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ABSTRACT )
Proteodermatan sulf ate‘. a small proteoglycan contai_ning L-iduronic acid-rich dermatan
“sulfate side chain(s), is synthesized by fibroblasts and has been extracted from dense connective -
tissues nch in type I collagen. Based en a number. of studies it has been proposed that this
prote&lycan is cldselynassociated witn type i .collagen and f uncﬁnns to regulate,collagen
fibrillogenesis and f ibril growth, collagen turnover and calcification. -~
To study the molecular structure and f uncnon of bovine skm proteodermatan sulfate,
| on a determinant by detelrminant'basis, several monoclonal antibodies to this molecule have been /
produced anﬁ characterized. Based on the results of -a preliminary immunogenetic analysis of 4
inbred mouse strains, SJ t‘/ii‘(‘l@i-Zs)vmice were immunized‘f orthef usions. Ten hybrid cell lines
were produced and foug of these were subsequently recloned to monoclonal swzlg, M)

supernatant fluids were ob}a\ned from each of the clones and the antibodies prese i}
)

> investigated further. v

Emnioying an ELISA Iinhibition assay, nnne shqwed any detectable affinity f or bovine

collaj ypes -1V, bovfne’fibronei:tin elesti'n chondro in or dermatan sulfate, nor were they |

inhib by the link protcms nr the woteoglycan monomer rom bovine nasal carulage or the |
/large chondroitin sulfate-containing pr/oteoglycan from dental pulp Each ‘monoclonal annbody
recogmwd the protebn core of pmteo\dermatan sulf ate af ter lrealmem with anhydrous HF and
‘none was sngmf icantly inhibited by proteolchally degraded prqteodermatan sulfate suggestmg
that their epitopes have a protcin componem The tesults of cdmpeuuve bxndmg ELISA assays
1mmunoblots of the CNBr cluvgge prpducts of proteodermatan sulfate and ELISA inhibition
assays wiih the chondroitinase ABC -derived protein core of the proteoglycan indicated that the
4 antibodies recognize at least 3 distinct epnopes on thxs moleculc Anubodxes IXA and 6D6 may

¢ “recognize a smgle epitope or 2 adjacent epuopes within a large CNBr pepude from near the
C- termmal of the protein core. The epitope of 7B1 is species specific and resxdes near the site of

attachmenl of the smgle dermatan sulfate side chamat residue 4, probably between resxdues 9

and 20. Recognition by all 4 monoclonal antibodies of varlous f ragmems of the protein core of

g



v

proteodermatag sulfate on immunoblots suggests that the epitope on each is sequential, rather
than conf ormmonal in nature.. L N

Employing immunoblotting methods, the monocional nntibodiu have revealed that the
protein gpre of proteodermatan sulfate may possess a variable number of N linked
ohgosacchandes that is species and tissue dependent. The antibodies also reveeled a stmcturtl

' smularity between proteodermatan sulfates from various useues and that differences in their size |
| were largely due to diff erences in their content of glycosaminoglycan. Recognition by several of
the monoclonal antibodnes of a small proteoglycan in culture fluid of monkey arterial smooth

-

muscle cells suggests that t.he same protein core may possess an L-idurenic acid- g'tch or an

L iduronic acid- poor dermatan sulf ate side cham * .
Light mtcroscoptc nmmunohistochemxcal methods located prowodermun sulf ate in the
cpnnective tissue of dermis and several other tissues and also indicated that the position of the
antigen inqthe dermis changes during skin development. Immunoelectron microsco'pic studiés of
“bovine tail tendon hay indicated that the protein core of protcodermatan sulf ate is associated
with typel collageﬁ fibrils in the vncxmty of thedand e bands possibly between them,
suggesting that the protein core possesses a specific collagen fibril binding site. ‘The functional

significance and impliCatfons of this result, as it relates to the f unction and organization of

collagen fibrils, are discussed.

vi
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Abbreviationg used in this manuscript are:

[

(ABC)core:

HABR .

GdnHCl: |

" CNBr:

CPC:

PMSF: |

" NEM:

EDTA:
SDS:
H-2:
ELISA:

PGl: :

PG2: ’ !

phcnylmethiﬁcsulf onyl fluoride

£

LIST OF ABBREVIATIONS

relative molecular mass

| chondroitin sulfate o

glycosammoglycan
proteodermatan sulfate containing L- 1duromc acid-rich dermatan sulf ate side

o
ins. .

the protein core of a prowoslycan that results following digestion with

- chondroitinase ABC

, U
hyaluronic acid binding region\\

monoclonal antibodics
guanidine hydrochlofi\de\ o . . o " °
cyahogen br'omiqé .

cctylpyﬁdi;iium chloride

N-ethylmaleimide

ethylenediamine tetraacetate

" sodium dodecy! sulfate

the major histocompatibility gene complex of the mouse
enzyme lmked unmunosorbent assay

the uronic acid-containing fraction that elutes near V, on Seph;rose CL-4B
colunins ‘

the uronic acid-containing fraction that élutes as peak 3 on Sepharose CL-4B
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AlD1:

AlD4: | M}he low buoyant density fraction of a cartilage extract purified as described for
A1D1 * - .

LH: lactalbumin hydrolysate “‘

ECS: fewlcalf oo\ \ ,

HEPES: * 4-(2-hydroxyethyl)-1- piperazinectha;@ulf onic acid

PBDS/'lt : phosphate buffered saline containi g"i”ween 20 " Lo ‘
" TBS: : Tris buffered saline - ‘ .

PEG: polyethylene glycol - : \

NGS: nonﬁal goat serum

NMS: normal mous%»er'um

(BES)core: the protei)n/ éo;e of a proteoglycan that résults f ollov?ingya b-e;iminati&n, sulfite

additj n reaction. - | : b |

(HF )core: ¢ protein core of a proteoglycan that results following freatment with anhydrous

") | |
S
' PA,?‘ periodic acid-Schif f stain - . ,
""/S/.D‘L:" standard deviation |
<
’ ,
-

the high buoyant density fraction of a cartilage extract purified by CsCl dbmity

gradient centrifugatior under associative and diuociativewcondmous.



' 1

.

'T;al-)le of Conte_n;s
Chapter m o , | , Page.
INTRODUCTION e e e o NI NEP 1
1.1 The Form and Function of Connective Tissue Matrices ....... ideeeeneeans eeveriiarenne 1
1.2 The P;rous Components of Connectlve TISSUC Mamces ................. - 1
,vl 2. 1 Elastm \ ........... i, ..... e il
[122 Collagen e T T
1 2.2. 1 onsynthesns of TypeG:Collagen ..... Q 3.
1 2 2. 2 Fxbnllogenesm of Typel Collagen ...... eeeasian "‘"",.:'-"'- bt
1223, The Other Collagens IR PRSI -9
_ 13 The Non- flbl'O\lS Componems of the Extracellular Matrix ....... ...... 10
| | 1 3.1 Connecnve tissue lecoprote)lns IESTU TR 10 '
1311 The AdhesweGlyc:proiems ...... PTRRSEREES. At
1312 Structurg;clycoprmems ....... ST ¥
132 HyaluronicAcid ............ oo ............ .......... 12
13.3 Proteoglycans ..... m ........ 1 ...... e ....... 14
1 3.3.1 The Cartllage Spgcxflc Proteoglycan Monomerr c14
1.3.32 * Other Proteog]ycans A' ...... aeareriees 16
. L4 1Ev1dence for an Interaction BetweenL Iduromc Acid-Rich Prmeodérmétan " Co
c Sulfate and Collagen ......oooeierierienenes e eiiereiieeniees e W22
’T/S ._Immunologlca] Analysxs of Prot:oglycans ...... 26
x 1.‘6‘ Ob]ectlveOfPIO_]eCI lm ....... ‘.’. ..... evrene30
2. MATERIALS AND METHODS T TR IR IR IR 33
2.1 MATERIALS ooovvvrocrrr devpei e ....... FRE et 33
62‘1 1 Animals anld'Ceilﬂ Lines ....... oo ieenioied ......... ...... ‘ }....‘..33
2 1 2, Hybndoma Producuon ...... ....... fiveeeneinisians feeens z33
® 2 1 3 Enzyme Linked Immunosorbem Assay e ...... 34
2. 1 4 Antlsefi Immunoglobulms and SeTum .......icieiieninnns . PRI 35
v CXi |



22

2.1.5 8DS Polyacrylamide Gel Electroohoresis and Western Blotting .......ccooeneeee 35
216 Nitrocellulose‘Electrpphoresis ....... oo 36
2.1.7 Column Chromatography Hesisemi s ................ ieeenea36
2.1.8' Histochemistry .......... :..36;‘“
2.1 9 Enzymcs .............. ............ 37
2.1 10 Other Chemtcals Anugens Apparatus and Sundnes e e rnstehenns 2037
METHODS ................. e e e 38
2. 2 1 Preparatton ol’ Proteodermatan SULALE v.verreerieenis Ry eereeens 38
2. 2 2 Preparation of Larger PTOtEOGIYCANS .....vvevvreeineriverinianennnes i . .39 |
' 2 2.3 Preparauon of Proteoglycart Fragments by Enzymic Methods ......... 40
| 2231 Digestion of Samples with Chondroitinase ABC ............ 0
‘;\ 2232 Papam Digestion of PDS -....... ............ .......... 41
o 2.2.3.3 Trypsm Dtgesuon Oof PDS ....oiiciniiiiiiinnns JRUTUROP 41
2234 CathepsmCDtgestton 3 L —— R
o223 Cathepsin D Digestion of PDS’ .......... 2
~2.2.3.6 Micrococcal Nuclease Digestion of PDS / ..... 82 ;' |
2.2.4' Preparation of PDS Fragments by Chermical Methods 42//
2241 Cyauogen Bromide Cleavage of PDS .......... 4Q/
2. 2 4.2 B- Elrmmatron Squtte Addmon of PDS . ........... / ,//.43
2. 2 43, Treatment of PDS wrth Anhydrous HF ........ // ..... 44
225 Preparatron of Fibroblast Culture Medium ............. ,“x.//';/“" ...... 4
2.2.6 Preparation of Collagen Samples XN ........... e /°45
2.2.7 Immunogenettc Analysrs ..... e e ;. ....... ...... - .46
228 Hybridoma PLOAUCHON e everiusssimmsssessseseeseenennsemsestinseneess s 46
| "_'2,’2.8.1. Fusion PIOtOCOL +rrrerrrrrevrreeeee e st coerndT
| ozsz Isolation of Clones ............ dheemeniis el e 49
.'2‘.2‘.8.3 Manipulation of Clones ...... ......... .......... 49 .
| | xii -



]

2.2.9 Enzyme Linked F IMMUNOSOTDENT ASSAY ..evcvnerrrrinrrreneriarnaresnnsnssrszessnness 50
22.10 Immunoblotting ........ ..... ' 52
2. 11 Nitrocellulose Electrophoresxs ...... e ...53
2.2, 12 Li 1M1croscop1c Immunomstochemnstrv ........................... - R 54
2.2.13 Eli‘tron Microscopic lmmunohlstochemlstry_\ ....... / ......... 55
12.2.13.1 Peroxidase énu-Péro;idase Method ......... ....................... 55
2.2.13.2 Ferritin-Confjugated Antibody Method STSTSRTITTRIRO.
2.2.14 Analytlcal Methods ........... ereeeres ...... e e LY
. 22 14 1.Amino Acid Analysns ................................. e 57
2.2.14.2 Determination of Sample Protein Conient ...... ;'
22.14.3 DOniC AGid ABAIYSIS -ov..-erorsnserrs oo st
RESULTS ...vovcvrammnssenes TSR
"3.1 Immunogenetic Analysm .......... SR O OO TU T SURRUPE PRI
3.2 Hybndoma Producuon ............ , ..... e
' 3.3} Charactenzauon of the Monoclonal Anubodles
S 3,1 Class SUBCIASS +vvvoereereeiens s
-l 3 2 Competmve Binding Assays eeeveani ........
| 333 Nature and Location of Epntopes on PDS .......
» '3.;4 Specxf xcnv of the Monoclonal Anubodles ...... e
3.4.1 Crossreactivity 'with Other Con,necuve Tissue Components of Sliinh' ...... 1,‘70 |
34. 3 Crossreacuvxt) thh Other Purified PDS Preparauox‘isl....i....‘.‘ ............ W71 W“
343 Crossreacuvxty with Proteoglycans from Other SOUTCES ........ 72 e
:3.5 »Naturc of AntigenicallyRelated ngh Molecular Wexght Componems in PDS |
iPreparauons ....... ieih B P PETPEUUN SPPPR PP 78
3.6 Immunohistochemical Localization of BDS ........ R ‘81
3.6.1 Light Microscopic Studies .....:1oo @ ........ O 81,
3.6.2 Electron Microscopic Studies et lrivieenbees e e desees NPT I v“;%

. : oo - o
- . L 4 R

v - .
PR . . N '

Xili



DISCUSSION ...vovoessssssesssssinnsssss s TP OO e 9]

4.1 The Specificities of the Monoclonal ABUDOGIES +....oovvvvereevenesnees R— 93
4.2 The Nature and Location of the Epltopes in PDS ........ e nraaes e 94

421 The Epitopes of 1XA 20d 6D6 +rvvvereeren L s R

4.2.2 The Epitope of 3B3 ......... eveienses erieveavieseeeeestrasenaetanessaranes BT 9%

4.2.3 The Epitbpeofﬁl ....... e ........ everenns eeverseniseinensesses 97

4.3 The Strucmre of Bovine Skin PDS .ot eeereeeea e TR veread99

4.4 The Nature-of Anugemcally Related Prowoglycans e eeer e e rereesaan 103

4.5 Immunomsmchzmlcal Locahmuon of the Protein Core of PDS treeshessvessarasnrass 109
4.5.1 Ultrastructural Lo@ahzanoy of the Protein Core of PDS on Tcndon o

COURGEN FDEIS ....vovrrsesesecveomsssssssssesssssessssasssssssssssssssssssssseees 111

4.6 Suggestions for Further SEUAY +ovevverenrseseerstminamnnessressiosansendac s sse st 117

REFERENCES ...eovtitiiiriteeeteeeiassaans s nsssussunssisssstoninensnsss s syt n st et 167

. ‘
o ;
[ ) . /
P ' ///
-/
/ .
//
Xiv



List of Tables

Table Page
1. annective tissues of the l‘dy .................... e —— ..... 2
2¢ Structure and distributionofcollagehs ....... \ .......... R eeeene #.4
3. Chemwal characteristics of L- nduromc acid-rich proteodermatﬁn sulfate _ :

- preparations ............c...... iverereerneenreseresnereranenitneense prosherss s eneeen20

4. Amino amd composition of L- iduromc acxd rich proteodennatan sulfate

Xv

preparatxons ............... .2
5. History of ‘hybrid cell lines used in | PTOJECT wevvveveevens ieenevenis et ISETURROTON . ¢
”(q . Ammo acid analysm of dermatdn sulfate- comaxmng CNBr peptide of

PDSviiiieecinieriiinnes ST TP SRR PSPPPRPPLE orevneeneaivaanatasenataeraaserennts 69

7. Crossreactmty of monoclonal anubodles with PDS in skin from various .
Species ...........te T SAIU RN reerereenenes PRSP 84
8. Distribution of ferritin particles in Dperiod of collagen fibril e e eeeaas 88
\\\‘ .'"“

. % \“\\ {
\\\ “
) \\k\\’\ )
.
S~
i, \) -\\>
° |

)l



List of Figures

Figure' = | . S | © Page
1. ‘Collagen fibrillogenesis ........... “ ............ L,l ...... 7
_'2.Molecular packing of collagen molecules eeeeeerieeereesnraans OO TR O O |
3. Major disaccharides in glycosamiooglycans .......................... _...‘..13
4. Cartilage proteoglycan MOMOMET ....voverecrseesnssennsens 15
5. Antibody response of inbred mice to bovme skm PDS ............. ‘ civeeerasenes 58
6. Compentive bmdmg ELISA assays ...... e teeneriaresnsrireaaasaessassarannss e 61
7. ELISA inhibition assay with purified (ABC)core of bovnne skin PDS ........... 64 N
8. ELISA inhibition assay thh proteolyncally degraded bovme skm 4 0 RN .65 |
- 9 Ton e{change column chromatography of soluble fraction of CNBr | C .
~ digest of bovine skin | 3 5~ SRR R Crreerreeaieeraae 68
10.. .Sephacryl S-300 column chromatography of dermatan , -
sulfate-containing CNBr peptides of bovme skin PDS .......... ee...08
" 11. ELISA inhibition assay with bovine fxbronecnn .,.....l..--...._. ..... I ....... ..... e 1O
12. ELISA inhibition assay with bovine collagens ... L ioessas e saesteraes ....... n
13. ELISA inhibition assay with Swarm rat chondrosarcoma A1D1 74
14. ELISA mmmen assay w1th bovine nasal cartilage AID] ......ccovnieniniiennns evereans 74
: 15. ELISA mhxbmon assay with Swarm rat chondrosarcoma A1D4 ........ 76
16. ELISA mhlbmon assay wnth bovine nasal camlage AID4 ... ....... 76
17. ELISA mhxbmon assay thh chick sternal camlage AID4 ... e ..... 7’7
- 18. ’ELISA mhxbmon assay w1th bovine dental pulp PG2 .............. ......... 80
19. ELISA inhibition ‘askay with bovine dental pulp PG1 E T S
20. .Sephacryl S 300 column chromatography of l7ovme skm PDS , | o | ‘ |
(ABC)core preparatlon ................................. B R TTRCITRCTLIIIE erensee 82
21. Bandmg pattern of positively stamed collagen f:bnl ......... ‘._. ........ 87
2. Dlsmbutxon of ferritin particles in D penod of a collagen fxbril T SO v.f...'....89 "
23. Location of Epitopes in PDS .....occcvueireiverescesse e ....... s 98 |

. xvi



- - List of Plates

" Plate ) ?’ Page
lmmgﬂbblot of bovmeskm PDS and its (HF)core .............. reviressesssesesnnsns veesnennns 122
. 2. Imimunobilot of the (ABC)core of bovme skin PDS ........ i eerseesrrsenerranaesenns 122
B lmmunoblot of the (BES )core of bovine skin PDS ..ooolevivernrrereeneesensssnsenressasinans 124
4 lmmunoblot of coneentrated culture medium from gingiva fxbroblasts
. incubated with T oL L ST I S el 124
5 Immunobiot of cathepsin C digcst of bovine skin PDS (' P PRITES reeeena 126
6. lmmunoblots of trypsm dxgest and cathepsm D digest of bovme skin ‘
PDS ool PP SOOI P PP PPPPPI teeveeereeeeararenseesssnenss 126
7. Immunoblots of chondroitinase ABC-trealed cathepsin D digest and _ .
 CNB digest of bovine skin PDS ....... reeeeeesiseaberee et SO 128
- ¢ - . . .
) 8' Immunoblot of CNBrdngest of bovine skin PDS ST OO PRR PP PTPPEY: veeen 128
9. Immunoblot of CNBr digest of bovine skin PDS (HF)COTE ..vovpeueineriveraroneconsnnennens 130
10. lmmunoblot of punf ied dermatan sulfate- conmmng CNBr peptide of ‘
PDS ................................................................................ brereesereesersaiinanne 130
11. Immunoblot of CNBr dxgcst of bovine skin PDS f ollowmg mtrocellulosc ‘ :
\ eleetrophbmxs PRSPPI O R RAMAARIEA 132
12 Immuuoblot of bovine penodomal ligament PDS ..... ' 132
13. Immunoblotof bovme fetal skin PDS ......... TR ITRRSUIE STOUER e 134
)4, Immunoblot of bovme gingiva PG e Boreeeerrnneeenee 134
15. Immunoblot of human gingiva PG2 ........ vrereeas ................................. PT 136
) .16.\ Immunoblot of human skin PDS ...... »._~ .................. I 136
e *;ta:“, -1 7._ Immunoblot of concenuated culture medmm from human gmngal _ o
SR N & {DTOBLASIS ...ovvveenrereeeersrsenmmssesssssssse st PUUPTRUPRPPPRRN 138
" ;,V‘ *6s ‘1{{,..“'%:, ':_ ! . ‘ s N .
. WP 18, Immunoblot of concentrated culture medium from monkey arterial » , S
TN F smooth muscle cells ............... e e ereeerneees e 138
g Y 19. Immunobiot of A1D]1 fraction of Swarm rat chondrosarcoma ceieererieseenneeeesraieesnnees 140
" 0. Immunoblot of A1D] fraction of bovine nasal CATUIAZE .vvvrrevverereeenennsiiensnneseens ... 140
. K\ 21. Immunoblot of A1D4 fraction of Swarm rat chondrosarcoma ..........c.eeeeereeeees 142

xvii



\ ' ' , B ‘ " »’ " '
Plate 7 Z; - . | . Page

3.
32,

33.

3s.
36.

37.

18,

22. Immunoblot of A1D4 fréé ion of bovine nasal cartilage: eeeieeesiaeesrens RTINS 142
53. I'mn;unoblot of A1D4 fraction of chick stémalcarﬂhse 144
24 Immunoblot of bovine demf\ pulp PG2 ...oovevneneninnnnne erevnes S T SUURP 144
. 25. Immunoblot of bovine dental pylp PG1 ....... TR SR revreerarenens ievernneres eeras ... 146
26. Immunoblot of fractions from sﬁhacryl S-300 chrommograph of A .
bovine skin PDS (ABC)core pre FALON ..ouvnreneenrureaiosserncenassnnes o irevessesennerrenerene 146
@
27, Immunoblot of bovine skin PDS {(ABC)core preparation af ter o
.. SDS- -PAGE with sample buffer contammg 10% SDS and 8M UTEA evvvrneivecinnernsernnens 148
28. Immunohistochemical locahzauon of the protein core of PDS in adult ' i _
bovme skint ...oeeieenn, TP PR P P PP TP PP PIESPITTPLEPELE 150
29. Immunoh{stochcmxcal localization of the protcm core of PDS in 130 day
old fetal calf skin ..... SO 152
'30. Immunoh:stochemncal localization of the'protem core of PDS in fetal

skin at various stages of deVEIOPMENL .....cooirscrirereiisminssmsmn s 154

Immunohnstochemncal localxunon of the protcm core of PDS in ‘adult

huyman skin .............. e srene s nenen 1360

I'mmunohistochemical localizan‘on of the protein core of PDS in boyine

CENEIVE .vverueesesssesseebee st sr R st 156

Immunomstochemncél localization of the protein core of PDS in frozen,
unfixed sections of human 171 £ U Tevieenanes . 156

. Immunohnstochemxcal locahzauon of the protein core of PDS in adult

DOVINE 2] LEIAON . nnvreeeveeinivereeseresreeessnsrenaasiessasiiessssnnes feeeerieerareeaens ereereanas 158

lmmunohxstochemxcal locahuuon of the protem core of PDS in .
unerupted bovmedem.al PUID oottt eveeree eeerieeenes 158

Immunohlstochermcal locahzauon of the protein corc of PDS in adult
b0vme Nasal CATUIABE .:.oovvverseusesiressesessesis st veevereneens 158

Immunoelectron microscopical localization of the protem core of PDS
on adult bovine tail tendon collagen fibrils using the peroxldase I

" anti-peroxidase method ...... mereanenseae feeeeresesieesieransesiseasiuneanracetiiatiitserastanens 160
Immunohistochemical controls for the peroxidase anti-peroxidise
method ....ooveiiiiiiiinnnnennn. R A SLARIA LTI 162
xviii



Plate ‘{ ' ‘ Page

39. Immunoelectron micrscopical localization of the protein core of PDS on
adult bovine tail tendon collagen fibrils using the ferritin-conjugated :
antibody method and 6D6 ............c..oeeeen. rveeerer e e evvesanesiserarannnas e 164

40. 1mmunoelectron microscopical localization of the protein core of PDS
on adult bovine tail tendon collagen fibrils using the ferritin-conjugated

antibody method and TBL .......ccueeriinvreneniniiiiiiirets 166
‘ ' [
" ¥
P . o
\:S *’Q‘vt;p,q:,yv
’
«
. ~J
XX~



1. INTRODUCTION

1.1 The Form and Function of Connective Tissue Matrices
Based on shared morphological and functional chaﬁeﬂlies all tissues of the
vertebrate body may be classified as belonging to one of fi du; prirpary types; connecgive tissue, -

Iz

ebithelium muscie and nerve (Leeson and Leeson 1976) . Connective tisiues are cmmc_wiwd o

understand how these dif’ f erent connective tissue matrices function physmloglcally and Rt

malf unctlon pathologically, it is necessary to gaxn a more complete understandmg of their

macromolecular components and how they interact with one another.

1.2 The Fibrons Components of Connective Tissue Matnces '
\) The fibrous clements in connective tissue are those in which the consmuem

macromolecx‘es do not function mdmdually but as highly ordered polymers. Their aggregauon

into larger structures appcars to be an inherent tendency, based on their molecular structure,

and theref ore must of necessity be a process under stnct biological control. The two most

important fibrous components of connective tissue are collagen and elastin.

" 1.2.1 Elastin

Elastin is present in many connective tissues. Insoluble fibrous elastin is composed.of

elastin monomers (Mr=68,000) that are rich in hydrophobic residues, especially Gly, Ala, Val



TABLE 1
CONNECTIVE TISSUES OF THE BODY
Class Type ° Subtype Bnosymheu{ . Eumplei‘uz
: ! Cell '
General Loose Mesenchyme ~ Fibroblast ‘Embryo
: . . Mucoid Fibroblast Umbilical cord
Areolar Fibroblast  Areolar tissue
Adipose Fibroblast Subcutaneous
: o tissue
Reticular Fibroblast- Bone marrow
Dense Irregular Fibroblast ‘ Dermis
o ~ Regular - Fibroblast Tendon, cornea
* Special ' Cartilage ~ Hyaline Chondroblast  ~ Nasal (scp‘tum
Bone . ' A Osteoblast Alveolar bone
Dentin _ , Odontoblast - Tooth

Cementum - Cementoblast Tooth

I}

and Pro. These ammo acids occur in the molecule in a hxgllly orgamz.ed manner generating three
structurally distinct domains consisting of repeaung (Val Pro -Gly-Val- Gly) pemamers and
(Ala Pro -Gly-val-Gly- -Val) hexamers, and an alanine-tich a helix. Each pentamcr and
hexamer are capable of forming a B turn and the contiguous pentamers add hexamers in lhclr
respecuve domams form structurally distinct B spirals (Urry ‘et al., 1974; Urry and Ohnishi,
1974) The hexameric 8 spu'al is shon and rigid and interacts with the same splral on adjacent
tropoelastm molecules to align them to allow formation of bi- and tetra-f uncuonal N
intermolecular crosslmks derived from modlf ied lysine residues (Thomas et al., 1963; Franzblau
et al., 1965). The longer, termmally smxated pentameric 8 splrals of 3 adjacent molecules

entwine about each other to form an open, water filled helix, that is proposed to be the pnmary

structural feature responsible for the entropic elastic qualities of f ibrous elasun (Urry 1983)



1.2.2 Collagen

a Collagen, in its many forms, is by far the most abundant fibrous connective tissue

' protein in the vertebrate body. Collagen monomers consist of 3 polypeptide chains (i.c.,

a chains) that in turn consist largely of the repeating amino acid lriplet .(Gly-x-Y) which
permit the 3 a chains to coil tightly about one mmher into a distinctive triple helix
(Ramachandran and Kartha, 1955). Unlike the open, spring-like spirals of elasdx/ collagen
monomers are typically long and rod-like and, wh¢n polymerized into fibrils .m!’:ihz.ed by

- covalent in.tex;molecula’f crosslinks, endow tissues with increased tensile smnmh. Five distinct
types of co,llagen (1-V) have been isolated and well characterized, although_ many other

collagen -iike molecules are cutrently under study (TaF 2).

S 1221 Bnosynthesns of Typel Coliagen
Most of what is known of the biochemistry of éollagen has been obmned from

studies of type I collagen and it serves as the sta‘n’da_rd for comparison. This type is present
in many tissnes and organs 6f the body, but is most prominent in the feyy fibrous
connective tissue matrices of bone, cementum, dentin adult dermis, tendon, sclera and the

' capsules of organs. Its blosynthesxs is complex and is mmated by transcnpuon of the la:ge
( 38 kb) proal(l) and proe2(1) genes (Wozney et al., 1981; De Crombrugghe etal., 1982)
each contaxnmg many exons of 54 bp (or multiples of 9 bp) separated by introns of varymg
length. Translanon of the 5 kb mRNAs on membrane -bound polysomes of the rough
endoplasmnc reticulum results in proal(l) and proa2(I) polwpude chains having 3
structural domains: a central collagenous domain consisting of 338 triplets of (Gly-X-Y)
flanked at both ends by large, mostly globular N- and C- termmal propeptxdes Suscepuble
proline and lysme residues are hydroxylated co- translauonally by specific enzymes and
several of the newly f ormed hydroxylysmes are in turn enzymatically glycosylated thh
glucosyl- galactosyl dxsacchandes The Juxtaposmon and alignment of the appropriate proa

chains (two proal and one proa2), thpught 1o be controlled by the association and disulfide

cross-linking of their respeciive C-terminal propeptides (Rosenbloom et al., 1976), permits
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P
their collagenous domains to spontaneously coil aboutbne another to form thc triple helical
coiled coil. The hydroxyprolinc residues, presem at the Yposition in about 10% of the
(Gly-X-Y) triplets, help to stabilize the nascent helix by hydrogen bonding with water’
molecules to form intramolecular water bridges (Ramachandran et al., 1973). The newly .
formed procollagen molecules are subseqﬁemly carried to the Gelgi complex (Nist et al.,
1975) where they are ultimately packaged in secretory granules for transport to the cell
surface (Weinstock and Leblond, 1974;yoCho and Garant,; 1981). As visualized by‘electron

fnicroscopy, the procollagen molecules in the granules are arranged more or less side by side

_ in aggregates (Bruns et al., 1979; Trelstad and Hayashi, 1979 Cho and Garant, 1981). .

1.2.2.2 Fxbnllogenesxs of Type 1 Collagen :

——— e,

[N

has been derived from numerous in vitro experiments. Turbidimetric studies of the kinetics
of fibril formation using purified sc;ﬁible eollagen molecules have indicated that an initiel
lag phase occurs dufing which collagen monomers aggregate to form long, thin f ilaments |
(Gelman and Piez, }980; Silver and Tre!‘stad, 1979). It has bgen proposed that a critical

early"kstep in the process is the formation of dimers and trimers aligned in a 4D stagger

(Silver et al., 1979; Fig. 1). Further growth may follow by the stepwise D periodic

aggregatien of larger subassemblies (Silver, 1981; Sﬁer, 1982; Trelstad, 1982). Stabilization .

of these subassehblies appeafs to rely heavily upon the N- and C-terminal, non-helical 3
telopeptides (Comper and Veis, 1977 Helseth and Veis, 1981; Silver, 1982) which
ulumately participate in the formation of lysme der,lved mtermolecular crosslinks
stablhzmg the 4D staggef within the f’ 1bnl (Scott 1980)

—Theextent to& which the seepwxse model O??IBfIHOgCDCSIS acchirately reflects the
events in vivo remams to be determmed It has been suggested that the mtracenular

aggregates of procollagen may be D periodic (Birk and 'Prelstad 1984) and may therefpre

be in some intexmedlate form of aggregauon\con stent with that proposed by the mode!

-described above. Once released at the cell surface, probably in a deep recess fear the site of

o
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Fig. 1:~>Collagen» fibril f ofmation, ba éd on the model proposed by. Tr lst._ﬁd'et al, (1982).
Individual collagen molecules participate in the formation of dimers and trimers which
aggregate to form small subassembligs. The growth phase of f ibri‘llogenﬁs in’ vitro occurs as
these structures aggregate to formelarger subassembliés. The fibril is formed by this stepwise
aggregation to ever larger structures. : :

o : a
A o

pe

o

Fig. 2. Diagrdmma‘;ic representation of the 2-dimensional molecular arrangement 6f
tropocollagen molecules according to Petruska and Hodge (1964). The molecules are aligned

parallel to ong another in a fibril, but staggered laterally with respect to one another by 67 nm,

o .

" or 1 D period: Each molecule is 4.4 D in length; there being a 0.6 D gap between the N'and C

terminals of consecutive molecules. Laterally, each D period consists of all 5 regions of a

" collagen molecule; every Sth containing the gap region.

e o

4}
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.extracellular fibril l' ormation (Trelstad and Hayashi, 1979; Birk and Trelstad 1984) the
procollagen molecules are eventually processed by specrf ic N and C propeptide proteases
(lécung et al., 1979) and can then proceed to f orm dimers and trimers. If they already exist
' in \this orientation as a result of intracellular ag'gregation they can presumably aggregate
further. Recently however, it has become apparent that the order and the timmg with Wthh
the propeptides are excised may play a crucral role i in f 1brrllogenesrs and f ibril morphology
Kinetic studies of fibrillogenesis in vitro, in conjunction with electron microscopy, have
revealed that PN collagen molecules (collagen molecules with only the N-terminal

-

propeptide) f orm thin fibrils, slowmg lateral aggregation of molecules (Mryahara et al

i

1983) while pC collagen molecules (collagen molecules with only the C- termmal
propeptide)_promotelateral aggregation and give rise to thick fibrils (M‘iya‘hara et al.,

. 1984?. In keeping with this, the‘occu'rrence of pN .collagcn in type I collagen f ibrils in vivo %
seems to be restricted to those which have been recently synthesized and are relatively thin;
10-35 nm in drameter as seen in embrvomc trssue (Fleischmajer et al., 1983). Larger -

| diameter f 1br11s in more mature tissue dld not. have the'N- termmal propeptide assocrated
with them and the possrbili:: that f urther mcreases in fibril dtameter occur as a result of

. f ibril fusion has been suggested (Scott et al., 1981; Flerschrna jeretal., l983) . The presence
of N -terminal propeptides on the surface of growing f ibr‘ils in vivo may play a role not only
in controlling fibril diameter (I?lmes 1983) but f ibnl production as well by their ability

. once-excised, to inhibit the translation of proa(l) mRNA (HOrlein et al 1981) Other
intermediates (i.e., pC collagen) have been detected in cultured bovine smooth muscle cells
V(Gersternfel'd et al., 1984) and chick cra‘nial bones (Davidson et al., 1977), suggesting the

» “p’ossibility that ééus can regulate the processing pathway according to the needs of the |
matrix. | |
| "~ Intwo dimensions within a fibril, the collagen molecules are believed to be related
to one another by a 1D stagger (Fig. 2). As each monomer is 4.4D in length a gap is

b

present between thc Nand C termmals of axrally related monomers. The three drmensronal .



' orga(%a,uon of collagen monomers in a fibril remains unknown but X-ray diff raction data

(Hulmes and Miller, 1979; Piez and Trus, 1981) and electron microscopic f: mdmgs ( Hulmes

et al., 1981) indi

" array.

cate tha‘t3 the monomers are packed within fibrils in a quasi- hexagonal

¢

1.2. 2 3 The Other Collagens

The blOS

general man:

ynthesis of the other major collagens is thought to procwd in the same

‘ype 1. Differences occur in the extent to Wthh their proline and lysme

residues are hvydroxylated and in their content of glucosyl-galactosyl disaccharides (see

Table 2, Nimni,

“Type 111

1983).

collagen molecules are present in many of the same tissues as type I

collagen, at times crosslinked to one another (Henkel et al., 1981). Type I11 collagen fibrils

are usually f me in diameter. This may ‘be due to the retenuon of at least part of its

N-terminal propeptide (Nowack et al 1976; F%§ler et al., 1981).

Type 11 collagen molecules contam more of the bulky, hydropluhc

glucosyl-galactosyl disaccharides and f orm more hydrated fibrils (Grynpas et al 1980). .

