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I.

INTRODUCTION

The postmortem aging of meat, or conditioning as it is sometimes
called, results in increased meat tenderness and quality.

Many factors

such as age, sex, and nutritional state of the animal affect the overall
acceptability of the meat.

However, the increase in tenderness that is

associated with conditioning is probably due primarily to the action of
endogenous proteolytic enzymes.

Recent studies have identified the

cathepsins B, D, H, and L and a calcium activated protease (CAF) as
being endogenous to muscle fibers.
to protein turnover

Because of their putative importance

vivo and to meat quality, much research is being

conducted to better understand the action of these proteases on myo
fibrillar proteins and structure.
Increase in meat tenderness postmortem is assumed by many investi
gators to be the result of breaking, fragmenting, or at least weakening
of the myofibrillar structure, possibly at or near the myofibrillar Z
lines.

Therefore, the action of a proteolytic enzyme that is effective

in postmortem muscle may be to catalyze the hydrolysis of one or more
proteins at a structurally important site(s) that results in weakening
of the myofibril.

Although a number of studies have been done to assess

the relative effectiveness of the above mentioned enzymes in their
ability to hydrolyze myofibrillar proteins, few studies have taken into
account the actual chemical and physical environment which is present
in postmortem muscle.

The primary objective of this study was to better

understand the role of CAF and cathepsin D in disassembly of myofibrils
postmortem.

The enzymes were examined with regard to their ability to

2

hydrolyze myofibrillar proteins and to cause changes in the structural
integrity of myofibrils under conditions of pH and temperature mimicking
those present during postmortem storage and the transition of muscle
to meat.
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II.

A.

LITERATURE REVIEW

Skeletal Muscle Structure, Composition, and Proteins

A brief review of skeletal muscle structure and composition is
important to an understanding of the action of endogenous proteolytic
enzymes on muscle structure and proteins.

These enzymes and their

effects on the structural integrity of myofibrils are thought to be of
importance in the postmortem tenderization process.

The following

review is based in part on those of others (e.g., Huxley, 1972;
Gould, 1973; Goll et al., 1983a,b, 1984; Huxley, 1983; Martonosi, 1983;
Robson and Huiatt, 1983; Robson et al., 1984).

1.

Skeletal muscle structure
Skeletal muscles and muscle cells (fibers) are held in anatomical

register by a series of continuous connective tissue sheaths.

The

fairly thick sheath which surrounds the whole muscle is called the
epimysium.

That which anastomoses with the epimysium and then surrounds

groups of muscle fibers (muscle bundles) is called the perimysium.
Finally, a thin cover or sheath of connective tissue called the
endomysium surrounds the individual muscle fiber and is in close
association with the cell's membrane.
A skeletal muscle fiber is a long, unbranching cylindrical cell
with tapering ends.

The cell can extend completely from origin to

insertion of the muscle, but rarely does.

More commonly, it extends

from one end of the muscle bundle to the midregion and terminates, or
it originates and terminates in the belly of the muscle.

The length
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of a muscle fiber can range from about 1 mm to 34 cm in the most extreme
cases; however, a more normal range is from 1 to 40 mm with an average
length of 20 to 30 mm.

The diameter of the muscle fiber also can vary

widely with a range of about 10 to 100 /im.

These differences in width

are dependent upon a number of factors including the location along a
cell's length (the ends taper), class of animal (fish > amphibians >
reptiles > mammals > birds), exercise (increases with exercise),
maturity (increases with age), and physiological type of fiber (red
type fibers are usually smaller than white type fibers) (Huxley,
1972; Goll et al., 1984).
The cell membrane of a muscle fiber is often called the sarcolemma.
It is approximately 100 nm thick and is composed of two basic parts.
The innermost part is called the plasmalemma.

It is 7.5 to 10 nm thick

and consists of the typical trilaminar membrane structure.

It is

composed primarily of proteins, phospholipids, and cholesterol.

The

second part of the membrane is contiguous with the endomysium, but is
distinct.

It is composed of three morphological regions totaling

approximately 70 to 90 nm in thickness and is collectively referred to
as the basement membrane.

It consists of an outer layer of fine non-

collagenous fibrils, a middle layer of collagen fibers, and an inner
somewhat amorphous layer.

The sarcolemma functions in the active

transport of metabolites and nutrients, and conducts electrical impulses
which act as the signal for contraction (Huxley, 1972; Goll
et al., 1984).
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The composition of cellular constituents is uniquely specialized
to the muscle fiber and its function.

A skeletal muscle fiber is

multinucleated, containing 100 to 200 nuclei per cell.

This results

because the mature cell arises from the fusion of many embryonic cells
called myoblasts.

The nuclei are ellipsoidal in shape and are located

towards the periphery of the cell close to the sarcolerama.
cell does not divide mitotically.

The mature

The muscle fiber is rich in

mitochondria (sarcosomes), which are more numerous in red than in white
fibers.

It also contains the ribosomes needed to carry out the

synthesis of proteins.
granules.

Normal resting muscle contains many glycogen

These are the storage form of energy for glycolysis and are

important in postmortem anaerobic metabolism.

Lysosomes have been

identified in muscle, but are very few in number.

They may be associated

with the sarcoplasmic reticular system, and increase during stress and
disease (Bird, 1975; Bird et al., 1980).

The cytoplasm (sarcoplasm) of

a muscle cell contains many proteins including a large complement of
glycolytic enzymes and myoglobin, which is unique to muscle cells and
responsible for carrying and storing oxygen and for the characteristic
color of red meat (Gould, 1973).
The sarcoplasmic reticulum and associated T system are membrane
enclosed tubules that form an extensive network throughout the interior
of the muscle cell (Franzini-Armstrong and Porter, 1962; FranziniArmstrong, 1973).

These two systems function in the initiation of

contraction and relaxation.

The T system is composed of T tubules that

function to conduct nerve impulses from the sarcolemma into the center
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of the cell.

These tubules are oriented perpendicularly to the long

axis of the cell and myofibrils.

In mammalian skeletal muscle, these

invaginations occur at the level of every A band/l band junction (two
per sarcomere).

The sarcoplasmic reticulum tubules or membranes (L

system) run parallel to the long axis of the cell and myofibrils, and
abut each side of the T tubule at each A-I junction.

As the sarcoplasmic

reticulum membranes approach the T tubule, they coalesce to form a large
sac (lateral cisternae) adjacent to the T tubule.

The sarcoplasmic

reticulum functions by binding calcium ions to bring about relaxation
(Martonosi, 1983).
Perhaps the most obvious and specialized structures of a skeletal
muscle fiber are the myofibrils, which literally pack the inside of the
muscle cell.

Myofibrils are elongated protein threads, about 1 to 3 /tm

in diameter, with their long axis parallel to the long axis of the fiber.
They extend from one end of the fiber to the other end.

They also can

branch at Z lines, which evidently is part of the growth process
(Huxley, 1972).

Myofibrils are the contractile elements of the

muscle cell and comprise about 50% of total muscle protein (Huxley,
1983; Goll et al., 1984).
Myofibrils are responsible for giving skeletal muscle its character
istic striated appearance when viewed under the polarized light microscope
(Huxley, 1972).

Alternating patterns of light and dark regions

arise from the arrangement and composition of filaments within the
myofibrillar structure.

The light region observed with the phase

contrast light microscope is weakly birefringent or isotropic and is
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termed the I band.

Bisecting the I band is a thin dark line called

the Z line or Z disk. The dark region of the myofibril observed when
viewed with the phase contrast microscope is strongly birefringent or
anisotropic and is termed the A band.

The center of the A band in

rest length myofibrils is bisected by a narrow, less dense zone or
region called the H zone.

The center of the A band also is bisected

by a narrow dense line termed the M line, but this structure is
difficult or impossible to see with the light microscope.

The repeating

unit from one Z line to the next Z line is called a sarcomere.

The

sarcomere length for normal resting muscle is 2.3 to 2.8 /tm and for
contracted muscle is between 1.8 and 2.1 /on.

It has been shown in

electron microscope studies that the myofibrils are composed of
interdigitating arrays of thick and thin filaments (Huxley,
1972; Huxley, 1983).

The I band region is composed of thin filaments,

6 to 8 nm in diameter and 1.0 _/(m long.
to the Z line.

They are attached at one end

The other end extends into the A band.

The A band

region is composed of thick filaments, which are 14 to 16 nm in diameter
and 1.5 /<m long, plus the thin filaments that run up to the edge of the
H zone.

The sarcomere length changes during contraction/relaxation,

but the lengths of the individual thick and thin filaments do not
change (Huxley, 1972; Huxley, 1983).
Page (1968) has identified two dense lines, termed the N lines,
in the I band.

