pro-Met

|

amino acids of 330 residues

0
(‘1;' Pro—Ar -Gly-Pro- Hyp Cly-Ala Val C}y Ala- Hyp Gly }‘ro Gln

P

v

. &

Calf Gly-Pro-Arg-G}y-Pro-Hyp-Gly-Ala-Scr—Gly-Ala-Hypfcly;Pro-Gln
20 ‘ . .30
Rat Gly-Phe-Gln-Gly-Pro-Ala-Gly-Glu-Hyp-Gly-Glu-Hyp-Gly-Gln-Hyp
Calf Gly-Phe-Gln-Gly-Pro-llyp-Gly-Glu-Hyp-Gly-Glu-Hyp-Gly=-Gln-Hyp
Rat Gly-Pro-Ala-Gly-Pro-Arg-Gly-Pro-Ala-G y-Pro-Hyp
Calf Gly-Pro-Ala-Gly-Ala-Arg-Gly-Pro-Hyp-Gly-Pro-Hyp
o 2-cB2> .
. oy “ ' .

P 1 ‘ b) }0 : 12
Chick - Gly-Pro—Ala-Gly-Asn-Arg-G‘ly-.Al{A-Scr-G y-Pro-Ala-G#-Val-Ly
v . !
Rat

Chick =Gly-Pro-Asn- G‘ly-‘}.gg‘Ala- C!y-Arg- Hyp-G%g-Glu- Hyp-Gly-Leu- ugg g

Rat

& 2-CB3 o B SRR a
KZ—CBS{‘ 45 N~tevrmin‘al re'sidue's of 320 res‘iduves

: Rat Th}' Gly- ?hevap -Gl3-Ala-Ala- Gly Arg- il Gly

> Ser* Gly Ile- -Thr- G%y Pm-llyp-Gl‘y Pro—l{yg Gly <Nt
Glu-Gly Ile Lys G?y Pro-Ar;,-Giy-A,sp Gin-clyd’ro-

@ e L. . L . P

G'ly- Pro- Hyp-Gly—As'n-Arg-Gl)i- Thr- Ser-Gly-Pro‘-Ala-lclr Val-Arg

‘ ‘Gly,Pro,Asp ,Gly,’Asbl,A_«lav,Gly,Arg,H&p,Cly,Gln,Hyp,Giy,Leu',Hse
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ABSTRACT

The existence of collagen in predentine and cementum can be re-
garded as firmly established.  However as the amount of these tissues in
teeth is very small, most studies have been histochemical in nature,

The aim of this work was to extend the histdchemical studies.to a chemi-
%

Predentine was obtained from unerupted bovine teeth of animals
.-

cal basis,

one to &wo years old at slaughter. The translucent zone at the apex of
the root was cut away and the predentine subsequently dissected from the
dentine under a dissecting microscope, Cementum was.collected from
erupted bovine teeth, The foéts.of the teeth, from which the crowns had,
been sectioned off, were sliced longitudinally into thin lameflagvof
about 250 microns. Under the dissecting microscope, the éementum was’

*

carefully separated from the dentine.

Cglcium and phosphorus determinations were carried out on both
tissues, The EDTA decalcified insolﬁblé_collagenoué'matrices wefe then
subjected to three'majér analyses: reducible cross-link, amino acid gnd.

neutral sugar determinations. An investigation was undertaken of the

occurrence of phosPhoprotéin in these tissues, . "

Predentine:

Predentine was found to contain little calcium (,47%), ‘an amount
corresponding to 1% hydroxyapatite. The phosphorus content (.37%) was ‘
higher than could be accounted for as hydroxyapatite. | The additional

phosphorus was fifst thought to be paft'of the phospheprotein Veis and

185,187,189

‘cow0tkers had isolated from decalcified bone and dentine and

pontulated to be the site for epifactic nucleation of mineralization for

\ .
'

Y



the matrix. However upon analysis, predentine was found to be frec 8f ‘Q_
phosphoprotein, which is consistant with Weinstock and Leblond's
radioautographicvstﬁdy showiny that a phosphoprotein ;raverses‘the pre-
dentine to thg mineralization front where it is deposited in tie dentine.

The reducible intermolecular cross-link content of predentine
sho@ed the same pattern as other miheralized tissugs, that is, dihydroxy-
lysinonorleucine and hydroxylysinonorléucine are the major cross-links
“with dihydroxylySinbnorleucine being the predorinant one,

The amino acid éompositibn of predentine collagen generally re-
sembled that of other g¢ollagens éxcépt that the glycine content was 1ow
and ﬁ%e proline content higﬁ indicating”the sémple was not gompletely

"

pure. The neutral Sugar results sﬁggested that one contaminaqt was a
glycoprotein,
. | e
The collagen hexose determination indicated that predentine is
a high hexose collagen as the hydrqulysine wad completely glycosylated.

However ohly a part appeared to exist as the disaccharide, gluéosyl

galdactosyl hydroxylysine, v .

Cemen tum:

The Ca/P ratio of cementum was determined to be 2.3 (w/w)., That-

4

of h}droxyapat1te is 2,2 (w/w), Ihus the mineral of cementum is hydroxy-
‘apatite,

Cementum was also found'to be free of phocphOprotéin This re-’

i

sult indicaces chat the role of phosphoprotein in uineralization must

now be reconsidered

~ The reducible 1ntermolecu1ar crossg-~ link determination showed

#

that dihydroxyLy!inonorleucine and hydroxylysinonorleucine were the major

~cross-1inks of cementum as in other calcified tisaues. Of ;he :wo, di-

o
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4
hydroxylysinonorleucine was the predominant one.

The amino acid composition of cementum resembled that of other

’

collagéns although the high proline and low glycine content indicated
that the samplg was contaminatcd. This observation is supported by the
neutral sugar results which indicatca one contaminant as-a non-collage-
nous glycop{otein.

The neutral sugar determination on the collagen hexose showed
it to contain 1,5g hexose/l4g hydroxyproline, -This'vélyercorresponds‘to

36.87% glycosylation of the hydroxylysine, of which only g part is the

o
disaccharide. L

Due to the limited amount of predentine and cementum samples,

each determination was merforméd only once. Thus the results must be re-

{
i

garded as tentative. o ‘ .
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INTRODUCTION

THE PURPOSE OF THE INVESTIGATION

.
t

Despite, the extensive information available on the biochemical

nature of coliurrn and other connegtive tissuce clements, no detinitive

studics have been reported on the chemical characwer of the fibres round

in cementum and proedentine,  Cementum is the thin layer of mineralizced

tissuc which covers the whole root of the tooth, Its primary lonction is

to attach the periodontal ligament to the tooth surface, thus relating

the teeth to the jaws. It also plays a part in maintaining the widti of

the périodontal ligament and in répair of damage to the root of the

teoth,  Predentine, on the other hand, as the name implies, represents
the precursor form of dentine. 1In contrast to dentine, however, our

knowledge of prod&htinc is meayver., While the existence of collagen in
. . i

this tissuc has been firmly established, the identity of other components

: . {
is less cert¥n, Because of the very small amounts of tissue involved,

most studies to date have been histochemical in nature, The aim of this

»

work was to~exfend the histechiemical studies to a chemical basis and so
. . i . !
enldarge our knowledge of these two tissues,
. - : -
-
1Y {
1 ©
-~



REVIID OF THE D LTnRA

T SiEVCE R 08 oo o I T O Kok EDCE
Connective tiseues play womy inmportant roles in the body, scrve-
\ o
Tup oportatize, supaoa v - detonsive ostora, e and reparative functions,

They are comcoset o Sunoscs TIelor substances of which collaren is the
principal o penent: one cells,

The fondasenta] unmit of collaren is composcd of three of chains,
Fach consiste of about 1000 amino acids linked in an A-amino pentide
linkare [‘mri has a1 moleculor weight of abont 100,000, The most cerunen
structure 18 (0(1)20(2. Two of the chains, the &1, have identical pij-
mary structuiges, whereas the third, the &2, differs from the L1 in

. ) oL 1 L .

amino acid compvsition . As a result, the &2 chain is more basic.

) . . , 2
;Recently it has been foud that the &2 is shorter than the &1°. At:
least four cenctically-distinet collagen o chains designated o(l(I),
K2, ol1(11) and XI(III) are found in the major vertebrate conncctive
tissucs.  These chains appear to occur normally in three types of mole-

chles with the following chain compositions: 0(1(1)25(2, the Type 1
molecule which is the predominant collaéén molecule in several tissues

-

sugch as bone, tendon, dentine and mature dermisB; o(1(11)3, the Type I1I \
-

-

molecule which is the predominant species of collagen in hyaline carti-
1ages3; o(l(III)j, the‘f}pe”III moIecgiefqpich coexists with Type I

collagen in several ti@;ueS; Type 11T molecules are especially preva-

lent in young tiSSueSﬁ'(diSCUSSEd in greater ‘detail on p. 25). *
- ‘w -

Each polypeptide within the collagen molecule chain forms a

L)

left-handed helix; ecach complete turn in the helix contains 3.3 amino

. ' o) e . .
acids which are separated by 2,9 A, To form the molecule, each helical :

&
¢ . Q
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The amino acid composition of collagen is unique in that about

one-third of the residues are glycine, the simplest amino acid havihg a

'
«

sjngle hydrogen atom instead of a side chain. The two imino acids, prol

line and hydroxyproline, make up about two-nintins of the total amino
! : '/ 4



acidey and Bvdrony e dne o np Ghont o pereent. Seo Table b ofor the

amine acid conpositien o v fons pugea b ian t1sses, rom thie ty

one sces that collaen contalns s onjificant anounts of all the common

ardine acidy evecpt o cystine and tovprophan,

Glycine, proline and by drooyproline, the threo most abundant
aminoe aciJds in collayen, have an fmportant bearine on its htrﬁ\(JrL.
lt. Is sarpricine that a protein having an anine aoid gomposition 1ike
colla en can torm a belix,  The ring strocturc oi proline and hydrony-

\

provine wonld normally prevent belis formation,  lHowcever, the struc-

ture ot the triple helical molecule is such that elycine in every thirvd
position Ties inside the triple helix, while the ring structure of pro-

lLine and-hydroxyproline and the side chains of the other amino aci

lic on the outside, thus allowing for close packing and & helixfforma-
tion. Once formed, the presence of these ricid rggions with bulky
yroups incorporated helps to stabilize i£ by preventing unwinding, The
structure is also stabilized by hydrogen bonds between the pcptidc'
chains transverse to the axis of the molecule,
Several conformations for the triplé helix have been prAposvd‘
in the last two decades. Recently, an unambiguous structufe determina-
tion appears to have becniachieved. Traub and Yonath7 studied the
- L _
polytripopcide (Gly-Pro-Pro)n and found it to conform with the para-
meters éf collagen, that is, thig model conformedeith the generally
accepted bond Iengths, bond angles, and minimdm'van der Waals contacts
aﬁd is consistent with the X-ray pattern, infrared frequency, as well
as other physical @nd chemical data relating to the structﬁre. This

conformation has only one¢ hydrogen bond for three amino acids. A pro;

jection of this structure down the helix axis is shown in Pig. 3.

¢



tntrh vocentIv ) rvdronvpr el i g baon thoe ot Phcerential ror

the Strrotoral dnte iy o0 the colla on fedocnte, It tonction My new
9,10 ‘ . .

hoave bedn revcated, Soveral vorkers Lave ftound that the amine acid

Fic. 3." Projection down the Lehy anis of (GIC-Pro-ProY, sirueture, including ewo
water molecules per tupepndo . The stmeture s viewed from the carboxy! end.
Dashed lines wudicute hydreghn Londs 8

is important for the thermal stability of'collagen: Jeminez et 3111
prepared chick tendon protocollagen samples which confaiped varying
amounts of hydroxypfoliAe.‘ The thermal stability was monitored by sus-
ceptibility to completg digestion h*sfepsiﬁ, an enzyme which doés-no£ 
degradé ﬂeLical moiecuIes. They observed ;hat-thé thermal égability
varied directly.with hydroxyprdline.cantent. AThe~protocoilagen'samples
Which lacked hydroxyproline completely were found t§ have a denaturatioq

. temperature of 24°C. This implies that hydroxyproline is necessary for



O

the procellacen chiains t8 assume the tiiple helis at body temperatog e
. Existing models tor the collaren Structure do not make ol lows
ances for the participation of the hydrosxyl croup of hydroxyproline in
. b

hyvdvogen bonding within the triple helis.  Evidence for the participation
of hydrovyprolyl residues in the stabilization of the collawen helix
requires @ resevaluation of the atomic structures proposed for collayen,

Once the monqmcré arv formud, these protofibrils bind extra-
collu]arly by vlcclrosLAtip forces to form fibrils, Fibrils then Com-
binc to form fibers, When viewed under the clectron microscope, the

0

fibers have a distinctive and characteristic 640 A banding. The primary
structure of collagen has two special aspects which account for this,
Firtely, there is a rccurr#nco of certain similar sequences of amino
acids. Glycine occprs in ovor} thirJ position wi&h'proline and hydroxy-
prolince frequently following. - This sequence is found in the non-polar
or crystallinb regions of the molccule, Seéoﬁdly, tﬁig;%ripeptide
alternates with a large polypeptide run-which secems to have polar side
chains of glutgmic acid, aSparLié acid and lysine., When collagen is
staincd with solutions of phosphotungstic acid or uranyl acetaté, a
characteristic band pattern is revealed which refiects the distfibuyibn

of clusters of charged ahd uncharged amino acids along the moleculelz.

12.

o Recently, following phe classical work of Kuhn and coworkers

"Bruns and Cross'3 have established the number and position of repro-

-ducib}é bands in segment-long—sé;cing crystallites of calf skin éollagen
Whiéh will permi; precise identification of individual 5ands or segmencé
of the band:pattern. They.were able to collocate; on the basis of band

numbers, published observations on positively stained sggment-long- a

spacing crystallites which included cyanogen bromide and hydroxylamine



peptides traprents produced by vnoynatic cleavage, sites of scission
by specific animal collayenares, amino acid residues identified by

: \
selective staining procedures, and clusters of specific residucs where
the amino dcid scequence has hvyn established.

The coll&yvn becomes covalently cross-linked once the fibrils
are formed, Two different types of cross-links form: intramolccular
¢ross-links duvolgp within the collagen monumer, whereas intorﬁolecular
cross-links form between the collaven molecules., The la£tcr typr of
cross-link is physiolonrically important for strengthcning tho“fibrils
and fcndering them lnsolublc. Fvidence for crOSS-Iinking comes from
denaturation studies on collagen. The products of such a study are & ,

: 14 o, v ) . Lo .
ﬂand ¥ components . As & function of time, in vivo, cross-links

form between chains to produce dimer components, the 15 components,

PR ES

’ . . L
which can be of two types when the cross-link is intramolecular,

X1 - ol (designated ﬁ).“) and o« 1 - o(VZ‘ (desi_gna;éd [3 12). When colla-
gbn is salt-extracted in the cold, pfodominantlycx 1 and & 2.chains are
obtained, making up 80-90 percent of the sample, On the.other hand:
when collagen is acid-extrac tevd, 50-60 percent of fhe 5‘samp1§ is (5 il énd
plZ' This is because the acid-extractable colllagen‘ is more crass-
linked than salt-extractable collagen. There also occurs a third c‘om-
ponent, the ¥ -compénent, which is a trimer composed of X1 - o(i - .0(2
(Tllz)- ‘These peptides‘ account for the intramo-léc,ular'cross~linkq. On
the other hand, if other extrac;fion mc;:hods are used, fof. example, 5M -
gdanidine, pH‘7._5, another type of. ‘3 component can be extracted, the

p22" aris‘ing from intermolecular éross-lin}ing betweea two &2 chains.

11, COLLAGEN BIOSYNTHESIS - L

v » . )

The site of protein synthesis is the ribosome, which contains



&

RNA and proteins,  The penctic information is brought to the ribosome
by the single stranded RNA known as "mestsenger' RNA (mRNA) which has o
primary structure complementary to a portion of one DNA strand.  The
nucleotide sequences of mKNA'dctcrmjnvs the amino acid sequence of the
protcin,  Amino acids arce attqgh!d to the solubld transier RNA (tRNA)

molecules which transfer amino acids to sites on ribosomes.  The tRNA

3 -

molecules are specific for a given amino acid bLut some amino acids are
: L
recognized by more than ont tRNA, The mRNA is read in units of 3
. :

niicleotides (triplcet codon) for the incerporation of a single amino acid

and the tRNA posscsses a triplet anticodon that is complementary to the

¥

codon of the mRNA, It is through such intcractions that the genetic

message of the mRNA, originally derived from the active strand of DNA,
hd . ‘ da . .

is translated into a polypeptide sequence, incorporating sequentially

_ wo : _ < .
one aming acid residue at a trnm bepinning at the N-terminal end of’the

peptide chain,
Collagen biosynthesis follows the same general pattern as that
B P ’ L}
for non-collagcnous proteins, It is accomplished by a series of sequen-

0 +

tial steps. Flrstly, the polypeptlde -precursor of collagen, procollagen,

\
is assembled on r1bosoma1 complexcs15 18. Secdndly, the appropriate

proline and lysine resxdues are hydroxylated to form hydroxyproline ana
hydroxylysine. This step dlffers from non- collagenous protexn synthesis
in_thag.these‘amino.acids are altered aftér incorporation ihto-the pro-
tgin.".The third step involves glycosyiation:of some.;f the hydroxyly-
sine with galaétose or glucosylgalactbse in o:glycostdfé'linkage. ’
” Though synthcsxs of the protein chains of coll aéen iésembles'

that of other non- collagenous proteins there is still some‘controyerSy

as to-how they are assembled, TIt'waa first thought~£hat; due to their

¥3

*



size, the C( chalns were synthesized Inosabamits wiich were releasced

from the ribosome and subscequently joincd in nonpeptidic covalent bonds

19-22

Now cvidence discredits this theory., In the analojous case of
24,25 : '
henroglobin the complete &K1 and &2 chains have been shown to be
synthesize ] simultancously as sincle protein chains by sequential amino
: 23 .
acid addition from the amino-terminal end””, Tt is still unknown

whether the & chains combine to form the triple helix while still on

the ribosomes. However, there is evidence which strongly indicates that

3
q
1

both disulgidc bond formation and triple helix assembly occur after
release of pro o chains from the ribosome, probably within the cister-
26-28

nea of the endoplasmic reticulum

In the past few yecars, researchers have discovered that the

first pdiypeptide chains of collagen synthesized by cells are larger

-32

~

. All three chains of Che'procollagen moleculces

33-36

than the 0(. chaiﬁsz9
are found to have non-hclical)cxtensions at the Nﬂz-tcrmina} end
- Each cxténsiqn contains the same amount of cysteine, giving rise to
disulfide bonds which link the three ok chaihs37. These bonds stabi-
lize the procollagen trimer an; are ﬁhought to deterﬁine the correct
;ongitudinal alignment of the thrce étraﬁds38. Perhaps:these-extension§3
thé registrqtioa pcptides,'iﬁitiate triple helix formati;n,while the .
polypeptide is still on the ribosome. Thé‘tertiAry‘structurerf the
complex, that,is,‘the,trible helical collagen plus the registfation
peptide, méy keeﬁ the mblecqle from interaéting and p;égipiféting within
the celif  _“.’ | | | |

| The first édvances in knou}eage of cbllggcn-biosynthESis camé
iﬂfthe.l940ﬂs’with‘Stettéﬁ 8hd Schqénhe;her39. ,fﬁeSeireseathers found
'tha; when 15N?ptolin§ was fed to‘paté,'it wgsniﬁéorpof;ged in‘coilageq',‘

»
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in the hydroesyproline as well as in the proline, In subsequent experi-
X 40 ‘ , 15 .

ments, Stetten found that when he fod rats with N-hydroxyprolinc,

none of this vas incerporated into the collacen,  Other workers found a

41-44

parallel sitoation Lox the incorporation of hydroxylysine . It was
*
) ' L
therefoie conc! e’ that some of the proline and lysine residues were
hydrosylated aitey covpletion of chain synthesis.  On the other hand, it

was later siuvested tuat prolyl tRNA and lysyl tRNA were hydroxylated and
as a result the hydroxyproline and hydroxylysine were then incorporated
| 45-51 N
directly into the colld sen polypeptide . It has now becn establish-
: U o1 .
ed that the correct view is the former of the two” . This was made .
possible with the discovery that it was atmospheric oxygen that was re-

52,53

quired for the hydroxylation step and not water Experiments were

. ' . o 14 . .
carried out under anacrobic conditions where C-proline was incorporat-

