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INTRODUCTION

The work to be presented in thils thesis is con-
cerned with the biosynthesis of collagen which is the major
protein constituent of connective tissues. All thasa
fissues contain this protein and its nature and concentratim
contribute largely to the variations of structure and
function of connective tissues which occur in different
organs. For example, very fine fibrils of collagen are
found in the vitreous humor and cornea of thegre, these
fibrils which are few in number are of necessity far smaller
than those of organs such as tendon., In tendon the fibrous
bundles are arrayed in a parallel manner, conferring high
tensile stfength whilst in dermis a "woven"pattern con-
fributes to the elasticity of skin. 'In thé very specialized
tissue, bone, the collagen fibers, are invested with
mineral salts which confer hardness and rigidity to the
structure., With the exception of the Protozoa, collagen
has been found in every class of animals studied (126) but
it is far more abundant in vertebrates than in invertebrates,
indeed in the former 1t may constitute up to a quarter of
total body protein (55).

Collagen is freguently regarded as a relatively
metabolically inert protein and this may be true when com-
pared to the proteins found in éuch organs as liver and

muscle. However, in times of growth or repair, synthesis
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takes place gulte rapidly, and the removal of collagen is
also gquite dramatic as 1s seen in the involuting uterus
which loses 72% of its collagen within eight days post
partum (87). Klemperer et al (71) also focused attention
upon collagen metabolism and The conseguences of its
alteration in the now famous concept of "diffuse collagen
disease."

| Before the investigations into the biosynthesis of
collagen are described, it is necessary to consider the
chemical and physical properties of the protein insofar as

they bear upon its biological function.

Collagen Structure

a) Amino acid composition

"Colla-genic” material was known to antiquity as
a material which gave rise to "Colla" or glue upon wet
heating and it was upon gelatiﬁ, the'main substance used for
glues, that the earliest amlno acid analysis of collagen was
carried out by Dakin in 1920 (21). The necessity’of using

gelatlin which is now recognized as denatured collagen, was

~due to the then current belief that native collagen was

insoluble in water and in dilute salt solutions.
Dakin showed that about one third of the amino acid
residues of gelatin were glycine and that a further one

quarter to one third were composed of proline plus hydroxy-
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proline, This latter amino acid has still not been
definitely identified in any other animal protein, althouzh
it is known to occur in the cell walls of several higher
plants (140) (74).

Subéequent amino acid analysis carried out with
increasingly elegant technigues, served ©o verify The early
work of Dakin and culminated in the complete analysis of
Ox-Hide gelatin by Bowes and Kenten (12) who showed that
gelatin contains unusually large concentrations of giycine
(26.3%) and proline (15.1%), together with striking amounts

of unusual amino acids, i.e, hydroxyprcline (14.0%) and

hydroxylysine (1.3%).

b) Amino Acid Segquence

The complete amino acid seqguence of collagen 1s
not yet known and a discussion of the development of the
present state of knowledge is outside the scope of this
dissertation; however, a summary of the current concepts will
be presented insofar as they bear upon the secondary and
tertiary structure of this proteln.

In 1954, Schroeder, Kay et al {132) were able to
isolate forty-five peptides from a partlal acid hydrolysate
of gelatin. By applying the classical dinitrophenylation
technique to these peptides they obtained results wnich led

them to suggest that the seguences gly-pro-hypro-gly or



gly-pro-hypro-gly-pro-hypro-gly may occur fregquently in

gelatin.,

’

Later work led them to postulate a seguence
P-X-G~P, where P is either proline & hydroxyproline,
G is glyeine, and X is any amino acid other than proline,
ﬁsually nydroxyproline or alanine. This general structure
was 1n good agreement with a2ll peptides isoclated. This work
was supported in the following year by Kroner, Tabroff and
McGarr (73) who reported the isolation of peptides from

steer hide collagen with the sequence gly-pro-hypro-~gly.

Polypeptide Configuration

The orientation of the polypeptide‘chains came
under consideratiocn long before thé concept of collagen as a
molecular species emerged, Astbury in the late 1930's
studied many fibrous proteins by x-ray diffraction technlques
and found that the apparent distance between aminoc acid
residues of collagen was smaller than that observed for other
fibrous proteins such as silk fibroin, and Astbury (4) felt
that this could be accounted for on the basis of the very
large content of imino acids and glycine. He postulated
that the presence of the large pyrrolidone side chains of
proline and hydrdxyproline together with the insignificant
hydrogen side chain of glycine would distort the backbone,
of the peptide chain into an alternating cis-trans con-

figuration, which would thus shorten the distance between two



adjacent residues.

Another notable prediction ofrthe configuratioh
was made in 1942 by Huggins (63), who suggested that a
spiral arrangement of a polypeptide chain fitted the steric
requirements of collagen with its unique amino acid com-
position far betTter than the cis-trans arrangement put
forward by Astbury. |

It is now felt by many workers that the x-ray
diffraction pattern of collagen can best be interpreted in
terms of a macromolecule containing three chains coiled in
a helical fashion about each other to form a coiled coil,
(17) (113) (11%) (118), rather than the single Helix
proposed by Huggins. This view was first put forward by
Pauling and Cory in 1951 (100).

The various models proposed, whilst all conforming'
to the same basic pattern, differ in the way in which the
three chains are phased in relation to one another and
particularly in which hydrogen bonds are used To hold the
molecule together., Of late, the models proposed by
Rich and Crick (118) have come into favor and are now
generally accepted by most workers in the field.

In ﬁhese models which are simply called structures
I and II, the threé chains are thought to be about Sg apart
and to wind around each cther ferming a left handed super

helix around an axis lying between them. The pitch cf this
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super helix is 28.62. Structures I and II differ in the
crientation of proline and hydroxyproline resgidues. In
Structure I, hydroxyproline hydroxyl groups are linwardly
directed and can take part in interchain hydrogen bonding
along with the CO and NH groups asscciated with peptide

bonds ¢f glycine residues, Structure II, which Bich and Crizz

G

believe to be sterically more satlsfactory, has the hydroxyl
groups cf hydroxypréline arranged radially and thus available
for hydrogen bonding with ancther tropocollagen molecule,
This complex subject was reviewed very thoroughly in 1961

by Rich and Crick (119).

@) The Molecular concept of collagen structure

Investigations in 1942 with the electron
microscope by Hall Jakus and Schmitt (54) showed collagen
fibrile to have a repeating band pattern with a periodicity
of 620 to 650 g, and in the same year, Bear (5) was able to
demonstrate an axial periodicity of 640 g by use of x-ray
diffraction techniques. 7

With improvements in electron microscopic
techniques many finer periods were recognized within the
‘major 640 X periods (130) and Bear (6) suggested thatkthe
bands, or dark lines seen on electron micrographs represent
regions rich in polar amino acids (dicarboxylic and diamino)
whilst the interbands represent the areas rich in glycine,

proline; hydroxyproline and alanine. This apparent



cencentration of non polar resldues is supported by the
sequence studies ppeviously described.

It would seenm logical to equate the major 640 X
bands with the length of single collagen macromolecules
arranged in sequence along a fiber axis, but, that this is
not so, will b2 seen later., It is Tirst necessary, however,
to introduce intervening work on the solubility of collagen
in various salt solutions which contributed much to the
molecular concept of collagen,

The earliest demonstration of the solubllity of
collagen was made by Zachariades in 1900 (158) followed by
Nageotte in 1927 (92) and Leplat in 1933 (75). All these
workers extracted rat tail tendon with dilute acetic or other
organic acids and were able to show solubilisatiocn of
protein, Nageotte (92) was also able tc reprecipitate a
fibrous material from his extract which was microscopically
similar to teased collagen fibers. HMuch later, |
Tustanovskii (142) used citric acid buffers to obtain solutions
of collagen, whilst Harkness et al (56) used slightly
alkaline phosphate buffers. More recently, Gross et al (47)
and Jackson and Fessler (65), used neutral salt solutions to
the same end, - The metabolic significance of these various
extractable fractions will be discussed in another section of
thils thesis, thelr importance to the eluclidation of structure

must now be considered.,



"If the ionic strength of a solution of collagen 1is
ralsed, a fibrous precipitate is obtalned which appears
identical under the electron microscope, to native collagen,
and this method is frequently used as a purification
technique.,

In 1950 however, Gross, Highberger and Schmits,
(46) (58), by varying this procedure, were able to produce
precipitates which did not resemble native collagen. Two
types of material were obtained; Segment loug Spacing {SL8]
by the addition of ATP to collagen solutions, and Fibrous
long Spacilng (FLS) upon addition of =1 acld glycoprotein.
Both these materials demonstrated an axial perlodicity of
2600 - 3000 g, about four to five times that of native
collagen. As the names suggest Fis appears fibrous with a
longer spacing than normal, whilst SLS occurs only as
short segments with a total length of 2600 -~ 3000 E,
Schmitt (128) interpreted their occurrence as follows:

If the collagen macromolecule is assumed To have
a length of 2600 - 3600 2, and to be assymmetrical as far as
the amino acid composition of the end regilons is concerned,
i.e. A.....B, then these molecules can aggregate together in
various ways.

SLS can be visualised as a parallel array of

molecules,

A‘.....‘.Q.B
A..".....OB
A........OOB
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FLS i1s an antiparallel array with end to end

assoclation,
RovacisdpesBhomnesetnsen
Brwdpssoyradideysssdb oot
BensestcectDBsi.nconsacd
whilst native collagen is a parallel array but with an
overlap of about one quarter of a molecular length,
o0k SRR Bt e @ E e S B o DR i
$p e Ay se v e b VERL soud i sE oBitews e

If a large enough model such as this is con-
structed the regions represented by AB glvethe appearance of
banding across the whole model which coincides with that
seen for native collagen.

In 1956 Boedtker and Doty (10) were able to show
by light scattering, osmometry, viscosity and flow |
birefringence that the molecular weight of collagen was
about 345,000 and that its dimensions were about 2900 X by
14 g. This was subsequently confirmed by
Doty and Nishihara (23) and by Hall (53) who was able to
photograph collageh molecules under the electron microscoge.
In order to differentiate this collagen monomer from the '
much broader term Ycollagen’, Schmitt, Gross and Highberger (129)

coined the term "tropocollagen”, and this term will be used

in this thesis to refer to the collagen macromoclecule,



e)Subunits of the Collagen Molecule

The collagen denaturation process has been studied

extensively, {15) (23) {(33) (96), and it is found that
o) o
fairly mild heating, i.e. 30 C to 35 C, of an agueous
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specilic optical rotation {23). The rate at which the
viscosity falls belng identical to the rate at whicﬁ the
specific rotation falls (23). Since these two parameters
are dependent upon two different physical properties of the

protein, Doty and Nishihara (23), consider that this

reflects a very rapid, all or none Benaturation., A solution

which is "half denatured"” as measured by either of the
above methods, is considered to consist of a mixture
contalning completely denatured molecules and completely
native molecules, rather than of molecules each of wnhich is
"half denatured”. The material thus obtained is termed
"sarent gelatin”, if contains no intact tropocollagen
molecules when examined electron nierosecopically (117),
vyet no peptide bond hydrolysis has taken place, and
Boedtker and Doty (10) suggested that this conversion bboke
the bonds holding the three polypeptide chains together and
that they then separated and became randomly coiled.
Ultracentrifuge studies however demonstrated the
presence of two components in parent gelatin obftained from

rat skins (97), calf skin and ichthyocol (23), which were



termed & and/3 gelating and were subseguently separated by

ammonium sulfate f;actionation (99). It was estimated that

the [3 component had a molecular weight, twice that of the
ol component (23) (97). This of course does not agree with

the above proposition of Boedtker and Doty, since on the
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LThelir suggest
if the three chains are assumed to be identical.

The relationship of these fractions to the
tropocollagen molecule was not easily visualised until 1961
when Piez, Lewis et al (106), demonstrated four components of
parent gelatin derived from rat skin tropoéollagen. These
components were separated by chromatography on carboxy methyl
cellulose, and it was found that two of them had sedimentation
constants which were almost identical %o that pfeviously
described for the of component and were consequently termed

A, and A, . Two others, termed ﬁiland /31 were very
similar to [> gelatin,

Piez et al (107) have recently reported detailed amino
acid analyses of o and ﬁ components isolated from rat, carp
and dogfish collagen, and although some species differences
are evident the same general pattern is seen in all. Oﬁ the
basis of these results and by studying thevratios in which
the four components occurred in collagen extracted from
animals of different ages, they proposed that the tropocollagen

molecule consists of subunits (ci,E»okz) of approximately
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equal size but of differing amino acid composition. The
are two Cﬁ\ chains and one d\l chain per molecule and these
‘can become cross linked te form the twd [3 components which
are found upon denaturation, i.e.

[+ lay = {3,

and

Io{g + ’O(\ = 118.?\
In vivo, the degree of this cross linking may well be
directly related to the age of the particular tropocollagen
molecule, thus a newly formed molecule may dissocilate
completely into three ck,chains upon denaturation {i.e. no
CrossS linking) whilst a mewhat older molecule will dissoclate
into one ol and one [3 . & still older molecule may have

become completely cross linked across all three of its

w
[N
0]

chains and will not dissocciate at all. Evidence for thi
presented in several reportis of the existence of a so-called
ngelatin<mr ¥ tropocollagen which can be renatured inte
a native state (3) (117) (144) (1%5) and it is suggested (3)
that this component has arisen from a completely cross
linked tropocollagen in which only the interchain hydrogen
bonds have been broken during the transition to parent

gelatin.

