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Productlon of collagenase s a characterlstlc of ‘many
‘systems showlng degradatlon of collagen However lt has been‘
suggestedﬁthat 1ntermolecular.crOSS*llnks'ih fibtillar |
fﬁ////dcollagen‘may presen; a significant Qbstacle tO'the acflon,ofo”

colfagenase. An activity'rhat cleaVeQ thé telopeptidee;i.

‘%‘ wh1ch contaln the cross- link 51tes may be regu1red as the
first ‘step in the turnover of flbrlllar collagen Enzymes
with an act1v1ty agalnst,the telop%ptldes have been
‘deﬁoostrated; however tﬁeiropﬁfoptima or cellularéorlgins,,
may preclude a role in the extracellularlmatrix under'normal
physéological COnditions- This.study’was ihiciated to‘ |
determlne 1f an enzyme w1th act1v1ty at neutral pH aga1nst
collagen telopeptldes is produced by connectlve tlssues

<;. Medlum condltloned by the culture of- porc1ne glnglval
explants was shown to contaln- in add1t1dn to collagenase

(vertebrate-type), proteolytic act1v1ty capable of relea51ng.}

smallafragments from the telopeptldes of ac1d SOluble Type 1 | :

ucollagen in solutlon at neutral pPH. These low molecular |

weight peptides'did not containvhydroxyproline-buﬁ did

.concain ‘the amino acid residue»fhat'&s-involved in , ) /‘

'crossrlinking; For the purposes of ‘this 1ivestlgatlon th1s/

/
. proteolytlc act1v1ty was called 'telopeptldase

An assay for telopept1dase activity was developed u51ng

acid §oluble fetal bovine skin codlagenvreduced with NaB’H,,

DN



Caind )

itotlabelvthe,lysinal (the crosstlink‘precursor),kWhiCh is

-»ﬂlocated;in‘the‘telopeptides, The product of this reduction

v iS 5H-hydroxynorleucine~- - ,

Two fractlons w1th telopeptldase act1v1ty from

o R condltloned medium of porc1ne glnglval explant cultures were

’

A.separated by gel flltratlon. The telopeptldases of apparent
‘Mr\70,000.(Fract1on,A);and Mr_35,QOO;(Fractlon B) were
demonétrared‘ro have eimilar'properries.;Tnelpnroprimum‘of«
borhvtelopeptidases were 7.5. As'well ‘both were lnhibited )
by, E-DTA"(O 03M) but not by PMSF (0 002M) nor by NEM "

(O.QOZM) Treatment of the telopeptldase of Fractlon A WIQh

trYpsint(soluble or 1mmoblllzed), pHMB and high and low salt

L concentratlons d1d not result 1n any reductlon in molecular

151ze‘ ‘The condltloned medium from cultures of human gingival
flyroblasts was also demonstrated to contaln telopeptldase
act1v1tyﬁ This proteolytlc activity (of‘unknown molecular
size)‘had‘similar cnaracteristics (i.e.‘pH‘optimum, and
susceptibility to. inhibirors) tovthose described for the.
telopeptldases from cultures of porcine glnglva

'ﬁ\ Incubation of soluble Type 1 collagen with Fractlon A

’

telopeptidase (solution contalned lou levels of collagenasel

N o 2

_rat 22°C, resulted in the lOsEﬁof‘the major portion of the

(4

low molecular weight fragments strongly suggests that.

| cleavage(s)-had<occured in the extra-helical region. There

'was no apparent effeét\%a the N-terminal region. Incubation

: . o, . . P : " . o
- of this proteinase solution with fibrillar collagen at 22°C
.N:\;v ) |
vi

C-terminal telopeoride. The absence of hydroxyproline in the'e

TR
bty



ro o & " | |
,resulted in selubiliiegfén. A significant propbrtion gf the‘
: él chains from the solubilized eollagen were devoid of
v1rtuallygall of the C- termlnal telopeptlde o | eﬂ"
Attempts Were made to purlfy the teloﬁgptldase of
Frectlon B. However no techn1que could ge foung which
\repEOducibly separatedethis activity-from’collageneSe.
Anelyeis ef the pfodUcts;ef incﬁbation ef the“variousv
collagen substrates w1th Fractlon B. gave amblguous results
However, 1ncubat1on w1t§)the radlo belled cqllagen resuleed'
in the release of lQvaolecular‘welght fregments'con§aining
JH-hydrdxyno_rleucinebuﬁ eo H?éroxyproline, thereby

suggesting that the ‘enzyme had acted within the N- or -
N -’ 3 . v ’1 -

C-terminal telopeptide.

e

vii \



advice and encouragement.

) o -
. . . .

.

AcknoWledgements

-

1 aﬁegrateful to Dr. ~ Paul Scott my supernisor,‘for

prov1d1ng “me the opportunlty to. continue my studlﬂ%, as well

as for the encouragement, patlence’and.qu1dance he has shown

v » o b Ty :
to me. Our many discussions will be long remembered.
I am indehtedyto Dr.. Ha:old-Pearson for his sound
- St o \ . ‘

A o v / | - |
1 thank Dr. Jeff. Osborn for the many discussiong which

made.me th'ink beyond thefconfines‘of mf tesearchﬂ@y

A Epecial thanks to ElenavEdwards{ for being a_gooa
friend, as yeli_asffor the preparation o} somivof the >
collagen substrates, and for the much appreciated teohnical
"aesistance in theﬁlater'etagee of my work.

I am indebted to.Caro1e Dodd for the fine work she

. performed on the analysis of fibroblast cultures and for the

a§sistance in the explant cultures.

I thank Dan Fackre for. the amlno ac1d analyses, and for

his helpful adv1ce 1 thank Mike Raven an%\Doug Marston for-

nthelr a551§tance in the productlon of the flgures I am

grateful to Canada Padkers Edmontdn for provzdlng fresh

porcine manhdibles.

To Sophle Lehocky, Jennlfer Leckelt Neil wlnterbottom,

|

George Lbngmore and Dennls Carmel thank-you for prov1d1ng a

vfrlendly work1ng atmosphere.
ToyDn!—Dr. Gordon Pringle, a hearty thanks for

everything. - g

viii

eV




| £
- o Table of Contents
Chapter g - : P Page
I. INTRODUCTION .....uvi''e'eunrnn.. O S
A./EXtrecellular Matrix ........7 ...... ..,...;.;;..1“
B. Basijc Strueture of Gingiva ...5..}...”£.f....);..1
. C VO ‘,' R . . .
e C. Collagen KRR T N i3
N ) Lo o - -
\ . Collagen Types et e e e desaeaas e ;g
« < Blosynthe51s of Collagen'f...;,L...ﬁ.L.{......4
“ L‘Ql . " )
' Covalent Interchaln Cross links: 1n ‘Collagen ..7
Collagen Fibre Structure~ et e e ;....14
~ , .
) D. Proteoglycans and ‘their Interactlons w1th v
Collagen ...u.iieeineniiiiiiinnininenninn R 1
E{‘Fibronectin and Collagen Intefactions .l,.{..;.;21‘
FL Cohni7f~Ve Tissue Neutral Protelnases AR
,Collagenase e e X
’ : L 1
Other Connective Tissue”Neutral Proteinases .34
Neutral Proteinases of Polymorphonucled
Leukocytes and Macrophages e e e .37
\ . T o
fCollagenoly51s by Phagocytos 1

Collagen Turnover ......,...;.....;.‘.;...{..41

.. G. Object },...l;.,.;...,..;.:,.;...,..{.};......f.44‘

SIS

MATERIALS AND METHODS ....;;.....;....;.;}...,;.;.446

Protelnas s, Actlvators Inh1b1tors and’
»Substrate,_ :

o-ooo-oooaiinnlnl.-0.000300-0-10.00.46

;Tlssue Culjhre MaterialsA.;g....;;....l.,.l.}47

Polyacrylamide Gel Electroppores1s . . .
,Materlals,..........................,.,,....;47
Column,Chromatography-;.l,;;;.lg{f.f;..}..g;;QB»C
’-Radioisofopes L...;....;..ll:,;;;.,;}.....:1;48_
VOthéfCReagentSJand prdduétsf....;;...;....;..48
| R o |

ix # - .;‘



o

i )
’ K _
<
A. Tissue Culture ;:.;,.....;.;....;.3,...;;...MI..49
: R . . -
Porcine Gingivay Explant Culture ........ ce. .89

Human Glnglval Flbroblast Culturé I Y1

'B. Treatment of Cond1t1oned Medlum ;..........2...;52>
. \ . , ¢ - t

Concentration of Condltloned Medlum [ {52 .
Acthatlon of Condltloned Qgﬁlum e ...}.54_
Gel F11tr1§€on of Concentrated Mediumvi,,;..,SS S

C.'Isolatlon and Purlflcatlon of Collagen .
Substrates ces e ier s e et ene e e ,...;..;..;.55

Preparatlon of Soluble ai Insoluble Bovine
Skin Collagen ;;..............,.....,........55

Preparatlon of Acetlc Acid Soluble Rat. Tall S
Tendon Collagen: ..,.,u.......................58

> Reduction of Acetlc Ac1d Soluble Collagen ..59

O
AHC- Acetylat1on of Acetic Acid Soluble _
COllagen o-c..-‘.......-...u..-'-........-...».,.-60

D. Assays .ﬂ;.;.....,.,(..;.5}.,.;...f;;..,...;;;;.61‘

‘ GlucoseLUtlllzatlon ,;..-;...r,,...;.;..i.r;;61‘
.Lactate Dehydrogenase ..@......l..}.;u.;..a¢€é1lﬂ
Hydroxyprollnef..;.Tﬁll.l;\.;.;.;;..};.g....f62 :
_Q Mlcrobluret Assay ............;,.J..{....;r,;Bé'
Collagenase Assay .......;...;.;.j.........i;64i
Non- Spec1f1c Neutral Protelnase Assay‘#1 T.:;GSVf/

,\2‘

-}Non Spec1frc Neutral Proteknase ASsay #2 ve. .65

RN

- Determ1 atlon of Telopeptldase Act1v1ty by
.Gel Permbatlon Chromatography ...........‘...66’«-

., Large Scale Incubations with Acid Soluble
- . Collagen .oaooo-o-coooouooooouu.onoo-'c-0000068‘

Incubatﬁons w1th Acetic Ac1d Insoluble
Collagen ......;.......i.....................68



. o, : oo ) *
¢ . SRR
E.'Polyacrylamide'Gel Electfophoresis ,..l..!.f..lgﬁOlr
« SDS Polyacrylamlde Gel Electrophoresls (5%
©and 7.5%) .eaieiiiniian.., e R SR ... 70,
, SDS Polyacrylamlde Gel Electrophhre51s A -
(12%) oo, >"""f""f"“f""""i"f72'
Scanning of Polyacrylamide Gels‘.l...;.,.,:.;73
. ‘Analy51s of Polyacrylamlde Gels for ,
‘_Radlolabellad Peptldes ,..,.;._ ..... ft,; ...... 74
Pre elutlon of Gels ....;...g;.;g,.;...{..t..ZS
,'Extractlon of Pept1des from the GelsJ...;.f..75
F Other Techn1gues .;,..t...l,}.;;§..a.;:f.:..:;L.76j*
_Afflnlty Chromatography 3.;....:,;1...;;..,t.76
. Amlno Ac1d Analy51§’ ;.:;}.n..;...i.;.;.l.;ZZ
‘Liquid Sc1nt111atlon Counting ..;,:{,;.;.{.;;78;
‘1D1alY51s_g}..;.;..,.;;;...;.:. ...... ....CT,:}78~'J
| } Cyanogen Btomlde D1gest1on ,.;;l...;., ...... '1.7?;
1. RESULTS .'.".,/.,....;,.80'
: ‘-A Porc1ne Glnglv;l Ehplant Cultures .f..,...;.;.;.BOh
B. Incubatlon of Condltloned Medlum w1th the .
wl'Collagen Substrates i ee e es e e san P - I 2
: o _

A Acetlc Ac1d Insoluble Collagen Incubat1ons ..83'
Ac1d Soluble Collagen Incubatlons ..;.;..;.;.95
:.C;'Development of an Assay to Determ1né |
Proteolytic" Activity Against the Termlnal ‘
EXtra Hellcal Reglons oto_coocoo} ooooooooo Qono'lu'ioogvs.

"-Characterlzat;on of the. Rad1olabelled
Substrate -"o.no‘o.‘o.ooo:_osuoo.uuavnfcoa-ono‘oouoo..ga

‘Actlon of Protelnases on ’H Collagen .......104,

fTelopeptldase Act1v1ty in Cond1tloned o
' Medlum o0’0‘00‘0-[.',ov_-ov-.‘oo.o_oooqa 'Q.". ...“;.'..‘1'1‘3
'Refinementsof’thé‘Telopeptidase AsSay ...;;,117

| XXi l’ | |

A, L



Iv.

' D. Definition of Units ok Activity,............,.,121.

Telqpeptidase Activfly et el 121
COLlagenase vuuereeennnerenenoneninenss cen.. 123
E. Concentration and Activation of Medium ........132

F. Purification of the Neutral Metalloproteinase® 134

. Affinity Chromatdgraphy ;......L.,u;, ........ 134
~ ~ Telopeptidase Activity from . ‘
' Collagen-Affinity Chromatography ......... .. 137

Gel Filtration Chromatography of :
- Conditioned Medium ........vevveveennrnnnns,. 139

)
Analy51s of the Telopeptldase Activity in \ 7
« ~  Fraction & .. eeveunn.. i e ........7..146
¥ ? /

G. Incubation of Fraction A yith the Collagen
Substrates ....... ettt et e e e an . 154
Acid Soluble Collagen Dlge%tlons .0/..&....154
H{(fﬂlagen Incubation with Fraction A ..... 158

Acid Insoluble Collagen Incubatlons w1th
Fraction A i i i i i e e e e, 165

H. Incubation of Fraction B with the Collagen
SUbStfateS ..'....-......o...o.......'-.......;..170

I. Other Characteristics of the Telopeptldase
Act1v1t1es'.................... I VA

J. Analysis of Neutral Proteinases From Cultures
of Human Gingival Fibroblasts .................183

DISCUSSION veervvevnnnenennnnnn. . VORI 1
3 \

A. Development of a Telopeptidase ASSAY i..vn.....185

B. Proteinases with an Activity Directed Towards
Collagen .I...l....I..0...l'.l...l'l‘.."l.l.l|.188

\

. Proteinases with an Activity Directed
‘Towards the Telopeptides ........%e0v00vs...188 "

The Telopeptidase Activity in Fraction A ...190
The Telopeptidase Activity.in Fraction B ...192

xii



J.

. : .
The Products of the Incubation of
Conditioned Medium and Collagen ............192

. Fibrillar Coilagen Turnovef .......\.....:.....195

Effect of Vertebrate Collagenase on
Collagen .Turnover ...... ..........9.....Q..195.

Other Factors that May Modulate Collagen &w .
Turnover In Vlvo et esaiescuseanoneansos ... 199

Pprlflcatxon of the Neutral Proteinases ....... 202
Latent Collagenase ..veeeesievsssronnns ceeeee.207
Collagenase ASSA¥S .eevveennnones T

Gingival Fibroblast Cultures ....... e e .213

The Telopeptldases of Porcine Gingival Explant

S Cultures ,.i.iiiiieneann et et ,............214

¥
Potential Role of the Telopeptidase Activities 216

Conclusion and Suggestions for Further Studies 219

BIBLIOGRAPHY R R P I R 223

X111



~ ~Table 1,

Table 2.
Table 3.
~ Table 4,
Table 5.

Table 6.

Tablev7.
Table 8.
Table 9,
Tablé 10,

Table 11.

Table 12;

/

Tablé) 13,/
abley 13,

Table 14.

» Table 15,
£

List of Tables

. A
Solubilization of Acid Insolugle Collagen,

Hakmagglutination Inhibition Assay of the
‘Collagen Solubilized from Incubations of
Acid Insoluble Collagen and Conditioned
Medium, ,

Stability of the *H-Hydroxynorleucine = -
to Acid and Base Hydrolysis. ¥,

Release of Low Molecular Weight Fragments
Containing ’H-Hydroxynorleucine from the
In. ubation of *H-Collagen and Cathepsin D.

Incubation of ”H—Coilagen with
Conditioned Medium. -

Digestion of *H-Collagen by Conditioned
Medium; Analysis of the Amount of
*H-Hydroxynorleucine in-the Hydrolysates
of the Bio-Gel P10 Fractions. '

Recovery of'°H-Collagen on Bio-Gel P10

Chromatography; Effect of Protein Carriers.

Collagenase Assays Attempted with the
'*C-Labelled Collagen.

Recoyery of Telopeptidase Activity from

Conditioned Medium by Ammonium Sulphate
Precipitation; Effect of pH.

Affinity Chromatography of Conditioned
Medium on Immobilized-Collagen.

\

Affinigy Chromatography of Conditioned

Mediup on Immobilized Collagen;
Isolation of a Telopeptidase Activity.

s : ’ C
Rat+d of Collagenase 'and Telopeptidase
/Activities in Various Fraqtions.

Effect of Soluble Trypsin on the
Proteolytic Activities in Fraction A.

Effects of Proteolytic Activity of
Fraction A on the Collagen Substrate.

Effect of Fraction A on -*H-Collagen

Xiv

. Page

86

94

102

113

116
119

129

133

135

138

1145

151



Table 16.

G‘\

Table 17,

Table 18.

Table 19.

Rélease of Low Molecular Welght Peptides
Containing *H-Hydroxynorleucine.

Solubilization of Collagen; Incubations

of Acetic Acid Insoluble Collagen and
Fraction A, \

Incubation of Fraction A with Acid -

Insoluble Collagen; Quantitation
of alphal-CBé6c. A

Solubilization of Collagen from the
Incubation of Acetic Acid Insoluble

.Collagen and Fraction B.

Effects of Various Reagents on the
Telopeptidase Activities of Fractlon A
and Fraction B. :

XV L

162
166

169,

171

181



List of Figures

\ Page
Fig 1, Location of Attached: ingiva? ' - 2
Fig 2. = Structure of Bovine Type I Collagen. 9
Fig 3. Ahalysis of Gingival Explant Culture, . o
’ Medium, : : 81
‘Fig 4.  Digestion oﬁ Standard Substrates. . 82
'Fig 5. Gel Electrophoresis of the Products of
Incubation of Acid Soluble Collagen and v
Conditioned Medlum 85
. ‘ ;
Fig 6. Gel Electrophoresis of the Products
of -Incubation of Acetic Acid Insoluble
: Collagen and Conditioned Medium. - - 88
Fig 7. Elution Profile of the Collagen Released
: from the Incubations of Acid Insoluble
Collagen and Conditionéd Medium. ‘ 90
Fig 8. Gel Electrophore51s of Cyanogen Bromlde
: Dlgested «a1/4 Peptides. . 92
Fig 9. Gel Electrophoresis of Products of Inc batlon
‘ of Acid Soluble Collagen and Cond1t1on d ‘\\
Medium, 96~
» AY
Fig 10. Reduction of Collagen Crosa—link Precursors 99
Fig 11. *H-Amino Acid Elution Profile of Sodium
Borohydride Reduced Acid Soluble Collagen. 100
Fig 12. *H-Amino Acid Elution Profile of °H-Labelled
: Acid Soluble Rat Tail Tendon Collagen. 103
Fig 13. Elution Profile of Trypsin-Digested - ..
' l’H-Collagen on Bio-Gel P10. . ' 106
Fig 14, Elutlon Profile of Cathepsin D Dlgested /
H-Collagen on Bio-Gel P10, -1 107
o
Fig 15. ?*H-Amino Acid Elution Profiles of -
Cathepsin D-Digested Collagen. 109
Fig 16, *H-Amino Acid Elution Profiles of the
Factionated Products of the Incubation of
H-Collagen and Conditioned Medium. 115

xvi



Fig

Fig

Fig

Fig

Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
Fig
‘Fig

Fig

17.

18.

19,

20.

21,

22,

23.

24.

25.
26.

27.

28.

30.

31.

Incubation of *H- Collagen and an Enzyme
Preparatlon Containing Telopeptidase
‘Activity; Effect of Varylng Enzyme

Concentratlon '

Incubation of Reconstituted Colldgen with
Varylng Amounts of Conditioned Medium,

Conditioned Medium; ~ Time Study.

Elution Profiles of Products of Incubation
- of “C Collagen: and Tryp51n.

Gel Electrophore51s of Acid Soluble Collagen
‘Digested by Fraction B; Development of a
. Collagenase Assay.

Concentratlons.

Elution Profiles of Proteolytic Activities .
of Conditioned Medium on Agarose AQ. 5M
‘ Preparatlve Chromatography

Elution Profiles of Telopeptidase Activity

of Trypsin-Treated Fraction A.

Elution Profile of- Proteolytlc Act1v1ty of

Conditioned Medium.
&

of Latency

Chromatography of Fraction A; Elution

' Incubatlon of Reconstltuted Collagen thh

‘Acid Soluble Collagen Digestion by
- Collagenase; Effect of Varying Enzyme

Elution Proflles of Proteolytlc Act1v1ty
of Conditioned Medium on Agarose AQ,5M.

Clearance of Ré&onstituted Collagen by a’
'Collagenase' of Fraction A; Demonstration

Profiles of- Proteolytic Act1v1t1es.

Gel Electrophoresis of Products of Incubation
of Acid Soluble Collagen and Fraction A.

¢

Gel Electrophoresis of Cyanogen Bromide
_ Digested-Products of Incubation of Acid
‘Soluble Collagen and Fraction A.

‘H-Amino Acid Elution Profiles of the
Fractionated Products of Incubation of

'H-Collagen and Fraction A,

Gel Electrophoresis of Cyanogen Bromide.

\

. : © ., xvii

¥

122

124
126

127

130.

131

140

© 143,

147

149

150

153

155

156

161,



Fig

Fig

Fig

- Fig
Fig

Fig

Fig

Fig

33.
34,
35,
36;
37,

38.
39.

40,

|
(

Dlgested Products of the Incubation Of
*H-Collagen and Fraction A.

Incubation of Acid Insoluble Collagen
Fractlon A. . ‘

Gel Electrophoresis of the Products of%
nd

\

Gel Electrophore51s of‘Cyanogen Bromide \
Digested-Products of the Incubation of
Acid Insoluble Collagen and Fraction A.

f
Gel Electrophork51s of the Produtts of |
Inpcubation of AQ}d Insoluble Collagen and

Fraction -B.

Gel Electrophorésié of Cyanogen Bromide
Digested-Products of fhe Incubation of

'Acid Insoluble Collagen and Fraction B.

Gel Electrophoresis of the Products of
Incubatlon of Acid Soluble Collagen and
Fractlon B.

Telopeptldase Act1v1ty - pH Optimum.

Other Characterlstics of the Telopeptldase
Activity of Fraction . :

A Schematic Representat1on of the Locatlon
of the Sites on Collagen that are Cleaved

by Collagenase and Telopeptidase.

xviii

"

162

167

168
173

175

177
180

182

197



h ]

 Abbreviati6n§
CNBr ' = Cyanoéan_bromideh'\
DMEM = Dulbeccb's.modifiedhEaéle ﬁediam ,
dpm = disihtegrations:per minyta " )
. EDTA = eéhylenediamineﬁetraacétaté—dispdiam

- 'pHMB _% para- hydroxymercurlbenzoate | |
Mr = relatlve mass ' |
NEM = N- ethylmalelmlde ' :

“PMSF ,=_phenylmethylsulphonyl fluorlde

SDS = sodlum dodecyl sulphate

=3

TCAp, = = trlchloroafetyc_ac1d‘
TPCK = ;~(tosylamid6,2 phenyl) ethylbchloromethyl ketone
TLCK = Na-tbsyl—L:lysine chloromethyl ketone t

void volume (of column)

Vo

vt tbtal column volume’

L4}

Standard aSsay.buffer: 0.05M-Tris/HCl containing 0.2M-NaCl,
0.005M-CaCl,, 0.02% (w/v) sodium azide, pH 7.%.

Gel Filtration Chromatography Buffer O'OSM—T:is/HCl
containing 0.2M-NaCl, 0.005M- CaClz, 0.05% "(w/v) Brije3s,

0.03% (v/v) toluene, pH 7.4.
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V'A.vExtracellular”Matrix

e R '
I.‘INTRODUCTION‘

)

Connective tissues are comprised of a variety of cell
types wh1ch for the szt part are surrounded by the1r
Spec1f§c products. ThlS extracellular matrlx is a complex of

man%\;zpeeof macromolecules which form the basis of the

~ struc al and functional 1ntegr1ty of connective tlSSUBS.

These’ components are not static, they are synthe51zed

modified and degraded, at dlfferent rates in the various

’connectlve tlssues throughout llfe. The types of

macromolecules and their 1nteract10ns are’ respon51ble for

the ultimate characteristics of the individual connective

tissues.

-,
B. Basic Structure of Gingiva- ' ' <p
~Histologically, attached gingiva is in many respects
similar to other -soft connective tissues (Fig 1). It is

covered by gingival epithelium whose outer layer is composed

,Ofbfyattened dead cells that are keratinized (Scott and

Symons;, 1974). The connective tissue or %amina propria
(corium) is separated from the epithelium'by a basement

membrane. The lamina proprla is well 1nnervated and has a

rich blood supply The connective tissue supportlng the

‘ gxnglval ‘epithelium when in a hedlthy state, contains many

collagen fibres and fibroblasts wlth no neutrophils_being

apparent in the.extravascular: space. The lamina propria
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-adjacent to the sulcular and junctional“epithelium contains
Y . e ) ) ) ] i . .
by ‘tentrast few collagen fibres, but many neutrophills

A(OSborn and Ten Cate, 1983).
C. Collagen

Collagen Types L ' - o 3 ‘ .
Collagen, of wh1ch there. are several genet1cally
.,dlstynct types (rev1ewed by Gay-and Mlller, 1983), forms the
‘structural framework of the connectlve tlssues The collagen(_
types have several common features, one of whlch is the
presefjce of glyc1ne as every third amino acid residue in' the
hellcal region and the large numbers of tr1pept1des
onta1n1ng the sequence of Gly Pro-Y or Gly-X- Hyp (Bornstein -\
and Traub, 1979). The. sequence, Gly-Pro- Hyp, makes up 10% of
ﬂ“trlpept1des in the collagen hellx (Nimni, 1983). The
presence of glyc1ne in every th1rd position enables three
collagen chains to assooﬂate to form the trlple hel1x..In
this conformatlon, the collagen molecule possesses a hlgh
degree of structural 1ntegr1ty, as well as re51stance to the
. ma]orlty of non- spec1f1c prote1nases. Type Iv collagen
differs from Types I, II and III, in that there are regions
w1th1n the helix that are not made up of the repeatlng
Gly X-Y tr1pept1des (see aboye) and these reg1ons are
susceptlble to the actlon “of certaln protelnases (Bornsternua. i

and Sage, 1980). Type I collagen is composed of. 2 o cha1ns

and 1 a; chaine([a1(I)]zdg(I)). Type 11 and ILL‘collagens

*

. }
/{\ " ‘ b '
",
. h s
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_are composed of 3 identical chalns denoted by [a1 11)1,, and
(o, ( III)]a respectlvely. The predomlnam;\molecular Specres.-
for Type.IV collagen is Unknown (Gay and Miller, 1983).

Type I collagen is found in essentially all soft?connective
tissues,(skin, tendon ligament) as the predominant collagen'

das well as in calc1f1ed tlssues (bone, dentine, and |

Acementum). Type II is found prlmarlly in qartilaglnous
tissue. Type III is ﬁound mainly in softhOnnective,t155ues,
however indnost tissues other then fetal, it is:present at 2
mnchblower concentration than that of Type 1. Type IV "

" collagen is.found onlydin basement membranes In addltlon

there are other types of collagen which have been recently

descrrbed (rev1ewed by Gay and Miller, 1983).

onsynthes1s of Collagen ' o ;

. Collagen is synthe51zed by several cell types 1n o~

varlous connective tlssues 1n a- manner that is. s1m1lar to
E

fother protelns destlned for export (rev1ewed by Rrockop,

1982) A collagen gene (az(I)), has recentlyvbeen gsolated l
and regions o:i thﬁs gene characterlzed (szﬁey et'alt; :
'1981a b; Crombrugghe and Pastan 1982). lhere‘arev |
approx1mately 54 cod1ng sequenceé/ exons) ranglng 1n 51ze
between 18 108 base pairs. These are separated by
intervening %eguences (;ntrons)v The total length of. the : f
transcribed product (mRNA) of thlS gene is 10 times the }
'Iength of the functlonal mRNA that is ultlmately translated

f1nto the precursor of . the az(I) chaln (see below; Nimni,



1983).
The shortened collagen’mRNAijs translated and the..
-product which is called‘the pre-prodollagen, loses it‘s
" signal peptlde as it enters the endoplasmic ret1culum
(N1mn1,,1983) The 1nd1v1dual collagen cha1m§ are modified
by the action of- prolyl and lysyl hydroxylases, which act oan
certaln prolyl and lysyl re51dues ‘The ‘extent of hydroxy-
lation, wh1ch occurs on « chalns in: the non- hellcal o
conformationﬂ appears to be dependentvupon specrélc factors\
which are likely to be variable in different tisSues (for
example substrate concentratlon and avallablllty, N1mn1,‘d
11983). The" procollagen cha1ns are further modified by the‘
addition of sugars (galactose and glucose on . hydroxylysyl ;,t
_re51dues w1th1n the hellx) in the c1sternae of the rough |
-endoplasm;c reticulum Fev1ewed by K1v1r1kko and Myllyla,
1979). Triple helix formatlon occurs in the endoplasmlc'
iretlculum ‘After the addltlon of ollgosaccharldes
(conta1n1ng N- acetyl glucosamlne and mannose) to the
exten51on peptides, which probably mainly occursvin the‘
Golgl apparatus, the procollagen is packaged rnto secretory
“ve51cles transported to the plasma membrane and secrated

|
- from’ the cells (N1mh1,-1983)

- the Type I procollagen molecule con51sts of three
polypeptide chalns ([pro a1(I ]2 pro az (11) each made up of
1,014 am1no.ac1d.re51dues,wh1ch form the_tr1pl#»hel1x, and

extensiondpeptides of approximate molecular weights of

| 20,000, and 35,000'at the.amino— and carbochtermini, L



respectlvely (Bornstein and Traub, 1979), The‘terminal
o

extens1ons’?re beliawed to prevent premature prec1p1tat10n
of the collagen molecules (collagen fibril format/on w1th1n X
‘the cell, or before the collagen moleculevis_actually&in

e i , oo
place on the_growingffibril (Light and Bailey, 1980). The

. major portion of each extension is removed in the extra-

: vcellular’matrix by the respective'N'and'Crterminal

pro- peptldases, at some p01nt up to and 1nclud1ng the

1néorporatlon of the collagen monomers 1nto new or

pre ex1st1ng collagen bundles known as . flbrlls and flbers

The remalnlng segments of .the extens1on peptldes, wh1ch are

 referred to as the telopeptldes (16 amino ac;d res1dues:at

the N- termlnus, and 25lamino acid reSldpes‘at the

C-termlnus) are . apparently essent1al for the proper

'allgnment of the collagen molecules. Gelman et al. (1979)7
demonstrated that collagen molecules,lacklng most of the
tekbpept1de regions (removed by pep51n treatment) formed
abnormal fibrils. lacklng the characterlstlc bandlng
patterns In addltlon the rate of flbrll formatlon was .

~d31gn1f1cantly slower when compared to normal collagen. This
A';latter f1nd1ng was conflrmed by Brennan and Dav1son (1981)
The 14st major enzyme cabalyzed modlflcatlon of the

'collagen,‘ls the conversion of Some of the lysyl and

hydroxylysyl re51dues on both telop{ptlde reglons to an

. aldehyde form by the actlon of lysyl oxidase. nThlS

';convers1on 1s ‘a pre requ1s1te for the format1on of stable

1ntra— and 1ntermolecular cross- llﬂk%b as d1scussed below.



Covalent Interchain Cross-links in Collagen

The formation of a covalent interaction between
collagen chains or molecules is preceeded by the conversion
of the lys&l residues of the telopeptide regions (N-9 and
C-17 of the «, chain and N-5 of the a; chain; see Fig 2aA),
to a—;ninoadipic (g)jsemiakdehyde, otherwise known as
'lysinalL (the aldehyde derivative of lysine; also réferred
to as allysine) or the conversion of hydroxylyéine to
‘hydrokylysinal' (hydroxyallysine; Bornstein and Traub,
©1979).. Lysyl oxidase which catalyzes this reaction appears
to function preferentially on coilaéen aggregates or fibrils
(Siegel, 1974). In addition, the enzyme also appears to
prefer hydrbxylygine as its substrate.

‘p Seneral types of interaction have been demonstrated nr
postulated for these‘modified lysines. The two main types
which have been characterized after reduction with sodium
bofnhydrﬁde (thus called the reducible cross-links), are the
aldol condensation prdducts and‘the aldimine crqssflfnks.'
The former type involves the‘a?ﬁ§bnsation between two
adjacent lysinal rqsidueé, whilg the aldimine cross-links
are derived from the condensation of a lysinal (hydroxy-
lysinal) and an epsilon amino groun on lysine or hydro#y—

lysine (Bornstein and Traub, 1979; Light and Bailey, 1980).

\,/'
It is genera%;y accepted that lysyl oxidase acts

preferentially on lysyl/hydroxylysyl residues situated at
"the extra-helical regions of collagen (Bornstein and Traub,

1973). In soft tissue collagen, aldol condensation products



\
Figqure 2. Structure of Bovine Type I Collagen.

A) Type I bovine skin collagen is composed of 2

and oneoCp chains. Each chain consists of 1,014 amino
acid residues which make up the helical regions
(represented by the horizontal line), and an
additional 16 and 25 residues for theocychain, located
at the N and C-terminal extra-helical regions
(telopeptides) respectively, and 9 and 6 residyes

for the o<y chain respectively.  The locations of the
methionine residues are denoted by the short vertical
lines.

a -~ denotes the peptides (CBX) derived from the
treatment of the collagen with cyanogen bromide.

b - location of the cross-link precursor (N-9) in the
N-terminal telopeptide. A

¢ - location of the cross-link precursor (C-17) in the
C-terminal telopeptide. -

d - location of the bond cleawed by vertebrate
collagenase (between residues 775-776).

L3

B) A 2 dimensional representation of fibrillar collagen,
showing the 4D stagger (see text) and intermolecular
cross-linking between collagen molecules (see text).

b - residue N-8
¢ - residue C-17
e - residue 87

f - residue 930

Intermolecular cross-links shown are between residues
N-9 and 930, and residues C-17 and 87.
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have been ascribed, in most part, to the N-terminal telo--
peptide, between adjacent aldehydes N-9 to N-9 of two o, (1)

i . .
chains, or an «,(I) and an «,(I) (N-5) chains. These inter-

actions are likel}\to be responsible for all of the intra-
molécular cross;links found in soft tissue collagens,
However there are no known functions for this. type of
cross-link. Aldimine type cross~links have been’demonétrated
to involve lysinal in the C-terminal telopeptide (C-17) of
one collagen molecﬁle and a hydroxylysine within the hélical
portion of ahother collagen molecule (fesidue 87, @n the
‘a1CB5 peptide; Fig 2B), thus forming an intermolecular'
cross-link (dehy&ro—hydroxylysinonorléucine5. The location
of‘thé,hydroxyligroup may be reversed in the above two
participants in thié cross-link, however é similar end
product is'obtainea-(Bailey and Peach, 1968). This latter
type of interaction (involving hydroxylysinal and lysine or
hydroxylysiné) undergoes a spontaneous Amadori rearrangemént
to_form‘a keto-amine, which is chemically more stable,
however the physiological significance of this eitra
stability 1 not known., Reduction of‘both dehydro-hydroxy-
1ysinonbrleucine and the keto-amine with_3H—sodium boro-
hydride yields 3H—hydroxylysinonotleuéine, with the only
differencé being in the location of the tritium (Bornstein’
| and Traub, 1979). I | . ‘

| In the soluble collagen from connective tissue® such as
bovine skin, the predominant cross-link preéuréor is lysinal

(after reduction it is hydroxynorleucine; this is discussed



fibrillar collagen from skin the predominant reduced

form aldol-histidine as proposed by Tanzer et

v

in more detail in the Results; Fig 10). In insoluble

cross-link is hydroxylysinonorleucine, with some lysino-
norleucine which is derived from condensation of a lysinal

and a lysyl residue (Bornstein and Traub, 1979). Other

‘1nteractlons have been proposed such as-an aldol

condensatlon product of two adjacent lysinals (C-17) from

the C-terminal extra-helical region (Brennan and Davison,

1981; Davison and Brennan, 1982). However this may be an
artefact caused by the extraction technlques or durlng the

reductlon with sodlum borohydrlde under ‘basic COﬂdlthﬂS

(personal communlcatlon, P.G. Scott)nw. @

- The initially-formed adducts are %:if;zeredbysom- =
workers to undergo further reaction. The & . ”
adjacent hlStldlne to an aldol condensatlon produceCwould

This in turn may interact with another hydroxylysine to form

~histidino-dehydrohydroxymerodesmosine. However, as

¥

demonstrated by Robins and Bailey (1973), the formation of
this reduced component is probably a borehydride-indﬁced
artefact. There is no direct evidence for the involvement of
histidine in the reducible cross-links of collagen in vivo
(Bornstein and Traub, 1979). |

The cross-links that have been defineg’above are the
sd—ealled reducible cross~links. The levels of these types
of cross—linkS‘appear;to decrease with ageing or maturity of

ﬁhe tiasue/organism (Robins et al., 1973). To maintain the
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mechanical integrity of the collagen, itkwduld appear that
other fypes of cross—linkg would be necessary., f%ese have 
been called the nén—redueiblé (sﬁable( mature) cross—links.‘
Fujimoto and Moriguchi (1978) iéolated‘from bovine achilles
tendon collagen, a fluorescent compounq which they. named
pyridinoline. The authors believed that this‘tompound, which
. was isolated after acid hydrolysis and ion-exchange chroma-
'&ography, was,aue to the interaction of a reducible .
chss—link_(between 2 « chainé) and é hydrgxylysihe from a
third chéin.’nyidinoline was also demonstrated in collagen
of rat costal cartilage; rib 'and femoral bone (Fujimoto and
‘Moriguchi (1978).’The cgntent of pyfidinolihe in the rat
gkin theQer was extremely_léw. RoBins (T983)»confifmed the
ekistence of pyridipoline in his investigations of sheep
‘long bone collagen, and demonstrated that it probably exists
ih vivo éswéigg%actosylpy:idinoline. This cross-1link
‘component was.aiso demonstrated in Type II coilagen from
bovine articular cartilage (Robins and Duncan, 1983) . The
-anplySis of certain'peptides~isolated éfter cyanogen bromide
digestién of the cartilage collagen confirmed that the
pyridinoline was ihvblved-in cross-linking ofvfhree peptides
from different chains. Aécggding to the abo§e investigators
the function of pyridinoline\éppeared to be.in stabilizing
the 4D staggév Qf adjécent collagén'molecules. There are
~other postulated non—redﬁcible cross-links (gem-diamine;
Davis etnal., 1975; hydronyaldol‘%istiaine; Housley et al.,

1975), however their existence in vivo has not been

™



confirmed'(Bornstein and Traub, 1979; Light ana‘Baileyi.
1980). As noted by Light and Bailey (1980), -tovverify that a
_partlcular cross-link does exist would requ1re 1ndependent
analy51s of the structure as well as the chemlcal synthesis
of the compound. |

Rauterberg (1973) and Zimmermann et al.b(1973)
described the presence of intermolecular cross-links
involving the C-terminal telopeptide region. Comparisoné
| were made by these>authors'between'cyanogen bromide digests
of fibrillar collagen from a varlety of tissues lncluding
bovine skin, and the'cyanOgen brohide digest% of acid
soluble collagen They demonstrated decreased levels of
non-cross-linked «,CB6 peptldes from the acid 1nsoluble
collagen preparation. With a monospecific antlbody dlrected»
towards the C—terninal telopeptide, Zimmermann et al. (1973)
demonstrated the preFence of «,CB6 in higher uolecular
weight fractions. Treatment of the fibrillar‘COllagengwith'
pepsin (which removeaya‘major éortion of the telopeptides),
followed by digeStion;wlth cyanOgen<beomide resulted in the

Ny \

apparent loss of all antlgen\c determlnant\that was

™S e

1n1t1ally observed in the various fractions, with a .
concominant rise in free «,CB6. Intermolecular cross—linking |
involving the a,CB6 peptide Ras been shown to 1nvolve 2

different specific 1nteract10ns (Bornsteln and Traub, 1979).
The above authors (Zlmmermann et al., 1973; and Rauterberg, .

1973) believed that some of the intermolecular cross-links

lwereidue to the interaction of the C—terminal telopeptide of
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one « chain and some region within the helix of a second

‘chain.‘lt'has Since been described that the latter

'cross link joins re51due C—17 to re51due 87 of a1CB5 (Fig

2B). Kang (1972) demonstrated in rat tall tendon collagen
the condensation of ly51nal from the N- terminal telopeptide
of an a1 chain (a1CBO 1) and a1CB6 ‘This cross-link 1nvolves‘
residue N-9 and residue 930 of the a,CB6 respectlvely (Fig
2B; Bornstein and Traub 1979)a‘§cott and Veis (1976b)
analyzedvacid insoluble bovine skin and dentine.collagen

after digestion with cyanogen bromide. rThey calculated that,

on average +5 cross-links per collagen molecule 1nvolved

the a1CB6 peptide In a later study on highly cross- llnked
1nsoluble bov1ne dentine collagen Scott and Edwards (1981)
calculated the. number of 1ntermolecular cross-links that

could be attrlbuted to each telopeptide region On average,

- therefis one,cross-link per molecule'originating from the

C- terminal telopeptide as well as.one from the N-terminal

‘vtelopeptlde In soft tissue flbrillar collagen the exact

contribution of each form of interaction appears not to. have

been deduced

Collagen Fibre Structure‘

. The 1ntermolecular cross links appear to arlse in the
location described above as a result of the way the collagenv
molecules are organized in the flbrils However these

cross-links are also responsible for stabilizing these

N

‘fibrils. The collagen molecules are axially displaced'by an
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-«

'

'integral multiple of D (Miller, 1976). The length of theA

| collagen molecule is 4.4D (280nm)v with each D period
extending over approx1mately 234 residues (67nm). Thls
hlghly ordered array of collagen molecules 1s deplcted 1n a
’51mpl1f1ed ‘two-dimensional view in Fig 2B (Hodge, 1967;
‘Bornstein and Traub, 1979). This model is based on }he Hodge
and Petruska model "as dlscussed in-the above references
However this model can only explaln the collagen packing 1n
two dimensions (Miller, 1976). Varlous models have been
proposed to account for the organization in .three dimensions
while keeping theAstaggerhdepicted_in Fig 53. One concept,
as noted in‘the review by Bornstein and Traub {1979),
involves«collagen fibrils which are built up with micro-
fibrillar units whichfare in‘turn composed of collagen

. moleculesvin staggered larray. Different investigators have
SUggested'collagen mlcrofibrils are composed in
cross-section of 2, 4, 5 or 8-collagen monomers. Another

- proposal, which is cal¥ed the quasi-hexagonal oacklng model,
involves collagen molecules packed in an approximately
hexagonal latrice.bur without a microfiorillar substructure
(Hulmes}and’Mlller,‘1979} Holmes and Miller, 1981). This"
organization would essentially be continuous throughout the
fibrll. o | |

o Calf skin collagen fibrils are packed parallel to one’

~another into coarse fi5g£s, which form a mechanically stable

- -

network (Kuhn and Glanville, 1980) The sizes of these

flbrllS vary in different tissues, and may range from

L
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.10—100nm diameter (Kuhn and élanville,.1980). Bone tissue
contalns thlnner fibrils than calf skin. fn addition the.
fibrils of bone have a different appearance on electron
microscopy (more of an irregulaf arrangement).‘The types df o
packing~and_the.intefactions oﬁ-thekcollagendbetween itself
‘and othet extraceilular mactomolecules areifaceefgzghich
could cdntribute_to the differences in .the sttuctures of
vatious‘chnective_tissdes, and these in turn'are‘pteSumably:

. L4 : .
related to differences in function. »

D. Proteoglycans and'their Interactioné withnéollagen

| Proteoglycans are macromolecules cdnsisting of a
protein core with oneApr ﬁore long side éhainsfcalled
Qlycosaminogiycans which are made up of repeating
disaccharides. The repeating.disaccharide unit cdnsists of
hexosamlne and hexuronlc ac1d except 1n keratan sulphate
‘wh1ch 1s composed of repeatlng units of hexpsamine and
Qalactose.;In‘addltlon, there are shoiyfgjanched chains of‘
‘oligosacéharides (not eontaining hexuronate) l1nked to the'
protein core. The types and concentratlon of the proteo—
glycanS'are quite variable between the_dlfferent connegtlve
’tissnes (Chakrabarti and Park, 1980). These macromoledples
are in low concentratione exeeptvin cartilaginous‘tissnes’
but ;Zy have an 1mportant 1nfluence on the degree of
hydratlon and osmotlc swelling of the connectlve tissues
(Pearson‘-1982) Other propertles attrlbuted to the proteo-

glycans a’e v1scoelast1c1ty, modulatlon of access of

3
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materials to and from the cells. and inhibition of
calcification (Pearson, 1982).

In soft connective tissues sulphated galactosamino-

E)

glycans and hyaluronic acid (which is not covalentlyalinked

’

to protein) are the predomlnant glycosamlnoglycans Heparan

sulphate (a sulphated glucosamlnoglycan)‘though foun ih

.lower concentratlons,’ls present in: proteoglycans ass_c1ate3\
with basement membranes and the external surface of cells
(Chakrabartl and Park, 1980). One form of heparan sulphate
proteoglycan is. 1ntercalated w1th cell membranes (Oldberg et
al., 1979). The sulphated galactosamlnoglycans of
‘non- cartllage connectlve tissue are of at 1east three. types,
‘chondr01t1n sulphate (a homopolymer contalnlng D- glucuronate/
but no L—iduronate) and two categorles of»hybrlds (of |
copolymers) that differ in the proport1ons of ‘L-iduronate

nd D- glucuronate in thelr repeatlng dlsaccharlde units. The
‘.L 1duronate rlch hybrld is w1dely dlstrlbuted and is’ |
presentvln bovlne periodontal llgament and skin (Pearson‘aad'
Gibson,)1982; Gibson and'Peanson' 1982) and in bov1ne sclera
(Coster and Franesbn 1981). The loW’karonate sulphated
galactosamlnoglycan has been demonstrated in ‘the same
tlssues. However -in‘mature skin, 97% of the sulphated
galactosaminoglycans was shown to Bekthe‘hybrid rich in-

iduronic acid (Gibson and Peatson, 1982). In addition, the

two types of sulphatedfgaﬂac Asaminoélycans are present in

different protegglycans (Pean§\n-and Gibson, 1982; Coster
and Fransson, 1981). The proteoglycan containing the hybrid

i



rich in L-iduronate (proteod‘rma an. sulphate) has an
apparent molecular welght in the range of 70,000-90, OOO
(Coster and~Fransson 1981' Damle et al., 1982). On the

B other hand the 51ze of the proteoglycan contalnlng the

,4//‘

_/.,»»»

1s con51derably larger than proteodermatan sulphate (Coster
- and Franseon; 1981;‘Peatson and Gibson, l982l.

) There have been a nunberfdf studies on the.interactiens_
of proteoglycansband/or glycosaminoglycans with cellagen
(review: Chakrabarti and'Park, 1980). Obrink (1973)
demonsttated that the glycosadinpglycans that were called
chqndreitin-4—sulphate, dermatan sulphate (ridh'in

giduronate)‘ heparan sulphate and heparln as well as
jkxdr01t1n ‘sulphate proteoglycan and proteodermatan
;lphate, all blnd to lathyrltlc collagen. Blndlng appeared

s

1) bevdue to the;negatlve charge. Keratan sulphate and

:;hyaluronic acid did not bind,‘or wefe bound weakly;iDermataﬁi_
; sulphate,(rich in Ljpduronate);appeared.to bind most - |
i-stronle- Various glgcesaminoglycans were.demonsttated to:
i‘affect the stuctural stab111ty of collagen in solution
(Gelman and Blackwell| 1974). These authors'demenstrated'

- .at the~meltangwtemperature of collagen was increaSed f'rom
38°C to 46°C after.addition'of chondroltin—4-su phate, .

| dermatan sulphate,:hYalufonlc acid or keratan sulphate.

The close interaction of dermatar sulphate (L-iduronic

i

acic rich) and collagen in skin was demonstrated by the .- '

, difficuﬁty-of.extraction”ef dermatan sulphate from insoluble

£,
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collagen other than'hy techniques that denatured or degraded
theicollagen (hot 6M-urea proteolytlc dlgestlon Toole-and |
lLovther, iéﬁé) Laurent (1977) in h13 review of the inter-
aotions of,proteins andlglycosaminoglycans, discussed'the
strong electfostatlc'lnteractions“{hat do exist between |
oollagen and dermatanrsulohate (L*iauronate rich), which may
explain t he findings of ToOle and'Lowther (1966). However,
aocording‘to ﬁ;urent (1977 ‘there must also exist a certain
degree of Speciféclty in terms of this binding. Chondroitin.
sulphate and dermatan sulphate (low and high.iduronate
‘hybrids) have the same charge den51ty, however as was shown
'by Obrlnk (1973), high iduronate—dermatan sulphate was bound’
more strongly to collagen. The only differenoe is &%e
presence of -a relatively large amount oflL?iduronlc acid.
Several investigators have descrihed or discussed the‘effect‘
of high iduronate-dermatan sulphate on collagen fibrillo-
tgenesis (Obrink, 1973' dbrink andﬁgundelof, 1973 Gelman and
Blackwell*l1974) Vogel and Helnegard (1983) demonstrated |
the dlrect 1nh1b1tlon of flbrlllogene51s of ac1d soluble
:}tendon collagen by the addltlon of tendon proteodermatan

!

sulphate (Mr 90, OOO) Thlsteffect was not observed with a
larger proteoglyéan 1solated from the same tlssue (wh1ch
contalned 11ttle or no L 1duronate) or w1th either large or
sthall proteoglycans of bovine cartllage The effect’was to,
delay- fibril formation, as well as to reduce the overall

yield of fhbrils (20% of the control at-5 hours).

2
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p' Electron m1croscopy of rat tail tendon and rabblt
achllles tendon us1ng fairly. spec1f1c stalns for the
glycosamlnoglycans demonstrated a regular repeatlng pattern
on the collagen fibrils (Scott J.E., 1980), Scott belleved
//that the glycosamlnoglycan seen was the dermatan sulphate

component of proteodermatan sulphate ThlS was based on the

uknown'concentration’of the lecosaminoglycan in SItu”and thef)
ratios ofvuronic-acid to hfdroxyproline “The proteoglycan’
appeared to be separated by 1ntervals of 65nm on the out51de
of the flbres, which corresponds to the D- stagger of Sy
collagen, Scott and Orford (1981) demonstrated that the
proteoglycan}filaments:were orthogOnallj:arraxed around the
collagen.fibrils, and that they appeared toﬁbe:located near
the gap region of collagen No staining for proteoglycan was'
observed within the flbflls |
| The stalns used by J.E. Scott cannot v1suallze the
"proteln core of a proteoglycan directly. However, in thlS
department-electron nukroscopy after staln}ng nlth spec1f1c‘
monoclonalyantlbodies to the protein core. of proteodermatan
sulphate (Pringle et al., in press),fsuggestsrthat'the- .v 1
proteln-cOre itself is adjacentfto‘the'gap region. The
presence of proteodermatan sulphate at - the ‘gap reglon m1ght
-1mply that the role 18 to L1m1t radial growth of the
’collagen f1brlls.’ | '

ln cultures of actlvely growing@human skin fibroblasts

grown on collagen gels, the”two/forms of proteoglycans

X

(containing low or hlgh idurongte-sulphated

b4 .
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L}

galactosaminoglycans) were produced (Gallagheé et al.,
1983). The‘prote&dérmatan sulphate was found predominantly
bound tqftﬁe collagen gel while almost all of the proteo-
glycan éontaining low iduronate-hybrids was in the culture
medium., These results taken together with the findings of
S%%ff and .of Pringle et Ql. (seé above) st;gngly.suggest a’
cigse relationship of collagen and proteodermatan sulphate€

A

in vivo. : o -

E. Fibronectin and Collagéh‘Intera;tions

There are a variety of glycoproteins in soft connective

tissues (PeérSon, 1982) . éome of these have been
investigated for their effects on collagen fibrillogenesis.
‘Fibroéectin 1s a cell surface and plasma glycoprotein that
apparently mediates édhésion of cells to the extracellular
mafrix (Rudslahti et al., i981). It is composed of two
“chains each of approximately 220,000 daltons, that are
joined by disulphide bonds. It has distigft binding regions
eéeh being capable of binding certain-mszﬁpmokeculesor
cells.