- oy, o : . ‘ . 54'58 . .
edwinto an unhydroxylated intermediate of the same size as or

larger than }he oK chains of collagen57’59?§0. AAsubstanfial'amount
of the proline in the ihtormediaté procollagen. was hydroxylafed to
hydroxyproline when exposed to oxygen. | When it was found that ferrou#
ion was requircd as a_;ofactor.for the hydroxylation~of proline'7’61,
simllar expcrlments were set up using metal chelator$ chh as

2,63 showed that when hydroxylat1on was

o, o( dipyr1dy1 Early studi‘es6
inhxbited secretion of co]lagen was also inhlbited There was a con-
comitant accumulatxon of the sunhydroxylated material within the cells
When‘more ferrous ion was'qued to these cel}s, the‘preformed.prOf
collagen was hydrokyléted and sécre:éd as collggen62. it is thought the
unhydroxylated procollagen céﬁnot.form the tfiple'hélix and ABda'fééuit
cannét be secreted. Thus" hydroxylation of roline has an 1mportant §hy-

siological role dxrectly related to. the regulation of secretion of



collaven,
o b4
When the enzyme procollagen hydroxviase was iselated ) it pro-
vided further proef that procollapen was an intermediate in collayen

. 65 . ) .
synthesis 7, Sccondly, it binds much more tightly to and hydroxylates

much nore readily a sequence ¢f Cly-X-Pro in a large polypeptide than an
, . ) : ., 05-69 '
identical scquence in 2 short polypeptide . It would appear that
hydroxylation occurs aftcr the release ol the nascent collagen chains

. ’ 70-72
from the ribosomal complexa
The hydroxylation of proline also requires o -ketoglutarate as

o 73-76 . ) S .
well as ascorbate 37 . Astourbate is the least specific in that it can

be replaced by other reducing agents such ds enediols. It stimulates
the synthesis of peptidyl prolinc hydroxylase as well as activates it
in vitro. However, the requirement for o -ketoglutarate is specific.
It cannot be replaced by pyruvate nor .oxaloacetic acid, The synthesis
of ‘one mole of hydroxyproline involves a stoichiometric conversion of
‘ - : 7 , L
®-ketoglutarate to succinate and C02, , that is thé reaction is sub-~
stratc dependent and there occurs a stoichiometric decarboxylation of -
& -ketoglutarate coupled to the hydroxylation of the peptidyl prolinev
78 \
residue ~, The decarboxylation of o - ketoglutarate by the hydroxylase
is not related to the decarbowylatxon of the same compound that occurs

4 .
in the Krebs cycle in the mitochondria since it does not inyqlve‘thia-

mine- pyrophOSphate or require coenzyme A79 80
Hydroxylation of lysine follows the same mechanism as that of
pro}ineal.' It requires oxygen iron and S ketoglutarate65 82 84 but °
the enzyme, Iysine hydroxylase, is different, Nor does ascorbic‘écid, ‘
‘_blay rhé same role.v When there is a deficiency of this vitantn the

hydroxylation'of lysine is much 1ess affected than the hydraxylation.of

. \‘i



pn»]im'/). Poptidyl lysine hydrosviase will not further hydrosvlate
native c{ﬂi en o strongsly sur cests that hydrosylation occurs prior to
. : - . 85-87 : . L
triple helix formation . There is no evidence that hydroxylysine
has any e¢ffeet on triple helix formation,
Glycosylation of the hydroxylysine is the final synthetic sta.c
in completing the structure of the collagen molecule, It probably occurs
while the vascent collagen peptides are still bound to the rihosomcsa
. . . ! 193 : " LAl : C :
To the appropriate’” hydroxylysine, pgalactose " is "tacked on” first in g
(5-Qﬂ)©osidit bond. To some of the y§lactosyl residues, glucose is then
. 195 . " . A .
linked in an K 1 —= 2-0~-glycosidic linkayge.
< Once the collagen pblypcptidos are formed, hydroxylated, glyco-
sylated and released from the ribosoﬁgl complexes, they probably mij te
to the cisternae of the endoplasmic reticulum, Several studies have
shown that the Golgi apparatus and its associated vesicles %% implicated
; . , ‘ 91-94 ) .
directly in the secretion of .procollagen . The Golgi vesicles were
reported to contain filamentous threads while still associated with the
Golgi and ¥éter as the vesicle traversed the cytoplasm, these threads
. M R . & ' - . -
appedared to aggregate into rod-like bupdlcs of dimensions appropriate to
aggrcgates of collagen molecules, Accordxng to We1ns¢ock and Leblond
the newly Synthesized procollagen is tran5ported to the Golgi - either by
way of a transitlonpsxelement or by fuzzy coated intetmedi Qwegicles
. - T e
budd1ng off from the fough endoplaSm1c reticulum Experiﬂipts ugxng

disruptlve drugs such as colchlclne or vinblasti,f ‘;‘EUXm-

pltcated microtubules in procollagen secretion a¥ these drugs tmp;ir
»

.<collagen Secretion9$ 97. Presumably microtubules play the roic of a
‘tranSport conduit along which . the secretory vesicles move from their

place of biogeneais within the Gelgi - apparatus to their eventual fusion -

3



Wit the plosma menbrance and crcretion ol thelr contents from the cell,
When the procolla, o molecnles are extradediinto the extra-

“cellular cpace they Lorepate to form microtibrils, Huwcvur,vit is ex-

truded as the undesraded precurcor whigh ;ppcar in clectron micrbgraphs

91,98

. ' O
as bundlés which are 3000 or o000 A in lenoth’ The packing arrvange-

ment in the larger bundles is such that the amino terminal regions ave
L 4
all oriented toward the center of the spindle and the carboxyl terminal
regions point in oppoSite dircctions on either side of the central band,
99-101
) 3

it has been demonstrated that the conversion of proe

Recently
- i .
collagen to collaven in vivo in rat skin, must be a multi-step process
with at least two conversion steps, Intact procollagen and an inter-.
mediate form can be isolated from rat and bovine skin during the period
, , , . g 91394 4 o
of rapid growth of the animal, In odontoblasts , the first step in
'a .
the formation of the extracellular fibre and fibril system is thus the
dissolution of these antiparallel collagen molecule bundles and their
couversion and reorganization into parallel alignment, This, perhaps,
is the stage 'at which the enzyme procollagen peptidase makes its pri-
mary cieavage and scrves in rcleasing individual molecules from the
‘ ‘ : 99 Lo !
aggrcghtc state, Electron micrographs™” and pulse labeling studies
have shown that this intermcdiate material possesses an amino ter-
minal extension and it is this extension which is thought to facilitate
. ' - . .
fibril formation., The final step in %nzym{; conversion to collagen is
el | -~ 101
thought to occur after the microfibrils form .
102 - ' .
In 1955, Schmitt et al proposed the quarter-stagger] theory
whereby collagen molecules:of prbtofibrils were displaced_longitudinally

with respect to.one another by a distance equal to one-quarter of the

.qength'of the component molecules, Howevet;‘more recently, it has been

13



found that the stao.or is nol Me-quarter bot such that there jo g
O

"hold! Fegion of about 410 A between cach collayen molecule g woell s

2103
an - overlap cone of about 270 A . The Tength ot the collagen molecule

- O
1s 4,404 02D where D ois the period in the native 1ibril, that is, n90 A

Iin the wet state,  Sce .. 4,

]
H

It setmed clear to Schmitt and his coworkers that the band
pattern stained with phw.‘§j»ho[’ll!|&§.‘ﬂfq Aacid must represent a molecular mip ¥
- —~
of the di.sLn"lhntion of basic side chaing along the length of the colla\)
'

gen macromoloecule, 1In fact, collagen molecules have > charged regpions
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Fig. 4, Two d}mcn;'.annl rcprv..scnf.ation of the Pachg arranggmant

of collagen macromolecules in the native-type {ibril

.
i

whe.fe ovcv‘\ap Zones . 4D and Ho\c Zona 3.6 D

o

Much interest has been generated by the hole region of the
collagen f1br1ls It is thought that perhaps it prov1des a nidus for
'

the depositidn of hydroxyapatite in the process of. calcificatlon
.~ R e | .
o . . .



111, COLLAGET CROS -1I1NETNC

. \
Cross-links torm cotphicc I lolar by once the molecules have wayre-

1

gatod into tibres Two types ol cross-links occur in colla,en:  intra-

molecular and intermolecalar,

Both tvper or cross=links aviso hrow lvsyl or ','":_\'dx‘u:-:j.'],\:s_\'] ree-
siducs which arc converted to th..oﬁ'.‘@miuoadipic— K.-sumi;ll;h-hyd(-, more
often called allysine and hyd;ﬂo.\:y;xll‘ﬂvino; In other words, the f{irst

step in cross-linking is the removal of the € —amino proup of a‘lésyl

or hydroxylysyl residue and the formation of an aldehyde cq

NH, CHO "NH, cHo
| -7 o
(CHy), — y (CHR), ~ CH, | cnou‘ )

N N

-HN-CH-CO- ~HN-CH-CO- _ (CHR)2 (CH,),

LY
. . | | I

Lysine -~ Allysine © <HN-CH-CO- -HN-CH-CO-

ijdréxa\gsind. Hﬂdmxjallglsinc

A

The formation of these precursor aldehydes is éatalyzed by lysine, oxidase

, v
105 and are located most often in the nonhelical N-terminal region of the

peptide althoupgh some have been found elsewhere in the chain5106’107j

From these aldehydes, crosslinks are formed via two types of
reactions. The first is a Schiff base formation by a condensation of

an allysine with the amino group of lysine .or hydroxylysine on another

108,109

- chain., This precursor of desmosine and isodesmosine is not

a stable cross-link and is cbnsidered not to be very important in colla-

110

t

éen. 'However, Bailey believes it is a precursor for_the intermolecu-

lar cross-link lyéinihOrIeucine.



~

-HN-CH-CQ-

CHO NH,
(CHY)y S (CHp), ===
‘ |
-HN -CH-CcOo- “HN-CH-Co-
N
- ~
A'Hlisinc Lnjs'mc Q
[

“HN -CH-CO-

|

(C Hz)5

-HN-CcH-CcO-

Desmosing

in ¢last'm.0n\3

) ~HN -CH-coO-

Dc.ktj-dro\gsinonorlv.ucim.

NH NH
CH= (CH)y =~ (CH )y CH-CO
co (cH)3-Ccn-co
I F ,
(CN;)‘ NH
.. —— . [
~HN-CH-CO-
' 1 504'4 asmo Sina i

in elastin o.nls

“HN -CH-CO-~

(CHz)y ———}) (CHa)a

CH NH
N (CHL),
CH), "~HN -CH-co-

&

Lj sinonorleucine
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The socond tvpe o teactton v elves an o bdel condeosation betveen two
allveines on tvo adjacent o chuins . The prodoct b the fa o b S
Cross=b e dine ol presen s ety near thie S - termingd o colla-

b It , - . s,
cncochoain  detny vaies readi v and s not o sten e tooactd hividro gt
111 \ - 1
’ It tran: o I Piard rorcetien and b othon hie to boog -

. . 1Y
Corsor ol e it oot o -tinh, by osvlyein Voo
SRR AL S R

cince du dice; pears s this cross-link appears,
CHO “-HN— CH ——CO-— ~HN —CH —CO-

| | ' o
2 )y —-— (cHy) K e
s 3 M£:9

—~HN— CH-—Cco~ HO — CH HH
A\\\jsinc H—C ——CHOo c|: —— CHO
(CHZ)Z (CH!)l
— HN — ' CH —COo — —MN —CH—CO-—
‘ o(,(ﬁ-wnsokumtecl
A\lgs'mu. aldol . aldc‘\\jda

The role of intramblccﬁfﬁr cross-links is in doubt since ally-

' . . It :
sine aldol does not codtribute significantly to molecular stability nor

does it contribute to the stability of fibrils, Some researchers.llo’“3

believe that intramolecular cross-links are précursors of intermolecular

cross-links, The strangest evidencg supporting this thesis arises from

studies on lathyrism, Lathyrogens inhibit the conversion of lysine’to

.
/

-the aldehyde and since both intramolecular an ‘igtermolecular cross-

[§

linking +is inhibited, perhaps the aldehyde is ved in both process-
108 © o
es '
The role of intermolecular cross-links is better known. Colla-

gén fibers‘havf?%gb unique ability to withstand stress due to the System

of covalent cross-links between q-Bdndividyal collagen making up the

fiber. Experimental lathyrism clearly demonstrates the need for these



cress-hinbe oas 0t prodioces an cattemely tracrle tibre due (o the slip-
. . . o T4 , . .
pare ol adacent oo decalos undertension L Tt s possible to recoenioe

a Yme-depondent provess ol matargtion of the fibre by the ¢chanses in
- i

phyeical propertieos,  An extensiv, system of these covalent intermelecular

lv(_mtl: Jotween adhac it raleenles would inercasesthe tensile strength o
the tibve by preventin. shippa.c and wonld also be a lovical vxplanation
of the tormation ¢f insoluble collaven,

Chetidical information on intermoleculat cross-linking has been
nore difficult to obtain, bailey and I‘v;lch”f)’“b
dict of a Schiff base condensation between a hydroxylysyl “residue and an

allysyl residuc., The labile cross-link had the composition, hydroxyly-

sinonorleucine,

.

?Ho THz “HN — CH — CO- -HN —CcH — co-
] |
(cH CHq (cH,) (cH,)
iU D N S U Gy L)
~Hd — CH-- co- CHOMR : CH NH
. | . l !
Allysine -HN —— CH — Co - CH, y ?HOH
' ' I
CHoH (?4,_)1
]
Hsj dmislssinc (C|.Hz)z -HNd — CH —cCco -
-HN — CH —co -
| : Od\gdrohgd-oug- Hgdrc-glgbimnor—
Hsinonorlcucm: leucine :

It has been isolated in tendon as well as in reconstituted fibrils., This
cross-link decreases with age and is thought to be, in pa}t at least, an
intermediate.
| 115,117 . o '

’/)Gfley isolated in insoluble collagen from chick bone
and human and bovine tgcth another cross-1link which seems to be a ma jor
component.. It is also present in chick and bovine tcndon118 from old
animals 4nd is a minor component of skin, This cross-link,'Syndesine,

was first thought to be the product of an aldol condensation between a

»r

Isolated a reduced pro-
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i, .

‘Hllynyl vosioe and o hvdrosyelyey] renidoo, It wes Tater shown to he
\
an wldinine derioved Prem the condensation of ovdrosveysine and hvdiosv-
. Mg 1o
Tviine .
NH, cHo “HN — CH.-—CO- .-HM —CH-—Co-
= I | I
CH, THON (cl,ul)l (Cl_H,_)l
+ R N,
CHOH (CH)y D CHOH Tuou
I
(€M, -HN — cH —co- ?u TML
|
~HH— CH—— o - N NH
e |
HSAmxso“abmt Cry ' TLL
H\jdrcma‘gs\na. CcHoMH C O
| .
. (CHY) (CH)
v “HN ——CH—<CO- -HN—CH-—co-
(Dt\\'jdrbl\sdmns\gs;no- .
. vovyl -
kg&bvﬂnov\c.ucmc) Hsd ¥y Y3ine ]
Syndesine, 5.Katonorlevcine

However, this is incoﬁsistvnt with the unusual SLability of dehydrohy-
droxylysinohydrosynomleucine to heat, dilute acids angd D-penicillamine.
Subsequently, it was found that there occurs a migr@tion of the double
bond to form the stable keto form by a spontancous Amadori rearraige-

121 . . . Co L .
ment . The cross-link must thcrotomiirust in vivo as hydroxylysino-

5-ketonor leucine, *

The above accounts for all products resulting from an aldol or
Schiff base co&heusation be tween lfsine; hydroxylysiné and their.aIAOI
conaehsétion ol two hydroxyailysiné residues which has not been report-
ed, However, a higher,molocular we?ght compound (or comgounds) has been
reported and may be -a.cross-link.

Cross-links.;rising from amino acids otﬁer thén lysine residues
and the result of reactions other than aldol and Schiff base éondensa-

- 122,123

tions have beeh isolated., Disulfide bonds are found in Ascaris

cuticle.collagen; There is also the aldol histidine which js found

°



predosinant only in rceenstitoted cow sxkin collaven, Tt can potentially
anite 3 polypoptide chains and is tormed by a Michael addition of the
imidarole of histidine, to the (5 -carbon of the « ﬁ—unsa[uratvd hond

124,127 121
b ). Robins and Bailey now be-

of an atdol condensation product
lieve this cross=link to be an arvtifact.  The absvnce of the neduced -
form of this compenent, histidino-hydroxymerodesmosine on reduction
under acid condlitions and a concomitant increase in the amount of the

*
aldol condensation product support this strongly. They believe that the
Michael addition of the histidine residue to the aldol is base catalyzed

by the borohvdride.

“HN - cH—co- NH ~HN —CH —-Co - NH

| l |

(CHa)y  m==y-CH-CH 0 (CHR)a  e==pCHz-CH"~
Lo 1— S0 o
.
cl'l. — CHO Histidine ouc-cl;u
(c|H-,_)z | | ' (lu,_)z
~HN — CH —CO - -HN— CH —-COo -

Ald-o‘ residua Aldel histidine

Merodesmosine, a trifunctional cross-link is found in collagen

in small amounts*in its monohydrated form. It is formed in reconstitut-
ed collagen and may arise via three alternate biosynthetic pathways. It
- may be.an intermediate in cross-linking and it was proposed to be a pre-

cursor of histidino-hydroxymerodesmosineIZ5,126

. However, in view of
the current findings, it i{s difficult to assess the role of this cross-'

‘link,
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NH, CHO cHo
cIHz + (CH, + (Cl: Ha)y
cl:HoH ~-HN —CH__-co- ~HN—CH-CcoOo -
(SHy), Alljbina, Altysine
-HN __CH--coO-

Hadro-j\jsint_ ‘ .
-HKN—CH-—cO- cHo TH-,, -Hﬂ_cu-—c;—
v( ' (c:u“), + (cHy)y Tﬂz + (C“z);s

cH -HN—cH_-co- CHOMH CH

t!l ' >A\\3:~'m¢. T (e, C —cHo
<|:r42 —HN _cH_.co- Clu,_),_
c!:NoH Hsdmwjgs'mc ~-HN —~ CH-co-
(lu,),_ o, unsaturated

“HN ——cH-CO-

| deﬁﬁlasinonof-'

leucine

e e CHeCO-

€C o= Cm i~ c&-‘ﬂ—wz)t-‘cﬂ

eHN-CH-CO~

Hydrory mu@umﬂu

(c.u,)‘ o ¢ -

ald dujdg
TM-Tu-co- -NJ-L ON-T“-C'O~
' coy : cl:ui (v
. Ejl — -—L on "
~“;,’;Jin¢ . c:u«-cu-u —Aaz-lu-%-iu )
™ f’.
-.uul-cu-.w- '

N%oﬂ)ho-'wn erodesmesine



MM - CH-CO~ CHN - (M- O~ NH INTN

! | : | |
(Cwy), . cHy ~HN-CH-CO- clu-co vy
[ I
(47} (cu.)‘ cH, CHON
| + s T Yy
€ — Cwo N CH-—— o ",
l N \/ ‘ P .
(cHy), . €W cwo -HN.-CH-cO-
Histidine i "
HN-Cu-co- . . C(eHg)y . Hs rosylysine
A‘do\ V!b-\AUQ “HWN-CH-¢cO-

Aldol histidine

Ll -Wu-Cn-co-

[ du

CH -~ '-F—_.—] '

) N — CH on Nw

~ T L]

Co ~CH® N —CHy —CM - CM) —CH

|

CLIVY co .,

~WN-CH-CcO~

Histidine -hy Jraus merodesmosine

Stable intcrmoleéu]ar cross~-link [ormation‘is impor tant in.the
maturation of collagen fibers, Bailey127 propésed that these reducible®
electrophilic éroés-link§;‘which are prbgressiVFIy lost during aging,lz8
are transformed into more stable non-reducible cFoss-linkS whose struc-
tures have not yet been determined, thié and Risenlzg'tested fhis~hy-
pothe91s and found that nucleophflxc‘addition of 1ys1ne and/or hydroxy-
Iysine résidues to the electrophil1c double bond’ of ghe reducible cross-

links transforms them 1n£ocqore stable non-reducible cross-links He

-also. found that modlfxcation of lysxne and hydrpxylysine residues by

'destroying their ability to inxtiate nucieophilic attack on. the electro~

philic double bonds of the teducible cross links COMpletely blocks this

vtransformation while che modification of histidine, arginine glutamic '

k]



acid and aspartic acid is withoot ofitect,  They proposed the follywing

tentative structures,

PCH(X)CHaN=CHCH(x)P | i PCH(Xx)CH,NHCH,C(O)P
— bc»'a(-ocuzu Hy —— — |
: i
PcH(x)CHoNH PCH(x)CHoNH
CHCH(x)P | C(OH)P
PCH(x)CHNH | P;:H(x)CHlNH CHo
PCH(«)CHNHy -
- H,0
PCHUOCHNH
xzH or OH ' | - C{PINHCHCHOAP

" PCH(X)CHZN HCHy

These cross-links are capable of join’i;u; more tzhan two colllagen mol'ev'-
CUlCS‘; Davis and Risen ilypotlxesized timt the formation éf» these-cers‘s-
links‘would explain the increasing resistance of maturing collagen f[i-
‘bers’ to diss;olutlon in cold acid or aikalL to mechanical disrupti:on,
as well as to thermal dlsruption.

