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HEBERDEN ORATION*

THE PROTEINS OF CONNECTIVE TISSUE
AND THEIR METABOLISM

BY

A. NEUBERGER, F.R.S.
St. Mary's Hospital, London, W.2

It is a great honour you have conferred upon me
in asking me to deliver the Heberden Oration for
1959. By inviting a scientist whose main contribu-
tions have not been in the field of clinical medicine
you have expressed a belief, which I share, that
important advances in our knowledge of the diseases
of connective tissue are likely to come from bio-
chemistry, immunology, and biophysics, and in
saying this I do not want to minimize the con-
tinuing importance of carefully controlled clinical
observations.
The man we are honouring today, William

Heberden, was a great gentleman and a scholar who
was proficient in Latin, Greek, and Hebrew, but
above all he was a great clinician. Heberden was,
I believe, the first person to separate clearly smallpox
from chickenpox; he was also the first to describe
night blindness, but probably his most important
contribution was to give a complete clinical picture
of angina pectoris which was done in 1768. The
underlying pathology of this disease, of which
John Hunter was a sufferer, was not understood by
Heberden, but was elucidated a little later by
Heberden's friend, Edward Jenner, who was the
first to describe the characteristic changes in the
coronary vessels. The discovery of the sub-
cutaneous nodules which are found in a large
proportion of cases of rheumatic disease and which
are named after Heberden, is probably one of his
relatively minor contributions. But William Heber-
den was not only a very good clinical observer; he
was interested in natural science in general. Apart
from being a Fellow of the Royal College of Phy-
sicians, he was elected a Fellow of the Royal Society

* Delivered by Professor A. Neuberger, F.R.S., December 4, 1959,
at the Wellcome Foundation, London, W.C.1.

at the age of 39, admittedly at a time in our history
when the proportion of medical men in the Royal
Society was much greater than it is now. Heberden
published several papers in the Philosophical
Transactions on medical and meteorological subjects
and his critical writings and lectures on materia
medica had probably considerable influence on the
reform of the Pharmacopoeia in 1788, which finally
purged the latter of superstitious polypharmacy.
We cannot nowadays aspire to attain the breadth
of interest and achievement which characterized the
life of William Heberden, but we may express the
hope that a broad educational background and a
lack of professional narrowness will remain dis-
tinguishing marks of British medicine in the future
as they have been in the past.
The subject of this lecture is concerned with the

proteins of connective tissue of which quantitatively
the most important is collagen. This protein or
group of proteins is widely distributed over all phyla
of the animal kingdom, the one exception being the
protozoa in which, to my knowledge, nobody has
yet succeeded to demonstrate the presence of
collagen. These somewhat unusual proteins which
have almost entirely mechanical functions in nature
are distinguished by several properties. One of the
most characteristic features of this group of proteins
is the large-angle x-ray diffraction pattern to which
Astbury first drew attention. In particular he
emphasized the 2 86 A meridional reflexion which
he thought represented the length of the peptide
chain along the fibre axis and to the equatorial
reflexions of 10 to 15 A, which were attributed to the
separation of the main chains. In addition, col-
lagens also have a characteristic small-angle x-ray
pattern of about 640 A, which was at first inter-
preted as indicating the length of the molecule.
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ANNALS OF THE RHEUMATIC DISEASES

The 600 to 640 A pattern is also observed in electron
micrographs of teased collagen fibrils and this
represents a unique feature of collagen of special
diagnostic importance. It has been known for
some time, through the work of Nageotte (1927),
Faure-Fremiet (1933), and Wyckoff and Corey
(1936), that part of the collagen of rat tendon and
of the fish swim bladder is soluble in dilute buffer
solutions of low pH. By adjustment of pH and
ionic strength and/or by addition of ionized organic
substances of high negative valency, the collagen
can be precipitated in the form of fibres. These
fibres may, depending on the conditions of precipita-
tion, have a structure resembling the native pattern,
i.e. a periodicity of about 600-700 A, one of approxi-
mately 200 A, they may manifest an identity period
of 2,600-3,000 A, or finally they may be featureless
electron-microscopically, i.e. show no band structure
at all. These findings have been fully discussed by
Schmitt (1959).
To the biochemist the most characteristic feature

of collagen is its most unusual amino acid com-
position. Collagen contains no tryptophan and no
cystine, and only small amounts of tyrosine, histi-
dine, and methionine. On the other hand, it is
rich in glycine, and in all the collagens of vertebrates
and invertebrates alike so far investigated, glycine
forms approximately one-third of all amino acids
present. Collagens contain fairly large, but variable,
amounts of proline and two amino acids, hydroxy-
proline and hydroxylysine, which have not been
found in any other animal protein, apart from
elastin which yields a small amount of hydroxy-
proline (Table I).

