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ABSTRACT

Changes in intramuscular connective tissue brought about by conditioning were
Investigated in bovine muscles of different quality. Perimysial and endomysial collagens
were solubilized to a small extent during conditioning and residual insoluble collagens in
both connective tissue domains were damaged by proteolytic processing.

Yields of soluble perimysial material from unconditioned muscles were significantly lower
( p =0.096) than from conditioned muscles. Solubilized perimysial collagen from
unconditioned muscles was significantly lower (p = 0.015) than from conditioned muscles
with 1 £0.8 % of original collagen solubilized for unconditioned muscles and 3.4 +£3.3 %
for conditioned muscles. 87.5 % of the muscles examined showed an increase in
percentage solubilized collagen due to conditioning.

The main peptide components observed on analysis of insoluble perimysial fractions after
CNBr digestion were derived from types I and III collagen. No changes were observed
in the major peptide bands due to conditioning.

Yields of soluble endomysial fractions represented, on average, 94.5 % of total extracted
endomysial material for unconditioned muscles compared with 97.5 % for conditioned
muscles. Soluble endomysial fractions contained, on average, 0.13 % collagen from
unconditioned muscles and 0.22 % collagen from conditioned muscles.

The main peptide components observed on analysis of insoluble endomysial fractions after
CNBr-digestion were derived from types I and III collagen. Changes observed on the
peptide maps, evident as the appearance of a number of new bands from conditioned
samples, appeared to be muscle specific. % Type III collagen decreased on conditioning,
indicating that endomysial type III collagen was preferentially destroyed during
conditioning.

In model systems, insoluble perimysium treated with pepsin over 24 h resulted in little
damage to the insoluble collagenous residue remaining. Insoluble perimysium treated
with cathepsin resulted in changes to the major peptide bands on one-dimensional SDS-
polyacrylamide gel electrophoresis which were evident after 24 h treatment.

Two-dimensional peptide maps obtained from conditioned insoluble perimysium and from
insoluble perimysium treated with cathepsin for 24 h were altered relative to the
unconditioned insoluble perimysium, indicating proteolytic damage to high molecular
weight fractions. The in vitro case was extreme, but was comparable with conditioned



insoluble perimysium. In addition, new peptide material in conditioned perimysium and
endomysium in the molecular weight range 40 000 to 50 000 was observed, while
perimysial samples revealed loss of peptide material, due to conditioning.

Percentage solubilized collagen was higher (p < 0.05) from three muscles of varying

quality when pre-injected with 0.1 M lactic acid and conditioned from 1 to 14 days than
from untreated muscles. Analysis of the high molecular weight collagen peptides from
lactic acid treated muscles by two-dimensional SDS-polyacrylamide gel electrophoresis

revealed increased incidence of degradation in this region compared with untreated
controls.

Sensory profiling using quality descriptive analysis (QDA) was carried out on three
muscles of varying quality, pre-injected with 0.1 M lactic acid and results compared with
untreated muscles. The results obtained failed to correlate the observed biochemical
changes due to lactic acid treatment with perceived textural changes in these muscles.

However, variability of the taste panel scores contributed significantly to the results
obtained.
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CHAPTER 1
LITERATURE REVIEW
1.1 GENERAL INTRODUCTION

The work outlined in this thesis was carried out to elucidate the effects of the conditioning
(ageing) process on meat collagen, the major connective tissue protein, which has been
implicated in contributing to the overall toughness of meat. Evidence in the literature to
indicate that this protein is altered during conditioning is scarce, and the results available
are contlicting in their conclusions. Therefore, the need for further research on this
important subject was evident and it was hoped that such research would furnish greater

insight into the events which take place in the connective tissue of muscle during its
conversion to meat,

This first chapter deals with the background material relevant to the content of this thesis
and includes a review of collagen chemistry, muscle chemistry and meat quality.

N ——— Yy

1.1.1 A Definition of Meat

Meat may be defined as muscle tissue which has undergone certain biochemical changes
after death thereby rendering it suitable for use as food. In practice, the animals referred to
in this definition are restricted to a few dozen of the 3 000 mammalian species. Also the
definition is often widened té include, as well as the musculature, organs such as liver and
kidney, brains and other edible tissues. However, these latter, often referred to as offal,
will not be dealt with here and therefore, in this thesis, meat is taken to be derived only
from skeletal muscle. The bulk of the meat consumed in the United Kingdom is derived
from cattle, sheep, pigs and poultry. As the work reported here was carried out
exclusively on bovine meat, a brief introduction of the bovine meat species is included.

The two main groups of domesticated cattle, Bos taurus (European) and B. indicus (India
and Africa), are descended from B. primigenius, the original wild cattle or aurochs.
Domestication of cattle followed the establishment of settled agriculture about 5 000 B.C.
Domesticated hump-backed cattle (B. indicus, 'Zebu') existed in Mesopotamia by 4 500 |
B.C. and domesticated long-horned cattle in Egypt by about 4 000 B.C. Several breeds of
domesticated cattle were known by 2 500 B.C. The fattening of cattle by forced feeding
was practised in Egypt about 3 000 B.C.