Not coincidental

ly, type 11 is present in hydrated gel- ltke matrices: hyahne cartilage,

nucleus pulposus and the vitreous of the eye. In contrast to the fine fibrils observed in vivo,

type 11 collagen fibrils formed-in vitfo are much lar‘gerand while some are D-periodic |

structures, others are tactords or structureless f ﬂaments (Lee and Piez, 1983) suggesung

that type I1 collagen fibril f ormation in vivo may be influenced by other components of the

extracellular matrix (Lee and Prez 1983 Parry et al., 198]; Hjelle and Gibson, 1979).

Type V collagen is f ound ina vanety of tissues in close assocxatron with cell

.- surfaces (Bailey

“that type V colla

et al., 1979; Gay et al., 198la Gay et gl 1981b), and it has been proposed

&
gen is a component of the exocytoske ,I.Oﬂ (Gay etal., 198la) Isolated

~from lathyrmc chick bone (Broek et al 1985), type V. collagen possesses a large globular

domain at one of the triple helix and is capable of forming small-diameter fibrous

structures.

¢

(o
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Type v collagen contarns many drsaccll'drrde side chams and retains both its N-
and C- termmal propeptrdes and does"not f uncuon in the form of f lbrils Instead, the N
propeptide ¢ self associates with the respectrve propeptrdes of 3 other molecules and forms a
dtsulf 1dc bonded tetramer (Duncan et al 1983). The C propeptide of the molecule
partrcrpates with those of 3 other molecules also f orming a'tetramer. In this f ashron type IV
collagen molecules form an open lamce an 1deal supportmg framework for porous

basement membranes (Timpl et al 1981)

1.3 The Non-frbrons Components of the Extracellular Matrix
. Although collagen fi 1brrls are probably formed and metabolically turned over within a

controlled milieu adJacent to the cell surf ace (Trelstad and Hayashi, 1979) and much of

f 1brrllogenesrs may depend on the presence or absence of the propeptides, the process of collagen

assembly may nonetheless be influenced by other components of connectrve tissue synthesrzed

srmultaneously by the cell or derived from the mterstrttal fiuid. Certamly once formed the

collagen fibrils become mtegrated into the extracellular matrix by closely assocratrng wrth a

number of non-fibrous components such as glycoproteins, hyaluromc acid and proteoglycans

1.3.1 Connective tlssue Glycoproteins | _

' Glycoproteins are, b\l def inition, ' proteins with a variable number of oligosaccharide side
charns The ohgosacchandes may be O-linked through N- acetylgalactosamme to serine or
threonine resrdues of N- lmked through N- acety,lglucosamme to the side chain amrde nitrogen of

asparagme residues. The N-linked olrgosaccharrdes are synthesized in the form of a

dolichol -phosphate linked precursor (Liet al., 1978) and subsequently transf erred to a

susceptible Asn residue (in the sequence Asn-X -Ser/Thr) of the protein in the rough
endoplasmic endothelrum The N- hnked ohgosacchandes are f urther modified in the smooth
endoplasmic reticulum and Golgi complex The.O- lmked ohgosaccharrdes are added directly to

the protein in the Golgr complex. These olrgosaccharrdes are attached to e)-.posed surfaces of the -
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a \

. protem core and f unction to mcrease its hydration and solubility and/or render that regxon ol'
the protein core less susceptlble to proteolysrs They may also serve as sites of mteraettou wrth
’ other molecules The major glycoprotems f ound m' connecttve tissues may be classified an ”
 basis of function, but all appear to have one or more binding sites that specifically recognize

other connective tissue macromolecules.

Y

1. 3 1.1 The Adhesive Glycoprotems

The so-called . adhestve glycoprotems f actlttate the attachment of oells,,to an
adjacent collagen substratum‘. The n_tost thoroughly studied of these is f 1broneotm
(Ruoslahti et al., 1982) l,ocated at the cell surface as a diSulfide bonded multim::r
(McKeown Longo and Mosher, 1984) multif uncttonal f tbronectm molecules serve as a
molecular bridge between the cell surface glycocalyx of fibroblasts and types I and 11
collagen fibrils. Vttronectm an adhesive glvcoprotem consrstmg of 65,000 and 75 000
dalton polypepttde chains has recently been isolated from human plasma and like
f tbronectm possesses a heparin binding site and promotes adheston and spreading of
fibroblasts (Suzuki et ‘al., 1984). Chondronectm attaches. chondrocytes to native type Il

' collagen fibrils in hyaline cartilage (Hewrtt etal., 1982) and lamxmn attaches epithelial cells

to the type IV collagen meshwork in basement membranes LTerranova etal., 1980)
Entactin, a sulf ated glycoprotem in basement membranes assists laminin in epttheha’l cell .

i a‘dhesion'(Ma’rtinez_-Hemandez and Chung. 1984).-

1.3.1. 2 Structural Glycoprotems
Other glycoprotems function to bmd connecttve IlSSUC macromolecules together into "’
larger structures or aggregates The most thoroughly charactenzed of these are the lmk
proteins. First discovered in hyaline cartllage extracts (Hascall and Sajdera, 1969), these
| globular molecules (Baker and Caterson 1979; L& Glédtc et al., 1983; Poole etal., 1984)
‘f unction to stabilize the mteractlon between the large camlage proteoglycan monomer and

jhyaluromc acid (Caterson and Baker, 1979 Kimata et al., 1982a) although they may also ‘

.o
|
i



. attach the f 1bn%interstxtm] collagens to large proteoglycans hyaluromc acid or their
aggregates (ChandreSekhar et al., 1983 Chandresekhar etal., 1984). A number of other
glycoprotelps have \gls'o been isolated‘with carul_age proteoglycan aggregates (Kleine and
Singh, 1982)‘ althouih th'eir'f uncrion remains obscure . Other "acidic structural
glycoproteins have beén isolated from aorta (Moczar etal., 19;37) heart.valve (Goldstem ,

‘Aet al., 1967), skin and ]ornts‘ (Tlmpl et al 1968 Timpl et al 1969) but remain poorly
defmed It has been proposed that these molecules serve to bind collagen fibrils into f 1ber

bundles. Osteonectm (Termme et al., 1981) bmds hydroxyapatite to collagen fibrils.

132Hy3@ jcAcid “ L R )

A signifi 1cam proporuon of the amorphous mterfrbrrllar ground substance in virtually.

all of the connecnve tissue matrrces is hyaluromc acid. It i isa hlgh molecular wexght (160, 000 to

1 300,000 daltons in rabbit skin; Shimadz and Matsumura 1977) (500 000 daltons in bovme

\nasal camlage Hemeg:lrd et al., 1978) non- sulfated acrdrc glycosammoglycan consisting .

exclusrvely of the repeatmg disaccharide, D- glucuromc acld- -N- acetylglucosamme (Fig. 3). ]t '
lacks covalently bound protemu(Sugahar; etal., 1979) and‘is synthcsrzed by a hyaluronate .
synthetase system thought to be locared in the 'external surface of the plasma membrane of cells
(Philipson and Schwartz, 1984; Rodén et al., 1986). By \;irtue of its size and nega*ifive charge.:
hyaluromc ac1d is belreved tof orm an entangled network possessmg an extremely large

h)drodynamlc volume (Ogston and Stamer 1953) enabling it to behave asa vrscoelastlc gel

(bebs et al., 1968) The propemes of the gel(ie., the ground substance) change according to

- the concemranon of h_yaluronrc acid and the presence of collagen (Fessler, 1960) and large

-proteoglycans (Disalvo and Schu-bert 1966). Interactions between these components may be

. medraled mdrrectly by the link protems dlscusscd above or}hrectly by weak noncovalent forces

(Mathews 1965). In addmon to us role m the ground substance hyaluromc acnd also appears to

' play a key role in the detachment and mobllxty of cells on collagen substrates (Lark and Culp,

© 1982; Sommarin and Hemegard. 1983).
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Fig. 3. Major ciisaccharides present in each type 6f glycosaminoglycan. 'Hyaluronic

*

acid consists of repeating (N-acetylglucosamixie-D-glucuromc acid) disaccharides. The
“chondroitin sulfates (CS) consist of repeating ' ' .

(N-aoetylgalactosamine—D-glucuronic acid) disaccharides .and vary in the", position in

)

which they are substituted ‘with sulfate.’ Chondroitin sulfate side chains usually -

consist of mixtures of
biosynthetically derived

C4S and C6S. Dermatan sulfate disaccharides are .
from the chondroitin sulfate disaccharides (usually. C4S) by

epimerization of D-glucuronic acid residues to L-iduronic acid. ‘As epimerization

occurs at the polymer

level and is not complete, .dermatan sulfate side chains retain

a proportion of chondroitin sulfate-like, D-glucuronic acid-containing disaccharides.
Dermatan sulfate side chains are therefore debcribed as L-iduronic acid-rich or

L-iduronic acid-poor. The C-2 position of L-iduronic acid residues may also be
sulfated. Heparan sulfate side chains are similar to those of dermatan sulfate in

that they also contain

a proportion of L-iduronic acid residues, derived from a

similar epimerization reaction. A high rate of epimerization is associated with

increased sulfation and

the formation of heparin.
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* {.3.3 Proteoglycans

Proteoglycans are structurally complex macromolecules located on the surface of
collagen fibrils, in the mterf rbnllar spaces with 'hyaluronic acid f’ ormrng the ground substance
and pericellularly as part of the glycocalyx They resemble glycoproteins in that they consist of a
core glycoprotein with a vanable numbcr of N- and O:linked oligosaccharides (Nilsson et al.,
1982; Thonar et al., 1983 Shmkal et al., 1983), but differ in that they also possess a variable
number of high molecular Wexgm polyamomc glycosarmnoglycan side.chains which, like
hyaluronic acid. consist of repeating dlsacchande units (se% Fig. 3). These carbohydrate srde
chains differ primarily in the constituents of therr disaccharide units, the glycosrdlc lmkages
within and between disacchande units and the number and posmon of their charged groups
Unlike hyqluronic .aoid these glycosaminoglycans are not structurally homogeneous. Each
disaccharide unit may contam 0 1 or 2 sulfate groups. The chondromn sulfate
glycosaminoglycans often contain both chondroitin 4- and 6- sulfate disaccharides and both

heparan sulfate and dermatan sulf ate glycosammoglycans are copolymers consisting of

_ drsacchandes containing either D-glucuronic acid orL- 1d}1romc acid, the latter derived by

epxmerlzatron of D- glucuromc acid residues by a specific,C-5 epimerase (in heparan sulfate,

, Lmdahl and Backstmm 1972; in dermatan sulfate Malmsuorn et al., 1975; Malmstrom, 1984‘)

| lee t.he olrgosacchandes ‘these large glycosammoglycan side chains undoubtedly serve to

mcrease the solubility of the proteoglycan and, dependmg upon their size and number, greatly
increase its hydrodynamic srze as well. However, the existence of dlf f erent types of +
glycosammoglycans and their structural mlcroheterogenelty strongly suggest that they possess’

?

différent conformations and are capable of unique interactions with other extracellular -
) .

: 'S ks Y2
» comp&ht‘:msz_.(seez below) )

"

1. 3 3.1 The Cartilage-Specific Proteoglycan Monomer

- The most thoroughly studied proteoglycan is the large (1,200,000-2,500, 000

~ daltons; Shogren et al;, 1983) " monomer present in hyalme cartilages (Sajdera and

~ Hascall, 1969). schematically illustrated in Fig. 4. This proteoglycan is synthesized by
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Sulfate -
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|

Binding
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Oligosaccharides \

350 nm (3500 A) ~ \

v

A

Fig. 4. Diagrammatic representation of the structure of the large proteoglycan
"monomer” present in cartilaginous tissues. The "binding region” refers to the
globular, non-glycosaminoglycan-bearing region of the molecule that possesses binding
sites for hyaluronic acid and the link proteins. Adapted from Perkins et al. (1981).

Ay

in that it coma“ins two distinct types of glycosaminoglycan side chains. The protein ;noiety
of_ the monomer from bbvine nasal cartilage (M.W.¥210.000 daltons: Olson, 1982) is
divided into three regions that differ in‘structv)ijne'and function: a) a chqndroitin.
sulfate-rich region bearing 80-100 chondroitin éixlf ate chains that v#ry in molecular weight
E (M1= 15.000-20,600) and are attached to the protein Forc via a short-tetrasaoéharide
(D-glucuronosyl -galactosyl-galactosyl-xylbsyl) O-glycosidically linked to serine residues |
(Lindahl and Rodén, 1966); b) a shorter keratan sulfate-rich region of extended
' conformation bearing smaller keratan su;f ate chains O-glycosidically linked tosserine or
threonine res;ducs via N-acetylgal_actoséminc; and c) a globular, (Mr=60,000)

non-_glycosaminoglycan-bearing region that has a binding site specific for a decasaccharide

chondroblasts and chondrocytes (Goetinck et al., 1974; Okayama et al., 1976) and is unique

W

"
W

11
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unit of hyaluronic acid (Christner et al., 1979). The large number of glycosgminoglycan

side chains atta ed to this proteoglycan give it a large hydrodynamic volume and in vivo,

many of these proteoglycan monomers are bound (and stabilized by link protems) to a

single hyaluronic acid molecule forming huge hy\:lrated and entangled aggregates of very

* high molecular weight (Hardingham and Muir, 1972; Shogren et al., 1983). Together with

the network of type 11 collagen fibrils, these aggregates endow cartilage, particularly
articular cattilage, with a high degree of viscoelasticity and an ability to withstand

def ormation and recover its shape after pressure has been applied (Kempson et al., 1970).

1.3.3.2 Other Proteoglycans

Other large’ proteoglycans capable of aggregating wrth hyaluronic acid have also
been isolated f rom aorta (Salisbury and Wagner 1981; Wagner et al., 1983) and culture
medium of arterial smooth muscle cells (Wight and Hasca”lf, 1983; Chang et al., 1983). The
very large chondroitin sulfate proteoglycan synthesized by embryonic chick skeletal muscle
(Carrino and Caplan, 1982; Cartino and Caiplan, 1984) may also aggregate with hyaluronic
acid. These proteoglycans are as large or larger thnh the cartilage-specific monomer, but do
not contain keratan sulfate and have fewer, but longéri chondroitin sulfate chains enriched
in chondromn 6-sulfate. These proteochondroitin sulfate proteoglycans appear to contain
large numbers of O-linked ohgosacclﬁn&s and although the proteoglycan synthesized by

arterial smooth muscle cells may have a protein core that differs f rom that of the cartilage

:
&

-MOonomer, it does have a hvaluronic acid binding region (Chang et al 1983) As ag”gregates

in the ground substance these proteoglvcans undoubtedly endow tissues with viscoelasticity,
but the dif feren;e in their glycosaminoglycan ‘sizg and content may give these aggregates
different physical propemes from those in hyaline cartilage. Similar, smaller, proteoglycans
having lower buoyant densmes have been isolated from brain (Kiang et al., 1981) and the .
soft mesenchymal tissue surrounding the mineralized matrix of bone (Fisher et al., 1981).
Although antisera to the latter molecule crossreact with the cartilage—specif ic proteoglycan,

its ability to aggregate with hyaluronic acid is unknown. Large proteoglycans, that possess
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‘low levels of L-iduronic acid rcsidues ( 10%) in their dermatan sulfate side chains, have

been isolated from cultured glial and glioma cells (Norling et al., 1983), bovine aorta
(Oegema et al., 1979), dediff erentiated chondrocytes (Oegema et al., 1981) and embryonic
skin f ibrob}asts (Coster et al., 1979). They rescmble the large proteochondroitin sulfate
proteogla%s in size, protein content and the ability to form aggregates with hyaluronic
acid. Thew f f erence in their glycosaminoglycan side chz;ins may affect the properties of the
aggregates that these proteoglycans form. | |
_"A number of other L- 1duromc acid-poor dermatan sulfate proteoglycans have been

isolated. Those shown not to aggregate with hyaluronic acxd mclude a very large

| proteoglycan isolated from porcine f ollicular fluid (Yanagishita and Hascall. 1979a) and the

culture medium of rat ovarian granulosa cells (Yanagishita and Hascall, 1979b) as well as.
smaller forms isolated from cartilage (Shinomura et al., 1983; Noro et al., 1983) and
human (Salisbury et al., 1981~1 and pigeon (Wagner etal., 1983) aorta. The smaller
L -iduronic acid-poor dermatan sulfate proteoglycans from bovine aorta (Eisenstein et al
1975 Kapoor et al., 1981) have not been tested f or thetr abrhty to aggregate with hyaluromc
acid nor have similar proteoglycans from colon (Thornton and Hunt, 1984) periodontal
ligament PGl (Pearson and Gibson, 1982), sclera PGl (CoSter and Fransson, 1981), fetal
-

membranes (Brennan et al 1984) and the culture medium of vascular endothehal cells

( Oohrra etal., 1983) artenal smooth muscle cells (Carrino and Caplan 1984) rat ovarian

granulosa cells ( Yanagishita and Hascall, 1984) and corneal stroma (Coster et al 1983)

Although all of these proteoglycans are polydisperse and appear to contain a relanvely srnall_

" number of long (Mr=40,000) dermatan sulfate side chains, evidence based largely on the

size of their protem cores strongly suggests that this group consists of at least several
distinct proteoglycans Although one has been propose&d to be located pertcellularly
(Yanagishita and Hascall, 1984), the function of these pproteoglycans remains somewhat
obscure. It has been demonstrated that the large scleral proteoglycan (i.e., PGl) hasa

pronounced tendency to self -associate via its L-iduronic acid-poor dermatan sulfate side

G
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chains (Shm et ll.. 1981; ﬁﬂlﬁm et al., 1982) and it may be possible that all of these

proteoglyelm m *blc to f om weif *uloc’dated aggregates at cell surfaces and/or in the

s

extracellular ' ) hyaluromc acid. The physical pqopemes of such -
aggregates are unknown but it has been suggested (Kapoor etal., 19815 that their sensitivity
to shear forces may allow the aggregates 19 seﬁafélé in tissues (such as aorta) as the
pressure increases. ' |

Smaller heparan sulfate containing proteogly\cans are located periceliularly (Oldberg
et al., 1979; Carlstedt et al., 1983; Rapraeger and Bernf ield, 1983; Robinson et al., 1984;
Yanagishita and Hascall, 1983) and in baaemcnt membranes (Hassell et al., 1980; Robinson .
et al., 1983; Fujiwara et al., 1984) and contain low levels of L -iduronic acid residues in

their heparan sulfate side chains. Like the L-iduronic acid - poor proteodermatan sulfate

proteoglycans, these proteoglycans are believed to self -associate via their heparan sulfate

~ side chains (Fransson et al., 1981; Fransson et al, 1983) although disulfide bonded

aggregates may also occur (Coster et al., 1983; Lowe-Krentz and Keller, 1984). These
proteoglycans are thought to play an integral rolc at the cell surface in cell-cell "(Oldberg et
al., 1979) and cell-substratum (Lark and Culp, 1984a; 1984b) interactions. These
proteoglycans also control the cim’rge-selective properties in basement membranes and
appear to bind to native type I collagen fibrils via their glyebsaminoglycan side chajns
(Kbda and Bernfield, 15843 : . .
Small protéochondroitin sulfate proteoglycans appgemly incalpable of forming
aggregates with hyaluronic ac1d have been isolatéd f rom bovine nasal carulage (;{elnegérd
et al., 1981) bone matrix (Flsher etal, 1983 Prmce et al., 1983; Franzen and Hemegard
1984), platelets (Huang et al., 1982) and concanavalin A-stimulated lymphoey_tes (Levitt
and Ho., 19833. Tnese mqlecules have small protein cores (h&r <46,000") andonlyaf ew
chondroitin sulfate side chains. Although the bone and cartilage proteoglycans may be\
related ( Franien and Heinegard, 1984), the others may noi be; nor is it understood how any

P

of these molecules function.
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A small proteokeratan sulf ate proteoglycan has becn' isolated from corneal stroma
(Hassell et al, 1979; Coster ct al., 1983; Axelsson and Malmstrom, 19‘78) and although it
has only 1-2 keratan sulfate side chains it has been suggested that these proteoglycans serve
;s' hydrated "spacers” between the regularly arranged collaggn fibrils in the corneal strdma'
ensuring its transparency (Axelsson, 1984).

A number of L-iduronic acid-fich dermat;n sulfate proteoglycéns have been
isolated ahd characterized and all are small molecules with only one or a few '
glyposaminoglycan side chains of intermediate length and several oligosaccharides ?;hinkai
et al., 1983) attached to & protein core with an Mr=44.000-55.b00. 1t is apparent that these
proteoglycans represent a family of molecules that are very much alike (seé Table 3) and
share an amino acid composition rich in Asx, Glx and Leu (see Table 4). The reported
differences in their ﬁrotein content and the size of their glycosaminoglycan side chains and
protein cores after digestion with chondroitinase ABC (i.¢., their (ABC)cores) may be due
to species and’ tissue differences in carbohydrate content és well as differences in analytical
methodology. This species of proteoglycan (hereinafter ref err;d to as proteodermatan
sulfate} PDS) is predominant in f ibrous cognective tissue matrices (Table 3) but is also
found in bovine aorta (Figura e, al., 1975 Kapoor et al., 1981), fibroblast culture medium
(Coster et al., 1979; Carlstedt et al., 1981), bovfn; liver capsule (Jansson et al., 1975) and
rﬁany other tissues as well. Unlike the other proteoglycans which are believed to ﬁanctidn
pericellularly and/or in the interfibrillar spaces, or whose function remains unknown, theré

. is considerable evidence to suggest that PDS functions in tissues in close association with

- type I collagen fibrils. =
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1.4 Evidence for an Interaction Between L-lduronic Acjd-Rich Pro.teddermatan Sulfate and
Cdlhigen ' . .

The posdibility that a functional association existed between PDS and t);pe I collagen
fibrils became evident when it was discovered that L-iduronic acid-rich dermatan sulf ate was
the most abundam glycosammoglycan present in mature dermis (Meyer and Chaf fee, 1941;

‘Hoff man'et al., 1957) and preponderated in such f 1brous tissues as tendon, hgamemum nuchae
and heart valves (Meyer et al., 1956). More recently the locanon of this glycosammoglycan in
the body has.been shown 1o correlate strongly with the presence of type I, and to some extent
type 111, collagen (J unqueira et al., 1981 ). Patholoéically, where there is an increase in type 1
collagen.asdociated with dermal scarring, corneal‘ scarring (Anseth and Fransson, 1969), fibrosis
of | the lung (Motomiya et al., 1975) and in the late fibrotic stage of scleroderma (Ishikawa and
Horuchi, 1975), there is a,lsoy an increase in L-iduronic acid-rich dermatan sulfate. |
 This association is also evident from the nnmeroué studies demonstrating that during the
ddvelopmenl of those tissues ultimately rich in fype I collagen, L-iddrdnic acid"-(rich dermatan

sulfate increases in the tissue as the collagen content mcreases and the tissue matures. Hoff man

Cnh, «et al. (1957) onglnal]\ noted that while adult pigskin comamed largely dermatan sulfate and

4Q

~ )
~ hyaluromc acid in the ra&lo 1.3:1, the ratio in embr) onic skin was 0.2:1. Loewi and Mever
.

(1958) found that maturation of embryonic plgskm mvolved a declme in chondromn 6-sulfate
~and a rise in dermatan sulfate to the extent that in the adult, dermatan sulf ate represented 64%

of the total glvcosammoglvcan present and chondromn sulfale was almost nonexistent. Breen et
I

al. (1970) also found that skinf rom a3 month-'old fetus contained only hvaluromc acid and

~ chondroitin 4(6) -sulfate but that b\ 5 5 months of age, dermatan sulfate was detectable.
Horowuz and Crystal (1975) showed that fetal rabbu 1ungs conlamed chondromn sulf ate, but
that wuh the increase in collagegg conlent there %also an mcxfease in dermatan sulf ate. Scott

et al. (1981) found that chondromn sulfate and hyaluronw acid preponderaled in fetal rat tail

h]

tendon, while dermatan sulf ate was the main glycosamlnoglycan in the mature tendon. The

change in glycosaminoglycan content was also related to the increase in collagen fibril diameter

b



23

(Scott etal., | 198 l‘) Kawamoto and Nagai (1976) assayed the glycosaminoglycan content of
embryonic chick skm at various stages and found that at day 12 hyaluronic acid and chondrortm
~ sulfate were the major components, but prior to the increase in collagen content on day 14,
chondroitin sulfate decreased dramatrcally and dermatan sulfate increased sharply and contmued
to rise with increased collagen deposition. Nakamura and Nagar (1980), employmg
H-glucosamine and 3H-proline, also monitored the changes in the synthesis of the
glycosaminoglycans and collagen in embryonic chick skin. They f ound that the synthesis of all
glycosamrnoglycans increased as collagen synthesrs increased, but deposxtion of hyaluromc acid -.
and chondrortm sulfate in the tissues decreased while deposition of dermatan sulf ate mcreased
conComrtantly with the collagen Although it was proposed early (Hoffman et al., 1957) that
L iduronic acid-rich dermatan sulfate was in some way assocrated with the formauon of large
type I collagen fibers, Parrv et al. (1981) based on the accumulated data in the literature,

roposed that collagen f 1br&diameter increased beyond 150 nm only when the relative )
. proportions of hyaluronic acrd and chondroitin sulf ate dechned and L- 1duromc acid-rich .
dermatan sulfate became the predommant glycosammoglvcan in the tissue. The same hypothesis-. -
has been put f orward by Scott et al (1981), but how the change in gly cosammoglycans '
: influences or regulates collagen if 1bnl diameter remains obscure.

Evidence 10 suggest that a specific interaction may oceur in vivo n L—iduronic ‘

acid-tich dermatan sulf ate and collagen has ‘been pr‘ovrded by varrous studresﬁ in vuro Ina serres
) of experiments that phvsically measured the 1nteractionﬁ§x between the various glycosammoglycans
and homopolymers of poly L-lysine and poly ,L-arginine, Gelman and Blackwell (Gelman etal,.
1972; Gelman et al., 1973a; 1973b; Gelman and Blackwell, 1973a; 1973b;-1973c; 1974a) found
that the interactions were electrostatic in nature and heavily dependent upon the participation of
the sulfate groups, and that those glycosamrnoglycans rich in L-iduronic acid (i.e., dermatan
sulfate and heparm) stabrlrzed the pol\ cationic « helices agamst thermal and ionic denaturation
to the greatest extent. By and large these res;alts have been conf 1rmed in studres measuring the.
mteractron between the g]ycosammoglycans and collagen molecules While hrgh molecular
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B werght hyaluronic acid and chondrortm sulf ate chains isolated f rom hyalme cartilage were able

to form weak, ionic complexes with native type | collagen molecules (Mathews 1965 Obrmk
and Wasteson 1971; Obrtnk 1973; Obrink et al., 1975), L-iduronic acid-rich dermatan sulfate -
mteracted with the collagen molet/:ules with hrgher affinity (Obrmk and Sundelof 1973; |
Conochre et al 1§75) inducing greater stabrltzatron to thermal and ionic denaturatron (Gelman C e
and Blackwell 1973d; 1974b). Also, Gallagher et al. (1983) demonstrated that L- 1duron1c

-acrd rich dermatan sulf ate synthesized by cultured f rbroblasts remains in the medium when the

c’glls are grown on plastlc but became specrf ically mcorporated into collagen gels when the cells

gy

{gre grown on that substratum

~ Evidence to suggest that mtact PDS interacts with collagen molecules has been obtained

-~ through turbrmetrrc studies that measured the effect various prOteoglycans particularly PDS,
~ had-on collagen fibrillogenesis in vitro. From a host of early studies it became apparent that

- a) both the skin apd heart valve PDS and the cartrlage-specrf ic proteoglv can preparations could

retard’ ftbnllogeﬁ%%rs (Mathews and Decker 1968 Lowther and Toole 1970 Lowther 1972,
Oegema et al 1975) b) the PDS preparations had perhaps a hrgher af finity for the collagen

('l"oole and Lowther 1968 Obrrnk and Sundelof 1973); c) the collagen molecules had to be

- natrve (Mathews ‘and Decker, 1968 ‘Lowther and Toole, 1970); d) the’ proteoglycans had their

greatest effect when ;mtact {Toole and Lowther 1967 Lowther and Toole 1970 Podrazky et
1971 Greenwald 1975; Ocgema et al. 1975) but that ¢) the results ‘were somewhat

rnconclusrve in that the PDS preparatrons did siot drsplav a signif’ rcantlv greater effect than the

carulage specrf ic proteoglycan, nor was the nature of the effect { ullv explamable by these |

methods. More recentlv however Vogel et al. (1984) in a turbtmetrlc studv usmg varrous

' collagen preparatrons , demonstrated that the small L- 1duromc acid rich dermatan sulfate

~proteoglycan isolated from bovine flexor tendon decreased the rate of T rbrrllogenesrs much more

than the large proteochondroxtm sulf ate proteoglycan 1solated from the same source, the small

' proteochondromn sulfate f rom cartrlage and the cartilage-specifi ic monomer and that much of

the effect was mediated by the protein core of this proteoglv can as 1ts (ABC)core was as



ef f ective an mhrbttqr as the intact molecule. |

That a close physncal assocratron between PDS and type ] collagen probably occurs ‘m
vivo has been demonstrated by the need to treat trssues wrth M MgCl,. 8M urea or 4M
guanidinium chloride in order eff ectively to extract PDS This suggests that this proteoglycan is
not conf ined to the interf ibrillar spaces or merely to the surface of the collagen fibers, but is
probably wrthm the fibers; between or on the fibrils themselves .

This contention is supported to-some degree by electron microscopic studies that have
used -multivalent cations or cationic dyes to locate proteoglycans by way of their poly.anionic‘
glycosammoglycan side chains. Early studies usmg bismuth mtrare demonstrated that the
glycosaminoglycans of the large cartrlage specrf ic proteoglycan collapsed against the protein
core by precipitation with the bismuth jon f orming electron dense sphencal partrcles. Such
particles were found in bovine nasal ca'rtilage‘. articular cartilage and nucleus pulposus in the ‘ ‘
interfibrillar spaces and on the surface of the cOllagen fibrils at regular intervals: |
(Seraf ini- Fracassmr and Smrth 1966; Smrth etal., 1967 Smrth and Seraf ini- -Fracassini, 1968)
usually at the a and b1 bands of each D perrod (see Fig. 21).1In rabbit corneal stroma stained
.f ilaments (presumed to be a protein core as hrghhghted by its collapsed glycosammoglycans) 1an
transversely between the regularly arranged collagen f 1bnls and assocrated tangenually wrth the
fibrils at the a band (Smith and Frame 1969). The nature of this proteoglycan was unknown.
Use of ruthenium red in conJunctron wrtlyssue fixation also revealed thata polvamomc
component was assocratal wrth the collagen fibrils of subcutaneous tissue (Kajrkawa et al.,

' 1970) which on preparanons of rat heart va]ves (Nakao and Bashey, 1972) and rat tail tendon
(Torp et al 1975) were detected. between bands d-a on posmvely stained collagen fibrils.
Components that had biosynthetically 1ncorporated 580, appeared as transverse belts” located
in the vicinity of the a band of collagen fibrils in ear cartilage (Myers 1976).1n an attempt to
increase the specrf icity of the reaction, dyes have been used ur conJunctron with MgCl,
concentrations that are supposed to displace the cauomc dye f rom polycarboxylates such as

hyaluronic acid but not the sulfated glycosaminoglycans (Scott, 1980) Although not

@
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parttcularly ef f ectrve with ruthemum red this cnttcal electrolyte concentration method has-
been used with Alcian blue (Ruggen et al., 1975) to. reveal polyanionic components, presumed
to be sulfated glycbsaminoglycans. orthogonally arranged on collagen fibrils at regular intervals.
Use of the copper-containing dyes, cinchomeronic acid and quinelinic acid, in conjunction with
glutaraldehyde f ixation and 0.lM-0.3M MgCl,, also revealed regular, ortho'g'onal_perif ibrillar ,
arrays' ofaf ilamentous material in assoclation with rat tail tendon collaéen f ibrils (Scott.,1980). '
’/’:The filaments appcared to form complete rings around each fibril, that were separated by the
collagen band repeat distance, D, and were connected by so called "vertical 5omponents that
ran axially between the encircling hoops. None of the ﬁlamentous m;tenal was observed inside
f xbnls cut in cross-section. The f xlaments were interpreted to be proteoglycan protein cores
htghhghted by the collapse of their glycosammoglycan side chams against them In the native
ttssue the glycosammoglycan side chains were thought to be orxented parallel to the long axis of
the collagen fibril, across the various bands of a D period (Scétt, 1980). In conjunction with
uranyl acetate staining, the ring-like f ilaments were sho“\/n 10 be associated predominantly with
the d band, in the gap regron of the collagen fibrils (Scott and Orford, 1981). Based on the
dermatan sulf ate/hydroxyproline ratros and the, ratto of the total length of starned filaments to
collagen fibril cross- sectnonal areaina prescnbed area of electronphotomlcrographs obtained
from matfting rat tail tendons the stained components of the orthogonal array were considered

to be largely dermatan sulfate and the protéoglycan, PDS (Scott et al., 1981 Scott and Orford

1981).