No evidence is available concerning the nature of
these interchain cross links other than that they are

probably covalent, since they withstand the denaturing actlon
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of 5M Guanidine and 2¥ FPo gssium Thiocyanate, which disrupt

Y D ) . 3
) e Since collagen coniains ne

10
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hydrogen bonds only
cystine or cysteiné, disulfide bridges are not possible.
Bonds other than e« peptide links which have been reporved,
are o and p aspartyl esters (9) ¥ glutamyl (30) and
€ -~amino of lysine (84), It is nobt clear whether these
contribute to intermolecular or intramolecular stabiligy,
but some evidence has been put forward To suggést that they
may be involved in both.

Veis et al {145) have described a gelatin which has
a higher molecular weight than tropeccollagen and they
consider this to consist of azgregates of tropocollagen
molecules held together by heat stable bonds which may be
related to those just described. - |

Gross1 has shown that when a solution of
tropocollagen is warmed atb neutral pH for long periods, an
opague gel is formed which consains many collagen fibrils.
If thias is subsequently conve“ted to parent gelatin the ratio
of ﬁ% component to o\ component is greater than the ratio in
the original tropocollagen. This suggests that the bonds
which are thought to form as a molecule ages in a tissue
can also form in vitro,.

By incubating the gel with trypsin or chymotrypsin,
Gross could then reduce the amount of @>component and

produce a material which upon denaturation gave solely

1 .
Gross, J. Personal Communicatlon. November 1962,
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oy component, There was ho evidence of peptide bond
splitting. The well known esterase activity of Trypsin and
chymotrypsin 1is thus thought to be implicated in spiitting of
intramolecular bonds., The experiment does not however give
any information about the nature of these honds since the

ce of
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two enzymes used have a notoriously catholic cho
substrates {36). Gross was also able %o reduce the amocunt
of /3 component which appeared upon denaturation of a
solution of tropocollagen which had not been subjected to
gelling at 3700, by use of the same enzymes, It thus
appears that the intramolecular bonds found in soluticons of
native collagen are of the same general Type as those formed
during the artificial "ageing" brought about by gelling.

it has been sﬁggested that a defect in formation of

these intramolecular bonds is responsible for the connective

tissue pathology known as osteo lathyrism (81) (152).
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Summary of Collagzen Structure

From the foregoing, the current concept of a
collagen molecule emerges as a rigild, rod like molecule with
o)
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dimensions of 1

accepted as being 345,000 although Piez (107) has recenily
suggested that 300,000 is more correct. It consists of
three polypeptide chains mutually coiled in a helix and
held together with hydrogen bonds which become supplemented
with stronger covalent forces as the molecule ages.

This molecular species can be isclated by
extraction of a tissue and it can be reaggregated in vitro
in a variety of ways to give, amongst cthers, a fibril which
appears identical with native collagen.

The questions next to be answered are concerned
with the origin of these native collagen fibrils in vivo,
and the relevance to the in vivo situation of fibril

formation as found in vitro.
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Collagen biosynthesis can be conceptually divided
into two parts, Protein synthesis and Fibrogenesis.

1

Protein synthesis is concerned with tne formation

3]

of the tropocollagen molecule and is thought to be an
intracellular mechanism,., Fibrogenesis is concerned with the
aggregation of tropocollagen into fibers, and may be largely
independent of cells, as shown in a prévious section. This
concepbtual division will be used in the descriptlon of

biosynthesis which follows.

Role of the Fibroblast in Collaged formation

Since 1847 when Schwann (133) first described the
cbnnective tissue cell, there has been speculation about the
mechanism by which these cells (now terméd fibroblasts)
synthesised the mass of connective tissue which surrounds
them. Virchow (146) considered that the cells secreted a
soluble material which formed into fibrils outside the cell,

a view which is surprisingly close To current concepts as will
be seen later. Schwann {133) believed that'collagen fibers
developed directly from cell cytoplasm, whereas the extrene
opposite view was held by Nageotte (91) who ga#e the cell no

role whatsoever in fibrogenesis.



In more recent times, however, it has become gulite
apparent that the fibroblast is intimately concerned with
collagen biosynthesis and many workers have devised methcds
of achieving concentration of these cells within é tissue.
This nhas been approached 1n many Ways, wnich are described
below, but 1ln general they are all based upon the ilntroduction
of a foreign body or chemlcal irritant into an animal.
Inflammation ensues, followed by rapid infiltration of

fibroblasts and rapid local collagen formation.

Induced models of Collagen Blosynthesis

a) Carageenan Granuloma

Carageenan 1s a sulphaﬁed mucopolysaccharide of
high molecular welght whlch is extracted from the seaweed
Chondrus crispus (7). Robertson and Schwarz (123) found that
a subcutaneous injection of this material administered To a
gulnea pig, produced the growth of a large mass of collagen
rich tissue within a few days, and the model has subseguently
been used by many other workers for the study of the
metabolism of collagen and other connectlive Tissue com-
ponents (64) (76) (79) (135). The histology of the granuloma
has been described in detail by Williams (151).

The use of the carageenan granuloma is however
limited by the fact that resorption is taking place con-

currently with synthesis (64%), indeed after a perlod of about
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fourteen days,»resorption seems to exceed synthesis and tne
entire mass disapéeafs in about four to six weeks (64). Tne
presence of the injected carageenan in the tissue may also
complicate the interpretation of results obtained from this

model.

b) Polyvinyl sponges

The subcutaneous implantation of small polyvinyl
alcohol sponges as first described by Grindley and Waugh (33)
has provided much useful information (11) (28) (31) (51)
since the spongesrbecome infiltrated with cells and rapid
collagen formation proceeds, The sponges and their contalined
connective tissue are very conveniently removéd and the
sacrifice of the animal is nol necessary. Indeed, even
sérial studies on the same animal are possible, as for
example, with a primate or other expensive animal.

Other induced sources of rapid collagen formation
which have been used relatively less frequently than
carageenan granulomas or sponges are subcutaneously implanted
wire mesh cylinders (127) and granulomas produced by
introductlon of irritants such as Silicic acid (16). A
somewhat more physlologlcally normal tissue has been
frequently used and will bebdescribed in detail in a later
section. This is the tissue which forms in an excised

wound, the so called granulation tissue.
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In addition to the artificlally Induced models just
described, much information has been obtained from the study
of naturally occurring tissues such as skin (41) (%2) (47) (63),
chick embryos (110) (112), tendon (101) and from tissue
cultures of the above {69) (157).



AR

COLLAGEN PROTEIN SYNTHESIS

Intracellular Localisation

Tt was not until 1940 that fairly concluslve
evidence implicating the Fibroblast in collagen blosynthesis
was presented by Stearns (137) (138). She observed living
cells in a transparent chamber in a rabbit!s ear and
noticed that a material was separated from the cell
cytoplasm, which, to quote her,"was apparently utilized in
the production of fibrils”.

More recent investigations with the electron
microscope have shed more light upon this subject and it
now appeafs that collagen is organized intracellularly intd
very fine beaded filaments which are concentrated at the
periphery of the cell (109) (149). In places the cell
membrane is very poorly defined and 1t is proposed
(35) (110) (157) that rupture or dissolution at this polat
allows the escape of the "collagen precursor’ material
contained in the cytoplasm., This hypothesis.would seém to
provide a bridge between the original theories of
Schwann and Vipchow, but, as is shown 1n the short review by
Chapman in 1962 (13) it must still be considered 2
hypothesis and the subject is by no means closed.

The localisation within the fibroblast, of the site

of collagen synthesis was {lrst investigated by



Collagen was extracted and purified from subcellulx

f this tissue, and the fraction isolated from tne
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fraction or that newly synthesised collagen accumulates
there in vivo.

This work was confirmed and extended by
Prockop et al (112) who followed the in vitro formation of

hydroxyproline containing protein by some subcellular

fractions isolated from chick embryos.

The localization of collagen synthnesis in the

=3
o

raction is of course in accord with thne
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cell m
current theory of proteln synthesis which will be very

briefly presented here for the purpose of orientation.

Protein Synthesis - (for review see (150})

Knowledge of the mechanisms concerned in the
synthesis of proteins has increased very greatly during Che
past few years and the subject is today developing more
rapidly than probably any other in biochemlstry. The
current theories are concerned with two main subjects,

a) the preparation of free amlne acids for incorporaticn
into proteln, and, b) their incorporation 1in & predetermined

sequence rather than in & random manner.



The first psrt, the activation step, takes plzace
]
in the cell cytoplasm under the influence of enzymes whicn

are jointly referred to as "pH 5 enzyme gstem'. It is

felt that there is a specific enzyme for each aminc acid,
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and that through Their med
with ATP to form an enzyme-amino acyl-adenylate complex.
This complex is transferred to a relatively low molecular
welght Ribonucleic acid which exists in the cytoplasm anc
is referred to as soluble or transfer Ribonucleic acid
(SRNA or TRNA). The SRNA then "transports" the amino acid
to the site of protein synthesié, the so célled riboscme.
As with the activating enzymes there are thought To be
gpeciiic SRNAfs for each aminc acid.

The second part of the mechanism concerned with

the correct alignment of aminc acids now comes into play.

The information concerning the order of amino acids in &

protein is contained in the nuclear Deoxyribonucleic acid
and is dependent upon the order of nucleotide bases in a

particular DNA molecule. This information cr code can be

transferred to yet ancther ribonucleic acid molecule, whkich

is usually referred to as messenger RNA, which then becomes

atbtached to the surface of the riboscmal particle. Due %o
the length of messenger RNA molecules it is probable that
aggregates of several ribosomes are necessary for each

messenger RNA (143).

)
ny
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The SRNA moiety of the SRNA amino acid‘complex can
"pecognize” the code which is contained in the messenger
RNA template on the riboscmal surface and this enswes that
amino acids are lined up in the correct order upon this
template. The ribosomal electron transport system (136)

»

. 3 E e !
then supplies Che reguisite energy

iy

cr pepitide bond formaticn
and the completed protein is released into the cell

cytoplasm,

Metaboclism of characteristic Amino Acids

Since Stetten (139) showed that the hydroxyproline
of collagen is almost exclusively derived from proline, a
controversy has existed regarding the location of the
hydroxylation step in the collagen biosynthetic pathway.

It was earlief suggested (52) (123) that a proline rich
collagen-like precursor existed which was subsequently
hydroxylated, but attempts to demonstrate this have not been
successful {124). ’

An alternative is that proline is hydroxylated
after it has been activated in some way but before it has
been incorporated into a protein molecule (124). On the
assunption that proline 1is incorporated into protein by the
currently accepted mechanism of protein synthesis, it has
been suggested that this step could occur at the SANA-

proline complex stage, oralternatively following the
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activation sbep to prolyladenylate (22). lMeister et al (35)

1

{
1

point out hcwever that the former would lead to gquite randem
distribution of prolyl-SRNA and Hydroxyprolyl-SRNA upon the
ribosomal template which is thought to "recognize" only the
SRNA moiesby, which would be identical Tor prclineband
hydroxyproline if hydroxylation occurred following complex
formation, |
They propose therefore, that a portion of the

proline pool is activated and then proceeds normally to
unite with 1ts specific SRNA, whilst a further portiocn,
destined to become collagen hydroxyproline is activated,
hydroxylated and complexed with its own specific SRNA.
Meister et al do not méke any suggestion as to the nature of
this "activation" step but 1t may be at the pHS enzyme-
prolyi adenylate;stage. It is possible that the absence of
a specific pH5 enzyme which activates hydroxyproline
accounts for its inability to enter collagen directly.

| Evidence which suggests that hydroxylaﬁion takes
place prior to incorporation into peptide linkage has been
presented by Gerber et al (34) who found that the specific
activity of urinary free hydroxyproline was greater than |
that of skin collagen hydroxyproline or of urinary peptide
bound hydroxyproline in rats which had received labeled proline.
Doughaday and Mariz (22) have presented similar results

from an in vitro study of rat cartilage.



urinary free hydroxyproline and urinary bound
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hydroxyproline have the same specific activities ne
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detract from the theory of 'hyaroxylat¢on after activation ,
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23, however, sugzgest that the only path whizh
"hydroxylated»activated-proline“ can follow is into a
colla~en molecule and thence iﬁto the urine by subseguent
protein breakdown, |

As 1s the case with hydroxyproline, little is
known about the hydroxylation of lysine. It has been snowﬂ;
howevér, that the ratic of specific actlivities of ccllagzen
lysine to collagen hydroxylysine 1s always 1il (108), after

iatroduction of labeled lysine.

The Extracellular Phase - Fibrogenesis

The mechanism of collagen fiber growbh cutside the
cell has been largely elucidated through the study of
the sc called soluble collagens, which have been referred tTo
in an eariier section. Nageotte (93) was the first to ascribve
a biological precursor role to the collagen which he was able
to solubllise from rat tall tendon. When this solution, in
dilute acetlc acid, was left standing in contact with the

rizinal fibers, or was treated with salt, a precipltate

oceurred which appeared similar to native collagen fibrils.