The location of intermolecular cross;links is"difficujlt to as-
certain, Howeverr this iﬁformation may ‘soon be available as sequencing
of the CNBr peptides of the A chains is well underway and cross- links

. have been isolatcd on various CNBr pep(:ides112 130

IV. SEQUENCING OF.’C‘HAINS'

The primary struc,ture'of col.lagen‘must carry. information of"
h.ighe'rvleve'ls of st-rt.xctu‘re.v It was with this thoughc in mind that re-' (S .
searchers began concentratmg on the aequencing of the ok chains

Sequencing of the ok (I) chains is gradually bging accomplished



as a result of COBrocleavape, This mechod developed by Cross and

132 . - : . . .
, is baged on the fact that CNBr cleaves the of chains at

'Wl't"riop]3 ’
the m(-thio;lin(' residues.  The resulting peptides, 6 to 9 fronj the o]
chain and 6 from the &« 2 chain,';n‘c then separated by column chromato-
graphy and further cleaved it necessary by various c¢nzymes, such as
trypsin, Invcsti;;ation:S of ealf and rat skin collasen have provided the
entire scquence of the amino acid residues of the o€ 1 chain, See Table
2 for the combined result as the difierences between the ewo are few,
Attempts to sequence the o0 2 has not been quite as fruitful, Three of
its 6 CNBr beptides arc very long and as a result ‘difficult to sequence.
See Table 3 for o 2 CNBr peptides scqueneeda

When the sethnce of the o¢ 1, chain is cxamined, one notices
sooe striking features, Prior to sequencing, it was postulated ehat
although gl}eine had to be in every third position of the'helicalrpor-
tion, the other amino acids could occur at random, that is; in either

position X or Y of the tripeptide Gly-X-Y. However, this does not ap-

pear to be so, There is a prepondeance of some amino acids in a parti-
. L : .

-

cular oosition of the tripeptide. Leucine, phehylalaninevand proline
are restricted to position X 4nd glutamic acid occors.frequently in this
position. On the other hand, threonine,'atginine, methionine, lysine

and hydroxylysine occur frequently in position Y and hydroxyproline.

occurs exclusively in poSition Y. -Another interesting feature is that

" the hydroxylation of prolxne and lysine is often incomplete. The siéni-
' .
ficance of these observations has yet to be elucidated :

 An interesting paper recently pubiished by Hulmes et 31133
/

examines the primary structute of collagen for the origin of molecular

packing. They looked at the amino ecid sequence of the triplet fegion

.
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(g

of the &1 chain to vee if there would be complementary relationships

. QO '
that would capluin the cstayser of moltiples of 070 A between the mele-
cules of the fibril., They found that when the chains are stagpered Ob,
1D, 2D, 3D and 4D (D = 234- 1 residucs) the interactions arce maximal
between amine acids of opposite charge and between larpce hydrophobic
amino acid residucs, Unexpectedly they found that the hydrophobic
interactions showed a fine structure in theiv pattern wherecas the
charged residues were less repular, Positively-charzed residues tended
to be near negatively-charged residues but did not show a distinct perio-
dicity.

, 138 - . . ¥ .

Fietzek et al ‘haVe recently sequenced the & 2-CB2 from calf,
human, rabbit and piy skin collagen and compared them to that of rat and
chick skin sequenced by Highberger et al. See Table 4. They observed
6 positions of high interspecies variability. Mowever, the substitu-
tions were conservative and in all cascs the functionally important side
chains were preserved in definite positions, The substitutions in-
volved uncharged polar or apolar residues except in position 15 where a
lysinc-arginine substitution is found.
. Much work is still required on the oL 2 chain. However, once
the ol 2 chain is completely sequenced, a more detailed diagram of the
interactions between the o chains_aqdvbétweeh collagen molecules will

be possible, '

V. TYPES OF COLLAGFN - CONTINUATION OF GTRUCTURE- Special'and
Particular Cases :
Until 'recent"ly' co'llagén was _co‘nsidér:ed to have a chain composi-
tion (0( 1)'20‘2.& Tissues of such a chain ¢ omposition include rat skinl,

dogfish skfnl-j.9 human skinléo', chick skinw1 and chick bo.neufz. '%Ex-‘ .
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. 4 oA ‘ . : S
ceptions include codfish where the three chains are different | and

collagen from lower vertcbrates and invertebrates where the three chains
are idcnticallaé—lab. However, several rescarchers have isolated dir-
ferent Lypes of. collagen which are penetically dxstxnct Miller and
Mntuk35147 observed a lack of stoichiometry when trying to 1501&(( ol |
chaino from ol 2 chains in chick cartilage., Prior to this collagens’
exanined had had >d.l: d.Z ratios of 2:1. They found that although a
proportionAof cartilage collagen was identical to that of bone wund skin
of the chick, the cartilage contained another type of o 1 chain which
they designated as Type II They sugges‘ted that car&a{:e cbnsists of
2 distinct collagen naolecxxles, the (x 1)2;(2 and the ag I(II-)3
Trelstad et 31148 supports this view and added that the o1 Type II had
: a'moch higher amount of oarbohydrate, 5.5%, associated with it as com-
pared to toe .37 by weight of carbohydrate associated with Type I.
) ﬂiller et 514 have more reoengly isolated a {hird~type of collagen,

Type III, in newborn huoan skin, They sugge;t that human skin collagen
'is a mixture of molecules with the chain ¢omposition o(l(I) o2 and

o l(III) See Table 5 for a comparison of amino acid compositions

of selectédeNBr'peotides from the 3 types, andtrablé 15,

Collogen from‘basement momoranesl49 has not been formally num-

bered hut by convention would normally be termed Type IV. 1It'is also
~ composed of 3 LdenC1ca1 chains and has a much h1gher content of hydroxy-
proline, hydroxylysine ‘and carbohydrate than interstitial collagens,
fThe proline and hydroxypr011ne make up ab0ut 20% and the lysine and :
hydroxylysxne make up about 5%. The 10‘122 carbohydrate is virtuallyA
all gluCOSylgalaCtose linked to hydioxylyéine'rthat fs glucose and gal-

‘actose exist in almost equxmolar amounts and account for all hexose
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Unlike other mammalian collacens it contains half-cystine, Another fea-
ture which distinpuishes basement membrane is the low alanine content’
and its high phenylalanine content which is about twice that found in
tendon collayen, Sec Tnhlc 6.

Recent developments. indicate that vertebrate collagens are a
heterogeneous poleation of molecules which are made up of five distinct
genetic types: o 1(1), X 1(11), &€ I(I11), o« 1(IV) and &K 2. More
types may be discovered, VCiLed earlier was codfish collagen143 which
had a molecule composed of 3 ' chains, each of which appears to be
unique,

As a result of $hcse findings, structu;e and function can be
more easily correlated, Several examples come to mind such as the
cartilage transition to bone accompanied by a change from the cartilage
species of collagen, « ‘l(II)'B to the bone species, a( 1(1)20('2, and
the change in collagen type occurring during the maturation of fetal
skin o 1(III); to the adult form o 1(I),%2. It can be seen, from
these e%amples, that as function changes, so do the collagen types,
Thus future 1nvest1gat10ns in. particular to the role of collagen m%i?

now take into account the d1fferent molecular species,

VI. MINERALIZATION

S

‘Calcification or tissue mineralization is the deposition of in-

organic crystals in or on an organic matrix. The inorganic crystals are

composed of calcium and phosphate, bound in a form resemBling hydroxy-

apatite, QalO(POa)b(OH)Z. The organic components are thevprqtgin matrix,

collagen: the mqupdlysaccharlde ground‘lubatahce, tﬂought-to be. chgn-
. , ; ’ _

droitlﬁ éulfate and acidic glyéoprotefns; and~lipids,

ro
~d
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The mechanism of calcification is still poor]y understood,  The
fact that only teeth and bone normally calcity whervas other tissues do
not even though the extracellular fluids are supersaturated with calcium
phosphate remains a perplexing question,  Several theories have been put

forward to explain the phenomenon,

Role of Glycosaminorlyveans

In the body, glycosaminouglycans are found in the form of hya-
luronic acid, sialic acid, chondroitin sulfates and various other pro-
tein polysaccharides, They form the basis of the ground substance but

. L . 130-152
their function is still unknown. Several workers , have found by
progressive analysis of cartilage toward the ossifying fromt that chon-
droitin sulfate decreascd abruptly as the calcium content increased.

, 153 L .
Glimcher suggested that free anionic groups of acid mucopolysacchar-
fdes may inhibit calcification by binding calcium ions thus making them

unavailable for crystallization. Perhaps .in caléifying tissues -the

. ., . . t -
muc op sacg $ are removed destroying their inhibitory action. At

um is released, raising its “local concentratlon and

Tl e

‘e for calcification. The opposite viey that the gly-
romote calcification has also been proposed, Rubin

Fon the basis of a conformity between metachromatic stain-
f . T ety
v

uent'minerél.debosition, Suggested that the propenty of

calcifié , of epxphyseal cartllage and of tendon was assocxated

Qith an» ased base~-binding power of the matrix, the base-binding

power be C;hondroitin sulfate, On the other hand, Bowness272 suggests
.the acid mucopolysaccharldes which he believes exigt in 2 tissue com-

A pagtments, play bqth roles, that,of nucleation and inhibition. These

compartments consist of 2 main fractions of chondroftin sulfate; one



Sfibrous and concerned with nucleatidn, the otiner beings true cround sub-
stance and concerned with inhibition of calcification. However, other
experiments have been carried out to further clarify the role of chon-

r

35 L »
droitin sulfates using the uptale of S as an indicator of mucopoly-

an 1A
. - . - Lo . . . -
saccharide formation and P as an indicator of calcification, It was
found that the fall in S fompounds did not occur in the same rone as the

f

Lo - e . ‘ . S
initiation of calcification. When plucose was added to the medium, S
uptake was increased whereas the enzyvme inhibitor phloridzin reduced it,
However, calcification was unaffected in both cases supgesting that
mineralization is independent of mucopolysaccharide degradation
Recent work on cathepsin D, which is thought to be one of the enzymes

. L J
involved in the degradation, show it is not inhibited by most of the
chemical agents which inhibit other proteinases.

Thus, the role of glycosaminoglycans in calcificationi/still re-

mains an opeh question,

Role of Lipids .

i

In areas of teeth and bone where caléification is occurring, a
substance which stains as a lipid hasvbeen detected. It exists in a
form which is resistant to stain and must be ‘treatedewith pyridine or
alcohol go uﬂmask it, that is, these éolQeﬁts muét’removeia substance
whichvprotects it flom the stainlss. wuﬁﬁier156 studled the distribu-
tion of thxs lipid ‘component in the growth plate gij%ﬁne and found {ts
_concentration ;ncféasing to&ard the active célcific;tion site and s@bseé
queqtl; deéreasing dramatically when éaltifieation was compléte.
| This 1ipid ‘disappears in vitamin D deficiency aqd reappears
‘when vitamin D is administered Many.workers have shoun that the vita-

. min encourages the incorporatiou_of phosphorus into phosphdlipidé.

4
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157

Cotmore ot al providod tortner evidence to the concept that
phospholipids are davelved in biciosical mineralization whdn they stu-
died the calcium bindin, propertice of pnospholipjids, Submivroscopic

_ L +2 -2, . o
spherules were observed to form when Ca and POA ions combined with

. . . G L . 156
phosphatidyl serine, an acid phosplolipid which Wuthier isolated and

characterized from caleifying cartilawve,

Cellular Activity 1n Mineralization

Mitochondria: Isolated mitochondria were found, by Vasington and

Murphy158’159 and independently by De Luca and Engstromlbo to accumulate

+2 . . .
large net amounts of Ca‘” from the suspending medium during electron

transport. They observed that the miteochondria could accumulate the
. ‘ . +2 .
calcium up to several hundred times the initial Ca . content. Then in
. 161 " . : ;
1970, Lehninger proposed that micro packets of amorphous calcium

phosphate could be released from the cell and diffuse to specific cal-
L4 -

NG
¢ifying sites,

6
Matthews1 2 observed in the growth plate thatIQSCa was concen-
trated in the cells‘nea;est the calcifying front, Subsequently, Martin

and Matthew5163'found a gradient in 47Ca concentration in the mitochon-

dria in the chondrocyte. The gradient showed the concentration of 47Ca

gradually incfeasing in the mitochondria from the proliferative zone to

that of provisional calcification at which point there was a decrease

-

in mitochondrial calcium granules, In a later' experiment, Matthews et
a1164 examined and'cbmpared the mitochondrial granules in notmgl as well

»

as rachitic rat epiphysis, They found that in rickets there were few

granu1é§ in. the mitochondrie'near the calcification front but qhen vita-

.

min D was administered normal density and dxstribution of granules was

: : By \ ..

reestablished suggested that both an apatite binding matrix. and
K

- e
. .
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pranudes, More recently Avsonds

1

t
v

R

tonnd

mtochondrra to torm sach

the t the mitochondria of the

columiar and hyvpertiophic fones ot vroweh plate cells contained more

’
'

cnzynes which mav b

the resting sone.

eodassoviated with

calcification than did those of

N\

Vesicles:  Recently there has been another interesting development with

the identification ol vesicles containing crystallites between the hy-

pertrophic chondrocytes in the prowth plate as well as in osteoid &nd

predentine

( .
Anderson ot dll’b,lb7

did an extensive study on the vesicles

, , - 168 . . .
first described by Bonucci . They found such vesicles, which contain-

. . : « .
ed or were lipid and had lipid membrancs,z?n,tho longitudinal ‘septa of

u

the growth plate from the hypertrophic cells downward., These vesicles

were closely associated withalcification, neigshboring needle-like

-

apatite structures. Théir enzyme content was high in alkaline phospha-

tase, alkaline pyrophosphatase and ATPases; enzymes thought to be con-

nected with calcification. However, they were very low in acid phospha-

tase and therefore not of lysozomal origin. These enzymes could raise
the Tocal content of orthophosphate, destroy phosphate inhipitoré and

lead to the formation of hydroxyapatite,

+

)

The vesicles were found to

possess a mechanism for ATP dependent transport of calciunzénd phosphor-

us into themse]ves. The crystals were initially closely assgkiated with

~
Q

the inner surface of the vesicular membrane, Peress et 31169 speculate

that the membrane serves as a nggleating center for the crystals,

0
KAShjwa and Komorousl7 found mineralized spherules in cytoplasm of

chondrocytes, in the matrix adjacent to the hypertrophic chondrecytes

i;;hd also in the core of the s.picules distal to the &ypertrophic chon-



drocviies, fteey hypothiestioad tiat porhaps intracellulm sphernles mivihit

boe the sonree of the cotracc tulur ones., Lom
171 . : , : ,

Bernard and Peasc In studving intramémbranous bone formation,
degeribed nucleatine sites for apatite as being extrusions from osteo-
blasts within the osteold,  Crystals were seen to prow epitaxially into
the curroundine colla,en forming bone nodules which coalesced to form
bone scams.  Between coalescing nodules, fully formed collaven was ob-
served,

. . 172 ) o . .

Eisenmann and Glick stndled,;ﬁc calcification process in rat
incisor teeth, They observed that the \Q,St crystalline material ap-

. \t .
peared in small round membrane-bound bodies in e;iESLgpd”}mQ?g, but
\\
distinct from the collagen fibrils of predentine matrix. These crystal-
containing bodies appcared to be cellular in origin and can be seen only
In the very earty stage of mineralization. Crystals were later ob-
served to radiafe beyond the crystal bodies and only then appear to be
A}
associated with collagen fibers, -
173 . . . ~
Bernard studied developing molars of mice and observed that

_the initial crystal formation occurred, in and adjacent to, cellular

extensions of the odontoblasts into the predentine. When crystal growth

. .
was more extensive, the pquma membranes of these cellular extensions

disappeared. Crystals growing from the calcification loci became
spheroidal and coalesced to form mantle'dentiné; Later Bernard and
.Peaseljl observed tha£ these vesicles budded off from osteoblastsrand
odontoblasts. Bernard believes that the invoivement,of 8truct;ral
protein is secondary lo initial érystallization and that protéin orients

and structures the size of crystals rather than organizes their nuclea-

tion,
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Role of~Coll Loen

Since collagen tibrrls and apatite crystallites have a close
physical relationship, it is thought that collaven can act as a seed
) . s . . . 174 .
for the initiation ot calcification., Termine et al tound that there
is a direct physical bindiny between collapen fibrils and apatite cry-
stallites,

Reconstituted collapen fibers act as a sced when placed in a
solution supersaturated with respect to calcium and phosphate (epitaxy),

] o}

Only native type fibrils having 640 A banding are able to act as a

Ve

. 175 . ‘ . .
nidus . Due to the exceedingly minute size of the first crystals laid

down and the tight packing of the collagen fibrils observed in most -

specirs; it is difficult to detect by electron microscopy whether the

crystals are located on, between or within the fibrils when seeding be-

gins, However, once the crystals are detectable, they are seen within
e

the co]]agen fibrils, 640 X apart mainly in the region of the interband

thys showing a relationship to the bands, that is, to some structure

)
having a period similar to the bands of collagen,

Collagen mi¢romolecules are staggered by one quarter of'theii
length giving rise to_“holes; at regular intervals which correspond to the
interband (see section on Collagen Siosynthesis, p. 14). _Glimchef and
Krane153 bélieve these holes permit the packing of collagen fibrils.di;h
calcium phosphate crystals, This abilify collagen haéifo act as a seed
may be due to thg présente of specific sites, In other words, the initial
crystallites have a specific spatial relationship to the cdllaggn fibers,
Ho&ever,>evidence of the exact phyéical relationship.gegween.che fibres
and crystals‘at thé initial‘ciystailization‘phaseiis.lackiné, Héﬁling

et 31176 found 6-7 sites for nucleation in the hole zone -and half as



many Iin the overlapping cone of dentine and bone collapon,  Davis and

177 . , . o
Walker expound that the carboxy! group of plutamic acid and aspartic

acid may be the nidus,  They found that if glutamic acid and aspartic
acid of decaleified bone and dentine were converted to glutamine and
asparapine, recalcification was completely blocked whereas the modifica-
tion of lysine, hydrexylysine, histidine and arpinine residues had no

., 153 ) .
effect,  Glimcher , on the other hand, thought that certain € -amino
groups of lysine and hydroxylysine were nucleation centers. However,
Davis (unpublished work) disagrees as he found that there was no effect
on the rate or extent of calcification when the lysine and hydroxyly-
sine were completely modified with ethoxyformic anhydride or acryloni-
. trile,

.178 )

Katz and Li have postulated that the molecular packing of
collagen from different tissues may be a factpr in calcification. They
studied adult bovine dentine, adult rat bome, adult rat tail tendon and
purified reconstituted steerskin collagen which they found to be com-
patible with the theory that collagen is packaged into hexagonal units

L . , 179
containing 7 molecules (in cross section) . Most importantly they
. : . , .o
obsérved that the intermolecular gap in bone and dentine was 6 A where-
as in tendon it was 3 A, Phosphate ions, having a diameter of & A,
could ‘therefore penetrate the bone and dentine by fonic diffusion but

not the tendon. ‘ ‘ ‘ ,

Collagen Types: Recent studies on the cheﬁistry of*cbllagen have shown

9]

differenbes in 1ts composition when takenvftom different sources (see
section on Types of collagen, p. 25). Miller et ala have stydied. the
composition of the different types of collagéh monomers. They found

_that the o 1(I) and e 1(1II) cyanogéﬁ’brqmide peptides differed in

34
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amino acid content such as 4-hydroxyproline, aspartic acid and leucine.
They also learned that the collagen of mature skin and bone was of the