The more immediate wild predecessor of most breeds of British cattle was B. longifrons,
which was of relatively small frame, rather than B. primigenius, which is said to have
been a massive animal. Indirectly, the development of many present British breeds was
due to the early improvements initiated by Bakewell in the middle of the eighteenth
century, who introduced in-breeding, the use of proven sires, selection and culling. In the
United Kingdom prior to that time, cattle had been developed, primarily, for draught or
dairy purposes. A deliberate attempt was now made to produce cattle, primarily for meat,
which would fatten quickly when skeletal growth was complete. During the last 200 years
the trend has been towards smaller, younger and leaner animals; there has been growing
realization that breed potentialities will not be fully manifested without adequate food given
at the right time in the growth pattern of the animal (Lawrie, 1985).

A beef animal should be compact and well covered with flesh, thus reducing the

proportion of bone. Muscle development should be marked over the hind quarters, along
the back and down the legs. The carcass, as prepared for the meat trade, represents those
portions of the body remaining after removal of the blood, head, feet, hide, digestive tract,
Intestines, bladder, heart, trachea, lungs, kidney, spleen, liver, and adhering fatty tissue.
On average, about 55 per cent of the live weight of cattle remains on the carcass (Gerrard,
1951). The carcass itself consists substantially of muscular and fatty tissues, of bone and

of a residue which includes tendon, and other connective tissue, and large blood vessels.
The joints into which beef carcasses are commonly split are shown in Fig. 1.1.

12 TYPES OF MUSCLE AND THEIR LOCATION

A universal characteristic of cells is their ability to réSpond to various kinds of stimuli.
One form of this responsiveness is cell movement. Either a part of the cell, e.g. a cilium
or mitochondrion, or the whole cell itself reacts by moving. Thus, cytoplasmic movement
appears to be a fundamental feature of all cells. In multicellular animals, some cells
become highly specialized during development with respect to cytoplasmic movement and
are called muscle cells or fibres. There are three specialized kinds of muscle cell- smooth
muscle and two varieties of striated muscle, skeletal and cardiac.

1.2.1 Skeletal Muscle

The number of studies contributing to an understanding of striated muscle, contractile
protein biochemistry and the molecular basis of contraction is enormous (see for example
Needham, 1971: Cassens, 1972; Bourne, 1973; Lawrie, 1985). The striated muscles
constitute the muscles that ultimately provide meat. Skeletal muscle is both qualitatuvely
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and quantitatively the most important tissue of meat. There are more than 600 muscles in
the animal body, varying widely in shape, size and function. Skeletal muscles are
generally attached directly to bones, but some are attached to ligaments, fascia, cartilage
and skin and therefore only indirectly to bone. The characteristic feature of the activity of
striated muscle is that its fibres shorten rapidly and powerfully, producing movement. The
specific characteristics of a given muscle are related to its function.

The essential unit of muscular tissue is the fibre, which consists of formed protein
elements, the myofibrils, between which is a protein sol, the sarcoplasm (cytoplasm in
non-muscle cells), and a fine network of tubules, the sarcoplasmic reticulum. The nuclei
are generally situated at the periphery of the fibre. A muscle cell nucleus exhibits no
unusual distinguishing structural features as compared to other types of cells, although
each muscle cell or fibre contains many nuclei (Ashgar & Pearson, 1980). The fibre is
surroundedi by a very thin lipid membrane, the sarcolemma, the muscle analogue of the
normal cell membrane to which connective tissue is attached on the outside. A summary
of data on the chemical composition of a typical adult mammalian muscle, after rigor

mortis, but before the occurrence of marked degradative changes is presented in Table 1.1.
The principal free amino acids in fresh muscle are a-alanine, glycine, glutamic acid and
histidine (Lawrie, 1985).

Muscles may be broadly classified as ‘red’ (slow-twitch) or 'white' (fast-twitch)
(Needham, 1962), according to whether they carry out sustained action or operate in short
bursts. However, differences between muscles are considerably more complex than their
classification as 'red’ or 'white' would signify, variability in function being influenced by
a large number of factors. Intrinsic factors influencing muscle function include (1)
species, (2) Breed, (3) sex, (4) age, (5) anatomical location of muscle, (6) training or
exercise, (7) plane of nutrition and (8) inter-animal variability. Extrinsic factors which
may modify muscle behaviour in the immediate post-mortem period, during storage and
processing include (1) food, (2) fatigue, (3) fear, (4) pre-slaughter manipulation and (5)
environmental condjtioné at slaughter, in the immediate post-mortem period and during
subsequent storage (Lawrie, 1985).

1.2.2 Smooth Muscle

Smooth muscle comprises only a minor proportion of meat. It is found in the body where |
continuous pulsation is required without any great strength, for example, in the walls of

arteries, lymph vessels and in the gastrointestinal and reproductive tracts. Smooth muscle
cells are spindle shaped, about 200 im in length and 6 pm in width. However, they vary



Table 1.1 Chemical Composition of Typical Adult Mammalian Muscle after Rigor Mortis
but Before Degradative Changes Post-Mortem (from Lawrie, 1985)