TABLE I

AMINO ACID ANALYSIS OF DIFFERENT COLLAGENS
(No. of residues per 1,000 total residues)

Collagens
Amino Acids

Steer Skin Coelenterata Spongin A
Gelatin Skin

Glycine.. . 334*0 311*0 315*0
Proline .. . 1310 63 *0 78 *0
Hydroxyproline 91*0 49*0 108 *0
Tyrosine 4-7 7.9 4.7
Hydroxylysine 6-8 25 *0 12*0
Lysine.25 0 27 *0 9*0
Histidine .. .. 4-6 51 3 *9

The great variability of the proline and hydroxy-
proline values in collagens from invertebrates
have been emphasized by Watson (1958) and
by Piez and Gross (1959), and the smaller but
definite differences in amino acid composition of
vertebrate collagens have been discussed by Eastoe
and Leach (1958). Mammalian collagens appear

to show smaller variations between species and many
of these are probably not outside the limits of error
of the method used. However, there is good evi-
dence that collagens from different mammalian
species are different (Table II).

TABLE II

AMINO ACID COMPOSITION OF COLLAGENS OF
VERTEBRATES

(No. of residues per 1,000 total residues)

Vertebrate Collagens
Amino Acids

Ox Ox Human Chicken Lungfish
Skin Tendon Bone Tendon Skin

Glycine .. .. 338-0 327 0 319-0 330 0 327-0
Proline .. .. 122-0 114-7 123 0 129 1 129 0
Histidine .. .. 4-5 4-8 5*8 4-2 4-5
Hydroxyproline .. 99*6 101*5 100*2 97*3 78*2
Hydroxylysine .. 6-3 - 35 9*6 6-3
Lysine .. 2886 33*2 28*0 19*0 23*5

This can be deduced with a high degree of
probability from the careful amino acid analyses
of Eastoe and Leach (1958), but in addition
Watson, Rothbard, and Vanamee (1954) found
that the complement fixation which can be pro-
duced in rabbits after injection of soluble collagen
is specific with regard to species, but apparently
not with respect to the tissue from which the
collagen had been obtained. On the other hand,
Pietz and Likins (1957) found relatively large
differences in the hydroxylysine contents of collagens
isolated from tissues such as bone, tendon, tail, and
dentin of the rat (Table III).

TABLE III

CONCENTRATIONS OF LYSINE AND HYDROXYLYSINE
IN SEVERAL COLLAGENS OF THE RAT

(N as percentage of total N)
(Data from Piez and Likins, 1957)

Rat Collagen Hydroxylysine Lysine Lysine
Hydroxylysine

Skin .. .. 0-81 4-68 5 8
Tail .. .. 105 3 *78 3 6
Bone .. .. 174 3 6 193
Dentin .. .. 2-29 2- 58 1*11

These findings, together with amino acid analyses
of Eastoe and others, make it almost certain that
the collagens derived from different tissues of the
same mammal are not identical.

In this connexion we must briefly consider
reticulin, the nature of which was discussed recently
by Robb-Smith (1958). Reticulin fibres differ from
collagen fibres in several respects, and their most
characteristic property is that they appear black
on applying the silver impregnation method of
Bielschowsky. Moreover, reticulin is not readily
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HEBERDEN ORATION
transformed into gelatin. There is no doubt that
the main protein of the reticulin fibre has an amino
acid composition which differs little from that
of other mammalian collagens. The analyses of
Windrum, Kent, and Eastoe (1955) show that
human reticulum of kidney has somewhat higher
hydroxyproline and hydroxylysine contents than
collagens obtained from other human tissues. The
reticulum fibre, in contrast to the collagen fibre,
contains carbohydrate and fatty acids, mainly
myristic acid. The arguments and the confusion
which have arisen over this question is to a large
extent due to the fact that the word "reticulin"
has been applied both to the whole material com-
prising the microscopically visible fibre and to the
protein which is in fact only a special type of
collagen, forming the main constituent of the fibre.