. o5 142,180 ;
same genetic type, & I(I)2 2 and that the collagen of cartilage

was of the o 1(11)3 typc]8l. It was observed that the type which cal-

cifies is the 1(1)2d~2182. Toole et ai182 studied the co]lagcn of
rachitic osteoid (uncalcified layer between the osteogenetic fibers and
bone) and found it to be of ehe oL 1(1)20(2 type, like that of skin and
bone but with onc important difference. It had 507 more hydroxylysine
than normal hone'which they suggrsted could be glycosylated thus block-
ing calcification by steric interference with apatiee crystal formation
in the hole region of the collagen molecule. ,
Recently, Linsenmayer et alw3 studied ehe temporal and spatfial
transitions in collagen types during embryonic chick limk deveiopment.
They perceived that at early stages of leg mesenchyme development, én
(otl)- o2 type collagen is produced. At a‘ later stage, the limb cores
began synthesizing (0(.1)3 type collagen while the outer portion of the
limb still produces (o 1) 0(2 At the stage of bone production, the
(o« _1)2d2 type collagen reappears. The (o(l)zo(é the;eafter predominates
'.in bone,ann (a(l)3 in eartilage. Aithough.thelreaSOn for the different,

types of collagen is still unknown it can be supposed that this may ‘be

related to specific functlons and cherefore perhaps to calcification

Pho?phqprot_ein: Soft tissue collagens have a similar amino acid and

carbohydrate comp051tion as that of calcified tissues However/ one
ma jor difference between the ‘two is that calcified tisSue collagans pos-

sess a phosph-oprotein moiety which soft tissue collagens do no: possess
184 Y '
In 1964, Veis and Schleuter'®> {solated this phosphoprotein in



3

dentine and found it to be, at least partially, a phosphate bound to a
serine as phosphoscerine.  They tentatively postulated that perhaps this
phosphoprotein plays a role in the nucleation of mineralization as well
as stabilizes the structure of collagen, Subsequently they further
characterized the phosphoprotein finding it to be rich in aspartic acid,
glutanic acid, depleted in hydroxyproline as well as possessing some
henese . They also found it to be electrophoretically composed of a
s’gu (S) and a fast (F) anionic component, They thought it %o be
localized. in a few chain segments of the collagen moleculc.’ Later Veis
and Pcrry187 chéraéterizbd these S and F components, ~The § component,
having a molecular weighf of about'ZS;OOO, was -found to be similar to
the pareﬁt.cgllagen and“that the glycine, alanine, proline and hydroxy-
proline confent‘made up 63% of the molecule. Also, it was rich in as-
partic acid, glutamic acid and serine, The E coﬁponent, fpund to be
homogeneous by electrophoretic and.ulbracentrifugal techniques,iwaévdis-
‘Finctly different, being ricg in aspartic acid and serine»bq; having
small amounts of glycine,balanine.and‘prbline, It was of collagehéus
origin‘asiﬁydroxyproiine~and hydfoxyly;ine‘wére preéent. Tﬁe‘F“compon-
_ent which was the'thSphate riﬁh cdmponent had a moleculér.weighc ofv‘
about 38,006.and contained almosf ail'of the hydroxylysine which sur4
vived the.periodate éx{datign. In order for thé‘hyaroxylysine to have
;eétsfed,periédate oxidation, ité.gﬁino or hydroxyl group musf h&ve.
been involved in a covélent.bond, oﬁhérwisé it:iOula havégyielded am-
monia and formaldehyde. sihcg,the diéaccﬁaridé‘g;ugosylgﬁiacto:ezia

inown to be linkéd-to-hy&roxylystne;ee

» Veis and Perry prbppsgd the F -
compbhent to. be composed of three parts: the firaf section conatlied of

',proline;fhydroxyprpling and hydroxylysihe among other-aiino:iéids,‘ii



part of the peptide backbone of dentine collagen; the second portion,

an oligosaccharide linked glycosidically to hydroxylysine‘tq which the

third part, the phosphoprotein moicty is covalcntly‘linkcd. They found

the phosphoprotein to be present in an amount of le;s than 27 of the

total protein or in‘a ratio of one molecule of phosphoprotein to four tgo

six molecules of céllagcn, Therefore, this phosphoprotein could serve

- as the site for nucleatiqn in the hole zone of the collagen fiber,
Carmichael et a1189 later isolated glucose and»galaétose from

degradation products corre;ponding to the thSphOprotein and suggestéd

;hat perhaps the anibnic moiety is attached to the collagen>disacéharide

through a serine phosphate diester linkage. “
Subsequentiy, Butler et a1‘190 found that the phosPhoproLein

could be extracted via a gentle non- hydrolytlc extraction procedure,

They decalcified rat'iﬁcisors in aéetic acid and'foliowed this by ex-

Atrécting the decalcifiéd tissue in Tris-NaCl. The Tris-NaCl solubilized

, mosﬁ of éﬁe‘phosphOproﬁein thus providing evidence that the.pBOSphopro-‘

“tein could nof be covalqntly bound.. Davi% and Walkér”7 support Butlef'é

viéw that phosphoproteih is no£ necessary for miner#liiation, as they |

. .‘ : :
were able to'get dentine.td célcify at the same rate énd'éxtent once
the thSphoproteln was rem0ved by Tris NaCI extraction.

ACatmichael and Dodd191

ptoceeded to do a Tris-NaCl extraction
followed by periodate oxidation on bovine dentine They found that half A .“
'.the phosphoprotein vas extracted in the Tris-NaCl but that the other

half required periodate oxidation to releaae it They also found that
. the carbohydrate content was greater in the Tr(l-NaCI exttact natetinl

ithan in :he periodate 301ubilized fraction.l This’ they luggeated m-y re-

flecc the degree of degradatia& occurring during periodate oxidation

-~
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192 , ‘ . .
Veis et al characterized the Tris-NaCl soluble and the ma-

_trix bound phospheprotein, Tinding an overall similarity between the

.

two. They suggested that the soluble and thg matrix bound phosphopro-
tein may serve a dual role iﬁ Iocatgng the déposition of mineral on the
collagen matrix and inhibiting calcification of predentine, Recently,
its possible role in locating the deposition of mineral hés received
support from Weinstock and Lehlond'5193 clegant radioautographic studies
on the deposition qf phosphoproetein at the mineralization front of den-
tine, fhev showed the phosphoprotein crossedbthe predentine zone intd‘
the minernlizing froh} thus shggescing it may play a role in mineral
dgposition.

Up to now;lphOSPhoprotein has been chemically shown to be pre-
sent in bone and.dentine.A Although it has been seen raaioautographically
in a tran;itory state in predentine,'the‘;issde has never .been chemi-
cally analyzed f9r4i£ ;nd nor has cementum. If the theory,'tﬁat phos-
phoprotein play; a-role in mineralizatién is‘v'alidJ then>ceméntum as a
\ calcified'tissue shoulé possess it. §redentine .being a tissue which
will mineralize, should contain it only at the mineralization front, As
a re8u1t, predentxne and cementum were analyzed to see if. pAOSphoprotein -
18 a necessary component of qg}eified tissues1 . |
| Hith the current theories and experimental evidence minerali-
zation can be explained in general terms Cellu'lar activity ié certainly
' important However the involvement of the mitochondria and: its vesiclea;
: does ‘not exp}ain how the mineral is able to penetrate the collagen fi- \ |
hér +It must be remembered that 60-807. of the mineral 1s within the

collagen and that the ihtermolecular gap in the c.ollagen fiber of bonc

and &entine is just. large enough to accomodate a phoaphate 1on. Perhaps ,

v
.
. ..
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the mitochondria and ‘or vesicles bring high concentrations of calcium
and phosphate to the collagen fiber and deperding which way ;hg cellagpn
fibers are packed, and what type it is, the phosphate is able to pene-
trate the inturmolecule} gap along with the calcium, Phosphoprotein
and/or functional groups such as the carboxyl eroups of glutamic acid
and aspartic acid, act as the nidus for the initial crystal formation.
The mitochondriavand/or vesicles may then bring high coneentrations of
calcium andvphosphate ions (or some compound containing these sreciee)
to the calcifying,matrix allowing mincralization to continue on the ex-
“teriol of the f'ii\wrs.
Not mucﬁ is known about how calcification is inhibited or con-

! ‘ , :
trolled, what cau%es the local build up of calcium and phosphate nor why

. .
some tissues célc}fy more than others. From the aone'diScussion, it is.

obvious that there is still much to be learned about the finer details

of the process of mineralization,

VII. COLLAGEN: = A GLYCOPROTEIN

GiycoproEeins are proteins which hAVe variable amoun t’s of car-
'_bohydrate covalently 11nked to the1r peptide portlon. They do not have -
character1stic am1no acid compositions, although collagen 1s}ae obvious
lexceptlon On the other hand, their'Sugar componente are distinctive'
~and 1nclude b-galactose D-mannose D-glucose, L-fucose, D-xylose L- -
arabinose N—qsetyl-Dbglucosamihe N-acetyl D-galactosamine and the N—-i
,and O-acetyl and N-glycolyl derivatives of neuraminic acid | |
Collagen 8 carbohydrate unit is an- O(-I;Z-glucos;

diaaccharidelgael?e; As in almost all glycoproteins collagen pon ins

its eeibqhyd;dte hni;a-in<varying stages'of completion or with
o . . . . / e . ) , L 7‘ . . N
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modjfications (micioheteropencity)., The type of plycopeptide bond in

collagen is a f3 -¢lycosidic linkage between palactose and the hydroxyl
188,195,197 ‘

group on the X carbon of hydroxylysine ’ . It is an unusual

linkage as it involves a glycosidic substitution onte a hydroxyl group
vlcinal to an unsubstituted amino group. In other plycoproteins, as-
paragine, serine and threonine are the residues to which the carbohy-
drate units are usually 1inked]98. Collagen is unique in that only hy-
droxylysine is involved in the carbohydrate linkage. There is cne ex-
ception, The carbohydrate units of annelid cuticle.collagen are linked
to serine and.threooine and conslst only of eelactose mono-, di- and
trisaccharides. This collagen contains no hydroxylysine-but much larger
amounts ol serine ana threonine than do other collagenslgg'zooi

’Butlerzol has isolated'che cyanogen bromide peptide which is
rich in carhohydrate; the ol ILCBS. It is.the fourto cyaoogcn"oromide
peptide fnom.the athino termlnal end ano its p:obable_SeQuencelln the
cérbohydratehlinkage region in guihea pig skin is 1CIy:Met-Hy1(Glc,Gal)-
Gly-His- Arg188. Moréan et aliﬁ? more recently detefmioeé the sequeoce

in carp swim bladder and human skin collagen and found it to be only
tsl1ghtly different from that of the guinca pig skin isolated by Butler

Skin and dentine collagen contain less than 17 hexose whereas
cartilage collagen contains up to 5% hexose».‘ In ekin, apprbxi'mateklyf
half of-the hexose iSvpcesent in thevdisaccoaride form4;

The effect of the carbohydrate in collagen is still speculative
fIt 18 thought that the density of carbohydrate units mey have an effect
. on the organization of collagen into fibrila Tissues such as basemen_t
menbranes having the largest number of hydroxylysine linked carbohy- ;

drate units show the least organization and_no fibrillar structute. Oo



&

the other hand) tissues such as skin, tendon and sclera have the small-
est number of hydroxvlysine-linked carbohydr. te units and display wide
Q X .
fibrils with distinct 640 A banding., Tissues with intermediate amounts
of hydroxylysine-linked carbohydrate units, such as corneal cellagen,
‘0 8 194,202,203
have narrow fibrils cven thoush they possess 640 A banding ’ ’ .
202 ) . . . : .
Morgan et al feel that duc to the size of the disaccharide prosthetic
group, regulir hexagonal packing of collagen in a quarter-stagger, array
could seriously be impaired,
The role of hydrexytysine linked carbohydrate units in collagen
. i 204 ) > . .
is as yet unapparent. Eylar proposed some time ago that proteins are
glycosylated so as to provide a passport for excretion from the synthe-

sizing cell. Winterburn aﬁd PhelpszqqidiSpute this hypothesis and hypo-

thgsize that the carbéhydrate tag determines the fate of the protein
' ' /

once it is extracellular. An example of this comes from Veis and Perry

who proposed that the phosphoprotein_linkcd to the carbohydrate units

.-

in c&lc_ifying,jsissucs may serve.as a nucleation site for the initial epi-

tactic pucleation of calcium ions (see section on Mineralization; p.35).
. : .

'Spir0207 has speculated that the sugaré attached to hydraxyly-

sine cled possibly play a regulatory rcle indirectly, that is, the car-

bohydrate units may be attached to the hydroxylysine so that;the residue .

- €ould not participate in the types of crbss-links occurring in collagens;

.this effect occirring due td'éteric,hindrance.' However, Eyre and

A Glimcher208 209 and Robins and Baileyzoe'have‘EOUnd'evidence'for?a gly-

7

cosylated cross- I;nk in collagen Therefo;e, steric hindrance of cross-

RS

link-formation appa:ent does ‘not ocCuth

As no vork was undertaken on the glycosaminoglycans of preden-

tine and cementum 1n this project the topic will nob.be disCussed here.

Ve . - . . . -
te” ) . ". N : . 13
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&
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protein-carbohyarate complexes in which poly-
as 907 or mgec of the complex, The protein
s and the carbohydrate, called glycosamino-
are pelysaechérides'con-
clysaccharides include hyaluronic acid,

droitin-4-sulfate, keratan eulfate, derma;an
The polysaccharide chains are unbranched
ulfate and they also eontain uronic acid ex-
résent in the‘free fo;m the coﬁstituent
little affinity for collagen apart from the

fairly easily broken,. However, when the poly-
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The sugar

chalns are sometxmes branched and do not contain more than 20 residues.

A large variety of sugars are found in- glycoproteins

.

These include

hexosamines and galactose (which is foupd in only one proteoglycan that

A
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* 3
containing keratan sulfate) as well as mannose, fucose and hi;il‘é{cid,

the latter two often octupying tevminal positions on the olicosaccharice
chains, Clycoproteins do not contain uronic acid but a f{ew appear sul-

. . ¥ ) t
fated like most of the plycosamineglycans and proteoslycans, :
L
-4

VI1I, DENTISNE, PREDENTINE AND CEMENTUM: The Present State of Knowledye .

Tocth&p composed of three caleified tissuegf enamel, dentine

“and cementom.  Dentine forms the bulk of the tooth .a encloses the

pulp cavity. Enamcl cenvelops the dentine of the croyn whereas cementum
covers the root dentine. In calcification of dentphe, a collagenous ma-
trix must be laid down first., The collagen fibers, arranged in a

trellis-like framework, are produced by the odontoblasts which line the

pulpai surface of the dentine, Since.mineralization. lags behind matrix
, :
formation, there exists a zone of uncalcified tissue called predentine

.

especially noticeable at the apex of the immature tooth .

. ., Enamel :
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Dentine and Predentine: Little is known about predentine due to the

small amount of tissue in teeth, As a result most studies on predentine .

have been histochemical in nature.

Considerable work has been done on dentine. Wislocki et 312l2

fat

)

were the first to observe histologically the ﬁ}ESence of mucopolysac-
charides in'dentine using thekpcriodic acid-SEthiff (PAS) technique.

" Subsequently, using the same technique, Matthiessen213 expanded these -

resultsvto‘include‘predentine whigh.he'fodnd‘tq be $as bositiyé. Otﬁer
histochemical iﬁvestigations have s%owﬂ significant ;mqnnts oancidt ’
mucopolysécehafide in{bredehtine. FBeQelander ahd’Jéhns;;214 1 well as
W’eill215 found predcntine.iﬁtenssli_metachyométic, ‘Hb;evér;:cfeuiich‘

. - . R ‘e‘ T
~and LebiOnd216 found that predentine stained weakly compared to dentfine,



indicatin, a relative absence i plycoprotein in predentine.,  This has
, ' S1i-219
boeen the oboervation of several other worken: . Fullmer and

r )
p) 00 Lo .
Alpher were unable to detect any clyeeprotein in predentine,

9

o . e . ‘
Recently Weinstock using the acidified phosphotungstic acid
) ) £ | 5

I
tcchsiqnvk‘ tor glyeoprotein, ohserved that the stained material in den-
’
tine occurred between and associated with the collagen fibers. In pre-

dewtine the interfibrillar miaterial was unreactive althouvh the collagen
-
fibers did stain slivhtly, Weinstock sug,ests that glycoprotein may
) d & A
play a role in the initiation of calcification as predentine acquires a

carbohydrate rich material, probably yplycoprotein, as it is transformed

into dentine, .

#

The proteoglycans of dentine have been ubject of several

recent studies. The limiting factor in these studies has been their low

. . . 223 . .
concentration in dentine, Clark et al found that the major acid gly-

cosaminoglycan of human dentinc-cementum was chond’oitin-b-sulfate.

They also reported a small amount of hyalurenic acid (2% of the total
hexosamine) and were unable to detect keratan sulfate and dermatan sul-

fate, Engfeldt and Hjerpgzza have more recen;l% ;garadterized the gly-
cosaminoglycans of both canine predeptine and dentine. The major poly-
sacchariQes in both theée-tissues were galactosaminoglycans tentatively
ident{fied és chondroitin sulfate, They could not identify a.dnqll

amount of material which corresponded tq the amount of hyaluronic acid
Ciark et allhéd isolated from hum#n ;entin.-ceméntum;' Tﬁug hngfeldt and
‘ﬁjegpe could'hoc conclude that ﬁyaluronic acidawa; exciuded,f;om preden-
tine and dentine. These authors reporied that the glycosaminoglycan

hexosamine content’ of dentine was 0.06% of the organic dry ygight and

that” of predentine was 0,/2%. Their results indicate that there is more
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chondioitin=o-soliate in predentine than dentine.  Jones and leaver
attompted to clarity the ;~‘III]lL‘ll'l]ni reports coneernig the nature ang
amounts of the constituent plveosaminoylycans of dentine, They demon-
strated that the major glycosaminoglycan of human dentine is chondroi-
tin-4-sulfate but it was sugvested that the chondroitin-4-sul fate:chon-
droitin-n-sultate ratio may vary with age since chondroitin-s-sulfate
may be lost Juring maturation, Jones and Leaver also found 2-67 of hya-
luronic acid, 2-3° of dermatan sulfate and a definite but small amount
of keratan sulfate iﬁ human dentine,

226
Linde has recently isolated the glycosaminoglycans of the

odontoblast predentine layer of porcine teeth, The total amount of hexo-
Samine was found to be 0,297 of the dry weight, This figure includes
hexosamine from the glycoprotein and glycosaminoglycans., "He obtained
five hexosamine ceontaining fractions when Ehc‘glyéosaminoglycans were
separated on CPC cellulose micro columns, cach of which was éredominant-
'
ly composed of one Qf the following components: chondroitin-4-sulfate
(30% of the total), chondroitin-6-sulfate (16%), hyaluronic acid (14%),:
dermatan sulfatc (77), and keratan sulfate and glycoproteins (327%).
The keratan sulfate was found to account for about 47 of the total hexo-
samine, ) °

. Veis and coworker5185’187’192»227

have also done considerable
work on dentine. They féund‘fhat, although dentine collagen resisted
acid swelling and‘ﬁad no neﬁtral salt soluble or acid sblubl?_collagen,
there were few di fferences in.composition from corium (dermi;) collagens
except for the présence of phosphoérotéin in dentine‘(see,section on "’

Mineralization, p, 35). They reported that the two collagens contained

a comparable quantity of hexose (2.2 residues/IOOO amino 3cid residues).

.
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Recently Volpin and Veis have studied the CNBY

peptides of skin and
dentine collavens,  Facept for varjations in hydruxy]Jtion of pruling
and lysine, they found lew diflvrcncvs ot significance between the CNBr
peptides derived from the o I1(I) amd o€ 2 chains of insoluble bovine
corium, dentine collaven Jgd the corresponding CNBr peptides from the
soluble bovine collagens., However, in the insoluble bovine corium and
dentine collagens, three distinct new classes of CNBr beptides were de-
" tected. Both collagens were found to contaih An acid stable intermole-
cular cross-link component, o 1-CB6' [OL 1-CB6 + o€ 1-CB(Q, IB. Both
also contained twotadditional peptides attributed to éhe presence -of an
o« 1(I1I1) chain, the o¢ 1(III)-CE3 and & 1(I£I)-CB (4,5). Evidence
was also obtained indicating the presence’of a peptide'ot 2-CB4' con-
sisting of & 2-CB4 and a noncollagenous polypi{tide attachment. Both
corium cqllagen anﬁ dentine collagens were analyze@ for hexose and bound
phosphate groups. In dentine collégen, onty o¢ (I)-CB5 contained the
glucesegalactosyl hydroxylysine, while oC 1(I)-CB3 cén;ained only the
galactosyl hydroxylysine which was also present in o< 1(I)-CB5. The

0C 2-CB4 and ot 2-CB5 contained mixtures of mono- and disacchariae
attachments, In addition, Volpin and Veis were able to isolaté from the
dentine colflagen "oX 1(1)-CB6, ©K 2-CB4 and oOC 2-CBS containing cova-
lently bound pho;phate groups which were not found in corium collagen,
It seems likely that the hexose-is present as a hexose phosphate rather
than the phosphate attachment being via a serine hydroxyi. The acid-
insoluble CNﬁr digestion reStd;es were found to contain portions of col-
lagen with uncleaved ﬁcthionyl'residues in close associatién Qith a
‘fhighly acidic'polypepgide. This waé paréiédlar1y~;rué in dentine cdlla-

gen where this polypeptide was rich in phoaphoserine.groups.
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As mentioned above, Veis and Schleuter have 1dentificed in
dentine aneacidic peptide containing a high content of organically bound
. 193 . -
phosphorus,  Weinstock and Leblond found that this phosphoprotein

passed through the predentine to rceach the mineralization front possibly

playing a rele in calcification at the dentinec-predentine junction, .