Nageotte postulated that this precipil itat ion from soluticn



may be the method by which collagen fibers were formed in
: B 4 = ik i = a8 N H o
vivo, and he colned the term precollagene for the

collagen fraction which was soluble. Much later,

Orekhoviteh and co-workers (956), were able to obtain

solutlons of collagen by extracting various ftissues with
Ly . 3 g = wo =
citrabe buffers at azid pH. The name "procollazen” was

given to this material since it had a faster uptake of
cl¥ glycine than the insoluble skin residue (93).

Harkness et al (50) reported a faster uptake of
labeled glycine into alkaline oH, phosphate buffer soluble
collagen than into procollagen or insoluble collagen. In
1957, Jackson (64), in a study of the uptake of 014 gliyeine
into collagen formed in a carageenan granuloma, compared the
metabolic activities of insoluble collagen, procollagen and
neﬁtral salt soluble collagen, which latter had previously
been described by Jackson and Fessler (65). He found the
collagen extracted with neutral salt solution to be
metabollically more active than either of the other two
fractions and hence deemed it more likely to bethe true
precursor than procollagen.

Once extracted and purified, however, all these
. fpactions are interconvertible {40). They all have the
same physical and chemical properties and are identical with
tropocollagen, the basic collagen molecular specles. As

previously mentioned, however, different degrees of
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intramolecu
| bolic activity previously
described are thus probably reflections of blclogical

differences rather than chemlcal differences, such as woull

be expected of a precursor-product relationship.
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Gross showed {43), Shat when a neutral soluvicn o

tropocollagen is warmed to 37°C a rigid gel is formed con-
taining fibrils identical Po native collagen and that upon
cooling, the gel revertis to a clear solution. The gel
becomes increasingly insoluble upon cooling, as the lengt
of time of incubation at 37°C is extended, and this led
Gross (44%) to postulate that the process of this artificial
fibril formation is oﬁe of aggregation of tropoccliagen
molecules into a polymer, the‘stréngth of whose intermoleczular
linkages increased with time.

The complementary in vivo experiment of
Jackson and Bentley (68) served to confirm this theory.
They used increasing concentrations of sodium chloride
solutions sequentially, to extract collagen from the
tissues of gulnea pigs which had been injected with Clii
glycine. A short time after injection, the most highly
radioactive material was extracted with the lowest
concentration of salt, This peak of radiocactlivity was
shifted into collagen extracted with progressively higher

jonic strength as the time after isotope injection was
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increased,

It was thus proposed that newly formed collagen
molecules become ﬁcund to the surface of a preformed fibril,
perhaps by hydrogen bonding, and that the strength'of these
bonds increases with tTime, ?rogﬁessively higher lonic
Streng?h solutions are therefove reguired to break these
bonds as the individual molecule and the fibril as a whole,
age.

Indications of such a mechanism had been previously
noted by Jackson and Williams (66) who were able to alter She
reticulin staining propertlies of tissue by a prior
extraction with sodium chloridé soluticn.,

It can thus be seen that previously used Terms
such as "Neutral Salt Soluble Collagen"”, "Acid Soluble
Collagen” ete,, are but operational definitions and are nos
related to absolute precursor compounds. A further
refinement has been provided by Wood (155) who has produced
evidence for a nucleation or seeding phencmenon connected
with collagen fibril growth from solutlon. Wood suggests
that the collagen fraction which initlates fibril formation
may be material containing a high proportion of the ﬁ

fraction of Orekhovitch, which has been described in another

section,
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ASCORBIC ACID DEFICIENCY
AND COLLAGEN ZORMATION

Many of the symptoms of scurvy as described in tns
eighteenth cenbury, (see Lind (77)), were concerned with the

sbnormalities of connegtive

})J‘

of wounds and fractures. It was not until 1926, however,
that experimental evidence of a mechanism was put forward by
Wolbach and Howe (155), who were able to demonstrate
histologically, a failure of collagen fiber formation in
wounds of scorbutic guinea pigs. Subseguent work has con-
firmed thils defect in collagen production in such models as

Healing wounds (25) (2), carageenan granulomas (123),

/

tendons healing after cutting (72), and in sponge implancs { 30

The earliest effect of scurvy which can be seen,
is a drastic lowering of the content of extractable collazen
in the tissues of gulnea pigs deprived of ascorbic acid (41)
and, as has been described in another section, this is taken
to mean a slowing of synthesis. This can be reversed in a
matter of twenty-four hours after administration of ascaorbie
acid, either locally (49), or systemlcally (52).

The mechanism of the interactlon between ascorbic
acid and collagen bilosynthesis is quite unclear and 1% is
hoped that some of the data to be presented in This thesis

will cast light upon the problem, by differentiating between

some of the previously proposed mechanisms.
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Robertson and Schwartz (123) is that a collagen like prot
is formed in scurvy, in which the place of hydroxyproline in
a peptide chain is taken by proline, these residues only
becoming hydroxylated upon administration of ascorbic acid.

The existence of such a proline rich protelin was Suppor
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by Gould and Woessner (52) for some years, but upon closer
investigation by Gross (42) and by Robertson et al (124)
the hypothesis could not be substantiated.

Alternative sites for the effect have been
enumerated by Mitoma and Smith (86) to be as follows:

Since as has been previously described, collagen

=

hydroxyproline is derived from proline, then a defect in
the hydroxylation of proline prior to the formation of =2
peptide chain could be responsible for the lack of collags n
synthesis. Secondly, a block in the incorporation of
"getive" hydroxyproline into the complete collagen molecule
or thirdly, the failure to form fibers from a soluble

precursor collagen may be involved. A fourth possibility put

r‘(j

forward by Gross (45) and supported by Gould (50) is that
previously formed collagen, in particular newly synthesised
material, is much more labile in scurvy than normal.

Mitomz and Smith (36) were unable to find any
effect of scurvy upon the hydroxylation of proline in guinea

pigs and believe that the second possibility 1s The most

(WY
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likely, Other workers, however, notably ieister et al
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and van B. Robertson (122) feel that the most probable s
of interaction is at the hydroxylation step. Neither of

these workers offered conclusive proof of this, but they
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labeled hydroxyproline into a peptide bound form, after
addition of ascorbic acid to an incubation mixture of
scorbutic guinea pig tissue and labeled proline.

An experiment designed to distinguish betwsen
some of these possibilities was thus carried out znd is

described in the following section.



EXPERIMENTAL

The material to be presented here is divided into
eight sections. Each describes a separate experiment
together with a discussipn of the results of that experiment.

The conclusions which can be made on the basis of
all eight experiments are discussed more fully in a general

discussion which follows the Experimental section..
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EXPERIMENT T

Introduction

The investigations into the effect of scurvy which
were carried ouf by cther workers prior to the pressnt
experiment (1961) had been mainly concerned with 1
upon total collagen synthesis (2) (25) (52) (72) (
other than the work of Gross (41) little iuformation was
available about the sxtractable collagen content of
scorbutic animals. This is of particular importance since
it is now accepted that newly fermed tropocollagen is
"extractable” in contrast to older "non extractable"
material. Similarly, nothing was known about the
incorporaticn of labeled amino acids into this fraction
during scurvy, and it was felt that investigations of this
point would help to differentiate between some of the
proposals which had been made regarding the site of inter-
action between scurvy and collagen blosynthesis.

The following experiment in whica the incorporation
of Cln glycine into collagen extractable with two different.
salt concentrations was cafried out to determine whether,

a) collagen was initially synthesised as rapidly in scorbutic

as in normal guinea pigs, and b) whether once synthesised,

this material became aggregated normally.

(W}
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Methods

Sixty-eight young albino gulnea pigs of elther

o/

sex were weighed thrice weekly until & uniform rate of growth

had been attained. The animals were fed McDonald

scorbutigenic diet #5 (14) (See appendix 1 ) supplemeniad

- i

3
i

with 50 mg ascorbic acld oraily every other day during
this period. Forty-four of the animals were deprived of
the supplement for four days and then all animals were
injected subcutaneously in the abdomen with 5 mls of &
1% solution of carageenan 1n physiological salinel.
The granulomas thus produced were allowed to
develop for seven days at which time all animals were

injected intraperitoneally with 50p C of o_clH

glycine in

1 ml of physiological saline. Animals were killed in

groups of three or five at the following time periods after
the isotope: 30 minutes, 1, 1.5, 3, 6, 8, 12 and 18 hours.
The granulomas were excised and frozen immediately, care was
taken that skin or underlying muscle did not contaminate the
sample. Adrenal glands were also removed and pooled for
assay of ascorbic acid (121). The normal animals showed a

value of 75 micrograms ascorbic acid per gram of tissue,

whilst the scorbutics contained 6.5 micrograms per gram.

The carageenan was a gift of Marine Colloids, Inc.,
Rockland, Me.
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Granulomes from each group were pcooled, frozen in

0.14% M NaCl solution buffered to pH 7.5 with 0.02 M phosphase
buffer, and the three extracts were pooled. Three further

e Pt . —_— e (e T SR MOORTem T EE TR ey D o
extractions were made with 2 1.0 ¥ Nall soluticn oulferec

of
)

above, and these extracts were pooled. Ethanol was added
the extracts until a fibrous precipitate appeared, a con-
centration of 14% bveing required for the 0.14 M NaCl extract
and 28% for the 1.0 ! NaCl extract.
The precipitates were remcved by centrifugation
and dissolved in 0.01 M acetic acid followed by dialysis
against a large volume of acetic acid of the same concentration.
All previcus manipulations were carried cut at
4°C to prevent collagen denaturation.

fd
H

The partially purified solution was heated to 62°C

<t

for two hours, a procedure which converts collagen tec paren

e

gelatin., These gelatin solutions were next dialysed against
large quantities of sodium maleate/maleic acid buffer pH 7.0
and incubated at 3700 with coliagenase 1, 1 unit per 10 mls.
solution. At the end of twenty-four hours the color
developed with ninhydrin had reached a maximum and undigested
protein was precipitated by adding perchloric acid‘to a
concentration of 6%. Since collagenase has a very high

specificity for collagen, or rather fer the ngly—pro~y-

1 . - IR
= Highly purif
a

ed C.welchii collagenase was the gift of
Dr. P. M. Gallo
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sequence which is virtually unique to collagen {(134%) {(143),
the small peptide fractions remaining in soclution were
considered to be entirely derived from collagen. Excess

pérchloric acid was precipitated by neutralisation with

I}
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liquots of this solution were thean

3

gtassium hydroxide

}_l

removed for analysis of total nitrogen by the Kjsldah
method. Further aliquots were removed, evaporated to
dryness, dissolved in hydroxide of hyamine (115) angd .
assayed for radiocactivity by ligquid scintillation

spectrometry (see appendix 2).

Results and Discussion

The resulis sre presented in fige. 1la, 1b, 1e, 1d,
ahd le, and in Table I.

By a comparison of figs. 1la and 1lb, it can be
seen that the specific activity of the collagen extracted
from scorbutic granulomas with both salt concentrations, is
considerabiy lower than similar materiai obtained from
normal animals. This at first glance, may be interpreted as
a lowered rate of synthesls which would of course present
such a picture.

If, however, the aggregation of newly formed
collagen is interfered with by scurvy, then material formed
prior to administration of the label would still be extract-

able with 0.14% M NaCl in the scorbutic animal, whereas



Fig. la
Big. 1b

Speecific mecivities of epllage
extractaple from carageenan graznulomas
of normal zuinez pigs.

Sold line = 0.14 ¥ NaCl extractzble

Broken line = 1.0 M NaCl extractable
collagen.

Specific zctivities of collagen
extracitable from carageenan granulomas
of scorbutic guinea pigs.

11

0.1% M NaCl extractable
collagen.

SoHd 1line

Broken 1line = 1.0 M NaCl exbtractable
collagen.
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Total radioactivities of extractszole
collagen purified from 1 gm. of
carageenan granulomas from normal
guinea pigs.
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Sold line = 0.14 M extractable
Broken line = 1.0 M extractable
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Total radioactivity of extractavle collagen
purified from, 61 gm. of carageenan g anuloﬂa
from snorbutlc guinea pigs.

]

Solid 1line 0.14 M extractable collagen
Broken line = 1.0 M extractable collagen

Percentage of the total extractable collégen
radioactivity found in the 1.0 M NaCl
extractable fraction. ’

- agDPu/Gm Tissue in 1M extract) X100

DFM/Gm. Tissue in 1M 4 0.1 I extracts)

Normal animals
Scorbutic animals

i

Solid line
Broken line
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Percen’

2000

1000

1000

500

60

40
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collagen formed at an eguivalent time In the normals would be
cross linked to an extent which made 1t unextractable with
O0.14% M NaCl. This would effectively dilute the radicaciivity
appearing in this fraction from the scorbutic animals. The
same of course holds true for the 1 M NaCl extractable

naveriatl,

-y

, on the otner hand, insoluble, preformed

4

2

fibers are broken down by disaggregation as suggested by
Jackson (64) and this breakdcwn is enhanced in scurvy (50)
then a similar dilution effect would be noted.

