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FOREWORD

at the end of each paper. Papers and discussions are to be taken to-
gether just as they were delivered and discussed. Much of the cut
and thrust of debate has necessarly been lost for which we are sorry
— but the irrelevant and the repetitious has been elimimated in order
to present the reader with the substance of the discussion.

We hope that this monograph will be of use to all who study the
biology of connective tissue.



INTRODUCTION

W. T. AsTBURY

In nature’s mfinate book of secrecy
Alle I can read
Antony and Cleopatra, Act, Seene 2.

Wiy our Chairman kindly mvited me to contribute a general

d to this symp and p d me at short notice
with a formudable collection of summanes of papers to be con-
trbuted by the other partictpants, my first reaction, [ confess, was to
recall Sydney Smuth’s famous remark ‘I never read a book before
reviewng 1t, I find 1t prejudices the mind.’ Here now, I thoughe,
was a_beautfully anjo ous siuation where to follow Smuth’s
example was most strong%y indcated. Ihave compromused though
— and 10 the way 1n which I suppose I was expected to, that is to
say, T have of course read the summares, but this brief assessment of
how we stand at the moment with regard to the connective tissue
problem is for the most part only as I see 1t personally. Which
means also that the bad pasts are mostly mine too.

KRR L

RSN IR I } - SURUUURRISY I I I

connective tisstte system as a kind of unit — a combmation that 1s to
a first app If- d and mdivisible. We 1magine
the cells manufacturing a fundamental matrix, which then acts as
site and precursor for the fibre complex that 15 the principal, and
relatively stable, end-product of the system. And always, ex

hypothess, we search for factors,
The chief motive 1 fact of a meeting such as this must be, direcely
or mdirectt ly or ly, to inquire agamn what

are these common features and to examine once more how far we
have gone 1n therr charactertzanon.

Stnce 1t 15 still very much biogenesis and the primary synthetic
steps which are the most difficult and mysterious, the procedure of
least in molecular biology generally, and 1n the i
tissue problem 1 particular, 15 to work mostly backwards from the

H




2 CONNECTIVE TISSUE SYMPOSIUM

more permanent mdl-ﬁ:)ducts —in this case the fibre complex of
collagen, elastin, reticulin and anything else there may be, on which
indeed the 1dea of connective tissue umty is just now most clearly
focused. Thus fecling for a common plan underlying the fibrous end-
froducts of the connective tissue system derives from the molecular
evel of X-ray diffraction analysis, which first brought about n pre-
war days an astonishing simplhfication among the apparently enorm-
ous diversity of fibrous protems. It was found that, in ‘terms of
polypeptide-cham types, there are m the main only two configura-
tional schemes, one compnising the long-range elastic fibres of the
keratin-myosin-epidermin-fibrinogen group (k-m-e-f group), and
the other the melastic fibres of the collagen group. The collagen
group was named after 1ts most famultar member, orthodox collagen
of classical hustology, but perhaps a little deceptively, because it
transpited that one of the most impressive things about the group
was its very wide range, including as 1t does numerous structures
previously considered to have lttle or nothing to do with one
another — for example, white connective tissue fibres, tendon and
cartilage, the scales and fins (elastordin) of fishes, the ichthyocol of
swim-bladders, the cuticles of Annchd worms, the filaments cjected
by the iea-cucumber, jﬁlly—ﬁsh,ltc quote ?nl); a ‘s'electicn. They all
AR T SO S SRS DU T3,

- Allicnn annla Yorae

;epti‘de-chajn configuration they all have in common, still remains
the only sure cnterion yet discovered of therr fundamental family
relatonship. Many of them give also the collagen small-angle X-ray
dragram, corresponding 1n period (about 640 A) to the bands seen

in the electron mucroscope, but this 1s not an essential but1s assoctated
wmeh ha vt cracea o armanimations the emsllanels X-rav diagram

of the carthworm’s cuitcle), but the large-angle X-ray diagram
persists.

Here, beyond doubt, 15 one of the major destgns of rfmlc{:u]zr
phylogeny, comprehensive enough to take in t.hc connective tissue
fibres mn 1ts strrde, s to sp‘eak|— that 1s, potgnnally; for whether 1t

e mitwntad T mweslf



INTRODUCTION 3

greater unity; that, in other words, it should constitute a specialized
subgroup of the collagen group hung hike the feather-kerati
subgroup of the k-m-e-f group. After all, now that the reuculn
fibres have been found to satisfy basic collagen-group requrements,
only elastn rcx{)mns to be accounted for,fa.nd ;vcn that too, these
days, 15 at last beginning to show signs of conforming.

zt}unk, therefore, (th% odds in supg;:rt of the suggestion being at
least two to one), that I mught very usefully devote much of the rest
of thus 1ntroduction to summanzing some of the findngs and con-
clusions lately arnved at regarding that nermost question of the
collagen group from which all else probably spreads out automanc-
ally. ' refer to the consatution and curtous polypeptide-chain con-
figuration which gives nisc to the charactenstic X-ray diagram and
which has offered such long resistance to attempts at eluadatng 1t.
This really 15 the central problem; for let me emphasize that the
master plans of the fibrous proteins revealed by X-ray analysis are
pespea o themes, suscepble of many varitions; an

and concepts of that kind ~ with comparative esse, or at any rate
much more confidently.

The new outlook 1n recent years on possible polypeptide-cham
confipurations 15 wnspired, as everyone knows, by what may be
ca\lecf the helical interpretation of Pa'{ulmg ax:d Corey, according to

a 1o B

which tha unermarchad m_fnme afiba b o p £ anien (-

- ’ N " ]
15 only the bare bones of the kem-e-f story, the complete explanation
15 an elaboration that has not yet been fully worked out)) In the
B-form of the k-m-e-f group dyxc Folypcpnzc chams are pulled out
almost straight, 5 dlut ;}:c average length of an ammno-acid residue

a0 eha dicwine -

turther detail, but T want ta make the powe that, of \l\:»twexpmc;pill
config; 1 have just d, the 3.6 a-helix (it 1s one of 2
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gether by hydrogen bonds linking CO and NH groups in adjac
chains — they are now all infer-chain bonds. What other possibili
are there that might be 1dentified with the collagen configura
whtch, as Thave said, is so cunously distinct from exther of these ty
After the trrumph of the a- and p-configurations it would seem ¢
too difficult to advance thence on collagen and, with the aid of
elegant diffraction treatment given by Cochran, Crick and Va
(1952), to clear it up sumlarly, but as a matter of fact it has proy
surprisingly obstinate. Ever since the early days when the collag
group was first recognzed, we at Leeds have argued that the collag
chawmns are pracucally ble for special stereochemical reast
cc d with the prepond of proline and hydroxyprolt
restdues; that actually they ate shorter than in the p-configuration
the extent that the length per residue in the direction of the fit
axts has now fallen to as low as 2.86 A; but what exactly was t
nature of this constriction: That was always the question; a
even with the advent of the new helical 1deas, as apphed |
Pauling and Corey themselves, by Bear, and by Randall and ¢
workers, for nstance, it still tumned out far from easy to decide wl}
particular form of helix or combrnation of helices best agreed wi
al] the X-ray data (recently made more precsse by mmproved
grams at the hands of the Randall school) and supporting observ
trons.

The break came eventually through papers by Ramachandr:
and Kartha (1954, 1953, 1956), Cowan and McGavin 81955‘
Cowan, McGavin and North (1955), Crick and Rich (1955), an
Ruch and Crick (1955). What 1t amounts to is roughly this, th
Ramachandran and Kartha first proposed a structure akxﬂtﬁ th
destred Lines, and it has seemmgly been 1mproved and rationalizec
50 to say, by the other authors 1 the light of X-ray analyses 0
poly-L-proline (Cowan and McGavin) and of the hitherto obscur
crystallographic modification of polyglyane (Crick and Rich) tha
has been named polyglyane II '(in polyglycine I the polypepud
chains ate 1 ARASETAE S AR LS A Cnrnd that i
poly-L-prol
the same — .
pying a length of about 3.1 A (though the six-fold system ©
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Lt e mm aweptov T

'
and the Well-Known prece Of CNCMICAL ANAIYULAI BIOLILILON ULl
one-third of collagen consists of glycne residues and at least
another quarter of proline and hydroxyproline residues, then led
irresstibly to the concluston that the collagen structuze 15 slmplLy the
e E R R L R

- - . It
- teal

distortion thereot, a so-called couled coul .

One takes a triad of helices from the polyglycine-polyproline
structure (there are two ways of domg this) :mz twists (Ke three
chains slowly round one another so that the number of resrdves per
turn, with respect to the common axis, becomes 34, The period 1s
286 A and cotresponds to three tumns. So at last our ongnal
N DR Se el o 1

. The answer to the question I put'a moment a
e 2 R A z

1, beLore a0aptation) a helix held 10 Hat SHIPE DY ILECILLIN LULUS,
wht . e A Vot e

clas

Test

st

sch . .

constiremm ~=-13 Ly Je B Ll e e b e
of hel - . "

the in . .
the intra-chain bonds of the compound major helix into whch they
aze finally twisted,

The kinds of inter—chain bonds that hold the primary helical unit
of the collagen structure 1n that shape, and mdeed go further and
result m the end 1 a tnad of such helices becomung also twisted
round one another to form a coiled coil, are stll under debate,
though obviously some must be CO...NH hydrogen bonds and
others may well be hydrogen bonds of the type postulated by

B
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Gustavson (our much-respected doyen of the Collagen Group!) as
linking the hydroxyproline OH group with a CO group on an
adjacent chain. Inadentally, we must beware of perhaps mis-
applymg Gustavson's idea, which is a deduction from the properies
of coll; — collagens of d hydroxyproline contents. It is
concluded that the bond confers resistance to thermal shrinkage and
one might expect, therefore, to solution; but gelatin is soluble 1 warm
water yet has the same hydroxyproline content and gives the same
kind of large-angle X-ray diagram as collagen — the diagram, that
is, from which the cotled-coil structure has been derived; and the
carthworm's cuticle gives the same kind of diagram too, though, as
first shown by Smgleton (1955) in our laboratory at Leeds, 1t has
the highest known hydroxyproline content (equivalent to 14.6 per
cent of the total nitrogen) combumed with the very low thermal-

would scem that the latter s the more plausible — without neces-
sarily excluding the former entirely, nevertheless, because another,
and contrasting, conslderanon' not to fo‘rget is thc‘ fact t]-:at thf
o R
co

studies — and keen mvestigations to that end are being carried out
these days 1n more than one laboratory, investigations to determine
not merely the proportions of the amino-acid residues but also their
order. Already such findings as, for example, the common occur-
rence of the sequence -prglyl-}:zd.roxypr(.; yl-glyfyl— make jt seem

¢hne tha mana

the structure under examination; tor mstance, more WOl 4ld
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plenty of scope (pechaps'a httle too much for present comfort) 1n
what is now known of the molecular framework of the collagen
group, mcluding most 1f not all of the connective tissue fibres, to
sausfi;" gradanion and vembﬂxty requicements. A great dr“% of

L

and I find that most mspinting.
It follows that the mam burden and responsibility of connective
ussue research devolves more than ever on the procedures and
results of extraction. The business of extraction and separation dom-
wnates biological chemistry and physics — 1t ‘delivers the goods’—
and here, in the needs of disentanglhing the connective tissue com-

plex, we see a particularly fine ill 1n an exaiting
tional settng too. Components are made available conforming
the first place to certan mi structural fi now

partly recogmzable, and these are then made use of, with such
modifications as may be required and are permussible, 1n successive

medical science
a1,

ey T [ .

mp c,ha P g“h;n bott, porte man 1dcal]or Lxmmnlg
edifice, such as a re| aggregation of the X-ray analyst’s tniple
cotled coils The present o %' and imperfe Y corrda o=
tween molecular form and chemical consttution 15, however,
symbolic and perhaps more representative of the actual state of
affaurs, 1n which the 1deal plan, though governing 1n prinaiple all
the fibrous products, yet impresses itself to widely varying extents
and, tndeed, succeeds sometimes only so very mdiffetently as effec-
wevely to lose 1ts idennity.
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and adapted in the construction of the collagen complex — that, and
the occurrence of polyproline a}so(x:i Lllc ‘s_:mc’form. and that form

O NS

[ AP RNV o A\ K [
tion’ of the k-m-e-f group, whereas there 15 a stnking emptiness
AN t () i P B | AT My

1n shape by intra-chan hydrogen bonds
If only for these reasons, ‘I think’, to quote from my Procter
Memortal Lecture (1940}, ‘that we still ought to work on the hypo-
thess that elastin 15 at least closcly related to the collagen group’.
But they are not the sole considerations: for mstance, 4 propos of
what I halvc Just,§azd about the X-ray evidence, was my p'hrase
KISt

NS

[RE NG S

TR S
fimshed, most stable, most “nor:
A T T N

and best documented mantfesta-
P T A T R

may therefore be the normal, as 1t were, and immature collagen and
elastin may be nothing like so dufferent as they come to be m sub-
sequent phases of growth.

And then, as intriguing a set of observations on possible collagen-
elastin mterrelationshups as have been reported for a long time, there
are the recent jomt studes (Burton ef al,, 1955) undertaken in the
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Unversity of I‘_,ccds by the Nuffield Gerontological Unit and the
~ Il e T e el ODBIA) I ang o

structures as judged by appearances in the electron mucroscope and
by histologieal stanmg tests; and what is more, when alkalne buf-
fers are forced through pads of collagen, the percolates ate found to
be very rich m hydroxyprolne and argtnine, the two amino acds
conspicuously defictent 1 elastin as compared with collagen.
Were it not for this last finding one mught be inclined to look
askance at what scems to be shown in the electron microscope and
by classical stawung techmaques, but all three kinds of results together
make one think twice, Stretly speaking, all that the experiments
demonstrate unambiguously as yet, 1s that the collagen complex can
be broken down mn such a way as to lead to preferential extraction of
hydroxyproline and argmine — and this m itself is not unexpected,
either, 1 view of the combined X-ray and chemcal analytical
mdications discussed above ~ but let us hope they mean something
far more graufymg. They must be followed up unremittingly, 1t
goes without saymg, and every effort made to prove, by X-ray .emd
clasticity tests for example, that the man-made ‘elastn’, besides
looking and staming like natural elastin, 15 the same sort of thing as
natural elastin, as near as makes no matter.

Allmn all, 115 not too bad a case for tentatively acceptng elastin as
a bona fide if somewhat surrepntions member of the collagen
group, and I repeat that I personally like the idea.

The final answer goes back, of course, to the biosynthests of the
polypeptide chains and reactions about which we are abysmally
sgnorant. After these unknown mitiatmng steps the evidence then
points mainly to extracellular mechanisms, 1 the so- gmllﬂd
substance; though mdications are not lacking that the cell surface,
if not sull also the cell intertor, plays 1ts part too. The overall im-
pression is of precipitation processes under more or less remote
control — less say in the case of the crossed fibrils of the carthworm’s
cuticle fabricated on a layer of eprthelnal cells, and more say in the
case of the threads ejected by the sea cucumber. The collagen group
is truly ‘?{ most czccc].[cnt fancy’!

' LI R
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polysacchanides, and no talk on the collagen group and connective

orators imagmable: the nearer ther job 1s to complenon, the fewer
the storchiometric signs that they ever had anything to do with it.
In the end they are rather like the Cheshire Cat— only therr grin

remams.
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Hormones have been shown to influence the mast cells and the
lysacchanides of the o nssue ground substance.
It should be emphasized, however, that the expenments and find-
tar DL R DRI A I

tion mught be expected to afford mnformation of value mn this
discussion

1, STUDIES ON MAST CELL REACTIONS IN LIVING CONNECTIVE TISSUE Of
THE HAMSTER CHEER POUCH

These nvestigations were petformed m collaboration with a
Fnnsh colleague, Dr. Otto Wegelus, wotking in my laboratory.
These expeniments have led to 2 view which unites the different
theones and assigns to the mast cells an acceptable posiion m
relauon to mucopolysaccharide as well as histamine, In addition
they have afforded some information regarding the mfluence of
hormones upon the cells.

The cheek pouch 1s drawn out, the upper layer carefully maised
and the membrane stretched out by means of needles over a hole m
a disc of cork. If destred ths may ‘ée fitted 1nto a moist chamber of

The thin membrane getung mtact arculatton was studsed unstaned
by the phase contrast microscope, and, after stamung, by bnight ficld
mucroscopy  Tohudine blue m physiological saline, 1100 to
1 100,000, was dropped on the exposed connective tissue surface
of the membrane. The weak dilutions do not appear to be toxic to
L}xe mast ‘cells, as degranul and lular rear of




4 CONNECTIVE TISSUE SYMPOSIUM

The animals are anaesthetized by intraperitoneal injection of
0.08-0.15 ml. of a 6 per cent nembutal solution,

Hormones
The systemic treatment with various hormones was given in the
form of injectrons into the femoral muscles, and the topical treatment
as mjections 1nto the connective tissue between the two epithelial
layers of the check pouch.
Taste [

SYSTEMIC TREATMENT
(intramuscular iyections,
iy

Hormone Dose Time of action Results
Degranufanon,
Corncotrophun s+ mg Jday 7 days clumping,
vacuolation
Degranulation,
Cortisone acetate 10 mg [day 5 days clumping,
vacuolation
Thyrotrophin 1 USP unit/d: days Numerous well-
yroner unsfday s granulated cells
Degranvlation,
Thyroun o5 mg fday 5 days small penvastular
cells, mtact
Numerons well-
Somatotzophin o5 mg jday 20 days Mmoo
Daily yection of physio
Controls Togical saline solution
TOPICAL ‘TREATMENT
{myections 1nto the connecnive tssue of the extended cheek pouch)
Degranulation,
= clumping,
Cortisone acetate o2sml =625mg 38 hours clumping,
oasml=25mg Degranulanon,
Hydcocortisone acetate and s hours and 38 bours champing,
osml = smy vacuolation
Hydrocartisone h g:g‘r;:‘“ém""v
terary-butyl-acetste 0§ ml = 125 mg 38 bours clumpings

02505 ml physo-
Controls Jogial sloe ol or Tyrode
sol
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substances are a specific response in some way bound up with the
Liberation of hustamine, or a response to the tissue effects of the husta~
mine Iiberated from other sources, 1s still unsolved.

The aim of the following experiments was, therefore, to study —
under conditions as phystological as posstble — the response” of
living mast cells to histamine as well as to histamine-liberators in
connective tissuc receiving unhundered blood supply and on the
whole left largely mtact.

The effects of distant injections of a neutral and isotonic solution
of histamme hydrochloride, of compound 48/80 m physiological
saline solution, of stilbamidme iscthionate (M. & B.) in sterle
water, of peptone (Witte) m phystological salne, and of sterile
water were tested  Stilbarmdme 15 highly toxie; intracardrac injec-
tions were given very slowly m order to avord immedate death.
Compound 48/80* 1s 2 more spectfic ustammne-liberator of lower
toxicity, Water induces an osmotic imbalance and 15 found to
Iiberate histamine locally (Fawcett, 1954).

Both cheek pouches of a hamster were examined, extended over
two holes i a disc. Asa control the left cheek pouch was examined
before the distant injectrons of the mentioned agents. The connec-

tive tissue of the divided control pouch was stamed for 5 munutes
a h PR T e LUt . Thereafier,

sected mtra-
ncentrations

I
LN o AN MDA SUSTANCES O TG TSRO S
Agent Cone Dose Mast cell response
Histapune HCL 1 mg ft ml ©5-2mg Degranulation, clumping
Cp 4880 1 mg {1 ml o4mg Degranulation, dumpmg.
Stilbamudine ssethionate 10 mg {1 ml 75mg Degranulation, dumping
Peptone 100 mg fx ml sotoomg  Degranulanon, clumpiag
Stenle water 2 ml Degranulation, clumping,
disuption

1imyections The

Agents by lar and intrap
observation peniods were 3, 15, 30, 4 and 60 min.
Jamune and formal-

1A polymenc cond product of p 1
debyde, kindly supphed by Burroughs Wellcome & Co, England
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ey od,

Sero/anm



16 CONNECTIVE TISSUE SYMPOSIUM

‘stibsmnccs are a specific response in some way bound up with the
JRSURRY S o IR P T

. . f

Hying mast cells to histamine as well as to lstamine-liberators 1n
i ivi hindered blood ly and on th

= e tissue T g ood supply and on the

whole left largely intact.

The effects of distant mjections of a neutral and isotonic solution
of histamme hydrochloride, of compound 48/80 in physiological
saline solution, of stilbamidine isethionate (M. & B.) in stenle
water, of peptone (Witte) in physiological salne, and of stenle
water were tested. Stilbamidine is highly toxic; intracarduc injec-
tions were given very slowly m order to avoid immeduate death
Compound 48/80t is a more speafic histamine-iberator of lower
toxtaaty. Water induces an osmotic imbalance and is found to
hiberate hustamine locally (Fawcett, 1954).

Both cheek pouches of a hamster were examined, extended over
two holes m a disc. Asa control the left cheek pouch was exanuned
before the distant mjections of the mentioned agents. The connec-
tive tissue of the divided consro] PO:JC}I was stained for § minites

1 ol

RN ISR R A I e 1-.:_0--Vi. Thereafter,

) ) - jected intra-

. ncentrations

Tasts I
INFLUENCE OF MISTAMINE AND INSTAMINE-LIBERATOR SUBSTANCES ON LIVING TISSUR MAST CELLY
Agent Cone Dose Mast cell response
Histarine HCl 1 mg fr ml os2mg  Degranulition, clumpng
Cp 4380 1mg frml 04mg Degranlation, clumping
Soibamdine sethionate 3o mg Jx ml gsmg  Degranfation, clumpg
Peptone 100 mg f1 ml sotoomg  Degranulstion, clumpiog
Stertle water 2ml Degranulation, dumpug,
disruption

Tinections. The

Agents by and wntrap
observation periods were 3, 15, 30, 40 and 60 mmn
hyl-methylamune and formal-

1 A polymenc product of p
dehyde, landly supplicd by Burroughs Wellcome & Co, England.
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cheek pouches was observed within 10-30 minutes. Irreparsble
breakdown of the cells, was observed only in exceptional cases.

Mast Cells and Tissue Water

The following series of experiments is concerned with the focal
effect of various fluids upon connective tissue mast cells, One of the
two cheek pouches of the hamster was invariably used for control,
Sterile water, physiological saline solution, Tyrode solution, 2 per
cent saline solution, soluttons of hyaluronidase and of hyaluronic
aaid were injected between the two layers of the cheek pouch or
dropped on to the lower membrane of the outspread spht pouch,
In order to approach physiological conditions as far as possible, the
hamsters were placed on a warming stage mounted on the micro-
scope. One of the hyaluronidase solutions used contained 500
viscosity reducing units per ml. and another, highly concentrated

Tazzz M
INFLUENCe QP VARIOUS FLUIDS ON LIVING TMSSUR MAST CELLS

Flnd Changes wn mast cells within

Degranulation,

Stenile water ption,
granule swellog

Phyuological saline Degranslation

Tyrode sal. Degranulstion

2 per cent salme sol. Shrinkage

Hyaluromdase 1 physiological saline Rapid

{100 and 1000 VRU/ml}* degranplinon

Hyaluromdase n Tyrode sol, Rapid

{100 and 1000 VRU/ml ) degranulstion

uronic 2ad 1 and 2 per cent Insigaificant

Physiologacal saline nges
Degranulstion,

Traumatzabon (ussue cdenta) disruption,
grapule clumping.

" Viscouty reduang uits
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one y000 VRL/ml, the lst ioned preparati d
3000 V.R.U./mg., or abour 37,000 V.R.U.?mg.N.‘

Hyalutonic acid, produced from bavine witreous humour and
from human umbilical cord” was applied —m 1 pes cent and 2 per
cent solutions,

In order to obtain 3 Jocal tissue ocderna by mechanical trauma the
cheek pouch was subbed a few times between the thumb and dhe
index g:gcr.

Injection of the fusds into the connecave tissue of the cheek
pouches mvariably cawsed disraption, s, wreversible damage, of
some mast cells, Percepnbly fewer duintegrated cells were seen
aﬁcr{thc d:o‘ppxng procedure,

After

PP of water a considerably larges nurebes 7%
m vanous szages of degrort-- .
stamed control pouches. . o
swallen. Many granules sy Mee tu the connective
tissue grownd sugswm alter distuption of the cells, sill showing

wmpense metachromasia; they retained thewr colour unchan~-t
hours. Vatying numbers of wee- .

plasm metachsomanc gram © . ’

vias mterpreted as endenc T s aas celt
grandles. These granules ..weyu thetr metachromas for some
tune vachin the bodues of the phagocytzng cells (Fig. 3).

After treatment with ph slo?ogxcal salime and Tyrode solution a
connderable mcrease m the number of depranulated cells wae
observed as eacly as 20-30 munutes after application, These <ells
wese faucly often surrounded by a zone of intercellular sobstance
showing mote mtense metachromasia than more distant areas,
Enurely depranulated cells showed 2 basic pattern like 2 honeve~—4
M’;{‘angc gcf, Fig. 2}

freer i -
ma
trea
gra

m M dam

gra 5 s o ety cells were well
sui w swetecnromatc after a fardy long time ~f « yment,

andie st ot s ,
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These cells may have been protected by adipose fisue, thi
fibrous layers, etc. The granul ining in partially d !
cells showed notmal metachromasis. The size of the cells was nor
dc(mitdy(akerc'é. , No extracellular metachromasia was noticed,

icker
1

(£ Fag. 7). Later on a slow degranularion took place.
After mechanical traumanzarion of a check pouch mast cells with
1 v f 1, | S e Yaao 3L

aeilarnd arava aho

n{acrophages with phagocyrized granules.

DISCUSSION

Iz 1s obvious that the granule substance may come into the ground
substance, cither by a disrsption caused by some violent — physical
ar chemical — acion during which the cell perishes, or by 2
physiologucal de fation, probably lying some afteration of
the granule substance, e.g. with regard to water solubibty, before of
duning the passage from withm to outside the cell.

Studies of living connective tissue of the hamster under the
mfluence of hormones revealed morphological changes of the mast
cells, Jargely rdentical with those scen in dead, fixed tissucs of other
animals and humans simslacly treated. Tt1s evident that the extrercly
matked and conststent changes obsesved must reflect an interferenee
with the functions of the mast cells, »

The degranulation of the mast cells invariably seen after adminis-
tration efg h ine and Hi Iit shows that the mast
cells of the hamster are sensitive to the influence of both. The
observation that hustamunie exests an action as powerful as that of the
histamne-~fiberators, indicates th'at the mast cell c}mng‘cs 3(;;“‘:*

. Seased;
. bstance
mast also be released. Whether d ! which 15 a unction

of the bving cell, entals a release of histamine together with the
metachromanc substance, sull remains an open question.



Fic 1
Normat mast cell loaded with metachromatic granules Stanung toludine blue m physio-
logical saline 1 1000 Magmification. X 2,200

Fic 2
Mast cell showng partiat degeanulanion after intraperitoneal mmjection of histamne  Notice
the bauc structare simulanng 2 sponge or 2 honeycomb  Staning. tolmdme blue w physio-
logical saine 1 1000 Magmificaon X 2,200

Fic 3
A magt cell dunng dusruption and 3 macrophage containing some metachromane geanules
Staning toludine blue 1 physologieal saline 1 1000 Magmification X 2,200



do-
toe

clumped together into srregular masses Staning. toluidune b

sahne 1 10,000

(Acta endocrmol , 22, 157, 1956 )

R S T ——
RN ety e
RN Y E AT I R
B L LAY cs I Ny

GRS 2,
Ry

X1,500

Fio 4
ydrocortisone acetate  The cells are vacuohated and partly

Mast cells nfluenced by h
granulated  the granules arc

mp

Stastung tolusdine blue 1a 40

s

Fie
ry) surrounded by mast cells

Twa atreuc follicles (rabbit ova

pet cent ethyl alcohol 1 1000



Fic 6
Dermographic stripe 1n the skin of a patient suffering from urticana pigmentoss
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consequence of an mereased content of free water in the connectivi
tissue ground substance.

IO. BASOPHIL LEUKOCYTES AND TISSUE MAST CELLS

The finding by Graham and her associates (1955) that_the baso
phuls of the %lcod contain relatively large_amounts of histamin:
seemed extraordinanly interesting mn view of the current discussion
as to whether mast cells and basophul leukocytes are the same type of
cell or carry out simular functions. Staimng of the cytoplasmic
granules corresponds to the staming of the granules of the tissue mast
cells; they are metachromatic, coarse and of a size like those of the
tissue mast cells, The Basophul leukocytes are somewhat smaller
than the mast cells of connective tissue.” The nucleus of a basophil
leukocyte 15 fragmented, usually bisegmented, whereas that of a
tissue mast cell 15 generally unsegmented, The basophuls are formed
1 the bone marrow, whereas the tissue mast cells ate believed to be
recruited from pervascular mesenchymal cells. Mast cells have
never with certainty been observed to pass through vascular walls,
but ‘they are at tunes seen among endothelal cells, and lt}n':z are
. 5 Pl " ERE -

release hustamine? :

The number of basophil leukocytes has been reported to decrease
i mdwiduals under the mfluence of cortisone, like mast cells
{Code et dl.,, 1954).

In rabbuts’ ovanes the fagowmg findings h':_xve bcsn mﬁéti 3‘13

Twhich we are at present studying 1n more detail. In the Iustologtcal
sections the blood vessels of the ovanes and tubes were dcnsfz
packed with basophil leukocytes or mast cells; there v{cre‘ccus““_’}
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hyaluronic aaid in liver capsule 1n spite of mast cells Dr. Assoz-Hansen
said that heparin and hyaluronic acid were both acid mucopolysaccharides

The mast cell was the only connective tissue cell known to contam
35 hand The ) atenal which,

chande
s camertivn tn

1 g Lo,

T e g o gl

b, e

el o e el e L
if the mast cell content was high. There was no doubt that these cells
had several functions It should be powmted out also that there were
chemical differences between the mast cells of different species 2nd

between mast cells 1 different Tocations of the same individual ™~ Iatra-
-— - s o PR [t SR AP oI | UL iy A RPOA

neven war and hrman <k, metn-

Dr Assos-Hansen could not be persuaded that the problem couu Le
solved by tissue culture experiments One might have granulated mast
e TV 1 o sl Yare mnceihaliry minct certainly be

cells mnvolved 1deal fixation, preparation and histochemustry, attu peiuaps
1sotope studies as well 4

DR, MEveR pomted out the wide vartety of unrelated polysacchanides

- nt - om= sma ~F nalyearcharide, together w:dg a

cursor of heparin.

' . ais monosulphated

ester. No one had yet ssolated a sulphated mucopolysacchande from Syl:do*

vial fluid, although there was a very small quantity of sulphate. The oaly



G. ASBOE-HANSEN 25

polysaccharide isolated from synovial fluid was hyaluronte acid, which of
course, 15 not sulphated.

Dz Assor-Hansen sad that mast cells may contain several polysac~
charides mn several stages of polymenzation and sulphaton. Synovial
membrane has been found to contam a lot of degranulated mast cells near
the cawity and heavily granulated ones deeper down  The metachromasia
of the amorphous ground substance vaned inversely wath the ntra-
cellatar metachromasta

In answer to several points raised by Dr Neuberger, Dr. Assor-
Hansex sad the life span of mast cells was unknown, Mitoses were
scanty evenin very large accumulations of mast cells seen in expenmental
tomours mice. The mast cells appeared to regenerate from the pen-

. ! . . . W . L)

' ' RS LN ST ERE R '
necessanly all be 1n the same stage of physiological granulation or meta-
bolism and consequently the cells may differ i uptake of 1sotopes He
£elt that Dr Asboe-Hansen’s 1llustrated accumulations of mast cells in
Ovaman sections may DOt lgzve been denved from the bloodi but may

farchang

chromatic matenal, regularly encountered m such necronc areas, was
necessanly derived from the mast cells In fact the ‘mast cells’ m these

were perhaps phage loaded with mngested meta-
chromatic maternal, suggesting that one type of mast cell may anse m this

way.

Dr. BALG asked 1f there were any expersments on the phagocytosis of
hepann  He recalled that Walton, 1 1954, clarmed hepann could not be
oy i At el il A I e °

e [ e S
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Dr. Assor-HaNsEN agreed that, in some instances, it might be difficule
to differentrate between macrophages and mast cells but he believed 1t
was possible mn living tissues becanse of the background struetore of the
mast cells, After cells were distupted, metachromatic granules were
found m both the ground sub and the cytoplasm of the phag
After provoking degranulatton of the mast cell, a metachromatic amor-
phous matesial appeared around the altered mast cells, except 11 llaya‘lu-

o 3 . FLAEE N




.
d,

1
Ty

on THE TOPOGRA Hicyy, CYTog, HEMISTRY OF
TISSUE Masy CEL

B SYLVEN
acey p ﬂut the mast
chI gr uch prcs ent athr 0,
basic™, dy s, c tz n f tIzer gtbcncdpby
rcsultx m’ (1 93;) Ho Ten ang VI ander (1937) and
der (19.78)1 d o the plm thar ¢y mast cef} Sranulesy,
contun €ven ot heparg, stated by, pes (1946) Sub,
tIy More g, Ctagleq vemganom on oplas COnStitueryy
of tissye t cells g, s of 1hy fr Ze~vy, chy, Tation
queang Sarefulfy, controlleq diff, ] cenerr OR meth,,
Ied 4o the v, thae ¢ Ve hepy 2] was | ed mogy
2} Patofy MCtosom, j Substanee wat] terptanul,
Ompary, t, th Utro, e bag, philic |, ge 3
ce Iy responsible ¢ € lagy Tetation yor
may alloy, me to g and ey, 3vour of
these Hterpree, aad ol 4 ) cconcle the US Views
Mith moge data o  Wtrasery, YtOplas,
< first g t ths Question g 3ter of gy ute,
Tathe, USStion of ACadery,. terest, ¢ 2 Matter op dis.
Lances, aboye 2 f " hundr, 55, why, h, hoy, €L, may
be m, Mportance When fun, ton are
Phced o 7€ Secura Brounds The &mxscmsc dxmemmm
Of magy S Woulg hen see, suttable g, U fracy D2~
00 51115 comlf th chemyeg) an, S of fr.
btaineg
The o O 15 baseq o a farge of Staining
Testfey Toutpe, form, Usstreg Pretreageq h 11005 fixa,
taves tssug’ S of 4 thickpes bey T Mmore
05, large may, tles are seen, by Meter gy 8entera}
bete 20010 llmucrons. The 8 * Were fouy,
exhyby, Dfferey, d of mepy g Omasy, ‘PPacent]y, | d
Huned, thers 1 tope of bluisb—r L dx:zmctly Viofer, d bhush o
T, black, Ve, tergrany],, een, and






B. SYLVEN 29

SRR IR JIC U | O e BN B T I |

cells were concerned. Tn thin fresh-frozen and dried sections purely
basophilic and } mast cell granules were often
seen Pactures of mast cells, ke those published (Julén, Snellman
and Sylvén, 1950), indicate that the ‘amorphous’ intergranular
substance {cf. Sylvén, 1950) stained metachromatic and oxyphih.
Great cautton was firther justified m mnterpreting the stamung re-
actions of cytoplasmic granules with d below or very close
to the lateral and axial resolving powers of the light microscope.
Other observations s,uggcsted that metachromatic matertal was
S A N I R S

paertr dicenlirad an oo

the course ot carcinogenesis expenments.
It then seemed necessary to apply chemical fractionation methods
mn order to obtain more detailed mnformation on the tochemistry

gf t.kcsc cclli. (At this stage, co-operation was obtaned with Dr. O.

First, 2 mild method suitable for the extraction. of the native
heparn complex was found by using thiocyanate solutions, which
present a umque capacity to bring the metachromanc mast cell
matanat e - o . " 1s material was

wophiha of the
N , bound to the
gr#le‘s' or the possible union, was by very weak bonds only.

tound wamnn--er 1 " L i e tae aed

stll -

mater . .

aggrepate and later distnéegrate tn more acid media, We found thae
€ microsomal mast cclf matertal disperses only around pH 7,
clow pH 6 there is an increasng tendency to Hlocculinon. An

increase in acidity is thus most deleterious since the nucrosomat
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matertal precipitates on the surface of the large granules and becomes
also very firmly aggregated to all sorts of other cell materials in
suspension. This was a real catch m the fractionation technique and
seemed further to explain part of the artifacts produced by the husto-
logucal preparation methods (cf. below).

If now the pH was kept at 7 during the whole fractionation pro-

cedurc TN f IR T
washe
nate. “. . .
(cf. Novikoff et al., 1952). The first large granules concentrate con-
tamed also some microsomal matenal, and the supemate contained
some very fine particles which could not be sedimented by centri-
fugation at 60,000 g. The bulk of heparin material was part of the
supernate as a sub-mucroscopic parttculate matter with diameters
below xo millimicrons. The final supernate contained four different
non-sedt ble fractions dust hed by electrophoretic mobil-
ity, and only one of these fractions (called m) contained heparn
(Snellman, Sylvén and Julén, 19s1). This native heparin material
was found to be a hepann-hpo-protem complex with a parucle
size of about 100,000 and an electrophoretic mobility of 5.9 10-*
sq. em.{voltfsec. Purified heparn shows under simular conditions 2
particle size of about 17,000 and a mobility of 18— 22X 10~ 5¢-
em/voltfsce. o,

AT faveemnn hbovnad Jomine sha ~ngrse of fractionation and all
ictions s/mw{ng metachromasia
 the final supernate. Washed

large gransiles were free of heparin.
"‘Iz‘h{ sub-nﬁcmsjcrcpxcf Pn{ﬂculatc matter 1n the final supernate as
well as part of the sedtmentable microsome mass sh‘cwcd aAmarkc
oxyphilia, which we ascrbe to the presence of basic protein, con-
tained in any one of the two or three additronal protemn components
devotd of heparin. The oxyphulia was of the same order as that ch;n
in freeze-vacuum dehydrated mast cell cytoplasm. I?Ot}l the sedi-
ble and non-sed ble microsomal material showed 2
similar collordal behaviour to varous hydrogen ion concentrations
as other microsomes have done  Further, nesther the large granules,
nor the microsomes presented a very marked solubtlity in the dnfa'uvc
state as long as the pH was kept at 7. Heparin was not disslve d;om
the native complex even when the suspensions were kept for 4 3’15
Later on, Hedbom and Snellman (195s) isolated and analysed the
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inspection of thick whole-mounts of mast cells have progressed
sufficiently to allow definite conclusions to be drawn from studies
undertaken at the limit of or below the resolving power of the hight
mucroscope. Moreaver, the use of acid solutions as fixatives (Helly's
fluid — pH about 3.3 — used by Montagnaetal,, 195:& and/or during
stainng will undoubtedly precpitate the mast cell intergranular
microsome material in the same way as in in vitro experiments. The
intergranular material following denaturation will unfortunately
preciprtate and stick to the surface of the large granules as well as to
other elements, which thus will acquire a metachromatic shade.

From phase-contrast studtes, Zollinger (1950) claimed that the
granules had a water-msoluble protem skeleton and somehow inside
this the metachromatic heparin component would be harboured.
It 15, however, difficult to accept this speculation when the granules
so eastly can be prepared in an apparently undamaged state [(cf.
Hedbom and Sncﬁm&n, 1955) and are shown to be almost devord of
heparin (cf. above). .

Koksal (1953) claimed to have obtained some metachromatic
mast granules by shaking tissue spreads in distilled water for 1-2
hours without pH control. It seems clear that he obtamed mast
granules surrounded by a coating of metachromatic materal. On
the contrary, Zollinger found that mast cell granules treated with
water released their metachromatic matersal, became orthochromatic
and then lysed.

Some investigators have expressed some doubt as to our observa-
tion that the supernate fraction, containing - among other things —
the native heparin complex, is oxyphilic and not basophulic. This
may, however, be explained by the presence of oxyphilic protein
matenal together with the native heparin complex. It seems quite
evident from osmotic and other considesations that heparin in the
native state cannot exust as a dissociated polyelectrolyte. We have
said that it seems to be combined with a lipoprotein moiety, !
may stam with costn, and that there are other m}crosomal cont-
ponents of cytoplasm which may show cosinophilia. The hc};alt;}n
complex as such has enough electronegative surface charges avatlable
for showing metachromasia (cf, Sylvén, 1955). .

Another question has to be considered 1f in our fractionation
experiments we overlooked a dissolution effect leading to a very
rapid and early releasc of heparin when the tissue mast cells are
suspended in phosphate buffer. This would be an objection common
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1y 1 .

to ion procedures as such performed in agueous
solutions {cf. Novikoff ef al., 1952)- Generally speaking, 1f a water-
soluble substance forrns part of any granular fraction, some of it
may be found in the supernate. But as far as we know, no one has
attributed a substance solely occurning in the supernate and not atall
recovered in the granular fraction a3 belonging to the granules.
Thus, our mast cell fractionation results seem only explamable on
the assumption that the native hepatin complex occurs outside the
granular membranes.

"This 15 as fat a8 present endence goes. We all hope that further
details of the fundamental eytochemustry of mast cells wall be re~
vealed leading to a closer understanding of the physiology of these
peculnar cells. The important d.iscovcr% of hystamune in mast cells
{Raley and West, 1953), recently corroborated by chemical extrac-
tions (Hedbom and Snellman, '1955), lends further support to the
assumption that connective tissue mast cells take part 1 local tissue
reactions of varous kinds.

GROU?P DISCUSSION

Dr Nrusercer said that the only possible criticism against Dr. Sylvén’s
meerpretanon of hus data was the very remote possibility of {055 of
heparm from the granules during lus 1solation, process, If the molecular
weght of the natve heparm-protem complex were hugh, this possibility
would be unbikely. 1fx were only 15,000 or less, 3t rought cavly leak out.

Dr. Syrvin rephied that the ssolated hepatin particle size was about
17,000, but under sumilar expesimental conditions the native hepann-
protemn complex had a parucke size {molecular werght) of about 100,000.

Dz SnELLMAN felt that the electron microscopsc pictures showing the
granules as undamaged round balls would mec 1t hughly improbable
that the hepann complex had leaked out from the gxmu(cs dunng the
1solation processes

Dz Gruuman suggested that hepann may be mumately connected wath
the mmerals and their movements {especally calcrum) 1 the mast cells
nd elsewhere Heparmn also seems to exert tome hipaemsa clearmg role
not only m the arculation but also m vitre The presence of calcium tons
seers f0 be necessary for the breaking of the chylomicron emulsion with
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same time. Conéparison of the specific radioactivities (1 terms of
mtrogen) showed that plasma 1n skin amounted to less than 1 ml.
per 100 gm. skin, If we assume that after five minutes the iodine-
Iabelled ‘albummn had completely mixed with the intravascular
albumun, but had not penetrated to 2 sigmficant extent mto the
extravascular space, 1t can be concluded that the amount of blood
present per 100 gm. skin 1s less than 1.5 m] Haemoglobin esumation
of the skin sample mdicated that the amount of blood was of the
order of 0 4 ml. per 100 gm. Thus the rwo methods, whilst not grv-
g good agreement, suggest that the blood present mn skin cannot
be more than 1.5 ml. per 100 gm. The results to be discussed later
showed that the total amount of albummn which can be 1solated from
skin is at least 10 or 15 times greater than the maximum amount
which can be present withm the blood vessels.

Rate of equihibration between plasma and skin. lodine-labelled
plasma proteins were injected mto two rabbits and one of the
animals was killed after 4 days, while the other was killed after 10
days. The radioactivity in the plasma was measured and also that of
successive extracts of sk, When the radioactvities were compared
on a nitrogen basts, successive extracts of the four-day experiments
showed that the skin extracts had between 23 and 32 per cent of the
plasma acuvities. In the ten-day experiment the average value of
five skin extracts was 50 per cent of that of plasma, agam expressed
on 2 matrogen basis. It appeared posstble that these differences were
due to 2 varation between ammals and a series of experiments was
therefore done 1 which rodme-labelled albumin, carbon-labelled
albummn, carbon-labelled antibody and a foreign protein, horse
serum, were Injected 1n various combmat}ons into ten rabbxts T}}c

per 100 gm., of Skun, and the lowest values were observed in the one
expeniment when the ammal was killed 8 hours after injection. The
values between 2 and 8 days vanied somewhat, but were equivalent
to figures rangmg between 4 and 8 ml. of serum per 100 gm. of

skin (Fig. 1). It appears that a steady state, which possibly indicates

complete equiltbration between plasma and sk, is reached in about

8 days. It seems to require about 3-4 days to get about half’ the skin

alburmun replaced by plasma albumin, But in view of the marked

vanation between antmals these values are only approximate. In
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one experiment carbon labelling and jodine labelling gave similar
results suggesting that the latter method is not likely to yield mus-

leading information.
Heterogeneity of the skin albumin fraction. The experiments dis-
cussed above mdicated that either 1 libration between

the skin and plasma is very slow or that the fraction which is desig-
nated albiumn consists not only of serum albumin but also contains
another protein, possibly formed in the skin, having a solubihity
charactenstic of albumm. [*¢C) Glycine was thercfore injected into
a rabbit and the animal was killed 8 hours after injection. The
albumn fraction from skin was fractionated by column electro-
phoresis (Porath, 1956). Serum obtamed from this animal was also
subjected to fractronation by the same techmque. Skin extracts gave
afraction designated I with a specific actvity of 414 counts/min./mg.
carbon. This materal was examined serologically with an anti-
rabbit albumun serum obtained from a goat. Quantttative precipita-
tive reaction was carnied out both on Fraction I of skin extract and on
two preparations of rabbit serum albumin. Fraction I had about 87
per cent of the precipitating power of that of authentic serum al-
bumtn indicating that 1t consisted of approximately 87 per cent pure
albumin. A second fraction obtamed by column clectrophoresis of
> R " e,

'

on I It contained some

i wwith antirahhit

o o .
logically at Jeast not equivalent to Fractr
material capable ¢f ~rrmtie~ -
albumn, as well a
antibody 1 the ant
material behaving
fraction obtamed .
had a still higher rad Y, 1e. 957 /min./mg. It was
therefore concluded that the skin extract which represented an
albumin fraction as defined by solubility and electrophorests con-
tamed matenial amounting to probably about 6o per cent of the total
protemn, which was immunologically 1dentical with serum albumin
but 1t also contamed at least two other components. The high
radioactivity of the fractions containing predommantly matenal
other than serum albumin 15 compatible with the assumption, but
does not prove that this other protemn 1s made m the skin from the

radioactive glycine supplied.
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very accurate estimate of the amount of albumin present in rabbit
skin. But the data, particularly the results obtained by the use of
1odmc—labc1|?d albgnﬁn, suggest that 100 gm. of skin may contamn
plasma protein equivalent to that present in approximately 12-16 ml.
of plasma. This is equivalent to a protem content of about 1
gm. of plasma protem per 100 gm. of skin, If it is assumed that
about 60 per cent of the total space of skinis extracellutar, and plasma
proteins are confined to the extracellular space, this would mean that
the concentration of plasma protewns in the extracellular compart-
ment of skin 15 about 1.5 to 2 per cent. This value 15 simalar fo that
obtamned for plasma protem in lymph from the imbs and thus is
likely to be a reasonable estimate, On the basis of this rather rough
estimate 1t would appear likely that the total amount of plasma
protein in the skin 15 equivalent m amount to about 30 per cent
of that present in the arculating blood. Since the total plasma
protetn 15 about 2.25 or 2.5 times greater than the plasma protein n
arculanng plasma, it is tentatively concluded that the skin accounts
for about 25 per cent of the total extravascular plastma protein.

Dynamics of the exchange between plasina and skin. The results
shown m Frg, 1 and other experiments not described 1 detail, in
which *¢C-labelled protems, labelled antibody and horse serum were
used, mdzcate that a steady state of the relative activity of skan serum
proteins as compared with arculating serum 1s reached about 8
days after injecton  Thus steady state probably means that complete
equilibration 1s bemg approached. The differences between anumals
are too great to permit a mathematical analysis of the data of the
type discussed recently by Campbell, Cuthbertsan, Mathesws and
McFarlane (1956) and we do not know whether the exchange
reaction can be described by one first-order reaction, In other words
we do not know whether skin 1s homogenous with respect to ex-
change of plasma protein. If the reaction were simple and of firt
order, the ‘half-hife” of skin serum protein with regard to exchange
with plasta, s Likely to be about 4 days. These very rough
caleulations apply mamly to albumin in skn, and no estimates an
yet be given for the globulins of sk or for plasma proteins in other
types of connectsve tissute,

SUMMARY

The presence of plasma protein has been demonstrated qualita-

tively_;y?;“:tf‘ i 3153 logically in_tenc and mskin.




The alpy n fraction by Isolated 2 partia]fy punfied for
and shown ¢ mxhr propcmcs as dx alh solated ﬁ'om
o, The amoune f plastzia prolcminrabbxt skin Galeulared oy
about ¢ 8m. per 1o , and to account for o, Per cene
of the togf AVAsctilar plags Ppro ate of exchang
ctween the S proten, Pacticulyrly alby, betweer,
Pl R Measured by stng sunzbly labelleq
Proterns, Resuly, tadicate ¢hy, equilibrag, may be 3pproached
mnaboy 6.y days,
GROyup DXSCUSSION
Dr. Grassmany MANN sud thae very mal] am, of the o, mponent moy.,
g faster thay alby rmphorcsls 'prc ~albuy
s

B mm wcrc Present
/2 Plasmg apg dmlargcr 2Mounts cold pe e detected Ta-Vasculye
T0spinal g

as
R 2eply 10 4 uestion fmm Dr Gmsmann FUBENGER staped thae
the ]} lfmxn ssolated fron, skin 33 1dentyey] | wy h 1 M3 albuyn its
Ulteavyofey SPectrum gng tyrosine and Typr oph:ux CORLERLS Bust thar 4
Omiplere AMMN0-301 o analysy had not yct bcc don

Iy to Dr. s cllman,

2N !td :h:u e had g evid.
cncc duu ﬂ}ctx the pro, cru:s of Ib s0long 4y ¢ todina.
only sbght d 15 g,

30 15 cappye, ou: under rhc ondimong 8iven by
MJtFarl n¢n the g, :/mmm]  Journ,
Gross teferre,

woxk lin

hbtlled ntibody m:rhod Of Coong \vhx h mdxmtcd that £ brinoges,

ome of the glo and poss:bly albummn o, oceurs ngde the cells,
1 255001y,

e also feferred ¢, work of who foung pp tmnutely4 Per ceng

Plasim, TOtems 11y ghe xubcumnc OUS tssue of th 13, even glig, ugh thega

R ed 1f the mplete pemoval of 5o, Wty on €Xefacyson
With Phosphyeq buffer rofery d 0 both the “C-lab elled plycme and the
e ust ¢

Onated proye t todins, tcd
R Neungpoe, Stated thap py work b - £
kin after Labelled 1, P2t .
m Csized ;" e Aater
mplete eyy oy A Very gy )f 2moune
‘the mduut Hauted an ha o Esidpe,

Dg S.Ia cxsouxmcd zc ncun— lsalt :xmcr of tbc Stanulon,
Ddutcdb Yection of ¢ Caragecnm fe badfund T Nt guyee



44 CONNECTIVE TISSUE SYMPOSIUM

1dentical with plasma alburm and suggested that it was similar to the
albumin found m subcutaneous tissue by Dr. Nenberger.

Dz, Orerrovrre sad that, for solving the problem of the dentity of
the blood plasma protems with some of the skin protemns, a complex
method should be applied, depending on a combmation of paper electro-
phoresss or paper ck phy with i biological methods.
Thus complex method was worked out by Gurvick, and a partial descrp-
tion of it was published in Clinica Chimica Acta.
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agteristic collagen fibnl.

Earlier physical chermucal studies on acid solutions of collagen ed
to much higher molecular weights, above 1,000,000 (M*Ewen anc
Pratt, 1953; Gallop, 1955a). There 15 reason to believe that duffer-
ences in preparation were responsible for this discrepancy. Gallop
(1955b) has shown that gentle warming of an acid solution of ich-
thyocol will reduce the molecular weight to 70,000 with an abrupt
fall 1n optical rotation and an irreversible loss of ability to recon-
stitute fibrils.

The term “tropocollagen” does not 1mply a precursor role. These
particles may be obtamed erther by dxssof\’rmg fibrils or by extracting
them from the tissues before polymerizatton; m che Jatter case they
would be precursors of the fibrls.

Because native collagen fibrils are relatively mnsoluble at neutral
pH the discovery of a form of collagen extracted from fresh connec-
tve tissue by cold neutral salt solutions (Highberger ef al, 1951;
Gross, et al., 1955) suggested the presence mn the tissue of a form of
collagen in the dispersed state, perhaps dissolved in the ground sub-
stance. Studies by Harkness ef al. (1934) on the turnover rate of
ssotopically labelled collagen 1n rabbit skin and by Jackson and
Slack on carrag duced granul in rats, & d 2
relattvely large and raptd tumover m the neutral salt-extracted
collagen, much less 1n the acid~extracted fraction, and practically
none m the msoluble residue. The bolic activity of the neutral
salt soluble fraction mdicates the likelthood of its being a precursor
of the fibrils. If ths hypothesis is correct there should be consider-
able vanation 1n the of neutral salt d collagen re-
lated to growth and certan disorders manifested 1 the connective
ussue such as scurvy.

The aim of thus paper 1 to describe some of the properties of cold
neutral salt exteaces of fresh connective tissue, and to illustrate the
effect of growth rate on the extracted components.

GENERAL METHODS OF PREPARATION AND ANALYSIS
The studies reported here were all performed on albino guinea-
pigs rangmng i weight from 300 to 500 grammes. The animals were
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This was centrifuged at high speed and the supernatant fi
again cxamined by electrophoresis. Fig. 1d shows the maj
change to be the near-loss of the high spike in the y-globu
fraction. This solution was no longer viscous and jts hydrox
proline content had fallen from 131 y/cc. to 33 yfee. The k

GUINEA PIG
SERUM

¥ poAb
us04 v=0 (4
PHe 76 pH=T76
pg/ml g /mi
HYPRO 131 HYPRO 6
AFTER AFTER
HEAT PPT HEAT PPT
pg/mi wg/m)
HYPRO 33 HYPRO 54
e x av ot trae T 430

hydroxyprolne was found mn the fibrous precipitate, Electcon
xn);doscxgy of this material revealed it to be composed anm]
of collagen type fibrils having the usual 630 A period plus mu
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to the fourth tube, Viscosity readings were made at frequent
intervals in an Ostwald viscometer at 27° C, Results are shown in
Fig. 2. Viscosity fell rapidly in the collagenase-treated tube to 2
munimum within 20 muinutes and levelled off at a value close to that
of the buffer. There also was 2 rapid but much smaller fall in viscos-
ity of the trypsin-treated sample to a minimum in § minutes followed
byaslow, lineard A small, but repeatable, and nearly instan~

EFFECT OF ENZYMES ON GUINEA PIG SKIN EXTRACT,pH 76
Sedimenfation Efectrophoresis

o o

COLLAGENASE TRYPSIN
2 4
CONTROL HYALURONIDASE
B
Ascending pattetns and ot e erscugs of enzyme-digested exacts
and control

tancous, fall was noted in the viscosity of the hy:{ur_onidase—tgm:cd
sample as compared with the control. Electrophoretic and sedimen-
tation patterns of all four preparations after enzyme treatment are
illustrated m Fig, 3. It is cvident that the collagenase attacked the
collagen peak primarily, although there appeared to be some
modification of the rest of the pattern. Trypsin scems to bave
reduced the height and increased somewhat the dffusabilivy of the
collagen peak. These 15 also obvious although incomplete destruc-
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non of the non~collag p Hyaluronidase seems to
have no obvious effect on erther pattern.

Attempts to heat—PrcCifitate these preparations at 37° C. produced
neither precipitate nior gel in the collagenase-treated sample, 2 heavy,
fibrous, non-gelled precipitate 1 the tr{pfsin—trcated

Lot

2 tha ereminad e A o

TEParation,
v 1

€

1

collagen although Gustavson has demonstrated a lowerng of the
shrinkage temperature of fibrous collagen as a resul of such treat-
ment, The effect in these expenments was mamfested by a raptd
but honuted fall n viscostty, small changes 1 the electrophoretic
appearance of the collagen boundary and also by the absence of
gelation on warming to 37° C. The fibrous precipitate which did
form, contamed both non-stniated and stmated fibrls; however,
more careful electron microscope study 15 i order. ‘This experiment

v wainna 1

. o . s oae-
cent hexose and 0.2 per cent hexosamune. The effect of the enzymes
onvistosty and heat gelanion were essentially the same as that on the
erude ussue extract. The question as to whether or not trypsin

attacks the collagen molecule directly i a speafically restricted
manner or through an 1 d non-~coll sul

stance, awauts repetition of this expersment on a mose pure collagen
Preparation,

An mmportant question raised 15 the source of the col]agen ex-
tractad Thlaea n7o/1 3.0 1 R - N s
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ground guinea-pig corium were extracted with cold NaCl, NaSCN
and Na,SO,, all T/2 = 0.45. The most effective medwm wa
Na,SO,, the other two were somewhat less effective, but about
equal, as manfested by viscosity and hydroxyproline content of the
extracts, This experiment strengthened the view expressed earle
that neutral salt-extracted collagen does not derive from the ordinary
fibrils. It is worth noting here that saturated Na,HPO, used by
Harkness ef al. (1954), is 2 much less effective extractant than an
of the three salts mentioned above, Borate at jomc streng
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B, extracted from a scorbutic gumea-p1g corum as compared to
fed control Extracting medium was 0 433 NaCl

0.45, pH 7.6 extracts neghgible amounts of collagen under these
condations. el
It was reasoned that if the neutral salt-extracted collagen was )_’
a precursor of the fibrils, this fracton should be mvolved in the sc?rc
butic process. If scurvy is characterized by an inability to synthesiz
collagen there should be either a defictency or an alteration in pro-
perties of the precursor. A group of young gumea-pigs Was plaCC-
on a vitamin C-free diet and another group of controls Was P}“r
fed wath them. A daily werght record of all antmals was kept. Afte
23 days the scorbutic animals were nearly moribund. Hﬁtolog‘c
assay of the mandibles revealed total scurvy in the test animals, 21
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one in the controls The skins of the scorbutic and control antmals
rere processed as descrsbed, using cold 0 4534 N2Cl as an extractant
he tissues were extracted repeatedly until hydroxyproline and
yrosme were no longer dete:  ** - "

1¢ substantial difference in «

zorbutic ammal and sts paie-£
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Representative protocols of growth curves of gsume:»ptgs wsed 1n senes of expenments on
the effcct of growth rate on neutral salt-cxtracted collagen

m the amount of extracted tyrosme, 2 measure of non-colligenous
proten, However, a smilar study carried out on rat skan, kindly
formished by Dr Henry Goldman from anumals used for ather
Purposes n a nearly 1dentical dietary experiment, revealed a simular,
although somewhat Jess marked difference 11 extractible collagen

13
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between growng and non-growing rats. It was evident that growth
rate was an important factor 1n the scurvy experiments and review of
the protocols revealed that the pair-fed controls were sull growing
very slowly during their last five days, while the scorbutic animals
were losing weight rapidly. However, physical chemical analyses
showed changes which could be distingrushed from those related to
growth. These are now under study.

The following expertments were devised to evahuate the effect of

| s | s

GROWTH /a /\4 s

CURVE
T 171 3.6 2.3 20
(rasmt) 388 89 54 49

Fc 6
Electroghoretc patterns (sscending humb), visconty and Bypro content of extracts from the
Skins of guinea-pigs starved for varying pertods of tume after a long pertod of active growth
Symbols indacate characteristics of weight curve Numbers on symbols indicate the sumber

b4
of days of warght loss

growth on connective tissue components, partcularly collagen
extracted wath cold neutral salt solutions.