1.5 ImxnunOIOgical Analysis of Proteoglycans

Antibodies have been used exterisively as probes to study the structural and functional
characteristics of connective tissue macromolecules (Furthmayr, 1982) by a number of |
1mmunolog1cal methods. Immunologic analyses of proteoglycans, however, have f ocused almost
excluswel\ on the high molecular weight monomer found in cartilage. Early 1mmt1nolog1c

analyses revealed that hyaluronic acid on its own or coupled to carrier proteins was nonantlgenic

fi



, in rabbnts‘ﬁ(Humphrey. 1943; Quinn and Smgh 1957) Protein-free chondroitin sulfate
glycosammoglycans f rom rabb:t cartilage were no‘mmmunogemc in the species of grigin (Boake '
and Muir, 1955) and those from human coetal cartilage were also poor immunogens in rabbits
(Quinn and Ceroni, 195.7).althqugh bovine chondroitih sulfate could induce a variable response

in rodents (Saunders et al., 1962). The appar:ent' inconsistency m the jmmunogenicity of the
‘glycosamiﬁogly‘c»ans may be due to the tendency of different Hﬁimal species' to i'es‘pond
differently to large carbohydrates (Maurer and Mansmann, 1958). When a cartilage

: profein-polysaccharide complex (Malawista axid Schubert, 1958) from bovine or human
carulage was used as the 1mmunogen most specxes developed a significant humoral response
that was based 1argely on the protein moiety (DlFerrante 1963 White et al 1963). Specnes
specific and §pecxes common determinants were subsequently described (Loewi, 1964; Loewi and

"Muir, 1965) élthough with improvements in the preparation of the proteoglycan (Sajdera and.
ﬁamll ‘1969) it be‘came apparent that ﬁw bulk -of the species specific deterrninants resided on
the link protems and the species common determinants were on the proteoglycan (Tsxganos
1971) located w1thm a highly conserved decapeptide sxtuated between the attachmem sues of ;
adjacent glycosaminoglycanside chains (Baxter and Muir, 1972) .'Although ;t had been’ |

proposed that the link prbteins were immunologicallv and structurally related to the hyaluronic

acid bmdmg region (HABR) of the proteoglycan (Keiser, 1975), use of more hlghly purified

anugen preparatxons dlsproved this (Weislander and Hemegard 1979 Poole et al., 1980a).
Armbodles spemf icf or the proteogl)ean have been used to locate the molecule i in bovine

articular cartilage at the light (P‘oole et al., 1980b) and electron mxcroscopnolev.els (Poole et al.,

1982), to immunoprecipitate the intracellular biosynthefic precursor of the proteoglycan prele'in

core (Kimura et al., 1981, Geetha-Hebib etal., 1584;'Fellini etal., 1984), to reveal structurai

differences in the aggregating and. non-aggregating prOteoglycans in eartilage (Kimana etal.,

1982b) and ina radlolmmunoassay to demonstrate that the proteoglycans synthesned by ,

presumptive embryonic chick limb bud chondroblasts are structurally different f rom the

[¢]

' cartilage-spegif ic proteoglycan synthesized by thé de ordroblasts (Hoetal., 1977): By
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selective proteolync cleavage of the proteoglycan it has been’ possnble to 1solate different
- structural regions of the protein core and use them to produce antisera specific for those
regions. Anubodles to the HABR and the CS- peptides were used by Weislander and Hcineg&rd
(1980) in a radnolmmunoassay to demonstrate that proteoglycan preparations f ractionated hy
size differed in the amount of CS-peptide present as had been observed electron mlcroscoplcally
(Heinegard et al., 1978) and chemlcally (Fellini et al., 1981). These antisera have also been used
to detect structurally related molecules in the other cartilages of the (bovme) body as well as in
_other species (Weislander and Hemegard 1981) and to reveal that the proteoglycans synthesnzed
by eultured glial cells (Norling et al., 1984) and the large proteochondroitin sulfate proteoglycan
in bone (Fisheretal., 1983) are structurally related to the cartilage monomer. Antibodies to the
HABR have also been employed in an ELISA mhlbmon assayv lo reveal possible conf ormatnonal
, changes in the link proteins and the HABR during their interaction (Thonar etal., 1982) and to
prove that tht/e HABR is located at one end of the proteoglycan only (Buckwalter et al., 1982).
Antisera have also been raised agamst the basement membrane heparan sulfate
, p‘roteoglycan (Hassell et al., 1980) and have been used in 1mmunoﬂuorescence studies (Oohira
et al., 1983) and t0 reveal that the high-and low buoyant densnv heparan sulfate proteoglycans
share a s;mtlar protem core (Fujiwara etal., 1984). Amtbodxes have been raised to PG-Lt (very
low buovant densxt)) and PG-Lb (low buoyvant densxt)) proteoglvcans“isolated from hyalme
cartilage and have been used to show tllsat not only do these molecules differ structurally from
one another but thaL they d1f fer structurall\ from the high buOyant densnty cartilage monomer ‘
as well (Shmomura et al., 1983 Noro et al 1983). They have also been used to demonstrate .
that cach is located in a dlf ferent regton of the cartllage matrix (Shinomura et al., 1984).
Anttbodles have been raxsed against the small proteochondromn sulfatein bone and have been
sed Lo show that itis structurall) relaled to the small proteochondromn sulfate in cartllage
(Franzen and Heinegérd, 1984) but distinct from the large proteochondromn sulfate in bone
and a number of other proteoglycans (Plsher et al,, 1983). Monospecif ic antibodies toa -

chondroitin sulfite proteoglycan in bram have been used 1o immunohistochemically locate the

Cen
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proteOglylcan in adult (Aquino et al,, 1984a) and in developing (Aquino et al., 1984b) nervous
tissue at the ultr#structural level. '

These antisera have proved 1o be very useful adjuncts to the study of proteoglycans.
However, with the advent of vhybridoma methodology (Kohler and Milstein_, 1975), the use of

o

monoclonal amibodies (MAbs) to study complex macromolecules has become popular. Unlike

antisera, which contain a substantial number of polyclonal antibodies (derived from different

clones of plasma cells), culture fluid from an individual clone gontains only one antibody that
recognizes (almost always) only one determinant on the antigen. With monoclonal antibody

preparatfigns. single determinants (epitopes) may be examined indepepdently thereby increasing

the resolution of analyses even further.

Monoglonal antibodies are produced by the fusion of diff erentiating B cells or plasma
cells with suitably mutated, nonsecreting .plasmacytoma cells to yield hybrid cells that retain_ the
ability to secrete antigen-specific antibody and the capacity to divide. As the fusion of cells

4

oecurs in a batchwise process, monoclonal antibodies are only available after a single cell,

.poropriate antibody, has beet isolated and allowed to grow and divide as a clone.

ERSINY ¥

In addition to the increased resolution possible, monoclonal antibodies offer several distinct

advantages gver affinity purified antisera. There is less possibility of crossreaction with

" ‘unrelated molecules, they may be produced by immunization with impufe antigen preparations,’

their specificity and class-does not change, large quantities of a uniform antibody preparation

can be produced and, because the hybrid cells can be stored frozen, an unlimited supply is

N

potentially available.

Monoclonal antibodies have been prepared against the cartilage proteoglycan monomer

but, in each éase, enzymatically treated proteoglycans have been used avs the immunogen, and
have resulted more often than not in the production of MAbs that do not'recognize the intact
proteoglycan but artifactual detei}xinams caused by the cpzyfne freétment. Dorfman et al.

(1980) used“a Byaluronidase-treated proteoglycan preparation andk whil; one MAD recognized

the intact proteoglycan and its cell-free translation product and crossreacted with the
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non—cartilaginous proteochondroitin sulfate from embryonic chick calvaria (Sugahara et al.,
1980). another recognized chondroitin 6-sulfate containing tetra- and hexasacchandes with a

D-glucuronic acid residue at the nonrdm;mg terminal produced by hyaluromdase (Jenkms and

Dorfman, 1981). Catcrson and cowo%; using a chondroitinase ABC—dl‘gested proteoglycan
preparation as immunogen, produced a rabbit antiserum and several monoclonal antibodies
(Christner et al., 1980; Caterson et al., 1982; Caterson et al., 1985) shown to recognize the
| unsaturated derxvauve of the D-glucuronic acid residue remaining at the nonreducing terminal
of the chondroitin 4-sulfate and chondromn 6-sulfate chains after enzyme treatment. These
antibodies have been used to study chondromn sulfate proteoglycan biosynthesis in chicken
chondrocyte cultures (Vertel and Barkman, 1984)‘and to détect chondroitin sulf at;: and
dermatan sulfate proteoglycans in various tissues after lreaimem with chondroitinase ABC
(Cateréon et al.. 1982; Couchman et al.. 1984). Other monoclonal antibodics recogﬁized the
keratan sulfate chains themselves (Caterson et al., 1983). AMonocl’bnal antibodies have also been
produced that recognize keratan sulfate side chains using the corneal proteokeratan sulfate as

immunogen (Funderburgh et al., 1982).

1.6 Objective of Project

As stated previously, an understanding of how connec“liv'e tissue matrices f _unction must '
come from a more compl‘ete understanding of their. macromolecular components and how they
interact with one another. While it is apparent that a large number of components are present in
the various conne;tive tissues and that they interact to maintain the structural integrity of these
tissues. the role of PDS is likely 1o be somewhat d@f ferent in that it appears to help regulate
collagen fibril size and/or its interaction with other componénts. 1t may be one of the strict
biological controls over collagen self -assembly. The most convincin'g;v evidence that PDS, among
the proteoglycans, specifically interacts with type I collagen has béen provided by the
fibri_llogenesis studies of Vogel et al. (1984), although it is not known where PDS binds to thve

collagen molecules to induce their effect, nor whether these "fibrils™ that form are structurally
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normal. The manner in which PDS might lin'teracl with type 1 collagen fibrils in vivo has been
invesligated in the ultrastructural localization studies of Scott and coworkers (1980; 1981). 1f
the assumptions in these latter studies are correct, they strongly remforce the work of Vogel et
al. (1984). Howcver the serious drawback with the electron microscopic studlEs fs the lack of
specificity of the dye for L -iduronic acid-rich dermatan sulfate (or possibly even
glycosaminoglycans) even in the presence of a "critical electrolyte concentration”. Scott (1980)
states that the use of cinchpmeronic acid with 0.3M MgCl, can provnde a high level of specificity
for galactosammoglycans but in much of his work relies upon qumohmc acid (stated as being
more prone to bind-to rlbOnuclelc acid) in conjunction with 0.1M MgCl,, a concentration of salt
that enhances nonspecific bmdmg by the dye. Of pamcular concern was the use of quinolinic

“acid and low MgCl, concentrations to derive the results with developing rat Lall tendon samples
"(Scottn et al., 1981), some of which contained hlgh levels of chondroitin sulf ate which would
have bound the dye. With these inherent problcms there was a need to fall back on blOChleCal
data to infer that the stained filaments were most likely to be PDS. However, there was no
guarantee that the stained filaments were all proteoglycans Another point of contention is the
interpretation that the dye has consnstently caused the glycosammoglycan side chains to collapse
(by precipitation) agamst the protem core, thus highlighting it. This may not be the case,
pamCularly with the so-called "vertical components” iof the ofthogonal array. What is required
is a means specifically 10 locate PDS m ,relauon to native type | collagen fibrils to determine

\ whether the protein core of PDS is indeed located in the vicinity of the d'band (m the gap

region) of each D' period. -

As has been estabhshed largel) with the cartilage- speuf ic proleoglycan immunological
methods can be a powerf ul tool with. wlnch to study these structurally complex molecules With
~ monoclonal arlllbodleLl[ShOUId be possible to probe the structure, f unction and locauon of a
- proteoglycan on a determinant by determinant basis, ensuring hlgh resolution. However
monoclonal a‘ntibodies directed against the glycosaminoglycan side chains, ot artif act_ool

determinants derived from them, cannot distinguish between 2 very different proteoglycans if
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they share, the same glycosaminoglycan side chains. Grcalcr specificity, and ultimate usefulness,
‘can be achneved with monoclonal-antibodies directed against determmams on the protein core of
a proteoglycan and they should be produced with this obJectwe ih mind.

Therefore, the objective of this project was to produce and characterize monoclonal -+
antibodies to the protein core of PDS and o use them to study its structure, its relatedness 1o

other proteoglycans and its interaction with type] collagen fibrils at the ultrastructural level.



2. MATERIALS AND METHODS ’ '
2.1 MATERIALS

2.1.1 Animals and Cell Lines - \

Four to five weck old male SJL/J (H-2s) and A.CA/Sn (H-2) mice were purchased
from Jackson Laboratorics, Bar Harbor, Maine while malé CBA/Cal (H-2k) and C3H.SW/Sn
(H-2b) and female Balb/cCr mice of the same age were purchasedl from the MSB Animal Unit;,
University of Alberta. SJL/J and Balb/cCr mice were bred to produce SJ L/JxBalb/cCr |
of f Sprmg used in ascites producuon Older male Balb/cCr mice were also purchased locally and
used as a source of normal mouse serum. The animals were housed in the Surgical-Medical
Research Animal Centre and fed ad libitum.

The plasmacytoma cell line, 315.43, 23\ mutant cell line deri‘ved from the Balb/c
plasmacytoma MOPC 315, was generously provided by Dr. Tirh Mosmann, DNAX Research

Institute, Palo Alto, Calif ornia. These cells are Tesistant to ouabain and lack the enzyme

erase (HGPRT) and the ability 1o secrete an

immunoglobulin (Mosmann et al., Aan Gin-1 (apparently normal) gingiva

fibroblasts (CRL #1292), human fet M obIasts(CﬁL #1510) and human adult skin
fibroblasts (CRL #1224) were purchased from the American Type Culture Collection,
AN

Rockville, Md.

2.1.2 Hvbndoma Production

RPMI 1640 powdered medium, fetal calf serum (FCS heat mactxvated) and NUNC
cTyotubes were purchased from GIBCO Cahada, Burlington, Ont. Sterile 24 and 96 well flat
botfom Linbroe tissue culture plates were purchased’f'rom Flow Laboratories, Mississauga, Ont.
Hypoxanthine, thymidine, (+)-amethopterin (met’t}otrexate), ouabain octahydrate,

4-(2-hydroxycthy1)-1-piperazineethanesulf onic acid (HEPES), d_imethyl sulfoxide (DMSO)

33



- and 2-mercaptoethanol were purchased from Sigma Chemxcal Co., St. Louis, Mo. Gentamvcin
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was purchased from John S Screntlf ic, Toronto, Ont. and 2, 6 10,14- tetramethylpentadecane

(prrstane) from Aldrich Chemrcal Co (Canada) Montreal Que. Stenvexo GS f xlters

- (0. 22 um) and accompanymg peristaltic pump and Millexe-GS f 1lters (0. 2 um) were purchased

from Millipore Ltd., Mrssrssauga Ont. - o : . . K/
v 7
Items purchased from supphers in Edmonton were: polyethylene glvcol 1450 (Bakero

Grade), Freund's compléte and mcomplete adjuvants (D1f co), sterrle 100 x 20 mm and 60x 15

‘mm plastic Falcone Petri dishes, sterrle 1,2, 5 and 10 ml borosxhcate serologlcal pipets, pipet
" wrap, autocla\ able garbage bags, autoclavc tape, adsorbént cotton hemocvtometer and Fyritee

gas analyzer from Oanlab MOHO]CCI@ insulin syrmges from Stevens Alberta Co.; Ltd.; Dropperm

sterrlrzauon bags (Eropper M g. Co., Long Island Crtv NY) and Tower wrap f ror: Prairie
Medrcal Ltd.; S[CI’llC 15 ml and 50 ml Cornmgo screw cap centrifuge tubes and sternf— tuberculin

sy rmees and needles from Fisher Screnuf ic; a Forma Scientifi ic model 3029 CO2 incubaicr from

_Caltec Sc1enuf ic Ltd and Umon Carblde LRS 19 and XR 12 llqmd nitrogen ref rrgerators and
~accessories f rom Medrgas Alberta, Ltd. Purchased f Tom sources at the Umversm of Alberla

“were: methoxyflurane (Melofaneo Puman Moore Inc., Washmgton Crossmg NJ) from the

Al

Surglcal -Medical Research Anrmal Centre and Wescodynee (West Chemical Producls of

~ Canada Ltd., Momreal Que.), used asa general purposc disinfectant, from Blochemrstr)

Stores Alkyldlmethylbenzyl ammomum chlonde (Roccals), used asa dlsmf ectant in the

incubator water supply (10 ml/ S51H, 0y, y. was purchased from Canlab

l

B4

2.1.3 Enzvme Lmked lmmunosorbent Assav N

Dvnatech Immulone 1 flat botlom and Cookc Microtitere round bouom polystyrene

plates, poly oxyethylene sorbxtan monolaurate (Tweenc 20) and H. Oz 30% were obtamed f Tom

‘vFlsher Sc1em1f ic; Edmonton. 1, 2-pheny lenedlamme dihydrochloride was obtained from Aldrich

Chemical Co. The Titerreko Multiskan ‘and interference filters'and the: 12-channe50-200 me

Multipipettors were purchased from Flow I:,a_boratories, Ltd.
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1 1.4 Antisera, Immunoglobulins and Serum
Peroxidase conjugated Tabbit anri-mouse 1gG. heavy and light chain specif ic (H&L),
goat anti-rabbit 1gG (H&L) and rabbit anti-goat 1gG (H&L) antisera were purchased'f rom
Cappel Laboratories, West Chester, Pa. Peroxidase conjugat;d goat anli-mouse 186G (v -chain
specific), IgA (a-chain specif ic) and 1gM (u-chain specific) anLisera. goat anti-mouse 1gG
F(ab'), fragments and ferritin con jugated;goat anti-mouse 1gG (‘H&l_) antiserum were also
obramed from Cappel. Rabbit anti- mouse xmmunoglobuhn antrserum (DAKOQ) was purchased
from Cedarlane Laboratornes Hornby - Ont. Mouse peroxidase anti- peroxrdase was from.
Sternberger- Meyer lmmunocvtochemicals Jarretsville Md. Goat anti-mouse 1gG1, 1gG2a and
lgGZb specific anusera were purchased from Meloy Laboratorres Rexdale, Ont. whrl\e rabbu
anu-rnouse 1gG3 specific eantrserum was. purchased f rom Miles Laboratones Rexdale, Ont.
Mouse IgG was purchased from Sigma Chemical Co. and normal goat serum conLammg 0. 2%
NaN, was 'purchased from ChemBioMed, University of Alberta.
2.1.5 SDS P()’Iyacrvlamide Gel ‘Electrophoresis and Western Blotting *
_ Acrylamrde sodium dodecy! sulfate, ammonium persulfate ‘
N AN methylene -bis- acrylamrde N,N,N' N tetramethylethylenedramme (TEMED) the high
‘and low molecular werght standards, Coornassre Blue R250, Bromophenol Blue nitrocellulose
paper, the Trans- Blote Cell and the Proteane Gel Electrophoresis Cell and power supplres for
each were 6bta1ned from BIO Rad. Canada Mrssrssauga Ont. Bovine serum albumin and
3.3 drammobenudme tetrahydrochlonde were purchased from Sigma Chemical Co. Pyronin Y l
- (Matheson Coleman and Bell Cmcrnnau Ghio) was purchased from Canlab Gels were dried
: using & GSD 4 Gel Slab Drrer (Pharmacia Canada Lid., Dorval, Que ) connected toa

’\.

“lyophilizer.
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2.1.6 Nitrocellulose Electrophoresis
A Gelman electrophoresis tank (Gelman Instrumem Co., Ann Arbor, Mich) was used
with a BioRad Model 400 Power Supply. Barbital sodlum and barbnal were obtamed f rom

Fisher Scientific.

2.1.7 Column Chromatography

Sephacryle S-300, the Fast Protein Liquid Ch'romatographv (FPLC) system and
Polyanione SI-17 um resin were from Pharmacxa Canada Ltd. The Holochromee
spectrophotometer (Gilson Medlcal Flectronics, Middleton, Wis.) equxpped with a 40 gl, 10 mm
path length.cuvet was used in conjunction with an Ultrorace 70‘0‘0 fraction collector (LKB,
Sweden) and a Fisher Recordalle Seriésv5000 ré¢order . Guanidinium hydrochloride (GdnHCl) .

was purchased from Terochem Laboratories Ltd., Edmonton. :

2. 1 3 Hlstochemlstn

| Bovme and porcine tissue samples were obtained f resh from Gainer's Lid., Edmomon
and f resh samples of chxcken skin were obtamed from the Surgical-Medical Research Animal
-Centre. Human gmglva was obtamed from-the Denustr) clinic at the time of penodomal
surgery and a human skin sample was obLamed f rom a bxopsw by Dr K Prmgle Umversny of
Alberta Hospital. The Tlssue Teke; lI Cryostat and its accessones were from Canlab, Edmonton
whxle phosphate buffered tormalm uranvl acetate and osmxc acid anhydﬁdc were obtamed from
Fxsher Scxenuf ic. Grade 1.25% aqggouc glutaraldehvde was purchased from Sigma Chemical Co.
“Spurr's epox\ resin componems Beem (QO) embedding capsules and 400 mesh copper grids were
purchased f romJ .B. EM Services’ Inc Dorval.Que Hxslochermcall\ treated tissues were
exammed and photomxcrographs taken‘ wu.h aaW11d Leitz Diavert mverted SLage llghl
rmcroscope équlﬁydfwuh a and Photc;automal MPS 45 and a 33 mm camera {(Wild Canada

.

Calgar\) ora Phlhps 410 transmission electron MmiCroscope, located in the Surglcal -Medical

Research Institute.



2.19 Enzymes | ‘ ‘\
Cathepsin C (EC 3.4.14.1), Sigma X, sulfate free (16 units/mg protem) from bovine
spleen and papain (EC 3.4. 22 2), 2x crystallized, were obtamed from Sigma Chemical Co.
- Chondroitinase ABC, from Proteus vulgaris, was from Miles Laboratones and micrococcal
nuclease and trypsin-TPCK (270 units/mg) (Worthingtonf were ‘purchased from Millipore Ltd.
, Cathepsin‘ D was isolated from bovine thymus and purified by Dr-C.H. Pearson, University of
Alberta. |

2.1.10 Other Chemicals, Antlgens Apparatus and Sundries

: A ? \‘ : ,\.\ : !
Cetvlpyndrmum chloride (CXi%y "‘K' %lmethanesulfonyl fluoride (PMSF)
l& yv

ﬁ\\. Kycin were purchased from Slgma Disodium

ethylenediamine tetraacetate (EDTA) was from Fisher Scientific and, lactalbumm hydrolysalc

D,L- cysteme HCI, iodoacetamrde d‘n

(Bacto-Peptone, Difco) and sodium sulf ite were‘f rom Canlab. N-ethylmaleimide (NEM)and
cyanogen bromide (CNBr) were from Aldrrch Chemical Co. Pepstatin was from Peptide

“" lnsutute Osaka Japan and concanavalin'A was purchased from Pharmacia Canada

lnsoluble bovme elastin was from Elastm Products Co., Pacifi ic, Mo. Bovme '

f ibronectin chondroitin 4-sulfate, chondroitin 6-sulf ate, dermatan sulfate and hyaluyoni acid

“were purchased from Mlles Laboratories.

it

The Micro- ProDiCon negatwe pressure dralvsrs concemralor together

molecular weight cut- of f ProDiMem dralysxs membrane assembhes were purchased f w
* Chemical*Co., Rockford 1. Spectraporo dralysxs membrane tubmg (3 500 and 6,0 000 8 000

molecular weight cut-off) was also purchased from Pierce. Rolls of lO 000 12.000 molecular
weight cut -of f dral\ sis Lubmg were purchased from Umon Carbide Canada

The water used was drsulled tap water redistilled with a Corninge Megapure dnsullauon
unit and/or deromzed and sterrhzed using a Milli- -Qe system eqmpped with a2 0.22 um
Mlllistako-GS filter (Millipore, Lid.). Other supplies-and sundries used, but not listed, were

purchased from Canlab or Fisher Scientific, Edmonton.



_ negauvel\ charged componems including the proreoglvcans were eluted with & 7M
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2.2 METHODS

(‘;\)’
Ck :
e

2.2.1 Preparation of Proteodermatan Sulfate

The sample of proteodermatan sulfate used as the immuhpgen and as the antigen in

‘various 1mmunologrcal assays throughout the early stages of the project was extracted and

purrf ied in Dr. Pearson's 1aboratory using previously \pubhshed methods (Pearson etal., 1978,

_Peérson and Grbson 1982). Approximately 500 g (wet weight) of deprlaled adult bovine skin

was, cut into small pieces and ground to a fine powder m a erey,mrll cooled with liquid N;. In
this form, the tissue was exhaustively extracted at ¢’ C with a 4M GdnHCl 0.05M sodium.
acetate, 0. OSM Tris HCI, pH 7 0 buffer (buffer A) containing 0.02% (w/v) NaN, and
proteinase mhrbrtors (5mM benzamrdme hydrochlorrde imM PMSF 10mM EDTA 0.5mM

NEM 0.1M 6- ammohexanorc acid, 5 ug/ml pepstatin and 5 ug/ml leupeptin). The pooled

‘ extracls were concemrated and buffer A exchanged for a TM urea, 0.15M NaCl, 0 05M Tris

HCl, pH 6 5 buffer (buf fer'B). contammg protemase mhrbuors b\ dialysis and ‘ultrafiltration
in an Amicon cell using a PM-10 membrane The concenrrated sample was then applied to a.

5 x 50 cm DEAE -cellulose (Whalman er Maidstone, Kent, UK) column, prevroush
equilibrated with buffer B, and the sampl'e components eluted from the column m\a stepwise
fashion adapted from the method of Antonopoulns eLal.. (1974). Much of the conyammaung
protein and hy aluromc acrd was removed by exhausuve elution *stih buf fer B, whrlé the more

Iea, w

NaCl, 0. OSM Tris HC1, pH 6.5 buffer (buffer C). The fractions containing uronic acrd were

\

pooled and the componems precrpnared by adding ¥ volumes of cold 98% ethanol and incu ating

\

the sample overmghl at 6°C. After centrifugation, the precrpnate was washed several times wuh

75% erhanol and redissolved in aqueous 0.50M NaCl. To 1solare the componems contammg

. dermatan and/or chondroitin sulfate. CPC was added 1o the sample to a final concentration of

i

0.1% (w /w) The resulung precrpnare was wash“d with 0.50M NaCl, 0. 1% CPC and then 1o

remove the CPC, Lhe sample was redissolved in aqueous 1M MgCl: and reprecrprlaled and
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washed with ethanol. It was finally dissblved ina M ufea. 0.05M Tris HCI, pH 6.‘5 buffer and
applied to two 2.5 x 90 cm Sepharbse CL-4B (Pharmacia_Canada) column§ connected in series
that had been previously equilibrated with the same buffer. The.rhost retarded peak (peak 3)
detected at 280 nm contained PDS and its purity was established by amino acid analysis .
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and analysis of the glycosaminoglycans
(liberated by papain dig‘esufonl) by cellulose aceiate electrophoresis (Pearson and\Gibson, 1982).

The purified PDS preparation contained 58% protein ‘and 10.7% uronic acid (refative to the

lyophilized weight).
During the course of the project otherbpreparauons of bovine skin PDS were necessarily
used. Except for minor vanatlons in amino acid composmon the material from all of these
preparatlons that eluted as peak 3 from the Sepharose CL 4B columns was very similar to the
initigl antigen. Preparations containmg PDS that _eluted as peak 3 from Sepharose CL-4B '
columns were also obtained from bovine periodoxital ligamen.t (i"e%rson ‘and Gibson, 1982),
bovine fetal skin, bovine gingiva, human gingiva and unempted bovine dental pulp. These
uronic acid containing fractions were dcsignatea "PG2". All of these sampl;s_hgd been extracted
and prepunf ied in essentially the same manner as adult bovine skm described above A
preparanon of adult human skin proteodermatan sulfate that had been extracted wuh hot, 6M
‘ urea (Toole and Lowther, 1968) was generously provided by Dr M Longas Mount Sinai
Medical Cemer, New York. A preparation cpmammg its protem core, produced by treatment of

the proteoglycan with 0.5N NaOH, was also supplied by Dr. Longas. -

2.2.2 Preparation of Larger Proteoglycans ‘

Bovine gingiva, deﬁtal puip pen'odbmal liéamem (Pearson and Gibson, 1982)‘and
human gingiva also contained a uronic ac1d contammg fraction Lhal eluted near V, (i.c..
peak 1) from the Sepharose CL-4B columns and in each case was designated "PG1".

Bovine nasal c;rulage and Swarm rat chondrosarcoma proteoglycan monomer

(fraction A1D1) and link protein (f raction AlD4) preparations were generously supplied by



. ‘ . . )
Dr. J .R. Baker, University of Alabama in Birmingham, Birmingham. Alabama.

2.2.3 Preparation of Proteoglycan Fragments by Enzymic Methods
B A

2.2.3.1 Digestion of Samples }Nith Chondroitinase ABC
The protem cores of proteoglycans with only the 'stubs’ of thexr Q
galactosaminoglycan side cham(s) remammg were produced using chondromnase ABC and
designated the (ABC)cor_es. Digeslions were initially perf ormcd using a combxnatnon of the
rdethods described by Oike et al. (1980) and Heinegard and Hascall (1974). A lyophilized
sample of PDS 'was placed in a stainless -steel tube prewarmed to 37°C. The sample wap
d'issolv:cd by édding 250 ul of a 0.4M sodium acetate, O.'4M Tris HC1, pH 7.3 buffer, 100 xl
of aqueous proteinase inhi'bitors (O.IM EDTA and 0..1M NEM), 50 ul of metﬁanolic
protemase lﬂhlbllOI‘S (0.1M PMSF and 5 mg/ml pepstatin), 0.2 units (manufacturer's . ﬂ
nits) of chondroumase ABC/mg of PDS and H,O 1y total 1 ml. The dngesuon procecded al
* 37C for 45 minutes. The (ABC )core was‘ then separated from the small dlgesuon producyu
and inhibitors by ultrafiltration and dxalvms (agamst H,0) inan Amncon cell, using a

» e
PM -lO‘membrane. and lyophnhzed. Alternatively, 382 mg of GdnHCI was added to the

.

“‘“““ﬂ -digest which was subsequemly apphed 10 a calibrated 1 x 112 cm Sephacry! S- 300 column
ethbrated with a 4M GdnHCl, 0.5M sod:um acetate pH 6.8 buffer. The fractions
. 'comammg the-(ABC)core were pooled, exhaustively dialyzed against H Oat 6°C and
l)ophlllzed
[t became apparent durmg the course of a separate stud\ that the proteinase
inhibitors inhibited the chondroitinase 'ABC , that their omission did not result in an obvious
in;:rease in proteinasp activity (as detected on immtinoblpts) }alnd that the use of the A
stainless steel tube asa digestion vessel was i*practiéa’l»f or small quantities of sample. The
inhibitors and the use of the stainless stee: he were therefore dropped from the protocol

Thus, many USSUC samples were digested in polvpropy lene microfuge tubes at 37°C for 1-2

hours using 0.05-0.1 unit of enzyme/mg sa">nle - "~.1-M sodium acetate, 0.1M Tris HCI.

o



inhibition assays.

I ‘ \ ) 4]

pH 7. 3 buffer. Ahquots of the digest to be immunoblotted were usually diluted w:th sample

buffer and applxed to SDS -polyacrylamide gels. immediately, whlle those for ELISAs were

" used immediately or stored for several days at 6°C. Prior to ELISA inhibition assays, the ‘

samples were boiled for S minutes.

Concentrated cell culture medium was digested with chondroitinase ABC by adding

0.05 units of enzyme/m! medium and incubating the solution at 37C for 1 hour. The

controls consisted of an equal amount of medium incubated without enzyme.

2.2.3.2 Papain Digestion of PDS

PDS was digested with papain by incubating 1 mg in 1 mi of a 0}’M sqdium acetate,
pH 6.0 buffer cbntairﬁng SmM ED'fA. 6rr.1M‘cysle'ine HCl and 6.2 units of papairi for 24
hours at 65°C.. For su_bsequem imniuhological assay;. the papain was inactivated, to prevent
it ffom digcsting the monocional antibodies,-by adding 'i.bdoacetamide (in 3-fold molar
excess to cysteiné HC}) and mc'ubating the mixture overnight in the dark at room
temperature. Co‘n‘trols containing PDSA_were incubated for 24 hours at 65°Cin buf feri)-
containing papain thal had been previously denatured by boiling for 90 min., i) lacking
papain, iii) lackmg papaln and the subsequem addmon of lodoacetamnde and iv) lacking
papam and cysteine HCl and the addition of 1odoacetam1de Thesc dlchls were stored at 6" C

prior to assay by ELISA inhibition.
. .

©2.2.3.3 Trypsin Digestion of ?D'S' |

]
PDS (60 ug&p,rotcin/ml) was dissolved in 50 ul of 1mM CaCl;, 0.05M Tris HCl,

_pH73 buf fer and fhen 5 ug of trypsin (1.35 units) was added. The sample was incubated at

37°C for 2 hours, then boiled for 10 minutes prior o its use in immunoblotting and ELISA

N

2.2.3.4 Cathepsin C Digestion of PDS

PDS was digested with cathepsin C using the method developed by Dr. R. Chopra

in Dr. Pearson's laboratory. A t;u_f fer activator solution (pH 5.0) was placed ina

oy e
£
)\
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microfuge tube warmed to 37°C and consisted of the following: 60 ul of a 4% pyridine

| solution, 60 ul of 5% acetic acid, 48 ul of Ole HCl, 1.5_ ulof 0.1M EDTA, 48 ul of 0.375M
2-mcr<;aptoethanol and 118.5 ul of a 4.5 mg/ml aqueous solution of PDS. A 15 4l aliquot
(0.375 units) of thawed '('Iathepsin C was added to tﬁe sarhple and, immediately after
mixing, 40 ul of the digest w"as removed and boiled’in SDS-PAGE samblev buffer. The
digestion then proceeded at 37C and further-40 ul aliquots of the digest were taken after 6

and 30’minutes. Each was immediately boiled in‘SDS-PAGE sample buff eF. The digest

remaining after 30 minutes was stored at 6°C.

2.2‘3”.5 Cathepsin D Digestion of PDS

"PDS (90.2 ug protein) was dissolved in 50 ulof a 0.05M sodium acétate-acetic acid,
pH 4 buffer and 1 ul of cathepsin D solution (1.6 ug prot.ein) was added. After the sample -
was incubated at 37°C for 1 hour, sev‘erva.I microliters of 0.IN NaOH were added to
‘neutralize the solution which was then boiled for 7 minutes. The sample was stored at 6C

prior to immunoblotting and analysis by ELISA . |

2236 Micrococcal Nuclease Digestion of PDS:

A preparaliqn of PDS was.digeéted wlith micrq;occal nuclc;ase by incubating 10 ug
. §f PDS protein in 100 ul of a 0.4M NaCl, 10mM MgCl;, 0.1mM CaCl,, 0.05M LT‘ris HCl,
| pH 83 buffer containing 504 units of enzyme for 60 minutes a£ 3TC. The reaction was
| stopped by adding SDS-PAGE sample buffer ancﬂ;‘boiling the solution for 5 minutes.

2.1.4 Preparation of PDS Fragments by Chemical Methods

2.2..4.1 Cvanogen Bromide Cleavage of PDS
To produce cS'anogen _br_omide cleavage producls_ of PDS, 3 mg of the intact
molecule, préviousl_\" dissolved in 1 ml of H.Q were acided to 4 ml of 98% formic acid
-comziim'ng 75 mg CNBr and incubated at 30°C for 4 hours with constant stirring (prior to

the CNBr treatment, the PDS sample had been reduced for 22 hours under N, ina 0.2M
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NH.HCO,. pH 7.2 buffer containing 25% (v/v) 2-mercaptoethanol , dialyzed exhaustively :
against H,0 and lyophilized). Upon adding the sample to the formic acid, some of the
preparation precipitated and ths insoluble f racnon of the CNBr digest was later removed
by centrifugation, washed several umes with H,Oand lyophnllzed The supernatant (i.e.,

the soluble fraction) was diluted with 20 volumes of H,0 and lyophilized.

To isolate the N-terminal cyanogen b_romide pépﬁde the lyophili:éd supernatant
was dissolved in a 7M urea, 0.15M NQCI, 0.05M Tris HCI, pH 6.5 buf' fer and injected onto
20.5x 10 cm Polyanion St -17 (FPLC) column previously equilibrated with the same
buffer. Tﬁ; column was eluted at O.S'ml‘/min with this buffer until the absorbahce at
230 nm returhed to baseline level. The material still bound to the resin was elﬁled at the
same flow rate with a 60 m} linear NaCl gradient using M urea, 2M NaCl 0.05M Tris HCI,
- pH 6.5 as the second buff er. Fracnons containing dermatan sulfate (as determined by
uronic acid analysis) were pooled, dialyzed agamst water and lyophilized. The sample was ‘
redissolved in 1 ml -of a ™ urea, 0.3JM NacCl, 0.05M Tris HCI, pH 7.2 buffer and applie;i 10
~alx112cm Sephacryl $-300 column. The elution of samplq‘ components was monitored at
230 nm and f racuons contammg uronic acid were pooled and dialyzed exhaustively against

- Milli-Qe water at-6'C using 3,500 molecular welght cut-of f dxalysns tubing and lyophlhzed

7.2.4.2 B- Elimination Sulfite Addition of PDS

PDS (300 ug protein) was added to 600 ui of afresh 0.2M sodium sulfite, pHoll .6
solution in a polypropylene microfuge tube and stirred at room tempebrature for 22 hours.
The pH of the solution was monitored occasionally with Dual -Tint pH paper and

maintained within the pH range 11-12 by the addition of several microliters of IN NaOH.

The sample was neutralized by the addition of 5 ul of 1M acetic acid and immédiately

diluted with sample buffer and boiled for 5 minutes prior to immunoblotting. Another
preparation, that had been dialyzed by altrafiltration in an Amicon cell (PM 10 membrane)

and analyzed for carbohydrate content was generously supplied by N. Winterbottom as a.

standard for immunoblotting purposes. ’

L d



7.2.4.3 Treatment of PDS with Anhydrous HF

PDS that had been treated with anhydrous HF for 2 hours atHO’C in an apparatus in
the Dcparmienl of Biochemistry was kindly provided by N. Winterbottom. The sample had
then been dissolved in a 4M GdnHCI buffer, dialyzed by ultrafiltration and lyophilized.
Amino acid analysis indicated that some hexosamine was still present in the piepa;ation.
but that the glucosamine and galactosamihc_ content pf the sample had been decreased by »

approximately 65% and 94% respectively (Pearson et al., 1983). The l/z/dphilized sample was

dissolved by boiling in’ SDS-PAGE samplé buffer and used for immunoblotting purposes.