These lines are located on either side of and parallel

to the Z line.

The

line (0.05 Jim wide) is located approximately

0,1 to 0.2 /im from the Z line. Its position does not change with
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sarcomere length.

The

is located between the

line is slightly broader (0.15 /un wide) and
line and the edge of the A band.

of the Ng line varies as the sarcomere length changes.

The position

However, it

maintains the same proportional distance from the Z and M lines
(Franzini-Armstrong, 1970; Locker and Leet, 1976b; Wang, 1981).

2.

Composition of muscle
The proximate composition of mature mammalian skeletal muscle is as

follows:

water, 55-78%; protein, 15-22%; lipid, 2-20%; carbohydrate,

1-2%; nucleic acid (DNA, 25-30 mg/100 g; RNA, 100 mg/100 g); and ash,
1-2% (Goll et al., 1984).

The lipid content is the most variable

constituent, with increases in its amount being offset by decreases
in water content.

Other nonprotein nitrogenous compounds are important

in meat quality and some of these are listed as follows at their
approximate concentrations in living muscle:

ATP, 5-15 mM; ADP, 0.5 mM;

phosphocreatine, 20 mM; creatine, 4-5 mM; carnosine, 350 mg/100 g ; and
anserine, 140 mg/100 g (Goll et al., 1984).

3.

Proteins of muscle
The protein content of muscle often has been classified on the

basis of its solubility in solutions of varying salt content.

The

sarcoplasmic (myogen) fraction can be defined roughly as those proteins
that can be extracted in a short time (about one hour or less) from
ground muscle by a buffer with ionic strength of 0.1 or less at neutral
pH,

This fraction comprises 30 to 35% of the total muscle protein and

contains many of the enzymes associated with carbohydrate, lipid, and
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amino acid metabolism plus myoglobin (Stromer et al., 1974; Coll et al.,
1984).

The myofibrillar fraction consists of those proteins extracted

at higher ionic strength (above 0.3) and contains many of the proteins
that make up the myofibril.
protein (Briskey, 1967).

It composes 52 to 56% of total muscle

The third and final class of muscle proteins

is composed of those proteins that are insoluble in neutral aqueous
solutions and contains primarily the connective tissue proteins collagen
and elastin.

This fraction composes 10 to 15% of the total muscle

protein and is called the stroma fraction (Briskey, 1967; Goll et al.,
19 70, 1984).

For historical reasons, the classification of muscle

proteins on the basis of their salt solubility has been included here.
However, strict adherence to this scheme can lead to confusion because
many of the myofibrillar proteins are soluble at low ionic strength
after extraction and purification.

They might better be classified on

the basis of their function.
The myofibrillar protein fraction is composed of at least 12 to 14
proteins (Goll et al., 1984).

The list may grow to as many as 20 or

more if several additional, minor, poorly characterized proteins are
shown to be bona fide myofibrillar components in skeletal muscle cells
(Robson and Huiatt, 1983).

A list of the more significant proteins

and their respective approximate content as a percent of total myo
fibrillar protein is as follows:

myosin, 45%; actin, 20%, tropomyosin,

5%; troponin, 5%; titin, 10%; nebulin, 5%; alpha-actinin, 2%; betaactinin, 1%; C protein, 2%; M protein (165 K protein), 3%; myomesin
(185 K protein), <1%; creatine kinase, <1%; desmin, <1%; and others
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such as filamln and vinculin at less than 1% each (Grove and Eppenberger, 1983; Robson and Huiatt, 1983; Goll et al., 1984).
Myosin is one of the largest proteins in muscle and composes
approximately 45% of the total myofibrillar protein (Robson and Huiatt,
1983; Yates and Greaser, 1983).

It is of great importance in its

biological function and its role in meat quality.
molecular weight of about 520,000.

It has a native

The natural subunits of myosin

consist of two heavy chains of approximately 200,000 to 223,000 daltons
each and four light chains of approximately 16,000 to 21,000 daltons
each (Stracher, 1969; Weeds and Lowey, 1971; Yates and Greaser, 1983).
The molecule has a long, almost completely alpha-helical, rod-like
tail and two globular heads, the sites for the enzymatic activity.

The

molecule is approximately 160 nm in length, 2 nm in diameter in the
rod portion, and 6 nm in diameter in the head region (Goll et al.,
1984).

Myosin is the major constituent of the thick filament of

myofibrils, has the ATPase enzymatic activity, and has the ability to
bind actin during contraction.

Myosin molecules have the ability to

self-assemble into thick filaments iji vitro.

The tails of adjacent

molecules aggregate to form the shaft of the thick filament, with the
heads bent out to form the cross bridges.

With respect to meat

quality, myosin is directly related to water holding capacity, emulsion
capacity, and overall texture of meat (Hamm, 1982; Lawrie, 1983).
Actin is the second most abundant myofibrillar protein and
comprises 20% of the total myofibrillar protein (Greaser et al., 1981;
Robson and Huiatt, 1983; Yates and Greaser, 1983).

The molecule itself
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is referred to as G actin and is composed of a single polypeptide chain
of 42,000 daltons (Collins and Elzinga, 1975). In vivo, it forms the
core or backbone of the thin filament by polymerization into long,
double stranded, helical chains.

The polymerized form is called F

actin and contains one mole of ADP and one tightly bound calcium per
G actin monomer.

Polymerization of G actin to F actin iji vitro can be

accomplished by addition of 0.1 M KCl or 1 mM Mg^^ (Laki, 1971).
actin has the ability to bind myosin and to modify the Mg
activity of myosin.

F

2+

-ATPase

In relation to meat quality, actin is very

important because the amount of cross links between actin and myosin
has pronounced effects on the tenderness, emulsion capacity, water
binding capacity, and texture of the meat (Lawrie, 1983).
The tropomyosin molecule is located all along the thin filament
and is part of the regulatory system of contraction.

The molecule is

composed of two subunits of approximately 33,000 daltons each (Cummins
and Perry, 1973).

These subunits are almost entirely alpha-helical

and lie in register in a two-stranded, coiled-coil arrangement
(Crick, 1953; Cohen and Szent-Gyorgyi, 1957; Mak et al., 1980).
Troponin and topomyosin together are responsible for the regula
tion of contraction via calcium levels.

Native troponin has a molecular

weight of 69,000 and consists of three subunits.

The largest of the

three is troponin T, with a molecular weight of 30,500 (37,000 by
SDS-PAGE).

Troponin T binds to tropomyosin and to tropopnin C, but

only weakly to troponin I and to F actin.

Troponin I has a molecular

weight of approximately 21,000 (24,000 by SDS-PAGE), binds strongly to
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troponin C and to F actin, and weakly to troponin T and to tropomyosin.
Troponin C has a molecular weight of approximately 18,500, binds
strongly to troponins T and I, but not to actin, and has four binding
sites for divalent cations.

Two of the sites bind calcium reversibly

during contraction/relaxation.

One troponin molecule is bound to each

tropomyosin molecule in the thin filament.

One hypothesis for the

control of contraction is called the steric blocking model (Huxley,
1983).

In this model, the tropomyosin strand positions itself between

actin in the thin filament and the myosin cross bridge when the calcium
-8

concentration is below about 10

M.

As the calcium concentration

rises in the cell following release from the sarcoplasmic reticulum,
the calcium ions are bound by troponin C.

Binding of this calcium

induces a series of conformational changes in the thin filament and
ultimately results in the tropomyosin strand being shifted out of the
way, allowing myosin cross bridges to interact with actin in the thin
filament (Greaser and Gergely, 1973; Huxley, 1983).
Alpha-actinin has a native molecular weight of 200,000 and is
composed of two subunits of 100,000 daltons each (Robson et al., 1970,
1981; Robson and Zeece, 1973; Suzuki et al., 1976).

Alpha-actinin is

approximately 75% alpha-helical in its secondary structure (Suzuki
et al., 1976).

The protein is located in the Z line of the myofibril

(Schollmeyer et al., 1976).

Alpha-actinin, when added to reconstituted

actomyosin suspensions ^ vitro, activates the Mg

2+

-modified actomyosin

ATPase and turbidity responses (Ebashi and Ebashi, 1964; Arakawa et al.,
1970).

It has been proposed that iji vivo alpha-actinin has a structural
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role in that it anchors thin filaments from opposing sarcomeres at the
Z line (Yamaguchi et al., 1983).
Beta-actinin is a poorly understood myofibrillar protein that
comprises less than 1% of the total myofibrillar protein.

It has a

molecular weight of approximately 70,000 and is composed of two subunits of 37,000 and 34,000 daltons (Maruyama et al., 1977).