Guinea-pigs of about 300 grammes m weight were allowed to
grow rapidly for a period of 10 days on an ad Ib. diet (Group A).
They were sacrificed dunng the peniod of rapid growth. Another
group (B) had growth mterrupted by a sharp dumnution of intake
so that they remamed practically stattc m weight for 8 days, then
sacrificed. A thurd group (C) preparedna sxmiir manner to that of
Group B was then allowed to grow rapidly agam for 8 days after
the period of static weight before sacrifice. A fourth group (D) was
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L usual extracts were prepared,

- wiscometrically and analysed

: + and hexosamme and uronic

acid. Une creprcs:gta‘nvc extract from each group was studicd in the
an

NaGl EXTRACTS
OF

GUINEA PIG CORIUM

0.4 M NaCl  hu N

0.45 M NoCl

GROWTH ~ s

CURVE NORMAL RESTRIGTED

Ukrweniafe tons of p

Fic 7
attern obtained from extract of f ~
Uceralge oong of om extract of vlan of rapudly growing gulnea

 hon-growing ammal.

The restlts within each group were quite consistent. Fig 5
slusteates one representative growth curve from each group and the
viscosity and hydroxyproline contents of the extract from the skin
of that particulir animal. Fig. 6 aflows companson of electrophore~
Hic patterns, viscosty and hydroxyprolne data from extracts of
representative animals of Groups A, D, E and F to show the effect of
weight loss, Starvation for two days produced a marked drop i
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viscosity and hydroxyprolne. This 15 manfested m th

phoretic pattern by a fall m the height of the collagen peakc; iegt;
of the pattern 15 relatively unaltered. Four days of rapid weight loss
resules n further decrease m these same parameters with hittle further
change in six days. Fig. 7 compares the sedimentation patterns of
the extracts of a normally growing animal of Group A and a non~
growmg anmal of Group B. Both low and lugh ionic strength

400f N
N .
s
. . R . e
300k Be o . . .0
S
° &£ 2
o& . 4 « . e te °
E = i:
L . HYPROZTEOSS
< 200 RS pi0 oo
4-HEXOSE
= X~HEXOSAMINE
- D-URONIC ACID
e
100 ., x
. 7 .
... x *ox x
San @ e ®
. ae g Bo
P R T T Y TR B
o 4 8 12 16 20

RELATIVE VISCOSITY

Seatter duagram plothng amounts of ex!fa?(cds, non-dulysable hydroxyprohne, tyrosne,
hexote, hexossmune and uromc aad 253 function of vistoaty Jt 13 endent by smple wspec-
tion that only the hydroxyproline correlates directly with viscosty

extracts ate compared. The shatp, slow-moving boundary repre-
senting the collagen fraction 15 markedly dimunished in both types
of extracts m the static werght antmal  Viscosity and hydroxypro-
Tine content are commensurately low. Amunals ;n Group C, having
been allowed to resume growth for 8 days after an equal period of
stattc werght yelded skin extracts of hugh viscosity and collagen

content.,
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contnbutimg to the viscosty of the extracts Both questions are
S T L I ] oo, . oW

SLLUCHL UL Lulagen. Nurbamysame tyroune, hexose, hexosamine
and uconic acid are not significantly mfluenced. It should be em-
phasized, however, that these analyses only measure the quannty of
subsm}_ccs present; ttxcy reveal nothung concerning propertics such

DISCUSSION

‘The case for the precursor nature of nentral salt-extracted collagen
1s further strengthened by the dawa p d here, namely that the
amount of extractible collagen correlates closely and directly with
growth rate, that onfy two days of starvation with concomtant
weight oss results 1n 2 many-fold diminution in the amount of salt-
extracted collagen, ‘Precursor” 1s here defined as the newly syn-
thesized colfagen molecules or small aggregates which have not yet
boen polymenzed in the form of the nanve 630 A banded fibnls bur
Loae oot

ate Amtined on bon en ool

1 . a . .
alkalne and neutral salt-extracted colligen 18 strongly i favour of
this possibility. That thus fraction 13 readily polymenzed w vitro
mto !ygml collagen fibnls ndicates that it is a ‘normal’ collagen and
probably not involved 1n a separate metabolic cycle for ehmmnatng
a faulty protern,

Atths time there s no good reason o believe that this s the only
precursor form, Ceruinly within the cells there must be pepnde
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chains in process of synthesis. It is hypothesized here that such 1n-
complete molecules are mcapable of being polymerized into fibnls
and 1t is probably the fully formed and functional molecule which is
‘secreted” into the extracellular ground substance where polymertza-
tion to fibnls occurs. An important question in this connection, as
yet unanswered, 15 whether or not enzymatic modification of this
particle 15 required before polymerization can occur, i.e. a process
stmular to that mvolved 1 the fibrinogen-fibrin transformation.
‘Work 1s i progress on this phase of the problem.

Prelunnary studies m this Iaboratory by viscosimetric methods
mdicate that the collagen particles m cold neutral salt extracts of
fresh skin are hughly asymmetnic with axial ratios of the order of
300:1. It is, however, not inconcervable that partial polymerization
or aggregation has already occurred m these extracts.

‘Whether or not any of the other ﬁarboh)"dr:;tc or protein com-

B e

gen fibnls in vitro m the absence of anything ldfnmjmblc as an aud
oINS 1ot

2 snstihata

detected 1 such preparations; madequacy of the analyncat ana
‘ ' et d v ha svrluded, of course.

‘ : sbtamned m this
-onstituted mto

fibrils. Whether or nos these substances are mtegral patts of the

molecale or just strongly adsorl:ve:!i ina dsﬁmcturally rrelevant way
so far as fibnlogenests 15 concerned, is still a question.

" T e e of the neutral salt-extracted

*Carsor, is suggested by

s, If all ‘the extracted

COltagen 15 Prestiil i WiE gluumm suvm - 2 dispersed st:}lltc rather
than mn some kind of fiballar form, its concentration in the extra-
cellular flurd 1n actively growing ammals would be well above 1 Iper
cent. Such a ‘solution’ of collagen, at least n the test tqbc, ssnearlya
gel; it has the consistency of thick molasses. The physical propcn:}:s
of the ground substance should then be strongly depcndcx}t upon the
amount of neutral salt extractible collagen. In non-growing antmals



1. GROSS 59

then, there should be a marked difference in viscosity and other
properties, of ground sut a3 compared to those of actively
growing animals.

It is mportant, however, to emphasize that the neutral salt
extraction does not remove alf the extracellular substances, and the
properties of such extracts may not necessanly reflect faithfully the
propecties of the intact tissue.

Conclusive correlation between the properties of tissue extracts
and the physiological roles they may play awasts the devising of
adequate methods for study of the behaviour of these components
in the intact fresh tissue,

GROUP DISCUSSION

In reply to 2 question by Dr Astbury, Dr. Gross sad that the sal
extract of scorbutic skin did not pxedg:mc 2t 37°C The collagen m the
.o R Lot ffers from Doty's acid extracts of
- + ation m the former.
oL . Jagen 1 newiral salt
solution, even after profongeu 1nptesprin igation, tndicate the
presence of tropocollagen aggregates rather than separate umis. Doty
took particular care to remove aggregates from s matenal by prolonged
lracentnfugation, but i the case of the neutral salt solutson such centn-
fugation was not effective.
T D 2 Txerson said that he and Dr. Fessler had purified collagen
- ' . « 77 weesseon and had found
- . . dsm varyng
. woot o ' Lthedegree of
E This had been
. o 1s material pre-
ower tempera-
. 1ed on matenal
. old room, This
. nc acd. He
. . - - . extracts and
N v - + extract con-
tams an extra matenal which woutd attvu soe = > glyane and
hydroxyprolme contents and the hugher tyrosime, senne, threonine and
hwsusdine contents. Thus might be 2 or 1t mught be imp
m the preapitation of thus fraction.
D, Frrron Jackson suggested that hugh tyrosine content might be due
%o comtamination by mtracellular material
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Dr. D. S. Jackson pomted out that his neutral salt extract had been
Funﬁcd and that any such contamnant would have to be present in such
arge amounts that it would easily be detected by clectrophorests

D, Frrron Jackson said that one wonld expect less contamination in
old materal which contamned fewer cclls.

i SR R A R N RN o

effect can be reversed by todide or thiocyanate.

Tastg I
SOLUBILITY OF COLLAGEN AND PROCOLLAGEN IN DIFFERENT SOLVENTS

Per cont of disolved mtrogen
Solvent Collagen Procolisgen
ut 2od 3d gth
Exr Extr Evir Extr Total

Phenol (80 per centan water) 188 — 188 easly soluble

Luthuum rodide (50 per centn
water) 75 30 16 121 easly soluble

completcly but not

Urea (saturated solution tm
water) 32 100 easily solable

complercly bat mo

Thiourea (saturated solution
43 113 canly soluble

1 water) 25 55
Guanidine carbonate (saturated
soluton 1 water) soluble msoluble
Guanidine 10dde snsolble wnsoluble
this could be repeated severa) times . redt
Dr. Gustavsoy said that the settng of gelann solution was markedly
by SR PR T T S ,‘r\mlnwy_
o . . iy
' . m
. e
h
- -

pared the low hydroxyproline content of newtral sait~somtie Lousplt
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with that of collagen m healmg wounds in scorbutic ammals and also in
the skin coﬂagenghf certain \g:lcos(ci (cod) and sad that the lack of
hydrogen bonds involving hydroxyproline mught account for the
solubility and low strength of these structures.

Dr Guoss refetred to 2 theory propounded first by Robertson that
1 collagen of scorbutic anmals the prolme was not properly hydroxy-
lated

Tallcetom gen—s

ERTES o AL

gen bonds, -
Dr Gross satd that collagen becomes more msoluble when 1t is stored,
even i the cold, for aJong time  This nught be due to thermal agitanon
causng the collagen molecules to assume a miore stable configuration
withun the £ibril He suggested that this mught also account in part for the
wnereased msolubility of collagen that occurs on agemng under physio-
logical condinons
D Neuszrcer compared ths to the ageng of colloidal suspensions.
D ‘Ouuxowrc}x said that there was no new formation of procollagen

agen
He

. son
:_wx:uuc ammals was due to the non-production of procollagen He
ek o mmamad Wl 0 %, 1t !

+ - ol LLLACE gave, atter heating, two distmct peaks 1n the ulirae
cemtnfuge
Dr Gross, however, said that when skin was extracted by the Orekho-

vitch procedure, the pH of the onginal buffer was identical with that of
the final exerace



THE FORMATION AND BREAKDOWN OF
CONNECTIVE TISSUE

D. S. Jackson

3]1

de, .

been carried out.” The recent report by Robertson and Schwartz
‘(1953) f;h::\‘t relauvelly lafge amounts of connective tissue are formed

developing connective tissue. A concurrent histological study was
also carried out (Wilhams, 1956). .

The methods used m this study have been described in detail
elsewhere (Jackson, 1956, b, ¢, Slack, 19562, b).

QUANTITATIVE STUDIES

LT RO RO | RO S St

viz.:
(1) neutral salt extracted, {2) released following papain digestion,
(3) present in the residue after papam digestion.
Collagen
All three collagen fracuons were found, viz.: neutral sale soluble,
S e T A . -

ber o Aacrrihed

at first and MOTE TAPIULY DELWEELL LU Status s suusssss waryve &

mum concentration was reached at 14 days, after which the con-
centration fell off. However, smce the wet weight decreased from
days 7-9 d bsol i amount of collagen was

present about the ninth day.

6
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At 3 days neutral salt-soluble collagen appeared (Table I). The
concentration of this fraction increased up to the fifth day and re-
mained constant for 2-4 days before nsing agam coincident with the

Aurvanaa in sha coes crmenbis wFtccna Ao a dave sha manine cone

Thasis [

VANATION WITH TIME, AFTER INJECTION OF CARRAGEENIN, OF THE CONCENTRATION OF TiB
COLLACEN FRACTIONS EXPRESSED IN MG {100 GM WET WEIGHT OF TISSUR

Wet weght Neutral soluble
Tme | nsme | Total collagen | Total | WWater soluble | Acid soluble | Insoluble
Doys| gm mig 100 g wet weight tissue
3 194 149 55 47 02 92
$ 379 743 88 97 s 443
s 367 o3 155 6o 82 1556
7 I 332 189 92 289 2855
9 53 8577 589 203 869 71ty
1 s 986 1 1033 a2 st 7677
x 87 1068 3 190 85 1352 7541
2% 47 7TiTe 1365 550 436 419

Total from 3 guaca-pigs

Was present du-ouEhout the period of the experiment, the concentra-
tionjme curve being parallel to that for the total neutral salt-
soluble collagen (Table ). ‘The concentration of citrate-soluble

collagen, althourt Taw = Aore + mmvancad chonssnlincs oha somen 8
the experiment,
creased steadal: - . . .
the fifth and mnth day. After 14 days 1ts concentration decreased
steadily.

[Ap= AT . . LA v

soluble form,
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Taste T

RELATIVE PROPORTIONS OF COLLAGEN FRACTIONS EXPRESSED AS PER
CENT TOTAL COLLAGEN

r Neutral soluble

Time Tosal I Water soluble | Aud soluble | Tnsoluible
Days per cent total collagen
3 384 307 16 600
5 233 130 150 97
6 84 33 96 220
7 45 22 69 886
9 68 23 101 81
14 105§ 42 17 778
2t 49 s4 1S 706
28 190 77 307 603
Taste 0T

AMOUNTS OF $0T/100 GM WET WEIGHT TISSUE IN THRSE FRACTIONS OF GRANULOMA TISSUE

AND TOTAL WET WEIGHT TISSUE OBTAINED FOLLOWING SUBCUTANEQUS INJECTION OF $0 MG
CARRAGERNTN

hree d ‘paoled tussue from three gumea-pigs

{Ey e means of at 1
at sach time nterval)

Time afcr | 1¥et weght | Salt fschon 1 [Popen frason 2 Resulie sat-
wyecton of | s { NaCl | 1omg papam| | phate 3 by | Totals 1, 2
fiydrolyns re- | and 3

50 mg carra- | extracted pH 74 gm nssue
geenin mander
Days gm mg 100 gm wet weight tssue
3 13 23 I ] 3
s 85 15 1z 5 32
55 33 15 13 6 ELS
6 38 12 13 6 3
7 kx| 9 31 s 25
9 5 7 [ 7 20
e 85 4 3 8 17
2r 3s 2 3 7 12
a8 20 1 4 8 13
; )
Normal
guinea-prg - 7 3 3 19
skin




Sulphared Polpsaccharigys
The togy] ound sulphap, of the dcvelopmg tssuce g already o
mi 3

after j nject: Trageenm (Tap) cI).,” s

Extractsble Polysacehan g unts for g POt cene of tota] a¢

'S time, NCentration f 8 rapidly thege. frer, Sulphated
Polysaceharig, sed by pap, Bestion regcl, imuy;

Loncentration, o, ut the se teadily thereafter.

Ve and fffs a
i restdue sl Vvaties hyyle throughoy: and woglg appear nop
10 be congerne in the devclopmg tissue,

IsoTopp STUDIEs

Collggen,
The hughess specific ACUYity vy found 1y g1, neutra} salesolupy,
Collagen, Two ours after Uhection ypg vty vy nlrcady hgh ang
h ax, Fig. 1), The actiyy

o] 8 3
d filjen apudly by, 4 hours ang ore slowly thereafier, substangy)
acy ys.

ity spfj TeMung after 16 da

Tas
SBic acyy of msg 4, Pt/ mun o § gy SO found 1 e, Factiony fron,
IS ey Erouloma sy gl Piss, Na, sisey ¢ vefem body , et thgecreq
s Ttonely Bays afiey (o) M2 cngpee “beutaneoyfy Radioacyegprey counreq
With Wioy Mg Carner BaSO, 5 mﬁm:dgy thick diggy of 1 sq e urfice arey

Tine ofe Salt Friaggp t Popain Frecyon 2 Residue Supppyre Frasron 5
Mynso |, A Ny, PHyy {4, S PPLE gt e 7 bydratysg of temitindes

3 houry 1 1 26
- 354 23 22
462 “ 20
572 3 a2
386 127 1
o8 303 | ]
53 245 4
2 199 12
28 ey / 7

he Ity of CSHtrate-solyble collagen g low at 3 hours ang
’”Pi‘ﬂ}’ t0a g, Ximum g, 22 hours, carmdcr:bly below the
My Atviey o neutraf salt-soluple collagen, The acaviey s
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time curve for insoluble collagen was a litdde lower than th

itrat:-suiul:il? ﬁol[ag{en and reached 2 maximum :&erﬁ;: l:;u?sr
ctivity had fallen after 48 hours, and after levelling ]

to fall from the fourth day on. ¢ leveling out conemued

INCORPORATION OF &"C GLYCNE INTO COLLAGEN

sa00t o

S i\

i 4 euAL T
—t——t— "

g‘caq —Le O ACID SOLURLE
P

3000

AYOSITIR 130 J10H

2000

1000

—

2
DAYS_AFTER 1SOTOPE_ inJECION

Fe 1
PN VS SO N S,

There was some variation n the activities of compatable fractions
at comparable rrmes, 1 experiments carried out at different times,
but the actuvaties of the different fractions relative to each other
remamed the same. Stmlar findings have been reported in the
collagen fractions from rabbuts injected intraperitoncally with
[e14C]-glycne (Hatkness et al., 1954).

hande
Sulghated I?gly:arc ances ron RIS SINONL IR - SOt Ay
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ctrvaty in about 10 hours. ‘The turnover rate of this fraction is also
1pid being of the order of 36 hours. The maximum activity of the
apatn fraction 13 not reached until about 36 hours, the turnover rate
emg about 8 days, sumbr to that reported for the chondroitin
ulphate of rat skin (Bostrém and Gardell, 1953) and of rabbit skin
Schiller ef o, 1953, 1956).

DISCUSSION

A comp of the ftume  rel hip of total
ollagen (Table 1) and total bound sulphate (Table ITI) suggests that
n the early stages of connecuve tissue development only small

umounts of collagen (probably of the soluble type) are present and
LT PSR RVEPREY D

1 hasad anlrermchamda Acthe develan-

During the pre-fibrous stage of develop the man co
tissue components present are neutral salt-soluble coflagen and the
sulphated polysacchandes. The salt-extractable polysaccharide may
be the precursor of that released by papan digestion, which may be
closely associated with the fibrous col?agens (Slack, 1956).

The finding that 2 proportion of the neutral salt-soluble collagen
was water soluble was unexpected smce neglgible amounts of
hydroxyproline-containmg  matenal were found m the same
fracton from the skins of young rabbits (Harkness ef al., 1954
Jackson, unpublished data). The sigmficance of this finding 15 not
cler but 17 15 possible that euther this matenal represents an eather
stage of collagen synthesss or that it 15 a Iower molecular-weight
fraction of neutral salt-soluble collagen whch 1s known to aggre~
gare m solution to varying degrees (Jackson and Fessler, 1955).
Breakdown of Collagen

P . -

n P R

ICdSt 1tom the seventh day. Itis possible that both take place sity-
tancously from the begmning but that synthesis predominates at
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first and breakdown later. It has been found that carrageenty
myected mtradermally causes a rapid breakdown of the dermal
collagen fibres wathout preceding granulonia formation (Wallims
7956). The increase m concentration of both the soluble fracnons
which occurs concurrently with the decrease in wet weight suggests
that the breakdown of msoluble collagen occurs first by a disag-
gregation mto the umts which make up mature collagen fibres

] v e 11y w RIS

s ’ " o -+ ble and meta-

\ : Slack, 1951).

Yod descrbed

here may be inherently unstable. 1¢ seels, nowevel, in view of the

results reported by Williams (1956), more likely that carrageenin

fiest sumulates the formation of normal insoluble collagen and then
stumulates some mechamsm which leads to its removal,

Experments with [«*C)-Glycine

The results of the [«C]-glyane experiments are in complete
agreement with the suggeston pus forward by Harkness et al
(1954) that neutral salt-soluble collagen and no citrate-soluble col~
Iagen as suggested by Orekhovitch (1952} is the true precursor of
insoluble collagen. The more recent wotk of Orekhovitch (1955)
resterating hus bebef that atrate S?Iu}ﬂe collagen 15 the true precursor

areremian secad sravlA aradnce

[ v
separate fractions.

Harkness et al. {1954} also suggested that citrate soluble collagen

and msoluble collagen are not distnct groups of proteins but are
both obtamed from fibres deposited outside the cdll. ‘They also
express the opmnion that 1t 1s unnecessary forall the insoluble collagen
to pass through the cutrate soluble stage. The actvity/ume curves
obtamed m the present study support these 1deas, sunce those of
citrate soluble collagen and msoluble collagen are very simular and
suggest that [aC]-glycme 1s incorporated simultancously into both
fractions.

There are some differences n detail betsyeen the present study and
that of Harkness ef al. (1954). The rate of incotporatton of fatC]-
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glycine into the neutral salt-soluble collagen 1s more rapid
ncorporation occurring at about 10 hours as compared with 24
houss for the same fraction from rabbit skin, The activity/tume
cutves for citrate-soluble collagen and msoluble collagen ace also
dll:fc‘rcnt m the two studies, maxmum ncorporation 1imo a::xd-
T R Tt

moe probably to the higher rate of growth of the carrageenin-
sumulated connective tissue.

Harkness et al. {1954) believed that the comparatively high actvi-
ties which they obtamed for msoluble collagen at 8 and 24 hours
were due to contamnation with non-collagen protem of gh
activity. Tn this study this difficulty did not anse, the activity of
msoluk':le coﬂn‘g‘m being low at 2 hours, when the acuwity o the

Lo ,
collagen. As was shown above (Table I), the decrease in wet weight
of the ussuc from the seventh day onward 1s accomFamcd by a
ble 1ncrease in the of soluble col This
fact, together with the similanty of the actviry/eme curves of all
three fractions from the seventh to twenty-erghth day suggests that
2ll these components are denved from mnsoluble collagen dunng 1ts
breakdown. Thus the formation of soluble collagens may be the
first stage mn the dissolution of collagen fibres.

The Morphological Ongin of the Collagen Types
Before discussing the morphological ongm, 1t will be well to
teview the question of nomenclature and define the terms used to
desenbe the various collagen types. It has become customary to call
the fraction ext nm‘blc with acad buffers 'procollagc;\', the assump-
e o tom o, s o

s s

ttacuon Wil be reterred to as "aitrate soluble collagen’.
Greater amounts of collagen can be extracted from skinand tendon
with dilute acids than with acd buffers (Bowes et al., 1953, 1956,
1 1

Jackson, unpublished data). F of tendon with
¥
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hyalurorudase greatly mcreases the proportion of this tissue ex-
tracted with dilute acetic aad (Jackson, 1053) and only shghty
increases the proportion extracted with acid buffers (Jackson,
unpublished data).

A further distinction must therefore be made between atrate-
soluble collagen and collagen extracted wath dilute acid, which wall
be referred to as ‘aadoluble collagen’. The residue remainng
after extraction with neutral and acid buffers and which ss usually
extracted as gelann will be called ‘msoluble collagéi”. o

Citrate-soluble Collagen

The morphological ongm of msoluble collagen 1s well known, but
the origm of the two soluble types 1s less clear. Harkness et al.
(1954) have suggested that atrate-soluble collagen is derived from
collagen recently latd down, viz. from the outer layers of large fibres
and from the thin argyrophilic fibres which are prevalent in develop-
g connectuve tissue (Gross, 1950). It has also been suggested by
Banga et al. (1956) that atrate-soluble collagen 1s an important
constituent of large collagen fibres, playmg an important part in the
physical propernes of the whole colfagen fibre. Tustanowsks et al.
(1954, quoted by Banga et al., 1956) believe that atrate-soluble
collagen_determines the physical properties of the mature fibre
which, they suggest consists of a core of ‘collastromm’ which is
structureless, on which are ortented fibnls of citrate-soluble collagen.

Prelimnary expenments (Jackson and Wilhams, unpublished
data) involving the histological ion of carrageenil
stumulated connective tissue foIlowmgL extraction with neutral and

2 Tanes mnre nfthe ritraten

buffers, and contams both Iipid and carbohydrate (Kramer anu
[ittle, 1953; Windrum et al., 1955).
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been shown by Schwarz {1956) by electron-optical studses of
developing tissue that the silver particles taken up by dus type of
reticubin are on the surface of the fibre and are topographically
related to the D bands of the fibres,

Since mucroscoprcally visible fibres are absent when neutral salt-
soluble collagen 15 present {sce Table 1), thus fraction is probably
also present i the non-fibrillar part of the connectve tissue.

It cannot be deaded from the present study whether any of the
neatral salt-soluble collagen isolated was ongmally intracellular.
Studies I:_y Porter ‘and Va:;zme: (1949) using the combned tech-
iy /A i B T AT S R A

mature form extracellulaly by accretion of material from the

stead amorphous masses, having the tinctonal pmp'cmcs of collagen,
which are prob:bly anugen-anubody complexes. This_would

195 5& Stearns (19403, b) concluded on the basis of her observations
of fibre formation 1n a transparent chamber in the rabbie ear, that
these granules secreted a soluble precursor mnto the extracellular
space, where thus matenial was transfarmed mnto a fibrous form It

s recently been shown that neutral salt-soluble collagen ean pre-
apiate spontanconsly nto tyFicl collagen fibres {jackson and
Fessler, 1955). It would scem probable that intracellular collagen 1s
non-fibrous and 1s secreted into the extracellular spaces from which
1t can be extracted as a neutral saltsoluble collagen.
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Insoluble Collagen
The end product of normal connective ussue formation is the
thick collagen fibre which 15 largely msoluble 1 most salt solutions,
There are prrcal?ably several factors which determine the solubiliy
e e AT T

(1953} suggested that chondrontin sulphate might be a stabthzing
factor, but later (Jackson, 1954) suggested that a mucoprotemn other
than chondraitin sulphate mught play an even more imporsant
stabiizing role  This 1dea has been supported by evidence that a

e I T

- Al

also suggest that atrate soluble collagen 15 2 stabilizing tactor since
extraction with acid-citrate buffer reduces the shrinkage temperature
by 12° and prevents the complete shrinkage-relaxation cycle char-
actenstic of ‘young’ fibres, which 1s absent from ‘old’ fibres. It 1s
possible, however, that prolonged soaking in acid buffer would 1tself
affect cross-linkages and reduce the shnnkage temperature. It is
noteworthy that ‘young’ human tendon swells considerably at aad
pH without any collagen being dissolved (Banfield, 1952).

- o

the
role

of the ground substance 1 the process 1s obscure. 'Lhe tact that Lom-
paratwvely large amounts of sulphated polysacchanides are present
before any visible fibres are formed may indicate that they provide
the necessary environment for fibrogenesis.

The fibroblast apparently synthesizes a precursor, possibly the
collagen molecule which has been called tropocollzgen {Gross et al.,
1955). Ths 15 secreted by the fibroblast mto the extracellular space
from which 1t 15 extracted as neutral salt-soluble collagen. This can
be handled i two ways.

(1) Form submicroscopic fibrils which can accumulate further
particles of nentral salt-soluble collagen to form vasible Tustologrcal
reticulin, 1.¢. citrate-soluble collagen, 1 which the cross-linkages are
only farely strong. They may also contatn 2 citrate-soluble form of
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protein, now onty cxtra(‘:ublc with alkali {Bowes et al., 1950). ‘Lhe
outer fibres most recently lad down may sl have only weak cross-
tinks and stll be soluble i acid buffers. Fmally the whole fibre
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matures with age, the cross-imkages mcreasing m strength and
Tomam ol 4w o . 1 e~ Tu
stage atrate-soluble collagen need not be an mtermeduate between
neutral sale-soluble collagen and msoluble collagen.

The first process would probably predominate in the early stages
of connective tissue development and the second when the tissue 1s
matuning,
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In certain organs the process will stop at eather stages, In such
tissues as the nucleus pulposus, comea and Whatton's jelly, the
process goes no further than the sub-microscopic fibnls. Sundarly
in the rencular tissues the argyrophilic fibres do not develop further,
possibly due to the formation of a complex wath lipid and catbo-
hydrate.
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suttable for mvestigations mto the factors which influence the forma-
tion of connective tissue and to discover at which of the stages of
fibrogenesis these factors are effective,
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GROUP DISCUSSION
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» the collagen
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¢ he
resence of branching argyrophilic fibres which cannot be seen 1 ¢
gompact assue He sugpested that the immature ‘retculin’ fbnls are

never enlarged to collagen fibnls ln'l'l are| orvf?zhlc.l:?cit:ﬁfél!z x:lha}:

mucopolysaccha~
» soluble collagen

which Jd‘;d.no! contan polysacchande nevertheless may show argyro-
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connective tissue
In reply to Dr. Mc}rcr, DR, JaCRsoN sad that as fa
. Pt D S D

Xtraction pro~
1A vt

buffer of the same pH results 1 different materal, Thas 1s suggested by
the very great swelling of the fibres that occurs i the case of acetic aad
extraction_ Acetic acd dissolves a larger fracton of the fibres  Later Dr,
Bowes sud that the protem extracted with arate buffer, pH 3.7, and
acenc acd, pH 28, were different. With citrate buffer the protem
extracted decreased n successive extracts, whereas with acene acid thete
was no mdication of such 2 decrease and 1t looked more as if the fibres as
1 whale were very slowly gomng mto solution.

Dx i\cxsoN agreed that the property of the extract depended on the
method of extraction

In reply to Dr Schwarz, Dr. Jackson sad that the procedure for
stlvering the sections was based on the method of Lilie. Dr, Schwarz

: .

dicated thae the silver was on the surface

Dr, Scrwarz referred to electron-microscope work which showed
that when mterfibnllar cement was removed, for mstance, by treatments
with hyaluronidase, argyrophihia was also remove

Dx. Rosp-Smrrit sad that mjection of methyl eeliulose produced a
stmilar wissue effect to carageenn but that the methyl cellulose remains
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In certan organs the process will stop at earlier stages. In such
tissues as the nucleus pulposus, cornea” and Wharton's Jelly, the
process goes no further than the sub-microscopic fibrils. Similasly
m the reticular tissues the argyrophilic fibres do not develop further,
possibly due to the formation of a complex with lipid and carbo-
hydrate,

...... 11 e e frs e concl dacmbad alincra fean o &)

sutable for nvestigations mto the factors which mfluence the forma-
ton of connective tissue and to discover at which of the stages of
fibrogenesis these factors are effective.

ACKNOWILEDGMENTS
I am grateful to Professor J. H. Kellgren for his support and to
i el R A

“Lread cnle,

GRQUP DISCUSSION

1n reply to 2 question from Dr. Robb-Smith, Dr. Jackson suggested
that neutral salt extractton removed the outer part of the argyrophific
fibres wthour dissolving the fibres completely ‘and that 1t 15 the outer
components of the fibres that are responsible for argyrophlia  He
suggested that the silver 15 adsorbed on the surface of the fibre.

Dr. Gross sud that treatment wth trypsin also prevents the argyro-
philta and suggested that the argyroplulta was 2 property of an extra-
collagenous material

Dr. Gross added that the mjection of salme which spreads the collagen
fibres apart, as observed by Ranvier and later by Nageotte, feveals the
presence of branching argyrophilic fibres which cannot be seen 1n the
compact tissue  He suggested that the immature “reticulin’ fibnls are

never enlarged to collagen fibrils but are overwhelmed staustically by the
- - # oL FLot Ta3d Anam 15 the and

spolysaccha-

ible collagen
- 10w argyTo-

[FPPROR L
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ment and the argyrophulic Hbres . pIng or teg g
connective tissue.

In reply to Dr. Meyer, DR JacksoN said that as far as extraction pro-
cedure and analysis :g:x hydroxyproline went, the neutral salt soluble
collagen from granuloma 1s indistinguishable from that extracted from
normal skin, but that he regards the matcral excracted from granuloma
dunng the tesorption process as a stage of breakdown of collagen and
that from normal skin and from the carly granuloma as a stage 1n the
synthesis of collagen,

Alginic acid also produces the same reaction as carageenin but this is the
only other high-molecular weight compound known to have thus effect.
In reply to Dr Glynn, Dr. Jackson said that st was not yet known

acenc acid, pH 28, “were different. Wich crate buffer ‘the protem
extracted decreased m successive extracts, whereas with acenc 2ad there
was 1o indication of such a decrease and 1t looked more as if the fibres as
a whole were very slowly going mto solution,

Dr. Jackson agreed that the property of the extract depended on the
method of extraction

In reply to Dr Schwarz, Dr Jackson sad that the procedure for
silvering the sections was based on the method of Lillie. Dr Schwarz
saud that from the light microscope work atone 1t 15 impossible to say
whether silver was deposited on the sutface or was actually made the
fibnls Dr Jackson agreed but said that the fact that the ability to take up
stlver 15 lost without appatently altening the structure of the fibre -
dicated that the sifver was on the surface

T Crinmane eafarrad on . [N T

4% MUBB-IMITH SAG LILAL ajection of methyl cetlulose produced a
simular issue effect to carageenin but that the methyl cellulose remams
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In certain organs the process will stop at earher stages. In such
tissues as the nucleus pulposus, comea and Wharton's jelly, the
process goes no further than the sub-microscopic fibrils. Stmilarly
in the reticular ssues the argyrophilic fibres do not develop further,
possibly due to the formation of a complex with lipid and catbo-
hydrate.
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surtable for mvestiganons into the factors which influence the forma-
tion of connective trssue and to discover at which of the stages of
fibrogeness these factors are effective.
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GROUP DISCUSSION
In reply to a quesnon from Dr. Robb-Smuth, Dr, Jackson suggested

chat neutral salt extraction removed the outer pars of the argyrophilic
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ich spreads the collagen
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compact tisue. He suggested that the smmature ‘reticulint’ fibals are
never enlarged to collagen fibnls but are overwhelmed statistically by the
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STRUCTURAL PROBLEMS ASSOCIATED WITH THE
FORMATION OF COLLAGEN FIBRILS IN VIVO

Syvia FITYoN JACKSON

An mvestigation of the claboraton of the fibnls of collagenous
tussues involves three mam assues; firstly, whether the collagen mole-
cules and their precursors are synthesized solely withm the cell and,
if so, what speaific organelles are concerned; secondly, how the
collagen ﬁbnﬁ are formed from these precursors and whether the
transtormation 15 mntra~ or extracellular, thirdly, by what mecharusm
the collagen fibnls continue to enfarge, and form mto bundles.
The results described m thus paper are concerned with these questions

Studes on both living and fixed tendon and bone tissuc of avian
embryos have demonstrated the presence of many cytoplasmic
granules m the collagen-formung cells, when mteccellular material is
about to be or1s being d d" Qual cytock ‘w‘l methods

[ SOV YU S THPU S T | ri .

strongly basoiluhc n most of their cytoplasm; this mdicates the
presence of nbonucleoproten

The diffcrentration of collagen fibnils 1s a morphological problem,
and 1t has been followed by studying thin scctions of developing
avian tendon 1n the electron mucroscope. These observattons on
fibrogenests in tendon tissue (Fitton Jackson, 1956a) show that fila-
ments, of 8o A n diameter, which are the first to be distingushed m
8-day embryos, differentuate into charactenstic collagen fibnls.
The development of the fibrous collagen scems to be closely cor~
related wath the amount of Tlular space that 15 avarlabl
the first filaments are either within or inimately assocrated wath the
cytoplasm since there are no clearly defined meercellular regrons.
As age increases, howeves, muereellalar aseas appear (Feg. 1); they
presumably contam mtersatial flud and they gmﬁlly ecome filled

”
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and becomes encapsulated whereas the carageenm is absorbed and the
tissue reaction 1s resolved.

Dz Orexnovircn sad that Dr. Jackson’s data concerming the content
1n connective tssue of neutral salt solution-~soluble, acld—so%ubl: and m-
soluble collagens, after carageenn myection, does not justify the conclu-
ston that the precursor of msoluble collagen 1s neutral saft—so]ub]c collagen,
rather than procollagen. The low content of procollagen during the
P Sy b ' o KA

JRN A,

conversion of neutral salt-soluble collagen through acid-soluble collagen
S Tt

geenin conssts of two fractions, one a pol{galactosc and the other a
FRa - Lert an nae rene of the ealactose was replaced by the

with Dr. Astbury that they Were not simular to porysaceliatiues Wwinii isu

been ssolated from connective tissue DR, Gross suggested that it might
be possible to distmguish between neutral salt-cxtract‘eé co“agin &}:rmed
B RN s fans

5

. 3

' . a

water-soluble collagen but LR, JACKSUN 3410 siar sl say s 0 1
dralysss

hus water-soluble collagen could not be removed by prolon}grch csc“:{ ylm d

Dx. BALS referred to mucous granulomata in the lungs.
from those cawsed by carageemn 1 that they do not disappear after 2

ume,



STRUCI‘URAL PROELEMS ASSOCIATED WiTy THE
FORMATION OF ¢ N FIBRIpg IV vivo

Syivy Firroy Jacksoy
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with fibrls until finally bundles are formed. In longitudinal sections
of 11-day embryonic tendon the fibril diameter is about 120 & 2nd
the axal perioducity of 1mmature collagen, viz. about 210 A, 15
vt ¢has fonnd i teased preparations taken
gh angle X-ray difftac-
. N these embryos gives a
recognizable fibre diagram for collagen (Fig. 2); the charactenstic
spacing of 2.86 A 1s app and with ing age the eq [
spot at 12 A becomes more clearly defined.
Each collagen fibnl within a bundle 1s surrounded by a structure-
less substance of low electron density; this has been termed inter-
fibnllar matenial. Wathin the cross-section of the adult fibril a

number of smaller units are sometunes visible, but their size and
PR §ommmee el TaCe 1 T Y Qendio by

Acraenihla and e

. .

chains) into regularly arranged bundles. ‘Ihus 1t 1s tentanvely sug-

gested that the structural level of the umits observed in the cross-

section of adult fibrils may be intermediate between that of the
< PO R

POV . . 5
increases with age (Fig. 4) and that such enlargement is accompanied
by a reduction m the relative amount of interfibrillar material which
mvests each fibril. The ratio of these substances may be defined
briefly as the packing fraction of the fibrils within the bundles since
1t gives a measure of the degree of close packing of the fibals and 1t
has been plotted as a finction of age (Fig. 4).

By the use of secrions 1 which fibnls have been cut exactly trans-
versely to the bundle axs it has been possible to invesugate more
accurately the relattonship of these fibrils to the cells during the
process of fib The morphological picture mndicates that
fibruls are formed both intra- and extracellularly. Furstly, groups of
£ibrils have been found well within the cytoplasmic areas (Fig. 5);
these are ulnmately extruded from the cell by a method that is not
known. Secondly, fibnls anse outside the cell but often in close
associatton with the cell sutface; this method of elaboranon pre-
donymates as age increases. During differentiation (Fig. 6) the cyto-
plasm of adjacent cells and the bundles of collagen fibnls ate so
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mtimately related to each other that 2 jigsaw outline is obtained. I
the cell surfaces are traced it becomes evident that the bundles are
inter<onnected by narrow channels of not more than 400 A across
so that the extracellular regions are continuons with each other.
During development, it is noticeable that there are only small
varations m the dameter of the individual fibuls at any one age

INCREASE_CF FIBRIL, PACKING FRACTION,
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() 03 s a?o g 90 9:,:
INCREASE N DIAMETER OF FIBRILS g

LY
Dugram of (s) the rate of wncrease i the dumerer of colligen Fbrid wath age and (B) the
e of dhe packing feacion of the fibexls i 2 bundle wackage  The packing fraction of long
; ut )t'riwkrs © wiarked for companson purposs 1 well t the figure (ot adult tendoa

which suggests that the fibnk must have been formed almost
smuhancaudy oc by 2 very staectly controlled mechamism.

As colfagen-fibre bundles, detectable by bghe optical methods
appear, a posinve penodic acid-Schiff reaction 1 at first obtamed
from the mtercellular regtons, these areas also stan metachromaticn

Iy, and the waensity of the stam meseases a8 the regrons enlarge,
The mtense metachromana 1s then gradually Jost ang n the adule
fowd s can anly just be detected,
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The formation of organized ussue involves various stages of
diffetentiation. It 1s suggested that the first stage is one of chemical
synthests of the macromolecules, the second stage may be resolved
by electron microscopy, and consists of the otgamzation of the
collagen and other molecules mto fibals and interfibnllar material;
the final stage may be observed by Light microscopy and includes
the differentiation of the cells and mtercelludar materal into the
distinctive tissue,

In the present study, some evidence has been provided of probable
synthests within the fibrogenic cells of collagen protein or its pre-
cursar and of mucopolysacchanide and it is apparent that the cyto-
plasnuc granules may be concerned m these synthetic actions. Thus
1t 15 behieved that the first stage of differentiation may be represented
by the formaton of precursors andjor collagen ‘molecules as a
secretory product of the cells.

The method of the organization of the mtercellular material as
seen 1n thin sections of tssues suggests that 1t is formed when the
cellular secretions come mto contact with mterstitial fluid and the
transformation of the molecules into their fibrous form may thus
be due solely to a change in environment, the interstitial fluid supply-
wg, e.g. 2 medium of appropnate tomic strength and pH. This
conversion may occur as a direct result of either the extrusion of

into the Jlular regrons and subsequent reaction with
the flud, or, since Lewss (1941) has shown that the surrounding
flurd may be mtroduced mto the cell by pnocytosts, the cell secre-
t1ons may come mnto contact with such fluid within the cytoplasm,

and, afeer transformation would appear as an intracellular formanon
A A A et M taoen

to change 1n environment, but that the mterstitral ting may provive
additionsl organie andfor enzymatic substances essential for the
final stages n the formation of the mntercellular matter. The above
hypothests does nat necessanly preclude other processes which ma

also be carned on simultaneously (e.g. Fitton Jackson and Randalf,

1956

szc fact that the dsameter and packing fraction of the fibuls have
been shown to change wath age has lead to the conclusion that the
mterfibrllar matenal must contain collagen molecules which, as
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skin 15 dispersed in the ‘ground substance” of the tissue and 1 2
....... ARar i oF the w3e '

sstmits 15 not clearly defmed. In sections of early osteogentc nssve,
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fio v
O of the of the bands and interbands within o
fdysent periods, and the corrspanding widih of the bands s coligen ibrls of peroies)

however, the fibnls clearly show a mean penodicity of about 630 A
with a considerable degree of fine structure (meajaduon, 1956b).

e average width cgthc bands witun a penod (normahzed to
640 A} hs been mensured by means of densitometer traces of
clectron mictographs of newly formed fibnls, and 13 shown dia-
grammancslly i Fig. 7. The gx:\mctcx of the fibrils adjacent to the
cclls in periosteal bonc 15 often about 500 A, and transverse sectons
confirm that each fibril s tvested by less dense mtetfibrllar material,
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l:;bmgencsislm bone-forming ussue is essentaally similar to that i
R R ) Ce A

the apprapriate part of the £ibrils, the particles ace seen to be irregular
m outline, are about 100 A apart and number up o IO pef ring.
Powder difftaction patterns have been obtained by electron diffrac-
tion from such sections, and measurements of the Bragg spacings are
in close agreement with those obtained from a contro%spcamﬁﬂ of

hydroxyapatite, ‘The particles must be related therefore to the

deposttion of the apatite content of bone. There s no clear evidence,

however, from cither electron mucroscopy or electron difftaction,

of any preferred onentation of the particles with respect to the fibre

axus, as has been demonstrated by means of X-ray diffraction by
. R Vv ]

- e ot s -l N N

spectal morphologrcal or chemical charactenstic which may account

for their abihity to calafy.
These studies, however, have fuled to demonstrate any notable
. - - 4 . v~ PR R

sti-

to

ren

- S dn o aneilimneme TActhiry Tots) but the char-

. was apparently

[T nterest to try tp

determme if there were any features m the methods of fibrogenesis

of banded, as opgosed to unbanded collagen fibrils, which might
.

account for the observed differences m the morphological structure
e L ks cevhnd af laharation of banded

eriphery of the worm show that the mam body ot the cuticie 15
Enm};oxgli of about 18 layers of unbanded fibls about 1500 A wide
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1EVIOUS work there Wah for instance, agreement in thest
1) tendon but chese measurcments &ffered from
ndon. The osteogenic
et e width of the bands t© those Prcvious\y
reported- Unstamed, Freshly teased fowl-neck tendon fibrils contaime
wwo E-bands whereas oste0genic als ined only one E-banc
There mght thes be no relation betwee bands of dufferent
ussucs and specics:
Dr. Gross noted the remarkably constant increase of
duameter with g€
1n older of 2dult preparati©!
FrrToN JACKSON smd, no, she
pegulanty 1 fibnl h,

collagen fibnil
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eared to be \nteacellulat Were ot reall extraceltulat being endosed’
ther words “nvagmatic

roplasm of 1e larly sh?] ed cells, 1 ©
Ry s y\ ed (gm although this smight oceut occasion?
undles the occurrence of groups of several, losely pla
kely.

3 s to the nature of the ‘clear’ areas surroum
Json's lanternt shdes.
endence indicated chat the interfib

ecursors; it ight
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Bectron pucrograph of a section of ro-day embryons, rendon antcreetfular spaces have began
9 3pear berwcen the fibroblasrs and conam sme flmenss. ~ 38,000



Fie 3
Transs etsc scction of tendon from an adult fowl Each collagen fbrul has a distncnve outer
boundary and 15 mvested by mterfibrllar material X 150,000



$12 223y embryo, smial? groups of ol e stded wathin the cytoplasm of the cell and
there 1810 eviderice of adgacont cell surfares survounding the mdivadual Hibnl groups At the
efe of the eucrogragh, the <ol sarface t appacest = 75 900

G 8
Section of perosteal bome The weli-firmad strocture of the colligen £3al w evudene and
demaz pacticles arc donaliyed i one meerband of eah peno



Fic 6
I an 18-day ccabiyo, bundles o collagen Sbels st lyng sdyacent and m betcen pwo el
the respective auckes are very close ta the bundles far there is nat mare than 00 A between
them, 1¢ there 15 only a very thun sleeve of cytoplasm covenng the nuclet. X 36,000
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I condhions, certan speciic polysacchandes intervened at this stage ot
chemical differcnriation to bring about the formaton of collagen or
i dasen fibres from the p laborated by the fibroblasts, 1t was
1| possble for the wrong polysaccharide to react and become mcorporated
mthe fibre with the production of a ‘vitnified” structure
1 Da. Gustavson commented on the high hydroxyproline content
{ {13 pet cent) and the low prolmne content (1 § per cent) og the earthworm
cuticle, in spite of the 40° C. shnnkage temperature and temperatute of
| dssoletion reported by Rudalt and Reed. Stabilizing hydrogen bonds
mvolving hy roxymemc mght be formed only when' the molecules
¢ oriented in a partcular manner. The wide hydroxyprolme-proline
erence is unique,
Dz, Gross stated that the hydroxyproline-proline content of earth~
vorm cuticle described by Dr. Jackson was confirmed independently by
Highberger and by hxmsc{f.

]
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THE ACID MUCOPOLYSACCHARIDES OF
CONNECTIVE TISSUE!

KarL Mever, Pritte HoFrMAN AND ALFRED LiNker

An mnterdsserplinary conference such as this one presents a uniguy
opporturuty to learn from other specralists problems and viewpornt
which are different from those obtained in one's own narrow fielc
of experience. In'_fa'cr, 1t wtll unduubtc‘dly take the combined anc

- . v B

nective tissues and which show promise at growing more numerous
m the coming years,
The followmg table lists the mucopolysaccharides which have
Tantx 1

ACID MUCOPOLYSACCHARIDES OF
CONNECTIVE TISSUB

I Nonsulphated mucopolysacchindes
T Hyalurone acu

2 Chondcottn

1 Sulphated mucopolysacchandes
3 Chondroian sulphate A
4 Chondroitin sulphate B
s Chondroitt sulphatc C
& Hepantn sulphate
7 Keratosulphate

been 1d d wath their ch ic prop an, p
(In ths d only aadic polysaccharides will be men-
tioned. Neutral or 2c1d mucords and glycoproteins which are pre-
sent 1 comnective assues will not be constdered since no defined
compounds have been 1solated nor have they been shown thus far
to be distinct from plasma proteins ) The first group is sulphate-
free and mcludes hyaluronic acd and chondrouin, There is some

1 From the Department of Medicine, Columbn Usversty College of Physicuans and Sur-
geons, and the Edward Damels Faulkncr Arthrins Clinse of the Presbysersan Hospital, New
otk was supported by grants from the Nzconal lastiattes of Healdh, the Helen Hiy
Whitney Foundation and the Elt Lilly Company
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evidence for an analogue of heparin which 15 either sulphate-free ot
undersulphated. The structure of hyaluronic acid has been faurly well
established as an unbranched polymer of a disacchande repeating
unt, N-acetylhyalobronic aad, jomed by B-4-o-glucosamuudic
bonds. The structure of the disacchanide unit has been established as
3-0-(B-D-glucopy yluronic acd) 2- do-2-deoxy-D-glu-
copyranose (Weissmann and Meyer, 1954). Hyaluronic aad, as
1solated from different sonrces such as umbilical cord, synowial
flud, vitreous humor and some mcscd‘crmel tumours, does not

LNLIoLLL AYdiuloldast \‘_umel €l di, 1950), Ivo evivence s yet
been found for the occurrence in tissuc of a sulphated hyaluronsc acd
or of hybnd sacchanides of the type produced m vitro by the trans-
Flycosylmv: action of testrcular hyalurorudase on mixtures of

} aad and chond: Iphates (Hoffman et al , 1956).
Hyaluronic aad probably occurs in most connective tissues although
m greatly varying concentrations. It appears to be the product of
the least differentiated fibroblast In hyaline cartilage and i cornea,
hyaluronic acid 1s probably absent.

hond,

obtained from chond sulphate A, (Iss structure wall
be discussed below.) Chondromn has only been isolated from

comea,

THE CHONDROITIN SULPHATES

On the basis of solubility, optical rotation and enzymatic hydroly -
sus, three chond Iphates are d hed which have been
designated as A, B and C.

A and C appear to be dosely related. On aad hydrolyss, they
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Eoth yield thc ‘1d'enti‘ca‘l crystaline disaccharide chondrosine, the

\uondrosime has been shown to be the galactosamine contaning
1somer of hyalobiuromc acid on the basis of the following scheme
of reactions 1 Fig. 1. The first reactton shows that chondrosatnine

hzon

l. Cugom et

acgo
Oacta1(cogt o)

Fic 1
Structure of chondzostae.

is on the reducing end. Chondrosmol obtained by borohydnde
reduction of the reducing end group was esterified and the resulting
methyl ester was reduced to the al'cohol. Thc‘resultmg glucosido-

chondrosime 15 D-glucﬁromc acid. A 173 glucuronidic bond in
chondrosine was demonstrated by periodate oxadation of a gluco-
syllyxitol d by dearination and subseqr duction of




- Mrve, g, HOMMAN pxp A.
chondro,,

LiNggn
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cornea, aorta and i ligamentum nuchae and in chondrosarcoma, C
has been 1solated from cartilage, umbihical cord and other primitive
connectrve tissues, tendon, nucleus pulposus (Orr, 1954), a human
chordoma and an osteosarcoma,

Chondrown sulphate B, like A and C, is composed of equimetar
concentrations of N-acetyl D-galactosamine, uromcacid andsulphate,
It has an optical rotatton of about —60° and a lower solubility (as
Ca salt) than either A or C and m contrast to the latter 1s completely

resistant to hydrolysis by lar or bacterial hyaluronidase (Meyer
and Rapport, 1951). Thus resistance even persists with the partly or
letely desulphated co d. On decarboxylation, it yiclds

completely p p r !
one equivalent of CO, per mole of hexosamine while in the car-
1 1 a1 1 1 =1 1~ e -

(Meyc; et al., 1956) (Fig.3) One of these appears to be chromato-

STERIC RELATIONSHIP BETWEEN GLUCURONIC, IDURONIC,
MANNURONIC AND GULURONIC ACID

CHO CEO CHO CHO
002!{ COZH COpH COZH
D-glucuronic  L-iduronic D-manpuronie L-guluronic
acid ac acid acid
Ex
Stenc hup berween gh durone, and gulurome acd

graphically 1dentical with D-glucuromic agxd, the other with

anehaliaanmd andnc
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chondrottin sulphate B, attempts were made to ascertain whether ot
not a muxture of polysaccharides was present. These have been 1n-
conclusive. The chemical and physical propertics of B, obtamed
from a vanety of sources and by different methods, were closely
simmilar. Such fractions have been 1solated from skun, tendon, heart
valves, ligamentum nuchae and aorta. ‘B-hepann’ obtained from
beef lung (Marbet and Winterstewn, 1951) is 1dentical with chon-
droitin sulphate B as 13 a fraction obtained by Smath and Gallop (1953)
from hog stomach. However, the possibility sall exsts that chon-
drotin sulphate B 1s a mixture of at least two hyaluromdase-resistant
polysacchandes.

KERATOSULPHATE

Thus 1s the only sulphated mucopolysacchande free of uromic aard.
It 15 composed of equmolar amounts of N-acetylglucosamine,
galactose and sulphate (Meyer et al, 1953). Its structure 15 unknown
and no gl {ocsxdasc has been found which attacks this polysacchande
The desulphated polymer,* however, 1s hydrolysed by an enzyme
obtaned from lactobaallus bifidus with the production of mono-
sacchandes. Ieis of some interest that the sulphated polymer does not
cross react with blood group substances ot wath type XIV pren-
mococous antiserum, The desulphated polymer precipitates type XIV
7 parable to group A sut of hog
gastne mucosa, (We thank Dr. E. Kabat for these data) Kerato-
sulphate has been 1solated from cornea, where 1t cepresents about s0

er cent of the total mucopolysacchande and from growng (calf)

ne, where 1t 15 only a minor component.

FRACTIONS RIZATED TO NEPARTN (HIPARITIN SULPMATE)
Mucopolysacchande fracnons of a strong posiave rotation and
d o lar amounts of gl . uromic aad

Y
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1n} tined

tin sulp D the rest in approximately equal
concentrations. The human aortae were of persons with moderate
atherosclerosis of 45 to 84 years (average 64.1) and yielded the same
polysacchandes as young bovine aorta and in strikingly similar
concentrations, with the exception of hyaluronic acid which, if
present at all, was well below 10 per cent of the total. ‘The diminu-
tton of hyalarontc acid with age has also been observed in adult
versus embryonal skin It 15 obvious from the data on skin, liga-
wienturt nuchae, and aorta that chondroren sulphate B 15 not a
constant component of elastic tissue but that all three chondroitn

Ip} are comy of coll tissue. The histologieal
mterpretation of the differences i type and distribution of these
sulphated polysaccharides n the various tissues appears, however, not
possible at present.

SUMMARY

‘The acid mucopolysacchandes isolated from various sources have
been discussed. The chemical structure of most of these is still un-
known. Remarkable differences exist both i the types and in the
distnbution patterns of the acid polysaccharides mn the different
types of connective tisste,

GROUP DISCUSSION

Dr. Assoe-HanseN asked af heparn had been detected in skin.

Dr Mevee replied that in us early experiments some anu-coagulant
actiity had been observed m exiracts of E:gs' skin However, when
CSA/B was carefully punfied 1t had no heparin acnv:tg CSA/B is
1dentical with the beta-hepann of Winterstem which had been reported
10 have high anti-coagulant actvity

In answer to a question from Dr. Hall, Dr_Msver sud that nio poly-
sacchanide components other than those that he had described had been
detected m hgamentum muchae  Moreayer, he had not been able to
demonstrate any mucolytic action 1 crude preparation of chastase CSA{
B and CSA/A were prepared from lgamentum nuchae by alcohol
frachionation of ther calowm sals. In other nssues, for example calf
bone, CSA(A and CSA/B could only be separated f the muxture of
mucopolysacchandes 1s first of all treated with hyzuromdase,

Dr. Grrman asked 1f one mught antiapate differences in the micro-
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scopic and sub-microscopic organzation of clastic fibres from aorts and
from skin, i view of the differences in the chondroitin sulphate and
mucopolysacchande contents of these two tissucs noted by Dr. Meyer.
Dr. Reep said that the morphology of elastn fibres from the skin 1s very
simthar to that of chastm fibres from the aorta.

Dr Roes-Swrrn wondered whether the lugh content of CSAfA
aorta and cartthige could be correlated with the vascular and skeleal
changes 1n exp  tath and whether experi ! work with
bera-propriomtnle might throw some bght on ther metabolic behaviour

D, Mevrz did not know but suid that CSA/A alse occurs in comea in
which morphelogical or chnacal changes 1n Tathynsm have not been
described. However, CSAfA consututes 2 much greter fracton of the
polysacchandes 1n aorta than 1 comes. In answer o Dr. Gillman, he
saud he had done no work on polyszcch:ndc? mn d‘\c lens

Vimen e, 110 L

{Fed Proc., 1936)

Dx D. S Jackson atked what Dr. Meyer's opimon was on the pos-
sibthty of hinkages between protemn and polysacchandes n conncctive
tissue

Dz Meven said that any bonds between hyaluronic aad mdufromn
ate comparatively weak  Hyaluronic acsd can be prepared cherucally free
of protem, and the physical propertics of the matenal are almost identical
with those of a hyaluromic aad proten complex prepared by Ogston,
which contaned about 30 per cent protetn This does not apply to
hyaluronic acrd from all tissues, For example, 1t applies to hyaluronic
aad from umbilical cord and streptococa but not to nm:ru‘( wolated
from synovial flnd  Sulplated polysscchandes on the other hand are
present in the tssue as protem completes The work of Schubert has
demonstrated this with CSA.  The natwe complex and complexes
prepared by adding proten to punfied CSA differ 1n thar physical
propetticy

", e .

B AL L

- . - "

viscoury ot CSA 15 greatly reduced by treatment wath papain to digest
the proten fraction. He also reported that a gelannous Smd obtaned
from Heberden's nodes contaned only hyaluronic aad and no protein-
fec or bound to the hyaturonte aad  Dr Parmunce said he had repeated






EVALUATION OF EXTRACTION METHODS FOR
ACID TISSUE POLYSACCHARIDES

Orre SKELLMAN

The chemustry :m}i physiology of the aad PD]YS:ICC!:I%SIdCS of

saccharides ate, however, difficult to ssolate and scparate since the
amsounts occurrng often are small and the different polysacchandes
show similantics 1n steucture and, from many tissues, they are even
obtained as a mixture difficult to separate,

For most workers n this field, the main goal has been to prepare

ure substances m order to perform structural determinations on the

Eonds between the different monosaccharides budding up the poly-
sacchandes.  Lattle attenuion has been pad to the quanutauve
aspects and few attempts have been made to obtam the acds m a
‘mative’ state, 1.e 1 an, as far as possible, undegraded state.

Besides the importance of gettng a clear picture of the bonds and
structure of the different polysacchandes, the latter questions deserve
much attention. We have to know something about the state and
the quanntative aspects of the different polysacchandes m the tissuc
smce m diseases of connective tssue, commonly termed ‘collagen
diseases’, the carliest and most profound alterations are found n the
ground substance. It 13 wath thesc aspeets n mind we have made an
mvesngation of the extraction methods of the aaid polysacchandes.

The quantitative extraction of the acid polysaccharides 1s a muatter
of conaderable difficulty and dilute sodinm hydroxde is sull fre-
quently employed. Tlis method was investigated by Jorpes (1929)
using carulage to obtain chondroiun sulphunc said. He showed thar
a concentration as hagh as 0 § N was necessary to extract the aad
polysacchandes from cartilige at ¢°C. However, the polysac-
chanides were obtaned 1 a degraded state.

