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INTRODUCTION

Collagen has been defined as a class of fibrous

protein, characterised by a unique wide-angle X-ray

diffraction pattern which is a reflection of the intra¬

molecular and the intemolecular organisation of the

protein. Low angle X-ray diffraction and electron

microscopy studies of the constituent fibrils of
o

collagen both demonstrate an axial periodicity of 640A
o

(70CA in wet fibres) which is considered typical of

almost all collagen fibrils. Collagen is widely

distributed in the animal kingdom and its main, highly

important, function is to provide mechanical rigidity.

It contains glycine which is present to the extent of

30% or more, and is unique in containing hydroxyproline

in a high concentration, as well as hydroxylysine.

For some time after the discovery of the regular
o

axial repeating period of 64CA, it was presumed that

this denoted the molecular length of the collagen molecule.

However, evidence, including electron microscopic studies

on the various kinds of precipitates obtained from acid-

extracted solutions of collagen, indicated that fibrous

collagen should be considered an aggregate, the macro-



molecular monomers oP which have a length about Pour
o

times that oP the axial repeating period, i.e. 2800A.

To emphasise the molecular status oP this precursor

monomer, the term tropocolla gen was suggested (Gross

et al. (1954)); tropocollagen can 'turn into' (tropos)

collagen which itselP is the tissue entity, giving
o

rise to the 700A axial repeat oP low-angle X-ray

diPPraction, and clearly exhibiting cross striations

in the electron microscope.

Tn 1960 Hodge and Schmitt dePined tropocollagen

as a macromolecule in solution considered to be comprised

oP three chains coiled about one another in the character

istic helical conPiguration deduced Prom wide-angle X-ray
o

diPPraction studies, with relatively short (100-200A)

peptide appendages at both ends, presumably in a random

coil conPiguration when the monomers are Pree in solution

Soluble precursors oP insoluble collagen occur in

at least two Porms. One, neutral salt soluble collagen,

can be extracted under physiological conditions and

appears to be the earliest Porm oP collagen which still

has to be incorporated into Pibres. The other is acid

soluble collagen which has to be extracted with acid

buPPers or dilute acids, most commonly citrate buPPer
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pTI 3.7 or C.1M acetic acid. Neutral salt soluble

collagen is generally taken to be the most recently

formed collagen in young tissue and to be the precursor

of all the other collagen Practions. However, it was

found (Harkness e_t aJL. , 1954) that acid soluble collagen

was not necessarily an intermediate in the formation of

all the insoluble collagen. The acid soluble monomer

of calf skin collagen (a common source) is, as has been
o

said, a relatively rigid rod of length about 30C0A: it
o

has a diameter of 14A and a molecular weight oP

approximately 300,000. Techniques for estimating

molecular weights are, however, being constantly rePined

and recently a lower molecular weight of 260,000 has been

proposed (Davison and Drake, 1966). These values sgree

with values Por other collagen sources which vary from

rat skin to ichthyocol. The generally accepted model

of a collagen molecule is that of three polypeptide

chains in a helical configuration and further coiled

together to form a triple helix.

Components upon Denaturation.

On warming a solution of tropocollagen, changes

take place in its physical properties; e.g. heating

a solution oP calf skin collagen to 40°C results in
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viscosity and optical rotation values becoming lower

than one-tenth of their original values at room

temperature. By denaturation is meant, in this context,

•loss of specific structure of the macromolecule without

chemical degradation*. This expresses in general terms

the breakdown of rigid rod-like molecules to give

randomly coiled single polypeptide chains. Denaturation

is progressive with time and Flory and Ueaver (1960)

have shown reversibility on cooling in dilute aqueous

collagen solutions.

Doty and Nishihara (1958) defined the temperature

at which the specific viscosity had fallen to half the

original in thirty minutes as the denaturation temperature

T. The effect of a more acid pH or the addition of

some hydrogen brond breaker, e.g. urea or potassium

thiocyanate, in lowering T shows that denaturation

involves the rupture of hydrogen bonds at some stage

in the procedure (Boedtker and Doty, 1956; Orekhovich

and Shpikiter, 1958). Dngel (1962) has demonstrated

that denaturation is a two-step process. Using, among

others, light scattering techniques, he showed the

first step was the disintegration of the rigid helical

structure with a decrease in viscosity, optical rotation

and the angle of dependence of light scattering; he
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found the second step much slower and accompanied by

a decrease in molecular weight.

Crekhovich and Shpikiter (1955) first showed that

the collagen monomer was a complex of two components,

a and p, having observed them in the ultracentrifuge,

the source being parent gelatin from rat skin. They

concluded that the two components were joined in the

native structure by relatively weak bonds, possibly

ionic or hydrogen bonds. Tn 1958 they calculated

the molecular weight of the a component to be 80,000

and that of the f component to be about 130,000.

Chun and Doty (1958) found the molecular weights of

the a and (3 components of ichthyocol to be 80,000 and

160,000 respectively, these results being in good

agreement with those of Orekhovich and Shpikiter.

They also found that alkali treatment or prolonged

heat at 40°C (one week) resulted in the splitting of

the f component into two a components. This implied

that the triple chain configuration of collagen was

composed of three « chains, two of which were bound

together by heat-labile bonds. Davison and Drake

(1966), using mono-disperse solutions of calf skin

tropocollagen molecules, obtained by pronase digestion

I
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op sonic irradiation, have more recently studied some

physical parameters of tropocollagen, including the

partial specific volume and the molecular weight.

These were, respectively, 0.655 and 260,000 - 10,000.

This molecular weight is, as has been said, significantly

lower than the previously most popular figure of 300,000,

but is explained by virtue of the lower value for the

partial specific volume, in its turn calculated from

results obtained from the nitrogen content, calculated

from the amino acid composition. They also attribute

some of the difference to the presence in most tropo¬

collagen solutions of polymeric aggregates of molecules.

In the latter case the viscosity of the solution is

usually higher than the value of lOdlg * that authors

give to the viscosity of solutions of monomers.

Studies of the renaturation of gelatin solutions

by means of cooling, by Veis and Cohen (1960) and Rice

(1960), showed that about ten per cent of the parent

gelatin reverted to rod-like structures and that at

least some of this fraction was capable of forming the

ordered aggregation state known as 'segment long-spacing',

SIS, implying that intact tropocollagen molecules were

present. Veis e_t a_l. (1961) showed that only high



molecular weight gelatins could reform the native

gelatin structure and that a gelatin fraction with

a molecular weight near that of tropocollagen underwent

the gelatin-collagen transition most readily. They

argued that the presence of these gelatins with

molecular weight equal to or more than that of

tropocollagen led naturally to the conclusion that

stable intramolecular and intermolecular bonds existed

in parent gelatin, and suggested the intramolecular

tropocollagen bonds are of roughly the same strength

as the peptide chain bonds.

Altgelt e_t a_l. (1961) also studied renaturation,

defining it as 'a specific reassociation of the three

component polypeptide chains to form a hydrogen-bonded

helical structure having a charge profile and other

properties indistinguishable from the original native

tropocollagen macromolecules'. They argued that if

renaturation involved a reassociation of a and p

components, then isolation of renatured molecules

via SLS formation, followed by denaturation, should

give a pattern in the ultracentrifuge indicating both

these components in the same proportions as are found

in denatured solutions directly obtained from native
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tropocollagen. On the other hand, if the renaturation

process involved only a certain fraction of the macro-

molecules which had not split into one and two stranded

components when denatured thermally, then the process

of renaturation, followed by harvesting SIS as before,

should result in a build-up of the minor component.