The

protein seemingly is located at the free end of each thin filament
(Maruyama and Kimura, 1981).
C protein is a constituent of the thick filament and has a molecular
weight of 140,000 (Starr and Offer, 1978).

It is localized as stripes

or rings around the shaft of the thick filament.

There are seven

bands, approximately 43 nm apart, of C protein in each half of the
thick filament (Craig and Offer, 1976).

The molar ratio of C protein

to myosin in the thick filament is about 1 to 3.

The role of C protein

is unclear, but it may give added strength to the thick filament (Starr
and Offer, 1978).

Interestingly, C protein also will bind to F actin

(the only myofibrillar protein that will bind to both actin and myosin)
and, thus, perhaps the protein has some function in modifying the
interaction between thick and thin filaments (Starr and Offer, 1978;
Moos et al., 1978; Moos, 1981).
The M line of thick filaments seemingly is composed of three
proteins, namely, M protein (165 K protein), myomesin (185 K protein),
and creatine kinase (Trinick and Lowey, 1977; Walliman et al., 1978;
Strechler et al., 1980; Grove and Eppenberger, 1983).

M protein consists

of one subunit and has a molecular weight of about 165,000 (Trinick
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and Lowey, 1977).

Creatine kinase has a native molecular weight of

about 84,000 and consists of two 42,000-dalton subunits (Walliman et al.,
1978).

Myomesin is a more recently discovered component of the M line

structure and has a molecular weight of about 185,000 (Grove and
Eppenberger, 1983).

When longitudinal sections of muscle are examined

by electron microscopy, the M line appears as 3 to 5 lines perpendicular
to the long axis of the thick filaments.

It has been proposed that the

M line functions to hold the thick filaments in their proper threedimensional register (Trinick and Lowey, 1977).
Titin is one of the more recently discovered myofibrillar proteins.
It composes about 10% of the total myofibrillar protein.

Titin has a

molecular weight, as estimated by SDS-PAGE, of approximately 1,000,000
(Wang et al., 1979).

Studies by Maruyama et al. (1981a) indicate that

some of the high molecular weight components of the highly insoluble,
elastic protein called connectin are identical to titin.

Immuno-

fluorescent localization of titin in myofibrils suggests that it is
distributed throughout much of the sarcomere, with especially intense
staining at the level of the A-I junction (Wang et al., 1979; Wang and
Ramirez-Mitchell, 1983; LaSalle et al., 1983).

It has been suggested

that titin may compose a set of thin, longitudinally running, elastic
filaments that extend from Z line to Z line within an intact sarcomere
(Wang et al., 1979).

Others earlier proposed the existence of a new

set of elastic, longitudinally running filaments called gap filaments
that link the cores of thick filaments of adjacent sarcomeres through
the Z line (Locker and Leet, 1976a,b).

It is unclear at present whether
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gap filaments (or some type of longitudinally running filaments in the
sarcomere) are composed of titin, but recent immunoelectron microscope
results suggest this may be so (LaSalle et al., 1983; Robson and
Huiatt, 1983; Robson et al., 1984).

Titin's importance in meat quality

is not known for certain; however, it has been shown that titin
disappears coincident with postmortem aging (Lusby et al., 1983)
during the time which meat becomes more tender.

It also is known that

titin is highly susceptible to proteolysis (Wang and Ramirez-Mitchell,
1983; Zeece et al., 1983).
Nebulin is another high molecular weight (about 500,000) protein
that was discovered by Dr. Kuan Wang and his associates (Wang et al.,
1979; Wang and Williamson, 1980).

Nebulin has been localized at the

N^ line (Wang and Williamson, 1980; Ridpath et al., 1982), but the role
of the protein in meat quality is not yet clear (Robson et al., 1984).
It is known that nebulin is degraded during postmortem aging (Lusby
et al., 1983; Robson and Huiatt, 1983).

It comprises about 5% of the

total myofibrillar protein and it is possible that nebulin may constitute
part of a set of longitudinally running filaments in the sarcomere.

If

the latter is shown to be true, then nebulin may well have a significant
role in the postmortem tenderization process.
Desmin is a protein having a molecular weight of approximately
55,000.

It was first identified (Schollmeyer et al., 1976) and isolated

from smooth muscle in a highly purified state (Huiatt et al., 1980).
Subsequently, it was purified from skeletal muscle (O'Shea et al., 1981).
Desmin has the ability to self-assemble into long, 10-nm diameter
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filaments in vitro (Huiatt et al., 1980).

Immunoelectron microscope

localization studies suggest that desmin 10-nm filaments link adjacent
myofibrils together at their Z line levels.

Desmin may be quite

important in meat quality because it disappears during the aging
process (Robson et al., 1980, 1981, 1984; Kasang, 1983; Robson and
Huiatt, 1983).
The stromal proteins make up approximately 10 to 15% of total
muscle protein and are insoluble in neutral aqueous solutions (Stromer
et al., 1974; Goll et al., 1977, 1984). The proteins collagen, elastin,
and reticulin are the major constituents of this fraction.

Collagen

is by far the major protein of the three and is perhaps the most abundant
single protein in mammals (Seifter and Gallup, 1966).
is the basic molecular unit of collagen.

Tropocollagen

It is a rod-like molecule

with a molecular weight of about 300,000, a length of 280 to 300 nm,
and a diameter of 1.5 nm.

It is composed of three polypeptide chains

of about 100,000 daltons each that are arranged in a collagen triple
helix.

Collagen is a very unusual protein in its amino acid composition,

with approximately one-third of its residues being hydroxyproline and
proline.

Tropocollagen is rather easily converted to a soluble form

(gelatin) by heating.

However, intermolecular cross-linking renders

collagen molecules more resistant to denaturation by heating.

It

has been shown that the amount of intermolecular cross-linking increases
with age of the animal.
ness.

This increase adversely affects meat tender

There evidently is little change in collagen during postmortem
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aging (Bailey and Sims, 1977; Goll et al., 1964, 1983a; Hill, 1966;
Herring et al., 1967).

B. Effect of Sarcomere Length, Myofibril Fragmentation,
and Other Selected Postmortem Changes on Meat Quality

1.

Sarcomere length
The factors responsible for determining meat quality are complex.

With regard to meat tenderness, one of the primary determinants of
meat palatability, it has been suggested by several investigators
(Marsh and Leet, 1966; Davey and Gilbert, 1974; Marsh, 1977) that
sarcomere length can be used as one of its indicators.

It has been

shown that only approximately 20% of the cross bridges on the thick
filament are actively attached to thin filaments at any one time in
vivo (Huxley and Brown, 1967).

However, after the energy supply is

depleted postmortem, up to 100% of the cross bridges can become firmly
attached to the thin filaments and cause the muscle to become inextensible (Huxley, 1968; Goll et al., 1970).

Up to a point, the

potential number of cross bridges that can be formed postmortem between
actin and myosin increases with decrease in sarcomere length.

As a

result, it often has been assumed that toughness is directly related
to the degree of contraction that occurs just before ATP levels are
exhausted postmortem (Marsh, 1977; Lawrie, 1980, 1983).
The average resting sarcomere length of vertebrate muscle is about
2;3 to 2.8 /tm (Goll et al., 1984).

Shortening by 20% only slightly

affects tenderness; however, shortening of sarcomeres by 20% to 40%
causes a four- to five-fold decrease in tenderness (Behnke et al., 1973;
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Marsh and Crase, 1974).

Extreme shortening to less than 60% of rest

length results in increased tenderness, possibly reflecting damage to
myofibril structure at the Z line (Marsh and Crase, 1974).

Although

sarcomere length has some relationship to meat tenderness, it is
generally considered not to be a highly reliable predictor of tender
ness (Olson et al., 1976).

2.

Myofibril fragmentation
Several investigators have suggested that Z line degradation

postmortem may be the cause for much of the increase in meat tender
ness that occurs during aging (Stromer et al., 1967; Davey and
Gilbert, 1969; Henderson et al., 1970; Penny, 1970).

Loss of Z line

integrity may result in many break points along the long myofibrils.
It has been proposed that the Z line weakening also results in an
increase in the amount of fragmentation and decrease in overall length
of myofibrils that occurs when myofibrils are prepared from postmortem
muscle.

Parrish et al. (1973), for instance, observed that myofibrils

prepared from tender muscle had shorter myofibril fragments.