As an attempt to overccme these dilution effects,
total extractable collagen radioactivity per gram of tlissue
is plotted in Figs. lc and 1ld, and it can be Sseen by com-
parison of these figures that the total amount of labeled
amino acia incorporated into extractable collagen by one

gram of scorbutic granuloma 1s considerably less tThan normal.

Aggregation

It was shown by Jackson and Bentley (68) that the
degree of cross linking between collagen molecules in 2
tissue 1is refiected by the ionic strength qf the medium re-
quired to extract those molecules into solutlon. iE
aggregation were not taking place in scurvy then it would be
expected that the ratio of collagen extractable with a hig

jonic strength medium to that extractable with a lower ionic

5

e



i o MBI R S e A

— e i s T

e

strength; would be lower than normal. The ratlo of incor-

icactivities should a@lsc be lower than normel.

D
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Fig. le, shows such a comparison and it suggests that once
g P) P

(Y]

molecule has been synthesised in a scorbutic granuloma, it

e
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becomes cross linked into larger aggregate same T

[§H)

9]

as in the normal animal, &t least to the extentv which Is
reflected by 1.0M NaCl extractable materiazl.

Ih the above experiment, material which had been
precipitated by ethanol and digested with collagenase was
considered to represent total extractaﬁle collagen and this
may not be valid. Although differences between "scorbutic
collagen" and "normal coilagen" as far as their érecipitabi}ity
with ethénol eﬁc. are concerned, have not been previcusly
described; the possibility of-their existence cannot be
neglected. This is particularly important since the
differences between the total purified collagen levels per
gram of tissue, in the two groups are not significant, even
at the 10% level of probability (Table I), whereas in other
tissues studied the level of extractable collagen has been
found to be much reduced (41).

It is possible that this anomalous behaviour can
be ascribed to the use of the carageenan granuloma as sz
model. The collagen formed in this situation has been
described as inherently unstable, (64), and it was thus felit

that less ambiguous results would be obtained if another
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uch as skin were used for future experiments.

In summary, the experiment shows that even though
the total amount of collagen veing synthesised in 2 scorbutic
granuloma is lower than normal, the rate of its aggregztion

red.
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Experiment I offered no evidence about

lagen braakdown, a thea

nou

B
%)
05

nd also, even

pod
5]

cccurrence of co

a

results indicated nc alteration of the aggregation mechanisnm
in its early stages, subsequent failure to aggregate can
not be ruled out.

The present experiment, by ﬁaking use of aminc
aclds labeled with different radiocactive atoms, was designed
to determine whether increased breakdown occurred and =t
the same time investigate the early stages of synthesis in
a2 tissue which is physiologicélly more normal than the
carageenan granuloma, i.e. skin.

Collagen was prelabeled by giving an injection of

014 glyecine, forty-eight hours prior to an injection of

3

tritiated'glycine. It was felt that any aggregation failur

[
{

¥

B
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or any breakdown would be reflected in increased Cl4 a

¢}

in the extractable collagen and that the tritium activity

would indicate any alteration of blosynthesis.

Methods

Forty-two young guinea pigs were placed on a
vitamin C free diet supplemented as in Experiment I

(see appendix 1) and frequently weighed until a uniform
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growth rate was zschieved. iall ¢f the animals were

»
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of the supplement for eleven days whereupcn all animals

received LOMC of 2-C glycine. The glycine was injected
[ &

intraperitoneally in three aliguots at eight hour intervals.

Forty-eight hours following the last C14 glycine injection,

= 3 s 4 e [ - P ) oy -3
all animals were injected intra eritoneally with 50 L 2-H2

@)

glycine and decapitated at the following time intervals
after injection, 0.5, 1.5, 2, 3, 4, 6 and 12 hours.
Adrenals were removed as before for assay of ascorbic acid
and the experimental group were found to be truly depleted.
(Nofmal 70.1 micrograms per gram tissue. Scorbutic 5.3
micrograms per gram tissue.)

Dorsal skin was removed, crushed after freezing in
liguid nitrogen, weighed and‘extracted three times with
0.14 M NaCl buffered as before at gH 7.6. The tissue was
then extracted three times with 1.0 M NaCl zs before. All
extractions and purifications were carried out at 4OC.

The total éollagen extracted with each medium was
determined by assaying hydroxyproline on an aliquot
following hydrolysis with 6 n HC1 at 140°C for three hours
(94). The hydroxyproline values were multiplied by a
factor of 7 (67) to convert to collagen. Collagen, in the
remainder of the extract, was precipitated with ethanol as

in Experiment I and redissolved by dialysis against 0.01

sodium chloride and redissolving in 0.01 ¥ acebic acid.



This procedure was repeated twice, aliquets of the
acetic acid solutlon being used for determination of
hydroxyproline, and radioactlivity. Radioactivity was
determined on a Tri-Carb liguid scintillation spectrometer,

it was possible to distingulsh betwsen

e

activities (see appendix 2

Results and Discussion

The results are presented in figs.2a, 2b, 2c,

Table I and in Table 2.

14

Incorporation of C Glycine

tiss in both extractzable

f-to

The c¥ specific activ
collagen fractions of the scorbutic animals (fig.2b) ar
quite constant and are at the same low level as those of
.the normal (fig.Qa). This fact suggests that increased
breakdown of preformed collagen via the "extractable
collagen pool™ i1s not a factor in scurvy. If 1t were, one
would expect the ClE activities in the scorbutics to be
much higher due to the disaggrégation of high specific

14

activity material formed at a time when the C glvecine

pool was high. This disaggregation would make prelabeled

coilagen available for extraction along with newly

14

synthesised material and thus add C actlivity to the
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If such disagegresgation into macremclecules does

occur, even though the C sctivity is low, then it must be
assumed that they are immediastely split into dialysable

fragments so that no increase in the extracstable collagen

3.;.

QL

001

o
ad
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discerninle. Thne only pro
known, with any certalinty, to be capable of this digestion

is collagenase, but this enzyme has only been isolated from

o

species of Clostridia (80). Reporits have however appeared
of the presence of an uncharacteriz 2d enzymé with weak
collagenolytic activity in uterus (154) pancreas (62) and
metamorphosing tadpole tails (48).

The similarity of the C. activity alse adds
weight to the suggestion that aggregation is not impailred,

. 014

since 1f it were,a "piling up" of labeled extracitzble
collagen would be expected to occur. The above ress rvations
on the immediate hydrolysis by collagenase must also be made
in this situation.

The low level of activity seen in both groups of
animais thus probably reflects synthesis still occurring in
the presence of a much reduced ot glycine pool (57), and.is

in accord with that level of activity demonstrated after

48-60 hours by Jackson (64).



Fiz. 23 Specifie activities of exfractEble
collagen from The s ¥mal
guinea pigs. Hﬁv i v injeazted
2t time O and CF 2 hours
previous to time O.

Solid line = 0.14 M NaCl extractable

collagen.
1.0 1 NaCl extractable

collagen.

Broken line

5!
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n
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Specific activities of extractable
collagen from the skin of scorbutilc
guinea pigs. HJ glycine was iujected

2t time O and Clh glycine 4& hours
previous to time O.

F

Sold line = 0.14 ¥ NaCl extractable

collagen
Broken line = 1.0 ¥4 NaCl extractable
collagen

N.B. Ordinates in both figures should be multiplied by
2 Faeghon of 16,
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The difference batwesn the normal and experimental

ours in the normal is closely paralleled in the sScergssin
animals. Two hours later, however, & second peak of
activity is seen in The normal, which is completely abhzent
in the scorbutic animzls.

The fact that collagen extracted with 0. 1% M NaCl

{-te

at the two hour time point has identical specific activities
in both cases does nct mean however that collagen synthesis
is unimpaired. Table 2 shows that the total amount of |
extractable collagen per granm of skin is very much reduced
in scurvy, as of course is the total amcunt of radioactivity
incorpérated into collagen.

From this, we infer that the skin 1s not

synthesising as much collagen per unit time, but that the

collagen which 1s synthesised is normal as far as its

1]

content of labeled glycine 1s concerned. This can D
explained in two ways; either scorbutic skin contains a

smaller number of fibroblasts synthesising collagen

normally, or conversely, it contains a normal complement

of fibroblasts whose synthetic pathway is inhibited or slowed

down in some way.

In the light of some recent work by Peach et al (101)
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it seems possible thot both of Thess possioilitles may o2:2ul.
- A B P 1 £ -~ 2 - o -

Peach presents electron micrograpns 01 hezling tendon Iro

morphology of Endoplasmic reficulum of wound tissue from
scorbutic guinez plgs
Caution must be used however in making

hese results, since the guinea pigs

ct

ons of

<
fde

[~Je

nterpretat

and were probably suffering from general malnutrition
rather than simple vitamin C deficlency.
The occurrence of the second peak in the normal

animals indicates that the early phase of collagen synthesils

s
w

far more complicated than was hitherto suspected. Aoy
interpretations of the scorbutlc curves, which lack this
peak, must therefore remain purely speculative untll such

time as the normal mechanism 1s better understoed.

Multiple Peak Phenomenon

Previous studies (64) (63) (112) of the uptake of

1abeled amino zcids into extractable collagen have showm a
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by a a1l whiech was interpreted as bheing dus Lo the toznsfer
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to the decreasing radioac

pool (57). These studies heowever did not include such

¥ R

Frequent $ime
else were concerned exclusively with later time points
such as eight to twelve heours. The time points used in

is, were also such that if az pezk

UJ

Experiment I in this the
had occurred between three and six hours after isotope

injection, it would have been missed. (An interesting

k)

shoulder does occur, however, in Fig. la at €& to 8 hours.)
It is thus apparent that in order to investigate this
phenomenon further, very frequenﬁ tilme points must bve
uvged.

Many possible explanations exist which could
account for the appearance of a phasic uptake curve and an

enumeration of tThese possibilities given below.

1. The result may be an aréefact.

2. Tritium on the number two carbon atom of
glycine may be exchangeable wilth hydrogen %o such an extent
that relabelling of cold glycine becomes possible.

This is not a likely explanation as was shown by

Rittenberg et al (120) in experiments with deuterium. Upon

boiling amino acids deuterated in positions other than the
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amino and carboxyl groups, with 20% HUL solubtions, no 1053
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of deuterium was nobte ~cer four days of this harsh

.5%) was, howaver,
observed when glycine was used, but ©this would no doubt be
Tower under less extrame conditions.

Since the carbon-tritium bond is somewhét stronger
than the carbon-deuterium and the carbon-hydrogen bond (70},
any possible exchange would be expected to be less when

n Experiment II, than in

foto

this heavier isotope is used as
the Rittenberg deuterium work.

3. The'first4pe°k may be caused by incorporaticn
of glycine into a collagen precursor molecule, perhaps &
peptide of relatively low molecular weight.

This is unlikely since the radiocactivity
measurements were made upon relatively highly purified
collagen prepared by a method which has been previously
shown %to isolate materia which is homogenous in the
ultracentrifuge, and whose concentration of hydroxyprolin
and tyrosine compares with material purl ified by other
methods (65).

4. The existence of a very small amount of a
glycine containing impurlty with an extremely high specific

activity compared to collagen could provide an explanation

of one of the peaks seen. IU would be necessary to suppose
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that sucn an impurity, 1
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turnover than ool
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5. Newly formed collagen may be sxfractable with
0.14 M NaCl solution for a short time, i.e. up to three

hours after synthesis, at which time it is rendered

pd

arily unextractable by some mec

©

tempo:

i

specific activity of the extracted collagen falls. Later
v

and the second rilse occurs,

A mechanism which renders collagen temporarily
unextractable is of course purely speculative. The site at
which-this may occur is also completely unknown. It is
nevertheless conceivable that at scome time during protein
syntheslis, collagen molecules become detached from tThe
ribosomal templates and attached to another site within the
fibroblast, perhaps the endoplasmic reticulum, perhaps the
cell membrane, and collagen in the process of transfer from
one site to another, may have different solubllity
properties than collagen which 1is attached to a subcellular
pafticle. It is of interest in this connection that
Porter and Pappas (110)‘remarked that during the preparation
of tissue for electron microscopy, fibrils seen at the cell
surface could not be washed off.

6. Collagen may be synthesisedAin pulses. This

of course depends upon many factors such as penetration of
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of a peptide elease of this from the cell. Ap—-
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all of these processes may be visualised as tekinz zlizce
y o kb

in a discontinuous manner which then accounts for the
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. o & v by
vy of collagen synthesis.

apparent discont
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n rgumnent against this hypothesis

Q4
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it would reguire the synthetic activities of all, or
least 2 very large majority of the fibroblasts in a tissue,

to be "in phase”. For a tissue which has been in existernce
for many montbs; i.e. skin, thls possibility seems guite
remote.

7. It could be argued that some of the collager
which is represented by the first peak is labile and brezks
down to its constituent amino acids. This would make fLhe
labeled amino acid available for reincorporation into anothner
protein molecule, but if this amino acid were to mix freely
with the total body pool of labeled aminq acid the
supplementation of the specific activity of this pool
would be negligible.

If however the products of breakdown were nct
freely miscible with the total pooi, but were to remain in
some intracellular pocl, then the supplementation of the
label in this pool méy be appreciable.