As a result, the ultracentrifuge could show its physical

characteristics. And indeed they found the latter

proposition to be the case. They called this component

X and found evidence for its presence in an acid-

soluble collagen to the extent of 5-10%. They proposed

a molecular weight for & similar to that of native

tropocollagen and that it consisted of a three-stranded

helix, behaving, even in a denatured state, as a kinetic

unit, doubtless because of the presence of strong

bonds between the three chains, most probably of the

covalent type. They further proposed that this X type

tropocollagen was of a more mature type than either

triple a or or-p forms.

Also in 1961, Grassmen e_t aJL. described a more

rapidly sedimenting component as seen in the ultra-

centrifuge, the source of collagen being citrate-soluble

collagen from rat skin. They called this component X ,



giving the following table (Table l).

Table 1

Some data from fractionation of rat skin collagen

Component qO
20, w

% composition

or 3.8 32. 8

P 5.05 60.7
.

4 5.7 6.4

The results of Grassman e_t a_l. for the following

parameters (Table 2) compare closely with those found

by Altgelt e_t al. The results of other authors are

also included.

Table 2

Sedimentation coefficients of various fractions of
denatured collagens.

Authors Source | Condition Component
a r &

M.W.
collagen

Doty and
Nishihara

(1958)

1

Calf
skin 1.2M KCNS 3. 85 5.4 -

Piez et al.
f 1960]"

Calf
skin

40° C 3. 24 4.41

Veis et al.
(19607

Calf
sk in

4O0C 3. 21 - 4. 57

Altgelt et al.

[ (1961)
Calf
skin

4O0C 3. 20 4. 20 5. 50 350,000

1.2M KCNS 3.40 4. 60 5. 90

Grassman et al

, (1961)
i

Rr t

skin
40°C 3. 80 5.05 5.70 j 290,000

I
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Grassman's work in 1961 provided the basis for

Figure 1, and was expanded in 1963 when he found that

the uncoiling and dissociation into individual chains,

which follows the breakdown of the rod-shaped tropocollagen

molecule on thermal denaturation, does so at a significantly

lower rate. In the final state a, P and X components

consisting of one, two and three chains respectively are

present in completely coiled form, the X in the smallest

amount. In contrast to the starting material, renatured

tropocollagen preparations show a shift of the ratio of

components towards X (.£•_£• Altgelt e_t ajL. , 1961). This

is understandable if it is assumed that native molecules

can be formed not only by the union of one « and one p

chain but also by the union of three a chains. This

means some p must be left over. He makes the proviso

that it is necessary to get correct alignment so that the

ends of combined triple chains are in the same line. He

therefore, unlike Altgelt, considers renatured collagen

may in part be made up of rejoined a chains and also n + p

chains, providing they are appropriately aligned.

Piez e_t al_. (1960) analysed the amino acid composition

of the « and p components of calf skin collagen and showed

they were different, suggesting that if the f unit consisted



II

V . '
'.V. after Grassman
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of two a chains, then the amino acid composition of the

a chains must vary. They developed a chromatographic

separation of the components of thermally denatured

collagen solutions using columns of carboxy-methyl

cellulose. At first this technique was used for

separating the fractions sufficiently enough to allow

the analysis of the amino acid composition to be made

more accurately. The same technique, but employing a

different buffer system for gradient elution, enabled

them to separate four components (1961). On the basis

of this column chromatography and ultracentrifuge studies

they called the components n^, rxgt an<* Pq an<^
postulated that the tropocollagen molecule consisted of

two and one chains and that three variations of

interchain linking could exist; namely (Pi=riw2^'
a2^'2 (^2=alal^ 8n<^ ^ w,iere three chains are covalently
cross-linked (Piez e_t al. , 1963).

Piez (1965) characterised a collagen from codfish

skin and found it contained three chromatographically

different a chains. He recycled denatured collagen on

columns of polyacrylamide or cross-linked dextran gels,

and found single (a), double (f) and triple (>0 chain

components. Chromatography on carboxy-methyl cellulose
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then showed the presence of three different a chains

which he designated a2 and a«j; each having a
molecular weight of about 95,000 but different amino

acid compositions. He suggested that the fraction

of other collagens may contain two different chains

which are not resolvable by any currently used procedures.

Amino acid analysis of the fraction showed it to be

the same as predicted for this component and the same

as found for whole, unfractionated collagen.

levy and Fishman (1966) used a different gradient

elution system from that used by Piez in fractionating

ichthyocol denatured at 40°C. They used the same basic

acetate buffer but employed an eight-step autograd with

added sodium chloride in increments as small as 0.0C5M.

They found many more than the four components of Piez

and these could be desalted, lyophilised and rechromato-

graphed giving results consistent with the original

behaviour of the fractions. Although they have not yet

provided amino acid composition figures for these

separated fractions they claim evidence of significant

differences, both from each other and the parent

ichthyocol. They suggest the possibilities that the

fractions are the result of covalent bond breakages

(under the very mild conditions) within the presently

y., V*- ' ... T'i T-" '■ .V
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accepted « and p subunits, or that they come from

entities held within the collagen structure by non-

covalent bonds and which could therefore be the real

sub-units.

Piez (1963) found a component of rat and dogfish

collagens which sedimented faster in the ultracentrifuge

than or Pg. It had been a minor component of
protein isolated from the tail region of the ag peak.
This he claimed was the Y component which could be

renatured by cooling after heat denaturation to yield

a protein with many of the properties of native collagen.

He also found that with some samples of collagen a large

amount was not eluted from the column and could only be

removed by dilute alkaline washing. He did not

investigate the protein of this alkaline fraction except

to measure it semi-quantitatively.

Tristram e_t a3.. (1965) denatured soluble calf

skin collagen thermally between 37.5°C and 60°C and

separated the component proteins on a column of

carboxy-methyl cellulose. They found Pour main

fractions: a, P, and two other fractions (the a and p

components were complex due to the presence of ct^,

p^ and Pg parts). They found that the other two



fractions, component 3 and component 4, underwent

rapid denaturation between 39°C and 40°C after which

component 4 remained virtually unchanged up to 6C°C.

The portion of fraction 4 which remained at 60°C

they considered identical with the fraction designated

V by other workers (Grassman et al,, 1961; Altgelt

et al. , 1961; Veis ejt aJL. , 1961, etc.), being composed

of three a chains in covalent linkage. A further

indication was that when acid-soluble collagen was

denatured at 45°C or 60°C, and then cooled to 0°C

for thirty minutes before rechromatography at 37°C,

only fraction 4 appeared in the chromatogram.

Piez e_t a_l. (I960) stated that 'it is not likely

that the chromatographic separation of the a and 'p

components is the result of different charge densities.,

'it is known, however, that the molecular weights of the

two components differ approximately two fold. Under

tfyese conditions the larger molecule would move more

slowly than the smaller one since its statistical

chances of being attached to the adsorbent would be

greater.' However, he later found (1963) that rat

skin collagen, and other types, could be separated in

the order a^, flj* f\ and a2' This of course suggests



that separation must be dependent on charge density

since a p chain has twice the molecular weight of an

a chain. In all cases, namely rat skin, rat tail

tendon, carp swim bladder, spiny dogfish skin and

calf skin, the order of resolution could be predicted

on the basis of cationic charge at pi! 4.8.

There is only a small variation in the charge

densities of the n and p components of calf skin

collagen, reflected in the poor separation on the

cation exchange adsorbent carboxy-methyl cellulose.