Olson

et al. (1976) found a high correlation coefficient (-0.75) between
myofibril fragmentation and Warner-Bratzler shear values for bovine
longissimus muscle and suggested that degree of fragmentation was a
better indicator of meat tenderness than was sarcomere length.
Further work from this laboratory, using several beef muscles
including psoas, longissimus, and semitendenosis that had been stored
at 2°C or 25°C and sampled at various times postmortem from one to
thirteen days, demonstrated that:

(1) myofibrils were fragmented
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during postmorten aging, (2) fragmentation was muscle and storage
condition dependent, and (3) the extent of fragmentation could be
quantitatively measured and expressed as a "myofibril fragmentation
index" (Olson et al., 1976).

Their study showed that the greatest

rate of fragmentation occurred from day one to day three at both storage
temperatures (2°C and 25°C).

Muscle stored at 25°C, however, had a

higher myofibril fragmentation index score than muscle stored at 2°C
(Olson et al., 1976).

The quantitation of myofibril fragmentation

index is performed by measuring the absorbance at 540 nm of a 0.5 mg
per ml suspension of myofibrils.

Olson and Parrish (1977) have reported

relatively high correlation coefficients between myofibril fragmentation
indexes and both Warner-Bratzler shear values and taste panel tender
ness scores conducted on longissimus muscle samples aged for seven days.
For instance, they reported correlation coefficients of 0.95 for veal
and 0.73 for A maturity beef between myofibril fragmentation index
scores and sensory panel tenderness scores.

Thus, myofibril fragmentation

seems to be a good predictor of tenderness compared to sarcomere length
measurements.

An exception to the high correlation of fragmentation

index and tenderness has been observed (Olson and Parrish, 1977).

The

psoas muscle, which is very tender, does not have a high fragmentation
index value.

3.

The reason for this exception is not clear.

Some postmortem changes in muscle
It is important in trying to understand the possible role of

endogenous proteases in meat quality to be aware of some of the other
changes that occur in muscle postmortem.

Whether a given proteolytic
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enzyme can be active probably is dependent on the environment in the
muscle cell postmortem.

The cessation of blood supply at death sets

in motion a number of profound physical and chemical changes, collectively
referred to as the "conversion of muscle to meat."

As the flow of

blood ceases, the cell's supply of oxygen and nutrients stops, as does
its pathway for removal of metabolic by-products (Newbold, 1966;
Lawrie, 1983).

The most significant by-product is lactic acid, which

accumulates in the muscle cell and reduces its pH.

In normal resting

muscle, glycogen reserves and ATP levels (10 to 15 mM) are high.
The rapid depletion of available oxygen stores results in the cell no
longer being able to maintain ATP levels by oxidative phosphorylation.
Instead, the cell switches to anaerobic glycolysis and uses its glyogen
reserves for the manufacture of ATP (Lawrie, 1980).

As a result of

this conversion, two moles of lactic acid are produced per glucose
unit utilized.

The cell also tries to keep ATP levels constant by

rephosphorylating ADP from phosphocreatine via creatine kinase activity.
Consequently, the concentration of phosphocreatine also falls postmortem.
As lactic acid accumulates in the cell postmortem, the pH begins to
decline.

After glycogen and phosphocreatine reserves are exhausted,

ATP levels drop rapidly, eventually reaching a level of approximately
20% or less of its initial concentration.

The ultimate pH reached is

inversely related to the amount of glycogen initially present, but
often is about 5.5 (Lawrie, 1983).

The rate at which glycolysis occurs

postmorten is very temperature dependent.

Bovine sternomandibularis

muscle can reach its ultimate pH in less than six hours at 37°C or
in 24 hours at 2°C (Newbold, 1966).
Changes in pH and ATP levels have adverse effects on the sarco
plasmic reticulum and its ability to sequester calcium (Goll et al.,
1970).

The sacroplasmic reticulum's adenosine triphosphatase enzyme

has the ability to remove calcium from the sarcoplasm only so long as
there is sufficient ATP and the temperature and pH remain high.

Hay

et al. (1973) showed that calcium uptake by the sarcoplasmic reticulum
was strongly inhibited by low pH (5.6) or low temperature (2°C) and
even more so by the combination of low pH and low temperature.

Goll

et al. (1974) have proposed that limited proteolysis of proteins of
the sarcoplasmic reticulum also may account for some of the postmortem
loss of this structure's calcium binding ability.

They demonstrated

that brief tryptic digestion of isolated sarcoplasmic reticulum mem
branes markedly reduced its calcium binding ability.

As the intra

cellular ionic environment changes postmortem and as the sarcoplasmic
reticulum's ability to sequester calcium is impaired, the intracellular
-8
-5
calcium concentration is elevated from about 10
to 10
M.

Some of

this elevation in calcium levels postmortem also may result from leakage
of calcium from mitrochondria (Lawrie, 1980, 1983).
Considerable confusion has existed for many years among agri
cultural scientists over the definition of rigor mortis (Goll et al.,
1970).

It is now generally agreed that loss of extensibility is due

to a decrease in ATP level postmortem and the formation of firm actinmyosin cross links (Goll et al., 1974).

Defining rigor mortis only in
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terms of muscle extensibility (Bate-Smith and Bendall, 1949) is
insufficient, however, to explain the stiffening or hardening that
occurs postmortem.

Although loss of extensibility is a necessary

condition for maintenance of the stiffening or rigidity developed
postmortem, the primary cause of rigor stiffening is the result of
postmortem muscle shortening (Goll, 1968; Goll et al., 1970). The
attempted shortening by muscles on opposing sides of the same bone
produces the stiffness or hardness similar to that observed in an
isometric contraction (Goll, 1968).

This "shortening-rigidity" con

cept of rigor mortis has become a useful way to approach and study
postmortem changes in muscle (Busch, 1969; Goll et al., 1970).
One can measure the ability of a muscle strip to both develop isometric
tension (development of rigor) postmortem and then to gradually lose
the ability to maintain isometric tension (resolution of rigor)
postmortem (Goll et al., 1970; Goll et al., 1974).

This newer working

definition of rigor mortis (shortening-rigidity) has enabled investigators
to more easily relate structural and biochemical properties of the
myofibril to gross events occurring in the muscle cell (Goll et al.,
1970; Goll et al., 1974).
It now seems evident that the increase in calcium levels, which
occurs in muscle cells postmortem, triggers the muscle's attempt to
shorten.

In a systematic study of the effect of temperature on iso

metric tension in bovine, porcine, and rabbit muscle, it was shown that
postmortem isometric tension development and decline occurred in all
muscles and at all temperatures studied (2°, 16°, 25°, and 37°C)
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(Busch et al., 1972a).

There was, however, a marked difference in the

effect of differing temperatures on the degree of development of tension
of bovine muscle strips.

Bovine semitendenosis and psoas muscle strips

developed maximal isometric tension at 2°C and minimal tension at 16°C.
At 37°C, isometric tension was approximately half what it was at 2°C.
The longissimus muscles of porcine and rabbit were similar to each
other, and developed greatest tension at 37°C and minimal tension at
2° to 16°C (Busch et al., 1972a).
It has been proposed that the ability of bovine or ovine muscle
to develop maximal isometric tension at low temperature is the cause
for the phenomenon called "cold shortening," which results in very
tough meat (Locker, I960: Marsh and Leet, 1966).

Contraction is

initiated early postmortem in these muscles when calcium leaks from
the sarcoplasmic reticulum and/or the mitrochondria in response to
lowered temperature.

The muscle is in a highly contracted state that

permits an increased number of actin-myosin interactions when ATP is
depleted.

The marked effects of cold shortening on tenderness are

not completely reversed by aging, and a considerable loss in meat
quality results (Hamm, 1982).

The cold shortening effect can be

avoided by waiting until the muscle pH has fallen to 6.0 to 6.5 before
chilling, or by freezing very rapidly and holding the muscle at -1°C
(Davey and Gilbert, 1976).

During storage at -1°C, ATP is broken down

and the concentration is reduced sufficiently so that a contraction does
not occur upon thawing.

Electrical stimulation also can be used to
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effect rapid glycolysis, with the resultant lowering of pH and ATP
concentration (Lawrie, 1980).
There is an eventual resolution of rigor mortis during postmortem
storage provided rigor mortis is defined as a loss of ability of the
muscle to maintain isometric tension.

During this resolution of rigor,

there is improvement in meat quality and tenderness.

Although the

muscle never becomes highly extensible again, there are several changes
postmortem in the actin-myosin interaction.

For instance, it has been

observed that there is a partial lengthening of contracted sarcomeres
in postmortem muscle that contains little or no ATP (Stromer et al.,
1967; Takahashi et al., 1967).