Cementum: Cementum, the root covering of the tooth, is the calcified
dental tissue which most resembles alveolar bone in its composition,
étruc!tfo and behaviour., It provides a medium for the attachment of the
collagen fibers of the periodontal ligament that bind the tooth to the

surrounding structures as well as playing a role in preserving the width

- «

of the periodontal ligament. It assists in maintain§ng the length of

the root available for support of the tooth and effects repair of damage

of the‘rootzzg.

Cementum is formed in much the same way as dentine, Cemento-
biasts‘lay down an uncalcifie& collagenous tiSsue.called'cementoid or
precementum which is subsequently minerali;ed to form cementum, Howevef,
since calbification is not as rapid as mattix formation? a thin layer of
cementoid tissue is seen on thé surface of the cementum.

Two ty;es of cementum can bé differentiated mqrphologically de-

pending on the presence or absence of cells and they are therefore known

as‘acellulsf (primary) ceheﬁtuﬁ and cellular (secondary) cementum. See

i\ .
-

Fig. 5, Acelluiar cementum may cover the root dentine from the cemento-
enamel junction of the apex, but is often missing on the apical third of

the toot, The more predominant cellular cemgntum-usually covers the

apical root dentine and acellular cementum and includes cementocytes. re- -

ﬁrésenting cementoblasts which_have'beén left behind and surrounded dur-
. . (/ R .
ing cementum formation.

*
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o ’ ) 230,231
Collayen ribrils of cementum are orientated two ways .
.

Sharpey's tibers, the croup of fibers which ran at right anvles to the
’

cementum surface, oriuginate {from the pericdontal ligament and are incor-
porated in the cemeptum as it mineralizes. The sccond group of fibers
are thought to be produced by the cementoblasts, These f{ibers are not
directly attached to the bone but are fundamental to the inherent struc-
ture of cementum. The two groups of fibers tend to run at right anyles
to one another.

Cementum is less calcified thar dentine. Selvig and Selvig
- found tﬁat the combined ecalcium plus magnesium content of human cementum
was in the range of 25.7 to 26,67 whereas that of dentine was 26.8 to
27.6%. The phosphorus content of cementum ranged from 11.8 to 12,.5%
compared to 12.2 to 13.2% in dentine. Neider et 31233 repoft similar
findings, Selvig also observed differenceg in the distribution of min-
erai in the matrix fibérs of cellular cementum as weli as iﬁ those of
acellular ccmentum. The acellular cementum, he noted to be more calci-
fied than the cellular farm,’fhe latter aISOFéontaining analctfied
éores of Sharpey's fiberg.

Glimcher et a1234 have determined the amino acid composition of
coronai cemen tum (seé Fig. 5) which was found to be characteristic of
collagen, that i{s, the organic matrix contains at least 901 collagen
\Cementum maé'!x collagen resembles bone. and dentine collagena in that it
is virtually insoluble in neutral and acidic buffers |

| The non- collagen.constituents of cementum have not Qeen char-
.’acterized nor has its collagen been studied in great dz2 tall For example

it has yec to be determined whether the phosphOprotein moiecy found in



bone and dentine, which is thought to scrve as the nucleation site for
) . . . 185,190,191, 184
mineralization, occurs in cementum .

From the above it is apparent that further chemical analyses

are required to gain additional insights on predentine and cementum.

QO
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MATERIALS AND METHODS

1. MATERIALS

‘Fresh bovine jaws were obtained from animals between |1 and 2
years old at slaughter. Unerupted and erupted incisors and canines were
extracted ‘as well as uncrupted molars, The unerupted teeth were freed

of their dental sacs, and the pulps were removed. These as well as the

‘esupted teeth were then washed by soaking in distilled water at 4° over-
L4 .

nighet.

Predentine was obtained from the unerupted teeth by cutting a-
way the tranleéent zon§ at the apex of the'roott The fragﬁents wére
then re&ashéd in distilled water andAlyophili;ed. The predentine was
subsedpently dissected undéf a dissecting ﬁicroscope.to remove the ad-

hering odontoblasts and the opaque dentine.

0.1 mm

Fig. 7. Hemotoxylin eosin stained predentine ¢houing uineralization
front. The length of the predentine regim\ is 1nd1caud '
(By courtesy of Dr. 'K.A, McMurchy) , v



The erupted teeth were scraped clean of any adhering soft tis-
suc, The crowns Wcr; sectioned below the cervical line with a Gillings
’
Hamco Finc Sectioning Machine. The root was then sliged longitudinally
into thin lamellae of about 250 microns. Under the dissecting micro-
scope, the somewhat more‘translucunt cementum, which appears as a thin

layer next to the dentine, was carefully separated'from the dentine -and

then lyophilized.

IXI. METHODS

Density Gradient Isolation of Cementum

_To ensure that the cementum was not significantly cbn;aminatéd
with dentine, the Manly and Hodge235 flotation method was performed on a
s;mple of cementum. Tge sample was ground‘dfy in a Heidelberg Colloidal
H?}l, ana thé_resulting powder'béSSed through a 60 u sieve. The powder
~ was then centrifuged in a mixture of broméform.and acetone having a
specific gravityﬁof 2,11. The:samplg sepérafed into a light (cementum)
and heavy (dentine) fraction, As an additional check for purity, the
héavy fraction was examined féf dentinal tubules under the light micro-‘

-scope,

In order that,;nonrganiéaiiy boﬁnaucalcium miéhtzberfreed; the
,‘éalcium content of predentine ahd cgmentudAwas deteruined follbﬁihg aci&
hydrolysis in ION H250 . The calcium was detetmined by EDTA titration
.according to the method of Ericsson236;? ‘Ihis met’hod involvea the fim
bindlng of calcium in an un-ionized complex with EDTA A small ahount

‘  of HgCl (.4 mls of IaM colution) vas added so thnt the indicator

Eriochrone Black T, vould shift from ted to blue whcn all’ Mg iont had

+

"2
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been bound by the EDTA titration solution as with calcium alone the coler

shift is too gradual and indistinct,

lPhosphorus . " ]
The phosphorus content was determined using the modifications
' 237 . 238 . .
by Eastoe of the Fiske and SUQQ?IOW method with the exception that
the amino-napthol sul fonic reagent was prepared according to the proce-
239 . . .
dure of Bartlett . This method is based on the reduction of phospho-
molybdic acid by ]1-amino-2-napthol-4-sulfonic acid which is blue in the

v

presence of sulfite, . ' : A

Decalcification

The predenﬁine and cementum fragments were demineralized>by re-
peated extraction at 4° in 0.5M EDTA adjusted to pH 7.4 with NaOH, Ex-.
traction of cementum cbntinu;d for 17 days and predcntfne,_which contained
vlittle calcium, for 4 days, at which fime caiéium could no. lgnger be de-

A

tected in the residual matrix by atomic absqvptioh spectéométry. The
ﬁetﬁod éﬁployed here was a'mbdification of the procedure dle1lliszaQ.

' Lanthanum was used in the analysis to prevepc 1nterference by phosphos
rﬁa.»vwith this procedure, ca1c1um content cannot be detected below
0;15 pafts p;f million, The res{duai cementum and predentine were wash-
) ed yi;h distillgd‘ﬁate:‘until EDTA cogid no iﬁ@get.béydetectéd.v Tﬁe.‘
[‘EDTA tesf‘involves the‘Eti:cssan36 method-whére adﬁing Mg‘ta aVS mls

portion of che water wash indicates the presence of EDTA using Erio- o {‘V>

chrome Black T as the indicator

, TTib-NaCI-Extrthion
190
Butler et al ahqwed that phosphoptotein could be removed by:

a gentle non-hydrolytié extraction with Tri: NaCl Thus, the decalct-



ficd predentine and cementum residues were extracted for 3 periods, each
of 24 hours, in 500 volumes of 0.5M Tris-NaCl (pH 7.4) containing I:Oﬁ
NaCl. The remaining residues were washed in diftillcd water and lyopwi-
lized. The extracts were dialyzed aéninst distilled water‘and {yophi-
iizca. |

ol . . .
Phosphoprotein Determination

Carﬁichael and Dodd191 found Lha; not ;lljthc phosphoprotein
was.Tris-NACI soluSle and that some required periodate oxidatiodvto re-
movg.it. As' a result, the EDTA and Tris-NaCl extracted éredcntine and
cementum matrices were snbjécted to oxidative degradatioh for 44 hours
with sodium metaperlodate following the procedare of Carmichael et 31189
The 54 mg of predentine and 71 mg of cementum which were solubilized in
10 mlg of sodium‘metapcriodate‘(0.0ZSM Na;Oa + 0.025M NaHCO3, pHV7.75)I
were dialyzed at 4°c against 4 liters of.0.0lM sodium bicarbonate for
3 days, changing ;he~sqdium bicarbonate twice daily. The retentate was'
subsequently dialy;édfexhaUStively aéainst distilled‘watef and then,
lyophilized. VTﬁe dried ;esidu; of each weighed about 45 mg,kand each
was analyzed for calchm and phosphorus, Using the ptocedure of Clark
and Veis241, elcctrophoresxs of SO/ul and IOO)ul of predentine (2701ug

lyophlllzed perlodate soluble material/ml Tris- Glyc1ne buffer) and
-tementum (310 pg lyophitlzed periodate soluble materfal/ml Ttis-Glycine

buffer) in a polyacrylam1de gel at pH 8,4 and run at %mA/tube sepa:ated

the non- diffusible components. Following electrophoretic sepan'tion,‘tbe.

'gela vere sliéed-transVersely'and analyied for- phosphorus.

Detafminétion of LYSiﬁe-dergyea Cross-links

. Q

Suppensiéns 9f 12.mg’eacﬁ ofvpredén:iqe'p:eparation.and cefiientum
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. . \
preparation in 1,8 mls of 0,15M saline (pll 7“ﬁ) were \fduccd with 0.2
Y .
mls of tritiated sodigm borohYdride (18.4 mCi/mmode) dissolved in 0 O1M

NaOH (30:1 w/w ratio of predentine and cementum preparations to NaBHQ).
The tritiatcd sodium borohydride was standardized, according to Paz 5L

242
al 4 , by -reduction of 4-(p- nltrobcn amido) -butyraldchyde to 4-(p-nitro-

benzamid094b0tdnol which had a specific activity of 5.45 mCi/mmole, The
pH was adjusted to 9.0 and the reaction mixture Stirred at room tempcra-.
ture. for 1 hour, After acidification to pH A,O’with 507 acetic acid, the

Fl

. ) ) ' . . . . . o
reaction mixturc was coxhaustively dialyzed against distilled water .at &

and thég lydphilizedi
Acid hydlolysis in 6N HCl under Nz in ;;aled tube! aﬁ:lOBo ;or‘
22 hours or alkaline hydrolysxs in 2M KOH under’ N2 in teron 9ottles at
.l08° for 20 hours was carrled out on portjons of the reduced cementum
and predentine prepavations. Reduced aldimine cross-links were deter-
m1ned in the acid hydrolysatos u51ng the Jeol 5AH amlno acid analyzer
(0.8 x 4§ cm column, LCR-2 resin, 60 ) eluting with O, 35M (Na ) sodium
citrate buffer, pH 5;?8 at a flow rate of 0.62‘ml/m1n. ,Reduced’cro§s-
link precursors (G -hydroxyndrleucine and 8‘,‘é-dihydréxyﬂorleucine
were determined in.alkaline hydrolysates using the amino acid analyzer
j (0 8 x 45 cm column LCR-2 resin 54 ) glUtlng with O.ZM'(Na )»citrate'
- buffér, pH.2f93 coqtainipg‘B% propandl,'OﬂZM (Na+) sodium citrate bdffe:,l
'PH 3.35, and 0.2M (N&%)-Sodium citrate, pH 4,10, at a flow rate of 0 80
-'ml‘/aiin. For both th:a reduced cross-links and the crosa*link precursors,
fractions were collected u31ng a split stream device and. each ftaction
was.mixed with 10 m! Aquasol (New England Nuelqat) and cbunted in a
ﬁhalear»Cﬁic;go'uarg I Liquid Scintiliazlén System, ’

E ¥
o ; . ’ . .
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Amino Acid Analysis
= %

;‘ ' ) 5
' Samples of predentine and comentum matrices were hydrolyzed in

O . . . . )
6N HCl at 110 in Scalgi:puhcs under N, for 22 hours. Amino acid analy-
ses were carried out using the two-column system on a Jeol 5AH analyzer,

No corrections were made for hydrolysis losses,

- 243
Separation of *Collaven 1nd mon-collagzen Glycopeptides

EDTA and Tris-NaCl extracted predentine and cementum matrices

were cach digested 16 hours at 65° with 0.03 ml of previously activated

papain (Sigma, 2x recrystallized) in Q'mls'of 0.1M acetic acid sodium

‘acetate buffer (pH 6.0) containing 88 mg of cysteine hydrochloride and

186 mg of EDTA/100 mls. 3.0 mls of the digest were added to a Sephadex

" G-25%olumn (fine grade, 33 x 1.5 cm) and ecluted with water at rdom

A

temper uro._‘The flow rate Qas 45 mls/hr and 2 5 - 3.0 mls fractions

were collecked,* A monitor for nom-amino sugaré was performed on O 1 ml

. This was done by modifying the or61nol HZSO me thod

for increased sensitivity; that is, 1.5 mls of 80%'52804-14 orcinol sol-

ution was added to the 0,1 mls portion-of each fraction previoysly di-
lufed_to 0.5 mlo, Twa orcinol _positive peuks were'detected' peak 1l at

the void ‘'volume conta1n1ng the '’ higher molecular welght non- collagen

P

4 .

- glycopeptides and the retarded peak 2, contain1ng the collagen glycopep— Cﬁ

tideszaah

‘ﬁeutral‘Sugar»Analzsis

v
. LY
v

Tbe fractions containlng peak 1 were pooled as wéll as those

for peak 2. " The pooled fractions were then lyophilized and hydrolyzed

V:. in 2N HCl for' 4 hours at 103 However before hydtolysls ZS/ug of_‘

L-Rhamnose was added to each to act 48. an 1nternal ;tandard -The hyd}o-




lysates were neutralized with the®bicarbonate torm of Dowes 1 % @ (20-50
mesh beads),  The 5Iurriu§ were then poured into small chromatogsraphy \
columns collecting the ¢f fluent and sceveral water washes, These were
lyophilized and analyred for neutral sucars on a Technicon Carbohydrate
Autoanalyzer,  The dry residuc was dissolved in 1,0 ml of borate bufter
1 and added to the carbehydrate column (type S chromobeads), A similar
buffer gradient as the sténdurd me thod was used except that the volume
*

per chamber was reduced from 50 ml to 30 mls. The temperature was as in
the standﬁrd method,

In the, standard method, the column was 68 ¢m x 0,6 cm long which -
corresponds to an 8 hour run. As a more rapid separation was desired
and this column length Svpérates a rather large number of sugars (includ-
ing disaccharides) some of which were not expected in our analyses, the
column length wés_shortcncd to 33.5 cm. The sugars of intc;ést, mannose,
fucose, galactose, xylose‘and.glucose, were well geparated.

Elution was achieved at 45 m)s/hr at'53.5~0 C with the following
gradient in a nine chambered autograd: chambers 1 and 2, 30 mls of buf-

fer 1 (0.1M H,BO,, pH 8.00); chamber 3, 15 mls of buffer 1 and 15 mls of

37
buffer 2 (0.1M H;BO, + 0.05M NaCl, pH 8.00); chamber 4, 12 mls of buffer |
3 (0.1M H3BO + 0.1M NaCl, pH 8 OO) and 18 mls of buffer & (0 M H3 3,_'
pH 8.00), chambers 5, Q and 7, 15 mls of buffer 4 and 15 mls of buffer S‘
(0.2M H3BO + 0,2M SaCl,_pﬁ 9.50); chambers 8 and 9,‘30 mls of buffer(S.
The effluentvwas énélyzed fo:ﬁneutral suéars with orcinol-H2$04 (76%

. uéso -OJIZ'orcinol, Sigma). Thié.colotimetricvsystem was és in £he stan-
ldard Technicon system for- carbohydrates (Technicon Develo;&ment Bulletin

124) . The 1ndiv1dua1 monosacchatides were quantitated by comparing their

areas with that of Rh ose, 1See.Tab1e 8 for a diggraMuatfc illuﬁtratigp
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of “typical «hnomatosrans of G-20 Peak 1oand feak 2. 10 (an be scen Jtoat
Rl AT - et owere very well senar ]t Me or. two unkinow
the suptirs of Intorest wer VOry W Sepaldltod oul oone ors two unknown
orcinol positive compoands wore detected especially from the G-205 Peak |
hydrolysate,  The final unknown pears immediately tollowing glucose ap-
B i
pearcd in all chronatorrams inclading those from unhydrolyzed standard
mixtures ol pure suprars and therefore did not appear to bea hydrolyéYs
artifact, This unknown could possibly he due to depradaticn products of
- -
more than one sugar, formed on the colurn under the alkaline conditions
and elevated temperature,

The color yields in the orcinol method are different for each

L

- sugar. The acid hydrolyses losses were different for- each sugar. There

was also a possibility of mechanical lossgs particularly during the lyo=
philization of the resin neutralized hydrolysate, The addition of a

known quantity of L-Rhamnose before acid hydrolyses €liminates some of

these problems, However, it was ‘necessary to carry out analysis-of hy-

_drolyzed standard mixtures of sugars, including, L-Rhamnose, in, order to

-

obtain reliable ¢olour yields relative .to L-Rhamnose.’ 1he:cﬁlour yields

relative to Rhamnose 'also varied to some extent with the total quantity

of sugar in 4 given peak; in other words, the scandard curve was not

iinear. This had to be taken iato account when applylng the colour

factors, : . - . .

gzdrongrolige o

Hydroxyproline content was determined by the metq?d of Stegemann
and Stalderzaa on a 0.1 ml portion of the papain digest which vas hydro-‘
lyzed in 6N HCl at 103 . for 23 hours. The hydrolysates were evaporated
to dryness in vacuo over PZO and NaOH. The small amount of acid remain-

5

ing in the residues were neutralized before ‘the analyses were performed



The range ot this method ds o 1/4‘;- Lo H/r;g'i:\'«lx;).\\';\lulim- por

ol sample,

.

mls



RESULTS

1. FTREDENTINE

Pri'or to EDTA extractiong the calcium content of predentine was
determined to be 0047 (Tuble 7). This value corresponds to a hydr oxya-
patite content of 1 which in turn corresponds to a phosphorus content
of 0,18.. H\W.;t'\,'t r, the phosphorus content was-foumftu be 0,377, The
prodentine traction was 997 O oanic material. |

The EDTA extract was dialyzed against distilled water and then
lyophilized, The dry residue was found to have a phosbﬁorus content of
0.07%.  The phosphorus content of the pooled Tris-NacCl e,tracts was 1,70,
this being considerably lower thgn the coméarable Tris-NaCl extract of
dentine, .

In the EDTA-Tris-NaCl extracted predentine residue neither
phosphorus nor calcium (%y the method of Erics50n236) could be detected,

When Subj;CtOd to oxidative-degradation with~sodium_motaperio-
date, the EDTA-Tris-NaCl extracted predentine was completely solubilized,
The resulting cxtract, which had been dialyzed first against sodiu@!bi:
carbonate and then againsttdistilled water, was lyophilized and analyzed
for phOSpho;us. &he phosphorus content was fouﬁd to be-0.0ZZ; Several

]

anionic components were revealed by electrophoresis of this fraction,
) v

includiﬁg a lightly staining band with a mobility corresponding to the
phosphoprotein component previously demonstrated in dentinelss. ‘See
Table 9 for gel results. However, no phosphorus could be détegted in
this band,” Total absence of phosphorug in this fraction cannof be rg-
garded as establishéd in view of the small sample size, low phosphorus

- COnteng of the sample, and low staining 1nteq§ity of "this. band, pr-
ever,‘the use of a comparable s#mple size of dentine p?éduced a signifi-

k3 ) . .
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cant amount of phosphioprotein at this pos1tion,

The amine acid compeitror ¢ 0 EDIA-Tris-NaCl extracted proe-
3 d
dentine (Table 10) cenerally res " ‘iilﬂ. o odentine matrvix collagen.
The plycine content was redaced fiow U 0 Lera g about 320 residues/ 1000

N
amine acids to 281 residues/ 1000, The Lydiosyproline content of 90 1e-

$1ducs/ 1000 was also low coupared to the normal value of about 100 pe-
sidues/1000.  The proline (174 residues 1000) and thc‘hydruxylysine
(12;4 residues/1000) were high as compa;cd to the normal values for pro-
line (about 115 residuces/1000) and hydroxylysine (about 4-8 residues/
1000) as in skin or dentine collagen, .