The third and fourth fractions are eluted only on

a molecular weight basis, since amounts obtained from

chromatography are temperature dependent, showing

fractions 3 and 4 must be polymeric forms. Rapid

dissociation of fraction 3 between 37.5°C and 4C°C,

coupled with a larger increase in the amount of a

and p suggested that this component was a polymerised

form of a chains held together by hydrogen bonding.

This view was upheld by the fact that neutral salt

soluble collagen contains a far greater proportion

of fraction 3 than acid soluble collagen.

The fourth fraction Tristram £t _al. eluted with

0.1N sodium hydroxide, proposing it to be the same as



the sodium hydroxide fraction of Kulonen ejfc al. (1962)
which is thought to resemble the parent collagen.

They (i.e. Tristram ejt _al. ) found that between twenty

and thirty per cent of the original collagen was

eluted as fraction 4 after denaturation at 40°C and

between fifteen and twenty per cent at 6C°C, remaining

intact until heated at an alkaline pH, when, they

proposed, it was degraded into smaller units before

elution. From their results, they proposed that

'true' component 4 (i.e. that which remains at 60°C)

is made up of three covalently linked « chains and is

of a polymeric form with the chains in a helical

configuration. On the other hand, Tristram ejt al,

did not intend to imply homogeneity in calling the

alkali labile component fraction 4. Indeed, they

considered that the fourth fraction is a mixture of

varying degrees of polymerised tropocollagen molecules.

Intramolecular and Intermolecular Bonding

Fibrous collagen is untra- and inter-molecularly

cross-bonded and it therefore seems natural to wonder

whether maturation of tropocollagen occurred in an

orhtogenic manner thus: aaa ap fibril.

However, as was mentioned earlier, Harkness e_t al. ,

in 1954, concluded that alkali soluble collagen, now
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known as salt soluble collagen, was almost certainly

a true precursor of all the other collagen types,

but that acid soluble collagen was not necessarily

an intermediate in the formation of all the insoluble

collagen.

There have been many suggestions as to the mode

of cross-linkage, both intra- and inter-molecularly

in the collagen fibril. Apart from the normal

hydrogen bonding between chains of the triple helix,

possible existence of covalent cross-linkages were

considered.

Piez and Gross (I960) demonstrated that

variation in shrinkage temperature of vertebrate

collagen was more a function of the total number of

imino acid residues than of hydroxyproline residues

alone. This they interpreted as support for the

hypothesis that the molecular structure of collagen

is maintained, for the most part, by restrictions

on change in the secondary structure of the polypeptide

chain, imposed by the pyrrolidine rings of proline

and hydroxyproline rather than hydrogen bonding

through the hydroxyl groups of hydroxyproline alone:

they also suggested that the hydroxyl group of
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hydroxyproline might be involved in intermolecular

rather than intramolecular bonding and that, in any

case, it might not have a unique role since, for

vertebrate collagens, a decrease in hydroxyproline

is paralleled by an increase in threonine and serine

to maintain an almost constant number of hydroxyl

groups. This would require all the hydroxyl groups

to form equally strong hydrogen bonds and thus favours

the collagen II model as the correct one.

Tristram and Steven (1961) found that one third

of the £- amino groups of the lysyl residues present

appear to be masked chemically, perhaps in some form

of peptide chain cross-link, while Mechanic and levy

(1959) found L,L,N, £.( glycy1-rr-glutamyl) lysine in

gently hydrolysed samples of collagen. Studies by

Hbrmann indicated these linkages were intramolecular.

However, the nature of the actual intramolecular cross¬

links i3 still unknown, and, according to Drake ejt al.

(1966) there may very possibly be more than one type of

cross-link. They consider that telopeptides are

involved in this linkage.

Telopeptides

The first investigation concerning telopeptides



20

were carried out by Hodge and Schmitt in 1958; they

suggested that 'end chains' might be involved in the

formation of linear polymers of tropocollagen, i.e.

protofibrils. Then in 1960 in experiments in which

they treated soluble collagen with proteolytic enzymes,

peptides were released and the interactions of the

macromolecules were modified, although a major portion

of the tropocollagen macromolecule remained unchanged,

shown.by its ability to form the SLS type of ordered

aggregates. Also, when tropocollagen was subjected

to sonic irradiation, interaction properties were

altered and structural changes at the ends of the molecule

were observed in the electron microscope. As a result

it was postulated that in normal tropocollagen there are

protease labile end structures, possibly peptide chains,

extending beyond the triple helix body of the molecule,

and that these structures facilitate polymerisation of

tropocollagen and the formation of native type fibrils.

Other workers, Nishihara and Miyata (1962); Steven

and Tristram (1962); Nishihara e_t jrl. (1963); and Rubin

et al. (1963) have studied these peptides.

Schmitt (1964) summarised the telopeptide hypothesis

as follows:- 'an acidic peptide protrudes from the

triple helix body of tropocollagen at or near end,
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possibly the A end: this peptide is closely related

specially to the chemical residues that cross bond a

chains to form p or ^ chains and it interacts with

groups from adjacent tropocollagen molecules in

fibrogenesis to form a linkage which stabilises the

quarter stagger type of tropocollagen aggregation.*

This interaction may involve a second peptide

protruding from the triple helix body of tropocollagen

at a different locus and some evidence has been found

by Rubin for the existence of such a peptide. Tt

could be split off by proteases such as chymotrypsin,

and differed in amino acid composition from the acidic

peptide split off by pepsin. However, the location

of this peptide and the nature of its interaction with

the acidic telopeptide in promoting fibrogenesis

through linear and lateral aggregation of tropocollagen

molecules remain to be determined.

Drake e_t aJL. (1966) reported findings and

conclusions which supported and extended the above

hypothesis. They studied the action of proteolytic

enzymes such as pronase, elastase, trypsin, chymotrypsin

and pepsin (and of sonic irradiation in a sister paper

by Davison and Drake (1966))on acid soluble and
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insoluble collagen. Methods used by them included

amino acid analyses of the telopeptides liberated,

viscome try, optical rotation measurements, sedimentation

patterns and electron microscopy. (They found pronase

acted in a manner dissimilar to the other enzymes in

that there was evidence it digested the tropocollagen

molecule itself, probably beginning at the B end).

They found the a : f : ^ ratio much changed to a

higher a t P ratio and indeed in the case of pronase

the ratio changed from 32 : 65 : 3 to 100 : 0 : 0.

The other enzymes were found to digest the telopeptides,

causing changes in the properties of the tropocollagen

but not affecting the main structure of the macro-

molecule. Although they could not determine the

number of different telopeptides they did show that

most of the intramolecular and intermolecular cross¬

links in collagen did occur through these telopeptides

and that most soluble tropocollagen solutions normally

contain covalently linked tropocollagen polymer

aggregates.

From both papers, therefore, they postulated a

mechanism for the conversion of soluble tropocollagen

molecules into insoluble collagen fibrils. After
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synthesis the monomer tropocollagen is secreted from

the fibroblast, perhaps carrying several peptide

chains protruding at the places where the sub-units,

if any, which comprise the a chains, are connected.

As the collagen molecule matures, enzymes, present

to control collagen deposition, attack the tropo¬

collagen to produce the a chain which interacts

specifically with other a chains to form a semi-

crystalline, quarter-staggered aggregate. Then

enzymes are activated in a specific order to produce

intramolecular and intermolecular cross-links (they

suggest by transpeptidation) between the telopeptide

structures. In this way linear polymers (protofibrils)

of tropocollagen are formed and the creation of p and

\ chains and of polymers may be assumed to be

proceeding simultaneously or even competing with each

other. Lateral bonding of these protofibrils in the

quarter-staggered array by the synthesis of lateral

cross-links (again through telopeptides) follows

these steps and results in the insoluble collagen

fibre.