Components Wet % Weight

1. WATER 75.0

2. PROTEIN 19.0
(a) Myofibrillar 11.5

myosinl (H- and L- meromyosins and several
light chain components associated with them)
actinl
connectin
tropomyosins
troponins, C,I and T
a, B and ¥y actinins
myomesin, N-line and C-proteins
desmin, filamin, F- and I-proteins, etc.
(b) Sarcoplasmic

glyceraldehyde phosphate dehydrogenase
aldolase

Creatine kinase

other glycolytic enzymes
myoglobin

haemoglobin and other unspecified

extracellular proteins 0.6

(c) Connective tissue and organelle 2.0
collagen 1.0 }

elastin 0.05 }-

mitochondrial etc. (including cytochrome ¢
and insoluble enzymes) 0.95 )
3 LIPID 2.5
neutral lipid, phospholipids, fatty acids,
fat-soluble substances 2.3
4, CARBOHYDRATE 1.2
lactic acid 0
glucose-6-phosphate 8
0
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5.3
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glycogen
glucose, traces of other glycolytic intermediates
5. MISCELLANEOUS SOLUBLE NON-PROTEIN SUBSTANCES 2.3
(a) Nitrogenous 1.65
creatinine 0
inosine monophosphate 0
di- and tri- phosphopyridine nucleotides 0.
amino acids 0.
carnosine, anserine 0
(b) Inorganic
total soluble phosphorous 0
potassium 0
sodium 0.05 }
magnesium 0.02 )
calcium, zinc, trace metals 0.03 }
6. VITAMINS trace
Various fat- and water-soluble vitamins,
quantitatively minute.

0.65

1Actin and myosin are combined as actomyosin
in post-rigor muscle



slightly in size and shape in different organs, depending on their location. The cells are
pointed at both ends and bulge in the centre, wherein the single nucleus is usually situated,
although in large fibres it may be displaced slightly from the centre. The cells show feint
longitudinal striations due to the long protein molecules in the sarcoplasm which run along
the length of the cell. The cells are therefore birefringent but not cross-striated. There is
no distinct sarcolemma but each cell is surrounded by a network of reticular fibres and in
some cases, by collagen or elastic fibres. Elastic fibres are commonly associated with
smooth muscle, where they provide strength in the walls of the larger arteries. The

Characteristic feature of the activity of smooth muscle is its capacity for sustained rhythmic
contraction.

1.2.3 Cardiac Muscle

This tissue is the muscle of the heart and possesses the unique property of rhythmic

contractility which continues ceaselessly from early embryonic life until death. Cardiac
muscle has properties that resemble characteristic properties of both skeletal and smooth
muscle. Like smooth muscle, its cells generally have a single centrally located nucleus and
are innervated by the autonomic nervous system. Fibres of cardiac muscle branch and
anastomose with others running parallel with them to form a network. The main fibre
trunk of cardiac muscle is smaller in diameter and shorter than the fibres of skeletal
muscle. The sarcoplasm contains numerous glycogen granules and the mitochondria are
large and numerous. Cardiac muscle is endowed principally with a capacity for oxidative
metabolism and consequently it has an extensive blood supply.

The myofilaments of cardiac muscle are not organized into discrete myofibrils as in skeletal
muscle but instead, aggregates of myofilaments form fibrils of extremely variable size, and
the dimensions vary along the longitudional axis of the fibrils. However, cardiac muscle
has a striated appearance identical to that of skeletal muscle. Dense lines, known as
intercalated discs transect the fibre at regular intervals along the longitudinal axis of cardiac
muscle. The intercalated discs are continuous across the entire fibre and their paired
membranes represent the cell membranes of adjoining muscle fibres. These discs provide
a cohesive link between the fibres of the myocardium in addition to facilitating the
transmission of the contractile force from one fibre to another. The myocardium is the
contractile layer of the heart and contains the bulk of the cardiac muscle. The fibres of the
myocardium are held in place by reticular and collagenous fibres, which are continuous
with connective tissue sheaths that group them into fasicles (bundles) of fibres. Blood and
lymph vessels and nerve fibres enter and exit the myocardium via the connective tissue
between muscle bundles.



1.2.4 Structure of Skeletal Muscle Cells

Intact muscle is comprised of numerous fibres that generally lie parallel to the long axis of
the muscle while in some muscles, the fibres are at an acute angle. Fibres are long,
narrow, multinucleated cells which vary in length from a few millimeters to tens of
centimeters and in diameter from 20 to 100 um. In healthy animals, the diameters of
muscle fibres vary from muscle to muscle and differ between species, breed and sex.
They are increased by age, plane of nutrition, training, the degree of post-natal
development in body weight rather than by actual body weight and by oestradiol
administration (Lawrie, 1985).

Muscle fibres are composed of about 1000 smaller units, known as myofibrils, which are
about 1 to 2 um in diameter and which run the whole length of the muscle fibre. In the
phgée contrast light rhicroscope the myofibrils reveal alternating light and dark bands.
Different terms have been used to describe these bands. Under polarized light, the dark