Evidence for this sort of phenomencn is not

directly available in mammalian cells but is for some micrc
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organisms (18) (20).
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L3
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Two operationally distinct pools of amino acids
recognized, one isltermed the expandable pool and is
concerned with concentrating amino acids from the mediun,
whilst the so called internal pool is concerned with
supplying amino acids Tor protein synthesis and other
metabolic pathways. Once radioactive amino acids are
incorporated in this internal pool, their specific activities
and those of the proteins into which they are incorporated
cannot be influenced by the addition of unlabeled aminc
acids to the medium. The authors interpret this tc mean
that once an amino acid is incorporated into the internzl
pool then 1t is nét in competition with extracellular amino
acids. This concept will be dealt with more fully in the

general discussion section.
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In order to confirm that the double peak phenomencon
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was not an artefact, Experiment II was r
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supplemented guinea pigs only.

7 Method

Thirty-three albino guinea pigs were fed a
standard diet of triangle rabbit pellets (see appendix 1)
supplemented orally with ascorbic acid as before znd weighed
until a uniform growth rate was achieved. All animals were
injected intraperitoneally with 60(LC of 2-H3 glycine in
1 ml of physiological saline, and decapitated at the fdlowing
tine intervals after lnjeetion; 1, 1.5, <, 2.5 3, 3.9,
¥, 5, 6, 8, 10 hours.

Collagen was extracted and purified as described
in Experiment II.

Total extractable collagen and the socc1f‘ activicy
of the purified collagen was also determlned as descrwoed in

Experiment II.

Results and Discussion

The specific activities of the 0.14 M NaCl extract

o X, . ) mae o) B % I | o = P B
able collagen are presented in Fig. 3. All other data is
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The cceurrence of a third peak in the specific
activity curves (fig. 3) appears to complicate thelr
interpretation even further and does not appear to be in

1

good agresment with the results of Experiment II. However,

in

no measurements were made in Experiment II 2t interval
between six and twelve hours after admipistration of isotope
and any peak occurring in this position, i.e. ten hours as
in the present experiment, would be missed.

The fact that the Experiment is repeatable and
that multiple peaks occur as before, suggests that the

results of Experiment II were not "accidental® and that

0}

further investigations into the problem are in order.
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Introduction

The question of the lability of the'tfitium on the
number 2 carbon ztom of glyciné still remains to be
answered, and in zddition, the existence of the third peak
at ten hours after isotope, also requires confirmestion.

o-clh glycine was therefore used in Experiment i

and further time points were included.

Methods

The experiment was carried out in an ldenticzl
manner to Experiment III, with thé exception that thé
apimals were injected with 35 wC of 2-C14 glycine instead
of with H3 glycine, and were decapitated at the following
times after this injection; 1.5, 2, 2.5, 3, 3.5, L,

4,5, 5, 5.5, 6, 10, 18 hours.

Results and Discussion

The results are presented in Fig. % and Table 4.
From these results, it can be concluded that the multiple
peak is not brought about by zny tritium lability which may

14

exist, since the phenomenon is repeatable when C glyreins

is used.
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ten hours after isotope 1s zlso confirmed,
does not attain the height relative to the

is seen in Fig.3.

3
e

is of course may be due to the

- & - P ‘S - B = - - " 5, A= A=l Y
wera taken relatively infregquently at This

fact that samples

time, ~thet 18, In

Experiment IV the actual peak mzy be on either side of ten

hours and may in fact rise to a much higher level than seen.

The accurate placing of these peasks would necessitate

sampling 2t such freguent time points as to be economically

prohibitive, it does not seem necessary, however, to

accurately pin point the times, but rather

rational explanation for the occurrence of

to find =

multiple pezaks.

U
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Specific activity of collagen extractable

h 0.14 ¥ NaCl from skin of normal
nea plgs following injection of
glycine.
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It has already been suggested that retention cf
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ast may occur during synthesils and that reduced

ay be the resultant of this (8).
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This

"

-
cas

a1}

oning can be extended to include the
third peak (Fig.4) (Fig.3) which may be associated with the
extracellular phase of synthesls, i.e. aggfegatioh.

o

We would need to assume that the low specific

¢t

setivities seen between 6 and & hours (Fig.3) are
associated with reduced extracfability Just prior to
release of cdlagen from the cell.

On the basis of this reasoning it was felt
necessary to investigate the uptake of labeled amino acid
into collagen extractable from tissue which had been
fractionated centrifugally into the classical cell fractions,
microsomes, mitochondria and debris.

Previously, Lowther et al (79) had demonstrated
that after incubation of carageenan granuloma slices with
labeled proline, collagen which had incorporatéd label, wes
extractable from each of these three particulate fracticns.
The highest specific actlivity was found in the microsomzal

1

collagen which led the authors to suggest that this was the
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has not however been previ

n

Ve lnous

Preparation of Homogenate

Guinez plg skin was shaved with electric clippers
and sliced into thin strips about 2 mm wide. The strips

were placed in ice cold C.25 M sucrose and homogenized for

)

one minute in a Virtis %5 hcmogenizer at maximum speed
(about 45,000 rpm). The brei was filtered through several
thicknesses of cheese cloth tc remcve large pleces of
cénnective tissue and homozenized for two minutes in a

ground glass Potter-Elvehjem homogenizer, packed in ice.

Differential Centrifugation

by Schneider and Hogeboom (131)

o

A procedure degcribe
for use with liver was employed. The brel uwas centrifuged
for ten minutes at 700 x g. The sediment, assumed to consist

of a mixture of nuclei, unbroken cells, cell debris, and

1

M sucrose

U

extracellular debris was washed Twice with 0.2

at 700 x g for ten minutes.
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The supernate and washings from this procedure
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were centrifuged at 5000 x g for ten minutes and &
sediment washed twice at 24000x g for ten minutes. This

sediment was labeled, mitochondrial fraction.

m
93]

The supernatent fluid and washings were
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uged for cne hour at 105,000 x g and the sadiment

}(Ja

washed twice at 105,000 x g for one hour. This sediment
was labeled, microsomal fraction.

The above procedures were carried out in a spincc

model L ultracentrifuge, using a2 #30 rotor at 2%,

Extraction of Collagen

Since 0.25 M sucrose will not solubilise
collagen from these subcellular fractions 1, they were
considered to contain collagen which had been associated
with them in vivo, and an attempt was made to extract this

material.

)
b
o

The sediments were suspended overnight at 2°
0.14 M NaCl solution buffered as previously described. The
supernatent fluid, following clarification on the
ultracentrifuge at 105,000 x g was brought to 20% NaCl
cencentration and the collagen precipitate removed by
centrifugation. The precipitate was hydrolysed in
6 N HC1 at 140°C for three hours and collagen was estimated

by determining the hydroxyproline content using a micro

1 Green, N.M. Personal Communication. Maich 1962.
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Results and Discussion

From 2 total weight of 29.5 gms of skin it was

vossible to obtain only extremely small quantities of

Fraction

Nuclear
Mitochondrial

Microsomal

Total
Hypro.
extractable
(Micro gms)
2.92
3;34
2.04

TABLE 5

Total
Collagen
extractable
(Micro gms)
20. 4k
23.38
14,28

the three subcellular fractions,

Hypro.
per gm
skin

Collagen
extract-
ghle pew

(Micro gms) gm.skin

0.098
0.113
0.069

D
—

On

.6

The amounts of collagen which can thus be obtained

from subcellular fractions of skin are far too low to permit

purification or even hydroxyproline isolation to be carried

out, and it seems clear that the amounts of tissue which

would have to be processed to make an experiment on skin

feasible, would be so large as to be economically prohibitive.

Hypro. =

Hydroxyprollne.

72



The paucity of cells i, skin comgpared witn liver
and with such tissues as & carageendn granuloma is ne &guT:
the reason for bhis low yield. Sy comparison,

Lowther et al (79) were able to extract much more collagen

from subcellular fractions of carageenan granuloma, e.g.

Nuclear fraction 160 Mgms.ccllagen/grm.Tissue
Mitochondrial fracticn 38 Mgms.collagen/gm.Tissue
Microscmal fraction 3.8 Mgms.collagen/gm.Tiss:

A more cellular material would therefore be

referable for the experiment in which the labeling cof
S g

-

collagen on subcellular fractions was to be followed ~,
In view of the obje tiqns to the use of the
carageenab granuloma which have previously been describel,
wound granulation tissue wWas chosen as a model. It was
necessary however to demonstrate the phasic nature of
1abeled amino acid uptake into collagen extractable from
this tissue as a whole, Eefore the cell fractionatign
studles could be undertaken. This will De deseribed in

the Tfollowing experiment.

Following the completion of the work here presented,
report was published by Urivetzky, et al {143) in wh
microsomes were successfu11v isclated from skin of 1
old rabbits. Up to 160 gms. of skin were used 1n th
pfepavatlon put no figures are presepted Gescribing the
vield of microsomal material.

Lo
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Introduection

The rate of collagen formation in healing skin

g

wounds was measur°d by Dunohy and Udupa in 1955 (24) who

i

g A £ - ~ 4 ] =2 o S 3 = B4 B o
showred that after an I0igiz]l lem period of fou> &0 [ige

days, collagen was rapidly produced for a further ten days

be s

until its concentration leveled off at about 50% of ths
normally found in skin. This work was largely confirmed by
Hosoda in 1960 (A1) who did not however study wounds older
than twelve days and conseguently observed no platezu Ir
collagen concentration. No plateau was observed 1n a2 study
Abércromhie et al (1) but this is probebly due Lo loss in
water afﬁer the twelfth day, which gives an apparent

continued rise of collagen concentration if determinzftions

UQ

are made on a wet weight basis. The work Hosodz and of
Abercrombie et sl was based upon wet welght whilst

Dunphy et al used dry welght of tlssue as =z reference.
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except that the collagen content of the wounds studied by

Grillo et al rose very rapidly for the first twelve days

T4

and then continued to rise more slowly for about thirty dzys
. A J 2

at which time it approximated that of normal skin. Much

other work carried out with healing wounds has been
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factors which are known to have a deleterious effect urpon
the rate of wound healing, such as cortisone {104)

em=nt however thzat
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Rheumatoid arthritis (60) and protein depletion (10
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collagen concentration in wound granulation tissus 1

increasing rapidly six to twelve day after wounding, end Iz
was thus felt that at this time, the granulation tissus of
an open wound would provide z useful model for 1nve Ligztionn

of collagen biosynthesis in subcellular "organs . Before

this fractionation can be attempted 1t is first neceesg8r¥®

=

W]

to confirm the presence oI ultiple peak phenomenon in

<

the tissue as a whole.
Experimental

Fifty young guinea plgs of about 300 gms. weight.

which were growing at 2z uniform rate, were used. The

animals' backs were shaved and cleaned with alcohol. Light

ether anesthesia was used whilst a circular piece of full

cm. in diameter was vemoved with

N

thickness skin about

-]
(S]]



£ K] - Tr 3 = Py B o e - ~ 3 . =
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infection which rarely occurred, but the ve Tew znimzlce

whoae wounds did become infectasd were not usad in the
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phvsiological saline and
aftew Injeetions B, 2.5: 3. #i Bs 5.5 B, Ta Bs
10 znd 127houvs.

The scab was removaed from the wounds and discardad.
At this time the wounds had contracted to a2 little more than
half their original area but the original skin edges were
quite clearly distingulshable from the newly formed
tissue. The granulation tissue was removed, care being
tazken hﬂt skin from the wound margin 4did no% cbntaminate
it. The tissue was immediately frozen in liquid nitrozen
and crushed as previously described. Collagen was extracted
as before with 0.1% M NaCl solutions but no purification
procedures were carried out.

The total extract was dlalvzea salt ?ree,
evaporated to dryness on the steam bauh and was hydfolyaea
in 6 N HC1 for three hours at 140°c. Hydroxyproliné was

determined on an aliquot of this hydrolysate.

1)

Hydroxyproline was isolated from the hydrolysat
¥ JP 3 J
by thin layer chromatography as described by

Myhill (88) (89) (see appendix 3), eluted from the chromatogram



and its concentration determined (153) Pollowed by

radioassay as be

I~y

ore.
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Results and Discussio

ot
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rhe regulos are p:eSEQUGQ in

a multiple peak of specific activities is again seen, con-

firming that collagen. synthesis 1p granulation tissue

3

follows an apparently similar pathway to that in skin.
The third peak is less pronounced than-in skin and occurs
at a somewhat earlier time, but as previously pointed out
the disparity may possibly be due to sampling freguency.

| It is felt therefore that this occurrence of z

miltiple peak in the uptake curve permits the use of this

L,

[k

tissue in the proposed investigations of isctope incorporation

5

on with subcellular

s

1)

into the collagen found in associat

{

fractions.