The work presented here deals with the isolation

of the fraction 4 of Tristram e_t a_l. (1965) and some



investigations of its properties. It was hoped

to substantiate the suggestion of Tristram e_t al.

that this alkali labile fraction 4 was identical

with that fraction called ^ by other workers, being

composed of three a chains in a covalent linkage,

such bonds being labile to alkali treatment. The

findings of Drake e_t aJL. , that most soluble tropo-

collagen solutions normally contain these covalently

linked tropocollagens in the form of polymer aggregate

would seem to lend support to the suggestion.

Nagai e_t aJL. (1964), carrying out disc and zone

electrophoresis experiments have also shown that

intermolecular cross-linked polymers do exist.



METHODS

Preparation of Collagen

The source of collagen was a calf skin which

was shaved and defatted by immersion in chloroform:

me thanol,2:1, overnight. After mincing, the skin

was again immersed in the chloroform-methanol

mixture. The resulting suspension was then put on

a large Buchner funnel, filtered and the filtrate

discarded. The residue was suspended in 0.05M

di-sodium hydrogen phosphate pFI 7.0-7.5 and stirred

in the cold room overnight. The collagen was then

spun down and the phosphate supernatant discarded.

This procedure was repeated three times. The

residue was next homogenised in 0.4M sodium chloride

to extract the neutral salt soluble collagen, being

left stirring in the cold room overnight. The

residue was spun down and extracted twice more.

The resulting residue was treated with O.IM

acetic acid, pTI 2.7, to extract the acetic acid

soluble collagen. Three extractions were carried

out and the supernatants obtained were pooled. The

collagen was precipitated from the acetic acid

extracts by the drop-wise addition of a twenty per ce
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solution of sodium chloride, with continuous stirring,

precipitation of the protein being complete on the

formation of a fine, fibrous mass at a final concentration

of between seven and eight per cent sodium chloride.

The precipitated collagen was centrifuged down. To

purify, it was re-dissolved in O.lM acetic acid and

reprecipitated several times.

The acetic acid soluble collagen thus produced

was very viscous and had to be diluted before use.

Tt was stored at O0C. Samples of this collagen applied

to the column of carboxy-methyl cellulose for

fractionation usually contained between three and five

mg. collagen per ml.

Estimation of the concentration of collagen

solutions was by Microkjeldahl Nitrogen assay. The

solution of collagen was digested by heating for

eighteen hours with concentrated nitrogen-free sulphuric

acid. The catalyst present during digestion was made

up of:- potassium sulphate 80 parts : hydrated copper

sulphate 20 parts : sodium selenate 1 part. Ammonia

liberated from the digest by forty per cent sodium

hydroxide, and collected by steam distillation, was

titrated against N/70 hydrochloric acid with internal
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Tashiri's indicator (Cole, 1933). Zero errors could

be determined by plotting volume of hydrochloric acid

required against quantity of solution taken, in a

series of samples for the particular protein being

estimated.

The first step in investigating fraction 4 was

to isolate it in sufficient quantity for assays to be

done. It was separated from acid soluble collagen by

means of column chromatography.

Carboxy-methyl cellulose (Cellex C-M by Bio. Bod.)

was used as adsorbent, having been found to give the

best resolution of the « and p components. The

cellulose powder was made into a thin slurry with 0.5M

sodium hydroxide and 0.5M sodium chloride and heated for

several hours on a water bath at 7C°C until no ammonia

was being given off. Tt was then washed several times

with 0.O1M sodium acetate - acetic acid buffer pH 4.8.

A jacketed column, diameter about three cm., and

fitted with a very fine nylon mesh disc, was packed

with the prepared carboxy-methyl cellulose. Tt was

found that the mesh disc tended to become clogged but

this was rectified by adding a layer of Ballotini beads

to a depth of about five mm., thus forming an ideal

base and allowing the eluting buffer to flow freely.
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The adsorbent, suspended in starting buffer, was

packed by gravity to a height of about thirty cm.,

although continual use caused it to pack down slightly.

Through the jacket was circulated water at the

temperature of denaturation of the collagen sample.

A stock buffer was made up from forty-one gm.

anhydrous sodium acetatr and nineteen ml. glacial

acetic acid per litre of solution, resulting in a

solution of pH 4.8 and of ionic strength 0.5. Diluting

this with water gave the required starting buffer of

ionic strength 0.08. Solutions of other ionic

strengths necessary were obtained by adding suitable

quantities of sodium chloride to starting buffer as

required. rqual volumes, 2O0 ml., of buffer of ionic

strengths, respectively, 0.08, 0.12, 0.16, and 0.20

were used in the first four chambers of a Technicon

Autograd device, giving a total volume of 800 ml.

When the column had been equilibrated by pumping

starting buffer through it for several hours, the

collagen sample was carefully applied to the top

without disturbing the surface of the column, and

allowed to drain in, after which the inlet tube was

transferred to the autograd and gradient elution

started, the buffer being pumped onto the column.
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The solutions of collagen were prepared by diluting

the stock acid soluble collagen with C.1M acetic acid

to the required concentration of four mg. per ml. and

then dialysing the solution against starting buffer

overnight. The collagen was denatured by heating it

at the required temperature, usually 4l°C - 42°C, for

fifteen minutes immediately prior to putting it on the

column. The effluent was collected in fifteen ml.

samples.

For the first few runs four hundred ml. containing

0.5M sodium chloride were pumped through when the gradient

was almost complete, in order to elvte any third component,

which is only obtained when the temperature of denaturation

is low, i.e. between 37.5°C and 40°C. However, it was

found that adding this buffer to the next two chambers

of the autograd and allowing it to constitute part of

the original gradient also brought off the third component

successfully. As a result of this finding, the twelve

hundred ml. gradient was used in all the succeeding runs.

Originally O.IK sodium hydroxide was used to

dispossess any remaining protein fraction. It was decided

to try less stringent eluants in an attempt to isolate

fraction 4 undegraded.
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5M lithium bromide whs not successful in eluting

the residual protein. Guanidine hydrochloride, urea

and potassium thiocyanate all gave a positive colour

reaction in the Folin-Lowry colorimetric estimation

of protein concentration and therefore could not be

used. Sodium carbonate - bicarbonate buffer pH 9.2

was not able to bring off the protein, despite its

alkaline pH. Finally, it was found that O.OIN sodium

hydroxide was of sufficient strength and high enough pH

to elute the fourth fraction. On the other hand, it

was shown that the fourth fraction was eluted when the

pH was raised from 4.8 to 6.0, by the addition of 0.01N

sodium hydroxide. Present in the 0.01N sodium

hydroxide was 0.1M sodium acetate to prevent swelling

of the carboxy-methyl cellulose.

Estimation of Protein Concentration by the Folin-Lowry

Reaction

Auto-analysis equipment from the Techricon Instrument

Company was used to perform Folin-Lowry estimations of

the fractions collected from the chromatography of

collagen samples. This apparatus consisted of a

sampling device, proportioning pump, colorimeter and

chart recorder, as illustrated in Figure 2. Between



Figure2.FlowdiagramforFolinLowryestimationofproteinconcentration
sampleplate
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the proportioning pump snd colorimeter were a series

oP mixing coils and also a double delay coil in a

constant temperature water bath at 37°C which allowed

approximately fifteen minutes for the colour to develop

bePore being monitored by the colorimeter. The sample

plate can be adjusted to deliver twenty, forty or sixty

samples an hour; sixty was the rate used.