Many wwvestigators have used the alkaline extracnon procedure,
¢.g. Levene and Forge {1914), Fiirth and Bruno (1937), Karrer and

97
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EVALUATION OF EXTRACTION METHODS FOR
ACID TISSUE POLYSACCHARIDES

OLre SNELLMAN

The chenustry and physiclogy of the acid polysacch%\ridrs of

sacchandes are, however, difficult to 1solate and separate snce the
amounts occurring often are small and the different polysacchanides
show sumilanties m structure and, from many tssues, they are even
obtained as a mxture difficult to separate.
For most workers m this field, the main goal has been to prepare
ure substances m order to perform structural determunanions on the
gonds between the different monosaccharides building up the poly-
sacchandes. Luttle ateention has been paid to the quantitanve
aspects and few attempts have been made to obtan the aaids m 2
‘native’ state, 1.e. 1n an, as far as possible, undegraded state.
Besides the importance of gettng a clear picture of the bonds and
structure of the different polysacchanides, the latter questions deserve
much attention. We have to know something about the state and
the quantitative aspects of the different polysacchandes 1n the tssue
since 1n duseases of connective tissue, commonly termed ‘collagen
diseases’, the earltest and most profound alterations ate found in the
ground substance, It 1s wath these aspects m mind we have made an
mvestiganon of the extrachion methods of the acid polysacchandes.
The quantitative extraction of the acid polysaccharides 1s a matter
of considerable difficulty and dilute sodum hydroxide 1s sull fre~
quently employed ‘This method was investigated by Jorpes (1920)
using carttlage to obtan chondroitin sulphuric acad. He showed that
a concentration as lugh as 0 s N was necessary to extract the aad
polysaccharides from cartlage at o® C. However, the polysac-
chandes were obtatned 1n a degraded state
Many investigators have used the alkaline extraction procedure,
¢.g. Levenc and Forge (1914), Fiirth and Beuno (1937), Karrer and
97
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Mayer (1937), Bray, Gregory and Stacey (1944), Meyer, Odier and
Stegrist (1048), Strandberg (1950) and Leon and Derss (1954).
Meyer and Smyth (1937) suggested the use of strong solattons of
calcium chlonde and obtamed good yaclds of chondroitm sulphate by
the extraction of dried cartilage powder with 10 per cent calcium
chloride solution at neutral reaction. Blix and Snellman (1945)
used calaum chlonde extraction and were careful to avoid acid or
alkalne solutions during the subseq T pr The
amm was to obtam, as nearly as possible, the polysaccharides m an
undegraded state.

WILL LU MICWIOU 4Nd, Dy subseqitent eXtractions using aikaune
solutions, 0.80 g. could be removed. The tissue residues after this
wese, however, not § d
Hyaluronic acid generally occurs together with sulphated poly-
sacchandes. The extraction’ procedures of this acid vary somewhat
among different workers but, prcipally, the methods are quite
similar. Most of the pnnaples used origate from the work of K.
Meyer, the first to 1solate hyalurome acid.
Fluids such as synovial flutd, tumour ﬂuu‘:l and vitreous h:m:_or are
" R (R P S N

1

poor to the precipitation 1 order to mcrease the amount of poly-
sacchande precipitated m 2 mucmn-like clot. From the clot the hyalu-
romc acd 15 taken up by extraction with potasstum acetate at pHo.
Proteins are then removed from the solution by shaking with chloro-
form-amy! alcohol (Sevag, 1934) and further contamnations are
removed by Lloyd's reagent at pH 4. L
Meyer (1948) prepared sodmm hyaluronate of high viscosity by
extracting homogenized human umbxhca! cordsku.h 2 per cent
phenol and clottng the diluted muxture with acetic acd. Th: pro-
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then under sumilar conditions with trypsmat pH 7.4 After filtration
the proteins have been ehminated from the solution by shaking with
chloroform-amyl alcohol.

In order to 1solate hyaluronic acid and chondroitn sulphunc acid
from skin, alkahne solutions have been widely used (Meyer and
Chaffee (1941), Pearce and Watson (1949), Schuller, Mathews et o
(9sa)). ot e UL T nraas s dey
protems a o 0 Tl oL : e
difficulties .« o, o ot
alkaline solutions are not used.

Schulter et al. (1954) treated the skin with a 2 per cent alkaline
solution for 24 hours They neutrahzed and dralysed the solution
and ncubated with trypsin for s days. Afterwards, they precipitated
with tnchloroacetic acid, centnfuged and dualysed agamn  The solu-
ton was precipitated with ethanol 1n the presence of 1 per cent
potassium acetate. On the preaipitate, a slab clectrophorests was
made according to Gardell ef al. {1950) Hereby they could separate
the hyaluronic acid and chondroitin sulphuric acid.

Gardell (1952) has boiled the tissue and afterwards digested 1t with
an extract of pancreas for many days and punfied the product with
10 volumes of ethanol and later wath Lloyd's reagent. A slab electro-
phoresis was then performed.

In the case of heparmn, the method described by Charles and Scott
(1933) appears to have been generally adopted  Here the tissue 15
fixst autolysed for 24 hours at room temperature, simce higher yrelds
are t‘hen obtamed The tissue s cxn;acted at50°C f‘or one hour with

the hepann-protem complex. The preaipitate 15 washed by different

means and then dissolved m alkaline solution, and the protems are

subjected to trypsin digestion.
Al LEEIN

P | R . o wy o
Homan and Lens {1948), who have worked out a tedious procedure,
which 15 sa1d to cause not so heavy losses.

In dus short description we have only reviewed the mam prin-
ciples used to extract the three groups of aud polysacchandes. Some
methods grving low yields have been omutted.
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Besides the various extraction methods, quite another method hs
been used by Consden et al. (1953) to obtain knowledge about th
saccharides occurnng m the tisue. Consden autoclaves smalle
preces of the tissue in water in order to remove the collagen and ther
he hydrolyses and determunes the different monosaccharides in th
hydrolysate. This method can give valuable information abou
the basic carbohydrates that occur 1n the tissue but the method has
only a hirtted value since 1t does not give any informations abou
ths pclysa‘cchandes to which the carbohydrates belong.

LIEUIOUS EXULACL LIE POLYSICULILILES 49 WE 1€ JACKULE LALELUL ALALYSLY
on that pomt. Furthermore, all myestigators extracting hyaluronic
acid and chondroitin sulphurie actd have completely mmssed the he-
partn. It seems either to have been lost or obtained 25 2 contamina-
tion m the fraction of the other polysaccharides, difficult to separate
from them. Thus Sylvén and Malmgren (1952) punfy hyal

by precipitating sulphate-contatning polysacchandes with Azute A.
Apparently, many authors have not succeeded in preparing sulphate
free hyaluronic acid.

In a great number of 1nvestigations, alkaline solutions have been
sed to dissolve the tissue. T have the mmpression that the best yields
are obtamed by this method, and 1f any losses are obtained, they
mostly come in the subsequent punfymng processes.

However, the use of alkalme soluttons mvolves the danger of
degrading effects on the polysaccharides, and when this method is
used nothing can be said about the ‘native” state. “’I‘}n:E cxpsn'cx}cc

extracted nssues do not have these disadvantages, at least to any hx%r_x
degree. But they are not guanutatve and mixtures have been o
taned difficult to separate. Thus, Hadidian and Pirte (1948) report
1 ther fractions of hyaluronic acid, sulphur contents ofo.s-1 percent,
as usual. Most investigators have only, as 1t seems, ‘been interested in
a farrly good yield of hyaluronate not looking for other polysac-
charides occurning.
The method of Embimder and Schubert 15 also a mild method and
may give an undegraded product. Itis worked out for carulage and,
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to obtain good yields, the material is stored for a long time. What
this treatment does to the product we don’t know. Evidently
according to the investigattons of Malmgren and Sylvén (1952}, the
method 1s not quantitative.

Nearly every investigator has used his own punification scheme,
often only 2 modification of some principles used i all the methods.

Many have used precipitation reactions going from very alkalme
solutions to very acid solunon:.‘ These methods :_nyolve consu‘i_craljlc
1 - ] . e ML Al

Kaohn has been used n several cases as an adsorbent but the pro-
tews are not effectively removed by this mean and, 1f the extracts are
too heavily treated by kaolm, losses of polysacchande wall occur
Nor 15 phenol or glacial acetic acid effective.

The method of shaking the extract with chloroform-amyl
alecohol has often been used 1n order to separate protem and poly-
sacchande. ‘The method mvolves a denaturation of protemns I a
guantitative separation 15 wanted, the treatment must be per‘fonﬁnfrd

back again 1nto the water phase. Some contammnations remamn m the
solution. It seems better to punfy afterwards with Zn(OH), than
by Lloyd's reagent

Concering the two types of polysacchandes hyaluzontc acid
and chondsortin sulphuric aad, the best method to relcase them
from their protem assoctations seems to be by proteolytic enzyme
digestion. The fisson products are then comparatively casily
removed.

Of the proteolytic enzymes used, pepsin has too low a pH opti-
mum. Crude pepsin 15 also, according to Meyer (1045), often con-
taminated wath a polysacchande which nught render thus treatment
dangerous  Crystalline trypsin or chymotrypsin can be used, but are
sard to be less effective (Gardell, 1952). Gardell uses a crude glycerol
extract from the pancreas and the mtestme  Ths 15, however, con-
tammnated by polysaccharides and contains at least one enzyme which

e el
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After the enzyme digestion, a prehmmna v purification can be
achieved by dialysis and pr:cnpitaug;x by orga?:u.? solvents.

In many investigations the separation of hyaluronic acid and
chondrortin sulphuric acid has been performed by precipitation of
the calcum salts with ethanol.  Precipitation with a 20 per cent
ethanol solution 15 said to separate the polysaccharides, In spite of
much use, the method has not been thoroughly investigated and, in
the rough manner 1t has been used, no very good separations have
been achieved. Thus Meyer and Chaffee (1941) use pneumococeal
hyaluromdasem order to punfy the chondrontin sulphuncacid further.
Any kind of electrophoretic separation, asused by Gardelland Schuller
et al., 1s supenor.

A G linnn e e Yol Y

thus tissue seems to be especaally troublesome.

The first step 1s a thorough defatting procedure, which we have
found to be very important m order to obtam good yelds and which
scems to make the alkalt treatment unnecessary. Probably it 1s the
fatty maternal which prevents the extraction solution from coming
in an intimate contact with the material in many cases An out-
standing example in this respect 1s the pleural tissue from which the
hepann has been reported not to be extractable (Wegehus, 1956).
However, we have found 1t possible to extract the heparm from this
tissue after an extensive defatting procedure. Generally, we dry the
frozen minced ussue at first 1n acetone and then defat 1t 1 a Soxhlet
apparatus with acetone-cther (1:5). After this procedure, the tissue
1s minced again.

“The next step 15 to extract the heparin with potassium thiocyanate
(Snellman, Jensen and Sylvén, 1948). One point may be stressed
here. In general tissue homogenates will very rapidly become acid
and therefore the solutions must be buffered and the pH controlled.
At shghtly acid pH the heparin associates wath proteins in the
muxture, and that will cause trouble and even losses of substance. If
the precaution 1s made to hold the pH at about 7.5 the whole time
the protemns can easly be removed and, as far as we can judge, the
heparin can be taken out and 1solated quantiatively.

CREEIRR PR T TN AR Lam sl cwmnic acids

hof'the
- polyu-



0. SNELLMAN 103

rontc acids remains in the residues which are extracted with a calcium
a1l i JRISUEPOU W T

.- oot

L " . v e

ments.

However, after these treatments residues are obtamned. Alkali
treatments of thesc residues at room temperature do not release any
hexuronic aad but stll there are some carbohydrates left undis-
solved. The method of Consden has been used on this material but
no hexurome acid could be detected, so 1t seems that no hexuronic
acid-contunung polysaccharide has been left as far as can be judged
by this method

Having thus obramed the different extracts contaming the poly~
sacchanides, the latter must be 1solated and purified,

In the case of heparm, the solution has been precipitated with one
volume of acetone and dissolved agan 1 a small volume of buffer
solution, and then reprecipitated with 60 per cent ethanol. By this
procedure, much of the protemns are removed without any appreci~
able loss of hepann  The preapitate 15 then dissolved agam n a
suitable amount of phosphate buffer at pH 7.2 and a zone electro-
phoresis 15 performed.

We have found 1t most switable to make the zone electrophoresis
according to Flodin and Porath {1954} using an ethanolysed cellulose
as supportng medium  Thus cellulose 15 easter to pack than Hyflo
Super-Cel and does not adsorb the acid polysacchandes. With such
a column even greater amounts of matenal can be separated m an
casy manner and the column has 2 good separation power.

In the case ;Jf heparm, all substa{xccs of low electric chzrge, such as

vesugated. By an ethanol precipstation they were separated and
heparin free of ammo acids and nucleotide material was obtaned
In one expenment 81 mg of heparm, as determmed by acuvity
measurements, was found m the sample and 80 mg., determmed m
the same manner, was found in the final product, when liver capsule

the zone electrophoresis.
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From the discussion given we may conclude that in most cases itis
unnecessary to begin with alkaline solutions. Such treatments do
not seem supetior to the other milder methods as 2 means of extrac-
tion for the acid mucopol{sncc}mrides. In our experiments we have
trted to mvestigate all solutions with the carbazole test of Dische
(1947) in a qualitative manner to be sure that no hexuronic acid had
been lost in the punfication procedures. Tt thus seems that the hexu-
ronic acids can be extracted and wolated in an as near as possible
quantitantve way and mn a state which scems to be undegraded. If
any further separation m components of the different substances or
any other mmpurittes than ammno aaids can occur has as yet not been
investigated,

The carbohydrates 1 the residues have not as yet been further
mvestigated. They must be very closely connected to proteins
difficult to remove, It is possible that harder means must be
used to 1solate them  These residue carbohydrates may, from other
points of view, have a great mterest but they do not seem to contain

any hexuronic acids.
& N 1 - £ M pisnnwrad her wrante from

»dish

GROUP DISCUSSION

Dr. D. S. Jacrson d the use of qs ¥ sales
for the specific preap of acid polysaccharides (Dr. G. E. Seott,
personal i Complete separation of heparin, CSA and
byalurome acd from caglh and from neutral polysacchandes can be

clueved simply and rapudly.

* }Bfﬂ'hmf pyomted oput t}l,m the Carbazole method mught give erron~
eous results for uronc acid content. For example, 1duronicaad and man-
rontc acd give much less coloration than glucurome adid.

In reply to Dr. Consden, Dr SNeLMaN said that the Carbazole method
was the only one he had used for determination of uronic acid.




COMBINATIONS IN VITRO COLLAGENE-
MUCOPOLYSACCHARIDES ET MODIFICATIONS
APPORTEES A CES COMBINAISONS PAR DES SELS
ET DES POLYOSIDES BACTERIENS:

ALBERT DELAUNAY ET SUZANNE BazIN
INTRODUCTION

On sait depus plus)eurs années que Paddition de sels oun de
mucopolysaccﬁnndcs 4 une solution de collagéne donne souvent
hcu 3 une pxecxpxtzuon Tout reccmment (Dclaunay, Bazm et

Dms le travail ici Prescnr.c, nous raPPor(clons ce que nous avons
conmte en cmdnnt les prmapaux ca:acteres des combinaisons
coll et lyosides bactériens.
Nous dirons aussl, sur Ia fo1 de nos observauons, comment une com-
binason normale coll haride peut étre modsfi
quand elle doit prendre placc en présence de sels ou de polyosides
bacténens

PARTIE EXPERIMENTALE
A.— Matériel utihsé

1. Co]lagéne Nous avons utihisé, pour toutes nos expénences, un
co!lagene aado-soluble le ccll:ngene A (Nageotte, 1927). Nos

43 3 4,5)
Muczpolysacchmdcs (M P.). (a) Héparme. Ce produt punfié,
e 1a masson Laroche. (b) Acide chondroitne
sulfarique. L'échantillon dont nous nows sommes servt nious avait
éé obligeamment foumi par le Pr. Fauré-Frémet. I avait été
extrait du carnlage de veau selon les techmques de P. A Levéne.
Avant usage, nous avons tenté de le punfier encore par 3 prépiaipa-
tions successtves (au moyen de 3 volumes d'aleool).

* Collagen-mucopolysacchande combinations ws wifro and how they are affected by
bactenal polysacehandes and salts

105
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3. Polyosides bactériens. (d) ct (5) Lipopolysacchande (endo-
toxne) et polyoside typljuqucs. 1ls ont été 1solés, puts purtfics, selon
A R R R T -

lae +arhaenienn alaa

fuganon, le liquide surnageant est dialysé puss Concenteé 1o fois.
Cette préparation est sounmuse 3 des précipitations fractionnées par
Palcool, enfin desséchée sous vide. (d) Polyoside Cx. Pour obtenur
celui-c1, nous avons suivi une méthode calquée sur celle de Anderson
et McCarty (1951). Des pneumocoques rough du type II sont dé-
truats raptdement par le désoxycho?atc de sodium, Les protémes
microbiennes sont coagulées par la chaleur en milien acénque. La
fraction polyosidique est précipitée par I'alcool puis séparée des
aades nucléiques au moyen de précipitations fractionnées par I'alcool
en présence de Cl,Ca.

4. Sels: chlorure et sulfate de sodium. Ces sels se trouvaient en
solutron dans I'eau distillée.

B. — Techmque opératorre

1. A divers échantillons de notre collagine A a été ajoutée, sou
volume égal, soit une solution de M.P., soit une solution de polyo-
sides bacténiens, soit une solution salne, soit, enfin, une solution con-
tenant en mélange un M.P. et un sel ou un M.P. et un polyoside
bactérien.

Les sels quand 1ls ont été utelisés ssolément, Pont été A différentes
concentrations: pour le CINa, de 0,85 & 0,0213 M, pour le SO,Na,,
de 0,427 3 0,00427 M. En ce cas, nous avons laissé aux solutions leur
pH naturel. Quand, avant Pexpérience, les sels avaient été mélangés
3 un M.P., le pH du mélange était toujours ajusté X 4,3.

ou polyosides bactériens, employés 1solément, ont &é, de
[P s camseatiroms ot b nFhppnrs
v .

les polyosides se trouvatent 3 doses vanables, Jes M.P. 4 une seule
dose qui étart la dose préapitante optimum., Nous avons prts
T'habrtude de désigner sous ce nom la dose de M.P. (ou de polyo-
stdes) qui, ajoutée 3 une quantité donnée de collagéne A, conduit 3
Ia formation d’un précipité qui contient tout le collagéne présent et
la mageure partie, sinon la totalité, du produit ajouté. L'absence de
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collagéne dans le liqude surnageant st démontrée par la négativité
des réactions caracténsuques de T'hydroxyprolne, Yabsence des
e D S T e A I

Lt . .

2. Aprés addition au collagéne’A des diverses solutions défimes
c-dessus, les tubes sont légtrement agités puis conservés pendant 3
heures 3 18° C. A ce monient, leur contenu est examumné: on note "1l
yaew, ou non, préaipiation. En cas de résultat positif, 'importance
du précipité est estimée et son aspect macroscopique étudié,

3. Ceat fart, les précipités formés sont recuerlhs par centrifugation
puss repris par de I'eau disillée amenée 3 différents pH  Nous avons
détermuné de la sorte les marges de pH en dehors desquelles it y a
dissolutson des précipiés

Certains précipités, remus aprés lavage dans de I'eau amenée au
pH du milien ot avait eu lieu la préciputation, ont été sourus 3
Vaction du chauffage et du CLCa. Le chauffage, d'une durée de 3
munutes, a eu lieu 3 des températures vartables. Nous avons noté la
température la plus basse quu est suvie d’une contraction ou d'une
dissolution du précpité. En ce qua concerne le chlorure de calaum,
nous avons déterminé, dans chaque cas, la concentration himite qut
est capable, 4 diverses tempé de dissoud; ple le
précipité examiné.

RESULTATS

A.— Aprds addition an collagine d'héparne et d'acde chondroitine-
sulfnigue (4.Ch.S)
1. Princrpaux caractéres des préapitations observées. Le lecteur
trouvera, reporté dans le tablean I, essentiel de nos résultats

TAsLzAy L
CARACTERES DE LA PRECIFITATION GBTENUR APREs ADDITION, A UNE SOLUTION DE COLLAGENS &,

PARINE QU DACIDE CHONDROHINE-SULFURIQUS

Nature dc ta Lunite Dose Marges de pH pH du mihew od 1t
substame uthsée  Factond de \v  préappate  entre lesguelles  préapitation
pour la peéopita-  substance précpi- optin peut s produwe parat éire optimun
tion du collagéne tante ‘ne précpitation

Hépanne 0,01 mg 0,50 mg 158 43
Acdechondrot. 0,05 my 020 mg 33 1

hae sulfunque
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B el o UL Rpin X TSRS SR TR SO

supétieure & 5 mg/ml n'a donné, dans les mémes condstions qu'un
faible précipus.

2. Principaux caractéres des précipités obtenus. Pritre de s
reporter, pout les connattre, au tablean 1.

Tasterv JI

CARACTERES DES PRECIPIIES OBTENUS APRES ADDITION, A UNE SOLUTION DE COLLAGENE A,
D'HEPARINE QU D'ACIDE CHONDROTINE-SULFURIQUE

Concentrotion

Nature de Ia Température  Marges de pH en Tomte () de
substance unlhsée®  Aspect du e dchors desquelles CyCa capable de
our la précpi-  préopié obtenu  contacton  le préoptd se dissondre compléie-
tatiors d collagéne Gssous mens le prébpr
218¢C
Fibres
Héparme longues 48°C 1211 ©,60
e
agrigtes
Fibres
Acde chondron tongues P n$-x 0,06
anc-sulfunique i)
agrégles
* & dose précipitante optumum
. ; P
Aijoutons une p Desc de CL,Ca,

B. — Aprds addition au collagéne de divers polyosides bactériens
1. Principaux caractéres des précipitations observées. [is sont

indiqués dans le tableau IIL,
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Tasreav I

CATACTRRIS DE LA FRECUITATION OBTENUE APRES ADDSTION, A UNE SOLUTION DF COLLAGENE
DE DIVERS POLYOSIDES BACTERIENS

Nature de s sbstance Lemue Duse Mages de pH  pH du mbeu o4
] wnlsée powr o précipiia- datwntd de la prlopuante  enire lesqrelles 1o préupatation
ton du coflagine “substange epnmun peu se produwe  parane dre
préapante Lne préapitanonoptem
Lipopolysacchande 0,25 my 1 m 13710, 4
(endotoynt) typhique ® * 3
Polyoude typlague os0mg 1mg s -0 73
Polyoude staphylo< 0,10 mg 0,50 mg 3 - 43
cocaque
Polyoude pacumecoc- 520 mg 0,50 mg 2577 42
aque {Cx)

2. Prncipaux caractéres des précipités obtenus, On les trouvera,
exposés, dans le tableau IV,
Tasiaay IV

CABACTERES DU PRUCIFITES OBTENUS APRES ADDITION, A UNE SOLUTION DE COLLAGENG A, DE
DIVERS POLYONIDES BACTERIENS

Nature de ls substame  Aspect du pré-  Température  Murges de pH Concenteasion
wtiksée* pour ls préipus n:ne’ ahioms P en delors dese  Dmite (A7) de
tuars du eolliglne dissolanone quelles e pré- Cl,Ce capable
agité se dussous de drssondre,
compldtewent Je
précipié a18 C

Fibres
Lipopolymcchande trds courtes $6°C 112 01
{endotoxne) eyphique et non
agedgees
Fibrey
Polyande typhique mal formées. 512 o1
cipacd
gelitineux
. Fibres
Polyosde staphylon Tongues 54°C i 003
coctique )
agrégler
Eibres
Polvonde pacutne- courtes 4°C 2,2410,5 o020
coca pue {Cx) et non
agrbgles

¥ A dowe précipwants aptmia.
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Remarque. Des concentrattons de Cl,Ca inféricures de 2 3 3 fors
aux concenteattons lrmites indiquées ci-dessus (qui sont valables pour
des expériences fattes 3 18° C.) sont capables d’abarsser la tempéra-
ture de dissolution des préctpités de 103 3° C.

C. — Aprés addition au collagéne de sels: CINa et SONa,

Le lecteur trouvera, indiquées dans le tableau V, 3 cété de la
nature du sel utihsé, les concentrations moléculaires qui sont, ou non,
précipitantes (+ -+ mdique la formation d’un précipité abondant).
Il connaitra ausst le pH ‘du mélange sel+collagene (le sel étant
utthisé 3 la dose préciprtante himte).

Tantzav V
Nature du sel  pH du mélange Concentration moléulaire en sl
sel+ collagine A
000427 00427 o085 0213 0437
ClNa 463 o ° o o +
SO,Na, 5.3 ° o ° +++ R
P e e T T

I solufton salne et plﬁcésldans‘ Péau dustillée s’y dissolvent (cela, quel
que soit Je pH du milie)

D. — Aprés addition a collagéne d'un mélange de M.P. (Héparine ou
A.Ch.8 )+sels (CINa ou SO,Na,)

Rappelons que, dans ces mélanges, les M.P. sc trouvaient & dose

précipitante optimum (soit, pour Phéparine, 0,10 mg. et pouc
I'A.Ch.S., 0,20 mg.) et les sels 3 doses normalement préaipitantes ou
non.
1. Héparme+doses non précip de CINa. Précpitati
(type héparme) normale en présence de 0,0213 M, fable en présence
de ‘0,0427 M; pas de préapitation en présence de concentrations
salines comprises entre 0,085 M et 0,213 M.

2 Hépanne+dose précipitante de CINa (0,427 M); pas de pré-

cipitation. L

3. Hépanne-+doses non précipitantes de SONa: Précipitation
(type hépanne) normale en présence de 0,0085 M, faible en présence
dé 0,0213 M; pas de préapitation en présence de 0,085 M.
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4. Héparine-+ doses précipitantes de SONa,- Pas de gréuyimmn
en présence de 0,213 M; préapitation {type sel) peu dante en
présence de 0,427 M.

5. AChS tdoses non préapitantes de CINa; Préapitation
(type A.Ch 8.} normale en présence de 0,085 M. Obtention d'un
précipité abondant mars de caractires particuliers en présence de
0,213 M. Ce précipsté est parnculier parce quil ne se contracte pas
448° C, comme un précipité collagine-A Ch.S normal et qu'il ne
se dissout pas dans I'eau distillée comme un précipité collagine-
CINa normal; 1l se dissout & §6° C.

6. A.ChS.4-dose précipitante de ClNa (0,427 M). Précipitation
(type sel) normale

7- AChS 4-doses non préap de SONa, Pr
(type A Ch 8.} normale en présence de 0,0427 M et de concentra~
tions salines plus faibles. Obtention d"un précipité abondant mais de
cafactires particuliers en présence de 0,085 M. Ce préaipité, particu-
Tier parce qu'tl ne se contracte pas 3 48° C et qu'il ne se dissout pas
dans P'eau distillée, se dissout 3 52° C.

8. A ChS.{-doses précipitantes de SONa,: Obtention d'un
})rédplté peu abondant et de caractéres particulers (particuliers pour
es mémes rasons que celles données ci-dessus. cf paragraphes § et
7) en présence de 0,213 M. En présence de 0,427 M, préapitation
{type sel) peu abondante.

P

E.—Apris addtion au collaghue d'un mélange MP (héparine on
A Ch.S8.)+polyosides bactérens

Le lecteur trouvera dans le tableau VI Pessentiel des résultats que
nous avons recueillis quand, dans le mélange, mucopolysacchande et
polyoside bactérien étarent utilisés, tous denx,  la dose précipitante
optimum. 1 trouvera aussy, dans les lignes supérieures de ce tableau,
le rappel des farts que Pon constate quand on utibise 1solément, 3
cette méme dose, lysacch et polyosides, une étude
COMNarstiva sorn da la oien i Jomes SnTntn

ay
bacteriens, les premuers étant toujours & dose précipitante optimum,
es seconds au contraite étant tantde 2 dose forte (Cost-d-dice supé-
neute}, tantdt 3 dose fable (est-3-dire inféneure 3 la dose préapr-
tante optunum),

1. Héparine+lipopolysacchande typhaque. (a) 3 dose forte
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Taptgsv VI
CARACTERES DES PRECIAITES OBTENUS APRES ADDITION, A UNE SOLUTION DE COLLAGENE 4, DE
DE POLYOSIDES QU D’UN MELANGE MUCOPOLYSACCHASIDE
~POLYOSIDE BACTERIEN {TOUS CES CORPS £TANT UTIISES X 1A DOSE PRECIPITANTE OPTIMUM)
' i Acton de la :Ir;lm
mpot- s 2
Nature des substances .m‘Z dn Aspect dy e gty
précipitantes uhlisces précputé | préeputd obten Tempéra~  Tempéice
obtenst wre de ture de
contraction  dissaliton
Hepatme 4+ [Fibres Jongues, agrégles| 48°C
Aads chondroinne-sulfurique TTT ibees tongees é,éfﬁ 48°C.
Lapopolysiccharide (endotowine) | ++- | Fibres trés courtes, non ©°C.
typhique agrégées
Polyoside typhaquex +++ | Fibres mal formées 5C
(précipité gélatnenz)
Polyoude staphylococnque 4+ | Fabres longues, agrégées s¢C
Polyoside pnenmococaque {Cx) | +++ | Fibres courtes, non 54°C
dgées
Hépanine-+hpopolysaccharide 4+ | Fibres couttes, non 56°C.
(endotoxme) typhique agrégles
Hepanne-+ polyoside typhique 42 | Fibres longues (préci- | 50°C
‘puté non gélatinenx]
Hépanne+ polyoside staphylo- °
cocaique
Héparne+Cx +++ [ Fibres, longues agrégées | 48°C
Aade chondrofune-sulfunque+ | +++ | Fibres courtes, non 56°C
Dipopolysaccharsde  (endotowane) agrégées
typhuque
Acde chondrottnesulfanquet | 4+ | Fibres longues (préa- | so°C
polyoside typhique pité non gélatmeu)
Aade chondroinne-sulfunque+ | +-++ | Fibres Jongues, agrégées | 48°C
polyoside staphylocorcique
Acde chondrolune-salfungued | +++ (Fibres Jongues, agrégtes | 48°C
Cx
}
* Obseryations faites excepuionnellement, nond pH 4,3, maisd pH 7
(s mg./mL): obtention d'un Préapxte (type endotoxine) normal.
L LR F2E RSN SERFIR e PEAP SR S S

se fait, non en unc seule masse, mais en petits grains.

2. Hépanne-+ polyoside typhique. (a) 3 dose forte (2 mg/n;l)
préctpitation anormal ‘Fuble; le précipité se contracte 3 50° C.
(5) & dose fable (0,25 mg./ml): précipitation (type hépanne)

normale.
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3. Hépatine+polyoside staphylococeique, (a) 3 dose forte
{2 mg./mL) et (b} 1 dose faible (0,20 mg./ml): pas de préapitation.

4. Héparine+-polyoside pneumococeique Cx, (a) A dose forte
{t mg./ml): obtention d'un précipité type héparine mass qui se
contracte & 50° C. () & dose E‘dblc X mg./m{). obtention d’un
préapité (type héparmne) normal.

5. A.Ch.S.+lipopolysaccharide typluque. {(a) 3 dosc forte (5
mg fml): ok "un préapité (type end normal.
(b} 2 dosc faible (1 mg./ml.); obtention d’un précspieé (type A.Ch.S.)
normal.

6. A Ch.S.+polyoside typhique (a} A dose forte (2 mg./ml).
obtention d'un précipité type A.Ch.S. mms qua se contracte a sa° C.
{b) 2 dosc fa’xb}\’: {o,2s mg.fml}- obtention d'un préapité {type
AChS5.) normal.

7. A.Ch.S.+polyoside staphylococeique. {a) 3 dose forte (2
mg.fml) et (b} 3 dose faible (0,20 mg./ml): obtennon d'un préci-
pité (type A Ch.S.e normal,

8. AChS.+polyoude pneumococague Cx. {a) 3 dose forte
(1 mp./ml): obtention d'un précipé type A Ch'S, mas qu se
contracte d 50° C. () 4 dose fasble (0,2 mg /ml); obtention d'un
préapité {type A.Ch.S.} normal.

DISCUSSION.

1. Onsavait dé que des mucopolysacchandes comme Phépanne
et PAChS sont capables de précipiter tons deux un colll;génc
st:IuBIc en donnant naissance A de belles fibnlles A la lumuére de nos

By, ajoute (cea étant par le double

sumageant).
~Dians les prépnds, o} y 2 non seulement préseuce mas encore
combinaison des deux ponapes chunuques. Comme preuve, nous
donnerons les résultats de l'exgénmc: sutvante, A:x d:’s édmntdlc’ns
S Cr- -

dime ovBemacnd o ool ke aanton PR

dt -

duhiqude

P

pr . o .
dosage de Ihexosamine dans 1 mg. de préapué sec 26ug 7, 2708 1
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27 ug 8, 27 ug 3. Quatre chuffres aussi voising n'auraient pu ére
trouvés si une v‘émable combmaison chimique n'était pas en cause
(d‘ans le collagine A précipité par le CINa, pas d’hexosamine
décelable par la méthode que nous avons atrhsée).

~ Sourns  Iactton de la chaleur, les précipités collagine-héparine
ou collagéne A.Ch.S. se comportent de la méme fagon puisque tous
deux se contractent & 48° C. En revanche, le premier est plus aisé-
ment dissociable par le Cl,Ca; 1l serait donc moins stable,

2. Des polyosides bacténens comme Je hipopolysacchartde typhi-
que, les polyosides typhique et staphylococcique, enfin e polyoside
pneumococeique Cx peuvent, au méme titre que les M P, men-
tionnés plus haut, précipiter 1 vitro le collagéne A Cette fois encore,
3 une exception prés, nous avons insisté sur cette exception qui con-
B e ! | précédent (Bazin, Del-

e les précipitations tradui-

Combinaisons, toutefous,

trés particubires puisque, non seulement elles différent totalement

des combnaisons collagine-M.P., mais qu'elles différent encore
profondément entre elles. Anst:

-~ La dose précipitante optumum varie nettement d'un polyoside
bactérien A Fautre; en tout cas, cependant, nous l'avons toujours
trouvée supéreure, et souvent trés supéricure, aux doses corres-
pondantes pour Uhépanne et 'A.Ch.S.

—Les marges de pH qu permettent une précipitation sont, de
leur cbté, non moms vasiables,

— Vanabthté encore, en ce qui concerne aspect et les propriétés
des précipués obtenus. On observe la formation, tantdt de belles
fibrlles, tantdt d'un stmple dépét gélatineux. Mais ql‘lds ‘qu'lls
sol -

Pa

L B
polyosides bacténens sont moins solides que les combimassuns cor-
lagene-M.P.

utilisés 4 doses précipiantes et méme 4 QoS RO Plocipdilie
Cette action mhibitrice est partcubidrement nette dans Je cas de

I'héparine. . i
Pareille observaton mérite sans doute d'étre rapprochée de
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cestaines, autres recuetllies dans des domaines voisins, Ainsi, Blum-
berg, Oster et Meyer (19s5s) ont signalé que, nus en présence de
faibles concentrations de CINa, T'acide hyaluronique domne des
agrégats particulaires, et que ces agrégats, au contraire, se dissocient
qu:;md le CINa présent dans le rmlieu attemnt une concentration phz—
einfantaca Thag o ge O -

" vror e na PR BT

centration e 5%, mhibe fortement la combinmson héparine pro-
tamune (en présence de CINa, 5 fors momns d’héparine se trouvent
fixds). D'aprés 8. S. Cohen (1942), la préaiprtanion d'une nucléo-
protéme (I s'agissait en Voccurrence du virus de la «tomato bushy
stunt ») par 'hépanne, I'A.Ch.S. et 'acide hyaluromque, est nlibée
par o,1 M de CINa; elle reprend place, cependant, en présence d’une
gllmqg?x:dc quanuté de sel. Ajoutons enfin que, selon|] Badin et
3 A I R

o e 0
mhibée totalement par 0,2 M du méme corps

4 Les combinaisons collagéne-MP. (héparme ou A.ChS))
cessent aussi de se fare normalement in vitro quand, dans le milien,
se trouve un polyoside bacténen comme le hpopolysacchande
typhique, les polyosides typhique et staphyl enfin le
polyoside pneumococcigue CX.

Les combnaisons collagéne-héparme sont surtout troublées
quand, dans Je muliey, se trouve un hipopolysacchande typhique ou
u polyoside staphylococcique  Patfors, on ne note aticune pré-
apitation S1 elle se produt, elle est le plus souvent peu abondante;
encore e précipieé formé est-il en général du type collagéne-polyo-
side bacténen {ex: collagéne—hpoyolysacchange typhique).

Les combmations collagine-A'Ch.S. sont, elles aussi, troublées
surtout par la présence du lipopolysacchande typhique et du polyo-
side mphylocccaquc Dans Fenscmble, toutefors, elles sont trou-

ées mouns nettement que les précédentes, ce qui étonne d'ailleurs
un pey, attendu que, d'aprés I'action du CLCa, on serait tenté de les
crowe normalement mons stables

5. Moufs d'meérét des observanons mentonnées a-dessus. Is
sont, 3 notre avis, divers. Nous les résumerons amnsi.

(¢} D'assez nombreux auteurs pensent  Pheure actuelle que des
mucopolysaccharides sont un des ¢éléments du aiment qu umt, dans

que,
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1a fibre conjonctive, les fibrilles et les filaments. Nous ne pouvon
pas dire que nos recherches personnelles apportent un argumen
supplémentaire en faveur de cette conception, Nous croyons pour
tant qu'en mettant en évidence la Produm’cn in vitro de véritable

t humiques entre collagéne et M.P., elles offrent
grand avantage de souligner I'affinité extraordinaire que possiden
o substances les unes pour Ies autres. Que celles—ci s¢ « hent» din
1 .- Ta - N

< mceifintal ar

les molécules de M.P. Mars pourquoi ces liaisons seruent-eiles detec-
tueuses ou, si I'on veut dang 2 Les faits expér que
nous avons relatés ci-dessus & propos des sels et des polyosides bac-
tériens apportent une réponse au moins plausible, Ces Haisons de-
viendratent défectucuses parce que se trouveraient 3 un moment
donné, dans la trame conjoncnive, des éléments qui sont capables, eux
ausst de contracter des haisons avec le collagéne ou les J'VI.P- Se
ferait jour amnst une action compétitive entre plusi
d’ol, en dermire analyse, formation d'un ament mal . Au
nombre de ces substances, nous n'hésitons pas, en nous fondant sur
nos résultats in vifro, 3 ranger des sels (ils seraient présents, locale-
ment, & des concentrations trop faibles ou trop fortes) et des prin-
cipes bacténens divers (par exemple, polyosides). 5

(¢) I est toujours dangereux d'extrapoler et de vouloir imaginer ?‘
qui peut se passer 1 vivo d’aprés ce qu'on vout i vitro. Nous le
savons miewx que quconque. 1l n'en reste pas momns vral girau
pomt attemt par nos recherches, nous faisons 3 T’hypothése mention-
née le plus large crédut.

RESUME ET CONCLUSION

Les auteurs ont étudié les combinaisons qui sc forment ”,'":
entre le collagine A d'une part, des mucopolysacdmndtsl(h‘l’“mo:
acide chondroi Ifurique) ou des polyosides bagrériens Q‘?u
polysacchande typhique, polyosides typhigue et staphylococaqie
po[ll{osldc pneumococaique Cx) de l'autre.

ont ensuite montré comment des com

binaisons collagine-
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mucopolysacchandes peuvent étre troublées par fa présence dans le
milicu de sels (CINa, SONa,) ou de polyosides bacténiens.

En conclusion, s ont émus une hypothise d’aprés laquelle cer-
tanes « maladies du collagine » pourraient résulter simplement de
hassons devenues défectucuses entre la protéme collagéne et les
molécules de M P., ces hatsons défectueuses tenant 3 I'entrée en jeu
mtempestive (action compéitive) de sels ou de principes bacténens.

SUMMARY

1. When to a solution of collagen A a solution of heparm or
chondrostin sulphuric acid 15 added, a precipitate forms  This fact
has been known for several years, by electron mucroscopsts in
particular, but has never been the object of a systematic study.

We have determuned, for the two mucopolysaccharides quoted,
the preap g dose, the op precipitating dose,
the himats of pH between which precipitation occurs, the pH of the
medium for apparent optumum precaipitation, etc. We have also
studied systematically the principal characters of the precipitates
obtamned (appearance, temperature of contraction, etc.) We were
alsoable to show that the precipitates are the result of a true chemical
combination between the collagen and the precipitating substance.

2. A preapitate may also be obtamned when bacteral polysac-
chanides are added to a solution of collagen A We have discovered
this fact by usng typhoid Lipopolysacchande (endotoxn), typhic
and staphylococeal polysacchandes, or the Cx polysacchande
extracted from preamococeus (rough). The precipitates obtamed
1 thisway differ not only from those given by chondrostin sulphuric
iad and by heparm but also they differ from each other. For each

actenal polysacchande we have defined the conditons for pre-
Cipitation and the nature of the precipstates formed.

3. Having established these facts, we have studied what happened
when heparin or chondrottin sulphuric aad was added to collagen A
m the presence of salts or of a bactersal polysaccharide. The results
ate as follows:

{9) In the presence of salts (NaCl, sodwm sulphate) we obtamed
aither a very fant precipiate having different properties or no
Precpitate at all. The vamabihity of the results depended on the
natuze of the mucopolysacchande used and on the nature and
amount of the salts present m the medum.

1
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(b) The combmations collagen-heparin or coll it
sulfuric acid are also altered when the; take place 1 the :rocxs‘cir?cmo?'
a bactenal polysaccharide. Precipitation may be inhubited. More
often preaipitation occurs but is of an unknown type.

4. The authors have attempted to determine the significance of
these observations both m biochemistry and pathology.

GROUP DISCUSSION

LA TRNREE IR IRV I (RS NP (RN 2 IS [P SN SN 858

' P e

tween collagen and mucopolysaccharides.

Dr D. S Jackson referred to experiments by Dr. Bungenberg d:]ong
working at Utrecht. This worker, up to the present date, he said, ha
studied the mnteraction of a large number of polyelectrolytes and neutral
polymers with every possible combimation ofP antons and cations and had
evoked a theoretical explanation for these phenomena  Dr, Delaunay’s
observations could be a speafic cxample of the general phenomenon of

collowd mteraction
Dr. Bat6 remarked that 1t was assumed that collagen fibres ongmated

from the cells whercas the experiments reported could be interpreted a5
el b LA tverntion of celle

:xlﬁmntely incorporated mto the collagen hibrils, Un the VLKL du, 110
the polypc de chains which are 1 solution and are precipitated by the
N e e her athar methods

and Mlle

soints of

ey into

reen very

cautious 1 us mterpretation. It was tempung to assUIe wat LLAUse (o
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pt take place m tissues they must be causally
related. This 15 not necessanly the case, and 1t may well be that the
mucopolysacchanides 1 the tissues have somethmg to do with other
PN S-S U I M z

-a . o . . - 0, < .
other forces and, depending on_arcumstances, the solubility of the
muxture mght be greater or less than that of either of the components.
Thus could not be predicted at present

Dr CONsDEN asicd how 1t was possible to determunc the combmations
of aad-soluble collagen with polysacchandes at hugher pH values, since
acd-soluble collagen 15 precipitated above pH 7

Dr. Baziw answered that the existence of 2 combination between
collagen {m solution at pH 4 3) and a polysaccharide {in solution at a pH
}ubghc: c:llmn ) 15 shown by the charactersue quality of the precipitate
obtaing

In concluston, Dz DErAUNAY agreed with alf speakers and m particular
with Dr. Gross and Dr Neuberger He had presented facts which are
easily reproducible and submutted them to the meetng. As to the mter-
pretation of these facts, 1t was another matter and would be the task of
tomorrow,



MICRO-ANATOMY AND REACTIONS TO INJURY
OF VASCULAR ELASTIC MEMBRANES AND
ASSOCIATED POLYSACCHARIDES

THEODORE GILLMAN, MICHALL HATHORN AND Jack Penn

Durtng the last sux years the mvestigations in this laboratory have
been directed towards understanding the histogenests and histo-
c}zcmjs‘try' of reparr. Hitherto, analyses have been made primarily
. e T g -'~.'l'-,(-(‘ o e -~

o e [N VT

. Y

[ o oo et .
19563, b). Apart from understanding the healng of cutancons
lesions and of some aspects of epithelial-connective tissue relations
m the pathogeness of skin carcmomas, 1t has always been anncipated
that some light may be thrown on repair processes generally, irrespec-
tive of their Jocatton 1n the body. Thus, 1t is considered that an
appreciation of the reactions to acute and chronic lesions in the skin
may elucidate, 1n some measure, the basic processes involved m
repatr, as opposed to regeneraton, by connective tissues, of lestons
m the hver, arteres, myocardium, et
B R

wrnac f cutaneous injuries
deep to the elasic
nvariable (Gillman

, COntrary to some

. . «h, 1944), normal”
clastec fibres did not reappear m the scar tissue tor months or even
years. Fibres, stamed with accepted elastic stawns, frequently appear
m longstanding scars  But the morphology of these fibres, their
arrangement i relation to the collagen bundles m scars and their
other tinctoral reactions previously reported upon (Gillman ef al.,
1954, 19554, b) as well as some of the other characteristics reported
on 1 the literature (Lansing, 1055) mndicated that these were prob-
ably nat 1dentical with the ‘normal” cutancous elastic fibnis. On the
basts of thetr morphology and tinctorial reactions these elastic-like
fibres were shown to be distimgushable from ‘normal’ elastic fibres
and were named psendo-clastic fibres. Such pscudo-clastic fibres

20
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(P.E F.s) were shown to be the man components of serule clastosis
and the so-called merease in elastic tssue or *hasophiic collagen’
regularly encountered and commonly described in the skin, m
ion with chrome rad: d s in man. The expen-
mentat production, in man m vwo, of localized patches of such
psendo-clasnc fibre formation 1n the deemis has also been reporsed
upon from thus iboratory (Grllman ef al,, 1953; 1955b).
In attempuing to charactenze them, these fibres were compared
with the thick wavy elastic lamunae otrmcmbmncs m the aorta,
R e L P

I~ ’ \ . L R .

mjury.
The objects of the present report ase to outline buefly firstly, some
of the morphological and tmctomal of vascular efasnc
membranes {V.E.M.s) m healthy artencs and secondly, the changes
which these undergo followng myury 1 man, and especally (m
different parts of the arternal tree) 1n rats given toxic doses of calar-
ferol. Some of the umphcations of these findings will also be
eviewed.

We ate painfully aware of the inntations of staimng methods i
defiung chermical changes m tissues, but nevertheless we firmly
believe that carefit observations, such as those recorded here, often
form the starting-p or ;e which will ultimately Jead
to clanification of fibre structure, by the use of the most modern
tustochemical, chermcal and biophysical methods and crstena, most
of which are not available to our group. Some mdication of what
may be achieved of atrempts ace made to explam the unctonal reac~
tons, used widely, effcctively, and for many years by histologsts
and fustopathologasts, 15 avatlable from a recent outstanding publica-
uon by Glegg, Fidnger and Leblond (1953). By the combned use
of hustologrcal, chemical and physical methods, these mvestigators
were able to provide a satisfactory chenucal explananion for some of

c differences m stimng properties of Tencolar and cotlagenous

res,

We wuncerely hope that the precise natore of the anctorially
definable alterations 1 connective tssue fibres dermus, blood
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vessels and gall bladder, outlined previously and below, will ako
so0n be eluctdated in terms of the chemistry and ultrastructare of
connectrve tissue fibres.

MATERIAL AND METHIODS

Aortae, carotids, pulmonary and other mediam and small arteries
and artersoles were obtaned, at post mortem, from human subjects
immediately after acute traumatic death (r0-30 minutes) or dymg
from various dscases. Sertal wax sections of these vessels, fixed m
formahn, were stuned by the methods previously outlned (Gillman
et al., 1953; 10553, b; Gillman and Penn, 19562, b) to demonstrate
cytology and elastic, collagen and retculn fibres by the penodic-
acid Scluff (P.A.S ) and von Kossa (V.K.) routines — to demonstrate
polysaccharides and mineralization respectively — and by the alco-
holic tolmdine blue method recommended by Glick (1049) for
identifying hromatic mucopolysaccharides in connective tissue
ground substance and 1n mast cells.

The experimental matenal comprsed heart and coronary vessels,
aorta (4 parts — Le. ascending, thoracic, pre-renal abdominal an
post-renal abdominal), spleen, stomach, intestine and other tissues

;nénbun:i anmals or rats sacrificed between the fourth and the
forty-third day after the mitiation of the experiments. Tissues from
these anmmals were prepared i the same ways as outlined above for

human matenals.

OBSERVATIONS

1. Morphology and Histochemistry of Nornial Elastic Membranes
Some of the stamng reactions of vascular clastic membranes
(V.E.M.s) have been recorded previously (Gillman et al,, 19553). In
particular 1t has been shown that these membranes seem to be com-
posed of amal homogeneous ‘cores’ having tinctornal reactions
dufferent from the matertal which scems to constitute a thin, sur-
rounding coating i larger vessels or an enmeshing spiral of fibnls in
smaller vessels (see below). Only some of the staimng qualities of
these ‘cores’ are the same as those of the fine elastic fibnls encount-
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ered in the dermal stratom papillaris and in the other loose areolar
connéchive fssues,

Distinct differences in staining between the axial cares of the
V.EMs and fine, elastic fibnls have been demonstrated and pre-
viously enumerated (Gillman et al., 19552, b). Moreover, in ren-
culin preparations of human arteries, a fine and almost continuons
sheath of reticulin fibres is regularly encounteted, extending along
the outer borders of the wavy cores of the V.EM s (Fig. 1), From
these outer reticulin sheaths, numerous fine reticubin fibnls extend
mto the surrounding interstitial collagen and unite with the peri=
muscular reticuln network. In Walder preparations, counter-
stamed with Van Gresont's stain, the ‘core’ of the V.E.M., lying
wi'tlhin the reticulin *steeve’, stams yeflow, while the neighbounng

tenhn and collagen meshwark (see legend and lower portion of
Fug, 19 at a).

LPonsatharide‘s {as demonstrated wnth P.,A.S.) form a disnnet
el S e ; o T,

15 weegatarly distnbuted m the mtermembranous collagen, but 1
disunctly aggregated as a coatng around the pale Mue-stanmg
V.EMs. In Rinchare-Abul Haj preparations (a modificd Hale’s
ferrocyanide method) the decp bt i polysacchand
are fess widely distnibuted and regolardy form 2 coating around the
yellow-stamung membranes. In the normal rat’s aorta the pen-
mermbranous reticulin sleeve 15 finer and more granular than thatn
man (B, 2), the P.AS. posiave sleeve around the V.EMs 18
disunce although thin, but only minimal amounts of metachro-
manc matertal axe detectable, seattered among the mter-membranons
muscle bundles, and formmng an irregular meerrupted per-membran-
ous sheath,

Staning with Maflory’s Phosph ic Aad H: A
(Mzﬂorys P.AH) demonstrates, 1 human aoric VEM.s, 2
2 y staming t wnth i ‘moth ” clear
spaces along its fength. Thus blue-stamed sleeve around the wavy
membrane 15 closely hugged by the surrounding orange-stammg
collagen. In the human aotta (gls steeve around the elashe mem~
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brar'xcs (which stams deep blue to purple with Mallory’s P.AH.
15 victually unbroken. However, further insight into their possib?c,
steucture 1s obtained from the study of smaller artertes in man and
of the aorta in the rat. In the internal elastic membranes of the small
Yl'sc‘c'ra.l fmer.iolcs m man (Fig I;g) tfw material, staming bluc with
LRt BRI 1 . B i ot ) " .

AN

l'..ll. o B e . A Ha e
facts. Farstly on focusing up and down, on such internal elasne
48, A
membranes, the blue ‘dots’ seem to joun one another, giving the
- N : R e

blue strrpes (Fig. 4b). Ths impression, gamned from the study of
medium-sized artenes, 15 remforced by the findings in termunal
arterioles In the latter, the collagen-like core seems thicker and
more homog while the sur ding spiral of blue-staini
fibrls scems to be less tlghtly colled In secttons, stained with elastic
stans {orcemn, Wegert's resoran-fuchsin or Verhoeff’s methods),
the positrvely stamed matertal 1s coarsely granular (Fig. 5), 2 non-
stanng structure being occastonally visible between these coarse
granules. However, with Mallory’s P,A.H. (Fig. 6 — a serial section
of the same arteriole shown 1n Fig. ), the collagen-hke portion of
the internal elastic membrane 1s promunent, being flanked by rows
of very fine blue-statnmng granules.

Thus, 1t would seem, that m man, the collagen-like core of the
elastic membranes, m larger artenes, is surrounded by an almost
contiuous, farely thick coat of some other matenal (pethaps
clastin-hke or reticulin-ltke) while, as the arteries become smaller,
so the collagen-like core becomes thicker and 15 surrounded by 2
thinner coating of this other matersal, which now forms 2 spiral of
bluewstainmng fibnls — thus spiral becoming  progressively more
loosely cotled and constituted of finer fibals as one proceeds to the
smallest branches of the artertal tree. i

These findings and tnterpretations, concerning the arterial elastic
membranes in man, are further confirmed from a study of the arter-
ies 10 rats. In the normal aosta of the rat, the V.E.Ms are clearly
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constituted of a care of matenal staming orange with Mallorys
P.AH. These cores are surrounded and conneeted with one another
by fine blue-staining £ibrils (Fig. 18) havmng a dsposicton dilferent
from reticulin (compare Figs. 2, 18 and 19). Following injury, the
‘cores’ become thicker and the inter~ and peri-membranous blue-
oo . : 7" {compare the
sreparatians of
. ed pale brown
while the outer portions are heavily stamed. These differences
staming ate parncularly clearly visible 1 oblique sections of these
V.EM.s, in which deep brown stripes can be seen spiralling around
the paler staiung cores.
us, from the histological evidence here outhined, 1t seems that
the V.EM smattenes: (1) Are not homogeneous 1n structuze, bemng
constitated of 2 core of collagen-hke matcral, sleeved by poly~
acchande and possibly some ather ﬁbrﬂl::r dcmLcnt smalar to
Jly and } 1

elastn, (z) Differ fly, morpholog:
from elastic fbrls found in skin and Joose areolar conneenye tissue.
3) Are Iy closely lated with the surrounding ren~

culin, collagen and polysaccharides, (4) Structures delineated with
elasue suains, and appatently homologous m the larger artenes of
the rat and man, differ morphologieally and tinctonally when other
cnerta are used

These morphologyeal and tnctonal findings 1 healthy artencs are

substantiated by and permut a filler understanding of the reactions
10 mjury.

2 Reactions of Elastie Membranes to Iyury
Jn man, damage of elastic membranes 15 vanably followed by
feactions mdxstinguxs}ublc from those secn n healing cutaneaus
inguries, . fibroblast, guant celf, polysacchande and collagen
accumulation (Fig. 7) with subsequent scar formation These are the
reactions of sopur of jury as opposed ta regencration, Reactions,
TELLTRITTAER Tt fialad-

erenilaw on oL ol an

stbaley, 10 recent monthis, that the widespread 1ysis Ol Vastluat tusue
membranes, mduced by feeding sweet-pea seed flour to rats, 15
bly followed by brot with scar
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branes (which stams deep blue to purple with Mallory's P.A.H.),
15 virtually unbroken, However, further msight into their possible
structure 15 obtamed from the study of smaller arteries 1 man and
of the aorta in the rat. In the internal elastic membranes of the small
visceral artertoles m man (Fig. 3) the maternal, staining blue with
Ao sma e [ R R

facts. Fustly on focusing up and down, on such tnternal elastic
membranes, the bluc ‘dots’ seem to jom one another, giving the
optical impression of spiralling, an impression not ble in
stills taken at one plane of focus. Secondly, n oblique sections of such
membranes (Fig. 4) the clear homogeneous collagen-like orange-
staned core 15 exther flanked by blue fibrls (Fig. 44) or has distinct
blue stripes (Fig. 4b). Thus impression, pained from the study of
medmum-sized artenes, 15 remforced by the findings m termmal
arterioles. In the latter, the collagen-like core seems thicker and
more homogeneous, while the surrounding spiral of blue-staming
fibrils seems to be less tlghdy cotled. In sections, stamed with elastic
stams {orcem, Weigert's resoran-fuchsm or Verhoeff’s methods),
the positrvely stained material 15 coarsely granular (Fig. 5), 2 non-
staung structure being occastonally vistble between these coatse
granules. However, with Mallory’s P.A.-H. (Fig. 6 — a seal section
of the same arteriole shown m Hg. s), the collagen-like portion of
the internal elastic membrane 15 promunent, bewng flanked by rows
of very fine blue-staming granules.

Thus, 1t would seem, that i man, the collagen-like core of the
elastic membranes, m larger artenes, 15 surrounded by an almost
continuous, farly thick coat of some other matenal (perhaps
elastin-like or reticulm-like) while, as the arteries become smaller,
so the collagen-like core becomes thicker and is surrounded by 2
thinner coating of this other material, which now form.s a spiral of
blue-staming Ebrds — this spiral becoming progressxvelgr more
Tooscly coiled and constituted of finer fibrils as one proceeds to the
smallest branches of the artenial tree. i

These findings and interpretations, concernmg the arterial elastic
membranes 1n man, are further confirmed from a study of the arter-
165 m rats, In the normal aorta of the fat, the V.E.M.s are clearly
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constituted of a core of matenal staiming orange with Mallory’s
P.AH. These cores are surrounded and connected wath one another
by fine blue-staining fibnls (Fig. 18) having a disposiion different
from tencalm (compate Figs, 2, 18 and 19). Following injury, the
‘cores’ become thicker and the mter- and pen-membranons blue-
staning fibrds scem to disappear m a patchy fashion (compare the
upper and lower parts of Fig. 18) In orcem-stamned preparations of
the normal rat’s aorta, the cores of the V.E.M.s arc unted pale brown
while the outer portions are heavily smined. These differences in
staming are particolarly clearly visiglc m obhque sections of these
V.EM.s, m which deep brown stripes can be seen spiralling around
the paler staming cores

‘Thus, from the histological evidence here outlined, 1t scems that
the V.E M s1n artenies. {1) Are not homogencous i stucture, being
constituted of a core of collagen-hke matenal, sleeved by poly-
sacchande and possibly some other fibnllur element umilar 10
clasnn. (3) Differ Yy, morphologically and histoch 11
from elasuc fibnls found in shan and loose areolar connective tissue,
(3) Arc structunally closely Tated with the ir retie
cubin, collagen and polysacchandes. (4) Structures delineated with
elastic stans, and apparently homologous w the larger artenes of
the rat and man, duffer morphologically and unctorally when other
crtena are used.

These morphological and nnctonat findings m healthy arteries are
substantiated by and permst a fulter understandung of the reactions
to tnjury.

2. Reactions of Elastic Mentbraies to Inpury

In man, damage of clastic membranes 15 mvarlably followed by
reactions mdistingushable from those seen m healing cutancous
OOt S " R R T e

srotlat o those here portrayed, have also been desenibed recently
the eatond artery ‘elasuc loma’ in man, The damaged elasnc
membranes seem 10 act as foretgn bodes evolang grant cell forma-
ton (}' 18 8), Watker and Wartschafter (xg's'é) lm;c also' dcxr\en.
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formation. Unfortunately, the Jatter authors made no mention of
the reactions of the elastic fibrils in skin, lungs, elastic cartilages and
areolar connective tissues,

In man, damage of the media of smaller arteries, as previously
v_:l_cscnbc’d (lellﬁmn'et' izI., 19553), may be assoctated with the

alty demonstrable changes are regularly encountered. Muneraliza-
tion (von Kossa positive materal) of the myocardium and of the
intimal portions of the coronary arteties (Fig. 9) ensues within 4-6
days of the first dose of calciferol. These cardiac lesions usually
resolve raprdly so that by the tenth day von Kossa posttive material 1s
no Jonger detectable erther 1n the myocardim or 1 the coronary
arteries. The former now show =-fad oo 3201 101 1
filtrations {(with or without

coronanes nOW present a marke:

line) strongly P.A.S. positve mnt

and twelfth days the internal pa i

(Fag. 15), then of the thoracic and later of the abdommal aorta be-
comes heavily muneralized, as may also the alveolar portions of the
lungs and vsaally, in addion, parts of the gastric mucoss, the mus-
culature of the stomach and of the colon. The mmeralization of the
alimentary tract 15 usually most marked between the cleventh and
eighteenth days of the expeniment. After thus time, most (but not
all) of the von Kossa postive matenal disappears from the various
parts of the aorta, and from the ahmentary tract, so that, by the
fortseth day (1 €. 35 days after the last dose of calesferol) only isolated
sections of the ascending and thoracic aorta retain von Kossa
posttive maternal (Fig, 20). The cardtac muscle regenerates com-
pletely, while the coromary arteries and the severely damage:
portions of the aorta undergo Varymg degrees of fibross.