The possibility that one of the pealks is due to
the synthesis of something other than collagen can be
rejected on the basis of thls experiment. Due %o the fact
thét the specific activities presented here are on the basis
of isolated hydroxyproline rather than upon collagen, and
since the hydroxyproline found in the extract waston
dialysable it was %Thought probable that it was associated
with some large molecular species, perhaps 2s a peptide or

as a complex with soluble RNA.
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activity of hydroxyproline
from 0.14 M NaCl extractable

of guinea pig wound granulation
ollowing injection of
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TABLE 6
Time Total Specific Total
After Extractable Activity Extractaple
Isotope Cocllagen DPM/micro gms. Collager
(hours) micro gms. Hydroxyproline dydroxyprciine
Hydroxyproline ' DPM.gm.tissue
per zZm. Lissue
2 32 123 ko741 10450
oL 27.016 18340 2380
3 55.398 15257 ' 814L
I 10,132 11004 337E
5 60.627 34534 15840
5% 83.48 29999 19007
6 11,283 3913 253
T 20.451 13100 2000
8 Ly 07 5764 1936
10 22.T1 3033 506
12 28 5T 8515 1350
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DE felt that the latter possibility is : imote
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out cannot be wholly discounted. Such a complex may w1l

he extracted with the salt solutions used to extract

ccllagen but is is unlikely that it would behave as collagen

o

n method used in Buxperiments II, IILI and

I“"
&)

in the purificat
IV, which gave essentially the same results as the presant
expariment. Indeed the disappearance of the absorption
maximum at‘256 mgtwhich is associated with RNA, is one of
he criteria frequently used in this laboratory as a2 cneck
on the purification procedure used. This method was first
sugzested in this context by Grillo and Gross (38).

The unique occurrence of hydroxyproline in collagzen
means that any peptide bound hydfoxyproline is either bouna
into a complete collagen molecule or intova smaller A”“idg
nrecursor of collagen. If such a precursor exists,

(it has never been described) and its presence indeed
accounts for one of the peaks of speecific actlivity in this
experiment, then that peak should be much reduced in
Exzperiments II - IV, where collagen, was highly purified.

This is not the case and it is tTherefore concluded thzt the

=]

"T'

rydroxyproline specific activities shown in Fig. 5
represent hydroxyproline incorporated into a complete

collagen molecule.
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EXPERIMENT VII

Introduction

1
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Since the previous experimant
wound granulation tissue was a suitable one in which %o
study”the multiple peak phenomenon”, the following
experiment was carried out. It is an attempt to investigate
whether the transfer of newly formed collagen from one
subcellular "organ” to ancther is responsible for the

Tivity of collagen extracted

L
[
(@]
m
O

fluctuations of speci

from tissue as a whole.

Methods

Wounds were made as previously described on forty-
eight young guinea pigs and allowed to heal for ten days.
At which time 21l animals were injected intraperitoneally

with 50}LC 3,4, H3 proline. The guinea pigs were

See

decapitated at the following times after isotope injection
2, 2.5, 3, &4, 5, 5.5, 6, 8. Wounds from six
animals were combined for each time point.

Wound granulation tissue removed as described in
experiment VI, was homogenized and subjected to differentizl
centrifugation exactly as'employed for skin in Experiment V.

The fractions were named Sed. 700 g, Sed. 5000 &,
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and Sed. 105,000 g according to the g value employed to

0

bring about theiv sedimentaticn in the ultracentrifuge.
These terms are purely operational corresponding to the
more frequently used terms, debris and nuclel, mitochondria,

and do not

W

i
~ bk

vi

and microsomes, which are also operational ©
necessarily correspond to "organs" existing within the
cell before its disruption. Samples of the sedimented

pellets were taken for electron microscopic examination.

Collagen extraction

The various sadiments were twice extracted
overnight at 2°C with 0.14% M NaCl solution prepared as
before.

After ciarification on the centrifuge the extracts
were dialysed exhaustively, evaporated to dryness and
hydrolysed in 6 N HCl for three hours at 140°C. Total
hydroxyproline in the extract was determined (153) and a
known amount of unlabeled carrier hydroxyproline added to
the material isolated from the Sed. 105,000 g fraction.

This was considered necessary due to the relatively small

amounts of collagen extractable from this fraction.
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Hydroxyproll thin laver
caromatozraphy (see appendix 3) and radioactivity assayed
as before.

& correction was made when specific activities

were calculated to allow for the carrier hydroxyproline

iy

FJ .

(Y]

added, any.

Results and Discussion

The very large differences between the amounts
of the three sediments and hence of the amount of collagen
extractable from them would make comparison of total
activity difficult and probably valueless. For this
reason, specific activities only are presented 1n this
experiment.

These specific activities are presented in
Table 7 and in Figs. 6a, 6b and 6c.

Electron micrographs of tThe three fractions
isolated are presented in plates 1, 2 and 3.

Very obvious differences can be seen betwaen
the specific activity curves of the three subcellular
fractions, but no clear cut separation of the peaks 1%

seen, i.e. it is not possible to ascribe each peak to a

[

tne

ct

separate fraction, The results are anomalous in tTha
highest inltial peak is seen in the Sed. 5000 g fracticn,
thus implicating mitochondria in the first phase of

collagen synthesis.
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Specific activity of collsmgen BydronyFeiline
extracted from 3ed. 700 z fraction of

wound granulation tissue following

injection of HJS proline.

Specific actlvity of collagen hydroxyproline
extracted from the Sed. 5000 g fraction

of wound granulation tissue following
injection of H- proline.

Specific activity of collagen hydroxyproline
extracted from the Sed. 105,000 g fraction
of wound granulation tissue following
injection of H2 proline.
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Fire S2d., 700 2 Sed. 500

Afcer fraction fractl
Isotope
(Hours)

2 3591 13739

2.5 oL 4kol3

S 14451 65156

4 10464 4621

5 5809 1310

5.5 2099 203

6 10672 11790

3 31100 599%



Plate 1

Electron micrograph of the Sed. 700 z
fraction of woundéd granulation tissue

from guinea pigs. HMagnification x 24
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Plate 2

Electron micrograph of the Sed. 50090 gz
fraction of wound granulation tissue
from guinea pigs. Magnification x 24,8 J0.
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Plate 3

Electron micrograph of the Sed. 105,000 gz

—~

fraction of wound granulation tissue

from guinesa ¢

"
iZs.

Magnification x 26,8 20.
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Lowther et al {79) on the other hand always
1
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found the highest activity in col
microsomal fraction of carageenan granulomata. Examinaticon
of Plate 2 to a certain extent resolves this anomaly

since the Sed. 5000 g fraction i1s seen bto contain numerous
beaded vesicles which are thought to represent endoplasmic
reticulum. The Sed. 105000 g fraction (Plate 3) contains
large numbers of much smaller vesicles, most of which are
not beaded, together with many free particles which may be
free ribsosomes.

The Sed. 5000 g fraction also contains several‘
striated collagen fibrils, together with some much filner
fibrillar material, perhaps intracellular collagen
filaments. Ncoidentifiable mitochondria are seen.

Peach et 21 (101) demonstrated in 1961 that the
endoplasmic reticulum of fibroblasts in regenerating
tendon was composed of beaded vesicles with very irregulsr
sizes, and it can be calculated from Peach's plates that
the range of diameters of these vesicles 1s about 1.7 to
13 microns, there being a continuous distribution between

these sizes.

o)

The largest vesicles seen 1n Plate 2 have
diameter of about 13 microns whilst the smallest in Plate 3
have diameters of about 1.9 microns and these figures agree

very well with those calculated from Peach's plates. It is
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thue nropesed thet the 4if
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concentrotes tThe omal,

Sed.105000 o frzction =snd the larger in the Sed.5200 3
Ffraction.

The Sed. 700 z frazction (Plate 1) appears quite
amorrvhous and no inferpretaiion c3n be m2de or Tthis plate

fraction and Sed. 5000 z fraction, as shown 1n platea 1 & 2,

any single subcellular comgonent found in these fractions.
The Sed. 10500C g fraction con the other hand appears gulte
homogeneous {Plate 3) and still cemonstrabes three peaks
of activity which thus suggests that
postulate" is incorrvect.

It thus becomes obvious that the technique of

&

isclating subcellular comgonents from liver cannot he
1

ted Lo connechive fissue. The extreme.
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difficulty of homogenisatio

impcrtant is the apparent disparit es 2t

vy between the rat
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which components from The twu
centrifuge. The development of & new technique for the
homogenisation and differential centrifugation of connective
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tigsue wnhich would produce
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clean"” homogensous
is no doubt desirable, but is a méjor undertaking which
it was decided not to attempt at this time.

Due to the appearance of multiple peaks in the
Sed. 105,000 g fraction, it is probablé that either
breakdown and resynthesis, or pulsatile synthesis as
described in items 7 and 6 respectively, (pages 56 & 57)
is responsible for the multiple peak. For reasons
previously stated it is felt fhaﬂ pulsatile synthesis is

not likely to occur.
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EXPERIMENT VIII

Intreduction

This experiment was designed to confirm the

}

occurrence of mulfiple peaks of specific activity in tn
Sed. 105,000 g fraction, which as was shown in the
prévious experiment is the only fraction which can be
obtained in a relatively homogeneous state from
connective tissue homogenates. This fraction corresponds
to the microsome fractions of Lowther et al (79) and

of Prockop et al (112) which is considered by both of these

workers to be the site of collagen synthesis.

Methods

The experimental procedure was the same as that
described for Experiment VII with the following exceptions.
Each animal was injected with 40 uC 3,4,H3 proline.

Animals were killed and wounds removed at the

U]

ollowing time intervals after injection, 1.5, 2, 2,5,

3, 3.5, 4%, 4.5, 5, 5.5, 6, 7, 8, 9, 10, 12 hours.
No attempt was made to fractionate the homogenate

into Sed. 700 g and Sed. 5000 g fractions by centrifugation

due to the inhomogeneity of fractions thus prepared. A

single fraction was instead obtained by centrifuging for

ten minutes at 10000 x g. This fraction was washed twice
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at 17,000 x g and discarded.
The supernatent apd washings from this were

centrifuged for one hcur at 105,000 x g the sediment

washed twice as before, and labeled Sed. 105,000 g fracticn.

The above procedure is essentially that described by

o
1

£ oo 3 1 i ) 1 - 3
{112} feor the isclation of chick embr

39
)
J

Prockop et

F

microsomes,.

Collagen was extracted from the Sed. 105,00C g

fraction, dialysed and hydrolysed, as previously described.

Isclation of Hydroxyproline

The methed of Prockop et al (111) was employed
for the separation of hydroxyproline. (The methed is
delscribed' in detail in appendixz 4, together with trial
runs performed on standard samples of gelatin and labeled
amino acids.)

In brief, the method consists of treating the
hydrolysate with an oxidising agent, the oxidation
products of all amino acids cther than hydroxyprolilne are
preferentially soluble in organlc solvents, and these are
removed with chloroform and toluene. Upon heating, the
Pyrrole-carboxylic acid which is the initilal oxidation
product of hydroxyproline is converted to pyrrole which is
extracted into toluene.

The pyrrole content and the radicactivity can
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both be conveniently determined

Results and Discussion

o

07 collagen extracted from The ZBed. 105,000 g fraction,
a multiple peak of specific activity is again seen which
is in agreement with the results of Experiment VII.

The confirmed presence of a multiple peak of
specific activities in the subcellular fraction which is
congidered to be the site of protein synthesis shows that
at certain times, more label is being incorporated into
newly synthesised collagen than at others.

It can be seen that cocllagen synthesis does not

-

activity 1s low since

=

cease at times when the specif
collagen is always extractable at these times, and this
mediates against the pulsatile synthesis ides. Incorporation

1y

of labeled amino acids is nevertheless higher at certain
times and it is felt that this is due to a greater
avallability of labeled amino acid at this time, a point
which will be developed in detaill in the General Discussion

secticn.
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Specific activity of collagen hydroxyproline
extracted from the Sed. 105,000 g fraction
of wound granulation tissue following
injection of H3 proline.
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Some speculations upon the origin of the multizgle

specific activity peaks were presented in a previous

the multiple peak phenomenon.

Explanation number 1, page 54, that the result
is an artgfact is considered quite unlikely since the
existence of multiple peaks has been subsequently
demonstrated many times. It can be shoﬁn to occur in
skin, and wound granulation tissue when the radicactivity
is measured either on collagen as such, or upon
hydroxyproline isolated from collagen; Claycomb 1 has z1s0
been able to demonstrate a multiple peak of radicactivity
in collagen isoclated from the gingiva of the same animals.
used in some of the author's experiments.

The possibility of relabelling taking place due
to the lability of tritium in glycine, followed by a
subsequent uptake of this relabeled amino acid can be

discounted for many reasons. As previocusly degcribed

4

(a)

C. K. Claycomb. Personal communication, January 196



(pege 54 ) this is unlikely in theory. In addition, no
change 1s seen in the uptake pattern when C'Lr glyeline ‘i3

J-)
used instead of H” glycine (Experiment IV).

1ling argument however can be

®

Perhaps the most t
made from results of Experiments wbere B,Q,HJ proline was
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or 25% of the tritium label of proline is known to ke lost
upon.hydroxylation (27) and yet no change is seen in the
uptake pattern.

The possibility that contaminating proteinsbar
responsible for one or more of the peaks whilst collagen is
only represented by a single peak is not thought to be
tenable for the foll ng reason. | |

The use of labeled proline and the isolation of
its product, labeled hydroxyproline gives the same results
as the use of lateled glycine and isoclatlon of collagen.

As previously stated, no other animal proteins contain
hydroxyproline, which suggests that the results do in fact
represent only collagen biosynthesis.