Fibrous collagen is found exclusively outside cells,
and its concentration in a particular tissue is in-
versely related to cell number and directly related
to the sodium content of a tissue. Thus, about
90 per cent. of the dry weight of the almost com-
pletely acellular tendon of the adult is composed of
collagen, and in this particular type of tissue the
concentration of sodium is greatly in excess of that
of potassium. A similar situation exists in the skin,
where the collagen content varies more widely, but
here too the sodium ion is present in relatively high
concentration. In bone, too, collagen again is the
predominant organic constituent, the amount of
other proteins being exceedingly small, but here the
correlation with sodium content is complicated by
the large preponderance of apatite crystals which are
present as solid phase and which apparently contain
sodium ions in the crystal lattice. Apart from lung
and muscle, in which collagen is present in fairly
large amounts, the various parts of the intestinal
tract contain surprisingly large amounts of collagen,
and in the stomach of the rat, collagen may form
up to 24 per cent. of the total solids. In all these
tissues collagen is present in morphologically well-
defined fibres and is obviously extracellular. The
reticulin fibres of the basement membrane of the
kidney, spleen, and thyroid are closely associated
with cells, but it is generally accepted that these
structures are in fact extracellular. It would there-
fore seem that the collagen content of a tissue could
serve as an indicator of the volume of extracellular
space in tissues, and might be used as a check on
values obtained by calculations based on sodium,
chloride, or potassium content, or on similar
calculations in which the volume of penetration of
inulin and other substances, such as iodine-labelled
serum albumin which penetrate only slowly or not
at all into cells is used.

The generalization that all collagen is extra-
cellular may not be strictly correct. Lenhoff, Kline,
and Hurley (1957) have reported the presence of
hydroxyproline in an apparently intracellular
collagen-like protein of the stinging capsules of
Hydra.

Before dealing with the metabolism of collagen,
I may perhaps refer again to the molecular weight
and structure. It has already been mentioned that,
both by electron microscope and x-ray diffraction,
a repeat pattern or periodicity of the fibre of about
600-700 A was observed, and it was originally
suggested that this gave a measure of the length of
the molecule. However, the dimensions of the
tropocollagen molecule, which is the monomeric
unit of the polymer, were not determined until
Boedtker and Doty (1955) showed that the soluble
collagen from the swim bladder of the carp consists
of highly asymmetrical rod-like molecules, with a
diameter of 13 5 A, an average length of 3,000 A,
and a molecular weight of approximately 345,000.
Later, Doty and his colleagues (Doty and Nishihara,
1958) showed that soluble calf skin collagen has a
similar molecular weight of 360,000, a length of
3,300 A, and a diameter of 13 5 A. On heating to
temperatures between 15 40° C., depending on the
origin of the collagen, denaturation occurs, which is
associated with the splitting into particles of unequal
molecular weight. It therefore seems that the
fundamental units of collagen are amongst the most
highly asymmetric structures found in nature, the
ratio of length to width being well over 200. Fibrils
of a width of a few hundred to a thousand A can be
observed in a dark-field microscope and are resolv-
able in an electron microscope, but the collagen
fibres which are visible macroscopically or micro-
scopically have diameters of microns rather than of
Angstrom units and are formed both by a length-
wise and by a side-by-side association of actual
collagen molecules. It is of interest that Hall (1956)
has recently been able to make tropocollagen
molecules visible directly in the electron microscope.
Moreover, Hall and Doty (1958) have compared
their values calculated from physico-chemical
measurements with those obtained from direct
observation with the electron microscope and have
arrived at an average length for the molecule of
2,820 A.

THE METABOLISM OF COLLAGEN
With the aid of stable isotopes, Schoenheimer

showed more than 20 years ago, that a large part
of the material of which the mammalian body is
composed is metabolically not inert, but is appar-
ently renewed at a rate, which seemed at the time
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ANNALS OF THE RHEUMATIC DISEASES

this work was done, remarkably fast. This renewal
of body substance, particularly of protein, appeared
to be independent of the renewal of cells, and was
particularly high in organs such as liver where the
mitotic rate is normally so low as to be negligible.
It was then assumed that most or all proteins are
metabolically unstable and that in fact this constant
renewal is a characteristic property of all living
matter. Our own early experiments (Neuberger,
Perrone, and Slack, 1951) showed that the collagen
obtained from the tail tendon of the rat was remark-
ably inert. Glycine labelled with 14C was given
in a single dose to adult rats and the animals were
killed at suitable times after the injection, extending
up to 7 weeks. The results showed that tendon
collagen was completely or almost completely inert
metabolically in the adult animal. The results indi-
cated clearly that the half-life of the collagen of the
tail tendon of the adult rat, if it turns over at all, is
of the same order as the life-span of the animal
itself. With rapidly growing rats, however, the
position is different, and the incorporation of radio-
active glycine into the collagen is rather high, and
only slightly lower than the values found for the
non-collagen proteins of liver and other proteins
with relatively rapid turnover rates. But this
radioactive collagen, once it is found, is fairly
stable and persists for many months, during which
time the labelled amino acids have almost completely
disappeared from other proteins such as liver. The
second point I want to mention is that tendon
collagen is somewhat exceptional in its metabolic
inertia. In the experiments just mentioned, we also
examined the behaviour of collagens from bone,
skin, and liver. The collagens in these tissues,
even in adult animals, are not completely inert,
and the collagens of bone and liver turn over at
rates which are quite appreciable, but still extremely
low when compared with those of non-collagen
proteins of liver. That collagen in certain tissues
can be built up and broken down fairly readily
under certain well-defined physiological conditions
can be seen from the work of Harkness and Harkness
(1954), who have demonstrated very striking changes
in the collagen content of the uterus of the rat
during pregnancy and lactation. A more recent
demonstration of this metabolic lability of collagen
is provided by the experiments of Harkness, Hark-
ness, and James (1958). These authors fed a
protein-free diet to adult mice and examined the
changes in the collagen content of the whole body.
The protein-free diet produced a loss of body weight
of 40 per cent.; a loss of non-collagenous nitrogen of
35 per cent.; and a loss of collagen protein of 10 per
cent. It was interesting that even under these