Both native and denatured collagen bind to fibronectin
(Engvall and Ruoslahti, 1977), however gelatin binds‘much'>
more strongly in jin vitro experiments (Jilek andLHormann,
1978). In addition, native Type i{l col}aéen had a
s%gnificantly greater affinity fog fibronectin than Type I

;\\and 11 collagens (Engvall et al., 191?). The région in

collagen which has the highest affinity téw$xés fibronectin

o
COE
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- contains the peptide bon%E that are cleaved by vertebrate '
collagenase (Kleinman et al., 1978). It has been proposed
that one Qf the functions of fibronectin is to serve as a
building block for the assembly of the extracellular métrix.
This is based on evidence in cell cultures of the
incorporation of plasﬁa fibroﬁectin into the matrix (Hayman
and Ruoslahti, 1979)., Addition of fibronectin to native
collagen undergoing fibril formation delayed the
precipitation of the collagen while not altering the total
amount of cbll@gen fibrils (Kleinman et al., 1981). These
authors proposed that fibronectin may regufate the thickness
of the collagen fibers.

~The interaetion of collagen and fibronectin was
examined using antibodies specific for the collagen-binding
region on fibroneétin (McDonaldnet al., 1982). In cultures
"of human diploid cells, thé addition of theselantibodies did
not alter theﬂp;;réll production of collagen and fibro-
nectiﬁ, however the deposition of the extracellular-collagen
and fibronectin into a fibril network was prevented. These
authors proposed that the interaction of collagen and fibro-

nectin is a prerequisite for normal collagen architecture in

cell cultures.

-
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F. Connective Tissue Neutral Proteinases

3

“\ ‘
Collagenase

The classic collagenolytic enzyme, collagenase, has
b:gh the focus of a large numbef of investigations ftom the
time it was first demonstrated in prlmary cultures of
tadpole tail tissues by Gross and Lapiere 1in 1962.
Collagenases have been demonstrated in nearly every
connective tissue undergoing collagen degradation (Harris
and Cartwright, 1977). As well, collagenases have been.
demonstrated to be secreted by fibroblasts (Worb and
Burleigh, 1974; Stricklin et al., 1977), polymorphonuclear
leukocytes (Robertscn et él.; 1972a,b; Mutphy et al., 1977),
macrophages (Werb and Gordon, 1975a), and from.ptoliferatin§'
rabbit epithelium'in culture (Donoff et al., 197i).

The Vettebrate collageiases are metalloproteinases
requ1r1ng both zinc and calc1um ions for maximal activity.
Zinc appears to be an 1ntegral component of the collagenasé
and cannot be removed without destroying the act1v1ty
(Seltzer et al., 1977). Calcium, which is an extrinsic
requirement for the activity, appears to function as an

\\enzyme activator and as a stabilizer of the tertlary
otfucture of the enzyme at physiological temperatures
(seltzer et al., 19?6). o
The mechanism of action of vertebrate collagenase from

various tissues appears to be similar, at least in terms of

the site of-cleavage on the collagen molecule. However,
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collagenases deriv§d from different sources appear to differ
in a few characteristics which are discussed below (Gross,
1976) . N |
| . A generally accepted definitign of céllagénase‘is: a
proteinase active at neutral.pH and capablé of cleaving'
native collagen in solution into 2 fragments; TC-3/4, which
comprises 75% éf the‘collagen molecule containing the
N-terminus, and TC-1/4 which makes up the remainiég 25% of
the molecule including the C-terminué. At physiological
temperétures these products denature (for Type I collagen
the'p;oducts‘afe: «,3/4 and «,1/4, and «,3/4 and a21/4; in
>additiQn due to intramolecular cross-links (aldol
condehsation products originating in the ‘N-terminal
: telopebtide), there will also be B3/4 comp?nents) and thus
become susceptible to attack by‘other;broteinases. The
melting temperature of the TC-3/4 fragment is 32°C, while
| that of the TC-1/4 is 29°C (Sakai and\Gross, 1967).

Thé collagehase scissile bonds inxdifferent tyées of
‘collagen have been demonstrated. In the a, chain as well as
iﬁ the cyanogen bromide-derived q,CB7‘(of.Typ§ I collagen)
from rat and chick skin the scissile bond is between glycine
775 and isoleucine 776 (Gly-Ile-Ala-Gly-Gln-Arg) using
collagenase isolated from rabbit tumors (V; ascites cell
carcinoma) (Gross et al., 1974). Iﬁ the a,(I) collagen it is
believed to be at.the same locus as in the a,(I) but between

glycine and leucine (Gross et al., 1974). The scissile bond
in ay(II) (using collagenase .purified from cultures of

Al
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rabbit tumors) is between a glycine and‘isoleucine
(Gly-Ile-Ala-Gly-Gln-Arg), and for a1(I£I), it is between
glycine and leucine4(GlyéLeu—Ala—Giy-Leu¥Arg) (Miller et
“al., 1976b). According to Miller et ;ﬁ..(1976b),’the minimﬁm
sequence reduired fof_collagenase cleavage of collagen
appears to be Gly-Ile-Ala, or Gly-Leu-Ala., There are other
regiqns on the « chains that have the above or similar
sequences, which apparently are not cleaved by the rabbit
tumor collagenase. The proximity of hydroxyproline to thé
‘potential cleavage sites may be the reason why collagenése
1s ineffective, according to Miller and co-workers.

There have been reports by some investigators claiming
that purified'collagenase can cleave native‘collagen at
other loci‘(reviéwed bf Harris and Cartwright, 1977)."

However, according to these authors, any extra cleavages of

the collagen may be due/to other contaminating proteinasés._

A collagenase derived/from cultures of human gastric mucosa

apparently cleaves native collagen at a site that is 77% of

the distance from the N-terminal end of the collagen
molecule, as determined by examination of segment long
spacing crystallites by electron ﬁicroscopy (Woolley et al.,
v1976b); This collégenase gas‘démonstratéd by these authors
to be similar in’ other respects to other'vertebrate
- collagenases. |

It has been shown thgt hpman skin collagenase can
cleave Types I, II1, and 'III1 collagen but cannot degrade

either Type IV or Type V (Liotta et al., 1979). Liotta et

-
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-al. (1981b) demonstrated that a collagenase isolated from a
metastatic tumor (Murine) was capable of cleaving Type IV
collagen without significantly digesting other collagen

types. This collagenase was shown to have similar properties

to other knqwn»vertebrate collagenases, with a single locus-

. .

of digestion within the triple helical body of the collagen
molecule. A Type vaetal—depéndent collageﬂase was,

demonstrated in cultures of rabbit pulmonary alveolar macro-

,phaées (Mainardi et al., 1980b) and from cultures of certain‘

tum&; cells (Liotta et al., 1981a).

&Purified collagenase acts most rapidly d(_;étive
collagen molécules. MéCroskery'et al. (1973), using a
coliagenaSe ﬁhat was isolated from homogenates of V, ascites
cell carcinoma, demonstfated that gelatin (denatured
collagen) was.cleéved much ﬁore slowly than native collagen.
Purified collagenase from CUlthESTOf human skin fibroblasts
‘was féund by Welgus etfal; (1982) to dégrade deqatured
.'qollagen (Types 1, I1, III, IV and V}.vThe f&rét cleavages

in Types 1, TI and I1I ﬁollagen that'here observed by
polyécryiamide gel electrophoresis were those that resultéd
in the production -of «3/4 and a1/4 peptides. Continued '
.incubation, however resulted in fﬁfther cleavages with the
end result ofvall of the peptides being of relatively low
molecular weight. McCroskery et al; (1975), using
collagenase eitracted.ffom rabbit tumors, did not
demonstrate any further degradation products of &3/4 and

al/4 péptides. This finding was consistent with the

e
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observationsﬁgﬁ Gross et al}i(i9§4) and Miller et al.

- (1976b). Harris and Cattwright.(1977) suggestithat putified
tadooie‘ano rabbit>tumor collagenases are guite spetific for
_thé ong.locus'On collagen, any'additionalvcleavages_being
idue to contaminating proteinases..Nevertheiess it is still
posSible‘that collagenases’isolatedsfrom different tissues
may haye slightly different specificities, as was discussed‘
“above (Woolley et al., 19765;; ofoss, 1976).

| Welgus et al. (19825 sequenced tne'first'3 amino aoid
residues of the unfractionated peptides of collagenase-
degraded gelatin, and concluded that the only scissile bonds
were between‘glycine and leucine or isoleucine. In addition
these investigators demonstrated that a«, chains wete
degraded faster than ay cnains, however, both were degraded
‘at a slower rate than native Type I collagen.

There are a number of investigations that have
demonstrated the different rates o} digestion of Types I, II
and II1I collagen with collagenase}Asoluble Type if/collagen
israpparently cleaved at 20% of the rate of Type I and III
collagen"(ﬁatris and.CartWright, 1977). Horwitz et al. |
(1977) reported thatkcollagenase from human polymorpho-
nuclear leukocytes degfaded Type 1 collagen at 15 times the
rate of Type III collagen but the collagenase from rabbit
alveolar nacrophages digeéted Types I and III at equal
rates. Collagenases, from cultnres of rabbit colon wall
(Oyamada et al., 1983), and from human skin fibroblast

cultures (Welgus et al., 1981a) degraded‘Type 111 at a
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faster rate than TYpe'I. As described above there are
conflicting data. Howéver the efficiency of degradétion may
depehd Bh"the source of the collagén»substrate ésAwell.as
‘the source of the\collagenase (Welghs'et al., 1981a;yBai¢i
et al 1982). Welqus and coworkers (1981a) demonstfated
that collagehgse from’cultﬁres of human skin fibroblasts
degraded Type I collagen from human.skin_at-é‘faster rate
than Type 1 collagen‘isolated from calf, éuinea pig and rat
skins. However there was_essentiéliy no différenCe in the
rate of digestion (appearance of the a3/4 and «ai/4 peptides)"
between'tﬁe three denatured collagen types (Types I, II and
I11; Welgug.ef al. .1981a, 1982).

Reported” molecular weights of collagenase 1solated from

- a variety of tlSSUGS range from 30, 000 to 65,000 daltons.

There have also been'reports which suggest that collagenase

may be found as oligomersy

Birkedal-Hansen et al. (1976)
concentrated the condftioned medium of rabbit alveolar
}macréphage cultures, and by gel filtration of the medium
(not pre—freated with agents that would activaﬁe‘latent
collégenése) obtained apparent Mr's of 45,000, 85,900‘and
165,000 for the collagenolftic'actiQities; These authors
demonstrated~that at low salt éoncentfations there were
~.reversible changes bet&een the oligomers, while at High salt
_vconcentratioﬁs (1;0M—NdC1 1.4M-KC1), the 45, 000 dalton
collagenase species predomlnated Dabbous et al. (1977) also

demonstrated ol1gomer1c species of collagenase 1solated from

VX~-2 rabbit carc1noma'(the medium containing the
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collagenolytic activity was ndtuartificgélly activated),
with thebaéparent'Mr's being mUltiplés of 34,000.

" There is'some éontroversy'in the literature about the
>origin of latency of collagénase (Harris and Vater, 1980;
Barrett, 1980), ﬁatent“coilagénasé hay be produced eithgr as
a proenzyme.(zYmogen)'(Stricklinéet';l., 1977, 1978), or
found as an enzymeﬁihhibitor complex (Shinkai and Nagai,
1977: Sellers et al.; 1977). These latter iﬁvestigators
believed that the latency of collagenase isolated from
cultures was due to the formation of éhzyme—inhibitor
Acompléxes bécause treatment of the latent enzyme with eilther
sddiﬁm iodide (chéétropic‘agent) or 4’aminb—phenylﬁeréuriC' |
acetate‘(ﬁhiol—blocking aéent) causéd compleﬁé activation.
Collagenasé inhibitors have been isolated from dog serum
(Woolléy et al., 1976a), human tendon (Vater et ald, 1979b),
rabbit bone’(Cawstoﬁ’et ai., 1981) and other tisSués
(reviewed by Murphy and Sellers, 19@0); Some of these
‘inhibitors may also inhibif other métalidependent connective
tissue neutral prpteinases; Sellers et al. (1979) isoiated
an inhibitor from rabbit bone thét blocks the gelatin-
degrading and proteoglycan~degréding activities as well as
£he collagenasé activity (proteolytic activities were
isolated from cultures of rabbit bone). There are also a
number of reports Suggesting formation of irre&efsible
,cdmplexes between isolated inhibiﬁors and active collagenasé
(Vater ét al., 1979b; Sakamoto et al., 198f; Kerwar et al.,

1980).
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Stricklin et al. (1977,1978) pﬁrified‘Z collagenase
zymogens from cuitures of humaﬁ skin fibroblasts, with
molecular weights of 55,000 and 60,000,'65 determined>by
ultrécentrifugation and SDS polyacrylamide gel electro-
phoresis. The active forms (aft§r treatment with-tprsim)
had ﬁolecglar we}ghts:of 45,000 and 50,000. Amihq acid
analysis of the zymogen form;_demonstrated little difference
‘betweeﬁ_the two species. Compa;ison with the active forms
would indicate that a small basic peptide was lost on
activation. Thewe was, apparently, nthekoge nor ahy amino
sugars (glucosémine and galactosamine) associated with any

of the forms of collagenase. Cyan&@en bromide peptides of

P

-

the two zymogehs.were compared. Eight of the nine cyanogen
'bfomide'peptideq(from both»épeéies co-migrated on
electrbphoresis, with only one péptide'frdm-each being
diﬁferent. It was also demdnstrated bY~this group that
procollagenase may undergo autoactivation without
concominaht reduction in molecular wéight. This suggests
that a Tonformational cﬁange was all that was requiféd to
expdée the adtive site. Tyree et al. (1981) isolated a
collagenase activator from cuftures of human ékin and rat
uterus of  an apparent M;‘éf 1107000; Activation occurred
without a deménsﬁratéd redﬁcﬁion in size of the latent
.collagenasg;

Procdilagenase has been isolated from cultures of rat
uterus and analyzed (Roéwit et él., 1983). Two sets of

zymogens and their corresponding active forms were
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demonstrated, with similar molecular weights as wasy'f
described by Stricklin et al. (1977, 1978) for/tﬁe , \\

collagenase isolated from humae/ffii/j;br//iast cultures.

Amino acid ana1y51s of/Lhese’zymogens showed greater

o

o
proportions of glyc1ne and serine, as well as a higher

content of acidic amino eeidS'than in the human skin
fibroElast procoliagehese.v |

| Nagase et al. (1981) extracted the mRNA from rabbit
synevielvfibroblasts,“end, in an invitro Systeﬁ[
demonstrated thaﬁ‘collagenase was synthesized as a -
pre—pre—enZYme.of Mr cf 59,000; In the presence. of the
miqxosomal.membrane thiévﬁnecursor was moéified~into_a
b%o enzyme form of-Mr of 57 OOO In a recent report, Nagase
et al. (1983) demonstrated by pulse—chase and continuous
labelling exper1ments,vthat collagenase was synthe51zed and '
secreted from the rabbit synov1al cells in 2 forms with an
gt of 57,000 and 61,000, Treatment of the cells in culture
with.funicamycin (which bloeks'glycosylation' N- llnked
oligosaccheriaes) resulted in the cells produc1ng only the
pfo;coilagenase species of Mr of 57,000. It is possible that
the difference in terms:of the abeehce of hexose as noted by
Sericklﬂﬁ et ai.‘(1978; see aone% and the findings of@

Nagase et al. (1983) may represent a species diffefence for

-
v

the isolated collagenase.
One of the major controversies in the literature over
the turnover of collagen concerns the actual_role of

collagenase in the degradation of fibrillar collagen. -
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lhhgang1Weis§ (1971) reported that collagenase from

?nmatoid/synoVium had no effect'on insoluble
These 1nvest1gators 1solated fibrillar collagen
“rormal and rheumat01d human synovlnm.(post mortem 60 75 .
rs of age). The collagen was dlspersed by treatment wrth‘.
:.fde a~amylaee or EDTA. This collagen wae shown to/bé//
2551stant to the aCthﬂ of both a crpde/and partlally
*brlfled preparatlon of/collagenase from cultures of human
}ynovlum, at both 27 C (less than 2% release of collagen in
i;40 hour 1ncubatlon, as determlned by hydroxyprollne
-ﬁ% wgalysis)*and at 37°C (less than 5% release). These_
irvestigators also démonstrated that acid soluble collagen
al;owed to form fibrils (reconstltuted soluble collagen .
l is gelled by 1ncubatlon at 37°C-in neutral buffers)
a@avdlgested and solublllzed.by the collagenase, but at a
slower rate than if the collagen was still in solution. |
Harris andIFarrell (1972) denonetrated that the introduction
of 3 methylene Cross- llnks per molecule of collagen (guinea
vp1g acid soluble collagen that was reconstltuted and treated
with formaldehyde), decreased the rate of degradation (by
rheumatoid synovial collagenase) by a factor of 5—l0 fold.
~Harris and McCroskery (1974) demonsgrated the apparent |
resistance to digeetion‘ofrcross—linked'Txpe II collagen by
the synovial collage:ase; Vater et al. (1979a) studied the
action ofzcollagenase, isolated from culturés of rheumatoid

synov1um, on reconstituted lathyritic chick bone. collagen

flbrllS Cross- llnked in VItPo,as a result of the action of

. o
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lysyl oxidase. They demonstrated that the,introduction of as
few-as'O l cross-links (aldlmlne type) per mole of‘collagen
cauaed a distinct re51stance to the collagenase In
';add1tlon, Vater et al. (1979a) examlned'the residue*of the
in VltFO Cross- llnked collagen after a certaln proportlon of
it had been solub111zed by the action of collagenase The

residue shOWed no evidence of the characteristic -

collagen se- derlved 33/4 or a3/4 and al/4 peptldes, even.
though there was a 51gn1f1cant solublllzatlon of the .
collagén. The authors\concluded that the collagenase was not
acflng n‘the collagen that was cross-linked; However,vgs
,noted by)Gross (1976), other investigators‘have demonstrated
solublllzat1on of polymer1c collagen by preparations of
collagenase Gross (1976) discusses an unpubllshed
1nvest1gatlon in collaboratlon w1th Harper in wh1ch they
lncubated seml—purlfled tadpole_tall collagenase withﬁthe
identical substrate;daed,above}by teibovich'and Weiss, under.
the same conditions, and obtalned a 50% solublllzatlon///
wOolley et al. (1978) pur1f1ed collagenase by 'gel flltratlon
and ion exchange chromatography and demonstrated homogenelty
by SDS polyacrylamlde gel electrophore51s Incubation at J
371C, for 24 hours, of 30ug of collagenase with 750ug‘of
’polYmeric-collagéﬁ>(hnman’skin' isolated w1th a-amylase)
‘resulted in a release of 38% of the collagen However

Woolley et al. (1978) did note that dlgest1on occurred at a

much slower rate  (5%) when compared to reconstituted

/

,collagen.
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. Other Connective Tissue Neutral Proteinases

The secretion of other neutral protelnases is

: assoc1ated w1th the secretlon of the collagenases in many

.”dlfferent tlssue systems For the most part, the study of -

the role of these proteolytlc act1v1t1es in ‘the turnover of

the extracellular matrlx has been qulte llmlted However the

funct1ons that have been ascrlbed to these neutral

K

protelnases,are‘far—reachlng.

Certain»neutral metalloproteinases have‘been shown to’

degrade the core proteins of the proteoglycans, wh1ch in an

indirect or d1rect fashion, could possibly: a551st in the
‘ .
turnover of collagen by exp051ng 1t to other prote1nases

(Dingle, 1975; see sectlon on proteoglycan and'collagen
interactlons) Sapolsky. et al (1976) extracted a neutral
metalloprote1nase from artlcular cartllage wh1ch degraded

hY

the protein core of cart1lage proteoglycan. Malemud et al.

/

*’(1979) 1solated an- enzyme from cultures of lap1ne chondro—

cytes with actlvity against proteoglycans, while

Huybrechts—Godin and'Vaes (1978) descrlbed an act1v1ty

'1solated from rabblt skln ‘and synov1al flbroblasts 1n“

.culture that degrades the proteln core of cartllage

Galloway et al. (1983) isolated a mefalloprotelnase

-

- from rabbit‘hone”culture'medlum, w1th an apparent Mr of

24,500, capable of degrading the core of cartllage proteo?

glycans. Th1s enzyme was purlfled and shown to be capable

also of degradlng Type IV collagen, Type b procollagen;

S ,‘_ o o /) .

3
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(removed the extension peptides), Type III collagen helix,
gelatini laminin and fibronectin. The substrate 2,4
dinitrophényl—Pro—Leu-Gly—Ile—Ala—Gly—Arg~NH2, was cleaved
" between the glycine and isoleucine residugsf

Neutral proteinases have been shown to have the ability
to activate other proteinases, i;cluéing collagenasé,dthat
" are in latent form. Werb et al. (1977) proposed that both a
‘plasminogen activator and a latent collagenase were
'synthesized and secreted by rheumatoid synqvial cells in
culture, Addition of plasminogen to the cell .cultures
fesultéd in the activation of the collagenase. Woessner
(1977).also was able to demonstrate, with a serine neutral
proteinase frbm cultures of involuting rat uterus, the y
activation of a latent form of collagenase isolated from the.
same cultures. Rheumatoid synovial‘fluid (human) has been
demonstrated to contain a proteinase that appeared identical
to that of plasmakkallikrein (Nagase et al., 1982). Addition
of this isolated proteinaSe to a preparation of létenf
collagenase from pig Syngvial fluid, caused activation of
the collagehase.

Sellers ef al, (1978), in an investigation 0% cultures
of rabbit bone explants, werebable to separate the latent
forms of three distinct metallopfdteiﬁase activities that,
upon'activation, degraded collagen (collagenase), éelatin
and proteoglycans respectively. The gelatin degréding |
proteinase was able to digest Azocoll, but not native

colladen, articular proteoglyéans or azocasein. The third
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neutral proteinase was able to degrade azocasein, Azocoll
and the proteoglycans, but did not have any éctiuity towards
collagen or gelatin. |

Neutral proteinases with activity against gelatin, have
been isolated from many tissues (reviewed by Harris and
Cartwright, 1977). A neutral endopeptidase capable of
degrading gelatin to small fragments was demonstrated in
cultures of rheumatoid synovium (Harris and Krane, 1972).
ThiS‘proteinase'was shown to have twice the apparent Mr of
collagenase isolated froh the same source, but with similar
inhibitory properties. The enzyme was shown to be active
against the synthetic Pz peptide
(Pz-L-Pro-Leu-Gly-Pro~D-Arg), cleaving between leucine and
glycine. Another proteinase isolated from rabbit serum with
an activity towards tRﬁ Pz—peptidgiwas described by
Nagelschmidt et al. (1979). Thgféctivity appeared to be due
to a serine proteinase, which/had an apparent Mr of 124,000.
It was also shown to be aqﬁive égainst denatured collagen
and collagen peptides. A/ﬁz—peptidase activity, of an
apparent Mr of 77,QOO‘aﬁd a pI of 5.0 that was isolated from
chick émbryos; ﬁas shbwn to have no detectable activity
against‘collagen, collagen « chains and certain cyanogen
bromide cleavage products of native collégen (Morales and
Woessner, 1977). However it did cleave éertain éoiiagen
*péptides of 5-30 amino.acid }esidues. This proteolytic

activity, which was shown to be completely inhibited by pHMB

and partially by NEM and chelating agents, was proposed by

i
I

k)
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these authors to be involved at a late stage in collagen
'breakdown.

) . )
Neutral Proteinases of Polymorphonuclear Leukocytes and
Macrophages
| Polymorphonuclear  leukocyte elastase and cathepsin G
are neutral serine proteinases that have been demonstrated
to have a large spectrum ofrsubstrates'fncluding"native
sdlub;e and insoluble collégen (Starkey, l977; Starkey et
éll,.1977). Incubation of elastase and cathepsin G with
artichlar cartilage resulted in the degradétion of the
protéoglycans'kollowed by the solubilization of Type II
coilagen monomers. Elastase, but not cathepsin G, whén
incubated with insoluble bovine tendon collageh
(predominantly Typekl), also caused éolubilization. This
céllagen, which was examined by polyacrylamide gel electro-
phoreéis, contained no % or y components. The leukocyte
elastase had a similar effect on acid soluble collagen
(Types I and III, from rabbit skin) in that there was an
absence of B and y components and an increase in the a chain
concentration. The aﬁthors concluded that the elastase was
acting on the amino-terminal extra-helical region,
containing the inter- and intramolecular cross-linking site.
However, additional cleavages of Type I collagen were
observeé on the poiyacrYlamide gels. Thus the activity of
elastase was not restricted to the amino-terminal

extra-helical region but the enzyme was also capable of
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acting within the helix. Cathepsin G, pancreatic elastase,
trypsin or chymotrypsin had negligible effects on the acid
soluble collagen (TypelI).

Kobayashi and Naqai (1978)lalso demonstrated similar
- effects with the ieukocyte.elastase on the amino-terminus of
acid solublé c;llagen. In addition, tHese investigators
separated a metéi~dependent collagenase (apparent Mr of
75,000) and a metal-dependent probeinas; with an activity_
against gelatin (Mr of 150,000)% from the elastase (Mr of
25,000). Recently it was démohstrated that leukdcyte,
elastase was able to release the C-terminal telopeptide
containiné the cross-linking regioﬁ (Scott and Pearson,
j983). This region, according to these authors, 1is
pbtentially more important for the formétion of inter-
molecular cross-linking in soft tissue collagen than is the
N-terminal region.

Gédek et al. (1980) demonstrated that elastase from
normal human neutroéhils, under conditions in which there
were no effects 6n fhe helix of_Type"I collagen,bdegraded
Type III collagen. The product was very similar to those of
‘the characteristic «3/4 and al/4 éeptides produced by
collagenase. Mainardi et al. (1980a) reported that‘the bond
cléayed (between Ile-Thr) by leukocyte elastase was 4 amino
acid residues on the carboxfl side of the site of veftebrate
collagenase cleavage. Trypsin (Miller et al., 1976a) and

thermolysin (Wang et al., 1978) are also capable of

digesting Type LII collaéen‘in the collagenase¥sensitive
\
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region, but are without effect on Type 1 collagen'(Within
the hellx)
A neutral proteinase isolated from cultures of rabbit
' VX-2 carcinoma was shown to. cleave within the N termlnal
telopeptide of native Type I collagen (Dabbous et al.,
1977). This  enzyme, with apparent Mr of 18-20,000,
inhibited by soybean trypsin inhibitor and thus it is likely
to be a serine proteinase. Whether lt is an elastase~like
proteinase is not known. F
Macrophages in culture have been demonstratedlto
secrete a varlety of neutral protelnases, 1nclud1ng
collagenase (Werb and Gordon, 1975a) and a metal—dependent
;elastase (Werb and Gordon, 1975b; Banda and Werb, 1981). The

effects of this elastase on-collagen have apparently not

been studied.

Collagenolysis by Phagocytosis

A

o Investigations of peridontal Iigament (porcine and
monkey)"a tissue with normally high levels of matrix turn-
over, have not demonstrated the presence of an active
.collagenase (Pettlgrew et al., 1980). However Christner
(1980) demonstrated the presence of collagenase cleavage
products from human periodontal ligament that was allowed to
autolyse for varying]times at 25°C. Using electron micro-
scopy of serial sections, it was shown in cultures of perio-

dontal ligament fibroblasts incubated with fibrillar

collagen, that ingestion and. degradation of the collagen
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were occurring (Svoboda et al., 1979). Other investigators 7 *
have also reported;the phagocytosls of fragnentslof
fiorillarfcollagen in normal tissues (Ten Cate and Syrbu,
1974; Beersten et al. .1978) Phagocytosis of collagen has'
also been demonstrated w1th serlal sect1ons of human
gingival f1broblasts in vivo (Melcher and Chan, 1981).

It would seem logical that phagocytosis of large
fragments of fibrillar collagen by these cells would involve
either membrane bound oroteinases,'or the secretion of |
proteinases in the vicinity of the cell membrane-collagen
contacts, to enable the collagen fibrils to be cleaved and
engulfed. Cathepsins, with activities'against collagen have
been described, howeveﬁymost of these proteinases are only
active at acid pH (Burleigh, 1977). It is possible that at
the site of cleavage of the fibrillar cOIlagen, the cell
membrane creates a pocket into whlch the acid hydrolases can
be secreted and in which the pH ia reduced to a level where
these' proteinases are active. Cathepsin.B a cysteine
protelnase can effectively degrade insoluble Type I collagen
atva 3.6 and 37°C (Burleigh et al., 1974; Etherington,

- 1977). Cathepsin N (pteviously\known as collagenolytlc
‘Cathepsin) at pH 3.5 and 28°C, solubilized fibtillar tendon
coliagen and also converted the B and y chains of acid
soluble collagen in solutlon to a chains (Etherlngton, 1976,
1977). Cathepsin D, an aspartate proteinase, at pH 4.0 and

25°C, can cleave fetal bovine skin acid soluble collagen in

B
the C- termlnab\extrahellcal region, N-~terminal to the
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cross-linking region (Scott and Pearson, 1978b). Incubation
with acid insdlﬁble collagen re§ulted in the releasé of
.coilagen monomers, which were demonstrated to be lacking. the
majority of the C-terminal telopeptide. In a later study,
thé‘above authors demonstrated shortening of the C-terminal
telopeptide df acid soluble Typé I collagen 6;th Cathepsin B

Y.

(Scott and Pearson, 1983).

Qollageﬁ Turnover

.\vfurnover of collagenous tissues, must occuf-dhfing
growth>and development and in wound-healing (Bornstein and
Traub, 1979); While the rate of turhover of collagen in most
adult animal tissues is low, a small amount of newly |
sYnthesiéed collégen can be found in tissues such as skin.
This Syhthesis'must be baianced by coilagen degradation. The
turnover of collagen was demonstrated to be sigﬁificantly
'greatéf in oral éoft tissues, than 1in skin (Sode%, 1977).
This investigator examined cdllagen syhthesis.and
incorporation into mature_collégen; in a number of
connective tissues, using ’H-proline (ané conversion into
*H-hydroxyproline) as a marker. Both the rate of synthesis
and incOrgoration of newly synthesized collagen into fibrils
‘was highest in periodontal ligament, followed by atﬁached
gingiva'and then skin. Sodek (1977) calculated that the half
life of the mature collagen in periodontal ligament was oniy

1 day, as opposed to 5 days for attached gingiva, and 15

days for skin.
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P
Collagen turnover is accelerated. in pathological
conditions and in wound—heaiing. The increase appeats to be
related to the]infiltration of oolymorphonuclear leukocytés
and macrophageé Both types of cell have been demonstrated
to elaborate collagenase and other neutral protelnases, some
of which have been shown to be effectlve against the telo-
peptide regtons of collagen (as deécribed above). Néutrophil
leukocytes are different from d?her ceils that produce .
collagenase in that these détalloproteingses afe stored in
the“specific' granules within the cells (Robertson et al.
1972a,b; Murphy et al., 1977). The polYmorphonuclear leuko-
cytes and macrophages, in addition to producing proteinases
active against collagen, likely have other toles in the
turnover of collagen. Macrophages have been shown to be
.capable of phagocytosis of collagen (Caputo et a}., 1981;
Shoshan, 1981). In addition these cells appear to secrete
factors which stimulate: flbroblast motlllty as well as
flbrobia;t proliferation (Leibovich and Ross, 1975,1976),
and cause activation of the resident latent proteinases '
(Horwitz et al., 1976). The latter authors analyzsd cultures
of alveolar macrophages and fbund that 2 fractions,,with
- apparent Mr of %0,000'and 11,000, when added back to the
conditioned nedinm, had the ability to double the
collagenase activity. Macrophages in culture aléo apparently
secrete a factor which stimulates production oflcollagenase .

and neutral proteinase by chondroblasts in culture

(Deshmukh-Phadke et al., 1978 Rldge et al., 1980) and by



43

fibroblasts in culture (Laub et al., 1982) “ - oy

wOund heallng 1nvolves the cooperative effects of |
various cell types some of which have been described above.
During the initial'%taées,of'wouhd healing, the site is |
infiltratea yith polymarphonuclear leukocyte;vand mono-
nuclear cells (Ross, 1980). These la¥tér cell types appear
to differentiate to become the macrophages. The /
concentrationvof-the.polymorphonuclear leukocytes normally
returns to background levels within 1 week. Simpson and Ross"
(1972) descrlbed their investigation in which guinea pigs
were made neutropen1c w1th antlsera for neutrophils. In the
absence of infection wound repair was unaffected,
Investigations into the macrophage contribution during wound
repair indicated the close interaction of these cells and
fibroblasts. Supbression(of macrophages by anti—macrophage
serum caused a delay in wound repair (Leibovich and Ross,
1975) The macrophage levels at the site of wound repair may
remain elevated for several weeks, however, collagen
turnover may remain highjfdr several months (Madden, 1977).
One pOssibla explanatio#‘for this is that Ehe resi@éat
fibroblas£s~which have the capabilify for producing
collagenase and other aeutral proteinases in Eulture, are
the main cells that are.involved in the degradation of

collagen at this later stage.
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G. Object

It has been described in this introduction that there
is avcertain amount of controversy over the inftlal steps in
‘fibrillar collagen breakdown. The apparent lack or’@%pimal
effect of collagenase on insoluble cross-linked collagen, as
descrited by Leibovich and Weiss (1971) and Vater et al.
(1879a), has led to the suggestiOn that there may be a
'distinct>ptoteolytic‘actiyity capable of releasing collagen
mononers or aggregates from fibrillar %ollagen. It has been
suggeeted‘by Rauterberg (1973) that intermolecular
cross—links originating from the amino; and carboxy-terminal
telopeptides may modulate the degradatlon of»fibrillar
collagen. The removal of these regions containing the
-cross—links,kasrproposee by’Harris and Cartwright (1977) and
others, may be a preréquisite for effective collagen
" turnover. As'described‘above, there are ptoteinases known to
be capable of removlng the telopeptides (e.q. leukocyte
elastase‘and cathepsins). Howe&er it isAoncettain_whether

these proteinases do'have a role under normal physiological

&,

conditions. : ) ' -

This study was_initiated to determine‘the inltial»steps
involved'in fibrillar collagen breakdown. The main object of
this investigation was to demonstrate whether connective
. tissues cap elaborate. a- neutral proteinase with a

specificity towards the telopeptides. The connective tissue

chosen for thié\investigation was porcine gingiva. Sodek

(1377) demonstrated that the rate of collagen turnover in
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gingiva was substantially higher than that in skin. If the
associated degradation is primarily due to the action of
extracellular proteinases, there may be a léréer
concentration of these enzymes in the medium conditioned by
the gingival_éxplanté thaﬁ could be obtained from cultures

- of othér readily available tiSsges. The conditioned medium
~from pbrcine’gingival explants has been_demonstrated to
coﬁtain.collagenése and other géutral proteinases (Petfigrew
et al.‘1978,“i981). In addition, this conditioned medium was
shown to contain protéolytic activityfcapable Sf_
solubilizing insoluble fibrillar collagen (Pettigrew, 1978;:
‘Pettigrew et al., 1978). ‘, s n
ng tﬁere is a proteolytic,activity1directed against the

telopeptides of éollagen (’teiopeptidase') then attempfé

would be made to separate this from the collagenase. In

,addition, therprotéinase would be characterized (moleculan
wel§ht, inhibitors, pH optimum, scissile bond(s) £hatTis/are‘
cleaved etc.). The rolesAof these two proteolytic
‘activities, collagenase and 'telopeptidase' (if the
activities are indeed due to diffefent proteinases), in the
bfeakdown of fibrillar collagen would then be\investigated‘

in the hope that a better understandingIWOuldrbe obtained of

this process.

e
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I1. MATERIALS AND METHODS
. | i} | oy
Proteinaseg, Activators, Inhibitors and Substrates
Cathepé&n D was isoiated from bovine thymus and
purified in Dr. Pearson's laboratory (Scott and Péarson,
1978a). Theyétock solutions contained 100ug/ml or 1mg/ml of
protein in 0.02M-sodium phosphate pH 7, and were stored a£ )
—206C."Antibddies'sbecific fof the carboxy-terminal
ekfra—helical region of Type I céllagen (residues C-4 to "

C-9), were prepared by‘D:. P.G. Scott (Scott, 1982).

_Elastase isolated from polymorphonuclear leukocytes was

“kindly supplied by\Dr{ A.J. Barrett, Biochemistry

v

Department, Strangeways Research Laboratories, Cambridge,

England. Pig synovial collagenase was a gift from Df; T.E.

Cawston, Cell Physiology Department, Strangeways Research

Laboratories, Cambridge, England.
TPCK- (L- (tosylamido 2 phenyl) ethyl dhlorgmé@hyl

o ' : ‘
ketone)-treated trypsin (228 units/mg), pepsin (2,720

-~

units/mg, twice crystallized), and bacterial collagenase

(326 units/mg, code-CLSPA) were purchased from Worthiq;ton

Co. (Freehold, N.J.). Trypsin bound to agarose, soybean

trypsin inhibitor, pepstatin, benzamidine hydrochloride,

6-amino hexanoic acid and p-hydroxymercuribehzoate (pHMB)

and_azocasein were obtained from Sigma Chemical Co. (St.

s, Mo.). N-ethylmaleimide (NEM), Qas from Aldrich Y

,l‘Cb} (wisgonsin);,Phenylmefhylsﬁlphonyi'fluoridé‘l

‘as purchased from Pierce Chemical Co. (Rockford,

\

46
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11). Aéocoll (50-100 mesh) was obtained‘from CalbioChem*

Behring, (San Diego, Ca.).

vTissueAculturg‘ﬁaterials ‘ . o
Heat-inactivated fepgl’bbvine serum, Dulbecco's
%odifiedangie'medium (DMEM) amphotericih'B and nystatin
Qe:e obtéinedzfrom~GIBCO Canada Inc. (Bu;lington} Oont.).
Penicilliﬁ@‘stréptomycin, kanamycin, gehtam?cin, cyclo-
heximide and HEPES'(N?2thdroxyethyl\pipefaz{ne Nf;Z,eth%ne-
fsulfonic’acid) were purchased from Sigma;;Trypsih 1:250
(Difco certified)>and'lactélbdmin hydroiysate |
(Bacto—Pepfone) wefe purchased from DIFCO Laboratory
(Detroit, Mich.). Concanavélin A was obtained from Pharmacia
(Canada) Ltd. (Que.). Blood agar plates wére‘obtained f;om.

the Micrdbiology Department, University of Alberta.

PolyacrylémideuGel‘%1éct:ophoresis Materials
*vPolyac£yl;mide, BIS (N,N'-methylene-bis—acrylamide),
| SDS (sodium da ecyl sulphate), TEMED (N,N,N',6N' - tetra-
meéhylefhylenediamine) émmon%pm-pefsulphate, bf&mophenol
blue, Coomassie Blue (R250), Tris (tris (hydfoxyméthyl)
aminomethane) andythe mixed bed. ion exchange,resinlAG
50}—Xé(D) (20750 mesh) were obtained from Bic—Réd |

Laboratories (Mississauga, Ont.).

\
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Columﬁ,Chromqtography : . o ' o

‘Sephade*@ GZS (medium), G100 (fine), G200 (fine), G2OO
(superfine), DEAE-Sepharose™ CL 6B, cyanogen - S
bromide—éctivated Sepharose 4B and,a protein calibration kit
~ for gql filtration were-obtained from Pharmacia. Bio-Gelé P{
(100-200, 200-£00 mesh) and P10 (100-200 mesh), Bio-Gel
agérose A0.5 (100-200 mesh) and A1.5, (200-400 mesh) Qe:e"’
obtained frbm.Bio;Réd Laboratories. Hepafiﬁ bqund to agé:ogg
- was from Sigmé.

- Radioisotopes |

Tritiated sodium borohgdride (110mCi/mMQlé) and‘
f‘C—acetic.anhyafide (119mCi/mMéle) weré}obtained_from
Aﬁersham/Searle Co; (Oakville, Ont;). Tritiatéd water
(0425mCi/g) was purchased from New Ehgland ﬁuclear, Lachiné;

Que. Scintillation fluid was obtained from various sources

as described in Methods.. .
, -, T

’

Other Reagents a$d Products’

Ammonium éulphate (eﬁzyme grade),‘chlofamihe T}_m
p4aminobenzaldehyde; hydrgxy—L—prglihe, an ‘bqv;ne serum
‘ albumin-(radio—imﬁUnoaSsay'gféde) were from Sigﬁ;. Cyanogen
bromide was purchaéed’from Aldrich Chemicavab,"andbsEoredf'
at -20°C. Gelatin was obta{ned frém JjT.‘Bakef Chemical Co.’
(Phillipsburg, NeW’Jéféeyzr ! |
~ Other chemicals and d{spoSables were obtained from

Fisher Scientific, Edmonton, and CanLaéj Edmonton. All
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chemicals utilized in this study were of analytical grade. -
The water was either double distilled, or singly distilled

< .
and further purified through a Milli-Q™ system with a O.22um

Milli-Stack™ filter (Millipore, Ltd. Mississaugua, Ont.).

A. Tissue Culture s | ; ,
Porcine Gingival Explant Culture

Porcine mandibles (12-18) were obtained within one—half
hour of SIaughﬁer from a local abattoir (Canada Packers,
Edmonton), packed oﬁ ice, and processed within 2 hours. The
protocol was generally as described by Pettigrew (1978) and
Pettigrew et al. (1978). The gingivé was brushed with
phosphéte buffered saline to remove debris. A£tached
keratinized gingiva (see Fig 1) from the mandibular molars
that was judged to be non-inflamed on,visuél e#amination,
was excised and placed in Petri dishes with DMEM (pH 7.4)
which contained 0.042M-sodium bicarbohafe, 100 units/ml
penicillin, 100ug/ml stréptomycin, 50ug/ml. gentamycin,
100ug/ml kanamycin,'3ﬂg/ml nystatin and 3ug/ml
amphotericin B. The strips of gingiva were transferred to a
sﬁerile‘}ZSml Ehrlenmeye:‘flask, washed twice with sterile
culture medium, and then choppéd into 1-2mm?® sections, with'
scissors or biades. The pieces were washed extensively with
medium, and then distributed into Falcon™ Brand 75cm? tissue

culture flasks (0.5-0.8g wet weight of tissue per flask).
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Medium (\3m1) was added and culture was carried out in a
~humid atﬁgsphere of 5% CO, in air at 37°C. Cycloheximide
(3ug/ml) was added to some cultures to inhibit de novo
protein synthesis. The conditioned medium was removed daily,
clarified by centrifugation (1000 x g) for 10 minutes and
stored in separate tubes at -20°C. Flasks that contained
medium which was cloudy were rejeé%id due to the likelihood
of bacterial contamination. In addition, a sample from each
flask on each day was applied to a blood agar plate, and
these were incuba;ed for several days at 37°C. Conditioned
medium which showed signs of contamination was discFrded,.
including thét from earlier days in culture 1in these'

flasks.. Such contamination wasfound only rarely in this

study.

Human Gingival Fibroblast Cﬁ}ture &

Normal human gingival fibroblasts (Gin-1, Americ;B Type
Culture Collection (Md. USA) obtginéd at the third passage,
were initially processed according to the accompanying
ingtructions. The ‘ampule containing the frozen cells was
thawed in a 37°C water batﬁ with vigorous shaking (within 30
seconds), and then immersed in‘70% (v/v) ethanol, at room

temperature. The contents of the ampule were transferred

(under sterile conditions) to a 15ml centrifuge tube

containing 10ml of DMEM/10% fetal bovine sadrum with //////

(50ug/ml) and kanamycin (100ug/ml). The fi‘roplésts~werg///

P -
Ve . e
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pelleted, then resuspended iqvfresh medium, and transferred
to a 75cm?® Falcon flask, and incubated for 3 days under the
same conditions described previously for gingival explants
but in the presence of 10% fetal bovine serum.
Cells grown to confluence in the flasks were passaged

by tﬁe following procedure., The cells were washed three .
times with phosphate buffered saline, and then once briefly
(5 seconds) with a sterile solution of 0.25% (w/v) trypsin
(Difco) in phesphate buffered saline. Fresh trypsin solution
was added and after 2-4 minutes, the rounded cells were
dislodged by repeated aspiration with a,Pasteer pipet. The
cells were transferred to 15ml centrifﬁge tubes .containing
medium with fetal bovine serum and sedimented by
centrifugation (1,000 x g for 10 minutes); The cells were
resespepded in fresh medium and transferred to new flasks in
a raf{; of 1:2 or 1:5. The volume was madebpp to 15mi, and

e cells allowed to incubate under the conditionsldescribed
above. Medium was c¢hanged every third.or fourth day.
Confluence was generally reached after 3-5 days.

- After the third pessage (sixth passage overall forl
these fibroblasts) the cells‘were‘proceseed as described by
Hurum et al.k(1982)r The culture hedium was DMEM/10% fetal
bovine serum, with:#EPES (4.7mg/ml), gehtamycin (50ug/ml),
penicillin (100ug/ml), and amphotericin B (300ng/ml),
adjusted to pH 7.2} Onﬁe confluent, the cells were washed

. Lo . . :
with phosphate buffered saline and cultured in DMEM without

serum but containﬂng concanavalin A (25ug/ml) and

/
i
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lactalbumin hydrolysate (5mg/ml). The latter product was
added to enhance cell viability and to r%tard cell |
detachment (Paul, 1975). The conditioned %edihm was changear
daily (4—5.days) clarified by centrifugation and storéd at
-20°C. The cultures were still viable at end of treatment

#

(Scott et al., 1983).
B. Treatment of Conditioned Medium
. (

Concentration of Conditioned Medium

Two concentration techniques were used in the
preparation of neﬁtral proteinases. At all times during the
concentration and dialysis procedures, the conditioned
medium was kept on ice,;or at 4°C, In the earlier stages of
the investigation the medium was concentrated (6-60 fold) in
a Diaflo™ ultrafiltration apparatus (Amicon Co., Lexington,
"Mass.) with PM10 membranes (molecular weight cutoff 10,000).
At a latér stage, concentration éf the conditioned medium
was accomplished by precipitation by the addition of solid
ammonium sulphate (enzyme grade) according to the technique
described by Dixon and Webb (1964). This involved the
addition of sufficient solid amﬁonium sulphate to the medium
to give 20% saturation. After 2-16 hours the precipitéte was
removed by centrifugation at 20,000 x g, for 45 minutes. To-
the supgrnataht, ammonium sulphate was added in 3-4 aliquots

to give'BO%'saturation. This mixture, which was generally

left overnight, was then centrifuged at 30,000 x g for
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1 hour. The precipitate was dissolved in a small volume of
bﬁffer'(pfOSM—Tris/Hcl; pH 7.4, containing’O.2M—NaCl,
0.00SM-CaClg; and 0.02% Yy/g) sodium azide) and thus
_concentrated %5-50 fold. This buffer Qas the standard assay
buffer used iﬁ this investigation. The sélution was dialyzed
 for 48 hours against 2 or 3 changes of asséy buffer and fhen
stored frozen at ¥2Q°C,‘until needed,

Ih the latter stages of this investigation the protocol
 of’Cawston ahd Tyler (1979) was followed. This is similaf to
the above procedure except for the followiﬁg mddifications.
Conditioned medium that was made to 20% saturation with
ammonium sulphate was filtered through a Whatman 54 filter
paper. The precipitate at 60%}saFuration Qas'dissblved in
0.05M-Tris/HC1 pH 7.4, containing 1,0M-NaCl, 0.01M-CaCl,,
0.05% (v/v) Brij 35, and 0.03%'(v/;) toluéne. The °
preparation was theh,dialyzed against this buffer
(fOO volumes) for 2 daYé with 2 changes. The solution was:
clarified by‘centrifugafioh at 40,000 x g for 1 hour.

'Concehﬁnation giwvarious fraétions containing
proteolytic activity was performed in the early stages by
| ultfafiltrationkusing coliodion"bags (Schleicher and
Schdell, N.H., USA) with a nominal molecular weight cutoff
of 10,000. At a later stage, ngrafiltration with the
Immersible CX-10™ system (Millipore) with a 10,000 molecular

weight cutoff, was used.
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Activation of - Conditioned Medium

In the early stages of this investigation the
concentrated éonditioned medium was treated with )
TPCK-trypsin (100ug/ml to 1mg/ml in assay buffer) and added
to the conditioned medium at a ;oncentration of 1ug/100ul of
mediué. The solution was left at room temperature for 10-T5
minuteé, and then a 5-10 fold molar excess of soybean
trypsin inhibitor {(1mg/ml in assay buffer) was added.

Trypsin bound covalently to agarose beads’ was alsd‘used
to activate the proteinases. An aliquot of the
trypsin-agarose was washed 3 times with;éssay buf fer in_a
micro-centrifuge tube, and approximatel} 3 units of trypsin
added per ml of proteinase solutioﬁ. This was left at room
temperature for up to 2 hours, ;ithvoccasibnél hand
inversion to resuspend the trypsiﬁ—agarose. The_mixtﬁre was
centrifugéd, and the supernatant removed.

A third method of'éctivation was used in assoéfation
"%%ith the protocol of Cawstqn‘and Tyler (1979) as described
abdve,_but following the tecﬁnique of Stricklin et'él..
(1983). Pafa—hydroxymercuribenzoate (pHMB), which was
dissolved in 0.1N-N%QH at a concentration of 0,02M wasJédded
to the concentratermedium to give a final concentration of

0.001M. The mixture was incubated at 35°C for 2 hours, and

stored at ¢°C. ‘ ’)



55

Gel Filtration of Concentrated Medium

At a later stage in this investigation,ggel filtration
at 4°C was routinely performed. For large scale
preparations, aliquots (5-15 ml) of conoéntrated
(25-50 fold) conditioned medium were applied to a column
(2.5 x 115cm) packed with Bio-Gel agarose AO.S ahd eluted
with 0.05M-Tris/HCl pH 7.4 containing 0.05% (v/v) Brij 35,
0;03% (v/v) toluene with either 0.005M~CaCl, and 0.2M-NaCl
or 0.01M-CaCl, and 1.0M-NaCl. For the chromatography of
small volumes of proteinase solutions (1-2ml) a 1 x 115cm
column was used. Both\columns were calibrated for molecular
weight estimation by the chromatography of‘protein standards

and with °H,0 to determine total column volume.

C. Isolation and Purification of«Coilagen Substrates
Preparatioo of Soluble and Insoluble Bovine Skin Collagen
Acid soluble collagen (Type>I) Qas preparéd from the
corium layer of a freshly flayed foetal bovine skin (Canada
Packers, Edmonton)-according to the protocoirof Volpin and
Veis (597J). All the éxtractanr solutions contained the -
following in final concentration: 0.003M-sodium azide,
0.005M—NEM, 0.00BM—benzamidine hydrochloride, 0.001M-6-amino
hexanoic acid and 0.01M-EDTA. During the entire procedure,
the skin'or‘extractaot solutions that contained thelgoiiagen

were kept at 4°C.
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;

The foetal bovine skin was washed iﬁ AQ% (w/v) NaCl
containing the inhibitors and left foszﬂdays in the above
solution with one change. The hair and outer layers of skin,
as well as any sub@ermal adipose Qissug were scraped off,
and then the skin was chopped into pieces of 2-3mm®. These
sections Qere suspepdedwin the 10%-NaCl solution for several
days with changes,'andqthen suspended 1in 25%-NaCl . for

24 hours. The salt was removed by extraction in water over
several day§.