1.2.5 Preparation of Fibroblast Culture Medium

Mednum from conﬂuem human fibroblasts was prcpared in the following way. The
cells, previously grown to confluencx in 5% CO, at 37C in Dulbecco's modified Eagle medlum
(DMEM; Gibco) containing 10% FCS and antibiotics, were washed 3 times with stenle saline
and reincubated in LH medium consisting of DMEM containing 0.5% (w/v) lactalbumin
hvdrolysate, 0.3 ug/ml fungizone (Gibco) and 25 ug/ml concanavalin A. Conditioned

LH medium was collected and fresh medium added every 24 hours for 3 days. The pooled

[ 4

‘medium was concentrated with a Micro-ProDiCon assembly and stored at 6°C. An‘aliquot of

this medium was digested with chondroitinase ABC (as deéc;ibed_‘abové) and both the digestcd
and undigested media analyzed by immunoblotting methods. In a separate experiment,
confluent gingival fibroblasts were incubatad in the LH médsium supplemented Qith 50 ug/ml of
mnicamvcin.'Thris medium was similarly pooled. concentrated. digested and analvzed.

. Medxum comammg calf serum from a confluent culture of monkey (Macaca

nemestrina) arterial smoom muscle cells was kindly provided by Dr. T.N. Wight. University of

' W‘ashinglon,Seaule. Wash.
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2.2.6 Preparation of Collagen Samples

Acid soluble type I collagen was isolated from calf skin as described by Ponlz et' al.,
(1970). Following an exhaﬁstive extraction with 1.0M NaCl, 0.05M Tris HCl, pH 7.5 at 6'C, the
finely powdered skin was extracted 3 times with a 0.1M sodium citrate, pH "3.7 buffer. Af ter
centrif ugaiionr tﬁe solubilized collagen in each extract was precipitaled'by dialysis against H,0,
redissolved in dilute acetic acid, dialyzed against H,O and lyophilized.

Type Il collagen was obtained from ca!f skin employing the meth?d of Chung and
Miller (1974). Following exhaustive extrac\L\ion with a neutrai salt solution, the powdered skin
sample was digested with pepsin (100 mg/g sample) in 0.5M acetic acid at 6°C for 24 hours.
After centrifugation, the solubilized collagen was precipitated by adding solid NaCl to ad just the
‘\solutiop tp’O.‘)M and stirring it in the cc;ld overnight. The precipitate was redissolved in 0.5M
afigic aéid Jarid dialyzed agz}inst‘a 1.7M NaCl, 0.05M T=is HCl, pH 7.5 buffer. The type 111

collagen in the pfecipilale was purified by répealéd dissolution in 1.0M NaCl, 0.05M Tris HCI,

’ pH 7.5 buffer and precipitation by the addition of NaCl 10 a final concentration of 1.7M. The

"sample was finally dissolved in dilute acetic acid, dials;zed against H,0 and lyophilized.

Type 11 collagen’ was isolated from bovine femoral articular cartilage by the method of
Herbage and Buffevant (1974). Powdered caftilage tissue was extracted firs with‘a neutral salt

S : .
solution and then 0.2M NaOH prior to digestion with pepsin as described above. The solubilized

collagen was partially purified by‘rep,éated precipitation from a 1.0M NaCl, 0.05M Tris HCI, pH .«
7'.5vbuffer with.2.5M NaCl, dialyzed agains_t H,0and lyophilized.

Bovine type IV collagen was extracted from anterior lens capsules by pepsin digestion
(Kefalides and Denduchis, 1969) and pl;rif ied by salt precipilau'oﬁ as described for type 11 |
collagen. | | |

Types 11, 11 and 1V collagen were further purified by ion exchange chromatography
using €M- 32 carboxymethylcellulose resin (Whatmani. The puril_v of the collagen samples was

determined by amino acid analysis and SDS-polyacrylamide gel electrophoresis and compared

/

with published dala. . g
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2.2.7 Immunogenetic Analysis

Five mice frpm each of the four inﬁred strains (SJL/J, A.CA/Sn, C3H.SW/Sn and
CBA/Cal) were anesthetized and primed with 0.1 ml of a 0.5 mg'/ml aqueous solution of PDS
emulsified in an equal voluhe of Freund's complete adjuvant via 2 subcutaneous injections in
the back. The mice were boostep intraperitoneally with the same amount of PDS in Freund's
incomplete adjuvant on days 10 and 20 and with approximately ﬂlf 1he amount on day 36.

Anti-PDS antiserum was obtained from 1 mouse from cach group f ollo\n@'g exsanguination by

_cardiac puncture on days 20, 30 and 47. The antisera were titered by ELISA. Three non-immune

mice from each strain provided normal sera.. J

1.2.8 Hybridoma Production ) v K

The mptp‘ods used in the production of the hybrid cells were adapted from those used by
Dr. Tim Mosmann, DNAX Research lnsmutc Palo Alto Calif . Minor modmcauons were
made, however, to Lry 10 increase the success.of the fusion experiments. For example, the water "
used to make up the RP MI 1640 medlum was first double dlsulled then pumped through a
Mllll Q duomzep, In addition to sodium bicarbonate, HEPES (20mM) was added to the
medlum when it was prepared and the pH ad jUSled 10 6.8, as the cells tolcrated a shghtly acidic

medium very well but were mtolcram of medxum at pH 7.5 or higher (which could be achleved

during prolonged mampulauons in the containment cabinet when buf fered wnh bnparbonate
N : : m@ ,; W
alone). Following 0.22 ym [ iltration of the medium into 500 ml seTum bottlcs 25 ml was

with spleen cells from 2 Balb/cCr mice 1mmumzed with sheep red cellg’usmg 3‘ axf f crem lots of T,

FCS. The lot of serum vielding the highest average numbcr of hvbrugcel : us’t‘eré from both

mice after 10-14 da\s in culture was selected for use in this project (f;o y

}M b “ IEEN
% s

[
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The various chemicals used in the growth and selection media were prepared beforehand
as concentrated stock solutions and sterilized by 0.22 um filtration as necessary. A 50mM
solution of 2~mercaptoelhanol was made by diluting 351 ul in 100 mi H,0 and stored at 6'C.
Ouabam (10mM) in RPMI 1640, made in 100 ml quantities, was stored at 6"C and used within 2

weeks. Aqueous hypoxanthine (10mM) and thymldme (3mM) solutions were made separately
in 25'm! quantities and stored at -20°C (hypq;amhme required the addition of several drops of
concentrateleCl to dissolve completely). A 25 ml aqueous solution of methotrexate (O.SmM:)
was made in H,0 rendered slightly alkaline by the addition of 0.1 N NaOH and stored at -20°C.
Gentamycin was purchased sterile in rubber stoppered vials at a concentration of 50 mg/lnl and
represented a‘IOOO-f old concentrated stock solution. lt‘was kept'at room temperatuye and
aliquots withdrawn with insulin syringes. The 40% (w/w) polyethylene glycol (PEG) solution
was made by autoclaving 40 g of PEG for 20 minutes and, once cooled to 60°C in a water bath,
diluted with 60 ml of sterile RPMI 1640, thoroughly mixed and stored at 6°C.

Growth medium for the 315.43 cells consnsted of RPMI 1640 comammg 5% FCS 50 uM
2- mercaptoethanol and 50 pg/mi of gentamycin. A stock of these cells was kept in several small
Pem dlshes cultured at, 37 C in 7.5% CO,. A viable number of healthy cells was mamtanled by
reducing the cell populauon in each dlSh every second day and adding fresh growth medium. _
vSeveral days priortoa f usion experlmem the stock cells were distributed into 3 large Petri
dlShES containing 25-30 ml of fresh growth medium and allowed to reach a high deffsity timed to
coincide with the f usion All these cells, and- the hybrid cells derived f rom them, were
‘mampulated using Level B contammem pfocedl,kg.es in accordance with the "MRC Guideli‘nes‘ for ;.
Handlmg Recombinant DNA Molecules and Ammal Cells and Viruses". All plastic and "

‘glassware used to handle such cells were autoclaved prior to disposal or washing.

N
2.2.8.1 Fusion Protocol " ) ‘
% =
* The fusion protocol was based on the method of Galfre et al., (1977) as modified

e

by Mosmann and coworkers (Longenecker et al., 1979). Mice were immunized with PDS

essentially as described above. Three days after the last booster in jection, a mouse was
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A

were [ removed The cell suspensxon was transf erred toa 50 ml Corning tube and t

“white (spleen) cells counted Mth a hemom tometer. Heallh\ 315.43 mveloma cells

‘————-'—‘——-——wﬂw.\m.:..«—— - , , ] : s
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anesthetized and exsanguinated by cardiac puncture (the anti-P DS antiserum obtained was

stored at 6°C and later titered by ELISA). Af ter t/horoughly soaking the mouse with 0%

*ethanol gle spleen was removed aseptxcally in a horxzomal lammar flow hood and Yo

[

.immersed in 10 m} of RPMI 1640 contammg 20% FCS and gentamycm Using stenle

needles on synnges spleen cells were released into the medium f 1rst bw genll) perf{ usmg{h\

spleen ; and?later by teasing the spleen apart. l&mnams of the spleen capsu and\treQa T \\

Y

.with the spleen cells at a ratio of 1:5. After pelletmg the cells at 600xg for 10 minutes and

h23

dlscardmg the supernatant they were washed once in 45 ml of RP M] 1640 and then gently -
resuspended in 2 ml of a 40% polvethylene gl\eol (PEG) solution. Followmg 2 minutes

mcubatlon with gentle aguanon in a 3/ C water baLh the cells in the PEG soluuon were,

. diluted thh 20 mi of RPMI 1640 added dropwise over- 2 2.5 minutes. While the RPMI 1640 oy

was added, the cell suspensmn was constaml\ swirled to-ensure rapld mlxmg Af ter .

- pelleting at 600xg for 10 mmutes and discarding Lhe supernatant, the cells were gently
~ resuspended in 25 ml of medxum comammg 20% FCS, transf erred 1o a larde Petri dish and

' ‘incubated al 37'C in 7.5% CO; for 1-2 hr. Wlule they were mcubaung. the selection medium

—

was made, its volume based on the desxred final plasmmtoma cell concentration ol

105 cells/ml, The selection medium consisted of growth medlum comammg 10% FCS

supplemented with 100 uM hypoxanthine, 0.5 uM amethoplerm 30 uM th\mldme 1 mM

ouabairi and whole blood from Balb/cCr mice diluted to 10" red cells/ml. The blood had

been oblalned aseptically b\ cardiac puncture and immediately diluted into 80 ml of

'RPMI 1640 and counted. The 5 ml mixture of spleen plasmacw toma and fused cells were .. w

added tothe selection medium and 2.5 mi aliquots were dispensed into the wells of 24

(..rge) well Linbro plates-an'd reincubated at: 37‘C in.7.5% COse



“ wells were regarded as positive if the absorbancevvalue was 2-3
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2.2.8. ZISolanon of Clones
g After 8-10 days, whcn growing hybrid cell clusrers were macroscoprcally vrsrble ina
numbker of wells, 50 ul of medium were taken from each well of all plates and tested by

ELISA for the presence of anti-PDS anubodres A well was regarded as positive if the

absorbance at 492 nm was 2-3 umes lhal of lhe great m i 'wells (i.e. background).

Individual cell clusters m a posmve well"were removed W ‘éteurpipc\d the cells

from each cluster distributed equall\ into 3 wells (comarmng 200 ul of growth medrum with
10% FCS supplemented with hvpoxamhme thymidine and blood cells) of a 96 (srnall) well

plarc The tranferred. cells were allowed to grow for 3-5 days before 50 u! of medium from

TN
~

.each of the small wells were agam tested for anti-PIS -amr'bodies by ELISA. At this point.

imes higher than that of the

' ongmal large well. The cells from one of these positive small wells were then recloned 1n
growlh medrum (supplememe?_ with whole blood) at pr‘c‘)’g?essweh higher drlunons the :

~ f mar -2l O.’s cells/well At ﬁach{ recloning step. medium from selected wells was lested b\

s 1
ELISA and a smgle cluster w\[as removed from a posmvc well and redoned f urther A single

round cluster in an ELISA pocmxc we?«demed from cells recloned at (.3 cells/well was ‘

J
regarded as a clone. /

} !
.

To maximize the 'ield of anti- PDS hvbrid ciones from a single fusion experiment,

medium from Lhe orrgm } large wells was reassa\ed by ELISA 2-3 more umes and rhe cell

clusters from newly disfovered posiuve wells were also adv anced rhrough rhe culture and
. . I .

recloning procedures. / S L
. / _‘ o
> 2.%.3 Manipulauom;of Clones

Generally . 3 sisler clones were grows 10 mgh density. The clones were inially

transf erred 1o large wells and cultured in grow th medrum Lomammg biood oellx but as rherr

‘ numbers mcreased they were weaned from the biood Lerl suppiemea' and Lransf erred to

. small, then large Petr mshes While 2 of these clone« were then {rozen and srorcd the

third was cominuousl_\ culrured axd source of gupe,rnara-m medium containing monocional
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antibody and as a stock line for ascites producuon Supcrnatam medium from a clone was

stored frozen: or pooled and stored in 50 ml Comwubes at 6°C. Tubes opened f or use

W
o

. 4 e
For ascites production, hybrid cells were pooled s gounted and pelleted at 600xg for

-
v

were supplemented with Nah,_.

5 minutes. The supernaLaﬁt medium was kepi and the cells were washed several times m

‘ 35 mlof RPM] 1640. The\' were Lhen resuspended in RPMI 1640 at 2 v 10*-10° cells_/r'nlvand
0.5 m! was mJecled mtrapemoneall\ 1nto pristane- pnmed madxaled (SOO rads)
SJL JxBalb/c(_r mice. The animals were housed in filter cages:n a chemxcal fumc hood.

‘ The mice had received 0.5 ml gf pristane muapcmonealL apprbumalc]\ 2-3 weeks earlier

and had been irrad'iateq thé dav before receiving the hyvbrid cells. When an ascites tumor

‘becamme apparent, the mouse was anesthetized and the asciies fluid drained into a 15 m}

Corning tube viaa }t gauge needic inserted.into the iower abdomen. Fibrir\was removed b

%}
centrifugation at 2000 rpm for &- 1l minutes and the ascites fluid divided into aliquots in 1.2

u

mi microf uge tubes and. with a few grains of NaN- | stored at 6°C.

Celis 10 be {rozen wore pooh,d counted. and after they were pelicted, ro«uspcnoed
213 c‘oncén}.rat)o{‘ of -2 1 Lell\ miin FCS contamning 5% DMSO. The cells were then

dispensed into -5 ml".\'LfN‘C_cr_\ otubes and, after f'reez.mg ovcrmghl at -65°C. calalogued
%
&, w1 . 4 ) . .
and transferred o a hgwmd N refngerator and siorec.

o

2.2.9 knzyme Linked Immunesorbent Assa)

“he FLISA tethnigue used was baseC on ihe method of Renmardiet ai. (1980) developed

70t other connective Lssue components «PDS was dissolved :nH.Oali mg-miand %( u1 diluted

! 0

;0 80 miof ¢ 33mM NaHCO. 13mM N2CO . pH 6.2 ox.’xc' contaming 0% NaN o (w v

200 Ll of t‘r/zs antigen solunon were distrbuted inte each of 8t welis ( 2¥ ng well) in Immuion .

“lal.pontor polvstryrene piaies . Fach plate was covere d ugh ",\ with Parafiime and :ncubated

|

I L ) . ) - . v .
foratieayt ot hours & 2 ANOT I dst TYTICally L taese Dizles WETe used several dads 10 severa.

AL“.‘K?‘iELJ’;’ : o , T L s

»

F -



then rinsed 3 times with PBS/T (0.137M N4Cl, 2.7mM KCl, 4mM Na,HPO,-7H,0. 1.5mM

aionc or in PBS/T containing the samc \olﬁg ofﬁsecom. M‘\b and then transf efrcd 1o anttagen

51

’

Prior 10 starting an assay, émigen coated plales were warmed Lo room temperature and

‘ [y
KH,PO., pH 7L containing 0.05% Twéen 20 (v/v)). Edch rinse lasted 3 minutes. The antigen
coaled wells were then mcubaled at room lemperature in turn with: (/) solutions being tested
for anti-PDS antibody (diluted in PBSfI') for 60-120 minutes. (i) pcrox:dase conjugated

<3

rabbn anti- mouse lgG (H&L ) antiserum (dlluted 1:1000 with PBS/T) for 60 mmutcs and (i)

an aqueous solution of 0. 01%0- phemlenedlammc 0. 003% H. O for the umc nw:ssar\ 10

7 gencrale a suuablc level of color usualily 30-60 m.mules Each of these steps was prcceded by 3

rinses of the wells wilt'n PBS/T. The substrate was incubated in the dark 10 mmnimize nonspccnf'xc
color.production caused by light activation of H;O.. The enzyme Ieaction was terminated b
adding 50 4! of 4M H.SO, and the result duamitated with a MulllSkan equipped with a 492 nm
'mcrferencc filter. l-or h\bndoma screening purposes 5074l of medium was added to 130 ylof

PBS/T in amlgen Loaled wells and incubated for 120 minutes. FOr titration of anusera or ﬁmd‘

Lomammg monoclonal antibody, serxa | dilutions were madc in PBS ‘T 1n round bouorn

2
E)

polystyrenc plales The soluuom were subsequcmh lransfcrred to. Ihc anugcn coated wellc with

4?

thé Multipipettor and incubated for ‘60 minutes. Titration end points represented the pont o0
the plotted u’tf‘ation‘ curve where the absorbance was 1wice the control level. ’
Peroudasc conjugaled goal anti-mouse 1gG. 1gA and 18M specific anusera were

subsmuLed as me s;condar\ antiserum 10 dcxermmc the class of cach monmlona} anubod\ TO

delcrmmc the 1gG subdas& of lhe MAbs, goat anu mouse lgGl 1gGla. lgG"b or rabbit

-anti-mouse 1gG3 specific anuscra were used 1n Lonjuncuon with peroxidase &onjugawd rabbu

-

1-goatl Or goal anti- raobu 12G antisera as the dC‘\Cloplng antibodies. ‘ Lo *

a

Com'p(%ne binding E1ISAs were deslgned o reveél Whethcr'lh‘c ant -PDS gnoﬁod(mal
anubodxe« recognized dferent spnopes These assays \\ere done usmg Immulonvplates coa_tede;_f '

with 30 ng PDS pe' \.\el Serial duuuom of each monodonal amxbod\ were made in PBS 7

G 2

'

coated wells. The I*LISA was then compleed as usuai’ Bom >upematan' and ascites ﬂmd“ were

L



‘@’Bs&d f pr‘thesc assavs. The maximum absorbance generated by each of the 2 MAbs alone was
e j

~

‘compared with that generated by the mixture ‘of the two antibodies. Lack of a significant

/

mcrcas;c in absorbance as a result of mixing was interpreted as compeuuon between the
SN
respective antibodies for the same, adjacent or closely relaled determinants.
ELISA inhibition assays were also done essentially as described by Rennardet al..
(1980). The inhibitor solution was diluted serially in round bottom mncroutcr plaxcs and then
mc same \olumc of an appropriate concentration of hy bndoma supernatam or ascites fluid was

added to each weli and the mmure incubated ovemigm al 6'C. Once warmed, the

MADb-inhibitor solutions ‘were trapsferred 10 washed PDS coated Immunlon ] plates and

~ jncubated fér 30 minutes at T00M lemMperature. Following three 3 minute washes with PBS/T,

mc wells were mcubatcd i turn with: (4) rahbn anti-mouse m‘nmunoglobuhn (drluled 1:1000 1n

‘PBS.T) for 3() minutes. (u? perondasc conjugated goal anli-rabbit lgG (dllulcd l 1000in

PBS/T) for 30 fnmulcs and (zu) substrale. Th" monodonal antibody soluuon m PBS/T alone

[

wa&‘usec 19,csmbhsh 1he upper limit of color producnon solutions lackmg a spmﬁc anlibody to

) PDS (LomroM were used 1o set the lower limit. Normal mouse serum {(1:100). supernatant

L

‘rom thc parcm piasmacxtoma cell ine. mouse 1gG (10 ug/m;) or PBS/T alone were used as
LX §

:omrok«. .

: 7}‘. N

IU Immunoblotting ' . o

it

Anugen saeftiplcs were tvpicalhy dassol\cc mnor dxluted\nh a G.05M phosphatn samﬁl“

buf’cr pH 7.2 coptaining 1% SPS. “.ZM urea and ;-merc.aptocthanol (2% or 10%) and heated

{eH 4* C for 30 minuytes of boiied for 3 minutes (W cber and O:born. 1975) . Ahquots (30-60 p1)

[
)

were then apphed to.the apvropnate janes of an SI)S polvacrylamide slab gel and
exéé{rophorcscd ina.5% SDS. 005 M sodium phosphate. pH 7.2 buffvcr for 20 minutes at

*w \0115 kKle m~\ and then at MU volts. "4 mA for the duréuop of the run. When the
"murophoresxs was mrmmated the Bromophcnol blue dve front in-cach lane was marked with

Pvronin'Y and the geb was saxc, over a piece of miiroceiiuiose paper ankmg in 2 0.05 M sodium .
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b . :
phosphate, pH 7.2 2 buffer. After inserting the sample assembly into a water cooled Trans-Blot
cell 1lled with the same buffer, the antigen samples were transf erred from the gel to the
muocel]ulose paper overmght using a 9 volt, 375 mlllxampere current. At the completmn of the
transf er, the gel was stained for 1 hour with Coomassie Blue R250 (Mechamc 1979) The
immunochemical staining of the nitrocellulose paper was based on the method of Towbm etal.,

?

(1979). Whnle selected lanes of the mtrocellulose paper were stained with Amido black Tor 1-2

. hours, lhe remamder were immersed in Tris buffered salme (TBS; 0:15M NaCl, 0.05M Tris

HCI, pH 7.6) containing 2% (w/v) bovine serum albumin and incubated for 45 minutes at
37-40°C. The paper was lhen given three 5 minute washes in TBS and cut into as many Strips as.
there were different control and MAb solutions used. Each lane per strip was incubated for 120
minutes at room temperature in 4 ml of a solution consisting of 2 ml TBS. 1.6 ml TBS/2% BSA.
0 4 mi normal goat serum and 4 ul of monoclional ascites ﬂund or 40 ul of normal Balb/cCr

P

serum, and washed again in TBS. The smps were lhen incubated for 90 minutes in the same

-solution containing a 1:600-1 1800 dilution of peroxldase conjugated rabbit anti- mouse lgG.

After four S minute washes in TBS, the strips were mcubaleo n 6 m]/ lane of 0.05%
diaminobcm.idine tetrahydrochloride, 0.01% H,0: in TBS for 10-15 minutes. The reaction was
sxépped by soaking the strips in H,O for 20 minutes. To highlight the Qia'minobenzidine
precipitate, the strips were soaked ina 0.01% (v/v) agueous solution of OsO. for several
minutes then rinsed in H;Of or | hr and dned The strip of nitrocellulose paper stained with
Amido Black was destained in a 7.5% aqucous solution of acetic acxd rinsed Lhoroughl\ with

H,Oand dried.

2 2.1%5_\'itrocellulose Electroph‘oresis

.The procedures used were esscniiall) those employed for cellulose acetate élccuophoresis
in i)t Pearson s laboratory. Samples were dxssolved inad0. déM barbital buffer, pH §.6and 4 ul
ahquots were apphed 10 2.8 12 ¢m strips of mitrocellulose paper that had becn soakmg in the -

same buffer. Flectrophoresis proceeded for 1 hr at room Iemperalure usmg 0.5 mA per sﬁ{a



v

Strips were stained with toluidine blue. Amido black or fixed in 0.1% aqueous CPC for 30

4

minutes, rinsed in water and stained immunochemically with the MAbs as described above.

2.2.12 Light Microscopic lmmunohlstochemnstry

Fresh tissue samples were cut into small pleces and mdxvndual pleces were either

" embedded in OCT Compound and frozen at -22°C in a cryostat chamber or fixed in 10%

buffered formalin or 2_.5% glutaraldehyde at room temperature for at least 4 days prior 10
embedding in paraffin. Whether frozen or fixed, 5-6 um sections of tissue were cut and placed
on glass s]idcs. The wax enibedded sections were warmed overnight to attach them securel_\" Ld
the shdcs Other than necessaiilv dewaxing the paraffin embcdded sections in several changes of

xviene and rinsing in 98% ethanol both frozen, unfixéd and f ixed sections were

' immunochcmicall\' stained the same way using the peroxidase anti-peroxidase method outlined

by Slembergcr (1979)

Sections were first pretreated in absolule methanol containing 2% H,0, (v/v) for 36
minutes. then given thrge S minute washes in TBS (0.15M NaCl, 0.05M Tris HCI, pH 7.6).
Each section was Lhcn covered with 150 ul of TBS containing 3% normal goat serum {NGS) and
incubated al room temperature for 30 minutes. The sections were then drained (not washed)
and covered with 150 ul of TBS/1% NGS containing a suitable dilution of monoclonal amxbod\

oral: 100 dilution of normal Balb/cCr serum. The slides were incubated in 2 humidified

container overnight at 6'C. On the following day. after they had warmed to room lempcralure

and been washed in TBS, the sections were incubated suaceSsgwel\ with 156 uxlof: (z) al:40

dilution of goat anti-mouse léG F(ab'): fragmemx in TBS for 35 minutes, (u) a 1:80 dilution

. of peronidase mouse anti-peroxidase n TBS’]% NGS for 30 minutes and (i) 0 05%

4

*chaminobenzidine tetrahydrochloride. 0.01% H: .0.1in TBS for 10-13 mmulcs Each step was i

preccded by 3 or 4 five mmute washcs in TBS. The enzyme reaction was swpped by lmmersmg '

t 1
the sh_dcs n H;,Q,m a '\A heaton slammg dish and left under running lap water for 30-45 mmu-&'%s

“After dehydration 1n a graded Sé@:f ethanol and \\lene the sections were moumed wuh glass

b " ' ’ ) . J
U . B X




] .
coverslips. Some sectidpé were count,erst,ained with 7(lcian blue for 20 minutes prior 10
dehydration. All sections were examined with a Wii’d Leitz Diavert inverted stage light
microscope and photomicrograpﬁé taken using the attached Photoautomat MPS 45 and 35 mm
camera and Panatomic X film used at AS,..' The film was processed ;md prints made by
Ph‘otograpl‘lic Services, Faculty of Dentistry. ‘\
: .

2.2.13 Electron Mvicr'oscopic Immunohistochemistry

" All solutions used in these procedures were filtered with 0.22 um Millex -GS filters.

Zi\ﬁl Peroxidase Anti- Peroxidasel Method

Forvperoxidas'e ami:perujékidase«immunochemical staining, formalin fixed pieces of
~adult boving tail tendon were“placed in P‘BS ina slerile. Petri dish and 1horoughly teased
apart to expose very thin fibers and their consiiluent fibrils. After placing small specimens
into 1 5 ml microf uge tubes and washing eacl‘r for 10 minutes in PBS three times, the
samples were incubated for 30 minutes in absolute methanol containing 2% H,0, and
rewashed m TBS Followmg a 30 minute mcubauon in TBS comammg 20% NGS, the «
samples were incubated overmght at 6°C in TBS comammg 10% NGS and a suitable dilution
of monoclonal anubod) or a 1:100 dilution of normal Balb/cCr serum. Samples were also
mcubated overnight in TBS containing 10% NGS alone or in TBS containing 10% NGS and
monoclonal antibody that had been preadsorbed with 250 ug of PDS. On the f ollowmg day |
the tendon samples were wax;mcd and, af Ler washmg in TBS, incubated at room temperature
with: (/) a 1:80 dilvutipn of A.goal‘ami-mouse 1gG F(ab'), fragments in TBS containing 10%
NGS; (ii) a 1 '300 dilution of peroxidase mouse-apti -perofidase in TBS containing 20%
NGS for 30 rm‘nmes (iii) 2.5% glularaldehvde (v/v) in PBS for 60 minutes and (iv)
substrate in TBS for 5 minutes. }:,ach 'step was preceded by three 10 minute washes in
buf fer. The epzymg reaCtion was stopped by washing the samples in H,0 and the
diaminoben‘zi‘:dine precipitate rendered electron opéque by incubating the samples on ice in

500 ul of a Q.IM cacodylate, pH 7.0 buffer containing 1.0% OsO, for 60 minutes. After
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thorQughly washing the samples in H,0. they were dehydrated in a graded series of ethanol

A

f ollowed by acetone and then 131 avernight in a 1:1 mixture of acetone:Spurr’s resin. . The

next day the samples were passed through a 1:2 mixture of acetone :Spurr's resin and later

in the day immersed in pure resin in Beem capsules and left under vacuum overnight. The

cmbedded samples were cured at 70°C for 10-24 hours. Thin sections, on 400 mesh copper

grids, were examined directly or stained with aqueous 5% uranyl acetate for 20 minutes and

Reynold's lead citrate (1.33 g Pb(NO,),, 1.76 ¢ Na.(C.HsO;).ZH,O and 8 ml 1IN NaOH in

50 m! of freshly boiled and cooled distilled water) for S-10 minufes prior to viewing with a

Philips 410 transmission electrori microscope. j

\
2.2.13.2 Ferritin-Conjugated Antibody Method

S
After teasing pieces of adult bovine tail tendon apart in saline, they were treatedi
with 2% H,0; in methanol. rewashed and incubaledbfor 30 minutes in TBS containing 30%
NGS. Once drained, the samples were incubated overnight at 6°C in TBS containing 30%
NGS and a suitable dilution of monoclonal antibody supernatant fluid ora 1:500 diluliop
of normal Balb/cCr serum. Samples were also i.ncubaled overnight in TBS containing 30%
NGS. After warming, the samples were g'iyen four 10 minute washes with TBS and
reincubated overnight in TBS containidg 30% NGS and a 1:40 dilution of
ferritin-conjugated goal anti-mouse 1gG (M&L) 'amiserum. On the following day the
samplcs were washed extensivel_\' (nine 10 minute washes) with TBS ;nd then treated with

aqueous 2.5% (v/v) glutaraldehyde for 45 minutes. washed with TBS and water and

dehvdrated with ethanol and acetone. The samples were embedded in Spurr's resin as

described above. Thin sections were positively stained with uranyl acetate for 20 min%

prior to viewing with the Philips 410 transmission electron microscope. Electron
photomxcrographs made from 35 mm negatives, were used to ev aluate the location of the

ferritin particles in relation to the collagen banding pauern

by

s @
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2.2.14 Analytical Methods - | , S’

2.2.14.1 Amino Acid Analysis
For amino acid analyses, between 50- 100 ug (protein) of the sample was placed in
an acid washed, screw ca;;ped tube With 200 ul of constant boiling 6N HCI (Pierce Chemical
" Co) and 8 ul of a 5% phenol solution. Following hydrolyms under N, for 22 hours at 110°C
the HCI was evaporated by-a N2 stream. The hydrolysate was dissolved in 0.01N HCl and
' analvzed with a Beckman 121 MB amino acid analyzer. The calculaled amino acid contents
of a sample were based on a chromatograph of amino acid standards.
To determine homoserine content, the hydrolysate was incubated in 100 ul of 0.2N
- NaOH for S'minutes and then neutralized with the same volume of 0.2N HC! prior to the
aadition of én appropriate volume of 0;01N H.Cl. U |
Hexosamine content of samples ‘was determined with the amino acid analyzer :;f ter

hvdrolysis in 4N HC! under N, at 100°C for 18 hr.

22142 Delerminatioq of Sample Protein Content
The protein content of a sample was determined by amino acid analysis or by the
“method of Lowry et al., (1951) using bovine serum albumin ag the protein standard. The
color produced by the Lowry method was quantit#ted at 760 nm using a Gilf ord

Spectrophotometer equipped with a Rapid Sampler.

i.2.14.3 Uronic Acid Analysis v .
The uronic acid content of samples or 3 to 4-fold dilutigns of column fractions

was determined by an automated method (Rosenthal et al., 1976; Pearson and Gibson,

1982) using a Technicon auloanal,\'ze'r with m--d‘ihydroxyphenol and H,SO, as ﬁhe principal

reagents. Color production was quantitated at 530 nm' with a Holochrome

spectrophotometer.



3. RESULTS

4
3.1 Immunogenetic Anslvm

An immunogenetic anal\ sts of 4 mbred motse suams was camcd out 10 dctermmc
whxch strain was capable of mountmg the most potent antibody response 10 intact L-iduronic
acid-rich adult bovine skin protcodermanan sulfate. SJ L/J (H-2s) mice provided the highest”
anut\)ody titers af ter the second and third boostcr m;ecuons although the response of A. CA/Sn
(H-2f) mice ultimately rose (o the same level (Fig.5). The antibody response of CBA/Cal
(H-2k) mice decreased with continued boosting, while t3H.SW/Sn (H-2b) mice ‘consis;mly

provided the jowest antibody titers by an order of magnitude (Fig. 5)-
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Fig. 5. Antibody response of inbred mice to bovine skin proteodermatan sulf ate. Antisera were
obtained from mice of cach strain approximately 10 days after each booster injection and tjtered
by ELISA using serial 3-fold dilutions. The antiserum titers of the SJL/J mice used in the

fusion experiments are also indicated.
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3.2 Hybridc;mn Production
" Based on-the results of the above lmmunogeneuc analvsis, 2 more SJ L/J mice were
primed with PDS and, after receiving 2 2 and 3 booster injections respecuvely theu spleen cells
were fused with the 315.43 plasmacytoma cells. Antisera, oblained at the time of splenectomy,
were subsequently merea asa cﬁcc,k on the immunization prbtdcol and o help verify the results
(Fig. 5) of the original immunogenetic aﬁalysis .
The first fusion resulted in the formation of approximately 400 hybrid cell clusters ina
total of 156 wells.‘Only 5 wells were shown to be positive and became so only after day 19 qjl’the
“experiment. None survived. The Qecond fusi\on produced over 800 hybrid cell 2lusters in 182 ﬂ
wells, of which 21 wells were posiii\'e by day 9. The ce}}ﬂrdfn 10 of these wells were tecloned at
100 cells/well in 96. (small) well plates and the cells from about 15 positive (small) wells were
pooled and frozen. The""cell.s designated 1XA, 3B3, 6D6 and 7Bl were subsequen,t]_\:"recloned
further as spent megiium from these cells demonstrated strong ELISA reactions on PDS-coated
pla;es. A history of the manipixlalion of the cells from the 4 original wells to monoclonal status
is presented in Table 5. Wells containing h:vbrid cell elusters or clones from plates of cells
recloned at 1C, 1 and 0.3 cells/well were-_invariably positive, with the amount of anti-PDS
antibody present in the medium very often corresponding td the number and,siie of the
clusters/clones present. When r¢cloned at 1 cell/well, a positive well containing only a single,
round h\ brid cell cluster/clone was used as the source of cells 1o be recloned at 0.3 cells/well. At
Ts latter dilution approximately 60 clones were expected 1o be found dxsmbuted amongst 192
small wells. In all of the situations. in'which the cells were recloned at 0.3 cells/well, less than
oneALhird of the expectell number of clones was fouﬁd and virtually all of .these occurred singly
‘ina well and were defined as cfbnes. When clones were frozen and subsequently thawed, they
were once again recloned at 0.3 cells/well,
The production of ascites fluid with each hybridoma was most successful in
pristane-priméd irradiated SJL/J xBal.b/cCr male mice. Ascites fluid from hybridomas 3B3.and

6D6 couid be oblained as many as 4-5 times from the same mouse whereas relatively little

F



HISTORY OF HYBRID

~ .m
LAY

CELL LINES USEB'I

N

w

EVENT 1XA! 3B3! 6D6.

s 7' e - Vo ' X
Fusion ~ Feb/82 Feb/82 Feb/82 CUFeb/g2 t
Recloned 100/ well 100/ well 100/ well b 100Mwell 5
Reclongd 0.3/well S e
Frozen . Mar/82 May/82 Ma1/82 Mar/82 i "
Thawed June/82 Aug/82 July/82 June/82, % 4
Recloned 1/7well 1/well 1/well 10/well
Recloned 0.3/well . 0.3/well 0.3/well well
Recloned : 0.3/welb,
Frozen Aug/82 Aug/82 .
Thawed Oct/82 oct/82
Recloned 1/well 1/well
Recloned 0.3/well 0.3/well
Ascites Aug/82 Dec/82 Dec/82 Dec/82

'The history of each hyb
1XA .4G .3F, 3B3.B.1B.4G.
which were used to produce ascit
were derived from clones 3B3.B.]
7B1.3E.2G .2H 6D.3E/3F (pooled), and 1X
1XA 4G.7G, a thawed 0.3/well clone that

Sept/82.

rid cell line in the table refers specifically to clones
9E.3B.6D, 6D6.B.2D.1G.4E.2B and 7B1.3E.2G.2H.6D .3F

es fluids. Supernatant fluids used in the experiments
B.4G 9E.3B.6D, 6D6.B.2D.1G.4E.12B,

A 4G.7G.5G which was derived {rom

had been recloned at 0.3 cells/well in

ascites fluid was obtained from mice bearing the hybridoma 7B1 before it became lethal.