It also has been shown that the ATP

concentration required to cause dissociation of post-rigor actomyosin
is less than that required for dissociation of at-death actomyosin
Changes also have been observed in the Mg^^- modified (Arakawa et al.,
1976), Ca^^-modified, and the Mg^^ plus EGTA-modified ATPase activities of
myofibrils prepared from muscle stored postmortem (Goll and Robson,
1967).
Some distinct structural alterations have been observed in studies
of postmortem muscle.

Stromer et al. (1967) and Henderson et al. (1970)

observed a progressive slow loss of Z line and M line structures in
postmortem muscles.

The disappearance or weakening of M line structure

was slower than changes in the Z line structure.

In contrast, the A and

I band regions remained little changed in their ultrastructural
appearances in muscle stored for up to 13 days at 16°C (Stromer et
al., 1974).

These changes, when coupled with the lack of significant
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change in the connective tissue fraction (Goll et al., 1970), suggest
the loss of structural integrity of the myofibril is the cause for the
resolution of rigor and the increase in meat quality.
In summary of significant changes in myofibrils postmortem, the
actin-myosin interaction is altered, the M line and Z line structures
are progressively lost or weakened, and there is an increase in the
degree of fragmentation of isolated myofibrils.

It is often assumed,

albeit with little direct evidence, that proteolytic enzymes are
responsible for these effects (Goll et al., 1983a).

It also is

generally assumed that these proteolytic enzymes are endogenous to
the muscle cell because it seems unlikely that an enzyme extracellular
to the muscle fiber could contribute to myofibrillar alterations and
the postmortem tenderization process.

It has been shown, for instance,

that the sarcolemma is not porous to proteins and is rather resistant
to attack by trypsin.

Thin muscle strips that had been incubated in

trypsin (0.05%, w/v) for 18 hours at 37°C showed no evidence of cellular
penetration (Busch et al., 1972a).

Proteases of extracellular origin,

such as collagenases and elastases that presumably could degrade
connective tissue, generally have been considered to be ineffective in
postmortem muscle because no significant changes in the connective
tissue fraction have been observed (Goll et al., 1970; Etherington,
1981).
Several studies have been done to determine the effect of post
mortem aging conditions on myofibrillar proteins (Locker, 1960; Davey and
Gilbert, 1966; Parrish et al., 1973) and in general have shown no large
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changes.

By SDS-gel electrophoretic analysis, little or no change was

observed in integrity of myosin heavy chains of myofibrils prepared
from muscle stored at 0° to 4°C (Stromer et al., 1974; Yamamoto et al.,
1979).

Arakawa et al. (1976) did observe some myosin heavy chain

degradation in myofibrils prepared from muscle stored at 40°C.
One of the more consistent changes that occurs in myofibrillar
proteins during postmortem storage is the appearance of three closely
spaced bands as observed by SDS-gel electrophoresis.

These bands have

approximate molecular weights of 34,000, 30,000, and 27,000 and have
been observed by a number of investigators (e.g., MacBride and Parrish,
1977; Olson and Parrish, 1977; Penny, 1980; Parrish et al., 1981;
Goll et al., 1983a).

A 30,000-dalton band has been shown to be a CAP

digestion product of troponin T (Olson et al., 1977).

One or all of

the bands appearing at about 30,000 dalton on gels of postmortem
myofibrils may originate from troponin T degradation, but this has not
been proven unequivocally (Goll et al., 1983a).
Cathepsins B, D, H, and L have been shown to be endogenous to the
muscle fiber.

These enzymes principally degrade myosin (Schwartz and

Bird, 1977; Bird and Carter, 1980).

Based upon observations of

myofibrillar proteins prepared from muscle stored postmortem, it has
been argued that the catheptic enzymes have little effect on resolution
of rigor or tenderization (Goll et al., 1983a).

These investigators

point out that little or no degradation of myosin is observed in muscle
held under normal postmortem conditions (Goll et al., 1983a).
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Myofibrils treated with CAP closely resemble myofibrils made from
muscle stored postmortem in several ways.

First, both exhibit loss

of Z lines, some subsequent loss of M line structure, but little effect
on the A band structure (Dayton et al., 1975, 1976b; Olson et al., 1976).
Second, both kinds of myofibrils show little or no change in integrity
of actin or myosin polypeptides.

CAP does not degrade these proteins

(Dayton et al., 1975; Olson et al., 1977).

Third, both kinds of

myofibrils have peptides in the 30,000-dalton region when examined on
SDS gels (Dayton et al., 1975; Olson et al., 1977).
of myofibrils show similar changes in the Mg

Pourth, both kinds

2+
2+
-modified and Ca

modified ATPase activities (Suzuki and Goll, 1974).

And fifth, SDS-gels

of both kinds of myofibrils show degradation of the recently discovered
proteins desmin and titin (Robson et al., 1980, 1981, 1984; Lusby et al.,
1983; Robson and Huiatt, 1983; Zeece et al., 1983).

These lines of

evidence lend credence to the conclusion that CAP is the major enzyme
involved in postmortem alterations in myofibrillar proteins and in
tenderization (Goll et al., 1983a).
Nearly all studies done to demonstrate the effect of CAP on
myofibrillar structure and proteins have been conducted ^ vitro under
conditions that were at or near optimal for CAP activity.

The effective

ness of CAP under conditions resembling more closely those found in the
cell postmortem, during the transition from muscle to meat, is shown in
the studies described in this dissertation.
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C.

Proteolytic Enzymes in Muscle

The identification and characterization of proteolytic enzymes in
muscle is an area of very active research.

Studies of protein turnover

in muscle have provided a good deal of information on the basic mechanism
of protein degradation and on some of the enzymes involved.

Basal

protein turnover is that which occurs under normal conditions in
contrast to accelerated rates which occur under certain adverse condi
tions such as starvation and denervation atrophy.

In basal protein

turnover, a few general correlations have been proposed (Dean, 1980).
The rate of turnover increases with an increase in protein subunit
size.

The lower a protein's pi, the greater is its rate of degradation.

Proteins with substantial surface hydrophobicity are degraded more
rapidly (Dean, 1980).

Rates of basal protein turnover appear to be

related to muscle fiber type; in general, cardiac muscle protein turn
over is faster than in red type skeletal muscle which in turn is faster
than in white type skeletal muscle (Millward, 1980).
Protein turnover involves the cooperative action of many enzymes
to bring about the complete conversion of a protein to its constituent
amino acids.

There are several ways one can classify the enzymes.

In

muscle, the enzymes can be divided between two groups, lysosomal or
nonlysosomal, with respect to their origin.

The mechanism of coopera-

tivity between enzymes involved in protein turnover is largely unknown.
Much of the research currently in progress is directed at further
characterization of known proteases and the search for others (Wildenthal
and Crie, 1980).
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Proteolytic enzymes also can be classified on the basis of their
mode of attack.

Exoproteases are those that act on a protein's amino

or carboxy terminus by removing one or two amino acids at a time.
Those exoproteases that act at the amino end are called aminopeptidases.
Those that act at the carboxyl end are called carboxypeptidases.
Endoproteases are those enzymes which cleave peptide bonds within the
interior region of the polypeptide chain.

They can be further classified

according to the amino acid residue or cofactor present at their active
site.

Almost all endoproteases can be classified into four classes,

namely, serine, thiol, carboxyl, and métallo enzymes (Barrett and
Heath, 1977; Bird and Carter, 1980).
Serine proteases are enzymes that contain a serine residue at their
active site and that characteristically have a pH optimum in the
alkaline region (pH 7.5 to 9).

They are inhibited by serine-reacting

compounds such as diisopropyl phosphofluoridate (DFP), phenylmethylsulfonyl fluoride (PMSF), and other compounds of the halomethyl ketone
type (Bird and Carter, 1980).

They also are inhibited by small peptides

such as chymostatin, leupeptin, and antipain that are produced by
organisms of the actinomycetes species.

Some serine type proteases are

inhibited by soybean trypsin inhibitor (Barrett, 1977; Barrett and
Heath, 1977; Bird and Carter, 1980).
Thiol proteases are enzymes that contain a sulfhydryl group at
their active site and that characteristically have pH optimums within
a wide range from pH 4 to 7.5.

The sulfhydryl group must be in the

reduced state for activity and, therefore, reducing agents such as MCE
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or DTE are required for maximal activity.

They are inhibited by

reagents that react with sulfhydryl groups such as lodoacetlc acid or
n-ethylmaleimide (NEM).

Thiol proteases are generally inhibited by

the microbial peptides antipain and leupeptin (Barrett and Heath, 1977).
Carboxyl proteases are enzymes that contain a carboxyl group at
their active site and that generally have a pH optimum in the acid
region (pH 2 to 5).

They can be inhibited by adjusting the pH to 7

to 7.5 or by addition of the microbial peptide pepstatin.