Acid soluble collagen (Typé I; Type 111 collagen is not
extractable in dilute acids) was obtained from three 24 hour
extractions with 0.5N-axetie acid. The gxtfacts from each
day were clarified by centrifugation (8,000 X/g} 1 hour),
The €ollagen in these extractsiwas precipitated by the
addition of solid Naqi to a final cohcéntration of 10%
(w/v). After 24 hours, the precipitate was collected by
&entrifugétion (17,000 x g; 1 hour)ﬂ Additional NaCl (5%;
w/v) was added te the supernatants to ensure maximum
recovery of thé collagen. The;precipitated collagen was

)

ight, the solution

redissolved in 0.5N-acetic acid. ove
clarified by cehtfifugation (17,000 x g), and coilagen was
reprecipitated by addition of an equal volume of 30% (w/v)
NaCl. The precipitated coilagen was recévered by
‘centrifugatiop. The two steps were performed a total of

3 times, énding with the collagen in solution. The extracts
from each day were handled separately to quanti£ate. |

recoveries. The final collagen solutions were dialyzed
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exhaustively againét water without the proteinése
inhibitors, lyophilized and stored at 4°C. This was called
'acetic acid soluble collagen'.

‘\

The residue after the three days of extractions was
washed exhaustively with water over sevefalldays,
lyophilized and stored at 4°C. This was called 'acetic acid

_insoluble collagen'.

The acetic acid so;uble collagen was purified E%rthef
for‘certain critical experiments to remové any bound
\proteinases (Pardo et al.; 1980) by the method described:by
Gfoés (1958). The lyophilizedocollagen'(10—40mg)‘was'
suspendéd iq O.5N—écetic acid at a concentration of 2mg/ml,
‘%ndﬁdissolved overnight at 4°C. The‘collagen solution was
dialyzed against 2 changes of, 0.1M-sodium bhosphate buffer‘ A
'PH 7.6, and the concentration adjusted to approximately
1.0mg/ml wiph fresh phosphate buffer. Triéhiofoacetic acid
(TCA; 25% solution in 0.45M-NaCl) was added to a final
concentration of 2.5% and to pH of approximately 3;5 (never
‘Lower than pH 3). After 45 minutes the resultant pgecipitate
was sedimented at 20,000 x g for 45 minutes at 4°C. The
supernatant was dialyzed égainst 0.1M-sodium phosphate
pH 7.6, for 48 hours with 2 changes..Ethanolb(95%)-was‘added
to give a final coﬁcentfation of 14% (v/v). The collagen was
“allowed to precipitate out of solution ovefnight‘and then

sedimented at -30,000 x gq. Theycoliagen was résuspended in

)
\
¥

n\
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0.5N-acetic acid, dissolved overnight, and then dialyzed

‘against 0.01N-acetic acid. An aliquot was used for the s

measurement of the collagen concentration by the microbiuret
assay as described below. Recoveries of the purified

collagen were generally between 50-75%.

Preparation of Acetic Acid Soiifle Rat Tail Tendon Collagen
Acid soluble collagen was also extracted from adult rat

tail tendons During the entire procedure the tissue and the

extractant solutions that contained the collagen were kept -

cold. The tendons were removed, scraped, and then washed in
10% (w/v) NaCl cehLaining 0.02%-sodium azide for 24 hours.
The tissue was washed with water, ana then defatted in
chlereformYmethanol (2:1), for 3 hours, followed by a wash
with methanol and exhaustive washing with.water. The fendons
were suspended w;:h stirring overnight in O.SNfacetic acid
containing 0.02% (w/v) sodiem azide, and the undissolved
residue removed by eentrifugation (ZO}OOU‘X g); Sodium .
chloride (30% w/v) was added to the supernatant»to giVe 4

. : TN ———
final concentration of 5%—NaCl and thls was left overnlght
The precipitate was isolated by centrlfugatlon (30,000 x qg)

and redissolved in 0.1N—acetic acid overnight.' This solution

was dialyzed exhaustlvely against 0.01N-acetic acid, and

then agalnst fﬁwM sodlum phosphate buffer pH 7.1 for 2 daye.

The precipitate in the d1a1y51s bag was recovered after

centrifugation (30,000 x g), and redissolved in 0.1N-acetic

aci%, and then dialyied against 0.01N-acetic acid. The
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solution was clarified again by centrifugation (20,000 x q)
and the supernatant lyophilized. An aliquot of this collagen
was used for ana1y51s of ‘reducible cross-links after

treatment with °H-sodium borohydride asvdescrlbed below.

>
4

Reduction of Acetic Acid Soluble Collagen

The acetic acidvsoluble fetal bovine skin collagen,

‘that fhad been extracted with the proteinase inhibitors was
fu; her purified with TCArandiethénol precipitation as
eécribed above, This collagen;, as well as the rat tail
ollagen (not further pu:ified)~wére kept on ice

t froughbut the‘féllowing procedure. The collagen, at a

éqn ration of 1mg/ml in 0.0AN—acetib acid, was
neutralized by addition'of'0.5M~sodium phééphate, pH 7.0, to
a final concentration of 0.0SM—sodium'phosphate.xTritiated
sodium borohydride was diluted Qith cold sbdium borohydride

initially in a 1:3 ratio, and in later experiments in a 1:1

=3

ratio, and approximat?ly Img of this was added to the
collagen with mixiag for 1 or 2 minutes. Different aliquots
(5,10 or 20mg) o} collagén were reduced in sepérate
experiments with essentiaily the s?mé result. Glacial acetic
Jacid was then added to lower the pH to 5 and destroy the
reductant. The solution was left for 30 minutes to allow. for
the tritiated gaédto,dissipiféte; and then it was |
trahéferred to dialysis tubing and dialyzed against large
volumes (4 litfes) of 0.01N-acetic acid for several days

with daily changes. In later experiments the collagen was
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further dialyzed égain§t 0.02M-sodium borate, pH 8.0 for
3 days) whigh significantly decreased the level of |
non—Specific label on theicollagen and then against
in1N—acé§}c acjd for 3 days:’&he cgliagen (either%{ﬁzﬁyﬁﬁ

or 1.0mg/ml)iwas dispensed in 1ml &liquots in 7ml.

scintillation vials and stored at -20°C.

'4C-Acetylation of Acetic Acid Solublg Collagen
An aliguot (10mg) of the acid séluble collagen
extrécted with proteinase inhibitors ag described above,~was'
dissolvéd in O.TN-acetic'acid at~4°C. The_éoluﬁion was
dialyzed against O.iM~sodium phosphate pH 8.8 for 2 days.
The cbllégeh (1.6mg/ml) was transferrea to a thick walléd
container, and Kept in a cold water bath to maintainvthe
temperatures between 8 énd;T2°C throughout the foilowing
procedure. The‘contents of an ampﬁle containing 500uCi of
'*C-acetic anhydr%de €a19ﬁéi/mMoé§§,%§ere diluted‘with 150ul
~of a 1%'solution of cold carrier :tetic anhydride in
benzene, and tfansferrea b} wéshiﬁg with ,350ul bgnzeﬂe. An -
‘saliquot of 60ul Sf_this’solbtidn was added to the collagen'»
'§?at zero time and at every 30vminu£esbfor a total of &.
5 additions. The sblutidn.was kept on ice for a further
. 1.5 hours. The acetylated collagen was then dialyzed égainst

0.01N-acetic acid for several days until no further radio-

activity was released. The '‘C-collagen was stored at -20°C.
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D. Aésays

Glucose Utilizafion

The concentration of glucose in the conditioned medium
"wag measured in order to aetermine the level of metabolic
activityvof the gingival explants in culture. A test kit for
glquse determination (Auto/Stat Kit} Pierce Chemical Cb.)
was used. The prb?edure involved mixing reagents'to'obtéin-a
'working color reagent'’ chtaining 4-amino antipyrine,
2-4 dichlorophenol, glucose oxidase'énd.horseradish
peroxidase. The 'working color reagent' (4.0ml) was added to
the samples (10ul), to be tested. The tubes were heated to”
37°C.féf 15 minutes, cooled to room temperéture, and optical
denéity at 515qm measured within 10 minutes. The giucose
concentration was- read from a standard curve, wﬁ%h ﬁhe use

R

of the glucose supplied with the kit.

. ﬁaétate Dehydrogenaéé
Th§'¢oncent:a£ion of lactate dehydrogenase in the
condiﬁioned medium is reiatea to the extent of cell death.
Th}s assay was performed usingva.lactate dehydrogénasé»kit
(Sigma Kit #226-UV). The reaction, which‘was @oniﬁored at

340nm, was as follows:
Lactate + NAD e Pyruvate + NADH

'The rate of produttion of NADH is proportional to the LDH

-

> 9
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concentration. The method involved the additien of 31ml of
LD-L Reagent B (contains L-lactate) to LD-L Reagent A
(B—NAD;~1yophilized) with stirring. An allquot (3 {mTT_bf
this prepared reagent was plpetted into a lem cuvette, to
which 100ul of sample was then added w1th mixing. The |
absorbances at 340nm\at zero time amd at 3 minutes were
recorded with water as the reference. The entlre reactlon
was performed at room temperature‘(approx1matele2O C);rThe_

calculations were as follows:

'A/3 = Final A - Initial A |

s

LD-L(Unit/litre) = A/3 x 1660 x TCF
F

TCF (Temperature Correction Factor) at room temperature is

2.25. 'A' is the absorbance at '340nm.

4

Hydroxyproline ‘ o ,

Hydroxyproline Was:‘;@stimated' ‘b_y the method of: Bergma‘h

apd Loxley (1970). Samplés, to beggnalyzed were mydrolized'
:; 6.0N-HC]l, for 18-22 hours;,dried and :eeonStituted in
500ul of water. Aliquots in dupllcate, ‘were made up to
500ul with water, and to eath, 1.0ml of . 1sopropanol was

added. This was followed by the addition of 0. 5ml of the

oxldant solutlon (see below) with vigorous vortexlng. After

4 minutes #15 seconds, at room temperature; 1.0m1'of
}Ehrlich's reagent (see below) was added with m1x1ng, and

- then the samples were heated to 60°C for 21 mrnutes in a

[

4
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: : y
water bath. After one hour at room temperature to allow the

color to fully develop, the optical density at 562nm was
measured. Hydroxy-L-proline in aqueous solution was used as

a standard, and stored at -ZOFC.

Oxidant solution: 4 volumes of a solution containing:
0.42M-sodium aceﬁg&e anhydrous, 0.13M-trisodium citrate
dihydrate, deféM-citric acid monohydrate, and 385ml of
isopropanol made up‘to 1 litre with water; mixed with

1 volume of a 7% (w/v) solution of chloramine T in water.

The solution was prépqied Ju/t\oefore each set of 2

determinations. /

4

\“\

Ehrlich's reagent: 17,69 of p—dimelhylaminobenzaldehyde in
40.8g of 60% perChloric-acid (spec1f1c gravity 1.54), and

made up to 100ml w1th 1sopropanol was also prepared fresh.

3

u. i
Microbiuret Assay
The micobiuret. method as described by Itzhaki and Gill
(1964) was used for the estimation of collagen
./conoentratlon. To/;n allquot (50f500u1) of sample, made up
to 500x1 with water, 250ul of the-biuret résgent (30% (w/v)
NaOH, 0.21% (w/vl copper sulphéte (CuSO,.5H;0) was added
with mixing. After 30 minutes‘;t room’temberature he
optical density atSBdbnm was measured ’Gelatin (0. 5mg/ml),
of known moisture content, which was heated to 60° C for 30

minutes and cooled to room temperature, was used to obtaln a
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standard curve.

Collagenase Assay

The semiquantitative method of Berman et al, (1973) was
used. Non-heparinized glass capillary tubes (l X 75mm, Dade
Capilets™) were partially filled, by capillary action, with
a degassed solution of fetal bovine skin acetic acid soluble
collagen (img/ml) adjusted to pH 7.5 and containing in final
concentratlon 0.05M-Tris/HC1, 0.2M-NacCl, O\OOSM—CaClz.and
0.02% (w/v) sodium azide. Tubes were sealed at one end with
Seal Ease™ (Clay Adams, USA) and at the other end with a
 removable short length of plastic tubing plugged with dental
wax.'Thg‘collagen was then left overnighf at 35°C to gel,
Sampleé to be tested for collagenase activity, Qere first
adjusted to the‘same'molarity of salt‘(O.ZM—NaCl) as that of
the collagen gel, and then applied (5ul), with a Hamilton
10ul syringe, to the tops of the now opaque collagen gels..
The tubes were sealed and the rate of clearing (mm/hr) was
measured at various intervals; if necessary for as long as
1 to 2 weeks.

In»the latter part: of this invéstigation a collagenase
assay was used which was based on the conversion of a; to
a,3/4 peptides, measuredﬁ;fter electrophoresis of the
products of digestion of acid soluble collagen with
conditioned medium (modified from the protocol described by
Sodek et al., 1981). The areas of these peptidekpeaks were
measured, the a;3/4 peptide value édjusted by a factor of

3
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4/3 to account for loss of the «,1/4, and the areas that
represented o, chains, summed. The ratio, expressed as a
percent of «,3/4 (adjusted) to the total area was related. to -
the amount of collagen that was initially present in the
incubation, and units of activity basgd on the amount of
collagen degraded per hour were calculated (see Resulfs).
Non-Specific Neutral Proteinase Assay #1

Gelatinase-like activity was estimated as described by
Pettigrew (1978). In 1.5ml micro- centrlfuge tubes, f
approximately 2.5mg of insoluble Azocoll was mixed w1thﬁhn
aliquot of sémple (25?500ul), and made up to 1.5ml with
buffer to a final concentggtion of 0.0SM—fris—HCl, pH 7.5,
0.2M-NaCl, 0.005M-CaCl, and 0.02% (w/v) sodium azide. The
samples were' incubated at 35°C,7for 20 hours, or longer 1if
necessary, on an end~over—end shaker get‘at the slowest
speed. The mixtures were then centrifuged at 12,000 x g, for
3 minutes,:the‘supernatant ;emoved and the optical density
at 520nm measured in a lcm pathlength cuvette. A standard |
. curve waéiconsfructed with TPCK-treated trypsin (0.5-5.0ng).

|
Non—Spééific Neutral Proteinase Assay #2

| The ability to digest azocasein was determined

essentially.as described by Sapolsky et al. (1974),
Azocasein was dispérsed in assay buffer at a concentration

of between 5-10mg/ml, and héated to 56°C, for 30 minutes to

solubilize it. Aliguots containing 2mg of azocasein, were
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dispensed into 1.5ml micro-centrifuge tubes, and enzyme
solution ;as added. The voldmes were made up to 1.0ml with
buffer (final concentration 0.05M-Tris/HCI, pH 7.5,
0.2M-NaCl, 0.005M-CaCl, and 0.02% (w/v)_sOdium azide). The
reaction was carried out at 35°C for 20-24 hours. ‘
Trichloracetic aéid}(ZS% w/v) was added to a final
concentration of 5%, and the precipitate of undigested
azocasein_sedimentéd at 12,000 x g. The supernatants Qere
withdrawn quantitatively, and dispensed into 1.5mi
micro-centrifuge tubes. Sodiuh hydroxide tC)%éfinal
concentration of 0.5M, (which increaseg the pH of the
solution and enhances the.color) was then added with \
shaking. The solution was again clarified by genfrifugation.

The optical density at 450nm was then measured. A standard

curve was constructed with TPCK-treated trypsin.

Determination of Telopeptidase Activity by Gel Permeation
Chromatography |

The assay toldetermine the telopeptidase activity, (the
activity that releases the extra-helical regions of
collagen) underwent several modifications during the
investigation. The procedure that was finglly adopted was as
follows: |
In 1.5ml micro-centrifuge tubes, an aliquot (10 or 20ul) of
*H-collagen kNaB“H" reduced acid soluble‘fetal bovine skin

collagen, purified by TCA and ethanol precipitations) was

mixed with an equal .wolume of double strength assay buffer
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(0.05M Tris/HCl, pH 7.5, containing 0.2M—NéCl, 0.005mM-CacCl,
and 0.02% sodiuﬁ azide). An aliquot'(10-200ul)»%f the sample
&o be tested was added, and the solution made up t& 240ul
final volume with assay- buffer, or with buffer that would
normalize the concentration to that of the assay buffer
constituents. The solﬁtion; were incubatea at 18-23°C for a
period that was dependent upon the estimated level of

activity;’This varied from 5 to 48 houré} but thg'majority
/

of the ﬁncubations were for 20 hoprs.’ConCehtrated formic
;cia (14ul)gand SOul of bovine serum albumin (4mg/ml in
1.0N-foAmic acid), were added and the solution
chromatographed on a column‘(0;7 X 4cm; 2ml total volume;
'Bio?Rad Laboratories), packed with Bio-Gel P10 (nbminal
fractionation range 1,500-20,000), which was washed
initially with 75ml of water ahd.Sml of 1.0N;f§;mic acid.
The columns were éluted with 1.0N-formic &cid and the
effluent col}ected in 20ml séintillation vials'and counted"
after addition of ¢aﬁléof scintillation fluid, as described

below. The five fractions that' were collected were

representative of the three regions of interest:

Fraction# Volume(ml)

1 ‘ 1.3 Vo.fraction;
2 0.2
3 0.2

4 . 1.0 vf fraction:
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5 1.0 Vt fraction;
. 3 L
The levels of radioactivity in fractions 2-gnd 3 were

indicative of the success of the separation of the large and

small molecular weight peptides.

.Large Scale Incubatlons w1th Acid Soluble Collagen
leferent'hethods were followed for the incubations of
condltloned medlum or of the enzyme preparatlons with |
non- radloactlve a%?tlc acid soluble collagen. Essentially,
aliquots of collagen (80—160ug/ml final concentrétion,
unless otherwiée‘indicateq) Qege incubated with the
‘proteinase solutions in assay buffer (see above and hesuits)
for varying periods of time at temperatures befween 18-25°C.
After éddition of EDTA kfinal-concentration of 0.025-0.05M)
the incubation solutlons we;g dlalyzed against water at 4°C
and lyophilized. The product;§werg analyzed directly by .
electrophoresis on 5% polyacrylamlde SDS gels, or digested

with cyanogen bromide (see below) and examined by -

electrophoresis on 12% polyacryfgmide SDS gels (below).

¢
£

Incubations with Acetic.Acid_Inéoluble Collagen i

W

Aliquots (25-30mg) of lyophilized acetic g
collagen were rehydrated in 0.1N-acetic acl;? 0 ;éshed at
1 4°C, for 24 hour periods.with Oﬂ1N-aceticraf5 ‘
water (once), and twice with aésay buffer (see above). All

‘~501utions'coptaiged 0.02% (w/v) sodium azide. The 'pieces of -

\
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ingoluble collagen were sliéed into 40um sectiohs’on a
fréééing microtome, and the sections transferred 2&;0 1.5ml
micro—cen¢rifuge tubes. Aliquots of the proteinase‘solutioné&gﬁ
were‘added and the volume made up to 1.2ml with asséy
‘buffer, Thé mixtures were incubated at 25°C, for 4 days in a
shaking water bath, after which EDTA, to a final
concentration of 0.025-0.05M, was .added. In léter sfudies.
incubations were performed for 2 dayslat\22°C. The mixtures
were centrifuged at’20,000'x g, for 60 minutes at 4°C, and
the supernatants withdrawn (labeled S-1). The collagen
residues were resuspended én 1.0ml water, and after 1 hour,
the mixtures yﬁge‘recényrifuged and supernatants witharawﬁ
(labeled S—Z);i%he collagen was:resuspended in 0.1N-acetic
acid, and left overnight at 4°C, ei;her ;tirring or on an
end-over-end shaker. fhis supernatant, after céntrifugétion
(30,000 x g for 90 minutes), was labelled S-3. Aliquots of
the above 3 §upernatant§, were h}drolyzed witﬂ HC1 (final

yconcentration of 6N) and duplicate samples were analyzed for

hydroxyproline. The solutions were dialyzed agart st water,
or in later studies; against‘0.02N-é¢etic aciza::i$§ater, “
and lyophilized. Samples weré electrophoresedron 5% poly-
" acrylamide SDS geis or digested with cyanogen bromide and
electrophoresed on 12% polyacrylamide SDS gels as described
belpw. | | _ Y |

To obtain more information on the nature of the
solubilized collagén, the lyophilized samples were

reconstituted in 0.05M-Tris/HC1, pH 7.5 containing
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1.0M-CaCl; and chromatographed on a column (1 x 90cm) packed
with agarose A1.5M (Scott and Veis, 1976a). iractions that
corresponded fo the «1/4 peptides (see below) were pocléd
and'desalted on columns. (1.5 x- 6cm) packed with Bio-Gel P4,
that were previously equilibrated in the running buffer\
(1.0N-formic acid). These samples were lyophilized and
digested with Eyanogen bromide as described below. Aliquotg
of these cyanogen bromide digested at1/4 pepﬁides were
electroéhoresed on 12% polyacrylamide ;DS gels.(see below).
Well-characterized cyanéged bromide'digééts of acid soluble

collagen were used as standards for comparisons of relative

mobilities.
E. Polyacg;lamide Gel E1ecttophoresis

SDS PolYacrylamide Gel Electrophoresis (5% and 7.5%)
Polyacrxlamida gel elecfrophoresis was performed as
descrﬁbéd by Furthmayf ana Timpl (1971), as modified-by
Scoft and Veis (?576a).'Stock solutions of thé following
were‘prepared, filfered ahd stored. A concentrated stock
buffer consisted of a 0.4M-sodium phosphaté, 0.3M-sodium
hydfoXide,.O.B% (w/v) sodium dodecyl sulbhape (SDS) adjusted
to pH 7.2 with 2N*Na0ﬁ; énﬂ»stgred at room temperature. The
eleétrophoresis running Buffef Qas a 1:8 diluvtion of the |
‘stock buffer. The\stocﬁ'acrylamide solution c?nsisted of

29.1% (w/v)-acxylamide and 0.9% (w/v) BIS.stored in' the dark

at 4°C. The sample buffer’ was 0.04M:sodfhm phosphate

S )
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containing 0.22% (w/v) SDS and 2.0M-urea and stored at 4°g.
The tracker dye, 0.05% (w/v) bromophenol blue in Qater, was
stdred at.4°C. \

For the p?egaration of 5% polyacrylamide gels, 5ml of
the acrylamide monomer solution was mixed with 3.75 ml of
stock buffer and the volume made up to 28.4ml with water.
Ammonium persulphate (1.5ml of a 5mg/ml Solﬁtion freshiy o
- prepared), and TEMED (45ul) were added with mixing, The
solution was immediatgly dispensed into glass tubes
(0.55 x 12.5cm) filled to 10.5cm. N-butanol was applied to
the top of each gel, and the gels left for 45 minutes to
polymerize. Preparatio; of'7.5% polyapryfamide gels was as
above éxcept that 7.5ml of acrylémide was used..

S;ﬁples‘to bé anélyzed were weighed (20—30ug/éél) and
dissolved in 40ul of sample buffer, and heéted to 50°C for
30 minutes. Bromophenol blue (10-15ul) was added to each
sample, apd ?b—ZSul'of éhis solution (in dﬁplicate) ;as
abplied on top of eéch‘polYacrylamide gel under the fUnnin?
_buffer. | o | .

Electrophoresis ;és cargied out for 45.minutes“at TmA
per tube, or uﬁ;il'the samples had entered the gels, then at
3mA/tubé for ;5 miputes and finally at 6mA/tube for
approximately 3.5 houfs~or.until'the_tracking dye was within
lem of the”end of théhgel. The gel;_were then carefully
:eémea out with wéterousing a sy&§n9§ fitted with a
4cm 26 gauge needle'and%%%dia ipk was injected into éhé

center of the tracker dye bahd? The gels were stained

. .
t,
¥
. >
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~overnight in a solution of 25% (v/v) isopropanol, 10% (v/v)

acetic -acid, with 450mg Coomassie Blue, made up to 1 litre

- with water. The gels were destained for 4 hours in a

. solution containing 10% (v/v) isopropanol, 10% (v/v) acetic

acid and 35mg of Coomassie Blue, and then for a further
24-36 nours in a diffusion destainer containing the
ion-exchange resin AG501-X8(D), 20-50 mesh, and 10% (v/v)
acetic acid. At a later stage in'the investigation the
1nterned1ate destalnlng step was ellmlnated and on ogcasion,
total t1me for sta1n1ng was reduced to 5 hours (for ite 5%
polyacrylgmlde gels only). | |

- . . ‘ -
SDS Polyacrylamide Gel Electrophoresis (12%)

This system employs the use of a stack1ng gel (3% or

5%) on top of a 12% separatlng gel accordlng to the method .

’ p 2 B . :
‘of Laemmli (1970). Stock solutlonS»of the following were \

prepared, flltered and stored. The separatlon gel buffer
(4 x concentrated) consisted of 1.5M-Tris and 0.4% w/v) SDS.
and was adjusted to PH 8.8 with HCl. The stacking gel buffer
(4 x congentmated) dghtalned 0.5M-Tris, 0.4% _w/v);SDS and
was adjjsted to pH 6/8 w1th HCl The running buffer

(8 X concentrated)‘con51sted of 0. 2M Tris, 5§6M—glycine,
0.8% (w/v) SDS and was ad]usted to pH 8.3 with HCl The
sample buffer was 0.0625M- Trls/HCl 2%(TW/V) SDS 2 OM-Urea,
adjusted to pH 6. The catalySt stock acrylamlde, tracker

dye and stalnmng and destaining solutlons were as for the 5%

and 7. 5% SDS- polyacrylamlde gels.
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 After degassing, TEMED (30ul) and ammonium persulphate

‘above,
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Stock acrylamide (12ml) was mixed with 7.5ml of E

separation buffer, and the volume made to 29ml with water.
o A

(1.0ml of a»5mg/ml solution) were added with mixing, and'the
solution, immediately dispensed into gel tubes.NWater or

butanol was layered on top of the gels. After 30 r,.ninutesAtor
allow for complete polymerization, approximately‘0.2ml of ‘

stacking oel solution (1ml of acrylamide, 2.5ml ofvstaoking,

‘gel buffer, 0.5ml of amﬁonium persulphate, and 15ul %f TEMED .

and the volume made to 10ml with H, O) was applled to the top

of the separatlon gel

Lyophlllzed samples were dlssolved in, the sample buffer

with heating to., 50°C for - 30 minutes and bromophénol blue was
N

(10-20ul) added to each solutlon After layering samples

under the runnlng buffer, electrophore51s was performed with

constant current 1n1t1ally (1mA/gel) untll the sample had

entered the gel and then under constant voltage, at either

»

50 volts fof '8 hours at room temperature, or 35-40 volts foL”

16 hours at 4°C. The gels were ‘then processed as descrlbed

-

Scanning of Polyacrylamide Gels
e } )
" The polyacrylamlde gels after staining were

L
‘exhaustlvely destazned as descrlbed and_then scanned at

560nm in 10% acetic acid in an autpmatic Gilford Linear

C I
Transporter on a Beckman DU Gilford Spectrophotometer. The

~scans were recorded on a Fisher Scientific,'RecordaIl' chart

>
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recorder. The relative mob111t::s of the stalned peptides
were calculated when necessary, by relattng the dlstance
travelled from the origin to the center of peak (peptlde
band) on the gél scan, to the distance travelled by the
ttacker dye. Quantltation of the felative areas of certain
peptide bands was generally performed by multiplying the

peak height by the width at half peak helght The apparent

mplecular'welghts (Mr) of the peptides were calculated from

a standard plot”ct relative mobility versus ﬁﬁé log,o of the

molecular weight._Té minimize any_variation between tuns,

andlbetween gels themselves,ra standard plot was ontained on
. \

each 'gel of interest For the cyanogen bromldefpe§t1des,

a,CB7 (24,900), and a,CB3 f13+4804wwere used to estlmate the

“molecular weight.cf peptides from the a,tchain, and a,CB3,5

(60,540) and «,CB4 (29,500) were used for peptides derived
frcm the a, chain. . _l et
\

Analys1s of Polyacrylam1de Gels for Radlolabelled Peptldes

To detect radiolabelled pept1des polyacrylam1de gels
wére ftozen Wlth'SOlld CO,., and sl1ced into 1mm’sect}ons
with a'Brinkmann Gel Slicer:(Rexdale Ont). These sections
L wete ﬁlaced 1nd1v1dually into glas scintillatlon vials, to
which 500ul of 0,6N-N.C.S.e Tissue Solubilizer |

(Amersham/Séarle) was added/zAfter 1ncubat10n overnlght ‘at

- 35°C, 15u1 of glac1a1 acetic acid' was ‘added to each vial,

i

followed by 10ml of Liquifluore solut1on (42ml of L1qu1fluof

é

(New England Nuclear) mlxed with 1 ditre of toluene), After

!
)

A

R

i

\,_

\
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24 hours in the dark, to allow chemiluminescence to decay,

the radiocactivity was measured. L

Pre elutlon of Gels_g

When it was de51red to isolate peptides separated by
gel eleqtrophore51s{ the gels were 1n1t1ally ‘pre-eluted.
,After preparétion in the tubes, the‘gels wefelreamed
carefully olt of the tubes, zashed over several days w1th
water obtalned from the MlillJQ system (see Materlglgl*/aff/
4’C, and then dlalyzed agalnst electrophore51s runn1ng
“buffer. The gels were relnserted ?nto the glass electfﬁgl
phore51s tubes and the lower end of each was seéied w1th
d1a1y51s membrane The electrophoret1" condltlons were as
prev1ously descrlbed R ' - ; _u‘ 'v v f

‘ B | : , :

; E#traction/ot Peptides from the Gels ; o

The method descrlbed by Scott- (1982) was followed The
proteln c0nta1n1ng zones in thL gels were eXClsed macenéted '
by forc1ng through a 23 gauge syrlnge needle and eluted into
4-5 volumes of 25% (v/v) yr1d1ne overnlght at 37°¢C.
Extractlon mas repeated and the extracts vere pooled The
protein was sgparated from the-dye (Coomassie Blue) by
chtométography on a column (T.5‘x 6cm)'packedutdth Bio-Gel
pjov(iop—zoo mesh). The sempies were eluted'w{thﬁjN—formic

acid and lyophilized.
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F. Other Techniques : \ - Y

‘ Affinlty_Chromatography

| 'Abtemptsﬁwefeamade to .purify proteinases by
eollagen-affinity chromat;graphy The'initﬁ%l7attenpts'
- 1nvolved neutra1121ng acid soluble collagen (1mg/ml) to

pH 8:5 w1th a flnal concentratlon of 0.1M- sodlum blcarbonatQ
‘contalnlng 0.2M-NaCl (" coupllng buffer ; Bauer et al.;

1971). %he extent of b1nd1ng was determined by the

1

*-,,1ncorporat1on of “C collagen (100ug) CNBr—act1vated

- Sepharose 4B (1+2g; Pharmac1a) was 1n1t1ally washed with
300- 600ml of ice cold 0.001N- HCl (over a 15 m1nute perlod)

- on a sintered glass filter, washed brleﬁlg»W1th‘the coupling .

S AR | -
buffer,~mixed with the collagen\soldtionlidfa'glass culture

: S T e ! L
tube, _and'incubatéa overnight at 4°C, on an‘end-over-endﬂ

. 1

mixer. The _gel wvas sedlmented (200-300 x g} 20: séconds) and-

supernatant w1thdrawn. An equal volume of IN-ethanolamine

2 hOure at 4°C the collagen Sepharose was alternate Y

0.5M- NaCl and . 0 1M sodlum b1cah

0. 5M- NaCl “An allquot of the coilagen Sepharo€e gé& was

#

;removed and: rad10act1v1ty measured S

: . Nea / o
: 'In later exper1ments,»gpe to roblems with the collagen /
precipitating out of the solution 0 OSM-sodlum c1trate,

)

pH 6. 3, conta1n1ng 0. 2M NaCl was us d as the coupllng T
'buffer. o | ‘

"7) i. B
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Productlon of collagenase s a characterlstlc of ‘many
‘systems showlng degradatlon of collagen However 1t has been‘
suggestedﬁthat 1ntermolecular.crOSS*llnks in flbtlllar'
,ﬁ////dcollagen may present a 51gn1f1cant Qbstacle to the actlon of

collegenase. An activity that cleaVes the telopeptldes,i.

‘%\ which contaln:the cross-link 51tes,.may be reguired as the
.fi:st’step in the turnove:vofutlbrllfar coll;gen; Enzymes
with an activity‘agalnstfthe telop%ptides have been
‘denonstrated; however theitophfoptimé or cellularéorlgins,,
may preclude a role in the extracellularlmetrix under'nofmal
physéological COnditions- This.study’was initiated to‘ |
determlne 1f an enzyme w1th act1v1ty at neutral pH aga1nst
collagen telopeptldes is produced by connectlve tlssues

<;. Medlum condltloned by the culture of- porc1ne glnglval
explants was shown,to’contalny in addlt1dn to collagenase

(yertebrate—type);'pnoteolytic activlty capable“oifreleasing.}

smallafregments from’the telOpeptides ofiecid SOIuble Type 1 |

ucollagen'in solution et'neutraltpH. These low moleculer |

weight peptides'did not containvhydroxyproline-but did

.contain the amino acid residue»that'&s-involved in , ) /

'cross;linking; For the purposes of ‘this 1hvestlgatlon th13/

. proteolytlc act1v1ty was called 'telopeptldase |

An assay for telopept1dase activity was developed u51ng

acid soluble fetal bovine sk1n callagen reduced w1th ‘NaB* Hy,

DN



'itotlabelvthellysinal (the erosstlink‘precursor),‘WhiCh is
-»ﬂlooaeed;ln‘the‘ﬁelopeptides, The product of‘tnié feduction
,:iS JlH--h‘ydr‘ox‘.)’.l'lor’leucine‘“-' "l . | | L
| Two fractlons w1th telopeptldase act1v1ty from‘
E R condltloned medium of porc1ne glnglval explant cultures were
A.separated by gel flltratlon. The telopeptldases of apparent
‘Mr\70,000.(Fract1on,A);and M;_35,QOO;(Fpaotlon B) were
demonétrafed‘to have eimila:'properties.;Tnelpnropeimum‘of«
boghvtelopeptidases wefe 7.5. As'well ‘both were lnhibited )
by, E-DTA"(O 03M) but not by PMSF (0 002M) nor by NEM "

(O.QOZM) Treatment of the telopeptldase of Fractlon A WIQh

trYpsint(soluble or 1mmoblllzed), pHMB and high and low salt

L concentratlons d1d not result 1n any reductlon in molecular
151ze‘ ‘The condltloned medium from cultures of human gingival
flyroblasts was also demonstrated to contaln telopeptldase
act1v1tyﬁ This proteolytlc activity (of‘unknown molecular

size)‘had‘similaf enaraotefistios (i.e.‘pH‘optimum, and
susceptibility to. inhibitofs) tovthose described for the.
telopeptldases from cultures of porcine glnglva

'ﬁ\ Incubation of soluble Type 1 collagen with Fractlon A

’

telopeptidase (solution contalned lou levels of collagenasel

. R | N o 2
. ®at 22°C, resulted in the lOsEﬁof‘the major portion of the
) , - _ s _ n .
low moleculaf weight fragments strondly suggests that.

| cleavage(s)-had<oocured in the extra-helical region. There

'was no apparent effeet\%a the N-terminal region. Incubation

: . o, . . P : " . o
- of this proteinase solution with fibrillar collagen at 22°C
.N:\;v ) |
vi

C-terminal telopeofide. The absence of hydroxyproline in the'e

TR
bty



ro o & " | |

,resulted in selubiliiegfén. A significant propbrtion gf the‘
: él chains from the solubilized eollagen were devoid of

v1rtuallygall of the C- termlnal telopeptlde o | eﬂ"
Attempts Were made to purlfy the teloﬁgptldase of
Frectlon B. However no techn1que could ge foung which
\repEOducibly separatedethis activity-from’collageneSe.
Anelyeis ef the pfodUcts;ef incﬁbation ef the“variousv

collagen substrates w1th Fractlon B. gave amblguous results

However,llncubatlon w1t§)the radlo belled collagen resulted

in the release of lowvmolecular‘welght fragments containing
JH-hydrdxyno_rleucine but no H?éroxyproline, thereby

suggesting that the ‘enzyme had acted within the N- or -

/
L

C-terminal telopeptide.

N
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I. INTRODUCTION
,\ H
C‘A.vExtracellular”Matrix‘
Connective tissues are comprised of a variety of cell

types wh1ch for the szt part are surrounded by the1r
Spec1f§c products. ThlS extracellular matrlx is a complex of
man ’types.of macromolecules which form the basis of thé
',strﬁctural and functional 1ntegr1ty of connect1ve tlSSUBS.
These’ components are not static, they are synthe51zed
modified and degraded, at dlfferent rates in the various
;connectlve tlssues throughout llfe. The types of
macromolecules and their 1nteract10ns are’ respon51hle for
‘the ultimate characte;istics'oﬁ the indiVidual connective
._tiSsues.
Bg,Basic Structure of Gingiva->< , I ' <p

~Histologically, attached gingiva is in many respects
similar to-other-soft connective tissues (Fig.l). lt is
covered'by gingival epitheliumvwhose outer layer is composed
‘Ofbfyattened dead cells that are keratinized (Scott and
Symons; 1974). The connective tissue or %amina propria
(corium) is separated from the epithelium;by a basement
membrane. The lamina proprla is well 1nnervated and has a
rich blood supply The connective tissue supportlng the
‘ gxnglval eplthellum_when in a hedlthy state, conta;ns many‘
collagen fibres and fibrOblasts wlth no neutrophils;being

Ll

apparent in the.extravascular: space. The lamina propria
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-adjacent to the sulcular and junctional“epithelium contains
Y . e ) ) ) ] i . .
by ‘tentrast few collagen fibres, but many neutrophills

A(OSborn and Ten Cate, 1983). |
C. Collagen

Collagen Types o L ' - ‘ | : ‘ .
Collagen, of wh1ch there. are several genet1cally
.,dlstynct types (rev1ewed by Gay-and Mlller, 1983), forms the
‘structural framework of the connectlve tlssues The collagen(_
types have several common features, one of whlch is the
presefjce of glyc1ne as every th1rd amino acid re51due in the
hellcal region and the large numbers of tr1pept1des
conta1n1ng the sequence of Gly Pro-Y or Gly-X- Hyp (Bornstein -\
and Traub, 1979). The. sequence, Gly-Pro- HyYp, makes up 10% of
ﬂ“trlpept1des in the collagen hellx (Nimni, 1983). The
presence of glyc1ne in every th1rd position enables three
collagen chains to assooﬂate to form the trlple hel1x..In
this conformatlon, the collagen molecule possesses a hlgh
degree of structural 1ntegr1ty, as well as re51stance to the
. ma]orlty of non- spec1f1c prote1nases. Type Iv collagen
‘differs from Types I, II and III, in that there are regions
w1th1n the helix that are not made up of the repeatlng
Gly X-Y tr1pept1des (see aboye) and these reg1ons are
susceptlble to the actlon of certaln protelnases (Bornstein~aa“,‘l'

and Sage, 1980). Type I collagen is composed of. 2 o cha1ns

and 1 a chaine([a1(I)]zdg(I)). Type 11 and ILL‘collagens

*

| .
= . Lomry .
A, .
. - A
- LA
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_are composed of 3 identical chalns denoted by [a1 11)1,, and
(o, ( III)]a respectlvely. The predomlnam;\molecular Specres.-
for Type.IV collagen is Unknown (Gay and Miller, 1983).

Type I collagen is found in essentially all soft?connective
tissues,(skin, tendon ligament) as the predominant collagen'

das well as in calc1f1ed tlssues (bone, dentine, and |

Acementum). Type II is found prlmarlly in qartilaglnous
tissue. Type III is ﬁound mainly in softhOnnective,t155ues,
however indnost tissues other then fetal, it is:present at 2
mnchblower concentration than that of Type 1. Type IV "

" collagen is.found onlydin basement membranes In addltlon

there are other types of collagen which have been recently

descr;bed (rev1ewed by Gay and Miller, 1983).

onsynthes1s of Collagen ' o ;

. Collagen is synthe51zed by several cell types 1n o~

varlous connective tlssues 1n a- manner that is. s1m1lar to
E

fother protelns destlned for export (rev1ewed by Rrockop,

1982) A collagen gene (az(I)), has recentlyvbeen gsolated l
and regions o:i thﬁs gene characterlzed (szﬁey et'alt; :
'1981a b; Crombrugghe and Pastan 1982). lhere‘arev |
approx1mately 54 cod1ng sequenceé/ exons) ranglng 1n 51ze
between 18 108 base pairs. These are separated by
intervening %eguences (;ntrons)v The total length of. the : f
transcribed product (mRNA) of thlS gene is 10 times the }
'Iength of the functlonal mRNA that is ultlmately translated

f1nto the precursor of . the az(I) chaln (see below; Nimni,



1983).
The shortened collagen’mRNAijs translated and the..
-product which is called‘the pre-prodollagen, loses it‘s
" signal peptlde as it enters the endoplasmic ret1culum
(N1mn1,,1983) The 1nd1v1dual collagen cha1m§ are modified
by the action of- prolyl and lysyl hydroxylases, which act oan
certaln prolyl and lysyl re51dues ‘The ‘extent of hydroxy-
lation, wh1ch occurs on « chalns in: the non- hellcal o
conformationﬂ appears to be dependentvupon specrélc factors\
which are likely to be variable in different tisSues (for
example substrate concentratlon and avallablllty, N1mn1,‘d
11983). The" procollagen cha1ns are further modified by the‘
addition of sugars (galactose and glucose on . hydroxylysyl |
_re51dues w1th1n the hellx) in the c1sternae of the rough |
-endoplasm;c reticulum Fev1ewed by K1v1r1kko and Myllyla,
1979); Triple helix formatlon occurs in the endoplasmlc'
iretlculum ‘After the addltlon of ollgosaccharldes
(conta1n1ng N- acetyl glucosamlne and mannose) to the
exten51on peptides, which probably mainly occursvin the‘
Golgl apparatus, the procollagen is packaged rnto secretory
_wtve51cles transported to the plasma membrane and secrated

|
- from’ the cells (N1mh1,-1983)

- the Type I procollagen molecule con51sts of three
polypeptide chalns ([pro a1(I ]2 pro az (11) each made up of
1,014 am1no.ac1d.re51dues,wh1ch form the_tr1pl#»hel1x, and

extensiondpeptides of approximate molecular weights of

| 20,000, and 35,000'at the.amino— and carbochtermini, .



respectlvely (Bornstein and Traub, 1979), The‘terminal
o

extens1ons’?re beliawed to prevent premature prec1p1tat10n
of the collagen molecules (collagen fibril format/on w1th1n X
‘the cell, or before the collagen moleculevis_actually&in

e i , oo
place on the_growingffibril (Light and Bailey, 1980). The

. major portion of each extension is removed in the extra-

vcellular’matrix by the respective'N'and'Crterminal
pro- peptldases, at some p01nt up to and 1nclud1ng the
1néorporatlon of the collagen monomers 1nto new or
pre ex1st1ng collagen bundles known as . flbrlls and flbers
The remalnlng segments of .the extens1on peptldes, wh1ch are
 referred to as the telopeptldes (16 amino ac;d res1dues:at
the N- termlnus, and 25lamino acid reSldpes‘at the
C-termlnus) are . apparently essent1al for the proper
'allgnment of the collagen molecules. Gelman et al. (1979)7
demonstrated that collagen molecules,lacklng most of the
tekbpept1de regions (removed by pep51n treatment) formed
abnormal fibrils. lacklng the characterlstlc bandlng
patterns In addltlon the rate of flbrll formatlon was .
~d31gn1f1cantly slower when compared to normal collagen. This
A';latter f1nd1ng was conflrmed by Brennan and Dav1son (1981)
The 14st major enzyme cabalyzed modlflcatlon of the
'collagen,‘ls the conversion of Some of the lysyl and
hydroxylysyl re51dues on both telop{ptlde reglons to an
. aldehyde form by the actlon of lysyl oxidase. nThlS

';convers1on 1s ‘a pre requ1s1te for the format1on of stable

1ntra— and 1ntermolecular cross- llﬂk%b as d1scussed below.



Covalent Interchain Cross-links in Collagen

The formation of a covalent interaction between
collagen chains or molecules is preceeded by the conversion
of the lys&l residues of the telopeptide regions (N-9 and
C-17 of the «, chain and N-5 of the a; chain; see Fig 2aA),
to a—;ninoadipic (g)jsemiakdehyde, otherwise known as
'lysinalL (the aldehyde derivative of lysine; also réferred
to as allysine) or the conversion of hydroxylyéine to
‘hydrokylysinal' (hydroxyallysine; Bornstein and Traub,
©1979).. Lysyl oxidase which catalyzes this reaction appears
to function preferentially on coilaéen aggregates or fibrils
(Siegel, 1974). In addition, the enzyme also appears to
prefer hydrbxylygine as its substrate.

‘p Seneral types of interaction have been demonstrated nr
postulated for these‘modified lysines. The two main types
which have been characterized after reduction with sodium
bofnhydrﬁde (thus called the reducible cross-links), are the
aldol condensation prdducts and‘the aldimine crqssflfnks.'
The former type involves the‘a?ﬁ§bnsation between two
adjacent lysinal rqsidueé, whilg the aldimine cross-links
are derived from the condensation of a lysinal (hydroxy-
lysinal) and an epsilon amino groun on lysine or hydro#y—

lysine (Bornstein and Traub, 1979; Light and Bailey, 1980).

\,/'
It is genera%;y accepted that lysyl oxidase acts

preferentially on lysyl/hydroxylysyl residues situated at
"the extra-helical regions of collagen (Bornstein and Traub,

1973). In soft tissue collagen, aldol condensation products
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Figqure 2. Structure of Bovine Type I Collagen.

A) Type I bovine skin collagen is composed of 2

and oneoCp chains. Each chain consists of 1,014 amino
acid residues which make up the helical regions
(represented by the horizontal line), and an
additional 16 and 25 residues for theocychain, located
at the N and C-terminal extra-helical regions
(telopeptides) respectively, and 9 and 6 residyes

for the o<y chain respectively.  The locations of the
methionine residues are denoted by the short vertical
lines.

a -~ denotes the peptides (CBX) derived from the
treatment of the collagen with cyanogen bromide.

b - location of the cross-link precursor (N-9) in the
N-terminal telopeptide. A

¢ - location of the cross-link precursor (C-17) in the
C-terminal telopeptide. -

d - location of the bond cleawed by vertebrate
collagenase (between residues 775-776).

L3

B) A 2 dimensional representation of fibrillar collagen,
showing the 4D stagger (see text) and intermolecular
cross-linking between collagen molecules (see text).

b - residue N-8
¢ - residue C-17
e - residue 87

f - residue 930

Intermolecular cross-links shown are between residues
N-9 and 930, and residues C-17 and 87.
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have been ascribed, in most part, to the N-terminal telo--
peptide, between adjacent aldehydes N-9 to N-9 of two o, (1)

i . .
chains, or an «,(I) and an «,(I) (N-5) chains. These inter-

actions are likel}\to be responsible for all of the intra-
molécular cross;links found in soft tissue collagens,
However there are no known functions for this. type of
cross-link. Aldimine type cross~links have been’demonétrated
to involve lysinal in the C-terminal telopeptide (C-17) of
one collagen molecﬁle and a hydroxylysine within the hélical
portion of ahother collagen molecule (fesidue 87, @n the
‘a1CB5 peptide; Fig 2B), thus forming an intermolecular'
cross-link (dehy&ro—hydroxylysinonorléucine5. The location
of‘thé,hydroxyligroup may be reversed in the above two
participants in thié cross-link, however é similar end
product is'obtainea-(Bailey and Peach, 1968). This latter
type of interaction (involving hydroxylysinal and lysine or
hydroxylysiné) undergoes a spontaneous Amadori rearrangemént
to_form‘a keto-amine, which is chemically more stable,
however the physiological significance of this eitra
stability 1 not known., Reduction of‘both dehydro-hydroxy-
1ysinonbrleucine and the keto-amine with_3H—sodium boro-
hydride yields 3H—hydroxylysinonotleuéine, with the only
differencé being in the location of the tritium (Bornstein’
| and Traub, 1979). I | . ‘

| In the soluble collagen from connective tissue® such as
bovine skin, the predominant cross-link preéuréor is lysinal

(after reduction it is hydroxynorleucine; this is discussed



fibrillar collagen from skin the predominant reduced

form aldol-histidine as proposed by Tanzer et

v

in more detail in the Results; Fig 10). In insoluble

cross-link is hydroxylysinonorleucine, with some lysino-
norleucine which is derived from condensation of a lysinal

and a lysyl residue (Bornstein and Traub, 1979). Other

‘1nteractlons have been proposed such as-an aldol

condensatlon product of two adjacent lysinals (C-17) from

the C-terminal extra-helical region (Brennan and Davison,

1981; Davison and Brennan, 1982). However this may be an
artefact caused by the extraction technlques or durlng the

reductlon with sodlum borohydrlde under ‘basic COﬂdlthﬂS

(personal communlcatlon, P.G. Scott)nw. @

- The initially-formed adducts are %:if;zeredbysom- =
workers to undergo further reaction. The & . ”
adjacent hlStldlne to an aldol condensatlon produceCwould

This in turn may interact with another hydroxylysine to form

~histidino-dehydrohydroxymerodesmosine. However, as

¥

demonstrated by Robins and Bailey (1973), the formation of
this reduced component is probably a borehydride-indﬁced
artefact. There is no direct evidence for the involvement of
histidine in the reducible cross-links of collagen in vivo
(Bornstein and Traub, 1979). |

The cross-links that have been defineg’above are the
sd—ealled reducible cross~links. The levels of these types
of cross—linkS‘appear;to decrease with ageing or maturity of

ﬁhe tiasue/organism (Robins et al., 1973). To maintain the
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mechanical integrity of the collagen, itkwduld appear that
other fypes of cross—linkg would be necessary., f%ese have 
been called the nén—redueiblé (sﬁable( mature) cross—links.‘
Fujimoto and Moriguchi (1978) iéolated‘from bovine achilles
tendon collagen, a fluorescent compounq which they. named
pyridinoline. The authors believed that this‘tompound, which
. was isolated after acid hydrolysis and ion-exchange chroma-
'&ography, was,aue to the interaction of a reducible .
crqss—link_(between 2 « chainé) and é hydrgxylysihe froma -
third chéin.’nyidinoline was also demonstrated in collagen
of rat costal cartilage; rib 'and femoral bone (Fujimoto and
‘Moriguchi (1978).’The cgntent of pyfidinolihe in the rat
gkin theQer was extremely_léw. RoBins (T983)»confifmed the
ekistence of pyridipoline in his investigations of sheep
‘long bone collagen, and demonstrated that it probably exists
ih vivo éswéigg%actosylpy:idinoline. This cross-1link
‘component was.aiso demonstrated in Type II coilagen from
bovine articular cartilage (Robins and Duncan, 1983) . The
-anplySis of certain'peptides~isolated éfter cyanogen bromide
digestién of the cartilage collagen confirmed that the
pyridinoline was ihvblved-in cross-linking ofvfhree peptides
from different chains. Aécggding to the abo§e investigators
the function of pyridinoline\éppeared to be.in stabilizing
the 4D staggév Qf adjécent collagén'molecules. There are
~other postulated non—redﬁcible cross-links (gem-diamine;
Davis etnal., 1975; hydronyaldol‘%istiaine; Housley et al.,

1975), however their existence in vivo has not been

™



confirmed'(Bornstein and Traub, 1979; Light ana‘Baileyi.
1980). As noted by Light and Bailey (1980), -tovverify that a
_partlcular cross-link does exist would requ1re 1ndependent
analy51s of the structure as well as the chemlcal synthesis
of the compound. |

Rauterberg (1973) and Zimmermann et al.b(1973)
described the presence of intermolecular cross-links
involving the C-terminal telopeptide region. Comparisoné
| were made by these>authors'between'cyanogen bromide digests
of fibrillar collagen from a varlety of tissues lncluding
bovine skin, and the'cyanOgen brohide digest% of acid
soluble collagen They demonstrated decreased levels of
non-cross-linked «,CB6 peptldes from the acid 1nsoluble
collagen preparation. With a monospecific antlbody dlrected»
towards the C—terninal telopeptide, Zimmermann et al. (1973)
demonstrated the preFence of «,CB6 in higher uolecular
weight fractions. Treatment of the fibrillar‘COllagengwith'
pepsin (which removeaya‘major éortion of the telopeptides),
followed by digeStion;wlth cyanOgen<beomide resulted in the

Ny \

apparent loss of all antlgen\c determlnant\that was

™S e

1n1t1ally observed in the various fractions, with a .
concominant rise in free «,CB6. Intermolecular cross—linking |
involving the a,CB6 peptide Ras been shown to 1nvolve 2

different specific 1nteract10ns (Bornsteln and Traub, 1979).
The above authors (Zlmmermann et al., 1973; and Rauterberg, .