3.3 Characterization of the Monocional Antibodies

3.3.1 Class. Subclass

Using class- and subclass -lspecif ic antisera in ELISAs. bal
1gG, immunog
columns with buffers characteristic of 1gG, (Hudson and H
discovered later

(H&L) antiserum appeared to recognize different determinants on t

( results not shown).

7

] 4 MADbs were found to be
lobulins. Both 6D6 and 7Bl were also eluted from protein A-Sepharose affinity
ay, 1980), although it was

by immunoblotting that the peroxidase conjugated rabbit anti-mouse [gG

hese affinity purified MAbs
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%,w  on PDS, were carried out with differeht pair corqbinatioxxs of supcrnatam fluids from the 4

clones (Fig. 6). Only the combination of 1XA and 6D6 rcsultc%;compcmivc binding
(Fig. 6d). Use of ascites flmds in this assay provided the same results.

Clones 4CS5.A. lOB QA 7A and SDI B. SENIA.TH wcrc also produced durmg the course
of the project and their supernatant f IUIdS were tested in competitive binding assays agamsl the

other 4 MADbs aw each other. 5D1 was additive with all others, ‘while 4C5 competed with both
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kS Elg 6 Competmve bmdmg ELISA assays. Hybridoma supernatant fluids -were serially

* diluted (2 -fold) individually, or pooled in pairs and diluted as mixtures, and -,\.A

]

{ mcubated overnight , at 6:C. in PDS-coated  wells_to achieve saturation. After warming* #
. 1o room temperature, ithe .ELISA was completed to determine whether mixtures of
. the’ MAbs from 2 different hybridomas could bind to the antigen in an additive
fashnon 1XA (O ). 3B3 (b)), 6D6 (O ), 7Bl (@ ) and the. corresponding
.mixture of each pair ( + ). Panel a) 3B3 and 6D6, b) 6D6 and 7TBl,.c) 1XA
and 7B1 d) lXA and 6D6. e) 1XA and 3B3 and f) 3B3 and 7BL

4
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"1XA and 6D6 (results not shown). As studies with the 4 other MAbs wegg under way, these

antibodies were not used { urtiner.

33.3 Nature and Location of Epitoi‘)‘es\o PDS |
. The nature and locatlion of the epiropes on pr'oreodermatan sulfate were analyz‘ed'b,\

" ELISA 1nh1bmon assays and 1mmunoblomng meLhods The conditions of the ELISA inhibition
assay were initially established using intact PDS as the standard inhibitor. Ir was found thal
100,000 f old drluuons of 3B3, 6D6 and 7Bl ascues f lurds gave sensitive, reproducxble results as

" they were rouunel\ mhrbrted 10 lhe 50% Jevel by 20-60° ng PDS protem/m] dependmg upon the

| ‘MAb used (see Figs. 7 & 8). 1XA aSmes fluid, at the same dlluuon requrred about 5-10 urnes‘ |

more PDS protem/ml 10 be inhibited to the same degree and was theref ore used at hlgher

: drlunons Supernatam f luids of 6D6 and 7B1 cell cullures were also emplo\ep and at drluuons"

'\of 1 2800 and 1 800, respectlvelv were mhxbned by 10- 30 ng PDS protem/ml (see Frg_ l")

| All4 MAbs also recognrzed ln[act PDS thal had been denatured and reduced and

subsequentl\ electrophoresed from SDS poh acry lamrde slab gels to mtrocellulose paper

(Plate 1) 11 was f ound that the use of 80 volts overmght (condmons used 10 blot Collagen for

example) caused PDS.to move through the nnrocellulose paper Usmg 8 volts the proteoglw can

was adequatel\ transferred (as JUd%ed by the lack of sample left in the gel) and valcally -
appeared asa broad band on mtrocellulose paper stamed by elther Amrdo black or -

_ o
. 1mmunochenrrcal means. Very often PDS dld not stam uruforrnl) on 1mmunoblots but more TN

M . -
‘ mtenselw at the srdes and«weaker in the center of the lane ThlS may have been due 10 the ‘

. electrophotesrs condmons or altemauvely due 1o an 1mmunolog1cal prozone effec[ whereby the ‘

. »
o -

concemrauon Of PDS or the Pflmaf) anubod) was 100 hlgh in the oentral regions to permn ‘

maxrmal mlmunologlcal reacuon at the next step. The pﬁotc’,Oglvcan also drsplaved an average .

. \ 3
Mr that increased- wrth an ircrease in the porosrtv of the gel: on 4% gels n had an average

' Mr*"-86 000 90 000 while on 7% gels n had an average Mr-' 78 000 lts moblhty remamed the-

= same whether the sample was heated 10 45°C for 30 min or borled f 0r S min prror to

. 0
- - .
SR
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SDS polvacry lamxde gel electrophoresrs Likewi 15¢, 11« mobt/ltt\ did not change after heaung 1h

sample buffer containing 10% (\/\ y2- mercaptoethanol &M urea and 10% SDS Using 6D6 in
)
conjunction with senal dilutipns of PDS in consecutive lanes, it was possible to detect as lm.le as

| 30 ng of PDS protein.per l&te
‘ Both of these methods were subsequently used with all 4 MAbs 1o evaluate the
antigenicity of PDS that had been treated enzymatically anll/or chemtcallv to remove the :
vartou& carbohydrateside chains. Following chondromnase ABC dtgesuon which removed thc
bulk of the dermatan sulfate srdc chain(s),all 4 MAbs recogmzed amajor (Mr=355 ,000) and a’

minor (Mr— 50 ,000) product regarded as (ABC ycores..-as well as & minor hngh molecular werght
S V\ .
component havmg an Mr=92,000- 9%, 000 (Plate 2) Blotied chondeortmasé &I}C dtd not s‘tang

_ with any of the MAbs (results not shovm) In ELlS»\ inhibition assays the punfted‘(&ﬂC)core

* \

,preparatian was found to be as eflecu\e an mlnbuor for 3B3, 6D6 and 7B1 as the intact -

s molecule (hg 7). For l)\ﬁl the (ABC )core preparauon was a somCWhaHess effective inhibitor

Al

and also produced an mhrbmon cur\etwnh a slopeﬁtgmf 1caml\ drf ferem f Tom that of tmact .

P,DS‘< ) ' L ' i ) ) ‘. : ': "‘ ‘_ * - v
“The monoclonal anubodres also recognized the protein core of PDS produced by a
ﬁ elrmmatlon sylf ne addmon reaction whrch was supposed to have removed all O lmked

carbohwdratc stdﬁlaﬂ%(?fate@) &%&h some PPS appea'}é‘d 10 have remamed unﬁgested 8

" thema JOI products,pf the reacuon had electrophoreuc mobrhtres vefy similar to those of the

| ABC)cores of PDS. All 4 MAbs also recogmzed what appeared tobea smgle protem core of
‘ PDS after it had been treated with anhvdrous HF (Plate'1l),a procedure that removed vrrtually
' - all of tlrc carbohydrate srde chams f rom the: proteoglv can leavmg only several -
N‘ acet)lglucosamme resrdues N -linked to asparagme residues (Pearson etal., 1983). This
\; iq T ~ protein core had an Mr—~43 000. All 4 armbodtes recogntzed hrgher molecular weight
components (Mr—-75 000 and Mr= 117 000 and other$) and, 1XA, 3B3 and 6D6 recogmzed a-
; ' mmor component (Mr’28 OOO) as well (Plate 1) 6D6 also recogmzed the smgle (ABC)core of

an antigenically related prote@lycan present in concentrated medtum collected f roQm, confluem

8
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Fig. 7. ELI‘SA inhibiion assav with purified (ABC)core preéarauon of bovine skin
PDS. The antigemicity. of the (ABC)core prepdfation of PDS ( @ ). produced by
chondroitinase ABC. digestion (0.2 units enzyme/mg sample at pH 7.4 in a stainless

" steel tube in the presence of - proteinase inhibitors) and purified by chromatography

on a Sephacry] S-300 column, was compared to undigested PDS (O ) using -ascites :
fluid derived from each of the 4 hybridomas. : o v '

human gingival fibroblasts that been incubated in the presence of tunicamycirigfP late 4);an

agent that prevents attachment of N-linked oligosaccharides to the protein core during
biosynthesis. It had an Mr=44,000.

Proteodermatan sulfate was also treated with several enzymic and chemical prOLec)lytiC‘/

~ agentsand the MADbs were used 10 evaluate the antigenicity of the resulting fragments.

- .

Cathepsin C digestion of PDS résults in the seqﬁﬁn;ia] rémova] of dipeptides from the
NH, -terminus of ihe‘ protein core, stopping aff_c.ér the first 6 amino acids, -which includes
removal of the dgrfna‘tan sulfate side chain attached to residue 4 (Chopra and Pearson,

unpublished results) . Immunoblots of a cathepsin C digest of PDS (Plate 5a) indicated that

- 1XA',-3H3 and 6D’6‘recognized” the resulting protein core thal poésessed an electrophoretic

\ g
B N B k4 | !
mobility-equal to that of the (ABC)core(s) of PDS. Although poorly stained in this particular®
immunoblot,she ability of 7Bl to bind the cathepsin C-produced.’pgptein core was verified on."

4 . S

> . . . .
. 13
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Fig. 8. ELISA inhibition” assay- with proteolyucally dcgraded bovine skin PDS. Usmg
hybridoma ascites ' fluids - containing each monoclonal antibody, the antigenicity. of
PDS that had digested with' papain for 24 hr at 65C ( O ) was compared to that
of PDS that had been incubated ugder the same condmons in bu!fer lacking
papam (@) and to. léntrcated PDS ( X ).

o

anothér immunoblot ixsing aljquots f ﬁ ; #me digest (Plate 5b)..
: By
: Papa&xn dxgesuon of proteoglycans has
-

core aS'completoly as possxblc in order to isolate the glycosammoglycan sxde chains with

n used as a rhethod to dcgrade Lhc protein
relauvely httle _protein auached Using ELISA mhxbmon assays, it was demonsu%ted that
. papam dlgestxon of PDS. rcsulted ina marked loss of armgcmcxty forall 4 MAbs (Fig. 8).
However, it was also.f ound that PDS bccamc a more effective inhibitor for 1XA and 6D6 (than
untreated PDS) af ter it had ‘been mcubated f or-24 hr at 65‘C in buffer lackmg papain (i ..

the control digest, Fig. 8). Conversely the PDS in the control digest provcd to be,a less

'ef fective inhibitor for 3B3 than untreated PDS. By eliminating componems f rom the buffer, it
was f ound that the»pre'senée of &ysteinc HCl‘v(a‘n acrti\‘rator for papain) caﬁsed ﬁis effect; )’
proiongcd incubatio'n at 65'(:' did not) alter the antigeni_city 61” _PDS‘f or 3B3 (results not shdwn).

' Y81 was inhibited by the control digest ahd.uhtfeatéd PDS, to almost the same extent (Fig. 8).
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PDS that had been dxgcsted wuh—ln psin also resulted in a loss of amigenicitv for lXA.
6D6 and 781 as revealed by Both lmmunobloumg (Plate 6) and ELISA mh:bmon assays (results
not shown). 3B3. however, rccogmzed a'small pepude produced by trypsin on the the
) 1mmunoblot (la . Plate 6) and was the only MAD 1o be inhibited (slightly) by the trypsin

digest | of PDS.
PDS that had been digested wuh cathepsin D was also analyzed by imninnobldlting. ,
Cathepsin D causes only limited proteolysis of PDS (Poarson. unpublished rtl:sults).an'd all 4
- MAbs recogmzed various enzyme- ﬁro«:mced fragments (P\at; 6&7). Am.ibod\‘ 7B1 recognized
a broad band having an average Mr= 45, 000 (Plate 6) which, after chondromnase ABC
digestion, resulted in Lhe MAb recogmzmg pepudes wnh Mr=17, 500 and Mr=24,000

( Plate 7) Anubodles 1XA and 6D(> also raognxzed lvﬂagments produccd by cathepsin D

, Mr— 25 00 and Mr— 15.000). the smaller bemg a major product as detected by Amido bldck.

also st;ined ‘f,mml) with Penodxc acxd Schiff (Plate 7).

An 1mmunoblot dﬁﬂhe CNBr pepudes of PDS (Plate §) revealed that the pepuides
recdgnized by 1XA and 61’56 coﬂebponded to the two major cyanogen bromide pept'?j )
(Mr = 35.000 and Mr=30 O(K)) stamed by Amxdo black{l‘hese peptides: were also stained by PAS

V(Plate 7). Anubod\ 3B3 d1d not appear t0 recog@&e the ma jor Amxdoﬁlack stammg pcpudes “
but others apparemh present in low amourts. Anubod\ 7B1 did not bmdbio any oﬁbahe L
cvanoszen bromide pepudes in this 1mmunoblol but when the peptides were f ractionated with
CPG, it d1d recognize:a CPC- -precipitable componcm that ran as a broad band havmg an
average Mr of approx:matel"ﬁ* 45 000 (results not Shdwn) This was also apparent in Plate 7.

When the cyanogen _brom:de pepndes were treated with chondroitinase ABC, 7Bl recogmzed a
peptide with Mr : 19,000 (Plate 7) Similarly an 1mmunoblot of the cyanogen bromide pepudesg
of the (HF ) core of PDS resulted in a pepude wnh ‘Mr =1%.000 (Plate 9) recognized b\ 7Bl

The results descrlbed abpve suggested that the epltope of 7B1 was located on a dermatan '

sulf ate- comammg cyanogen bromlde peptide. To conf irm [hlS the dermatan sulfate- comammg

cyanogen brormde pepude(s) were 1solated f 1rst by ion exchange chromatographv in

&j) R ' ‘ e

Byt gy
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| Hg'. 9. Bovine skin PDS (18.95 mg. brcparauon(lo), previously reduced, was digested with

cvanogen bromide under N
7M urca. 0.15M NaCl, 0.05
SI-17 column coupled to an
the abso:‘ék
. gradient of )
' 2.0M NaCl, 0Q5M Tris HC
" analvied for ur
onto the column was recove
precipitated with 9

Fig. 10. The ethanol precipi

from the Polyanion SI-17 column were #i
0.05M Tris HCI, pH 7.2 buffer and applie

ic acid content on a Techhicon Autpanalyzer. 75% of the Jfanic acgap injected

% ethanol. The arrow indicates the elution positig

for 4 hr at 30°C. 3.86 mg of the digest was dissolved in220ulof a
M Tris HC!, pH #.5 buffer and injected onto a 1 x 10 cm Polyanion
FPLC system. ghe column was eluted with the same buffer until

nce at 230 nm returned to baselihe 2t which time elution with a programmed linear
aCl commenced using a progressively increasing amount of buffer B (7TM urea,

. pH 6.5)..80 ul of fractions 55-90 were diluted 3.75-fold and

red. Fractions ¢ontaining uronic acid were pQ

and

id-comaining fractions p'reViously eluted
g7 4 ml of a TM urea, 0.3M NaCl, .
Biibrated 1 x 111 cm Sephacryl S-300 column

tate of the paR

an gluted with the same buffer at 6 ml/hr #Frae ions, 32-60 and 88-92:wgre analyzed for uronic
' conignt and f ractions 47-60 were pooled 4s iudicated, dialyzed against water and
“Wophilized. e : ‘

‘o
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o ' TABLE 6
AMINO ACID ANALYSIS OF DERMATAN SULFATE—CONTA]NING 4
CY ANOGEN BROMIDE PEPTIDE OF PROTEODERMATAN SULFATE
-
Amino Acid o Isolated CB Peptide’ ~  Expected CB Peptide’
b "~ (Residues/21) . 4 . (Residues/21)
Asx : ' 1.3 "1
Thr 0.2,
Ser R 1.3 . 1
HSer - . 0.7 1
Glx 6.0 - 6
Pro 39 N %
' 2.1 2
’ 1 1
S 0.9 1
@ -3 -
0.2 .
A 0-1
- 09, 7 1
- 0.2
08 ; 1
.01 “ .
) ‘ﬁ' . T g T W 3

‘Total Acid Hydrolysis, average of 2 analyses R

'From. known ‘amino acxd sequence descrxbcd by Pearsgn et al., 168‘3. .

7

Dl

_conjunction with a linear sait,salt gradient (Fig. 9) and then gel f illrdtioq’mography.

( Fig. 10). Both ctiromﬁtographic methods used buffers containing M urea. The purity of the
vglycoséminoglycan'-bearing peptidé(s) was assessed by comparing‘ the amino acid composition
of the preparation with the known ammo acid content of the NH, -terminal cyanogen bromlde

peptlde (CB-1) bearmg the glycosammoglvcan (Table 6). Based on the content of homoserine
(_I

approximately 70% of the preparation was CB-l When the preparation was electrophoresed in
‘ mtrocellulose paper at pl-‘ 8. 6 7B1 recognized a glycosammoglycan contammg pepudc, that

* mlgrated with vmually the same mobility as the dermatan sulfate slandard (Plate 10). When the

insoluble f racnon of a cyanogen bromide dlgest was electrophoresed in mtrocellulose paper, 7Bl

B was the only MAb to stain the smgle component (as detected by Toluidine’ Slue stammg) that

»

v
..
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3.4 Specificity of the Monoclonal Antibodies

3.4.1 Crossreactivity with Other Connective Tissue Components of Skin

Using ELISA inhibition analvses, none of the MAbs was inhibited by bovine fibronectin
(Fig. 11), 1000 ng of Sovine clastin or 5000 ng/rhl of commercially available hyaluronic acid,
chondroltm,_f;_iiglfatc. chondroitin 6-sulfate or dermatan sulfate. Bovine types I,[1l and 1V

collagen did not inhibil the MAbs (Fig. 12). Bovine type 11 collagen was also tested and gave

¥
similar results (Fig. 12). None of the MAD supernatant fluids bound bovine acid soluble type |
Acolla'gewcoaled ELISA plates, but when 50 ug of bovine fetal call skin type I collagen was
) -+ , . ) ’ .
suﬁectejd‘ilo'ir‘ﬁmunoblouing with 6D6. very small amounts of contaminating PDS were
R S, . . *
detectapé (fsults not shown).
Y 3 "
P . . a
= y.,ﬁ‘ffﬂu W$u3$‘%
R " 3.4.2 Cro&sreactlﬁty mth Other Purified PDS Preparatlons
PR
e @&}duromc acxd rich proreoderma\an sulfate had prevxously been 1solated from bovine
R
peric j it ligamerit and pamally characterxzcd (Pearson & G;hon 1982). On immunoblots all
3 S l{«A%
: {"-&3, ’v' ,’./ e o
LT e ot 100k - o -2 ]
) . [ o S S
e 5’:‘9; s © P > Sakb :-,')~ b ".’A“‘ ) Aoota oy
o eaaasy 7 g 80 N
: 5:.~blg‘g,- } T - g 6o : " :
SRS T . R s v /
: ", - Haw ¥ _ 40 N v
I t,‘ AW ¥ 3 - - g - R “’%"__'_;WMA*“J"__‘_J
‘ L 1 0 - 102 103 104 : v
S N ,“\-‘ g - ng P'ro(em /mi *
b e AR | N 7
. - LR *, ‘,‘

Fig. 11. ELISA inhibition assay with bovine fibronectin, 6D6 and 7B] “ascites fluids,
diluted 10°-fold, were incubated® overnight at 6'C with intact bovine skin PDS ( &
and O " respectively) or bovine fibronectin ( A and B , respectively) and
transferred to PDS coated wells. The ‘points represcm the proportion of uninhibited
MAb at each inhibitor concentration. 1XA and 3B3 ascites ; ﬂuxds were not inhibited

- by 5000 ng/ml of ftbronectm

Al
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Fig. 12 ELISA inhibition assay with bovine collagens. 6D6 supernatant flud

(1: 2800) and 7Bl supernatant fluid (1: 800) were incubated overnight at 6°C with
PDS (o and O . respectively) or bovine types F(o ). 11 (@) III 8 )
or 1V ( A )-cotlagen- and then transferred to PDS-coated wells. 1XA and 3B3

, monoclonal antibodies were also uninhibited by 5000 ng/ml of the collagens.

S

nlﬁ‘

4 MAbs recogmled perrodontal ligament PDS and its (ABC)core preparauon (Plate 12) The*

'maJor ( ABC)core produced was the same size as that of skin PDS. However the intact

' proteoglycan appeared to be larger, having an Mr = 110,000. Immunoblots of bovine gingiva

" .-RG2, the uronic acid -containing component that eluted as pea-lr 3 from the Sepharose CL-4B

:_COlumn (Plate 13), anG bovine embryonic skin PDS (Plate 14) proVided the same results. The

pattern of stammg obtamed wrth human gingiva PDS resembled bovme gingiva PDS (Plate 15) ’

bm: was bdund‘ oglrgrbly by 7B1 (significantly, this 1mmunoblot used l% bovme serum albumm

rather than 2% and was the only occasron that normal mouse serum appeared to bmd to a

‘ . .
component). Adult human skin PDS, extracted using hot 6M urea, Was recogmzed by lXA 3B3

and 6D6 only (Plate 16) and was the only intact PDS studied which had‘a mobility similar to

' adrA bovine skin PDS (Plate 16). Its protein core, ;vhen prepared by treatment with alkali, was

not recognized by the MADbs. ‘ .

3.43 Crossreactrvrty with Proteoglycans from Other Sources

As descrtbed above, 6D6 recogmzed the (ABC)core 3f a proteoglycan preseﬁ%m :

‘ concentrated culture medlum of confluent human gmgrval f 1broblasrs that had been treated wrth '
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. d

. . . i .
3.4.3 Crossreactivity with Proteoglycans from Other Sources

As described above, 6D0 recognized the (ABC)core of a protcoglycan préscnt in

concentrated cultute medium of confluent husan gingival fibroblasts that had

tunicamycin (Plate 4). An immunoblot of the concentrated medium obtained

been treated with

rom untreated

human gingival fibroblasts revealed that 1XA, 3B3 and 6D6 recogniféd the mlilfl proteoglycan

(Mr =110,000) and ts two distinct (ABC)cores (Platé 17), which displaved th

as the (ABC ycores dcnved from bovmc skin PDS, Howcvcr the two gingival [

e same mobility

ibroblast

( ABC)cores were present in more equal proportions. 7B] dnd not recognize cither component.

Concentrated medium tollected from cultures of confluent human embrvonic skin fibroblasts -

and human adult skin fibroblasts also contained an antigenically related proteoglycan

(Mr":II0.000) with the same (ABC yeore(s). as detected by 6126 (rcsults not shown).

Antibodieg 3B3 and 6D6 (and possibly 1XA as well) also rccogmzcd a promeoglycan

&Mr- 135, OOO) and its (A@C)core (Mr=43, 000).in concentraftd Lulture medium collcucd from

monke\ artcnal smooth muscle cells (Plate Hi)

To determine whether any of the MAbs crossreacted with the large cartilage-specific

proteoglycan monomer. A1DI fractions extracted { rom.rat chondrosarcoma and bovine nasal

cqrtilage were analvzed by ELISA inhibition and immunblot

'y

5. This fraction was

ﬁroduced by the method of Sajdera and I:la‘%iéall (1%@). The rfigb buoyant density com'ponex,as

of a cartilage extract produced by centrif ggation in a CsCl | density gradient under associative
won Doy -
~ "))l'-’ B

conditions (i.e., 0.4M GdnHCI), and designated fraction Al, were then recent

rlfugcd in a LsCl

density gradig»{ under dissociative conditions (i.e.. 4M GdnHC1). Fraction A1D1 reprgsents the

high buovant density components from fraction Al and has been shown to contain the

clartilagc-spe.cific monomer. In ELISA inRibition assays, only 1X A was slightly inhibited by rat

chondrosarcoma A1D1 and its (ABC)Cbre preparation (Fig. 13), although none of the MAbs

rfecognized 14 ug (protein) of ral Alﬁl or its (ABC)core on immunoblots (Plate 19). Failure of

%

1XA 10 recogmze the major AlDl components could not have been due to a lack of material

blotting across to Lhe mlrocellulose paper. In fact, so much of the (ABC)core
J L
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Fig. 13. ELISA inhibition assay with the AIDI fraction from the Swarm ratchondrosarcoma.
Using ascites fluids of 1XA (1 -400,000) and 3B3, 6D6 and 7B] (1 :200,000), the antigenicity of
the A1D] fraction (7% protein) ( O ) and an A1D1 preparation that had been incubated with
0.2 units of chondroitinase ABC/mg sample for 8 hrat 37C ( @ ). was compared to that of
bovine skifi PDS ( @ ). The samples were boiled for 5 min prior to their serial dilution in
PBS/T. The MAb-inhibitor solutions were incubated at 6"C for 40 hr prior to being transferred
1o PDS-coated wells and completing the assay. The points plotted represent the average of
duplicate analyses. ‘ . ’

)

Fig. 14. ELISA inhibition assay with the A1DI fraction extracted from bovine nasal cartilage.
Using ascites fluids of 1XA (1:400,000) and 3B3. 6D6 and 7B1 (1:200,000). the antigenicity of
_ the A1DI1 fraction (6% protein) ( O ) and an A1DI preparation previously incubated with.
chondroitinase ABC (0.2 units/mg sample) for 8 hrat 37C ( @ ), was compared to that\ of
, bovine skin PDS.( .@ ). The samples were boiled for 5 min prior to serially diluting them in
PBS/T. The MAb-inhibitor solutions were tncubated for 40 hr at 6°C prior to being transferred
to PDS-coated wells and completing the agsﬁy. The points represent the average of duplicate
analyses. ‘ | ‘
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Fig. 15. ELISA inhibition assay with the AlD4 fractio%lalcd from Swarm rat

chondrosarcoma. Using ascites fluids of 1XA (1:200,000€%and 383, 6D6 and 7B1 (1:100,000).

the antigenicity of the A1D4 fraction (26% protein) ( O ) and an A1D4 preparation that had

been incubated with-chondroitinase ABC (0.2 units/mg sample) for § hrat 37°C ( @ ). was
compared with bovine skin PDS ( @ ). The samples were boiled for S min prior to serially ~
diluting them in PBS/T. The MAb-inhibitor solutions were incubated for 40 hr at 6°C prior to
transferring them to PDS-coated wells. The points represent the average of duplicate analyses.

. Fig. 16. ELISA inhibition assay of the A1D4 fraction extracted from bovine nasal cartilage.
Using ascites fluids 1XA (1 :400,000) and 3B3, 6D6 and 7Bl (1:100,000). the antigenicity of the
A1D4 fraction (48% protein) ( O ) and an A1D4 preparation that had been incubated with -
chondroitinase ABC (as described above) ( W ), was compared to that of bovine skin
PDS( ® ). The samples were boiled for 5 min prior to serially diluting them in PBS/T. The
MAb-inhibitor solutions were incubated for 40 hr at 6°C prior to transferring them to  a® PN
- PDS-coated wells. The plotted po.ints represent the average;J of duplicate analyses. .
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Fig. 17. ELISA inhibition. assay with« the AIDA fraction extracted from ‘chick stetnal’
cartilage. Using ascites fluids 1XA (1:400,000) and 3B3, 6D6 and 7Bl (1:200,000),
the antigeflicity of the AlD4 fraction (50% protein) ( O ) and an AlD4
preparation that had been incubated with chondroitinase ABC (as described

previously) ( @ ), was compared to that of bovine skin, PDS ( @ ). The samples
were. boiled for 5 min prior to- dilution with PBS/T. The MAb-inhibit ions

- weré ‘ir,icubated for 40 hr at 6'C prior {o tray _Cﬂmg///mcm,fto'f(vir’mcd PDS-coated
wells.. - ' L \,\ ' B X
7

Y
3

of the preparation ;cvéaléd that the MAbs djd nq't bqu to the large proteoglycan orits
(ABC )core; but to a much smaller ~pfotcoglycan similar to those in v_‘iaov/ine.pe'ribdomal ligament
. » - o . »‘i . A - ' P

“and bovine gingiva (Plate 20). L o

N

To determine whether a“;uy of the MAbs c.ross'rcac-ted with the link p'rot,éihs extracted .

: ffom the various cartilages, the low‘vbuoyam dc\nvsily'»componc'ntsy of f ractio; Al (i.ev.. f r;;Lion
A1D4) ;verc ;élso‘ahalych.":ﬁth the MAbs. None récdgni‘ied rat chondrosarcoma A1DA4, either
before or after c_ihond'rgi{ina_sc\:‘A_BC digestion, in ELISA i’ntliibit-ion assays (Fig. 15)‘.or' on i
immu,nobloté ( }.’lale}i r. Howcvér, all'4 anlibodx:es were inhihited 16 a signif iganl‘ dégr@e {

| bovine nasal cartilaée A1D4,-..bpth t;ef ore and af ter éhorid_rﬁi'tinas'c{ ABC d\igesuon (Fig. 16).‘An

"immuno:blot o!: ,»i;n'reduccd bovine A1D4 rcveaqu that all 4 MAbs reco@izéd_‘a proteoglycan, ..

s
i
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immunoblots (Plate 21). Howevc{‘ all 4 amlbodlcs were mlubxted tea slgmflam degree by
%
bovine nasal carulage A1D4 both bef ore and af ter chondronunasc ABC dxgesbon (Flg 16). An~

' _rmmunoblot of unreduced bovlne A1D4 revealed that all 4 MAbs recogmzod a proteoglycan

| apparcmly present in substanual amounts, with a mobllny (Mr 105 000) sumlar to that of Lhe '

' small anugcmcally -related proteoglycan in bovme camlage AlDl (Plalc 22). Cluckcn sternal

carulage AlD4 appcared to inhibit only IXA (Fxg 17) wluch was also. the only MADb to ‘

Amido black stammg componcnts of exther A1D4 prcparauon the link protems

Bovme demal pulp Pc;z a uronic acid- conuumng component that eluted from Lhe

Sepharose CL-4B column m the same posmon as that of the other purified proteodemutan

sulf ates (1e peak 3) was also analyzed by ELISA and 1mmunoblotung methods All 4 MAbs |

>
i ™

- were mlulmed lp some extent by the bovine pulp PG2 preparation (Fig. 18) and on - "

 immunoblots all 4 antibodies recognized a proteoglycan (Mr=115,000) possessing

(ABC)core(s) sumlar in mobxluv to Lhose ol“ bovine skm PDS (Plate 24). Howcvcr none of the

LI

’ anubodxes rocogmzed the ma jor componcm of the preparation (as dcleclod by Armdo black

slammg) a proteoglycan (Mr— 1\15 000) that possessed a high molecular wcxghl (ABC)core

‘ (Mr —M 000) thle all Lhe MAbs were inhlbned by the larger bovme denlal pulp PGI

! /

preparation (Fig. 19), immunoblots revealed thal they ’dxd not bind to the large pror.eoglycan or B

its (ABC)core (Mr>200 000). but did recogmze a proteoglycan that was sumlar in size 1o the

’ smaller anugemcally relatcd proteoglycan present in pulp PG2 (Plate 25). Numcrous hxgher

molecular weight components anugemcally related to PDS were also evident in pulp PGL.

3\5\ature of Ant:gemcally Related ngh Molecular Weight Components in PDS Preparations
ln a number of the 1mmunoblots presemed Lhus f ar, the MAbsgecogmzod components

that possessed apparem molecular welghts grealer Lhan intact PDS or 1Ls (ABC)core or

\

pamcular concern was a 92,000- 98 000 Mr component presqm m’ 1mmunob10{s of the

\

"(ABC)cores of PDS and antigenically related moneues; Althiough present in low levels (ie., less

8.

rocogmu: an (ABC)core in thal preoarauon (Plau: 23) None of the MAbs reoogmwd the major |

;9



Fig..18. ELISA inhibition assay with bovine dental pulp PG2 (preparation SD). Using
~ hybridoma ascites fluids 1XA (1:400.000) and 3B3, 6D6 and TB1 (1:100,000), the antigenicity
. of bovine dental puip PG2 ( O ) and PG2 incubated with chondroitinase ABC
- (0.1 ynivvmg samplcz ( @ ), was compared to that of untreated bovine skin PDS ( ® ). The.-
samples were boiled for S min prior to dilution in PBS/T. The piotted poinis represent the
aversge.of duplicate analyses. - o ; N

B

-

. 'Fig. 19: ELISA inhibition assay with bovine dental pulp PG1 (preparation 7A ). Using :
hybridoma ascites MNuids of 1XA (1:400,000) and 3B3, 6D6 and 7B1 (1:200,000), the =
. antigenicity of bovine pulp PG1 ( O ) and pulp PGI that had been incubated with T
- ' chondroitinase ABC (0.} units/mg sampie) ( @ ). was compared with to that of untreated _
" bovine skin PDS ( @ ). The samples were boiled for 5 min prior to dilution in PBS/T. The

' points represent the average of duplicate analyses.

A



‘Figure' 19.
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than 5-10%), its apparent resismee 10 redycuon. the Wzy as to whether it was mukedin
undxoesled prepanuons by PDS iuel!‘ and its apparent 'molecular weight raised quesﬁons asto
its structure and wbether _n was denved from PDS\;l‘o get some understanding of this
component, a diquwd and lyophmzed pooled sample of PDS, that had been chromnto;npbed :
onaealibmed 1x(ll2cmScphacrylS /300 column (iéing 2 4M GdnHCI, 0.5M sodium scetate. r

*‘pﬂésbuffer)to:emovemy signiﬁ&nﬂyhighermolecuhrwugp"eomponenu(mumnm ’r

| shown), was dngeued with 0. 25 units of cbondrommse ABC/mg sample and, arter addmg solid
GdnHCltomdcnhewtnuon4M wasrechxonumphedon thesame 1x llZcmSephncryl

. $-300 column (th 20) ‘Three distinct peaks, detected by absorbanee at 280 nm. were observed

. An immunoblot of ethanol prectpfmed h?cuons 34, 41 and 48 (with and without prior
reduction) sugsested that peak 1 and peak 2 contained multimers of the (ABC)eore subllxzed by
intermolecular disulfide bonds (Plate 2 Sig&iunuy. fracuon a (.. penk 2) retained. the

| dd% ,000-98.000 Mr component after reduction. In an 1mmunoblot of another (ABC)eore \

| preparauon the amoum of tlns component was apparently decreased by heatmg in sample . !
: buf fer containing 8M urea/lO% SDS (Plate 27).