Both thiol

and carboxyl proteases can be inhibited irreversibly by diazoacetyl
compounds (Barrett and Heath, 1977).
Métallo proteases are enzymes that require a metal ion for activity
and that characteristically have pH optimums in the alkaline region (pH
7 to 9).

As expected, they are inhibited by metal ion chelators such

as EDTA.

Many also have a requirement for a reducing agent such as MCE

or DTT for full activity (Barrett and Heath, 1977).
There also is evidence that many of the proteases are regulated by
endogenous inhibitors (Barrett, 1977; Bird and Carter, 1980; Goll et al.,
1983a).

1.

Proteases of lysosomal origin
Lysosomes and their accompanying complement of degradative enzymes

have been demonstrated in all types of muscle cells (Bird, 1975).
Their numbers increase during adverse conditions such as starvation
or denervation atrophy.

Their presence can be demonstrated by using a

combination of histochemical or immunohistochemical and biochemical
techniques.

The histochemical procedures Involve the use of dyes such
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as acridine orange, which accumulates inside lysosomal vesicles, or
the uptake of colloidal gold, which can be used for electron microscope
investigations (Wildenthal and Crie, 1980).

Recently, antibodies

prepared to cathepsin D and coupled with peroxidase have been used in the
immunohistochemical localization of lysosomes (Poole, 1977; Decker et al.,
1980).

Biochemical identification involves the use of differential

centrifugation to demonstrate the presence of lysosomes.

The procedure

involves subcellular fractionation by centrifugation followed by
demonstration of latency for marker enzymes such as cathepsin D and
aryl sulfatase in order to confirm the presence of lysosomes (Wildenthal
and Crie, 1980).
The lysosomal class of proteases is composed of many enzymes and
is thought to contribute significantly to protein turnover ^ vivo
(Dean, 1980).

Some investigators feel that lysosomal proteases also

are involved in the postmortem increase that occurs in meat quality
(Dutson, 1983).

This class of enzymes is composed of both exo

and endo proteases that act cooperatively in protein degradation (Bird
and Carter, 1980).

Thus, lysosomal exopeptidases (exoproteases) may

be of importance to meat quality.

These include dipeptidyl-peptidases

I-IV, glycylleucine dipeptidase, carboxypeptidase A, and carboxypeptidase
B (Goll et al., 1983a).

Recent studies have shown that both dipeptidyl-

pepidase I and carboxypeptidase A may act synergistlcally with cathepsin
D in the degradation of actin and myosin (Bird and Carter, 1980).
Lysosomal endoproteases and their actions on muscle proteins have
been the subject of many investigations.

However, many of these studies

have been flawed because of the use of "partially purified" enzyme
preparations and the lack of proper controls (reviewed in Goll et al.,
1983a).
extract.

There are many proteolytic enzymes in a muscle homogenate or
Thus, there is the possibility of ascribing an effect to the

enzyme of interest when it was produced in part or in whole by a
contaminating protease.

In the following, the term cathepsin will be

used to refer to a lysosomally derived enzyme from animal cells, which
is primarily an endoprotease, without restriction to an acid pH optimum
(Barrett and Heath, 1977).
In older literature, cathepsin B was referred to as cathepsin B^ to
distinguish it from the exopeptidase with the same letter designation
(Barrett, 1972).

Recently, it has become agreed that the exopeptidase

will be called carboxypeptidase B and the endoprotease will be referred
to simply as cathepsin B (McDonald and Ellis, 1975).

Cathepsin B is a

thiol protease with a molecular weight of 25,000 and a pi in the region
of about pH 5.0.

Multiple forms of the enzyme have been observed by

isoelectric focusing or by ion exchange chromatography (Barrett, 1977).
The best synthetic substrates for cathepsin B are benzyl-DL-arginine
2-naphthylamide (BANA) (Barrett, 1976) and the more sensitive
benzyloxycarbonylarginylarginine 2-naphthylamide (Z-arg-arg) (McDonald
and Ellis, 1975).

With most synthetic substrates, cathepsin B shows

maximal activity at pH 6.0.

However, much lower pH optima have been

observed for some protein substrates.

A reducing agent such as DTT or

MCE is required for maximal activity, and EDTA also is included because
some divalent cations (e.g., Mg

2+

) have an inhibitory effect on activity.
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The thiol group at the enzyme's active site is inhibited by heavy metal
ions (Hg) and their derivatives such as 4-chloromercuribenzoate (Barrett
and Heath, 1977).

Sulfhydryl reagents such as iodoacetic acid and NEM

also will inhibit the enzyme.

Egg white ovalbumin and the microbially

derived peptide leupeptin (but not antipain) are potent inhibitors of
its activity (Bird and Carter, 1980).

Recently, an endogenous inhibitor

of cathepsin B activity has been identified in rat muscle extracts.

The

effectiveness of this inhibitor decreases with time when the extract is
incubated at pH 4.5 and 25°C (Bird and Schwartz, 1977). This endogenous
inhibitor of cathepsin B was effective in the pH range of 4.5 to 7.8
and was heat stable at 60°C for 20 minutes.

It also inhibited the

enzyme against its synthetic substrates, BANA or Z arg-arg. The
inhibitor had no effect on cathepsin D and also was found in skeletal
and cardiac muscle of bovine, rabbit, and human muscle (Bird et al.,
1978).
Cathepsin B selectively degrades the myofibrillar proteins myosin
and actin.

Purified native myosin is most rapidly cleaved at pH 5.2

and yields a 150,000-dalton fragment, which is resistant to further
attack, and a number of fragments in the 50,000- to 10,000-dalton range.
Purified skeletal muscle F actin is degraded by cathepsin B at an optimum
pH of 5.0 and yields a major fragment of 35,000 daltons, which is
resistant to further digestion (Schwartz and Bird, 1977).
Treatment of myofibrils with cathepsin B at pH 6.0 in the presence
of EDTA has been shown to remove the Z line and M line structures (Noda
et al., 1981).

These investigators also reported the degradation of
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troponin-T and tropomyosin by the enzyme at pH 6.0.

Dutson (1983)

reported that the enzyme exhibits a broad range of pH (4 to 6.5) in
which it acts on myofibrillar proteins.

Dutson (1983) has suggested

that cathepsin B has a significant role in meat quality, but this view
is not shared by all (Goll et al., 1983a).
Cathepsin D is perhaps the most thoroughly investigated of the
lysosomal enzymes.

It is a carboxyl protease and has a molecular weight

of approximately 43,000 in mammalian muscle (Barrett and Heath, 1977).
It has been reported that cathepsin D isolated from spleen is synthesized
in a zyomogen form (called cathepsinogen D) with a molecular weight of
approximately 100,000 and that it is later converted to its active form
(Lah and Turk, 1982).

Cathepsin D isolated from bovine or human muscle

has a molecular weight of about 42,000, but also shows two bands
corresponding to proteins of about 28,000 and 14,000 daltons by SDS-PAGE
(Barrett and Heath, 1977).

However, the enzyme isolated from rabbit,

pig, or rat muscle seemingly consists of a single 42,000-dalton chain
(Barrett and Heath, 1977).

It is uncertain at this time whether the

14,000 and 28,000 molecular weight components are naturally occurring
or the result of autolysis.

Cathepsin D has a pi of about 5 to 6 and

contains multiple forms when examined by isoelectric focusing.
Cathepsin D purified from rat skeletal muscle, for instance, contained
three major forms on isoelectric focusing gels (Barrett and Heath, 1977).
Cathepsin D is a glycoprotein and contains residues of N-acetylglucosamine and mannose.

The enzyme has a specificity for bonds involv

ing residues with hydrophobic and preferably aromatic character (Barrett
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and Heath, 1977).

Denatured hemoglobin is very susceptible to hydrolysis

by cathepsin D at pH 3.0 and is routinely used as a substrate for the
determination of cathepsin D activity (Canonico and Bird, 1970).
Cathepsin D is inhibited by a variety of diazo compounds (e.g.,
diazoacetylnorleucine ester) and by a peptide of microbial origin called
pepstatin.

The ability of pepstatin to inhibit cathepsin D is pH

dependent.

The inhibition is maximal at pH 3.0 and decreases with

increasing pH.

Above pH 6.5, pepstatin is a very poor inhibitor because

the enzyme undergoes a conformational change that reduces its ability to
bind to the peptide (Barrett, 1977).
Cathepsins D and B have been localized in muscle cell lysosomes by
the use of a cytochemical technique (Bird and Carter, 1980).

The sub

cellular sites of proteolytic activity were observed by the deposition
of an insoluble azo-dye metal chelate.