Three reagents were mixed with the sample before

passing through the delay coil, their various amounts

and that of the sample being determined by the internal

diameter of the tubing on the proportioning pump through

which the solutions passed. The three reagents were

made up as follows

1)2 gm. copper sulphate. + 4 gm. sodium

tartrate, in two litres of water. Tach reagent should

be dissolved separately.

2) 16 gm. sodium hydroxide + 42.4 gm. sodium

carbonate, made up to two litres with water.

3) 1 volume of Folin and Ciocalteu's reagent

(B.D.H. reagent) with 4 volumes oP water.

The sample, at a delivery rate oP 1.2 ml. per

minute, the buffer at 2.5 ml. per minute and the copper

reagent at 1.2 ml. per minute were led into a mixing

coil. THfPusion between the samples was minimised by
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8 pattern of air bubbles admitted by an additional

line in the proportioning pump where Folin and

Ciocalteu's reagent, at a delivery rate of 1.2 ml. per

minute, was fed in. The treated sample then passed

through several more mixing coils and a delay coil

at 37°C prior to the reading of its optical density

at 660 mp in the colorimeter.

For estimation of protein concentration a

calibration curve was constructed using a standard

gelatin solution diluted as required. These dilutions

were passed in triplicate through the auto-analyser

with three pots of distilled water to rinse between

each set of samples. In this way, accurate values

of the optical densities after the Folin-Lowry reaction

can be plotted against the concentration of each diluted

sample. It is known that small variations in acdtate

concentration do not affect the base line. This is

not the case, however, with sodium hydroxide as the

sample solvent. Its presence causes the base line to

rise and this has to be taken into account when

calculating the percentage composition of the various

fractions. As noted by Lowry ejt aj.. (1951) the Beer

Lambert relationship is not obeyed.
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Lowry et al. also state that their method of

assay is ten to twenty times more sensitive than

ultra-violet absorption at 280 mp for the proteins

they tested. Since tyrosine absorbs at 280 mp, it

is easy to see why the Folin-Iowry reaction is

necessary for the estimation of collagen samples.

Isolation of Fraction 4 and Sub-fractions 4a and 4b

The contents of test tubes containing these

fractions were pooled, in the case of each sub-Praction,

and dialysed overnight against running water to get

rid of sodium and acetate ions. The solutions, still

in dialysis sacs, were then placed in a thick syrup

of aquacide and lePt overnight or longer, depending

on their original volume, to reduce in volume. When

fractions from several runs had been sufficiently

reduced in volume, they were again dialysed against

running water and then Preeze dried, redissolved,

dialysed and Preeze dried again. Samples oP known

weight were taken for amino acid analyses and other

samples were taken and dissolved in O.IM acetic acid

for ultracentriPugation studies.

Amino Acid Analysis

Collagen samples for amino acid analysis were
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prepared by hydrolysing a solution of collagen by

heating at HO°C for forty hours in 6N hydrochloric

acid in a sealed tube. The sample was taken to

dryness, washed several times to get rid of the

acid, then made up to a known volume so that two 1 ml.

samples could be taken for total nitrogen assay.

The sample was again taken to dryness and made up to

a suitable volume so that there was a concentration

of 1 mg. per ml. for analysis. 0.3 mg. was usually

applied to the column. From this volume the values

for all the amino acids except glycine and alanine

could be obtained. 0.05 mg. was the amount applied

so that values for glycine and alanine could be

obtained. Equipment was again from the Technicon

Instrument Company.

Oltracentrifugation

0.2 - 0,4% solutions of acetic acid soluble

collagen and fraction 4 were used for analysis in

the Beckman Spinco E ritracentrifuge. Each run

was at a speed of 59,780 r.p.m. and the temperature

was 4O°0 in each case. The lens system used was

the Schlieren and photographs were taken usually

over a time range of an hour and a half to two hours.

The solvent for fraction 4 was 0.1M acetic acid.
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S values were therefore obtained in the form of S°._ IT40.Hac

but it is preferable to express them as w . The
following equation can be used for the conversion

S° = S x Y] t x 7 '-1 " ^P 20. wP20.w. obs —* x —

'J 20 X ^ o (1 - Vf> t )
where rj t = viscosity of vrater at temperature concerned

^20 = vi8COsity water at 2r°0

»0o = viscosity of solvent/viscosity of water
V = partial specific volume

= density of sample at temperature concerned

f20.w.

r*
= density of water at 20°0.

Yiscometry

Reference:- Schachman, U.K. (1957). Methods in

Hnzymology, volume 4, p.95. Academic Press, N.Y.

Techniques for Characterisation of Proteins :

Pltracentrifugation, Diffusion and Viscometry.

As the temperature at which each run was done

in the ultracentrifuge was 40°C the constant temperature

water bath was set at 40°C. A capillary viscometer
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was used. Tn it measurements are made of the volume

rate oP flow of the liquid through a capillary of

known length and diameter under the influence of a

known pressure head. Such an instrument is known

as an Ostwald viscometer. Ten ml. of liquid (water,

0.1M acetic acid or 0.01K sodium hydroxide) was placed

in the reservoir bulb by means of a pipette. With

gentle suction applied at the right hand limb of the

viscometer, the liquid was forced through the capillary

into the drainage tube. The liquid was left to

equilibrate for thirty minutes. Suction was continued

until the liquid level was above the line scratched

in the glass tube above the drainage bulb. There

was sufficient liquid in the viscometer to fill the

drainage bulb completely, plus the capillary tubing

and part of the reservoir bulb. There is also a line

below the bulb at a distance of about two cm. Prom the

bulb. After the liquid level was raised above the

upper engraved line the negative pressure was released

so that there was atmospheric pressure operating on

both sides of the viscometer. The liquid flowed due

to the head of water and the time required for the

meniscus to pass between the two engraved lines was

the outflow time for the volume of liquid contained in
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the drainage bulb. The relative viscosity of O.IM

acetic acid and 0.01N sodium hydroxide can be calculated

from the relative outflow times and densities according

to the following equation

density respectively for the reference liquid, in this

case water.

Tensity Measurements

Reference:- Bureau of Standards Journal of Research.

12, 305. Washburn, 17. W. and Smith, V. R. (1934).

Two pycnometers of size twenty-five ml. were used

and the same pycnometor was always weighed on the right

hand pan of the balance. The first pycnometer was filled

with water and the second with the sample, in this case

O.IM acetic acid and O.01N sodium hydroxide. They were

then placed side by side with their ground glass stoppers

loosely in place, in a constant temperature water bath.

After thermal equilibrium was attained, the pycnometers

were removed from the bath, stoppers tightened in place,

wiped dry, placed on opposite pans of the balance and the

difference in their weights determined. After this they

]

whe re the viscosity, outflow time and
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were emptied and rePilled so that the first pycnometer

contained the sample and the second the water. The

procedure was then repeated.

Let = weight of pycnometer 1

Pg = weight of pycnometer 2
= volume of pycnometer 1

Vg = volume of pycnometer 2
P = density of sample

P = density of watero

= difference in masses after first filling

= difference in masses after second filling

If number 1 is always placed on the right-hand pan, then:

Pg + VgP = P^ + V^Pq + equation 1

Pg + V2^o = ^1 + ^1^ + ^2 equation 2

Subtracting equation 2 from equation 1 gives

P - po - mx - m2
V1 + V2

PQ is found in tables. In this case P^ was required.
P„„ can also be found from tables.20. w.