’ ' ) T

3.6 Immunohistockemical Localization of PDS . N
_361LigltMieroscopicStudies o o T -
Al the light microscopic level PDS was xmmunohxstochemncally local employmg the :
peroxndasc anti- peroxxdase method Usmg formalin fixéd, dewaxed wcuons :Cnature bo?ine
skin in conjuncuon with 6D6 supematam fluid the oxidized dtamniobenudme prec:puate ‘was
found to be presem throughout the connecuve tissue regions of skm but absent from Lhc t‘,
epnhehal su'uctures sx:ch as hair f olhcles sweat and sebaceous glands and their ducts
(Plate 283) The stam ;/as most promment in the paplllary (s1}perf icial) layer of the dermxs and
between and around the large colhgen fiber bundles of the reticular (deep) layer. Where

epldcrrms had not been completely scraped away. none of the basal epxdermal cells were stained,
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Fig. 20. Sephacryl S-300 ‘column chromatography of a bovine skin PDS (ABC)core
preparation. 4.5 mg of bovine skin PDS (previously chromatographed on the same
- Sephacryl S-300 column under dissociative conditions, using a 4M guanidinium -

chloride, 0.5M sodium acetate, pH 6.8 buffer) was dissolved in 1 .ml of

0.IM sodium acetate, 0.IM TSis HCl, pH 7.4 buffer and digesicd with 1.0 unit of
chondroitinase ABC for 45 min at 3T7C. 382 mg ‘of guanidinjum chloride was ~added

to the ‘digest, and once dissolved, the digest was microfuged for 5 seconds
supernatant applied to the calibrated 1 x 112 cm Sephacryl'S-300 column.
sample was eluted with 4M guanidinium chloride, 0.5SM sodium acetate, pH
buffer at ~6 mi/hr. 80 ul aliquots of fractions were diluted and .analyzed
acid content. - ' R

L]
° Vi

and the
The

6.8

for uronic

component, a dialyzed and Iyophilized pooled sample of PDS, that had been chromatogtaphed.

on a calibrated 1 x 112 cm Sephacryl S-300 column (using a 4M GdnHC], 0.5M sodium acetate,

———

pH 6.8 buffer) to :émovc any significantly higher molecular weight components (iesults not

'shpuﬂm).. was digested with 0.25 units of chondroilin;sc ‘ABC/mg sample and, after adding solid

GdnHCl to rcndét the solution 4M, was rechromatographed on the same 1 x 112 ¢m Sephacryl

AS-' 300 column (Fig. 20). Three distinct peaks, detected by absorbance at 280 nm, weré obSCfved.

. : ' : > ’
An immunoblot of ethanol precipitated [ ractions 34, 41 and 48 (with and without prior

&duction) suggested that peak 1 and peak 2 contained multimers of the (ABC)core' 3
7 v : , _ o

tabilized by
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between tbe fibers in bundles cut npproximnely in cross-section. In relation to the finer rihm
of the éonmcuve tissue matrix, the stain wu typmlly more mteme When sections, were
counterstained with Alcian blue, 2 few fibroblasts appeared 10 stain for PDS (results not
© ghown). In control sections usmg normal mouse serum faint staining was. oonfmm to the
,epithelul structures of skin (Phte 28d). With another control, supetnatant fluid derived from
the myeloma puem cell line, staining was completely absent.

Use of 333 md 7B1 supernatant ﬂmds resulted in a patiern or suimn; mdasunguxshable

from that descrfbed above Neither 1XA supernatant, rluid or ascites fuid at various dilutions

“sections (results not shown).

PDS was also located 1mmunohxstochemncally fixed sections of f etal calf skin

Pe

(Plate 29a). Using such criteria as dermal and epidermal {hickness and hair follicle developmem
in conjuncuon with knowing the region f rom whxch the skin sample had been taken (Lyne and
Hendeman 1959), the calf was estimated to be 130 days of age. Like the adull skin sections, Lms
tissue stamed well by 3B3, 6D6 and 7Bl only but unlike the adult skin sections the stain was
- largely confined to the deeper layers of the dcrrms with very little in the subep:dermal zone
- (Plate 29a). Treatment of 'lhc tissue sections with hyaluronidase did not enhance the stammé '
within Ll;is region (results not shown). When the enzyme reaction wes allowed to continue for
- an extended period of time'stain'waseveivuually deposi;ed in the superficial layer, but only
faintly and in a fine reticular pattern in the cor{nective tissue between the epithelial structures
(Plate 29b). As in the adult tiesue. enly the epithelial structeres were stained in the controls
(Plate 2%¢). ~ | | |
Other fetal calf skin samples whoee original'position was-unkno’wn were obLeined and
~ stained with 6D6. When the samples were arranged in 3n age sequence based on the degree of
‘ development of the hair f ollicles (Lyne & Heideman, 1959), it was apparem that the stain

became more intense in the papnllary layer wuh increasing age. lt also followed a distinct pattern

Ag—

—_—
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| TABLE 7
CROSSREACTIVITY OF MONOCLONAL ANTIBODIES WITH PDS
IN SKIN FROM VARIOUS SPECIES - |

7
Tissue  Control 1XA B3  6D6 7B
A , 9
adult bovine skin, frozen : - ++ ++ + 4 ++
adult bovine skin, fixed . t ++ ++ +
fetal calf skin, frozen v . ++ ++  +F 4+
fetal calf skin, fixed " + + + ++ ++
human gingiva, frozen ' = ++ ++ ++ .
human skin, fixed - + + + 4+ -
porcine skin, frozen . ++ ++ 4 +
porcine skin, fixed S . - + ++ -
chicken skin, frozen ‘ ++ + ++ -
chicken skin, fixed . h - - + + .
rabbit skin, fixed ;o | ‘ ‘ + + ++ ++ +
L] //'4 . : ’/‘ ‘
monkey skin, fixed I + 4 -

>

'Two fold dilutions of supernatant fluid from hybridomas 1XA, 3B3, 6D6 and 7BI '

grown in culture were tested for their ability specifically to locate PDS in skin
sections from several different species. The location of stain in adult bovine skin
was used as the reference for specific staining (Plate 28a). The pattern of staining
seen in Plate 28d represented nonspecific staining. Normal mouse serum diluted 100
fold -was used as a control. Explanation of Symbols: (-), very faint nonspecific
staining or no staining at all; (%), weak nonspecific and specific staining present;
(+), weak to moderaté specific staining; (++), moderate to strong specific ‘
staining. , 3

(starting with Plate 29a) in which it increased first 'irnr?wdiatcly below the epidermis (Plate 30a)
and then gradually spread to the deeper layers surrounding the hair f ollicles themselves
(Plate 30b-d). -

The dermis of mature human skin was also examined immunochemically and, with 6D6

and 3B3, closely resembled bovine skin (Platé 31). Like formalin fixed bovine skin sections 1XA .

- "did not ‘stain_ fixed human skin well, but 7B1 did not stain humim skin sections at all (results not

shown), The capability of each MAb to stain sections of skin from several other species was also

e

— . -



i vaunwd w@ is summarized in Tahle 7,

Gingm\md tendon ar® also very fibrous tissues, rich in type 1 oouuw
Immunohist treatment of fixed sections of bovine gingiva with the MAbs (as seen
with 3B3; Plate 32) régyhed a pattern of staining very similar 10 that found in sections of
fixed bovine skin with siain deposited on and between the numerous collagen fiber bundles of -
the connective tissue regions but lacking in the epithelial structures, which suined only with -
normal mouse serum ( results not shov/n). Frozen, unfixed sections of human gingiva were
heavily stained following incubation with 1XA (Plate 33a), 3B3 and 6D6, but were not g‘)uined
with 7B1 (Plate 33b). Sections 6!‘ formalin fixed bovinc tail tendon were also stained byNthc
MADs in charactcmuc fashion and. as with the tm«::er collagen fiber bundles in bovine skm the
large fiber bundla in tendon secuous cut longitudinally did not stain intensely (Plate 34). The
connective tissue layer investing the coll:\;gen fiber bundies of tendon were morc intensely
staingd. | \

Dental pulp, consisting of a very gel-like connective tissuc‘mitrix, was élso examined.
When fixed sections of dental pulp from an uncrupted bovine inciSdr were treated
immunohistochemically with 6D6, the fine fibrous clements of the matrix were stained,
althdugh the sﬁin was cdnf ined to Lhe. incisal 2/3-3/4 of the tissue (Plate 35).

) Fixed sections ;r bovine nasal caﬁilagc were also treated immunohistochemically with
the MAbs. Incubation of the tissue sections with the MAbs resulted in characteristic staining of
the connective tissue component of the Sl\perf icial nasal ﬁssue and the perichondrium; the
hyaline matrix of the cartilage did not stain (Plates 36a and 36b). As with the sections of fetal
calf skin, pretreatment of these sections with testicular hyaiuronidase did not increase the

amount of stain within the cartilage matrix. On the other hand, it caused a noticeable decrease in

the staining of the nasal tissue with 3B3 and a loss of staining with 1XA (results not shown).



' 3.6.2 Electron Microscopic Studies |
Monoclomlmtlbodl& 6D6 and TB] were chosen for.une in these studies as it had
become apparent (sce discussion) that thity had different specificities and recognized epitopes ip- -
different regions of the protein core of PDS. Bovine ;un'umpla were initiallj used in thesé ( |
studies but due to lhe irregularly arranged collagen fibers in dermis. it proved to be difficult |
oonsistcntly to obtain sections with. collagen l‘llxils cut longitudinally. As a mult mature bovine
tail tendon, with its more regularly arranged colhsen»fxbers. was employed. .«
Ustng 6D6 or 7B1 with the peroxidase anti- peroxidue method, when the enzyme
_reaction was limited to 5 minutes, theoxldxuddiaminobenzldinepmcipluwdasmﬂ rather
discrete particles conf’ ined to the surface of the collagen fibrils (Plate 37a-d). On fibril§ cut

longitudinally. e ma jority of the particles appeared to be associated with the collagen in a

periodic fashion JJocated at and/or just to one side (usually thc same side) of the single major
collagen band per lj‘}penod Fibrils of all sizes observed were outlmed by the small partifles. Use
of normal mouse serum (Plal.c 38a), 30% NGS alone (Plate 38b) or MAbs that had been
. preadsorbed vmh PDS (Plate 38¢c) resulted in a greatly decreased precxpttate
- _ tendon samples were trcated with thc MAbs in conjunction with the | .
immuno@thod the presence of eleciyon densc particles along the surfacc of the fibrils
much less frequent. However, their much smaller size and consistent shape made it possible
g:c‘umwly to locate the f erﬁtin particles Wim,respect to the collagen bands after staining with
uranyl aoetate (Plates 39 & 40). All nonspecxﬁé\lnndmg of ferritin to the collagen was
ef f ectively eliminated by repeawdly washing the sam‘mes in TBS following incubation with the
ferritin con Jugaled gnuscrum, as shown in the control using normal mouse serum (Plate 39c).
The names and positions of the bands; and their corresponding imerbarld spaces, to which singlé
l‘ erritin molecules were assigned are sho_wn in Fig. 21. ‘A‘ggregata and small groups of f erritln
molecules were not counted. The distribution of f ermm particles in each location is presented in
Table 8 and as a histogram in Fig, 22. The frequency of ferritin particies located within zones d

and e differed from the predicted mean by 1.3 S.D. while the frequency in zone b differed by 1.5 .
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Fig. 21. Diagrammatié “sepresentation of a positively stained collagen fibril showing

bands and their respective interband spaces

that occur in each D period. Selected regions of the D period are a

the name and location of the five major
Adapted from Bruns and Gross (1974).

iso shown.
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TABLE 8 A
DISTRIBUTION OF FERRITIN PARTICLES AMONG COLLAGEN BANDS

Peroenugé of Sinslck Ferritin Particles Localized in

Bands Bands and\;,lpte‘rbund Spaces ' Bands Only
and ' & -

Interband - with with | average average
Spaces (-) 6D6' ?Pl,' 6D6 & 7Bl 6D6 & 7BY
a 9.5 14 12 18

- 1 _ o2 1.5

b . 5 ' 8.5 / 7 10

- "4 T 6 5 *
c ‘ - 15.5 13 14 20.6

- 10.5 ' .5 8

d - 14 1T . 155 24

- 10 8 9

¢ , 20 15 17.5 27.5

- 10 12 11

iPercentage values represent the average of triplicate analyses of electron
photomicrographs produced using each MAb. An average of 91 ferritin particles
(range 93 89) were counted on photomicrographs of fibrils incubated with 6D6; an
average of 129 ferritin particles (range 125-134) were counted on photomicrographs
of fibrils incubated with 7Bl. . ) _

The percentage of particles assigned to the bands only was derived by adding, the
average values for each band and half of the average value for the’two adjacent
intetband spaces. : o :
'The experimental protocol was designed to minimize the binding bf normal mouse
serum and ferritin conjugated antibodies to the collagen fibrils. The controls were
negative. . ‘
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Fig. 22, Distribution of - ferritin pamcles by foné in a sxngle D period. of a |

- collagen fibril. Each zone refers to the portion of the D period spanning a. single

band - ind one  half the w;dth of each adjacent mterband space. The ‘pereentage of

e ferrmn pamcles in each zone is denved from the data in Table 8
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4. DISCUSSION
The major goal of this project w;s to develop several different monoclodhl'antibodies to PDS ‘in
,.order to monitor its tissue drstnbuuon at various snages of development, to evaluate its
structural relahonsmp with other proteoglycans and to study lhe structural basrs of its brologrcal
acnvrty such as collagen fibril binding. In partrcular antibodies were sou ht to its protem
determmams ‘which, as discussed earlrer “would make the MAbs more specr ic probes f or lhlS
| individual proteoglycan/ and certaml) more usef ul in evaluaung the role of it protcm core. As a
consequence ‘an expenmen(al prolocol was soughl that would enhance the im unogemcxty of
these parucular determmants | | |
The standard prot,ocol f or the producuon of monoclonal antibodies ;nvol ves the use of
Balb/c mrce al all stages immunization; f usnon and ascites producuon T“hrs is larg“ly because all |

of the mouse plasmacvtoma cell lines in use are derrved from Balb/c mice and 1L xs g era]ly held '

V“xmmumzauon of Balb/c mice wrth a proteln core preparation of the molecule produced by
treatmenl wrth hyaluronrdase (Dorfman etval 1980) or chondroitinase ABC (Caterson et al.,
‘ 198") Although not specrfrcall) memxoned in the luerature it seems possible thal anempts to
ﬂ produce MAbs usmg the mtact proteoglycan as anugen met with Imle success and that removal
of the bulk of the chondromn swifate side chams was designed to increase its antigenicity. |
Although 1hrs approach to 1mpr‘:?mg antlgemcrt) is vahd its use has resulted in modified

'anugens whose related MAbs have been directed aga‘lnst the glycosammoglycans of lhrs

)

:;proteoglycan (Caterson et al., 1982; Ca.tersorx et al., 1983; Couchman et al., 1984; Jenkins et al.,

1981); particularly the artifactual determinants within the galactosaminoglycan ‘stubs’ produced

by the enzymes°(Caterson et al., 1985; Jenkins et al., 1981). It became apperent that these

]

9
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carbohy drate determmants were hrghly anngemc in Balb/c mice and as immunization of them

wrth similar protern core preparauons of PDS would probably result in the producuon of MAbs

directed against similar or the same arufactual determrnanls there seemed to be little advantage

1]

' in f ollowmg the establrshed " protocol for proteoglycans As a result, intact PDS was used as

~ the immunogen but {6 ensure that ll was suff rcrently antigenic to mduce a strong antrbody

response thereby" increasing the number of antigen specxf ic cells available for f usron. a high

responder mouse strain to this { orm of PDS was sought and used (r e.,SJ) L/J) It is clear in

high S and A.CA/Sn) responiier stralns of mice. to PDS were drscovered Although thrs

, analysrs did not guaramee that these mice were respondmg to the protern determinants of PDS

\.f‘wrth the lack of artif actual deterrnmants presem and with the antrcrpated low 1mmunogemc1ty

of the native dermatan sulf ate srde chams (due to their common structure m drf ferent

mammalran specres ‘and the fact that derrms is not a privileged tissue rmmunologrcally) it was -

 felt thata strong response to this form of PDS would probably be based on its protem

fact {hat the anubody response by Balb/c (H 2d) mice to intact PDS was unpredrcta}ale and

may not have been poor they were not included in the rmmunogeneuc analysrs due to their

relauve rnabrlrty to respond to the protein core of the camlage proteoglycan It is noteworthy

. that Sundar Ra jet al (1985) immunized Balb/c mice with rntact proteokeratan sulfate and

f ound that all 28 anubodres produced were directed against vanous structural features of the

-

_keratan sulf ate side chains only. The fmdrng that A CA/Sn (H-2f ) mice also responded well to/

~ PDS is an incentive to use these mice in f uture f usron expenments as they could concervably a

generate MAbs wrth specifi rcmes 10 protein determ,mants that may be unobtamable l' om nuce

with the (H-2s) haplotype.

92

\

| "retrospect that such an analysrs was wonhwhrle as low, (C3H SW/Sn) medrum (CBA CaJ ) and |

‘.determmams In the case of SJ L/J mice thrs seerns to have been true (see below) In sprte of the A
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4.1 The Specsgicities of the Monoclonal Antibodies
As a lrbrary of MAbs 6 PDS was desrrable it was rmportant to determme whether the 4

| MAbs selected for f urther study possessed different specrf icities and recognized different. = ¢
‘ eprtOpes on the proteoglycan The results of the competmve brndmg gl,l SA (Frg 2) mdxcated

) that the 4 MAbs: recogmzed at least 3 dif f erent anngemc determinants on PDS; one by 3B3, one -
by 7B1 and at least one by IXA and 6D6 Other findings tended to confirm these results. When
- the anugemcrty of PDS that had been mcubated for 24 hours at 65'C in buf fer lacking papam

- was compared to that of untreated PDS (Frg 8) ‘the mhlbmon curves that resulted usmg 3B3
and 7Bl diffbred £ rom one another and from those produced by 1XA and 6D6 which were very

: srmrlar This pattern was also evrdent by the manner in whrch the 4 MAbs recogmzed different

components of the CNBr dlgest of PDS (Plate 8), the CND;.drgest of the (HF)core of PDS

(Plate 9) and the fragments of PDS produced by drgesuon with cathepsin D (Plates o6& 7) It |
was also evrdent that the specificity of 333and its epitope diff ered from those of the other v
| MAbs by the fact, that it alone recognized a tryptic _peptide of PDS (Plate 6). Smnlarly, 7Bl
_diffeted from the other MAbs by its malnltty to recogn}e\human PDS preparatrons .
(Plates 15 & 16) or stain human tissue lmmunohrstochermcally te 36)
. The compeuuon between IXA and 6D6 to bind PDS may be explamQ by one of the

Cf ollowing snuauons i ) the MAbs are identical and recognize the same epitope or the\MAbs
' ,. .drf fer in specificity and recogmze ii) the same eprtope iii ) overlapping epitopes or iv) ad J;cent\
eprtopes The conclusron that 1XA and 6D6 do not share the same specificity was based on the
» unique abrlrty of IXA o bind to a component tsolated f rom chick sternal cartrlage (Frg 17,
Plate 23); by the relative rnabrllty of 1XA to locate specif’ 1cally PDS in fixed tissue sections
(Table 7); and by the way in wl'uch IXA and 6D6 drf fered in thelr recognition of the
’(ABC)cores of PDS (Fig. 7). In the latter case the observed change in the slope of the
1nh1bmon curve of 1XA was unique and probably represented a change in the nature of the

antrgemc determmant as a result of %ne treatment (see below) Therefore whrle good

; evrdence exrsts to indicate that 1XA and 6D6 dlf ferin spec:f icity, it has not been possible

\\ K/[.



However to determine how close the epitopes of 1XA and 6D6 are. Know{l_n} their exact
: relatronslup to one. another may have to await the more extensive proteolytic cleavage
procedures associated with amino actd sequencing.
4.2 The Nature and Location of the Epitopes tn PDS
M . 2. 1 The Epitopes of 1XA and 6D6 -
B As discussed above, the epttopes of theSe MAbs are thought to be close to one another.
- '.When a number of the enzymattcally or chemically produwd f ragments of PDS were analyzed e
: by 1mmunoblottmg. in most instances 1XA and 6D6 recognized the same fragments The ‘
smallest of_ these fragments, produced by dngesuon of PDS with cathepsin D, hadan
" Mr= 14,000 (Plate 7). How close thetr epttopes rmght be within this fragment is dtf f icult to
determine as the MAbs were not observed to recogmz.e separate smaller ragments

There is: consrderable evidence to suggest that the epttopes of 1XA and 6D6 are not Y

‘located exclusrvely on the dermatan sulfate stde cham(s) of PDS. Both MAbs were eff ectwely .

mhlbtted by: the (ABC)cores of PDS (th 7 and both MAbs recogmwd the (BES)oores
(Plate 3), the (HF)core (Plate 1) and the protem core produced by dtgestton of PDS with

cathepsrn C (Plate 5), all of which have had the O-linked dermatan sulf ate snde chatn(s)

enttrely removed Also, the pepttdes recognized by both MAbs (Plates 7 & 8) appeared as R

distinct bands on immunoblots.rather than broad, diffuse bands characteristic of peptides with

glycosarmnoglycan attached (1 e., Plate 6, lane 8). | |
Recogmtron by both MAbs of the (BES )cores and (HF )core of PDS also provided

evndence that their eprtopes do not consist exclusrvely of O- hnked ohgosacchande side chains.

Recogmtron of the (HF )core and its CNBt peptides (Plate 9), prevxously shown to possess a

, reduced amount of N- aoetylglucosamme and a greatly reduced amount of

.N acetylgalactosamme (Pearson et al., 1983) also argues against the posstbthty that erther

epitope consists exclusively of N-linked carbohydrate side chains. This is corroborated by the _
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finding that both 1XA and 6D6 recognized the (ABC)core of| a structurally similnr proteoglyan
produced by human gingival fibroblasts treated with tunicam cin (Plate 4)

While it may be concluded that the glyeosaminoglycan rde cham(s) of PDS do not

T appear to contribute structurally to the integrity of the epitope of either MAb the same eannot
. Ue said for t.he smaller ohgosaccharide srde chains. Although the druked loss in antrgemcity of
.PDS after proteolytic dngeenon with papain (Fig 8) or trypsin mdrFates that protein is essential

to the 1ntegrrty of both epitopes and probably forms the bulk of ea#h because the immunoblots
drd not adequately reveal the degree to whicp the MAbs bound the (HF )oore or the (BES)cores,.
one cannot rule out the possrbrhty that 0 linked or~N lmked ohgosacchande may be a minor *
component of either epitope. An attempl was made to analyu: the degree to which the MAbs '
recogmzed the (HF)oore of PDS using ELI SA mhrbrtron techniques, but its pronounwd
insolubility in oel_rer than strorlgly denaturing eolvents made sueh\an armlysis diff’ 1c% and hard

LA

Other results allow one, to speculate further on the nature of each eprtope wrthm PDS

The mablhty of IXA to bmd to PDS in formalm f 1xed t1ssue secuons of bovine skin suggests

that the aldehydrc reagent may be reacung with lysme or argrnme resrdues within the eprtope of
' 43 .

, 1XA, armno acids thai may not be present or antigenically 1mportam in the eprtope of 6D6

| Also, the mcreased effecuveness of PDS as an mhrbnor of IXA and 6D6 af ter lt had been

incubated in buffer ( lackmg papam) f or 24 hours st 65 C (Fig. 8) suggests that heat

’ :-;" :‘:denaturanon and possibly f ragmentauon of the proteoglycan under these condmons exposed the
s eprtope(vs) of 1XA and 6D6 to a greater degree thereby increasing their affinity. It is pertinent

’ that' VPDS was extracted and purified in strong denaturing solvents. While it is conceivable that

both MAbs may have lreen produ@ ‘aghinst a denatured form of PDS and that both epitopes .

- are. recognized fully only When PDS is denarured both MAbs are able immunobistochemically’ to
locate Qmumbly) native PDS in f T0Z€n, unf ixed sections of bovrne skin. Theref ore, the
' 'f:,:?frmcreased affinity of both MAbs for heat treated PDS suggests that a part of the protein core of

‘thrs proteoglywn may exlst in some f orm of secondary or temary structure (reducing



‘ aceessability to all of the epitope) when in non- denaturing solutions It is also possible that

* prolonged incubation at 65°C may havé separated nny PDS molecules that had nggregsted o

solution by noneovalent forces, thereby exposing more of the determinants (see below)

\

v

4.2, @ Epitope of 383
Ltke 1XA snd 6D6 3B3 was not tnhibited by 5000 ng/ml of dermatan sulf ate and did
reeogmze the (BES)cores the (HF)core and the cathepsin C- produced protein cores of PDS all

- of which suggest that its eprtope does not involve the dermatan sulfate side cham(s) of PDS

: The CNBr f ragments of PDS reeogmzed by 333 (Plate 8) were also distinct bnnds on
_immunoblots and not diffuse, brbad bands characteristic of glyoosaminoglycan eontarnmg

peptides. However like the other 2 MAbs, the mvolvement of the N linked or O-lrnked

- ohgosaechandes in its epitope ennnot be ruled out, in spite of the f mdmg that paparn dtgestron

caused a loss in antrgemcity of the proteoglycan (Frg. 8). It was not deterrnined whether the

_ small tryptic peptrde récognized by 3B3 also stained with PAS.

| lt is apparent that 3B3 dld not recognize the major CNBr peptrdes transferred to
nitrocellulose, but others presumed to be present in small quantmes of which several at least are’
probably the result of 1r\completc cleavage by CNBr (Plate 8). Recogmtron of a pair. of peptides

slightly larger than the 2 major CNBr peptrdes stained by Amrdo black suggests that the eprtope '

. of 333 may be within a small pepude (Mr=3,000- 5 ,000) adjacent to them, posst,bly represented

by the pepttde starned by 3B3 at the dye f. ront (there is evidence, drscussed ‘below, that the two
large CNBr peptides stamed by Amrdo black dlf fer only in the number of attached
olrgosacchande side charns) Alternatively, the epitope of 383 may include lrmno acrds from
both pepttdes The decreased eff ectiveness of PDS as an inhibitor ol' 3B3 af ter it had been
incubated in buf fer contarnrng cysteme HCI for 24 hours at 65°C also suggests that the integrity
of its epitope is mfluenced by the arrangement of disulf 1de bonds in PDS Although this

. proteoglycan contains a S1gmf icant number of half -cystine residues (Table 4) the number and

. position of any mtramolecular disulf’ ide bonds remains unknown. However, it seems likely that



under the conditions of incubation,’ the cysteine HCI may have induced an abnormal.
arrangement of disulfide bonds within and/or between PDS molecules through disulfide

interchange tkfreby obscuring some of the epitopes of 3B3.

4.2.3 The Epitope of 7B1 '

While 7B1 was also inhibited by the various protoin core preoaxations and was not -
inhibited by dermatan sulfate, it oecarne apparent op rmmunoblots (Platcs 6 & 7) that its
epitope was near the sxte at which a dermatan sulf’ atc srdc chain is attached and may rcsndg ‘
within the NH, -terminal CNBr peptide. This was confirmed by mtrocellulose electrophoresis
and subsoquenl immunochcmical staining of a prcparation consisting largely of CB-1 (Table
VI) which revealed that 7Bl reoogmwd the glvcosammoglycan bearing CNBr pepude and that
the peptide possmsed virtually thc same mobility as the dermatan sulfate standard (Plate 10).
Nnrocellulose\olecuophoresrs of the insoluble fraction of a CNBr digest of PDS and subsoqucnt
immunochemical stamrng revealed that 7B1 was the only MAb lb ra;ogmze this component
(Plate 11). The other MAbs recogmzed protein-rich fragmems thal fad adsorbed to the

W”rﬁtroocllulose and did not rmgrate Likewise, 7B1 recogn\zed components at the orngm suchas

the Mr= 45 ,000 fragment (Plalc 7)., that had probably arisen by mcornplete cleavage and

possessing more peplide, had adsorbed to the mtroccllulose and not rmgrated

The results of the inmunoblots of the various protem core preparations dlscussed above

together with the loss in antigenicity of PDS af ter digestion with papain (Fig. 8) indicated, like
the other MAbs, rhat the epitope of 7Bl consists largely of protein. The additional finding that

7B1 did not recognize human skin PDS (Plate 16) or immunochemically stain sections of human

bovine skin PDS (Pearson el al., 1983). Recently, Brennan etal. (1984) sequenced
NH,- termmal of the protein core of a proleoglycan isolated from human feta!

sequence of the first 9 resrdues was 1dcnucal to that of bovine skin PDS including the likelihood

.\‘



'y

L
Dermatan Sulfate

781 ' 501 383 1XA/6D6
X

NHCA K} R R

B

. PARL e ;
~ Fig. 23. Schematic tepresentation of bovine skin PDS with its protein core in?@ -
extended . conformation to show the tentative locations (x) of the epitopes of the
MAbs, including that of 5D1. The vertical lines represent methionine residues that
delimit CNBr - peptides. (Based on the methionine content of PDS other, smaller
CNBr peptides arc also believed to be present). Other than 7Bl -the location of the
epitopes within each of the peptides is unknown, except that the epitope(s) of
1XA/6D6 are at least Mr=5,000 from the C-terminal of the large CNBr peptide.
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of a wbdhydrate substitution at residue 4. quever. except for a shared glutamic acid residue .
* at position 17, the aminb acid sequence from.:@ucs 10to 23 &iffered. An affinity puriﬁe'd

antiserum to'thishuman proteoglyan'immhnopreci'piiated a PDS (Mr=120,000) present in ' N

_ culture medium from IMR-90 human embryonic lung fibroblasts that possessed 2 (ABC)cores - '

‘with the same apparent molecular weights as those of the fetal membrane proteoglycan

(Brennan et al.. 1984). Based on the presumption that the two human protéoglyans e
same protein core(s), thc'possibility arises that the epitope of 7Bl resides ih the amino acid
sequince of bovine skin PDS) between residues 10 and 21, a portion of the sequence not as highly
v‘;co.nscrvcd 55 that of the first 9 residues, which may>f ilmction“ asa re_cogﬁi_tion site for xylpsyl

transferase.
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It may be concluded theref ore tHat the different epitopes consist largely, if not
exclusively, of protein and that any comribuuon from carbohydrate is due to the proximity of
N-linked or O-linked ohgoucchmdes. Furthermore, in spite of the fact that PDS was exmcted‘n
with dernm’ring solvents and may not have been whol’y native, none of the MAbs required that
PDS be fully denatured to be recognized (Table 7). ﬁowever. recognition by the MAbs on |
immunoblots of various peptide fragments of PDS that had been ooiled in the presence of SDS,
urea and 2-mercaptoethanol also ind'ieales that none of ytt;e MADbs required that PDS be
completely native to be recogm’zed; These observations suggest that the epitopes of the 4 MAbs |
are more likely to be sequential in nature rather than conformational (i.e.. rclyi‘ng on tertiary

. structure). Also, on the basis of 'shared reéognitio‘n of peptides, such as breakdown products in
PDS preparations. incorrrpletely cleaved CNBr peptides and the fragments produced by digesrion
with cathepsin D, it betame apparent that the epitope of 3B3 is situated ber\;reen;lhose of 7Bl
and 1XA/6D6. |

4.3 The Structure of Bovine Skin PDS

Just as the various fragments of PDS have helped to determine somethixg of the nature
and awroximre locarion of each epitope, the MAbs in turn, by their serrsitivity and specificity
in recognizing VPDS and its various fragments, have been able to shed additional light on the
structure of the proteoglycan itself .

Perhaps one of the most significant early findings was that a PDS f fom mature bovine
skin may possess one of two different (ABC)cores. Although not easily seen when
electrophoresed on 10% (or higher concemraliorr) SDS-polyacrylamide gels rror when large loads

of sample were applied, they became readrl) drscermblc on immunoblots when lower amounts of
- sample were apphed to more porous gels (i.e., Plate 1 lane 12). The finding that only a single
(HF )core was produced and was recognized by all 4 MAbs suggested that the 2 (ABC)cores did
not oif fer in their protein content, but in the extent to which they were substituted with

carbohydrate. The observation that two similar protein cores were detected after digestion of
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PDS with cathepsin C and af ler ﬂ'c}iminlﬁon sulfite addition indicated that the observed
difference in apparent molecular wmmmmeuommm'mmm(m?mm
due almost exclusively to the N-linked olicoucchnride side chains. Furthermore, thc observed
difference in apparent molecular weight between the (ABC)oores théemselves (Mr= 55,000 md

'Mr=50,000) was due to the likelihood that 80-90% of the protein cores of mature bovine skin

) ~ .
PDS contained one or more udditiond N-linked oligosaccharides. The large pair of CNBr

’ pepudes of bovine skin PDS stained by Amido black and PAS are probably detived from their

respecuve (ABC)corcs and as their relative mobﬁiuechmﬂ dramatically after treatment
with anhydrous HF (Plate 9) they probably also differ in their content of N-linked

More definite evidence on this quéstion was obtained by the study of an anugemcally
related proteoglycan shown by the MAbs to be present in culture fluid f rod;{uman gingival
f il;mblasis. Likely a PDS (see below), this proteoglycan als‘o‘ possessed 2 (ABC)cores, but they
were presém in more equal proportions (GIOSsl et al., 1983). When these fibroblasts were |
incubated in medium containing tunicamycin only a smgle (ABC)core (Mr=43,000) resulted
confirming the role of the N-linked ohgosaochandes in the formation of the 2 (ABC)cores.
These results also suggest that bovine skin and human gingival PDS protein cores are very

similar in size and that a tissue and/or species difference may exis?Tt the degree to which the

)

protein core is glycosylated with these oligosaccharides.

The MAbs have also revealed several other aspects of the structure of PDS. The
isolation and characte_rization of CB-1, together with the ﬁﬁnner in. which it and other |
glycosaminoglycau-bearing peptides were stained on immunoblots py' 7B1, helped to confirm
that the moiety attached to residue 4 ix; bovine skin PDS is a dermatan sulfate side chain.
Recognition by the MADs of the protein core produced by digestion with cathepsm C also h:iped

as well to confirm that a large majority, if not all, bovine skm PDS molecules possess a single

dermatan sulfate side chain. The lgck‘of recognition by 1XA or 6D6 of any CNB\r pcpndes

. smaller than the large pair stained by Amido black helped to confirm that these peptides,
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representing about one half of the protein oc;re, are individual peﬁtide's and n;)t the result of
 incomplete digestion by CNBt. Also, the finding that the epitopes of 7B1 and 3B3 appeay (o be
separated from one another by an intervening CNBr peptide with Mr=12,000-14,000 and that
both ire" closer to the NH,-terminal of the protein core of PDS th‘an are those of 1XA and 6D6 ‘
sx;w that the large CNBr peptides, differing in N-linked oligosaccharide content, ar¢ located
near, or represent, the C-terminal portion of iﬁc molecule.