The suggestion that newly formed collagen is
transferred from one intracellular site to another and -
that its extractablility is affected as a result of this
transfer was previcusly made by Bentley and Jackson (8) in
a pfeliminary report of this work. The fact that a rmultigle

peak phenomenon can still be demonstra ed in a relatively
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suggestion unlikely however,
The experiments offer 1little evidence rcr or
against possiblility number 6 page 55. . However, as

in order for pulsatile synthesis tc

v}

previcusly stated
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produce a discontlinuous uptake curve, a large ma
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cells 1in the tissue must be supposed to be in phase withn
one another. They must all be assumed to start making
collagen together and stop together. WNewly formed
collagen 1is nevertheless always extractable from tissue,
and even from microscmal fractions and we can thus assume
that}its synthesis is continuous rather than discontinuous.
In the experiments presented here it is the incorporation

of label which is discontinucus and this is felt to

'ﬁ

reflect variation in the avallability of labeled precurscr
i.e. variation of the specific activity of free aminc
acid or of some more immedlate precursor.

The existence in the extracts of a small
molecular weight collagen precursor containing both glycine
and hydroxyproline is a possibility. It is unlikely
however that such a macromolecule would behave 1n &
similar manner to collagen in the purification technigue
used. It is to be expected that any such "impurity” would
be removed differentially in the experimenés where éollagen

was purified and so cause a marked diminution of the first
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precursor molecules, a so called isctope effect. 1t &g
hichlv improbable that positive and negative isotope
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4 second influence upon the specific activit

of a newly synthesised protein molecule is specific zeotivi

of the free amino acld pool, i.e. the ratio of labeled %o

unlabeled.
"It is known that following the injection ¢

014 1vc1we the specific activity of the free glyecine in

equilibration the tissue free glycine behaves similarly (5E).

This, together with the fact that collagen Is

@

material which 1

O

progressively aggregated int

s
concentration (68) zives

ot

able with any particular szl
rise to the classical uptake curve of labeled glycine int
extractable collagen (57) (6%) which will be examined in

Fig.8.

s will operate during alternate hours in one systam.
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Collagen
Specific Activity

Explanation Fig. 8

free pocl of high specific activity and for a pericd of
time this collagen is extractezble with e.z. O0.14 M NaCl

solution. An amount of collagen formed prior to the
specific activity of the collagen thus extractable at A

A to B The specific activity rises for twec
reasons, a) more labeled collagen is added %o the exiract-
1 .
able "pool" by synthesisz and, b) preformed unlabeled

collagen is removed from the "pool" by aggregation.

108



being removed from the extractable

The curves resulting from the present experimant

third peaks as time progresses and it is felt that this can
only be due to a rise in the specific activi
collagen precursor amind geld pool. ©Elnee 1
shown that the plasma and tissue free pools do nct show any
subsequent risesvafter the first one {57) then it is
‘postulated that these pools do not represent the immedizte

L

precursor of collagen.
It was first shown by Cowie and Walton (12) (12)
in 1956 that two functionally different pools of nuclelc

acid bases are present in the Candida utilis cell.

Later (20) they described analagous pools of
amino acids in the same organism and these they named
"concentrating pool’ and "conversion pool". The former
éccumulates amino acids within the cell %o & higher
concentration than that df the medium. The amino acids in

this pool are exchangeable with tThose of the medlium and
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in the medium.

The conversion pocl on the other hand is of

conatant size even whah no exogenous amino acids are
supplied, in this case the amino a ds of this pool are
jepived from new syntheslics.

organism they are taken up by the “concentrating pool" and

"o.onversion pool”, and thence into

ot
e
0
[ 3]
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=rred to the
protein, If the labeled medium is now replaced by

1

unlabeled medium, the amino aclds of the concentrating

pool” freely exchange with the medium and the specific
activity of this pool falls. The specific activity of the
conversion pool is however — virtually  una ffected, as is
that of the protein which is being synthesised. Cowie
suggests that the contents of this conversion pool are

held ir sssociation with some macromolecule, probably

O
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xplains their nonexchangeabllity

A similar experiment, in which bone chipstiere incubated
with 1abeled proline followed by washing and transfer to 2n

unlabeled medium has recently been described by

Flanagan and Nichols (29). They found that collagen was
rogressively labeled for as long as six hours after

removal of the lzbeled medium, the experiment being

terminated at this time.

— -, ~r - o ne 4= L SR, 2 Y e % 4 = = By
che pocl does neot exist 1p the agsence oL aming 2oi83
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This is taken to mean that a certsin amount of the labeled
proline within the cell is not exchangeable with the medium proline

and is used preferentially for collagen synﬁhesis.

Intracellular Recycling

Tt is suggested that a similar "conversion pool! exists in
vivo in fibroblasts and that this accounts for the mulitiple peak
phenomenon. This can best be explained by means of a diagram based

upon the uptake of labeled proline into microsomal collagen (experiment 8).

Collagen
Specific Activity

Time after isotope

Fige 9
(for explanation see text)
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A to B -~ The collazen specific activity rises
as newly formed collagen 1is added to unlabeled collszen
which is still associated with The endoplasmic reticulum,
At the same time tne specific activity of the conversiocon

pool is increasing as 1%t ¢ains labeled proline from uhe

-

OJ

A= Y e 1 el b e Ty ot i = £
COﬁ’eBufﬁv¢Gd pooLy UNLS ALl30 conbributes Lo the rise ¢

-~ The specific activity falls because

labeled collagen is being removed from the endoplasmic

.

reticulum and replaced by less highly labeled material,

newly formed from the conversion pool whose specific
activity is lowered at this time.

It iz suggested that some of the highly labeled
collagen formed between A and B is now brecken down by some.
ﬁechanism which reléases its constituent amino acids intd
the conversion pool only. Since this pool 1s conceived wo
be non-exchangeable with extracellular amino acids, the net
result is that more labeled proline is available for
conversion to hydroxyproline and incorporation into collagen.
The resultant increase of specific activity in the
conversion pool then leads to the second rise of collagen
specific activity seen between C and D,

Subsequent breakdown and resynthesis account for

the third rise seen from E to F.

Over and above this of course much collagen escapes
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a secreted from the cell and gives risae to the prozressive
=F jud £y

-

or

labeling of tobtal collagen which is we

purified collagen from the skin O
measured the specific activities of the isolated proline
and hydroxyproline. He found that a multiple peak was
presen't in the specific activities of both but that the
proline peaks always preceded the hydroxypreline peaks.
Thus at any one time the specific activities of the twe
imino acids were different even after corrections had been
made for the loss of tritium from the number 4 carbon atom
of prolihe, which takes place upon hydroxylation. This

discrepancy may be attributed to the time required for

f

hydroxylation and is in agreement with the work of
Peterkofsky et al (105) who demonstrated a twenty minute
lag between the appearance of labeled proline in profein,
and labeled hydroxyproline in protein when chick embryo
microsomes were incubated with C:“'L proline.

If the conversion pocl proline specific activity
rises due to collagen breakdown Then a lag will occur
pefore a similar rise 1is seen in the hydroxyproline.
Collagen formed at this point will thus contaln “"relatively

hot" proline and "relatively cold” hydroxyproliné, since
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this hydroxyproline was fermed before the postulated
3 e £

1

breakdown which supplemented the prcline specific achiviiy,
£ b : J

At the end of the hydroxylation lag, the conversion gool
J g 1Y

-

hydroxyproline specific activity will be higher than %hat

D%

e proline since this has fallen dus to 1t3 remcwal
into protein. Cellagen formed now will contain "relatively
hydroxyproline and "relatively cold" proline.

The above hypoﬁhesis makes cerﬁain suggestions
which are not proved in the data presented here and indeed
are not susceptible of proof.

For example, it 1s suggested that some newly
formed collagen is broken down to 1ts constituents whilst
some is not. This bréakdown cannot occur immediately upon
synthesis orrthe enrichment of the activity in the coéversioh
pool would be continuous. 4 lag between synthesils and
breakdown must therefore be postulated to account for the
discontinuity of the specific activity curves.

It i3 also basic to the hypothesis, that
breakdown products, i.e. amino acids, must remain in the
conversion pool so that dilution of radlogctivity will not
occur.

Even though no direct evidence is available to
suppoft either of these contentions, 1t is felt that at the
present time the breakdown and resynthesls hypothesis is tThe

. oo ¢ . 1 1
best explanation cf the "multiple peak phenomenon'.
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ollagen extracted from the skin of these animels (Fiz.2b).

]
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It can thus be suggested that none of the newly formed
collagen is broken down in these animgls after its initial
synthesis. It must be stressed howaver that the totzl
amount of collagen synthesised per unit weight of tissue is
always smaller in scorbutic animals (Table 2).

An alternative suggest;on is that breakdown does
bccuf but that the amino acids thus released are not held
in the bonversion pool available for new synthesis. |

It is not possible to distinguish between these
two possibilities from the data presented. Indeed, until
more information is available about the proposed brezkdcwn
and resynthesis mechanism, interpretations of possible
alterations in this mechanism can be nothing but speculativs.

A somewhat different disturbance of the normal
pattern of labeled amino acid incorporation into protein has
recently been noted by Gross © in the lathyritic chick
embryo. Multiple peaks of collagen specific activity were
seen in bones from this animal following injection of labeled
proline onto the chorloallantoic membrane, and these peaks

1 Gross, J. Personal Communication. August 1962.
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were greatly exaggerated when lathyrism was induced by tha

09

about by the breakdown of collagen and his results could

i)

thare

i

cre be usad as evidence in favor of the breakdown

and resynthesis hypothesis presented here. It must be
borne in mind however that the chick embryo is a completely
closed system and may not be at z2ll analagous to

mammalian tissues due to the obvious possibilities of

metabolite recycling.
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The uptake of radiocactively labeled amino =zcids

into colizgen extractabl

wound

D
i

from skin aw
tissue has been studied at very frequent time intarvals
following administration of the tracer. A characteristic
rising and falling of collagen specific activities was
seen in all experiments even when the collagen was
extracted from a centrifugate which is considered to
represent endoplasmic réticulumt

Several possible explanations of this phenomenon
are consldered and attempts made to eliminate some of
Them experimentally. On the basis of this, a hypothesis
is put forward which is felt to be the most logical
interpretation of the results.

It is suggested that soon after coilagen is
formed, some 1s broken down and that its constituent
amino aclds are utilised preferentially for the synthesis
of new collagen.

Other experiments indicate that this mechanism
is affected in vitamin C deficiency, no breakdown and

resynthesis being evident in this condition.



APPENDIX £

Guinea Pig Diets

Alfalfa meal
Wheat Millrun
Ground Barley
Ground Oaté
Soybean meal
Cottonseed meal
Cane Molasses
.Salt

Minerals

%0.0%
15.0%
18.05%
10.0%
7.5%
5.0%
2.5%
0.5%
1.45%

(Defluorinated phosphate, Ground Limestone,
Potassium Iodide, Copper Sulfate, Manganese
Sulfate, Magnesium Sulfate, Cobalt Carbonate,
Fenous Sulfate, Zinc Sulfate.)
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Vitamin C Free Diet

MacDonald Guinea Pig Basal Diet #5 (14)
(Compounded for us by Ralston Purina Co., St. Louis, {o. )

Ground QCats 15%

Ground Wheat 13% (See note 1)
Ground Dried Beet Pulp 25%

Linseed 0il meal 12.5% (See note 2)
Skim milk powder 15%

Fish meal 5%

Brewers dried yeast 10% |
Bone Char 4% (See note 3)
Salt (iodized) 0.5%

NOTES:
1. 5 1bs. of this may be replaced 1if desired by an

equal weight of molasses for greater ease in pelleting.

2, Purina substitute solvent extracted soy bean
meal on an eguivalent protein basis.

| 2 Purina substitute diCaleium phosphate to give

equivalent calcium and phosphorous levels.

4. If animals are to be maintained on this diet for
prolonged periods they should be given supplemental
vitamins A, D and E. It is of course completely lacking

in vitamin C.



ADDERAMTITY
APFERDIX 2

Radioactivity determination by liquid
scintillation spectrometry

The Tri-Carb liquid scintillation spectrometers
314 X and 314 EX-2 (Packard Instrument Co., La Grange, ILL.

were used throughout.
20 ml. low potassium vials #3001-14 with tin
foil lined toluene resistant caps were obtained from

Wheaton Glass Co., Millville, N,J.

Fluor Solution

0.4% 2, 5 diphenyloxazole (PPO) and 0.01% (PCPOP)

p-bis(2-(5-phenyloxazolyl) benzene,in toluene was used as

a Fluor.

1 M Hydroxide of Hyamine 10-X in methanol was

used as supplied from Packard Instrument Co.

Technigues - Sample preparation
a L

When intact protein or hydroxyproline isolated
by chromatography were oounﬁed, a measured aliquot of their
solutions in water, containing a predetermined amount of
sample, was placed in a spectrometer vial. Where possible,
between 1 and 5 mgms. of protein was counted. The solution
was evaporated to dryness in a desiccator and 1 ml. of

Hydroxide of Hyamine solution (115) was added.

=



The tightly cappred vials were hested at 55
a few hours until a clear solution was obtained. A
cooling, 10 mls. of Fluor solution were added and the

vials placed in the spectrometer to dark adapt. This was

0

nce the fluor is excited by ultravicliet 1light
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room lighting. Two hours of dark adaption was
routinely employed.