1973) believed that some of the intermolecular cross-links

lwereidue to the interaction of the C—terminal telopeptide of
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one « chain and some region within the helix of a second

‘chain.‘lt'has Since been described that the latter

'cross link joins re51due C—17 to re51due 87 of a1CB5 (Fig

2B). Kang (1972) demonstrated in rat tall tendon collagen
the condensation of ly51nal from the N- terminal telopeptide
of an a1 chain (a1CBO 1) and a1CB6 ‘This cross-link 1nvolves‘
residue N-9 and residue 930 of the a,CB6 respectlvely (Fig
2B; Bornstein and Traub 1979)a‘§cott and Veis (1976b)
analyzedvacid insoluble bovine skin and dentine.collagen

after digestion with cyanogen bromide. rThey calculated that,

on average +5 cross-links per collagen molecule 1nvolved

the a1CB6 peptide In a later study on highly cross- llnked
1nsoluble bov1ne dentine collagen Scott and Edwards (1981)
calculated the. number of 1ntermolecular cross-links that

could be attrlbuted to each telopeptide region On average,

- therefis one,cross-link per molecule'originating from the

C- terminal telopeptide as well as.one from the N-terminal

‘vtelopeptlde In soft tissue flbrillar collagen the exact

contribution of each form of interaction appears not to. have

been deduced

Collagen Fibre Structure‘

. The 1ntermolecular cross links appear to arlse in the
location described above as a result of the way the collagenv
molecules are organized in the flbrils However these

cross-links are also responsible for stabilizing these

N

‘fibrils. The collagen molecules are axially displaced'by an
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'integral multiple of D (Miller, 1976). The length of theA

| collagen molecule is 4.4D (280nm)v with each D period
extending over approx1mately 234 residues (67nm). Thls
hlghly ordered array of collagen molecules 1s deplcted 1n a
’51mpl1f1ed ‘two-dimensional view in Fig 2B (Hodge, 1967;
‘Bornstein and Traub, 1979). This model is based on }he Hodge
and Petruska model "as dlscussed in-the above references
However this model can only explaln the collagen packing 1n
two dimensions (Miller, 1976). Varlous models have been
proposed to account for the organization in .three dimensions
while keeping theAstaggerhdepicted_in Fig 53. One concept,
as noted in‘the review by Bornstein and Traub {1979),
involves«collagen fibrils which are built up with micro-
fibrillar units whichfare in‘turn composed of collagen

. moleculesvin staggered larray. Different investigators have
SUggested'collagen mlcrofibrils are composed in
cross-section of 2, 4, 5 or 8-collagen monomers. Another

- proposal, which is cal¥ed the quasi-hexagonal oacklng model,
involves collagen molecules packed in an approximately
hexagonal latrice.bur without a microfiorillar substructure
(Hulmes}and’Mlller,‘1979} Holmes and Miller, 1981). This"
organization would essentially be continuous throughout the
fibrll. o | |

o Calf skin collagen fibrils are packed parallel to one’

~another into coarse fi5g£s, which form a mechanically stable

- -

network (Kuhn and Glanville, 1980) The sizes of these

flbrllS vary in different tissues, and may range from

L
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.10—100nm diameter (Kuhn and élanville,.1980). Bone tissue
contalns thlnner fibrils than calf skin. fn addition the.
fibrils of bone have a different appearance on electron
microscopy (more of an irregulaf arrangement).‘The types df o
packing~and_the.intefactions oﬁ-thekcollagendbetween itself
‘and othet extraceilular mactomolecules areifaceefgzghich
could cdntribute_to the differences in .the sttuctures of
vatious‘chnective_tissdes, and these in turn'are‘pteSumably:

. L4 : .
related to differences in function. »

D. Proteoglycans and'their Interactioné withnéollagen

| Proteoglycans are macromolecules cdnsisting of a
protein core with oneApr ﬁore long side éhainsfcalled
Qlycosaminogiycans which are made up of repeating
disaccharides. The repeating.disaccharide unit cdnsists of
hexosamlne and hexuronlc ac1d except 1n keratan sulphate
‘wh1ch 1s composed of repeatlng units of hexpsamine and
Qalactose.;In‘addltlon, there are shoiyfgjanched chains of‘
‘oligosacéharides (not eontaining hexuronate) l1nked to the'
protein core. The types and concentratlon of the proteo—
glycanS'are quite variable between the_dlfferent connegtlve
’tissnes (Chakrabarti and Park, 1980). These macromoledples
are in low concentratione exeeptvin cartilaginous‘tissnes’
but ;Zy have an 1mportant 1nfluence on the degree of
hydratlon and osmotlc swelling of the connectlve tissues
(Pearson‘-1982) Other propertles attrlbuted to the proteo-

glycans a’e v1scoelast1c1ty, modulatlon of access of

3

h N



materials to and from the cells. and inhibition of
calcification (Pearson, 1982).

In soft connective tissues sulphated galactosamino-

E)

glycans and hyaluronic acid (which is not covalentlyalinked

’

to protein) are the predomlnant glycosamlnoglycans Heparan

sulphate (a sulphated glucosamlnoglycan)‘though foun ih

.lower concentratlons,’ls present in: proteoglycans ass_c1ate3\
with basement membranes and the external surface of cells
(Chakrabartl and Park, 1980). One form of heparan sulphate
proteoglycan is. 1ntercalated w1th cell membranes (Oldberg et
al., 1979). The sulphated galactosamlnoglycans of
‘non- cartllage connectlve tissue are of at 1east three. types,
‘chondr01t1n sulphate (a homopolymer contalnlng D- glucuronate/
but no L—iduronate) and two categorles of»hybrlds (of |
copolymers) that differ in the proport1ons of ‘L-iduronate

nd D- glucuronate in thelr repeatlng dlsaccharlde units. The
‘.L 1duronate rlch hybrld is w1dely dlstrlbuted and is’ |
presentvln bovlne periodontal llgament and skin (Pearson‘aad'
Gibson,)1982; Gibson and'Peanson' 1982) and in bov1ne sclera
(Coster and Franesbn 1981). The loW’karonate sulphated
galactosamlnoglycan has been demonstrated in ‘the same
tlssues. However -in‘mature skin, 97% of the sulphated
galactosaminoglycans was shown to Bekthe‘hybrid rich in-

iduronic acid (Gibson and Peatson, 1982). In addition, the

two types of sulphatedfgaﬂac Asaminoélycans are present in

different protegglycans (Pean§\n-and Gibson, 1982; Coster
and Fransson, 1981). The proteoglycan containing the hybrid

i
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apparent molecular welght in the range of 70,000-90, OOO
(Coster and~Fransson 1981' Damle et al., 1982). On the

B other hand the 51ze of the proteoglycan contalnlng the

,4//‘

_/.,»»»

1s con51derably larger than proteodermatan sulphate (Coster
- and Frans§on; 1981;‘Peatson and Gibson, l982l.

) There have been a nunberfdf studies on the.interactions_
of proteoglycansband/or glycosaminoglycans with cellagen
(review: Chakrabarti and'Park, 1980). Obrink (1973)
demonsttated that the glycosadinpglycans that were called
chqndrditin-4—sulphate, dernatan sulphate (ridh'in

giduronate) heparan sulphate and heparln as well as

}1dr01t1n sulphate proteoglycan and proteodermatan

!lphate, all blnd to lathyrltlc collagen. Blndlng appeared

s

1) bevdue to the;negatlve charge. Keratan sulphate and

F hyaluronic acid did not bind, or were bound weakly. Dermatan .
8 sulphate,(rich in Ldeuronate);appeared to bind most -

?-StrODQIY‘ Various gl&tbsaminoglycans were demonstfated to
"affect the stuctural stab111ty of collagen in solution

»(Gelman and Blackwell 1974). These authors'demenstrated'

- .at the~melt1ngw§emperature of collagen was increaSed f'rom
38°C to 46°C after.addition'of chondroltin—4-su phate, .
| dermatan sulphate,:hYalufonlc acid or keratan sulphate.
The cloSe‘interaction;of dermatan enlphate (Lfidutenfedi”

acic rich) and collagen in skin was demonstrated by the .- '

, difficuﬁty-of.extraction”df dermatan sulphate from insoluble

£,
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collagen other than'hy techniques that denatured or degraded
theicollagen (hot 6M-urea proteolytlc dlgestlon Toole-and |
lLovther, iéﬁé) Laurent (1977) in h13 review of the inter-
aotions of,proteins andlglycosaminoglycans, discussed'the
strong electfostatlc'lnteractions“{hat do exist between |
oollagen and dermatanrsulohate (L*iauronate rich), which may
explain t he findings of ToOle and'Lowther (1966). However,
aocording‘to ﬁ;urent (1977 ‘there must also exist a certain
degree of Speciféclty in terms of this binding. Chondroitin.
sulphate and dermatan sulphate (low and high.iduronate
‘hybrids) have the same charge den51ty, however as was shown
'by Obrlnk (1973), high iduronate—dermatan sulphate was bound’
more strongly to collagen. The only differenoe is &%e
presence of -a relatively large amount oflL?iduronlc acid.
Several investigators have descrihed or discussed the‘effect‘
of high iduronate-dermatan sulphate on collagen fibrillo-
tgenesis (Obrink, 1973' dbrink andﬁgundelof, 1973 Gelman and
Blackwell*l1974) Vogel and Helnegard (1983) demonstrated |
the dlrect 1nh1b1tlon of flbrlllogene51s of ac1d soluble
:}tendon collagen by the addltlon of tendon proteodermatan

!

sulphate (Mr 90, OOO) Thlsteffect was not observed with a
larger proteoglyéan 1solated from the same tlssue (wh1ch
contalned 11ttle or no L 1duronate) or w1th either large or
sthall proteoglycans of bovine cartllage The effect’was to,
delay- fibril formation, as well as to reduce the overall

yield of fhbrils (20% of the control at-5 hours).

2
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p' Electron m1croscopy of rat tail tendon and rabblt
achllles tendon us1ng fairly. spec1f1c stalns for the
glycosamlnoglycans demonstrated a regular repeatlng pattern
on the collagen fibrils (Scott J.E., 1980), Scott belleved
//that the glycosamlnoglycan seen was the dermatan sulphate

component of proteodermatan sulphate ThlS was based on the

uknown'concentration’of the lecosaminoglycan in SItu”and thef)
ratios ofvuronic-acid to hfdroxyproline “The proteoglycan’
appeared to be separated by 1ntervals of 65nm on the out51de
of the flbres, which corresponds to the D- stagger of Sy
collagen, Scott and Orford (1981) demonstrated that the
proteoglycan}filaments:were orthogOnallj:arraxed around the
collagen.fibrils, and that they appeared toﬁbe:located near
the gap region of collagen No staining for proteoglycan was'
observed within the flbflls |
| The stalns used by J.E. Scott cannot v1suallze the
"proteln core of a proteoglycan directly. However, in thlS
department-electron nukroscopy after staln}ng nlth spec1f1c‘
monoclonalyantlbodies to the protein core. of proteodermatan
sulphate (Pringle et al., in press),fsuggestsrthat'the- .v 1
proteln-cOre itself is adjacentfto‘the'gap region. The
presence of proteodermatan sulphate at - the ‘gap reglon m1ght
-1mply that the role 18 to L1m1t radial growth of the
’collagen f1brlls.’ | '

ln cultures of actlvely growing@human skin fibroblasts

grown on collagen gels, the”two/forms of proteoglycans

X

(containing low or hlgh idurongte-sulphated

b4 .
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galactosaminoglycans) were produced (Gallagheé et al.,
1983). The‘prote&dérmatan sulphate was found predominantly
bound tqftﬁe collagen gel while almost all of the proteo-
glycan éontaining low iduronate-hybrids was in the culture
medium., These results taken together with the findings of
S%%ff and .of Pringle et Ql. (seé above) st;gngly.suggest a’
cigse relationship of collagen and proteodermatan sulphate€

A

in vivo. : o -

E. Fibronectin and Collagéh‘Intera;tions

There are a variety of glycoproteins in soft connective

tissues (PeérSon, 1982) . éome of these have been
investigated for their effects on collagen fibrillogenesis.
‘Fibroéectin 1s a cell surface and plasma glycoprotein that
apparently mediates édhésion of cells to the extracellular
mafrix (Rudslahti et al., i981). It is composed of two
“chains each of approximately 220,000 daltons, that are
joined by disulphide bonds. It has distigft binding regions
eéeh being capable of binding certain-mszﬁpmokeculesor
cells.

Both native and denatured collagen bind to fibronectin
(Engvall and Ruoslahti, 1977), however gelatin binds‘much'>
more strongly in jin vitro experiments (Jilek andLHormann,
1978). In addition, native Type i{l col}aéen had a
s%gnificantly greater affinity fog fibronectin than Type I

;\\and 11 collagens (Engvall et al., 191?). The région in

collagen which has the highest affinity téw$xés fibronectin

o
COE
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- contains the peptide bon%E that are cleaved by vertebrate '
collagenase (Kleinman et al., 1978). It has been proposed
that one Qf the functions of fibronectin is to serve as a
building block for the assembly of the extracellular métrix.
This is based on evidence in cell cultures of the
incorporation of plasﬁa fibroﬁectin into the matrix (Hayman
and Ruoslahti, 1979)., Addition of fibronectin to native
collagen undergoing fibril formation delayed the
precipitation of the collagen while not altering the total
amount of cbll@gen fibrils (Kleinman et al., 1981). These
authors proposed that fibronectin may regufate the thickness
of the collagen fibers.

~The interaetion of collagen and fibronectin was
exémined using antibodies specific forithe collagen-binding
region on fibroneétin (McDonaldnet al., 1982). In cultures
"of human diploid cells, thé addition of theselantibodies did
not alter theﬂp;;réll production of collagen and fibro-
nectiﬁ, however the deposition of the extracellular-collagen
and fibronectin into a fibril network was prevented. These
authors proposed that the interaction of collagen and fibro-

nectin is a prerequisite for normal collagen architecture in

cell cultures.

-
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F. Connective Tissue Neutral Proteinases

3

“\ ‘
Collagenase

The classic collagenolytic enzyme, collagenase, has
b?éh the focus of a large number of investigations ftom the
.time it was first demonstrated in primar& cultures of
tadpole tail tissues by Gross and Lapiere 1in 1962.
Collagenases have been demonstrated in nearly every
connective tissue undergoing collagen degradation (Harris
and Cartwright, 1977). As well, collagenases have been.
demonstrated to be secreted by fibroblasts (Worb and
Burleigh, 1974; Stricklin et al., 1977), polymorphonuclear
leukocytes (Robertscn et él.; 1972a,b; Mutphy et al., 1977),
macrophages (Werb and Gordon, 1975a), and from.ptoliferatin§'
rabbit epithelium'in culture (Donoff et al., 1975).

The Vettebrate collageiases are metalloproteinases
requ1r1ng both zinc and calc1um ions for maximal activity.
Zinc appears to be an 1ntegral component of the collagenasé
and cannot be removed without destroying the act1v1ty

(Seltzer et al., 1977). Calcium, which is an extrinsic

requirement for the activity, appears to function as an

\\enzyme activator and as a stabilizer of the tertlary

\-» . .
structure of the enzyme at physiological temperatures

(seltzer et al., 19?6). |
The mechanism of action of vertebrate collagenase from

various tissues appears to be similar, at least in terms of

the site of-cleavage on the collagen molecule. However,
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collagenases deriv§d from different sources appear to differ
in a few characteristics which are discussed below (Gross,
1976) . N |
| A generally accepted definitign of céllagénase‘is: a
proteinase active at neutral.pH and capablé of cleaving'
native collagen in solution into 2 fragments; TC-3/4, which
comprises 75% éf the‘collagen molecule containing the
N-terminus, and TC-1/4 which makes up the remainiég 25% of
the molecule including the C-terminué. At physiological
temperétures these products denature (for Type I collagen
the'p;oducts‘afe: «,3/4 and «,1/4, and «,3/4 and a21/4; in
>additiQn due to intramolecular cross-links (aldol
condehsation products originating in the ‘N-terminal
: telopebtide), there will also be B3/4 comp?nents) and thus
become susceptible to attack by‘other;broteinases. The
melting temperature of the TC-3/4 fragment is 32°C, while
| that of the TC-1/4 is 29°C (Sakai and\Gross, 1967).

Thé collagehase scissile bonds inxdifferent tyées of
‘collagen have been demonstrated. In the a, chain as well as
iﬁ the cyanogen bromide-derived q,CB7‘(of.Typ§ I collagen)
from rat and chick skin the scissile bond is between glycine
775 and isoleucine 776 (Gly-Ile-Ala-Gly-Gln-Arg) using
collagenase isolated from rabbit tumors (V; ascites cell
carcinoma) (Gross et al., 1974). Iﬁ the a,(I) collagen it is
believed to be at.the same locus as in the a,(I) but between

glycine and leucine (Gross et al., 1974). The scissile bond
in ay(II) (using collagenase .purified from cultures of

Al
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rabbit tumors) is between a glycine and‘isoleucine
(Gly-Ile-Ala-Gly-Gln-Arg), and for a1(I£I), it is between
glycine and leucine4(GlyéLeu—Ala—Giy-Leu¥Arg) (Miller et
“al., 1976b). According to Miller et ;ﬁ..(1976b),’the minimﬁm
sequence reduired fof_collagenase cleavage of collagen
appears to be Gly-Ile-Ala, or Gly-Leu-Ala., There are other
regiqns on the « chains that have the above or similar
sequences, which apparently are not cleaved by the rabbit
tumor collagenase. The proximity of hydroxyproline to thé
‘potential cleavage sites may be the reason why collagenése
1s ineffective, according to Miller and co-workers.

There have been reports by some investigators claiming
that purified'collagenase can cleave native‘collagen at
other loci‘(reviéwed bf Harris and Cartwright, 1977)."

However, according to these authors, any extra cleavages of

the collagen may be due/to other contaminating proteinasés._

A collagenase derived/from cultures of human gastric mucosa

apparently cleaves native collagen at a site that is 77% of

the distance from the N-terminal end of the collagen
molecule, as determined by examination of segment long
spacing crystallites by electron ﬁicroscopy (Woolley et al.,
v1976b); This collégenase gas‘démonstratéd by these authors
to be similar in’ other respects to other'vertebrate
- collagenases. |

It has been shown thgt hpman skin collagenase can
cleave Types I, II1, and 'III1 collagen but cannot degrade

either Type IV or Type V (Liotta et al., 1979). Liotta et
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-al. (1981b) demonstrated that a collagenase isolated from a
metastatic tumor (Murine) was capable of cleaving Type IV
collagen without significantly digesting other collagen

types. This collagenase was shown to have similar properties

to other knqwn»vertebrate collagenases, with a single locus-

. .

of digestion within the triple helical body of the collagen
molecule. A Type vaetal—depéndent collageﬂase was,

demonstrated in cultures of rabbit pulmonary alveolar macro-

,phaées (Mainardi et al., 1980b) and from cultures of certain‘

tum&; cells (Liotta et al., 1981a).

&Purified collagenase acts most rapidly d(_;étive
collagen molécules. MéCroskery'et al. (1973), using a
coliagenaSe ﬁhat was isolated from homogenates of V, ascites
cell carcinoma, demonstfated that gelatin (denatured
collagen) was.cleéved much ﬁore slowly than native collagen.
Purified collagenase from CUlthESTOf human skin fibroblasts
‘was féund by Welgus etfal; (1982) to dégrade deqatured
.'qollagen (Types 1, I1, III, IV and V}.vThe f&rét cleavages

in Types 1, TI and I1I ﬁollagen that'here observed by
polyécryiamide gel electrophoresis were those that resultéd
in the production -of «3/4 and a1/4 peptides. Continued '
.incubation, however resulted in fﬁfther cleavages with the
end result ofvall of the peptides being of relatively low
molecular weight. McCroskery et al; (1975), using
collagenase eitracted.ffom rabbit tumors, did not
demonstrate any further degradation products of &3/4 and

al/4 péptides. This finding was consistent with the

e
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observationsﬁgﬁ Gross et al}i(i9§4) and Miller et al.
- (1976b). Harris and Cattwright.(1977) suggestithat putified
tadooie‘ano rabbit>tumor collagenases are guite spetific for
_thé ong.locus'On collagen, any'additionalvcleavages_being
idue to contaminating proteinases..Nevertheiess it is still
posSible‘that collagenases’isolatedsfrom different tissues
may haye slightly different specificities, as was discussed‘
“above (Woolley et al., 19765;; ofoss, 1976).

| Welgus et al. (19825 sequenced tne'first'3 amino aoid
residues of the unfractionated peptides of collagenase-
degraded gelatin, and concluded that the only scissile bonds
were between‘glycine and leucine or isoleucine. In addition
these investigators demonstrated that a«, chains wete
degraded faster than ay cnains, however, both were degraded
‘at a slower rate than native Type I collagen.

There are a number of investigations that have
demonstrated the different rates o} digestion of Types I, II
and III collagen with collagenase}Asoluble Type if/collagen
israpparently cleaved at 20% of the rate of Type I and III
collagen"(ﬁatris and.CartWright, 1977). Horwitz et al. |
(1977) reported thatkcollagenase from human polymorpho-
nuclear leukocytes degfaded Type 1 collagen at 15 times the
rate of Type III collagen but the collagenase from rabbit
alveolar nacrophages digeéted Types I and III at equal
rates. Collagenases, from cultnres of rabbit colon wall
(Oyamada et al., 1983), and from human skin fibroblast

cultures (Welgus et al., 1981a) degraded‘Type 111 at a
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faster rate than TYpe'I. As described above there are
conflicting data. Howéver the efficiency of degradétion may
depehd Bh"the source of the collagén»substrate ésAwell.as
‘the source of the\collagenase (Welghs'et al., 1981a;yBai¢i
et al 1982). Welqus and coworkers (1981a) demonstfated
that collagehgse from’cultﬁres of human skin fibroblasts
degraded Type I collagen from human.skin_at-é‘faster rate
than Type 1 collagen‘isolated from calf, éuinea pig and rat
skins. However there was_essentiéliy no différenCe in the
rate of digestion (appearance of the a3/4 and «ai/4 peptideS)"
between'tﬁe three denatured collagen types (Types I, II and
I11; Welgug.ef al. .1981a, 1982).

Reported” molecular weights of collagenase 1solated from

- a variety of tlSSUGS range from 30, 000 to 65,000 daltons.

There have also been'reports which suggest that collagenase

may be found as oligomersy

Birkedal-Hansen et al. (1976)
concentrated the condftioned medium of rabbit alveolar
}macréphage cultures, and by gel filtration of the medium
(not pre—freated with agents that would activaﬁe‘latent
collégenése) obtained apparent Mr's of 45,000, 85,900‘and
165,000 for the collagenolftic'actiQities; These authors
demonstrated~that at low salt éoncentfations there were
~.reversible changes bet&een the oligomers, while at High salt
_vconcentratioﬁs (1;0M—NdC1 1.4M-KC1), the 45, 000 dalton
collagenase species predomlnated Dabbous et al. (1977) also

demonstrated ol1gomer1c species of collagenase 1solated from

VX~-2 rabbit carc1noma'(the medium containing the
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collagenolytic activity was ndtuartificgélly activated),
with thebaéparent'Mr's being mUltiplés of 34,000.

" There is'some éontroversy'in the literature about the
>origin of latency of collagénase (Harris and Vater, 1980;
Barrett, 1980), ﬁatent“coilagénasé hay be produced eithgr as
a proenzyme.(zYmogen)'(Stricklinéet';l., 1977, 1978), or
found as an enzymeﬁihhibitor complex (Shinkai and Nagai,
1977: Sellers et al.; 1977). These latter iﬁvestigators
believed that the latency of collagenase isolated from
cultures was due to the formation of éhzyme—inhibitor
Acompléxes bécause treatment of the latent enzyme with eilther
sddiﬁm iodide (chéétropic‘agent) or 4’aminb—phenylﬁeréuriC' |
acetate‘(ﬁhiol—blocking aéent) causéd compleﬁé activation.
Collagenasé inhibitors have been isolated from dog serum
(Woolléy et al., 1976a), human tendon (Vater et ald, 1979b),
rabbit bone’(Cawstoﬁ’et ai., 1981) and other tisSués
(reviewed by Murphy and Sellers, 19@0); Some of these
‘inhibitors may also inhibif other métalidependent connective
tissue neutral prpteinases; Sellers et al. (1979) isoiated
an inhibitor from rabbit bone thét blocks the gelatin-
degrading and proteoglycan~degréding activities as well as
£he collagenasé activity (proteolytic activities were
isolated from cultures of rabbit bone). There are also a
number of reports Suggesting formation of irre&efsible
,cdmplexes between isolated inhibiﬁors and active collagenasé
(Vater ét al., 1979b; Sakamoto et al., 198f; Kerwar et al.,

1980).
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Stricklin et al. (1977,1978) pﬁrified‘Z collagenase
zymogens from cuitures of humaﬁ skin fibroblasts, with
molecular weights of 55,000 and 60,000,'65 determined>by
ultrécentrifugation and SDS polyacrylamide gel electro-
phoresis. The active forms (aft§r treatment with-tprsim)
had ﬁolecglar we}ghts:of 45,000 and 50,000. Amihq acid
analysis of the zymogen form;_demonstrated little difference
‘betweeﬁ_the two species. Compa;ison with the active forms
would indicate that a small basic peptide was lost on
activation. Thewe was, apparently, nthekoge nor ahy amino
sugars (glucosémine and galactosamine) associated with any

of the forms of collagenase. Cyan&@en bromide peptides of

P

-

the two zymogehs.were compared. Eight of the nine cyanogen
'bfomide'peptideq(from both»épeéies co-migrated on
electrbphoresis, with only one péptide'frdm-each being
diﬁferent. It was also demdnstrated bY~this group that
procollagenase may undergo autoactivation without - S
concominaht reduction in molecular wéight. This suggests
that a Tonformational cﬁange was all that was requiféd to
expdée the adtive site. Tyree et al. (1981) isolated a
collagenase activator from cuftures of human ékin and rat
uterus of  an apparent M;‘éf 1107000; Activation occurred
without a demonstrated redﬁcﬁion in size of the latent
.collagenasg;

Procdilagenase has been isolated from cultures of rat
uterus and analyzed (Roéwit et él., 1983). Two sets of

zymogens and their corresponding active forms were
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demonstrated, with similar molecular weights as wasy'f
described by Stricklin et al. (1977, 1978) for/tﬁe , \\

collagenase isolated from human/ffin/j;by//iast cultures.

Amino acid ana1y51s of/these’zymogens showed greater

o

o
proportions of glyc1ne and serine, as well as a higher

content of acidic amino eeidS'than in the human skin
fibronlast procoliagenese.v |

| Nagase et al. (1981) extracted the mRNA from rabbit
synevielvfibroblasts,“énd, in an invitro Systen[
demonstrated tnat‘collagenase was synthesized as a -
pre—pre—enZYme.of Mr cf 59,000; In the presence. of the
miqrosomal.membrane thiévﬁnecursor was moéified~into_a
b%o enzyme form of-Mr of 57 OOO In a recent report, Nagase
et al. (1983) demonstrated by pulse—chase and continuous
labelling exper1ments,vthat collagenase was synthe51zed and '
secreted from the rabbit synov1al cells in 2 forms with an
gt of 57,000 and 61,000, Treatment of the cells in culture
with.tunicamycin (which bloeks'glycosylation' N- llnked
oligosaccheriaes) resulted in the cells produc1ng only the
pro;coilagenase species of Mr of 57,000. It is possible that
the difference in terms:of the absence of hexose as noted by
Stricklﬂﬁ et ai.‘(1978; see aone% and the findings of@

Nagase et al. (1983) may represent a species difference for

-
v

the isolated collagenase.
One of the major controversies in the literature over
the turnover of collagen concerns the actual_role of

collagenase in the degradation of fibrillar collagen. -
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?nmatoid/synoVium had no effect'on insoluble
These 1nvest1gators 1solated fibrillar collagen
_rormal and rheumat01d human synovlnm.(post mortem 60 75 .
rs of age). The collagen was dlspersed by treatment wrth‘.
f_faé a~amylase or EDTA. This collagen was shown to/bé//
2551stant to the aCthﬂ of both a crpde/and partlally
#brlfled preparatlon of/collagenase from cultures of human
}ynovlum, at both 27 C (less than 2% release of collagen in
i;40 hour 1ncubatlon, as determlned by hydroxyprollne
-ﬁ% lysis) *and at 37°C (less than 5% release). These_
irvestigators also démonstrated that acid soluble collagen
al;owed to form fibrils (reconstltuted soluble collagen .
is gelled by 1ncubatlon at 37°C-in neutral buffers)
"vdlgested and solublllzed.by the collagenase, but at a
slower rate than if the collagen was still in solution. |
Harris andIFarrell (1972) denonstrated that the introduction
of 3 methylene Cross- llnks per molecule of collagen (guinea
vp1g acid soluble collagen that was reconstltuted and treated
with formaldehyde), decreased the rate of degradation (by
rheumatoid synovial collagenase) by a factor of 5—l0 fold.
~Harris and McCroskery (1974) demonsgrated the apparent
resistance to digestion‘ofrcross—linked'Txpe II collagen by
the synovial collage:ase; Vater et al. (1979a) studied the
action ofzcollagenase, isolated from culturés of rheumatoid

synov1um, on reconstituted lathyritic chick bone. collagen

flbrllS Cross- llnked in VItPo,as a result of the action of

on
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lysyl oxidase. They demonstrated that the,introduction of as
few-as'O l cross-links (aldlmlne type) per mole of‘collagen
caUSed a distinct re51stance to the collagenase In
'jadd1tlon, Vater et al.” (1979a) examlned'the residu@ of the
in VltFO Cross- llnked collagen‘after a certaln proportlon of

it had been solub111zed by the action of collagenase The

residue shOWed no evidence of the characteristic -

collagen se- derlved 33/4 or a3/4 and al/4 peptldes, even.
though there was a 51gn1f1cant solublllzatlon of the .
collagén. The authors\concluded that the collagenase was not
acflng n‘the collagen that was cross-linked; However,vgs
,noted by)Gross (1976), other investigators‘have demonstrated
solublllzat1on of polymer1c collagen by preparations of
collagenase Gross (1976) discusses an unpubllshed
1nvest1gatlon in collaboratlon w1th Harper in whlch they
lncubated seml—purlfled tadpole_tall collagenase withﬁthe
identical substrate;daed,above}by teibovich'and Weiss, under.
the same conditions, and obtalned a 50% solublllzatlon///
wOolley et al. (1978) pur1f1ed collagenase by 'gel flltratlon
and ion exchange chromatography and demonstrated homogenelty
by SDS polyacrylamlde gel electrophore51s Incubation at J
371C, for 24 hours, of 30ug of collagenase with 750ug‘of
’polYmeric-collagéﬁ>(hnman’skin' isolated w1th a-amylase)
‘resulted in a release of 38% of the collagen However

Woolley et al. (1978) did note that dlgest1on occurred at a

much slower rate  (5%) when compared to reconstituted

s ,collagen.

)
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‘-proteoglycans.
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. Other Connective Tissue Neutral Proteinases

The secretion of other neutral protelnases is

: assoc1ated w1th the secretlon of the collagenases in many

.”dlfferent tlssue systems For the most part, the study of -

the role of these proteolytlc act1v1t1es in ‘the turnover of

the extracellular matrlx has been qulte llmlted However the

funct1ons that have been ascrlbed to these neutral

K

protelnases,are‘far—reachlng.

Certain»neutral metalloproteinases have‘been shown to’

degrade the core proteins of the proteoglycans, wh1ch in an

indirect or d1rect fashion, could possibly: a551st in the
‘ .
turnover of collagen by exp051ng 1t to other prote1nases

(Dingle, 1975; see sectlon on proteoglycan and'collagen
interactlons) Sapolsky. et al (1976) extracted a neutral
metalloprote1nase from artlcular cartllage wh1ch degraded

hY

the protein core of cart1lage proteoglycan. Malemud et al.

/

3'(1979) isolated an enzyme from cultures of lap1ne chondro—

cytes with actlvity against proteoglycans, while

Huybrechts—Godin and'Vaes (1978) descrlbed an act1v1ty

'1solated from rabblt skln ‘and synov1al flbroblasts 1n“

.culture that degrades the proteln core of cartllage

Galloway et al. (1983) isolated a mefalloprotelnase

-

- from rabbit‘hone”culture'medlum, w1th an apparent Mr of

24,500, capable of degrading the core of cartllage proteo?

glycans. Th1s enzyme was purlfled and shown to be capable

also of degradlng Type IV collagen, Type b procollagen;

S ,‘_ o o /) .

3
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(removed the extension peptides), Type III collagen helix,
gelatini laminin and fibronectin. The substrate 2,4
dinitrophényl—Pro—Leu-Gly—Ile—Ala—Gly—Arg~NH2, was cleaved
" between the glycine and isoleucine residugsf

Neutral proteinases have been shown to have the ability
to activate other proteinases, i;cluéing collagenasé,dthat
" are in latent form. Werb et al. (1977) proposed that both a
‘plasminogen activator and a latent collagenase were
'synthesized and secreted by rheumatoid synqvial cells in
culture, Addition of plasminogen to the cell .cultures
fesultéd in the activation of the collagenase. Woessner
(1977).also was able to demonstrate, with a serine neutral
proteinase frbm cultures of involuting rat uterus, the y
activation of a latent form of collagenase isolated from the.
same cultures. Rheumatoid synovial‘fluid (human) has been
demonstrated to contain a proteinase that appeared identical
to that of plasmakkallikrein (Nagase et al., 1982). Addition
of this isolated proteinaSe to a preparation of létenf
collagenase from pig Syngvial fluid, caused activation of
the collagehase.

Sellers ef al, (1978), in an investigation 0% cultures
of rabbit bone explants, werebable to separate the latent
forms of three distinct metallopfdteiﬁase activities that,
upon'activation, degraded collagen (collagenase), éelatin
and proteoglycans respectively. The gelatin degréding |

proteinase was able to digest Azocoll, but not native

colladen, articular proteoglyéans or azocasein. The third
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neutral proteinase was able to degrade azocasein, Azocoll
and the proteoglycans, but did not have any éctiuity towards
collagen or gelatin. |

Neutral proteinases with activity against gelatin, have
been isolated from many tissues (reviewed by Harris and
Cartwright, 1977). A neutral endopeptidase capable of
degrading gelatin to small fragments was demonstrated in
cultures of rheumatoid synovium (Harris and Krane, 1972).
ThiS‘proteinase'was shown to have twice the apparent Mr of
collagenase isolated froh the same source, but with similar
inhibitory properties. The enzyme was shown to be active
against the synthetic Pz peptide
(Pz-L-Pro-Leu-Gly-Pro~D-Arg), cleaving between leucine and
glycine. Another proteinase isolated from rabbit serum with
an activity towards tRﬁ Pz—peptidgiwas described by
Nagelschmidt et al. (1979). Thgféctivity appeared to be due
to a serine proteinase, which/had an apparent Mr of 124,000.
It was also shown to be aqﬁive égainst denatured collagen
and collagen peptides. A/ﬁz—peptidase activity, of an
apparent Mr of 77,QOO‘aﬁd a pI of 5.0 that was isolated from
chick émbryos; ﬁas shbwn to have no detectable activity
against‘collagen, collagen « chains and certain cyanogen
bromide cleavage products of native collégen (Morales and
Woessner, 1977). However it did cleave éertain éoiiagen
*péptides of 5-30 amino.acid }esidues. This proteolytic

activity, which was shown to be completely inhibited by pHMB

and partially by NEM and chelating agents, was proposed by

k)
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these authors to be involved at a late stage in collagen
'breakdown.

) . )
Neutral Proteinases of Polymorphonuclear Leukocytes and
Macrophages
| Polymorphonuclear  leukocyte elastase and cathepsin G
are neutral serine proteinases that have been demonstrated
to have a large spectrum ofrsubstrates'fncluding"native
soluble and insoluble collégen (Starkey, l977; Starkey et
éll,.1977). Incubation of elastase and cathepsin G with
artlcular cartllage resulted in the degradatlon of the
proteoglycans followed by the solubilization of Type II
collagen monomers. Elastase, but not cathepsin G, when
incubated with insoluble bovine tendon collageo
(predominantly Typekl), also caused éolubilization. This
collagen, which was examined by polyacrylamide gel electro-
phoreéis, contained no % or y components. The leukocyte
elastase had a similar effect on acid soluble collagen
(Types I and III, from rabbit skin) in that there was an
absence of B and y components and an increase in the a chain
concentration. The aﬁthors concluded that the elastase was
acting on the amino-terminal extra-helical region,
containing the inter- and intramolecular cross-linking site.
However, additional cleavages of Type I collagen were
observeo on the polyacrYlamide gels. Thus the activity of
elastase was not restrlcted to the amino-terminal

extra-helical region but the enzyme was also capable of
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acting within the helix. Cathepsin G, pancreatic elastase,
trypsin or chymotrypsin had negligible effects on the acid
soluble collagen (TypelI). |

Kobayashi and Naqai (1978)lalso demonstrated similar
- effects with the ieukocyte.elastase on the amino-terminus of
acid soluble c;llagen. In addition, tHese investigators
separated a metéi~dependent collagenase (apparent Mr of
75,000) and a metal-dependent probeinas; with an activity_
against gelatin (Mr of 150,000)% from the elastase (Mr of
25,000). Recently it was démohstrated that leukdcyte,
elastase was able to release the C-terminal telopeptide
containiné the cross-linking regioﬁ (Scott and Pearson,
j983). This region, according to these authors, 1is
pbtentially more important for the formétion of inter-
molecular cross-linking in soft tissue collagen than is the
N-terminal region.

Gédek et al. (1980) demonstrated that elastase from
normal human neutroéhils, under conditions in which there
were no effects 6n fhe helix of_Type"I collagen,bdegraded
Type III collagen. The product was very similar to those of
‘the characteristic «3/4 and al/4 éeptides produced by
collagenase. Mainardi et al. (1980a) reported that‘the bond
cléayed (between Ile-Thr) by leukocyte elastase was 4 amino
acid residues on the carboxfl side of the site of veftebrate
collagenase cleavage. Trypsin (Miller et al., 1976a) and

thermolysin (Wang et al., 1978) are also capable of

digesting Type LII collaéen‘in the collagenase¥sensitive
\
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region, but are without effect on Type 1 collagen'(Within
the hellx)

A neutral proteinase isolated from cultures of rabbit

' VX-2 carcinoma was shown to. cleave within the N termlnal

telopeptide of native Type I collagen (Dabbous et al.,
1977). This  enzyme, with apparent Mr of 18-20,000,
inhibited by soybean trypsin inhibitor and thus it is likely
to be a serine proteinase. Whether lt is an elastase~like

p

proteinase is not known.
Macrophages in culture have been demonstrated to
secrete a varlety of neutral protelnases, 1nclud1ng
collagenase (Werb and Gordon, 1975a) and a metal—dependent
;elastase (Werb and Gordon, 1975b; Banda and Werb, 1981). The

effects of this elastase on-collagen have apparently not

been studied.

Collagenolysis by Phagocytosis

A

o Investigations of peridontal Iigament (porcine and
monkey)"a tissue with normally high levels of matrix turn-
over, have not demonstrated the presence of an active
.collagenase (Pettlgrew et al., 1980). However Christner
(1980) demonstrated the presence of collagenase cleavage
products from human periodontal ligament that was allowed to
autolyse for varylng times at 25°C. Using electron micro-
scopy of serial sections, it was shown in cultures of perio-

dontal ligament fibroblasts incubated with fibrillar

collagen, that ingestion and. degradation of the collagen
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were occurring (Svoboda et al., 1979). Other investigators 7 *
have also reported;the phagocytosls of fragnentslof
fiorillarfcollagen in normal tissues (Ten Cate and Syrbu,
1974; Beersten et al. .1978) Phagocytosis of collagen has'
also been demonstrated w1th serlal sect1ons of human
gingival f1broblasts in vivo (Melcher and Chan, 1981).

It would seem logical that phagocytosis of large
fragments of fibrillar collagen by these cells would involve
either membrane bound oroteinases,'or the secretion of |
proteinases in the vicinity of the cell membrane-collagen
contacts, to enable the collagen fibrils to be cleaved and
engulfed. Cathepsins, with activities'against collagen have
been described, howeveﬁymost of these proteinases are only
active at acid pH (Burleigh, 1977). It is possible that at
the site of cleavage of the fibrillar cOIlagen, the cell
membrane creates a pocket into whlch the acid hydrolases can
be secreted and in which the pH ia reduced to a level where
these' proteinases are active. Cathepsin.B a cysteine '
protelnase can effectively degrade insoluble Type I collagen
atva 3.6 and 37°C (Burleigh et al., 1974; Etherington,

- 1977). Cathepsin N (pteviously\known as collagenolytlc
‘Cathepsin) at pH 3.5 and 28°C, solubilized fibtillar tendon
coliagen and also converted the B and y chains of acid
soluble collagen in solutlon to a chains (Etherlngton, 1976,
1977). Cathepsin D, an aspartate proteinase, at pH 4.0 and

25°C, can cleave fetal bovine skin acid soluble collagen in

B
the C- termlnab\extrahellcal region, N-~terminal to the
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cross-linking region (Scott and Pearson, 1978b). Incubation
with acid insdlﬁble collagen re§ulted in the releasé of
.coilagen monomers, which were demonstrated to be lacking. the
majority of the C-terminal telopeptide. In a later study,
thé‘above authors demonstrated shortening of the C-terminal
telopeptide df acid soluble Typé I collagen 6;th Cathepsin B

(Scott and Pearson, 1983).

Qollageﬁ Turnover

.\vfurnover of collagenous tissues, must occuf-dhfing
growth>and development and in wound-healing (Bornstein and
Traub, 1979); While the rate of turhover of collagen in most
adult animal tissues is low, a small amount of newly |
sYnthesiéed collégen can be found in tissues such as skin.
This Syhthesis'must be baianced by coilagen degradation. The
turnover of collagen was demonstrated to be sigﬁificantly
'greatéf in oral éoft tissues, than 1in skin (Sode%, 1977).
This investigator examined cdllagen syhthesis.and
incorporation into mature_collégen; in a number of
connective tissues, using ’H-proline (ané conversion into
*H-hydroxyproline) as a marker. Both the rate of synthesis
and incOrgoration of newly synthesized collagen into fibrils
‘was highest in periodontal ligament, followed by atﬁached
gingiva'and then skin. Sodek (1977) calculated that the half
life of the mature collagen in periodontal ligament was oniy

1 day, as opposed to 5 days for attached gingiva, and 15

days for skin.
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Collagen turnover is accelerated. in pathological
conditions and in wound—heaiing. The increase appeats to be
related to the]infiltration of oolymorphonuclear leukocytés
and macrophageé Both types of cell have been demonstrated
to elaborate collagenase and other neutral protelnases, some
of which have been shown to be effectlve against the telo-
peptide regtons of collagen (as deécribed above). Néutrophil
leukocytes are different from d?her ceils that produce .
collagenase in that these détalloproteingses afe stored in
the“specific' granules within the cells (Robertson et al.
1972a,b; Murphy et al., 1977). The polYmorphonuclear leuko-
cytes and macrophages, in addition to producing proteinases
active against collagen, likely have other toles in the
turnover of collagen. Macrophages have been shown to be
.capable of phagocytosis of collagen (Caputo et a}., 1981;
Shoshan, 1981). In addition these cells appear to secrete
factors which stimulate: flbroblast motlllty as well as
flbrobia;t proliferation (Leibovich and Ross, 1975,1976),
and cause activation of the resident latent proteinases '
(Horwitz et al., 1976). The latter authors analyzsd cultures
of alveolar macrophages and fbund that 2 fractions,,with
- apparent Mr of %0,000'and 11,000, when added back to the
conditioned nedinm, had the ability to double the
collagenase activity. Macrophages in culture aléo apparently
secrete a factor which stimulates production oflcollagenase .

and neutral proteinase by chondroblasts in culture

(Deshmukh-Phadke et al., 1978 Rldge et al., 1980) and by
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fibroblasts in culture (Laub et al., ]982). “ : oy

wOund-héalingﬁinvolves the cooperative effeets-of'

o £l \
various cell types, séme of which have been described above.
During the init{al'étaées,of'wouhd healing, the site is |
infiltratea yith polymorphonuclear leukocyte;vand mono-
nuclear cells (Ross, 1980). These la¥tér cell types appear
to differentiate to become the macrophages. The /
concentrationvof-the.polymorphonuclear leukocytes normally
returns to background levels within 1 week. Simpson and Ross"
(1972) deécribed their investigation in which guinea pigs
were made neﬁtropenic with antisera fo; neutrophils. In the
absence of infection wouﬁd repair was unaffected.
Investigations into the macrophage contribution during wound
repair indicated the close interaction of these cells and
fibroblasts. Supbression(of macrophages by anti—macrophége
serum caused a delay in wound repair (Leibovich and‘Ross,
1975). The macfophage levels at the site of wound repair\may
remain elevated for several weeks, however, collagen |
turnover may remain high for several months (Madden, 1977).
One pOssiblé explanatio#‘for this is that Ehe resi@éﬁt
fibroblas£s~which have the capabilify for producing
collagenase and other ﬁeutrél proteinases in Eulture, are

the main cells that are involved in the degradation of

collagen at this later stage.
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G. Object

It has been described in this introduction that there
is avcertain amount of controversy over the inftlal steps in
‘fibrillar collagen breakdown. The apparent lack or’@%pimal
effect of collagenase on insoluble cross-linked collagen, as
descrited by Leibovich and Weiss (1971) and Vater et al.
(1879a), has led to the suggestiOn that there may be a
'distinct>ptoteolytic‘actiyity capable of releasing collagen
mononers or aggregates from fibrillar %ollagen. It has been
suggeeted‘by Rauterberg (1973) -that intermolecular
cross—links originating from the amino; and carboxy-terminal
telopeptides may modulate the degradatlon of»fibrillar
collagen. The removal of these regions containing the
-cross—links,kasrproposee by’Harris and Cartwright (1977) and
others, may be a preréquisite for effective collagen
turnover, As'described‘above, there are ptoteinases known to
be capable of removlng the telopeptides (e.q. leukocyte
elastase‘and cathepsins). Howe&er it isAoncettain_whether

these proteinases do'have a role under normal physiological

&,

conditions. : ) ' -

This study was_initiated to determine‘the inltial»steps
involved'in fibrillar collagen breakdown. The main object of
this investigation was to demonstrate whether connective
. tissues cap elaborate. a- neutral proteinase with a
speclficity=towards the telopeptides. The connective tissue
chcsen fot thié\investigation was.porcine gingiva. Sodek

$77) demonstrated that the rate of collagen turnover in
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gingiva was substantially higher than that in skin. If the
associated degradation is primarily due to the action of
extracellular proteinases, there may be a laréer
concentration of these enzymes in the medium conditioned by
the gingival_explante thah could be obtained from cultures
- of othér readily available tiSsoes. The conditioned medium
~from porcine’gingival explants has been_demonstrated to
cohtain.collagenase and other $Eutral ototeinases (Pettigrew
et al.‘1978,“l981). In addition, this conditioned medium was
shown to contain proteolytic activityfcapable ot_
solubilizing insoluble fibrillar collagen (Pettigrew, 1978;:
’Pettigrew et al., 1978). " s n
If there is a proteolytlc act1v1ty dlrected against the
.telopeptldes of collagen ( telopeptldase ) then attempts

would be made to separate thlS from the collagenase. In

4add1t1on, therprotelnase would«be characterized (molecular
wel§ht, inhibitors, pH optimum, scissile bond(s) that is/are
cleaved etc.). The rolesAof these two proteolytic
‘activities, collagenase and 'telopeptidase' (if the
activities are indeed due to diffetent proteinases), in the
bfeakdown of fibrillar collagen would then be\investigated‘

in the hope that a better understandingIWOuldrbe obtained of

this process.

e
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I1. MATERIALS AND METHODS

. | i} | oy

Proteinaseg, Activators, Inhibitors and Substrates
Cathepé&n D was isoiated from bovine thymus and

purified in Dr. Pearson's laboratory (Scott and Péarson,
1978a). Theyétock solutions contained 100ug/ml or 1mg/ml of
protein in 0.02M-sodium phosphate pH 7, and were stored a£ )
—206C."Antibddies'sbecific fof the carboxy-terminal
ekfra—helical region of Type I céllagen (residues C-4 to "

C-9), were prepared by‘D:. P.G. Scott (Scott, 1982).

_Elastase isolated from polymorphonuclear leukocytes was

“kindly supplied by\Dr{ A.J. Barrett, Biochemistry

Department, Strangeways Research Laboratories, Cambridge,

England. Pig synovial collagenase was a gift from Df; T.E.

~Cawston, Cell Physiology Department, Strangeways Research

Laboratories, Cambridge, England.

TPCK- (L- (tosylamido 2 phenyl) ethyl dhlorgmé@hyl
\ . , X ‘

ketone)-treated trypsin (228 units/mg), pepsin (2,720

units/mg, twice crystallized), and bacterial collagenase

(326 units/mg, code-CLSPA) were purchased from Worthiq;ton

Co. (Freehold, N.J.). Trypsin bound to agarose, soybean

trypsin inhibitor, pepstatin, benzamidine hydrochloride,

6-amino hexanoic acid and p-hydroxymercuribehzoate (pHMB)

and_azocasein were obtained from Sigma Chemical Co. (St.

Mo.). N-ethylmaleimide (NEM), Qas from Aldrich Y

l‘CbQ (wisgonsin);,Phenylmefhylsﬁlphonyi'fluoridé‘l

‘as purchased from Pierce Chemical Co. (Rockford,

\
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11). Aéocoll (50-100 mesh) was obtained‘from CalbioChem*

Behring, (San Diego, Ca.).

vTissueAculturg‘ﬁaterials ‘ . | o
Heat-inactivated fepgl’bbvine serum, Dulbecco's
%odifiedangie'medium (DMEM) amphotericih'B and nystatin
Qe:e obtéinedzfrom~GIBCO Canada Inc. (Bu;lington} Oont.).
Penicilliﬁ@‘stréptomycin, kanamycin, gehtam?cin, cyclo-
heximide and HEPES'(N?2thdroxyethyl\pipefaz{ne Nf;Z,eth%ne-
fsulfonic’acid) were purchased from Sigma;;Trypsih 1:250
(Difco certified)>and'lactélbdmin hydroiysate |
(Bacto—Pepfone) wefe purchased from DIFCO Laboratory
(Detroit, Mich.). Concanavélin A was obtained from Pharmacia
(Canada) Ltd. (Que.). Blood agar plates wére‘obtained f;om.

the Micrdbiology Department, University of Alberta.

PolyacrylémideuGel‘%1éct:ophoresis Materials
*vPolyac£yl;mide, BIS (N,N'-methylene-bis—acrylamide),
| SDS (sodium da ecyl sulphate), TEMED (N,N,N',6N' - tetra-
meéhylefhylenediamine) émmon%pm-pefsulphate, bf&mophenol
blue, Coomassie Blue (R250), Tris (tris (hydfoxyméthyl)
aminomethane) andythe mixed bed. ion exchange,resinlAG

501-X8(D) (20750 mesh) were obtained from»Bic—Réd

Laboratories (Mississauga, Ont.).

\



48

Columﬁ,Chromqtography 1 . B ' )
‘Sephade*@ GZS (medium), G100 (fine), G200 (fine), G2OO

(superfine), DEAE-Sepharose™ CL 6B, cyanogen - S
bromide—éctivated Sepharose 4B and,a protein calibration kit
~ for gql filtration were-obtained from Pharmacia. Bio-Gelé P{
(100-200, 200-£00 mesh) and P10 (100-200 mesh), Bio-Gel
agérose A0.5 (100-200 mesh) and A1.5, (200-400 mesh) Qe:e"’
obtained frbm.Bio—Réd Laboratories. Hepafiﬁ bqund to agé:ogg

. , . 8
~was from Sigma.