Chehically reduced aldimine cross~link content as well as cross-
link precursor content are recorded in Table 11 accompanied with similar
dat# for dentine matrix collagen. The hydroxylysinohydroxynorleucine

content of predentine was 4,8 x 10-1 lysine derived residues/1000,

-2
while the hydroxylysinonorleucine content was 3.5 x 10 °,. Thus, the

4 L

major cross-link Q{ predentine is hydroxylysinohydroxynbrleucine.: The
cross-link precursors, dihydrogynorleucine and hydroxynorleucine, were
preseﬁt in concentrations of 1,2 x 10.2 lysine derived residues/1000,

The neutral sugar results are given in Table 12. The total
neutral sugar content of the Sephadex G-25 peaks was considered more

. ‘ -

accurate when obtained from the sum of the results derived from ;;:\gqto—
analyzer than from ;he modified orcinol re;;lts, The total in each case.
was expressed as'g_neutral sugér/lég hyd;oxyproline; (The hydroxypro-
line content of the bapain'digest was used in this cal;ulatiqﬁ as this
avoids crrors due'to the possibility of incomplete digestion of |

the collagen by papain.) This valye gives quantities which are close to

-4 percentage on the dry wéight of a pure collagen, The G-25 peak 2 re-

ol
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v
sults (collapen hexose) tor predentine collapen corresponded to 4,9

hesose/ T4y hvdrdsyproline , of which 927 was’ ‘\;.’l‘dC(U:;C and 417 vlucosé,
The hexose ot the non-collasen slveoprotein associated with the preden-
tine collaven (G=29% peak 1) corresponded to 2.2 hexose/ldg hydroxyproe-

line. This hexose was made up of 2070 vlucose, 337 palactose, 237, man-
b ’ } ’

nose, and 107 fucose,

I1.  CEMENTUM

Undecalcitied cementum, examined by the flotation procedure,
contained less than 17 of the heavier ”dcntinc” fraction., However, when
scrutinized under the microscope, this heavier -fraction was also found
to be mainly cementum,

Cementum was shown to have a calcium content of 26,37 by weight
(Table 7). This percentdge of calcium corresponds to a hydroxyapatite
contentkof 665 and an oxganxc content of 347, Phogéhorus conﬁpn; was
determined to be 11.47%, and hence the Ca/P ratio is 2.3 (w/w), 'The
Ca/P ratio of hydroxyapatite is 2,2 (w/w). Thus, the mineral of cemen tum
is hydroxyapatlte like that of other calcified thssues.

The phosphorus content of the EDTA extract was 0,147, whereas
that of the pooled Tris-NaCl extracts was 1.761. No phosphorus or cal-
cium could‘be'detected'in'the Aecalci[ied Tris-NaCllextract;d cementum,

Decalcifled Tris-NaCl extracted cementum was completely salubi-
’__Ejhed when subjected to oxidative’ degradation w1ch sodium meéaperlodate
The resultlng extract was dlalyzed agalnst 4 liters of 0.01M sodium bi-
carbonate, and‘then exhaustively dialyzed against distilled water. The
reientateigas iyophil%zed.and'the calcium content was,determined to be :
0.3% and the phosphorus cbntént to be.0.03%. Upon electroPhoretic exa-l

mination a large diffuse anionic component and a diacrete band vith a.

£2



-leucine content was 1,1 X 10: . o : ' o
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mobility approximately that ot the phosphoprotein found in dentine were
revealed.  Sce Table ¥, The vels were analyzed ror phospliorus an found
to be free of this element,  Since the sample size was small and the
consequent component concentrations were low, a control experiment was
set up with a_compdrablo weight of decaleified Tris-NaCl extracted den-
tinc, The periodate extract was analyzed just as that of the cementum,
and then lyophilized., The dried residue was then subjected to polyacr}-

. o
lamide gel c¢lectrophoresis, and the phosphoprotein fraction was»analyzod
for phosphorus. The presence of phosphorus was clearly es&abiishcd in
this fraction,

Amino aéidvanalysis of the decalcified Tris-NaCl extracted ce-
mentum matrix revealed its composition to be characteristic of collagen
(Table 13). The arginine (57.6 residues/iOOO amino acids) and the pro-
1§ne (156 residues/1000) are higher than in bone énd géntiné. -.‘;

‘Table 11 shows the contents-of reduced aldiqine cross-links'and.
éross-link precursors, jointly with similar results fqr dentine ma&rix

collagen, The cross-link, hydroxylysinohydroxynorleucine, was present

fn the concentration of 2,6 x 107! lysine derived residues/1000

¥ A
‘whet“séhydroxylysinonorleucine was detected to be 5.2 x 10 2. Thus, the

ma jor crqsé-link of cémentum-is'hydroxylysinohydroxynorleuéind. The
cross-link precursor, dihydroxynorleucine, was found to occur in con-
centrations of 3.2 x 10 = lysine derived restdues/1000 and hydroxynor-

2 : , o S

Thé neutral sugar results are given in Table 12. The G-25

A peak 2 result for cementum coLlégen was'l.Sg hexose/l4g hydroxybfoline

of which 627 was galaétosevand 387 glucose. The hexose of the non-éollafA

”

gén glyoopro!éin associated.vith-the cementum'épliagen,(c-25 Pgak 1)

[4



64 .

-

corresponded to 0.9, tiexose/14yp hydroxyproline., This hexose was composed

of 407 galactose, 26° mannose, 7. fucose, 167 glucose, and 117 of an un-

known,



DISCUSSION .

Few chemical analysis have been carried out on predentine, Moot
studies have been histological in nature apart from the recent studies
on glycosaminorlycans, Cementum has not been studied cliemically in

. . . 245 . ) . .
great detail either,  Selvig has studied its genesis and fine Struc-
ture histologically as well as with the electron microscope and deter-
- ) ' , 234 . .
mined its mineral content, Glimcher has reported the amino acid com-
position of the less typical coronal cementum whereas Birkedal-Hansen et
246 . . - .

al have reported the amino acid composition of bovine cementum, As a
result further chemical analysis were carried out on these tissues in
order to acquire more information about their nature, These included
four major analyses: reducible cross-link, amino acid and neutral sugar

determinations and an investigation of the occurrence of phosphoprotein

in predentine and cementum, .

I. PHQSPHOPROTEIN

Prédentine: The .inorganic crystals of teeth closelygresemble ﬁydroxya-
patite, Calo(f94)6(05)2; From its molecular weight of lOOQ, the caléiuﬁ,
'coﬁtent of hydroxyapatipe‘iS‘calculatéd to be 40%, 'The calcium content ‘. ,
“of predentine (0;4%) therefore corresponds to 1% h;dro¥yapétifg. Based
on this figurc of 1% hydroxy;pgtite.one can now esti;ate the phosﬁhorps
_content of Rredentiné'cO bé'O;ISZ. Haﬁeéer, upott analysis, predentine T.
wasifound fb conéain'0.372 phdsPhorpﬁz This additignél.phbsphorug may
be organically bound and/or iﬁorganic. ‘..i | |
: Veié?an@_coworkezslgs’187?189_havg ipdl;ted; from déchlcifiéd»
bone and"dehkine ma;:ix,,a:h;gﬁlyfanibniéiphdséhoproéeinkéh;ch‘is' B
C9Y§ientiy:iinked tp~th¢ éollégcn; 'Tﬁey suggeated.it nay proviae,thell

-

]
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sites for the cpi(actig nucleation of mincralization for the matrix,
This phosphoprotein was also found in Tris-Na”l extracted dcnalcifivd
dentine matrixlgl. Thus it was loyical first to extrfact this soluble
phosphoprotein from predentine, However, once the predentine had bcbn
extracted with EQTA and Tris-NaCl, phosphorus could no longetr be detect-
td in the residue., This would tend to indicate that the collagen bound
phosphoprotein was absent in prndentine but the possibility that phos-
phorus was present below the limits of detection (0.3 pn phosphorus/ali-
quot analyzea) could nnt be excludunﬁA Thus the insoluble residue was
examined for the presence of small quantitiESIOf phpsphopfotein. Oxi-
dative degradatinn, cnrriqd out on a sample offpfedentiné, led to the
: solubiiization of a fraction containing aAloq_conccntration of phOSphor-‘
ué (0.027). This ftaction, upon electrophoretic é#amination, was shown
to be composed pf several anionic cémnoncnts, one of which displayed an
Aeléctrophoretic mobi}ity closely similar to that of dentine phosphopro-
tein. No phosphorus could pevdétetted in this band, ,quevet,.calcula;
tion showed that even. if all the pnqsphotug knpwn to be ﬁresent in thé
fractibn obtained after periodate treatment'was‘in one electrophoretic
band, the concentration in the flnal ana‘ytlcal solution was below the
limit of detection (O.B;pg phOSphorus/aLiquot‘analyzed)._ Therefore
I'there wasino:proof tnatbthe phosphoprotéln nas‘absent. However the
ptedentme compaonent isolated by electrophoresis could not be the same
.as the dentine phosphoprotein as “the absence or virtual .eqce of phoa-
phate fr& the protein would resu\fg in. 1t having a significantly differ- |
en't'.mobility Hence, it 18 probable the two components differ 1n primry
Acomposition but this could only be detemined by an amino acid deter-
.mination and there wss insufficient sample for this. o o

Py } ‘ ) ..A . ~,v. . ',

.



The above results suprest the absence of a bound phosphoprotein
_ . G193
in predentine and thus support Weinstock and Leblond's radioautograph-
ic study on the deposition of a phosphoprotein in dentine,  These re-

.33 3. . .

scarchers, using “"P and “H proline labcis, were able to demonstrate that
a pliosphoprotein, secreted by the odontoblasts, traverses the predentine
to the mineralization front where it is deposited in the dentine,

. 192 : 191

EDTA extracts as well as Tris-NaCl extracts have been
found to contain soluble phosphoprotein. Both the EDTA extract and the
Tris-NaCl extract of predentine contained non-diffusible fractions con-
taining phosphorus. However, the EDTA extract and the Tris-NaCl extract
" of dentine contain much more phosphorus than those of predentine, The

.. ,
Tris-NaCl soluble non- dlalysable fractions of both dLntlne and preden-

R 191 .

tine matrices form about 5% of the organic matrix ~ . Hence, if a sol-
uble phosphoprotcin is present in predentine, it is present in a much

lower concentration than in dentine, One should expect to find a-very:

gmall transitory fraction, . ' ‘®

LCementum: The values obtained in this study for the calcium (26.3%) and

. . ‘ _ o _ .
phosphorus (11,4%) contents of bovine cementum~are.in agreement with the

resulté given‘bclow for human tissue, The calcium and phosphorus con-

.tents of human cementum range from 25.7 to 26.6% and 11.8 to 12, 5% dry

\

weight resPectlve1y232. The organic content of bovine cementum was
~ found to-be<34%.

Phosphoprotein is thought to be the site of nucleation for

185

mineralization " The content of bhis component found id cementum

closely gesembles that of predentine.' The Tris-NaCI extraction solubi-'\

.

lized abou; SZ qf the deealcified cementum matrix. The non-diffusible

components of this extract.contained 1,767 phosphorus

{
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When the decalceified Tris-NaCl extracted cementum matrix was
analysed for phosphorus And calcium, neither of these two clements were
detected,  Oxidative degpradation solubilized a non-diffusible material
which containca 0.03° phosphorus and 0,37 calcium, Elfctrophprctic eXa-
mination of this material revealed a larve diffuse anionic component and
a discrete bdﬂd which had a mobility similar.to that of dentine phospho-
prétoin. However, no phosphorus could be detected in the gel althouph
phosphorus was_clcarly discernible in a control experiment utilizing an
equal weight of dentine, As in the case of the predentine, the lcvel of
‘phosplrorus in the fraction obtained after periodate trcatment was so low
that when the resulting electrophoretic band waglanalyzed, the concen-
tration of phosphorug would have becn*be{ow the limits of detection,
Thérefore;.the compléCe absence of the phosﬁhoprotein was not proved,

The lack of phOSphoprétéfn in cementum is very 8urprising; Veis

140,185,187,189 isolated the phosphoprotein in ‘the mineral- -

and coworkers
_ : Q . 184 ‘ o .
ized tissucs, bone and dentine , but were unable to detect it in skin,
As a result they hypothesized that it may play a role in mineralizatién.‘

As this fraction is imperceptible in cementum, the function of phospho-

protein in calcified tissue matrices must be reviewed,
[ ' ’ A '

II.  REDUCIBLE CROSS-LINKS: B - _ .

Because of thé.fundamental role of cross-links in preserving

tissue integrity, it was important to establish the cross-link pattern

in these tissues, It is important to remember that with ‘the’ techniques .

presently aﬁailéble; only reducible cross-links can be investigated.
Perhaps other cross-linkk, which are hot’reduciblé, ire.preaeqtiin col-
~lagen in addition tolghe'redgciblé'éﬁeaﬁ



6Y

Predentine:  The most abundant reducible intermolecular cross-link in
. ) 117,120 ) . 247
mincrdlized ! and embryonic tissucs has beun reported to be de-

hydrodihydroxsylysinonorlcucine,  Duriny aring this cross-link is re-
Y y Y1)

o ) . 247,128 :
placed by other polyrunctional cross-links ’ . It is therefore not

surprisinge that the major reducible cross-link of predentine (4.8 x lO.1
lysine derived residues/1000 amino acid residues) A&nd dentinev(S.S X 10-1
residues/1000) {rom unerupted feeth is dehydrodihydroxylysinonprIcucine,
detccted as the reduced éldimine. There is a slight inecrease of the
cross-link in dentine which may be accounted fqr by.taking into consid-
eration the age-of the tissue, The sourée of the déntine was unerupted
teeth, that is, a young organ in which growth and cross-link formation
is at a peak. Dav15248 found dohydrodihydroxylyéiqonbrleﬁcine to be re-
duced to 1,6 x 10-'l residues/1000 in eruptéd bovine molar dentine Coila—
gen,  As pred(ﬁtine macures; the cross-links peak in anrupted dentine
and subscquently droptsignificantly in‘gﬁc erupteé dentine,

.

Deh&drohydroXylysinonorleucine also deéreases in concent[ation

with age after having pedked during the period of maximum raté of growth

128

Comparihg the results obtained for predentine and dentine, one ob-
'serves a considerable drop in the:'concentration of “this reducible cross-
link 'in dentine. Hence, the decrease of dehydrohydroxylysinonorleucine
occurs much'moqe-rapidly than'is the case for dehydrodihydroxylysinonor-

leucine. . ' ' p
127 o
Bailey proposed .that the reducible cross-1links were inter-
mediates which are transformed into more‘stable non-feducible cro§a-

Iinks. Davis and coworkersl?9 249 -have recently shown that lysine and/or

_hydroxylysine residues can be added to the electrophilic double bond of

\

the reducible crass Links traqsforming these into’stable non-reducible



cross-links which in turn ¢an join moré than two collagen molecules.
Thus the above observations that debydrodihydroxylysinenorleu-
cine and dehydrohydroexylysinonorieucine decrease, that is, are trans-

formed with aye in predentine, are in accord with the current theories

on the fate of collagen cross-1links in maturing tissues, !

Although less marked, the cross-link precursors show a similar
relationship to development as the cross-links. Dihydroxynorleucine is
slightly increased in the dentine matrix collagen while hydroxynorleu-

. - [} ’ .
cine is decreased, because there is more- hydroxylysine in regions sus-
ceptible to lysine oxida;e.

Tﬁe equilibrium between rqduc@ble cross;links and their pre-
cursors is much more favourable in the caéc of"hydroxyallygine derived
reducible cross-links than ailysine derived reduciblé croSs-links:‘ This
is a result of isomerization of the hydroxyallysine derived cross-links
to the more stable C(-keco-amigg‘cross-links. Thercfore, one equivalent‘
of hydroxyallysine will be }n equilibrium with more of its derived cross-

-

links than will‘one équivalent of allysine.

‘Cemcntumf As in other calcified tissue céllagens; as well as preden-
tine, the'majbr reducible cross-link of cementum is dehydrodihydroxyly-
.giﬁbnorleucige. This reducible cross-link decreases in concentration

" with maturation of the tissue probably brought Abbu_t ‘1t.modi’fic;3tion
to a fore stable non-reducible cross-link. Therefore, it ié to be e)‘t-’

pected that this cross-1ink is q‘onsidera'ﬁlyllw_er 'in'concentration in

v

A

cementum ma' than in dentine matrix as ‘the cementum. was collected
from‘eruptgd teeth and the dentine frbm.younget uheruﬁted teeth, On the
other hand, the minor cross-link of cementum, dehydrphydrokylysinonor-

_leuciné, occurs in greater concentration than in'dentine.



Coementum is the caleiticd tivsue which most resembles alveolar

bone in its composition, structerc and behavior,  Comparison of the ce-
. 248

mentum cross-link results with those obtained by Davis on bone (Table

14) shows tne cross-link content of the two matrices to be very similar,

In this comparison, it will also be noted that less calcified tissues,

cementum included, seem ty contain more dehydrohydroxylysinonorleucine

® than the more calcificd tissucs,

The cross-link precursor resul'ts are similar to those of den-
tine, that is, the dihydroxynorleucine.in. cementum is more plentiful

i ) . . 120 . .
than hydroxynorleucine. Mechanic found this to be also the case in
bone, As discussed in section on predentine cross-links, this indicates
that there is*more hydroxylysine in regions Susceptible to lysine oxi-

. B a :
dase,

e

The implications of the cementuficross-link and precursor re-

sults are the same as that for thé predentine results, that' is, the

equilibrium between reducible cross-links and their precursors is more

favorable in the case of hydroxyallysine derived reducible cross-links

Y
s

“than allysine derived reducible cross-links.

I1I. AMINO ACID COMPOSITION S
Predertifie:  The EDTA-Tris-NaCl extracted predentine matrix proved to
hgvé an amino acid composition generally similar to that of dentiqe“ma; ’

trix collagen, Comparison of these results reveal that the lysfne‘(23

-

~ residues/1000) and the hydroxylysine (12;4 residues/1000) of pEedenEine

¢
'.‘ 2.4 ’ ’ . ’
n}ﬁgtgesidues/JQOO) of dentine, The sum of hydroxylysine and lysime.(35.4

-~ @re higher than the 1yside (18.§ residues/1000) and hydroxylysine (9.2

. .
N )
* v
v e O

Rics 3 ’ : g S . _ .
" ".residues/1000) "is slightly higher than the normal range for tissue ¢olla-

¢

gens (29-33 residues/1000) and significantly hiéher than the sum in den- .



l}ydrdxy lysine content
e '

ro

~1

tine (25.1 residues/1000),  The hydrosyiysine content of collayen s

L)
known to vary widely tirom ti:suce to tissue and with the age of the ang-
i : ‘ E »

“

250,142

mal 4n the same tissue™ ' even though the total of lysine and hy-

v

droxylysine remains constant, A progressive loss of hydroxylysine and

an equivalent increase in lysine content has been observed in maturing

250 . . -
rat and chick skin as well as in mineralizing turkey tendon collagen

251 ° A : N : . e
, that 1s, the sum of these two amino acids remained constant, This

-

constancy was not obswrved in_the transfermation of predentine to dentine.

‘'

It must be remembered that only one amino acid analysis was performed on

the predentine matrix and that the above observation may be due to ex-

perimental error, However, if the experimental errors are not signifi-
cant, this finding may be significant and may indicate that maturatiog

is not' the on‘ly process occurring in the transforma‘on of predentide to

4

dentine.