In Experiment VIII where hydroxyproline wzas
converted tb pyrrole prior to isolation, no hyamine was

needed to solubilise the sémples in toluehe.

Counting Technlgues

When 014 or 58] compounds are counted alone in ths
spectrometer, instrument settings are chosen which present
maximum efficiency coupled with minimum background on cne
of the scalersonly, the data on the other scaler being
ignored.

Each sample was counted severalrtimes until =
sufficient number of counts had been accumulated. The

inimum counting time which would give statistically
significant reproducibility was determined by the method
presented on page 126.

After the initial count rate of each sample had

§—

been determined 1 ml. of internal standard in toluene

containing a known amount of radioactivity; expressed as
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2gs, disintegration per minute (DPH) was added to each.
o 3 2o . . 14 - ; i3
The internal standards consisted of Benzoic zcid o»

H2 Toluene. The samples were then recounted as before.
The increase in ccounts per minute caused by addition of

standard permit ~tad the counti ng efficiency for each sample

18, Increase in CPM = efficlency
DPM added

The initizl count rate of each sample cculd then be con-

verted to DPWM,

flo
Y

Initial CPM = DPFM
gfficlency ’

and,
DPM = Specific
amount of sample counted activity

Double Label Counbing - (Okita et al (95))

Instrument settings were chosen which cause most
of the counts due to tritium to fall on one scaler and
most of the Clbr counts on the other.

After initial counts are completed, Tritium
internal standard is added and the ratio of counts falling
oLk

on the two scalers is determined. is %then addad and s

similar ratio determined. Okita et al (95) derived
equations into which the above ratios are substituted, the
equations are presented below together with specimen

calculations.

=t
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Calculation of Spec

M4 = Net cpm on scaler 1
No = Net cpm on scaler 2
iy, = net. tritium cpm on scaler 1
By = Yet C1% cpm on scaler 2
a = Ratlio of Increase due to H3 standard cn
Scaler 2
Increase due to H3 standard cn
Scaler 1
b = Ratio of Increase due to Cl% standazd on
Scaler 2
Increase due to Ct% standzrd on
Scaler 1
Hy = b N1 - Npg
N b—a
Co = b(Np - El)
b-a
H3DPM = Hj
Scaler 1 H3 "efficiency
Mopy = c2

Scaler 2 CTF effieiency



™

0

Rt e LA g

£330 ‘;;.’-E‘l SN T T
PO Fs QRN Yo W BV I o S SLE S

Mean net initizl coun

Mean count rat
addition of
same isotope

1 6
$ (0
]

g

ct
s
%]
ct
[¢4]

o
£ O
O A
O

4=
4O
o= (OV B WS

i

cpn

cpm

fC
1807 DPH

1063 D25 /mgn




Double Label Counting

I Original [ Counts Per Counts 2er |
Counts Minute After Minute aAlter |
Per Minute Addition . of Addition of
s DPM 8 1633 DpPx ¢ 14
T T2 Ti T2 3 T2
X C.B.H, 257 497 58 | 1481 31173 236k
701 934 215 333
Increase = I =
Sealer 1 backgrdund = 50 Hy = leb— N2 = 16¢
Scaler 2 background = 65
: " S ek 160 = 7
Ny = T1 -~ background = 21 H” DPM = S ayre
1 = T1 - backgro '} 5.06T d
Nz = T2 - background = 432
s - 1 -
Scaler 1 H3 efficiency = 0.061 cT = D(N2 - ahl) = 155
- b-a
Scaler 2 Cl* effigiency = 0.51 ¢
3 \ cl¥ ppm =195 = 332
H3(Ip) = a =984 = 1.h40 0.51
(I71) !
Mgms. sample
- counted = 5.35
6+% (Is] = b = 883 = k.10
- i) 215
N H3 specific activity
in DPM per mgm. = 312
ali = 303
bN; = 890 | c1* specific activity
ian DPM per mgm. = 1L
b-a = 2.70
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Determination of Yinimum Counting Time

This is determined by substitution into ths

4

following equation

& = K2 (NS + J Nstb)

o
(S -Tp)2

A

where tg = minimum time that a sample must be
counted so that the standard error
will be within £ ¢ % of the %true
count rate.

& = level of probability

Ng = Total count rate

Ny = Background count rate

K = Normal curve function i.e.

1.96 for 5% level of probability

example - if expected count rate is 50 cpm above background
e el 0 3 o oy ET
which is 16.Then at the 5% level of probabllity.

kg = 5(1.96)2 (66 + V66 % 16) = 60 mins.
/=
ETﬁ'O‘ (66-16)3

1 Dr. D. A. Rigas - Personzl Communication. February 1951.
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Imino Acid separation by Thin lLayer Chromatography

Aggaratus

Désaga-Brinkmann apparatus was used.
The applicator was non adjustable giving a
standard layer of EBOthhickness. The glass plates used

“were 8" x 8",

Reagents

Nitrous acid reagent was prepared by slowly

adding 3 mls. of 40% agueous sodium nitrite to 10 mls. of

concentrated HC1 in an ice bath.
_Proline and hydroxydroliné standards were

purified by chromatography on Dowex 50 x & (H) resin.

Procedure

Protein was hydrolysed in 6N HC1l for three and

|-+

one half hours at 140°C in sealed tubes. Hydrolysates were

decolorised with activated charcoal, filtered and evapcrated

to dryness under a stream of nitrogen. Excess nitrous acid

reagent (1 ml/mgm of amino acids) was added to the

hydrolysate residue, allowed %o stand at room temperature

for ten minutes then heatedto 140°C until the color was

faintly yellow. The acid mixture was evaporated in a steam

path and the residue extracted once with 5 mls. of ether to

Supplied by Brinkmann Instruments, Inc.
115 Cutter Mill Rd., Great Neck, N.Y.



]

remove deamination products. 1Imino zclds are inscluble

taken up in 0.1 ml of 70% ethanol. This left much of the

1# hehind. This sclution was used for chromatography.

SV}

3

Chromatography

Cellulose powder {M300, Macherey, Nagel & Co.
i " bl
Duren) was suspended in distilled water and plates were

spread using the applilcator.

10 gm. of cellulose in 200 mls of water was found

suitable. Plates were air dired and stored in a desiccator

The unknowns and marker spots of nitroso imino
acids were applied to the plates in 10-20 microlliter
volumes containing 100-200 microgms. for

5
butanol, acetic acid, water solvent (63;27;10 v/v), plates

were dried at 110°C for 10 - 15 minutes. Marker spots were

sprayed with 0.2% ninhydrin in acetone or 0.4% isatin in
pray /

N-Bfitanol containing 4% acetic acld and heated for a few

minutes at 110°C. Positions of the .unknowns were mazed by
reference to the sprayed spots. A sligally larger area
approximately 1 cm. beyond the apparent spcot was scraped
off the plate with a razor blade.

The cellulose was extracted twice with 10 mls of
boiling distilled water.

e

Supplied by Brinkmann Instrunents, Inc.
115 Cutbter Mill Rd., Great Neck, N.Y.
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radicactivity are made on this eluate.

The determination of hydroxyproline by the metno
of Woessner (153) and the Proline determination of

Troll and Lindsley (141) work egually well for the nigr
derivatives as for the imino acids themselves.

The method can be used for mixtures containing
ﬁp to 0.5 mgm. of each imino acid per spot.

The overall recovery is between 58 and 63%.
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Hydroxyprroline isclation by the tcecluene
extraction method of Prockon et al {111)

ons wWere used:

o
N

sotud

|
iy
[$]

followin

04

0.2 M chloramine-T (Eastman Organic Chemicals) in distilled
water, prepared daily; 0.2 ¥ sodium pyroghosphate,
pH 3.0, in distilled water; 1.0 M sodium thiosulfate in

distilled water; toluene (American Chemical Society

fode

specifications); 1.0 M Tris buffer, pH 3.0, in distilled
—Dimethylaminobenzaldéhyde or Ehrlich's reazzent

(analytical grade; Matheson, Coleman and Bell) was prepzved

in the following manner. Concentrated sulfuric acid

(27.4 ml1) was slowly added to 206 ml of absolute alcohol in

a beaker and the mixture was cooled. In another bheaker,

120 g of p-dimethylaminobenzaldehyde were zdded to 200 ml

of absolute aleohol, 2nd then the zc¢id-ethanol mixture was

lowly stirred into the gecond begker. The sclution can ba

[£44

kept in the refrigerator for several weeks. The crystals
which precipitate upon cecoling can easzlv be redissoclved br

warming the solution briefly -,

.
Cceagicnally it is necessary Lo recrystallize the
n-dimethylaminobenzaldehyde from ethanosl to minimize
absorbancy of the reagent blank.

=0



nobin{2-{5-rhenylaumeolyl) benzeng {Pilot Ghemienls, In.;

in 1.0 14itzv of telusne, I the S 30N 28 orgheaten 2544

lich%. 1t can be stored in 2 refcizeretor for Geverll wesss.
The eculturs tubes used were serew capped with

Teflon liners, 200 mm in length and 25 mm in outside
3 <
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Procedure

-

Samples were hydrolysed in 6 N HCI gk W% Few

ot

hree hours. The hydrolyzates were evaporated to dryness

and redissolved in about 5 mls of disgtilled water.

Oxidation and Conversion to Pyrrole

The pH was adjusted to 8.0 0.5 with dilute H20H,
Q

and the final volume was made up toO O fo 1D ml. Pyropnos;hzté

After twenty minutes, oxidation was stopped with 20 nl o

Sinece the immediate oxidatlon products of

Sy

hydroxyproline present at this stzze are water-soluble,
1abeled organic-soluble materials, which would 1a£er
interfere with the isotope counting, were removed 0y severzl
extractions with chloroform and toluene. The pH was

seadiusted to 8.0 if necessary, and 6 ml of Triz buffer znd

¥
A%

[
-

10 ml of chloroform were added. The top was secured znd

1

he

amnla was

[0)]

2]
=

the tube shaken vizorously 100 times.
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centrifured briefly at 1owW sgecd O ~nsule gecodeEitn ol
5 3 £ T o I SR Y-, Y

chazes, 2nd the chloroform laye™ Was drawn off from the

bottom. The chloroform st be vemovad completely to zveoll

with 2 1liberal excess of sodium chloride and the agusous

and a fifth time with 11.5 ml of toluene. The tube w23
shaken vigorously 100 times for each toluene extraction
andvcentrifugedvat low speed for complete separation ol
phases. The pH should be checked after each extraction,

and occasionally it is necessary to =dd dilute alkzli to

maintain the pH at 8. A total of 10 nl of toluene from the
final extraction was placed in a counting vial to serve s=s

a blank for scintillation counting.

Conversion of Pyrrole

The residual toluene layer vwas discarded, znd the

tube was capped and placed in 2 boiling water bath for

}oe

25 minutes. This 1s sufficient to convert the intermedizte
oxidation products to pyrrele. The sample was then coocled
under running tap water, 11.5 ml of toluene were added, 2nd
the-tube was again shaken vigorously 100 times. Lfter

centrifugation, 10 ml of the clear toluene phase were

trancferred to a counting vial for radioactive measurement.

’—.J
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A 0,5-ml alliquot of the =zame Toluen

diluted with 4.0 ml of tcluene, and 21 of the Bhrlich's

3

reagent were rapidly mixed into the toluene. The color wss

allowed to develop at room temperature for 15 minltes,
e . 14 o5 mhee (] - - A 3 3 PN -
and the absorbancy at 500 mp was determined. Wwith 2

Beckman model B spectrophotometer, 0.10 wmole of redistil
pyrrole gives an absorbancy of 1.48 * 0.0l units. The
toluene aliquot must be free from any of the agueous phase,
since small amounts of sodium thiosulfate will cause the

color to fade rapidly.

by

Effectiveness of Method

In order to check upon the usefulness of the
method, trial runs were carried out to determine,
1) the amount of contamination of the lsolated

hydroxyproline derivative with radioactivity due to p calin

2) the recovery of hydroxyproline.

1) To three tubes containing varying amounts of
. L =
unlabeled gelatin hydrolysate a sample of ¢l proline was

added and the separation procedure carried ouf.

Results
Sample Micro gms. pey ¢l*  DPM found Percent
No. Hypro. Proline in added
added added pyrrole DPM
fractions
1 1150 41,388 138 e %
2 290 41,388 113 2ﬁ7p



- L s s ol .
2) 0.55 mgms. of gelatin were hydrolysed

hydroxyproline content determined, i.e.

Pa

.108 mzm. hydroxyproline/ml.

A 1 ml. sample was carried through

(=3
[y
el
[0

(ol

e . S VRN 4 et ; 3 ey - 3 3
progefduse an he pyryole devermine

33)

Results
O.BO'AM pyrrole recovered and this
0.30 MM of hydroxyproline.

Since 0.102% mgm. hydroxyproline was added =

therefore recovery = .80 x 100 -
S )7 I —
.02

(o
)
o))
<l
=
W

.82’AM

97.5% recovery

These resuli%ts showed that the method of

separation was suitable for use in Experiment

LV Eow 8 R
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