fairly extreme conditions the loss of collagen was
small, that the greater part of the loss was from the
skin, and that only a relatively small part was lost
from the viscera and the muscle. We may sum-
marize these findings by stating that the various
collagens of the body differ somewhat in their
metabolic activity, going from the almost complete
inertia of the tail tendon of the rat to the slow but
significant turnover rates found with the collagens
in other tissues such as skin or bone. In certain
physiological conditions the rate of collagen turn-
over may be increased, and we are still completely
ignorant as to the mechanisms which regulate these
rates. We may assume that the enzymes which
break down collagen are supplied by the cells of the
connective tissue, possibly the fibroblasts, and the
rate of collagen metabolism may be regulated by the
cellularity of a tissue, which itself might be deter-
mined by hormonal and other factors.

COLLAGEN AND BONE FORMATION

It is generally accepted that there is a close
functional relationship between the deposition of
the mineral elements of bone and the metabolism
of the organic matrix of bone, of which collagen
comprises about 95 per cent. There are very few
quantitative data on changes of collagen content of
bone under various experimental conditions, but
it appears (for references see Harkness and others,
1958) that a loss of calcium or phosphate, such as
that produced through dietary deficiency, pregnancy,
lactation, or administration or parathyroid extract,
is generally associated with loss of organic matter,
which is presumably mainly collagen. The loss of
material from bone produced by immobilization and
disuse appears to involve both organic and inorganic
matter (Allison and Brooks, 1921). In clinical
osteoporosis it is generally assumed that protein
depletion is the primary cause, but here too the loss
of collagen is followed by the radiologically observ-
able reduction in mineral content. There is also
strong evidence from observations made with
physical and chemical techniques of an intimate
association between inorganic elements and organic
matrix. The interpretation of x-ray diffraction data
of compact bone by Carlstrom and Engstrom (see
Carlstrom, Engstrom, and Finean, 1955) has recently
been questioned by others (see Clark and Iball,
1957; Glimcher, 1959), and the results obtained
with the electron microscope are probably more
conclusive. Several workers (Robinson and Watson,
1955; Fitton Jackson, 1957; Sheldon and Robinson,
1957) have recently shown that apatite crystals can
actually occur within collagen fibres. It has also
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HEBERDEN ORATION

been shown that a close association exists between
the two types of crystalline structure, the collagen
fibre and the apatite crystal, and that there is a
parallel alignment between the inorganic crystal and
the associated individual collagen fibre. It was also
demonstrated by Solomons and Irving (1958) that
the E-amino groups of lysine and hydroxylysine
residues in bone collagen cannot react with fluoro-
dinitrobenzene until the tissue is decalcified, thus
suggesting an intimate association between amino
groups of collagen and apatite crystals. It is possible
that a similar situation might exist for the guanidino
groups of arginine.
The intimate morphological or even molecular

association between collagen and apatite crystals
found in bone explains the close metabolic inter-
relationship which manifests itself in physiological
experiments and clinical experience. We may
suggest that the collagen-apatite structure is normally
fairly stable metabolically. However, when calcium
is mobilized from bone through dietary or hormonal
factors, the "naked" collagen fibre is now attacked
by enzymes, as yet unidentified, and is degraded.
Indeed it is not impossible that osteoclasts may carry
and secrete such enzymes.