253 ‘ A
Cartilage collauens , are known to contain higher- levels of

hydroxylysine than the Type I collagenﬁ skin, tendon and bone. ’ This
is duc to the genetjcally different types of collagch known to occur in

this type of tissue. The amino acid.composition‘of these different types

v

’ 228
a

of collagen are being determined, 'I‘ypz;III cobl_lag,en which was first.
nd

isolated from fetal skina has been recently isolated from dentine

.o 254 ' .
gingival tissues . . Its amino acid compo&ion does not exhibit higher -
' . . ~
levels of hydroxylysine than the Type I (skin, bone, tendon) and as, a

reéu]t it is dgicult to comp_a'ré.predentine with Type III collagen"zi'a"‘?55

256. See Table 15. However, Type II (cartilage) does have an increased

257'260.‘ Recently Linsenma)'el‘zg-o ‘compared "th‘e i'

}&I(II) and o1(I) chains of embryonic chick cartiilage. The sum of

hydroxylysine and lysine of the ol 1(1I) chain (36 'fesidues/IOOO) was

A
* el
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hivher than that of the o1 (32,0 restdues/1000) 0 There was also

conciderably more hvdrosylysine in the Jype 1T collapen (1Y residues’
1000) than in the Type 1 collason (7.0 residues/1000),  In both preden-

tine and Type 11 collacen (soo Table 10), the alaningcontent is low

A

while the tyrosine is hieh,  Thas from the point of view of amino acid

composition, predentine approachies tie Type IT values more closely than

Y

« the Type 1. . Hence, the transtormation of predentine to dentine may be
analogous to hone formation, that is, Type 1I collagen is replaced by

Type 1 collagen. e
\
The proline and hydroxyproline results are more difficult jo

-

‘account for. The sum of proline (174 residues/1000) and hydroxyproline
(90 residues/1000) in prcdchtinc is 264 residues/1000, while in dentine

it is 216,5 residues/1000, The normal range is from 213 to 218 residues/

. 201,262 . ' ) .

1000, | Bornstein ! had observed incomplete hydroxylation of in-

dividual prolyl rcSi(l&*S in carly sequence studies of Fat Skin and tail
A .

tendon collagen,  He hypothesized that age as well as dietary factors

may ha?e a‘possiblo cffect on hydroxylation of proline, Juva and
Prockop69 have shown that the reduced affinity of prolyl hydroxylase. for °

partially hydroxylated chaﬁ;aacj:ounts for the phenomenon of incomplete
/ ) . . ,

« hydroxylation of iynd.ividual'pr'olyl residues observed by Bornstein.  Berg

and (Proc:kops6 %s well as Murphy and Rosenbloom85 have reaéhed the con-
; ‘ D -
clusion that the triple helical conformation prevents its further hy-
: . by

142,263

droxylation, Several laboratories’ ave réported that there is no

change in the overall extent of proline’ hydroxylation with age. A com-

? parison of the sum of hydroxyproline' and- proline contents of the ‘x 1(1),

ot1(1I) and & 1(¢II1) shows no significant differences. See Table 15. :
B . . < . : ‘ "
The glycine and hydro;cypr'oli"ne conten;ﬁ of predentine proved to be low

3
N *

('-,



whereas the proline content was hih,  As animal neu-collavenous pro-
¥ :
teins contain no hyvdrosvproline and are relatively Tow in plycine but
84,208 265

tavsrly rich in profine , lhu above discrepancics in the analysis
of predentine collaren are enderstandable,  The reduced rlycine and hy-
droxyproline content and the ¢levated proline value are probably due to
the proedentine collay en being contaminated with non-collagcnuﬁs protuein,

The neatral sugar results suspest that the contaminant is vlycoprotein,

Cementum:  The amino acid composition of the EDTA - Tris-NaCl cxtréctud
cémcntum matrix is in general agreement with that of other calcified
tissues. The hydroxylysine content oi(fzfntum (10.6 residues/1000) was
similar to that of dentine (9.2 residues/IU00) but much higher than that
a .
of bone (6.4 residuyes/1000). See Table 13. This trend is also ohserved
, . 234 . ~ )
in the less typical coronal cementum as well as in the bovine cementum
. 246 )
Birkedal-Hansen ¢t al” ' analyzed, Sce Table 16, The .per cent hydroxy-
lation of lysine in cementum collagen (357), dentine (327) and bone
(19.57) also showed the same pattern, This difference betwcen the den-
.

tal tissues and bone may prove to bc significant, The hydroxylysxne con-
tent of cementum collafen is very similar to that obtaxned from perio-

' o v e 269
donal ligament collagen from which the Sharpey's fibres originate .
The sum of the lyslne and hydroxylys1ne 1n cementum (33.6 resldues/}OOO)
‘was intmedlate between that of bone (32,8 residues/lOOO) and dentine
(28'1 residues/lOOO) the normal range for mammalian t1ssues being bet-
ween 29 and 33 residues/1000. ' Y

.

From the above experbmental data, cemen tum collagen appear: “to

v

resemble déntine collagen ruthnr ;ban :hag}af bone. Thls is surprising

as cementum ha¢ always been: thought ko, resemble bone wore than any other

tissue. These results are difficult te expllin in terms of the genetlc



»

]

types of collayen as bone and dentine have the same genetic typge

252

L1 (1) o, Very recently Butler et al have shown that by
tum collayen is predominantly Type I, with less than 57% of Type 111 pre-
sent,  The offect of the latter on the avera,e amino acid composition as
ohtainced in the prognte work would be 'nugliy\ihlu. However, the differ-
ence obscrved between cementum and bone may be due to the presence of

some Type II collaren in cementum as this type of collagen has elevated

267-210

levels of hydrosylvsine There are no reports of Type II colla-

gen occurriny in bone,

Cementyum proved to have a low hydfoxyprolinc content and a high

~

proline content as: compared to bone and dentine, The sum of proline

(156 residues/1000) and hydroxyproljne (81,2 residucs/1000) was 237.2

-

residucs/1000 which is higher than the normal range ‘f 211 to 218 resi-
dues/1000, The plycine content was sfmcwhat low indicating the cementum
collagen was notrpurc. This is also reflected in the low hydroxyproline

and high prolihe content, One contaminant was an insoluble non-colla-
genous glycoprotein associagpd with the collégen. ’
A The differences in amid;“2¢id‘composition_obsetved between ce-

. PO

mentum, bone and_gentine mgy'partly be due to the &ifferent purificaflpn

r * .

me thods utilized, such as different lperiods of extraction in EDTA andf

whether or not the tissue yas.extracted with Tris-NaCl. It may also be

. S .

that the same purification methods were more effective on one tissue

.

than another, but {f so, this may indicate some fundamentaludifferences-

such as hon-collagenous components more quséiyfasso;iatéd withfone
collagen than with another. ‘,

Some resérvations should b;ennde‘abhut comparing-average fnino .

acid values bbtaingd here for predentine, dentine and cementum vith values

»

)



for individual poriticd o1 chains of Types 1, II aud I}I.  For cxample

L]
when looking at the individual ol | chains of the Type T collagen, the
o 2 is-not taken into consideration., Also the fact that these chains

arc highly pdtiticd does not show the repercussions of cven a very small

amount of contgminant on the average amino acid composition,

IV. NEUTRAL SUGARS .

Predentine: The separationyef collagen and non-collagen glycopeptides
released from inscoluble tissue fractions by papain is similar to that
obtained when collagenase is employed followed by trypsin or pronase
266

Only one analysis for neutral sugars was carried out on the se-

parated glycopeptides, and hexosamines and other sugars were not deter-.

mined due to the small amount of predentync available, Accordingly, the

quantitation of collagen hexoses (peak 2) requires confirmation. Al-

though the modified manual orcinol method-yielded a ‘lower result.than

v

the-Téqhnicon dharbohydrate method, both values were still much higher

than has been found for skinlés’243 and dent.ine185 collagens, which con-

tain‘lesé.than 1% hexose, Predentine collagen seems to resemble carti- .

148,243

'lagenous tissue coIlagens in its apparent hlgh hexose content. It

has yet to be proven that the sugar is linked to the hydroxylysxne be-
cause there yas not enough of the 'G-25 peak 2 the collagen glycapeptide

containing peak,. to determine the glycosylated amino ac1da by%

methods of Splrolga 270

B ' : -,9

The galactose content cotresponds to 13, 5 teiidues of galactoae/ 

1000 amino acidysifThis 1nd1cat¢a with an’ 8% dilcrep.ucy, conplete gly-
) s \ . L s
cosylation of ' the hydroXylysine e LT S .

[ ]

-



A\

»

The calculation for predentine is as follows:
. v .
let y = number of grams of {falactosc 414 arams of hydroxyproline
(4.9w neutral sugar/l4g hydroxgprgline of which 59 is
galactose = 2.9y palactose/14n hydroxyproline)

131 = molecular weipht of hydruxyprolihe (M W, hypro)
v .
180 = molecular weight of valactose (M. W, gal.)
number of residucs hydroxyprolinc/lOOO amino. acid

residues determined by amino acid analysis (res. hypro/
1000 res.)

90

1]

residucs of palactose/1000 amino acids residues

"’

L x M.W. hypro. x res *hyfiro/ 1000 res.’ x

14 MW, gal. ’

- Y x MW, hygro X res _hypro/1000 res,
14 x M, W, gal.

229 x 131 x 90
14 x 180

"13.5 moles galactose/1000@ming acid residues

¥

The excess of galactose over glucose indicates that only a part

of the heXose is in the disacchéride form, Presumably galactosylhydroxy-

. v -196 - i
: lysine 1s also present as in other collagenslga 19 such.as dentine228

and skin Jsllagena’zzs_ - . -

Peak 1 'was: found to conoain significant amounts of mannose, fu-

cose. and galaotose A These hexo§es are the ma jor* sugar}components of non-

' ’
collagenous glyc0prote1n389 243 264 265 263. This strongly sugggbts

I

that, as 1n other connective tisbheé glycoproteins weré., important com-

<.

’bnents of the nﬁn collagenous material associated with the 1naoluble
"collagen.‘ Gluqose which 1s frequently found i tiasue glyeogroteins
: 243 +265 266 267 but not in serum g!ycoproteins occurred in rela:ively

- high concencration. The significance of 1nsoluble zlycoproteinu hat yct

C ;ovbe glucidated. Theit wida distribucion {n connecti*e tia:uct so-n*:

¢ . ' . :
4 - -
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243 . .
times in quite large amounts , has become increasingly evident in re-

cent years, ’ .
"'

Pcrhaps'the limited PAS staining of, predentine, mentioned ear-
* . »

lier, may be due to the insoluble }:lycoproteir;a-\lrthe’twork is -requnod

"

J

on the pxotto {vcans and soluhle blyLOprotc1n9 of prgdentxne .
<

.
’

_ . . . ‘ .
Cementum: .  The soluble glycoproteins and ﬁrotoaglycans of cementum were

*

not studicd-in the present work as the sample was small and the EDtA and

i‘ris-NaCi extracts wc’vre utilized fPr the calcium and phbs'phorus deter-
minations; As a resul:t we concentrated on the inpoluble‘.glycoprotein
fraction. 'This ,non-c‘oikla‘genous fraction appea%‘ed ,in peak 1 of the
Sephadex gel chromatography of the cémentum'papain digest, -It was found .
to contain glucose and generally resemble glycopro;:exns from other ¢on-

.

nective tissues in contaim.ng significant amounts of galactose ) mannose

.’

3
_ and fucosqza’3 26[’ 265, 68, This frac’mn 18 probably heterogenmns 1Lke
- . ’ '
the similar frac!lon of other connectlve tlSS e524§ 264;265 Qﬁa;fﬁ Its

"‘. .

composn;xon ma/ vary ‘with" age and from tlsSue to tissue 7,

As opposed to skm collagen which contains about 0. Sg hexoqe/l&g ,‘ : "

hydroxyprolmcu's 243 , (0.46g hexose/l&g hydxoxyproline jn our lab - un-

’

published resultS) Cementum collagen was found by a similar technique to
contain 1 5g heXodeg hydroxyprolme, of which 6q ﬁs gal,;ctose This.
corresponds to. 3 9 residues of - galactose/lOOO amino’ raiduea. See calcu-‘
.lation for predentine on p. 76, Cmparing this value with the number ot'
' hydroxylysine residues (10, 6/1000) indicates 36 8% glycosylation of
vhich only a part 1: che dikaccharide.A However ‘as vtth predentint

there wu 1n:uff1cient timsye . for. proof to bé obtained that the quea e o

- 3 vy

" were linked to hydtoxylyain.. ‘ .\ .‘

. o

: hqu: _r.h_g}a,bove ,hexoae‘ results on prefientine and c‘ehgh_tm;g



tentative prediction ¢an now be made cnn'ccrnin'g collayen types,

Trelstad ot a1]48 have found that there is a>relativély high amount of
carboliydrate, 5,51 by weight, covalently bound to the cartilage TypO-II
collagen as compared to thé 0.5 hexosc in skin Type I collagen. We,
thcreforb, have indirvect evidence that predentine, by its carbohydrate
content, may be of the cartilage Type 11 collagop. Ihe rather high per I-P
éeﬁt of Lydfoxy]atcd iysinc residucs is consistent with the increased

sugpar coﬁtent. However | thé.inCTense in sugar content (4.9y hcxosc/l&g:
ﬂydroxyproi}qc in predentine as compared to 0.46g/14g hydroxyproline in

skin) vas ‘much larger than the increase in hydroxylated lysine (12.4

Vresidues/IOOO amino acid residues in predentine as compared to an average

'value of 6 8 residues/lOOO for TVpe I collaoens)

Cementum has a sugar content of 1,57 which is intermediate bet-
Qééﬂ;ﬂentine and skin-'and cartilage “This may be an 1nd1cat10n that
démqntuﬁ collag?n whxch contalns two types of flbers the Sharpey's.
fibers and the intr;nsic, is a mixture of CWo.typgs of collagen;‘that of

skin and dentine: the '0(17(1)20('2 and. that.of cartilage: . the o 1(1.1)3,

;although‘the hydroxylysine results show no indication of this.‘ The‘ﬁyr

' droxylysirte content 1; not significantly higher than that of the perio-.

dontal lxgamencz : See Table 16 - 4f R S . ‘«
* . . - n . .
The hexo-e content of the coflagen of dental tissues is. of in-

I

'terest as it 13 thought to.have a relationship with the notphology of

. LN ) 2 )
. the collagen fibers 03’“07 243 (see section on Collagen a glycoProtein
| g2 40) as well as with calcification. L o R '
. ) T U'{ i o

1e 18 d;ought that ‘the seedihg uce :or mttte cry:ula occuu

{' 1n the hole resim of chc collagen ﬂbru- (aec uetim on Colhgcn bi e

e




:lnhibir.ion of,ealcification. me two compartm“" ﬂ“‘""’ ““y ‘1“ be.

‘ ‘ . N S .
€—amin0 proups of lysine-and hydroxylycine in this vicinity inhibits
. 154 . .
nucleation ~ ', Since the plucose-palactose moiety attached to the hy-
: . . . . 201 L .
droxylysine is thought to project in the hole region , calcification
may be hindered by steric interference. Transformation of a non-calci-

fied tissuc to a calcified one, such as predentine to dentine, might

then involve an enzymic modification of these strategically located re-
sidues, although there is no evidence for such a change in fully formed

collagen fibers, There are other possibilities, The transformation of ,

predentine may involve the resorption-of collagen which is Type I, but
nevertheless has a Eigh thOse'content,.with a‘conéufreﬁt replacement
witthype I collagen having a low hexdsg content. On the other hand,
the transformation ﬁay involve a Type'II'COIIageg teplacement rkth Typé“

I. There is no evidence for the above statements, however, Collagen

- is not Ehought to be resorbed in the predentine to dentine transformacion.

In the secL1on on the role of glyoosam1nog1ycans in m1neralxza-

tion (p. 28), it was suggested that acid muc0polysaccharides can- either

initiate or inhlbxt caIc{.ficationlS3 271; Bownessz72, on ‘the other

N

.

.

_ hand, suggested chat they could do both if a tvo compart:ment systen was

.

| cmsidered one compaftment being f:lbrous and concerne&dth nucleatton )

) and the other being tha true ground substance and concerned with the

3

;*.\"Applicable to glycoproteins.» However, aa opposad to Boupess ] theory,

“-the 1nulub1e glycoprouin wbich may be presumed to odcur 10 :h! fi- N

1

i .“'braus compartment may aﬁt as an inhibitot of calciﬂcgmm! . 'I‘hete

gl:coprotei,ns have high pont.ents of glumtcrand upar..lc acid which

are cajpabh of bindins caleium., e wduld therefore ex‘

80
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calcification can occur. It is interesting to note that, using similar
mcethods, the non-collapenous neutral sugar content of dentine (Pearson

uiypublished results) was determined to be one-tenth that of predentine,

V. SUMMARY:

Predentine was found to be virtu&lly phosphoprotein free. As

the basic'premisé was that phosphoprotein provided a nidus for calcifi-

cation and thercfore should net occur inm. uncalcified tissues and if so,

only in very, small quantities as in a transitory state, this result was
V 1)

expected, The lack of this component in cementum, however, did come as

a surprise and now the role of phosphoprotein in calcified tissues must

[ 1 .
be recBnsidered.

The major cyoss-linké of the calcified tiSSUGQ bone and dentine

4
3

S . . ,
are hydroxylysinohydroxynorleucine and hydroxylysinonorleucine. These

were fodﬂakgo be the.major cross-links in predentine and cgmentdg,also.

. _ | S
0f the“two cross-links, hydroxylysinohydroxynorlehcine was the predomin-

ant one in both tissues, - The cross-11nk yrecursors dihydroxynorleucine

and hydroxynorlcucine showed che same trerid as ‘that of the cross- links

The amino acid compoqitions of predentine and cementum. generally

J

. & _
resembled tha' of other colla%a There is’ some indication that pre-

dentihe may possess Type II collagcn, thia being alSO’téflected in its‘.

. w

apparently high cbllagen hexose content Cementum 13 probably mostly

Type I collagen judging by 1ts amino acid composition.. However 1ts

coliagen hexose content fhdicates a possible mixture of Type 1 and Ii

predentine and cementum col{agnna are nssociated with an tnsoluble g}y‘
» 5 - .

- cpptot!in as. gn other confiective tisouea.‘;

l4

collagen.A The non-collaggnqos ﬂeutral augar results indicate that the

.
LW

v . v - Lo R
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VI, SUCGESTIONS FOR FURTHER WORK

From the discussion above it is obvious that there were many
quantitation problems as the amount of sample for each analysis was very

limited especially in the case of predentine,
. 224 . . R
Engfeldt and Hjerpe chose to use dentine and predentine from

rachitic beagle puppies @r studying the glycosaminoglycans of these

tissues, as this provides a large predentine zone and therefore high

I

yield of predentine. This method of obtaining predentine was not satis-
) s
factory in this project as it is not known what cffects richets may have’
: ) " B L , 226
on the collagen or on the predentine tissue as a whole. Linde chose,

on the other hand, to obtain the odontoblast;predenfine layer by scrap-

y

-ing the pulp cavity of unerupted porcine teeth, _This me thod was not

: :¢h§sen gibher);s it igvites contamination of the prcdentin; sample with
odontoblastsraS'wellias with dentiney. Pérhaps in future, wholé téeih
could be deqélcifipd, althqsgh the decalcification Qrécess Qodld take.
'_much,longér than the,usual way'wheré thgtt;eth are broken ifto Splintcts: -
The dcca1c1£icd tooth could then be ‘sectioned - longitudinally an& the B

*

prcdentxne dlssected from th thiLapex of the tooth and the pudggcavity.

/
This method was recently u cd very efficaciously on’ erupted bovfse teeth

. Lt é‘ .

Aby Birkedal-ﬂansen et'81246 252 to obtain cementum andﬂﬁhus couﬁ‘ allo ) .
: g - LR e .

“be used in future to collect predentine as well S ‘;f. 3“5 ;:'{&@f

4

Having thus obtained sufficient sauaple of. both predencme aﬂd E

cementum the PhOSPhoPrOtein dete;minzé’ ons should be- rePeated with %Q?
: -enough 33mé£e SUCh that & ' ) -§a01 soiubie.pBQSPhoprotein o
»(if any) as u.ell as the ctiocfa:t .«‘soluﬁl_éf phocphoprotein (1f any) cm be, '
:‘- ‘ilohted and their amino acid aﬂﬁg hexose compbsition ehauctenzed 'rhe ‘_"
: ' Ly

'antﬁa acid composition crosc-link and crocs-link p;pcursor contout of

o 3,

R T ;~,; ; ™ @-f§. :
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both the prodentine and cementum matiix should be verified as well as
. < :
their neantral supar composition.  The plycosylated amino acids could

then be identified and quantitated by ion exchanpge column chromatopraply

194,270 -

The non-collavenous contaminants rcfcrfcd'to earlier in the
. :’
nceutral supar scction (p. 76) could be isolated by.-first digestin; the

. L]
insoluble residue with collagenase so as to rid the sample of collagen.