' bands are birefringent and are therefore called A-bands or Q-bands, from the German
word 'Querscheibe' meanin g transverse disc. The light portion of the myofibrils, which
are said to be nonbirefringent, are in fact, weakly birefringent, but the difference is
substantially marked to merit their being called I-bands or isotropic bands. These are also
called J-discs (the German equivalent) while other alternative names are clear discs, light
bands, and hyaline substances. A narrow dark line in the middle of the I-band is called
the Z-band (from "Zwischenscheibe' meaning intervening disc) (Ashgar & Pearson,
1980). The dark bands (A-bands) contain a higher concentration of fibres than the light
bands (I-bands) and the segment between two consecutive Z-lines, which bisect the light
band, is known as a sarcomere, which is the functional unit of the myofibril. At higher
magnification in the electron microscope, the fine details of the sarcomeres within the

myofibrils can be seen more clearly and reveal the presence of two sets of filaments, the
thick and thin filaments (Huxley, 1973). T'fle thick filaments are about 15 nm in diameter
and 1.6 um in length. The structure is divided into zones as follows: the A-band consists
of overlapped thick and thin filaments, the H-zone in the centre of the A-band consists of
thick filaments only, the I-band consists of thin filaments only and the Z-line. At the
centre of the A-band, the thick filaments are connected by a structure called the M-line. In
transverse section, it is observed that the thick filaments are arranged in a regular
hexagonal lattice. Where thick and thin filaments overlap in the A-band each thick filament
1s surrounded by six thin filaments. However, in the I-band the geometry of the thin

filaments is not so regular as the lattice changes from hexagonal in the overlap region of
the A-band to a square arrangement at the Z-line. The thick and thin filaments are now



known to consist of molecules of the contractile proteins myosin and actin, respectively
(Hanson & Huxley, 1953; Hanson & Huxley, 1955; Huxley, 1960; Bailey, 1982).

1.2.4.1 Myosin

The name myosin was first given to a substance in muscle press juice which formed a gel
on standing (Bailey, 1954). Myosin is the major protein of the thick filament. Each thick
filament contains 200 to 400 molecules of myosin, with each molecule being 1.5 pm long
and 130 & wide (Bendall, 1973). Myosin is the most abundant of the myofibrillar
proteins, constituting about half of the proteins of the myofibril (Table 1.2). Ithasa
molecular weight of about 500 000, and can be visualized in the electron microscope as a
long thin molecule (2 nm x 160 nm) with two globular heads (19 nm long) attached at one
end of the long tail. The molecule, therefore, combines the features of fibrous and
globular proteins. The heavy head is called heavy meromyosin (HMM) and the tail is
called light meromyosin (LMM) (Szent-Gyorgi, 1953).

Treatment of HMM with papain yields two further subunits, HMM S-1, the anterior active
globular portion and HMM $-2, the posterior helical region (Ashgar & Pearson, 1980). |
The cleavage of HMM S-1 under specified conditions gives rise to different molecular
weight fractions, namely, a myosin heavy chain with a molecular weight of 200 000 and
three light chains in each globular unit of HMM S-1. One of the light chains (DTNB-light
chain, since it is separated by 5,5™-dithiobis (2-nitrobenzoic acid)) has a molecular weight
of 25 000 and no ATP-ase activity, while the other two light chains are alkali-light chain 1,
with a molecular weight of 18 000 (fragment A-1) and alkali-light chain 2 with a molecular
weight of 16 000 (fragment A-2), so named because they are dissociated from myosin at
high pH values. The latter two fragments of HMM are believed to possess both
functionally active sites on the myosin molecule. One site contains the ATP-ase activity
and the other site forms the cross-bridges that interact with the actin filaments to function
in muscle contraction (Ashgar & Pearson, 1980). Myosin molecules are arranged in a
bipolar fashion in the thick filament (Huxley, 1969). In the centre of the thick filament
there is a zone free of cross-bridges whereas the remainder of the filament is covered with
them. The bare zone contains only overlapped tails of the myosin molecule derived from
both sides of the filament. The reversed polarity arrangement accounts for the fact that
thick and thin filaments overlapping the two opposite ends of the thick filament must be

propelled in opposite directions during movement.



Table 1.2 Muscle Myofibrillar Proteins (from Bailey, 1982)

Protein Location Fraction of
Myofibnl (%)

Myosin Thick filament 33
C-protein Thick filament 2
H-protein Thick filament 0.3
Actin Thin filament 23
Tropomyosin Thin filament 6
Troponin Thin filament 6
O-actinin Z-line 1
M-protein M-line | ?
Desmin Connection between myofibrils  ?

Ti 1n onnection NC oen Z-lin ?



1.2.4.2 Actin

The main protein of the thin filament, actin, comprises 23 % of the myofibril (Table 1.2)
(Bailey, 1982) and exists in two forms. The monomer, G-actin, consists of relatively
small globular units with a molecular weight of 41 700 and contains one bound Ca2t ion
and one non-covalently bound adenosine triphosphate (ATP). The fibrous nature of the
actin filament occurs because of the longitudinal polymerization of G-actin monomers to
form F-actin (fibrous), presumably linked by a Mg2+ or Ca2+ bridge through a nucleotide
prosthetic group (Ashgar & Pearson, 1980). Two stands of F-actin are sprially coiled

around one another to form a 'super helix' that is characteristic of the actin filament
(Murray & Weber, 1974).