Details of these reactions, which are simular to those described by
other authors (Sohl et al., 1930; Ham and Portuondo, 1933; Ham
and Lewis, 1934) have been presented elsewhere (Gillman et al.,
1956). Pertinent to the present discussion are the changes in the
coronaty arterics, aorta and smaller vessels— the latter not having
been mumeralized at any stage of the experiments.

‘At the outset it must be stated that m all loci, accumulations of
von Kossa positive material are consistently associated with marked
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B . positive material {compare Figs. 9 and 10).
e B ExASA.P Sl ..\-('.-'«)Planxn (gw: that in the
. , of aleohol-
- L ., ucopolysac-
charides (M P.S.) with or without fibrosis (Figs. 20 and 21} — de-
pending on the intensity and duration of the damage. X
On superfionl examination, the von Kossa positive material scems
to be deposited within the elastic membranes, However, carefil
study of the reactions preceding, dunng and ding ineral
uon reveals that the calarum (and other von Kossa posttive mneral
salts) 16 not deposited within the elastc membranes, but rather
atound them. This 15 clearly dcmunsmtt{\ for the aortic elastic
et U R IR

U ann mmaisTor

RS , B SC IR

tween the previously munerahzed” VEMs (Bgs. 20 and 21).
Appasendy, anly 1f the \ 15 very severs or prolonged
{35 oceurs especally 1 the first part of the aorta of rats, fed larger
doses of calaferol) do the V.E.M.s themselves become disrupted,
feading to wregalannes m thesr arsangement in the vascular walls,
very marked polysacchande ac ) freg asso-
cated with wleeration of the mtima, and subsequent gtant celi and
flbroblaste reacnions (Pags, 20 and 21).

Coronary arterics, which mumerahze carly and then very rapidly
lose such excessive munetals, can eanly be distingusshed from the
nonmal coromary attenes, even by the tenth day of the expenments

(Fig. 70}, By this time, when von K i
Gt o s Shertvon Korsa posttrve materil b wually

;‘ { HIE den of tweltth day the uitersal elasnc membranes {norm-
P /havclg d from p ty minerabized
coronaty anenes By the forty-thurd day, the walls of coror
;ncncs l;zv: thickened considerably, m} the 1umx:xa ha\?: s:g;
;gc:hncrc 3 2 tesult of the replacement of the walls by fibroblasts
thy nha‘arlétd accumulation of P.A 5. positive and metachromatic
1:‘0 ‘\’y ochandes {Figs. 13 and 14). Ssmilar changes are observable,
ough i Jesser degree, 1 me: \

dsum-sized peripheral arterd
arteries, whi
4o 50t seem to become munerahized eve P Ch

the experiments, n duting the early phases of
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Some of the histologically demonstrable reactions of the aorta
(to such severe but transient intoxication with calaiferol) are de-
prcted i Frgs. 15 to 21. The extent of mitial calaification of the
ascending aorta 1s indicated m Fig 15. In Figs. 16, 164 and 17 the
dispositton of von Kossa posttive matertal in the thoracic and ascend-
ing aorta, respectively, are shown, 5 days after the last dose of calct-
ferol. It can here be seen that mmeralization occurs predommnantly
between and around the elastic membranes, the cores of the latter
bemng visible as clear stripes within the black-staining muneral
matenal (Fig. 16). Figs. 16 and 162 — high power views of serial
sections of the calaified elasic membranes 1n the thoracic aorta —
clearly reveal firstly, the mtactness of the membranes (Fig. 16a)
which are heavily coated with von Kossa posittve material in Fig. 16;
secondly, 1n Fig. 164, the dark-staming metachromatic M P.S:s
accumulated around these mntact, although calcified, membranes.

Sertal secttons of the ascending aorta (seen at low power in Fig. 15)
are presented to demonstrate the following:

e ca

emamn ~CsLo AP T K Lo slen womep and nter-
, as opposed
v i and 19).
tes and the
g fibrillar

matertal around these swotlen v E.M.s (compate we wwwer part of
Fig. 18— ‘normal cores’ — with the mddle portion — swollen
cores’ — m this specumen stamed with Mallory s‘Pr.A.H

[PRPISY

-1 pasehyer mineral-
Y

e med | ina ing hbrosis —1e.
the media and the overlymng mtima 1su?der.gao}x;g‘ .

Avvar ~hareene

(e magy vy
cutaneous wound.
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Thus, the morphological and tinctorial findings, 1n healthy blood
vesscls, showing that the V.E.M.s ate not homogeneous mn structure,
are supported by the reactions induced in these membranes by in-
Jjuntous agents,

COMMENTS

It 15 possible to demonstrate that the vascular elastic membranes
EM s) m arteries are morphologically, tinctonially and histo-
chemically distinguishable from the fine elastic fibnls 1 areolar
connective tissue, pulmonary alveols and elastic carnlages. It would
scem that the ‘core” of these V.E.M.s 15 mantaned by 2 specrahized
of the e tissue P immeduately related
to these b R to mjury, plified 1n rats by the
) foll toxic doses of calaferol, 1n-
dicate that the swte of predilection for such mmeralization 15 mof the
core of the V.E.M.s but rather therr encasing retcuba and poly-
sacchande ‘sleeves’. This sleeving of elastic membranes by poly-~
saccharides and even by gruzable fibals, here descnibed, 1s m
conformty with similar ground substance slecves around comeal
fibres descibed by van den Hooff (1952). The membranes them-
selves do not scem to be calerfiable, and n thus respect resemble
other collagen fibre bundles. On the other hand, the retculin and
polysaccharsdes coating the V.E.M.s, like simularly composed ground
substance of bones and carttlages, seem espectally luble to mineral-
ization,

Taken together, the morphologteal and histophy siological evid-
ence hete presented, suggests that the mtcgnity of the VEMs1s a
function of the contmuous activity of the surrounding connecuve
tssue conmponents, directed towards the maintenance of the mem-
branes by the accrction and removal of molecules at there surfaces.
This allows for constant regeneration of wear and tcar trauma, The
membranes themselves scem to act as *organzers’ for the metabolic
actvity of the surrounding polysaccharides and other connective
tissue components, for, once these membranes are disrupted or

cstroyed, the connective tissues do not seem capable of replacing
them ealy. Such severe ot prolonged tojuries to the peri-mem=

Tanous connective tissue are consequently succeeded by the usual
feactions to njury, such as those seen m other parts of the body
{eg. in the skin), and ch i by MP.S )
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of those acavities of the vascular connective tissues norm
cerned 1 maintainmg the mtegrity of the V.EMs. Suc
progress through vascular repair {as opposed to regenerar
culmunate in fibrosis — the vascular equivalent of cutaneous

(4) As in the repair of all myuries to connective tissuc
enough to mvoke repair, so too m vessels, one of the
charactenzed by thataccumulation of mucopolysaccharides |
whuch regularly precedes fibross.

(5) Mmerahzation, hpordal changes or the development
of pseudo-clastic fibres scem to be determined primanty
severity, duration and nature of the disturbances m the pe
branous connective tissue polysaccharide metabolism induce
injury. This 15 mdicated by the finding that experimentally
manerabization of the V.EM.s in wats first occurs around
within these membranes. Only when the latter are distup
fibrosis, or the other changes mentioned above, superves
V.E.M.s thus seem to act, 1 some measure, as organzers of
tave msste metabolism in artertes.

(6) It 15 suggested that the varying suscc;Pt\bxlity to
dfferent parts of the vascular tree may be a function fiesth
different rates of polysacchande turnover in the peri-me
conneetive tissues, secondly of the nature and severity of the
and turdly of the prevatling metabohsm.

(7) Most of the reacuons to injury, observable m blood
can be mierpreted n terms of the usual hustogenests of the £
mjuries to connective nissues, no matter where they occul
body. Such interpretations may be facilitated by the finer
anatoncal details here outlned.
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PLATE I

Heartand cotonary antenes of 3 £, one da, e the st of fine dly doss of 16,000 u
of calefirel (1e sxth day of expernnent) showing von Kassa posme walls of eoronaty
. Von Kossa preparation X 50

Fi6 10

Same ficld as shown m Fig 9 but several sections away_showing antense P A3 postve
staning of entice wally of medum-sized coronary vessck Punodi-Aad Schf (PAS)
preparztion X 50

Normal medmrn-szed cororaty arery of 2 rat showwng wavy, induated PAS poue
ntemal elastic membrane PAS st x 220

Small coronary vesl i 1t s daye i the bt of five conscune dady doscs of 36,000

s of clafersl o demomsrate ntens broad P A'S posine interel el ik el
ind depemuon of PA S postive macersl sbove and atound the vesscl There is also an

Tncreandd penmsscoli cellilrity mdscatne of meipint fibross P A S mithod X 220

Markedly duckened celalar, fbronc medi-sed Loronary vsscl un the buart o 2t 4o
ys oficr the Lus¢ duse of calaferol Note also the red-staming pools of P A'S posive
eral (grey ﬁgure) ooty 6 o ok 30 ok tvonel BA'S mebod

13
Serual section to vesul shown 1 Fig 13 dcnmnsn:nng apan marked fbroms and pools of
metachroumani musopolyticchands (speally welldhown at 6 o'clock and butween 12 and
ehock o the w2l of s seoel) - Alechohe tlusdsne Blue nnly X 2

Fic

Ftent of suncralizaton, confined to the mmml portion of the medus of the Jscending aorta.
in 2 rat ont day after the lase of five daly doses of 36,000 umts of calaferol  Von Kossa
method » 23

Fic 16

10 demon-
The wentral
von Kowa

162
Serul secon 10 Fiz 16 to show e st membranes surrounded by darkly stanig
Taetuchromane polysiiibond whih i sho. agcgued o rocks stound the uppaose
(it menibrane i thi Figure  AlLaholi. tolandime bloe only < 550

Fic 17

Appearances of von Ko preparation (same ascending aorta a5 shown 1n Fig 15 to show
disriboion of von Kossa posime miaterial 1n retanon to wavy elastic membrancs towards
the wncr aspect of the media Von hossa muthod < so0

Fic 18
Seral secoon t0 Fig 17 €0 show thickened cores of vasculr elae membranes towards -
i suerounded by pools or streaks of renculm of clsun-tke material compre with
Bealthy membranes and mccrmembranous fbrts below - Malorves P AL x

Fio

Reteulin methend apphed to serlsection to Faz 4 densamstrating the thickensng of the cores
ofthe clatc mernbranes (towand top alf of ucture) and granulas rencsim sheaths sround
these inner dumaced membranes The spiral mature of the retculin fibres 14 ko lerly
thown around. the. spparently ondamased sl membeanes of the ouner mades o
Wolder reticulin preparstion = 400



PLATE I
Fic 20

area of residual calafication with a plaque projecting towards the muma  Von Kossa pre-
paration X 150
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and helpful in obtinmg journals 1 very difficult circumstances.
Finally, it 15 a pleasure to express our sincere thanks to Mrs. L.
Wisselo for her efficient and patient secretarial assistance throughout
these mnvestigations.

‘We are also indebted to Dr. A. E. Gremeaux of Roussel Laborato-
ries Ltd. (London) for a supply of punfied calaferol, Dr. R. L.
Craig of G. D. Searle & Co. for a supply of sulphated hyaluronic
acid, and to Dr. G. H. Berryman of Abbott Laboratories for 2
supply of hepann, used 1n rclated experiments.

GROUP DISCUSSION

Dr Rope-Smrmi could not agree with Dr. Gillman that elastic tissue in
o 1 2 baeage e i | g S 1 Y

- R T PR '
a0 N L LI T T 1
though the pattern 1s never quite 1dentscal with the ongmal subeprdermal
network. However, if there has been marked loss of tissue or mco-ordina-
tion between the epithelial and connective tissue regeneration as a result of
ection, foreign bodies, etc , then elastic tissue regeneration was irregular
or non-existent  He had confirmed these findings 1n experiments on
rabbts, and there was no doubt that regeneration did occur although 1¢
was difficult to obtan and occurred slowly, He found Dr Gulman's
pscudo-clastic fibres of very preat wterest and agreed that they had not
St SN PR BT N Rt A Rt g

sales, he recalled that chastic tissue was one of the first tissues to take up
injected collosdal solations, for example trypan blue, Thus dye was later
removed to other nissues, particularly the reticulo-endothelul system.
Vitarmin E defictency m animals will reproduce sumular aortic changes very
nicely. The O"IL pont at 1ssue with Dr. Gillman was the question of
regeneration of clastic tissue,

Dr, Giuiman sad that clastic tissue was not easily regenerated, at least
not i scars  He had examimned a wide range and number of scars in man
and anumals, the scac tissue varyng i age from 2 days to 20 years, an
even m very old scar ussue the clastic fibres which ‘did reappear were
abnornnal, 3:“ 15 to say that, although elastic-bike fibres reappear in old
scas, they did not have a ‘normal’ morphology and did not acquire the
ongmnal ‘normal’ pattern of arrangement. In vivo, trypan blue stuning of

K
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aorta seems to be duc to dye accumulanon in the ‘sleeve’ round the core
of the aortic clastic membranes. In odoransm (sweet pea seed porsoning)
fibrosis occurs only after rupture of the elasttc nembranes: this agam
indicanng that damage of the elastuc component may be an essential
precursor of repair,

. 1431‘1~ Bax6 recalled the vartous forms of elastic regeneration as exempli-
£ i o —banlag i
e

10 ey

Jenliriinn o€ slg o epeenn] gl-

o Tarn antag fn haman

PR

o . o sivm
a musinterpretation } hustologists In reality, they were examining an
accumulation of pseudo-elastic fibres, as defined by the methods and eri-
teria outhned, rather than of new ‘normal’ elastic fibres. He wanted to
stress the fact that calcificanion occurred not in but arownd the clastic
membranes and can appear and disappear without fibrosis necessarily
following. Large doses of caloferol which lead to severe or prolonged
caletfication followed by disruption of the elastic lammae were usually
succecdcd'by forergn body reacnions and fibrosss, m other words, repair,

clastin,

Dr GirMaN sad 1o, to his knowledge there was no reconstruction of
the subepidermal elasuc network of the skin in such striae. The depth of
the myury seems to determume the type of subsequent reaction, Surface
abrasions’ of epdermss were followed by complete regeneration of
original archutecture whereas wounds extending deep to the subepidermal

elastic network always appeared to produce scar formation.
. . - A Pl alystace

cium

. r the

. rthe

. ully
ton

must be bound to the tissue itselt, It 15 quite concervavie Ll we pre-
calcificanion trggers off the medial degeneration in arteriosclerosis.

Dr. Guiman pomted out that after injury, seyeral muerals includin
seon, seem to bind on to the perelastrc “sleeve’ he had described. Su
deposttions do not occur m normal ‘sleeves’, no matter how Tugh che
blood calaum, but readdy occur after myury. . 5

Dr Rexp stated that several of Dr, Gillmian’s findings in aortic clastin
were confirmed at the electron microscopic level There were two differ-
ent structural forms of sortic clastm- fibces and shects. There was also a
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RESULTS

The material precipitated at 70 per cent ethanol was determined.
At such high alcohol concentrations some salts wall also precipitate.
The total yields obtained are therefore not very rehable. The yields
of heparin in Table I have been caleulated from the anti-clotting

Tamel
} Normal Rat Sk Granulation Tissue, 3 days old
Experment | Total yield*  Amount of | Total yield®  Amount of
wmg kg ww  Hepmn in |mmg fkg ww  Hepann in
mg fkg ww g fky ww
H a37* 34 184 77
2 383 543 146 56
3 s 473 160 1t
4 Rt 339 240 12
s o 233 53 12
'] — - 167% 100
Average yields 35 e
mg kg ww mg fkg ww

*Including varymg smounts of co-preciprtated salts.

assays. All figures given in the table are caleulated on a wet weight
bass.

This dud not seem very promising. Upon further consideration,
however, the suggestion arose that some new matenal, appearing in
FOE T ) L .

R

Follo\nn]g the addstion of cthanol up o a concentration of 6 per
cent &ro ), a Fraction A was obtamed, which contaned all the
metachromatic and anti-clottmg matenal. Another Fraction B was
preap d by an ethanol between soand 60 per cent.
This substance was nan-metachromatic and devoid of anti-clotting
acuvity. The hepanin content of Fraction A, determined by the
anti=clotting assay, was as follows:

FACTION A from notmal rat skin 35 mg. hepann per kg.w.w.
FrACTION A from 3-days-old gran-

ulanon tissue 36 mg. hepann per kgw.w,
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Hydrolysis of fraction A and subsequent paper elect
inborate b ™ TTe v oo
glucosamin
of starting L
referred to glucuronic acid and galactosamne.” No protern residucs
were found.

Further, some anticlotting experiments conclusively showed
(1) that punified heparin (pharmaceutical) + substance ‘B’ (mentroned
above) derived from normal rat skin, did not mnterfere with the antt-
clotting actvity of the heparn; but (2) that punfied heparint-
substance ‘B’ dertved from the granulation tissue strongly inhibited
the anti-clotting actity of the heparin. The nature of this pecuhar
matenial 1 still unknown, Fraction B contained so far only carbo-
hydrates, and no trace of protem was detected by the biuzet and
nwhydrin reactions.

DISCUSSION

The results suggest that there 15 probably no difference in the total
hepann content between the two tissue materials in question Alka-
Iine extractions performed with the more drastic method of Ch.arf.es
and Scott and of Wilander yielded similar amounts of heparin in
both tissues as found by means of the KSCN extraction method,
No new metachromatic substance was detected. It scems therefore
that the previous assumption as to the occurrence of heparin m the
wtercellular medium of granulation tissue wall obtan addmo.nal
support. This wll agamn call attennon to the possible biological
significance of heparin as a component of ground substance during
ﬂE?:)blast proliferation and perhaps also durng the subsequent
fibrogenesis. The mast cell polysaccharide thus released wo d be
free to react with basic protemns and might mfluence a number of
reactions 1in the growmng cells. It could actasa sulphur transfer ‘x'nolc:

In the granulatzon ussue, the KSCN extraction meuioy h.n,.uu{.:
an unknown carbohydrate mhibrtor of the anti-clotnng cﬁ’?ﬁt:_
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GROUP DISCUSSION
Dr Mrver pointed out that an anti~clotung factor present in granula-

tion ussue had recently been reported an the Federation Proceedings, 1956.
Heaskedsf sulphated polysacchand hepann had been extracted

;
from hedling wound hissue.

Dr. Syiven replicd that other aad palysacchandes, such as hyaluronic
aad and chondroitin sulphate, no doubt were present, probably in 1n-
creased amounts, but had so far not been extracted

Dr Mever said in hus own work, on normal rat skin myected with »$
sulphate there were two types of CSA, namely, B and C'in comparable
concentrations to that found i pig skin The Bhasa mfmv: rotation
and contans chondrosamune but only the C fraction 15 hydrolysed by
testienlar hyaluronadase

Dr Syuvin said they h:dru;m! now used \]?_c'dn'oq-:n:!e method Enly
R KR P

m thus experiment

Dr Syivén answered that pooled albino rat skans from animals of the
same age group, 2 to 3 months old and of the same w erght, about 200 g,
were utihzed, more than 1000 rats being consumed for this mvestigation.

Dr. D S. Jackson said that on the cvidence presented m his paper he
wauld like to offer an alternatve explination of Dr Sylvén's tindings.
Dy the methods used by Slack (i press) the presence of hepanin was not
noted, whereas there was a hugh concentration of ather sulphated poly~
sacchandes into which SO, was rapidly incorporated even 1n the catly
stages of d The release of p istng hepann by the mast
cell observed by Dr Sylvén could be due to the trauma of mason.
Possibly the true ground substance 15 formed fater and hence the large
uptake of #SO, He emphasized that Dr. Sylvén's work was on wound
healing in which a different mechanism may occur from that appertaning
to the carageemn granuloma

Dr Svivin referred to the text and the duagram given an a previous
paper of s (1931) and felt this explanation was surcly refuted on the
ﬁmunds of the sharp decrease in the number of tssue mast eells 24-36

ours after wound mnfliction and the most marked and comadent nse
metachromatic ground substance matenal 1n the idennical nssue segron.

D D § Jackso sad that this could sull be an effect of the masien
and wondered what was the explanation of the large uptake of sulphate
mto sulphated polysacchande that otcurred i the early stages of granula-
non tissue formation, snce the heparin must presumably be already
present an the mast cell before the wound was made




" 10 all conpe,
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alone, but simply for a connective tissue fibnl. When one wants to
differentiate connective tissue fibretypes by electron mucroscopy,
one must proceed with the a1d of other cntena as 1n hustology.
‘Thesc can operate not only for the classification of mdwid:ml con-
------ - . W . 1

One of these cntena is, of course, the varying mode of silvening of
the connective tissue fibrils observed m the electron microscope
PR S R e T t,or 1

1 should like to demonstrate the method ot suvenng collagenous
fibruls with the example of plantar aponeurosis. Histologically this s
a tendinons structure and one 15 dealing wath coflagenous fibres.
When one isolates the collagenous fibuls by ultrasonsc vibration, and
then silvers them, muost of the fibnls acquire silver particles in the
region of the dark band.

The contrasting srengthening of the dark bands by the silver
granules makes the transverse striation period of the fibnls appear
more promment (Fig. 1¢). This finding was first descibed by
Detumer, Neckel and Ruska (1951) for tendon collagen of cattle, and
then demonstrated by Schwarz (1953) for the sclera, by Probst and
Ratzenhofer {1953} and Pahike (1954) for human tendon, and by
Linke {1955} for human skm. One could take the view that this
mvolves, stnctly speaking, ot an mplantanion of silver particles
m the fibnls, but rather a surface absorption of silver particles on the
fibrils, a matter that cannot always be determned with absolute
certanty when dealing with 1solated fibnls. In order to clanfy this
question, [ have also used the ultra-thineseenon method (Fag. 1h).
1€ the sitver were depostted on the surface of the fibrils, longitudmnal
sections of ;:oll cnous ﬁbnls‘ wrould be free of ailver unless a ﬁb|nl
P N e it . N

one must speak of internal silvenng of the collagenous fibnls,
Iving and Tomlin (1954) do not believe m an mtemal silvenng of
the fibnls and ascribe the surface sitvering which they found around
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Conditrgy, d, by differ, €SS 0 they, fibr]_c] U, but by ohe
'S Constyyy, f therr CeMentypg Substap, (Wassern,
1956) T, * O11C speake on iple Benous fipy 1
m 00 vyyep, Periodye, Y striated gy,

Conne, Ansvers, and
regards gh, Stlatio a4 the ‘ﬁngcrpnnt' of llagenons fibns (Gross,
€ Consys accordyy Iyofcall.zgmous
8 substance Ypical for rctxcul[fn.
Since e assume the ﬂ)rmmon f fibng 0 be baxically eXtra-
i e formed
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alone, but simply for a connective tissue fibnl - When one wants to
differentiate connective tissue fibre-types by electron microscopy,
one must proceed with the aid of other criterda as in hustology.
These can operate not only ‘for the chassification ?f mdxvxd}ml con-

the connecuve tissue fibuls obscrved 1n the electron micoscope
| ZU IO, R B L Ll T NS BN

uus dua ngylopml uures,

1 should like to demonstrate the method of silvering collagenous
fibrils with the example of plantar aponeuross. Hustologically tlus1s
a tendimons structure and one 15 dealing with collagenous fibres.
When one 1solates the collagenous fibrls by ultrasomc vibranon, and
then silvers them, most of the fibnls acquire sitver parncles n the
tegion of the dark band.

The contrasting strengthemng of the dark bands by the silver
granules makes the transverse striaton period of the fibals appear
more promumnent (Fig. 1). Ths finding was first described by
Dettmer, Neckel and Ruska (1951} for tondon collagen of cattle, and
then demonstrated by Schwarz (1953) for the sclera, by Probst and
Ratzenhofer {1953) and Pahlke (1934) for human tendon, and by
Linke (1955) for human shin, One could take the view that this
mvolves, stuctly speaking, not an mplantanon of silver particles
m the £ibnls, but rather a surface absotption of silver particles or the
fibnls, a matter that cannot always be determmed with absolute
certamty when dealing with 1sofated fibuls. In order to clarify this
question, T have also used the ultra-thin-sccuon method (Fig. 1b).
1f the sibver were deposited on the surface of the fibuls, Jongtrudinal
sections of collagenous fibrls would be free of silver unless o fibnl

face lay ‘_dx‘fcc‘!‘ly at the level of sectioning r’_l'hc dcscn\:cd‘pcno(}\c

Sealeln P o hn

one must speak of mternal slvenng of the collagenous fibrils.
Irvm;‘;j and Tomlin (1954) do not believe 1n an ternal slvering of
the fibnls and asenbe the surface silvering wiuch they found around



MORPHOLOGY AND DIFFERENTIATION OF THE
CONNECTIVE TISSUE FIBRES

Wiy Scawarz

A connective tissue fibre, as identified under the ordinary micro-
scope, is heterogeneous under the electron microscope It conists of
fibrils, which are generally mvisible m the ordinary microscope, and
of 2 cementing substance whuch occupies the spaces between the
fibrils. It 15, therefore, necessary to distgursh cfcarly between the
expressions “fibre’ and ‘fibrl’, The fibrils ate the structural elements
of a fibre. Thus, the expression ‘fibril’ may be made more predise,
for hustologusts generally understand by fibnl, a structure lying on the
threshold of wisibility i the ordmary microscope, and cannot say
whether 1t 15 2 fibnl m the sense of an element or merely a thm fibre
meluding both fibnls and the cementing substance. In histology
based on the ordmary microscope one recogmzes besides elastic
fibres, two other types, namely, argyrophl and collagenous fibres
As electron microscopy reveals, both of the larter fibre-types have
fibrils which can be charactenzed by the well-known complex
petiodic cross-strtations. It has been suggested on the basis of this
finding that Iustological differences between these fibre-types are
conditioned, not by differences m therr fibnl-elements, but by the

varymng constitutton of their cementing substances (Wassermann,
i Vs em peimeala of enllaoenons fibrls
Lo

1956). For ¢k . | Lo
m connectior © . *
regardsthest: + o - . LT ) .
1949, 1950}, .+ B e s et
f£ibrils and a cementing substance typical for reticuim.

Smce we assume the formation of fibnls to be basically extra-
cellular, 1t 15 hard to imagme how tdentieal fibrils are formed m
different tissues and organs out of different cementing substances.
Here we have to ask whether the obscrvation of identical cross-
stnations ts a sufficient crtenont of tdentity of the fibnls. One
could, for mstance, 1nterpret the cross-striations mercly as a struc-
taral characterstic common to all connective tissue fibls. In that
case, the cross-stnattons would not be the trade-mark for coflagen

144
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Ca e - eemeeses £Lo1 Wrhen one wants to

ron microscopy,

R as in histology.

These can operate not only for the classification of ndividual con-
FTia . 1

FD R aee Tan
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1should like to demonstrate the MELLO UL SIVELILE LOldgenOUs
e . PR e TP e

region of the dark band.
The contrasting strengthenmg of the dark bands by the silver

mranilan maalian tha benprnsen chmatian andind of tha Ghole cmcaae

RdLennoiel (1953 and FAILKe {1954) 10L MUIAL LEndon, and by

Linke (1955) for human skin. One could take the view that this

wolves, strctly speaking, not an implantation of silver particles
R B RS RS - Ay P .

1t the silver were deposited on the surface of the fibrils, longitudinal
sections of collagenous fibrils would be free of sitver unless a fibnl
JROF I Dl R ST S - .
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the fibrils to the polysaccharide in th coating of cementing sub-
A1 POURED N e JETRC R S BRI i 7

stance. Then £08 L .. PR ) - NN

al . eI
l?latfn 15€ a
tissue, th
mtemalsllv" PEL I SRR EREE NI B (PN Fr I R PO
Irving and "

quESthn W
fibril laelongs to the cementing substance or whether it 1s to be re-
. ? ’ P e et

/ ! Pt \ " .
the second case, one would have to assume that the polysacchande is
part of the structural framework of the collagenous fibrl, as the
tindings of Grassmann (1955) suggest.

The method devised by Irving and Tomlin (1954) for silvermg
the argyrophul fibrls of the spleen had already been described by von
Herrath and Dettmer (1951). Stlver paniclesrwercrfound‘ to bet

e . K=

silver particles to accumulate on the surface of the dark band ot the
el Sttt S 1R e

~mmanen alen 3o sslira_thine

On the OTIET 1ANA LIL LULAELILILS siusiisy b
1ng, must be regarded as argyrophilic.
¥ 6l A avmmanlac wiven that the varying methods for
en vanous types
wther to appgi the

various methods to a study of the development of connective tissue
fibres and their alterations throughout hife (Schwarz, 1953; Pahlke,
1954; Lutke, 1953, Jahnke, 1956), The fibnls of a colfagcnous. fibre
change therr mode of silvenng during development, as I wish to
show in the case of the sclera. In the early embryome stages, dunng
which the scleta 15 madentally sull transparent, one finds only
£ibrils with an itregular external slvering (Fig. 34)- This mode of



s nic
espective of th AR Or tisgy mvolyed. fater cmbryo;
SBBEs the scler, 'Paque. Boyng 'P With thi cf, e ds ;
alteration 1 © mode of gy, Proportioy, of the fiby, T1
SUVEr particles Trange themselyeg  the fiby) surface grou
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terna] s:lvcn'ng of moge £ibrls char, S to the Peniodsc intern,} silver.,
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Changes dunng gfe, devclopmcm The fina] stage of s qualiatiy,
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ess the ef, o muer, opic fin B8 are 1o be yp, di Posi~
tion ¢, ry Oscopic findings, one may Tegard o,
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Ofgans ¢, 3l stage of tura S 10t reached. e ﬁndZ
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Dtediage ¢ Process of Maturangp, ¢ finds i,
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Whén one compares the develop ol curves for a
tendinous organ {Fig. 5} with the composite distribution curves of
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Fic 4
Dustebution-curves showing fbnlthckness of Fartons mecreclilar substances, from con-
Fhve tissue, from adult individuals, 200 fbetls were counted out 1n cach case

various adult organs (Fig. 4), one finds the following resulis: the

evelopment of the Achilles tendon o of the sclera comprses 2
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"€, rea;
of thege senile op p:xthologlcal Changes, regardless of Whethar
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ng of
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tive mass of cementing substance generally decreases. In the thick
and differentiated fibrils of the tendon only traces of cemcniting
subsun‘cs: are foundfbenvecn the fibrls, Only in the sclera 2

. . ot LA e VL

Ly .,
cenenting substance for the fibnls. The affinity is reduced a3
differentiation progresses. In this connection I cite Fig. 5a and Fig,
2a, After id I prelimi; t of both preparations, a
difference can be seen, not on{y in the amotint of cementing sub-
stance, but also in the way in which it adheres to the fibrls. The
fibrils of plantar aponeurosis (Fig. 14) lack a coating of cementing
substance, most of this material lying free and dried up between the
fibnls. The fibnis of the arachnoid membrane, on the other hand,
show a distinct coating of ing sut fardy concealing
thetr periodic cross-strianons, Owing to this large amount o
cementing substance, the fibre complex is much better preserved
than in the plantar aponeurosis. Various connective tisste fibres
can thus be distnguished by the evaluation of shadowed 5ibni-
prc_para‘twns.

oo in aresilabla in that ane can estie
on
»ds

Lo

[ g QO

(hya!umrixdnsc) together with the periodic acid-stiver rexc
(Detemer and Schwarz, 1954). Thus it can be shown that the poly-
saccharide content of the cementing substance is highest in embryome
tissue and that 1t falls as differenttation proceeds. X
In 2 cross section of the connecnve tissue even when the cementing
substance cannot be tecognized, the fibres can be distinguished, and
DR " al ot caledianehine af fibrils (o 2ch
3 evalmation.
» eath other,

whereas the Bbts OF Wi AeLIVIG wiaesne v D) aypw‘}i
be loosely enclosed within the fibre, One must, however, tmaghn!

the spaces brrween the flonls 10 be flled with c:mc;;z‘mg ;u\:}:;ﬂf;i

Apparently the cementing substances are conceal
tegnanon matenal Which remaws 1 the section. .
The identificaion of elastic fibres by means of the electcon micro-
scope 15 not difficult. They arc easy to recognize i 3 secnon 28
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bomogmmus, Tamified o Uramified bay s Which reveq 10 fibylyy,
Structure under norma} Conditrons, After extended fxation m
i 0,

ocy, n 3 to po 4
solution m buﬂ}:rcd OSMIC 3¢g (Dctrmcr. 1956), Further detarleq
Obseryagg, Needed ¢, determyye whether the clagpe fibrcs

0 ti OWth and o, dlﬂl-tcnuauon Processes »¢
do the other Conhectrya ssue fibres, Our Xperunents o ¢
A€ not ey finushed,
I have req £ presens ghe Diferences I connectye USSUC fibras
Which g Observeq with the electron TUCLOsCope, The growe, and
Hats € Wntercellyly, COMponenty of Connectrye tissye,
on the evidence Submuteeg Would yp, Cate the €Xistence of , dynamye
ity T which ar0 W to g,

aorta

only be posgible when the cells are
included ,p, the treatmeny of the probler,;,

SUMMARY
Argymphd and colbgenous fibres consist of fibnls Which g,
often visible yndey the or, Y Microscope and of ,
Sbstaneg ¢ N occupies e SPaces betwep, the fibp;, The fibrf;
the well 0%

Precs,
two ﬁbrc-typcs 15 nop ﬁomb
a3,

ope Fibre thicknes; > ietefore, boe adopted 5 the enitersoy,
for tin ar from

g,
Sstablish 5 conp,
m

0,

Sﬂvcr—imprcgmu'on of the Sonnectrye tissue, howcvcr, nables ¢ho

elecy Microscop, t0 differengigg 2TBYIOphul o ollagenoys
g e

1bres
ﬂponcuro:is for SXample, tae Up silver o the darf band of the
Cmss-«tmuon, dmreby nlakmg € Strrationg Mor grommmr
Tha ihitemy) silvenng 45 “PP3tent not only o1 #solated fifr- bue i
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secnoned matersal 28 well. On2 1ongitudina\ sectionof 2 fibril 180
., thick, one see8 four to five granules lying in 2 1OV beside e

other 1t the dark band of the tbnl. On the othet hand, in the case
of argy(oy}ul fibres the silver 38 found on the surface of the fibrils

c. A Q
ifferent fbls and between the fibres 1 poss\b\e through the utthza-
aon of this charactenstic Affuty for siver: The internally sitvered
fibnls ate first found | the connective TSSUE o

ifferentiation proces e siver grant
thedarkbnndofthcﬁbnl. The sivenad epends PO
rents

" s qualt changes als0: €Y n d
y(::t mox‘ého\:zglaﬁy% One mush for geneni® reasons, 1662
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fibte forms of the Leticulin yng Collagen 4 31 extendeq spectrum,
Which the reticular ang Collagengys fibre signufies only , fough
ton of g, e X orphologically the el
fibre Ssumes gp, EXCeptiony] Ositton, 1, Consists of Mmenes
Cementipg Substance, ¢ chsue £ appear homogcncous 1
section inasmuycp as the filameny 20 entipe]y Masked p, the cemep,.
ng Substanca, These filimengs may, OWever, b d:mumzmrcd b
usu‘xig Special methods, but g, e
£ determne whe, g p
dxff:r:numon stmulr o that of e Other Contnectrya Ussies,

e
I52 per €ent and 1.48 per e BVO 53, les of Pto.
t2ges of ny . L4t The
lise of !tCrro:copjc clectron MUCroscopy, Pretures cp, dxmngmsh Whether
Parncley o silver he mside op outside sp,f) collagen o Tettoulyy fibnl,,
% had ), €ady been started o, Achulles tendon gpq Iongﬂpzdng
fibrg and they faq demorun-ared quite dcﬁmt:ly thay some nlver

R ARZ felt thae most hxxtolchcal Stams yyep, non~:Peq{,‘c and
that o, Ul the Vanous silyer MIPregnations, the Gomgy, Method Proved
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fibrils and a lot of ccmcmt:.ng substance which masked the fibrils, thus
e e, L G S N P O :.

up sdver in an irregular manner ke an embryonc dssue (bradytrophic
tissue).

Dr. Rexp pointed out that the wide differences in il width and sifver-
staining propertics that Dr. Schwarz had demonstrated scemed 1o be
accompanzed also by a wide difference in their physical and chemical
properties 10 this xenculin-collagen system, For instance, they all shrank
and responded to different enzymes at different rates and he thoughe it
mught be posuible that, when the biochesnist was extracting matenal from
this system, he was dealing wich fibees that differed both in age and

EAAE

YIVAIX 38 80
adered that
~amarenmby tha hace bt thar the best method

grams in sdver-stoned matenal was smufar to the photograpai. piues
which is catalysed by sulphur compounds and reduang of lo\*;
molecular waght. IF that were 5o, it was possible duat the differences o
vartous fibres from different tissues mughe be due to the presence o
absence of these reducmg agents ncar the fibres, It would then be un-
necessaty to assume that the collagen varied in itself from place t0 ph&t‘.

Dr Scuwanz rephed thar the size of the silver granules depends on the
site of deponnon. As to relatron to photograpluc process, tberc] ate
certan parallels, though the processes aze not exactly identical. Inreply to
Dr. Gros's objection, Dr Sehwasz answered that he had uaken pre-
cautions mamly consisting 1 keeping the beam intensty Jow.




ELECTRON MICROSCOPE AND CHEMICAL STUDIES
OF THE CARBOHYDRATE GROUPS OF COLLAGEN

W. Grassmany, U. Hormany, K Kunn, H HorMaNN,
H. Enpres anp K. Worr

‘The opwnion that carbohydrate components, which are known to
be elements of the ground substance of connective tissue, play an
essential role 1 the formation and m the structure of collagenous
fibrils, 15 based on the following findings:

{1} The customary standard methods for the analysis of glyco-
protewns such as, for example, the orcmnol reacion (Sorensen and
Haugaard, 1933), the anthrone reaction (Dreywood, 1946), the
Elson-Morgan reaction (Elson and Morgan, 1933; Blix, 1948,
Boas, 1953), etc., have shown that all collagenous substances contain
small amounts — not more than 1 per cent ~ of carbohydrates (Grass-
mann and Schleich, 1935; Beck, 1941; Bangle and Alford, 1954,
Moss, 1955). Such carbohydrates were 1solated and 1dentified by
mezns of chromatographic methods, and the following were de-
senibed as ¢ of collagen: glucose (G and Schleich,
Thred alaenis L VEN 6y mannose (Gross,

legg, Fadinger and

{2) It has further been shown that the formation of some disunct
types of fibnls 1 collagen solutions 1 caused and controlled by
small amounts of £ g acidic car-
bohydrates. The presence of hyaluromc acid, &-glycoprotein or

epann. results 1n the formation of ‘long-spacing collagen’ (High~
berger, Gross and Schrmtt, 1951), whereas nucleic acid or ATP
form ‘long-spacing segmented collagen’ (Schrmtt, Gross and
Highberger, 1953).” The presence ot nb‘scncc of such wbo‘{xydrat%

A1 Comtrne 62 o tha enlabalin

mstology, the PAS reaction (MeManus, 1930}, dlu uie pelioaate
57
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(Dettmer, and Schwarz, 1952]53) 3¢ 2 yamxdy
carbohydrate reactions. The two lattet ones ar¢ ccm'mfy due 10
med by the action of sodum periodate.
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amuno aads in the case of the isintegration product obtamed from
collagen and of 18 amino acids in the case of procollagen.

e have studied the dissolution of collagen fibnls under the
action of pertodate throu, 1 the electron microscope by employng
the silver-staming metho (Kiihn, Hofmann and Grassmani, 1956)-
Figs. 1. 2, 3, 4 show the action 'of 4 per cent sodwim penodate
sofation on Achilles tendon fibnl in four subscquent stages, namely
after a quarter of an hour, after on¢ thour and a half, after 18 hours,
and after 43 hours, whereupon, 10 cach case, the silver-staming
method was employed m the wsual manner, Fag. 1 shows a pormal
order of sidver deposits in 3 collagenous fibni after 15 munutes”
treatment with peniodate.

Even after only onc hour and a half (Big. 2) a sphtung off of fibnl
parts can be obscrved. The silver deposits stll give the 1mpression
of bemng fairly perodic. The Tonger the oxidation process went oy
the darker the silver solution became, which agam mdicates that
patt of the aldchyde-bearing materal dissolves and forms silver
grams m the solution. After 18 hours (Fig 1} the silver grans
¢ found to have become progressively omaller an size but ace
sull i pertodic order. Ttis remarkable that now. under the relanvely
thinner sitver depostts, the normal cross striation of the fibnl begins
to show, but because of the lack of any phospho(ungsnc staung
such cross stration is nOt sufficiently contrasty 1t these expernments.
Aficr 43 hours (Fig. 4) the major parts © fibrillic substance are
disolved The fow remammng pacts: however, sull reveal periodic
silver depostts.

Procollagen, as defined by Orckhowtch, 18 dissolved much moee
rapidly, The results obtamned after silver sraiud are esseatally the
. D L tac tendon  Sodium. penodate also

B eme.
" ve
1$

(1) Are the parts m whichh StV = ) o al
with those n w};uc\\ phosphotungshe aodis deposited, 1.6 the st

cal D-bands> ble cha 5
(2) 1s perodic silver statng @ general and reliable “C;FI‘;“;‘C
of mature fibrils, and seregulat stuning one of rmmature fibriis?
e o e stlver STINEE actmally take place withm

#7 —enee cection?

2) 3t was necessary’
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1955) we have shown examples of highly subdivided £ibrils taken
from cats” tails and having 10 and more cross striations and of
collagenous fibrils of cervical ligament in man. A highly subdivided
fibnl from a man’s Achilles tendon is shown in Fig. 5. Tt was
staned with phosphotungstic acid and reveals 13 cross striations.
Fag. x shows the same substance after action of hyaluronidase and
subsequently of periodate and silver. Periodic deposits with up to
three bands per period can be observed. It 1s remarkable that the
pentodic silver deposits netther disappear nor dirhinssh after treat-
ment with hyaluromdase, on the contrary, we often find clearer
prctures, since any deposits of carbohydrate-containing growun
substance on the surface are removed.

The Achilles tendon of 2 human embryo (total length 14 inches)

shows 10 mtra-periods after having been treated with phosphotungs-
Tt ' ! s et b +here 15 too

Weak, but
aining was

Tt 13 not an established rule that the pertodic silver deposits always
occur 1n the dark bands of fibrils. Fig. 64 15 a photograph stained
with a combmation of silver and phosphotungstic acid showing
wath suffictent clanty both the pertodic silver depostts and the normal
cross striation, Surprisingly enough we find an tllustrative example
of both possibilittes. 1n one fibrl the silver deposits can be cleatly
seen in the dark bands, in the other 1n the Iight bands.

Reticular fibrils from spleen are thin, show poor contrast and
usually contamn considerable amounts of interstitial substance. We
have not yet heard of any photographs of highly subdivided cross
strnation, Fig, 7 shows a fibrl with 10 mtra-peniods after treatment
wath phosphotungstic acid, whose intensity 15 slightly different from
the normal. In the case of silver staiming, the presence of consider~
able amounts of amorphous mterstitial substance often proves
disturbing, but such disturbances can largely be eliminated by pre-
vious treatment with trypsin or hyaluromdase, After .sm:h treat-
ment we were able 1n a large number of cases to obtain periodic
sitver deposits m these materuals also (Fig. 8).
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Tn procollagen, highly subdivided cross striation has not been
observed unnl recently (Kithn, Hofmann and Geassmann, 1956).
‘The cross struation of procollagen is in part entirely identical with

ARSIV R i

coTlaman

procollagen tibnls without any exception showed regular and very
dstinee mmﬁbnll.;x_r silver staming (Big. 10). Three intra-periods
T o -t .
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SCNWITT Taeer Parhene snesd Labawallaioe s

SWILUIY noretad bhal

& ' .
e, mto the neyghbouring area. Could this nucleus inducing the
formaton of 3 fibnl be an sad glycoprotemn?

silver stunng of long-spacing fibrils, which has not beey
descnbed so far, shows markch penodic depouts of silver grains,
Up to 6 bands per penod are discerntble. Fag. 11 shows photo-
Braphs taken of the same product, 1 one case not treated, in the
other treated with periodate silver, and subsequently brought into
fegster wath each ‘other. Such regster can be cleatly established

ccatise there are preparations i w%xch the normal cross stnation is
endent throuph the silver deposits. A companson reveals that the
muddle band, which 1s most distmet, both with and without phos-
Photungstic aad staining, by no means shows any oulsu?d‘mg
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the formation of specific collagen structures in the presence of
certain polysaccharide fractions i vitro, or anyone studying in the
clectron microscope the dissolution of collagen under the action of
pertodate or the deposition of silver, will necessanly come to the
concluston that carbohydrate groups (or, to put 1t m a more cautious
way, groups that react with peniodate, thereby forming aldehydes)
play an important part in the structure of collagenous fibrls.

But I should also hke to draw attention to the somewhat difficult
nature of this problem 1f we approach it from another angle, for
example, by applymg the classical methods for the determmation of
carbohydrates 1n protems, such as the orcinol reaction, or the an-
throne reaction which once helped us to establish the existence of
carbohydrates 1n collagenous fibrils {Grassmann and Schleich, 1935).

Taste I

GHIANGE IN CONTENT OF CatF
DURING RECRYSTALUZATION

Pur cent Per qent

Sample Hexose Hevosamne
Procollagen impure 091 o130
once recrystalhzed 084 ool
twace recrystallized 073 oorr

When using these methods we found shghtly less than 1 per
cent hexoses and small varying amounts of glucosamme in collagen
preparations. In previous experiments (Sc}meideg, T949) we trred
to concentrate these carbohydrates in order to gain an wsight mto
their composition and chemical linkage. At that ttme, ths was done
1n accordance with the methods worked out by Rimmngton et a[i
(Rumington, 1931) for the exammation of glycoproteins. partia
hydrolysis wath banum hydroxide, and subscquent precipitation
with Jead salts and mercuric salts We were able to obtain products
with a carbohydrate content of abo::t 50 per ‘cfnt, the_yl.c}_n{ _bgn_%
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these produets are not of 2 homogencous nature and, even worse,
that their composition dffers accordmg to the nature of the statang
material employed. Electropt established that these prod

ean be divided mto two fractions, onc of which contains glucose,
gekactose, rmannose and glucosamune in 2 molecular ratio of roughly
Ty, whereas the oth ¢ - . T v

121, but 15 free of manno - . . .

then was cattle corium - .

cloum hydroxnde had not been specislly punfied, therefore it can-
not be sud with cortanty whether the small amounts of catbo~
hydrates that were 1solated in that way came from the collagen itself
or fiom impunties in the starting substance.

The punfication of the natwve collagen 1s a rather problematic
affisr, even though the matenal may, for example, be successively
sreated with salt solutions, caleum hydroxide and trypsn {Grass-
sany, Jaucks and Schuerder, 1937).

Tasts I

IR0t CONTEXE GF SM7 SANRES OF GOLAGIN AND FROCOLLAGEN
{Amahrone metiod)

Ter cent

Materal Ongin Hevose
Procollagen { rough cadf oot
Procollagen | once recrysullzed alf o8y
ligen 1 ewice recrystallized calf o
Procollagen I once rerrystallized cow P
Procollagen 111 once vecrystallized ow 110
Procallagen Xl twice recrvstalized. cow oy
Collagen purer cow o

* Punfiration by extraction with NaCl, Ca(OH)y and treatment
Wiy trypun (Grassmans, Juucks and Schaewdet, 1937)

Vrnnatls 4 A as A s P . .

ko

pu

;‘?\vs that glucosaring 15 not an essennal consttuent of coltagen
k‘ nls repeated reconsutution elimumates 1w slmose enneely. The
“Xoses, however, unbke glacosamune, decrease only shghtly i
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Long-spacing fibrils prepared i an acdic solution of procollagen with ay-glyco-protein
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Top without stamning
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Subsequently brought into register with cach other
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Or¢ .
Endres and Steber, 1954, Grassmznn and -Endm, [ ubbshcd).
cording g 4 the preyyoys findin bthrpy, p,

s,
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treated collagen treated vy, Typsin, , smalf mount (0,8 per

Cen‘? of a residye 15 Jeft thy, 8 Teststant g Plic digestoy, Thi;
¢ containg More 20 per cepp mrbgglydutcs {Gmsmann.
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Consxdcnng Such hexoses 35 may be determupeq by means of the

CUstonnry, standargd methods ¢ ;¢ Obvious o hardly e o
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Xtremely unseable 1OWards aerdy and bage, (Michee] and
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treated Collagen 4 freated vy "YPsIn, o gagy moune (o,
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residue coppayy, more 20 per cene carboz)?dzztcs (Gmssminn,
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CUstomary, standarg methods 4 ;¢ Obvious ¢y, hardly, more thyy os
CF CEnt can gy have any trye Chenucy) lmk.:gs 10 protey, Such
Enkzgc could be Possible i gpe followmg ways;

(3) Ester Iinkageg between the alcoholye bydroxy 8roups of
SUgars and g mrfoxyl 8roups of Protemn
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had ' . ", RN AR S S PPN NGRS s |

* ¢ 1 : .
by means of periodate that were observed in our laboratory 1do
not so.

It has alresdy been mentioned that, when sphtting colligen or
procollagen with periodate or phenyl jodosoacerate c-ammno
groups are set free whose quantity Is equivalent to a medum chain
length of 24 amno acids m the case of collagen and to 18 amino
acids 1 the case of procollagen. The same cham lengths (Grass-
mann, Endres and Steber, 1954; Grassmann and Endres, unpub-
lished}, however, are found in the reductive disintegration of the
presumed ester hinkages by means of lithium boronhydnde, Butif
there are really any ‘weak jomts’ in the peptide chains of collagen
that can be attacked by sodium periodate by oxidation and by
Inthium boronhydnde by reduction, and if a disintegration of these
*weak jomts’ results in chain lengths of 24 or 18 amino acids re-
spectively, 1t 1s obvious that, on the average, every 18 or 24 anuno
acids there must be such a ‘weak joint’; and if these “weak joints
were actually hexoses, at least 4-5 hexoses must exist per 100 mo10

amuo acids, which 1s equivalent to roughly 7 per cenc by weight of
. S 1 il imed by means of the

uld contain 2

certain percentage of a carbohydrate-like substance of unk

quality. The amino acid analyss of collagen covers about only 94
per cent in weight, but nearly 100 per cent of the toral N, -“-Sd“;:i
found by Bowes, Elliott and Moss (1955) and can be confirmed by
ne {(rassmann. Hanning and Plock], 1955). The E‘"",‘*‘i;‘:’:‘;
’ te
N

content were about o 7 per cent (Grassmann, fUblawss w
unpublished).
Krc thcrc) any other known groups in collagen thit may bf
responsible for such penodate ption and for the
of collagen and procollagen 1n sodium periodatet )
There 15 no reason why the two hydroxy-amuno acids, serine 2;14
threonine, should be affected by periodate, if they are part :!Js h
peptide chamn. And, indeed, the qu:mtit)_' of t.h'csc amino ﬂl;lmm
hardly ever smaller after dismtegration with periodate (Grass
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and Kihn, 1955, Grassmann, Hormann and Kleuk, unpublished),
My colleague, Professor Zahn (Zahn, 1956), suggested tha't hy-
1 1 n . - - ‘. -

rocollagen, and 1ts amount 15 1n conformity with the amount of
iydmxy\ysmc present {Grassmann, Hormann and Fries, un-
ublished). But the periodate consumption 1s far ngher than would
Ec Justfied by the sum of hydroxylysine and such carbohydrate as
cant be determined by anthrone, quite apart from the fact that an
oxtdation of the side chains of hydroxylysine would hardly account
for a dismntegration of collagen and procoltagen by sodwm periodate,
and would certa ' - et YL % oo
Compounds ¢z ¢ * ', . NS ‘1
means of the A e e
cently been solated from biological sources

FORMULA 2
H
R-NH-(I‘D R-NH-CHz
H-C-OH l H-C -———l
HO-C-H 0 —————> HO-C-H s

H-C-OH H-C-0H
H-C H-C ————]

&m0 CH, OH

They do not react with anthrone (Borsook, Abrams and Lowy,
1955) and we alo found that they produce osazone (Grassmann,
Hormann and Hafter, 1 press) under the action of phenyl hydranne
without any provious acid hydrolysis bemng required. It 1s therefore

ghly improbable that such antl tive carbohydrate groups
are the cause of the reaction with pentodate.

Thave considered 1t my task to show you how many questions still
cannot be answered 1n respect of the groupmgs of a carbohydrate
nature 1 collagen Formerly, the mam difficulry and the crux of the
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But are those small quantities of carbohydrates that can be traced
by the anthrone and similar reactions really essential for collagen
Are they responsible for the dissolution and disintegration of collagen
by means of peniodate that were observed in our laboratory: Ido
not think so.

It has alreddy been mentioned that, when spliting collagen or
procollagen with penodate or phenyl iodosoacetate a-ammo
groups are set free whose quantity 15 equivalent to a medwm chain
length of 24 amino actds i the case of collagen and to 18 amino
acids 1 the case of procollagen. The same chain lengths (Gras-
mann, Endres and Steber, 1954; Grassmann and Endres, unpub-
Iished), however, are found m the reductive disintegration of the
presumed ester Linkages by means of Lithium boronhydnde. Butif
there are really any “weak jomts’ m the peptide chamns of collagen
that can be attacked by sodum pericdgtc by oxidation and by
Ithium boronhydride by reduction, and if a disintegration of these
‘weak jomts’ results 1n chamn lengths of 24 or 18 amuno acids re-
spectively, 1t 1s obvious that, on the average, every 18 or 24 ammno
acuds there must be such a ‘weak jomt’; and 1f these ‘weak jomts
were actually hexoses, at least 4-5 hexoses must exist per 100 mol of
amino actds, which 1s equivalent to roughly 7 per cent by weight of
catbohydrate. The hexoses that can be ascertaned by means of the
anthrone reaction are one-tenth of this amount,

This nd that collagen and procollagen should contain 2
cettam p of a carhohydrate-like substance of unknown
quality. The amino acid analysis of collagen covers about only 94
per cent m waight, but nearly 100 per cent of the total N, as was
found by Bowes, Elliott and Moss (1955} and can be confirmed by
us (Grassmann, Hannmg and Plockl, 1955). The eriodate con-
sumption of procollagen which does not lead to any sharply defined
endpount, is substanaily hugher than 1t should be 1f the carbohydrate
content were about 0.7 per cent (Grassmann, Hormann and Fres,
unpublished).

Are there any other known groups in collagen that may be
responsible for such periodate consumption and for the dissolutton
of collagen and procollagen 1n sodum penodate?

There 1s no reason why the two hydroxy-amino actds, serme and
threonne, should be affected by periodate, if they arc part of 2
peptrde chan,  And, mdeed, the quannty of these amino acids is
hardly ever smaller after distntegration with periodate (Grassmann
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and Kuhy, 1955, Gmssmln.n Ho, OCMany apg Klenk, Unpubliche d).
My Colleagye, Pml'essor Zlhn (Zﬂhn 1956), SuBgested ghye 1, hy-
OXYlysine, Present i e, na quanuty of 0.7 per ent, also g,
Peptide Iln.ka <, mxght fulf ! all the qu:rcmcnts T an
sodzum ert d.z pbc oﬂ' n"u maldehy de ,f. dmntcgmtcd. It
15 1 ﬁmmldch Ted o g, UL petiodypn acts op
ocollag: n, nnd 1ts ap, ounr u in conformxty with the Amoune of
g Preseny (Gra:smzmx, Hormapy and Fries, -
ublxsh¢d) ut the pcn date cong SUmptior 5 ﬁrlughrr than Would
cJustIch by the ¢ of hydrg, OX¥lysine anq such carf, hydzate 5
2 be deger, TMined y .-mrhr e, Quite apart from, face that o
of hydo,

oxxdmon of the 5,4, cham, Tysine
fora dmnrcgrnuun of coHag nand p, acoHagcn by sod, um Pettodare,
and woypy SCrtamnly po, ¢ eXpla the e formagep Of ceanyng, Zroups,

U
OmMpounds of such by, nd a5 are < form, dfom N~glycosxdc: b
means of he € Amadog TCarrang, cm (A1 ador;, 1925) have re-
cently beey uo!arcd fr om by, olog, lsomt

ForMuz, ,
H
R-NH_, C R-. NH~CH
~C ~OH d ﬁ
Ho. C~H \ HO~C-H
Ol H- C-OH
e ;
CH; OH (i‘H; oy

They ¢ r Wi xrh nthrope (Borso, ok, Abrams and Loy, y
1955) and aJ und thy, t th oduce 0sazone (Grassmann
L,

n with
Thaye COnsidered ;¢ My task ro show Youhoy p, any q “Stions spl
Cannor ered 1 TESPEct of ghe groupmgx of 3 bohydrarc
nerly, 20 diffey, and the of the
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But are those small quantities of carbohydrates that can be traced
by the anthrone and stmilar reactions really essential for collagen?
Are they responstble for the dissolution and distntegration of collagen
by means of periodate that were observed m our laboratory: I'do
not think so.

It has alresdy been mentioned that, when spheting collagen or
procollagen with periodate or phenyl jodosoacetate a-amino
groups are st frec whase quantity is equivalent to a medium chan
length of 24 amuno acids m the case of collagen and to 18 amno
acids 1 the case of procollagen. The same cham lengths (Grass-
mann, Endres and Steber, 1954; Grassmann and Endres, unpub-
kished), however, are found m the reducave disintegeation of the
presumed ester linkages by means of lithium boronhydnde. Butif
there are really any ‘weak joints’ in the peptide chams of collagen
that can be attacked by sodum penodate by oxidation and by
lithium boronhydride by reduction, and if a dismtegration of these
‘weak joints’ results m cham lengths of 24 or 18 amino acids re-
spectively, 1t 1s obvious that, on the average, every 18 or 24 aminc:
aads there must be such a ‘weak joint’; and if these ‘weak jomts
were actually hexoses, at least 4-5 hexoses must exast per 100 mol of
amuno acads, which 1s equivalent to roughly 7 per cent by weight of
carbohydrate. The hexoses that can be ascertamed by means of the
anthrone reactton ate one-tenth of this amount. .

This mdicates that collagen and procollagen should contain
certamn percentage of a catbohydrate-like substance of unknown
quality. The amno aaid analysis of collagen covers about only 94
per cent mn weght, but nearly 100 ialer cent of the total N, as was

found by Bowes, Elliott and Moss {105) and can be confirmed by
us (Grassmann, Hanning and Plockl, 1955). The penodate con;
sumption of procollagen which does not lead to any sharply define
endpomnt, 1 substantially ugher than it should be 1f the carbohydrate
content were about 0.7 per cent (Grassmann, Hérmann and Fres,
unpublished). . 5

Are there any other known groups in collagen that mi\y e
responsible for such perodate consumption and for the dissolution
of collagen and procollagen mn sodium periodate? "

There 15 no reason why the two hydroxy-amino acds, serine ﬂfl:l
threonme, should be affected by periodate, if they are part of
peptide chain. And, indeed, the quantity of th.:sg amino acids is
hardly ever smaller after disintegranon with p (G




W. GRASSMANN et al. 169

GROUP DISCUSSION

De Reep inquired about the exact conditions of Dr, Grassmann’s experi-
ments with periodate as regards pH, temperature, etc DR, GRASSMANN
teplied that 4 per cent perodate was used at pH values of 7 to & and
phenyl-iodoso-acetate at pH 3 4 and the temperature was 40° C. Controls
were done without penodate.