- Radioisotopes |

Tritiated sodium borohgdride (110mCi/mMQlé) and‘
f‘C—acetic.anhyafide (119mCi/mMéle) weré}obtained_from
Aﬁersham/Searle Co; (Oakville, Ont;). Tritiatéd water
(0425mCi/g) was purchased from New Ehgland ﬁuclear, Lachiné;

Que. Scintillation fluid was obtained from various sources

as described in Methods.. .
, -, T

’

Other Reagents a$d Products’

Ammonium éulphate (eﬁzyme grade),‘chlofamihe T}_m
p4aminobenzaldehyde; hydrgxy—L—prglihe, an ‘bqv;ne serum
‘ albumin-(radio—imﬁUnoaSsay'gféde) were from Sigﬁ;. Cyanogen
bromide was purchaéed’from Aldrich Chemicavab,"andbsEoredf'
at -20°C. Gelatin was obta{ned frém JjT.‘Bakef Chemical Co.’
(Phillipsburg, NeW’Jéféeyzr ! |
~ Other chemicals and d{spoSables were obtained from

Fisher Scientific, Edmonton, and CanLaéj Edmonton. All
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chemicals utilized in this study were of analytical grade. -
The water was either double distilled, or singly distilled

< .
and further purified through a Milli-Q™ system with a O.22um

Milli-Stack™ filter (Millipore, Ltd. Mississaugua, Ont.).

A. Tissue Culture s | ; ,
Porcine Gingival Explant Culture

Porcine mandibles (12-18) were obtained within one—half
hour of SIaughﬁer from a local abattoir (Canada Packers, |
Edmonton), packed oa ice, and processed within 2 hours. The
protocol was generally as described by Pettigrew (1978) and
Pettigrew et al. (1978). The gingiva was brushed with
phosphate buffered saline to remove debris. A£tached
keratinized gingiva (see Fig 1) from the mandibular molars
that was judged to be non-inflamed on,visual e#amination,
was excised and placed in Petri dishes with DMEM (pH 7.4)
which contained 0.042M-sodium bicarbohafe, 100 units/ml
penicillin, 100ug/ml stréptomycin, 50ug/ml. gentamycin,
100ug/ml kanamycin,'3ﬂg/ml nystatin and 3ug/ml
amphotericin B. The strips of gingiva were transferred to a
sﬁerile‘}ZSml Ehrlenmeye:‘flask, washed twice with sterile
culture medium, and then choppéd into 1-2mm?® sections, with'
scissors or biades. The pieces were washed extensively with

medium, and then distributed into Falcon™ Brand 75cm? tissue

culture flasks (0.5-0.8g wet weight of tissue per flask).
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Medium (\3m1) was added and culture was carried out in a
~humid atﬁgsphere of 5% CO, in air at 37°C. Cycloheximide
(3ug/ml) was added to some cultures to inhibit de novo
protein synthesis. The conditioned medium was removed daily,
clarified by centrifugation (1000 x g) for 10 minutes and
stored in separate tubes at -20°C. Flasks that contained
medium which was cloudy were rejeé%id due to the likelihood
of bacterial contamination. In addition, a sample from each
flask on each day was applied to a blood agar plate, and
these were incuba;ed for several days at 37°C. Conditioned
medium which showed signs of contamination was discFrded,.
including thét from earlier days in culture 1in these'

flasks.. Such contamination wasfound only rarely in this

study.

Human Gingival Fibroblast Cﬁ}ture &

Normal human gingival fibroblasts (Gin-1, Americ;B Type
Culture Collection (Md. USA) obtginéd at the third passage,
were initially processed according to the accompanying
ingtructions. The ‘ampule containing the frozen cells was
thawed in a 37°C water batﬁ with vigorous shaking (within 30
seconds), and then immersed in‘70% (v/v) ethanol, at room
temperature. The contents of the ampule were transferred
(under sterile conditions) to a 15ml centrifﬁge tubé
‘containing 10ml of DMEM/10% fetél bovine sdrum with
penicillin (fOOug/ml), streptomycin (100ugfml) gegtémycin 7

(50ug/ml)‘and kanamycin (100ug/ml). The fiKroblasts were///
[ e ' e
. // . //

i ‘// / ’
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pelleted, then resuspended iqvfresh medium, and transferred
to a 75cm?® Falcon flask, and incubated for 3 days under the
same conditions described previously for gingival explants
but in the presence of 10% fetal bovine serum.
Cells grown to confluence in the flasks were passaged

by tﬁe following procedure., The cells were washed three .
times with phosphate buffered saline, and then once briefly
(5 seconds) with a sterile solution of 0.25% (w/v) trypsin
(Difco) in phesphate buffered saline. Fresh trypsin solution
was added and after 2-4 minutes, the rounded cells were
dislodged by repeated aspiration with a,Pasteer pipet. The
cells were transferred to 15ml centrifuge tubes .containing
medium with fetal bovine serum and sedimented by
centrifugation (1,000 x g for 10 minutes); The cells were
resespepded in fresh medium and transferred to new flasks in
a raf{; of 1:2 or 1:5. The volume was madebpp to 15mi, and

e cells allowed to incubate under the conditionsldescribed
above. Medium was c¢hanged every third.or fourth day.
Confluence was generally reached after 3-5 days.

- After the third pessage (sixth passage overall forl

these fibroblasts) the cells‘were‘proceseed as described by

Hurum et al.k(1982).

The culture medium was DMEM/10% fetal
bovine serum, with:#EPES (4.7mg/ml), gehtamycin (50ug/ml),
penicillin (100ug/ml), and amphotericin B (300ng/ml),
adjusted to pH 7.2} Onﬁe confluent, the cells were washed
with phosphate buf&ered saline and cultured in DMEM without

serum but containﬂng concanavalin A (25ug/ml) and

/
i
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lactalbumin hydrolysate (5mg/ml). The latter product was
added to enhance cell viability and to r%tard cell |
detachment (Paul, 1975). The conditioned %edihm was changear
daily (4—5.days) clarified by centrifugation and storéd at
-20°C. The cultures were still viable at end of treatment

#

" (Scott et al., 1983).
B. Treatment of Conditioned Medium
. (

Concentration of Conditioned Medium

Two concentration techniques were used in the
preparation of neﬁtral proteinases. At all times during the
concentration and dialysis procedures, the conditioned
medium was kept on ice,;or at 4°C, In the earlier stages of
the investigation the medium was concentrated (6-60 fold) in
a Diaflo™ ultrafiltration apparatus (Amicon Co., Lexington,
"Mass.) with PM10 membranes (molecular weight cutoff 10,000).
At a latér stage, concentration éf the conditioned medium
was accomplished by precipitation by the addition of solid
ammonium sulphate (enzyme grade) according to the technique
described by Dixon and Webb (1964). This involved the
addition of sufficient solid amﬁonium sulphate to the medium
to give 20% saturation. After 2-16 hours the precipitéte was
removed by centrifugation at 20,000 x g, for 45 minutes. To-
the supgrnataht, ammonium sulphate was added in 3-4 aliquots
to giveMBO%'saturation. This mixture, which was generally

left overnight, was then centrifuged at 30,000 x g for
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1 hour. The precipitate was dissolved in a small volume of
bﬁffer'(pfOSM—Tris/Hcl; pH 7.4, containing’O.2M—NaCl,
0.00SM-CaClg; and 0.02% Yy/g) sodium azide) and thus
_concentrated %5-50 fold. This buffer Qas the standard assay
buffer used iﬁ this investigation. The sélution was dialyzed
. for 48 hours against 2 or 3 changes of asséy buffer and fhen
stored frozen at ¥2Q°C,‘until needed,

Ih the latter stages of this investigation the protocol
 of’Cawston ahd Tyler (1979) was followed. This is similaf to
the above procedure except for the followiﬁg mddifications.
Conditioned medium that was made to 20% saturation with
ammonium sulphate was filtered through a Whatman 54 filter
paper. The precipitate at 60%}saFuration Qas'dissblved in
0.05M-Tris/HC1 pH 7.4, containing 1,0M-NaCl, 0.01M-CaCl,,
0.05% (v/v) Brij 35, and 0.03%'(v/;) toluéne. The °
preparation was theh,dialyzed against this buffer
(fOO volumes) for 2 daYé with 2 changes. The solution was:
clarified by‘centrifugafioh at 40,000 x g for 1 hour.

'Concehﬁnation giwvarious fraétions containing
proteolytic activity was performed in the early stages by
ultfafiltrationkusing coliodion"bags (Schleicher and
Schdell, N.H., USA) with a nominal molecular weight cutoff
of 10,000. At a later stage, ngrafiltration with the
Immersible CX-10™ system (Millipore) with a 10,000 molecular

weight cutoff, was used.
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Activation of - Conditioned Medium

In the early stages of this investigation the
concentrated éonditioned medium was treated with )
TPCK-trypsin (100ug/ml to 1mg/ml in assay buffer) and added
to the conditioned medium at a ;oncentration of 1ug/100ul of
mediué. The solution was left at room temperature for 10-T5
minuteé, and then a 5-10 fold molar excess of soybean
trypsin inhibitor {(1mg/ml in assay buffer) was added.

Trypsin bound covalently to agarose beads’ was alsd‘used
to activate the proteinases. An aliquot of the
trypsin-agarose was washed 3 times with;éssay buf fer in_a
micro-centrifuge tube, and approximatel} 3 units of trypsin
added per ml of proteinase solutioﬁ. This was left at room
temperature for up to 2 hours, ;ithvoccasibnél hand
inversion to resuspend the trypsiﬁ—agarose. The_mixtﬁre was
centrifugéd, and the supernatant removed.

A third method of'éctivation was used in assoéfation
"%%ith the protocol of Cawstqn‘and Tyler (1979) as described
abdve,_but following the tecﬁnique of Stricklin et'él..
(1983). Pafa—hydroxymercuribenzoate (pHMB), which was
dissolved in 0.1N-N%QH at a concentration of 0,02M wasJédded
to the concentratermedium to give a final concentration of

0.001M. The mixture was incubated at 35°C for 2 hours, and

stored at ¢°C. ‘ ’)
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Gel Filtration of Concentrated Medium

At a later stage in this investigation,ggel filtration
at 4°C was routinely performed. For large scale
preparations, aliquots (5-15 ml) of conoéntrated
(25-50 fold) conditioned medium were applied to a column
(2.5 x 115cm) packed with Bio-Gel agarose AO.S ahd eluted
with 0.05M-Tris/HCl pH 7.4 containing 0.05% (v/v) Brij 35,
0;03% (v/v) toluene with either 0.005M~CaCl, and 0.2M-NaCl
or 0.01M-CaCl, and 1.0M-NaCl. For the chromatography of
small volumes of proteinase solutions (1-2ml) a 1 x 115cm
column was used. Both\columns were calibrated for molecular
weight estimation by the chromatography of‘protein standards

and with °H,0 to determine total column volume.

C. Isolation and Purification of«Coilagen Substrates
Preparatioo of Soluble and Insoluble Bovine Skin Collagen
Acid soluble collagen (Type>I) Qas preparéd from the
corium layer of a freshly flayed foetal bovine skin (Canada
Packers, Edmonton)-according to the protocoirof Volpin and
Veis (597J). All the éxtractanr solutions contained the -
following in final concentration: 0.003M-sodium azide,
0.005M—NEM, 0.00BM—benzamidine hydrochloride, 0.001M-6-amino
hexanoic acid and 0.01M-EDTA. During the entire procedure,
the skin'or‘extractaot solutions that contained thelgoiiagen

were kept at 4°C.
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;

The foetal bovine skin was washed iﬁ AQ% (w/v) NaCl
containing the inhibitors and left foszﬂdays in the above
solution with one change. The hair and outer layers of skin,
as well as any sub@ermal adipose Qissug were scraped off,
and then the skin was chopped into pieces of 2-3mm®. These
sections Qere suspepdedwin the 10%-NaCl solution for several
days with changes,'andqthen suspended 1in 25%-NaCl . for

24 hours. The salt was removed by extraction in water over
several day§.

Acid soluble collagen (Typé I; Type 111 collagen is not
extractable in dilute acids) was obtained from three 24 hour
extractions with 0.5N-axetie acid. The gxtfacts from each
day were clarified by centrifugation (8,000 X/g} 1 hour),
The €ollagen in these extractsiwas precipitated by the
addition of solid Naqi to a final cohcéntration of 10%
(w/v). After 24 hours, the precipitate was collected by
&entrifugétion (17,000 x g; 1 hour)ﬂ Additional NaCl (5%;
w/v) was added te the supernatants to ensure maximum
recovery of thé collagen. The;precipitated collagen was

)

ight, the solution

redissolved in 0.5N-acetic acid. ove
clarified by cehtfifugation (17,000 x g), and coilagen was
reprecipitated by addition of an equal volume of 30% (w/v)
NaCl. The precipitated coilagen was recévered by
‘centrifugatiop. The two steps were performed a total of

3 times, énding with the collagen in solution. The extracts
from each day were handled separately to quanti£ate. |

recoveries. The final collagen solutions were dialyzed
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exhaustively againét water without the proteinése
inhibitors, lyophilized and stored at 4°C. This was called
'acetic acid soluble collagen'.

‘\

The residue after the three days of extractions was
washed exhaustively with water over sevefalldays,
lyophilized and stored at 4°C. This was called 'acetic acid

_insoluble collagen'.

The acetic acid so;uble collagen was purified E%rthef
for‘certain critical experiments to remové any bound
\proteinases (Pardo et al.; 1980) by the method described:by
Gfoés (1958). The lyophilizedocollagen'(10—40mg)‘was'
suspendéd iq O.5N—écetic acid at a concentration of 2mg/ml,
‘%ndﬁdissolved overnight at 4°C. The‘collagen solution was
dialyzed against 2 changes of, 0.1M-sodium bhosphate buffer‘ A
'PH 7.6, and the concentration adjusted to approximately
1.0mg/ml wiph fresh phosphate buffer. Triéhiofoacetic acid
(TCA; 25% solution in 0.45M-NaCl) was added to a final
concentration of 2.5% and to pH of approximately 3;5 (never
‘Lower than pH 3). After 45 minutes the resultant pgecipitate
was sedimented at 20,000 x g for 45 minutes at 4°C. The
supernatant was dialyzed égainst 0.1M-sodium phosphate
pH 7.6, for 48 hours with 2 changes..Ethanolb(95%)-was‘added
to give a final coﬁcentfation of 14% (v/v). The collagen was
“allowed to precipitate out of solution ovefnight‘and then

sedimented at -30,000 x gq. Theycoliagen was résuspended in



0.5N-acetic acid, dissolved overnight, and then dialyzed
‘against 0.01N-acetic acid. An aliquof was used for the «»
measurement of the collagen concentration by the microbiuret
assay as described below. Recoveries of the purified

collagen were generally between 50-75%.

Preparation of Acetic Acid Soiifle Ret Tail Tendon Collegen
| Acid soluble collagen was also extracted from adult rat
tail tendons Durlng the entire procedure the tissue and the
~extractant solutiens that contained the collagen were kebt“a
cold. The tendons were removed, scraped, and then washed in
10% (w/v) NaCl cehLaining 0.02%-sodium azide for 24 hours.
The tissue was washed with water, ana then defatted in
chlereformYmethanol (2:1), for 3 hours, followed by a wash
with methanol and exhaustive washing with.water. The fendons
were suspended w;:h stirring overnight in O.SNfacetic acid
containiﬁg 0.02% (w/v) sodiem azide, and the undissolved
residue removed by eentrifugation (ZO}OOU‘X g); Sodium T
chloride (30% w/v) was added to the supernatant»to give 4

_ . R
final concentration of 5%—NaCl and thls was left overnlght
The precipitate was isolated by centrlfugatlon (30,000 x qg)

and redissolved in 0, 1N—acetic acid overnight.' This solution

was dialyzed exhaustlvely against 0.01N-acetic acid, and

then agalnst fﬁwM sodlum phosphate buffer pH 7.1 for 2 daye.
The precipitate in the d1a1y51s bag was recovered after
» 9
centrifugation (30, OOO x g), and redissolved in 0.1N-acetic

aci%, and then dialyzed against 0.01N-acetic acid. The
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solution was clarified again by centrifugation (20,000 x q)
and the supernatant lyophilized. An aliquot of this collagen
was used for ana1y51s of ‘reducible cross-links after

treatment with °H-sodium borohydride asvdescrlbed below.

>
4

Reduction of Acetic Acid Soluble Collagen

The acetic acidvsoluble fetal bovine skin collagen,

‘that fhad been extracted with the proteinase inhibitors was
fu; her purified with TCArandiethénol precipitation as
eécribed above, This collagen;, as well as the rat tail
ollagen (not further pu:ified)~wére kept on ice

t froughbut the‘féllowing procedure. The collagen, at a

éqn ration of 1mg/ml in 0.0AN—acetib acid, was
neutralized by addition'of'0.5M~sodium phééphate, pH 7.0, to
a final concentration of 0.0SM—sodium'phosphate.xTritiated

sodium borohydride was diluted Qith cold sodium borohydride

initially in a 1:3 ratio, and in later experiments in a 1:1

=3

ratio, and approximat?ly Img of this was added to the
collagen with mixiag for 1 or 2 minutes. Different aliquots
(5,10 or 20mg) o} collagén were reduced in sepérate
experiments with essentiaily the s?mé result. Glacial acetic
Jacid was then added to lower the pH to 5 and destroy the
reductant. The solution was left for 30 minutes to allow. for
the tritiated gaédto,dissipiféte; and then it was |
trahéferred to dialysis tubing and dialyzed against large
volumes (4 litfes) of 0.01N-acetic acid for several days

with daily changes. In later experiments the collagen was
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further dialyzed égain§t 0.02M-sodium borate, pH 8.0 for
3 days) whigh significantly decreased the level of |
non—Specific label on theicollagen and then against
in1N—acé§}c acjd for 3 days:’&he cgliagen (either%{ﬁzﬁyﬁﬁ

or 1.0mg/ml)iwas dispensed in 1ml &liquots in 7ml.

scintillation vials and stored at -20°C.

'4C-Acetylation of Acetic Acid Solublg Collagen
An aliguot (10mg) of the acid séluble collagen
| extrécted with proteinase inhibitors ag described above,~was'
dissolvéd in O.TN-acetic'acid at~4°C. The_éoluﬁion was
dialyzed against O.iM~sodium phosphate pH 8.8 for 2 days.
The cbllégeh (1.6mg/ml) was transferrea to a thick walléd
container, and Kept in a cold water bath to maintainvthe
temperatures between 8 énd;T2°C throughout the foilowing
procedure. The‘contents of an ampﬁle containing 500uCi of
'*C-acetic anhydr%de €a19ﬁéi/mMoé§§,%§ere diluted‘with 150ul
~of a 1%'solution of cold carrier :tetic anhydride in
benzene, and tfansferrea b} wéshiﬁg with ,350ul bgnzeﬂe. An -
‘saliquot of 60ul Sf_this’solbtidn was added to the collagen'»
'§?at zero time and at every 30vminu£esbfor a total of &
5 additions. The sblutidn.was kept on ice for a further
. 1.5 hours. The acetylated collagen was then dialyzed égainst
0.01N:acetichacid for several days ungil no further radio-

activity was released. The '‘C-collagen was stored at -20°C.
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D. Aésays

Glucose Utilizafion

The concentration of glucose in the conditioned medium
"wag measured in order to aetermine the level of metabolic
activityvof the gingival explants in culture. A test kit for
glquse determination (Auto/Stat Kit} Pierce Chemical Cb.)
was used. The prb?edure involved mixing reagents'to'obtéin-a
'working color reagent'’ chtaining 4-amino antipyrine,
2-4 dichlorophenol, glucose oxidase'énd.horseradish
peroxidase. The 'working color reagent' (4.0ml) was added to
the samples (10ul), to be tested. The tubes wére heated to"
37°C.féf 15 minutes, cooled to room temperéture, and optical
denéity at 515qm measured within 10 minutes. The giucose
concentration was- read from a standard curve, wﬁ%h ﬁhe use

R

of the glucose supplied with the kit.

. ﬁaétate Dehydrogenaéé
Th§'¢oncent:a£ion of lactate dehydrogenase in the
condiﬁioned medium is reiatea to the extent of cell death.
Th}s assay was performed usingva.lactate dehydrogénasé»kit
(Sigma Kit #226-UV). The reaction, which‘was @oniﬁored at

340nm, was as follows:
Lactate + NAD e Pyruvate + NADH

'The rate of produttion of NADH is proportional to the LDH

-

> 9
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concentration. The method involved the additien of 31ml of
LD-L Reagent B (contains L-lactate) to LD-L Reagent A
(B—NAD;~1yophilized) with stirring. An allquot (3 {mTT_bf
this prepared reagent was plpetted into a lem cuvette, to
which 100ul of sample was then added w1th mixing. The |
absorbances at 340nm\at zero time amd at 3 minutes were
recorded with water as the reference. The entlre reactlon
was performed at room temperature‘(approx1matele2O C);rThe_

calculations were as follows:

'A/3 = Final A - Initial A |

s

LD-L(Unit/litre) = A/3 x 1660 x TCF
F

TCF (Temperature Correction Factor) at room temperature is

2.25. 'A' is the absorbance at '340nm.

4

Hydroxyproline ‘ S , '

Hydroxyproline Was:‘;@stimated' ‘b_y the method of: Bergma‘h

apd Loxley (1970). Samplés, to bégﬁnalyzed were mydrolized'
¢ : < N .

bt

in 6.0N-HC]l, for 18-22 hours;,dried and reconStituted in
500ul of water. Aliquots in dupllcate, ‘were made up to
500ul with water, and to eath, 1.0ml of . 1sopropanol was

added. This was followed by the addition of 0. 5ml of the

oxldant solutlon (see below) with vigorous vortexlng. After

4 minutes #15 seconds, at room temperature; 1.0m1'of
}Ehrlich's reagent (see below) was added with m1x1ng, and

- then the samples were heated to 60°C for 21 mrnutes in a

[

4
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: : y
water bath. After one hour at room temperature to allow the

color to fully develop, the optical density at 562nm was
measured. Hydroxy-L-proline in aqueous solution was used as

a standard, and stored at -ZOFC.

Oxidant solution: 4 volumes of a solution containing:
0.42M-sodium aceﬁg&e anhydrous, 0.13M-trisodium citrate
dihydrate, deféM-citric acid monohydrate, and 385ml of
isopropanol made up‘to 1 litre with water; mixed with

1 volume of a 7% (w/v) solution of chloramine T in water.

The solution was prépqied Ju/t\oefore each set of 2

determinations. /

4

\“\

Ehrlich's reagent: 17.6g of p—dimelhylaminobenzaldehyde in
40.8g of 60% perChloric-acid (spec1f1c gravity 1.54), and

made up to 100ml w1th 1sopropanol was also prepared fresh.

3

u. i
Microbiuret Assay
The micobiuret. method as described by Itzhaki and Gill
(1964) was used for the estimation of collagen
./conoentratlon. To/;n allquot (50f500u1) of sample, made up
to 500x1 with water, 250ul of the-biuret résgent (30% (w/v)
NaOH, 0.21% (w/vl copper sulphéte (CuSO,.5H;0) was added
with mixing. After 30 minutes‘;t room’temberature he
optical density atz3dbnm was measured ’Gelatin (0. 5mg/ml)
of known moisture content, which was heated to 60° C for 30

minutes and cooled to room temperature, was used to obtaln a
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standard curve.

Collagenase Assay

The semiquantitative method of Berman et al, (1973) was
used. Non-heparinized glass capillary tubes (l X 75mm, Dade
Capilets™) were partially filled, by capillary action, with
a degassed solution of fetal bovine skin acetic acid soluble
collagen (img/ml) adjusted to pH 7.5 and containing in final
concentratlon 0.05M-Tris/HC1, 0.2M-NacCl, O\OOSM—CaClz.and
0.02% (w/v) sodium azide. Tubes were sealed at one end with
Seal Ease™ (Clay Adams, USA) and at the other end with a
 removable short length of plastic tubing plugged with dental
wax.'Thg‘collagen was then left overnighf at 35°C to gel,
Sampleé to be tested for collagenase activity, Qere first
adjusted to the‘same'molarity of salt‘(O.ZM—NaCl) as that of
the collagen gel, and then applied (5ul), with a Hamilton
10ul syringe, to the tops of the now opaque collagen gels..
The tubes were sealed and the rate of clearing (mm/hr) was
measured at various intervals; if necessary for as long as
1 to 2 weeks.

In»the latter part: of this invéstigation a collagenase
assay was used which was based on the conversion of a; to
a,3/4 peptides, measuredﬁ;fter electrophoresis of the
products of digestion of acid soluble collagen with
conditioned medium (modified from the protocol described by
Sodek et al., 1981). The areas of these peptidekpeaks were
measured, the a;3/4 peptide value édjusted by a factor of

3
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4/3 to account for loss of the «,1/4, and the areas that
represented o, chains, summed. The ratio, expressed as a
percent of «,3/4 (adjusted) to the total area was related. to -
the amount of collagen that was initially present in the
incubation, and units of activity basgd on the amount of
collagen degraded per hour were calculated (see Resulfs).
Non-Specific Neutral Proteinase Assay #1

Gelatinase-like activity was estimated as described by
Pettigrew (1978). In 1.5ml micro- centrlfuge tubes, f
approximately 2.5mg of insoluble Azocoll was mixed w1thﬁhn
aliquot of sémple (25?500ul), and made up to 1.5ml with
buffer to a final concentggtion of 0.0SM—fris—HCl, pH 7.5,
0.2M-NaCl, 0.005M-CaCl, and 0.02% (w/v) sodium azide. The
samples were' incubated at 35°C,7for 20 hours, or longer 1if
necessary, on an end~over—end shaker get‘at the slowest
speed. The mixtures were then centrifuged at 12,000 x g, for
3 minutes,:the‘supernatant ;emoved and the optical density
at 520nm measured in a lcm pathlength cuvette. A standard |
. curve waéiconsfructed with TPCK-treated trypsin (0.5-5.0ng).

|
Non—Spééific Neutral Proteinase Assay #2

| The ability to digest azocasein was determined

essentially.as described by Sapolsky et al. (1974),
Azocasein was dispérsed in assay buffer at a concentration

of between 5-10mg/ml, and héated to 56°C, for 30 minutes to

solubilize it. Aliguots containing 2mg of azocasein, were
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dispensed into 1.5ml micro-centrifuge tubes, and enzyme
solution ;as added. The voldmes were made up to 1.0ml with
buffer (final concentration 0.05M-Tris/HCI, pH 7.5,
0.2M-NaCl, 0.005M-CaCl, and 0.02% (w/v)_sOdium azide). The
reaction was carried out at 35°C for 20-24 hours. ‘
Trichloracetic aéid}(ZS% w/v) was added to a final
concentration of 5%, and the precipitate of undigested
azocasein_sedimentéd at 12,000 x g. The supernatants Qere
withdrawn quantitatively, and dispensed into 1.5mi
micro-centrifuge tubes. Sodiuh hydroxide tC)%éfinal
concentration of 0.5M, (which increaseg the pH of the
solution and enhances the.color) was then added with \
shaking. The solution was again clarified by genfrifugation.

The optical density at 450nm was then measured. A standard

curve was constructed with TPCK-treated trypsin.

Determination of Telopeptidase Activity by Gel Permeation
Chromatography |

The assay toldetermine the telopeptidase activity, (the
activity that releases the extra-helical regions of
collagen) underwent several modifications during the
investigation. The procedure that was finglly adopted was as
follows: |
In 1.5ml micro-centrifuge tubes, an aliquot (10 or 20ul) of
*H-collagen kNaB“H" reduced acid soluble‘fetal bovine skin

collagen, purified by TCA and ethanol precipitations) was

mixed with an equal .wolume of double strength assay buffer
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(0.05M Tris/HCl, pH 7.5, containing 0.2M—NéCl, 0.005mM-CacCl,
and 0.02% sodiuﬁ azide). An aliquot'(10-200ul)»%f the sample
&o be tested was added, and the solution made up t& 240ul
final volume with assay- buffer, or with buffer that would
normalize the concentration to that of the assay buffer
constituents. The solﬁtion; were incubatea at 18-23°C for a
period that was dependent upon the estimated level of

activity;’This varied from 5 to 48 hours, but the mejority
[

of the ﬁncubations were for 20 hoprs.’ConCehtrated formic
;cia (14ul)gand SOul of bovine serum albumin (4mg/ml in
1.0N-foAmic acid), were added and the solution
chromatographed on a column‘(0;7 X 4cm; 2ml total volume;
'Bio?Rad Laboratories), packed with Bio-Gel P10 (nbminal
fractionation range 1,500-20,000), which was washed
initially with 75ml of water ahd.Sml of 1.0N;f§;mic acid.
The columns were éluted with 1.0N-formic &cid and the
effluent col}ected in 20ml séintillation vials'and counted"
after addition of ¢aﬁléof scintillation fluid, as described

below. The five fractions that' were collected were

representative of the three regions of interest:

Fraction# Volume(ml)

1 ‘ 1.3 Vo.fraction;
2 0.2
3 0.2

4 . 1.0 vf fraction:
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5 1.0 Vt fraction;
_ _ .
The levels of radioactivity in fractions 2-gnd 3 were

indicative of the success of the separation of the large and

small molecular weight peptides.

.Large Scale Incubatlons w1th Acid Soluble Collagen
leferent'hethods were followed for the incubations of
condltloned medlum or of the enzyme preparatlons with |
non- radloactlve a%?tlc acid soluble collagen. Essentially,
aliquots of collagen (80—160ug/ml final concentrétion,
unless otherwiée‘indicateq) Qege incubated with the
‘proteinase solutions in assay buffer (see above and hesuits)
for varying periods of time at temperatures befween 18-25°C.
After éddition of EDTA kfinal-concentration of 0.025-0.05M)
the incubation solutlons we;g dlalyzed against water at 4°C
and lyophilized. The product;§werg analyzed directly by .
electrophoresis on 5% polyacrylamlde SDS gels, or digested

with cyanogen bromide (see below) and examined by -

electrophoresis on 12% polyacryfgmide SDS gels (below).

¢
£

Incubations with Acetic.Acid_Inéoluble Collagen —

Aliguots (25-30mg) of lyophilized acetlctm.ﬁ‘l'

collagen were rehydrated in 0.1N-acetic aciqtae jashed at
1 4°C, for 24 hour periods with Oﬂ1N-aceticra‘”
water (once), and twice with assay buffer (see above). All

‘~501utions'coptaiged 0.02% (w/v) sodium azide. The 'pieces of -

\
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ingoluble collagen were sliéed into 40um sectiohs’on a
fréééing microtome, and the sections transferred 2&;0 1.5ml
micro—cen¢rifuge tubes. Aliquots of the proteinase‘solutioné&gﬁ
were‘added and the volume made up to 1.2ml with asséy
‘buffer, Thé mixtures were incubated at 25°C, for 4 days in a
shaking water bath, after which EDTA, to a final
concentration of 0.025-0.05M, was .added. In léter sfudies.
incubations were performed for 2 dayslat\22°C. The mixtures
were centrifuged at’20,000'x g, for 60 minutes at 4°C, and
the supernatants withdrawn (labeled S-1). The collagen
residues were resuspended én 1.0ml water, and after 1 hour,
the mixtures yﬁge‘recényrifuged and supernatants witharawﬁ
(labeled S—Z);i%he collagen was:resuspended in 0.1N-acetic
acid, and left overnight at 4°C, ei;her ;tirring or on an
end-over-end shaker. fhis supernatant, after céntrifugétion
(30,000 x g for 90 minutes), was labelled S-3. Aliquots of
the above 3 §upernatant§, were h}drolyzed witﬂ HC1 (final

yconcentration of 6N) and duplicate samples were analyzed for

hydroxyproline. The solutions were dialyzed agart st water,
or in later studies; against‘0.02N-é¢etic aciza::i$§ater, “
and lyophilized. Samples weré electrophoresedron 5% poly-
" acrylamide SDS geis or digested with cyanogen bromide and
electrophoresed on 12% polyacrylamide SDS gels as described
belpw. | | _ Y |

To obtain more information on the nature of the
solubilized collagén, the lyophilized samples were

reconstituted in 0.05M-Tris/HC1, pH 7.5 containing
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1.0M-CaCl; and chromatographed on a column (1 x 90cm) packed
with agarose A1.5M (Scott and Veis, 1976a). iractions that
corresponded fo the «1/4 peptides (see below) were pocléd
and'desalted on columns. (1.5 x- 6cm) packed with Bio-Gel P4,
that were previously equilibrated in the running buffer\
(1.0N-formic acid). These samples were lyophilized and
digested with Eyanogen bromide as described below. Aliquotg
of these cyanogen bromide digested at1/4 pepﬁides were
electroéhoresed on 12% polyacrylamide ;DS gels.(see below).
Well-characterized cyanéged bromide'digééts of acid soluble

collagen were used as standards for comparisons of relative

mobilities.
E. Polyacg;lamide Gel E1ecttophoresis

SDS PolYacrylamide Gel Electrophoresis (5% and 7.5%)
Polyacrxlamida gel elecfrophoresis was performed as
descrﬁbéd by Furthmayf ana Timpl (1971), as modified-by
Scoft and Veis (?576a).'Stock solutions of thé following
were‘prepared, filfered ahd stored. A concentrated stock
buffer consisted of a 0.4M-sodium phosphaté, 0.3M-sodium
hydfoXide,.O.B% (w/v) .sodium dodecyl sulbhape (SDS) adjusted
to pH 7.2 with 2N*Na0ﬁ; énﬂ»stgred at room temperature. The
eleétrophoresis running Buffef Qas a 1:8 diluvtion of the |
‘stock buffer. The\stocﬁ'acrylamide solution c?nsisted of

29.1% (w/v)-acxylamide and 0.9% (w/v) BIS.stored in' the dark

at 4°C. The sample buffer’ was 0.04M:sodfhm phosphate

S )
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containing 0.22% (w/v) SDS and 2.0M-urea and stored at 4°g.
The tracker dye, 0.05% (w/v) bromophenol blue in Qater, was
stdred at.4°C. \

For the p?egaration of 5% polyacrylamide gels, 5ml of
the acrylamide monomer solution was mixed with 3.75 ml of
stock buffer and the volume made up to 28.4ml with water.
Ammonium persulphate (1.5ml of a 5mg/ml Solﬁtion freshiy o
- prepared), and TEMED (45ul) were added with mixing, The
solution was immediatgly dispensed into glass tubes
(0.55 x 12.5cm) filled to 10.5cm. N-butanol was applied to
the top of each gel, and the gels left for 45 minutes to
polymerize. Preparatio; of'7.5% polyapryfamide gels was as
above éxcept that 7.5ml of acrylémide was used..

S;ﬁples‘to bé anélyzed were weighed (20—30ug/éél) and
dissolved in 40ul of sample buffer, and heéted to 50°C for
30 minutes. Bromophenol blue (10-15ul) was added to each
sample, apd ?b—ZSul'of éhis solution (in dﬁplicate) ;as
abplied on top of eéch‘polYacrylamide gel under the fUnnin?
_buffer. | o | .

Electrophoresis ;és cargied out for 45.minutes“at TmA
per tube, or uﬁ;il'the samples had entered the gels, then at
3mA/tubé for ;5 miputes and finally at 6mA/tube for
approximately 3.5 houfs~or.until'the_tracking dye was within
lem of the”end of théhgel. The gel;_were then carefully
:eémea out with wéterousing a sy&§n9§ fitted with a
4cm 26 gauge needle'and%%%dia ipk was injected into éhé

center of the tracker dye bahd? The gels were stained

. «
t'
13
LT »
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~overnight in a solution of 25% (v/v) isopropanol, 10% (v/v)

acetic -acid, with 450mg Coomassie Blue, made up to 1 litre

- with water. The gels were destained for 4 hours in a

. solution containing 10% (v/v) isopropanol, 10% (v/v) acetic

acid and 35mg of Coomassie Blue, and then for a further
24-36 nours in a diffusion destainer containing the
ion-exchange resin AG501-X8(D), 20-50 mesh, and 10% (v/v)
acetic acid. At a later stage in'the investigation the
1nterned1ate destalnlng step was ellmlnated and on ogcasion,
total t1me for sta1n1ng was reduced to 5 hours (for ite 5%
polyacrylgmlde gels only). | |

- . . ‘ -
SDS Polyacrylamide Gel Electrophoresis (12%)

This system employs the use of a stack1ng gel (3% or

5%) on top of a 12% separatlng gel accordlng to the method .

’ p 2 B . :
‘of Laemmli (1970). Stock solutlonS»of the following were \

prepared, flltered and stored. The separatlon gel buffer
(4 x concentrated) consisted of 1.5M-Tris and 0.4% w/v) SDS.
and was adjusted to PH 8.8 with HCl. The stacking gel buffer
(4 x congentmated) dghtalned 0.5M-Tris, 0.4% _w/v);SDS and
was adjjsted to pH 6/8 w1th HCl The running buffer

(8 X concentrated)‘con51sted of 0. 2M Tris, 5§6M—glycine,
0.8% (w/v) SDS and was ad]usted to pH 8.3 with HCl The
sample buffer was 0.0625M- Trls/HCl 2%(TW/V) SDS 2 OM-Urea,
adjusted to pH 6. The catalySt stock acrylamlde, tracker

dye and stalnmng and destaining solutlons were as for the 5%

and 7. 5% SDS- polyacrylamlde gels.
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 After degassing, TEMED (30ul) and ammonium persulphate

‘above,
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Stock acrylamide (12ml) was mixed with 7.5ml of E

separation buffer, and the volume made to 29ml with water.
o A

(1.0ml of a»5mg/ml solution) were added with mixing, and'the
solution, immediately dispensed into gel tubes.NWater or

butanol was layered on top of the gels. After 30 r,.ninutesAtor
allow for complete polymerization, approximately‘0.2ml of ‘

stacking Qel solution (1ml of acrylamide, 2.5ml ofvstaoking, e

gel buffer, 0.5ml of amﬁonium persulphate, ‘and 15ul %f TEMED " . :Ilr

and the volume made to 10ml with H, O) was applled to the top

of the separatlon gel

Lyophlllzed samples were dlssolved in, the sample buffer

with heating to, 50°C for 30 minutes and bromophénol blue was o 4
N

(10-20ul) added to each solutlon After layering samples

under the runnlng buffer, electrophore51s was performed with

constant current 1n1t1ally (1mA/gel) untll the sample had

entered the gel and then under constant voltage, at either

»

50 volts fof '8 hours at room temperature, or 35-40 volts fog/

‘16 hours at 4°C. The gels were ‘then processed as descrlbed

-

Scanning of Polyacrylamide Gels
e } )
" The polyacrylamlde gels after staining were

L
‘exhaustlvely destazned as descrlbed and_then scanned at

560nm in 10% acetic acid in an autpmatic Gilford Linear

C I
Transporter on a Beckman DU Gilford Spectrophotometer. The

~scans were recorded on a Fisher Scientific,'RecordaIl' chart

>
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recorder. The relative mob111t::s of the stalned peptides
were calculated when necessary, by relattng the dlstance
travelled from the origin to the center of peak (peptlde
band) on the gél scan, to the distance travelled by the
ttacker dye. Quantltation of the felative areas of certain
peptide bands was generally performed by multiplying the
peak height by the width at half peak helght The apparent

mplecular'welghts (Mr) of the peptides were calculated from

A
R

[ by .
a standard plot of relative mobility versus the log,, of the
molecular weight._Té minimize any_variation between tuns,

and between gels themselves, a standard plot was ontained on
N \ -
each 'gel of interest For the cyanogen bromldefpept1des,

a CB7 (24,900), and a,CB3 (13,480)-wete used to estlmate the

\,_

“molecular weight.cf peptides from the a,tchain, and «,CB3,5 !

s

(60,540) and «,CB4 (29,500) were used for peptides derived |

from the «, chain. - IR et
\

Analys1s of Polyacrylam1de Gels for Radlolabelled Peptldes
To detect radiolabelled pept1des polyacrylam1de gels
were frozen with solid CO,, and sl1ced into 1mm’sect}ons

vwith a Brinkmann Gel Slicer:(Rexdale Ont). These sections

o were ﬁlaced 1nd1v1dually into glas' scintillation vials| to
which 500ul of 0.6N-N.C.S.e Tissue Solubilizer
(Amersham/Séarle) was added/zAfter 1ncubat10n overnlght ‘at

- 35°C, 15u1 of glac1a1 acetic acid' was ‘added to each vial,

i

followed by 10ml of Liquifluore solut1on (42ml of L1qu1fluof
¢

(New England Nuclear) mlxed with 1 ditre of toluene), After

!
)
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24 hours in the dark, to allow chemiluminescence to decay,

the radiocactivity was measured. L

Pre elutlon of Gels_g

When it was de51red to isolate peptides separated by
gel eleqtrophore51s{ the gels were 1n1t1ally ‘pre-eluted.
,After preparétion in the tubes, the‘gels wefelreamed
carefully olt of the tubes, zashed over several days w1th
water obtalned from the MlillJQ system (see Materlglgl*/aff/
4’C, and then dlalyzed agalnst electrophore51s runn1ng
“buffer. The gels were relnserted ?nto the glass electfﬁgl
phore51s tubes and the lower end of each was seéied w1th
d1a1y51s membrane The electrophoret1" condltlons were as
prev1ously descrlbed R ' - ; _u‘ 'v v f

‘ B | : , :

; E#traction/ot Peptides from the Gels ; o

The method descrlbed by Scott- (1982) was followed The
proteln c0nta1n1ng zones in thL gels were eXClsed macenéted '
by forc1ng through a 23 gauge syrlnge needle and eluted into
4-5 volumes of 25% (v/v) yr1d1ne overnlght at 37°¢C.
Extractlon mas repeated and the extracts vere pooled The
protein was sgparated from the-dye (Coomassie Blue) by
chtométography on a column (T.5‘x 6cm)'packedutdth Bio-Gel
pjov(iop—zoo mesh). The sempies were eluted'w{thﬁjN—formic

acid and lyophilized.
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F. Other Techniques : \ - Y

‘ Affinlty_Chromatography

| 'Abtemptsﬁwefeamade to .purify proteinases by
eollagen-affinity chromat;graphy The'initﬁ%l7attenpts'
- 1nvolved neutra1121ng acid soluble collagen (1mg/ml) to

pH 8:5 w1th a flnal concentratlon of 0.1M- sodlum blcarbonatQ
‘contalnlng 0.2M-NaCl (" coupllng buffer ; Bauer et al.;

1971). %he extent of b1nd1ng was determined by the

1

*-,,1ncorporat1on of “C collagen (100ug) CNBr—act1vated

- Sepharose 4B (1*29; Pharmac1a) was 1n1t1ally washed with i
300- 600ml of ice cold 0.001N- HCl (over a 15 m1nute perlod)

- on a sintered glass filter, washed brleﬁlg»W1th‘the coupling .

S AR | -
buffer,~mixed with the collagen\soldtionlidfa'glass culture

: S T e ! L
tube, _and'incubatéa overnight at 4°C, on an‘end-over-endﬂ

. 1

mixer. The _gel wvas sedlmented (200-300 x g} 20: séconds) and-

supernatant w1thdrawn. An equal volume of IN-ethanolamine

2 hOure at 4°C the collagen Sepharose was alternate Y

0.5M- NaCl and 0 1M sodlum b1ca'

0. 5M- NaCl “An allquot of the coilagen Sepharo€e gé& was

#

;removed and: rad10act1v1ty measured S

. B / Lo
: Ly . _
: 'In later exper1ments,»gpe to roblems with the collagen /

o

prééipitating'out of the SOIUtion 0. OSM-sodlum c1trate,
pH 6. 3, conta1n1ng 0. 2M NaCl was us d as the coupllng T
'buffer. | o | |
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N | }
~Cond;ti;ned medium was prepared by dialysis overnight
agaihst the standardlassay buffer chtainiﬁg no sodium
chldride, and appliéd to Fhe_co??ageanépharose églumn :
(0.7 x 4 cm). The'columss were eldtéd in various ways (see

Results).

~

. ) B : S ¥
Amino Acid“@naiyéis

A, Acié Hydrolysi$ ‘ 1 ¥

Tbaysamples to be analyzed were mixed with an equal
" volume of 12N—HClr(redi§£illed), or if dfied,initiallyﬁ
dissolved in comdstant boiling.5.7N~HC1 (Pierge Chemical
Co.). Phenol (5% w/v) in water was added to a final
concéntratiép‘of 0.4%. T;bes were evacuated and sealed, and
then incubated at 105°C, for 18-22 hours. Solutions were
dried and reconstituted with-0.001N—HC1, and an.alingt .

i

taken for amino acid analysis.

i : -
3 . ”

o . AN ‘_ | v
B. Base Hydrolysis ' A :
The-samples tovbe analyzed were lyophilized, dissolved

in S0ul of 2N-N2OH, and transfered to a speciallf designed

teflon block. The samples were hydrolyzéd as ébove, HCl‘waS
added to lower the pH to 2-3, and volume made up to 0.5ml
.

with H,0. An aliquot of this was taken for amino acid

analysis,

Aliquots of the hydrolysates were analyzed on a Beckman

121MB analyzer, using the recommended program for collagen -
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hydroiysates_(Béckman DS—526). The limit of sensitivity for
ahydroxyproline was approximatély‘0,25nmoles\or lowerf‘This
Wamount of'hydroxyﬁ}oline‘was\equivalenp tdhgpproximately
240nqg of collagen. ’

 For thé'ﬂéfgction of JH?labelled amino acids, £he

effluent from the analyzer was collected directly into

\\

: ~. , o
scintillation vials (2 minutes, 0.5ml per fraction). Water
(0.5ml) and scintillafﬁon‘fluidv(10ml) were added and the’

radioactivity measured as described below.

Liquia Scintillatidn Counting

Radioactivity #as measﬁred with,a Philipé Liéuide
Scintillation Counter (médél PW4700);'AQﬁe6Qs samples were
mixed with 4ml of ReadiSolv™ (Beck@ah), or SqintiverSeWE
"(Fisher) «in 7ml vials, or withl10ml of scintillation fluid
in 20mi\vials. When'necessary, to avoid precipitatibn due to
high salt‘concentfatidns, the éamples were‘dilutedkwith

_ 14
water.

Dialysis | N
Dialysis‘tubing (Spectrapor™, USA) with a 6,000-8,000
molecular weight cutoff was soaked and washed in distillég\

water, and then boiled in water for 15 minutes. The tubing
. - \‘.. . . 3 \
was cooled, rinsed extensively with distilled water and N

used. All dialysis was performed at 4°C, and involved at
least 2 changes of the dialysis solution, each being of

~

24 hour duration unless otherwise indicated. '
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Cyanogen Bromide Digestion h

The sample# to be:digested, if in solution,‘were‘nade'
up to 70% formic ac1d w1th the addltloniof an approprafte»
amount of concentrated formlc ac1d ‘The SOlUthﬂ was }lushed
with nitrogen\for 2 m1nutes and cyanogen bromide to a flnal
_concentration of 12;20mg/ml was then added. If the sampleft
was dty'initially} cyanogen bromide<in'70%-form1c ac1d‘was'r
added, and the solntion waehbriefly flushed with nitrogen}‘
- The digestion was carried out at 25—30°C for 4’hoursiwith‘&e
stirring. The digestgwyere then diluted with a lafge excess -
of water‘and lyophilized. The;sanbles were redissoiyed in .
water and‘lyophildzed'again to re&overall traces of the
eyanogen bromide ‘and volatile reaction products. The

"

products of dlgestlon were analyzed by electrophore51s of

the samples on 12% polyacrylamlde gels (descrlbed gbove
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I111. RESULTS

-~ A. Pércine.Gingival"Explant'Cultures

The condltloned medlum from cultures of porc1nef
glnglval explants was examlned for levels of collagen.s
digesting (or collagenase) and.Azocoll dlgestlng actlvities
as‘weli;as for the.concentfétions'of lactate‘dehYSrogenase

and glucose (Fig 3). The effects of bacterial collagenase on

'the.collagenjsubstrate; and trypsin on the inSoluble Azocoll

~are shown 1in Figw4. Due-to the presence of significant

levels of tlssue 1nh1b1tors as reported by Pettigrew et al.
(1978) as well as the demonstrated hlgh-levels of lactate
dehydrogenase actizitykin'Day 1 culture medium (Figf3d),r
this medium wesrdiscarded.'The lactate'dehydrogenase'b

activity from the fourth‘day in culture and onwards was

’signfficantly increased over the relatively low levels of

Days 2-3. The Azocoll-digesting and colldgenase activities
(non-artificially activated) present in conditioned medium
from Days 6-10 were also assayed (reSuits not shown). The

act1v1t1es decreased to approx1mately 50% of the levels

' determlneé\for Days 2 and 3 by Day 10, In addltlon, the

"gingival explants themselves appeéred to be.underg01ng‘rapid

decomposition after the fifth day in culture. Thus

conditioned medium from Days 2-4, or occasionelly in the

earlier studies, Days 2-5, weré used in this study to

_minimize contamination with intracellular contents released

upon cell death.

»
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- Figure 3,  Analysis of Gingival Explant Culture Medium.

An aliquot of conditioned medium from each day of culture
of porcine gingival explants was analyzed for: '

\ . /
a) clearance of collagen gels in capillary tubes; after

incubation for 24 hours at 35°C, the level of digestion
(clearance) was measured; ( ®) non-activated;
(2) activated with trypsin-agarose. The means of .
duplicate determinations and ranges of 1 flask are shown.
b) digestion of Azocoll; incubation at 35°C for 24 hours;
results expressed as trypsin equivalents per flajsk;
(®) non-activated, (0) activated. The mean of
duplicate determinations and ranges of 1 flask are shown.
c) level of glucose utilized per gram of tissue per 24 .
hours. Points shown are average values of 5 flasks
(single determinations) with the Standard Error of Mean.
d) units of lactate dehydrogenase (LDH) per gram of tissue

per 24 hours.  Points shown are average values of 5 flasks

(single determinations) with the Standard Error of Mean.
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Figure 4, Digestion of Standard Substrates.

a)

b)

bacterial collagenase incubated at 35°C with
reconstituted collagen in capillary tubes; level of.
clearance at 16 hours (®), and at 21 hours ().
trypsin (TPCK treated) incubated with Azocoll |
(2.0mg), in 1.0ml of assay buffer (0.05M-Tris/HCI
PH 7.4; conta1n1ng 0.2M-NaCl, 0.005M-CaCl,,

0.02% sodlum azide): for 24 hours at 35°C.