1.2.5. The Muscle-Tendon Junction

Skeletal muscles are attached to the bone of the skeleton via inelastic tendon.. The precise
manner in which the tendon is attached to the muscle has been a matter of controversy.
Two main theories have been put forward; the first, or continuity theory, supposes that
there is a direct union of the myofibrils and the tendon fibres, while the second, or
sarcolemma theory proposes that there is no such continuity and that the sarcolemma forms
a limiting membrane between the substance of the muscle fibre and the tendon elements.
The manner in which tension generated by skeletal muscle fibres is transmitted from
intracellular contractile proteins to extracellular connective tissue proteins is incompletely
understood. It is generally believed that active force transmission occurs at specialized
regions at the extreme ends of the fibres, designated the 'muscle-tendon junctions' or
'myotendinous junctions' (Trotter et al,, 1981; Ovalle, 1987)

Ultrastructural studies have revealed that the terminations of skeletal muscle fibres are
characterized by longitudinal foldings of the surface membrance that produce processes
that take the form of either extensions or invaginations (Trotter & Baca, 1987). The
sarcoplasm immediately adjacent to the processes contains actin filaments cross-linked into
a dense matrix, designated the internal lamina (Trotter et al,, 1983). These actin filaments
are continuous with the actin filaments that associate with the myosin filaments of the
terminal A-band. The internal lamina is linked to the plasma membrane by filaments that
are oriented orthogonally to the actin filaments, traverse the plasma membrane and the
lamina lucida and terminate in the lamina densa (Trotter et al,, 1983). The lamina densa is
then joined to the connective tissue matrix, and through it to the collagen fibrils of the
'microtendon’, the oriented collagenous tissue associated with individual muscle fibres
(Trotter & Baca, 1987). Three-dimensional images of the murine muscle-tendon junction

10



by scanning electron microscopy have shown that the finger-like processes at the ends of
muscle fibres represent a network of cylindrical folds that anastomose with one another 1n
an elaborate fashion (Ovalle, 1987). This geometric arrangement is consistent with the
view that a marked increase in surface area at the muscle-tendon junction would reduce
stress during force transmission between these two tissues. Surface amplification of the

terminal sarcolemmal membrane enhanced mechanical strength at the site of force
transmission, producing an interface with a high shear component (Ovalle, 1987).

1.2.6 Macroscopic Structure of Skeletal Muscle

Skeletal muscles consist of ordered arrays of muscle fibres arranged in bundles which are
separated, yet linked by an integrated network of connective tissue.

At the muscle-tendon junction a spreading out of the tendon fibres can be observed with
fibres extending both around and within the muscle (Fig. 1.2). The sheath of connective
tissue arising from the tendon and surrounding the whole muscle is known as the
epimysium, from the deep surface of which septa pass into the muscle at irregular
intervals (Hamm, 1965). Those septa which constitute the perimysium open out into a
supporting network which separates and invests bundles (fasciculi) of muscle fibres, the
bundles being of somewhat angular outlines in section and of different sizes. Subdivision
of the larger bundles into two or three successively smaller bundles is frequently observed.
The name perimysium is retained for the connective tissue surrounding the lesser bundles.
Finally, a third component of connective tissue within muscles constituting very delicate
extensions of fine connective tissue is called the endomysium which surrounds the
individual muscle fibres. Inside the endomysium is the sarcolemma, a thin membrane
which encloses the soft sacroplasmic content of the muscle fibre. The sacrolemma
appears as a homogeneous, apparently structureless, membrane, which is clearly
distinguished from the finest divisions of the connective tissues.

1.3 MUSCLE CONNECTIVE TISSUE

The main biological function of connective tissue is to maintain the structure and
appropriate spatial relationships within and between the organs in an organism.
Connective tissue comprises the framework or scaffolding of organisms and maintains
their characteristic shape and strength. Some connective tissues, such as tendons, must be

resistant to extension, some, such as cartilage, must be resistant to compression, and
others, such as bone, must be rigid and resistant to deformation.

11
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In mature beef animals, connective tissue comprises 2-8 % of muscle dry weight (Davey &
Winger, 1979). Collagen usually makes up 95 % or more of the fibrous elements of
muscle connective tissue; most of the remaining 5 % is elastin. Fibres of collagen are
straight, inextensible and non-branching, while elastin fibres are smaller in diameter than
collagen, elastic, branching and yellow in colour. Reticulin probably comprises
predominantly collagen and the term is applied to the fine collagenous network of the
perimysium and endomysium (Voyle, 1979). In fact, a great deal of doubt exists as to
whether or not reticulin and collagen are identical. Some workers believe they are
identical, while others believe that the basic fibre structure may be similar but an additional
component exists in reticulin, which may represent a different mucopolysaccharide
(Ashgar & Pearson, 1980). Reticulin also differs in the number and orientation of the
fibres and in their relation to the protein-polysaccharide matrix which holds them together.

Reticulin fibres are shorter and finer in structure than collagen, branch and stain black with
ammonical silver stain.

Although predominantly acellular, connective tissue, in general, is also composed of
several different cell types. Connective tissue fibres are normally embedded in and
interact with an amorphous ground substance. The ground substance occupies the
extracellular space of the connective tissues as a viscous fluid. It is comprised of globular
mucoprotein, collagen and elastin. The predominant mucopolysaccharides include
hyaluronic acid, chondroitin sulphates A, B and C, keratosulphate, heparitin sulphate and
heparin and are derived from nucleoside diphosphate derivatives. The
mucopolysaccharides also contain galactosamine or glucosamine. Galactosamine is found
in chondroitin sulphates A, C and dermatin sulphate while glucosamine is found in
hyaluronic acid and keratosulphate. The proportions of these mucopolysaccharides in
ground substance varies in different tissues, with age and under the influence of
corticosteroid hormones (Ashgar & Pearson, 1980).