Collagen has also been considered responsible by
many workers for the induction of crystallization
by providing a catalytic surface for the nucleation
of apatite crystals. It may be suggested that this
activity is related to the electrochemical character
of the protein. Mammalian collagens have isoionic
points of about 9.1-9-3, and this is also indicated
by amino acid analyses which suggest that there is a
slight excess of basic groups in the protein. It
appears likely that the bulk of the basic groups is
separated from predominantly acidic parts of the
molecules, and this is also indicated by the selective
staining of certain bands of the fibre with phospho-
tungstic acid observable with the electron micro-
scope. This "banding" has been interpreted as a
specific interaction between the guanidino groups of
arginine residues and the negatively-charged groups
of the polyelectrolyte. The large shift of iso-
electric point with increasing ionic strength of the
solution, which was noted by Jackson and Neuberger
(1957), and the observations of Veis, Anesey, and
Cohen (1958) indicate that appreciable amounts of
chloride, and presumably other anions, can be bound
to collagen at a physiological pH and an ionic
strength likely to be found in extracellular fluid.
Indeed, the observations of Veis and others (1958)
indicate that a pH of 7-4 and an ionic strength of
0-1, 0- 16 mEq. NaCl or chloride ion is associated
with I g. collagen. It would thus appear that col-
lagen may bind in vivo also considerable amounts

of chloride and possibly also of sodium, and that
the collagen fibre acts like an ion-exchange resin,
binding reversibly also substances such as muco-
polysaccharides of the hyaluronic acid type. Such
binding of chloride and possibly also of sodium
may explain the unexpectedly high chloride sodium
values reported by several workers for the tendon
and skin of several species (Manery, 1954). It is
thus suggested that a significant proportion of the
chloride of the body is not in osmotic equilibrium
with the inorganic salts of the plasma, but is bound
to the collagen of the connective tissue.*

If we accept the idea now put forward that collagen
binds chloride under physiological conditions, it
follows that the basic regions of the fibre may also
bind other ions such as phosphate, and this may be
an important factor in the crystallization of bone
salt. F. 0. Schmitt and his colleagues, particularly
A. J. Hodge, have recently carried out a number of
experiments (for review see Glimcher, 1959) which
strongly support the concept that collagen is
involved in bone salt nucleation. It was found that
collagen fibres showing the 640 A axial repeat unit
and reconstituted from soluble collagen of tendon,
skin, bone, and other tissues are able to nucleate
apatite crystals from supersaturated calcium phos-
phate solutions. Other types of fibres, such as
paramyosin fibrils and collagen fibrils of 210 A
or 2,600 A periodicity, did not induce crystalliza-
tion. It would seem that the ability to induce
nucleation does not reside in the steric arrangement
of the collagen, i.e. the tropocollagen molecule, but
in the arrangement of amino acid residues belonging
to different tropocollagen molecules, but associated
in the same fibril, and showing a favourable stereo-
chemical relationship to one another. This impor-
tant finding indicates that in the natural fibril form
of collagen the macromolecules are polymerized
both laterally and lengthwise in a specific fashion
promoting the growth of calcium phosphate
crystals.

These findings pose a number of new problems,
one of which may be discussed here. It is not easy
to see why calcification does not occur in tendon
and skin normally, as these tissues are probably
also, like plasma, supersaturated with respect to
calcium and phosphate ions. In the first place it is
possible that bone collagen may differ chemically
from other collagens and may have a special activity
of promoting nucleation. Secondly, the local con-
centrations of the free ions in the tissues may vary
and may be determined by metabolic processes such

* Experiments recently carried out with insoluble tendon collagen
have, however, not yielded conclusive evidence in favour of such
binding of chloride as is postulated here.
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ANNALS OF THE RHEUMATIC DISEASES

as glycolysis, pH changes, and activity of enzymes.
Indeed, the early suggestion of Robison that
alkaline phosphate had a special role in bone forma-
tion may still have its place. But the most important
factor regulating the concentration of free calcium
ions is the type and concentration of mucopoly-
saccharides present in calcifying tissue. In this
connexion two observations of the M.I.T. group are
relevant. Several collagen-rich tissues, such as skin,
failed to mineralize under conditions under which
nucleation was observed with reconstituted fibres.
However, crystallization was readily obtained after
the tissues had been so treated that components
of the ground substance, such as chondroitin
sulphate, were removed, or after depolymerization
of the chondroitin sulphate had been performed
by the action of the appropriate enzyme. Moreover,
hyaline cartilage, which is rich in acidic poly-
saccharides, removes calcium ions, but does not
calcify. We may conclude that bone crystal
formation depends on the special electrochemical
properties of the tropocollagen molecule which
facilitates specific binding of phosphate and possibly
calcium ions, on the steric arrangement of collagen
macromolecules in the fibril giving the best arrange-
ment of amino acid side-chains for the formation of
apatite nuclei, on the general metabolism of the
tissue, and finally on the type and concentration of
mucopolysaccharide present.