Dr. D. § Jacksox stated that i his experiments on the effects of
peniodate on tendon, solunon of the collagen depended entirely on the
presence of swellimg, If approximately 2M sodwm chlonde were in-
cluded 1 the reaction muxture, then the fibres could be left almost
ndefintely without any dissolution taking place at all. This suggested
that whatever the periodate was reacting _:‘mh, * m:‘ght bi a cross-hnkage
I T T R N D T

then form a type of gelatin.
Dr. GrassManN recalled that m hus electron rmcrograp‘h-s collagen.
floton ERFeN = torn o meg] —ndgen

VRIS DA DINARE SR JUDTpRRSTNEY

[P

‘was obtaed

Dr. GrassMany rephed that for procollagen 60 per cent was dissolve:
within half a day, but collagen took longer,

Dr, Mever recalled that perodate was origmally mtroduced mto
carbohydrate chemustry sphtung glycol groups with ‘the production of
aldehyde, but this was done ungcx certam defined conditons. In an
unknown excess of periodic acid, such as used m the expeniments de-
scnibed by Dr G there was an ind spﬁmng of C-C
bonds which had no relation to this glycol structure. He wondered
whether one could draw any conclusions as to the action of the peniodate
under the expenmental conditions descn}i_cd Could Dr. Grassmann

darare ot g astendg shen 1 oo

R S

[, R L SO T
prolune. There was no disappearance of ammng acids under the action of
peniodate,

Dz Neuptroer felt very doubtful about the application of perniodic
acid 1n the way Dr Grassmann had suggested and he wished to support
Dr, Mcyer. It was quite clear that a cis-glycol ot an alpha-amino beta-
hydroxy-amino actd 15 sphe very quickly by periodic acxd, but he felt that
peptide hinkages mught be broken after long exposure to a large excess of
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oblem scemed £0 o be that the carbohydrate content of the collagel
fbnl was s smally and that it W3 dufficult 10 decide whether su

carbohydrte & ont ent Wis p:m of collagen jeself of 99° to any
:m urites © orphous g nd substances: At present 1am

ed to se¢ the cmcxa\ (he problem ® e fac!
th hl to\og\ ca!

ailver st g (h d antegration by pe r'\odate are identic

Y .

be trac
acuons. wilt be neocssary, and we 3r¢ at ?testﬂt
re these su\ \m\m grouping® m the dismtegra
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the bmdmg CApacity of, collagen £y, €0~otdinaygy, Compounds, Teactmg

by hydropen gondm on the ketoumda group of collager, im,

%) IS more gy doubled, Also inereased TCUVILY of he treated

collagen by means O£ 1t5 aniopye and canop,e Broups ;5 Observeg. The

Periodase appears to rugwrure the stablbzmg Loss-lunks of the Protern,
ir on, g

molar gy 1o, L e.
Teaction 5 very onplicare, volying l'zr-gomg alterationg Of the pro.
the effecy on the Carbohydrage €Omponeny v ich
man
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pertodate. Could there not be a very small amount of destruction®
Another point was the presence of amounts of tyrosue {no ore had
ever obtuned a collagen free from tytosine), the molecules of whch
should be attacked by periodate.

oxidized as readily as the sugar to yreld aldehyde groups to react with
silver salts

Dr Grassmann said 1t1s indeed so that hydroxylysine ss the only ammo
aad whch fits the conditions for attack by periodate. When boundm the
peptide chain serne and threonine shouldnot be attacked withn the hmita-
tions stated by Dr Meyer. In his own expermients, formaldchyde was
set free 1n a quantity exactly equivalent to the hydroxylysine content.
Thus, hydroxylysine 15 certamly attacked. But why should the pepude
Link break and an alpha amuno group result if anything happens to the
side chan ofhydmxylysurme s .

S VA, R T ST DR W o

Steuated ’sulph‘(xr contaming compounds (which can catalyse hotoi;raphic
processes at least) and the small number of such ressdues couﬁl explam the

cross bands described by Dr Grassmann
Vo e pere e cmansenvad cnmin wark he had dane on the effect of

5.0, lasted for 57 days, solutions of vanous cancentranon of periodate
being employed NalO,-solutions less than d 25 molac had no appreciable
solubilizing effect, nexther did they lower the shnnkage temipecatare of
collagen and s co-ordnation capaaty (hydrogen bonding}, for vege-
table tannms for mstance. However, the binding of cationtc chromum
complexes was somewhat lowered, indicating imparred reactvity of the
carboxyl groups The function of the catiome protein groups was un-

altered’ Since periodate solutions of 025 molar strength are able o
d applied, it

oxudize carbohyds durng the exp al
appears that the small amount of sugar present in thoroughly limed
collagen docs not contribute to ts stabi 1 reater

of
strength, such as 0.5 molat NalO,, have a drastic effect on roﬁzlagm.
About 8090 per cent of the bovine skin collagen 1 solubilized. The
shnkage temperature 1s Jowered from 60-65° C. to 35-30° C. Moreo



St
038 be; <ent
(2) Among non‘lusrologms ere is , fendey, thy, Collap.
Sttoyy by ‘rclzculi,,‘ As Tetcyly, 5 CDllnL‘CHVc i
fibrj, sbmvmg 2yro, ufya, 45 ngy JUStifiabe Mengg,
mcnuoncd fibns md}l’ rt‘txcllhn, bec;u.:c th,
tissiyeg Ot b unprcgmrc
Ttself 1 Rog sllﬂimcnt o
Which
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which has a much hgher carbohydrate content, 15 l m thin
fayers, bur not transparent. If one uses hydraulic pressure on the cornea 1t
15 possible to extract a great deal of polysacchanide of two different types
—one with electrophoretic mobility of a tphated polysaccharide and
the other of a sulphated polysacchanide There 15 1 of the
substantia propria, but Descemet’s membrane shows no metachromasia
The question 15 thrs 35 Descemet’s membrane collagen or nov Dr
Gross sad yes; 1t contams 10 per cent hydroxyprolme and twice that
amount of glycme,
- aa o

. s
would render 1t apaque  Apparently the changes m refracnve mdex of
the fibnls by tension are suﬂi’lmt to make the cornea opague.

Dr. FirToN JacksoN said that presumably the pressure closed up the
‘lattice’. The refracuve mdex of normal comea 15 1 52 and when thus 15
altered by hydration or dehydration then the opucal properties of the
comea tmpate sight owing to a change 1n the refraction ndex between the
fibres and mterfibrillar materials

Dz SNELLMAN mentioned work done some years ago by Engstrom
and Caspersson which showed that the different layess of the cornea had
different refracuve mdices

Dr Grrman pomted out that the lens seemed to have recerved much
less attention than the cornea  In certam metabolic disturbances the opac-
1ty of the two may run together. He wondered, in parncular, whether
any studhes were available at the electron microscope level, on extracted
or sectioned matenal, on alterations wn the morphology of the fibres m
the comea or the lens 1n experimental diabetes In alloxan diabetes
development of comeal and lens opaaity scem to be closely related to
carbohydrate metabolism  The other pomt was that as wn the artenes, so
too m the lens and m the cornea, alteranons i the metabolism of the
indridual could produce tendencies towards the binding of certan sub-
stances, for example 1n the artenes, 1¢ lpids and munerals Thus calewm,
tron and liptd may be more easily bound on corneal fibrls 1 the presence
of particular types of systemic metabolic dsturbances affecting comeal
metabolism

Dr Mever sud he did not know of any correlation between corneal
and lens carbohydrate motetics 1n bosh the cornea and the lens of acity
g:m from mfections a5 m vitamm deficiency srates He did not know

at the two went hand 1 hand 1 diabetes,
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brown calour 1n the light-microscope (Fy
v r . 4): the f:

mairfx a; ment;lon;g abfc_)ve could ngt IE: fs;}m\im. Ag;?ril:;c:fyodm
matiix of retsicubin has a far greater mechanical stability th: i
which can be washed off rather casily. SOy Ganmueo

Instructive ate the pictures one can observe in the same specimer
of spleen ¢~ h - e n
able by
substance
shown by the bundling of the ﬁbnl's and the smallness of the silver

between fibnls and matrrx,

GROUP DISCUSSION

Dr. Gross stated that Dr, Mane Jakus at the Retina-Foundation in
0, e LIRS
~rmen emular

Ang-
nand
w2
hexa-

gonal type, 1000 to Tsoo Angstrdm apart. Lornea » wie vy Anown
T S

len Hooff had exam-

- 7 pEN Hoorr sad yes,

et R transparency m the

matertal earlier than exght days Dr. Frrron Jacksow said that by using

polarized light, lamunated layers of fibres can be seen m ten- or eleven-day~

old embryos

Dr. NEuserger asked how the constituents of the cornea compared

gures but the

. 5 per cent

mucopolysaccharide and 30 per cent non-couagenuvus protemn. Sclera

(dry weight) contained 80 per cent collagen, 1 per cent mucopolysac~
charide and about 10 per cent non~collagenous protem

Dr. Mever said this problem of transparency of the cornca was an

intrigumg one, Maurice tried to explan it on the basis of 2 diffracton

grating formed by the different fibril layers On drying the transparency
disapp d and 1t became 1 In thus respect, hyalme caralage,




© Question s g 3 Descemer’s Membrane colligen of pop Dy
Gross sa,d Y€ 1t conramng g per cenz hydmxyprolmc and twice 1hy,
e

DR Mrypy said the Braung theory 4,4 B0t entirely explan the opaq
ofthe corme,. It must faye something ¢ gy With alterzioy 0 the hydr,..
101 Of the 1r5qe Componengs, y would alsg be altered 1, TEW type of

m ieucoma

€ the ¢ 1
R FlnDN]Acx:oN satd thay Presumaply o Pressuce closeq o, the
hattice’ py Fefractiye indev of Bormal corpey 1, 3% and whep ¢hy 1
altered by Bydranon or dehydrangn then the OPtical propera of the
£OMER 1ot by Owimng ¢o 3 <hange 1y the Tefraction ingey between the
fibres ang mtnfg Matersals,
Dz 5 LMAN mentioneq work done some ars ap0 py Engstrom
and Caspersson which showed gy, the differen; 1};}'!{5 of the comey had
rettactve indice,.

"ULMAN poinged Ut that the fong seemtied to iy, recerved mueh
Jess attention thay the comney, In certan Dietabole disturbances the opac..
1y of the 1 Y TR togehe, He Wondered, 1 Pattculyr, whether

20y studies wepe avalable g g electron MUcroscope J I, on EXtracted
O sectioneq matena, o {Crations 1 ¢, morpholopy of the fibres |

e comey op the ] Penmenta} dpay, S, I alloxap diaber,

developrmens Ormeal and Jans Pty seem 1q by closely refapeq to
arbohydrare Metabolisyy, The other POINE was ehae o6 B the arteres (o
to h oM, abicraony © metabolisy of the
tadnydyf oo Produce tendopg, fowards ¢he ding o, €ertam syb,.,
Stances, for g, fe1n the 4 feties, 1 ¢ fipy,ds and Us caleyy,

r Mune )
iron and I?;xd M3y be more <astly boupd o comeal fibas iy yhe Presence
F pareyf,, types of Systemg Metabol;c disturbances aﬂ"cctmg €ornea]

Meyip sud he gig 10t know of ARy cortelatiop between omea]
and Jeng Cacbohydesry Moteties 1 pogt, the come, ,, d the Jons Opaciey
:ﬁm from CCtons a5 g Vitamn dc[icxcnty states, He gid not know

3t the fipg 4, €at hand 1y yng m diaberes,
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Dr GUIMAN said they & under certain exycnmmu‘
function of infection- 1

son of the cotnea T

cransparencys “hange i B
would alter the refraction The second fun
curvatute 107 of the organ's!
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Replics of bull's sclera X 15000
Fic 2

Replica of bull's comea X 15,000
Fic 3

Fibetls of bull's comea X 20000

Fic 4
Hibnils of bull’s comea mpregnated with silver X 17,000
Fic s
Reticulin from kidncy of bovine foctus of 60 e , tmpregnated with sdver X 17,000

FG 6
Eibnllar maters] from the sploen of a new-born pig, the pictures are of the same specimen
{a) retuutin, () collagenous masenal % 17,000






WHAT IS RETICULINY
A. H. T. Rops-Smirir

Reticubin fibres were fiest desenbed by Kupffer 1n 1376 and erght
years later Mall {1888) claimed that it was gxstmct from col).xgc;n;
B I T e B e S

cjlurac't'crs, as revealed by the Light mucroscope It would seem
eIt A Hie W L

nght angles; 1 stans finty with acid fuchsin (van Greson’s stain),
accepts the aid anuline dyes in the Mallory or Masson Trichrome
method, and appears black in both toned and untoned sections
impregnated wnE silver by the Maresch-Brelchowshy method.
There has been some disagreement as reacuon with the
crede €L Voo - techmque used,
u « stams strongly,
she » . 1 (Robb-Sauth,
192, with the sulphation metachromasia reaction of Kramer and
Wmdr}v.:m {x983-54) reticulin 15 metachromanc, while collagen s

erthochromatic.

Native collagen and reculin fibres resist tryptic digeston but
wdetgo dusolution when tncubated with clostndial collagenascs
(R b-Smuh, 1945, 3953; Dresner and Schubert, 195, 5}

12 the idennfication of reticulin 1€ 35 niot sufficient t depend on
one thacacter alone, and there 1s no doubt that 1n the stuct sease in
huchst s proposed to use the term here 1t would be quite wrong to
#stme that al} fibres which appear black m the light microscope
“hen mpregnated with sibver y one of the modifications of the
Muresch-Brefchowsky method are seticulin_These siver impregna~
Son methods are no:imac.hcmxml tests and for them to be meaning-

»#93 Recestary for both the solutions and materal to be controlled

77
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catically as 1t 15 perfectly easy for any of the nssue elements m 2
prepazation to appear black, brown or yellow sf the conditrons are
so adjusted.

In mature connective tissue, reticulm often appears to merge with
collagen fibres but the angular branching 15 very charactensstic and
Eredommmt]y 1t 15 seen 1n relation to the basement membranes

etween connective tissue and eptthelum and around muscle and
nerve fibres, etc.

However, 1t has been shown (Lillte, 1952) that the staining re-
actions of basement membranes are not uniform, suggesting vati-
ability m their constituents and although m general 1t would be
correct to say that reticiln 15 2 comp f lian b
membranes, there arc exceptions to this. For example, the basement
membrane of the normal human renal glomerules contains no
reticubin and 1ts stanmng reactions are matkedly different (Richart
et al., 1953), while electron microscopic studies (Benedettr and
Tivibelli (19s4), Pease (1955) have faded to reveal the presence of
collagen-type fibrils.

This 15 of some importance as Crusckshank and Hill (1953), wsing
the fluorescent antibody techmque of Coons and Kaplan (1950}
showed that ant-glomerulus serum ‘stamed’ borh renal glomerular
basement membrane and reticulm, but not collagen fibres and they
quite nghtly stated that their expenments showed the presence of 2
Comimon antigen 1 these two nssuc elements, but this work has been
musinterpreted as a specific method for identifying reticulin.

In embryomic and regenerating connective tissue, the angular
branching reticulm fibres are seen quite early (in the human foetus
by 38 days, m healing wounds m 6-8 days) but another type of
argyrophl fibre 15 also present which has often been called reticulin,
but I believe should be distingurshed from it; there are fu:e wavy

you ke, collagen fibres, and clearly 1t they are to be caued et

then 2 different name must be adapted for the angular branching

argyrophil fibres of basement membranes and mature connectve
e.

ms;&crem.: furcher vasery of segyrophil fibres swhich has been very

Ittle studied and the only stte 1 which 1 am confident of ther

exustence 15 the ovanan stroma (Robb-Smth, 1952). They are pre-
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sent in assoctation wath reticulin and 1 have only been able to display
Lo e c~ -

RGO DU o Mmgonnn pog ~ogmg heet poa

" . N S |
this, as one has no idea what other changes have been induced in the
tissues by this techmque.

Bembndge (1952) has described collagenase-resistant trypsin
digestible fibres 1 ‘th? cll‘xary region of the Jreous and Martin
P S T AL AR s e .

suice we days ot Nageotle ana Huzeils, 1t nas been shown that
oy enann ARl et 1

- 3 e o B vn Jaen

e o . Va ol
well be of value in duadating the factors that determine the argyro-
phal reaction, yet because of the relative non-speafiaty of these
reactions under abnormal conditions, 1 do not bebeve attempts

should be made to draw very close analogies between results ob-
g e Fl ¢ CR A

1954).

¢ In t)ny department we have been interested 1n renculin for a good
fong ume and wn an endeavour to charactenze 1t more precisely, ie
was necessary to find a tissue rich wn reticulin and poor in collagen,
and after a survey of a wide range of nssucs, we adopted the sub-
cortical tssue of the kidney as 1ts fibnllary portion consisted almost
exclusively of reticulin, as 1 have defined 1t here, and 1t was com-
paratively easy to dissect out the small amounts of collagen around
the blood vessels.

I.Ilsmg material of this type, lgza:mcr a:u‘l Little (xgs:)‘smdxcd it
A S e Ll AR

confirmed these findings X-ray diffrachion photographs {Litde
and Windrum, 1954) showed a pattern quite charactensstic of colla~
gen, but 1n addition to the collagen bands other nngs were seen at
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crtrcally as it 15 perfectly easy for any of the tissue elements 1n 2
preparation to appear black, brown or yellow 1f the conditrons are
so adjusted.

In mature connective tissue, reticulin often appears to merge with
collagen fibres but the angular branching 15 vgr};' charactenftic and
predormnandly 1t 15 seen i relation to the basement membranes
between connective tissue and eprthelium and around muscle and
nerve fibres, etc.

However, 1t has been shown (Lallie, 1952) that the staining re-
actions of basement membranes are not umform, suggesting van-
ability 1 their constituents and although m general 1t would be
correct to say that reticuln 15 a comp of lian b
membranes, there are exceptions to this, For example, the basement
membrane of the normal human renal glomerules contams no
retrculin and 1ts stamng reacttons are markedly different §Rinc}mtt
et al, 1953), while electron mucroscopic studies (Benedett1 and
Tavibellt (1954), Pease (1955) have failed to reveal the presence of
collagen-type fibrils.

This 15 of some tmportance as Cruickshank and Hill (1953), using
the fluorescent antibody technique of Coons and Kaplan (1950)
showed that anti-glomerulus serum ‘stamed’ both renal glomerular
basement membrane and reticulin, but not collagen fibres and they
quite rightly stated that their experiments showed the presence of a
common antigen 1n these two tissue elements, but this work has been
musmnterpreted as a specific method for 1dentfying reticulin.

In embryontc and regeneratng connective tissue, the angular
branchung reticuln fibres are scen quite early (in the human foetus
by 38 days, m healing wounds 1n 6-8 da(ys) but another type of
argyrophl fibre 15 also present which has often been called reticulin,
but I believe should be distinguished from 1, thete ate fine wavy
fibres which do not branch and merge very closely with the develop-
1ng collagen fibres and indeed appear to be replaced by the coﬂa%gcn
fibres. I think these should be regarded as immature, argyrophl, of
you like, collagen fibres, and clearly 1f they are to be called rettculin
then a different name must be adopted for the angular branching
argyroplul fibres of basement membranes and mature consntective
tissue.

is a further variety of atgyrophul fibres which has been very
FLSa o D B ALt ch T am confident of their

Leele studied and the only site in whi
existence 1s the ovarian stroma (Robb-Smth, 1952). They are pre-
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sent 1n association wath reticulin and T have only been able to :ilsplay
a LI T P P Y

Bembrdge (1952)‘ has desenibed collagenase-resistant  trypsin
digestible fibres m the ciltary region of the vatreous andj Marun
N .

L B T e

reticulin 1t the term 15 to be used for the biologreal structural element
Tasen Y e CRRr R

JRE SUREES WO N

reactions under abrormal conditions, 1 do not beheve attempts

should be made to draw very close analogies between results ob-

tamed 1n this way and the structure and nature of reticulin 2s T have

defined 1t, and for the same reasons, I do thunk too much sigrificance

tzan bc) attached to the interesting expeniments of Irving and Tombin
1954

In my department we have been interested i retreulin for a good
long time and m an endeavour to characterize 1t more precusely, 1t
was neaessary to find a tissue nich 1n reticulin and poor 1n collagen,
and after a survey of a wide range of tissues, we adopted the sub-
cottical tissue of the kidney as 1ts fibrillary portion consisted almost
exclusively of renculin, as I have defined 1t here, and it was com-
patatively easy to dussect out the small amounts of collagen around
the blood vessels,

Using material of this type, Kramer and Luttle (1952) studied it
With the rlerrrrem sommmia e a3 12 1 e D
work ¢
610 A
confirmed these findings. X-ray diffraction photographs (Litde
and Windrum, 1954) showed a pattern quite characteristic of colla-
gen, but n addition to the collagen bands other nings were seen at
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2.
A hY . .

. . .

.. ' ,. '
, .o . s
Malelias, o o . o " -
posttion is very simular to that ot [SUIRY [WTRE o
1o the extent of 4.2 per cent non-t ine, the §ugzrs d d
bemg galajctosc, mannose and fucose; no wromc aaid or sulphate
ester was In add: it ined 10.9 per cent bound

fatey acids of whtch about g5 per cent was myrisae acid, the rest
g:lmmc. Thus, 1t appears that reticulin as 1 have defined it, from

uman kidney, 15 3 lipo-glyco-protem in which the amino acid
constituents are Vcry simalar to tiosc in cou:-\gcn.

It scemed desirable to try and what relationshup, if any,
reticobn had to the vanous soluble collagens that have been des-
cribed; any sol process d isfactory as it would be

difficult to relate the isolated fr;gmems wth histologically defined
structures, and so an attempt was made to expose tissues to various
buffer sof and then ine them histologically.

The tissue used was human kidney, obtained six hours after death
from a child, who had died as a result of an accident and showed no
pathologzcal lesions i the viseera. Portions of kdney, unfixed, were
cut on a freenng mucrotome and shees about zoou thick were
obramed. Some of these were immediately fixed in 4 per cent sakine
formaldehyde as controls {Fags. 1 and z?. others were placed in large

1 of the buffer sol and gently agitated while being keptn
a refagerator at approximately 2° C.; at the end of the period of ex-
v == shay were fixed in 4 per cent salne formaldehyde. All the

: e and sections were cut at 7 and

S ~eeolinand
Loy ‘ s ' >masia
of Kramer and Windruw, 1., oo Schuff’

reach

and Robb-Smuth’s sitver 1mpregnation methou iy,
staming method all the sections were treated simultaneously for
rdentical tumes n order to avord uncontrolled variations in stawming.

The soluttons to which the unfixed secrions of kidney nssue were

exposed weze as follows:

fer pH 8.8 for 12 hours; (2) ot N

M phosphate bu
) or MBS (3) 0.005 N sodwm hydroxide pH 12

acetic pH 2.73 for 12 hours;






Fic 4

Fig 3 Phosphite buffer pH 8 8 for 12 hours at 2° C followed by 0 1 M curate buffee pH 3 8
for1z hours 3t 2°C.
Fig 3X420, Fig $X 1,400



fro s

€ Phicphate bufir pHE& 8 for 12 hoursat 2 ¢ followed by avvue acid pH 27 for 12 hours
-

Fig 55420, Fig 6 1,400






oy, R0np_g, 187
for 1y bours, (1) o Strag, buge, H e for 1, 9uts (8 S.
2 and 2 (s p)'zospbarc bug, for p, oﬁrs fbl{owcd b %
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< residues o, Taction of ollagen fiom Contectye o hav,
0L, a5 yey, e, ncvmhdcss, it seemms 1Y probabjs thay
Teticulin’ accq for some o, ¥ Properties of llas c.

i this paper, 1 have ¢req 10 shoy the diff dmn@mg
reticulyy TOgress thay N made date, Reticulyy
as defined J, 0es not I to be 4 Precursor of the matyre
<o, bre, but 5 biological fibre of ¢, collagen Muly, of o
siderap), s kely ¢ £, m the ural bags of

¢ collipen fibre. It 15 desya), £ distingyyey Tety as defined
hete from o Pl fibres vy, © past have hee,, called

T ary
Teticulin’ of Which"the TSt imporyine Sxample 15 ghe Mmatyye
t0 be foung 1 areas of ﬁbnﬂogcnem

® D Jackson g thae Propornon of the faty 2 1
myristic, ang d steare Imgdr be 1y, Uitres

2 Roy B-Satrryy o, ‘plied thae atfirst he ofsy t}f 1ght 1t 5 animy ty

UL, 251 3 a0 n stant 'ats, he vwpg forced ¢, the cong, usion

® Consnry stated thap g, work of Eastoe showed mncluswely thae
w 15 bnation

Wy rtstic gopg 3 Ieleased only afiey hydrolys waty, tic
Jod with progey, ght accoun, ly for the ance of e to

erene Dr Congg, Vs interesee, € autoc], Vibihiey of
I order ¢o TEMOve 17 from €ssue resyq, He had g, + Using

dacy rey, U 85 per conp of hydro b
CXtracted afpep toclaying ¢ hours VL, 2 smaly mouny
contun, Rutochyyny s prol
d

C oue W,
Dr Meyey sad ke g, Was g Strong reducy 3gent and casily spfye
off 1 occurred Brantlocyge, Peptides ang ., | lxgydmc&
® sked Dy Rob) hether there 5 28 Increase of
elasyc Ossue Stnng 4, treatmeny with Phosphape buffer 40 PHgg
2, RomSumr Tephed thy, there y 5 N0 Inereg, i stavung y
Ofcen ag f3 the bloog vessels were concemed; the trgspe had beey,
€Xposed to ghe buffers g, only 1y houry g 3o C.
2 Parminy asked Dy, Consden v bether b fesdue gy 2utoclyy,
had beep Xmuned fo, Ppoly sacchardo Dg, Conspry replied ehyy un-
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fortunately s0 per cent of inorganic matcml was present s0 it could not
bc amlyscd wately, It conta d very linde | P after

[ T IR

number of processes :md dx; 15 car, but once it was faid down as basement
membrane 1t probably would not change to normal mature coﬂagm
Reticulin was not 3 half-way house to mturc colfagen fibres but a ‘branch

lne’,



SOME NEW ASPECTS OF THE STABILITY AND
REACTIVITY OF COLLAGENS

K. H. Gustavson

INTRODUCTION

It should be noted at the outset, that my contnbution will be
restsicted firsly to a review of results, lg:rdy unpublished, which
have been obtuned on nvestigating nawre of the valency
forces responsible for the stabilization of the polypeptide chains
present m the protofibnils and the filaments of collagen. Thus,
reactions and forces involving distances less than so-106 Angstrdm
units are concemed (Bear, 1953), Informanon on the t(lpe of sde
chams and lwks i the polypeptde backbone formmg the sites for
these valency forces will hence be a prinapal ssue. A comprehensive
review has recemly been given by Gustavson {xg56a).

Secondly, some problems, which mught be mvolyed 1 the altera~

n, . . . o . - o

cross-hnking and tannmg processes as an explanation of the altera-
tion of collagen m the organusm under certain conditions,

TYPE OF CROSS-LINKS

1t 13 genenally considered that the cohestve forees between the
elementary umts of the collagen fibal are of three types

(1) sonsc valerce, matmly 1n the form of salt-like cross-ink between
oppositely charged, long side chams, as those between the glutamic
2aid and lysine rosidues, the commonly eted example {Speakman
and Hirst, 1931, 1932, Lloyd et of, 1933}

(2) nonrome cross-hnks, the most important ane betag the hydro-
gen-bond, e.g the short Jink formed by the keto-imide groups on
adjacent proten chasns (Paubing and Nacmann, 1939). The presence

s



184 CONNECTIVE TISSUE SYMPOSIUM

fortunately 5o per cent of inorganic material was ptesent so it could not
be analysed accuntcly.L It contained very hle hydroxyprolmc affer
mtatann smann o tm b e P L A Yo
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cular stabilizing bridges. Tt is of the order of some 60° C., whereas

the degree of stabilizanon by the salt-like lnks 15 of the order of

'12-14" C. on the Ts scale only, Thus, such a l?rgs amournt as at
A e PR . ~

cxyc::ted to he rather shght 1n view of the effect of the great D.E.
constant of the aqueous solunons on the fibres.

At this pomt 1t 15 appropriate to note that the cffective valeney
range of the sites of the 1omc hink 15 of the order of s0-100 Angsteom
units, while that of the dipolar forces responsible for the hydrogen
bond and for the bonds generally 15 a few Angstrs
units only (Bear, 1952). Then, the latter forces cannot be operative
between larger units of the collagen (skin) structure, such as fibres,
whereas electrovalent finks may be able to extend their foree across
mterfibnilar spaces of some so-60 Angstrom unus. They may
accerdingly nfl the h 1 steength of the fibres, their
cohesion. It 1s noteworthy that m the hight of the avatlable expen-
mental matenal, the hydrothermal stabihty of collagen appears to be
governed by the short links berween polypeptide chams (helices),
and thus to be a function of the number and the strength of the
hydrogen bonds present {Gustavson, 1948), whereas the fensile
strerigth of a sugle fibre bundle appatently 15 mamly derermined by
surface forces of weakly polar mature, mfluenang the frctional
Euxcc: be‘twccn th‘c f‘xbrcs :_r}n‘s, VIEW receives some s:xpporf‘by t‘he

Mao and Roddy, 1950, Roddy, 1952).”

TYPE OF HYDROGEN BONDS

As to the number of hydrogen bonds of the ordinary type on the
—CO.NH— groups, gcncml%y concerved to be the prnaipal ones
(s) — and also beheved by some to be the only type exssting — it
appears that Pchscmly‘_c:n: systematic sct of K}’dr?gm bonds 15
PSP DO L A S -



(3) Van der Waals forces, and similar links formed by other
weakly polar groups.

To which extent these vartous intermolecular forces, or types of
co-ordinate bonds, contribute to the stabilization of the fibre struc-
ture 15 the second cardinal question. Using the degree of the hydro
thermal stability of collagen, 1 e. the value of the temperature of the
instantaneous shrinkage of the fibre in water, the 75, some ndica~
uon, or an approximation of the relauve importance of the ionic
and the non-ionic protem groups in the cross-linking of collagen s
obtamable (Gustavson, 19422, b; 19463).

It appeared to the present author that by ascertaining the effect of
the complete mactivation of the ionic groups of collagen, the acid
and base binding ones, on the shrinkage temperature by an agent
which 1s 1reversibly ﬂxc‘d by' collag'en and which does not swell the
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bnin aeide (Revomann of al.,
en
) : ‘nt
:0 be used for the severance of the sait-like bndges must be 1rrever-
ibly fixed by collag | I R
wolfagen secondary w+*  +
ks take place, whe, »+ T oo 1 o0l R o
sroblem. By saturation of eollagen with p-naphthalene sulphonic
«ad on equilibration with solutions of pH 1.5, the shrinkage tem-
rerature of calf-skin collagen 1s Jowered 12-14° C. (Gustavson,
942). This impared stability is generally concetved to be the
esult of ehmmating the 10m1c forces between the polypepnde chains.
inular results have been obtained by Jackson (1953, 1954) on
endon collagen. By the treatment of the skin co.nccntreted solu-
1ons of some strongly lyotropic agent, such as calcium thiocyanate
£ 2-molar strength, the fibre will shrink in the treatment, even at
:mperatures of 10° C. or lower (Kuntzel, 1937)- Thcr; arc‘mdxm-
ons favouring the view that the Iyotropic shrinkage is mum:;fc]l(y
o - 7V e mracetinks
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1040 CONNECTIVE TISSUE SYMPOSIUM

three-fold screw axis wath the chain winding round each other to
form a corled-col (Crick, 1956; Cowen ef al., 1955; Ramachandran,
1956, Ramachandran and Kartha, 1954, 1955; Reed ef al,, 1956).
The sequence: gly-pro-hypro can be accommodated m this moddl
(Kroner et al., 1953; Schroeder ef al., 1954). In view of this recent
development, according to which the molecule of collagen consists
of a unit of three helices, 1t should be noted that the term ter-
molecular or interchan cross-link, as used m earher publications as
well as 1n the present paper, should be wdentified with the link
connecting two molecules of the trhelical unit type, while the
mtramolecular cross-link should apply to bonds between the three
polypeptide chamns m the ume,

The presence of strong hydrogen bonds between the hydroxy
group of the hypro residue and some other ik or group on an
adjacent polypeptide cham, probably the keto-oxygen of the keto-

N Tt T T T e results from
+5sa). The data
molecular bond

—~OH... OC<NH“ can readily be accommadated n the tri-

helical model, and actually that such a cross-hnk is a logical con-
sequence of this particular structure, This type of hnk was in~
dependently suggested by Huggms (1954) 1 his latest model of
collagen, based on data from X-ray diffraction, and by the present
author (19543, b) from lus mvestigations of the chemrcal reacuvaty
and the hydrothermal stability of vanous types of collagen.

HYDROTHERMAL STABILITY AND HYDROXYPROLINE CONTENT

In studies of the hydrothermal stability of collagen of skins of
mammals and fishes (mamly bovine skin and skin of cod fish,
respectrvely), d by the temp rature of ous shrink-
age, Ts, 1t was found that the Ts of native skins of mammals generally
falls 1n the range 60-70° C., while those of fish skin are much lower,
for skins of cold-water fish 35-45° and for skins of warm-water fish
45-55° C. (G , 1953; Takahashi and Yokoyama, 1954). It
was pomnted out in the early papers (Gustavson, 1942b, ¢; 19495
19 5og)othat the hydrogen bond type of cross-hnk appeared to be
less developed in the collagen of fish skin than in that of bovine skin.
Since informatton on the amino acid composition of these collagens,
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190 CONNECTIVE TISSUE SYMPOSIUM

munor divergences 1m amino acids present in small amounts, such as
serine, threomne and methionine. Hence the ossibility of the
hydroxy group of the hypro residue being i.nvofved 1n the inter-
molecular hnkng of collagen was obvious. The original view of the
lessdeveloped intermolecular hydrogen bondmg on the peptide
Iinks of fish collagen had thus to e modified with due attention to
the possible function of the hydroxy group in the interchamn hnking
(Gustavson, 1953).
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the hypro have been estimated by an mdirect method colonimetric-
ally, a'set of figures for the directly estimated contents of hypro and
proline 1 the three types of collagen are given in Table I'm gm.

Tanis 1
CHARACTERISTIC PROPERTIES AND CONTENTS OF PROLINES OF COLLAGENS {GUSTAVSON, 19543,
19553)

Aad binding
Lo " eapmuty wn Per cent Per cont Per cent
No Typeof skn  Temn®C ol 0 HCl Droline  Hypro Probnss

ratrogen g ollugen
Cod fish 1 183 a9z 108 6o 168
2 Die 55 184 093 n3 79 a1z
5 Bowme & MH ogo 141 27 268
(calf sk
- e ~ollanan Tha din of cad fish represents the
1 of warm-
rine) type of

llagen. .
coAr%ong collagen-like protemns in organism of invertebrates, the
protem of the cuticle of the carthworm (Allolobophora longa) g
perhaps best known m structural and chemical respects; the sclcrct:a !
type of collagen having mamly been studied from the ngo ogi 2!
point of view. The cuticle protein which shows the ;:1] c-:mgs)
X-ray diagram chasactenstic of coflagen (Reed and Rudall, 1948),
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thermal stability of collagen was not affected by 1ts N-acetylanon,
while the N- and O-acetylation, that is, the blocking of the hydroxy-
and amino-groups, lowered the Ts from 64-66° C. to 40-44° C.
(Gustavson, 19543, b, 1955a). This finding indicates the rupture of
interchain cross-links by the O-acetylation.

Assuming that the aliphatic hydroxy groups are preferentully
acetylated, at least 0.8 mmol. of hydroxyproline pec gm. colla%;n
should have reacted. Hence, out of 1.07 mmol, hydroxyprolme
tesidues of the origmal collagen, three out of four hydroxy groups
have been blocked. In this connection, 1t is of mterest to note that
Ts for the O-acetylated bovine collagen comctdes with that of the
skins of most cold-water fishes, suggesting that the hydroxy group,
resisting acetylation, forms a stronger bond than the rest of the
hydroxy groups, and further that this particular group 1s mamly
tesponstble for the stabilization of the teleost collagen,

From mvestigations of the effect of the mactivation of the hydro:
groups of collagen on 1its reacuvity, the results from senes watl
condensed vegetable tannins (mimosa) and non-tonic complexes of

e S L

erlnbia eacee

fixed by hydrogen bonding of the polyphenolic structures on the
carbonyl oxygen of the ketoamide group (Gustavsonm, 1946a;
1947:,;9&0:{; 19545, ¢; Lanham and Pankhurst, 1956). The very

amudes (Gustavson, 1954d, 1955c). Hence, they are ptbb:bl‘y not
reacting wath the keto-umde linkage of collagen. Accordingly, the
mncreased fixation of these <t complexes by heat-d

tion of collagen and by s pretreatment with lyotropic agents
(urea, for example) cannot be due to the freeng of co-ordination
sites on the —CO.NH— hinkages. By O-acetylanon of collagen, the
irreversible binding of mumosa tannns by collagen 15 greatly in-
crcased, from 60 t0 ps-105 per cent, on the basis of protemn. On the
other hand, the fixation of the non-towe chromum complexes 15
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zone of collagen, e.g. pH values about s, the binding of this dye
apparently occurs mainly by the OH groups of the substrate, the
ampho-tonic character being less apparent. As an example, the
following set of experiments is given, Portions of hide powder
equal to 500 mg. of collagen were shaken for 24 hours in 20 ml
portions of 0.01 per cent solution of the dye (= 2 mg. dye). The
filtrates were drawn off and the stock washed and shaken three con-
secutive times with 40 ml. of water. The filtrate and the washings
were made up to 200 ml. The amount of unfixed dye was deter-
mned colonmetricallyn the Spekker absorptiometer.” The amount
of dye removed by tr;e substrate was obtaned by difference. The
arreversible fixation of the Benzopurpurine 4B was for ordmary hide
powder 0.40 per cent on the weight of collagen, for the same nde
powder after heat-denaturation {for 1 minute m 70° water) 0.48 per
ciﬁt and for the exhaustively acetylated hide powder 0.17 per cent
only.

T)Le srreversibly fixed dye was stable to saturated solution of
phenol upon proﬂmged treatment at room temperature, whereas
6-8 molar solutions of urea stripped the dye almost completely upon
two consecutive extractions at 20° C. These findings indicate hydro-
gen bonding to be chiefly responsible for the attachment of the dyc
to the collagen.

These data indicate the importance of the hydroxyl groups for the
non-tonic reactvity of collagen. They provide also evidence for the
exastence of a part of the hydroxy groups intemnally compensated
which makes them less reactive. By denaturation these cross-
are severed and the increased reactivity of the denatured collagen to
hydrogen-bonding agents may be conceived to be due to the new
sites of hydrogen bonds which are set free by breaking the — OH -~

H-
OC<N cross-link.

HIGH CONCENTRATION GRADIENTS SET UP AT THE INTERFACE!
COLLAGEN-SOLUTIONS OF ELECTROLYTES

In elucidating the reactions in a two-phase system, such as collagen
in aqueous solution, it is generally considered that for systems
which the membrane potential (Donnan effects) have been el.mun;_
ated, or do not exst (as in irreversible systems), the concentration o
the solute mn the mtemal solution of the solid phase is equal to the
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concentration of the solute in the external solution. Results of
recent investigations of gelatin gels (Jelley and Pontus, 1955),
reacting with solutions of aaid dyestuffs, and experimental studies on
the fixaton of catiomic chromium complexes by collagen from
solutions of basic chromium chlorides (Gustavson, 1957) show to
all evidence that this assumpdo‘n Js mot vahd In fact, very hrgz

amino-naphthalene-duzotoluene, ‘15 enormously greater in the
s'urfacc of the gelatin gel than in the dye bath  ‘The concentranon
AL ST UGN SN E S S S DU S .
.

o
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yotropic effect of the « d sol G 19263)
o e % H
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face 1s provided by data from the fixation of cationic complexes of
basic chromium ‘chlondes by collagen (Gustavson, 1957} A
solution of the G7 per cent acid ] chlonde was equlibrated
at a congentration of 1 equiv. Cr per htre. Its compositton corfe-
sponded to the empincal formula. Cra{OH),ClL.2NaCl. By tonic
exchange, the chromium was found to be entirely posinvely charged
(Gustavson, 1924; 1944; 1936b). All the chlorme was found in the
fikrate from the cation exchanger, Hence, no complexly bound
chlorine was present. In the onginal stock solution at a concentra-
tion of 250 gm. Cr,0, pet litre, an amount of § per cent of the total
amount of chromum was present as non-iomc complexes. The
figures for the aadity of the complexly held Cl-groups (chloro-
gmu%:) vaned widely in the range from 15 to 30 per cent. Inview of
the hibihty of the ehloro~groups {on diluton), this large spread of the
values 15 und dable, It 1s sndicated that the sol of great
concentration of the chromium chlonde consst mamly of com-
Plexes contaming two Cl-groups in the binuclear complex (2 atoms
of chromium), .. 1t s the 67 per cent aad dichloro-diol-chromium

chionde (cr OH G0 Cl. On tenfold dilunon, the chlorocomplex
Cl HO™ C1
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complexed Cl, by means of the gyndmc method as well as by the
e PRPEETR AL ST I I PUSER R, ,.,_)If‘ .

ferred fixation of canomc complexes of the type (Cr(OH)Cl<
by collagen, on the basis of tgc avadable experimental mater
and the concept of the mechanism of the reaction generally accepred.
Howevet, in view of the formation of chloro-chrominm canons in
solutions of basic chlondes being favoured by increasmg the con~
ion of the compaund (4 1927b; 1944) and moreoves,
with due consideratian of thte tremendous entichrent of the con-
centraon of solutes st the boundaries of the sold protem-ag
solunon found in the investigations by Jelley and Ponuus (1955 just
seferred to, this apparent paradox 1s temoved By the mcrcased
of tgc P pound 1n the protem, chloro~
diol-chromium cations may be formed which m this form combine
wth collagen,
This example may appear to be rather far-fetched and not 1o
belong to the problems under di 1 the present sy
However, some excuse is the fact that 1t provides a demonstration
and a proof of the setung up of very great concentration levels of
the r::crinig solute at the mbcrﬁlccrgctwcm the collagen and the
aqueous sofution. Tt constitutes cwvidence for a phenomenon that 1s
cly to enter prominently mta the behaviour of collagen and eon-
nectve tissus, By empl the tracer techmque, the
phase of the resction o

i s
£ cloll:tbgm and sobid proteins gencrally with
clectrolytes could probably be advantageomly attacked.

THE POSSIEILTY OF ‘IN #150" TANNING OF
COLLAGTN

Very lide posttive infe is at hand 5 unnmﬁ
processes in orgaus of hagher vertebrates including man, althoug]
the importance of such Eardcmhg of protemn strucrures of mver~
tebrates is firmly estabhshed. For a general review, see Gustavson
(1956b}. Modxzyin of the proteins of connective ussue by sclf
annnyg is one ;m.wi!v.ht;v, Thus, by sphrring-off of cessun reacove
groupsofeollagen, such as strongly polar side chans, the hydsation of

-
3
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the structure should be 1owereds and the stability
€1

hould be e,xpcczca wobe improvcd. On
ation of the gesidues of the anuni© 2cids whichare mstmmcnul forthe
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formation of such compound may occur on disturbance of the
s The ot

nZymatic reactivity of these compounds
graymtic progesses. The opuimug rejennty of thesg coppounc

undergoes on ageing of the human body has been mennoned
(Gustavson, 1047b), In both instances, the changes are alike: the
degree of hydration and the water-retaming capaaty of the structure
ate reduced. Further, the degree of elasticity of the tendon 1s mark-
edly i:-npmixcd. .

A I E Y e Ve e faaad
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tendon. Intendons from indsviduals who had died from certan
severe diseascs, the function of the tendons was greatly impared.
The fon di; and the stress-stram curves nbumeg byl
I e ST R R Y

LI A ]

ot structure, such as dehydration, lessened water-retuning capaaity,
and dc{:osndon of organic and morganie matenal,. Cross-linkang by
methylglyoxal, for mstance, has been mentioned as an addional
actor (Gustavson, 19g7h). Smce very minute amounts of dus
ﬂdc.hydc only will suffice for extensive stabihzation of the collagen
lattice and to modify the protem. profoundly, 1t would be very
difficult to prove the case by chemical analysis.” However, 1t appears
that the possible occurrence of such processes would be worthy of
the attention of the medical specualist.

SUMMARY

‘The importance of the hydroxyproline (= hypto) residue for the
sabilization of the collagen structure, particularly 23 10 iué{dm-
etmal stabality, is discussed in the hight of new expenmental data
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and 1n relation to recent models of the coltagen helices, It has

earlier been experimentally indicated that the hydrothermal stabiliey

of the skins of various mammals and fishes, as measured by the

temperature of mstantaneous shrinkage of collagen, is augmented

by increased content of hypro. Thus, collagen of teleostean skin

shows low content of hypro (6-1!: per cent) and Jow values of the
EE A el sl

wane tha callaman Af mame
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The effect of exhaustive N~ and O-acetylation of the collagen of’
bovine skin on 1ts shrinkage temperature and on its affimty for and
binding capacity of various agents of jonic as well as co-ordmnate

reactivity is discussed, The results are mnterpreted as indicatng the
~ D) - 1 LIS B | . Land

1mde link and for the hydroxy group of collagens are considered 25

well as the effect of hydrothermal denaturation of collagen upon its

reactivity. t
The buildmg up of highly concentrated solutions of the ionic

reactants at the mterface of the solid phase in the two-phase system
ERREY 1, £ Vil S 2 d ke b data from the

= changes in

chromium

complexes on thetr tixation Dy e Nae PIoLell, 45 wwpated tO the
composition of these complexes in the external solution, provide
evidence for the enrichment of the concentratton of the solute on the
surface of collagen, From the concentration profile of gelaun gelon
1ts fixation of sulphonic aad dyestuffs, a drastic jump m the con=
centration of the dye at the mterface of the gel 1 also found.
Such concentration gradients might be set up on the rc'acnox_lno‘f

pounds by COUAZEL (LEBUVLY Iy suBguoiu w vy A
tron.
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GROUP DISCUSSION

Dz, Bear drew attention to the X-ray diffraction differences between
A . F A T D A NS R S Y

ol . .
should be a slightly vulcanized protem, to use Dr Asthur{'s term,
Ds. Brar said that m view of the recent 3-cham models for collagen
teoil

molecular structure, one should d berween
cross inkages and interchain mtramolecular cross bnkages. One of the
malecular models allows lecular bos Iving hyd; I

nds g hydroy
more readhly than another which favours intermolecular bonds. The
lattee seems to be in berter agreement wath the diffraction data. Workers
now conuder that the gelanmizanon of molecularly dispersed collagen
should be studied and attempts made to sec 1f there 13 any cortelation of
hydrocyproline content with the thermal shnnk age temperatutes of these
Molccules themselves as well as with thermal contraction temperatures of
the tissues

Dr. Gross sud that 1t was difficult to correlate the propertics of all
collagenous fibres with therr structure as they arc probably often not
sumple proteins but muxtures. For example, try psn-puntfied cﬁsmam hag
3 tyrosine content of 6 per cent. After aumlt?avmg, the pelatin dissohved
©ut contamed 1 per cent tyrosine but there was an msoluble residue con-
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masid g: a shghd&zvulmnucd protem, to use Dr. Astbury’s term
mokcu];?l:,:d tin view of the recent 3-cham mcd}’s for collagen
o oy structutey one should duscriminate berween. ntermolecular

the tissues '

ml?L Gross said that 3t was difficult to correlate the properties of all
agenous fibres with theie structure as they are probably often not
ample protesns but muxtares, For example, v -punficd clastordin has
4 tytosine content of 6 per cent. After autoclaving, the gelaun dissolved
ouf contaned 1 per cent ryrosine but there was an msoluble residuc con-
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and in relation to recent models of the collagen helices, It has
earlier been experimentally idicated that the hydrothermal stability
of the skins of various mammals and fishes, as measured by the
temperature of mstantaneous shankage of collagen, is augmented
by mereased content of hypro. Thus, collagen of teleostean skin
shows low content of hypro (6-10 per cent) and low values of the
shunkage temperature (35-55° C.), whereas the collagen of mam-
malian skin contams larger quantitites of hypro (r2-13 per cent) and
markedly higher shrinkage temperature (6o-70° C.).

The effect of exhaustive N- and O-acetylaton of the collagen of
bovine skin on 1ts shrinkage temperature and on its affinity for and
binding capacity of vanous agents of jonic as well as co-ordinate
reacuwity is dascussed. The results are interpreted as mdxcatmg the
presence of a comparatitraler ermnem tmenem STt 2o 1 !
between the hydroxy
atom of the keto-imuc
Data on the behaviour u1 agents with speatic athty for the keto-
1mide hutk and for the ydroxy group of collagens are considered as
well as the effect of hydrothermal denaturation of collagen upon its
reactivity. t.

The bulding up of highly concentrated solutions of the jonic
reactants at the mterface of the sohd phase in the two-phase system
of collagen-solutions of electrolytes is indicated by data from the
reaction of basic chromum chlorides with collagen. The changes
the complex composition taking place in the cationic chromwum
complexes on therr fixanion by the hide protein, as Con}pa\'ed to the
compositton of these complexes mn the external :olutxo?,‘proﬂvféf

avidanre fae tha aecalace o

centration of the dye at the interface of the gel 1s also fmmdf
Such concentration gradients might be set up on the reaction o
collagen wrth dilute solutions of electrolytes, such as weak orgaﬁc
acids, under physiological conditions, creating condstions favourable
for hydrotroptc effects on the protein component.

Further, the possible occurrence of changes in collagen by agemg,
or under certain pathological conditions, due to the formation an_
binding of aldehydes, such as pyruvaldehyde and stmlar 3;2_
pounds by collagen (tendon} is suggested to e worthy of consil
tron.



F. VERZAR 209

1t shows 2 beautiful helical structure with small angle episcopic
Mlumination.

Itis curious that the periodic or helical structure of collagen. fibres,
50 well scen under the electron microscope and also deduced from

Wornyr amalucae Lan ant bnaen marnanizad s shn smimennannca £l au

1921) desenbed helices 1n the mouse tald tendons, and Hennga
1926) with his co-workers descnbed them in skin and in tendons,
He spoke of ‘spiral amrangements’. Hs conclusions were drawn
from hygroscopic torsions of bundles of tendons and from other
optic phenomena  Nauck (1931) working on whole human and
other tendons saw ‘waves’ and *periodical double lines, 13 per mm.’
Henngas measurements were smlar. Lerch (1950, 1953) spoke of
the macroscopic structure of tendons, which 1s lke 2 cable with
large helical windings  The helical structure can not be seen with
transparent Wlumnation. It can eanly be demonstrated of the
tendon 18 placed 1m R;xlxlgcr's solution on a shde and llummated

episcopally under a sm: mgl:.
Witk ~ darLla e -

" . "

beam of light falls on the fibre at an angle of go°. Turning the shde,
the hehees disappear completely at 180°,

The mxcxosco%\ml helical structure of nesghbounng tendon fibres
Lie 0 different planes. This makes it Possxﬁc to recognize whether
one 15 dealing ‘with a single fibre or a bundle of two or more.
g\aﬂ(c; of f\;wrcs are again hebically twisted around each other ke a

e (Big. 1),

These thun fibres lose ther water by evaporanon extremely
quickly even duning these preparation. Dried fibres show no helices,

at they appear immediately if the fibre 15 transferred to water or to
asaltsoluton,

‘The analogy of thus helical structure with the descriptions based
on Xetay anatyses (Ascbury and Sisson, 1935; Bear, 1953; Springall,
19543 Hall et al,, 19553 Randall, 10543 Robinson and Watson, 1952;
Hama, ran and Kartha, 1954) and electron Mcroscopic pictures
isstrdang. OFf course, it must be realized that we axe working here
8 a0 order of magrutude several thousand tumes larger. One may



THE AGEING OF COLLAGEN
F. VerzAR

I should like to apologize for returning to macroscopic observa-
tons at a time when X-ray and electron microscopy have con-
tributed so much to our understanding of the structure of connective
ussue i general and of collagen in particular. Thope that the present
work will serve at Jeast as 2 model for the conclusions reached by
modern physico-chemical methods.

It seemed to me important for the study of natural collagen to
choose a simple source of matertal, and 1f possible one not mixed
up with other tissue gredients. Whole tissues, Itke skin, contain
several similar substances, collagen fibres, elastic fibres, argyrophil
fibres, ground substance and probably other mtermediary sub-
stances. Further, since we now know that these substances can be
transformed mto each other {Burton et l., 1956), there 1s the msk of
transforming artificially one mto the other, e.g. when prepating
collagen-free elastn. Simpler methods may, therefore, sometimes
have advantages. Thus we turned to the single fibre of the rat’s tail
tendon (Verzir, 1055). Ewald, as early as 1909, used mouse tals,
Partudge (1948), Banga (1953) and others have used the rat’s tail,
Wer (1949), Werr and Carter (1950) and many others kangaroo-
tarl tendons, We have used an even more simple structuce. the
smgle tendon fibre, In the filly grown adult rat these fibres have ;
remarkably constant diameter and sub—macroscgplc structure an
are therefore especially conventent for comparative work.

These tendon fibres have to transmit the pull of the muscles
proximal to the base of the tat, to the distal joints of the tal. Thcrcﬁ
fore, they should not be extensible, They are what one might cal

wath all due respect for 2 complex protein structure, pure collagen
fibres. A1 LM Litete ke kin, one can
out bleed-
ave a dia-

et : teral.
meter of 0.15 mm. and a weight of 4-s mg  Lius 15 vur mal
That it 15 a smgle unit is controlled not only by the AEOVCWIK::
characteristics, but also by i under the P
208
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() Consecvtave stages of the samic fibee by heating op 10 63 &
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e Cmtraction of a ravs el tndon hbre



Thus latter substance, which constitutes the transparent fibre and
which we call here elastic protemn, seems to be identrcal with meta-
collagen (Banga et al., 1954, 1055) and with elacin of former authors
It 1s known that weak acetrc acid dissolves mucopolysacchandes
from the collagen fibre (Nageotte, 1927; Locwen, 19553, b). Thus
1t is probable that the helical stracture is a mucopolysacchande,
cross-lnked with the elastic protein fibrils, the metacollagen. The
mucopolysacchanide prevents the action of elastase on the natural
collagen fibre. It has be‘en shown by Banga that only a small
EICERATSEY of - 1 “t e 1 Tt o W1

hnkages which inhibit m the natural fibre the contraction of the
elastic protem fibres. If heat, acid or proteinase is allowed to act for
a longer time, more cross-links are broken, and the fibre becomes
completely elastic. Thus 1t seems that our observations rdentfy
mucopolysaccharide or rather mucoprotein as the substance of the
hchcalp structure cross-inked with an elastic protein,

Certain observations on the effect of thermic contraction on these
tendon fibres show that inorganic jons akso play a part. If tendon
fibres are bathed in distilled water for several l}-:ours or daysand d}tﬂ
heated, the thermic contraction becomes smaller and the induction
time much longer. If one transfers such fibres to a 0 g per cent NaCl
solution and then heats them to 62° C, the thermic contraction
immediately becomes normal in strength and ume. While Na++ions
have thus action, Ca*+ sons have no such influence in physiologi
concentrations. We also did not succeed n changing m a rcvc{slhlt
way the thermic contraction after treatment of the tendons w"{]h a
calcium ion-exchanger. Possibly calcium is more important for the
binding with elastin than with collagen. i [

$

somewhat less extensible tan Ul OL YO ditaisy \v = ,
1893; Roy, 1880; Remungton, 1945; Banfield, 1952)- ‘NOl'(l’Sllc‘
possible to see microscopic differences. Electron microsc Pd
studies have shown that the interfibrillar ground substance decrease
m tendons of aged animals (Schmitt ef al., 1942; Schwarz mr
Dettmer, 1954; Rollhauser, 1950; van den Hooff, 19523 Bahr, 19513
Gross, 1952; Kiintzel, 1941).
Remaflzablc changes can)bc shown in the thermic contraction of
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linkages the sh ing of the protein_fibres,
he destruction of the helical band is the destruction of cross-
nkages and the elastic protein then contracts.
Fhus by itsclf could not explain hoLw the ﬁbm,-?_f old animals can

Lam aleas sla ened - P

——tt ..;,._., P A..I.L. AL Clva an in tha vanine ana e
leohol, he comes to the fol‘lowmé an’:dysfs. “In the case of ag':d rats
 considerable part of the collagen must be present as almost com.
sletely stretched molecular chamns, these being cross-hinked to form 2
hree-dimenstomal network. In young indmglu:ls Fr:ctially the
PRl [E R N YR YA

Elevation of temperaturc gives the chain molecules a certain amount
f freedom of Browman motion. In this state the dfference between
young and old coltagen shows itself. In the case of young indmaduals
(lacking cross-hnking) no or, only weak contractile force of the
macroscopic sample 15 obscrved, the individwal cham molecules
reassurming at 62° C, by Browntan motion, ¢ach one by itself, is
most probable shape in the medium  In the case of the old indivadual
(cross-hinking of the chatns), the cham molecules transfer the change
of their shape to the macroscopic sample giving rise o a contractle
force of the latter At sull hgher temperatures, the cross-hmking
:othpscs maflcases .. .l’l'hlu d:‘c differences in ‘thc clasto-mechameal
L EEFTR B B R | e ko -‘._.-1- -
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conditions being identical. Tendons of the same animal show
thermic contraction with a larger load at a higher temperature,
With a small load the induction time is shorter and the height of
the contraction 1s lugher.  With only 100 mg. load already at 54°C,
:Eger a)very long induction time, a small contraction may occur

ig. 4)-

This 15 also to be appled to different ages. The tendons of old
anmals contract with greater loads and do so at temperatures at
which the tendons of younger animals do not contract (Fig. s).
If the companson is made with small equal loads, young anumals’
tendons may not show any thermic contraction while old antmals
show 1t at 54° C.

Furthermore, as has already been said above, the so-called rever-
sibiltty of thermic contraction is only the result of the elastictty of
the tendon fibre which appeats after thermic contraction, There
are again remarkable differences between this so-called reversibility
1 young and old ammals’ tendons. Small weights reverse the con-
traction much less and more slowly m the old than in the young
fibre (Fig. 5). A weight of 200 mg. may completely and quickly
reverse thermic contraction 1n a young animal, while the tendon of
an old animal may remam for a long time contracted wath such a
small weight. It will immeduately be elongated, however, if the
contraction 1s made with a weight of 1000-2000 mg. i

These changes 1n the thermic contraction are such exact signs of
the age that 1t becomes possible to judge the age of an animal on the
basts of thermuc contraction of a tendon fibre which was extracted
under narcosis from the anmal’s tail. There are differences between
the fifth and the tenth month, and much greater differences between
the tenth and eighteenth and finally the thirtieth month of the
ammal’s bfe.

After having descnbed these physical differences in the behaviour
of single tendon fibres n animals of different age, we shall constder
the physico-chemical explanation.

To quote Gustavson (1956, p. 202):
gen fibre 15 generally considered to res
dislocation of the mtercham cross-hinks of the
Heat mterferes with cross-lnks.”

If the suppostion which we made from the
optical, mechanical and chemical facts is nght,
vasible helical bands represent mucoprotems.

“The contraction of the'cc]lz-
ult from the weakening ot
collagen fibrils.

comparison of the
then the optically
These infubit by
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linkages the of the le protemn fibres,

The destruction of lhc helical band is the destrucnion of cross-
inkages and the clastic protein then contracts,

‘Thus by itself could not cxpl:nn how the fibre of old ammals can

LU S ISR IORPUIE Dy o SN JX I

that the I\:ba] steucture goes zhmugh the “holc diameter o[ the
fibre, 1t mJy be that kages with are

ese fibnilar cross-link: But even then 1t
scems duz :ftcr the destruction of the whole helical structure, 1n the
transparent stage, when the fibre is completely elastic, stll more
cross-linkages are prescnt in the old fibre than 1n the young one, as
Judged by the lesser elasncity of the former.

T have to thank Professor Werner Kuhn for a discussion of these
problems (1956). On the baus of a comparnison wath hus studies on
artifictal sysl:ms. cspfually on paolyacrylic aeid wath :POIY‘;my

L L. en a * R .