Cathepsins B and D have been

shown to hydrolyze CBZ-Ala-Arg-Arg 4-methoxy 2-naphthylamine and
CBZ-Arg-Gly-Phe-Phe-Leu 4-methoxy 2-naphthylamine, respectively (Bird
and Carter, 1980).

The released 4-methoxy 2-naphthylamine is coupled

with hexazotized pararosanoline, resulting in a dye product with a
high degree of osmiophilia.

This procedure permitted the demonstration

of two types of lysosomes in muscle cells.

The first type was found

in the perinuclear region in the vicinity of the Golgi.

The second type

was found in the interior of the myofibril (Bird and Carter, 1980).
It has been shown that cathepsin D maximally degraded purified
native myosin and actin at a pH of 4.0 (Schwartz and Bird, 1977).
Myosin degraded by cathepsin D activity initially showed heavy chain

36

fragments in the 175,000- to 150,000-dalton region.

These large frag

ments were then further degraded to many fragments of molecular weight
less than 100,000 (Schwartz and Bird, 1977).

Each of three isoelectric

focusing isomers of cathepsin D produced the same reaction products
when incubated with myosin and actin (Schwartz and Bird, 1977).

These

investigators also found that incubation of both cathepsin D and B
showed no synergism.

When each enzyme was incubated with the reaction

products of the other, however, it was found that cathepsin D degraded
a 150,000-dalton fragment obtained by digestion with cathepsin B.
However, cathepsin B had no additional activity on the products result
ing from cathepsin D digestion.

It was shown that cathepsin D had a

lower pH optimum (pH 4.0) with native myosin as substrate than did
cathepsin B, plus a broad tail of activity up to about pH 6.5 (Schwartz
and Bird, 1977).
Schwartz and Bird (1977) found that cathepsin D degraded F actin
optimally at pH 4.0.

Its rate of hydrolysis of actin was only about

10% of that observed with myosin.

In general, it was concluded that

cathepsin D was more effective in degrading myosin and actin than was
cathepsin B (Schwartz and Bird, 1977).

Other studies (Ogunro et al.,

1979) have shown that cathepsin D isolated from cardiac muscle had
similar activities toward myosin and actin as did the skeletal muscle
enzyme except that the light chains of myosin also were degraded by the
cardiac enzyme.

Recently, it was shown that addition of cathepsin D

to purified muscle proteins resulted in degradation of myosin heavy
chains, tropomyosin, troponin T, troponin I, and alpha-actinin
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(Matsumoto et al., 1983).
study.

It did not, however, degrade actin in their

It also has been reported (Scott and Pearson, 1978) that

cathepsin D degrades soluble collagen, or its cross linked peptides,
to a limited degree.
Cathepsin H is a lysosomal protease that has both exo and endoprotease activities.

The exoprotease is an aminopeptidase and releases

the residues leucine or arginine (Okitani et al., 1980).

The endo-

protease is a thiol protease with a pH optimum in the range of 5.5 to
6.5.

Cathepsin H has a pi of 7.1, a molecular weight of 28,000, and is

very heat stable (Schwartz and Barrett, 1980).

These investigators

have shown that the enzyme loses only 10 to 20% of its activity when
incubated at 50°C for 30 minutes.
(Schwartz and Barrett, 1980).

Cathepsin H is a glycoprotein

The myofibrillar proteins myosin and

actin are degraded by cathepsin H and it has been estimated that it is
five times faster at degrading myosin than is cathepsin B (Bird and
Carter, 1980).

Cathepsin H is not inhibited by the peptide antipain

and is only partially inhibited by leupeptin (Okitani et al., 1981).
Cathepsin L is a lysosomal endoprotease and belongs to the thiol
class of enzymes.

It has a molecular weight of 24,000 and a pi in the

region of pH 5.8 to 6.1.

Cathepsin L is very labile to autolysis, and

has optimum activity in the range of pH 3.0 to 6.5 (Matsukura et al.,
1981).

Studies with purified cathepsin L have shown that it has very

little activity on small synthetic substrates compared to cathepsins
B and H.

However, it is much more potent at degrading myofibrillar

proteins (Bird and Carter, 1980).

It has been estimated that cathepsin L
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is ten times faster at degrading myosin and actin than is cathepsin B
(Bird and Carter, 1980).

Cathepsin L also has been shown to degrade

collagen at a faster rate than does cathepsin N (Kirschke et al., 1982).
Cathepsin L is only weakly inhibited by the microbial peptide leupeptin.
However, a plasma protein has been identified which is an effective
inhibitor of the enzyme (Pagano and Engler, 1982).
Cathepsin L degrades myosin heavy chains at pH 5.0 and initially
produces a major fragment of 160,000 daltons (Matsukura et al., 1981).
This fragment is subsequently degraded to 92,000-, 83,000-, and 60,000dalton fragments.

Cathepsin L digestion of actin initially produces

fragments of 40,000 and 30,000 daltons with an additional band at 37,000
daltons appearing later (Matsukura et al., 1981). These investigators
also have shown that tropomyosin is not appreciably degraded at pH 5.0;
however, troponin T and troponin I are degraded after a short time.

The

myofibrillar protein alpha-actinin is not attacked by other known
proteases endogenous to muscle cells.
this protein.

However, cathepsin L does degrade

The rate of hydrolysis of alpha-actinin was approximately

equal to that of actin and produced a major fragment of 80,000 daltons
when the incubation was done at pH 5.0 (Matsukura et al., 1981).

The

pH optimum for the degradation of alpha-actinin was pH 3.0 to 3.5.

At

this low pH, cathepsin L produced many lower molecular weight fragments
from alpha-actinin (Matsukura et al., 1981).
Cathepsin N is a thiol type endoprotease with a pH optimum in the
region of 3.0 to 4.5.
6.4.

It has a molecular weight of 20,000 and a pi of

It degrades collagen with an acid pH optimum (Evans and Etherington,

39

1978).

Cathepsin N has not been identified inside skeletal muscle

cells (Goll et al., 1983a).

2.

Proteases of nonlysosomal origin other than CAF
Muscle tissue contains a number of alkaline endoproteases that

have been identified and characterized (Goll et al., 1983a).

Most of

these enzymes are of the serine type with the exception of one, myosin
light chain proteinase which is a thiol enzyme (Bhan et al., 1978).
These enzymes are generally very active against muscle proteins.
Recent studies, however, indicate that they are not endogenous to the
muscle cell, but rather originate in mast cells (Park et al., 1973;
Woodbury et al., 1978; Goll et al., 1983a).

Mast cells appear in

significant numbers in the muscles of rat or mouse, sources often used
for the preparation of alkaline proteases.

It has been difficult to

demonstrate the presence of alkaline protease activity in normal
rabbit, pig, bovine, and human muscle samples (Bird and Carter, 1980).
Additional evidence for the mast cell origin of these alkaline proteases
has been provided by the use of the compound "48/80."

This compound is

a polymer of N-methylhomanisylamine and formaldehyde and causes degranulation of mast cells.

After treatment of rat muscle homogenate

with "48/80," alkaline protease activity is lost (Bird and Carter, 1980).
Because alkaline proteases are located outside of muscle cells and
because of their alkaline pH optimums, it is thought that they have
little or no effect on meat quality (Goll et al., 1983a).
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3.

Identification and properties of the protease CAP
The most significant nonlysosomal protease in muscle is CAP (Goll

et al., 1983a).

It was first recognized as a factor which caused the

activation of phosphorylase b kinase when muscle extracts were incubated
with the factor in the presence of calcium (Krebs et al., 1964). The
kinase activating factor (referred to as KAF) was later recognized as
a protease and for being responsible for liberating
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P peptides from

labeled phosphorylase b kinase (Huston and Krebs, 1968).

Other studies

confirmed that KAP was a proteolytic enzyme and that it could be
isolated from brain and myocardium as well as skeletal muscle tissue
(Drummond and Duncan, 1966).
CAP was rediscovered when it was shown that very thin muscle strips
incubated in the presence of 1 mM calcium at pH 7.1 lost their Z lines
(Busch et al., 1972b).

An enzyme, which had the ability to remove Z

lines from myofibrils in the presence of calcium and MCE, subsequently
was isolated from skeletal muscle and purified to a very homogenous
state (Dayton et al., 1974, 1975, 1976a,b). The enzyme can degrade the
myofibrillar proteins troponin T, troponin I, tropomyosin, and C
protein, and also can release nondegraded alpha-actinin from myofibrils
(Dayton et al., 1975).