Partial Specific Volume

This was taken to be 0.695 ml. per gm. as found by

Heaps et al. (1966) for parent gelatin from acid soluble
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calf skin collagen. Using this value they concluded that

an a chain of parent gelatin has a molecular weight of

90,000 - 5,000 on the basis of all the physico-chemical

data presently available.
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RESULTS

Chroma tography

Figure 3 illustrates the result of a typical

separation of collagen, denatured at 42°C. The

graph was plotted from measurements of the height

of peaks on the recorder graph. Figure 4 shows a

separation of collagen denatured at 40°C but

illustrating the presence of fraction 4a and fraction

4b. Also seen are a forepeak, presumably of a low

molecular weight, the « and p peaks and component 3.

This figure is a representative of many such fraction¬

ations except that component 3 was not present when

the temperature of densturation was 42°C as it was

in most preparations of fraction 4.

Tn some cases there was only one component 4,

eluting in the same region as fraction 4b. It was

found that if the fourth fraction was left on the

column overnight (twelve to fourteen hours), the two

fractions could be eluted, whereas if 0.01N sodium

hydroxide containing 0.1M sodium acetate was pumped

through the column immediately after the gradient

had finished only one fraction was eluted. The first
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of these two fractions, called for convenience

fraction 4a, came off before the pH began to rise,

shown by eluting with two hundred ml. starting buffer

before the addition of the 0.01N sodium hydroxide,

resulting in the elution of fraction 4a. Fraction 4b

was eluted when the pH rose above 5 - 5.5.

Tf, however, after 4a had been eluted with

starting buffer, the remaining protein was left another

twelve hours on the column at 42°C and another two

hundred ml. of starting buffer were pumped through

no further protein was eluted at this stage and only

when the alkali was pumped through and the p!I began

to rise did another fraction appear. leaving the

protein remaining after gradient elution on the column

for periods of up to seventy-two hours did not seem

to bring about an increase in fraction 4a at the

expense of lb and it was therefore decided that

fraction 4a was the result of thermal denaturation,

over an extended time period, of the fourth fraction

in the first twelve hours (arbitrary) after elution

of the first three components by gradient elution.

Tt was argued that if fraction 4a could be eluted

with starting buffer it should be eluted before or with

the a and p components if the sample of tropocollagen
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was left on the column for twelve hours before

beginning gradient elution. However, there was no

significant increase in the or component and, again

after a twelve-hour time lag at the end of gradient

elution, a fraction 4a could still be eluted with

starting buffer. This observation was substantiated

by heating the collagen at 60°C fat which temperature

Tristram e_t a_l. (1965) considered only component 4,

comprising 15 - 30% of the original collagen, remained

intact (until heated at an alkaline pH). The collagen

sample which had been heated to 60°C before being

applied to the column, which was at a temperature of

40°C, still gave a fraction 4a which could be eluted

with starting buffer when the remaining protein was

left for twelve hours after the end of gradient elution.

Since fraction 4a remained on the column after

the tropocollagen samples were heated to 60°C it was

presumed that it was a real part of component 4.

Isolation of Fraction 4.

A great many fractionations were needed to provide

enough fraction 4 for amino acid and ultracentrifuge

studies. The column had to be repacked periodically

and two different samples of carboxy-methyl cellulose
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were used in the column but chromatography patterns

gave consistent results. T t was found that sodium

hydroxide did tend to raise the base line and it was

thought that a lot less than the 20-30% (at temperatures

of 40°C and above) estimate of Tristram e_t al. was

actually obtained as fraction 4. The estimate from

chromatograms in this series of experiments was about

10% for fractions 4a + 4b; in the case of Figure 4,

the percentage was 11.3.

Results of Amino Acid Analyses

Fight analyses were carried out. The samples

investigated consisted of acetic acid soluble collagen,

fraction 4, fraction 4a and fraction 4b. These were

each done in duplicate, the first on a sample containing

0.3 - 0.4 mg. so that all the amine acids might be

analysed and the second containing 0.05 mg. so that

glycine and alanine could be estimated. The results

given on the next page were obtained. Although these

results are high in the case of glycine and alanine

(and therefore low for all the other amino acids) when

compared with the literature values, they do serve for

purposes of comparison with each other.

In the case of fraction 4, there was only a very
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Table 3

Results of amino acid analyses.

i
Amino Acid

j

Collagen samples: Residues per 1000
!

residues

acid
soluble

fraction
4

fraction
4 a

fra ction
4b

! 4a+4b/2
- - " - -

4-hydroxy-
proline

45.6 49.6 32.7 59.3 46.0

aspartic acid 30.6 36.6 35.7 36. 9 36.3

threonine 12. 2 12.6 13.4 13.6 13.5

serine 21.1 21. 8 25.9 26.7 26. 3

glutamic acid 38.8 49. 8 54. 4 51. 4 52.9

proline 111. 3 116. 1 121. 1 116. 4 118.8

glycine 4 4O.0 465.1 46 4. 5 442. 4 453.4

alanine 149.1 128.6 135.7 129. 1 132.4

valine
1

42. 8 23.2 19. 3 22.2 20. 8

methionine 3.5 0.0 3.4 0.0 1.7

isoleucine to • 12.6 9. 2 11. 1 10.1
i

leucine 25. 9 21. 9 19. 4 21. 8 20.6

tyrosine 4 9 trace 2.0 2.2 2.1

phenylslanine 8.7 8.0 7.7 7.9 7.8

hydroxylysine 4.4 6.2 4.7 4.9 4.8

ornithine 4.1 2.5 1. 1 2.1 1.6

lysine 17.2 18.8 18. 8 19. 2 19.0

histidine 2.6 2.9 2.6 3.2 2.9
i

arginine 24. 4 23. 6 28. 5 29. 5
I

29.0
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small amount available which could well have been

contaminated with the acid from digestion and unfortunately

it was not possible to prepare more unfractionsted

fraction 4 or have another run done. It can be seen

that the average of 4a and 4b results does not agree

with the results for fraction 4.

It can also be seen that the first seven amino acids

to come off the column are present in slightly higher

amounts, measured in residues per thousand residues,

in the fractions 4a and 4b, whereas in the case of the

rest of the neutral and also the aromatic amino acids

the acid soluble collagen has larger amounts. Valine

content of the acid soluble collagen, even allowing for

the other variations from literature values, is very

high. The content of the basic amino acids, apart from

ornithine, is slightly higher for the fraction 4a and

fraction 4b samples than that of the reference acid

soluble collagen but is probably insignificant due to

the difficulties in measuring such small amounts, except,

perhaps, in the case of arginine. Again unfortunately

due to technical difficulties and lack of time it was

not possible to repeat these analyses on fresh samples.
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Ultracentrifugation

Various samples of collagen, both acetic acid

soluble and fraction 4, were investigated using the

ultracentrifuge. Tn all but one case the solvent was

0.1M acetic acid (the exception being 0.01N sodium

hydroxide) and the concentration was 0.3% - 0.02% to

facilitate comparison. S values at a temperature of

40°0 were calculated using the following formula

I X (Y __ n : XY
b *

( < X )2 _ „ =y

where X = time in minutes over which the readings

(photographs) were taken,
RIM - G

Y = log r where r = M
x

n = number of measurements taken, and

where G = gradient line,

RI.M = meniscus reference line,

M = enlargement factor.