RIS

any changes of the shJFc of!hc molccuhr chams are lmposs)b!e duc
::u' the van dcr \V:uls orces (slmxlmtv to strcldlcd fmzcn rubbcx)

nucroscoplc nmplc u obscncd the mdmdu;\! ch:.m mu]ccu]cs
motion, cach one by 1tself, 1ts
most pmb:ubl: sr J:c n thc medium. In the case of the old individual

(cfross—hnkmg of dmns) the chain molecules xr:msf'cr the dungc
for . A
col : .

L% T P 1w to '

‘Lhe 1dea that an increase of cross-links appears with age and 1s



220 CONNECT[VE TIssug SYMPOSI UM

manly Tesponsible g,y o eing, wag discussed by Bjork

Of literapyp, While he collected only indjeec p

t g i t mean incregge
ages boryy, CR0OUS Broteims Was discussed in .
Way. King (1946) hys also discussed the decregge of th
artertes iy o age with 2pplication o, the statispic,] mech
of elasticys, of hyg] polymers. He came 4 the concly,
nges o clasnczty are th, of cgree of crog

W, e
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Mechamc, Properties of the tissue might help o el
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caused by diffraction effects due to the optical method employed and
asked if similar phenomena lu(}_ !:ce'n observed in,polanz:d light. She sud
BN R Y —e P - . . . A AR

was important to remember that the tendon is a tissue (hence contans
other fibrous components of various orentations) before drawing con-
clusions from observations such as Dr Verzir had shown. He mentioned
the possibility of mechanical effects occurring duning removal of the
tendon from

Dr. Grimax said that it was possible to observe stnations in rat-tal
tendon in situ before it had actually been removed from the tal. In rels-
tion to the suggestion by Dr. Verzir that clastin-like fibres are formed
dunng contraction and relaxation, Dz, HaLL asked of any evidence had
been obtained of matenal being extracted from the fibres. Dz, Verzér
sud he had done no work on this,

In reply to a question from Dr. Hall, Dz, VrzAr sard that treatment
with Banga's mucoproteinase gave the same results as treatment with low
concentrations of acetic aad.
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mamly responsible for ageing, was discussed by Bjorksten in 1951 or

facts of iterature. e he collected only indirect proofs, the pos-
stbility that ageing in general might mean an increase of cross-ink-
ages between fil protems was di d m an

way. King lS1946) has also discussed the decrease of the elasticity of
arteries i old age with application of the statistical mechanical theory
of elasticity of high polymers. He came to the conclusion that the
changes of elasticity are the result of the degree of cross-linkage of
protem filaments which mncreases with age.

Wood mn 1954, quoting the former work, wrote: It seems pos-
sible that if agetng is accompanied by cross-linking . . . a study of the
mechanical properties of the tissue might help to elucidate the
process” Without having known about these earhier 1deas, 1t seems
to me that our work has produced mechanical proof for the increasc
of cross-linkages of collagen fibres with age.

GROUP DISCUSSION

Dr. Bear sad that Kuntrel found that the waviness of fibrls in tendon
could be observed less clearly if the tissue had dried, and wondered if Dr.
e r T 1 3 by et af denn

ab structure.
*r's solution.
1t e bl et baedenee an 3 nroet scale when

the tendon beczme tm‘xﬁlu.cm{ e beemee o dhat formaldehyde
. sile strength and con=

° by the tannung D2
GusTavson expressed the opuuon that cross linkage had nothing to d;
with strengeh but that thermal shrinkage is a fimction of cross h}l}xkz&cr ‘hﬂ;
agreed with Dr. Vlc(rzsts;r;s :)iplmitiv;x ot; tﬁi satgrin czbsinggm do;s Pl

e wiro foun
tc-fii[fd: (:nd:i ‘v&:),t’ :}' :o(if) vears and then to decrease _sharpl}". Th‘f__‘f

Dr, FirToN JacksoN wondered 1t the observed pueubiiow sy



5. M. PARTRIDGE, I. F. DAVIS AND G, §, ADAIR 223

tissue preparations. Comparison of the aml{tical data and Fh{siﬁl
properties shows that thus product is closely similar to the elastin
preparation descnbed by Sten and Maller {1938).

The clastin preparation is not soluble 1n boting 40 per cent urea
soh:uon even :xﬁ:'r 24 hours’ treatment, ‘bm 'it should be 'nnt:d Elm

order of 0.15-0.50 mm,

The fibres forming the dned powder from lfigamentum nuchae
were much thicker than the elastin fibres to be seen 1 loose connee-
e I R R R R N

s Lt
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kalled rat and these were fixed wath the same solutton. Scctions were
then cut and staned both by Verhoeff’s and Waeigert-French's
procedurcs for elastin, The secuons were finally treated with the
counterstains of van Gieson and Mallory.

‘The fibres from the powder preparation showed the same staung
propertics as the elastin fibres i the arcolar ussue sccuons; the
collagen and ground substance m the latter preparauons did not

retain the oreein-fuchsin stan but were well demonstrated by the
counterstains,

SUMMARY OF IXPERIMENTAL WORK

Since the greater part of the expenimental work on which this
Paper is based has already been recorded (Parndge, Davis and
Adiir, 195 5; Pardge and Davis, 1955) 1t scems sufficient to give the
main resubts here 1n summary form.



THE COMPOSITION OF MAMMALIAN ELASTIN
S. M. Partrper, H. . Davis anp G. S. Apar

The work described in this paper has been carried out with a puri-
fied preparation of clastin powder. This substance s regarded as a
chen-uc'jly defined fibrous protein — it is believed to be mn a state of
substantial purtty and to represent, as such, an integral component of
the fibres of elastic tissue.

The yellow elastic tssue from ligamentum nuchae or aorts of carde
1s known to contain, m addition to elastin, oonsidcrabl'e am?un:s of

more Or Iess ulﬂﬂla[cly WIUL ULE LIULOUS Loy vt Py ey
which are themselves largely responsible for the characterisuc phy-
sical propertres of the tissue, s

A procedure for the isolatton of the protein ‘clastin’ must ensure
complete removal of the other tissue components but at the same
time 1t must not result in chemical dsmage to the elastn elements
It has been shown (Partridge and Davis, 1950), that, with many
proteins, treatment with 2 per cent acetic acid solution at 100 for
several hours results in the hydrolytic cleavage of peptide bonds at
specific pomts m the chamn. “Similarly the worok of Courts (1954}
showed that on heating a sample of gelatm at 75° for 24 hours at pH
3.0, free e-amino groups werc hiberated and the mean molecular
weight of the sample fell from $8,000 to 7000. Botling with iﬂme
acetic acd as a step in the puntfication of elastn was avorded there-
fore; instead a procedure based on repeated extraction with water 1

an autoclave at 120° was adopted. In order to ensure the complete
removal of and 1 haride, the deed powder

p A
produced after the first course of extractions was finely grcm‘:gl ;I‘; cl

hammer mull hefore treating for a second time m r.heram oclave.

i

auy Miaws wen 1

25 those to be seen in

grnding, isted jally of morpho
fibres, svhuich had the same staining propesties
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tissue preparations. Compasison of the analytical data and physical
pmpcx?u':f shows that du.i: product is doscf;'nsimdzr to the e{::dn
preparation described by Stemn and Miller (1938).

The elastin preparation is not soluble in boiling 40 per cent urea
solution even after 24 hours’ treatment, but it should be noted that
under these conditions urea solutions develop a strongly atkahne
- N N e *" boiling urea results in

which may be caused

“The punficd preparation of elastn from ligamentums muchae was a
frec-flowing crcam-colou‘rcd poyv‘dcr, which under the mi‘croscopc
RN I DY 1- NI
with a varaten from 3.6 1 to 9 9 u, whilst the lengths were of the
order of 0.15-0.50 mm.
The fibres forming the dned powder from ligamentim mchae
were much thicker than the clastin fibres to be seen m loose connee-

nuchae were made by embedding some of the poder in clatin and
fixing 1n neutral formalm solution; alongside this a numgcr of pre-~

arations were made from abdomunal areolar tissue from feeshly
iﬂlcd rat and these were fixed wath the same solution. Sections were
then cut and staned both by Verhoefs and Weigert-French's
procedures for clastin. The sections were finally treated with the
counterstams of van Gieson and Mallory,

‘The fibres from the powder preparation showed the same staining
properties as the clastim fibres in the arcolar tssue sections; the
collagen and ground substance 1n the latter preparations did not
retain the orcamn-fuchsin stain but were well demonstrated by the
counterstains,

SUMMARY OF LXPLRIMENTAL WORK

Since the greater part of the expenimental work on which this
paj:r 15 based has already been recorded (Parndge, Dawis and
Adair, 1955, Partndge and Davis, 1955) 1t scems sufficient to givethe
marn gesults here 1n summary form,



THE COMPOSITION OF MAMMALIAN ELASTIN
S. M. Partriocr, H. F. Davis axp G. S. Apar

The work described in this paper has been carried out with a puti-
fied preparation of elastin powder. This substance is regarded as a
chemucally defined fibrous protein — it is believed to be in 2 state of
substantial punty and to represent, as such, an integral component of
the fibres of elastic tissue.

The yellow elastic tissue from liganentum nuchae or aerta of cardle
is known to contain, 1 additton to elastin, considerable 2mounts of
| IR N 1 . .t .

~rllaman acd s

. L
which are themselves Jargely responsible for the ch istic phy=
sical properties of the tissue. L,

A procedure for the ssolation of the protein ‘elastin’ must ensure
complete removal of the other tissue components but at the same
time 1t must not result in chemical damage to the elastin elements.
It has been shown (Partndge and Davis, 1950), that, with many
proteins, trcatment with 2 per cent acetic acid solution at 100” for
several hours results 1n the hydrolytic cleavage of peptide bonds at
specific pomts 1n the chamn, Similarly the work of Courts {1954)
showed that on heating a sample of gelatin at 75° for 24 hours at u;;H
3.0, free a-amuno proups were hberated and the mean zpol;cﬂ ar
weight of the sample fell from $8,000 to 7000. Boiling .wnh'-h ute
acetsc acid as a step mn the purification of elastin ywas avoided there-
fore; mstead a procedure based on repeated extraction with \vatcxr in
an autoclave at 120° was adopted. In order to ensurc the comp! 5!:
removal of collagen and mucopolysaccharide, the dried P"J” <t
produced after the first course of extractions was finely ground m 2

hammer mull before treatmg for 2 second time m the autoclave.
ar D 1 1w ecsa B rind

tibres, which had the same staining properties as tose o ve seus s
222
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i reparations. Comparison of the analytical data and physical
p?:;cfncf shows that this product is dosc{y similar to the elastin
preparation described by Stem and Muller (1938).
The clastin preparation is not soluble in 9|Img 40 per cent trea
sohunon even after 24 hours’ treatment, but it should be noted that
| I [ IFCORIURIR PN T el T,

J DO Tt

“The punfied prep n of elastin from g

stschae was 2

order of 0.15-0.50 mm.
The fibres formmng the dried powder i"rom Ilgan:entum tuchae
Llaaa.at wallno. .- .

ntichae were madé by embedding some of the powder i ﬁghﬁn and
ixing 1 neuteal formalin solunon; alongside this a numl

et of pre-
aratons were made from abdomunal areolar tissue from freshly
ﬁdl:d rat and these were fived ceb dhaenmnonl ne oo
then cut and staned b . " .
procedures forrehsun.v T o v

collagen and ground substance m the latter preparations did not

retam the orecin-fuchsin stain but were well demonstrated by the
counterstains.

SUMMARY OF EXPERIMENTAL WORK

Since the greater part of the experimental work on which th
paLer is based has already been recorded (Partndge, Davis and
Ada

t, 1935, Partndge and Davis, 1955) 1t seems sufficient to gve the
main results here 1 summary form
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protetns which 1s studied m this paper. Six successive extracttons,
each for a pertod of one hour, were sufficient to bring dried and
powdered elastin, from ligamentum nuchae of cattle, completely into
solution. Removal of oxalic acid from the mixed extracts by dialyss
through cellophane resufted in the {oss of about s per cent of the
nitrogen as small peptides.

Properties of the Soluble Protein

The non-diffusible protew was soluble in water at temperatures
below 25° C to grve a pale yellow mobile solution, On rarsing the
temperature of a solution i dilute buffer at pH 4-6 a precipitate con~
sising of iquid droplets separated. The droplets showed no bire-
frngence under crossed nicols and immediately dissolved again on
reducing the temperature. Fig. 1 shows the temperature at which
the phase separation first appeared when the pH of the solution was
varted at constant fonic strength. On eentnfuging at 37° C the
droplets coalesced to form a lower layer of viscous liquid, and
refractive index measurements showed the two hquid phases to
consist of aqueous protein solutions of different on,

Electrophoresis Experitnents

When dialysed against buffer muxtures of fonic strength 0.2 the
protein showed a single symmetrical peak m the electrophorests
apparatus at all pH values i the range pH 2-9. If the tonic strength
was reduced to 0.02 the protein showed 2 smgle peak in the range
47-7.5 but below pH 47 a boundary anomaly was encountered
which resulted 1 wnsymmetrical peaks, particularly in the ascending
Iimb. Fug. 2 shows the electrophoretic mobility of the protein at
10nic strength 0,02 and 0.20 when the pH was varied in the range 2-9.

Measurement of Isoelectric Point . .
At ontc strength 0.2 the value for the isoclectric pomt from
clectrophoretic mobility measurements was 3.9 whie that from
membrane potential determmations was 4.0. On reducing the mmz_
strength to 0.02, there was a considerable change in the position GB
the 1soelectric point; determmnations in the dilute buffer gave 4.
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from electrophoresis measurements and 4.7 from membrane poten-
tuals.
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pH at 20

Tempenature of first 1 .

b of first appearance of phase separation .3 seluon of the muxed soluble pro-

tewn conecntration 0 72 pec cent (w(v) {1, acetateor phosphate buffer,

:::;;mglh @1, O, buffer ol 1ome strength 0 01 with addition of NaCl to a totalsomic
ey

St do The eourervate phase appearcd on rasng and dusappeared on lowering

FmF:non:nion of lh‘: Soluble Protein
ractionation by repeated precipitation of the hquid droplets
which formed on’ raising the temperature or by use of a highly
E;::;f:bk coll.ol{llngr‘;rmcmbr;‘me resulted 1n the separation of two
nents wi ering physical properties. Onc of these, which
e clled g, showed the cg S cterio i;fropcrty of ible heat
Preapitaton. Osmotic pressure detenminations for this fraction
£ave mean molecular weights of 60,000 to 84,000 in different pre-
paranons. The second component, which we called g, gave no
P'fl‘lmc atany temperature up to 106° C and had a mean mole~
culat werght of 6000 from osmotic pressure measurements.




226 CONNECTIVE TISSUE SYMPOSIUM

It was at first thought that the substances « and p may represent
mhomogeneity n elastin as it exdists in the tissue, and a study of the
course of the hydrolysis of powdered elastin by dilute oxalic acid
appeared to support the view that the substance is 2 two-component
system. Fig. 3 shows the amounts of o and § protein contamed m
five successive extracts, prepared by bailing a sample of elastin pow-
der with M/4 oxalic 2c1d for 1 hour periods. It wall be seen that the

3
2f
LN

:\l o\
Q o, %
X o -+ e A\
2 z H N " e
> Q, E’\
fllil] of ‘Oxo
] o)
S a
o]
I

3l

Fic 2
buffer of sonic
Electrophoretic mobility of the muxed soluble protems from elstm. (T, 1c
smgdso 02, O, buffer of with th 'NaCl to total

0za

ichi i the Jater
early extracts are very rich in p-protein (M. W, Gooo) while ¢
extchts are rich 1 a-proten (M.W. 60,000-85,000). "This 15 th:f
reverse of what would be expected of the protein p wasa lpmductho
further hydrolysis of a soluble protein of higher molecular weight,
and suggests that p arises from a more easly hydrolysed com-
ponent in the ongnal tissue.

Amino Aed Composition .
The questton remains as to whether, if there are two components

in elastin, they are of different chemical composition or whether, on
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ozlic sad at 100" for 1 hour, A, pm. total protein dissolsod 1n exch extract, X, gm o

FrotEn releaed, O, gm Prproreia rleased

gc other hand, they consist of basically the same kind of chain, but

Aﬂ' et 1n therr state of physical aggreganon or degree of erystallunuey,
ccordm%ly. the amino-acd composition of the ongmal elasan

- ma—aa 1.~ . Tieww = 21 1

rawdee o
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Tane 1 -

AMINO-ACID ANALYSES OF ELASTIN AND THE PROTEINS DERIVED FROM IT BY MIID ACD
HYDROLYSIS

gm amino aadf100 gm protein dry wt.
Elastn from hgamentum nuchae  o-Protws  P-Protem  Elastin fiom
Aorta

prep. 2
Glyane 267 270 232 290 262
Alanmne 213 231 248 208 216
Leuane 90 g9 83 81 95
Isoleucne 38 37 30 38 43
Valne 177 170 155 206 180
Senne 08s 10 odg 085 15
Threonme LI 12 11 og8 17
Proline 13s 128 123 138 s
Phenylalanine 62 62 —_ 36 63
Tyrosae s 12 16 11 26
Methiorune Trace Trace Trace Trace 053
Huudine —_ 009 003 0os 031
Argmnme 13 12 12 093 19
Lysine 030 054 as6 048 13
Aspartic aad 1 I 066 10 2r
Glutamuc acd 24 26 26 21 39
Hydrotyproline 16 16 15 - 17
Cystine 035 —_ 040 — -

The analyses show that the amino-acid composition of the three
proteins is substantully the same, and thus it appeats that elastin
powders, as usually prepared, may be regarded, as they have been
1n the past, as essentially homogeneous for the purpose of cb:r_mcal
investigations. Table I also includes the amino-acid analymff

from exther type of tissue are very sumilar chemieally. Comparavic
data have been given by Neuman (1949) for'elastm from ligamentun
yiuchae and by Lansing et al. (1051) for elastin from old and young
aorta. Tt both cases the analyses were based on mlcm\.nologlca‘ assay
and the data indrcates greater differences in amino-acid composition
than were observed m this work.

Titration Experintents
- - 3 ' st = ~f il ealuhla nrateins. previous

. septiae
.  hydro-
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Iytie procedure releases aspartic acid and probably glutimic aad ina
er:: state, and at the same time cleaves the proten chains at other
LR PRI IR R . e 1, 1 ot

show the presence of many a~carboxyl and c-amino groups in both
the solublz proteins, From the otration data it 1s concluded that
dunng the treatment of the native elastin to give the o- and -
proteins, about 26 and about 31 moles of a-amno residues respec-
twvely are released in 10* gm. of protein, with the simultaneous release
of corresponding numbers of a~carboxyl restdues.

Estimation of Terminal Groups
Aoolicats Huorodimi
e

o7 o que of Sanger gave
the results shown n Table IL

Tante 1T

NUMBER OF MOLES Of N-TERMINAL RESIDUES IN 100,000 CM
rroTIN

Dlastin a-Protewn P-Proten.

Eotome o } Tne 26 a9
slue Trace 10 66
Alunne oot 35 1o
Glyane o 83 10
erme oos [ N2
Atpartic acd ooy o4 Trace
Total 029 244 35

‘The small number of N-tceminal restdues i elastin are probably
not sigificant since they may be duc to traces of collagen break-
down products m the elastin pr after removal of
callagen by autoclaving.
i Ttas sxgn'f_ﬂfnt that (!lc - and the B-protem contain almost equal

P

2nd that the larger proten molecule st be bkt up by the bmdmg‘
together of a num{;cr of such umt polypeptide chams.
Q
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fibre. The liberated collagen fibnls can easily be identified by exam-
ination with the electron microscope, since they show the character-
istic cross-banded structure with major periodicity at 650 A.
According to Dempscy and Lansing the' collagenous materials
appear to be embedded mn the clastic substance and may thus be
protected from the solubihzaing effects of the reagents designed to
deoytem

links occurs dunng the extracnion with 0.25 M oxalic aad. The
hydrolyuc procedure releases aspartic and possibly glitamic aad in
a free state, and at the same ume cleaves the proten chams at other
posiwons where labile peptde hnkages are to be found (Adarr et al.,
1951). Titration curves carned out on clastin and the a- and p-
protens show the presence of many a-carboxy i and «-ammno groups
tn both the soluble protemns. From the curves the «- and 8-protens
contamn 26 e-anuno cquivalents and 30 e-anuno equivalents per
100,000 g, of protem respectively. This result accords rather well

with the obtaned by appl of the fl dinitro-
benzene technique of Sanger (1945) which 1s reported m Table 11,
Th ber of N-ternunal ad restducs found per 100,000 gan.

of protein for elastn, a-protein and B-protemn was 0.29, 24.4 and
32,8 respectively. The relanonshup between chamn length and mole-
culae weight 1s brought outin Table 1. The data 1n thus table shows

Taste 11

MOLSS OF N-TIAMINAL NIUDUTS IN ANOUNTS Of ELASTIN
DERIVATIVS COSRISPONDING TO THIX MEAN MOLICUIAR
WHOI DETPRMINID OSNOTICALLY

oTvien  plrone
no00 gm) s 500 £m)

Trom uttation gurve 74 [
From FOND derermunation B3 194
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Dy CUssy, ON

The dtscovcry that the Producy o mild acig b

Contayneq two Proter with markcdly Differen, Physj Dropertye
Ostitlanon Of three altcnulivc Views of, the Maczomol.

of the Protey OMprising the Mentary el

OF. The, May arjce Stdua]
of the Punfieq Preparagon by collagen op degradarion Products ;;[
collagen, Remoy,; Of the Joge Eraces of, collagen from Preparatio ¥
Of elastyy Powde, 2Ppears ¢4 p. 2 slow and dtﬂi:.ult Process, an
I B Taple y Ws that

in the
Dspection f 2 i T, shows ¢ difference in
n-‘tll’yu 1gures £, the lastin could large y be cxpla:lz;cd b_
SUtning degree of, Smination bya Protein of ¢, fagen.

: Certay g, n
s ongyy, The dzﬂiculty of Punfyine elastin’ppes becomes undtl;
ndable g, the highe of obsclvan'oru reported p, n pfc)’;:d
tsing (1954) Who stae that When TeParations of, elastin PZII:nIs
h hor NaOpy solutiony o treated v, stase, collagen ok
bberareq 2Pparentty, from e Intern,) sttuctuze of he
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{bre. ‘The Iiberated collagen fibnls can easily be identified by exam-
aation with the electron mucroscope, since they show the character-
itic cross-banded structure wath major periodidity at 640 A.
sccording to Dempsey and Lansing the collagenous materials
ppear to be cmb:dde! mn the elastic substance and may thus be
irotected from the solubilizing effects of the reagents designed to
lestroy them.

As regards the molecular structure of the two soluble degradation
rroducts denved from the elasun of ligamentum nuchae, previous
work has shown that 2 considerable degree of hydrolyss og pepude
mks occurs dunng the extraction with 0.25 M oxalic aad. The
1ydrolytic procedure releases aspartic and possibly glutamic aaid in
v free state, and at the same time cleaves the protem chams at other
postions where labile peptide linkages are to be found (Adaic es ol..
t931). Titration curves carried out on elastn and the a- and p-
proteins show the presence of many a-carboxyl and a-amumo groups
n both the soluble protems  From the curves the «- and p-protems
contam 26 a-amuno cquivalents and 30 c-amuno equvalents per
100,000 gm. of protemn respectively. Thus result accords rather well
with the infc obtamed by appl. of the fluorod
benzene techmque of Sanger (1945) which 15 reported m "Table IL.
Thenumber of N~termnal ammo-~acid residues found per 100,000 gm.
of protem for elasun, a-protemn and P-protemn was 029, 24.4 and
32.5 respectively. The rcﬁnonsl-up betwecn chawn length and mole-
cular weight s brought out in Table Ili The data n this table shows

Tante 1

MOLES OF N-TERMINAL RESIDLES IN AMOUNTS OF ELASTIN
DERIVATIVES CORRESPONDING TO YHE MEAN MOLECULAR
WEGHT DETERMINED OSMOTIGALLY

oProtem  p-Proten
(67,000 gm} (5,500 gm)

From turation curve 174 i
From FDND determunation 61 1Ry
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chains containing an average of 35 residues each, the N-termunal
residues being glycine, alarune, valine and letcine with a small pro-
portion of aspartic-acid terminals,

As yet there 15 httle indication as to the nature of the cross-links
which hold the chains together. Since the a-protein is derived from
native elastin l:-y' a process involving rupture of the peptide chains,

" ranenn el

may then represent a ‘resistant core’ derived from the more‘highly
cross-linked sections of the elastin fibre,

The rubber-like clastiaity of the hydrated elastin fibre suggests
that 1t is a rather disordered structure composed of bundles of ran-
domly contorted peptide chains lying generally paralle] to the fibre
axis, For the greater part of therr length the peptide chains must be
free to take up mdependent thermal motion; but to account for the
wsolubility and the swelling properties of the fibre, the presence of
cross-links at rather wide mtervals must be assumed.

It 15 possible that such cross-links could be established by the
presence of crystalline regions containing polar groups in close
apposttion, but there appears to be hittle evidence for such a structure
from published X-ray diffraction studies. However, since das.un,
unhke collagen, 15 reststant ta the action of prolonged autoclaving,
and shows no tendency to dssolve either in hydrogen bond-breaking
solvents such as urea or 1 organic solvents such as phenol o cresol,
it seems more probable that the primary covalency is involved in
the relatively small number of cross-links present.

The only type of covalent cross-link that has so far been proved
to exist m protems is the -$-S~ bridge due to two cystine half
restdues. In elastin, however, cystine represefits 1ot more than 0.4
per cent of the protem dry weight, and this content would not
provide sufficient cross-inks to account for the stability of the
structure. In order to ascertain if cystine bridges are an important
factor in stabilizing the protein, elastin powder was tr:ated~ with
performic acid under conditions which ensured the conversion of
the whole of the cystine half-residues to cystecacid, thus breaking all
-S-S- bridges. The oxidrzed protein remained insoluble after pro~
longed antoclaving, and was also insoluble in neutral 40 per cm;
aqueous urea and go per cent phenol both at room temperature a:}:

100% It thus appears that -S-S- bridges have hrtle effect on the
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solubility properties of the protem, and other stable cross-hnks must
be present.

Cross-Imking at the e-amino groups of lysine or the phenolic
hydroxyl groups of tryosine appears to be ehmmated since it is
shown that these groups are available for reaction with fluorodini-
trobenzene. The amino-acid analysts of elastin and the a- and p-
proteins shows them to have a remarkably low content of polar side
chamns. Aspartic and glutamic acid together account for 3.5 per cent
of the dry protem; serme and threonine account for 2 per cent and
hydroxyproline 1.6 per cent. It 15 possible that ester Links formed
between the hydroxyamuno aads and such of the dicarboxylic
amino-acid residues as are not combmed with ammoma may
account for the stability of the structure, but no evidence for the
prcsclncf_ of such bn‘nds has as yet been obtamed  However, 1t sh?uld
[T TR ST _— - PO B 0 A

A further possbility remains that the peptide fabric itself 15 n-
volved either i covalent cross-lmkig or 1 aggregation at the mole-
cular level |:3: theintertwining of hehical chams . Many workers now
agree that the a-helix 15 the basic cham configuration mn c-poly-
peptides and the a-forms of fibrous protemns, and vanous model
systems mvolving molecul grep; with the prod of
“super-helices” have been discussed by Crick (1952), Pauling and
Corey (1953), Ramachandran (1956) and others. In the case of
elastin, a }ug T ~rdavad chrnrtiora annanee tm ha waldrale oo sl
production ¢
could be en
conceivably . : -
ard . PN RRER N

A PPN A |
he .
w . . -
d‘ " -
sional gmtoﬂbnls. However, the possibility of homogenetty at a
Tugher level of organization should not be forgotten, and the present
results are not mcomEmble with 2 model consisting of two structural
components at the fibnl level (;ltcgmuvc 2).
JASCRUR TPC R A

Tanenm as of fonnsd .. . - IR
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Banga. They concluded that the fibres (diameter about s 1) were
blll.llt up from many mmute threads of fairly uniform thickness.
(A IS A 1o,

The whole structure seemed to be cemented together and coated
with a matrix matenal which had physical and chemical properties
nearly 1dentical with those of the ﬁbrinr substance (cf. Balr, 1951).
The kinetics of the process of dissolutton by elastase was followed by
observing the liberation of Nile blue sulphate from stained elasac
fibres, and the results suggested that the matrix matetial passed into
solution at a much greater rate than the fibrillar substance. This
result conforms closely with our own observations on the rate of
Liberation of the a- and p-proteins by nuld aad hydrolysis and
suggests that the fibnllar substance may be identificd as the source
of the highly cross-linked or branched a-protein and the matrix
material as source of the p-protein which contamns not more than
two peptide chains hinked together, .
Recently Bowen (1953) has published a study of a soluble protein
dentved from elastn by prclongfd boiling vgxh 40 per cent (wfy)
revt Vot D e Thceen maveanthla mhaea canaration an

out with the protemn dertved from urea treatment suggested that the
matenal may exist m solution at pH 4 as 2 dynamic equilibriom
between more than one molecular species, dilution favourng break-
down mto small molecules. By extrapolation to zero concentration
a value for the mean molecular weight at infimte ddution of 6870
was obtained, and Bowen suggests that this may mean identity with
the p-protein produced by oxalic acid treatment (M.W., 6008):] A
rehable value for the lecular weight app: \ at
high concentration could not be given, but in Bowens view 2 vablic
of 84,000, corresponding wath the a-protein, would be in reasonable
accord with the data,

In our work wath the o and -protemns we have not observed any
tendency towards mter-conversion of the two Frot:ms ducto gltex;
tions m the protem concentration; this is well brought out in
curves relating the effect of protein concentration on osmotic FA;;‘IS-
sure (Partridge, Davis and Adair, 1955). Strong solutions of the
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p~protein can be stored for pro!'ongcd pertods without production of
ot - e T s eeeatan e 2t

ammonta 1s produced and the solution becomes alkaline. dotubuuty
1m ucea may be brought about by partial atkatine hydrolyss, and the
alkahine conditions may cause the ruprure of mtercham hnkages
which arc more stable under aad condions. The difference in
Em erties of the two tyi:s of sotuble degradanon product may dhus

¢ due mamly to the absence 1 the urea product of stable cross-
bonds. Work 1s continwng 1 an attempt to obtain further informa-
tion on this aspect of the problem.

Action of Elastase on Elastic Tissue and Purified Elastin

The state of combuation of the polysaccharde m yellow connec-
tive tissue and 1ts possible effects m stabilizing the protem structure
has been discussed by several authors, but some confission has arisen
l::rgcly 35 2 result of madeq d of the o

e P ~

sesule they suggested that pancreatic elastase 13 not a proteolync
enzyme, but rather a mucase Banga and Balé (1053) and Banga
(1953) discussed the hiberation of reducing substances dunny

action of elastase and about the same time Hall {1953) showed that
the elastase prepatations commonly used are probably complex and
'-}m at least one component has mucolyne actvry. Wood {1053)

The polyssecharide can be removed m large part by extracton with
alkaly 10 pec cent (w/v) calaum chlonde and appears to be
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this and other evidence it was concluded that there is doubt as t
whether the polysacchande associated wath elastin plays an import
ant part m structural stability,

The results of the present work show that the elementary fibre
comprising the butk of the native ligament consist of 2 protein whid
contains not more than 0.3 per cent of carbohydrate and insignifican
amounts of ester-bound sulphate. The protein may be regarded a
chemcally homogeneous but it is not excluded that individual pep
tide chains, comprising the protein, may constitute a ‘fanuly’ o
molecules in which replacement of certain ammo acids, one by
another, is permssible. Estimation of free a-amino groups hberatec
during the action of elastase on this protein (Partndge and Davis
1955} shows that enzymic degradation involves the rupture of many
peptide bonds, and thus at least one of the components of ‘elastase’
must be regarded as a proteolytic enzyme,

The work described 1 this paper was carried out as part of the
programme of the Food Investxfatmn Organization of the Depart-
ment of Saentific and Industrial Research.

GROUP DISCUSSION
Aot - - ce *1lie Tavea marr of the
Neu-
. rotein,
the 6000 molecular wexght particles of this fraction must be ansimular.
Dr ParTmIDGE agreed am{P sard that this might arise from random
hydrolyss. . .

YDR. ly\sh—:um—:ncm found 1t hard to see how the polypeptide chains i dx]l:c
alpha fraction could be yomed together covalently and suggested d]!
some reversible association, such as occurs in msuln, might occur 1 the
alpha fraction

[

te nf the variation of osmotic

. : ealing with zg
-bon¢

hxdxnoglc;u bond

‘ In rci’ly to Dr. Meyer, DR, PARTRIDGE satd tiiat 3-0 pui wese v-
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chastin,

Dr. Jacrson had observed a shuft of the iso-electric point of gelatin from

both aitrate-soluble collagen and insoluble collagen, as the salt concentra-

tion. of the solution was mereased. In both cases the 1so-ome pomt was

pH 9 3 and the iso-electric point at an foruc steength of 0.1 was pH 5 1
Dx, Pantsance said that 3t must be due to firm binding of the chlonde

jon by these proteins,
11 Aarminmen o

DU SR SN PR S MR S ey WA

endacmccmenen ALLL L, o1 g

substance, and he suggested that some interchan inkage must be present
1 collagen
In reply to Dr. Bal6, Dx. PArTunee sad that hus clastin preparations
did not contain fat but pomnted out that any fats on the outside of the
rative fibes would have been removed duting hus purification procedare
In reply to Dr. Consden, Dr. Partrinee satd that hus clastin preparation
contamed gnly © 3 per cent carbohydrate. Though this mught be mnvolved

. ' - - W e - .
ar hipo-polyuccharide associated with the outer coating rught have been
semoved during purificanon.

Dg. Pantuinct said that the appearance of the fibrey suggested that ther
m:zm! structure had not been damaged by the punficanon proceduores
ust



CHEMICAL AND ENZYMATIC STUDIES ON
ELASTIN

D. A, Hat

Chemcal studies on the structure of elastin have developed far
more slowly than cotresponding studses on the other fibrous com-
Ponent Of connective ﬁssue - Coﬂagcn.

Ten years ago although characterization of elastin by histological
means was commonplace (Unna, 1896), few facts were known
regarding 1ts chemical structure and these were confined to an in-
complete ammno-acid amalysis, for example Stein and Miller, 1938.
Since then electron microscopical (Wolpers, 1944; Gross, 1949 and
Hall, Reed and Tunbnidge, 1955) chemical (Bowes and Kenten,
1049, and Partridge and Dawss, 1955) and enzymatic (Banga and
Schuler, 1953; Hall, 1955 and Lansing, Rosenthal, Alex and Demp-
sey, 1955) exammaton of elastin has advanced rapidly. On the
other hand the fundamental background for staining reactions has
been studied mamly only in so far as the metachromatic reaction
(Bal4, Banga and Schulcr', 19'54) of the flbscs'is c:)ncemed :mclI \Td}

The studies of the past décade have, moreover, been contused by
apparent cont ions between the reported resuls of
vatious groups of workers. It was suggested in 1951 (Hall) dthat
adequate charactenzation of elastin for any analytical procedure
would entail the assessment of at least two properties with 2 view t}tlo
proving the identity and punty of the preparation. Many of the
duscrepancies may well be attributed to the fact that whereas one
group of workers may base the identity of their preparations or;_
chemical analyses, others consider elastin to be pure 1f 1t consists O
an histologcally homogeneous species. i
Hamggelectz)n-nﬁcﬁ)scopiml?histologxcal and ch;nuc:\fl_ :xuctt};:;ds
available, the Leeds group have aimed at a correlation o ee

* Nuffield Geroutologieal Rescarch Fellow, Department of Medicine,
England.

Unsversity of Leeds,

238
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methods and have utilized them wherever possible for charactenza-
tion of the starting matenal for analytical procedures.

One of the most controversial questions of elastin chemistry has
been the evaluation of the role played by polysacchande in the
stabilization of the elastu: :_ i f; pl ““ contradietory

Y

intolubility on elasun or the factor confernng resistance to cnz]);—
matic attack of even the factor confersing physical stabifity to the
- e gL een ERROA LA .

inermess and physical strength are completely unrelated, Jp js,
therefore, gosslblc that the removal of a portion of the mtutally
S e S S LIV e

tensile properties of the structure. Withour unbimuted facilities it is
vmual\l; mmpossible to exanune all these facets of the problem
simultaneously and therefore caution has to be exercised in speafy-
ing the particnlar reaction under consideration when attempting to
construct a mn’dcl which will cx?thlhc stability of the structure
. L Pt A .

Leeds h“;é based their subsequent studies was fm‘t pmpo::d in ;
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the case of solid enzyme. Where these arc only available in solution,
e.g- m more punfied fractions, 1 ml, of solution containing between
60 and 70 g, protemn was added to 9 ml, of buffer, The mixture
was then mcubated at 37° for periods varymg from 2 to 17 hours
depending on the punty of the efastase preparation, and the protein
dissolved estimated ' the supernatant by means of the biuret
reagent after the enzyme action had been stopped by immersion of
the reactton mixture m boiling water for three minutes.

As can be seen, there is a marked increase in activity of the enzyme
as one passes through the seties of purification procedures. Electron
microscope examunation of the preparations obtained by treatment
with acetic acid showed that all structurally discernible collagen had
been removed. Chemucal analyses (Hall, 1955) on the other hand,
especmllzr of preparano?s obtained fﬁom aom:,‘showcd that there snljl
PR [ i Y

Bowes and Kenten (1949) and more recently by Partridge et al.
(1955} Durmng treatment with alkak there was no ‘marked variation
K R

' Lams lemnsane fikrae

hours’ treatmené There were, however, marked changes in }hc
polysacchanide content of the residue after varying periods of! botling
witz alkah. Durmg the first two hours’ boiling the polysaccharide
content fell rapidly although it never reached a value below 0.2
per cent, mantainmng this figure until complete dxssol;mon cx'uUed.

It would normally be expected that even prolong g
with distlled water (Partridge ef al,, 1955) would be a ess drastic
method of collagen removal than shorter periods of autoclaving
with acetic acid. That this is not so, however, can bg deduced ﬂ:om
2 companison of the polysaccharide content of elastin prcpmt:;ns
obtained by the method of Adair ef al. and by the present at d(:r
(Hall, 1955). The only explanation would appear to be th}alt :
aadic polysaccharides concerned are less soluble at p 2 to 3 than
pH 6, and hence the fraction containing pglysacchmdc remains
with the residue on extraction with acetic acid.
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THE ENZYMATIC SUSCEPYIBILITY OF ELASTIN PREPARATIONS AFTER
DIFFERENT PERIODS OF ALEKALL TREATMENT

Partially purified elastase preparations show a striking degree of
disumlarity i therr reactinity with elastin preparations that have
received varying degrees of alkali pre-treatment (Hall, 19ss)
depending apparently on the precise nature of the preparative pro~
cess employed. Fag. 1 shows the type of curve obtained, relaung
amount of protein taken into solution to the degree of pre-trcatment
of the substrate at a variety of enzyme concentrations, for an
enzyme preparation obtamed by the preapitation at 45 per cent

dum sulphate of a pH 4.5 sodum acetate
buffer extract of defatted hog pancreas. Peak activity m terms of
protem passing inta solution occurs after alkali treatment amounting
to between 30 and 60 munutes Thereafter apparently the substrate
of the enzyme concerned 15 etther removed or altered m some way
s0 that 1t is no longer susceptible to attack.

Subs i on the fi

of such elastase

pre at various sulphate co showed
that the cnzﬁ-:c associated with thus parneular peak at mtermediate
peniods of alkalt treatment could be concentrated 1n a fraction pre-
QPI?)!C& at 20 per cent sulphate ton (Hall,
1956).

A vanety of other procedures which have been used for the frac-
toration of elastase have all afforded further evidence for the dual
nature of the enzyme but have not been adequate for complete
separation of the various components. Thus, precipitation with
acetone, or adsorption and elution from alumuna or from a colurn
of powdered elastn, have provided enzyme fractions which were
nichin t:nc or other of the components, but which were not com-
pcad Aface —meee ey o 1 ~ —

end

Lhrin perspex sheets fm'mx;xgA the pper and lower surfaces of a pnx’r
P et SRS SCEEN vo T’
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80

Percent tissue dissolved

30

2.

Period of alkali treatment (min)

Fic t
The relationshup between the percentage of tissue dissolved and the perod of allal pre-
teeatment at a senics of differmg enzyme concentrations A, B, C, D and E sefe
to enzyme concentrations of 160, 86, 69, 40 and 20 ug per ml of 0,7 M plyane buffer pH
87. 50 mg of cach substrate were incubated 1n 10 mL. of this solution at 37° C for 17 hours.
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The Coumponents of Certain Soluble and Insoluble Fractions of Elastas
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than that normally used. Adequate separation of serum prateins, for
smstance, 15 accomplished 1 p = 0.1 pHi 8 6 veronal buffer in 11 to
2 houts, using an overall P.D. of 1000 V to give a maximum
curtent of 40 mA.

Crude elastase prey ined on this equp show the
presence of 10 or mote bands completely separated from one
mothct’ (k:lg4 2). The bmd§ are stained wath Selvay Puxp[lc by the

. . I
by heas denaturanion they are Jost dimng the apphication of the dye.
These bands assume a grey-bine appearance as opposed to the pure
blue fwnt of those whuch ate sufficendy mso[ubﬁ: 10 be stained by
drying at 100° Of the 10 bands observed mn crude elastase prepara-
tions, only one or two are completely removed by the vanous

f n procedures. A sulphate precip for
instance, appears to affect the concentranons of vanous components
so that between the rwo of a senes of sulphate

gxcup:mcs, there 15 a gradual change 1n the intenuity of the various
ands on the electroplioretogram (Fig. 3). Only two of the bands
appear to have any conncenon with the enzyme reachon, These
are the first and second basic bands  Of these the least basic E,
when tested alone appears machive since it does not have the power
10 cause protein to pass anto solution, which 1s the normal method of
assessing actvity. The sccond band E., however, does have this
faculty. When they ate both tested simultancously, a 5o per cent
Increase in the measured achivaty of E, can be observed. The opn-
mum ratio of L, to E, 15 1 to 5, further additions of E, having no
effect on the enhancement of actwty of E,. A numbce of experi~
ments have been carrted out unlizmg a composite eluate contaming
both E, and E, m the proportions 1n which they were ongmally
present m the impure enzyme and 1t has been shown that electro-
phoretc separanion of these two factors from the rest of the clastase
preparation effects the removal of at least ane proteolytic factor.
is can be demonstrated 1 the following manner:

Relutwvely smpure clastase preparations bang sbout the minal
:‘ppmw}cc of protan tn sotutten and ehis mereases until the whole of

he clastin preparation has been dissolved. On prolonged mcuk
however, esumation of protein 1n solution shows a decrease indicat~

®
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g the presence and stmultaneous action of a proteolytic e
degrading the protemns mto small peptrdes and amino acids which
are indetermunable by the bruret technique,

E (the composite solution of E, and E,) is completely devoid of
this enzyme smee the concentration of protein in the elastolysate
remanns constant for periods up to 90 hours’ mcubation (Table )

Tams Il

BEMOVAL OF PROTEOLYTIC ENZYMES FROM ELASTASE BY
ELECTROPHORESIS

Tume of DBuaret Readings
Incubation  Crade Elastase -3
hour preparation
o5 os 38
10 2 104
20 b 238
45 16 258
o 275 296
160 292 296
240 281 297
400 250 289
900 220 291

into solution and there is 10

ssion of peptide linkages, it
se to

Although elastase causes protein to pass
evidence to preclude completely the fi
would appear that solution is accomplished without recour
generalized proteolytic action.
. - «ms <Feneaca mrenarations
later by
. . . activity
curve was such as to mdicate the presence of two distnct enzymes.
In the papers of the Hungarian workers this was exemplified by d';hc
appearance of a curve with an optimum peak assoctated \Vl'hﬂ
shoulder at 2 lower pH value. It could be shown (Hall, 1955) b at
under certain circumstances, particulatly when the substrate ha
received mtermediate periods of alkali pre-treatment the shouldcé‘1 in
the regions of a pH of 7.8 would transform into 2 peak, s0 :5
p:ma]%y purified enzyme preparations tested against alkalt “mak
t gave a double-humped pH activity curve wath one pe
at 7.8 and the other 1n the region of 8.7. On punfication it w}“-:z
found that E, had a single peak but that duc to changes bml:igto
about by the removal of extraneous material the peak had move:
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alower pH value in the region of 8.4 to 8 5. When examined alone,
Ey, as previously stated, showed no activity in terms of dissolved
protein, but the addition of small quantities of Ea to E, brought
about the reappearance of the shoulder at the lower pH value (Fig.4).

7
12 12
>

2

z

v

o
8% 8
¥

o

v

v
4% 4
2

£

L4

7 g8 PH o

T 4
Cunes relsung the sctvity of raction Fg and fractions Ty plus E, 10 pHL

This could also be shown by pre-treatment of the substrate with
E; ata range of pH values, (%1 [owed by treatment with E,. Under
these conditions E, was found to be more active agamst those pre-
parations which had had E, treatment in the regions of p 7.8, The
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addition to E, of small concentrations of B, permitted the solubilizz-
tion to proceed. It was found that under these conditions the ratio of
polysaccharide to protein Iibesated by E, containing E, was between
2 and 3 times as great as that liberated by E, ether alone ot in the
presence of a small concentration of B (Hall, 1056). This appeared
to afford evidence for the snvolvement of E, in 4 reaction witha
polysaccharide fraction of the substrate, although the fact that no
polysaccharide appeared in solution without the intervention of E,
would imply that B, does not sever sufficient bonds to Liberate
carbohydrate. The evidence, therefore, indicates that the two active
fractions of clastase are respectively specific for a protem and a
polysacchande portion of the total fibre, but in both cases the en-
zyme 13 highly specific in its action, since no generalized proteolytc
or mucolytic activity can be discerned.

The necessity for gcth protein and polysacchande to be attacked
before clastin ean pass i solution affords evidence for the existence
of a polysacchande-protein complex 1n the fibre.,

CHEMICAL EVIDENCE FOR A MUCO-PROTEIN COMPEEX.

Further evidence m fivour of this can be obtained by an examini-
tion of extracted fractions obtainable from whole hgamentur
nuchae (Lloyd, 1956). After the removal of a large pxopgman'ohf
the mucopolysacchanide from minced ligament by extraction W'll;
hot s per cent sodwum chlonde solution a funh‘er fraction can be
extracted by neutral 10 per cent calcium chloride sofution. This
material can be subscquently divided into two parts by dualysis. One
of these 1s msoluble 1n water. This material must presumably under-
g0 a certam amount of denaturation during dilysis sinceit no Ionécr
dissolves 1n calenm chlonde solution nor wll it dissolve in buffer
solutons up to pH 0. However, onmncubation with elastase 1¢ leﬁ
rapidly into solution and dissolution 1s accompanied by the rc ;ﬂ:
oiP very few free reducing groups ndicating that the cnzymdt o
not cause generahzed breskdown of glycoudic linkages h‘;n?ig
reaction. Whereas whole hgantentum nnchae has a polysace hn_
content of between 1 and 2 per cent and a preparation of dc St:_l
which has been decollagenated by treatment with acetic ack c‘}?) "
tams between 0.3 and 0.5 per cent polysaccharide, this fr}almon s
a polysaccharide content of between 6 and 8 per cent. Tl cn ng:lﬂq: >
aad composon of the protem moety of this preparano
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from that of both collagen and elastin. It has 2 hugh proline
content, relatively hugh acidic and basic anuno-sesd content and 2
hydsoxyprolme content mtermediate berween that of elastin and
collagen. Jt could not, however, be a mixture of collagen and elastin
since there are one or two spots 1 the region of methionne and
tryptophan which could not be identified with components of
esther of the possible parens substances. Further analysis of the whole
preparstion showed that it contamned about 38 per cent of redveng
materal on hydrolysis and about 2.5 per cent of hexosamune, Cor-
ponding hydrolyscs of a chond Iphuric acd p

give a rano of reducing sugar to hexosanune of 13.4 to 15.2 indicat-
mg that the polysacchande portion of the matersal extracted from
clastic rissue was relatively devosd of hexosamines.

CONCLUSIONS

In 1052, owmng to a belief that the clastase preparations then
avathable were far purer than they have since proved to be, it was
suggested that clastase attacked an outer matrix or sheath of the
elastn fibre which protected an anner fibrous structure (Hall, Reed
and Tunbndge, 1952}, On the removal of this protecnve coating,
the inner portion, which was asumed to be completely protein in
nature, passed spontancously mto solunon m the buffer.

More tecent observations have done hitde to detract from the
ongmal concept of the clastin fibre as a dual strucrure and in this the
chemical evidence has been amply borne out by electron microscope

TReed, Saxl, Tunbridge and Wood, 1955). The only vananon from
the ongmal coneept concerns the stabihty of the mner fibrous pro~
temsteucture, This would appear to be the substrate for the enzyme
Ty, whereas the polysacchunde portuon of the amorphous outer
coating 18 the substrate for E,,

In the carher paper by Hall, Recd and Tunbndge (1052) 1t was
suggested, 5o a3 to conform wath the obscrvations of Adur, Davis
and Partndge (1951) and Bowen (1933) that the outer amorphous
snucoprotem portion might be considered as conssting of proten
usts of the order of $000-10,000 molecnlar weight bound together
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by the small amount of mucopolysaccharide present, while the
mnet fibrous component was totally composed of protein and con-
sisted of a hinear polymer of this protein fraction, This theory re-
quires very hetle alteration in view of the mass of evidence which
has accumulated since it was first proposed, but it 15 possible to see
how other workers using different technigues for purification of
elastin preparations have removed the whole of the polysiccharide
and with it, therefore, at least part of the outer coating of the fibres,
revealing the mner fibrous structures on which they have sub-
sequently performed thesr chemical analyses. No doubt the analyses
ascribed to this material can justly be claimed to be those of clastin;
but only 1f elastin 15 defined as *a protein derived from elastic tissue
by certain given purification procedures’. Such a preparation would
appear to bear hittle relationship to elastin as defined by hustologssts,
which calls for the inclusion of a polysaccharide fraction to account
for certain of its hustological properties.

In the questions dealt with above concerning the involvement

of polysaccharide in the stabilization of the elastmn fibre, the tact
© U 1 e e 3l Sl sl cniales wnstian oF the fikre cOn-

ined
. . one
another 1 the fibrous phase. This 1s in corplete agreement with the
earlier observations of Partridge and co-workers (1951) but the
observations of Lansing, Roberts, Ramasarma, Rgsemhal and
Alex (1951) cannot be correlated with this concept since they call
for the existence of elastins having different amino-acid compositions
in samples of elastic tissue from different age groups. A post Hc
explanation of this has been afforded by the observations of Hall,
Keech, Reed, Saxl, Tunbridge and Wood who suggested the
ossibility that thetr 1 pitro observations on the conversiont of {ti:clc;
fagen to elastin could be extrapolated to cover the in vivo fic :
(1955). Degeneration of collagen fibres prior to the {ynthcs’s o
elastin fibres would explain why various elastin preparations zpptal;
to contamn ammo acids over and above those normally assocrate
with the classical elastin analyses since the breakdown of co]-fl_ﬂbgm
from the older age groups is not so complete and coﬂagcs ibres
which have not degraded to the extent necessary for the pro Ufﬂzﬂ
of dlassical elastn will become embodied m the forming elas i
fibre. Some of the collagen fibres do appareatly, however, conver

completely to elastm, since Hall has shown (1951) that the extraction
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with urea solution of sortic clastin preparations which have an
amno-aaid pattern between that of collagen and clastin produces a
product in the penul snge before dissoluti ving an

i d m close to that of classical

clasen,
Tt appears, therefore, as 1f there may not be a single mti‘ty ‘elastin’

A mode! for the structure of efastin based on the incomplete evid-
ence as yet at our disposal must of necessiry be rather tentative, but
s Ptui v AR T R AR L P

sidered as consisung of a two-phase system, both euter and mnner
g;mcs being composed of 1dentical protan wnts, che outer ones
mg ]mkeg throngh a small amount of polysacchande, whereas the
+r . LI ] L A | T

T‘hc protein umt would be 1denufiable a5 the ﬁ—fu‘cuon, 'h:my‘:g a
molceular weight of $s00 whereas the major a-fraction would
represent hinear polymers of thus smaller sub-unit hinked by bonds

e i A R h

autochiving removes such a hugh pmliomun of the polysacchande.
Secondly, Partndge has noted that the B-fraction 15 released pre~
ferenually 1 the eather stages of attack, whereas the a-proten 15
biberated preferenmally only in the later stages of the reaction, These
observanons are canly exphcable if ont accepts the hypothens thae
the B~fraction represents a portion of the outer sheath, while thea-
fraction 1s the sugst:ncc of the wner fibrous core.

The author wishes 10 acknowledge the acnve help and sustamned
wterest of Professor R. B. Tunbrdze. He also wishes to thank Dr.
G. C. Wood and Muss £, Saxd for much helpful discussion.
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Dz, Svzvin asked Dr. Partnidge of Ins fracnions were tested by the usual
starung reactions for clastin, collagen and others, and D, Parrmper
r:phcds that he had not investigated the stamung reactions of the soluble
matetials, Fis punficd fibres, however, were stamed with orcen Iike elastic
uissue, and were not staned by basie and actdic dyes.

L A I A 1.

speatfically stnp off the outer coaung to see if at the same ume this
semoved staming properties Dr. HALL rephed that this was just what was
obrerved when elastase was used.

D=, Meves sad the punified polysacchandes which he had isolated from
bigamentim machae are mot acted wpon by crude elastase prepared by
Banga's procedure o by 2 mould enzyme nusture contamng efastase but
that he did not clum to have wsolated all the polysacchandes present in
figamentum nuchae,

Refermng to the msolubhity of the polysacchande described by Dr. 1all,
he saud that msolubility was charactensuc of mucowds extracted from many
ussucs and was probably due to denatutanon  He referred ta the un-
relubiity of seducmg value measurements on hydrolysates of muco-
polysacchandes as a measure of therr reducing sugar content

Dr., Hatt rephied that measutements of reducuig pov et had been made
only to shaw that the polysscchandes wsolated from hgamentum nuchae
dn;llnm contain CSA. D2 Mrver did not ,d\Lmk this (or::lmi(m wat
= P [ G R W IR AP M

'
SHAG L 33 ICCUSALIY & POLYSILULINUCs g U2y ity 1€ WS prepares
f0 accepe the idea that the clasnn fibres are coated by a pofynacchariZ,
Pprotrin somple but did not think that the nature of the Proten comu.
N;:\x way yet sertled

thatt . .
ermy -
they appear m the ussue



THE STRUCTURE AND CHEMICAL COMPOSITION
OF CONNECTIVE TISSUE

I Banca anp J. Batd

Connective tissue fibres showing homogeneity under the light
SR R s

£ v 2 a "
the normal. No fibre is capable of functioning unless its chemscal

structure 15 mntact.
The present work deals with the mucoprotein components of
pammantin sorna Shess and stk thaee enovmes which take part in
and mucopoly-
. onlya sm:l[Y part
of these — greatly ifluence the physicochemical behaviour, swell-
ing, permeability and funcnonal capability of the fibres. Our
expenments show that some colloidal properties of the fibres, for
example the acd and neutral swelling, seem to be related not only
to the electrovalent or hydrogen bonds of the polypeptide chams but
also to the cross linkages present between the mucoprotein and poly-
peptide chams. We believe that although the mucopolysaccharides
form only a small part of the comnective ussue fibre nevertheless

their biological importance 1s very great.

ENZYMES CAPABLL OF DEGRADING CONNECTIVE TISSUE: ELASTASE,
MUCOPROTEINASES AND HYALURONIDASE

. O eamten e

are

he

fibres Through these agents the fibres can be decuiitpustes pe-t”

ally and the split products can be analysed separately.
254
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Among the specific enzymes we would like to mention clastase
(Balb and Banga, 1049, 1950) which was 2 very valuable agent n
the invcst}ga.uon of the structure of'ccnn:ctiivc tssue fibres on
a proteolytic enzyme., We want to mamtain the name clastase for
ths proteolytic enzyme mainly because we suceceded recently
isoht‘ing and crystal Lizmg an enzyme whx‘ch dnss‘c_)lvu elastin ‘and
PR IV PO SR T SRSV

orated this suggestion (Banga and Balé, 1956) by olating from
the pancreas two P which spht fically the muco-
proteins bound to connective tissue but which do not digest the
polypeptide chain. These mucoproteinases ustally occur as contam-
mants in the elastase preparations.

‘The mucolytic enzymes of the pancreas are not homogencous
So far we have shown by preparanve methods as weil as by electro-
phoretic examinations and by speafic activity measurements on
different substrates that there are at least three different mucopro-
teinases. One of these shows sts greatest speafic activity on the
elastomucin component of elastic fibre; therefore we have termed 1t
elastomucoprotamase. The speafic substrate for elastomucopro-
teinase seems to be identical with the alkab-labile component of
elastic fibre.

The second enzyme sphts one mucoprotesn compenent of collagen
fibre, therefore 1t 15 called collagen-mucoprotemase, The chird
enzyme shows a specificity to the ¥ p of the
blood serum- we call this enzyme scrum-mucoproteinase {Banga,
1955}, This group of mucolytc enzymes differs from the hyalurom-
dases and from the other known enzymes of the panereas and repres
sents a new group of enzymes. The 1solanon of mucoprotemase 18
in progress. So far we have only obtained one mucolytic enzyme i
pure crystaline form and 4s an dlectrophoretically homogencous
Frotan. Ths 1s the collagen-mucoproteinase.

Besides elastase and mucoprotemases we have been able to demon-
strate the actvity of Hyason (Org:rl;on) on the collagen fibre. In

Y wit P

this case a prel 15 necessary.




THE STRUCTURE AND CHEMICAL COMPOSITION
OF CONNECTIVE TISSUE

L BanGa anp J. Bat6

Connective nissuc fibres showing homogencity under the light
alamnncm N A R Tt P I | .- R

are loosened or broken, the fibre will show altered function and the
physico-chemical properties of the fibre will also be different from
the normal. No fibre 15 capable of functiomng unless 1ts chemical
structure s intact.

The present work deals with the mucoprotein components of
connective tissue fibres and with those enzymes which take part in
the degradanion of the fibre. The mucoproteins and mucofoly-
sacchandes bound to the fibres — although forming only a small part
of these — greatly o T e
mg, permeability
experiments show
example the acid and neutzal
to the clcctroval'cnf or hydrogen bonds of 'Ehc P

swelling, Seetn to be related not only
olypeptide ch:ms l;ut

cnmmcarare and nnlve

. i
their biological importance is very great.

ENZYMES CAPABLE OF DEGRADING CONNECTIVE TISSUE: ELASTASE,
MUCOPROTEINASES AND HYALURONIDASE

The mvestigations of the complex structure of connective tissu¢
fibres have become only recently possible now that some agents are
at our disposal which act specifically upon some ingredients of the
fibres. Through these agents the fibres can be decomposed gradu-
ally and the sphit products can be analysed scparately.

254
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Among the specific enzymes we would Iike to mention elastase
(Balé and Banga, 1949, 1950) which was a very valuablc‘a‘gcnt in

shown that one of the components of the elastase enzyme complex s
a proteolytic enzyme, We want to mamntamn the name elastase for
this proteolytic me mainly because we succeeded recently in
iscilmng and crysm[vlizing an enzyme 'whx'ch d.ISS'OlVCS clastin and
RNy EPUR oS P VRSNt

otated this suggestion (Banga and Bald, 1956) by 1solang from
the panereas two P whach split sp {Iy the muco-
protems bound to connective tissue but which do not digest the
polypepude chamn, These mucoproteinases usually oceut as contam-
mants in the elastase preparations

The mucolytic enzymes of the pancreas are not homogeneous.
So far we have shown by preparative methods as well as by electro-
phoretic exammations and by speaific actiity measurements on
duffecent substrates that there are at least three dafferent mucopro-
teinases. One of these shows its grmcst specific actvity on the
1 p of elasnc fibre; therefore we have termed 1t
elastomucoproteinase. The speaific substrate for elastomucopro-
temase seems to be identical with the atkali-labile component of
elastic fibre.