The mean of dupllcate determlnatlons and ranges
are shown,



83

B.‘Incnbat}on of“Conditioned %edium nith the'Collagen

‘Substrates

The’presence‘of vertebrate collagenase was demonstrated'
bi‘the electrophoresis on 7.5% polyacrylamide gels, of the
products of the incubation of COﬂdlthﬂed medium with gkstic\
‘acid soluble collagen (Fig 5) The presence of the band
labelled a3/4 and a1/4 were 1nd1cat1ve of the action of
‘;oollagenase.yln add1tion,-denatured ac1d-soluble collagen
was‘ﬁncubated at 57°C with the conditloned'medium to
demonstrate the presence of 'gelatinaSe‘ ?%ig 5c). The
digestion of this collagen gane tise'to a‘heterogeneobs
population of collagen fragments |
) R/

Acetic Acid Insoluble Collagen Incubationsﬂ

_‘ Concentrated conditioned medium, was 1ncubated with
acetic ac1d 1nsol\ble fetal/bov1ne skin collagen to

determlne the level of solubillzatlon lnga series}f
experiments, a significant amount of the insoluble collagen
was salubilized even when the'conditioned medium was not
artificially activated (Table.1)L Prior treatment of the ~
conditloned medlum w1th trypsin effectively doubled the
amount of collagen solubilized. .The addition of EDTA,‘eyen
at a final concentration of‘O;QQSM, eftectively inhibited
the release of collagen. A pdsitive control for the release
of collagen %onomers was demonstrated by the incubation of
elastase, 1solated from polymorphonuclear leukocytes, with
" the substrate. In addltlon,'concentrated conditioned mediumw

&

\
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Figure 5. Gel Electrophoresis of the Products of

Incubation of Acid Soluble Collagen ‘
and Conditioned Medium. _ ¢

Lo

An aliguot (100ul) of concentrated (6 fold) conditioned
medium (Days 2-4) was ‘incubated with native and denatured
collagen (450ug), in assay buffer (final vQlume 1.2ml),

as described below. The products were electrophoresed on
7.5% polyacrylamide SDS gels.

a)
b)

no-enzyme control; incubated for 24 hours at 25°C.
native acid soluble collagen, 1ncubated with {he

- medium for 24 hours at 25°C.

c)

denatured collagen (by heating to 60°C for 1 hour);

‘1ncubated with the medlum for 3 hours at 37dC
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Table "1. SolubilizatiOn of Acid Insoluble Collagen::

, » . S

<‘Acetxc acid insoluble collagen (26-28mg) was 'incubated with
various preparations of conditioned medium (0. Sml);for 4
days at 22-25°C in assay buffer (final volume: 1.0-1.2ml).
The solubilized collagen was quantitated by hydroxyprollne
Venaly51s, and the results expressed as a percent of the
starting dry welght of the insoluble collagen.. The results
below are grouped according to the different ba ches of

- conditioned medium tested against this substrat The
results are of single incubations unless ranges are shoi'
and are thus in duplicate. , - _ 7

. - . ‘
| NEUTRAL ACETIC -
ENZYME - SALT ACID TOTAL CORRECTED
PREPARATION - SOLUBLE(%) SOLUBLE(%) (%)  ‘TOTAL (%)
no-enzyme control 1.4 - 2.0 3.4 -0
medium (6 x conc.) 6.5:0.6 5.5¢0.7 12.0¢1.3 _ 8.6

" medium (conc.,act.) 10.2 8.7 18.9 15,5
no-enzyme control 1.0 2.3 3.3 0
boiled enzyme control® 1.0 2.5 3.5 0
medium (6 x conc.) 3.6:0.3 2.5%0.3 6.1:0.6 . 2.8

~ PMN leuk. elastase. 6.6 6.7 13.3 10.0
elastase and SBTI 2.5, 4.4 6.9 3.6
no~enzyme control 1.8:0.1 2.0%0.1 3.8:8%.2 0
EDTA (0.05M) control- 1.8:0.1 2.5 4.3 0.5

~ medium (conc.,act.) : '

& EDTA (0.005M) 2.7° 1.6 4.3 0.5
edium (conc.,act.) , : R
& EDTA (0.05M) 2.6%0.1 1.9:0.3 4.5%0.4 0.7
medium (25 x conc., , .
— act.)  9.9:0.6 6.7:0.7~16.6%1.3 12.8
conc. - concentrated; act} - activated; ™

PMN leuk. - polymorphonuclea leukocyte,
SBTI - soybean tryp51n 1nh1b1tor

a - enzyme sclution was heated to 95°C for 10 mlyutes

A

e

L
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. . . . /
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was  analyzed for,hydroxyproline'content. It was determined

that the'background'levels due tovnon—diffusible collagen ig
the condltloned medlum gould represent not more than Q\Eﬁ

\)
The pmpducts of dlgestlon of 1nsoluble collagen were

0.1-0.2% of the total 1nsoﬂuble collagen 1n the 1ncubatlons

examlned by gel eléctrophore51s (Flg 6) ‘The majorlty of the

collagen that was extracted in the neutral Ealt and water

washes nas essentlally in the form,of 33/4, «3/4 and al/4

peptides (Fig 6b) . In_the‘aceggc‘acid eXtracts only 40-50%

of the collagen B and a chains. appeared to be converted to

‘the characterlstlc collagenase products (Flg»6c){ However

this dlfference in convers1on,'could be due to collagen

~ which wasbinaccessible\to,the collagenase but which was 'y

extracted under acldhconditions;(collagen fibrils swell in‘

acetic acid), as was shown for the no-enzyme cont .

'(Table»1; acetic acid extract). It was also ooserved from

these electrophoretic profiles, t.at the relative amounts of

vthe B and‘d components (8/a) did not appear to differ

bsignificantly‘from the no-enzyme controls. However the

'collagen_that'was solubilize by‘the.action of the leukocyte

velastase appearedvto be made ‘p'primarily of a chains

;;(Fig 6d),'which is ln agreement with the observationsvof

Starkeyhet al. ‘(1977) | ' o | - p h ‘
Accordlng to the worklng hypothe51s outllned in. the [ “5f

Introductlon another protelnase, or p0551bly, another .......

proteolytlc act1v1ty of collagenase could be necessary to

initiate the degradatlon of f1brlllar collagen Such an

[
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Figure 6. Gel Electrophore51s of the Products
C of ‘Incubation of Acetic Acid Insoluble
Collagen and Conditioned Medium,

'doncentrated (6 fold) conditioned medlum (0.5ml) was

incubated with 27mg (+/- 2mg) of acetic ac1d insoluble

collagen in assay buffer (fipal volume 2mlk\for 96 N

hours at. 259C. The solubilized collagen was dialyzed

against water, lyophlllzed and electrophoresed on

5% polyacrylamide SDS gels

a) no-enzyme control - 'neutral salt extract.

b) incubation with medium - neutral salt extract.

c) aceticracid extract of the collagen residue of (b).

d) incubation with polymorphonuclear leukocyte
elactase (8ul) - neutral salt extract,

Note the almost complete absence of beta chains in the

electrophoretitc profile of thé leukocyte elastase

,dlgested collagen
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vact1v1ty‘could have 1ts effect on flbrlllar collagen by
cleaving on the prox1mal side ﬂire,»betweenltheacross-llnk
‘site and the hellx) of the rntermolecular crossQlinks
"originating in the’N and/or C—terminal extra—helical

R

o regiOnsr However accordlng to the electrophoret1c proflles
lFig 6b,c), it appeared that 1f there was an. actlon at the
fN-terminus rt was not'promqnent Nevertheless 'act1v1ty
against elther:of the telopeptlde reglons of the collagen
_molecules would llkely cause release oflcollagen elther as
moONomers or as aggregates, wh1ch would then ° he sub]ect for
further breakdown by the actlon of collagenase. To determlne
1f such cleavage had occurred the loss of 10-25 amino acld
re51dues from an «a chaln of 1050 residhes ;ould have'to.be
‘ddetected
Fractionation (by gel flltratlon) of the products of
- 1ncubatlon of‘ac1d 1nsoluble collagen and condltloned medlum
is shown in Fig 7 " The fractlons ‘that contalned the a1/4
peptides were pooled desalted and dlgested with cyanogen
| bromide. The resultant dlgest was analyzed by-electro—‘
phoresis'on-polyacrylamide SDS gels,(Figi8) A preparation
of cyanogen bromlde peptides from native ac1d soluble -
"cpllagen, that was prev1ously characterlzed in this .
‘iIaboratory, was used. as a standard The relative mob111ty of
“the major band (peak c) ohtalned from the test substrate was
1ndlst1ngu1shable from that of, the shortest form of a1CB6
(a,CB6C) from.the cyanogen bromlde'drgest of the control.’
'This‘latter peptlde,fof an apparent Mr of 17,200, has been-

"

. ' / . g o
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Figure 7. . Elution Profile of the Collagen Released
from the Incubations of Acid Insoluble
Collagen and Conditioned Medium.

The collagén that was extracted in the neutral salt
washes from the incubations of the insoluble collagen
and conditioned medium éconcentrated 6 fold, but not
activated) was dialyzed and lyophilized. The sample
was dissolved in 0.05M- Trls/HCl buffer pH 7.2
containing 1.0M-CaCl,, gnd applied to a column (1 x 90c£7\
packed with agarose A1.5M, and chromatographed-in the
buffer described above. Those fractions (1.0ml each)
that contained the<x11/4 peptides (59-62) were pooled,
desalted and digested with cyanogen bromide as
descrlbed in Figure 8.



Figure 8. Gel Electrophoresis of Cyanogen Bromide
N Digested ¢ 1/4 Peptides.

The neutral salt extractable products .of incubation
of acid insoluble collagen and conditioned medium
(Figure 6), were chromatographed on agarose A1.5M
(Figure 7).. Those fractions corresponding to
X1/4 peptides were pooled, desalted in 70% ,
(v/v) formic acid on columns (1.5 x 7cm) packed with
Bio-Gel P4, and digested with cyanogen bromide.
These products, as well as a cyanogen, bromide
digested control (acid soluble collagen known to
contain intact C-terminal telopeptide), were
electrophoresed on 12% polyacrylamide SDS gels.
a) control - acid soluble collagen; note the 3 forms
of o(4CB6 (see text).
b) isolated o« 1/4 peptides: note that the major
peptide migrates with a relative mobility similar
to that of o 1CB6c (control).
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shown to be devoid of essentially the entire
carboxy—teq@inal extra-helical region. The other a,CB6
peptides that are seen in Fig 8a,‘contéin either all of the
C-terminal telopepti&e.region (¢1CB6a; appérent Mr of
79,600): or a portion of it (a,CB6b; apparent Mr of 18,400).

A haelmagglutination inhibition assay was performed on .
the collagen that was released during the incubations with
acid insoluble collagen, using antlbodles spec1f1c for the
s C— termlnal determlnant of the a, chain (residues C4 - C9;
Table 2). In this assay the collagen (control) with'intact‘
C-terminal gives the highest decréase in titre. There
appears to be a correlation betweén the level of solubili-
zation ahd.the relative proportion of this collagen with an
intact C-terminal detérminant, however any conclusions based
on only this data would not be valid. Of the aCB6 peptides
only the shértest form (a,CB6c) would not have the
determinants for these antibodies. _

To confirm that the «,CB6 peptide derived from thé
digested collagen was in fact lacking the C-terminal region,
thlS peptide was extracted from the polyacrylamlde gel;/as
descrlbed in the Methods. Allquots of the extracted peptlde
were then tested in a radlo immundassay specific. for the
"determinant within the carboxy-terminal extra-helical
extension on the a; chain (by P.G. Scott). In én assay with
a sensitivity limit of 20ng of peptide, an aliquot of 128ng
~of isolated a,CB6 did n;t have detectable antigenic

activity. Thus, three separate experimental approaches



Table 2. Haemagglutination Inhibit'on'AEsay of the
: " Collagen Solubilized from Incubations of

Antibodies spec1f1c for the C-terminal determinant of
the oqychain were used to demonstrate the correlation
between the extent of solubilization and the relative
amount of collagen lacking the C- terminal telopeptide
_region containing the determinant site. The results are
grouped according to the experiments performed with two

different batches of medium.
4 k)

\
| TOTAL .

. ENZYME - - SOLUBILIZED - TITRE DECREASE
PREPARATION (%) (logy )b
no-enzyme control o 3.4 : 6
medium (6 x conc.,act.) 12,0 ‘ 2
no-enzyme control 3.3 5
medium ( 6 x conc.) 6.1 4’
acid soluble collagen ¥ N.A. , &‘\\‘ 7.

. ' ‘ | | \\\\:\ .
conc, - concentrated; act. - activated; \\a\ .
N.A. - not applicable. _ : ‘«w/

“a - from Table 1,

b ¢ single determinations

Acid Insoluble Collagen and Conditioned Medium.

94
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"confirm that the collagen that was golubilized due to
“\.. proteolytic activity of the conditioned medium was for the
W | , .
most part lacking the intact C-terminal telopeptide. ®
L

o

Acid Solugle Collagen Incubations

As deécribed above,'the collagen thét was solubilized
éid not have an intact C-terminal telopeptide. However, to
conf;rmmfhai the,proteolYtic activity was in fact acting at
the C-terminus of tHe cross—linked'collagen was not possible
using the fibrillar collagen substrate. Thus acid soluble
collagen known to contain the C—términal extra-helical
region waé used to demonstrate this activity.

The protocol that was followed in'tﬁe,initial attembts
to demonsgrate the cleavage 6f the'C-termiﬁal telopeptide
was as described for the digéstion of acid insoluble
collagen. Howeveg»there‘were a number of problémsvconcerning
the interpretation of the resuits, which were not understood
at the time. Analysis of:the proaucts of incubations of acid
soluble collagen and conditioned medium demonstrated on
occasion_pfotein matérial.%415,000 daltons smaller than the
a§/4 peptides (Fig 9b), as well as loss of resolution
between the «,1/4 and «,1/4 peptides (not shown). These are
likely due to ext;a cleavages of the collagenasé—derived/
peppides, which, as determined étva later date, was probably
caused by the use of excessive amounts of proteolytic |

activity, in combination with the temperature (25°C) and

length (up to 4 days) of the incubations, The \\\
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Figure 9. Gel Electrophoresis of Products of

Incubation of Acid Soluble Collagen
! and Conditioned Medium.

Acid soluble collagen (750ug) was incubated in assay
buffer (final volume 1.0ml) for 96 hours at 22-24°C
" with various preparations of conditioned medium, and
analyzed by electrophore51s on 5% polyacrylamlde SDS
gels.

a) no-enzyme contrel.

b) concentrated (20-fold) conditioned medium (100ul)
of untreated gingival explants (Day 3-4); Note
the extra cleavages of the collagenase derlved

® 3/4 peptides.

‘concentrated (10 fold) condltloned medlum (200u1)
cycloheximide-treated gingival explants (Day 3-4).
concentrated (10 fold) conditioned medium (200ul)

c)

96

of

of cycloheximide-treated gingival explants (Day 5);

note the low level of conversion of ocq to e<13/4,
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'over-digested’ collagen was not examined further.
It was demonstrated atlthe time that the éonditionea
medium obtained from Day 3-4 cultures treated with cyclo-
. . . - |
heximide, which blocks protein synthesis, did not causé any
extra cleaQéges‘whén incubated.With aéid’solubie collageﬁ
.(Fié‘éc).‘Under identical conditioﬁs, untreated gingival
explant éultu:é medium éadsed the anomalbus digestioh
described Avae.<Fig 9b).‘In-additioh, as shown in Fig 94,
medium from Day 5 cultures of cycioheximide—treated gingival
explants hadvonly traces of ﬁoliagenase activity. Cycio—
' heximide‘@AB bring abguu'aasignificant reduction in the
level of collggenaSe in the conditioned medium. As described
in a later section, in tHe incubation of untféated
‘conditioned medium with’écid 501uble collagen, there was
vprobably a 100-200 fold.excess of cbllagenase in terms of
substrate to be digested. The collagen digest from the
incubation with‘the,gonditioned.medium‘(Day 3-4) of the
treated explénfé Qas(chromatographed onbagarose Al1.5M, and
the proLocoi desqribed‘for<the acid insoluble collagen-waé
‘ﬁollowed, However, insufficient'material'was recovered at
the final step for the analjéiswon gel.electrophoresis.
Various other attempts to improve.fecoveriés of the al/4
_ : , .

peptides were also without success.

I
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e
C. Development of aﬁ Assay to\ﬂbtermine Proteolytic Acti&ity
Against the Terminal Extra—Helical‘Rggions

A diffe;en; approach was attempted to overcome ﬁhe
problems encountered in‘thg interpretatioﬁ of the results of
digestions‘gf acid soluble collagen. It is known fhat ihfer_
mofecular cross-link formation in collagen is preceded by
conversion of lysine and hydroxylysine (situated in the
extra-helical regioﬂs) to lysinal br>hydrOXylysinél
(Bornstéin and Traub, 1979), These.amino acid residues can
be labelled by reduction of the aldehYdé} and thus could act
aé,markers for an enzyme activity whith‘releases the fegion
(or‘regions) containing the crossflinking site(s) of

\pollagen. In "H-sodium borohydride-reduced soluble collagen
(from tissues such as bovine skin, tendon) the main stable
labelled compound would be JH—hydroxynorleucihe (see‘Fig TO;Lg:

Bornstein-and Traub, 1979).

Characterizétion of the Radiolabelled Substrate

Aliquoti,of the 3H-cpllageﬁ were hydrolyzed with base
or acid, and run on the amino gcid analyzer (Figq 11). The
’H-amino acid elution profilelgf the pase'hydroiysate show
the presence of a major fadibactive peak éluting near the
pésitidn'éf glycing.'According’to é report by Mechanic
(1974),,this is probabl%j“H—hydro#ynorleucine which is

derived from the °*H-sodium borohydride reduction of the

cross-link precursor - lysinal (Fig 10).
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Figure 10. Reduction of Collagen Cross-link Precursors.

Acid soluble collagen which was' further purified to
remove non-collagenous proteins, was treated with
3H-sodium borohydride. One of the products of
reduction,. 3H-hydroxynorleucine is as-shown above.

o
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Figure 11. 3H-Amino Acid Elution Profile of Sodium
Borohydride Reduced Acid Soluble Collagen.

Tritiated collagen samples that. were hggrolyzed in
acid or base, were appkled to the amino acid
analyzer, fractions (0.5ml, 2 minutes) were
collected in sc1nt111atlon vials, and radioactivity
measured. )

a) acid hydrolyzed (5.7N-HC1) 3H collagen (21png) .
b) base hydrolyzed (2.0N-NaOH) - 3H-collagen: (8ng).
(+) elution positions of amino acids.

HNL - hydroxynorleucine; CINL - chlornorleucine.

- Fractions 4-5 contains non~retarded material.

L]
&
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" The ’H—amino acid elution profile of the acid hydro-
‘lysate was somewhat more complicated There were two major
peaks,;one of Wthh eluted near the p051t10n of glyc1ne as
shown for the alkaline hydrolysate, and a second peak
elutingvbetween tyrosine and.phenylalanine. This'latter |
labelled compound is'likely to be a byproduct of yhydrolysis
in hydrochlorit'acid in which the chloride exchanges with
the hydroxyl in hydroxynorleuc1ne to form chlornorleuc1ne
,(Balley et al 1970; Robins, 1976). In addition the sum of
the radioact1v1ty assoc1ated with JH hydroxynorleuc1ne and
the putative ’H- chlornorleuc1ne peak in ac1d hydrolysates
was equ1yalent to the amount of JH—'hydroxynorleucme in base
hydrolysates, when both were expressed as a function of |
phenylalanine concentration (Table 3). |

A further check on the type of labelled amino ac1d N
€o- eluting w1th glyc1ne, involved the 1solation and
: reduction‘of acetlc'ac1d soluble rat tail tendon collaggn.
This material‘is rich in the reducible cross—link
precursor - lysinal (Deshmukh, 1974). Analy51s of the sodlumn
borohydride reduced tendon collagen demonstrated a major
labBlled amino acid elutlng near to the p051t10n of glycine
thereby indirectly«:anirming the identity of this component
(Fig 12). There were other tritiated peaks seen on thls
elution profile, one of which co-eluted with hydroxyly51ne
vThlS was also observed in the acid and base hydrolysates of
reduced fetal-bovine skin collagen but in lower amounts,'

e

~This peak is likely}to be °H¥hydroxylysinonorleucineﬁ"m "eweig%t\
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‘Table 3. Stablllty of the 3H- Hydroxynorleuc1ne to Acid

and Base Hydrolysis.

o &

The sodium borohydride-reduced collagen was hydrolyzed
inracid or base, at 110°C for various periods of time.
Aliquots of the-hydrolysates were applied to the amino
acid analyzer, fractions collected and radioactivity
measured. The resulfs are expressed relative to the
phenylalanlne content. of the hydrolysates to compensate
for any variation 1in the amount of, coilagen that was
analyzed. -
Note these results demonstrate the stablllty of the
reduced cross-link precursors. Note that the relative-
ampunts of these labelled amind ac1ds after acid and
base hydroly51s are similar.

*  ACID HYDROLYSIS BASE HYDROLYSIS

Troncs) s Mlim) " (omate) male  (apm) (nnoie) dvile
22 4309 3.85 1102 b7 .38 1052
44 ‘4687, ~4.40 1052 (7%@7 1.43 1027
66 4154  3.90 1065  N.D. N\D.  N.D.

HNL - hydroxynorleucine; ClNL - chloZnorleucine;
PHE - phenylalanine;  N.D. - not determined;
dpm - disintegrations per minute; . ' -
a - 51ngle determinations.
{
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Figure 12. 3u- Amlno’Ac1d Elution Profile of
L H-Labelled Acid’ Soluble Rat Tall
Tendon Collagen. , o »
Acid soluble rat ta11 tendon collagen (35»9) was . . ®

hydrolyzed in 5.7N-HCl, and one half of the sample
applied to the amino ac1d analyzer. Fractions
(0.5ml) were collected and rad10act1v1ty meaSured.
(4) elution positions of amino acids. | ,
HNL - hydroxynorleucine; CINL - chlornorleucine.
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(Mechanic,v1974),.which is indicative o% the presence of
some intermolecular cross-linking (aggregates) in‘the
isolated acid soluble collaggn from both tissues. However,
since the unsaturated precursor of this labelled compound is
labile in weak acids (see Fig 10), it was probably formed
“(or re-formed) during the purification but brior,to
reduction. In addition, the other.labelled compounds shown
in Fig 11 can be tentatively identified ffom\the elution

of Mechanic (1974): the peak eluting near to serine
L _

- profile
. . , |

is_likely to be dihydroxynorleucine and the peak eluting
between hydroxynorleu@ine and chlornorleucine is probably
the reduced aldol condensation product. .

Aiiéuots of the.reduced bovine collagen were hydrolyzed
for different times in acid or base tb determine the
stabiiity of the radiolabelled reduced é;gés—link precursors
\(Table 3). As shown these components appeéar tq’be relatively
stable under the conditions of hydrolysié;

w7

"Action of Proteinases on H-Collagen

An assay system was initially designed to detéct the
presence of proteolytic activity directed towards thé telo-
peptide regions. Prg%idhsiy it had béen described that at
below denaturation températures and with Elmited incubation
times and enzyme coﬁcentrations, the cbllagen, affpr
incubation. with cdnditioned medium,cappeared to be degraded

into the characteristic collagenase fragments. Gel

filtration on a small column packed with material such as
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Bio-Gel P10 {(fractionation range 1,500-20,000) should
effectivily separé%e these collagenase fragments from any
low molecular.wefght fragments (2,000 or less) that may be
released by an acti&?ty"éIfgcted towards the telopeptide
regions. | )

The 3H—cqllagen was incubated with trypsin tg\determine
whether it was still in a native conformation (Fig 13),
Incubafion with denatured collagen demonstrated the eiution
profile expected if multiple éleavages on the gugétrate was
occurring. In a later study, a longer incubation time with
native collagen (20 hours) also gid not result in -
significant release of low molecular weight labelled
ffagménts. ;

Cathepsin D, (an acid proteinase known to act as a
C—Eerminal telopeptidase; Scott and Pearson, 19785, 1981),
was incubated with the °H-collagen. Chromatography of the
products on a column (1.5 x 7cm) packed with Bio-Gel P10,
-demonstrated a clear seéaratioﬁ of high and low molecular
.weight labelled peptides (Fig 14). Approximately 11% of the
total starting radioactivity of the substrate was released
after correction for the no-enzyme control, with the
majority being cleaved within 3 hours, at an enzyme to
substrate ratio ©f 1:40 (w/w). |

A large scale digestion wiﬁh ﬁathepsin D followed by
H-amino acid analysis of the contents of béth the Vo

fraction and Vt fraction determined the minimum amount of

hydroxynorleucine present at the C-terminal extra-helical
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Figure 13, Elution Profile of Trypsin-Digested

3H-Colla‘gen on Bio-Gel P10.

Trypsin (0.3pg) was incubated with the reduced

collagen (20pg) in assay buffer (final volume

of 1.0ml) for 2 hours at 24°9C. The reaction was

terminated by the addition of soybean trypsin

inhibitor (3pg). The products were fractionated

on a column (1.5 x 7cm) packed with Bio-Gel P10,

in 1,0N-formic acid. Fractions (0.9ml) were

collected and radioactivity determined.

(®) no enzyme control.

(C) trypsin incubated with native collagen.

(®) trypsin incubated with denatured collagen
(denatured by heating to 55°C for 20
minutes).
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Figure 14, Elution Profile of Cathepsin D Digested
3H-Collagen on Bio-Gel P10. ‘

Tritiated collagen (20ug) was incubated with

cathepsin D (0.5ug) in 0.14M-sodium acetate buffer )
PH 3.9, containing 0.02% sodium azide (final volume

of 100ul), for 18 hours at 22°C. The reaction was
terminated by the addition of pepstatin (0.43ug),

the productg/were chromatographed, fractions (1.0ml)
collected and*radiocactivity measured.

(®) no enzyme control. ’

(m) cathepsin D.

Note for purposes of quantitation the Tthromatogram was
divided into 2 regions as shown. - The radioactivity
eluting in the Vt fraction after correction for control,
was representative of an activity directed towards the
telopeptide regions (as described in text).
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regioh. Thé *H-amino acid elution profilé;'bfjfﬁé control
and-Vo and Vt fractions are shown in Fig 15, There waé a
decrease of JH—hydroiyndrlgucine (and °*H-chlornorleucine) in
the Vo fraction of the digested material as Qompéred to tﬁe
control, and appearanceloﬁ these labelled amino acids in the
Vt fraction. A no-enzyme control which was“incubated\and
fraétionated aé déscribed for the test Substfate.was shown
not to have any acid-stable radiocactive label ih the Vt
fraction. Both acid and base hydrolyéates were analyzed so
that the amounts of JH*hydroxynorleucine (and °*H-chlornor-
leucine) could be related to acid or=base stable amino
acids. As shown in Table 4, approx1mately 64 68% of the
total 3H hydroxynorleucine was removed by the action of
- cathepsin D when reléted to an acid or base stable amino
acid. In addition, as expected, there were essentially back-
ground levels of hydroxyprollne present in the Vt fraction
Whlch ,also confirms, that cleavage had occurred only 1n the
extra-helical region. |

The amino-terminal telopeptide has also been described
to contain modified lysine or hydroxylysine’;esidues which
have been'demonstrated to take part in both intramolecular
and intermoiecular cross-links in fetal onine skin éollagen
(see Introduction). To determine whether there were labelled
amino acids at the therminal extra-helical region, the
substrate was incubated with pepsin; This proteinase has
been shown to cleave the N-terminal telopeptide proximal to

the cross-link (reviewed by Burleigh, 1977), as well as



Figure 15. 3H-Amino Acid Elution Profiles of
“ Cathepsin  D-Digested Collagen.

SH-collagen (500ug) was incubated with cathepsin D
(12.5ug); in 0.14M-sodium acetate PH 3.9, containing
sodium azide (0.02%) in final volume of 1.5ml, for 25
hours at 189C. The collagen digest was applied to a .
column (1.5 x 7cm) packed with Bio-Gel P10 and eluted
in 1.0N-formic acid. Those fractions (1.0ml)
corresponding to the low molecular weight peptides

(Vt fraction; see Figure 14), were pooled, lyophilized,
reconstituted in 1.0ml of 1.0N-formic acid, and.
rechromatographed. The fractions containing the low
molecular weight peptides from the second chromatograph,
as well, as the Vo fraction of the first chromatograph,
were lyophilized, and an aliquot from each hydrolyzed
in acid and base. The hydrolysates were examined on
the amino acid analyzer as previously described,

a,b,c - samples hydrolyzed in 2,0N-NaOH.
d,e,f - samples hydrolyzed in 5.7N-HCl.

- no-enzyme control (Vo fraction).
- cathepsin D digested collagen (Vo fraction).
- cathepsin D digested collagen (Vt fraction).

O o
o Q,

L4
’
HNL - hydroxynorleucine; CINL - chlornorleucine;

Note.the decreased level of hydroxynorleucine (and
chlornorleucine) in the Vo fraction of the cathepsin D
digested collagen, and the appearance of these

reduced cross-link precursors in the Vt fraction.

The Vt fraction of the no-enzyme control (not shown)
.contained no acid or base stable labelled molecules.
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Table 4.  Release of Low Molecular Weight Fragments
' Cohtaining 3H-Hydroxynorleucine from the
- Incubation of 3H-Collagen and Cathepsin D.

The details of the experiment are-as described in legend™
of Figure 15. The amount of radicactivity that was
chﬁito the reduced cross-link precursor was expressed

as function of an acid or base stable amino acid.

&

.y‘] b ‘ | : ,
ACID HYDROLYSATES BASE HYDROLYSATES

ENZYME TOTAL® _ dpm ~ rtoraL® dpm
PREPARATION =~ FRACT.  dpm nmole(HYP) dpm  nmole(PHE)
none Vo  923¢ 240 1238 891
none oVt ‘ 0 0 o 0 : 0
Cathepsin D Vo 2673 77.5 375 319
Cathepsin D- vt 5586 N.D.C 772 N.D.C

Released (%) . T 67.7 . 64,2

none - no-enzyme control; = N.D. - not determined;

- HYP - hydroxyproline; PHE - phenylalanine.

a - sum of dpm associated with hydroxynorleucine and
chlornorleucine (Fig 15); single determinations.

b - dpm .associated with hydroxynorleucine peak (Fig 15).

¢ - neither phenyalanine nor hydroxyproline present in
carboxy-terminal peptide region. :

\
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acting at the C-terminal extra?helicai‘fegion pfoximél to
the cross-link site (Zimmerman et al., 1973); Following the
same protocol as described above for cathepsin D, pepsin at P
an enzyme to substrate rétio of 1:20), releasedlapproximately'
14-15% of the total stérting’radioactivity. The °*H-amino
acid analysis of,ﬁhe f:actidna;ed~productsvfrom the larée
scale digestjon (pepsinicollagen 1:25, in 0.017M-acetic
acid/HCl, pH 1.9, for a 40 thr ncubation, at 18°C),

| . &
demonstrated similar results to those from the cathepsin D

7

digestion. Only background level§ of hydroxyproline were
found in the Vt ffactidn;-confirming that the substrate was
native. Thé 3H—amino acid elution profile (both ih'position
of the peaks, and in the relative amounts of the.individual
peaks) of this fraction-ﬁéé not'significantly'diffefent from
that shpwn for caﬁhepsin D in Fig 15, These results would
suggest that either the content Qf,labelied aminb acids-at
“the N-terminus was low, or that pepsin was ineffective in
reléasing if. In é study.carried;out at a iater date,
exhaustive digesﬁipn of acid soluble collagen with pepsin
resulted in neafly completé (95% or gfeatef) s@ortening of
the «,CB6, howevéf action at the N-terminal telopeptide .

~

‘resulted in. only an apparent decrease of 40-50% in the

proportion of intramolecularly cross-linked collagen

B chains (see Fig 29b). . &
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Teldpebtidése Activity in Conditioned Medium‘

Concéntrated conditioﬁed medium was»incubated with the
reduced coliagen to aetermine whether 1t co&tained a proteo-
lytic activityféirected towards thé telopeptide regions |
(Tablé 5). There appeared to.be a correlation between
increasing amounts of é&nditioned medium used in thefﬂ
incubatioﬁs and ‘the level of radioaétivifylrecovered in the
Vt fractions. From Table 5, aﬁd'ffom other déta'the méximum -
level of total radiocactivity released appeared to'be‘quite
similar_to that démonstréted by pepsin (15%). In addition,
the telopeptidase'activity appeared to be effectively‘.
inhibitedvby the addition of EDTA; |

In order to further qharacterﬁze the low‘moleculgr_
weight peptidesfreleasedmby the proteolytic action of
conditioned medium, a.large scale ihcuﬁation was performed.
Hoﬁeve{, because the éonstituents'of the standard assay

- buffer (Tris, NaCl) used for the small scale inqubation§
would iqterfére with the amino acid analysis of the

‘ fractioﬁsy(pgimarilykthe Vt fraction) anqther~buffering
system'had to be used. Ammonium propiénate (0.039M), pH 7.2,
‘containing 0.005M-CaCl3, and 0.02% (w/v) sodium azide but
not‘containing‘NaCl, was selected for tbis-purpose.

| ,The results of the lafgé scale digestion of the
*H~collagen with.céndifioned médium are shown in Fig 16 and
Table 6. Thié'inéubation'was'%frformed under conditions that
should not have caused exhaustive digéstion bf the collaggh
(20 hour incubétion at 184205C). %n aliguot (100ul) of the

2 .



Table .5, Incubation of 3H—Collagenvwith Conditioned
. Medium. o ’

Conditioned medium was concentrated (61 fold) by ‘
ultrafiltration on Amicon PM 10 membranes. Activation
was by treatment with soluble trypsin. The medium

was incubated with the substrate (20ug; 15,000dpm)

in assay buffer (final volume 200pl) for 22 hours

at 22°C. Analyses were carried out as described in
Figure 14. Values are results of single determinations.

]

ENZYME ~  VOLUME ' CORRECTED  * Vt

PREPARATION., . (nl) Vo(dpm) Vt(dpm) Vt (dpm)a TOTAL(%)b
no-enzyme 0 . 5334 928 0 0
medium .20 - 6072 987 59. 0.4
medium: 50 . 5167 1192 - 264 1.8
medium 100 - ' 7080 1643 721 4.8
no-enzyme . o 5729 537 0 0
medium (act.) 20 ' 7625 1292 - 785 T 0.
medium (act.) 50 \ 5557 2324 1787 11,9 7
medium (act.) 100 , 3421 2934 2397 15.9
no-enzyme 0 5334 528 o . -0
medium (act.’) B : L e

+EDTA‘(0.05M) 50 8587 992 64 0.4
act. - activated,

a - corrected for no-enzyme control values in dpm.
b - corrected dpm in the Vt fraction as a percent

of the total dpm (15,000). °

;

/
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e 16. 3H-Amino Acid Elution Profiles of the
Fractionated Products of the Incubation
of 3H-Collagen and Conditioned Medium.

Fitioned medium (concentrated 60 fold) was dialyzed
fnst 0.039M-ammonium propionate buffer; pH 7.4,
ntaining 0.005M-calcium chloride, and. 0.02% sodium
Fide) overnight. The medium (0.8ml) was treated with
Fypsin in solution (6ug) for 15 minutes at 22°C; .
bllowed by the addition of soybean trypsin inhibitor
BOpg) . The incubation mixture contained 500ug of .
pollagen with activated medium, in final volume of -2.6ml>.
pf buffer, pH 7.4. After 20 hours, at 18°C, the '
ollagen digest was fractionated into Vo and Vt
ractions. The Vt fraction was rechromatographed (see
.Figure 15), and aliquots of the 2 fractions, hydrolyzed
‘4in acid or base, and applied to the amino acid analyzer.
¥ra .ions (0.5ml) were collected and radiocactivity

measured.

a,b - base hydrolysis.

c,d - acid hydrolysis.

a,c - the Vo fraction.
" "b,d -

the Vt fraction. = o *

'HNL - cydroxynorleucine; CINL - chlornorleucine.
Note the appearance of a significant amount of the
" labelled cross-link precursor in the Vt fraction,




Table 6. Digestion of 3H-Collagen by.Conditioned Medium: .
' - Analysis of the amount of 3H-Hydroxynorleucine
in the Hydrolysates of the Bio-Gel P10 Fractions.

3H-Collagen was incubated with conditigped medium as
described in Figure 16. The level of' SH-hydroxynor-
leucine (and 3H-chlornorleucine of acid hydrolysates)
in the fractions. from Bio-Gel P10 chromatography were
expressed as function of an acid or base stable aminc
acid. Values are results of single determinations.

~

P | ACID HYDROLYSATES BASE HYDROLYSATES

\.
ENZYME =~ TOTALP TOTAL dpm  TOTAL® _ dpm
PREPARATION FRACT.® dpm nmole(HYP) dpm nmole (PHE)
no-enzyme Vo 9234 240 1238 891
no-enzyme Vt 0 0 -0 %y‘
medium vo ' 2364 . 103 _ 435 - N.D.
medium vt 6097 N.D. © 744 N.D.
> ' : ) . . \‘\

% release. - \\ .
of SH-HNL " 52 57 63 . -

: N

RN

Y . : A%
a - fraction; referring to chromatography on %
Bio-Gel P10, see Figure 14, ) “
. 3H-hydroxynorleucine and 3H-chlornorleucine Ry
3H-hydroxynorleucine in base hydrolysates | ™
t determined, phenylalanine from medium /protein™_
interferes. N o R A
e - not determined, neiither phenylalanine nor . .
hydroxyproline present in carboxy-terminal peptide.

-
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condithned’medium-was hydrolyzed-and analyzed for hydroxy-
'proline on the amino,acid'ahalyzer. The level of hydroxy~

proline in the dialyzed conditioned medium that was

incubated wfth‘the'substrate was equfvalent todl%\or less»of

“ the collagen used inlthe incubationl-lt is quite clear‘from‘

these results that the ‘H- hydroxynorleuc1ne was released by

the action of a protelnase or protelnases from the

cond1t1oned medium, It was prev1ously:shown that at least
two-thirds of the.JH-hydroxynorleuclne wasgﬂocated in the -
C-terminal ektra—helical region (see Tahle“4' actlon of

cathep51n D). ~Thus the release of 50~ 60% of this cross-1link
precursor on 1ncubatlon with condltloned medlum demonstrates

that there is a proteolytlc act1v1ty that can cleave at the
vC—termlnal end»of collagen,prox1mal to the cross-link site, R
-In'addition,lthebabsence of a significant amount of hydrogyr
proline in the Vt fraction. strongly suggests that the

cleavage had occurred between re51dues C1-C16 of thf

telopeptide.

Refinement of the Telopeptidase Assay
The system that was utilized in/the’earlier»studies
estahlishedvthe presehce of an aptiVity ihncohditioned
medium directed towards the C~terminal telopeptide'region of
Type I collagen. It was observed that recoveries of the low
h-_ molecular welght peptldes in the vt fractlon appeared to
¢

~a consistent and rellablergggns of determining the overa

affect of the proteinases on the tritiated collagen.
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However, thefe were a number of problems associated with the
chromatography of small amounts of collagen substrate
(10-20ug) as discussed below. In addition, the substrate
itself was not 1deally labelled. Only 20% of the total label
on the ’H- collagen was stable towards acid or base

The ‘use of 1.0N-formic acid wgs previously established
as allowing for the highest recoveries of collagen peptides
(Scott, P.G., 1980). However,:extended exposure of the
column material (Bio—Gel%P10) to tN-formic acid, invariably
resulted 1in dec;eased recoveries of the large molecular
weight labelled peptides.’Thus the column material was used
fof only one chromatograph and exposure to the formic acid\
was limited to 3 column volumes before application of
sample. In addition, in the final method smaller columns
(0.7 x 4cm; 2ml settled bed volume) were used to miniﬁize
losses caused by adsorption, with no apparent loss in

T
™

resolution.

Significant losses of the large moleculaéiweight
peptides were still evident, presumably caused by binding of
the charged collagen molecules to the'Bio-Gel P10, or to the
‘plastic columns. Addition of a carrier before gei filtration
significantly improved'recoveries, Bbvine serum albumin
(200ug) was found to be a more efficiént carrier for this
purpose than collégen (Table 7). ‘

The temperature of 1ncubatlon was preJ?ously shown to

be qu1te important. There is a posﬁ1b111ty that at 25°C a

'po;tion of the a1/4 peptides may assume a random coil
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‘Table 7. Recoééry of 3H-Collagen on Bio-Gel P10
ChrOmatography; Effect of Protein Carriers.

Aliquots of S3H-collagen (19pg, 14,000dpm) were dispensed
into microfuge tubes. To each was added either cold acid
soluble collagen or bovine serum albumin, or a combination
of the two. The volumes were made up to 195ul with buffer,
concentrated formic acid (12ul) was added, and the mixtures
chromatographed on columns (0.7 x 4cm) packed with Bio-Gel
P10, Fractions of: (1) 1.2ml; (2) 0.2ml; (3) 0.2ml;

(4) 1.3ml; were collected and radiocactivity measured.

Values are results of single determinations in each case.

&

dpm/FRACTION
. , TOTAL RECOVERED
CARRIER 1(Vo) 2 3 4(vt) (dpm) (%)

hone” 5961 152 78 646 6837 48.0
collagen=100ng 8771 331 97 625 9824 69.5
albumin-200ug 10165 244 89 562 11060 "~ 78.3
collagen-100pg a

+albumin-200pg , 6625 2499 861 1185 11170 79.1

note -~ the highest recoveries were obtained with the
combination of albumin and collagen as carriers, however
considerable trailing in the intermediate region

(fractions 2 and 3) indicated that too much protein had been
applied to the column.

2
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confiquration for long enough to be attacked by non- spec1f1c
proteinases (' gelatlnases ) present in the conditioned
medium. This could give rise to spuriously high counts in
the VvVt fgactionl due to noﬁfspecific‘labelling on the
collagen., Thus incubations were for_thé most part carried
out at 18-20°C, to diminish this possibility. As noted
previously, in the large scale ’H-collagen incubation with
conditioned medium, there was a negligible amount of
hydroxyproline in the vt fraction, which indirectly confirms
that the substrate was not 'over-digested'.

Non-specific labelling of the substrate did not
interfere with the analysis of the *H-labelled gmino acids,
presumably because this was lost as water du;ing hydrolysis
and subsequent drying. However in a quantitative assay the
relatively high background levels due to the continual
exchange of label with the surrounding solutlon will
vdecreése the sensitivify. Exhaustive dialysis of the
reduced, labelled collagen (after the inltial dialysis «
against 0.01M-acetic acid) against 4, 5% (v/v) ethanol, and
0. QZM sodium borate PH 9.1 caused losses of approx1mately
20% and 70% respectively of the total act1v1ty The collagen
dlalyzed against the latter SOlUthﬂ was determined by amino
acid analy51s to have the same *H-amino acid elution profile
‘as the collagen that was not diélyzed against the sodium

borate buffer. For later work, the collagen substrate was

routinely treated with sodium borate after reduction.
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D. Definition of Units of Activity

Telopeptidase Activity

While an activity directed towards the C-terminal
extra-helical region had been dempnstrated in conditioned
medium, the °*H-collagen probably had labelied amino acids at
the N-terminal telopeptide région. Thus with this SUbstrate,
activity detected must be defined as telopeptidase activity
rathe; than C-terminal telopeptidase activity.

A curve relating aétivity to amount of enzyme 1is shown
in Fig 17. The telopeptidase preparation was one' that was
“purified by affinity chfomatogréphy on immobilized collagen:
as described below ('Purification of the Neutral Metallo- |
proteinases'). The collagen substrate that was used had a
specific activity éf 32dpm of *H-hydroxynorleucine/ug
collagen. Obviously, from what was observed in Fig 17, the
linear range of this assay is very small. This did prove té
be ayhandicap.in obtaining accurate values for units of
activity. In later experiments, collagen was reduced with
*H-sodium bofohydride which had been diluted with less cold
;a:rier, ana thus had a higher specific activity;
approximately 64dpm of 3H.—hydroxy.norleucine/ug'of collagen,
Use bf this collagén, as well as incubating: double the
amount of the substrate (20ug) increased the ranée of the
assay and hence its precision. 1

The units of telopeptidase activity were defined as

follows: One unit of telopeptidase activity will give
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Figure 17. Incubation of 3H-Collagen and an Enzyme
Preparation containing Telopeptidase
Activity; Effect of Varying Enzyme
Concentration. '

Varying amounts of a preparation of tel®pepeptidase
activity that was purified by collagen-affinity
chromatography, were incubated with 3H+collagen
(10ng/20ul) in assay buffer (final volume 90pl),
for 4 hours at 18°C. The digests were fractionated

into Vo and Vt fractions and radioactivity measured.

The radioactivity associated in the Vt fractions
after correction for the no-enzyme control with the
different test solutions demonstrates a linear

122

response. Values are results of single determinations

in each case.
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maximum release of the radioactivity aséociated with 1ug of
collagen-telopeptide in 1 hour at 20°C. However, there is
some non-specific (e.g. atid-labile) labelling associated
wi;h thePC—terminal telopeptide region (approximately 20% of
Ehe total radioactivity that was removed by cathepsin D; or
by_brqteolytfc activity of conditibned medium). Thus in the
collagen substrate used for the eiperiment shown in Fig 17,
maximum release from 10ug of'collagen wés approximately
400dpm; therefore 1 unit was defined as that amount of
activity releasing 40dpm/hour. With fﬁg‘other.3H-collagen
substrates\uéed in studies conducted at a later sfade, the‘
'linea;brange for release of radioactivity’was demonstrated
to.be between 100 and 1400dpm for 20ug of collagen, and the
maximum release of label was 1600dpm after correction for

background. Thus one unit of telopeptidase activity would

release 80dpm/hour.

Collagenase

Collagenase activity was demon;trated usihg theF
technique involving collagen gels (reconstituted collééen)
in capillary tubes. This method was quite sensitive in that
5ul of unconcentrated conditioned medium gave a measurable
response in a 24 hour incubation., The effect of vérying
amounts of collagenase‘éctivity was studied using
concentrated conditioned medium (Fig &18). The rate of
digestion was linear only within the limits of 1-4mm

~clearance of the collagen gel in a 21* hour incubation.
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Figure 18. Incubation of Reconstituted Collagen
with Varying Amounts of Conditioned Medium.

Concentrated (25 fold) conditioned medium was treated
with trypsin-agarose, and aliquots (10pl), were dispensed
into micro-centrifuge tubes. Varying amounts of assay
buffer were added to each to give the appropriate
dilution. Aliguots (5pl) were applied (in duplicate)
to collagen gels in capillary tubes, and the level of
clearance measured after incubation for 21 hours at 35°C.
. Note the linear response between 1-4mm of clearance.
The points shown are mean values of duplicate
determinations with the ranges, - :
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However the rate of digestion appeared to be unaltered over
118 hours for those incubations containing low levels of
collagenase'activiﬁy (Fﬁg‘19). With higher concentrations of
égpditioned.medium, the rate of cléarénce of the.collagen
gelé appéared to show a biphaéic response. The unif of
collagenaSe‘aCtivity was defined as that amount of activity
causing the degrédation of 1Tug éf COllagep (equivalent to
the clearance of 1.2mﬁ ofvcollagen gel) in ohe hour at 35°C.
Thus the clearance of 4mm of collagenbin 21 hourérwould be
’equivalent to approximatel§‘0.16 units or 32 units per ml of
enzyme‘solution.
‘A test of the stability of the collagen gels towards

lhon—specific proteinase activity was made with trypéin
(1ug). After 24 hours at 35°, there was no apparent¢
clearance of.the:éollagen gel. The trypsin solution was
removed 5y aspiration and incubated with Azocoll overnight.
Solubilization of the Azocoll occurred, indicating that at
least a portion of thé trypsin"retained activity over this_
period but was ineffective against the collagen gel.

| In addltlon to the above assay, an attempt was made to
‘develop an assay using radlolabelled collagen. Ac1d‘soluble.
collagen was labelled w1th '*C-acetic anhydride in which it
was calculated that on_a;eragé 1.4 residues of lysinénor
hydroxylysine per « chain.werelmodified with the radioactive
label (750dpm/ug collagen). Thif collagen was not denatured

during the modification proced as demonstrated by the

apparently minimal effect of tryps (Fig 20). -
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Figure 19. Incubation of Reconstituted Collagen with
Conditioned Medium; Time Study.

* Varying concentrations of conditioned medium were

incubated with the collagen-gels in capillary tubes

(see Figure 18 for details). The level of clearance

of the collagen-gels was measured at the times ’

noted on figure. -

(®) 0,039 relative concentration of conditioned medium, v
(®) 0.09 relative concentration. :
(A) 0.20 relative concentration..

The points shown are mean values of duplicate

determinations with b§? ranges.
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Figure 20. Elution Profiles of Products of
Incubation of '4C-Collagen and' - -
Trypsin. '

Native and denatured (60°C for 20 minutes)

14C-acetylated collagen (20ug; 27,000dpm) were

incubated with  TPCK-trypsin (2ug) in assay

buffer (final volume 70ul) for 2 hours.at 22°C.

The reactions were stopped by -the addition of

soybean trypsin inhibitor (10ug). The products

were chromatographed on columns (1.5 x 7cm) packed

with Bio-Gel P10. Fractions (0.9ml) were collected

and radioactivity measured.

(®) control; native collagen with premixed
soybean trypsin inhibitor and trypsin.

(A) native collagen with trypsin.

(O) denatured collagen with trypsin.

Note the control and the tryp51n digested collagen

gave. similar proflles. .

73
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Several different methods fqr the determination of
cbllagenasevactivity using th%? radiblabelled_sdbstrate were
attemp%ed, however all without succeés (Table 8). In
general;rbackground‘1evels of radioactivity were
unacceptably high, Qé to 50%s# so that it was not‘pbssible to
obﬁain reliable data. Chromatography of‘the collagen digests
on a variety of materiaislpqcked in small columns
(1.5 x 7cm) in order to isélaté the a1/4 peptides from the
other larger digested and UndigeSted peptides, also was
‘without success. ” |

‘In the latter part of this ithStigation a standard
curve fé@.collagenase action was defined using the electro-
pho;esis 6f the digésted collagen peptidés on 5% polyacryl-
amide gels. .The collagenase prep ra£ioh (fraction B) was
obtained by gel chr;matdgraphyp(agar e“AO;SM) of the
conditioned medium’as-described below'(?PurifiCation of
Neutrél,Metalloproteinases'). The areas of the band
corresponding to «,3/4 peptide Qeré estimated from the»scané
and compared to the undigested a; ghains (Fig 21,22}. while
-~ this technique was not a particularly accurate méthod for
determining cohﬁ%génase activity, due to%the inheren£
problems of guantitation of the'Coomassig Blue-stained
bands, as well as being guite time-consuming, some useful
data was nevertheless obtained as described in a later
»sectioh.‘Qne unit of collagenase was defined for this assay
as that activity giving digestion of Tug of cbllagen

substrate per hdur at 22°C.
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F Collagenase Assays Attempted with the
P 14c-labelled Collagen. '

ko et al. (1976): which involved incubating
Fagen (in solution) at 379C, and the quantitation
Ehe amount of collagen peptides that were not
fcipitated by 50% dioxane. '

Jgai et al. (1966): which involved the incubation
| a collagen gel (reconstituted collagen), and the
psurements of the amount of collagen that was
Bubilized. , A

ctionation of the collagenase-derived products
Mgel filtration chromatography for the measurements
of % 1/4 peptides. . Due to the large numbers of
samples to be analyzed, small columns packed with
Ultragel ACA34, or Sephadex G-200 (fine or, superfine),
wereflused. The separation that was required for
te analysis of collagenase activity could not
ined.
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Figure 21.  Gel ElectroﬁﬁoreSis of Acid Soluble
' Collagen Digested by Fraction B;
Development of a Collagenase Assay.

Acid soluble collagen (150ug) was incubated with
varying amounts of a partially purified preparation |

.of collagenase (Fraction B; see Figure 24),

in assay buffer (final volume of 1.35ml), for 1 hour
at 22°C. The reaction was stopped by addition of
EDTA to final coneéentration of 0.05M. Following
dialysis against water, the products were
electrophoresed on 5% polyacrylamide SDS gels.

a) no-enzyme control.

b) -10ul of Fraction B.

c) 20pl of Fraction B. s
d) 40pl of Fraction B.

. The level of conversion of <x1to'oc 3/4 as
described in Methods, is shown in Figure 22.



(%)~

ol X4 3/4

Conversion of

50.09
37.54
12.5 -
:','_ ' T; LR

10 20 30 40

Fraction,B’ 0”), 

o

Y

Figure 22. Acid Soluble Collagen Dlgestlon by

Collagenaseh Effect d? Varying .
Enzyme Concentratlons ‘

4§ .
Acid soluble collagen was incubated w1%§ varying
amounts of 'Fraction B and the products '
electrophoresed on 5% polyacrylamide  gels *see
Figure 21 for details)..- The conversion of o<y

to o<13/4 was quantitated, as described in,
Methods, and plotted according to added engyme as

shown.

(gel scans) of 51ngle incubations, plotted

The values are of duplicate determi atlons

~the ranges

el
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For cohparison pu?poses, 1t was estimated that one unit
of collagenase activity on the collagen gel capillary method
was equivalent to approximately 10 units‘of’activity'using
the soluble collagen electrophoresis technique.

E. Concentration and Activation of Medium

In the earlier investigations, conditioned medium was
congentrated by ultrafiltration and activated with soluble
trypsiﬁ. In the later studies, conditioned medium was»\
concentrated by stepwise precipitation with ammonium
sulphate. Test of recoveries of telopeptidase activity with
\varying pH demonstrated that it was not necessary to adjust
the pH of the conditioned medium prior to addition of the
ammonium sulphate (Table 9). The majdrity of the recoverable
telopeptidase activity (Bb% or better; trypsin activated)
appeared to be precipitated in the 20-60% saturated ammonium
sulphate step. Although not sh;wn, the aétivity in the 20%
saturated ammonium sulphate precipitate was always
negligible (1% or less of original). In a sepérate
experiment, the recovery of Azocoll-digesting activity in
the various fractions was demonstrated to be similar to that
-above. Approximately 70% of the total activfty (after
activation) was in the 60% ammonium sulphéte precipitate
‘'with the remainder in the 90% supernatant. Leés than 1% of
the activity was in the 20% ammonium sulphate precipitate.

In the earlier studies, the latent proteinases of

conditioned medium were activated by treatment with soluble



Table 9. Recovery of Telopeptidase Activity from
Conditioned Medium by Ammonium Sulphate
Precipitation; Effect of pH.