Generally, two different types of cell populations have been recognized in the extracellular
space, the fixed cells and wandering cells. Fixed cells include fibroblasts, mesenchyme
cells and adipose cells. Wandering cells are comprised of mast cells, macrophages or
histiocytes, lymph cells, eosinophils, and plasma cells and are concerned mainly with
controlling infection. Connective tissue therefore, has both cellular and extracellular
components. Fibroblasts, mast cells and macrophages are the predominant cell types
which are surrounded by an extracellular matrix of amorphous mucopolysaccharides,
chondroitin sulphates and hyaluronic acid set in a framework of elastin and collagen fibres
(Ashgar & Pearson, 1980).
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Collagen constitutes that part of meat connective tissue that has the major role in
determining the texture of meat (Bailey, 1972; Light et al., 1985; Light, 1987) while
elastin seems to be of little or no significance in determining meat texture due to its low
content in the majority of muscles (Paul, 1963). Elastin represents 37 % of the connective
tissue content of semitendinosus, however, (Bendall, 1967) and may have a role to play in
determining toughness (Rowe, 1986). The amount of connective tissue relative to
muscle fibres is much greater in some muscles than in others, a fact which to some extent
explains why some cuts of meat are tougher than others although such a distinction is only
a crude guide to the causative role of collagen in determining texture. The connective
tissue content of muscle is greater in young compared with older animals and the

concentration of both collagen and elastin diminish with increasing animal age (Lawrie,
1985) (Table 1.3).

As shall be shown later, connective tissue and especially collagen, has been strongly
implicated in determining meat textural quality and this involvement changes with age, for
example, the tendemess of veal and the toughness of meat from older animals. The
connective tissue of youn g animals niay contain more reticulin (Lawrie, 1985). Thereis a
higher concentration of 'salt-soluble' collagen (a precursor of insoluble collagen) in young
or actively growing muscle (Lawrie, 1985). The degree of intra- and intermolecular
Cross-links (see section 1.4.5) between the polypeptide chains in collagen and the nature of
these cross-links change with increasing animal age. As collagen is the major connective
tissue component in meat, therefore it is important to understand its structure and function.
The following section deals with this subject.

14  COLLAGEN

1.4.1 Fundamental Characteristics of Collagen

Although the collagens of basement membrane and the fine filamentous component of
articular cartilage can be readily distinguished from the interstitial fibrous collagens there
are several biochemical properties common to all types of collagen. It can be defined
(Ramachandran, 1963) as a protein with the following properties: (1) it contains three
polypeptide chains, large proportions of which have a helical structure which possesses
the repeating sequence Gly-X-Y, and which are wound into a stable triple helix; (2) one- |
third of the amino acids are glycine; (3) its wide angle X-ray diffraction pattern exhibits a
2.86 A meridional arc and 124 equatorial reflections; (4) the molecule possesses a high
negative optical rotation and (5) it contains hydroxyproline and hydroxylysine, and no
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tryptophan. Large proportions of the three polypeptide chains of collagen (each containing
more than 1000 amino acids, the majority of which are arranged in regular repeating
sequences of gly-pro-y and gly-x-hyp) are wrapped about a central axis to form a gradual
right-handed superhelix, the individual chains being interconnected by hydrogen bonds.
The collagen molecule can therefore be thought of as a stable triple helix, 1.5 nmin

diameter and of variable length, linearly connected to variable proportions of non-helical
globular domains.

1.4.2 The Biological Diversity of the Collagens

In recent years there have been considerable advances contributing to the wealth of
knowledge of the chemistry, structure and function of collagen ( Miller, 1976;
Ramachandran & Ramachandran, 1976; Fessler & Fessler, 1978; Bailey & Etherington,
1980; Bornstein & Sage, 1980). The biological diversity of collagen had been difficult to
account for, based as it had to be on a small number of side-chain modifications of a
chemically very simple molecule. This diversity in structure and function is manifested in
the forms in which collagen occurs: the strong ropelike fibres present in tendon, the
flexible layers of interwoven fibres in skin, the transparent laminated sheets of fine fibres
of cornea, the amorphous membrane structure of the lens capsule and glomeruli, the
lubricated cartilage of the joints, the mineralized collagen of bone and dentine, and the fine
filaments surrounding and supporting cells. Collagen is found in these various forms in
the tssues of all types of multicellular organisms from the most primitive invertebrate,
through sponges and coelenterates up to mammals. The basis of the structural

organization of the whole animal kingdom is dependent on the properties of the
extracellular collagen fibres.

The identification of a whole family of genetically distinct collagens over the past few
years has illuminated the variations of the basic structure that can account for the biological
diversity associated with collagenous tissues described above. At the present time twelve
genetically distinct collagen molecules have been identified, which can be classified
according to their macromolecular structure, as follows: Group I, interstitial collagen
(striated fibre collagen) Group II, basement membrane collagen (nonfibrous collagen); and
Group III, microfibrillar collagen (Table 1.4) (Bailey, 1987).