The sccond enzyme splits one mucoprotein component of collagen
ibee, therefore 1t 15 called coll P e thied
enzyme shows a speafiaty to the mucoprotem component of the
blood serum: we call this enzyme serum-mucoprotemase {Banga,
1955). This group of mucolytic enzymes differs from the hyalurons-

3¢s and from the other known enzymes of the panereas and repre-
senits a new group of enzymes. The 1solation of mucoprotemase 15
 progress. So far we have only obtuned one mucolytic enzyme in
pute crystallime form and as an electrophorctically homogencous
protein. This 15 the collagen-mucoproternase.

Besides clastase and mucoprotcmnases we have been able to demon-
strate the acavity of Hyason (Organon) on the collagen fibre. In
this ease a prelminacy with P is necessary.
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true chemical bonds or by van der Waals forces. If some of the bonds
are loosened or broken, the fibre will show altered function and the
physico-chemtcal properttes of the fibre will also be different from
the normal. No fibre is capable of functioning unless its chemical
structure is mtact.

The present work deals with the mucoprotein components of
connective tissue fibres and with those enzymes which take part
the degradation of the fibre. The mucoproteins and muco oly-
saccharrdes bound to the fibres — although forming only a small part
of these — greatly mfluence the physico-chemtcal behaviour, swell-
g, permeability and functional capability of the fibres. Oful’
expenments show that some colloidal propertics of the fibres, nclx
example the acid and neutral swelling, scem to be related not only

to the electrovalent or hydrogen bonds of the polypeptide chains but
tein and poly-

et o mmmnn bl s eewagmint hatrirann the muranra
es
. ess
their biological importance 15 very great.
ENZYMES CAPABLE OF DEGRADING CONNECTIVE TISSUE: CLASTASE,
MUCOPROTEINASES AND HYALURONIDASE
- P . [ B SRRGCHAY Ty

3
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Among the specific enzymes we would ike to mention elastase
(Balé and Banga, 1949, 1950) which vas a very valwable agent 1n
Su mecwette et te o€ Sl gbmimseen =€ cmicareim aeae ca Elpe ae

shown that one of the components of the clastase enzyme complex s
a proteolytic enzyme. We want to maintan the name elastase for
this proteolytic enzyme mamly because we succeeded recently in
isolahng and crystallizing an enzyme which dissolves elastn and
which was proved to be homogencous by clectrophorests.

Hall, Reed and Tunbridge (1952) first deseribed mucolytic pro-
pertics of lastase, Hall (1953) produced evidence that elastase con-
tains two enzymes one of which must be mucolyne. We corrob-
orated this suggestion (Banga and Balé, 1956) by 1sohting from
the pancreas two mucoproteinases which split speaifically the muco-
proteins bound to connective nissuc but \vhx:i do not digest the
polypeptide cham. These mucoproteinases usually occur as contam-
mants 1n the elastase preparations.

The mucolytic enzymes of the pancreas are not homogencous.

So far we have shown by preparative methods as well as by clectro-
phoretic cxaminations and by speafic actvity measurements on
different substrates that there are at least three different mucopro-
teinases. One of these shows #ts greatest speafic actvity on the
! n comp of elastic fibre; therefore we have termed 1t
clastomucoprotemase. The speaific substrate for elastomucopro-
teinase scems to be identical ‘with the alkabi-labile component of
clastic fibre.

‘The second enzyme splits one mucoprotein component of collagen
fibre, therefore it is called collagen-mucoprotemase  The third
enzyme shows 2 specifiaty to the mucoprotem component of the
blood serum: we call thus’ enzyme serum-mucoptotemase (Banga,
1955). This group of mucolyuc enzymes differs from the hyaluron:-
dases and from the other known enzymes of the pancreas and repee-
sents a new group of enzymes. The 1solaton 0? MUCOPTOTEINASE 15
n progress. So far we have only obtaned one mucolytic enzyme i
pure crystallime form and as an clectrophoretically homogeneous
protein, ‘This 15 the collagen-mucoprotemase.

Tesides elastase and mucoprotemases we have been able to demon-
strate the acrivity of Hyason (Organon) on the collagen fibre. I
thit case a preliminary with P 18 necessary.
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Connective tissue fibres showing homogeneity under the lght
mucroscope and homogeneity by hustological standards represent a
cheml‘cally complex system containing many components, More-

are loosened or broken, the fibre will show altered function and the
physico-chemical properties of the fibre wall also be different from
the normal. No fibre 15 capable of functioning unless its chemical
structure is intact.

The present work deals with the mucoprotein components of
connective tissue fibres and with those enzymes which take part m
the degradation of the fibre The mucoproteins and muco, oly-
saccharides bound to the fibres — although forming only a small patt
of these — greatly mfluence the physico-chemical behaviour, swell-
g, permeabtlity and functonal capability of the fibres. Our
experiments show that some colloidal properties of the fibres, for
example the acid and neutral swelling, seem to be related not only
to the electrovalent or hydrogen bonf lypeptide chains but

toaa ] AR

tarn and nofve

their biological importance 1s very great.

ENZYMES CAPABLE OF DEGRADING CONNECTIVE TISSUE: ELASTASE,
MUCOPROTEINASES AND HYALURONIDASE

The investigations of the complex structure of connective tissué
fibres have become only recently possible now that some agents ar¢
at our disposal which act specifically upon some ingredients of the
fibres. Through these agents the fibres can be decomposed gradu-
ally and the sphe products can be analysed sep 1y.
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Among the specific enzymes we would like to mention elastase
{Balé and Banga, 1949, 1950) which was a very valuable agent
the invesngaton of the structute of connective tissue fibres on
account of its properties of dissolving elastic and llagen fibres
{Banga, Bald and Szabé, 1956). Partridge and Dawis (1955) have
shown that one of the components of the elastase enzyme complex 1s
a proteolytic enzyme. We want to mamntam the name elastase for
this proteolytic me maunly because we succeeded recendy n
m?l:t‘mg and crystalbzing an enzyme which dissolves elastin and
11 o e

orated this suggestion (Banga and Bals, 1956) by wsolatng from
the pancreas two mucoprotemases which split specifically the muco-
proteins bound to connective tissue but which do not digest the
polypeptide chain. These mucoprotemases usnally occur as contam-
wmants 1 the elastase preparattons.

The mucolytic enzymes of the pancreas are not homogeneous.
So far we have shown by preparative methods as well as by electro-
phoretic examinations and by specific activity measurements on
ifferent substrates that there are at least three different mucopro-
teinases. One of these shows 1ts greatest specific actvty on the

f p of elastic fibre; therefore we have termed 1t
elastomucoprotemase. The speafic substrate for elastomucopro-
temase scems to be identical with the alkab-labile component of
elasuc fibre.

‘The second enzyme splits one mucoprotem component of collagen
fibre, therefore 1t 15 called collagen-mucoprotemase. The third
enzyme shows a specificity to the mucoprotesn component of the
blood serum- we call this enzyme serum-mucoprotemise (Banga,
1955) This group of mucolytic enzymes duffers from the hyaluron-
dases and from the other known enzymes of the pancreas and repre-
sents 2 new group of enzymes. The solatton of mucoproternase 15
m progress. So far we have only obtamned one mucolytic enzyme in
pure crystaline form and as an electrophoretically homogeneous
protein. This 15 the collagen-mucoprotemnase.

Besides elastase and mucoprotemases we have been able to demon-
strate the activity of Hyason {Organon) on the collagen fibre. In
thus case a prel Y with p 15 necessary
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THE DIFFICULTY OF MEASURING THE ACTIVITY OF MUCOPROTEINASES

In connection with the examination of mucoproteinases there are
two kinds of difficulues. The first one is the question of muco-
proteins as substrates. In connective tissue the polypeptide chams
make up 95 per cent of the fibre and the amounts of mucoprotetns
arc only 3-5 per cenr, These mucoproteins cannot be hiberated by
means of chemical methods without causing an alteration in their
molecules. Thercfore one 15 obliged to measure the mucoproteinase
actvity on entire fibres, that 1s on a substrate in which gs per cent
of the substance 15 useless and the specific substrate is present only m
a small proportion. In consequence, some of the classical enzyme
methods, for example the detérmination of the substrate concentra-
tton curve, cannot be carrted out,

Furthermore, even the small amount of mucoprotem as‘x9mttd

e or e Al .
[T

s

ethods
XA

vt g, ey e e
£y o
€t O TR A B , [} o,

The second difficulty consists in the fact that there are 1o m
R B T I . r 1 . A -

1

N ‘ . -
is influenced by the presence of protems to such an extent tha; their
use for the quantitative measurement of the mucoproteins d:;ﬁ li;’]n-
nective tissue 15 smpracticable. In order to overcome this difficulty
RO I oS - Al -

- PO i R e

.

1
1

of the coloured solution at several wave-lengths from 420 ff[:] 75s°
mu with the Stuphophotometer (Zetss) by the use of coloit lﬂi :
The colour absorption curve thus obtamned is speaific for t ;\ sm(gh "
mucoprotemn. On the basis of these experiments 1t scems lthcr
mucoproteins of elastic and collagen fibres differ from one another-

quence probably the enzymes arc also different.
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THE FRACTIONAL DECOMPOSITION OF MUCOPROTEINS, LE.
MUCOPOLYSACCHARIDES OF COLLAGEN FIBRES

Table Il summarizes our results according to which the collagen
fibre — as it has 2 complex constitution — yselds different structures
by applying different chemical sut ot as degradati
agents.

According to our sull incomplete knowledge the natwve collagen
fibres contain, besides procollagen and metacollagen, also chon-
dromutcines comprising the chondroitin sulphate B and C (CHS. B,
C). Furthermore, 1t contams two other mucaproteins termed
P ang protein, {Banga and Balé, 1056).

Among the different effects on the collagen fibres (cf. Table I, ?
the effect of heat and that of 40 per cent KI solution will be drscussed,
first as they covwee *m mamen collamos fhose tny contract and relat
(Banga, Balé
metacollagen
INUCOpProten,.
cntirefy by elastase. )

As is shown m Table II, 2, the effect of mucoproteinases is to pro-
duce 2 kand of collagen fibre — called collagen residuum — which 1
not dissolved by elastase. It cannot do work connected with the
contraction-relaxation phenomenon. It tears after contraction.

In Table II, 3, we describe the effect of hyason in the presence of
physiological solution of NaCl and call the fibre agam collagen
residuum. In out opuon this fibre duffers from the native fibze only
by not containing CHS. C. This lack does notinfluence the stabity
of the fibre because it 15 capable of showing the phenomenon of
contraction and relaxation. We should like to note that in the ex-
penment described by Jackson (1954) the hyaluronidase was }ij—l
solved in acetate buffer of pH 5.2 containing 0.15 M NaCl w
solution will dissolve the procollagen even without hyalurontdase
and will cause a decrease in the stability of the fibre. Therefore m
the experiments of Jackson two kinds of effect come into action: th;_
effect of buffer which dissolves the procollagen and the :ﬂ?ci ol
hyaluronidase which dissolves the CHS. C from the chIag;n fi IIC-

The experiments in Table II, 4 and 5 reveal interestng data. rl;
the ground substance of tendon, CHS. B and C and bya}n}xlmmrc :i ©
present (Meyer, 1954) and are dissolved by the action o yalllgoqd
dase. Our expersments have shown that by avoiding the use of a
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strated 1 very old animals. The other difference mamfests itself 1f
the treatment shown in Table I, 4 and 5 is applicd to the collagen
fibres denved from anumals of different ages. The effect of Hyason
after the treatment by proteinase releases comp giving
different colours wath the Szira reagent. After mucoproteinase
treatment, Hyason dhssolves from young fibre, 2-3 weeks old, a
component which gives with the Széra reagent a colour with a
maemum absorption at 530 my. In old ammals the same com-
ponent has 3ts maximum absorption at §70 mu. These differences

;_hb;)w the change with age m the quality of mucoprotemns i the
1DIes.

DISCUSSION

During the last few years, the number of papers dcalm$ wath the
etween polysacch , chond Ip any
byaluronates and the proteins of collagen have increased. We
would particalarly hike to refer to the work of Highberger, Gross
and Schmutt (1951, 1953, 1954) who m ther electron microscopic
studies produced evidence on the genesis of fibrils from acid soluble
collagen. Delaunay, Bazin, Fauve and Henon (1956) proved experi-
mentally the association between the mucopolysaccfllanndcs of um-
bleat cord and collagen and have suggested the existence of strong
s These authors beheve that these linkages phy also an
important role 1 vivo, Grassmann and Kithn (1955) have alsoshown
that procollagen contans polysacchandes.” We could also
demonstrate with the Szira reaction (unpublished data) that pro-
collagen contaws 2 large amount of mucopolysacchandes (6-8 per
cent) which remams in the molecule after punfication
In the present work we have grven forther evidence on the exist-
ence of specific enzymes acting on the mucoprotems of connective
tusstes and we think that the Mucoproteins present I Connective
tissue ﬁbx;s play animportant role., Histologysts have for a long ume
‘P::]I Sﬁ‘?ﬂl 3ttention to the metachromasia of connective tissues as

con-
3:(: roni-
N . search
0!
% sucopotysaccharides of connective tissue, However, most
studies hay

ve 5o far been restricted to the ground substance. Our

S‘“Sy attaches mportance to the analysis of the fibre and endeavours
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buffer which dissolves the procollagen, as mentioned above, there
very litle polysacchande which can be dissolved by Hyason, I
consequence, there is no change in function of the fibre. Butif th
collagen fibre 1s previously treated with pancreatic mucoproteinas
and afterwards by Hyason (T.R. 2.5/ml) then it can be shown tha
Hyason will also dissolve a mucoid that changes the stability of the
fibre. After the cffect of both enzymes, a fibre remains which ha
clasneiry confirming the views of Hall, Keech, Reed, Sax], Tun
bridge and Wood (1955) and of Burton, Hall, Keech, Reed, Sax],
Tunbrdoe 4and Wand fenast oo il o o e
elastin.

enzymes . ,

stances. This elastic collagen 1s not dissolved withoue residue by
elastase but 1t disintegrates nto filaments. If the order is changed and
the fibre 1s treated first with Hyason and afterwards with mucopro-
temasc then the effect is dufferent and is stmular to that found when the
fibresweretreated with proteil lone, Thisexper hows
that Hyason can have a profound cffect on the collagen fibre only if

another mucoid has been dissolved previously. The dissolution (:E
A he Ly ey oM L PN

eha lasrar o mnvanlons

€ an \1934), 15 OLTAUKG.  1RE COUASIIOMIN CORtains, UEsuCs 4
polypeptide chaim, mucoprotems and CHS. A, Band C, Collastro-
min 15 msoluble 1 clastase and does not show heat or chemcal
contraction,

THE EFFECT OF AGE ON THE COMPOSITION OF MUCOPROTEINS OF
COLLAGEN FIIRE

It has been shown that the mucoprotein composition of collagen
fibres varies accordmg to age. For the demonstration of the t’ilfgﬂ'—
ences the Szira reaction mentioned above 15 especially suitable.
The mam gqualitative difference between young and old fibres is
revealed by the fact that from the collagen fibres of young mu:é

P releases 2 which gives with the ? Ir:‘
reagent a red colour with green fluorescence. The fibres of o
arurmals fail to show this fluorescence. The fluorescent component
disappears step by step from the fibre with age and cannot be demon-
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rate than the native serum, and this she aunbuted to the presence of
inhubutors in the serum which were removed by ethanol. Inreply to Dr
Snellman, Dr_ Banca s1id that that she had not yet isolated the acid
mucoprotem from serum,

In reply to Dr Grassmann, Dr. Banca said that the collagen she had
used was alcohol-dried Achulles tendon and also Achulles tendon whach
had been treated with sodium hydroxide, The resultng matersal con-
tamed 0 6 per cent to 0 9 per cent polysacchande.

Dr GRAsSMANN said that he had alw ays obtained simylar figures for the
carbohydrate content He then asked how many per cent of protemn
nitrogen were dissolved from the collagen and what was the relation be-
tween the sugars and the mtrogen 1n the dulysable part,

Dr, BanGa answered that she determmed only the polysacchande of the
dalysable and the undialysable part

There was some discassion between Dr Grassmann and Dr. Meyer
regardmg the reliabihty of methods for estimating sugars in hydrolysates
of muxtures of polysacchande and protemn. DR GrassMany said that 2
more relrable esimation could be made by using muld hydrolysis condi~
tons and separating the amuno 2ads from the sugars as ther DNP

d by column o Dr Meyer was sceptical,




262 CONNECTIVE TISSUE SYMPOSIUM

Bk Tisi.

to < for ining the'mucoproteins bound to
the polypeptide chain of the fibres. Through the possession of
pancteatic mucoprotemases we hope to gain a clearer picture of the
selation between the consiments of the connective nssue fibre,

SUMMARY

(1) Bovine pancreas contains, in addition to elastase which has
proteolytic acavity on connective tissue fibres, mucolytic enzymes
as well which act on the mucoproteins. These enzymes can be
looked upon as a new group ctP enzymes which differ from the
known pancreatic enzymes :md‘ seem to be specific for the muco-

Pratmne af canmasea

collagen mucop and serum oproteinase respectively.
{2) The difticulties of ining proteins and mucopoly-
saccharides have been discussed and a method was described for
their examunation.
(3) The mucoptotems bound to the fibres were shown to vary
qualitatively according to the age of the animals. i
(4) The gradual enzymic :e%use of the different mucoproteins
from collagen fibres leads to an alteration of their function.

GROUP DISCUSSION

In reply to Dr. Orckhovitch, Dr. BanGa said that pmm\laézcn and
metacoflagen are not sdentical but that mc(:toﬂa{;cn reseml fes the
1t of Tustanowsks, However, unlike 1
15 not dissolved by elastase. = ch
Answenng Dr, Meyer, Dr. Baxca said that in addition to the Mol
and the orecin methods she had used the anthrone method to determine

she had used came from the pancreas. e el
In reply to Dy, Me e R

mucoproteinase, thcl

substrate was not jsolz . , - . .

The ethanol preaipitated secum which could be looked upon as 2 de-

natured substrate was also attacked by the enzyme and, indeed, ata greater
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rate than the nanve serum, and this she attnbuted to the presence of
intubitors 1n the serum which were removed by ethanol. In reply to Dr.
Snellman, Dr, Banca said that thae she had mot yet 1solated the acid
mucoprotein f"r\om L5

Ds_ Grassmany said thit he had always obtamed sumlar figures for the

catbohydrate content. He then asked how many per cent of protem
A £l $] 1ot N

o ol a1 Lrhe g PN

T .. -

There was some disciission, chwc:n Dr Grassmann and Dr. Meyer
regarding the reluability of methods for estmating sugars 1n hydrolysates
of mixtures of polysacchande and protem. Dr Grassmany sad that 2
more rehable esnmation could be made by using nuld hydrolysis condr-
tions and separating the ammo acids from the sugars as their DNP
deri ¥ colurn cb graphy Dr Meyer was scepuical.




THE COMPOSITION OF SOME PROTEIN FRACTIONS
ISOLATED FROM BOVINE SKIN

J. H. Bowss, R. G. Etuorr anp J. A. Moss

Investigations by various groups of workers have shown that the
collagen of the skin and other tissues can be subdivided into a num-
ber of different fractions of varying solubility, while evidence for
the presence of one or more non-collagenous type proteins closely
associated wath the collagen 1s accumulating, “Eastoe and Eastoe
(1954) have demonstrated the presence of a protein, simular in com-
posttion to the serum proteins, in the mucopolysacchande fracnon
usolated from bone collagen. The wotk of Consden and his colle-
borators (Consden, 1953; Consden, Glynn and Stanicr, 1953)
indicates the presence of a simlar constituent in conneceive tissu¢
and rabbit skin. It seems probable that this protein-polysaccharide
fraction represents the mamn constituent of the ground substance.

Dunng recent years the work in these laboratories has been con-
certied with the separation of vartous constituents from animal s
and deterrination of their chemical composition. Interest has
primanly been centred on those constituents which are extracte
from skin by dilute acid and alkaline solutions, and this paper sum-
‘marizes the results of these mnvestigations, and discusses thair signific
ance in refation to the structure of collagenous tssue.
The work has been mainly carried out on the slsm's of the lacger

P B

fore, a matter of conjecture.

ACID-SOLUBLE COLLAGEN
Acid-soluble collagen was prepared from the skin of a 6- to 8-
week-old bull calf as described by Orekhovich, Tmzanmysk‘xj

Orekhovich and Plotnk (1948)." The precipitate was purifie:
264
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by redissolving m citrate buffer and dialysing agamst tap water.
The anuno-acid composition of the purified protem determined by
the method of Moore and Stem {19$1) 13 given m Table §, together

Tame I

AMING-ACID CONTENT OF OX-FIDB COLUAGIN AND OF CITRATE-SOLUDLE COLLAGEN OF CAI?
SKIN (FROM BOWES, ELLIOTT AND MOSS, 1955)

Citrate-soluble Ow-tde collagen

Noas o/ N« sm
pet ot gm froognt tesdues]  per cont g {100 gm veduesf
100 100 gm

proten-N gm protews
Toul N — 1770 - — 1860 -
Ao N 265 049 - 250 046 —
Glyane 2748 2607 1981 2666 2657 2020
Almne 383 995 794 872 1032 823
cine 193 120 276 Esns 17 32
Isaleuane o84 130 120 108 168 163
Valme Is3 226 191 158 246 208
Phenyllanme: 095 198 178 107 238 195
i 022 osa o4s 041 0% oy
Tryptophan — = — —
Senme 319 423 3st 306 427 I
Thrconne 147 221 1% b 226 10
sune — — — — = -
Nethioruns 041 078 a6l o490 097 o08g
Prohine 895 1302 1068 943 1443 1216
Hydroxyprohue 821 1362 M7 737 niy 1o
Argnne 1516 834 748 12 822 737
Histdme 045 029 026 1oz 570 006z
Hydroxylysine 088 090 oo 093 100 oty
allo Hydroxylysme® 038 039 034 014 o1s 013
Lysine 337 357 313 408 196 147
Aspartic aad 160 605 323 393 653 sot
Glutamic aad so3 1oz 969 s69 116 975
293 o5 — Ise 066 =
Hexosamune — oot — - oos =
Towt 9730 - s1s6 9697 - 9597
Average reaidue waight
Dy summation - - 905 — 909 -
By Ndismbunon  — - 955 - o1z -

+ Not sdenufied, but assumed to be allohydroxylysinc for purposes of calulinon
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The nitrogen content of the citrate-soluble collagen was appreci-
ably lower t%.:m that of the ox-hide callagen and 1t was, thercfore,
consdered preferable to compare the composition of the to pro
tems on the basis of amino-acid nitrogen as a percentage of the total
mittogen, rather than as weight of amino aad per hundred parts of
proten.

The composition of the two proteins is essentially the same, but
thct:‘ are a number of small diﬂ'»‘:rences. 'Thc amide, tyrosine and
e s T,

PY RV B P

Tase 1

TESMINAL RESIDUES TN CITRATE-SOLUBLE COLLAGEN
{FROM BOWES, ELLIDIT AND MOSS, 1955)

Gelatin_from

Citrste-seluble  atrate-soluble
collagen collagen

(rimoles|roogm DNP—protein

Aspartic acid act o1t
Alanine 004 020

— o1
Glutamic aad - 017
Sennc — Trace
Threontae - Trace

About 97 per cent of the total mtrogen is accounted for with bt:}f)h
proteins, but, whereas with the ox-hide collagen the sum of the
amino-acid residues adds up to 96 and the deficit ceu'ld be ducb'iu
averall losses of amuno acids during analysis, with the amto-soh} aﬁ
collagen the sum of the anuno-acid residues is only 91.6. Evc? l‘n h
the nitrogen unaccounted for was present in antino acxd; of o
molecular weight, the total of the residue weights would st
appreciably short of 2 hundred, ‘This, together withits Jow mmiggn
content compared with ox-hide collagen, suggests the }a;:\s:nn‘i“m
about 4 to 5 per cent of some non-protein constituent of o B,
§ Pﬂp“
Tiounts
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~ . 1 Lo 1 . "

ployed by Windrum et al. {1955) IciCated the Presence of Jess than
0.1 per cent of fat.

P T ‘ .

(Bowes and Moss, 1953). It s, }:rhnps, of mterest that the N-tet-
runal residues found 1 ox-lude collagen after treatment with
hyaturomdase were the same as those found m the arrate-soluble
collagen {Bowes and Moss, 1953). Unfortunately 1t ss not certamn
that the hyal d: p used was letcly free from
protealytic actevicy so that release of these end groups cannot with
certainty be ascnibed to the removal of polysacchande. Qn warming
to 40° C for a few mumnutes, further end groups were released from
the ateate-soluble collagen and on coolng the solution set to 2 gel.

It 15 possible that the differences m the composiion of ox-hide
collagen and the citrate-soluble collagen found m this ivestigation

adult collagen, of a protein consttuent which s relatively rich
amide-mitrogen, tyrostne, histidine and to a less extent leucine, 150~
Jeuctiie and possibly aspartic acid, and low in hydroxyproline com-
pared with the citrate-soluble collagen.

Some prel Y exp on the of tendon with
atrate bnﬂ:rf suggested that a proten fraclwn, of 1u}v hydroxy-
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The mtrogen content of the citrate-soluble collagen was appreci-
ably lower than that of the ox-hide collagen and 1t was, therefore,
considered preferable to compare the composition of the two pro-
temns on the basis of ammo-acid nitrogen as a percentage of thetotl
nitrogen, rather than as weight of amino acid per hundred parts of
protemn,

The composition of the two proteins is essentially the same, but
there are a number of small differences. The amide, tyrosine and
histidine contents of the citrate-soluble collagen are defintely lower,
and the leucine, isoleucine, and ‘possibly aspartic acid, contents are
Daraly L oa N ", 191, o 3 hodenam monn

Tane 1

TERMINAL RESIDUES 1IN CITRATE-SOLUBLE COLIAGEN
(FROM BOWES, FILUIOTY AND MOSS, 1955)

Getatin from
Cutrate—soluble atrate-soluble

collagen collagen
(m-moles{xoogm DNP—praterr)

Aspartic aad 006 13
Alnine oos o0
Glyane — o1y
Glutamic scad - 017
cnne — Trace
Theeoune — Trace

About 97 per cent of the total nitrogen is accounted for with both
proteins, but, whereas with the ox-hide collagen the sum of the
amino-acid residucs adds up to 96 and the deficit could be due to
overall losses of amino acids during analysis, with the atrate-sol ble
collagen the sum of the amino-acid residues is only 91.6. Even 1{:11
the mtrogen unaccounted for was present in amuno acids ofhléiu
molecular weight, the total of the residuc weights would s_ﬂﬂ @
appreciably short of a hundred. This, together with its low nitroge?
content compared with ox-hide collagen, suggests the f‘)rcscnc_\! o
about 4 to § per cent of some non-protemn constituent of low “‘,"3:
gen content. Attempts to detect such a constituent have so far faile
Determination of reducing sugars and hexosamine, as well as paper
chromatography, indicate the presence of only very small amounts
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with phosphate buffer, 20 per cent with otrate buffer, another 8.5
per cent with dilute acetic acid, and 2 2 per cent with dilute alkal,
leaving 2 residue of about 6o per cent. In the citrate buffer and acetic
acid extracts nearly all the protem was precipitated by sodium chlor-
3de leaving only very small amounts of mtrogen 1 solution, repre-
sentmg about 0.3 and 0 2 per cent of the total-mtrogen respectively.
Of this matersal remaining 1n solution only about one-guarter was
recovered after dualysis and concentration.” In the alkaline extracts
about half the nitrogen was precipitated by alcohol.

Amino Aad Composition of Protein Fractions

The hydroxyproline and tyrosme contents of some of the fractions
were deternuned 1n order to gam mformation as to their identity
{sec Table INT). ‘The method of Neuman and Logan (1950) was used

Taste I

HYDROXYFROLINE AND TYROSINE CONTENT QF $¥IN FRACTIONS

HydroxyprolineN  Tyrosme-N Collagen-N+
Amsno or Imino-acrd-N as per cent Tokal-N

Cateare-Soluble Proteins.

Precipunted by NaCl
Exinuct 1 768 o3z fedd
2 798 oly 70
: 4 029 958
irs 026
Not preapitated by NaCl ox 036 ¢
Acetic AadSoluble Proteins
Precipiated by NiCl
Extract 3 747 o0 06
p 773 033 943
H 785 o2y 98
2 7 ?; 030 933
ot preciputated by NsCl n % i
AlkalaSoluble Protern
Precpisated by ettanol
Extract 2 o2 235 51
! 093 oot 1y
s 151 108 177
158 154 93
Rendue afier ext
raction 762 031 929

* Calesta
e _N\::P from, e Bydroxyprolie content sssomm

1
e enprhne fontem asaming a value of 832 for hydroxy-
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further this, and other fracti i
sonher fhus and so]:’c;o nr;cnons extracted from calf skin by diute

EXTRACTION OF CALF SKIN WITIT DILUTE ACID AND ALKALINE
SOLUTIONS

Extractions Procedure
A fresh skin from a bull calf about 5 weeks old was used for tus
v e .

e on b
- . nds

s
freezing

used. This was obtaned by sectioning 1-inch punches on.a
microtome. The first few scctions from the flesh side were du-
carded and the (ollowmﬁ sectrons collected until the base of the haic

follicles was reached. The sections were transferred mmediately to
H 9.1 and stored

0.1 M disodrum hydrogen phosphate solution, p
below 4° C. In all about 470 punches were sectioned and the wet
T o T e sanem The cecpions
. wee . . s their
et . 15 pos-
stble, the plasma Proteuss. 1u¢ Livat puvspams - tained
less than 0 02 mg. nitrogen per ml. correspondung to less than o1
per cent of the total-nitrogen of the skin, The macerate was then
extracted seven times with four times its weight of ot M dtaate
buffer, pH 3.7, until the nitrogen content of the extracts again f;ﬂ
toa Jow value (0 07 mg. N/ml). Theditrate buffer was followed zK
ten extractions with 0.0§ M acetic acd adjusted to pH 2.8 Wi
hydrochlortc acid. The macerate was finally neutralized, 0
extracted scven times with sodm hydmxigc solguon' pH 12010
12.3. Al extractions were carned out at o° t0 4°C, :mH wer?vf:
general, each of 24 hours’ dugation. The acd-soluble co zgc{:i o
precipitated from the extracts by the addion of sorhumC}l 2:1‘ il
3 final concentration of s per cent. T:'k;l ﬂlzgrrscts r:;tzxrx: !c :mbinc .
buffer extracts -‘-‘-"l-drlﬂt»l:e« nc: crﬁiﬁu‘:fedw The ,CQ"C"".‘”??n s

A Stianss we s : e
solutions were treated i faly Tihc ?g::thr:: :/l(:i‘l:;r’:es of ethanol
i ntrated and prectpitated Wi "

ized, conceny iPthc t}:)ml—rﬁtrogcn ‘of the skin was extracte

About 8.5 per cent o



J+ H BOWES, R. G ELLIOTT AND J, A. MOSS 269

with phosphate buffer, 20 per eent with aitrate buffer, another 8.5
per cent with dilute acetic acid, and 2.2 per cent with dulute alkal,
leaving a residue of about 60 per cent. In the ctrate buffer and acetic
acid extracts nearly all the protein was precipitated by sodiem chlor-
1de leaving only very small amounts of mtrogen 1n solution, repre-
senting about 0.3 and 0.2 per cent of the total-nstrogen respectively

Of this matenal remaining m solution only about one-quarter was
tecovered after dialysis and concentration " In the alkaline extracts
about half the mtrogen was precipatated by alcohol.

Amino Acd Composition of Protewn Frachions

The hydroxyprolne and tyrosme contents of some of the fractions
were determuined 1n order to gam mformation as to their dentity
(see Table I11). The method of Neuman and Logan (1950) was used

Taste UT

FYDROXYPROLINE AND TYROSINE CONTENT OF SKIN FRACTIONS

Hydraxyprolne-N  Tyrosme-N Collagen-N*
Aniino or Imno-acideN o5 per cent Total-N

Catrate-5oluble Protems
Preapitated by NaCl
x

76 L 3
2 795 o19 970
n 788 029 958
7 815 026 93
Not precpitated by NaCl or 036 12
Acetic Aad-Soluble Proteins
Preapitated by NaCl
747 030 906
4 773 028 942
6 785 017 98
766 030 933
10 748 o L
Not precipitated by NaCl 019 167 23
Alkah-Soluble Protem
Preapitated by ethanol
Extract 2 042 2133 sE
o9y ogt 13
s 151 108 177
s 158 154 193
Rendue after extraction 762 o3 s29

* Caleulated from the hydroxyproline content assusming  value of § 22 for hydroxy-
proline—N expressed at 3 per cont of 150 Colgen N i
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further this, and oth .
acid and alkaline forucéoﬁ:,mm extracted from clf skin by dikee

EXTRACTION OF CALF SKIN WITH DILUTE ACID AND ALRALINE
SOLUTIONS

Evm;_m'm Procedure

A fresh skin from a bull calf about 5 week

i rosh 5 weeks old d for th
vestigation. In order to reduce complications du‘?xlui;m;rmf
ton with keratinous material, elastin, muscle fibres, sebaceous glands
and other eellular matenal, only the middle hayer of the skin was
P et T , oLy A -t EL VPRI S

follicles was reached, The sections were transterred tmmedutely to
o1 M dissdium kydrogen phosphate solution, pH 9.1 and stored
below 4° C. In all about 470 punches were sectroned and the wee
weightof the sectioned skin obtained wasabout 400 gen, ‘The sectons
of skin were extracted five tumes wath approximately ive times ther
weight of 0.1 M phosphate buffer, pH p.1, o remove, as far as pos-
W= the nlisma proteins, The final phosphate esiract m'nnmtd

extracted seven times with four times 1 v g vva B

buffer, pH 3.7, unnl the nitrogen content of the extracts again £l
toa low value (0 07 mg. Njml,). The citrate buffer was followed by
ten extractions with 0.05 M acetic acid adjusted to pH 28 with
hydrochloric add. The macerate was finally nentralized, aod

extracted seven times with sodmm hydroxde solution, pH 120 ©0
¢ carried out at 0° to 4°C, and wer, 12

12.3.  All extractions wer

gcnscml, each of 24 hours’ duration. The acid-soluble w)bga':! was

precipitated from the extracts by the addution of sodum chloride to

a final concentration of 5 per cent. .I?c;h ﬁlr}zt:s from L:l:fm cllzgz]m
i tion of the first, were

bumr- Ffmc-“' “.fd-]-vfl.‘c..,?ﬁrmmrcd‘ The concentration s

4 Seams we

Jucions were treated simularly. ‘Lhe akaui. v "
iszced u:oncmtrazcd and precipitated with three vo;du:m “:)t’ ethan
Aiaout 8.5 per cent ofP the total-nitrogen of the skin W



] 1. BOWIS, R G ELLIOTT AND J. 4, MOSS 269

with phosphate buffer, 20 per cent with citrate buffer, another 8.5
Fer cent with dilute acetic aand, and 2.2 per cent with difute alkak,
eaving a residue of about 60 per cent  In the citrate buffer and acetic
acid extracts nearly all the protein was preaipitated by sodium chlor-
1de leaving only very small amounts of mitrogen i solution, repre-
e A R H

about half the mtrogen was precpttated by alcohol.

Amine Acd Composition of Protewn Fractions
mlaloa oy 1. .

“Tante IIT

HYDROXYPSOLINE AND TYROSTNE CONTENT OF SKIN FRACTIONS

Hydroxyproline-N  Tyrosine-N Collagen-N*¢
Amng or Intno-aead-N as per cent Total-N
Citrate-Soluble Protems.
Preapmated by NaC
Extract 1 768 032 934
z 795 o19 oo
3 788 029 958
4 815 026 53
Not preciptated by NaCl o1 056 12
Acene Aad-Soluble Proteuns
Precipitated by NaCl
Extmact 2 747 010 %06
i 771 018 9432
k3 786 027 038
7 766 030 913
10 748 031 204
Not precyputated by NaC1 o19 167 23
Alkab:-Soluble Protern
Preripitated by ethanol
act 2 g 3 51
o93 o9t i
M Py 108 177
s 138 154 193
Residue afier extraction v62 031 929

* Calewlared from the hydrovyprob 2
profine content assuraing a value of 8 22 for hydsoxy-
proline N expressed as a pet cent of total collagen-N ¥
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further this, and other fractions ex
acid and alkaline squcusonl:‘.c o extacted from clf ko by o

EXTRACTION OF CALF SKIN WITI{ DILUTE ACID AND ALKALINE
SOLUTIONS

Extraction Procedure
A fresh skin from a bull calf about 5 weeks old was used for this
investigation. In order to reduce comphicattons due to contamina-
tion with keratinous material, elastn, muscle fibres, sebaceous glands
and other cellular material, only the middle layer of the skin was
used. ‘This was obtaned by scctioning r-inch panches on a freczing
microtome. ‘The first few scetions from the flesh side were dis-
carded and the following secttons collected unal the base of the haic
follicles was reached. The sections were ;tans(crt:d inuncd.:!ately ts
i hosphate solution, pH 9. and storc
.0'.!. M d:sgdu:{nh):d{fx g.c I:..E ...JE,L.: wara t»r'g\n(‘?{ and the wet
3
i

e . p

Swady 0 'y 1 ,

less than 0.02 me. nitrogen per ml. corxcxpo‘ndmg to lcﬁmt:}:

per cent ;

extractec

buffer, p° .

toalow: * )

ten exXtractions WItlh 0.0 fyr aueus vy . 4

hydrochloric acd. The macerate_was finally ueutrab;:cj,z ::o

extracted seven times with sodum hydroxnfc su!grgna,n% dow

to 4°C, 3

122, All extracuons were carrted out at ot 4 o

M ' )

;‘ : al : i . a e
ration of § per ¢crit. 22 o .
2 e h the5 fxccpnon oF the first, wese combinedy
‘concentration W3S

- extracts, Wie alts and concentrated. The
to remove salts and concen g Iysis by blowing
" in the same cellulose tubing usodfor d ?iv“hc zy:euc act

i : th t room temperature. L
air over thes¢ a neutr:

of 1 2aurty The alkalme extracts WO el

i



}. H BOWES, R. G ELLIOTT AND J. A, MOSS 269

with phosphate buffer, 20 per cont with citrate buffer, another 8.5
er cent wath difute acetic acid, and 2.2 per cent with dilute :\lk:d.x,

ﬁaving asesidue ofabout 6o per cent. In the citrate buffer and acetic

aad extracts nearly all the Erot:in was }}rccipimcd‘ by s‘odmm chlor~
e A A SR G S,

sbout balf the itrogen was precipitated by alcohol.

Amino Adid Composition of Protew Fractions

The hydroxyproline and tyrosine contents of some of the fractions
were determincd in otder to gain information as to their identity
(see Table 111). The method of Neurnan and Logan (1950) was used

Tasie 111

IYDROKLPIOUNE AND TYRQSONE CONTENT OF SETN FRACTIONS

HylosyprobneN  Tyrosme-N CollagenmN*
Arsno or Imino-actd-N as per cent Total-N

Cutzate-Soluble Proteins

Preapitated by NaCl
act 1 ves L3 934
2 795 o1 e
; 288 o9 958
B1s 036
Not precipuated by NaCl or 056 92:
Acetic Ad-Soluble Proteuns
Precipusted by NaCl
Exmct 2 741 030 906
< 773 028 912
6 786 027 938
z 76 030 933
74 o
Not preciputated by NaCl o1 1o o
Atkab-Soluble Protem
Preapitsted by ethanol
ract 2 042 233 sy
4 093 o9t uy
l 151 108 77
158 184 93
Residue afier exsraction 762 031 s29
* Calewlited from

the hydroxyproline content -
S R e
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further this, and other fractions extracted 3 lore
acid and alkaline solasions, from alfin by ez

EXTRACTION OF CALF SKIN WITH DILUTE ACID AND AIKAIINE
SOLUTIONS
Extradion Procedure
A ﬁ:csh’skm fmm a bull ml‘f about § weeks old was used for this

used, This was obtained by sectioning 1-inch prinches on a freezing
mictotonte. The first few sections from the flesh side were dis-
carded and the following sections collected until the base of the hair
follicles was reached The sections were transferred immediately to
0.1 M disodram hydrogen phosphate solution, pH 9.1 and stored
below 4° C. In all about 470 p\.mr:hcs were sectioned and the wet

Lo RE A Ve g
Iess than 0,02 mg. mtrogen per ml. corresponding to less than o.x
per cent of the total-nitrogen of the skin. The macerate was then
extracted seven times with fonr tmes 1ts weight of 01 M citrate
buffer, pH 3.7, until the mitrogen content of the extracts again fell
to alow value (0.07 mg. N/ml} The atrate buffer was followed by
ten extractions with 005 M acenc acid adjusted to pH 2.8 with
Rydrochlortc acd. The macerate was finally nentralized, and
extracted seven tmes with sodmm hydroxide solution, pH 120 to
12.3. Al extractions wete carried out at o° to 4° G, and were,
general, each of 24 hours’ duration. The acid-soluble collagen was
precipitated from the extracts by the addition of sodsum chloride ta
a final concenteanion of 5 per cent, The filirates from the citrate~
buffer extracts, with the exception of the first, were combined,
dralysed 1o remove salts and d, The concentration was
carrted out m the same cellulose tubing used for dialysis by blowing
2 stream of air over these at raom temperature. The acetic aad
solutions were teeated simlarly. The alkaline extracts were neutrak-
ized, concentrated and preapitated with theee volumes of ethanol.

About 8.5 per cent of the totalnitrogen of the skin was extracted




J. Tl BOWES, R. G ELLIOTT AND ], A. MOS$ 269

with phosphate buffer, 20 per cent vath citrate buffer, another 8.5
per cent wath dilute acetic 2aid, and 2.2 per cent with dilute alkaly,
leaving a restdue of about 60 per cent. In the citrate buffer and acenc
acid extracts nearly all the protem was precipitated by sodiim chlor-
1de Jeaving only very small amounts of nutrogen in solution, repre-
senting about 0.3 and 0.2 per cent of the total-nstrogen respectively.
OF thiy matenal remarning m sotonon only about one-guarter was
recovered after dialysis and concentration. In the alkalne extracts
about half the mtrogen was preaipitated by alcohol.

Amino Aad Composition of Protein Fractions

The hydroxyprolme and tyrosine contents of some of the fractions
were determined 1n order to gam information as to their identy
(see Table 0}, The method of Neuman and Logan (1650) was used

Taste

SYDROXYPROLINE AND TYROSINE CONTENT OF SKIN FRACTIONS

Hydryproline N Tyrosne-N Collagen-N%
Amino of Imnosaud-N as per cont Total-N

Curate-Soluble Proteins

Preapitated by NaCl
768 032 514
795 o019 970
4 788 019 958
7 g5 026 23
Not preciputated by NaCl o 056 12
Acetic Aad-Soluble Protems
Preupitated by NaCl
747 o0 906
: 773 028 942
6 786 027 938
7 768 a30 933
10 74 o3t %0
Not precipitated by NaCl o1 167 1:
Alkah-Soluble Protem
Preapuated by ethancl
a4 231 st
4+ 093 001 1y
3 351 108 177
H 138 is4 193
Residue after extraction 762 o3t 929

* Calculated from the hydroxyproline content assumung a value of § 22 for by drocy=
proling—N expresied as a per cens of toral colsgeme N Yoy
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for the determination of hydroxyproline, and that of Udenfriend
and Cooper (1952) for tyrosine. The proteins precipitated by the
addition of sodmn'x c'hlendc to the acid extracts all had 2 high

smne contents suggesnng that they mainly consisted of some non-
collagenous protemn.
An approximate vazue for the collagen content of the various
PR SR DO O S [ A

Fonrtinme s

content of the fracnons was mcreased, In the alkah-soluble fractions
the collagen content 1nereases as the extraction proceeds suggesting
that a non-collagenous type protein is preferentially extracted in the
caly stages.

The hydroxyprolne content of the extracted skin residuc js still
fower than that of the purified citrate-soluble collagen and the
tyrosine content is higher, suggesting that about 7 per cent of non-
collagenous protein may sull be present in this marerial,

e amino-acrd composition of the theee non-collagenous protein
fractions was determined by the method oflMoore and Stein gsm
b . e ne

and arginine contents are much lower, and the lysine, fustdine,
aspartic acid, leucine, isolevcmne and valine contents are much
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Taus IV

THB AMINO-ACID COMIOSITION OF PROTERN FAACTIONS EXTRACTLD FROM CALE SION

Acee And
CitratesSoluble Protrms ~ Sluble  Alkal)-
Not  Protem net  Soluble
Precpusteds  precipuated  precptated  proten

(Ao Aud-N as per cent Total-N)
Glyane 2748 618 e 635
Alaune 8§84 145 570 s13
Lename 193 so3 i 7
fioleunmne, oy 298 196 381
Valine 15 410 321 476
Phenylalamne 098 218 188 265
Tytosing 022 ost 157 233
Tryptophan oot found ot determned
Serme 319 401 376 L3d
‘Threonme 147 399 163 373
Cysne ot found
Methiomme o4t o1y 023 51
Proline 803 285 potfound 437
Hydroryprobnet 3 01 [ Py
Argimne 1516 767 530 16
Hish ou4s 356 i6 362
Hydroxylysme 326 ’

Lysne % 297 303 775
Aspatic sad 160 728 71 (24
utamic Aad 593 677 °37 803
amona (M and §) Grs) 1378 956 (766)
aide! 293 - — 3
Glgcosamne (M and ) — @18 37 {063)
Galactosasune (M and §) — ~— — {ro3)
Hexosmne (Elson and Morgan) oot TS g 290
Urknownt - ooy az3 o5y
Fouals (values 1 brackets not 9723 £640 e 9 6g
1neluded)
# Taken from Bowes, Elliots and Moss, Biodiens [, 1953, 6%, 153
£ Direct determmatons
£ Calculated on the bass of t nitrogen atom per mole,
1T atea PN | B LI T S I *

I ; -
seane and threonme,  Wath the acené acid-soluble faction 1t 1
likely thar some ammonia will have arsen from desteuction of
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hexosmumne. The absence of any detectable proline and the very low
value for glutamtc actd m thus fraction is also surpusing. Low values
for these acids were also found . the correspondmng fraction of
tendon examuned in the prelimmary experiment,

The high value for glucosamine in’the acetic acid-soluble frachon
was confirmed by independent deternnation of h ine by the
Elson and Morgan method on a sample of the same hydrolysate.
After mild hydrolysis with 2 N hydrochloric acid a rather Jugher
value was obtamec{ (Table V).

Tasiz V

HEXOSE AND HEXOSAMINE IN CAIF SKIN FRACTIONS

gm per 100 g Nitrogen o per o0 gm Pofeie
Hexose  Glucosamime Galactosamune  Hexoe  Hevoamine
Fresh Calf Skan o2 04 03 o003 or
Protesn extracsed at pH 3 7
Preapitated or or 123 oot
Not Preapitated 32 7 51 os 27
Protein extracted at pH 2 8
Not precptated 136 1208 33 33
(probably nearly all
glucosamune)
Pratemn extracted by alkah
and preopieated by
ethanol 03 I78% 229 005 61
Extracted Calf  Skin
e LEY o1 aor 006

The amino-actd composttion of the alkali-soluble fraction wasalso
obvionsly different from that of collagen, though the presence of
some hydroxyprolume suggests that it contatns a small amount t1>
collagen, about § per cent, in the case of the particular Sam&c
examned. Even witen allowance 15 made for the presence of this

- . Ve ennlastmna tyracine proline, glutamic

heacd-soluble
materal were
. e

1o the two peaks. 3
The hexosamme and hexose contents of thc.vaﬂouf frzcn‘on.s “":}:
determined independently after milder conditions of hydralysis ws



J. © BOWES, R, G. ELLIOTT AND J. A, MOSS 273

2 N hydrochlonic acid for 16 hours at 105° C. The hexosamunes and
hexoseswereseparated from the amino acids on an1on exchange resin
{Dowex 502 and determmed by modifications of the Elson and
P R Fa
) . et RIEA

i o

L I R N

mine nitrogen.
Teail sla b

that apprecuable amounts of hexoses and hexosammnes may have
been lost by dffusion through the cellulose membranes during dialy-
sis and concentranon. Except mn the alkal-soluble fraction, the
glucosamine content was geeater than the galactosamine content
Hexuronic acids were not detected i the hydrolysates of any of these
fractions, but as these substances are readily destroyed by acid thus 15
1o proof of their absence. If hexuronic acids equivalent to the hexo-
samine were present in the acetic aad-soluble fraction, however,
they would almost certamly have been detected. Unfortunately
there was insufficient matenial available to make a direct determna-
tion of urome acids

Extraction with Dilute Alkali
Some further experiments were carried out on the extraction of
~soluble protemn, In these the whole thickness of the calf skan
was used. The skin was closely shaved to reduce complicanons due
to the solution of ketatnous matenal, cut mto pleces aiout Icm.
atea and given a prelimmnary extraction wath six changes of 0.1 M
phosphate buffer, pH 9 0. Samples of the skin were then extracted
with sodwum hydroxide or calaum hydroxde solution at pH 12.5
at three different temperatures, 4°, 20° and 30°C. The total-
Ttrogen, ammonta-mtrogen, hydroxyprolme-nitrogen, and tyro-
sme-mitrogen of the solutions were determuned (sce Table V1)
As before, the hydroxyproline values mdicate that 1t 15 maly a
non-collagenous protemn which s extracted. The amount of collagen
dissolved increases wath temperature to a greater extent than does
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hexosmine. The absence of any detectable proline and the very low
value for glutamic acid m this fraction is also surprising. Low values
for these aaids were also found in the correspondmg fraction of
tendon examined m the preliminary experiment.

The high value for glacosamune in the acetic acid-soluble feaction
was confirmed by independent determination of h ine by the
Elson and Morgan method on a sample of the same hydrolysate,
After muld hydrolysis wath 2 N hydrochloric acid a rather higher
value was obtained (Table V).

Tazs V

HEXOSE AND HEXOSAMINE IN CALF SKIN FRACTYIONS

. per 100 g Nitrogen g per 100 gm Profeun
f{t\’ﬂ’;! Ghicosamine Galactosamne ~Hexose  Hexosamne
Fresh Calf Skin 0z 04 01 003 o1
Protemn extracted at pH 3 7
Precipitated o1 ot ooz oot
Not Preaptated 32 ny 54 of 27

Protein extracted at pH 2. 8

Not precipitates 136 1298 33 33
(probably nearly all
glucosamune)

Protan cxtracted by alksh
and precipitated by o
ethanol 03 1 229 oos
Extracted  Calf Sk

esidue 0oy oz or oor oof

The amino-acid composttion of the alkali-soluble fraction wasalso
obviously different from that of collagen, though the presence Df
some hydroxyproline suggests that 1t contams a small amount ?c
collagen, about s per cent, m the case of the particular safmtﬁis
examied. Even when allowance 15 made for the presence ©

- Zenlima alnramic

to the fwo peaks. -
The hexosamine and hexose contents of the va
determuned independently after mlder conditions

rious fractions were
of hydrolysis with
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2 N hydrochloric acid for 16 hours at 105° C. The hexosamines and
hexoses weteseparated from the amino acids on an on exchange resin
{Dowex §6) and determined by modifications of the Elson and
Mg_ﬁgm an A‘m.hror’:: methods resp‘cf:uv'cly (sce X\;(‘oss,‘ 1955)-

mne nitrogen.
Both the hexose and hexosamine contents of the ongsnal skan, the
acd-soluble collagen and the final extracted residue are fow, and

St dne concentration.  Except m the aikati-solubje traction, the
glucosamune content was greater than the galactosamtnie content.
Hexutonic acids were not detected in the hydrolysates of any of these
fracuons, but as these substances are readily destroyed by aad tuss
no proof of their absence. If hexuronic acids equivatent to the hexo-
samune were present 1n the acenc acid-soluble fraction, however,
they would almost certamnly have been detected. Unfortunately
there was msufficient matenat avatlable to make a direct determma-
tion of urotuc aards.

Extraction with Dilute Alkal

Some further experiments were carried out on the extraction of
alkabisoluble protemn. In these the whole thickness of the calf skin
was used. The skn was closely shaved to reduce complications due
to the solutron of keratinous mateial, cut into pleces about T em n
area and given 2 prelmnary extracnon with six changes of 0.1 M
phosphate buffer, pH 9.0. Samples of the skan were then exsracted
with sodium hydroxde or calamm hydroxde saluton at pH 12.5
at three different temperatures, 4°, 20° and 30°C Thc‘ total-

Nitrnoan e
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Dr. Bowrs thought that there were also differences n tyrosine and
leucine, that is, 1 those ammno aads probably present selanvely hugh
conc 1 the non-collag comp
. Referrng agam to the unrehabalicy of methods for determining sugars
in connective tissue, Dr. MEYzR said that the orcein method mught give
dufferent values 1o the anthrone method for four reasons-

(r) the method depends on the standard used;
(2) 1t depends on the amount of brownng;
(3} it depends on the type of sugar;

{4) 1t depends on the type of hnkage.

He quoted the apparent difference m hexose content of heparin and
4nsugphated hepann as determined by the orcein method 0'1‘11 cpa?xlnts f?:r
[ A I -

i

« 1 -

the uronic aad;
Dr Bowes confirmed Dr. Meyer's suspicton that the values mght be

unrebable The amount of hexosamine estimated to be present m the

acetic acid-soluble fraction was probably greater than tEc amount of

hexosamine present ;n the Oﬂgl.:mffkln sample indicating that one at least

me
ald

N ‘ot
in fact observed.

Dr. Bowss pointed out that there was some loss of amino acids during
the dilysis and that one should not, therefore, attempt to make too
detatled a companson of the amino-aad composittons of the dufferent
fractions and draw conclustons from this.

Dr. Orekrovirce thought that the differences between the fractions
mght be due to the presence of peptides rich in these ammno aads (ryro-
sine and histidine),

Dr. Bowes sad that small pepudes would probably have been re-
moved durmg dialyss, but it was possible that these amino acids might be
present 1n large peptides which had been spht off from: the collagen. ¥
such were the case the hydroxyprolme must be concentrated in the re-
maimng part of the chain, and although Dr. Grassmann's work indicated

B Lie af Lalensmralina raciduee are located near one another,
- composition requred

‘Dr Oexnovrrc sad the peptides mught be weakly bound to protems
and, therefore, not separated by dialysis. For example, serum albumin
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(8alactose or gahcto:c+mannosc). Similay Proter
UXtures wepe iberated after dipacene =% o
44 diluge Potassipy '

polysacdundc and nop. e Al
The femaining g0 PET . could be extracte
months, 1, therefore 2Ppeared thye 5, loose Connecery,
fibres were closely s30aated waeh g0 tYPes of nonee,
agd pulyszcchmdc, 1 Of which vy mmuch mor, tigh
other,

Inreply 1 Dr, Consden, py, Bowes 554 shehad o o
collagen Cantamed g tyTostne,

Dg. Grassyany sasd he hag solated 5 Peptide frop
Contamed 4, AMN0 acrd. Each chain contamned 5 tyrosy
2mount of pepede he had 150lated g about ¢, Per ceny
and st mughy b Present 10 phe CEXICRE OF 3 b cane Th
here mugy be aboyt O.IS per cene tyrosine in collagen {

2 D.S. Jackson o 3+
ame an

Was only 5 sl a .
actially pare of gy mo}cculc._
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" sougor thae
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tion which allows one to consider the particles in solution as kenetie-
ally mndependent. Viscosity was measured by the U-shaped capillary
viscosimeter with different shear gradients (from 2500 to 100
seconds~1); our data enabled us to caleulate the value of intrnsic
viscosity [n] = nu/ewith c-»0 (n yextrapolated to g = o and with
c-g/100 ml) which is found to equal 26-r7. The moleculur weight
calculated from these data corresponded to 700,000 and the length
of the molecule to nearly 7000 A. The difficulties we met in our
research on procollagen solutions by physico-chemical methods
do not allow us to consider these data as exact. It is more accurate
to speak of an order of magnitude. It should be said that simular
results were obtained by the Japanese worker Noda (195s) for aad
soluble collagen similar to” procollagen. This worker obtained
$=3.5.10, D = 0.5, 10" cm.*/sec. and calculated M = 710,000
and length of the particles nearly so00 A. For ichthyocol (very
sumilar to procollagen) extracted by a citrate buffer solution, Gallop
(1955) obtamed s = 2.85 . 10-13, [n] = 13.2, the molecular weight
determingd by hight scattering 1 7. 10*, and the length of parucles
= 4000 A.

Boedtker and Doty (1955) have also studied the citrate extract
of ichthyocol and obtained s = 2.85.10-, [n] = 11.5. On the basis
of these data, and assumung a hydration of 34 per cent and a high
asymmetry, these workers obtamed a molecular weight of 300,000,
remarkably simlar to the results obtained by the study of osr:lhou?
pressure (300,000) and hght scattering (340,000). The lc.ng o
the molecule was found to be 3000 A by How-birefringence.
The smularity of the average molecular weights obtamed ﬁ;i;n
osmotic pressure and light scattenng measurements idicates that
this protemn 1s very homogencous. In addition, scvcrauva;xpcrsf were
published on the determmation of the molccul:.u' weight o PYOE_
collagen protemns by the method of hight scattering, and values o
the order of 10*-10" were obtamed. However, one should anPj
wth great caution values obtamed by the hght scattering me tj’x
because of the great difficulty of freemy the solution from dus‘:. 3
presence of wluch aleers ¢he results considerably. For the ime ZIEE

these data for the determination of moleculat
e s}'mn Tot @alys_e:_“ef el ennlarular weight and the

- proteins, the
i 2 i co-
constants of sedimentation s = 3.10-** and values of intrinstc Vis
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depend on the nature of the substances which act upon it, Thisisto
say that the same results are obtained by the action of heat, of ures,
or of high concentrations of salts. At the present time, we are
conunuing these studies, and we intend to isolate these com-
ponents.

We shall now consider the data which confirm our hypothesis that
procollagen 1s a biological precursor of collagen.

Frst, in favour of this hypothesis, we have the data relatmg to

B I B N L LI .. 2

80 120 160 180 R20min
p "b -\ "‘\"-J\i

fie 1
dugrams of breakdown products  Svedberg wltracenmfuge,
$6,000 £ p m, rotor temperatuze 28-30° C Solvent 1/1sth M phosphate buffer, pH 8+

1 M KCNS

A, heated at 70° €. for 10 mun.