Aliquots (25ml) of conditioned medium were adjusted
to the desired pH by the addition of Tris/HC1l

(final concentration of 0.05M), for the tests at

pH 7 and pH 8, and with Tris/Maleate (0.05M) for the
test at pH 6. The control was unadjusted. The pH

of the test solutions shown below, are the pH of the
mixtures containing 60% saturated ammonium sulphate.
The results are expressed as total units of
telopeptidase recovered at each step. The 20%
saturated ammonium sulphate step contained negligible
activity. The precipitated protein was dissolved

and dialyzed against assay buffer, and solutions treated
with trypsin-agarose (10 minutes). The values are

the means of duplicate determinations with the ranges.

/\\
STEP CONTROL? pH 6.3 ‘pH 7.3 pH 7.9
60% 37.2%4.1 42.6%2.5 37.4:3.3 44.0%4.4
90% 9.6%1.9 8.8%1.7 7.2%0.1 7.6%1.0
total 46.8%6.0 51.4%4.2 44.6%3.4 51.6%5.4

a - pH not adjusted, but was approximately pH 7.0.

|
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trypsin. To inhibit the trypsin activity, a 5-10 fold molar
excess of soybean frypsin inhibitor was added. For the
purification of proteinases, the inclusion of large amounts
of'protein material was not desirable. Also, the addition of
the soybean trypsin,inhibitor could possibly have inhibited
an activi£y of interest. Concentrated conditioned medium was
treated with trypsin in solution or with trypsin-agarose and
then<tested for the ability to solubilize Azocoll. There was
essentiaily no difference between these results. In a
different experiment there was also no apparent difference
in the teiopeptidase actiVity.

In a later study another activetor, pfhydroxymercu:i—

\ _

benzoate, was used. Also, in this case there was no
significant difference in the level of active telopeptidase

activity compared to those obtained using trypsin-agarose.
F. Purification of the Neutral Metalloproteinases

Affinity Chromatography

The initial attempts at purifieation of the proteinases
involved affinity chromatography as a first step.
Coneentrated conditioned medium that had been dialyzed
against assay buffer containihg no sodium chloride was
ch;omatographed on a columnA<1.5 X 2.5cm) packed with CNBr
activated Sepﬁerose 4B to whieh acid soluble collagen with

intact C-terminal telopeptide had been bound. Results of two

of the initial experiments are shown in Table 10. It would

©.



Table 10 Affinity Chromatography of Conditioned.
' Medium on Immobilized Collagen.

Concentrated (25-fold) conditioned medium (2.5ml
and 3.8ml respectively) was dialyzed against assay
buffer containing no sodium chloride, and applied
to columns(1.5 x 2.5cm)packed with collagen .bound
to cyanogen bromide activated Sepharose 4B.

The columns were washed with approximately 10
eolumn volumes each of assay buffer containing

no sodium chloride and 1.0M-NaCl. Fractions
were analyzed for the activities as described
below. -The levels ¢f activity in each step are
expressed as a percentage of the total activity

recovered. Values are presults of single determinations.

NON-RETARDED : RETARDED

.(0.0M-NaCl) (1.0M-NaCl)

ACTIVITIES % of TOTAL . % of TOTAL

. ' v

EXP'T 1

azocoll digesting 73 27
collagenase . ) 54 ' 46
" telopeptidase , N.D. N.D.
EXP'T 2 -
azocoll digesting : 68 | 32
collagenase 52 48

telopeptidase ’ 36 64

N.D. - not determined’

135
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!appear‘that a portion of both tne collagenase and telo-
peptidase activities bound to the column materialiand were
partially separated from the majority of the
Azocoll-digesting activity.

The CNBr activatéd'Sepharose 4B that was used initially
was a preparation that was 2 years past the expiry date. |
Chromatographyfof conditioned medium on a fresh batch of
CNBr activated Sepharose 4B (with bound collagen) resulted(
in essentially no binding of the proteolytic ‘activity. The
chromatography was repeated, with the same result. It was
thought possible that the_collagen was bound at too many
sites on'the activated Sepharose, thereby limiting the
access of the proteinases. An alternate explanation 1s that
other macromolecules in the conditioned medium may compete
with the proteinases for a limited number of binding sites
on the collagen, - . : ' v \ .

“Knother technical problem encountered was in the \\
neutralization of the concentrated collagen solution prio
to c0upling. Using the recommended 'coupling' buffers:
(sodium bicarbonate containing 0.2M-NaCl, pHV8.5) as was
describeaiby Bauer et al, (197l), frequently caused the
collagen to precipitate. This was overcome by using sodium
citrate buffer at.pH 6.5. The collagen remained in solution
and fairly efficent binding (50% of the added collagen) was
‘obtained.

Chromatography of conditioned medium on this

preparation of immobilized collagen, apparently separated a
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<

significant‘proportion of the telopeptidase activity from
“the collagenase activity (Table 11). The majority of the
collagehase activity however, was lost, probably durlqg
dialysis. Loss of proteolytic activity on dialysis against.
buffer solutions of low salt is a problem that has been
documented in the l1terature (see Discussion), According to
the results shown in Table 17, appfokimately 50% of the
detected.telopeptidase activity was apparently recovered 'in
the‘O.6M—NaCl wash, while most of the Azecoll digésting and
collagenase activities were eluted earlier. No collagenase
activity was . found in the O.6M or 1,0M-NaCl fractions, even
after 1 week of ‘incubation (cellagen—gel capillary assay).
The above results could not be reproduced. Chromatography of
a different preparation of cenditioned medium on the same
column material as well as on a new preparation of

collagen Sepharose resulted in essentlally no retardation
of proteolytic actlvityﬁ Further attempts using the'affinity
system were made in later studies, hewever the basic

problems were not solved.
S

i

Telopept1dase Activity from Collagen-Affinity Chromatography-

4

Due to the apparent separation of a telopeptidase
//2

activity fromiall active collagenase in the experiment as

described abov;\(Table 11), some characteristics of this-
proteinase wereke§amiqed. With this preparation a standard
curve of activity was prepared (Fig 17), and units of

activity were established. Various inhibitors of proteolytic



Table 11, Affinitnghromatography of Conditioned
Medium on Immobilized Collagen;:
Isolation of a Telopeptidase Activity.

- Conditioned medium that was dialyzed against assay
buffer containing no sodium chloyide was activated
nd applied to a column packed with collagen-
Sepharose 4B. Approximately 5-8 column volumes
of buffer containing the various concentrations
of NaCl (see below) were applied, and the level
of various activities measured. The level of
- proteolytic activity in each step of the ;
chromatogram is expressed as a percentage of the
/ total recovered activity. Values are results of =

&\\\\\single determinations.

RECOVERED: (%) of TOTAL

138

< ACTIVITIES/NaCl CONC. 0.0M 0:2M 0.6M
azocoll digesting 58 25 12
collagenase | 39 161 | . 0
telopeptidase o 26. 25 - 49

CONC. - concentration;

<
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‘enzymes were tested. Incubatioﬁ with EDTA (0.05M) caused the
loss of at’ least 80% of the activity, while NEM (0.0017M),
PMSF (010017M) and soybean trypsin inhibitor (100ug/ml) had
little or no effect. An aliquot of this proteinase

~ preparation was chromatogfaphedwon a columa (1 x 115cm)
packed with agaroée A0.5M. The telopeptidase activity
elution profile (pat shown) demonstrated that the majority
(90%) of the aétibity was eluted with an apparent Mr of
25,000—35,000. In addition( there was apparently a trace
amount of ;ZEivity elutfn% with an apparent Mr of 70,000.
The lasL aliquot of this proteinase preparation was lost

during a second gel filt?atipn run, thus confirmation of the

apparent Mr was not obtained.

Cel Filtration Chromatography of Conditioned Medium
Conditioned medium (2ml) was ac£ivated and chroma-
tographed on ; column (1 x 115cm5 packed with agarose AQ.5M
(Fig 23). The majority of the telopeptidase had an apparent
Mr of 70,000. While collagenase was shown in. the fractions
of an‘apparent'Mr’of 35,000-45,000, there was no apparent

collégenase activity in the fractions of Mr of 70,000
demonstrable on the collagen-gels in capillary tubed in a
48 hour incubation. )
The proteolytic activities (collégenase and telo-
- peptidase) that were precipitated in the 60% and 90%

saturated ammonium sulphate were chromatographed on a gel

filtration column after each were dialyzed against the .

\
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Figure 23. Elution Profiles of Proteolytic Activity
of Conditioned Medium on Agarose AQ.5M.

Activated (trypsin-agarose) conditioned medium (2.0ml)
was applied to a column (1 x 115cm) packed with
agarose A0.5M, which was equilibrated in chromatography
buffer (0.05M-Tris/HCl, pH 7.4, containing 0.2M-NaCl,
with 0.005M-CaCly, 0.05% Brij 35, 0.03% toluene), and
eluted in this buffer at 4ml per hour. Fractions
(1.04ml) were collected and aliquots assayed for
telopeptidase activity and collagenase activity
(collagen gels in capillary tubes). .Shown are the
relative elution positions of standard proteins and
the tritiated water. :

158K - aldolase; 66K - bovine serum albumin;

45K - ovalbumin; 25K - chymotrypsinogen;

13.7K - ribonuclease; ‘
Note the telopeptidase activity had a relative elution
consistent with an apparent molecular weight of
approximately 70,000 daltons.

Collagenase (=)

\

units/fraction

Al
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' chromatography buffer and treated with trypsin-agarose

J (results not shown). There were no major differences in the
elution profiles of the collagenase and telopeptidase R

activities between the two proteinase preparations (60% and
90% ammonium sulphate pfecipitates).
Conditioned medium (1.2‘litre) was processed aé
‘described ih the Methods section following the protocol of
| Cawston and Tyler (19738) for the purification of
collagenase. The level of telopeptidaSe activity after
treatment with pHMB was not Significantlf different from
that‘reéulting from treatmedt_with trypsin-agarosé (within
5%). One half of the concehtfated medium was chromatographed
on a column (2(5 x 115cm) packed with agarose A0.5M
s(Fig 24). As demonétrated, the elution profiles.of the telo-
peptidase and colladenase activities were generally similar
:'to that shown in Fig 23 for non-concentrated conditioned
medium on a smaller scale. Telopeptidase activities from
\both fractions (Fraction A and Fraction B reépectively( as
labelled in Fig 24a) were inhibited (80-100%) by 0.03M-EDTA.
+ Analysis of the Aéocoll—digesting and azocaseinolYtic; |
activities éreVShown in Fig 24b. The épparent peaks of
acfivities against tH;se substrates, appear to coincide with
the collagenase ;hd telopeptidase activities of Fraction B.
. ) e
The second half of the concentrated medium was chroma-
tographed and the fra?ﬁions analyzed;'The proteolytic

actiVityfﬁiution profiles for both the collagenase and telo-

&

peptidase activities were similar to those shown in Fig 24a.

L ) o



Figure 24.  Elution Profiles of Proteolytic Activities
‘ of Conditioned Medium on Agarose AQ0.5M;
Preparative Chromatography. //

Concentrated (40 fold), activated (pHMB) conditioned
medium (15ml), was applled to a column (2.5 x 115cm) .
packed with agarose A0.5M eduilibrated in 0.05M-Tris/HCl
pH 7.4, containing 1.0M-Nag 0.005M- CaClz, 0.05% Brij,
and 0.03% toluene The column was eluted in this
buffer at 15ml per hour. Fractions (5.0ml) were
collected, and aliquots taken for the analysis of
various proteolytlc activities. All incubations for
the determination of proteolytic activity were
performed for a 20-24 hour period.

The protein standards are as descrlbed in Flgure 23.
~While not shown on chromatogram, the 3H20 was eluted
at fraction number 115 (peak). :

A and B refers to the regions of the chromatogram,
that were pooled for further investigation ang, as
described in the text, are referred to as:

Fraction A - which contains the telopeptidase .activity
with an apparent Mr of 70,000; and Fraction B - which
contains the te&opeptidase activity of an apparent Mr
of 35,000. : : :

a) The elution profiles of telopeptidase and
collagenase activities,

b) The elution profiles of Azocoll degradlng and
azocaseln degrading activities.
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Fraction B was pooled, dialyéed against buffef‘
containing‘no sodium ohloride4 and then chromatographed on
DEAE-Sepharose 4B. The collagenase and telopeptidase
actrvities fere hot\retarded. These fractions were pooled,
the conductivity was measured, and then the sample was
chromatographed on a column paoked wigh heparin-agarose
(resultS'hot'shoMn). The two proteolytic'actiQities vere
retarded on the heparln agarose, however they both were
eluted with the buffer contalnlng O 4M NaCl and thus not
separable by thlsﬂtechnlque'(this method 1s as described by
Cawston and TYler (1979)). It was éUbsequently demonstrated
that purified corfaoenase kindly supplied by Dr. T. Cawston,
oontained telopeptidase activity. In fact the ratjo of.
‘collagenase to telopeptidase'actigity in this preparation
was similar to that observed ih Fraorion B (Table 12). -

Further attemptslwere made to fracrionate the
protelnases by collagen‘afflnlty chromatography ‘Fraction B
was pooled concentrated and dlalyzed against runnlng buffer
bcontalnlng no SOdlUT chloride, and then applied flrst to a
column (1.5 x 7c¢cm) packed with DEAE SepharOSe 6B, as above,
in order to remove any‘strongly anionic molecules that may
compete with the proteinasés for binding sites on collagen.
The non-retarded fractions containing proteolytic activity
were then-applied to a polﬂhn packed with the immobilized‘
cOllagen; Recoveries were quite‘lowh and it did not appear

“that any of the proteolytic activities was retarded. No

further attempts were made to purify the collagenase..
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X

‘Table 12. Ratlo of Collagenase and Telopeptldase
Act1v1t1es in Various Fractions. '

n

COLLAGENASED TELOPEPTIDASEb

'FRACTION © _units/ml _units/ml" = RATIO

mediéh (act.)? 245 ' i‘1,9t0.3 ' 713/1‘

.60;(NH,,}2SOA pp't. 1200%15 _ 14.3':0,,9 14/1
‘ Fraction B 200%26  3.6%0.2 56/

Dr. Cawston's : - .
collagenase prep. 1450z160 - ' 30.023.2 48/1

act. - activated; 'pp't. - precipitate;
prep. - preparation; - : g
a - conditioned medium, non-concentrated, was
dialyzed against assay buffer, and activated -
by trypsin-agarose. ’ - ‘
b - values are of ,duplicate determlnatlons with ranges



146

Analysis of the Telopeptidase A®tivity in Fraction A
It was initially thought that the telopeptidase of
apparent Mr 70,000, could be due to dimerization of the

enzyme of apparent Mr 35,000, or due to some other type of
: e

/

aggregation. Initially.thé‘chromatography of the
concentrated preparation was performed in chromatoaraphy
buffer containing 1.0M-NaCl. To determine whether this high

salt cohcent:ation had caused aggregation, an aliquot of

Fraction A was rechromatographed and eluted in buffer

)

containing 0.2M-NaCl (results not shown). There was no

difference in the elution position Q{ the telopeptidase

v

activiﬁy: In additioh, an aliquot"bf Fraction A wai treated
" with soluble‘tryps;n to determine whether the pHMB-activated
telopeptidase could be further dissociated by enzymic means.
It wés observed that therg was no significant difference in
total telopeptidase activity after treatment with trypsin,
either for 10 or 20 minutes, when compared to the zero-time
.coﬁtrol, as well as no difference in the telopeptidase
elution profile (Fig 25). In subsequent experiments, the
concentrated conditioned medium was activated by
- trypsin-agarose, and chromatographed on agarose A0.5M with
chromatography bﬁffer containing 0.2M-NaCl. The proteolytic
activity elution profiles of this gel filtration run were
similar to that obtained with pHMB-activated medium (see
Fig 24a). o
Fraction A was pooled, concentrated and rechroma-

tographed. The elution profile of telopeptidase activity was
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A

66K 45K 25K
| | o

600 1 o)
N \

400 -

200 A

Telopeptidase > H dpm (net)

Fraction Number

N

Figure 25. Elution Profiles of Telopeptidase
Activity of Trypsin-Treated
‘Fraction A.

An ‘aliquot (1.0ml) of Fraction A (see Figure 24)
was treated with trypsin in solution (10pg) for 10
minutes at ;22°C. After addition of soybean o
trypsin inhibitor (50pg), the solution was
chromatographed on a column (1 x 115cm) paaked
with agarose A0.5M and eluted in chromatography
buffer containing 0.2M-NaCl (see Figure 23).
Fractions (1.04ml) were collected and analyzed

for telopeptidase agtivi

O-time control; prem\xed soybean trypsin
inhibitor and trypsin/added to Fraction A.
(O) trypsin treated Fracfion A.

—
—~——

66K - albumin; 45K =\ ovalbumin;
25K - chymotrypsinogen.
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similar to that shown in Fig 25. Fraction A was incubated
with acetic acid soluble coliagen and the products electro-
phoresed on 5% polyacrylamide gels. These profiles (not

shown) indicated the“presence of coliagenase. Judging by the

conversion of a; to a,3/4 (see Fig 22), there was
approximately 17.5 units of collagenase in the‘incubation
mixture, which was known to contain 6 units of telopeptidase
'activity (3 to 1 ratio). |

The presence of collagenase in tWice—chromatograPhed
Fraction A was unexpected since there was no clearance of
.the collagen (by the capillary-gel method) in the 48 hours
of incubation. In a freshvpreparation of conditioned medium
which was processed by the standard techniqnes including
treatment with trypsin- agarose, collagenase act1v1ty was
also evident in Fraction A, but only after a long incubation
period (Fig 26, 27). It can be deduced from the results
shown in Fig 27 thaf collagenase must be present in
Fraction A initially in an inactive form. Using the rate of
digestion from 56 hours onwards, the amount of collagenase
in Fraction A, was shown to be substantial, approximately
30% of the | act1v1ty found in Fraction B. ’

From the results described above it was assumed that
the collagenase was not activated completely although both
pHMB and 1nsoluble trypsin had been used. An aliquot of
Fraction A was concentrated, tpeated with soluble trypsin,
and the aétivities of collagenaSe and telopeptidase were
determinéd (Table 13). As demonstrated there was a
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Figure 26. Elution Profile of Proteolytic
Activity of Conditioned Medium.

Concentrated (25 fold), activated (trypsin-agarose)
conditioned medium (12ml) was chromatographed on a
column (2.5 x 115cm) packed with agarose A0.5M, in
chromatography buffer containing 0.2M-NaCl.
Fractions (5.0ml) were collected and aliguots
analyzed for telopeptidase activity and collagenase
activity. The latter activity was estimated using
reconstituted collagen in capillary tubes, at 24
hours and 95 hours of incubation as noted on figure.
Note that there was no evidence of collagenase
activity in Fraction A in the first 24 hours of
incubation (see Figure 27).

(24 hours) (--55-95 hours)



Clearance (mm)

Collagen—GeI“

25 50 75 100

Hours

Figure 27. Clearance of Reconstituted Collagen
" by a 'Collagenase' of Fraction A;
Demonstration of Latency.:

Aliguots from fractions of Fraction A (see Fig 26)
‘were incubated with collagen gels in capillary tubes
for 95 hours. '

(@) fraction.number 72.

(m) fraction number 74.

Note the lag period of up to 50 hours before
clearance of collagen gels was evident.

Values are results of single determinations.
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Table 13, Effect of Soluble Tryp51n on the
Proteolytic Activities in Fractlon A,

An aliquot (10ml).of Fraction A was concentrated
(5 fold) and treated with trypsin (10pg) in
solution for 10 minutes at 23°C. -Aliquots of the
pre- and post-activation enzyme preparations were
compared in the ability to release low molecular
weight labelled peptides, and the ability to
solubilize collagen gels in capillary tubes

in a 46.5 hour incubation time.

¥

PRE-ACTIVATION POST-ACTIVATION CHANGE

ACTIVITIES total units total units (%)
telopeptidaseb 38.6%¥ 1.7 40.8 ¥0.2 +6
collagenase © 146 ¥ 37 C214% 29 +46
collaganase
4 telopeptidasgj ~ 3.8 5.2 » +37
~a - this increase is not significant; within experimental
- error,
b -, wvalues are the means of duplicate determinations with
‘Fanges.

¢ - values are the means of determlnatlons in trlpllcate
with ranges. -
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4

significant amount of collagenase activity in the%untreated
fraction, which was increased by approximately 45% after
exposure to trypsin., There was no difference in telo-
peptidase qctivity. It was‘thought,E}at the latent vA
collagenase activity was being slowly activated upon
standing at 4;C, and more efficientiy activated when exposed
to the acid soluble collagen substrate at 22°C. Addition of
trypsin likely accelerated this activation.

Fraction A was treated with soluble trypsin and then
re4chromatogr;;hed (Fig 28). Active collagenase was
demon%trable in a 24 hour incubation on the gollagén gels,
in those fractions that>correéponded to an apparent Mr of
35,000. However collagenase activity was still evident in
Fraction A, but only after several days of intubation.
Fraction A was pooled, concentrated and treated once again
with sbluble trypsin, and rechromatoéraphed. The elution
profiles of the proteinase‘actiVities were similar to that
shown in Fig 28, with the presence of active collagenaée in
thosevfractions of an apparent Mr of 35,000 (though at a

: P _ -

. / . o .
lower .concentration), and latent collagenase activity 1in

Fraction A. After 7 days of\incubation with the collagen

-

.gels, clearance became evideﬁ{i\;hus it would appear that \

the collagenase contaminating Fraction A was be1ng
progre551vely reduced by the repeated gel flltratlon
treatments, However it was also evident that trypsin was not

“totally effective in activating all the latent collagenase. -
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Figure 28, Chromatography of Fraction A:
Elution Profiles of Pag?eolytic
Act1V1t1es

A sample (10ml) of Fraction A was concentrated

(5 fold) and treated with trypsin in solution
(20pg) for 15 minutes, followed by the addition
of soybean trypsin inhibitor (100ug). The sample
was chromatographed on 'a column (1 x 115cm) '
packed with agarose A0.5M equ111brated in
chromatography buffer. Aliquots were ‘analyzed
for telopeptldase activity and for collagenase
activity. Note that there was no evident
collagenase activity in Fraction A, in the

first 48 hours of incubation.
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o

G. Incubation of Fraction A with the Collagen Substrates

Acid Soluble Collagen Digestions

| Acid soluble collagen wastincubated with a preparat}on
of Fraction A which had been treated’twice wifh solﬁble
trypsin and soybean trypsin inhibitor, with intervening gel
fii}fations to remove any active collagenase. Electro-
pho;ésis of the collagen on 5% polyacrylamide gels
demonstrated the presence of a minor level of collagenase
‘activity (Fig 29¢,d). In addition; the relative bfoportion
of the 8 componénts and a chains do gbt appear to be
different between the digested collagen\(with Fractioh A)
and the no—enzyhe'control, as opposed to the effects noted
with pepsin digested collagen (Fig 29b). An EDTA-inhibited
conditioned medium:control (no£ sﬁown) had a similar
electrophoretic profile to that. of the no—enzyme'control.

fhe effects of Fraction A onrthe collagen, were fﬁrther

charac;erized by treatment of the products with cyanogen
bromide and electrophoresis on 12% polyacrylamide gels
(Fig 30).- The cyanogen bromide peptides of pepsin digested
‘collagen, in whi;h virtually all the «,CB6 was shorﬁened,
were used as the positive control. In this way, the amount
of shortening caused by the partially purified proteinase
preparation could be estimated.(Table 14), However, since
there was an incompleteAseparépion of the a1CB6 peptides

from each other, the level of shortening that was calculated ’

is oniy an approximation. Also included in Table 14, is the7
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Figure 29. Gel Eléctrophore51s of Products

of Incubation of Acid Soluble
Collagen and Fraction A.

Acid soluble collagen (400pg) was incubated with
aliquots of Fraction A in assay buffer (final

volume 4.0ml) for 29 hours at 22°C.

The reactions

were terminated by the addition of EDTA (0.03M),

samples dialyzd

, lyophilized,

and a portion

electtophoresed on 5% polyacrylamlde SDS gels.

a) no-enzyme control.

b) acid soluble collagen dlges
c) acid soluble collagen incuba
telopeptidase. activity.

I by pepsin (control)
d with 6.6 units of

d) #&id soluble collagen incubated with 13.2 units of

telopeptidase activity.

Note there was still a low level of collagenase

activity in Fraction A.

9
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Figufe 30. Gel Electrophoresis of Cyanogen

Acid soluble collagen was incubated with Fraction A
as described in Figure 29,
were treated with cyanogen bromide and the peptides

Bromide Digested-Products of
Incubation of Acid Soluble Collagen
and Fraction A.

‘electrophoresed on 12% polyacrylamide SDS gels
no-enzyme control.
collagen digested by pepsin.
collagen incubated with 6.6 units of
telopeptidase activity.
collagen incubated with 13.2 units of
) telopeptidase activity. |
Note that pepsin converted all of the o£1CB6
peptides into the shortened form - oC4CBécC.

a)
b)
c)

a)

In addition,

note the presence of a significant

level of°<1CB6c in the test incubation.

The lyophilized samples
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Table 14. Effects of Proteolytic Activity of
Fraction A on the Collagen Substratii

Acid soluble collagen was incubated with Fraction A
and the products of the digestion analyzed as
described in Figures 29 and 30. Colliagenase
activity was determined by the conversion of o<4

to ©6€43/4 as described in Methods (callagenase
assay). The percent shortening was calculated /
as described below. The values are of \dUplicate

determinations with ranges where indicated.

COLLAGENASE TELOPEPTIDASE |
FRACTION A , . o{CB6c/ ¢ 1 CBE
(volume)d conversion(%) units - (%)
Ci.sml . 11.9%1.1 0 1.8410.18 36
3.0ml 17.3%2.1 2.74 ¥0.33 53 %2

a - approximately 4.4 units of telopeptidase
activity/ml based on the 3y-collagen assay.
b -. numbers, based on effect; expressed as
g coleben digested per hour at 22°C.
c - the percent shortening was ;alcu%@ggd%gs follows:
: O W

BKTCB6c(pepsin)-%X1CB6c(control)] /0¢4CB3 = Y

[o¢, CB6c (test) - o¢;CB6c(control)] /o< CB3 = X

- ‘ Y . .
(X / Y) x 100% =relative level of shortening (%).

C
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estiﬁated level of conversion of the'a1 cﬁains to a,3/4

 peptides (a‘measurg of collagenase activity). As showh

' approximately 36 and 53% of the «CB6 was converted to thé‘
shqrtest form by the action of increasing amounts of the
FractibnvA, while the level of collagenase éctivity;was oniy'
one third of the telopeptidase activity at each |
concentration. In terms of units of acfivity when expressed
as ug 6flcollagen digeéted per hour, by both acpivitiés, thé’
relative ratios are also similar to the_abbve.,Approximately

lug of collagen was shortened.at the C-terminus for every

O.3ug that was digested by collagenase.

‘H-Collagen Incubation with Fraction A
For éddifional proof that increfsed levels of  the E;nd
identified as the a,CB6c peptide was a direcf result of
'reméval of the qarboXy~terminal extra4heliéal region (or
. portion theréof);fFraction A‘was incubated with the |
3H;cqliégen. Howéver, when the proteinase solution was first
dialyzed against émmonium probionate buffer according to the
"préviously.esfablished protbcol, the majority of the telo-
Apeptidése activity wé;,lost.'Desalting the proteinase ‘
preparation -on Sépﬁadex G25 ip this buffer also,résulted in
unacceptably high losses of activity. .
A different method was'éttempted. An aliquot of
Fractioh A (the fraction used was one that had been

chromatographed twice on agarose A0.5M without treatment

"with Erypéin) was_incubatéd wit®R the °H-collagen in the
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standard assay buffer. The digestion appeared to have gone
to completion by virtue of the relative amount of radio-
activity'eluting in the Vt fraction when an aliquot (5% of
the incubation mixture) was ohromatographed on'Bio—Gel P4,
The ineubation mixture was then dialyzed overnight against
50 volumes of 0.02N-acetic acid. The level of radioact;vity
recovered in the diffusate was eguivalent to 95% or greater
.of'the expected‘level based on.the Bio-Gel P4 chroma- . ‘

- tography. The diffusate was lyophilized and an aliquot runﬁ
on the amino acid analyzer afte hydrolysls (Fig 31c) . Only
a small percentage (5.5%).%f the initial diffusate was o
applied to the analyzer. dui to the potentlal overloadlng of
--the resin w1th salt. The retentate, or large molecular'
welght fractlon was dlalyzed an addltlonal 24 hours agalnsti
100 volumes of 0.02N- acedfc acid, and analyzed as above

(Fig 31b) As can be observed from the ‘H- am1no acid elution
proflles, there was a deflnlﬁg decrease in *H- hydroxynor—"
leucrﬁe and H-chlornorleucine in thefﬁ%gh molecular weight
fraction after d1gest10n with Fractlon A and ‘the appearancebs'
of the above in the fractlon that was dlgtUSIble (dialysis
tubing of 6-8,000 molecular weiéht cutoff was used). In

?able 15, the relative levels of 3H—hydroxynorleueine and
3H-ch_loronorvl*euci'ne'areshown. Approximately 62% of the
‘soecific radloactivity (in-the~form of‘hydroXYnOrleubine and
chlornorleucine) was removed. Amlno ac1d analysis of the low

Q

molecular weight fract1on d1d not demonstrate the presence
\

) of hydroxyprol1ne (with a known sen51t1v1ty limit of 2. 0%.of



Figure 31.  3H-Amino Acid Elution Profiles of
the Fractionated Products of
Incubation of 3H-Collagen and
Fraction A. ‘

Fraction A (11 units of telopeptidase activity)
was incubated with 3H-collagen (200ug) in assay
buffer (final volume 2.4ml) for 29 hours at 22°C.
After dialysis against 50 volumesof 0.02N-atetic
acid for 24 hours, the diffusate was lyophilized
‘and an aliquot (20%) hydrolyzed in 5.7N-HCl.
The retentate was dialyzed a further 24 hours
against 100 volumes of acetic ‘acid, lyophilized,
~and an aliquot (50ug) hydrolyzed in HCl and

analyzed along with the diffusate on the amino
acid analyzer. Fractions (0.5ml) were collected
and the radioactivity measured.

a) no-enzyme control.

b) retentate or large molecular weight fractlon
(equivalent to the Vo fraction). ' A sample
equivalent to 25% of the initial starting

~ substrate was applied to the analyzer.

c) diffusate or low molecylar weight fraction
(equivalent to the Vt Hractlon) A sample -
equivalént to 5.5% of the initial substrate .
was applied to the analyzer.
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- Table 15. Effect of Fraction A on 3H-Collagen;
' Release of Low Molecular Weight Peptides
Containing 3H-Hydroxynorleucine. ,

Fraction A.was incubated with 3H-collagen as described
in Figure 30. The amount of radioactivity associated

with the cross-link precursor -

hydroxynorleucine - 1is

expressed as a function of hydroxyproline concentration.
Values are the results of single determinations.

HNL + CINL

TEST | (dpm)

/
/
/
/

s HNL

dpm °  RELEASED
HYP(nmole) anIel (%)

no-enzyme(Vo) 6214

digest (Vo) 2 2260

v

digest (vt) D 2832

38.50
36.75
0

161 0

61.4 62

{
a - the amount of sample analyzed from the Vo fraction
was representative of 25% of the starting material.
b - the amount of sample analyzed from the Vt fraction
was representative of only 5.5% of the starting
material, however the level of

are the adjusted values assumin

was analyzed.

radioactivity shown
g 25% of the material

/
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the starting material under the conditions of this
experiment). It has been shown that at least two-thirds of
the *H-hydroxynorleucine in the feduced collagen is situated
at the C-terminal éxtra—helical region“(see Table 4;‘
cathepsi% D digested ’H-collagen). As well, incubations. of
acid soluble collagen with Fraction A did not réveal an
activity that was directed towards the N-termiﬁél
extra-helical regibn (see Fig 29). Thus based on the above
evidence, as well as on the calculated molecular weight of
the aCB6c (17,200 daltons; ,Fig 30), the activity present ‘in
Fraction A was acting at the cérboxy—terminal extra-helical
region.

Tbé‘remainder of the large molecular weight (Vo)
fraction (150ug) as well as a no-enzyme control of
’H-collagen, were treated with cyanogen bromide and the
products electrophoresed on-12% polyacrylamide gelé
(Fig 32). The profile of the control demonstgétes the
presence of the three forms of a,CB6 as.described'
previously. The progﬁle of the collagen that was incubated
with Fraction A was more complex. The shortesf form of «,CB6
(a1CB6C), was séen in the concentration that results from
90-100% shortening (this value was obtained upon comparisoni'
of the values demonstréble>with pepsin digested collagen -
see above). However a prominent Band was observed with an
appafeng‘Mr of 18,400 which is similar in relative mobility
to that of the a,CEGb. The possible origin of thi§ is

discussed later. Some collagenase activity was evident by
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Figure 32, Gel Electrophoresis of Cyanogen

Bromide Digested-Products of the

Incubation of
Fraction A.

3H-Collagen and

Fraction A was incubated with 3H-collagen as

described in Figure 31.

The retentate (150ug),

and a no-enzyme control were digested with

cyanogen bromide, and the products

electrophoresed on 12% polyacrylamide SDS gels.
After scanning, the gels were frozen, sliced
into 'mm section (as described in Methods),
peptides solubilized and radioactivity measured.

a,b
c,d

a,c
b,d

- ‘Absorbance at 560nm.

~ No enzyme control.

SH-dpm iA'each gel slice. “

A
¢

collagen incubated with Fraction A7 —

Note theidecrease in the level of radioactivity

associated with the o¢

digestion with Fraction A.

1CB6a peptide after

1
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virtue of the decreased amoudf of «,CB7 (contains.fhe
collagesase cleavage site; see Fig 2): To demonstsége the
loss of the specific radioactivity associaled with «,CBéa,
the radiocactivity associated with the peptide bands were
measured (Fig 32¢,d). Only a small fsaction (10-20%) of the
initial radioactivity associated with the «,CB6a peptide was
left after digestion with Frac;ion A. |
Acid Insoluble Collagen lﬁbubations with Fraction A

Acetlc acid 1nsoluble collagen was 1ncubated w1th
Fraction A for 47 ‘hours at 22 C. This enzyme preparatlon was.
the same as descrfE%d for the non-radiocactive acid soluble
collagen incubatlons. As shown in Table 16, a significant
prdpdrtion of the collagen was released‘ however a linear

£ ;

eggymé added and degree
Qa
A

of solubilization was not seen, Both the neutral salt and

reldtionship between the amount of

acetic acid extracts were examined on 5% polyacrylamide gels
(Fig 33) andﬁ\after cyanogen bromide digesfidn, on 12% poly-
acrylamlde gels (Fig 34). It was apparent that the
conversion of a, to a{3/4 peptldes (of the extracted

collagen) could not have been more than 10%, and was very

likely less than this. However analysis of the cy¢“§§

that there was a s1gn1f1cant amount of a,CBGé peptlde

(Table 17).

e



i

Table 16. Solubilization of Collagen; Incubations
of Acetic Acid Insoluble Collagen and
Fraction A..

Aliquots of Fraction A were incubated with acid
insoluble collagen as described in Figure 33. The
amount of collagen solubilized is shown as a percentage
(%) of the starting dry weight of collagen.

Values are the results of single determinations,

NEUTRAL ACETIC TOTAL

TELOPEPTIDASE SALT ACID LESS
(units) EXTRACTS(%) EXTRACT(%) TOTAL - CONTROL
" no-enzyme boog 1.78 2,07 0
13,2 + | : -
0.035M-EDTA 1.19 2.26 . 3.45 1.38
6.6 2.95 - 4.00 6.95 4.88

19.8 4.44 3.91 8.35 . 6.28
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Figure 33. Gel Electrophoresis of the Products ’

of Incubation of Acid Insoluble
Collagen and Fraction A,

Aliquots of Fraction A (see Table 16) were
incubated with acid insoluble collagen (27mg)

in assay buffer (final volume 4.0ml) for 47

hours at 22°C.: The reaction was terminated

by the addition of EDTA (0.03M). The neutral
salt and water extracts, which were pooled,

and the acetic acid extract, were processed as
describedin Methods, and products electrophoresed
on 5% polyacrylamide SDS gels.

‘neutral salt extract- of incubation containing
6.6 units of telopeptidase activity.

acetic acid extract of collagen residue of (a)
neutral salt extract of incubation containing
19.8 units of telopeptldase activity.

b
c

)
)

ndL acetlc acid extract of collagen res1due of (c).

\A
%

.
~



; : T
i | o ca7 i
Lo , A
1.0 4 * l‘ 1 1 * o
‘ l‘ ‘ i e « cae
. ‘X c88 | a T
' » b o cB3
| P (B ' I \ 1
e % v ® oyema IR AR
c CoET s U N
kwl. A 5 - V./ [
o v Ve : -
© - fr £
w0 T —
°
0
€
2
5 1_5 .“ & 1 . 4 . . @
a I I :II ¢ q l] M ) d
L4 I T [ ' - ! ‘;“ "
(A = U R}
104 [ o by
R i i :
| o ycas L e .
e | I . ‘
0.5 [ oy TR : ,il o ot f:‘:<1c:s:s
*n g Al Y i‘l v v N .
“ ,\/ i . J . 1
l “ N -
i i
0 0.2 0.4 068 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

Relative Mobility

Y
1]

- Figure 34, Ge€l Electrophoresis of Cyanogen Bromide
-Digested-Products of the Incubation of
"Acid Insoluble Collagenvand Fraction A.

Acetic acid 1nsoluble collagen was incubated w1th

Fraction A, and the products dialyzed and

lyophlllzed (see Rigure 33). Samples of each

extract were digested with cyanoﬂbn bromide. and

the products: electrophoresed on 12% polyacrylamide

SDS gels.

a) neutral salt extract of incubation contalnlng

6.6 units of telopeptidase activity.

b) acetic acid extract of collagen residue of (a)

c) neutral ‘salt extract of incubation containing
19.8 units of telopeptidase-activity.

d) acetic acid extract of collagen residue of (c).
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Table 17. Incubatibn of Fraction Atwith Acid Insoluble -
Collagen; Quantitation of oC,CBéc.

Acid Inscluble collagen was incubated with Fraction A
(see Figure 33,Table 16) and the products digested by
cyanogen bromide (see Figure 34). The degree of
"shortening' of ©<{CB6 was quantitated as described
in Table 14, Values are the results of duplicate
determinations with ranges. ,

; LY

TELOPEPTIDASE EXTRACT ° . SHORTENING 2 (
(units) - : FRACTION _ (%)
6.6 ., ‘neutral salt 18.7%6.0
6.6 acetic acid 9,4%*1.3
19.8 neutral salt .  35.7%0.3

9.8 acetic acid 30.7%0.7 .

a - after correction for no-enzyme control

fr
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H. Incubation of Fraction B wgfh the Collagen Substrates

The vari@us coliagen preparations were incubated with'
Fraction B. The ratio of collagénase to teloﬁeptidase
éctiVity was approximately 690/1, based on the conversionvof
ay to a;3/4 peptides on dél electrophoresis and the telo~

~ >

eptidase assay respectively. Thus to determine the effects
of telopéptidase activity on the collagen subétrates, é hugg
excé§S~of»collagenase,activity‘was present in the
ingubations. _ ) | e |

Incubations ;ith.acetic acid insoluble collagen
resulted in the SQlupilization of & significant amount‘éf.
collagen (Table 18),. Héwéver,]agéin a linear relationship
between the amount of added enzyﬁe‘and'degree of
-solubilization was not seen. Anélysisjof the neutral salt
‘extracts demonstrated that all the qollageA éhains wereb
converted to the ch;racteristic collagenase c}eévage
products (Fig 35), but approximately 60% conversion was | o
evident 4in the acetic acid extracts. Ahalysis of the
cyanogen bromide digested cbllaggn peptides'frpm both
extracts, revealed that determinatidn of the extentaoﬂa;
,shorteﬁing of a,CB6 waé nbt possible (Fig 86)} The presence
of a large éqéunt-of a peptide with an apparent Mr of 18,400
that had the same r?lative mobilifygas a,CBGb; partially or
completely)obscuréd the '«,CB6 peptides. s

Acid soluble collagen was incubated with an!aliquot‘bf

Fraction B, and the‘products analyzed by gelmelectrophdresis.

(Fig 37a,c). All y components, as well as the majority of

3
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Table 18. Solubilization of Collagen from the Incubation
of Acetic Acid Insoluble Collagen and Fraction B.

Aliquots of Fraction B were incubated with acid insoluble
collagen as described in Figure 35. The collagen that
was extracted in the neutral salt buffer and acetic acid,
was estimated by hydroxyproline analysis. The amount
~ is expressed as a percentage of the starting dry weight
" of the insoluble collagen. Values are the results of
single determinations.

v

NEUTRAL ACETIC - TOTAL

"TELOPEP- COLLA- vSALT ACID. Less
TIDASE .. GENASE EXTRACTS EXTRACT  TOTAL CONTROL
(units) . (units) (%) (%) (%) (%)
no-enzyme control “0.29  1.78 2.07 0

| | .
3.6 . 12484 1.44 - 6.22 7.66 \ 5.59
§, 7.2 4968 1.92 7.05  8.97 . 6.90

N - : : ;

10.8 7452 ‘ 2.34 6.98 9.32 17.25



Figure 35. Gel Electrophoresis of the Products
: of Incubation of Acid Insoluble
Collagen and Fraction B.

Acid insoluble collagen (27mg) was incubated with-
Fraction B (see Table 18), in assay buffer (final
volume 4.0ml) for.47 hours at 22°C. The reaction
~was terminated with EDTA (0.03M). The collagen -
was extracted in neutral salt buffet andnig;EiE///

' acid, ‘and the products electrophoresed o

polyacrylamlde SDS gels

a) Fraction B containing 10.8 units of telopeptldase’

- and approx1mately 7,500 units of collagenase, .t
incubated in the presence of 0.03M-EDTA. Lo

b) neutral salt extract of colldgen released by the '

"action of Fraction B (same units of activity as (a)).

c) acetic ac1d extract of the collagen re51due of (b).

®
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Figure 36. Gel Electrophoresis of Cyanogen Bromiaq
Digested-Products of the Incubation of-
Acid Insoluble Collagen and Fraction B.

The products of the incubations of Fraction B and

-the collagen substrate (see Figure 35 for details),

were digested with cyanogen bromide, and products

electrophoresed on 12% polyacrylamide SDS gels.

a) acetic acid extract of 'the incubation dontaining

" Fraction B and 0.03M-EDTA.

b) neutral salt extract of collagen released by the
action of Fraction B. o _ -

c) acetic acid extract of the collagen residue of (b).

\
s
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Figure 37. Gel Electrophore51s of the Products
: of .Incubation of Acid Soluble-
Collagen and Fraction B,

Acid soluble collagen (400pg) was 1ncubated with

Fraction B (1.0ml containing 3.6 units of

telopeptidase activity and approximately 2500

units of collagenase), in assay buffer (final

volume 4.0ml) for 29 hours at 22°9C. The reaction
was terminated by the addition of EDTA (0.03M),

and the products either electrophoresed on 5%

polyacrylamide SDS gels, or on 12% polyacrylamide

SDS gels after treatment with. cyanogen bromide.

a) Fraction B incubated with .the collagen in the
presence of 0.03M-EDTA; electrophoresed on 5%
polyacrylamlde SDS gels.

b) cyanogen bromide digested EDTA- 1nh1b1ted control

~(see a); electrophoresed on 12% polyacrylamide
SDS gels ‘

c) Fraction B 1ncubat10n with the collagen;

electrophoresed on 5% polyacrylamide SDS gels.

d)- cyanogen bromlde digested products of the .

incubation of Fraction B and the collagen
substrate; electrophoresed on 12%
polyacrylamide SDS gels.:

~

~Note"the loss of essentially .all of theo<y1/4:
" peptide¥ in the test incubation (c), and .the
-absence ®f peptides corresponding to

o<1CBSa and ozyCBéc (d).
&
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' the «1/4 peptides werevapparentlyhlost iFlg‘37c)f The «,CB6a |
and a,CBGc\peptideS‘of-the‘cyanogenﬁbromlde digest of the
'products of inCubation,'were also notvseen (Fig 37b)"While'
‘ thelpresence.of theaunknonn peak (7) llkely obscures the
a,CBG pept1des, if a1CBGa and c peptldes were present they
should have been.observed at least as §houlders on the
‘ unknown peak,eas'was noted in- the aC1d,1nsoluble‘collagen
"fincubations (Fig 36b). éresunably the cause of the"
over*dlgestlon was the very h1gh levels of enzyme‘act1v1tywb
1n the 1ncubatlons - | |
" The proteolytlc act1v1ty of Fractlon B may have had an

0

_actlon at the N- term1nal telopeptlde prox1mal to thez
.cross.l1nk ‘The relat1ve amount of B components and a chalds-
.B/d 1n the acid soluble collagen dlgestlons (Fig 37c) dOesh
appear to be somewhat reduced However, whlle ‘this was not
.observed 1n the 1nsoluble collagen dlgestlons (F1g 35 wh1ch
~is not proof of the absence of an act1v1ty dlrected agalnstA
the N-terminal telopeptlde) and because of the extra
dlgest1on of ‘the collagen that d1d occur it cannot
unegu1vocally be stated from these exper1ments Whlch telo—
,peptlde reglon of the collagen molecule is a substrate for -~
the proteolytlc act1v1ty of Fractlon B. _

The radlolabelled ac1d soluble collagen (éOOﬁg)‘was'
‘plncubated‘wlth,FractlonVBV(2.Om1) for 24 hours at 22°C, in
O,JMfadmonidmnpropionate,.pHel.Z; contalning'0.0lM;Caclg and'
0.02% sodiph‘azldef The high and low molecular weight

fractions were separated hy»chromatography on Bio-Gel P4 and \

-
~
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eanalyzed after hydroly51s on the amlno acxd analyzer.ﬂyfﬂi'
Approx1mately 38% of the total ’H hydroxynorlencane was»J
removed by the proteolytlc act1v1ty, w1thout any 51gn1f1cant
hydroxyprollne assoc1ated w1th the low molecnlar welght, i
fractlon (Vt). While thlS is in 1tself a s1gn1f1cant result‘
1t Stlll cannot be sigtbd that that the telopeptldase
act1v1ty of ction B was directed tonards the

carboxy-terwinal extra-helical region. //;,

[re

1. Other Characteristics of the Telopeptidase Actjvities

Fraction B,had'been-chromatographed'twice on the gel
filtration column. Fraction A had heen chromatographed three
times and treated w1th both 1nsoluble and~soluble tryp51n
: and soybean tryp51n 1nh1b1tor as dlSCUSSQd above.

Aliquots of the two‘pools of proteinases were adjusted°
with a concentrated;solution of Tris/maleate thVarying.pH,
_and’incubated with the 3H—collagen substrate (Fig 38). As

~

was shown, the pH optimum for telopeptidase activity in both

Al

~ Fractions was between 7 0-7.5.
The effects of some protelnase 1nh1b1tors on the telo-
peptldase activities was tested using the.’H collagen
substrate (Table 19). As shown, of the.1nh1b1tors tested
only EDTA had a 51gn1f1cant effect o N .
| The teLopeptldase act1V1ty of Fractlon A appeared to be
relatlvely stable in the presence of JH collagen for up to-

48 hours (Flg 39a), which was relevant for the long term

incubations with the collagen substrates. Under similar
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Figure 38. Telopeptidase Activity - pH Optimum. .

Each of the incubatiom mixtures, contained the
following in final concentration: 0.125M-Tris, '
0.125M-maleic acid, Q.133M-NaCl, 0.0033M-CaCly ~ °
and 0.014% sodium azide. In addltlon Brij 35 -
and toluene were present in the enzyme
preparation mixtures at a final concentration

.of 0.015% and 0.01% respectively for Fraction. A,
andr 0.02% and 0.012% respectively for Fraction B
The concentrated Tris/maleate buffer added to each
incubation mixture was initially adjusted with
NaOH to the pH giving the final pH of the
incubation mixture shown in the figure.

The incubation was carried out following the
standardized protocol (Methods) for 18 hours

at 22°9c, O , ©

(@) - Fractlon A. ’ :

(2 ) - Fraction B.

Values are results of dupllcate determlnatlons
with ranges.. \

r ’ L4
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Table 19. Effects of Various Reagents on the Telopeptidase
o ' Activities}of Fraction A and Fraction .B. :

Each of the reagents lxsted below were equ111brated w1th

"the 3H- -collagen before addition of the enzyme preparat1on

The mixtures were incubated for 20 hours at 22°C, in assay
buffer (final volume 240ul). The results are expressed as
a % of the control. The values are the means of

dupllcate determlnatlons with ranges :

TEST FRACTION A (%)  FRACTION B %)
control * 100 © 00 xg
EDTA - 0.02M 'o543 ., C 105
NEM - 0.002M 11121 - 114215
PMSF - 0'.002M 85223 L 01te
-
* -

—r
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Figure 39. Other Characterlstlcs of the ,
R Telopeptldase Activity of Fraction A.
V

a) Fraction A (3I5ul) was 1ncubated in ﬁqpllcate with the
3H-collagen (20pg) at 22°C, for varying times.

b) Fraction A (varylng volumes) was incubated with the
- 3H- collagen for 24 hours at 22°C.

c) Fraction A (150ul) was incubated with varying
concentrations of 3Hszcollagen for 24 hours at 22°C.

Values are results of 51ngle determlnatlons.

V' 4

Lo
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incubation‘conditions the»effect'of varying the enzymer
contentration' and the effect of varying the substrate
éoncentratlons arebshowa_ln Fig 39 (b,c). Both. relatlonshlpsb.
appear to be essentlally linear. The limit of dlgestlon with
20ug of collagen was not: reached 1n these experlments In
"addltlon to thlS the telopeptldase act1v1ty of Fraction a,

- appeared to be stable ‘at 4°C, in chromatography buffer _
.(containing Brij 35) for at least 9 months. The actlv1¢y gi
Fraction B also appeared to be stable for‘at least 6 months,
The orotelnase.preparatiohs appeared to be :table in a'
'variety of'materials including, glass cylinders, pdl§~
‘carbonate.centrifugevtubes(‘microrcentrifuge‘tube51(poly—
propylene)vas well as Sml'stErlle.culture tubes (poly-
propylene);'hut not in polyethylene scintillationnuials. For
‘assay,vor incubation purposes both hlcro;centrifugekbubes

- and 5ml culture tubes gave identical results, for the
"rélease of the labelled‘telopeptides,‘ln additio§$ analxses

~were apparently not affected\$
\

§ Brij 35. However, use of
_4a§say buffers of older than 3; eeks, apparently caused an
increase:in background? It was thought that deterioration of

sodium azide may have been responsible.

"J. Analysis of Neutral Proteinases From Cultures of Human
& : 9l ¥ g : ' A

Gingival Fibroblasts
As a corollary to the 1nvest1gat10n on porc1ne glnglval

.explants in culture, human alnglval flbroblasts were .

examined .for the1r~ab111ty‘to produce telopeptldase activity
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(Scott et al., 1983) The conditioned medium obtainedvfrbm

. tﬁese:cultures-was conCentrated by ammonium sulphate

(80 folc) 'dialyzed acd4tfeated with‘pHMB After dialysis

: agalnst ammonlum proplon;te buffer as descrlbed prev1ously,-
an allquot {625ul) was 1ncubated WIth the *H- collagen |
(250ug), ‘fbr 96 hours at 18°C. The products were
fractlonated on BlO Gel P10, and anélyzéd as cescribed’v
prev1ously The relatlve concentratlon of hydroxynorleuc1nt
decreased from 127dpm/nmole of hydroxyprollne to 43dpm/nmole
of hydroxyprollne, or a 66% reductlon without any
signlficant ambunt.of hydroxyprollne belng';eleasea in the

ilow molécul%r weigﬁt'fractions th).

The telOpeptidaselactivity of these fibroblast cultures
\Was_examined for certain'prcperties. The'pﬁ optimum,was |
.bsthp to be’betweenll,Q-BfO. In addition.only EDTA but not
NEM,SPMS?, scybean trxpsin lnﬁibitor, or a, anti—trypsin
inhibited the telopeptidase activ *'v as was‘desclibed for
~the telopept1dases from glnglval explant cultures Furthes

analy51s of thlS proteolytlc act1v1ty was not p0551ble - The..

cells apparently stopped prod c1ng proteolytlc act;v1ty

after theveighth péssage.,Cellsvthat'ha& been frozen'dowﬁ,a

Y, g

the sixth passage and brought back, were also shown not to |
'produce the telopeptidase éctivity,(or collagenase and

Azocoll digesting activities).