1.4.3 Location of Collagen Types

The best characterized collagen types are those found in group I; the fibrous types I, II,
and ITI collagens and form the structural matrix of the tissues which contain them. These
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Table 1.4 Classification of Collagen Types (from Bailey, 1987)

Group name Types included
I-Interstitial collagen I, IT, III
II-Basement membrane collagen \Y '
[TI-Microfibrillar collagen
(a) Pericellular (cell-associated) V, IX, X, (XI)
(b) Matrix VI, VIL(V)
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include skin, tendon and bone which contain predominately type I collagen and tissues
such as aorta, placenta, lung, liver and kidney which contain both type I and III collagen
(Piez, 1976). Type Il collagen was first identified in cartilage (Miller & Matukas, 1969)
where it is the major structural component, but has now been shown to be presentin a

variety of tissues including the intervertebral discs, notochord and the vitreous humour and
neural retina of the eye (Bailey, 1987).

Collagens classified as group II aggregate to form nonfibrous sheets. The only known
collagen in this group is type IV, which is specific to basement membranes, that is, the
nonfibrous sheets underlying epithelial and endothelial cells, surrounding muscle and

nerve cells, and providing the structure of lens capsule in the eye and the filtration
properties of the glomeruli of the kidney.

The microfibrillar collagens present in group II can be subdivided into matrix collagen
(types VIand VII) and pericellular (cell-associated) collagen (types V, IX and X) (Bailey,
1987). Type V collagen, first isolated from pepsin digests of placental chorionic and
amniotic membranes (Burgeson et al,, 1976), is widely distributed among collagenous
tissues, and is associated with basement membranes but is distinct from type IV collagen.
Type VI collagen was initially isolated as a pepsin-resistant fragment from human aortic
intima and therefore called intima collagen (Chung et al., 1976). It has since been shown
to have a wide distribution in the extracellular matrix, but has not been demonstrated in
cartilage or basement membranes. Type VII was originally isolated from placenta by
pepsin digestion and is believed to be confined to microfibrils underlying the dermal
basement membrane and the chorioallantoic membrane (Burgeson ¢t al,, 1985). Type IX
collagen was first isolated from pig articular cartilage, from intervertebral disc and from
chick sternal cartilage, while type X collagen was initially identified in the medium of

chondrocyte cultures and designated short-chain (SC) collagen, or G collagen. Type X
collagen is concentrated around the chondrocytes, and can therefore be classified as a cell

associated collagen (Bailey, 1987).

Several other collagens have been identified that have not, as yet been classified, including
type VIII collagen, type XI collagen (1a,2ct,30) (Bailey, 1987), type XII collagen

(Dublet & van der Rest, 1987; Gordon et al,, 1987) and invertebrate collagens (Batley,
1987).

The collagens present in the connective tissue of muscle are types I, [II, IV V and VI
(Bailey & Sims, 1977) and the rest of this discussion will focus on these collagen types.
Types I and III collagen has been located in the epimysium, types I, Il and V 1n the
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perimysium, types III, IV and V in the endomysium and type VI 1in the epimysium and
perimysium (Bailey & Sims, 1977; Duance et al,, 1977; Bailey et al., 1979; Hessle &
Engyvall, 1984; Light & Champion, 1984; Light et al., 1985).

1.4.4 Biosynthesis of Collagen

The collagen genes are very complex, containing about 50 exons and large intervening
scquences. Following transcription, processing of the pre mRINA involves approximately
S50 excisions and splicing steps. The collagens are first synthesized as pre-pro-collagens
with remarkably large signal sequences (100 amino acids). Procollagen is the term
reserved for the primary precursor form of the collagen molecule in the same sense as
proenzymes such as procarboxypeptidase and prohormones such as proinsulin are
precursors of carboxypeptidase and insulin, respectively, Procollagen molecules then
~under g0 a series of enzymatically controlled post -translational modifications which take
place intra- and extracellularly (Krieg et al., 1988). The procollagen molecule is extended
at both the N- and C-termini by propeptides, which are extraordinarily large, both being of

the order of a hundred amino acids in each chain (approximate Mr, 36 000) (Fessler &
Fessler, 1978).

Newly synthesized procollagen a-chains undergo several postribosomal alterations and

studies of the corresponding enzymes indicate a finely orchestrated series of post-
transational modifications that facilitate successive assembly, secretion and cross-linking

steps from individual polypeptides to fibres. A summary of the events is presented in
Table 1.5.

Hydroxylation of proline residues, catalyzed by prolyl hydroxlyase, stabilizes the helical
folding of a collagen chain (Bornstein, 1974; Prockop et al,, 1976). However,
hydroxylation of certain lysine residues (by lysyl hydroxylase), glycosylation of these and
certain propeptide residues (by various monosaccharide transferases) and, possibly,
catalysis of sulphydryl bond formation are all important steps in the post-translational
modification of the collagen a-chain (Krieg et al., 1988). Prolyl hydroxylases, lysyl
hydroxylases and the lysyl glycosidases require their substrates to be in unfolded, non-
helical form, which suggests that proline hydroxylation and chain folding proceeds pari

passu (Fessler & Fessler, 1978).