1t was also found ihat the MAbs recogniwh la component o}x immunoblots of bovine
skin PDS preparations (Pl;u:s 9,12, 13 and 19) that appearedas a broad, diffuse band with an
apparent molecular size approximately twice that of PI}S (Pléte‘ 19). Althoug;l present in small
quantities, this component was of intergst as it was possible, based on the shared epitopes, that
it represented a precursor form of PDS or a proteoglycan with a similar protein core posses;ing
more and/or longery .glycosamingglycan side chains. This component was not observed in the
various protein core preparations of PDS. Instead a compofxénl. or compongnts,:i\th an .
apparent moiecular su.e approxinately twice that of the respective prote‘i‘ri,core in each
: prép;lraﬁoon was obsérved (Plates }-3). In the preparations of the (ABC)cores and the
" (BES)cdres, il‘ had an Mr=92,000-98,000. In the prcpa;ation of the (HF )core it had an
Mr=76,000. In all cases .' it resem'ble‘d the protein core more tpan the intact proteoglycan as the
band was not broad arid diffuse. Its appearance together with tf\e loss Qf the larger diffuse band ‘
after cnzymié or chcm_i;alp treatment of PDS suggested that the smalier component may be
derﬁyedﬂ from the larger (i.e., its protein core). / :

Immunoblots pf samples from each peék of a Sephacryl $-300 Chromatograﬁh of an
: (AB%)core.pr{Qparaﬁon of bovine skin PDS (Fig. 20) indicated that muitimers of the
{ABC)core cbu}d arise by orming imermolecular disulf’ id; bonds {Plate 26). The development
of such multimqs. following the use of buf fers éontain_ing 4M GdnHCI, has been Teported

previously (Oik,é et al., 19§0; Noro et al., 1983). Equivalex{t multimers 6f an antigenically

related proteoglycan were present in the non-reduced sample of bovine AlD4 (‘Plate 22),a
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fraction prepared by CsCl dcnsi'ty gradient centrifugation in the presence of 4M GdnHCI. It was,
of interest that a disulfide bonded multimer of the (ABC)core, most probably a dimer, migrated
with Mr= 92,000-98,000. However, it was also apparent that small quantities of a compo'xzcht
migrating as a dimer had resisted the standard reduction conditions used (Plate 26) and
probably represented the same component referred to above. The relative proportion of this
component in an (ABC)core preparation was not significantly dééreascd by incubation in
sample buffer containing 10% 2- mercaptoethanol for 6 hours at 70°C (results not shown), but

- observably decreased when n was boiled for 4 minutes in sample buffer containing 10%
2-mermptocthanol. 8M urea and 10% SDS (Plate 27), suggesting that its size may be due to the
presehce of very resistant disulf' ide bonds and/or to strong hqncovalent interactions between
smaller mbl;cules. When the higher m?lecular weight proteoglycan fractions (peak 1) from skin
(results not shown) and dental pulp (Plate 25) were analyzed on irhmundblots numerous
amigenica‘.lly related compon'ents'of variable size ahd relatively res'istant to reduction were also
detected both before and after the fractions had been digested with chondroitinase ABC.

)
\Elomponents with sizes equal to those of several PDSs and-their (ABC)cores (see below) were

present, but it was apparent that even after treatment with cqhondroitinase ABC a single ,
(ABC)core did not result. Although the nature of these antigenically related components
remains tq be determined, the wenght of ev1dence suggests that they were all multimers of PDS.
Dlmers of PDS may have arisen by the f ormatxon of redixcuon -resistant bonds between their
protein cores. The persistence of multimers on immunoblots of the protein core preparations of°
PDS suggests that strong noncovalent bonds and/or disulfide bonds very remstant to reducuon
bt‘:tween the protein cores Llhemselves. are important in their stabilization. It also remains to be
determined whether these difners of the protein core of PDS .:uise as'a hyproduct of the enifmic
o; chemical processes used. The diff eience in the nature of the agtigenic determinants
rec"oénized by 1XA in preparations of the (ABC)cores of PDS may have beeh due to the

presence of aggregajes or multimers in the solution. Likewise, heat denaturation may have

separated such aggregates increasir}g the affinity of 1XA.

-~ b
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" The origin of the "multlmers present in the highef’ molecular werght proteoglycan

M i

fractions of skm and pulp is of mterest as, in sprte of the possrbtlrty that they may have been

@
f ormed art;f act'ua durmg isolation and urrf icatjon, 1t is concelvable that they exrst in vivo and
p

" have been extracu&d as such. Iti Is also possrble that some of the multlmers in peak 1 may

consrst of PDS bound 10 other connectrve ttssue components (1 e., collagen achams)

A

-
u
%}

“In cGnclusron all avarlable data regardmg the structure of bovme skin PDS 1ncludmg _‘

that drscussed,above rndtcate that it consrsts of a protem core (Mr 43,000) to whrch are

(/“‘7'3"

‘ typrcally attached a srngle dcr atan sulf ate side chain (molecular weight = 16,000+ 17,000), a R

i -

variable number of N- lmked lrgosaccharrdes and probably several small O- lmked

ollgosaccharrdes (Nakamur etal., 1983). The N-linked: olrgosaccharrdes occur in definite-

numbers on the larg\e CN T peptrde which is located at or near the C- termmal ‘of the protem

core. The. occurrence of half - cysune resrdues m PDS suggests the existence of mtramolecular

-disulfide bonds although the lack of ‘4 noticeable change in its apparent molecular welght wrth '

" reduction suggests that they do not brrdge large portrons of the prrmarv structure

lntermo]ecular drsulf ide bonds can form, but may not in vivo. The protein core of PDS has a

- -
%

tendency to self assocrate although the signifi rCance oft thrs in'vivo is unknown. Fmally the
1mmunolog1cal data provtde‘@bw 1XA and 6D6 hmts at the possrbrht\ that the protern core of

thrs proteoglycan may normally possess a signifi icant amount of tertiary structure.

»

4.4 The Nature of Antrgemcally Related Proteoglycans ‘

Bovme perrodontal hgament proteodermatan sulf ate has been isolated‘a'nd characterized -

(Pearson & Grbson 1982) Its ammo acid composition is very srmtlar to that of bovine skin -

PDS ( Table 4) but‘it was shown to be'a larger proteoglycan consisting of longer (molecular

' A weréht 29,000 daltons) L 1duron1c acid- -tich dermatan sulf ate side chains (Pearson and

Grbson 1932). All 4 MAbs recogmzed thlS proteoglycan (Mr— 116 OOO) and its (ABC)core

(Mr= 54 ,000) and conf 1rmed that the protem core of this proteoglycan is similar to that of skm

IS
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PDS The results also indicated that perrodontal ligament PDS is larger than mature skin PDS
due to its dermatan sulfate side chams It remains to be determined whether periodontal

~ ligament PDS contains a dermatan sulf ate side chain attached to residue 4 but, bascd on the

g o 3
" f rndmg that the observed diff erence in the apparent molecular wetghts of skm PDS and its -

(ABC)cores on SDS polyacrylamrde gels (about 30 000) 1s due to the presence of a smgle srde

cham with an average molecular werght of 16,000 daltons rt seems possr?le that the larger-size

&

of periodontal lrgament PDS on SDS- polyacrylamrde gels (about 25, 000) may be due to the

presence of a smgle dermatan sulf: ate side cham wrth an average ‘molecular werght of 29 000
)
daltons

q

The 4 MAbs also recogmzed the proteeglycan (Mr =116,000) and its (ABC)core

i

(Mr=54 000) present in the PGZ f raction of bovrne gi: .va. The similarity to bovine

: perrodontal lrgament PDSis obvrous and suggests that this proteoglycan isa PDS of the same

.« structure, Thrs is consistent wrth the f mdmg that L- 1duromc acrd rich dermatan sulf ate was the .

only glvcosamrnoglycan f ound in this fraction and that the ammo acrd composrtron of the 2

E sample was srmrlar to that reported f or bovme skin and perrodontal lrgament PDS (Pearson &"

»

'Pringle, manuscriptqsubmltted). A proteoglycan (average Mr= 120,000) in tHe human gingiva

E‘

* PG2 fraction (Plate 15) was also recognized by 1XA, 3B3 and 6D6 and based on the content of
- L-iiduronic acid -rich dermatan sulf atein the sample ( Pearson‘and Lehocky unpublished

results) was thought tobea PDS Its (ABC)cores possessed mobilities srmrlar to those of

bovine skm PDS, but were present 1n more equal proportrons The same proteoglycan is
presumed to have been recogmzed by 1XA, 3B3 and 6D6 in the concentratedculture medium of
human grngrval fibroblasts (Plate 17) The relative amounts of the (ABC)cores are consistent '
with those of a PDS synthesized by human skin f 1broblasts (Glt)ssl et al., 1983) and suggests a
species dependence in the degree of g‘lycosylatlon ere perrodontal hgament PDS, the larger size
of human gmgrva PDS appears to be due to the presence of longer dermatan sulf ate side
chain(s)reported to have an average molecular weight of 2§ ,000-27,000daltons (/Bartold et al.,

1982). Evidence to suggest that there may be only 'one_ dermatan sulfate sidé chain has come
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+ from the recent finding that ‘digesuon of human gingival PDS with the exodipeptidase catﬁepsin
L4 o ¢

C resulted ln protein cores lacking a glycosaminoglycan side chain (Pearson & Lehocky;
unpublished results) |

A proteodermatan sulfate was also isolated’ f rom fetal calf skin and studied on
1mmunoblots with the 4 MAbs. It. appeared to possess 2 ( ABC)cores with the same apparent

molecular werghts as those of PDS present in mature skin, ,although the smaller form was barely

_ detectable. Fujii and Nagat (1980) and Nakamura et al (1983) reported that calf skin PDS

~ possessed a single (ABC)core with Mr— 55,000. However, the overall apparent size of fetal calf »

skin PDS (Mr=90 OOO) was larger than that of adult skin PDS (Mr-—78 000) and once again |
the results indicated that the drf ference was due to a greater content of glycosammoglycan

Becatse the dermatan sulfate side chams of fetal skin PDS co- mrgrated with those of adult skm

PDS on cellulose acetate at pH 3.5and in 0.1IN HCl (results not shown) but migrated more

slowly (Mr* 34,000) than the adult dermatan sulfate side clIams (Mr-— 26,000) ina 10%

SDS- polyacrylamrde gel, it was concluded that the larger apparent srze of fetal calf skin PDS
™

. was due to the presence of longer dermatan sulfate side charn(s) The presence of a single
' dermata.n sulfate side cham in calf skin PDS IS consrstent with the conclusrons of Nakamura et

fal (1983) although they reported its Mr=17,500, srmllar to the finding of Pearson & Gibson

i -
(1982) for adult skin dermatan sulf ate?rde chains. The drscrepancy could be due to the fact that

their trssue sample was more developmentally mature {(i.e., newborn) than the sample used in

this study Fujii and' Nagar (1980) also reported that calf skin PDS srde chams had an

Mr— 17 ,000, although they estrmated that 3- 4 of these side chams were present The f rndmg in

the present study that the glycosammoglycan side chams of skm PDS possibly decrease in length

@

as the tissue matures is not unprecedented the chondro1tm sulf ate side chams of the

~ cartilage- spec1f ic proteoglycan have also been reported to decrease in size wrth age (Fellini et

1981)

H

The PG2 fraction from bovine dental pulp has been shown (Pearson & Pringle,

manuscript submitted) to contain chondroitin sulfate-like (85%) and L -iduronic acid-rich
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dermatan sulf ate (15%) srde chains. ThlS result suggested that the f racuon may have consxsted
of two distinct proteoglycans a typical PDS and a chondromn sulfate- contammg proteoglycan
An Amido black stamed blot of (?ental pulp PGZ (Plate 24) indicated that its ma )or constrtuent
was a proteoglycan (Mr=135 000) ‘consisting of an (ABC)core wrth an Mr=100,000. The 4
MAbs however recogmzed a mmor constnuent (Mr=116,000) and its (ABC)core A
(Mr=54,000) that similar in srze to the PDS and its (ABC)core present in periodontal
ligament and-gingiva. “GLISA inhibition studres with the 4 MADs revealed that bovine pulp PG2
was slrghtly mhrbrtory and suggested that rf the inhibitor was PDS, it represented about 6% of
the protein in- the sample [6.5% (3B3) 6. 5% (6D6) and 5% (7Bl)] Based on the content of

L 1duromc acid- nch dermatan sulf ate in the sample and the mrrnunologrcal results, it seemed
possrble that PDS represented a minor constituent of pulp PG2. The relatively low amount of
1mmunohrstochemrcal stam present in unerupted bovme dental pulp (Plate 35) also suggested
that PDS was not a major constrtuent of thrs tissue. The maJor proteoglycan present in bovine
dental pulp PG2 contamed a protem core antigenically drssrmrlar to that of PDS and
presumably one or more chondromn sulfate-like side chams The MAbs also recogmzed PDS
‘and its multrmerrc forms on 1mmunoblots of pulp PGl, suggestmg that PDS was a minor
constltuent of thts proteoglycan f ractron This is consrstent with the predrctron from the ELISA
inhibition studies that less than 5% of the protem of the sample was PDS

To summarrze the results of these studres mdrcated that f etal calf skin, gmgrva and

.dental pulp, like mature skin and periodontal lrgament contained PDS It also appears that

"PDS may have a characteristic structure, consisting of a single dermatan sulf ate side cham with
a molecular werght ranging f rom 16,000 1o 29,000 daltons attachecl toa protem core wrth an
Mr= 43 000. The size of the glycosammoglycan side chain a%ﬂ%he number of N- lmked
oligosaccharides attached to the protein core appears to vary with the species, cell or tissue’

‘ source and stage of dlf ferentiation/development, This notion is consistent with the results of i

¢

others regarding the structure of PDS (see Table 3) mcludmg the more recently characterized: —_—
PDS descnbec;\;y Brennan et al. (1984). It is of interest that only the PDS from mature human*")

L3
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"' skin may possess dermatan sulfate side chains with the same apparent size as those of mature

bovine skin (Plate 16).
| Antigenically related proteoglycans of very similar size, were also discovered to be
minor consutuents of the lugh buoyant density (A1D1) and low buoyant density (A1D4)
fractions xsolated from bovine nasal cartilage (Plates 20& 22) The apparent molecular weights:
of the intact proteoglycans and thetr (ABC)core(s) were very similar to those of penodomal
ligament PDS and their recognmon by all 4 MAbs suggests that their protein core is the same as
that of the other PDS proteoglycans However the nature of thelr glycosammoglycan side
chain(s) is unknown These proteoglycans in the two f racuons probably represent the :ame '
“molecule; its relanve abundance in the A1D4 fraction (2 3% of ‘the sample protem by ELISA -
mhlbmon vs <O 5% in AlDl) is probably due to xts high protein content. The inability of the |
vMAbs o detect a similar proteoglycan in rat chondrosarcoma f ractlons is probably due to the
smxlanty between rat and mouse anugens
The ongm of this proteoglycan in the bovme cartilage f ractions is of interest. Camlage
~ has been shown to contain several proteoglycans smaller than the carulage-spemf ic monomer,
pamcularly in developing carulage matnces (Goeunck et al., 1974; Okay‘ama etal., 1976' Noro
et al., 1983; Shmka: et al 1983) A small proteoglycan (Mi= 90 000) possessmg 2 (ABC)cores
(Mr—48 000 and Mr=45 000) L- 1duromc acid- -poor (< 40%) dermatan sulfate and N-linked
ohgoSacchande side chams was 1solated from bovine f etal eplphyseal cartilage (Rosenberg étal.,

1982) A rabbu antxserum to thlS proteoglycan crossreacted 1mmunoh1stochemncally with the

same Or a sumlar antlgen in derrms in the stratum germmauvum of the epldermxs and i in the

-matrix of adult amcular carulage It may represent the proteoglycan f ound by the MAbs in the

AlDl and A1D4 fractlons of bovme nasal cartilage. However, the mdmg that none of the }
MADbs stamed the matnx of mature bovme nasal camlage (Plate 36a) or the stratum '
germinativum of the epldermls (Plates 28b, 29c, 31 and 32) suggests that the proteoglycan
isolated by Rosenberg et al. (1982) may have a protem core that differs f rom that of PDS

[y

and/or the MAbs are more specif ic .f or PDS than the antxserum. It is possible theref ore that the

3

—~
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_ proteoglyean recogmzed by the MAbs in the cartilage ractions may represent contamrnatron byar e

a PDS from the mvestmg layers of connective tissue (Plate-36a) and may not be a constltuent%
the matnx at all. / | ".' '

3B3 and 6D6 (and possrbly 1XA) also detected a proteoglycan (Mr-135 ,000)in
concentrated culture fluid of monkey artenal smooth muscle cells (Plate 18). Its (ABC)core
had an Mr=43,000 (Plate 18), the same as the (HF)core of PDS (Plate 1) and the (ABC)oore ’
‘of PDS f tom gingival fibroblasts treated with tunicamycin (Plate 4). Chemical characteniatron
of the proteoglycans in the culture flurd of these cells (Chang et al., 1983) mdreated thata -
proteoglycan wrth L-iduronic acid-rich dermatan sulfate side chams was not presént in
‘srgmf icant amounts. While it is certamly possrble that the more sensitive rmrnunoblottmg‘

v method has detected a PDS (Kapoor etal., 1981) that the other methods have overlooked it '

appears that the molecule the MADbs have recogmled most lrkely Tepresents a small proteoglycan

~ that possesses one or more, L- 1duromc acid- poor dermatan sulf ate srde chams (Mr 43 ,000), no

O lmked ohgosacchandes and a f ew N- lmked ohgosacchandes (Chang etal., 1983)

‘ Recogmtron of the (ABC)core of this proteoglycan by 3B3 and 6D6 suggests that it possesses a
srmrlar or the same, protem core as PDS If the protem cores are the same, then this protem
core may also possess a smgle L rduromc acrd -poor dermatan sulf ate side chain. Thrs is not an
unreasonable possrbrlrty as this proteoglycan would then dif fer from PDS only in the degree to

o whrch the D -glucuronic acrd resrdues of the ongmal chondrortm sulfate side chain were

' eprmenzéd This possrbrhty is also corroborated by the recent results of Brennan et al (1984)
who found that an af fi rmty purified antrserum to a small proteoglycan bearrng L -iduronic
acrd poor dermatan sulf ate side cham(s) rmmunoprecrprtated a PDS with the same 2
(ABC)cores (Mr=45, 000 and Mr= 43,000). The possrbrlrty that at least 2 of the MAbs may be

) crossreactmg with a proteoglycan possessmg a protem core that differs consrderably from that

~ of PDS seems unlrkely and theref ore very srgmf icantly, these results rrnply that the MAbs are

not necessarrly specrf ic for PDS; only for its protem core which may have a structurally |

different galactosaminoglycan attached to it. None of the MAbS crossreacted with the cartilage

. : . 1

N
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specific proteoglyean monomer (Fig 14 Plate 267 or the major proteoglycans contamtng

) chondrortm sulfate present un pulp PG1 (Fig 19; Plate 255 and pulp PG2 (Fig. 18 Plate 24).

g .
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4 5 lmmnnohlstochemieal Localization of the Protem Core of PDS = v : T
All 4 MAbs were used in conjunctron wrth urlmunohistochermcal techntques in order tx
Q

locate PDS. All of the tissues examined rmmunohrstochemrcally in this study, with the exceptr

of bovme nasal cartilage, have been shown Y0 contam PDS However with the dtsc0very that at Cate

" least severa@}rg antrbodres may crossreact with the protein core of a proteoglycan beanng

L-iduronic acid - poor dermatan sulfate side chains, some degree of caution must be exercised in
~l

‘ ‘the interpretatiOn of these results Strictly speaking the MAbs may. be locatmg the protem core

of either proteoglycan in any of these tissues. The demonstrated lack of reactrv:ty of the MAbs

4

with other c0mponents such as collagen f tbronectm elastm albumm the lrnlmprotems and
several other proteoglycans also helps to confirm the specrf icity of the MADbs for the protem

core when used 1mmunohrstochemreally » _
All 4 MAbs stained the same areas of adult bovme skin sections (Plate 28a) although the

[

. degree of starmng by each varred wrth fi 1xatron (Table 7). The pattern of the stain present

throughout the dermis and closely assocrated wrth the many collagen fi 1bers resernbled the

: pattern of 1mmunofluorescence obtarned by Caterson et al (1982) on sectrtms of rat skm using
an antiserum specific for the galactosamrnoglycan stubs remammg after chondrortmase ABC

' drgestron The stain was noticeably heavrer in the superficial regiorsof the derrms where the

collagen f ibers were miich finer This was also evident in secuons of human skin (Plate 31)

bovine gingiva (Plate 32) and the(investing layer of bovine tail tendon ('Plat ). Although the -
. i = J .

presence of the antrgen in the interf’ 1brrllar spaces of some of these trssues cannot be ruled out,

the pattern of stammg is consrstent wrth the notion that the molecule bmds to the surf ace of : v,
collagen f 1brrls (Scott, 1980 Scott, 1984) in that much more.of the antrgen would be available
for the MAbs to brnd on the external surface of many small fibers in an area than on the surface

, of several large fi 1ber bundles (of ten cut obhquely) in the deeper dermis This contrast was
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particularly evident.‘in sections ol: bovine tail tendon cut longitudinally. Staining within the large
i’f iber bundles, parncularly within the deeper dermis, is presumed to represent exposed antigen -
’ surroundmg the constttuent f ibers and f tbnls While it is drf ficult to j\ldﬁe “m’the 1lght
mrcroscoprc level whether the MAbs have recognized components within ;the various basement
membranes, the lack of stain wrthm the epithelial structur,pslhsuch as hair follicles, sweat and
sebacceous glands and ducts, nasal glandular txssue epidermis or the gdontoblastrc eell layer in
dental pulp confirms the f unctronal association between PD&and mterstrtlal collagen fibers.

'Of considerable interest was the observatron that f etal calf skm esumated to be about
130 days old (Lyne and Heldeman 1959) stained diff. erently from adult bovme skm (Plate 29a)
In fetal skm the stain.was largely conf ined to0 the deeper layer of the dermis although whérl the
enzyme reactton was prolonged ‘with 6D6 a fine loose retrculum of rbers was observable wrtl'un :

the superf icial dermis amongst the developing hair f olhcles. During the embryologrcal

development of skrn there isa transrtron in the proportrons of its constrtuent 4

o glycosamrnoglycans Hyaluromc acid and in partrcular chondrortm sulfate decrease and

L-rduromc acrdanch dermatan sulfate mcreases (Breen et al., 1970; Nakamura and Nagar, 1980;
;Parry etal., 1982 Scot’f‘“’t‘a:l" 1981) presumably in the form of a PDS descnbed above and by
s others (Fu jii and Nagar, 1980; Nakamura et al., 1983) This mcreased deposmon of dermatan
_ sulfate whrch is srmultaneous wrth the mcrease in the deposition of collagen (Nakamura and ~
Nagai, 1980) has led to numerous suggestrons that PDS somehow plays a cntlcal role m 7
controlling collagen f: rbnl drameter (Parry et al 11982 and others) Itis apparent by the manner
. in which the fetal denms has stained that PDS and collagen are closely associated wrth one
i anotherl even withif the very fine (presumably) collagenous reticulum in /e superf icial layer of
the derrnrs. The gel-hke appearance of the embryonic superficial dermal connective tissue matrix
“suggests that it contains a relatively large amOunt'rol hyaluronic aid and a chondroitin |
sulfate-containing proteoglycan at this stage |

Differentiation within the dermis of a calf necessarily mvolves the development of hair

follicles.” At about 130 days gestatron the f olhcles are not surrounded by much dense collagenous
: ]
- A
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ma'trix‘(Plgte 29a), but as they continue to develop, their ba ' begin to become surrounded by
such a matrix (Plate 30a). It is possible tha er than fontinuing to penetrate deeper into the

dermis, the developing follicles are.lengfh ned by an outward alnd in;er“stitial growth of (deose’)

@

- connective tissue. Such growth and the cell migration necessary for the differentiation of the

sweat and sebaceous glands and arrector pili muscle assocl‘atecl with each follicle, may require

‘that hyaluronie acid and the putative' chondroitin‘sulf ate-bearing proteoélycan remain m the

superficial layer of the dermis f or the period of time necessary to complete f olhcle developmcnt.

The pattern of staining in a section of more mature fetal dermis suggests that this might be the

‘case (Plate 30b). While PDS and,a collagenous matrix continue to become more prominent

between the follicles in the deeper dermis and a subepithelial Zone of collagen and PDS becomes

increasingly prominent, there is an intermediate zone, where the proposed differentiation is

continuing, that remains relétively free of PDS and, presumably, dense collagenous matrix

(Plates -30b and 30c). Ultimately, this zone disapp&rs from the fetal dermis and the skin begins

1o look more like that of an adult (Plate 30d).*

The ability of at least one MADb to locate the protein core of PDS in the fine reticulum

of the superficjal dermis of fetal calf skin and all of the MADbs to stain the fine collagenous

matrix (endotendineum intemum) investing tendon f ibers (Plate 34) and the fine f ibrils of

unerupted ‘bovine demal pulp (Plale 35) suggests that the protem core may bind to, type I11
collagen f xbnls as well as to those of typel. p

T
o
1

& (( -
., 5 1 Ultrastroctural Locahzatlon of the Protem Core of PDS on Tendon Collagen Fibrils

As had been dlscussed earlier, considerable ev1dence exists to suggest that PDS and iype
I collagen f ibriTs are phyéically associated with one another, and mot surprisingly, the suggested

f unctions of PDS are based on this close associa'tion A substantial amount of data suggests that ‘

'PDS may somehow play a critical role in the f ibrillogenesis of type 1 collagen with the most

recent. report (Vogel et al., 1984) demonstratmg that PDS retards the formation of collagen

f 1brlls in vitro. Scott and Orford (1980), based on the use of cationic dyes, have proposed that
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'_the protein core of PDS is located at the d band of the D period, in the gap zone. As a re'sult
they have suggested that PDS may inhibit the radial growth of collagen f nbr/s/by restrictmg the
access of collagen subassembhes to crosslmking sites within the gyoﬂe They have also '
suggested that PDS with its high charge and large excluded yolume, would retard or mhrbnt
collagen fibril calcification within the holes of the ggp fone (Scott and Orford, 1980 Scott,

1984). Thus it is apparent the physiological si ftcance of tlns proteoglycan is very llkely based

‘on its position within the D penod of collagen f |brrls. Sc( t and coworkers (Scott, 1980; Scott et
) al., 1981; Scott and Orlord 1}81) have attempted to locate it but as pointed out earher their
methods lack specifici /t)/ nd their interpretations are open to question. By virtue of their
specificity, 2 /ffcrent MAbs (6D6 and 7B1) were used 1mmunoh1stochemxcally to locate the
protem core of PDS on bovine tail tendon collagen fibrils. Samples of skin were initially uqsed
for these studies, but the irregular orientatio_n of their constituent collagen fibrils made it
difficult to observe fibrils oriented longitudinally. .

Use of the peroxidase anti-peroxidase method necessarily involved treating the tissue
sample wrth (OsQ, ‘which also decr‘eased the effectiveness of uranyl acetate to highlight the
. collagen banding pattern Wrth the lnmxted enzyme reactxon time of 5 minutes, small particles of
procrprtate were formed, the maJonty of which were. located on one side of the single dommant
band stained by the OsQ, (Plates 37a- c)m While it was not possnble to conclude where the protein
core was bound wrthm the D period, the rather regular arrangement of the partrcles on the
surface of the fibrils suggested that the protein core was also related to collagen in a regular
penodrc f asluon In fact, the pattern observed was rcmarkably similar to that obtained by
Ruggeri and Benazzo (1984) who stamed tendon collagen fibrils with Alcran blue and showed -
that the stained component was D -periodic and located consistently on one srde of the maJor
band starned by OsO;.

. Use of the MAbs wrth the immunoferritin method, increased the resolution f or several

reasons. First, as it could be used in conjunction with uranyl acetate it was possrble to relate the

electron dense ferritin particles to the 5 major positively stamed bands within each collagen D




period. Second, the electron dense ferritin particles were much more uniform in size and smaller .

13

than the oxidized precrpltate of diaminobenzidine making it easier to relate their position o the

bands and interband spaces. Also, as it is lrkely that both 6D6 and 7Bl

recogmze only a Smgle

epitope on the protein core, only 1 MAb would be bound to each PDS molecule wlucll would _

reduce to a minimum the number of ferritin particles associated with a

only single isolated ferritin particles were counted as they more accurately reflected the position

of the protein core of a single PDS molecule.”

single antigen. In fact,

The observed distribution (Fig. 22) indicates that the protein core is most probably

attached to collagen fibrils within each D pen'od in the vicinity of the d and e bands. The

conclusion that the protem core binds toa specxf ic region on the surface of the collagen fibrils

‘implies that it has a specific "collagen f ibril binding site” ‘ang. that one of its functions is t0

A

position this molecule on the fibril surface in a specif 1cd manner. Like enzymes and anubodles.

sucha recognmon function suggests that at least a part of the protein core possesses a globular .

tertiary structure and is consistent with prcvrous conclusron& based on i

mmunologrcal results and

more recent studies analyzmg the secondary structure of the protein core by circular dichroism

(P.G. Scott, personal communication). Sucﬁ( a'ﬂmcuon would also explam why, on

immunoblots the protein cores of PDS preparations from vanous trssues posseSs a smnlar

struc(ure Furthermore. the u'nplred dependence of binding on the protein core is consnstem with

the result of Vogel et al. (1984) who fpund that the (ABC)core of PDS was almost as ef f ecuve ‘

"as the intact molecule in inhibiting f ibrillogenesis of type 1 collagen molecules in vitro.

I

Although the distribution of the ferritin particles indicates only that the probable

binding site on the surface of collagen fibrils is in the vicinity of the d and e bands, it seems

reasonable to speculate that it might be between these bands. Not only is such a location nearer
A ’

the symmetrical center of the observed distribution than either band, it-is also a region

_ containing a substantial number of hydrophobic residues (and thus does not stain with uranyl’

acetate) and would therefore permit protein- protein interactions involving hydrophobic as well

~as charged residues. Funhermore as’the bands are dominated by charged residues, their

-
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tendency to resemble one another decreases their potential as specific binding sites.

o\ . The presgfit data suggest thereforé that PDS molecules via their protein cores, surround

’, ? f collagen fibrils like a beaded- necklace claspmg the d-e mterband space in
each D period. The dermatan sulfate stde chains may he ad jacent to the collagen fibril and/or
project radially, but not necessarily rigidly, away from its surface fi ormmg a polyamomc
mtcrmnvrronr;tent around each fibril. How densely packed the PDS molecules are’in each D
period is unknown. L |

These results and the conclusions drawn from them differ somewhat from those of Scott.
(1980) who contends that collapsed glycosamtnOglycans have htghlrghted the protein core
located at the d band. It seems possible that during dehydration the dye-bound
glycosaminoglycans may collapse against the collagen fibril and lie along side the beadid

’ necklace of protem cores and that of the "sides" available the one nearest the charged d band
may be more attractxve to the negatrvely charged glycosammoglycans The pref erence for the d
band may also be due to the locatton of residue 4 within the structure of the protem core and its
relauonslnp to the "collagen fibril bmdmg snte" In addmon the results here do not support the
exrstence of the so-called verttcal components of Scott's proposed orthogonal array of protem
cores on the surf ace of the fibril. The need to 1nterpret all stamed glycosammoglycan side chams
as having collapsed agamst the protein core led Scott (1980) to propose that those onented
parallel to the long axis of the collagen fibri], acress a’D period, had collapsed agamst protetn
cores in extended conf ormatton also lying, axially (as vertical components) across all the bands . \
ofaD penod ’I'he existence of substantial numbers of these componcnts would have led to a
more raindom dtstnbutton of the f emttn partrcles than was observed here together with the
probabrlrty that the protein core binds to the charged ‘bands (like the d band) due to their
similarity. The "vertical components” may be dye-bound glycosaminoglycans that have not
collapsed against the protein core but against one another (or some other component) durirtg

dehydration. The distinct possrbtlrty that the protein core of PDS may be globular also contrasts

with the extended confermation that Scott (1980) depicted in his scheme.

Bl

.
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The proposed f tx;lction of the protein core of PDS implies that proteoglycans possessing
the same protem core but bearing L -iduronic acid - poor dermatan sulfate sxde chains mtght also
be expected to bind to type I collagen fibrils. Whether proteoglycans with this protein core can
also bind to types I1 and llI fibrillar collagen is unknown but Vogel et al. (1984) demonstrated
that the PDS from bovine flexor tendon does retard fibrillogenesis of tyoe I1 collagen fibrils in
vitro. It is also signif icaltt that a rabbit antiserufn against the small proteoglycan extracted from
fetal t‘)ovinenepiphyseal"cartilage localized the same, or a similar, antigen to the surf ace of type
I1 collagen fibrils which may represent the component Orford and Gardner (1984) located at the
d band of type 11 collagen fi 1brlls W1th cuprolinic acnd dye.