FIBROGENESIS

It has been known for some time that varying
proportions of the collagen of tissues can be extracted
by treatment of the fibres with dilute organic acids
or with acidic citrate buffers.

Orekhovitch, Tustanovsky, Orekhovitch, and
Plotnikova (1948) and Orekhovitch and Shpikiter
(1958) showed that the amount of this material
decreased with the age of the animal, and they also
obtained evidence by feeding 14C-labelled glycine to
animals that the total soluble collagen behaved as if
it were a precursor of the insoluble collagen.
Highberger, Gross, and Schmitt (1951) had shown
in the meantime that there is in connective tissue,
in addition to the collagen which is soluble in dilute
acid, another fraction smaller in amount which is
extracted by dilute salt solution at a neutral pH.
The metabolic role of this "neutral salt-soluble
collagen" (NSC) was investigated by my colleagues
and myself (Harkness, Marko, Muir, and Neuberger,
1954) using isotopically labelled glycine in the
rabbit. It was found that NSC behaved as might
be expected for a collagen precursor: it became
highly labelled within 18-36 hours after adminis-

tration of the labelled glycine, but the radioactivity
decreased rapidly after 2-3 days. The acid-soluble
collagen also contained some labelled glycine, but
the shape of the activity/time curve made exact
interpretation difficult. These experiments were
confirmed by D. S. Jackson (1957), who followed
the changes in amounts and radioactivity of the
various collagen fractions of a granuloma produced
by injection of carrageenin, a technique introduced
by Robertson and Schwartz (1953). My colleagues,
Green and Lowther (1959), extended this work by
carrying out their investigations in vitro and follow-
ing the incorporation of [14C]proline into the proline
and hydroxyproline residues of the different collagen
fractions (Table IV).

TABLE IV

SPECIFIC ACTIVITIES (c.p.m./gmol) OF PROLINE AND
HYDROXYPROLINE FROM COLLAGEN FRACTIONS,

AFTER 4 HRS INCUBATION

Collagen Hydroxy- Proline Hydroproxy-
Fractions proline line: Proline

Neutral Salt-soluble
Collagen .. .. 1,480*0 910 0 1*62

Acid-soluble Collagen .. 700 50*0 1*3
Insoluble Collagen .. 4-6 5 - 3 0 9

(3 8) (3-9) (1-0)

All three investigations led to the conclusion
that the collagen fraction which is extractable
by a buffer solution of neutral pH is newly-made
protein. The question arises what are the physical
or chemical differences between the various collagen
fractions obtained from the same tissue. It is
likely that such differences in amino acid composition
as have been reported are not significant, and there
is good evidence that neutral salt-soluble collagen
and acid-soluble collagen are not markedly different
in physical properties. It has been suggested that
there exists in the connective tissue of growing
animals a mixed population of collagen fibrils with
a continuous gradation of solubility (Green and
Lowther, 1959) and that the fraction extracted by
salt at pH 7 0 represents poorly-integrated fibres
(Gross, 1958). In other words, it is assumed that
this fraction with a high turnover rate which
represents collagen very recently synthesized has
relatively few cross-linkages; as the fibre ages, its
solubility decreases in a continuous fashion owing
to the formation of an increasing number of cross-
linkages, and this more stable three-dimensional
organization is associated with a progressive loss of
solubility.
The next question to be considered is the cyto-

logical location of the various collagen fibres. The
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HEBERDEN ORATION

fraction which is extractable by 3,650
acid is almost certainly present 1
extracellularly in the form of
fibres. This is the conclusion
which must be drawn from the 6cc
experiments of Jackson and X
Williams (1956) and also of i
Gross (1958), and other work-0
ers, who have found that the
number offine fibrils in a tissue V'
section decreases after extrac- 0
tion with acidic buffers. But X 400
the possibility also exists that 0
some of this fraction is derived .E
from the outer layers of the 0
coarser fibres. Part of the X. 300
neutral salt-soluble fraction %

may also be derived from 0
microscopically visible fibres I- 200
or from very fine fibrils, but I
another part is almost certainly
present inside the fibroblast, as
can be deduced from unpub- I 00 -