Time-labelling studies show that in the unperturbed system, proline hydroxylation closely
follows peptide synthesis. Proline hydroxylase is located within the rough endoplasmic
reticulum (RER), as shown by electron microscopy and by its presence within rough'
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Table 1.5 Post-Translational Modifications of Collagen (from Krieg et al,, 1988)

Intracellular
} Hydroxylation of lysyl- and prolyl residues
Glycosylation of hydroxylysyl residues
Triple helix formation
Translocation and secretion of procollagens

Extracellular
Cleavage of N- and C- terminal procollagen peptides
Aggregration into fibrils
Formation of intermolecular cross-links
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microsomes prepared from it so it is postulated that there is a coordinated progression of
peptide synthesis, entry into the RER, hydroxylation and concommitant helical folding.
Disulphide linkage between the carboxyl propeptides is delayed until after synthesis of the
completed pro a-chains (Fessler & Fessler, 1978).

The sequence of cleavage of the amino and carboxy propeptides varies; with type I
collagen, the N- terminus is removed first, while for type III collagen, the C- terminus is
cleaved first (Fessler et al., 1982). In chick embryo calvaria, the amino propeptides are
removed at about the same time that proline-labelled protein leaves the cell (Morris et al.,
1975), whereas the carboxyl propeptides are removed at a distinctly later time, suggesting
that the amino propeptides are removed near the cell surface and the carboxyl propeptides
extracellularly, however, all procollagen peptidase activity is extracellular (Nist et al.,
1975). The peptidases are not serine proteases, are not inhibited by SH reagents,
however, they are inhibited by ethylenediamine tetraacetic acid (EDTA) (Fessler & Fessler,
1978). Evidence for more than one endopeptidase in the processing of procollagen was
obtained from a number of in vitro cell culture and cell incubation studies and from the

~ action of tunicamycin on the processing of procollagen. The physiological sequence is
predominantly that the amino procollagen peptidase first removes the amino propeptides

and subsequently the carboxyl procollagen peptidase cleaves the carboxyl propeptides in a
sequential manner yielding a-chains (Fessler & Fessler, 1978).

The molecules then arrange themselves side-by-side in a quarter-staggered manner, to
facilitate fibril formation, which are stabilized by cross-links. These originate from an
oxidation by lysyloxidase of distinct hydroxylysyl and lysyl residues localized in the
telopeptide regions. The aldehydes, so-formed, react with a lysyl residue of a
neighbouring molecule to form a Schiff's base, which can then undergo an Amadori
rearrangement, resulting in formation of a stable cross-link. Regulation of fibril formation
1s still incompletely understood and sequential cleavage of procollagen peptides or
mixtures of different collagen types are thought to be involved in the control of
fibrillogenesis (Krieg et al., 1988).

chradatiqn of mature collagen fibrils in the extracellular space is dependent on the activity
of the mammalian collagenase, which cleaves the molecule between position 775 and 776

(glycine/isoleucine) within the &iplc helix (Harris & Krane, 1974; Werb, 1982). The
resulting 33- and 21- fragments are unstable under physiological conditions and can be

degraded by a variety of proteases. Collagenase is synthesized in an inactive form and its
activity is regulated by several inhibitors, known to be present in the connective tissue and
body fluids, ensuring complex control of the regulation of collagen turnover. The
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mammalian collagenase synthesized by fibroblasts mainly cleaves the interstitial collagens 1
and ITI, but also has some activity against type II collagen, whereas for other collagens

e.g. type IV, other collagenases have been shown to be highly specific (Krieg ¢t al.,
1988).

1.4.5 Structure and Stabilizing Cross-Links of Collagen

The structure of collagen, at various levels of organization is shown in Fig. 1.3. (Gross,
1961). The polypeptide at-chains which make up the collagen molecule vary in size and
composition from collagen type to collagen type. However, there is a structural similarity
and in many cases a high degree of sequence homology between all types. Collagens
exhibit a characteristic amino acid analysis, the most notable feature being a high glycine
and imino acid content, which together comprise approximately half the total amino acids.
The presence of the amino acid hydroxyproline in collagen (about 14 % in fibrous
collagens) is also a unique feature because this amino acid occurs in only a few other
proteins, i.e. elastin (1.6 %), to a lesser extent in the serum complement protein Clq (Reid,
1979) and in certain plant proteins (Lamport & Miller, 1971). Its presence has also been
reported in a ‘collagen-like' sequence of acetyl cholinesterase (Lwebuga-Musaka_et al.,
1976). However, the hydroxyproline content of these proteins is remarkably less than
that of collagen, and it has been used for many years as a means of determining the amount
of collagen present in tissues. Collagen also contains hydroxylysine, very few aromatic
or sulphur-containing amino acids and no tryptophan. The positioning in the sequence of
the proline and hydroxyproline residues as mentioned above (section 1.4.1) confers a
unique polyproline helical configuration on all three peptide chains which then bind
together to form a compact triple helix. In its secondary structure, the greater part of each
chain is arranged as a left-handed helix (Fig. 1.3 c); and the three of these intertwine to

form a right-handed super-helix (Fig. 1.3 e, f), which is the helical portion of the collagen
molecule.

The interstitial collagens (types I-III) all possess similar triple-helices, consisting of semi-
rigid rods of about 300 nm long and 1.5 nm in diameter with a molecular weight of

300 000 (Gross, 1961; 1964). Each a-chain of the triple-helix contains approximately
1000 amino acid residues, existing as a left-handed polyproline triplet, with the final
collagen chain being a right<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>