B, dissolved 1n s M KCNS

C, heated at 70° C for 10 pun , then trcated with § M KCNS

of
e

Second, m certamn pathologucal states, for 'm(::mplc in cases

the synthesis of procollagen, we have studted i our 1apotdiol y‘;»
quantity of this protemn m gumnea-pigs suffering from scurvy. We
have established that in healtly ammals the skin contains 10 per cent
i v cight of desiccated and defatted
* the amount 1s s per cent. The
“oth groups of animals rematns
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Tasz I

RATE OF INCORPORATION OF 1'C GLYCINE IN THE PROCOLLAGEN AND COLLAGEN OF GUINEA-RIGS
{e [MIN FOR 10 MG OF PROTEIN) AT VARIOUS TIMES AFTER THE INJECTION OF AMING ACID

Tume elapsed after wgiecton of emino aod (s hours)
6 12 24 96 48

Observed ofject 0 840 960 gbo 960 glo
Procollygen
1t extracton 9 mo 1O 157 97 84 32 8 7 8 6 1
2a " 62 114 TI0 119 75 -~ 44 37 39 320 12 38
d 40 79 B4 B4 S2 $2 40 A1 AL 44 27 40
4t $0 60 64 & 42 44 52 43 70 38 3 &
s, 35 65 60 64 53 — 55 35 o — 35 B
Gty » 27 32 3% 48 33 38 32 3T Sy 29 30 38
Collagen 117 22 26 30 40 43 39 8o 53 44 4

higher the radioactivity of the collagen isolated from these animals.
After 3 hours, the radioactivity of collagen corresponds to 12 1mp.]
mint for 10 mg. of protein; 40 days after, it corresponds to 80 1mp /
min., that s nearly seven times more. If we compare these data with
the radioactvity of the first exteaction of procollagen and collagen,
one 15 struck by the following fact: 24 hours after injection in the
organism of radioactive glycine, the radioactivity of procollagen
begins to_ decrease, bemng practically ml around the forticth day,
whereas for collagen 1t 1s towards the fortieth day that 1t 15 maxi-
mum. At that time, the radioactivity of collagen'is approximately
twelve times greater than that of procollagen. If we take mto
account the fact that the mcorporation of radioactive glycine i

these proteins takes place only at the tme of their formation, this
. P e T L fufacenne fachion. Tn the first

. s of po-
. d s for

that reason that the protein fraction obtamed trom tue st cxtmc&

tion contams a radioactive procollagen. Qn the second, d‘;}fd and
other extracttons, 1t 15 prncipally the protein substances synthesized

observed m reality. As procouagen UALsIuLi, s s u .
1 1
passtng through intermediary protem substances, the n.choacrzv IZ
of these substances and of collagen mereases. After a certain m'non e
procollagen synthesized at the time of the greatest concentraty
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radioactive glycme m the organusm will transform stself into collagen
which will ennch stself in radioactive carbon. At that time the
A oo P Al RS DR S S

R ONUREON §- SR

sceh tn QUr expenments.

gen, tropocollagen, ctc). Sometmes these ate taken for real
precursors of collagen whereas the atrate-soluble collagen (pro-
collagen according to our termimology) 1 sometimes taken for
collagen. We beheve 1t 1s important to discuss the relatonship of
these proteins and to clanfy as far as posnble the quesnon of the
precursors of collagen

Ac d:c ume we published our results concerming the study of the

1

bolic actvity m p with the nse of *C glyane,
Professor Neuberger was pubﬁslnng resufts simalar to our own,
Sut 1y, Professor Neub and lus co-workers (Harkness

et al., 1954) expressed the opmon that other precursors of eollagen
may exist. Among other potnts, he relates to these other pre-
decessors the atkaline-soluble fracnons of collagen Gross, High-
berger and Schmatt (1954}, on the basis of electron microscopic
research on varlous structural forms of collagen precipitated ungsr
vatious conditions from tissue extracts, made the hypothess that
pamary str?cmn.\ uruts }m‘rmg a'lcngzh of1 5003000 t{ are present

extracted by neutral saline solunons. [t was supposed that this
trapocollagen passing mto solurion exists 1 the ground substance
of connective tissue whereas the ‘procoliagen of Orekhovitch’
comes from newly formed collagen fibrds {Gross et al, 1955).
... . B LECEIE SN S AN ST L N

b

s .
of these fibres 1 greatly altercd by extraction with an acid buffer
soluttan,
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The followmg scheme, suggested by Grassmann {1955), thus
ensues:

Tropocollagen — Procollagen — Collagen.
We present thus scheme, for greater clarity, in tabular form:

Taote 1T

Suggested names Charactersics

Tropocollagen,

stance of connective tssue

Procollagen Extracted by scid solutions and by 20 buffee solunons

Precpitated by neutral and alkaline solunons Gives 2
penodic cross straton of 650 A  Deaggregates when
heated to 37° C 1 20d solutions  Metabolically kss active
Present 1n newly formed collagen fibres
*Condensed® fibres  Insoluble 1n sofutions weakly alkabme
or neutral Gves cross pemodic smation of 650 A
Very litle metabolic actavity. Constitutes the principal mass
of collagen fibes

Collagen

In the discussion of this scheme, 1t is essential to quote the data
which charactenize the physico-chemical nature of tropocollag
and compare them with those of procollagen. We have 1solated by
RS A PSSR n o LI I R | S mdhavem“‘_
: thod. We have

coomls idepum}'to

soluble collagen in 0.1 M citrate buffer solution at pH 4 contaming
1 per cent of CaCl, we obtained s = 3.1. 10** and fn] = 130 {for
in th d s = 3.05 . 10 and [n] = 17.5),

procollagen in these
We may conclude that these two proteins, by their physico-chemteal

properties, are practically idenncal.

We may add that Jackson and Fessler (195s) found for collagen
soluble 1n salne solution with a neutral pH 2 value of s = 323X
1011, 2 molecular weight of the order of 10¢ and a length.of ‘particles
by birefringence corresponding to 4000 A, If we take into account
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the errors of the methods and the dffering condstions of these experi-
ments We tay say that the physico-chemical charactenstics of tropo.
collagen and ‘of procol\alﬁcn correspond very closcly and, for this
reason, the particles of these proteins do not differ fundamentally
from each other and have the same physico-chemical nacure.

citrate (at pH §) n conuderable quantity and that, if an alkaline

solution was added unnl pH 7 was reached, the solution was stable.

However, when 1t s heated up to 37° C,, a preupitate of protain 15
R R T S i I A R R T

fundamentally diferent from that of procollagen.

The penodicsty of cross stoation 15 not a good enterion of the
nature of these primary particles. This 1s parucularly clear m the
expenments of Schmute and others (1953) on the reciprocal trans-
formation of various structural forms of collagens precipitated under
different conditrons.

With regard 1o the bolic achvity of tropocollagen we must
Eomt out that 1 extractng finely minced skin tissue with a atrate

uffec solution (without prior treatment with phosphate) we have
obtaned 1n the fitst extract a tropocollagen with a greater metabohe
activity.

GROUP DISCUSSION

LS SN ORI POPR 5 BT SN I R S B

ot - . . .
gested thit Dr Orckhowviteh’s extraction procedures produced both
U ted collagen and artrat: d collagen and that, although
they were both substantually referrmg to the same product, theirs was the
more Iepresentative precursor smce the properties of thetr partrcular pre-
paration could be accounted for on the assumption that 1t was the true
precursor of colfagen fibres,
Dr Orexnowites explaned that in his method the citrate extraction
was preceded by exerachon with phosphate or other neutral sofunon
He fele that such preliminary extraction would remove all extrancous
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matenal leaving the procollagen to be d by the sub
atrate soluton, :
Dr D. 8. Jackson asked how Dr. Qrekhowitch explained the fact that
m the neuteal extract there was 4 collagen component which took up
radioactive ¥*C glycine at a greater rate than Jus atrate extract.
Dr Ogexsiovircn stated that the high acuvity of the fraction extracted
by neutral solution was due to the presence of the serum protems alone

Dr. OrersovrrcH stated that he had scen no numerical data on this

matter, whereupon Dr, NEUsERGER quoted experiments from which st
2= I Lo vl hne b ra i s af sacinantive olveme solated

M thE Seruin PIoteil, Il L1 ULEALUYICL s DU vauuis weas sus ©
one would expect 2 hundred tumes greater concentration in the serum
proteins than 1n the alkal-soluble collagen and this was not observed.
The only explanaton 15 the existence of a protein with an exceptionally
Ingh speafic actwity

Dr. Gross drew attention to the fact that Dr. Orekhovitch had stated
that the neutral salt extract contamed hutle collagenous material. He
pointed out that, 1f extracts were made from the tissues of rapidly growing

animals, usng 2 buffer tissue rato of 211, the extract contained s much :s
- i Al et f menvrth

hus amimals. On the question of terminology, he telt that Dr, Urekuo~

vatch's use of the word ‘tropocollagen’ necded clanfication _The term
tropocollagen was not mtended to 1mply precussor or source of a callagen
unit but was to be taken as refernng to'a bulding block. Tropocoliagen
. - * " ¥ fas never been mncor-
representing matenal

id-extracted collagen,

¢ from salt-extraced

enllaven since electron-microscopical exammation of the i‘ibrc_x Aa_f;fr

neutral salt-soluble collagen 15 the 4Ll Plicuiave s s we 1
Dr, OrERHOVITCH answered, firstly, that all his animals were m a goo
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nutninional state, hence starvation could not be taken as the reason for his
falute to find procoflagen in alkabne extracts. The morphological
characteristics of the fibnis should not be confused with their chernical
analysis, and hence procollagen should be regarded as a chemucal rather
than a structural precursor. Dr, Orekhoviteh then asked sf tropocollagen
could be classed 25 a micromolecule, to which De Gross replied no, 1
was 2000-3000 A long by 15 A wide and represents at the present time
the smallest collagen unit that can be converted directly 1mto a fibnl:
any smaller particle beng probably a breakdown product which cannot
be direcdy built into a fibnl

In zeply to 2 quesnon by Dr. Osekhovateh, Dr, Gross stated that tropo-
collagen ‘conld be compared with the whole of the msulin molecule of
molecular weight 34,000, and not to the 6000 mofecular werght portion
theteof, He added that he was not sure whether globular protem mole-
cules should be directly compared with fibrous protem molecules,

Dz Nreupeacer said that he regarded tropocollagen as comparable
with the insulin monomer from which the Boston workers had shown. the
ﬁbrr‘ous form of msulin to b

(monomers). Collagen and feather keratn provide the cases best chac-
actenzed o date, The monomers of the fibrous protems are more
asymmetnc and often more dufficult to duperse for physico-chenucal
cha izath ha’n are d‘tcir. of the soluble, crystallizable ones, which

tween this state of affairs and that occurnng m the myosin and tropo-

myosin field, To which D Gross replied that there was no evidence

that tropomyosn could be converted into myosm, suce, 2s Dx Nev-

ErfGER added, Badey has shown that there 15 no close sumdlariey beeween
e v e

*tropocollagen’ to be

- more speatic in that

Da. Beax remarked thae rthere 15 ule evidence as yet that the collagen
mb\ccn\aisoh(:dbyv;ﬁous procedures are n fact significant)
different chemically. For this reason, Erochemists may be teluctant to




THE STRUCTURE

F A CHONDROITIN SULPY
COMPLEX oM CARTLLAGE

HMMvm

stilphate vy, e_\tmctcd from ™ hog Iaryngcal cary
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FIECT OF INZYMES ON VISCOSITY OF CHONDROMIN
SULPRATE (1 7ER CENT SOLUTION)

Time ficr
Buzyme adding enzyme  Per cent foll
{10 ug ply {ranutis) " viscosty
Trypun 100 2
» 200 257
Chymotrypsn 160 17
Carbovypepnduse 120 6
Pepsin x 48
Papan 0 30
" 100 84

[ R R e Ty .,

1

infibition by sulphydryl reagents showed that the effect was due to
papain ttself and not to any contaminating papaya lysozyme (Smuth,
Kummel, Brown and Thompson, 1955} 4+6 per cent of dualysable

pact spot of Ry = 0.58 was obtamed, while the undegraded matesal
remamed at the origin. There appeared to be a cotrespondence be~
tween Joss of viscosity and chromatographic behaviour, as the
mobile spot was not produced either by heatmg or by those enzymes
whith did not markedly affect the vsconty. Pepsin had an amnter-
meduate effect and produced a mobile spot, a spot at the ongm and
mtermedsate strea
Two-way paper chromatography together with paper electro-

phores - ~£ do 1 v TR v rro-
12am b .
and &t i

phenylalanine and a trace of tyrosme was found. No trygtuphm
could be 1denufied by U.V. absorption of the polysacch The
amuno acids present 1 largest quantity were gYutanuc and aspartic
agds, senine, glycme, alamne, valine and leucine. Threonne and
lemc were present i smaller amounts and 2 small amount of
ysne was idenufied by paper electrophoresis at pH 8.6 No hydro-
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xyprolne was detected by the Neuman and Logan procedure and
no neutral sugars could be detected after muld acid hydrolysis by
paper chromatography. !

The papan digested product after prolonged dualysis was twice
precipitated from dulute solution with s-aminoacridme, converted o
the sodium salt and finally precipitated with 70 per cent aleohol in
the presence of sodium acetate. ‘The analytical figures show a small

 snm mat a L vene havasacie. a wirenman ol Tahla T}

exception of serine which now stood out on the chromatogram.
The papain digested matenal was treated overnight with o1 N
alkali at room temperature, neutralized and dialysed, and the
contents of the sac hydrolysed with acid. Paper chromatography of
the hydrolysate showed ‘that the residual serine had now been
removed. .
“These results would suggest that the chondrotm sulphate whichis
relatively easily extracted from cartilage 18 a complex consisting
fargely of polysaccharide cemented by a small amount of peptide ot
protem. This complex is rapidly destroyed by papam leaving 3
polysacchande which sull appears to retain serne. This serine Is
cauly removed by 0.1 N nlk:ﬁ)l and since the chondroitim sulphate
complex also loses 1ts viscosity m 0.1 N alkali, 1t is possible that the
Emtem or pepude 15 attached to the polysaccharide through serine
y an alkal labile bond.

GROUP DISCUSSION

e min el memrn vasible on the

1ch Dr. Murk
.\ . bases on the
chromatogram, One of the spots concerned was galactosamine and the
other was also a sugar, as yet unknown,

Dr. ParTrinGe stated thae by employug jon-exchange restn to emove
the collagen, he had obtained 2 very stmilar protein polysaccharide Cmiﬂ‘
plex from bovine nasal septa The proten complex was stable rolfll -
tively hugh salt concentrations but could be broken by cold alka! D‘"
borhn zilutc acetic acid. The analyses were similar to those of Dr
Muir Eu: the protein did contamn basic amino acids
In answer to a further question by Dr. Partndge, Dr. MUk

gave the
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p of her ch phic solvent for C§ A. as 45 per cent
n-propanol, 55 Yﬂ cent 0.2 M boric acid, and the sugars were stained
with toluidine blue

Dz, Mever suggested that the basic spot might be chondrosin Dr.
Meyer also inquired whether any electrophoresis figures had been
obtamed, to which Dr Murs replied that the material ran shghtly differ-
endy from C.5.A.

Dr. PARTRIDGE gave sumilar results and suggested that part of the poly-
sacchatide was bound and part free and that the two h;gf sumafar electro~
phoretsc mobilities  His materul was extracted by potassiom carbonate/
potassium chloride muxture, the atkabne pH of whuch was commented
on by Dr. Meyer.

Dr, Muz sad that alkals brought about a Jowenng of viscosty, and
because of this she had used the method of Blix and Snelfman since 1t was
the only method which she could find in the hiterature winch made no
use of atkah; and, in reply to a question by Dr Neuberger, indicated that
this was probably the reason why the majonty of the matenal she had
extracted occurred m the combned form whereas other workers, using
other methods, apparently as gentle, obtamed polysacchanide with very
low mtrogen content,

DR SNELLMAN pointed out the difficulty of secunng complete sepata-
tion from proteus It:y the Sévag technique, and drew attention by analogy
1o the pted of 1ntact nuclea-p

Dr. PARTRIDGE felt that the very methods employed for the separation
of the protein from the C.S A rmught also remove the mucoid matenal

In answer to a question by Dr. Meyer, DR Mulr stated that she did not
think chondrostn would stand vp to the hydrolyue condstions employed
but the two sugar spots on her chromatogram both gave the Elson and
Morgan reaction
Dr, Mr:mi drsw‘mmsnon %0, ﬁ:: work of Schubert m which the ex-

e 1

LA, with distited water ‘lhey had often obtamed mtrogen and
havnramima st aea o 1 . - LI PR T



fesins.
Murk stated that 2d O cboxylato she
csumated uroftc 20d e 1 grovps by Qi perweet the
50! phate analyses
nrepty 2 questo Dr. G(oss, 3 ¢ she €0
find any ryrostn® b u\uw‘m\ct nonbut ag c\ !\ut it rh.wc
been desteo’ '3 hyd(o\ysxs, ally 1 v1¢ Gmsss
satement U rosine W E\y dcsuoy h: yresen
large amouts © yo\ysacchmd:s at 2ad

Be. ConsDEN nd DR PARTRIDGE drc\v anten zh iference
perween Dr. Mur's ‘matenal and that PreP red 1€ p:clwc\y ‘g Schubert
and by partndge The formet found 18 PEF cd\ of tymsm thelattets
n the protei® cxmctcd from the compie® tyrosin ent of 4 7F
cent

answer 10 by Meyer ¥

age berve e o\ysnc:\m\ the prote® Dr. MU ated e

s bro a1 alkalt and Yy ught 18




THE A\\CH\TECTUYLE oF THE COLLAGEN FIBRIL
. Ree?

The fixst odd for e configuration of the polyee, nde chans
ago urys 1940)-

in collagen W3S meosed most twenty yeats A5 (Ast!
By integrtng, the features © de-angle Fe1aY Aiffracuot

e with 61¢ cherai ysica! Jara such 25 ere e
own, 1t afforded 2 MOSE wsefut basis for workers 11, ¢he field of
i W

collagen structare. This ongmz\ model W sents sumght
ngle pol <o that the complet fbel was considered

pol ygc\m e chainl,y
10 be built bY the pm\\\c\ arangemen® of thus chain 1n recent YEATH
owever, 1t b3S grzdu:\\ been reabized that the yolyp:cp\de chams
n the collage® fhntdonot follow 2 crarght cOUBS an the contrarys
oy appear W possess & eheat configuration (Ramanc
attha, 19353 Nxmnc\undran, 1956 Tuch and Crck, 19555 Cowan
it

%
ting the ehical struetor of the
cotofibriilar vt Sl account for the Flaments and the complete
ent O thus unt, ThusBig- L
o withi e fibmlas SugBEe
by Bear (xgsz). Furthermoté: the cmss‘\nm\:d a?ycamncc. which
15 2 charackerste featnee of the collagent fbul, has been :\ccoumcé
for 1n vanous Ways 2l based op 20 Zssennall callel ordenng E
the ?(olc(\bnk Beat (3952 for exampic: considers ¢ 1t 15 dete
‘rined by the degeee of perfecuon winch the ?mtoﬁbn\s a
organize rogether adeways. 1 e nrerband regions, 1€ ot
fibrils ate m\cca n atmost pctfcct arrays ¥ ¢ m the b nd 16g0
the packing 18 Yess perfect: Other ~work
397
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BAND

FIBRIL

—t—FILAMENT

L

PROTOFIBRIL.

POLYPEPTIDE CHAIN

Fie 1
Scheme showing vanous levels of structure within the collagen fibnl

1955), have suggested that the bands arise when certam regions of
the protofibrils fold back upon themselves or when they overlap
1 special ways.

Vanous electron microscopists, however, have drawn attentionl
to the peculiar helical forms which the collagen fibril may assume
under a variety of expenmental conditions (Wyckoff, 1949; Reed
and Rudall, 1948; Swerdlow and Stromberg, 1955; Reeds Wood and
Keech, 1956). The grinding of collagen fibrls ina Waring blendor,
an operation frequently carried out in electron microscopic prepara-
tions, may lead to the formation of tactoidal structures, which
appeat to follow a helieal course around the fibril axis (Keech, 19553
Swerdlow and Stromberg, 1955). Their formation seems to involve
a loosening of the fibnl along a helcal patl, so that the tactords
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appear as quite distinet structures (Fig. 2). Sxmihr‘h:hcal tactords
b THeAN ]

1n e MTirtsaner

helical tactonds has no preferred direcgon, Tactords with both lett~
and nght-hand spiral ‘directions oceur with approximately equal
frequency, whilst sometimes both left- and nght-hand spirals may
be observed within the same fibnl (Fig, 3). Tactowdal structures are
often encomntered during studies of the enzymane digestion of
collagen fibrils and also m the reconstitution of hughly orgamzed
structures from solutions of matcrtal extracted b‘y various ¢ emycal

RS

UILLYOLOL LOLAZEN 111 ACETLC 20U dle PLEUPILALEY DY L, autiuun va
glycoprotem, Whether such tactoiSS. however, were ongmally
arranged m a helical manner wathin the fibnl, still needs further
lnvtsugauon

The heheal tactods can undergo subdivision mto smaller struc-
tures (filaments), along lines which agam follow a spiral course  As
such subdrviston occurs, the fibril appeats to be composed of o
sets of filaments, which cross each other in spiral fashion (Fig. 4)
Qough pomee LT — e, ) RIS o

- M.

RN R N
collager’ shuch'ss e . PR
(Reed and Ruda

cross-helical fash

ilftnd}): mention: ,

right-hand spicals may be observed wathin one and the same fibril,
It 15 smportant to note also that the formation of helical tactords and
of crass-helical arrays of filaments appears to involve a loosening of
certam, filaments n the mtact fibnt along ¢ sp!ml‘ hine whlcl: crosses the
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(a) helical tactoids may be produced by the loosening of the fibril

® - .

up,

() when helical tactoids and cross-helical arrays of filaments are
}xod\xced, there 15 no great reduction 1 fibril or in filament
ength;

and these conditions are dufficult to satisfy if the fillaments are ar-
ranged n parallel fashion.

There are various ways of accounting for the helical structures
manifested by the collagen fibnl. Perhaps the most simple is as
follows: Let us suppose that the protofibrils, the coiled-coil system of
three polypeptide chams as ndicated by the X-ray diffraction
studies, are twisted together to form filaments. The filaments are then
orgamzed together tn a steep, spiral fashion to form fivo independent
1denttcal strands. The two strands then spiral around each other to
make up the complete fibnl. Further, if in the normal intact fibril,
the nterspiralling of the two strands is steep, then all the filaments
would lie very neasly parallel to the fibril axis, as indicated by the
X-ray diffraction patterns (see Fag. ).

Regarding the organzation of the protofibnls into filaments, the
electron microscope can provide litele information, since the stud
of this level of structure demands a high degree of resolution wh
15 beyond the scope of most present-day instruments  Since, how-
ever, the protofibrls appear to possess a coiled configuration, 1t 15
Ikely that they do 1n fact twast together in formng the filaments
The filaments on the other hand appear to be organized in very
steep spirals when forming the strands. .

It should be noted that certam authors have considered that the
bands themselves follow a spiral path around the fibn! axis (Swerd-
low and Stromberg, 1955). Even if this disposition of the ban
were substantiated, the spiral paths followed by the filaments
appear to he 1 directions quite distinct from that followed by the

ATH

On the basis of the proposed model, the hehical pctoids could
arise by the loosening of certain filaments from their conn:cnon;
with their nexghbours n the strands, The subdivision of the hehica
tactoids into thinner structures {and ultimately mnto filaments),
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FILAMENT

STRA

IBRIL-

FC s
‘The suggested scheme for the archutecture of the collagen £ibnl, based on the spiralling of
%0 strands,

dentical compostnon, 1t 15 difficult to explan the regulanty m size
oF tha haleasd enmsnede nnd thaee roanlar athdivisan mto filaments,

wLLLEL DeLler ZSXCCIHCHL WILL LUIL Aidy Muiaviug uas v
come not from one, but from a series of protofibrilar units, each
based on different numbers and types of polypeptide chains, remawms
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the result of a preferred manner of spreading of shrinkage along fbrls,
possibly related, for example, to the disposinon of molecules within the
fibnls. ' Molecular ends are likely to be arranged in staggered, perhaps
helical, fashion along the fibrils because the molecules have lengths wluch
are about four times the normal macroperiod.

Dr Rzep gave three more pieces of evidence in favour of his observa-
tions: (1) tendon collagen gaves even better sprral steuctures than skin
collaci:n; (2) Dr. Grassmann showed a pictuze of a procollagen fibnl
which there extsted two strands which appeared to spiral around ene
another, and (3? Dr Fitton Jackson abo showed fibrils m cross-section
which showed localizanion of filaments into definite strands within the
fibol.

-~ - e R ] e Mecrad

detracted from Dr. Reed’s contention

Dr. Reep also drew attention to the fact that degradation studses,
especrally with enzymes, produced structures which were tactoidal in
nature, and Dr. Gross's tropocollagen aggregates in thys form as well

Dr. Gross felt that this was mnconclusive smoe any ngid rod-hke
structure such as tobacco mosaic virus could aggregate in the form of
tactordal bundles.

In answer to a question by Dr, Fatton Jackson, Dr, Rezp stated that
they had no quantitative figures for the Mmeidence of spral or tactoidl
structutes 1n their material

Dr. FrrToN JACKsoN nguited how Dr. Reed envisaged the tactordal
structures appearmg from t?)c spirals, To which he replied that he had not
suggested that thus occurred, merely that the spiral represented the inital
stage of the phenomenon and that the fibres showed lincs of weakness
along the spiral. Referrmg to the last dlustration m Dr. Reed’s paper, DR

areas where the llCuC:IJJy W OLI LUATIEHLES CIUILL Liusanu ws suy x‘ f d
one another. In answer to a question by DR vaN pEN HOOFF who foun
it difficult to correlate the bircfringence with such a structure, Dr. Rﬂts
pomnted out that the effects concemed were only observed in treat

fbres when the beefrmgence would anyway beiopared
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points; to which Dx, Rezn rephed that ths mdeed had been the very
point he wished o make.
N el

Neveomnam o L. 1 PRI ’ "

have been given reasonably satsfactory mterpretanion mn terms of vana-
tons in order and distorion occurrmg pentodically along the Gbnls, The
anung does, however, show some fesemblance 1o the difftachon ex-
pected of gross helical ewasts, but the X-ray diagram on thus bass would
??ncatc a L‘ol—‘) pitch equal o one macroperiod, the twists of Dr, Reed's

augies ot U, Keed s lbels wath the X-ray ‘tanmng angle’, which departs
sbout 24° from the fibrillar axas or rises at about 66° to the equatorsal
{cross-seetronal) plane.

Dr. R v °
e i st he s gl of the g sbove 7,

Tegons i che fibnl were mote sensitive to shrnkage chan others.



AMINQG-ACID SEQUENCES OF COLLAGEN
W. Grassmany, K. Hannig, H. ENpres aNp A. RIEDEL

The hughly differentiated fine structure of collagen (Hall, 1942;
Wolpers, 1943, 1944; Schmitt, 1048; Grassmann, 1952; Hofmann,
1952; Nemetschek, 1955) and procollagen (Kuhn et al, 1956)
visible 1n the electron microscope mdicates that there is a relation
between the molecular structure of these fibrous proteins and
their electron microscopic picture. In order to gain an insight mto
the amino-acid sequence of collagen and pro-collagen, we have
begun to separate the degradation peptides, obtamed by digestion
with crystalline tegpsin, by means of cfcctmphormc and chromato-
graphic methods and to study their chemical constitution.

C.C. 2% KOH
7| =Mol-COOH100 Mol Amino Acids Cotiagen
Procollegen
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H
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Tryptic digestion o
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has 2 complicated composition. The separation of such com~
phicated muxtures of peptides having such great cham lengths 15 by
1o means casy. Among other things, loose addinon compounds of
such polypeptides are apparently sometines formed whose com-
plete sep cannot be plished m one single operanon.

e have found the c el h [© and

[ )

This and the quinttative amno-acad analysis indicate that there 15
asimilar correspondence m the case of the amino acid sequences. As
to procollagen, 1t can be punficd by repeated recrystalthzanon, The
scparation pattern 15 sharper which ndicates thar this material 1s of 2
more homogeneous nature. We have therefarc mamly used such
recrystallized procollagen m our expeniments. Quantitative checks
were made at all stages of the sepatanions. Fig 3 shows 2 schemate

Preeocllisgen

@ Sryptle 45gevtien

Trsstien [ ] TSl ™ 1% [ )™
LOTAR S .23 $1.37] Jr.any hzoa} 43,25 fo.2 1ja.as) Jo.as

v
%3 ot sotep 3 e 60,6 | |60 | |07 Ja.a] Jo.58] |ous0] ouss

FG g

Schematic dugram showing the electraphorenc solabion frocess of procolligen-peptdes
resulting from rypuc ceavge.

S = Acud fraction, N = heuttal fraction, B = bane fractions.

dragram of the separation process and the yrelds obtamed thereby.
Only very few of the fracuons resalung from a ungle scparanon

process at pH 4 9 are homogencous. Most of them can be further
x
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Separated 1, sub-fr,, NS, either by elecy, phoress 5y ano
value or by meang tography, 4 for €Xample, ¢
the fureo,” Patation of 4 2ettra] fracria, b trophore,
PHa24 Fig. s'sh, Paration o), basic £, B, ing
su&ﬂactzom, also 4 Ue of 5,3 edo ng Msider 3 ¢
tion homogenco und that g ther Separatiop
lectro, horegys S possihle at H v, (2.3; 5 9.2), Mo
wer, dﬁ: cr 2Pply 1 foue differens soly, Mixtures
hmmatography Funaljy Quantity, d analy,
;rassmann g and pjg, k], 1 55) musy Tesult i 1czr~cutanw
egtal rang o all €se strice Tequiremanyg whic]

. S¢ sty
herro have no, been 2pplied op, Mcertamning g onstitution of

teins ap Prote; cgradatioy Producys 2ppear to bcncccmry in
Lopmion 4, Presene v have Obtaineq abouy eleven Peptides thay
ents,

€ accuracy € analyses from Which vy obtain ¢he stoi
chxomcm’cal U0 of the , 0 acids may pe lustraeq by two
eXamples, fraction S. and fraction Bie (Tible . .
on of the COnStitution of Fry.,.

ton B, whiop is OMOgencoys after the firse Separation, However,
It 1s obtaned g, Wsignifican, Quantiies only, The Sequence is gl

d vice Versa. These ﬁndmgs alone ‘rendey the
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Taste U
STOICHIOMETRICAL BATIO OF THE AMING ACIDS OF FRACTIONS Sy AND Bic

Sa Bic
Total N 143 per cent Total N 14,3 per cent
Amide N 0,05 per cont Amde N 0,60 per cent
Mofe ratg Mole rano Mole fao  Mole ratia
Sound rounded
Gly 495 H 103 1
Aly — — 50 s
val - - 1,15 T
Leu+Ten — - 3 4
Phe — -
Ser — -
Thr 097 T 196 2
Tyr = - -
Me - — — -
Pro — -~ .95 3
Hypm — - e0 3
2,04 2 -
Elu 103 3 - -~
s = - — -
Hoiys 100 . 167 p
Hus - — Ly7 1
Arg 100 x 12 1
12,99 u s 13

Taste Il
DETIRMINATION OF THE CONSTITUTION GF FRACTION By

macTIon BI {orv-Aec-rT)

Percentoftotal N*  Mole per cent

Glyane 3.7 338
Histdine 378 3
Argmine 497 13

1003 1000

Netermunal amuno aadt Glyane
Coterminal amuno acdy Histdme

W Cratmann, R Flanmg and M. Plock], Hoppe-
s.,l 2 phynol Clem , 308, 31 (3956)

1 Sanger, Biockem J, 39, 507 {1943}

W Granumann, T Homian snd 1. Endres, Ber,
86,3477 (mn



314 CONNECTyy, Tissurp SYMPOSIY,
theo, of Ber, (1936) improbablc.
sistin,

ry n; and Nicm-‘lnn
Asumed , regulay “eCurrence of tripeptide units cop of,
e, 1 pr, e or hydroxyprolinc and ope other 3Mino g
confbmuty with ogh, T 2uthors (Sc}zrocderet al, 1953, 1954; Ky
etal, § 53, ; Bear, 1952) the ults Tather ;, di € an alpe
fIon of o olar arcac that are i roline 4 xydmxypml
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he dark 4y, h ands ¢ ocder o al,, r. A
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The amino-acid analysis (Table IV) shows the complete absence
of basic amino acds and of amude nitrogen. The chamn length
established by the amuno-acid analysis is 43 to 44 amino acids, which
15 equivalent to a molecular weight of 3900 to 4000, Glycne, and
only glyane, is found 1n the N-termmnal residue by the Sanger
method and only asparnc acid 1n the Cetermunal restdue by the
reduction method and by the use of carboxypeptidase (Grassmann,
Hormann and Endres, 1953, 1954, 1955). ’I'll:e yield of aspartic
acid established by the reduction method was found to be equivalent
to 0 7 mol for 43 amino aaids.

The photometrical determmation m the case of the DNP-deniva-
uve showed a molecular weight of 3717 for the free peptide. The
potentiometric fitration of the DNP-denvative shows a carboxyl
cq;xxvalcnt of 7:7’. Th,lS corrcsponds’to a moleculas wc;ght ?f 3635

to the ch graphic and electrophorenc

Almost exactly one-third, that 1s to say 14, of the total ammo
aauds are glyeine, another one-third or 15 restdues are proline and
hydroxyproline. The remaining 15 to 16 restducs are other ammo
actds,

‘Thus, as far as 1ts composition 15 concerned, the fracnon nught
very well be 1n hine with the conception of Berg; and Ni

However, the of the cid segt led to results
that entirely contradict any such assumption

o ! = 72 mol of aspartic aad
[ phenyl-alanine  follow
ea "

¢ o . e nor hydroxyproline
are split off, however. It has been shown that C-termunal leucine 1s
much more rapudly split off by carboxypeptidase than asparic
acid (Neurath and Schwert, 1950). The sequence in the C-terminal
must therefore be leu-asp-asp-COOH. If the sequence were
asp-len-asp-COOH, leucine would have to be sphit off much more
quickly than the second mol of the aspartic 2cid. An analogous
consideration holds true in the case of phenyl-alamine and glutame
zad(i Hence 1215 highly probable that the sequence in the C-termunal
residuc 1

. . pheglu-leu-asp-asp-COOH.
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20

Mole per mole peptide
=]

o
o

0 20 30—>hours

Quinttanve detcrmunstion of e o s 133t offfrom the procollsgen frcton St by
catboxypeptdase after dufferent times
At any tate, 1t can be saud with certainty that profme and hydroxy-
prolme are not among the first five amino acids in the C-terminal
residue.
Hydrolysis with ammopolypeptidase fromL yeast (Gr;sst'lla{zn,
¥ SRS STIRGE ol s and alanine

N . “ '

. L I—" + awle anre accord-

1 the C-
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Mole per mole peptide

yr
20 40 60 80 100 120> MINUTES

Tic 7
Quantutative determunanon of the amuno acads split off from the procollagen fraction S¢ by
aminopepudase after different mes

The partial hydrolysis of the DNP-denvative resulted w DNP-
peptides which, apart from termunal glycine, contamned scrmne,

:luconmc. alanmne, further glycne, and Agilll small quannncs of
P TP ' ) P -

N

determumanion of the ammo-acid sequence 1n the N-términal residue,
It 15 certan, however, that glyeme, scrne, alanine, threonine and
one or two more glycne residues must be among the first six amino
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actds from the N-termmal residue, whereas proline and hydroxy-
proline cannot be among the first six.

The amuno acids from the middle of the peptide are found among
the peptides obtained as DNP-free peptides in the partial hydrolyss
of the DNP-denvative. They contain considerable quantities of
prolue, hydroxyproline and glycine, and also serine, afammne and
tyrosme. The constitution of the peptide can thus be set down as
follows:

PORMULA 1

CONSTITUTION OF THE PEPTIDE Sf
HNegly-(ser, tbr, lew, aka, gly}-
N-termmal section
[ro pro, 5 hypro, 12 gly, 2 ala, 1-2 ser, 2 tyr, 1 gly]
centre secuon
~phe-glu-Teueasp-2sp-COOH
Crernunal section

If 1t is assumed that glutamic acid and tyrosme are actually con-
taned i the N-termmal or C-terminal section ~ our experiments
do not exclude this possibility - it follows that the middle part
must be made up of 10 prolines and 5 hydroxyprolines on the one
hand, and about the same number of very simple amino acds,
namely 12 glycine, 2 alanine and 1-2 serine, on the other.

W. A. Schroeder et al. (1953, 1954) and Kroner e al. (1953,
1955) eatlter, found gly-pro, hypro-gly and gly-épm, byp{o)-gly as
disintegration products by means of partial hydrolysis with acids.
These authors are of the opinion that the tetra-peptide umts gly-
pro-hypro-gly are essential structural elements of the crystallmj
parts of the fibnl. The findings of Gustavson (1953), who showe
that the thermo-stability of collagenous fibrils mcreases with their
prolne and hydroxyproline contents, are also on the same line. )

Our findings support the conception of Schroeder and apparently
prove the existence of a non-polar patt containmg about 30 argmo
acids whose sequence 15 very similar to the one assumed by Sch-
roeder. on of our

We should Itke to postpone a more thorough discussion cd b
findings relating to the structure models recently suggeste g
Ramachandran and Kartha (195s), Rich and Crick (1955) an
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Cowan et al. (1955) nol after we have fully explored the avino-
ac1d sequence of the middle part. Arany rate, 13 length of about 30
rendues would correspond to one tum in the last model proposed
by Ramachandran and 1 would be of a magnitude that could cor-
respond to a single bght band.

For any further determinanon of the collagen structare 1t will be
of particwlar significance whether the entire profine and hydroxy-
proline s present in aggregated groups of the type shown and
whethes it will be posable to estabhsh a refavion of this sequence
with the electron microscope prcture.

GROUP DISCUSSION
e 0 0Nt s e vhemst recently proposed 3-cham corled-
Wenmn the typt-
. . v athet than
AU vt v . . 1 gly-pro-
hypro sequences, or }':na(iom theretto s e, af the last
T [ W

. . L srmyence GR Ry

+ al) G must be

- . . %, can be ammo

- . - . liscusstan of the

, he pointed out

P . - be 1 contradic~

. . glyeme-prohine

hydtoxy-proline and five vwet <. - glycme-glyeute-

proline {where plycmne represents a ‘glycmc-bike’ ressauc) “obc;% be
sonsfyng sgreement wreh ix; analyucal results

Da Bear observed that at the C-termmal end of the S¢ prpnde glyane
did not occur 1n every thicd posnon.

Di. Grasssea sud that this was teally 2 suspnsing eosule His other
resules shaw racher good agreement wich the assumption of a tegular
1" Ot mearmadues

’ 7ot - ener ] be smportane

. »tulated, say
' B . the fibnl, or
between the main Jengen ot i o endages. He

then showed a photograph of the jcham colfed-cou type of structure
row favoured from physical endence for the major portion of the
collagen molecule.
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In reply to Dr. Orekhowitch, D GRASSMANN summarized the pro-
ds g Lthc C-terminal sequence with carbox?'pcp:ii\s:.
EL ST SN N SO B % RN RV (e

trypsin could be mbubited ‘by di-isopropyl fuorophosphate. * Dr.
OrexroviTe satd that even after ten recrystallizations carboxypeptidase
still contaned protemase which could not be inhibited by di-ssopropyl
ﬂuoroghosphatc and that he preferred chemical methods. Dr. GRASSMANN
rephied that a reduction method for determining the C-terminal residue
gave results 1n quantitative agreemene with the enzymic method but
pownted out that there was no reliable chemical method for determining
stepwise the C-termmal :eﬁuemg,

Dr. SNELLMAN suggested that 1 the teypsin used was pure then the fact
that the S; pepttde contamned no lysine or arginine means that S¢ is 2
terminal peptide DR GRaSsMANN said this was possible and added that
other peptides 1solated did contain C-terminal lysine and arginine. Some
peptides have been ssolated where this 15 not true.

In reply to Dr Neuberger, Dr. Grassmann said that he had used
rccrysulflued trypsin and that several samples gave the same resolts as
regards the end pomt of the reaction Traces of other enzymes might be
present but he did not think ths affected hus main conclusions, In reply to
Dr Consden, DR GrassManN sard that try;sm was used because 1ts
reaction with the substrate had a well-defined end point. The collagen
was heated to 1ts shrinkage temperature before being teeated wich trypsin.



THE COMPOSITION OF BANDS AND INTERBANDS
OF COLLAGEN FIBRILS*

Ricraro S. BeEAR anp Riciaro 5, Morean

Tavestigators of connective tissue most often encounter the colla-
oS Comp as preatly or visible
Sibres of dsameters 2 1o 2001, ‘These are formed of su(»rmcms:opxc
fibrils whose diameters may range from a few hundred to several
thousand Ang; wnts, Insome ¢ 1t is convensent to
consider also subfibullac units, filaments and protofibnls {Schmits,
Hall and Jakus, 1942; Bear, 1952), which result from successively
finer stages of fibnllar subdwision,

E::(Vcnmmtal demonstration of the existence of flaments as
signiticant natural fibnffar unsts in collagen 15 sull uncernain, because
some degree of acaidental longutudimal cleavage within fibrils is 10
be expected dunng pul proced b2 bnls were
grigimlly 't&n m\xtrc‘olum,mr arrays w,}ufh, when asmcmc‘d h{cn:lly,

M W

AR

involved i fibntlar formation,
The fibril, however, provides the unt of more direct iterest in
biological and medical problems. As a result of recent work the
molecule 15 now well defined in severalimportantrespeets, butfibni-
r structure is much less well deteermmed.” This paper 1s devoted to
lh,crimtr problem,

e - Mo R

Tt i Lcl\'lng

entmental

ol " 1¢ second
aspect, related 1o longintdinal dasp of molecul

* Thus work was supported in patt by 3 grantin-nd from the American Cancer Seocty

gpan recommendation of the Commuttee on Growth of the Natonal Pewarch snd

Do farg by Research: Grane A9t from the Nanonal fawcute of Arthnas and Meubolie
acases of the Nationa) Insunutes of Heakth, U S, Pudbkc Health Setvice

nr
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One of us (Bear, 1952) has already reviewed prebminary ideas
regarding the structural meaning of dhe bands and interbands of the
fibullar macroperiod, and here we shall revise and extend these
i #be hoht afnew cvidence. The development below s

v . ands and interbands as
rlong molecules and of

molecules along the fibnl.

EXPERIMENTAL ESTIMATION OF MATERIAL DISTRIBUTION ALONG
FIBRIL AXES

N hel 3 and Hofmann (x9$5) and Burge ami

y of clect grapns. A isdppusisg, « )
kind of work, emphasized by the latter authors, is the vaciability of
result obtained from one macroperiod or fibril to another. One may
¢ n= whathar thic preat degree of variability s'ulql_ obtams in

it feng

L , »

. P . -
ness and number of layer lines OBt 2w, 7 of
nterest to leamn what small-angle intensity data can indicate about
the distnbution of matter along collagen fibnls.

The most direct procedure would be to determine what crystallo-
graphers call a Patterson projection, expressing the frequency with
which vectors of different size connect parcels of clectron density
along the fibrillar axis. These were made early in this laboratory for

© T T Lt bemmehagphotungstate staining prndy
iple of Bear, Bolduan and Salo,
ey ' . -'those expected between a and
all other known bands, as judgea trom electron-optical measure-
ments of band positions (Schmitt and Gross, 1948) 'sccmcd to domm‘;
ate the Patterson plot. The result was not convincing, however, 20
was not published, -

The chref dfficulty weth Patterson plotsis that they lack resolution
;-Tiis tn emarate mterband vectors, probably because the

. Y Gesanely sharp ban
+ plotted in the
~m Patterson
. . uldasingle
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tensive band, covering 0.46 to 0-47 of the macroperiod (Kaesberg
d Shurman, 1953; Tomln and Worthington, 1956). This could
S e Yaenmsnewr fraction, 0.53 10 0.54;
r distinguish *positave’
. Both investigations

gree that dry collagen 1 less stmpy Uawun
The Patterson plots are Feasible because observed mtensities of
{-ray diffraction orders can be used alone. To obtain drrect distnbu-
ons of electrons (Fourier plots) one requires phases, as well as
mplitudes (squate roots of mtensities), for the several orders. The
phases are not cxpenmentally determinable from the X-fay data
lone. One can approach this problem m an ndirect way by using
models, detived from examuation of electron mucrographs of

caleutate phases, whi
ke the direct plots. ‘This has been done by Tombinand Worthing-
ton (1956), who, however, made the assumption, contradicted by
clectron optical information, that there are aross-sectional plancs of
symmetry 1 the fibnl.

Recently, to faciheate ths type of indirect approach, we have been
using an optical diffraction apparatus csigned by Dr. H. W.
Wyckoff, to whom we ate akso ndebted for suggestions of mgenious
Y o tee the wav. In buef, we first design models
deawings of these are made and photograpiituany suswsd + 0
resulting ‘mask’ is made to difftact ‘monochromatc vistble light (the
green ‘Iin’ from a mercury arch, and the final opnical diffraction
pattemn is analysed or compared seectly with the appropriate X-ray
diffraction pattern, Sausfactory rmodels are then used for caleulation
of phascs. The X-ray intensities employed are unpubhshcd oncs
decermaned at various times for kangaroo tail tendon n thus labora-
tory by Drs. O. E. A. Bolduan and T C. Fumas, Jryan essential
agreement with data gaven by “Tomlin and Worthington (x056)-
Actually, the models themsclves are sansfactory for most present
¥“‘P°!cs. and although quantitative calculations have been applied

or comparison of intenstties predicted by the ‘models with observe
°“5‘» we tely here chiefly on phomgnp}uc presentation of the
tesults,
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pEcTRON DT nm\moN ALONG MOST AND PRY FIBRILS
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mformmon suggeste that the fo\\owmg bands, t the fmcnom!
ocations Jlong he mac (oycnod , woul uld be sm cabler 4, 00
0305 45 0.39% byy 05 .,0. 4 6 O
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multple of fifths of the macroperiod, Inspection of electron optical
data suggested approximately four-fifths for background coverage
and further refindments were canvassed as follows.

the c}dca\ method exemplified by Fig, 2. This figure 15, however,
for the more crucial umﬁgr problem encountered with wet fibnllar
moddls. Background and band portions of the model were separated
I:(c: ily an;'l gwen, fhffcx‘cnt \v‘\ddxs‘croncspor:dmg to ch:ght' .

bands, )

The solution finally selected for the model reproducing dry colla-
gen diffraction 15 shown m Fig, 3. Note that optical and X-ray
patterns should, in prnesple, be compated only directly at the
mdividual hine centees; the reasons for variations 1 honzontal lne
lengths are different in the two cases. The agreement 1s good, al~
lhnui;h doubtless 1t could be improved by incorporaung further

the models, but thus scems unwarranted at present
RO I T R S G A S,
* * bave
* but
B PR . . mas
shghely denscr levels than thete surroundings, and located at cssenti-
ally the same relative positions as m the dry siuanon. The pro-
nounced all of small-angfe X-ray order {with odd
orders strong, even ones weak relanve to neighbours, which con-
tinucs out to the eleventh order, of. Fig. 4), suggests a background

mantanng moderately strong orders of mndices 5, 7, 9 but not 11.
Tt wasalso Necessary to put a moderate atount of mtensity into the
PO B A e T T w3 gy
- 5 were
- . result,
shown i Fug. 4.
Y
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the two plots. One may atrive at qualitative suggestions regarding
this matter from consideration of what is known of the molecules
involved in fibril formation.

Four scparate linls of attack (I‘:xch 'md Crick, 15:55'. Cowan‘,

VLYpEpUIde COMIZUIALON 1N pative collagen, onc exXpects the
avoured kinds of 3-strand structure to extend throughout the
molecular length, except when distortions are mtroduced as de-
scnibed below.

Electron-optical {Gross, Hiy hberger and Schmutt, 1954) and
physicochemical {Boedtker am% Doty, 195 5? evidence also indicates
that the collagen molecule 15 a thun particle {dameter 14 A.) of
great length (2500 to 3000 A). The molecular length 15 about four
times the 600 to 700 A, fibnllar macroperiod expenenced with dry
to morst native specimens as measuced by )(—r:nysf h‘follo\vs that

o

some sort of relative axaal displ. les, from
exact transverse reguster of their ends, is necessary to cx};l:un develop-
dual mole-

ment of a native fibrillar period shorter than

t Iengths, Ewvidence of the way this occurs may develop when

!’n1‘3“~:ngl:, ncar-cc‘uatcﬁal difftaction is more thoroughly explored
Aot S~ - A m 3

importance to the problem of axal distabution of matter are hus
suggestions regarding * I overlappmg of molecular ends,
of the atternative “defects” anwng where farge gaps may be left
between ends. Tombw's bands and interbands anse from these end

ects and individually extend over appreciable ¢ racnons
of the macroperiod. They ate not comparable to the narrower
separable and distubuted stranficanons usually meant by these
terms, being morve like our backgrounds One of us‘(Bcar. 1952)
has supgested that the finer bands are caused by compositional differ~
ences, with residucs of larger molal volumes preferenually congre-
gated at bands,
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e Plical repliey Studses sp.., 2 moist Gy, e s
(Gross and g, i, 1948}, and esseny, Iy Stmilap ¢, clusions Bl
from § €S Of sy, ~angle Meridion,] Ine J, Olduan 4
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amg

Dry fibnlg 316, 25 15 vy known, COrrugated by diametra] y,
s, 1 i 1S, assumy

- Intring, eria] d, Ming ey,
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t v e fr
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naf vy,

and i 3
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om the face CELION spaing SAng agengs

2 rcIathcIy Ineele effect on w:dc—anglc dxﬁ'ra:tzon (Bolduﬂfi:

Salo ang Bear, 951) Drying. sczinmg and tanning g, affect small

angjs dxﬂ‘mcaon; for EXample, dchydmticn d.ccrczscd the mﬂc;‘?l'
Period g 660 4, {moxst) f0 603°A. (dry) in ghe kangarco

1€ ag, 3

: ; iefly at

the sumppo, 8 this axi,) Conteaction occurs Cfufﬂ;:’ ;

bands, one cap show that a5 Mmuch 5 about 24 °r cent Vanﬂf?‘:bﬂ_r
diamctcr bcnvecn bang and nterbang may be required
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intrinsic densiues remain nearly equal. This would correspond to
clectron density projection differences of around 40 per cent. De-
fects or overlaps because of molecular ends would oceur at about one
out of four molecules across an mvolved cross-scction, to produce
roughly 25 per cent variations in ‘Jm_]cct:d density or half that in
d 1 duffe Exp fuctuations in diameter as high
as 15 per cent have been reported (Nutting and Borasky, 1948).

, In summary, xh‘cm‘ are two. possible sources f?r thc‘pr?jcc(:d

ably of fesser magnitude than the sizeable ones encountered 1 the
corrugated dry fibnil, Absolute measures of densinies and diametets
would be useful i further mrerpretavion of these factors.

THE SIGNIFICANCE OF THE ‘BACKGROUNDS'
The backgrounds which were found necessary additions to the
[E R R wooLaw T

Of the two differences, we believe the tormer to be best established,
the latter 15 more sensitive to p mvolved i deri of
the moist fibnl models.

The length of o.54 for background of maust fibnls agrees with
indications from Patterson plots, as deseribed sbove. In the dry
matenal, however, Toml and \Vord:x‘ng'mn‘_ (‘1956) er|n{rloycd a
PR T R R RSty NI X o R\ R .

n £ (1953), which summanzes

their results 1n terms of band posiion measurements, shows a lack
of bands between d and ¢, which region also corresponds to the
mimmum in our curve for density of dry matenal.

The actual background length used for the dry fibnl may be some-
what atbitrary, dependent on the tepresentation used for bands,
Stnce the fong background occurs oyer the regron where bands are
most concentrated, 1ts addiuon to the model 1n effect corrects for
madequacies of detarl in the assumed bands.

result more 1 hine wath clecz}on-oybal data, Note that !'ié ax o-f
N Yok G and |
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Tomlin and Worthington added further details to their dry model
which, in spitc of incorrect assumption of a plane of symmetry,
L E SRR e e Tl P v M

same way, gave a better residual of 6.20. Similat comparisons be-
tween moist fibnl models yielded residuals of 0.21 for theirs, 0.18 for
ours, an expression essentially of improvement secured by adding
electron-optical nformation about bands. Qur procedures did not
mnclude extensive attempts to minimize residuals as such but did
mclude optical canvassing of structures as described above.

We bcllpeve that 1t 1s important to consider the finer band detatls,
5o that backgrounds may be selected with greater accuracy relanve
to both length and location. When this is done, the difference
between both characteristics for backgrounds of moist and dry fibnls
reveals their essentially different meanings, which otherwise would
be overlooked.

The background of the dry fibril may be said to disappear when
water is added, causing instead appearance of a new background
which may be at a very different place. Cohen (1954) found that
tension alone causes dry kangaroo tendon (at 2 macroperiod of
700 A) to yield 2 pattern resembling that of moist samples, showin,
the alternation of line intensities which requires the new background.

Since both hydration and tension may be expected to straighten
” T e Awwsartinne at hande the interpre-

tructure to X-ray smallangle dittraction. )

) The meaning gf the background in the moist fibnl is more diffi-
cult to determine. There ate perhaps three c}}:ief ‘possibrhties: (£ c::‘;
i ist, retain
win bandsy . and oy iy 700 VR T i g

- a greater
i . . the axis;
Py tan intrinsically more electron-dense

(2) th::c same bands may conf

residuss than do by, s and ¢; and (3) the background may be
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related to the locations where molecular ends overlap (‘mtersttial”
segments of Tomlin), or the by — by — ¢ trough may represent places
crc molecular ends are pulled away from contact (‘defects’ of
On: c‘annot cleatly decide between these causes at the moment,
and mdccd more th.m one may be be openuvc Rclanvc to (2) above
RO S DI et st m Al

with opua[ mcthods which sxmulatcd an experiment of Eolduan,
S;lo and Bear (1951) Thcse authors found that that calgon stzmmg

tendon gave prep
which, respcmvcly, chiefly argmme plus lysine or argimne alonc
were tigged, with panying changes mn il-angle linc
intensities.

CONCLUSION

In approaching the problem of clectron density distribution from
small-angle X-ray diffraction and electron-optical information, one
mtunlly expects that the elimination of water wall facithtate exam-
ination of rotein component alone, The results of the two
methods apphcé’ to dry samples can be smd thus far to have provided
maps of matenal d d as band and band loca-
tons ot plots of electron density. along the typical fibnl. These re-
man, however, rather non-specific with respect to interpretations in
terms of residue or molecu?c locations, which can only be very
roughly surmised by indicect arguments of the type given in this
paper.

One of the chicf disadvantages of normal, relaxed dry matenal
tums out to bc the dtffuslon o strujcturih ovcxlaymg zhc asic bmd
and b

Y
covenng much cf c:ch macm?cnod Whm dus 1 rcmovcd by

qncnccs. are distributed along d\c fibnl.

interest attaches to the meanung of the shorter back-
qund herein indicated 1 most {or extended dry) fibnls to be
ocated differently from the distortional one of relaxed dry fibnls,



a Lh an
duced by dchydmuon. Ieis thep, 2IEnt that ehis Stortiona] baet..
40d may modsﬂtin Ction whigh Burge an
Randajy (1955) found Uecessary 1, Introdyce 1 relating band
3 Ction,

€ Meanung o the ckpround gy the mojyy fbal is more diffi-

cul ¢o dctcrnunc. There gz Pethaps hyee chi| POssibilities. (1) cer-

in bay 9 e g, 21, may, cven when 0ist, retajpy mmore

pcm'stcutly than Others degree of, St0ttion whiy, slighely, enlarges

he fibrill; diamete, i fo resuly t
ten,
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related t0 the locations whete smoleculat ends overlap ¢ ngersuoal
¢ Tomha), O the by B wough MY sepresent places
whete moleeulat ends 31° pulled aw3Y from contict (defeers of

Tomhin)-
One cannot deatly & ese moment,
and indeed 5 Than one 1M e operative: Relauve 10 (2) above
+ have some BT parotioning of
dne berwee? d~asn , - ¢ locauon® xes welys € dbeat
asta parial AUE of th casity dhfference Thus work W% done
sith op! ‘hods which gmulated 38 x duan,
salo and Bext (x951) autho 4 that that calgon seunin®
of untreated OF eamanated kangaro® cendon £2¥¢ preparations n
which, ¥ vely, y ] c plus {ysine ne alonc
wete BEES th acc mpany"s d rmall- angle ke
intensiues:
CcONCLUSION
n :yp(o::\ung ¢he problem of electron density, strbunon from
smallangle X73Y gon and Yectron-o! ormation: ©
paturally hat the chmimation © water will facilitate ST
ination of the tgmlcm component slone. ThE esuls of B¢ ™o
‘methods applied 12 ry amples &0 e sud thus far to have P07
raaps of materal dyserrbution P 3 as band terband locs

Gons or plot of electron denaty slonS, the typ™ N

main, howevers rather noMptdﬁc <th respeet to m(c!prtuuons m
terms of gesidue Of molecuie Jocattons, which an only be veD
roughly urmaised BY \ndirect arguO of the type BV 1 th

yl?ﬂa

One of the hief disadvant ¢s of notmds celaxed 8y maten

fugms out 0 be the iffusion © Structure, overlayng the basic b

and interband Gnbutions cxytcsscd by the dstorno! ackgros
pact en r

coveny IO s 15 1€
hydration (or tension) 09€ genainun maller density va
ions, but ones cvertheless, which w3 e more s
Jerermination how collage® ecules, th the due
quences, 5 Gswributed 21078 the

‘Pardeutar nterest (o the MEIE, of the shorter 1

suaches
med herein ndicated 1 monst {0f extended dry) fibnls !
ocated Afferently from the ‘ustortional 0B€ of relaxcd deY {



(1) A- ensyye pr o_]ectrons b, ing electrop, n-Optical
and d:ox l InaH~angl dxﬂ‘}acuon d.; ? 10 Presented o
mmsr and dpy, kangy, tL‘ndon fibrif;, In 5 ddmo to pro};;rclz

Ioz:tcd Major b, d d hsitzes, nc must a4 'bacIcgro unds
cover differen, &acu s of th opcnod and may by, € dfferent
Waaf Joey uo the mam .md dry .

() In dry{' bri] cAground prcscntsa dxstom onal diffyioy,
of's mzcru cconCcntz:tcd b, region up, ezlying ds from
e thmugb 2 ln deeo g Oisture Temoyes tbx back, ckground o the
mo], © straiph, d,

(3) Wi, onaf b, Sround remoy, ashorter p, ckeround
‘Pparenly, . Verng §, 96 a, and s 8 diselosed, 1y,

e

8T un, Significy, 25005
0 the behef that 5y T fundamcntal feature of fibr] strue-
W  collageys,

Dg GRASS Was p, tbc chemiea] evidence and
Dr. Beyy MNN cfxm a_l]y .,, eemen Hc asked if the pop.
~ Bear bav:l cnibed i 9tphous magrer, He
also COMmenreq on the £ tb.zr \en tbc dry sta tc the posinon of the
bands 5 ONstant by the tensye are noy,
Dz. Bryy Festated gpe discussiog g, the text of, his paper relaave to the
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possible differences i the meanings of the backgrounds i mosst and dry
fibnls. In the sense that amarphous matter 15 distorted matter, 2 general
distortional spreading of matersal about bands 1 one dposs:ble explanation
of the backgrounds, mvoked as most likely for the dry fibnil. Chemtcal
cxplanations seem more probable for the moist fibnl ~ Relatively minor
features of band strucrure have not been considered, but 1n a sense the
pion. of background partally comp for this.
Dz, Frrron Jackson said that Burge (1956) at Kmng’s College had

Dz N askedif gt d asp have electron densittes
sumilar to lysine and arginme, and sf this might account for discrepancies
R LI LACTIL P BV | . 1.1 1 A



CHAIRMAN'S SUMMING-UP
R. E. TUNBRIDGE

In concluding this symposium it would be not only impossible
but presumptive for a charrman even to attempt to summartze our
deliberations. The cc jcations, and the approved summaries
of the discussions, are to be published, but, however excellent the
final report, and I am sure that 1t will make good readmg, it
will miss something of the atmosphere of the symposium which
only those who have been present have experienced.

Definitions are always difficult, even when one is dealing wi;b a
s;ingl‘e Ianguag'e‘. £t is not 'surpris,ing thcr$fore, th:'x.t, in a rapidly

B T o T - . T -

tor example has been vanously interpreted as artrate solubie coltager,
acid soluble collagen, or acid soluble collagen in buffered solution.
It 1s unfortunate that m our attempts to simplify the nomenclature
of the different preparattons of collagen we were unable to reach
complete agreement and that no agreed recommendation can be
put forward by the group. Nevertheless, a considerable measure of
understanding” and of agreement has been reached which must
mevatably be of value. Agreement was more easily reached con-
cerning elastic tissue. This may have been duc in part to the more
limited interest as yet of this aspect of the conmective tissue problem.

Professor Astbury, in his opening remarks, drew attention to A.
number of points which have been to the fore in all our dxscussn:li:.
the increasing importance of chemical analysis and the fact that d1c
chemustry of collagen has temporanily at any rate, passed from the
physical chemust to the analytical chemist; the difficulty mn obtaining

'3
pure extracts and the need to account for the small percentage of
o A LTl mel af sicques as well as

existence of a
r yet prove to

Comparative studies of animal tissues have indicated the vardety
334
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