2
S observed = b x 1/60 v x 2.303

As given in the section on methods the following equation

is used to calculate S°
20. w
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t (1 - V P }
S° = S observed x -— x — x 20.w'
20. W (r

/20 7° (i - vp t )

where S observed = ,,, .40.HAc

Table 4 summarises the results obtained.

Table 4

Comparison oP values of fractions 4a and 4b and20. w

acetic acid soluble collagen.

r

Collagen % composition solvent S°
20. w

acid soluble 0. 30 0.1M acetic a 2.83
acid p 3.55

;acid soluble 0. 32 0.01N sodium a 3.17
hydroxide p 4.12

acid soluble 0. 35 0.1M acetic a 2.30
(freeze-dried) acid p 2.70

fraction 4a 0. 31 0.1M acetic 1. 56
acid

fraction 4b 0. 30 0.1M acetic 1. 20
acid

■

There was not enough of fraction 4a or 4b to

carry out a series of experiments and hence S®r 20.w

could not be expressed at infinite dilution. However,

the concentration of each sample was approximately the

same in each case so that S values could be compared.



Fractions 4a and 4b were seen to be homogeneous

but of a smaller S value (and therefore molecular

weight) than the acetic acid soluble collagen. Due

to the fact that the diffusion coefficient could not

be calculated it was not possible to work out the

molecular weights.
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DISCUSSION

Tristram e_t al_. (1965) found that the fractionation

of acetic acid soluble calf skin collagen, denatured at

temperatures ranging from 37.5°C to 60°C, on a column of

carboxy-methyl cellulose, employing an acetate buffer

system in a gradient form, resulted in a fraction of the

collagen remaining on the column. This fraction could

only be eluted using sodium hydroxide. (In collagen

denatured between 37.5°C and 40°C another component could

be eluted with 0.5M sodium chloride prior to the elution

oP the alkali labile fraction, although above roughly

4C°C it was no longer present). The alkali labile

fraction Tristram called component or fraction 4 and

suggested it was similar to that fraction found by other

workers (Altgelt e_t a_l. , (1961) ; Grassman ejt a_l. , (1961) ;

Kulonen e_t al. , (1962) etc.) and which had a molecular

weight greater than those of the a and f components of

calf skin collagen. It was termed v>' tropocollagen and

considered to be made up of three a chains in a covalent

linkage. As has been said, the object of this work was

to isolate and study further the fourth fraction.

It was unfortunate that it proved impossible to

find an eluant other than sodium hydroxide but it was
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hoped that 0.01N sodium hydroxide might be rather too

weak to degrade the fourth fraction while still being

capable of eluting it from the column.

It was found that if component 4 was left on the

column overnight, i.e. after the gradient had run through

the column, two components could be eluted instead of

the usual one, the first of the two coming off the

column with the solvent front, the second appearing

in the alkaline fraction. It was later found that the,

first fraction, called 4a, could be eluted with starting

buffer. It was considered that it would be interesting

to isolate fraction 4 in the form of fraction 4a and

fraction 4b. As can be seen in the results section,

various experiments were done to establish whether or

not fraction 4a was a true part of fraction 4. Since

it could be eluted with starting buffer, it was argued

that it should be eluted before or with the a and f

components, perhaps in the forepeak if the sample of

tropocollagen were to be left on the column for twelve

hours before beginning gradient elution. There was not

observed, however, a significant increase in the amount

of a component, although a small increase might be

difficult to detect chromatographically. A more
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positive indication was that a fraction could still

be eluted with starting buffer approximately twelve

hours after the ending of gradient elution, in roughly

the same quantity as before. A collagen sample was

also heated to 60°C, at which temperature Tristram e_t al.

considered only fraction 4 remained intact, until heated

at an alkaline pH. They considered that 15 - 20% of

the collagen sample, at 4O0C and above, was component 4

but my estimation from many separations was between 8

and 12%. After heating at 60°C for fifteen minutes

the sample was applied to the column which was at 40°C

and the usual elution procedure followed. It again

resulted in fraction 4a. It was therefore concluded

that fraction 4a was a real part of fraction 4 and

could not be eluted before the a and p chains. These

more weakly linked a and p chains must, therefore, be

removed from the collagen sample leaving the true

component 4 which was thought to be comprised of three

covalently linked a chains and in a polymeric form.

Exposure of this 'nucleus' at 4O0r would appear to

result in some of the a chains being unlinked and then

eluted in starting buffer. However, it is more difficult

to explain why only some of the fourth fraction breaks



down to a chains, still leaving a stable 'nucleus'

and why not all the a chains are unlinked if given a

sufficient time of exposure to a temperature of 40°C

or above. Tt could be that different types of

linkage are involved.

The ultracentrifuge studies and amino acid

analyses were therefore performed in the hope of

elucidating the structure of fraction 4. Although

it was hoped to show that fraction 4 was the same

macromolecule as ** tropocollagen this aim was not

achieved. The ultracentrifuge results showed a

homogeneous fraction but with a lower S value for both

fraction 4a and fraction 4b than for the a and p

component. The S values were, respectively, 1.56

and 1.20 compared with S values for the a and p

components of a sample of acetic acid soluble collagen

of 2.83 and 3.55. As there were not sufficient

amounts of fractions 4a and 4b it was not possible to

calculate S values at various percentage compositions

and hence extrapolate to zero concentration but this

was compensated for by having the same concentration

for all samples of 0.3%, as nearly as possible.

There was no sign of a V component in the acetic
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acid soluble collagen samples centrifuged although one

run was even done at 37,500 r.p.m. Dissolving some

precipitated acid soluble collagen in O.OIN sodium

hydroxide did not result in a breakdown of the chains,

the normal pattern being observed in the ultracentrifuge

and indeed slightly higher results being obtained for

S° for the a and p fractions. Whether this20. w

increase is significant is undecided as the percentage

concentration was, in this case, slightly higher.

It would appear, however, that the sodium hydroxide

did not degrade the collagen. On the other hand, the

sample was not exposed to the alkali for such a long

time at 40°C as in the case of the fourth fraction

on the column of carboxy-methy.1 cellulose.

A more significant difference from the normal a

and p S values was obtained in the case of acetic acid

soluble collagen which had been freeze dried and re-

dissolved in 0.1M acetic acid to a concentration of 0.35%

where S values for a and f, were 2.3 and 2.7 respectively.

Tf, as seems possible, freeze drying under the conditions

prevailing has resulted in a lowering of the molecular

weight for this sample it is also possible that freeze

drying has resulted in the lowering of the molecular

weight of both fractions 4a and 4b. However, many more
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investigations would have to be done before claiming

that Preeze-drying resulted in degradation of tropo-

collagen in any way.

Prolonged exposure to a temperature of 4C-45°C

could result in some form of degradation. For example,

Orekhovich and Shpikiter (1958) found that prolonged

heating at 40°C (one week) resulted in the splitting

of the p component into two a chains. They also

found alkali treatment had the same effect. In the

case oP fraction 4b, prolonged (up to thirty hours)

exposure to a temperature of 42°C and later an alkaline

pH might have the same sort of effect, i.e. intra¬

molecular bond breaking, whereas, considering fraction 4a,

although it has not been exposed to an alkaline pH, it

could be eluted Prom a fraction which had been at a

temperature of 42°C for more than twenty-four hours and

exposed to a solution of salt of a molarity of almost

0.5M. levy and Fishman (1966) have done some interesting

preliminary experiments in that they have modified the

bufPer gradient system of Piez e_t aj^. (I960, 1963) and

obtained many more than the four components found by the

latter. They suggest either that the very mild conditions

of their gradient broke some covalent bonds within the
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'presently accepted' « and p sub-units or that their

new sub-units originate Prom other 'entities' in the

collagen molecule and are held there by non-covalent

bonding. Amino acid analyses of their fractions

should help in deciding which of these suggestions

is correct but it is very interesting to note that

expansions to the presently held concept of « and P

components are likely.