The remaining residue could be treatced with reducing agents so as to

solubilize the insoluble protcoglycans and glycoproteins thus enabling

’ -, : 223-226,2 2
‘their separation characterization by usual methods 23 ?6’ 43’2§4’ 65.

The soluble proteoglycans, and glycoproteins of both tissues could alsp

be investigated, It would also be very interesting to see a cellagen

type determination on predentine,

PUBLICATIONS g -

The following publications will appear based om the present work: --
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position of the insoluble collagenous matrix of bovine predentine.
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2, ~ Chovelon, A,, Carmichael, D;J. and Pearson, C,H,: The composi-
tion of the organic matrix of bovine cementum, Arch. Oral o
Biol,: in press, 1975, ’ S B
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\ TABLE 1
AMINO ACID COMPOSTITION OF SEVERAL .":r\A‘I.‘»L\X,I;\)E TISSUE CUH.»\(?%I?(.\']
]
Renal
Tendon Skin Uterus Reticulum Bonv
Alanine 110.7 114.5 95.9 - 96,5 113.5
i G:Scinc 324 3244 337.1 309 319
M Valine 1254 24,5 21.6 26.8 23,6
Leucine ' 26.0 24,8 24,5 35.8 25.5
Isoleucine 11.1 10.4 10.8 18.0 13.3
Proline _ 126.4 125.1 108.2 97.2 123.4
Phenylalanine 14,2 12,6 2.3 18. 1 13.9
‘ 'I'yrosi'ne | 3.6 3.5 2,2 3.0 4,5
r Serinet 36.9 36.9 41.9 42.8 35.9
Threonine 18.5 18.3 20.6 21.9 | ¥8.4
Cystiné- -- trace‘ trace -- -,
% Methionine 5.7 7.0 5.8 8.6 " 5.3
N Arginine 49.0  49.0 49.0 453 47.1
| Histidine 5.4 5.4 . 5.4 5.3 5.8
Lysine . V 4 21.6 26,6 269 21.6 . 28.0
partic acid 48.4 - 41.2 52,5 52.9 47.0
| lﬁtamic‘acid' 72,3 7.7 73.% 76.7 ' 72.2 R
uydfogyproliné' - | 92}; .9o.§ ~ W8.6 107.7 100;2
Hydroxylysine T e 5.9 s 1.2 as
;\Iilue.s“'e‘xpr'ess‘éd; in asriir‘x_é aciic_i:res 'i'd.ues per 1000 ‘téta1'~t;ﬁ\1nq_dcid', o
- f're;a:vi‘dues.. ‘ * L ' ‘ ‘ : ' ’ < e
/1L, Values obtained from Eastoe, 1.6% .

o

-
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AMINO ACTID SEqUi

FROM CHICR

NOEOOF X CNBr

S

TABLE 3

RAT

PEPTIDES SEQUENCI
AND (ALl SKIS

DOTO DATE
COLLAGEN

oL 2.CNBr pepties @
o(?-(‘,}ﬂ1
Chick
Rat
? .
. & 2-CRO .
Rat Gly-Leu-Met
i 2
0(2-CM 42
Rat
K
Calf

Rat

Calf

Rat

Calf

o 2-Cp2°

Chick
]

Rat

Chick -Gly-Pro-Asn-Gly-AggoAla-Cly-Arg-Hyp-G%;-Glu-Hyp-Gly-Leu-H22’w

N-terminal

. . : |
Pca—lyr—ASP-Prﬁ—Svr-Lys-ATu-AIA-Aﬂp-rhx—Gly-Pro-G]y—Pro-Ho?

Péa- Tyr-Ser-Asp-Lys-Gly-VPal-Soer-Ala-Gly-Pro-Gly-pro-Met

|

amino acids of 330 residues

©

P

0
Cl; Pro—Ar -Gly-Pro- Hyp Cly-Ala Val C}y Ala- Hyp Gly Pro Gln

Gly-Pro-Arg-G}y-Pro-Hyp-Gly-Ala-Scr—Gly-Ala-Hypfcly-Pro-Gln
' ] )

N :
Gly-Phe-Gln-Gly-Pfg-Ala-Gly-G]u—Hyp—C]ijlu-Hyp-Gly-Glﬁ-Hag

Gly-Phe-Gln-Gly-Pro-llyp-Gly-Clu-Hyp-Gly-Glu-Hyp-Gly-Gln-Hyp

Cly—Pro-Ala-GIy-Pro-Arg-Gly~Pro—ATb'G?g-bro-Hyp

Gly-Pro-Ala-Gly-Ala-Arg-Gly-Pro-Hyp-Gly-Pro-Hyp

P

v

. GI;-Pro—Ala-bly-Asg-Arg-GiytAlg-%cr-Glg-Pro-Ala-G!&’Val'L}g

G?y-Pro—Hyp-Gly—Ash-Arg-Glj-Thr-Ser-Gly-Pro4Ala?Gly-Val-Arg

Rat "Gly,Pro,Aép,Gly;Asb)QJa,Gly,Arg,H&p,Cly,Gln,Hyp,Giy,Leﬁ,Hse
A 2-CB3 o a
‘O(Z—CBSQ 45 N~teimidal résidueé of 320 residues _
- Rat Th}' Gly- ?hevap c1§ Ala-Ala- Gly Arg- il Gly 17- pro-
> Ser* Gly Ile-Thr- G%y Pm-llyp-Gl‘y Pro-Hyg Gly <N a*Gly-Ly?
Glu-Gly Ile Lys G?y Pro-Ar;,-Giy-A,sp Gin-GIy-Pro-V -Gly-Arg
< ) P T . i
. n!
'f" 0 3 * )

rl

st

e
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Calt Gly-Pro=al-Ciy=ner-Ar -Ciy=Thr=Ada-Cly-Pro-A1 =Cly-Val-Ar -
Hunan (]y—%rw-HyQ-(!y-&.r-A:g-U‘y-A!J—Scx-(Iy-Y:u—A}J-C}y-VJ]-Ar;~
.

Rabhit

Piy

Rat ¥
\

Chick

Calf
Human
Rabbit

Pig

Rat

Chick

1. Sequence of & 2-CB2 is from Fietzek et al1 .

-

Gly=Fro-tiyp-¢y=-Scer-Aro=Cly- fhr=Ser-Glv-Tro-Ala-Cly=Val-Ar, -

Cly-Fro-Hyp-Gly-Sor=Ar -Gly-Thr- Pro-Gly-Pro-Ala-Gly-Val-Ar -

r

Cly-Pro-llvp-Cly-Asn-Arc-Cly=Thr-Sor-Gly-Pro-Ala-Gly-Val-Ar .

Ghy=FPro-Ala-Cly-Asn-Are-Cly-Ala-Ser-Gly-Pro-Alu=Cly-Val-Lys-

e s 20 , , _ 30
Cly-}rUjAﬂn-hly-Asp—Svr-L}y-AruvHyp—bly-tlu-Hyp—Cly-Lcn—HSu
o )
Cly-Pro-Asx-Gly-Avz-Ala-Gly=- (Arg Hyp  Gly, Glu, Hyp , Gly, Leu, Heco)
C]y-Yru-ASx—Cly-ASH—Scr-Cly-(Axg,Hyp,Gly,Clu,Hyp,G]y,Lvu,lﬁc)

C]y-Pro-Asn—G]y—Asp—Svr—Gly-Arg-Hyp-Qly-Glu-(Hyp,Cly,Lou,Hso)

(Ary,Pru,Asn3Cly,ASp,llH,Cly,Arg,Hyp,Cly,Clu,Hyp,Cly,Leu,Hso)

Gly-Pro-Asn-Gly-Asp-Ala-Cly-Arg-Hyp-Gly-Glu- Hyp-Gly-Leu-Hse

32
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TABLL )
AMINO ACTD cotth o LT RO S Rt DEEINT Dl o v
SOLCAE sty e T s D el s B G
oKLI-(ChH oK1-Ch (4, o)
1 1 *t ! 11 111
z.-ny\m«.;_{v}‘m.n.\... ; It 19 a9, 1y 11 12
Aspartic acid NS BT YRS Y ) NI G FUS BT € FvD BRI 6 D)
Threonin 0 3(2.0)  L(3.9) 1(1.0) 1(1.1) 1(0.8)
Serine C3(2.8) 3(s.1) @8 2(1.9)  3(2.0) 4(3.9)
Glutamic ueid 15 14 12 6(6.1)  6(5.9)  b(b.3)
Prolinc 15 17 19 8(8.2)  7(7.3) 7(b.%)
Glycine 49 49 49 28 28 o8
Alartine 21 & 14 15 7_(7.2)’ 6(6.0)  9(9.0)
Valine 4(@2xt 2(2.7) 110y o7 202.2)  1(1.0)
Methionine 0 ¢ 0 0 0 0 0
Isoleucine 0 0 0 0 0 1(0.9) ‘
Leucine 3(¥:1) .b(h.j) 5(4.9) - 3(3.0)  2(2.1) 1(0.9)A
Tyrosine 0 0 0 0 1(1,1) . O
Phenylalanine 3(3.0)  3(3.1) 1(1.3) 1(1.0) i(0.9) i(0.9)
Hydroxylysinc' 0.2 2.5 0.3 1.3 2.9 0.2
Lysine 4.8 4.2 7.0 3.7 2.9- 1.6
Wistidine . 0 K 0 1(1.2)  1(1.0)  1(0.9)
Arginine' 6(6.1)  7(6.8) '4(3;8) .VS(S;O) 4(4.3) | ‘5(5.1~)
Homoserine 1(0.8) _1(0.8) _1(0.8) 2(1,8) _1(0.8) _1(0.8)
“Total . k 146 146 146 L84 . 84 84
. : | _ ¥ ‘¢
1. Table is taken from Millér' et ala. > |
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Table 5 continoed:

4

Residue s por peptido rocndcd o 0 e pearer Uwhole namber, Actong
values are Fioted where dess oan To restadee s are tound, A valoe ot

sero 1odicates less than 0,2 residoce, .

In oLH(I) the soqguence homatoromre to the recion represented by
Kl-Ch(h, ) in o1 (1D and &X1(11D) contring o mcthionyl residie
piving riscoll-Chdy and &«C1-CEhy, o e analyveis shown is the s unoof
both,

Values tor tvsine and hydrosylysine bave not been roonded oft since
there is cvidence and partial biydroxylation viving rice td noninteyser
valuces,



Amino Acid

Hydroaylyeane

'

Lysinc

Histidine
Arginine
3-Hydroxyproline
4-Hydroxyproline
Aspartic
Threonine

. Serine

Glutamic

Proline

Glycine

Alanine‘
Half-Cystine
Valine
Methionine
Isoleucine -
Leucine 3
Tyrosiﬁe

_Phenylal;hine

AMTTO ACTD Ot T T

Human

53.0
70.0

Ad.B

36.0
7.0

- 28‘6

60,3 -

20.5

28.3

¢

TABLL -t

CLOTURTT AN Y

Canine

56.5

70.0

40,5

49.0

97.0 .

9.8
2290
65.0
22.7

36.0

5.0

28.1

- 60.2
22,0

, 26,8

149

1. Table is taken from Kefalides, N;A. i

RY

TLU\NFD]

Mvine Rat
22,5 218
27.0 40,0
18,5 21,0
505 .7 52,6

7.0 7.0
56.0 50.0
72.0 70,0
41,5 _4s.s
5.5 6g.8
58.0 100.0
66.7" . 62.0.

220.0 200,0
60.0 67.0
20,0 20.4
38.0 43.0°

7.5 - 11.0
29,5

59.,0 - 60.0
23,0 17.0

28,0 19.0

30.0 -

Q]
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4

Proedentin

)

Predentine
13

TABLE

) ST !
PHOSPHORUS AND Caloris VALULL S oF

AN CEY

PREDMENTINE

P URACT oy

. ‘
Y action

v

~ EDTA cex(ract

Tris-NaCl

Predentine

Extract

Matrix

‘Cementont- Friiction

Cementun:z

EDTA Extract

Tris NaCl

Exttact

Cementum Matrix

1. Values arc expressecd in terms of percenta

" each fraction,

0.37

0.07

Not detectéd

- Not déterhined

Ca

26,3

Trace

N. D,

!

pg of the total weight of
N _ '
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PREDELT I , CEMLITIOAND DI ot yacny

R L SRS IS SRR A Y B

Predont ine

Denting

Amido1
BIﬂCk ~

-y

Cementum

Normal
pHe2.0 ’
Precipitate.

" Amido
Black

¢ -

1. Amido Black stain§‘mucopolysacchar1de

2, . Alcian ﬂlue staims protein

Alcian
Rlue

-
i



TALLY 1o

AMIZNO ACTD CotironT o af POA, s Lot EAPRACTED
. L TRIDCE S
M
- Predentine Dentine
Lysin. ) 23,0 i 18.9
Histidine 7.0 ‘ 5.2
Arginine . 65.4 46.9
“Hydroxylysine 12.4 9.2
Hydroxyproline ' ’ 50.0 - 98.7
Aspartic Acid o | 4.1 49.9
Threonine B 16.8 | 17.0.
Serine 31.6 38.2
Glutamic Acid ) ) 69,8 70.9
Proline 174 , 117.8
Glycine ' 4 231 325.8
. . ‘ ’ E IN
Alanine _ | A , 102 ‘ 124,2
Valine | 20.0 © 20,7
. o ' .
Methionine : . 7.9 ) 5.9
. ’
Isoleucine . _ 10.3 - 11.1
Leucine 25.7 N 24,7
] . . .
Tyrosine ) : ' _ 5.7 ‘ _ 4.0
. Phenylalanine ' ' 14.3 .2 11,9
N

RéSUlts'expresséd in' terms of amino a¢id residues per 1000 total amino
acid residues. ' ' ' :

1. Values for dentine cbllagen are from Veis and‘Perry187;. .

—————
'

,~



REDUCHR CRouy =110 AT cions- ] T0S PRECURSe. CoRTERT OF DENTINE
PREDUNTIE AT OO T AR cel AT NS

i o e e e ———

Reduced

v N Cross-Link: : Reduced
! ¥ Procursers Cross-Link
di INL HNI, HILHNL - HLNL
b 3 P

. -2 -2 -1 ) -2

Predentine 1.2 x 10 1.2 % 10 4,8 x 10 3.5 x 10

-~

-2 -2 -1 . -2

Cementum 3.2 x 10 1.1 x 10 2.6 x 10 5.2 x 10
1 -2 -2 s -3

Dentine 1.3 x 10 1.0 x 10 ° 5.8 x 10 9.0 x 10

/ - :
Results (xprowec¥ in terms of lysine derived residues per 1000 total

amino acid . residues,,

di HNL - dihydroxynorlvucim-

o~ INL - hydroxynorleucine
~ HLHNL - hydroxylysinohydroxynorleucine
HLNL - hydroxylySinonorleucing -
~ i
L ]

I,- Values for dentinc from Carmichael and Wohllé&be (unpublished work).

~e

’ iy



TABLL 12

NEUTRAL SUCAR COMOTITON OF FDTA) Thie-NaCl EXCRACTED
PREDITIE AND G

.

As;/]n’n' ilvpro,

Peak 1 Peak 2 Peak 1 Peak 2]
Ga_ M _F Gl U Ga Gl
2 N
Predentine 2.2 4,9 33 23 10 20 14 59 41
. 2 o
Cementun 0.9 1,5 40 2b 7 16 11 62 38

- .. . ) §
1. Also dctected mannose ( < 37 of total hexosc of peak 2) and. traces
of fucose and xylose. Traces of the latter and ribose were detected
in peak 1,
2, Value includes unknown orcinol positive compounds ¥,
Ga - Galactose M - Mannose F -

Fucose Gl - Glucose

[



TABLL 1)

AMINO ACTD COMPOSTTIONY OoF CUMENTNM,

MATRIX COLLACT Wy

L)

BONE AND DENTIN

Lysinv
Histidine
Arpigine
Hydroxylysine
.l{ydrox_ypn»l ine
Aspartic Acid
Threonine
Serine
Glutamic Acid

o
Proline

Glycine :”
Alanine

Valine

\./

Methionine
‘Isolgucine
Leucine
‘Tyrogine

Phenylalanine

Cement um

20,0 -~

57.6
10,6
81.2
46,6
18.0
33.6
72.7
156
3006
115
21,4
7.7
9.9
22,8
’3.9

v 12,3

o

Bone

o

26,
5.8
49.0
6.4
100.8
49.8

19.7

75.8
118
314 b

109

5.1
"12.3

27.9

.- 2.9

16.3

2
jkntin(

18.9
5.2

46.9

98.7

49.9

11.1
24,7
4.0

11.9

Results expressed in terms of amino acid residues per 1000 total amino

acid residues,

<

1. Values for bone matrix collagen are from Eastoe, J;g,f.

2. Values for dentine matrix collagen are from Veis and Perry

N

187
N

’



FTABLE 1

e e

REDCo b CROZ- 0 il oo v or 3‘5'{}]‘.‘\‘_ {1hha ‘{J'E'T-I’ ),Uf{f”
, CCCAREI ATl AT et
HLHEL HI.NT
Ikntinvl 5.8 x 10-1 9.0 x li)-3
-1. -2w
Cemen tun 2.6 x 10 5.2 x 10
2 P -2
Bane ™ 2.3 x 10 6.0 x 10
2 -1 . -2
Cartilage 1.3 x 10 6.0 x 10
2 . - -2 -1
Skin 1.0 x 10 1.6 x 10

-

Results are expressed in torms of lysine derived residucs per 1000 amino
: ; k
acid residues,

1
HLHNI, - hydruxy]ysinohydruxynorlvucfng
HLNL - hydroxylysinonorleucine
» ; L]
. ’ . i ’ ~
‘ 1. Values for dentine from Carmichael and Wohllebe (unpublished work).
L PO L ) a4
2. Values from bone, cartilage and skin from Davis, N,R, .
\ L]
) <@
. ) N .



A
!\.\.l M

‘\'F i'n‘
Histi 1
t\l':'il‘llu

Hydr oy Tysine

Hydrosypreline

4 . o
Aspartic Acid
Thre cnine
Serine

Glutamic Acid

.
Proline
Glycine
Alanine
Valine )
Methionine
Isoleucine
Leucine

Tyrosine

Phenylalanine

.
118
332
116

18

ACTD Cortpee I N i

Janil 1o
O Yol o1, i xi.‘(“ , [‘Y})‘]" T1, crmnne
SILITR U I IS S VL TR ) _
Type 11 Tvpe 111
Prodontine (Cat iyl o Ue M o Skin)
Pt ¢ Lo (ki)
230 17 20,0 30
7.0 2.4 5.2 6
[ ]
b, b 0 57.6 4o
<

12.4% 19 10,6 )
90,0 100, 2 81.2 125
b4, 1 42 46,06 42
16.8 24 18,0 13
31.6 27 33.6 39.
69.8 83 72.7 71
174 118 15 107
281 333 306 350
102 106 115 96
20,0 19 21.4 14
7.9 10 7.7 8
10,3 8 9.9 13
25.7 24 22.8 22
. ‘
6,7 2.2 3.9 3
14,3 13 12.3. 8

1. Results expressed in terms of amino acid residues per 1000 total
amino acid residues,

Values for Type I collagen are from Kang et al

141

Values for Type II collagen are from Linsenmayer,

Values for Type III collagen are from Chung e®®al

T.F.26O.

255

10w



>

fLysing
Histidine
Aryinine
Hydroxylysine
Hvdroxyproeline
ASpartic_Acid
Threonine g
Serine
Glutnmic Acid
Proline
Glycing
Alanine
Valine
Methionine
Isolecucine
Leucine
Tyrosine

Phenylalanine

’ .
AL ACLD ot o G
Bovine Corenal | Bovine
(knnjgliy i;_lii;;; Lementon
20,0 20 21.9
2 -- i 4.8
57.6 51 46,1
y
10,6 11 9.7
81.2 10w 93,5
46,6 50 48,1
18.0 19 18.8
33,6 39 37.5
72.7 80 80,8
\

156 124 112

306 307 332

115 115 <111
21.4 21 22,3

7

7.7 3 5.5

9.9 12 11
22.8 27 25.4
3.9 3 5.9
12.3 14 12.7

TABLE 10

101

A

Matare Bovin
Periodor: i

li;ug‘nt“

ro
~J

53

105

45

134
310
95 -
22
7.9
13
28
5.8

14

1. Results expressed in terms of amino acid residues per 1000 total

amino acid.

>

2

2. Values for coronal cementum are from Glimcher,

234

M. J, et al .

3. Values for bovine cementum are ffom Berkedal-Hansen,‘H. et 31246.

4. Values for mature periodortal ligament are from Pearson, C,H, et a1269.

£

P
¢ -
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