lished experiments of my col-
leagues, Green and Lowther
(1959). These workers in- 0
cubated 10 g. of slices of
granuloma containing mainly
fibroblasts for 1 hr with Figure-Dist
[14C] proline, essential amino
acids, and glucose. The tissue
was then sliced, crushed, and strained through
a grid before homogenizing and differential cent]
fuging. The latter yielded a first fraction containii
cell debris and coarser collagen fibres, a secor
fraction called the mitochondrial fraction which
had been spun at 10,000 g. for 10 min., and
microsomal fraction which was obtained by centi
fuging at 105,000 g. for 30 min. The mitochondri
fraction contained very few collagen fibres and al:
some microsomal material, as shown by electric
microscopy (Figure).
But the microsomal fraction contained practical

no fibres visible under the electron microscope
was free of mitochondria and cell debris, ar
must be considered fairly homogenous. Abo
30-40 per cent. of the collagen present in the miti
chondrial fraction was extracted by 0-14 M-NaC
but there was also some insoluble collagen, pr
sumably derived from fibres. The microsom
collagen could all be extracted with 0 14 M-NaC
The specific radioactivity of the microsomal collag(
was more than twice that of the mitochondri
collagen, and much higher than that of the collage
in the debris or supernatant fractions. The pa

1111111 Insoluble col
E.. .1Acid soluble
- Neutral salt

Iull Water soluble
( ) Specific acti

hydroxypro

Ilagen

le
ivity of
line c.p.m./pmol.

_ l - ~~~~~~~~(1900)(400)

Debris Mitochondria Microsomes Supernatant
tribution of collagen between subcellular fractions of granuloma.

gh sibility that this highly active collagen is in fact
ri- derived from very fine extracellular fibrils very
ng recently laid down cannot be completely excluded,
nd but it seems to us unlikely, as the electron micro-
ch scopic evidence indicates an almost complete
a absence of fibrils from the microsomal preparations.

ri- We believe that this fraction was in fact originally
ial present in the microsomes of the fibroblast, and
[so represents the earliest identifiable form of this
on protein. This conclusion is supported by experi-

ments carried out in a parallel fashion to the St.
lly Mary's work by Dr. J. A. Chapman of Professor
fe, Kellgren's department in Manchester. Dr. Chap-
nd man found that microsomal preparations contained
)ut spherical or ovoid vesicles, which were studded with
to- particles, of diameters varying between 0 1 and
1, 0 -5[ in addition to more ill-defined material which

re- resembles the endoplasmic reticulum found in other
ial cells. The microsomal vesicles may be analogous
2l. to the vesicles observed in the pancreas (Siekevitz
,en and Palade, 1958) or to the cytoplasmic ribonucleo-
ial protein particles of rat liver described by Littlefield,
;en Keller, Gross, and Zamecnik (1955), both of which
Us- show a high activity with respect to the incorporation
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ANNALS OF THE RHEUMATIC DISEASES
of amino acids into protein. There is admit-
tedly a paucity of experimental facts, but, being
conscious of the uncertain nature of our specula-
tions, we may suggest that the microsomal structures
observed in Chapman's electron micrographs are
the site of collagen synthesis and are associated
with the very soluble collagen fraction which gave
the high radioactivity in the experiments of Green
and Lowther.

It is now generally accepted that collagen fibres
or fibrils, even those of a diameter of 150-400 A
are never found in cells, but that recently formed
fibrils may be observed as being closely associated
with the cell surface of the fibroblast (S. F. Jackson,
1957; Porter and Pappas, 1959). The latter workers
come to the conclusion that unit fibrils of collagen
organize within the cell surface and that further
accretion to this unit fibril takes place through
transport of soluble collagen from the interior of the
fibroblast. Further growth of such fibrils to fibres
observable under the light microscope is then likely
to take place away from the cell surface in the ground
substance.

THE IMPORTANCE OF THE PROTEINS OF
CONNECTIVE TISSUE IN DISEASE

When Klemperer (1950) coined the term "collagen
disease", he had the intention of collecting together
a group of diseases which showed some common
changes of the connective tissue upon microscopic
study. At the time he believed that alteration of
collagen fibres was a prime factor in this group of
pathological conditions, but so far no positive
findings to support this concept have been forth-
coming. To the histologist the most significant
phenomenon common to a variety of rheumatic and
similar diseases is the fibrinoid degeneration of
collagenous tissue. Fibrinoid nodules are -by -no
means a unique characteristic of the so-called colla-
gen diseases, and apart from the microscopically
visible collagen fibres, the protein of these nodules
contains very little hydroxyproline (Bien and Ziff,
1951). Consden, Glynn, and Stanier (1953) have
reported similar findings, and from the amino acid
composition of the material they have in fact
concluded that the amount of fibrinogen or fibrino-
gen derivatives in these nodules must be small. On
the other hand, Gitlin, Craig, and Janeway (1957),
who have used a fluorescent antibody against
fibrinogen, have obtained qualitative evidence that
fibrinogen or material derived from fibrinogen is
present in fibrinoid nodules. In any case, there is
as yet, so far as I am aware, no clear-cut evidence
to suggest that the presence of these nodules in the

tissue is an indication of a specific disturbance in
collagen metabolism.