IV. DISCUSSION

. v : .. »
w ’ : .
)

;A. Developmént of a TelopeptidaSe Assay . e | o
fherdeyelopment of a relatively simplefassa§‘for'telo-
" peptidase activity'w%%-crucial for;thie'study.‘?his assay 1S
: baaed on the fact that collage?Cf?om tissues such aslskin; ‘
and which ie extractable ln}acidi‘contains a‘signiticant
‘number of 1ysinal'residues;)éince lijl okidase probably has
no effect on lysyl residues within the hellx géornste1n and
Traub, 1979), treatment of thlS type of collagen with | ’
oH- sodium borohydrlde should spec1f1cally label the telo—
peptlde regions w1th a stable radloactlve maf%%r C)Hydroly51s
of theé *H-collazen w1th‘acld """ or """ bageLresulted in several
H- labelled products (Flg 11). The main one was the‘reducedt
cross-link precursor hydroxynqueuc1ne (and the HCl der1Ved
chlornorleuc1ne) Incubatlgn of the reduced collagen with
proteinases, w1th ‘a -specificity towards fh@ telopeptlde |
regions (at‘a‘slte’proximal to the-croSs—link precur§br)K
- resulted in‘the'release of low molecular weight peptides
conta1n1hg *H- hydroxynorleuc1ne A max1mum of 66 68% of the
total content of this reduckd crpss 11nk precursor was\tound/ \7
t}to be¢released.‘Thls 1s-comparab1e>w1th the results obtalned H
“with cathepSin D, whlch has been demonstrated to be spec1f1c'
for the C-terminkal extra- hel1cal region on Type I collagen,‘
(pr1mary cleavage site is between res1due C-6 and C- 7 of the

a1'cha1n, Scott and Pearson,,1981) It is therefore llkely

that a»significant proportion (up to 30%) of th1s'labelled

185
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amino‘acid was located at the N-terminal extra-helical .
reglon, However, due to the locatlon of the methlonlnes/near

 §

“to the N- termlnus (see” Flg 2) the cyanogen bromlde peptldes'"
: conta1n1ng the reduced Cross- link precursor of this reglon
(a(CBO, 1 and.aZCB1) would bevof low molecular/welght |
(approximately;},OOO)fand thus_not observed'on'polyacryl*'
amide gel,electrophoresisg This would also be true off any
_lntramolecular qrossflinks situated'at the N-terminal telo—

' peptide region (aldoldcondenSation produqt)l There was only
one major H- labelled peptlde found (by polyacrylamlde‘gel»
.electrophores1s) in a cyanogen bromlde dlgest of the ‘
'labelled’collagen (see Fig 32). ThlS peptlde had the
relatlve mobility‘of d,CBSa‘ The part1ally degraded or.
'shortened form of a,CB6 wh1ch was labelled as a1CB6b is
:unllkely to contain the lysinal re51due (re51due C-17). This
conclu51on was *pased on the molecular welght calculated from

: the electrophoret1c scans. ( 200 dalton less than that of
‘a,CBGa) and on the negllglble amount of rad10act1v1ty

‘ assoc1ated wgth the a,CBGb /Ihe C termlnal re51due of a,CBGb

e.jcould be C-15 ‘or C- 16, and thus this peptlde could st1ll be

a. substrate for a C- termlnal telopeptldase act1v1ty

The reduced collagen was not however,'an 1deal

o
£ .

ﬁsﬂbstrate for a telopept1dase assay There was a 51gn1f1cant
amount of - rad1oact1v1ty (80% of the total) assoc1ated w1th
 the hellx ~This was labLle on aC1d and base hydroly51s, as -
:well ~as to the treatment in 70% formlc acid dur1ng cyanogen'
"bromlde dlgestlon {Release of some of thls label durlng

3
4
P
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incubation of the substrate and enzyme preparation to be
tested, would give spurious results in the assay. This was
believed to have occurred during the analysis ofstelej
peptidase activity of ?nfractionated conditioned medium;
Conditipned mediumﬁthat had been dialyzed 'against assay
buffer was found to contain approximately 20-30% less telo-
peptidase éctivity than non-dialyzed conditioned medium
(results are not shown). However, this may have been.due to
actual lossés on dialysis.‘l A furthéy indication of some
problem with the assay yhen used with crude medium was that
a significént amount of 'telopeptidase' activity from
cbnditioned medium was not precipitable with ammonium
sulphatergeven at‘90% saturation. Nevertheless, the actgvity
that was recovered, was 'telopeptidase'. There was a directli
correlation between the level of telopeptidasenactiQity‘in
Fraction A (the poqlgd fractions from gel filtration chroma-
tography cohtainiﬁgtthe telqpeptidase activity of apparent
Mr of 70,000); as determined by the assay uéing,the ‘
3H—éollage;n, and thé observed effects of this acftivity on ' ’
acid soluble éollagen (percént of the «,CB6 that was . ,&h\
shortened). In other woras, thgaassay appeared to be
reliable once the proteinase was paréially purified. "
dimprovements ﬁo the assay could be directed towards
dbcreasing the non-specific label., A shorter period for
reduction may have helped. Dialysis of the reduced collagen
'against sbdium'borate buffer pH 9.1, removed 70% of the

label that was not initially removed with dilute acetic

‘e
|
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acid. Increasing-the pH of the buffer may remove additional
radiocactivity, however soluble collagen becomes
progressively more unstable at higher pH, thus care would

¢
have to be taken not to cause denaturation,
B. Préteinases with an Activity Directed Towards Collagen

Proteinases with an Activity Directed Towards'the'
| Telopeptides | |

Previous investigations into the effecEs of various
proteinases on native collagen (other than at the
gollagénase cleaQageisite) have essentially focussed on fhe
N-terminal telopeptide region (see Burleigh, 1977). an
effect on this region of collagén (if cleavage occurs
proximal to the cross-link site) can eésily be demonstrated
by'the différence in the ratio of B to a chains on poly-
acrylamide gel electrophoresis. As described in the Intro-
ductioh, the majority (if not all) . of ﬁhese'B'components are
likely derived from intramoleculérly cross~linked a chains.

To demonstrate the removal of the C-terminal
extra-helical region requires a more rigorous approach than
for the N-terminal telopeptide. dné of the problems overcome
initially was the isolation of collagen with an intact
C-terminal extra-helical region. This region of the collagen
is apparently more suséeptible to proteolytic digestion than

the N-terminal telopeptide, during the extraction and .

purification of collagen from the tissues (Stoltz et al.,
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1972; 1973). The majority of studies'which examidgﬁ the
effects of various proteinases on collagen involved collagen
isolated under conditions where no special precautions were
taken to:avoid this proteolytic degradation. In this
investigation acetié acid soluble collagen was isolated in
the presence of several pfoteihase inhibitors. Eyen with .
this precaution, not all of the collagen had'gnlintact
C-terminal teloﬁépfide (approximqtely 30-40% of the «,CB6
was in the b and ¢ forms). This degradation was ev;hgmqfe
prominent in fetal bovine skin that hag been stored frozen
for 2 }ears (50-55%) . - | h *
Investigafions from this laborétory have demonstrated
~ that the C-terminal telopeptide of acid soluble collagen
(Type 1) is removed by the action of cathepsin D (Séott and
Pearson, 1978a), cathepsin B and leukocyte elastase (Scott
and Pearson,11983). Cathepsin B and leukocyte elastase have -
also'been shown to remove the N-terminal extra-helical
region (reviewed by Burleigh, 1977). In addition, thesé
proteinases Qere shown to reieaSe coliagen monomers (or
a%gregates) from acid insoluble collagen (Burleigh et al.,
1974; Starkey et al., 1977; Scott and Pearson, 1978b). If
the incubation temperatures were.kept sufficiently below the
denaturagion temperature of the collagenvmonomers, there was
no apparent attack on the helix. ThqseiproteinaSes however,
rmnﬂ;mya a limited (though important) rgfglin collagen
tu{§0ver in vivo. Leukocyte elastase, a neutral serine

proteinase of molecular weight 25,000 (Barrett and McDonald,

o Uy,
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1980), may only be present in significant concentrations
extracellula}ﬁf in inflamed tissuegt In ﬁh}s‘investigation
only non~inflamea attaghg@ gingiva (by visual examination),
was excised and cultuf%d. In addition, since leukocyte
elastase 1s known to be a serine proteinase, EDTA should not .
have affected its activity. The telopeptidase activities in
both Fraction A and Fraction B (the pooled fractions from
gellfiltration éhromatography which contain the telo-
peptidase activity of appérent Mr of 35;000), were inhibited
by EDTA, but nbt by PMSF‘(specific for serine proteinases),

. The cathepsins with an aétivity égainst Type I ¢ollagen
have acid pH optima. Thus in the extracellular matrix, these
mproteinases may only be funcﬁional iggsituatiéns where a
microenvironmeat at acid pH is established (for example
adjacent to cell membrane). This may bé the situation during
phagocytosis of collagen, in which collagen fibrils have to
be cleaved by the cell for endocytosis. On the other hand,:
Melcher and Chan f1981) suggested that periodéntal ligament
fibroblasts may release neutral proteinases into the extra-
vcellulaf matrix. These could cleave fibrillar collagen angd

thus facilitate phagocytosis.

The Telopeptidase Activity in Fraction A

In this investigatién a neutral me£alloprdteinase of
apparent Mr of 70,000, with thé capability of removing the
C-terminal telopeptide of collagen was .isolated. It was

concluded that this enzyme did not cause cleavage in the

°
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N-terminal telopeptide, proximal to the croSsTlink site. An

activity that removes the telopeptide regions of collagen,

as descrlbed above for the cathepsins and leukocyte

- g ——

elastase, is expec}ed to release collagen monomers from
fibrillar collagen.. While ah)activity directed towards both

F

ends of the collagen mofecule may allow'fer the fastest rate
of selubil;zation, the‘collagén may still be solubilized by
cle?vage a? the C-terminal telopeptide alone.(pro;imal to
the cros%:linking site), as was dehonstreted for cathepsin D

(Scott'and Pearson;, ;9785);
In incubations ef Fractien:A wifhkfibrillap collagee: a
significant amount‘df coilagen was'released in a salt
soiuble form, of which the major portien}(greater than 90%)
had not been affected by collagenase It wae\éhown, by =
analy51s of a cyanogen bromide dlgest of the SOlObllized
~collagen, that a significant proportion of thlscollagee\ﬁéd¥
lost the C—terﬁinal telopeptide. However; these results
would also imply that not all of the collagen moleeules need
"be shortened at this region in order te be released. From
these results, all that appears to be required is eleavage
(at the telqpeptide regidn) of‘oniy about Qﬁe in five
collagen holecules,,This is supported by the finding of
large melecular weight aggre?ates of collagen that were
observed on polyacrylamide gel electrophoresis of the

SOlUblllzed products (strong Coomassie Blue staining on top

of the 5% polyacrylamlde gels).
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The’Télopeptidase'Activity in Fractipn B h

The region of the collagen molecule (amino or
carboxy—terminif that the telopeptidase activity of ®
Fraction B was directéd towards was not determined.
Incubation of FracEioh B with the “H—collégen, pnde;
conditions that‘causga significént losses‘offenzyme activity‘,
(éialysis and incubation in ammonium propionate buffer
cohtaining no éodium chloride), résulged in fhe release of
38% of the JH—hydroxynofleucine, Since there was a
négiigible amount of hydroxyp{oline in ‘the Vt fraction, the
above results would indicaté'théf the pfoteolytic activity
is a true £elopéptidase. However, as discussed psevi?usly, .
only 64-68% of the JH-hydroxynorleuci‘ne could be Ibcétédkat
the C-terminal extra-helical region. Thus a releaée of only

‘ : . ’

38% may be caused, completely or in part, by an activity
directed towaras fhé’therminal telopeptide. In addition,
‘incubation of Fraction B with the other collagen sUbstraEés
('cold"acid solubie and'insélubie collagens) resulted in
esSentially uninterpretable data. This 1is diécussed in more

detail Below. | ’ U

Y

~-

The Products of the Incubation of Conditioned Medium and
Collég;h 4

Initially it was calculated that‘to obtain the release
of 75% of the telopeptides from 100ug of collagen in 24
hourg, approximately 3 units of the telopeptidase activity

was needed. Based on the relative ratio of qollagéqfse to

+
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teiopepﬁidasé éctivity in Ffaction B (69a¥1), there would be
a huge excess (500 fold) of collagenase'aé$ivity. In othef
words, in an experimental situation, wﬂen ébere was "

: \

sufficient telopeptidase\tovdigest 75ug of collaggﬁ (remPval
of telopeptide) tbere was enough co}lagena§% to degrade morei
than 50mg of the §¢bstrate. In addition, thé presence‘of
other'proteoiyfic actiyities (as demoqstratgd'by the
vdegradation of Azocoll and azocasein) which are'aue, at
least'in part, to separate enzyme activities, may havekaléo
contributed to the extra cleavages of the collagenAproducts
leadihg to loss of al/4 fragments énd shottening of the=g3/4'
-fragments. Thus,as deqcribed, it was impossible under these
con@itions,'to demonstraté‘unambiguouszy which télope§;ide
was removed by the ‘action of:Fraction B.‘ .

‘There are a nuﬁber'of reports which'éuggest that
collagenasevcieaves collagen at otherbsites in the molecule

(evidence reviewed by Harris and Cartwright, 1977). Werb and

Reynolds (1975) described such extra cleavages of the

{ T e

products of collagenase action. However upon further
" purification of the collagenase, these were much less

evident. In a recent publicatioh, it was demonstrated that a

n B
€

mixture of trypsin and chymotrypsin caused cleavages within
the helix of Type I collagen (Ryhanen et al., 1983). These
authors.investigated the coﬁforﬂgtioﬁal stabélity of the’
 pollagen using the above eﬁzymeé as probes.,Ryhaneh et ai.

demonstrated that triple helical collagen, even at a

temperature of 33°C, was susceptible and the resulting
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polyacrylamide gel electrophoretic profiles of-the collagen
digest were indicative of multiple cleavages. Tney concluded
that the collagen undergoes temporaryaand iocal relaxation
of the hellx and it is these areas that are susceptible to
proteolytic attack. In thls study, the action of collagenase
at 22°cC produces 2 triple hellcal fragments which have i
reported denaturation temperatures of '32°C and 29°C (Sakai
and Gross, 1967). These products even at 22°C, may be
k:su5geptible to extra cleauages in the'prQ§ence of excessive
amounts of proteolytic activity.

In‘a@¢ition,’there were other, problems-encountéred in
this investiéation concerning the pfoducts'%f degradation.
Examination of‘the cyanogen btomide digest revealed an
unexpected peptide with an apparent Mr of 18 400. This‘
peptide could not. be a,CB6b since there was approx1mately
twice the amount of this peptlde than would have been
expected. It must be due to an extra cleavage of the
collagen‘in-a.region’that would cause the products to be
similar to the characteristic collagenase—derived peptides'
ﬁ(and thus not distingu1shable,on 5% polyacrylamide gels)

The presence of this peptide was unlikely to be due tg a
shortened form ofneither of fhe a1/4 peptides.'ln the"
incubation of acid éoluble collagen with Fraction B, the
majority of the atl/4 peptides wete destroyed, however, after 3 '
cyanogen bromide digestion, the unknown peptide was still o
present. Nelther was it due to a protein in the enzyme

. ,-I
preparation, since ‘it was not seen in a gel electtophoretic
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orofile of the cyanogen bromide digest of the EDTA-inhibited
‘enzyme incohation. From circomstantial evidence it was
believed that ‘the relat1ve amount of the unknown peptlde was
related to the amount of act&ve collagenase in the
incuoation miXtures. However, this is not proof that

\collagenase can cleave at a different site on collagen. If

.thdswbnkn0wn peptidé could be separated and isolated from

" a,CB6, then.amino acid analysie and comparison to other
fkno$n' cYanoden bromide peptides‘may pinpoint its origin.
C. Fibrillar:QOllagensannover

k¥fect of Vertebrate Collagenase on Collagen TurnoVer

: ‘ As‘indicated in the Iﬁtroduction, there is a general
dlsagreement in the llterature concernlng the actual role of (S;
collagenaseqln the turnover of flbrlllar collagen Collagen'
molecules in the fibrils tare axxally displaced by an
integral mqlt;pre of'D.(670nm) (Bornstein and Traub, 1979).
Thekexact héteral“arrangement of the molecules within the

. fibrils (50-100nm in diametér?lhasénot fet been positively
established. While intermolecular cross-linking\does
etabilize‘thls arrangement,‘the formatloniof the structure
depends on the strong electrostatic'and hydrophobic 'inter-
actlohs of the collagen molecules. ThlS arrangement of the
collagen has been demonstrated to obstruct the entry of

other macromolecules (Welgus et al., 1980). These'authors

§ studied the kinetics of action of vertebrate collagenase on

- ~

X
L
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- collagen that was reconstituted‘into fibrils: In vitto. They
demonstrated ‘that, in- flbrlls of. 50nm and 100nm dlameter,
. only approx1mately 10% and 6% respctively of the collagen
'molecules were immediately acce551ble to the collagenaSe

. .
This correlates with the proportlon of collagen molecules
actually on the flbrll surface. Only after removal of the
.'outer‘ layers of collagen dlgf:he\collagenase act on the
1underly1ng substrate. Whlle t%e\ga:\}e ion (the area between
two collagen molecules lylng end to end) is nedt to the
collagenase cleaWage site in an underlylng collagen
molecule, the C- termlnal end of the hellx -and the C- termlnal
telopeptide in.fact overlie the cleavage 51te (Flg 40), and
- thus may act as a physical barrier toacollagenase. The rate
of collagenase:mediated collagen degradationtin a substrate
of this nature ls only:1/10 or less of collagen in solution.
Reconstltuted collagen, as used in the experlments of Welgus

et al. (1980), is in fact the type of substrate used by many .

investigators for determining collagenase ackivity.

I o -

] The above sztuatlon applies equally well to collagen
fibrils that are or are not 1ntermolecularly cross l1nked
The introduction of cross-links into 1‘C*labelled lathyrltlc
collagen reconstituted into fibrils by thermal,gelation,vhas
beén -shown to drastically‘reduce the rate of ‘degradation. by
collagenase (Vater_et al., -1979a).- Incubation of collagenase
(sufficient'enzyme to degrade up to 35% of the'reconstituted

collagen) for up'to 12 hours at 376C, resulted in a

megligible release of radioactivity (up to 2.4%)'from a iv
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substrate that had on éverage 0.59 Schiff Base cross—links..«
per collagen'molecule..Furthe: incubation with more
collaggnase (betﬁeen 20-70 fold inérease in‘the ehzyme‘
concehtraéibn and/or time of incubation) did.ultimately
solubilize signifiéant'amounts of tbg collageh (Up"tp 75% of .
the,sﬁbstrate). The '*C-labelled substrate that was used
'obyiousiy.aid not have sufficient-ﬁumbersléﬁ inte;molecula}
'cross;links to coValentiyflink all the collagen molecules.
cThus it would be mére sqpceptible to degfadation"tﬁah the
fibrillar coilageh as it occurs fn vivo; with a.considerably
‘higher lé;el of'chSSflinking (Scott'éna_Veis, 1976b} Scott
and Edwards, 1981). Woolley et al. (1978) incubated '
. polymeric céliagen (prepared by 'a-émylaSe’ dispersion) with
collagenasé that was shown to be hémégenebus by gel electro--
phoresis..Theseauthors gemonstrated‘that, wh}le‘this
substrate was degréded, the ;aﬁe wa% only 5% of that using
._ hon cross-linked‘:econstitﬁted_collagen; Nevertheless these

~ ‘ 2

authors;concluded that collagenase by itself was'capable of

solubilizing the fibrillér»collagéh.

_Vatef el al. (1979a1 examined thevresiénal céllagen
fibrils after removal of tvé soluble, COIlégenasefdérived;
p:oduéts. They did this in érdér'td determine Whethéf ther
éroés4linking preveﬂtéd aceess of collagené%euEO'the
cleavage s{te, or whether hydralysis ébuld still'taﬁe place

but the cleaved fragments were not released. The collagen
. : % ‘ ‘
5

residue which was dissolved in acetic acid, or solubilized

with treatment withvpepsin, was electrophoresed on
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’polYacrylamide gels They. found no indication-of any of the
characteristic collagenase products and 1nterpreted this- as
a lack of effect of collagenase on the cross- llnked

collagen. However, as described above, in a substrate of
this nature, only a small proportion of the collagen
molecules would be accessible to’collagenase and the'methods

N

|

effect. Nevertheless, the overall data repqrted by Vater et

used may not have been suff1c1ently sens1t1ve to detect an
al. (1979a) strongly suggests that solublllzatlon of
fibrillar collagen may require other proteolytic
acthity(s); such- as the one described in‘this

investigation.

»

Other Factors that May Modulate Collagen Turnover In Vlvo
Flbrlllar collagens(from human dlaphragm tendon)

isolated fromtfofder' tissues are apparently more resistant “
to the .action 0f-bacterial collagenase (Hamlin and Kohn, |
1971; Hamlin et.al "1980); Miyahara et al. (1982ﬁ‘compared‘
.the relatlve reslstance to peps1n degradat1 n of 1solated
human s/ln f1br1llar collagen from an 1nfant a 32 year old
: and a'72 year[old Approx1mately 60% and 90% of the -
1nsoluble collagen grom the 32 and 72‘year old respectively
was resistantanid not solubilize),lhoweverfessentially all
O£:the{fibrillar-collagen frog the infantfwas_solubilized‘
with bepsin treatment‘ One possible reasjn.for this.is the

increase in non- reduc1ble intermolecular cross llnks that

occurs w1th maturat10n_(L1ght and Bailey, 1980) There do
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not appear to be any reported studies of the action of
, | “ ; : |
vertebrate tissue collagenase on fibrillar collagen of

various.agesr However Sopata et al. (1974) demonstratedhéhat
' reconstituted.collagen’fibrils-that'Were ‘matured' in vitro
,(atv37°C) for periods'from's hours to 10 weeks,showed an
increased resistance to degradation by collagenase from
"polymorphohuclear leukocytes | | )
There may be other‘factors which are involved in the

- modulation of collagenase activity ih vivo. Certain extra- . .

cellular components such as proteodermatan sulphate and

| fibronectin have been demonstrated to interact with collagen' -

(see Introduction). J.E. Scott (1980) presented electron
-microscopic ev1dence for an 1nteraction of proteodermatan
sulphate w1th fibrillar collagen (u51ng,a stain for |
sulphated glchsaminoglycans), Thejproteoglycan}appeared to
be associated withOCOIlagen at regular repeating intervals
along the fibril in areas that correSponded to the 'gap
region'. An 1nteraction of thlS nature may 1mpede entry of
bproteinases such as collagenase 1nto underlylng regions.
Flbronectln has also beenfshown to interact w1th'collagen,
o in in.vitFo'experimentsg specifically in;the region:,
congaining thebcollagenaSerbinding‘region»(Klelnman et al.
{981).‘In<addition, fibronectin has been shown to affect the
lrate'of degradation_of different types of collagen by
“collagenase,ypresunably for the reason described ahove
“(Menzel ahd:Borth,>1983).<Differencesbin the“rate of

- ~digestion of different types of COllagenywere related to the
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reletive.affinitieshof the collagen types for fibronectin.
There are several studies which have demonstrated proteo-
glycan degrading activities in cultures of connective
h(Dingle, 1975; Galtoway et al., 1983). Thus removal
of these maéromolecules may be a prerequisite for the
aegradation of fibrillar collagen. However there ie no
direct evidence that proteoglycans feduce the rate of
collagenase me?iated collagen degradation. Woolley and
Evanson (1977)lincubated the proteoglyeans ieolated from
human and porcine caEFilage, with reconstituted collagen,
and feund/that collaéen breakdown by rheumatoid synovial
collégenase was unaltered.

In this Department, monoclonal antibodies towards the
core bro@ein of proteodermatan suiphate, have been developed
by G.A. Pringle. With these antibodies it was demonstrated
that acid soluble collagen isolated as described in the
Meﬁhbds, contained proteodermata&,ﬁﬁﬁphate (or at least the
protein core) at an approximate cpgeentration of 0.5% (w/w;
on, a molar basis ft was appreximately 2%) . The acetic acid
Hnsoiuble collagen used in this study was not analyzed, but
it quite likely contained sﬁall but possibly significant
levels of this proteoglycan. Proteodermatan sulphate

isolated by extraction with 4M-guanidinium chloride from

‘bovine dermis and purified, as described by Pearson™and |

Gibson (1982), was completely degraded by proteelytic
activity of Fraction A and to.a lesser extent by Fraction B,

However, as indicated above, the proteodermatan sulphate‘was
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extracted under denaturing conditions, and any tonclusions

based on the degradation of this material may not be
_ phjsiologically méaningfulr

An important factor related to the turnover of
fibrillar collagen is the temperature dependence of the
collagenase mediated breakdown. Harfis and McCroskery (1974)
observed that the degradation of Type II fibrillar collageh
was increased 4-fold by increasing the temperature-of
incubation from 33°C to 36°C. Welgus et al. (1981b) studied
the 'activation' energy of human}skin-fibroblast collagenase
and demonstrated that increases of 2°C in the incubation
temperature caused a 3-fold increase in reconstituted
collagen. breakdown. In addition these authors demonstrate
that the substitution of D,0 (at 90% concentration) instead
of H,O in the incubétion mixture caused/a 9-fold decrease 1in
the rate of solubilization. Welgus et al. concluded thatr
water is involved at the rate-limiting step of collagen
"breakdown, and that with increases in the temperature‘of
incubation the collagen fikrils would become more accessible
to water, |

'

D. Purification of the Neutral Proteinases

The reports of both Woolley et al. (1978) and Vater et
al. (19795) essentially demonstrated opposite wiews about
the function of collageﬁase,\however Ehere was one

similarity in their results, These 2 groups of ifivestigators

N
both concluded that collageé! containing intermolecular
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cross-links was degraded at a much slower rate than
non—cross—liﬁked fibrillar collagen. The collagenase
prépa;ation utilized by Woolley et al. may have been
contaminated with a 'telopeptidase' as ﬁay that of Vater et
al. &he presenée of a telopeptidése activity may havé
Ynltlated the flbrlllar collagen breakdown, as described in
a latér section. The preparations of collagenase used by t he
above investigatbrs were obtained using a fairly simple
»pUrificatiqn. In fact, Vater et al. (1979§) hggﬁgﬁgfotocols
for the pfeparation of coliaggnase, one of which just
involved concentration and chfomatography'on agarbse Al1.5M,
~after which, these authors claimed the collagenase
preparétion was free of non;specific pfoteolytic‘activity.
However, in the present investigagion the fr;ctions obtained
by‘chromatograéhy on agarose AQ.5M, which contained active
collagenase (Fraction B) aléo contained a Significant-amount
of telopeptidase activity. Cawston and Tyler](1979) pﬁrified
6011agénase using gel filtration, DEAE-cellulose,
heparin-Sepharose and zinc-chelate-Sepharose chromato-
graphies. These investigdtoré indicated that although the
collagenase prepération was ;t least 94% pure it still had
activity against azocasein. This activity was shown to
éo—migrate with collagenase on alkaline polyacrylamide gel
velectrophoresisj and to be inactivated at the same rate a$
collagenase by heat. A sample of this preparation of

collagenase (kindly supplied by T.E. Cawston), was

demonstrated to contain a significant level of telopeptidase



v ’ 204

activity (see Table 12). The ratio of coliagenase to telo-

peptidase activity was ﬁb fact similar to that observed in
\ , :

A

Fra?tion B.
Several attempts were made to separate the proteolytic
getivities in Fraction B (Mr of 35,000). The protocol of
Cawston and Tyler (1979) as described previously, waé
followed (perfofmed prior to the anélysis of the telo-
peptidase activity in the collagenase preparation of Dr
Cawston). As indicated previously, the tﬁlopeétidase
activity with apparent Mr of 35,000, was not separable freqm
the collagenase by this protocol. In addition, Fraction BQ\\~’
was chromatographed on DEAE-Sepharose (to, remove strongly
anionic macroﬁolecules) and then chromatographed on a column
packed with pepsin-treated-collagen bound to CNBr*activated‘
Sepha;ose 4B. The pepsinizea collagen.was essentially devo}d
of all of the C-terminal telopeptide regions. Thus, the
theory behind this approach was that the telopeptidase
activity ‘would be unretarded, whereas the %ollagénase should
bind. This approach also did not succeed for reasons already -
élluded to in the Results and w@ich are discussed below,
Fractionation of proteinases by affinity chromatography
was not, on the whole, very successful in this
iAvestigation One of the major problems concerned recovery
of the proteolytic act1v1ty after d1a1y51s agdinst buffers
gontaining no sodium chloride. As dlscussed by Nagal and
Hori (1972) and Harris and Cartwright (1977), significant

losses of collagenase activities are sometimes inevitable
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during dialysis under these conditions. EoS§”ofﬁbroteolytic

activities in this investigation was on occasion close to

100%. In the later stages of this investigation, Brij 35 was
added to all the chromatography and dialysis buffers This
was included to decrease the risks of proteinase adsorption_

or precipitation, as recommended byvCawston and Tyler

(1979). However, recoveries of proteolytic activities were

still somewhat variable when dialysis was performed against

buffers containing Brij 35, but with no sodium chloride.
When an aliguot’ of Fracfion A was dialyzed against ammon i um
propionate buffer,, in preparation for the demonetration of
removal of labelled telopeptides by amino aC1d analy51s

essentlally all of the activity was lost R

Another factor which probably 1nfluenced theiseparation

and recovery of the proteolytic activities was the scale on

which the various purifications were attempted. A number of

purification technigques for collagenase, that have been

reported, appear to require very large quantlties of-—

~conditioned medium (10-100 litres: Stricklin et al., 1977;
Cawston and Tyler, 1979;: Roswit et al., 1983). This amount

. was necessary to minimize the losses of proteolytic activity

due to handling, assay, and non-specific adsorption of the
proteinases.” Ion-exchange chromatography, a technique used
by some investigators to purify collagenase, has been

described to result in relatively large losses of proteinaSe

L]

_ act1v1ty (Harris and vater, 1980). Stricklin et al.‘(1977)

used phosphocellulose chromatography and recovered only 34%
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of the collagenase activity. Woolley et al.‘(1978)‘recovered‘
15% of the collagenase activity after chromatography on
QAE-Sephaaex.‘Other putificatioh protocols such as those
involVind affinity chrbmatoétaphy may aléb feéult‘in large 
losses of activity. Bauer et al. (1971) chromatographed
5-10mg of partially purified human skin collagenase on a
column packed with 2% 5ml of collagen-Sepharose and recovered
only approximately 15% of the‘collagenase activity. However
this low recovery.of activity may, in part, be due to the
preparation and conceﬁttation ptoceddres‘(dialysiS»and_
lyophilization).

In the early stages of proteinase fractionation in’this
"investigation it was thought that any attempts at
purification should be performed uéing-relatively small
amounts of enzyme ana thenvonly scaled up when the given
technigque was proven. It was@thought that the assay tech-
niques were sensitive enough to detect the proteolytic
éttivities even if large losses occurred. Initiallyithe
pfoteihasés, from 50-100ml of conditioned medium, and which :
were precipitated with amﬁbnium sulphate, were applied to
the cgllagen-Sepharose coiumns. In a later study, after gel
filttation, the equivalent of 250ml of conditioned medium.
(Fraction B), wtich ébntained approximately fOOug of
prdtein; was dialyzed and applied to théyﬁolumns.‘Latér

purification steps may have been more successful if a much

" larger Starting amount of the enzyme had been used.
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As described previously, attempts to fractionate the
p

‘activities in Fraction B-did not succeed Thus it cannot be

directly concluded from these experlments that the telo-

-

peptidase act1v1ty of Fractlon B was not due to an
additional act1v1ty of collagenase However,»invan earlier
experiment ;hich involved.the affinity chromatography (on
collageanepharose) of conditioned medium, an
EDTA—inhibitable telopeptidase activity of an apparent Mr of
25,000-35,000 was recovered without avtrace of collagenase
activity (determined by the‘collagen—g%l c;pillary assay,
incubated for 1 week). It therefore seems likely, even
though this experiment could not he repeated, that the telo-
peptidase activitp I'n Fraction B was due to a proteinase

distinct from collagenase.

E.‘Latent Collagenase‘

There was a signifiCant amount of latent collagénase in
Fraction A after initial chromatography of the concentrated
conditioned medium‘on agarose A(0.5M. The amount of this
latent cOllagenase however apparently decreased (inyrelation
to the telopeptidase activiEY) with each subsequent gel
filtration step. This de;}ease was related to the appearance
of active: collagenase in those fractions of apparent Mr of
35,000. It seems likely that this latent collagenase was a
complex of some nature that was relatively resistant to the

treatment &ith trypsin (both soluble and insoluble) and to

PHMB. It was not dissociable at either high (1.0M-NaCl) or
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low (0.2M-NaCl) salt éoncentrations..Cawston et al. -(1981)
isolated an inhibitor of collagenase from cultures‘éf rabbit
bone which was given the name of TIMP §tissué_inhibito: of
_métal¥dependent proteinasés). The inhibitérh of 28,000
ﬁg'ecular weight, ihteracts with rabbit bone collagenaSe in
‘a stoichiometriC‘1:1bratio. This cbmplex was ‘not dissociable"
:by treatment with trypsinyor‘the organomercurials;"

Macartney'and Tschesche (1983a,b) isolated an inhibitor
f?zérhuman plasma (glycoprotein of 28,000 daltons) which‘was
apparenfly identicai to the Bi-anticollagenase.described by
Woolley et al.‘+ﬂ§76b). This inﬂibitor also formed a tight
éomplex.with collagenase (human skin fibroblast) in a
. stoichiometric 1:1 fatio; However, this complex was
‘dissociable by treatment with compounds bdntaining
disulphiaes (eg cystine, insuiin, TLCK-trypsin) and by,
mersalyl (which is'ah organomerdurial), |

The above types of inhibitors have been studied hy
hUmerous investigators, however the findings ﬁhat hé&e beénl
repofted do not éppearfo\explain thé‘iatency and the
actiVatiQn'that were onerVéd in this study. From the data
it is believed that the;é was anbequilibrium.between the
eqzyme—inhibitor complex and freé\enzymé and inhibitor.
While the cowplex was resistant to:dissociatibn by
protéblytic'énd chemicél means; the free inhibitor may not
have been stable to these treatments..Inactivatio; of;
purified tissue'iﬁhibitor‘by proteolytic meanskhés been

-

EOCUmented (Vater et al., 1979b). This would explain the
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increased amount of collagenase activity in Fcaction A after
" treatment with soluble tfypsin'and also explain why there
~was not total conversion of the latent enzyme to,an active
form; If the inhibitor was destroyed by trypsin then the
“equilibrium between free and bound enzyme would,haVe to be
re—established; Thus‘more free‘active collagenase‘would be
present.kAn equilibrium hypothesis,would also explain why

there was no active collagenase-in Fraction A, as determined

by the collagen gel caplllary/m a, immediatelycafter:the

chromatography of Fract1on A on agarose A9.5M, whereas after

several weeks at 4°C actlvefenzyme was demonstrated.

Incubation of Fraction A (after the third | TZ
chromatogra /) with aciacsoluble_collagen at 22°Cc, for

29 hours resulted in a low but significant amount" of the

1}

characteristic colfagenase products. As described previously

1ncubatlon of Fractlon A w1th reconstituted collagen at é
37°C, demonstraté&'collagenase activity only after 1,week.
The explanatlon for this is unclear but the results snggest
that che latgnt collagenaee.was activated more"rapidly in
the presence oﬁ/ﬁoluble collagen than‘With reconstituted
collagen.'Thisjimplies_aleo that the equilibrium between
free‘and‘bound (to inhibitor)jcollagenase is disrupted oy
"compet'ition with the substrate. |

Vater et al. (1979b) st®ied the effects of an
inhibitor isolated'from\cultures of rabbit tendon, on the

ab111ty Qf collagenase to degrade collagen in solution

(monltored by changes in v;sc051ty). These avrhors reported

/

[
e
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that when’the collagenase and'inhihitor were aoded to the -
collagen there was a delayed response before 1nh1b1tion was
inoted However this delay was abolished. when the collagenase
and 1nh1bitor,were pre-incubated; I »addition, the
‘inhibition,was‘not complete. These resultsiiay be
interpreted in the light'of:theaabove'to suggest that:there'
vas a‘conpetition between inhibitor andisUbstrate'for the
enzyme and also an equilibrium between freefand |
inhibitor-bound enzyne. ’ s P
: There may be another explanation for some of the
’observations. Poiymorphonuclear leukocytes‘are known ‘to
contain in their "specific granules' a collagenase of
apparent Mr 60,000 (Robertson al. 1972a b; Murphy et al.,
1977). This collagenase acts at the same site on collagen as
the tissue collagenases. However this- enzyme has been
reported to be not very effective in solubilizingv
reconstituted collagen fibrils (Lazarus, 1972). Based on |
this information a number of investigatoré&anaiyzing |
leukocyte collagenasevuse an assay invoiving collagen in
solution..However, some investigators do use reconstituted
collagen fibrils as the substrate (Robertson et al.,

1972a,b; Sopata et al., 1974), Thus it is .not clear whether

2;

the assay used in this study.(collagen gel capillary assay)
P

would show leukocyte collagenase act1v1ty - Although in our

1nvest1gation, care was takeg not to 1nclude 1nflamed tissue

in the‘coitdre31 some contamination by leukocytes was

probably'inevitable. Nevertheless, T seemed unlikely that

®
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there was a significant contamination with leukocyte
elastase (this enzyme, which is a serine proteinase, can act
H N .

a

as ‘a telopeptidase (Starkey.et al., 1977;'Scott and Pearson,
i983)) since 1in thiS'investigaSQOn éddition of EDTA
abollshed the telopeptldase act1v1ty of conditioned ‘medium.
ThlS did not completely rule out contamlnatlon with
leukocyte collageﬁése. The elastase is located in the
azurophilic granules (Dewald et al,, 1975), while the
collagenase is//ound in the spec1f1c granules (Robertson et
al., 1972a b; Murphy et al., 1977). These granules are
appqrently released at dlffere;t'rates from'the-leukocytes,
in response to'different'stimuli (Calliu and Wrioht,,i97é;
Dewald et al., 1980). ‘,f E

The presence of collagenase in Fraction A was a pfoblem
which’was'not soived in this investigation. It is possible
that other methods.of activation such as treatment with
chaotropic agents (KSCN or NaI)-or agents such as those
described.by Macartney and Tschesche'(1983a b; see above),
may have been more effective than tryp51n. Alternatlvely a
1onger exposure to soluble tryp51n could have been used. In
this laboratory exposure of unfractlonated medium to
tryp51n agarose for 2 hours was shown to rdesult in a very
small 1ncrease in act1v1ty over that seen at 1 hour, but_at
3 hours the level of activity appeared to decrease. Latent
collagenase was still seen afterJz hours of’exposure t6 the
tryosin—égarose‘ Demonstration oflwhether leukocyte&

collagenase was actually present in Fraction A would be very



difficult. Other than by employing a speclflc antibody to
this collagenase, there may be no solution (in a recent

report, Hasty et al. (1984) demonstrated that a monoclonal

antibody for neuttophil collagenase, whichocaused _

significant inhibition of activity, did not cross-react With, o

collagenases from human skin fibroblasts or human rheumatoid
,synovfum)._If complete»removal of all latentlcollagenase
cannot be achieved, then there w1ll always be a doubt about

the origin of that,thch remains.

F. Collagenase Assays

One.of the problems that hampered ‘this study in the end
) “ the lack of a rapid and rel1able collagenase

; as those using a radiolabelled Sr othervtype of
Ajcollagen ‘One of the.initial wotries concerning
;;orted collagenase assays was that the telopeptLdes;-
coua }lso be labelled and removal of ‘these would glve

?;s results. In addltlon, since telopeptides are known
:inuolved in collagen fibril organization;'prior
remlval'of these willkmake the fibrils (if a fihril.aSsay
was};ii}fzed) less Stable (see Introductidn). In this
__investlga:ion attenpts~werelnevertheless ade'to'use
"C—acety;ated‘collagen. However all of the attempts, using.
a yafiety of -techniques, failed*%baokground values in most
_Cases,weté =00 high). One posslble explanation is suggested

'byrthevfindings of Fujimoto (1950)1_This author demonstrated

h collagen contains both N- and O-acetyl group§>/,

7

£y
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Both the shrinkage temperature and‘the resistanqe;tol

| digestion by pronaSerere lower than that of either nativeq‘
collagen or collagen with’onlyvN—acetyl groups. Ingaddition,
increasing the level of O-acetylation ipcreased the
‘susceptibility of the collagen to pronase. The 0O- acetyl
groups can apparently be removed by 1ncubation in sodium
’carbonate pH 11.4 fer 6 hours at 25°C. (Fujimoto, 1970).
"However this was»not:pursued in.this study, The collagenaSe
assay used (collagen gel capillary method) had the Qéry
1mportant advantage over many other types of assays that

tryp51n had no effect. In other assays reported the

digestion: due to tryp51n 1s generally 10% or more.

G. Gingival‘Fibroblast Cultures

The proteinases found in conditioned medium of cultures
of gingival explants may be derived from a variety of cell
types. In addition, this is‘a degenerating culture‘wfth_a
significant amount of connective tissue breakdown and’
release of the degradatlon products 1nto the culture medium(
vThe presence of\these could 1nterfere with puriflcatlag‘of
the proteinases.'Fibroblast cultures fromiporc1ne gingiva
- were éstablished'in'this_investigation, folloning,the tech—‘
nique described by'Pettigrew (1978). Several sets of
cultures were grown up and tested for productlon of the
protelnases. Conditioned medium obtained from cultures of

“either a mixture of flbroblast/epithelial like‘cells, or

essentially only,fibroblast—like’cells,'obtained at the
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-thlrd to seventh passage didrnot appear to produce
detectable amounts of either collagenaSe or telopeptidase.
‘Human_gingival‘fibroblasts'(Gin—1, American'Type
Culture\Collecmion)<were demonstrated by Hurum et al. (l982)‘
to produce collagenase In this laboratory, this cell line
was demonstrated to produce, in addition to_collagenase, a
telopeptldase act1v1ty that was 1nh1b1ted by EDTA. This
act1v1ty was shown to have thelsame pH optima as was shown
for the porc1ne g1nglva explant conditioned medium Further
studles on thlS fibroblast enzyme however were not p0551b1e’

'for reasons already descrlbed

H The Telopept1dases of Porcine G1ng1val Explant Culturesv
From the evidence presented\ln thlS the51s, there 1s no
doubt about the ex1stence of a C-termlnal telopeptidase ln
cultures of both porc1ne glnglval explants and human
glnglval fibroblasts. Thetflndlng‘of 2 telopeptldase
‘activities of Mr of 35,000 and 70;000 in -the eiblant
cultures; may possibly'be due to dimerizatiOn or aggregatlon
of the-3S 606 molecular weightbspecies -~ even though attempts

to dlsaggregate the 70,000 molecular welght spec1es with

- trypsin, pHMB or. varlatlons in salt concentratlon d1d not

sucoeed The two telopeptldase act1v1t1es may be completely
dlfferent enzymes which could p0551bly or1g1nate from

- d1fferent cell types. It would be of con51derable 1nterest
-to characterlze the telopeptldase act1v1ty in cultures of

| human glnglval flbroblasts.

. .
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‘ It would be most speculative to assume fhat the telo--
,peptidase activity (primarily of Fraction A) was due to a
greviously undescribed proteinase. It is likely that thev
proteinase(s) that has this activity has already been
isolated and characterized as a different entity. A nedfral
metalloproteinase of an apparent Mr of 58,000 (active form),
and with an activity against gelatin, was isolated from
cultures of mouse bone expléﬂté (Vaes et al., 1978). Seliers

et al. (1978) described a similar activity in rabbit bone

cultures however they reported the size of only the latent

P

form (71,000 daltons). Heath et al, (1982) demonstrated the

presence of a latent 'gelatinase' of apparent Mr of 102,000,
in cuitures of human gingival explants. Sakyo et.al. (1983)
extracted 2 metal dependent neutral proteinases of Mr of
70,000 from rabbit uterus. One of these appears to have
similar properties tovthe telopeptidase of Fraction A. This

-

énzyme, which degrades '*‘C-labelled gelatiﬁ%ﬁhéd a similar
pH optimum,uas well as being inhibited by Eﬁ%A, but not by
PMSF or NEM; However it was shown to be activated with
organomercurials (pCMB or APMA) but not by trypsin. In our
study, latent telopeptidase activity was‘activated equally
:;ll by either ﬁrypsin or pHMB. Thé latent 'gelatinases'
described by Vaes et al. (1978) and Sellers et al. (1978)

.were also activated by either trypsin q:AQFMA.
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I. Potential Role of the Telopeptidase Activities

The role of the telopeptidase activities in connective
tissues may be thét of iqitiating the deéradation of
fibrillar collagen. This does not rule out action of
collagenase -on this type of substrate. It is possible that

the two enzyme activities work hand in hand in potentiating

solubilization. Synergism in breakdown of fibrillar collagen

has been proposed by a number of investigators. However
experifental evidence appears to be limited to the leukocyte
proteinases. Sopata et al. (1974) incubated (at 37°C)
insoluble human skin pblymeric collagen wit£ either a
féukocyté homogenate, a partially purifiéd leukocyte
collagenase, or rheumatoid synovial fluid. Low levels of
solubilization wefe obtained when these were incubated
separately, as well2as when the purified collagenase was
incubated with tgé rheumatoid synovial fluid. Thé extent of
digestion was increaged'10>fold when both léﬁkocyte
homogenate and rheumatoid synovial fluid were incubated
together. The authors proposed that‘an unknown proteinase in
a latent form was present in the 1eukocytes, and that this
proteolytic activity was essential for the initiation of
fibrillar collagen breakdown. Lazarus et al. (1972)
demonstrated that the ihcubation of neutrophil seriqe’

proteinases and the nedtrophil collagenase resulted in the

synergistic degradation of reconstituted collagen fibrils.
' I

v

The neutrophil collagenase by itself was ineffective.

Starkey et al. (1977) purified leukocyte elastase and

%My
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cathepsin G and demgnstrated the solubilization of insoluble
Type II cdllagen. .They proposed that the elastase (and)or
céthepéin G) attacked the terminal telopeptides of the
ﬂcartilage collaggn, which then‘beéame soluble and
susceptible to collagenasevéleavage. In addition to the
effects bf'the 'telopeptidase' activity of elastase, in the
presence of collagenase, there may be a third important
component in the degradation of collagen. Synergism in
solubilization of various insoluble collagen types (in the
form of tissue powders) was demonstrated with’ leukocyte
collagenase and a leukocyte 'gelatinase' (Murphy et al.,
1982). The gelatinasé activity (neutral metal—depeneent
proteinase of apparent Mr of 110,000) w§s is&latéd from a
third set of leukocyte granules (C-particles). It would éeem
légical that a gelatin degrading activity would increase the
overall rate of degraaation of the substrate by destroying |
the collagenase-derived pfodudts. These products may
interfere in the accessibility of the éollagenasé to the

substrate, or may compete with the native collagen for

binding to the enzyme. b

n%\}n\this study the actual roles of collagenase and telo-
peptidase could not be defined becausé we did nog?have a
completely pure preparation of either of the activities. In
the final expefiment, the fibrillar collagen substrate, when
incubated with Fractioﬁ A and Fraction B; was probably

saturated with proteolytic activity. an equivalent amount of

collagen was solubilized by Fraction A and Fraction B using -
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€

approximately similar amounts of telopeptidase activity.

w

However the amount of collagenase in the incubation mixtures
differed by greater than 3 orders of magnitude (2,000 fold).
From the miﬁimal amount of the charadteristic collagenase
products obtained in the incubations with Fraction A, it can
be deduced that the telopeptidase activity was important for
the solubiiization. Incubation of a smaller amount of
Fraction B (containing the equivaleng amount of“collagenasé

as that in Fraction A), would probably have reduced t e

;/"

overall level of solubilization.
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J. Conclusion and Suggestions for Further Studies

Collagen metabolism is an integ:al compénent-in the
homeostasis of connective tissues. What initiates the
degradation of fibrillar collagen and which physiological
factors requlaté the process are questions that interest
many investigators in the field. Howe&ef much of the current’
research efforté is directed towards‘collagenase in terms of
inhibition and activation (of 1a£ent eﬁzyme)'or of
production by various cells. Studies on the other connective
tissue proteinases for the most part have been qﬁite
limited. One reason for this may be the difficulties in
analyzing the breakdown produgts of collagen such as was
encountered in this study. There is still a great deal of
research in progress on the biochemical and‘biophysical
analysis of collagen as well as on the interactions of
collagen with other extraceliulér matrix components. In this
investigationbthere were several interesti;globservations
which may only be explained by continued rese%ich in this
field.- B

In this investigation a primary objective was to
determine whether an activity directed toﬁaras the telo-
peptide régions of coliagen was produéed by connective
tissue cells. As dgécribed,-suéh/an activify does exist,
however there arefﬁany unanswered questibns. The main one
was - what are thé actual roles of collagenase and

telopeptidase in the initial breakdown of fibrillar b

collagen? The observations from this investigation offer no

"
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direct proof that thektelopeptidase activity is the'first
step, or that w1thout this act1v1ty, collagenase would be
1neffect1ve Howeyer based on the results from this study
and from others it is likely to have an important role.

It wés encouraging to demonstrate a telopeptidase
activity from cultures of human gingival fibroblast cells.
"Purification and separation from oollagenase may be much
simpler using a system of this néture compared to working
with cultures of explants of connective tissues. There
should be much less contaminatiod wiph‘éegradétion ptoduots
of the extracellular matrix, cellular debris and inhibitors.
BiOChemttal énaleis of the telopeptidase ftom fibroblast |
cultures would determine whether both or only one of the two
act1v1t1es present in cultures of gingival explants is
der1ved from the fibroblasts.

‘. Once the proteolytic activities (collagenase and telo-
péptidaSe)'are totally Separated, thenMéynergism in |
fibrillar collagen degradation could be properly
investigated. ‘I1f these proteinases were separéted from’othet
'non-specific' proteinases (gelatinases), then incubation of
fibrillar collagen at physiological temperatﬁres could be
performed. While it is believed that collagenasé may have
some intrinsic 'gelatinase' activity, it may not become
apparent under controlled condltlons w1th llmlted enzyme
concentrations.

Further biochemical analysis of the telopeptidase would

be a logical future investigation. khe approach that could
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be followed could be similar to that df collagenase.
Defindtion of the sciséile bond or bonds would be one of the
girsggeoncerns.’Further studies along these lines may allew
synthetic substrates fo be utilized in the investigations;
It would be béﬁtef.if a different substrate, other than
cpllagen, could be utilized in’the kinetie énalysis of the
proteinase. Collagen itself is not a good. substrate because

of its size and its tendency'to aggregate even at relatively

low concentrations. Even if aggregafion at high

§

concentratibns of collagen was prevented (by the.use of
glucose or arginine), the high viscosity of the solution
would:affect the rate of degpadatibn; and thus the kinetic
analysis. A peptide, either isolated or synthetic,
enconpassing the known cleavage site could be tested, If
telopeptidase had no gelatinolytic actiyity then denatured.

collagen with intact C-terminal telopeptide could be tested.

F

‘to determine whether it is a substrate. However it is also"

possible the triple helical conformation is necessary for

proper binding and action of the telopeptidase (as has been

o

described for collagenase and for lysyl oxidase acting on

collagen fibrils)x Another potential substrate is proteo-

dermatan sulphate; however only the native proteoglycan

would be of phyeiological importance.

There.are othen projects that could be undertaken once -
the telopeptidase has been well—charécterized. Specifie
antibodies to. the telopeptidase;could be utiiizéd in

localizat%on studies in vivo. This may be relevant in terms
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of whether the telopeptidése is!involved:in@paphological
conditions such as tumor ihvaéion and'periodontal’disease‘as=
well as in normal cond£¥dons including wéund héaling. The
development of specific inhibitérs to the telopéptidase may
'be‘pa}ticula;y interesting if the level of telopeptidase |

were elevated in any particular disorder.
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