As it was proposed by Piez e_t a_l. (1963) that

separation on carboxy-methyl cellulose was decided both

by the molecular weight of the protein involved and its

charge, it would be rather unlikely that a fraction

of a molecular weight smaller than that of the a chain

would not be eluted in the fore peak which is presumed

to be constituted of low molecular weight material.

T would, therefore, conclude that it is probable that

at some stage in column chromatography or the isolation

technique, fraction 4a and/or 4b were degraded so that

it was not possible to determine their native structure

by ultracentrifugation studies. However, the homogeneity

of each of the two fractions in the ultracentrifuge

suggests the degradation was to definite sub-units.

Tt is a pity that it was not possible to calculate their
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molecular weights so that they could be compared with

the molecular weight of the sub-units found by Gallop

by treating tropocollagen with hydroxylamine. Gallop

(1966) proposed a 321 ABC sub-unit hypothesis for the

a chains of tropocollagen. His model fits a great

deal of the chemical data known and their molecular

weights agree with those of the sub-units from hydroxyl¬

amine treated collagen. In his model the compositional

differences between the a chains are explained by a

mathematical treatment of known data: the a chain

consists of six sub-units each of molecular weight

17,000 and each unit could be of the A, B or C type.

Hence a tropocollagen molecule would consist of 6A,

6B and 6C units. He claims the combination which

fits the amino acid composition of several types of

a chains in tropocollagen is = 3A,2B,1C; «g =

3C,2A,1B and - 3B,2C,1A. This model accounts

for each of the three a chains consisting of a different

array of sub-units but allows each chain to be similar

in that it has three of one kind of sub-unit, two of

a second and one of a third.

Although in 1960 Piez stated: 'It is not likely

that the chromatographic separation of the a and p



components is the result of different charge

densities It is known, however, that the

molecular weights of the two components differ

approximately twofold. Under these conditions the

larger molecule would move more slowly than the

smaller since its statistical chances of being

attached to the adsorbent would be greater.";

yet later, finding a separation of the ot^, p^, p^
and og fractions of various collagens, e.g. rat
tail tendon, rat skin and carp swim bladder they

modified their statement to incorporate these new

results. They suggested the separations in the

given cases must be dependent on charge density in

view of the fact that p chains have a molecular

weight twice that of a chains. Tristram ejt al,

(1965) therefore calculated the excess of cationic

residues from the analyses of Piez et al., assuming

a pK COOH of 4.0 (i.e. 86.3% of carboxyl groups being

dissociated at pll 4.8). The figures are tabulated

in Table 5. It can be seen that these calculations

show only a small difference in the charge densities

of the a and p components of calf skin collagen,

bearing out the observation that they are not well
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separated on the column.

Table 5

rxcess of cationic residues (per 1000 total residues)

in soluble collagens at pH 4.8.

i e 1Source
! i Original ai r2 Pi a2
! ■ r-. b "
Rat skin 24.1 18. 3 20.4 25. 2 32.1

Rat tail tendon 22.0 14.7 12. 3 20.8 27.9

1
| Carp swim

bladder
21. O 17.0 H 00 « A 21. 5 25.4

I Spiny dogfish
skin

30.9 23.1 37.4

| Calf skin
|

28.0 24. 4 ( a) 26.3(p)

Nevertheless it has been shown conclusively that the

amounts of fractions 3 and 4 are temperature-dependent

and therefore they must be polymeric in form, as a

result of which their chromatographic separation must

be dependent on molecular weight and not charge

density properties.

It was not, therefore, expected that amino acid

analysis of the isolated fraction 4 would show a

difference from the amino acid composition, expressed

in residues per 1000 residues, of a sample of acid
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soluble collagen. As was explained in the results

section only a very small amount of unPractionated

fraction 4 was available for analysis and so the

results, which differ from those obtained for fractions

4a and 4b as well as the control acid soluble collagen,

could not be checked by repeating in the time left.

As a consequence, it was decided to compare the results

for acid soluble collagen, fraction 4a, fraction 4b

and an average of the latter two. As fractions 4a

and 4b were the constituents of fraction 4, it was

expected that their amino acid compositions would

resemble that of acid soluble collagen, at least within

the limits of experimental error. This percentage

experimental error can escalate when one considers

the temperature and length of time of hydrolysis of each

of the samples, the age of the column and the length

of time between each run on the autoanalyser. Percentage

recoveries varied slightly too.

The only conclusions that can be drawn from the

limited amino acid analysis done, are that fractions

4a and 4b seem to have a sufficiently similar composition,

as expressed in residues per 1000 residues, differing

significantly only in the comparatively low hydroxyproline
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and high glycine content of fraction 4a. Without a

repeat of these analyses it would be foolish to try

to theorise about these two differences. Tt would

appear, therefore, that fraction 4a comprises breakdown

products of the polymeric fraction 4, after prolonged

heating at 40°C and/or exposure to a strong salt

solution. Tt is theoretically possible that the

intramolecular and intermolecular bonds which are

broken might be different from the bonds holding the

linear polymeric fraction 4b, which remains, together

but, as was said in the introduction, it has not yet

been established what form these intramolecular bonds

take.

Although the amino acid content of the average

of fractions 4a and 4b differs from that of the control,

acid soluble collagen, as described just previously,

and in some cases more than the - Z% which can be

taken as the normal experimental error range, a lot

depends on the time lapse between the analyses of

unknowns and the standard mixture as well as the other

factors given above, which could all affect the accuracy

of the results. It is considered possible that the

analyses indicate that fractions 4a and 4b have an amino



acid composition similar to the control, acid soluble

collagen.

Tn conclusion, therefore, it can be stated that,

although the method used to isolate the fourth fraction

presuming it to be & tropocollagen or a linear polymer

of X tropocollagen, was unsuccessful, in that ultra-

centrifuge studies indicated a fraction of molecular

weight lower even than that of an « chain, albeit a

homogeneous fraction, it does seem possible that the

fourth fraction is X tropocollagen. It would not have

remained on the column after the a and p fractions had

been eluted if it had been of the low molecular weight

indicated in the ultracentrifuge. It appears more

likely that it was degraded due to the length of time

it was on the column, and in the case of fraction 4b

the alkaline pll, and/or the actual concentration and

purification techniques. Amino acid analysis also

tends to substantiate the suggestion that fraction 4

is composed of three a chains linked together and

as they are alkali labile, linked covalently. However

as fraction 4a is not exposed to alkali treatment, it

is possible that it is a product of the breakdown of



fraction 4 on the column and is thus not necessarily

composed of a chains. The averages of more analyses

would have to be obtained to determine if fraction 4a

differed from fraction 1b in some small way, e.g.

in that it could consist of only one kind of « or f

chain. Finally, taking into account the finding of

Drake et al. 'that most soluble tropocollagen

solutions normally contain covalently linked tropo¬

collagen linear polymer aggregates', it is also

possible that fraction 4 might be composed of

tropocollagen in various degrees of linear polymeris¬

ation.
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