Klemperer's concept has, in spite of the somewhat
unfortunate nature of the term "collagen disease",
had great value, drawing attention to the fact that
the diseases thus grouped together present patho-
logical changes which reside primarily in the con-
nective tissue. His concept also stresses the fact
that these diseases have many clinical features in
common, and that these may have identical or
similar aetiologies.
As I have implied, it is unlikely in my opinion

that changes in collagen synthesis or breakdown are
a prime factor in connective tissue disorders, and
the question arises whether the biochemical study
of other components of the ground substance, such
as mucopolysaccharides, or of the systemic anti-
bodies in this field of medicine may be more helpful
to our understanding of the disease processes in
connective tissue. It has been known for the last
10 years that at least half, but probably slightly
more, of the total plasma proteins present in the
body are outside the blood vessels, and suggestive
evidence has become available, indicating that the
classical concept of Starling, which implies that
plasma proteins do not pass to any appreciable
extent the epithelial lining of the capillaries, is not
quite correct. Our own investigations (Humphrey,
Neuberger, and Perkins, 1957) have shown that skin,
in particular, contains significant quantities of serum
proteins, and this may account for about 25 per cent.
of that present in the extravascular space. The
albumin was isolated by column electrophoresis and
unambiguously identified by chemical, physical,
and immunological methods, while the evidence for
the presence of other plasma proteins was less
complete. We have also obtained evidence for the
presence of plasma proteins in tendon and loose
connective tissue, and Gitlin, Nakasato, and
Richardson (1955) have shown that the so-called
myo-albumin of muscle is identical with serum albu-
min and is presumably present in the extracellular
space of muscle. This more chemical evidence fully
supports the results of the microscopic investiga-
tions carried out with the fluorescence antibody
technique, such as those of Gitlin, Landing, and
Whipple (1953), and there is thus no doubt that the
larger part of, and possibly all, the plasma proteins
present in the extravascular space is in fact located
in the connective tissue.

If it is assumed, and I believe this is still only
an assumption, that the connective tissue diseases
are all caused by an antigen-antibody reaction and
represent in fact the cellular response to such a
reaction, the high concentration of plasma proteins
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in the connective tissue is surely of importance.
Connective tissue space in this connotation com-
prises not only skin, joints, tendon, etc., but also,
for example, part of the arterial wall, the extra-
cellular space of muscle, and the region round the
basement membranes of the kidney. Connective
tissue contains, apart from fibroblasts, histiocytes,
macrophages, mast cells, plasma cells, and primitive
mesenchymal cells; cells, which may, according to
current opinion, be converted to one another, which
are believed to be associated in varying degrees with
antibody production, and which may also be con-

cerned with the cellular response arising from anti-
gen-antibody combination. We do not know
whether the antigens active in rheumatic and other
related diseases are extraneous to the body (i.e.
whether they are e.g. components of the strepto-
coccus), or whether they are derived from the cells
of the patient himself, but it seems clear that con-
nective tissue offers optimum conditions for closest
contact between systemic antibodies and the various
types of cells concerned with the antigen-antibody
reaction. The localization of the disease process is
thus readily explicable by the fact that both antigens,
antibodies, cells concerned with antibody production,
and cells participating in the physiological response
to the antigen-antibody combination are present in
connective tissue.

Finally, I should like to refer to the recent work
of Watson and others (1954), which indicates that
collagen of rat can induce the formation of specific
antibodies in the rabbit. These antibodies are non-
precipitating, but can be demonstrated by comple-
ment fixation. Very recently, this group of workers
(Rothbard and Watson, 1959) has shown that
specific lesions can be produced in rats if they are
given an injection of an antiserum produced in
rabbits by injections of rat collagen. The changes
observed were confined to the kidney, and could
only be produced under certain well-defined con-
ditions, involving the preliminary immunization to
normal rabbit globulins. It is difficult to assess the
significance of these findings in relation to human
disease, but the demonstration that an animal can
be immunized to its own collagen has opened up a

new line of approach.
I may perhaps finish this lecture by expressing the

belief that a study of the non-collagen proteins of
connective tissue, of the mucopolysaccharides and
their metabolism, and particularly of the immuno-
logical reactions observed, may be more helpful

to an understanding of connective tissue diseases
than elucidation of collagen metabolism, important
and interesting enough though this is to the bio-
chemist and general biologist.
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