The proposed arrangement of PDS molecules on the surface of tendon collagen fibrils
also implies that the nature of the surrounding polyanionic microenvironment i; governed by the
physical characteristics of the L-iduronic acid~ricl1 dermatan sulfate side chains. Although they

may possess subtle dif ferences in copolymeric structure ( Fransson‘ et al., 1970), the most
obvious difference in the L -iduronit acid-rich dermatan sulfate side chains of PDS molecules

* from different tissges istheir length. Their size may influence the degree of hydration and the

packing of fibrils into fibers. The relatiﬁvely“short dermatan sulfate-side chains in mature bovine

3

dermis may permit fibrils to pack closer together giving rise to ite large fibers and fiber bundles.
In addition to varying their length, changing the content of L -iduronic acid residues m
the dermatan sulfate side cﬁhams may provide the cell with an even greater ablhty to fi ine tune the
propertles of the polyamomc cloud" covering the surface of the collagen f 1brlls Although both
L-1duronic acid-nqh and poor dermatan sulf. ate can self -assoc1ateﬂéxtracellularly (Fransson et
al., 1979) the interactions between the L -iduronic acid-rich fvorms tend to be weaker (Fransson
et al., 1982) amd they also tend to bind more strongly to collagen (Obrmk 1972; Gelman and .
Blackwell 1974) thle L 1duromc acid-rich dermatan sulfate S1de chams of any size, may .
promote flbnl aggregatlon L-iduronic ac1d -poor types may form a hydrated glycosammoglycan ’

aggregate covermg ‘the surface of the fibril and prevent fibril aggregation and the f ormanon of

large fibers. It is of interest that-small proteoglycans bearing L -iduronic acid- poor dermatan
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sulfate si&c chains were obtained from tissues containing small collagen fibers: human fetal |
me:mbrgnes (Brenna'n etval.. 1984), Eartilage (Rosenberg et al., 1982) and arterial walls (éhang
et al., 1983‘). It is also possible that the proteoglycans present in fetal membranes and arterial
walls are associated ;;vith type 111 co]iagen fibrils. Rosenberg et al. (1982), based on
immunoeléctron microscopic studies proposed that the small proteoglycan from epiphyseal
~ cartilage was not o}xly on the surface of type 11 collagen fibrils but was present within the -
interfibrillar matrix as aggregates formed by the self -association of its. dermatan- sulfate side
chains. This is difficult to reconcifé with the proposed scheme that the presence of this

/.
. particular protein core causes the proteoglycan to bind specifically to the collagen fibrils. As

pointed out earlier, the rai)bit antiserum used inihese stﬁdies may nét be specific for the same
protein core recogniied by the MAbs or, if produced against a proteogfycan with the same
protein core, it may be crossreacting with a structurally simila¥ but different molecuie.
Moreclwer; th)e model advanced by Ros;nberg et al. (1982) 'tb explain thp formation of the
aggregates would app'ear to depend on the presence of more than one glycosaminoglycan side
chain.: “ ' “
Variation in the content of L-idurc;riic écid residues may also influence the moveément of .
cells over the surface of the fibrils. Cell attachment a“nd spreading has been postulated to involve
the destabﬂfzati,(:n of heparan sulfate rich adhesion sites by chondroitin sulfate and hyaluronic
acid (Laterra et al., 1979). éultured f ibréblasts retain a chbndroitin sulfate proteoglycan in the
cell layer dufing periods of exponential growth which gives way to a dermatan
A Csulf ate-tontaining proteogl‘yc“an once they r.each confluency and enter a quiegcent G, phase
(Dietrich et al., 1982). Transformed cells do not make ;h’is switch (Dietrich et al., 1982) which
" might be related to their increased motility. Using affinity chromatography, cell surface
dermatan-sulfate was the only galactosamind"glycan capable of displacing heparan sulfate from
fibronectin (Stamatoélou and Keller, 1;)82)._Ihi§ maﬂy Be interpfeied to suggest that it is also *

involveg in cell adhesion rather than increased madtility. Whether the degree of adhesion by cells

to the collagenous matrix may be subtly influenced by the content of L-iduronic acid in the

4



“polyanionic "cloud" above the collagen fibrils remainrs 10 be deterrriined.
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4 6 Suggesttons for Further Study - ~ . o

The 4 monoclonal antibodies that recogmze the protein ¢ore of bovine skm PDS should

~continue to be highly usef ul in further studies of its structure. An obvious use of the MADbs

would be to aid in ‘the amino acrd sequencmg of the protein core -Their recogmtron of dtstmct

epttopes may serve to 1dent1f y those fragments of the ‘protein core (on 1mmunoblots) that share

acommon sequence Based on the recognmon of overlappmg fragments by several of the MAbs
and therr size, their prommrty to one another ‘may be determmed Such an analy31s has already

1nd1cated the probable order of the ma Jof’CNBr peptides within the protein core. The MAbs

<

-

could also be used to make /af fi 1n1ty columns to 1solate a. partlcular fragment or several f ragments

of varymg size that obviously overlap by virtue of the epltope Analysrs of such a group of

fraghents would_establrsh the sequence in the area of the epttope and blocks of sequence could '

precrsely

~be determined based onthe number of epitopes available. Use of SDl, known to recognize a

fifth eprtope ‘would make thrs approach even more usef ul. And, as a result of the sequencing of

‘ the protem core, 1t will be posslble to locate and charactenze the epltope of each MAD more

[

The structure of the'various PDS proteoglycans xsolated to date should be characterlzed
f urther both chemrcally and 1mmunolog1callv The average molecular werght of the dermatan
sulf ate srde chams should be determmed and the molecule analyzed on 1mmunoblots after.
digestron w1th cathepsm Cand CNBr to verify that they all possess a structurally ~51m11ar protein
core wrth a smgle dermatan sulf ate srde cham at their NH; -terminus.- | |

The MAbs would prove useful in 1mmunohrstochemlcall) studying the b105vnthesrs of

the protein core of PDS in dermal or gingival f 1broblasts lts biosynthetic pathwav through the

cell toits secretor) granules could be followed, as well as its release and uptake by collagen -

<5}

f rbrrls if the c€lls were cultured on a collagen gel Used together as an antiserum the MAbs may

be able to unmunoprecrpltate a putatrve brosynthetrc precursor of the protein core of PDS whrch

A
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ther/may be characterized further:. *

4

The MAbs:could be used to evaluate the structural ‘relatio’nship between the protein cdre'
of PDS and those ol" otlrer apparently diff erent proteoglycans such as proteokeratan sulf ate\7 ,
proteoheparan sulf ate and small proteochondromn sulfates. Of partrcular interest is the small
proteochondromn sulf ate isolated from bovrne nasal cartrlage by Hemegard et al. (1981) Its
amino acrd composmon is very srmrlar to that of PDS, but it has been proposed that thrs
molecules contams at least two rather long chondromn sulf ate srde chams However prrorrty
should be given to the stud)i of those proteoglycans containing L-rdnronrc acid poor derrnatan
sulfate side chains that appear to contain the same protein core as' PDS in order to test the
nolion that this protein EOre hasonly a single galactosaminoglycan Side ehain atrached. Both the .
bovine feral'»eniphyseal cartilage proteoglycan (Rosenberg et al. 1982) and the proteoglycan '
syntl_resized by bovine arterial smooth m"uscle cells could be analyzed by the MAns on
immunoblots after digéstion with'C‘N'Br cathepsin C and chondroitinases AC Il ‘and ABC.In
addition, the MAbs could be used to 1mmunohrstochemrcally locate the protem core in adult |
bovine articular cartrlage to confirm the results of Orford and Gardner (1984) and 10 determrne
* whether or not this protein core is located in the interf’ rbrrllar spaces. The ability of Lhe MAbs to
define a protern core with a partrcular function (r .e., bind to collagen f rbrrls) would be
rmporrant in helping to classrf y proteoglycans and would represent a- large step in unifying much
of the data regarding these small proteoglycans containing dermatan suifate.

It may be possible to estimate semi-duantitatively the’amounr of (ABC)core present on
an.imm'un'oblot if ins_tead‘of applying the diaminobenzidine, the portion ol the nitrocellulose
comammg the (ABC)cores was cut out and placed rat-bouomed polystyrene well with
o-phenylenediamine. The amount of antigen presem could then be related to a series of
standards as measured by absorbance at 492 nm. If this method proved effective it ;eems
possrble that the f uncuonal and blOS)n[hellc relationship between the proteoglvcans vary 1&? in

1duron1c acid comem could also be studled by exammmg the culture fluid of f 1broblasLs For

example, one may be able 1o relate the amount of the protein core synthesized by a certain type

]
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of cell to tffe amount and type of collagen it-also sSmthesizes. This would 'serve as a means to
‘determine whether synth.esis of the protein core 1s associated wlth all three ma jor interstitial
collagens Immunoprecxprtatron of the intact proteoglycan and its treatment thh chondroitinase
AC 198 and subsequent lmmunblottmg would reveal the nature of 1ts glycosammoglycan side
cham Changes in the type of collagen synthesized may then be related to any concommitant
shift in the L+ 1dur6mc acid content of ns galactosammoglycan side chains. Srmrlarly as -

| chondroblasts dedlf f erenlrate tof 1broblasts and synthesize type | collagen the nature- of a
potenual change in the glycosammoglycans may be detectable. Such changes in the nature of thel
glycosaminoglycan_rnay also be detectable during healmg skin wounds. '

The MAbs have indicated that the prolein core of PDS blndS) pref erentially to collagen
fibrils in the vicinity of the d and ¢ bands, very likely belween them and it has been. suggested
that the protein core binds only to fibrillar collagen Studies are m progress (Pearson and Scott,
unpubhshed results) that are desrgned to test this notion and the MAbs have been usef ul m
developing methods Lo remove as much PDS from the collagen sample as possnble If PDS can

’mng 10 preformed collagen f 1brrls ina normal manner (as verrf 1ed ;mmunohrslochemlcall\) then
it may be possible more accurately to locate the bmdmg site on collagen fibrils by affinity
labelmg methods using chemrcally modified PDS or perhaps the large CNBr f ragment should it

also blnd s L o
Such preformed fibrils could also be used to evaluate the bmdlng el' ficiency of
. J .
proteoglycans varying in L -iduronic acid content. Thrs would reveal whether L-iduronic acid - -

poor-dermatan sulfate side chains play a role in modulating the binding of the protein core to

collagen fibrils; possibly reducing the binding as suggested by the resulls of Rosenberg et al.

(1982). This study could be expanded to include typ@,and I collagens as the L-iduronic

W

acid conrenl may playv a'role in binding specificity. Moreover, fibrils coated with these different’

forms of the proteoglycan could be used as a substrate upon which to culture fibroblasts 1o
determine whether they affect cell behavior 1n any way. Of interest would be the effect the
L -iduronic acid content on the rate of cell attachment and spreading.

&8
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If it could be demonstfated that collagen f ibrils formed in vitro are suitable subst\fates‘ ,
for calcifi ication then it mlght be possible to determine to what extent the presence of PDS in Lhe
gap zone inhibits collagen mineralization. It would be mterest to determme whether the protein
core itself has bound to a ¢ritical locauon in the gap zone or whether the nature of the
polyanionic galactosaminoglycan side chams plays a dominant role in th:s process. The observed
lack of dye- -stained components assoclated with the 4 band of demmerahzed collagen fibrils |
(Scott, 1984) suggests that PDS and related proteoglycans bound to collagen in the gap zone
may prevent sof't tissue calcification. _ | - ’ | " |

. Asthe gaps between collagen molecules in the gap zone are delxmxted by the N- and

kY

C-terminal 1elopepndes which are involved in f orming mtermolecular crosshnks PDS bound to
collagen fibrils in this regjon may mfluence thelr conf ormation (Helseth and Veis, 1979) and the
extent to whxch they parthate in crosslmkmg PDS molecules lying in the gap z\one may play a
very important role in collagen tumoery to remove the Pl_)S prior to
enzymic degradation of the collagen. 1t would be of 'greatvintereost to study the ef fect bound PDS
has on the efficacy of purified enzyme pfeparations‘thal‘are responsible for the scission of the
telopepndes from Lhe collagen monomers. | § ‘

~ 'Lastly, PDS and related proteoglycans could be used to repeat me‘ of Vogel et al;
- (1984) ‘to determme how the L -iduronic acid content of A x@;alactos‘ammoglycans,‘ attacbed to .’
the same protein core influence f ibr\\illogenesis in vitro. Avnd.v as PDS binds\to the fibrils within -
the gap zone, it would be of great interest to use pC and pN collagen‘ motecules in these
’ 'experiments as-the presence of the propeptides wonld\ seem to preclude the pos.sibility'IOf PDS

binding to these fibrils.
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Plate 1. Immi@oblot of mature bovine skin PDS and its (HF )core. Intact PDS (lanes 2.4, 6. 8.
10-and 13) and PDS that had been treated with anhvdrous HF (lanes 3, 5.7, 9, 11 and 14) were
transferred from a 5% SDS-polyacrylamide slab gel 1o nitrocellulose paper and stained with '
. Amido Black (lanes 2 and 3) or immunochemically (lanes 4-14) using 1:1000 dilutions of
’ Wonal_amibody ascites fluids (as indicated) or a 1:100 dijution of normal mouse serum .
(NMS). 15 ug (protein) was applied to lanes 2 and 3, 1 pg to lanes 4, 5, 13 and'14, 500 ng to '
- lanes 6-9 and 300 ng 1o lanes 10 and 11. 200 ng of the (ABC)core of PDS was applied to lane

b .
12. 3

\,\
Plate 2. Immunoblot of intact bovine skin PDS (lanes 3 and 9) and its (ABC)core (lanes 2,
4-8) using 1:1000 dilutions of MADb ascites fluids or a 1:100 dilution of normal mouse serum s .
indicated. Samples were transferred from a 7% gel. 10 ug (protein) (ABC)core was applied to '
lane 2 and 1.5 ug to laries 4-8. The (ABC)core was prepared by N. Winterbottom according to

- the method of Oike et al. (1980) using 0.33 units enzyme/mg sample, dialyzed free of GdnHCI

and small digestion products by ultrafiltration and Ivophilized.
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. was applied to, lane 8.

Plate 3. Immunoblot of bovine skin PDS (lane 7, 300 ng protein) and PDS that had been
treated with a B-elimination, sulfite addition reaction (lanes 2-6 and 9). Lanes were stained
immunochergigally or with Amido black as indicated. Samples were transferred from a 5%
SDS- polyacrylamide slab gel. 20 ug protein was applied tolane 2, 1 ug to lanes 3and 9, 500 ng
to lanes 4 and 5 and 300 ng to lane 6. 200 ng (protein) of the ( ABC)core preparauon of PDS

q

-

Plate 4. Immunoblot of concentrated (about 50-fold) cdlturc medium from confluent human
gingival fibroblasts (HUGE 1, passage 7) that had been incubated with 0.05 ug/ml tunicamycin.
10 u} was applied to lanes 2 and 3. 10 ul of medium. that had been incubated with 0.05 units of
chondroitinase ABC/m! medium for 1 hr at 37°C was applied to lane 4. Bovine skin PDS
(200 ng; lane 5) and its (ABC)core (60 ng; lane 6) were also blotted. Samples were transferred
from a 7% gel. 1XA and 3B3 also stained a component (Mr=43,000) in the enzyme treated

_medium, but extremely faintly. The blots treated with 7Bl and NMS were negative.

>
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Plate 5a. Immunoblot of bovine skin PDS treated with cathepsin C. Aliquots of the digest were
removed immediately (0 min) (lanes 5, 7,9 and 11) and after 6 min (lanes 4, 6, 8, 10 and 12)
and 30 min of digestion (lane 13), diluted in sample buffer and boiled for 10 min. 3.4 ug protein
was applied to lane 4; 100 ng to lanes 5-13. Intact PDS (lanes 2 and 14) and its (ABC)core
preparation (lane 15) were also transferred from the 7% gel. The lanes:were stained
immunochemically as indicated. ’ :
Plate 5b. Immunoblot of bovine skin PDS treated with cathepsin C and stained with 7B1.

. Aliquots of the digest were removed after 6 min (lanes'4 and 5) and 30 min (lanes 2 and 3 of
digestion, diluted in sample buffer and boiled, 100 ng protein was applied (o lanes 2-5. An
(ABC)core preparation of PDS (lane 1, 100 ng) was also transferred from the 10% gel. The
lanes were stained ;mmuﬁochemically with a 11000 dilution of 7B1 ascites fluid.

a7

Plate 6. Immunoblot of bovine skin PDS that had/been treated with trypsin for 2 hr at 37C
(lanes 5. 7, 9, 11 and 15; 250 ng protein/lane) or cathepsin D for 1 hr at 37C (lanes 4, 6, 8, 10
and 14: 240 ng protein/lane) and stained immunochémically as indicated. About 5.5 ug protein
of the cathepsin D-digested PDS was applied to .lane\‘}. Intact PDS (100 ng, lane 12) and its
(ABC)core preparation (60°'ng, lane 13) were also transferred from the 10% gel.
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Plate 7. Immunobiot of bovine skin PDS fragments. Cathepsin D-digested PDS was applied to
lanes 2 (10 ug protein), 4 (2 ug). 5. 6 and 11 (1 ug) and 14 (6 ug) with (lanes 4, 5Sand 11) and
without (lane 6) prior reduction in sample buf fer. 2 ug of cathepsin D-digested PDS that had
been subsequently digested with chondroitinase ABC (0.005 units) was applied to lane 12. The
insoluble fraction of a cyanogen bromide digest of PDS was applied to lanes 3 (5 ug). 7-9

e ug) and 13 (5 ug). Samples in lanes 3,7,9and 13 were reduced with 2-mercaptoethanol. 2 ug
of the cyanogen bromide digest that had been digested with chondroitinase ABC (0.005 units)
was applied to lane 10. The samples were transferred from a 10% gel and stained
immunochemically, or chemically with Amido black or periodic acid-Schiff stain (PAS) as
indicated.

Plate 8. I mmunoblot of the cyanogen bromide cleavage products of bovine skin PDS. g‘hé
cyanogen bromide digest (supernatant fraction) was applied to lanes 3-8 and intact PDS was
applied to lanes 2 (10 ug) and 9 (2 ug). The samples were transferred from a 10% gel. 7 ug
protein was applied to lane 3, 13 »g to lane 4 and 2 ug to lanes 5-8. The lanes were stained
immunochemically with MAD ascites fluids or normal mouse serum as indicated.
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~ Plate 9. Immunoblot of the cyanogen bromide peptides of PDS previously treated with '
anhydrous HF . This material was prepared and generously provided by N. Winterbottom. 16 ug
(protein) of the cyanogen bromide digest was applied to lane 3 and 4 ug applied to lanes 4-8 and
transferred from a 10% gel. 6 ug (protein) of intact PDS was applied to lanes 2 and 9. The lanes
. were stained chemically or immunochemically with the MADb ascites fluids (1:1000) or normal
mouse serum (1:100) as }'ndicated.

Plate 10. Nitrocttlulose electrophoresis of glycosaminoglycan-bearing cyanogen bromide
peptide(s) isolated by ion exchange and gel filtration chromatography. The sample was
dissolved in a 0.06M sodium barbital, pH 8.6 buffer and 10 ug was applied toa 2.5x 10 cm Strip
of nitrocellulose paper (moistened with puffer) in 4 ) (strip 2). 15 ug of the dermatap sulfate
standard was applied to strip 1. Electrophoresis proceeded-at room temperature for 1 hr using
0.8 mA/strip. The dermatan sulfate standard was stained with toluidine blue while strip 2 was -
treated with CPC for 30 min, washed in water and stained immunochemically with 7B1.

-
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Plate 11. Nitrocellulose electrophoresis of the insoluple fraction of Criyanogen bronii'dg digest of
bovine skin PDS (previously shown to contain the same components asythe soluble fraction).

.. 150 ugof thgldiges”t was dissolved in 15 ul of a 0.06M spdium barbital, PH 8.6 buffer. Samples

were applied in 4 ul aliquots 16 2.5 x 10 cm strips of nitrocellulose paper moistened with buf fer.” -
" 15 ug of the dermatan sulfate standard was applied to'strip 1. 40 ug of the digest was applied 10
strips 2 and 3 and 10 pg of the digest was applied to strips 4-8. Electrophoresis proceeded for.l
~ hr at toom temperature using 0.8 mA/strip. Strips 1-3 were stained with dye as indicated while
strips 4-8 were treated with 0.1% CPC for 30 min, washed in water and stagped;

“immunochernically with the MAbs as indicated. - o . .

Plate 12. Immunoblot of bovine periodontal ligament PDS. 19.5 ug (protein) of the sample was
dissolved in 39 ul of 0.1M sodium acetate, 0.1M Tris HCI, pH 7.4 buffer. Chondroitinase ABC
(0.1 units/mg sample) was added to half of the sample and both prtions were incubated for 2,
_ hr at 37°C. Appropriate amounts of both samples were diluted with SDS-PAGE sample buffer .
(containing 10% 2-mercaptoethanol ), boiled for 5 min and applied 10 a 5% slab gel. Undigested ~
sample was applied to lanes 2 (4 ug), 4, 6 and 14 (200 ng) and lanes$ 8and 10 (100 ng). The
-enzyme treated sample was applied to lanes 3 (4 ug), lanes 5, 7and 15 (200 ng) and lanes 9 and
" 11 (100 ng). 80 ng (protein) of bovine skin PDS and its (ABC)core preparation were applied ta
lanes 12 and 13, respectively. The lanes were stained with Amido black or immunochemically
with the MAD ascites fluids or normal mouse serum-as indicated. B :
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Plate 13. Immunoblot of bovine gingiva PG2. The sample was dissolved in 0.1M sodium
acetate, 0.1M Tris HCI, pH 7.4 buffer at a concentration of 1 ug protein/ul. Chondroitinase
ABC (0.1 units/mg sample) was added to one half of the sample and both portions were
incubated for 55 min at 37°C. Appropriate amounts of each sample were diluted with
SDS-PAGE saniple buffer (containing 10% 2- -mercaploethanol) and boiled for 5 min. 15 ug
(protein) of the undigested sample was applied to lane 2, T ug 10 lanes 4 and 14, 500 ng to lanes
6 and & and 300 ng to lane 10. 12 4g of the enzyme treated sample was applied to lane 3, 1 yg to
lanes § and 15, 500 ng to lanes 7 and 9 and 300 ng to lane 11. 300 ng of bovine skin PDS and
100 ng of its (ABC )core preparation were applied to lanes 12 and 13, respectively . The samples
were transferred from a 5% slab gel and stained with Amxdo black or immunochemically as
~indicated.

Plate 14. Immunobiot of bOv_'in% fetal skin PDS. The sample was dissolved in buffer at a

.concentration of 100 ng protein/ul. Chondroitinase ABC (0:1 units/mg sample) was added to

one half of the sample and both portions were incubated for 1 hr at 37°C. Appropnate amounts

of each sample wer diluted with SDS-PAGE sample buffer (containing 10%

2-mercaptoethanol) and boiled for 5 min. The uhdxgested sample was applied (o lanes 2 (3 ug

* protein) and lanes 4, 6,8, 10 and 14 (100 ng). Tl‘;e enzyme treated sample was appliei to lane 3

(3 ug)and lanes 5, 7. 9..11and 15 (100 ng). 50 ng of adult bovine skin PIJS and its (ABC)core

preparauon were applied to lanes 12 and 13, respecuvcl\ The sample< were Lransferred from a
% gel and stamed as indicated . i
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Plalc 15. Immunoblol of human gingiva PG2. The sample (sample 31, from "‘most diseased
human gingiva’') was dissolved in 0.1M sodium acetate, 0.1M Tris HCI; pH: 7.4 buffer at 500 ng
protein/ul and chondroitinase ABC (0.1 unils/mg sample) was'added to one half of the sample
and both portions incubated at 37°C for 50 min, Appropriate amounts of each sample were
diluted with SDS-PAGE sample buffer(containing 10% 2-mercaptoethanol) and boiled for 5
min. The undigested sample was applied to lanes 2 (10 ug) 4.6, 8,10 and 14 (1 ug) while the
enzvme treated sample was applied to lanes 3 (10 ug). 3. 7. 9. 11 and 15 (1 ug) of the 5% gel.
The transferred samples were stained with Amido black or 1mmunochem1cal]} as indicated,

\ s,
Plate 16. lmmunoblm of adult human skin PDS and 4 protein core. Human skin PDS was

dissolved and boiled in SDS-PAGE sample buffer 'gcomammg 10% 2-mercaptoethanol) ata . .
concentration of 100 ng protein/ul. 4 ug was appliéd telane 2, while 200 ng was applied to lane‘t

4,6. 8, 10'and 14. Human skin PDS protein core, produced b\ treaiment with alkali, was \

dissolved (by boiling) in SDS- PAGE sample buffer at the same concentration. 4 ug (protein)

was applied to lane 3, while 200 ng was applied 10 fanes 5. 7. 9, 11 and 15. 100 ng of bovine skin | \

PDS and an (ABC)core preparation of PDS were apphed to lanes 12 and 13, ;e§pecnvel\ The |

samples were transferred to nitrocellulose paper from a 10% slab gel and stairnéd with Amido

black or immunochemically as indicated. . R
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Plate 17. Immunoblot of concentrated (about 200-fold) culture medium from confluent Gin-1
human gingival fibroblasts: 30 ul of medium was diluted with an equivalent volume of -
SDS-PAGE sample buffer (containing 10% 2- mercaptoethanol ), and after boiling for § min,
was applied to lanes 6, 8, 10 and 12. 30 ul of medium, previously digested with chondroitinase

- - ABC (see methods section). was diluted in the sample buffer, boiled and applied to lanes 7. 9,

11 and 13. Bovine skin PDS was applied to lanes 2 (7 ug), 5 (2.5 ug) and 14 (1 ug). An
(ABC)core preparation of PDS was applied to lanes 3 (10 ug) and 15 (1 ug). 10 ug of a crude

7 sample of human gingival PDS was also applied to lane 4. The samples were transferred to

nitrocellulose paper from a 7% gel and stained with Amido black or immunochemically with the
MADb ascites fluids or normal mouse serum as indicated.

£ A , .
Plate 18. Immunoblot of concentrated medium (about 15-fold) from confluent monkey arterial
smooth muscle cells. 60 u! of medium in SDS-PAGE sample buffer was applied to lane "SMC",
while 60 ul of medium, previously incubated with chondroitinase ABC for 1 hr at 37C, was
applied to the next lane labelled "Core”. Bovine skin PDS (2.5 ug) and its (ABC)core

hpreparauon (2 ug) were also applied to the 5% gel as indicated. The transferred samples were

stained 1mmunochem|ca\ with '6D6 ascites fluid as usual.

' .
N R : .
) . A .
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Plate 19. Immunoblot of the A1D1 fraction from the Swarm rat chondrosarcoma. The sample, !
previously dissolved in 0.1M sodium acetate, 0.1M Tris HCI, pH 7.4 buffer, was diluted in /
SDS-PAGE sample buffer (containing 5% 2-mercaptoethanol) and, after boiling for 5 min, wa
applied in 14 ug aliquots o lanes marked "U". 14 ug of sample, previously incubated with
" chondroitinase ABC (0.2 units/mg sample), were also applied to lanes marked "E". 500 ng

bovine skin PDS and 1 ug of its (ABC )core preparation were also applied. The samples w7(e
transferred to nitrocellulose paper from a 5% slab gel and stained with Amido black or

immunochemically with the MAb ascites fluids (1:1000) or normal mouse serum (1:100)) as
indicated. ' ' '

A

Plate 20. Immunobiot of fraction A1DI isolated from bovine nasal cartilagé. The A1D1 sample
was diluted in SDS-PAGE sample buffer (without 2-mercaptoethanol), boiled for 4 min and

11 ug (protein) were applied to lanes labelled "U ™. 10 g of AIDI, prey/ousl_\' incubated with
chondroitinase ABC (as described above), were boiled and applied to lanes labelled "E”. 50 ng

" of bovine skin PDS and 30 ng of its (ABC )core preparation were applied to the lanes indicated.
The samples were transferred from a 7% gel and stained with Amido black or immunochemically
~ as indicated. :
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Plate 21. Immunoblot of the A1D4 fraction extracted from the Swarm rat chondrosarcoma.

8 ug (protein) of AID4, diluted in SDS-PAGE sample buffer containing 10%
2-mercaptoethanol and boiled for 3 min, was applied to lanes labelled "U". 10 ug (protein) of
A1D4 that had been incubated with chondroitinase ABC (as described above) was similarly
diluted and boiled and applied to lanes labeled "E". 1.25 ug of bovine skin PDS and 2 ug of its
(ABC)core preparation were also applied to the lanes indicated. The samples were transferred
from a 7% gel and stained as indicated. '

Plate 22. Immunoblot of the A1D4 fraction extracted from bovine nasal cagtilage. 15 ug-
(protein) of the sample. diluted in SDS-PAGE sample buffer (without 2-mercaptoethanol) and
boiled for 5 min, were applied to lanes labelled "U" . while 15 ug (protein) of A1D4 that had
been incubated with chondroitinase ABC (0.2 units/mg sample) for 8 hr at 37C was applied to
lanes labeled "E". 100 ng of bovine skin PDS and 60 ng of its (ABC)core preparation were '
applied to the laned indicated. Samples were transferred to nitrocellulose paper from a 7% slab
gel and stained with- Amido black or immunochemically as usual. ‘
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Plate 23, immunoblot of the ATDY fraction extracted from ¢\ﬁick sternal cartijage. 10 pg
(prowm y of the A1D4 fraction diluted in SDDS-PAGE sample buffer containing 10%
2-mercaptoethanol.and boiled were applied to lanes labelied "U". 10 ug of A1D4 that had been
incubated with chondroitinase ABC for § hr at 37°C was applied to lanes labelled "E". 10 g of
the A1D4 fraction from bovine nasal cartilage (BNC) and its (ABC)core preparalion were
applied to the indicated lanes, as were 1.25 ug of bovine skin PDS and its (ABC)core*
preparation. The samples were transferred to nitrocellulose from a 7% gel and stained with
Amido black or immunochemicaliv as usual:

@ L2

-

Plate 24 lmmunoblot of bovine dental pulp PG2. The sample was dissolved in’ 0 IM sodium
acetate, 0.1M Tris HCI, pH 7 4 buffer and chondroitinase ABC (0.1 unit/mg sample) was added
to one half of the sample and then both portions were incubated for 50 min at 37C. The
reduced. undigested sample was applied to lanes 2(16 ug), 4 and 14 (5 ug), 6and 8 (3 ug) and !
10 (1 ug). The reduced enzyme treated sample was applied to lanes 3 €12 »g), 5 and 15 (5 gl "7
and 9 (3 pg) and 11 (1 ug). 300 ng of bovine skin PDS and 100 ng of its (ABC)core preparanoﬁ-
were applied to lanes 12 and 13, respectively. The samples were transferred from a 5% gel and’y
stained with Amido black or 1mmunochem1call\ with MAD ascites fluxds (l 1000) Or normal
mouse Serum (1 100) as indicated. - o

A A
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- Plaie 25. Immunoblot of bovine dental pulp PG1. The sample was addc_q 10 0.1M sodium

. acetate, 0.1M Tris' HC], pH 7.4 buffer and dissolved by boiling for 15 min. Chondroitinase ABC

(0.1 unit/mg sample) was added to one half of the sample'and both portions were subsequently
iacubated for 55 min at 37'C. Both portions were diluted with appropriate volumes of
SDS-PAGE sample buffer and boiled for 5 min. 15 ug of undigested PG1 was applied to lanes _
2. 4.6, 8, 10 and 14, while 15 pg of the enzyme treated PG were applied to laneg 3. 5. 7,9.11 v
and 15. Bovine skin PDS (300 ng protein) and its {ABC)core preparation (100 ng protein) were
. applied Yo lanes 12 and 13, respectively. The samples were transferred_froma 5% gel and stdined
‘with Amido black or immunochemically as indicated :

b |

Plate 26. Immunoblot of fractions from pcaks 1. 2 and 3 of PDS (ABC )core preparation

chromatographed on Sephacryl S-300. 2 4l aliquots of fractions 34 (pedk 1), 41 (peak ) and

4% (peak 3) were diluted with.30 4l SDS-PAGE sample bufferiacking 2-mercaptoethanol. "% -

boiled for 5 min and applied to lanes 2-4, respectively. The same sample volumes diluted 1n
sample buffer containing 10% 2-mjercaptoetharidl were boiled and apphed to lanes 5-7.

respectively. 40 ng (protein) of bovine skin PDS and its (ABC)core preparation werg applied to-
lanes § and 9, respectively. Samples were transferred 16 nitroceliulose from g 5% gel and stained

with Amido black or immunochemically with 6D6 ascites fluid (1:1000) as indicated.
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Plate 27. lmmunoblot of bovine skin PDS and its (ABC )core preparation. Chondroitinase ABC

(0.1 unit/mg samiple) was added 1o one half of a PDS sample, previously dissolved ina .

0.1M sodium acetate, 0.1M Tris HCI, pH 7.4 buffer. and both portions of the sample were \

incubated for 50 min at 37C. The undigesied sample was applied to lanes 2 and 4 (2 ug). 6 and

$ (100 ng) and 10 and 12 (400 ng). The enzyme treated sampic was applied 10 lanes Jand > 7
(2 ug). 7and 9 (100 ng) and 11 and 13 (400 ng). Sampies applied to lanes 2 &3, 6& 7and.

10 & 11 were diluted in SDS-PAGE sampie buf{er containing 10% 2 -mercaptoethanol and boiled

~ for 4 min: Samples in lanes 4 & 5. 8 & 9 and 12 & 13 were diluted in SDS-PAGE sample buffer -
~ containing 8M urea, 10% SDS and 10% 2-mercaptoethanol and boiled for 4 min. (The fina!

- concentrations of uzea and SDS in lanes 4 & 5 were 4M and 5%, respectively; in‘lanes 8 & 9,
7.8M and 9.6%, respectively; and'in thnes 12 & 13, SM and 6%. respectively). Samples were
transferred from a 7% gel and stained with Amido black or immunochemically with 6D6 ascites

[

fluid as indicated. =~ ., = ;
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Plate 2. 1nmml‘“ri,phxslochcnncal jocliation of the proten core of proteodermatan sulfawe 1

adult bovine skin. (3) Formdlin.fi*¢d's um secuon stamey for peroxidasc afier an overmght

incubation at 6°C with 6DESupernalant flwd (diluted 1:10). inking antibody (45 min) and

" mouse peroxidase anti-peroxidase {30 mun). (b) Higher magnification of subepidermal zon¢ of
came section. {¢) ‘Higher magnifjcalion of connective tissue surrounding a hair follicle and blood

vessels of same section. (d) Serigl S€cijon to-{a) using normal mouse serum (diluted 1:100). ‘

The horizontal baryn figures (a ¢.ARdd) = 100,m: in figure (b) the bar=10um. '

«

'
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Plate 29. IFmmunohistochemical localization of the protein core of -proteodermatan sulfate in
fetal calf skin. (a) Formalin-fixed section of fetal calf skin estimated to be 130 days of age,
stained for peroxidase after overnight incubation with a 1:10 dilution of 6D6 supernatant fluid.-
(b) Section of the same tissue in which the enzyme reaction was allowed to proceed for an
extended period of time. (c) Fetal calf skin control using normal mouse serum diluted 1:100.

Horizontal bar = 100 um.
M\
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Plate 3U. Immunohistochemical localization of the protein core of proteodermatan sulfate in ~
fetal calf skin of different stages of development. Formalin-fixed S um sections of skin from 4
different amimals were incubated overnight at 6'C with 66 supernatant fluid (diluted 1:10) and
stained for peroxidase using the peroxidase anti-peroxidase method. Sections a-d demonstrate
progressive development of hair follicles. Horizontal bar = 100 ym. ‘ : .




154

Plate 30b.
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. Plate 31. Localization of the protein core of proteodermatan sulfate using the peroxidase
anti- peroxidase method ina f ormalin-fixed section of adult human skin that had been incubated
with 6D6 supernatant fluid (diluted 1:10) overnight at 6°C and stained for peroxidase.
Horizontal bar = 10 um. ’ Co 2

;

At

" Plate 32. Formalin-f ixed 5 um section of bovine gingiva similarly stained for pegoxidase after
incubation with 3B3 supernatant fluid diluted 1:2. Horizontal bar = 100 um.

Plate 33. (a) Frozen, unfixed section of human gingiva incubated overnight with 1XA
supernatant fluid (diluted 1:2) and stained for peroxidase. (b) Section of the same tissue
incubated with with 7B1 supernatant fluid. Horizontal bar=100 ym.

.
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Plate 34. Immunohistochemical localization of the protein core of proteodermatan sulfate in a

formalin fixed section of adult bovine tail tendon that had been mcubated overnight with 7B]
supernatant fluid (diluted 1:3) and stained for peroxidase.

Plate 35. Formalin fixed section of bovine dental pulp from an unerup{ed incisor stained for
peroxidase after incubation with a.l:10 dilution of 6D6 supernatant fluid.

Plate 36. (a) Fixed section of adult bovine nasal cartilage and underlying nasal tissue that had
been incubated with 3B3 supernatant fluid (diluted 1:2) and subsequently stained for
peroxidase. (b) Same ussue stained with Alcian blue to highlight the location of the hyalmo
cartilage matrix.

N Horizontal bar= 100 pm

AN




Plate 36b.

Plate 36a.



L

Plate 37. lmmunohlslochemncal.locahmuon of the protein core of proteodermalan sulfate on

* the surface of adult bovine tail tendon collagen fibfils. Tendon pieces were incubated overmght \
* with MADb supernatant fluid and, once stained for peroxidase using the peroxidase o
- anti-peroxidase method in the usual manner, were embedded in Spurr’s resin. Thin sections

were examined using a Philips 410 transmission electron microscope. (a-c) Secnons (incubated-
overnight with. 6D6 supematam f’luld) that show the arrangement of the (osmxcated) oxidized

‘diaminobénzidine’ precnpuate particles on fibrils dectioned longitudinally. (d) Tendon collagen
- fibrils (thal had been mcubatcd with 7Bl supernatant fluid) sectioned more obliquely to
' demons{rate that the immunochemical reaction products d1d not benetrale the spaces between

closely’ packed t” ibrils. Horizontal bar—O lum o
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Piatc 3% Immunohistochemical controls for the ultrastruciurai Jocaiization of the protein core
of proteodermatan sulfate in bovine tail tendor. Thin scctons of bovine ail tendon were ‘
. incubated with: (a) 1:100 dilution of normal mouse serum in 30% normal goat serum in T BS:
{b) 30% normal goat serum in TBS and (c) 6D¢ supernatant {lud that had been preadsgrbed
with bovine skin PDS. Horizontal bar=0.1um. o
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Plale 3% lmmunoelectron m:croscopxcal localization of the protein core of proteodermatan
sulfate on the surface of mature bovine tail tendon collagen fibrils using ferritin-conjugated
secondary antibodies’ {a-b) Thin sections of tendon that had been incubated with a 1: 10
" dilution of 6D6 supernatant fluid overmg)u at 6°C. (¢) Normal mouse serum (diluted 1:500)
control. x 133 000 N
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Plate 40.-Ultrastructyral localization of the protein cqge of proteodermatan-sulfate on the
surface of bovine tail tendon collagen fibrils using thdimmunoferritin method in con junction

* with TB1 supernatant fluid (diluted 1:2). x 133,000 o
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