This enzyme was shown to be identical to the

kinase activating factor (KAP) by Dayton and co-workers (1976a,b).
There has been some confusion in the literature because calcium
activated factor or protease has been named differently by different
scientists, and the following terms are evidently used to refer to the
same enzyme:

(1) kinase activating factor (KAF) by Krebs et al. (1964),
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(2) calcium activated factor (CAF) by Dayton et al. (1975), (3) calcium
activated neutral protease (CANP) by Toyo-oka et al. (1979), and (4)
calpain by Murachi et al. (1981).
Differential centrifugation studies demonstrated that CAF is
either free in the muscle cell cytoplasm or adsorbed to myofibrils and
not located within membrane enclosed vesicles such as lysosomes
(Reville et al., 1976).

Recent immunohistochemical studies have

indicated that CAF is located inside the muscle cell at the level of
the Z line (Ishiura et al., 1980; Dayton and Schollmeyer, 1981; Goll
et al., 1983b) and adjacent to the cytoplasmic side of the cell
membrane (Dayton and Schollmeyer, 1981).

There is one report (Earth

and Elce, 1981), however, that suggests some of the protease may be
located outside the muscle cell.
CAF has been isolated from a number of nonmuscle sources including
brain, kidney, and blood platlets, and from skeletal, cardiac, and
smooth muscle (Phillips and Jakabova, 1977; Suzuki et al., 1979;
Kishimoto et al., 1981).

In most studies, it has been shown that the

purified enzyme is composed of two subunits of 80,000 and 30,000
daltons (Goll et al., 1983b).

The molecular weight of the skeletal

muscle enzyme on gel exclusion chromatography is estimated to be 110,000
(Dayton et al., 1976b).

However, several investigators have isolated

an active enzyme supposedly containing only the 80,000-dalton component
(Ishiura et al., 1978; Toyo-Oka et al., 1978; Azanza et al., 1979).
Thus, the 80,000-dalton subunit evidently contains the active site of
the enzyme.

It now appears likely that all CAF enzymes contain two
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subunits, and that reports indicating that CAF contains only one subunit
have been conducted on autolyzed CAF (Goll et al., 1983b).

CAF is a

thiol type of proteolytic enzyme and also requires the divalent cation
calcium for activation.

Other divalent cations such as magnesium

produce little or no activation, except for manganese which produces
considerable activation (Edmunds et al., 1984).

As expected, CAF is

inhibited by divalent metal chelators such as EDTA or by compounds
such as iodoacetic acid or NEM that react with the sulfhydryl group.
When assayed with casein, CAF has a pH optimum in the region of 7.0
to 7.5 and a range of 6.5 to 8.0 (Dayton et al., 1976b).
The CAF enzyme isolated from pig skeletal muscle by Dayton et al.
(1975, 1976a,b) requires millimolar concentrations of calcium for
activation.

Recent studies have indicated that there is another form

of the enzyme in muscle that only requires micromolar concentrations
of calcium for activation (Mellgren, 1980; Dayton et al., 1981;
Spzacenko et al., 1981) and it is often referred to as low-Ca

2+

CAF.

Similarly, the millimolar calcium requiring form is now often referred
to as high-Ca

2+

CAF.

These two CAF enzymes can be separated by ion

exchange chromatography or by electrophoresis conducted under nondenaturing conditions (Goll et al., 1983b). During DEAE-cellulose
chromatography at pH 7.5, low-Ca

2+

CAF is eluted from the column with

105 to 145 mM KCl and high-Ca^^ CAF is eluted with 239 to 280 mM KCl,
indicating that high-Ca
et al., 1983).

2+

CAF has a higher net negative charge (Nagainis

Both forms of CAF elute from hydrophobic chromatography

(e.g., phenyl Sepharose 4B) and gel permeation chromatography columns
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identically (Goll et al., 1983b). During electrophoresis in nondenaturing conditions, low-Ca
high-Ca

2+

2+

CAF has a slower mobility than does

CAF, also suggesting that low-Ca

negative charge.

2+

CAF has a lower net

Both forms of the enzyme have two subunits of

approximately 80,000 and 30,000 daltons and appear to be identical in
their action on myofibrillar proteins (Goll et al., 1983b).
80,000-dalton subunit of low-Ca
high-Ca

2+

2+

The

CAF cross-reacts with antibodies to

CAF, and both forms of the enzyme are inhibited by endogenous

CAF inhibitor (Goll et al., 1983b).

The exact relationship between

low-Ca^^ CAF and high-Ca^^ CAF remains unknown, but obviously they are
extremely similar in many properties (Goll et al., 1983b).

There is

one report (Wheelock, 1982) that the 80,000-dalton subunits of these
two forms of CAF have different peptide maps, suggesting the two forms
may be products of different genes.
The activity profile for high-Ca
2+

activated at 1.0 mM Ca
Ca

2+

2+

CAF shows it to be half maximally

and to quickly rise to 100% activity as the

concentration rises from 1.0 to 5.0 mM.

low-Ca

2+

The activity profile for

CAF shows it to be half maximally activated at 10 /tM Ca

to quickly rise to 100% activity in the 150 to 250 /(M range.

2+

and

It then

remains at its maximum activity throughout the range of 250 /tM to 5.0 mM
Ca

2+

(Edmunds et al,, 1984).

Few tissues (e.g., gizzard smooth muscle,

bovine brain, and kidney tissue) contain much of the low-Ca
CAF.

2+

form of

Interestingly, bovine skeletal muscle is the highest source of

low-Ca^"*" CAF found so far (Goll et al., 1983b).
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There are two additional forms of CAF that have been studied
vitro.

Both high-Ca

2+

CAF and low-Ca

2+

CAF can undergo limited autolysis

to form enzymes that require lower amounts of calcium for activation
(Suzuki et al., 1981a,b; Goll et al., 1983b).

Autolysis of high-Ca^^ CAF

for two minutes at 0°C in 0.5 mM Ca^"*" reduces the enzyme's requirement
for Ca

2+

for half maximal activity from 1 mM to 0.2 to 0.3 mM (values

are for bovine skeletal muscle CAF; Edmunds et al., 1984).
high-Ca

2+

Whereas

CAF has subunits of 80,000 and 28,000 daltons as determined

by Laemmli gels, the autolyzed high-Ca

2+

CAF has subunits of

78,000 (from the 80,000-dalton subunit) and 18,000 (from the 28,000dalton subunit) daltons (Edmunds et al., 1984).
Autolysis of the naturally occurring low-Ca

2+

CAF also occurs in

vitro, which lowers the enzyme's requirement for calcium for half
maximal activity from 5yuM to 0.5 /iM.

During this autolysis, the

80,000-dalton subunit is degraded to a 76,000-dalton component and the
28,000-dalton subunit is converted to an 18,000-dalton component
(Edmunds et al., 1984).

Because autolysis of high-Ca

CAF occurs during incubation assays

2+

CAF and low-Ca

2+

vitro, the products resulting

from CAF digestion largely are from the autolyzed forms of the protease
(Goll et al., 1983a,b).
In experiments designed to examine the effect of highly purified
CAF (high-Ca^"*" form) on individually purified myofibrillar proteins,
the enzyme selectively degraded troponin T, troponin I, tropomyosin,
and C-protein (Dayton et al., 1975).

Troponin T (37,000 daltons by

SDS-PAGE) is the most sensitive of these four proteins to degradation,
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and initially was degraded to fragments of 34,000, 30,000, and 27,000
daltons.

These were then subsequently degraded further to 14,000-dalton

components.

Purified tropomyosin also is quickly degraded with cleavages

occurring in both alpha and beta subunits.
weights of 17,000 and 16,000.

The fragments have molecular

Troponin I was the most slowly degraded

of this group of four proteins and eventually was degraded to a fragment
of about 14,000 daltons (Dayton et al., 1975; Olson et al., 1977).
Skeletal muscle C protein is degraded from a subunit molecular weight
of 135,000 to about 120,000 (Dayton et al., 1975).
When CAF has been incubated with skeletal muscle myosin, most
reports have indicated that there is no effect on the heavy chain or
on the light chains (Dayton et al., 1975, 1976b).

An exception has

been reported in which it was shown that the heavy chain of skeletal
myosin is degraded to a 190,000-dalton species if light chain 2 is in
the nonphosphorylated state (Pemrick et al., 1980).

Additionally,

it has been reported that the 20,000-dalton light chain of turkey
gizzard smooth muscle myosin is degraded to a 17,000-dalton
component (Goll et al., 1983b).
CAF has no effect on skeletal muscle actin, troponin C, and alphaactinin (Dayton et al., 1975).

It is interesting, however, that when

CAF is incubated with purified myofibrils, alpha-actinin is released
from the Z line in a nondegraded state (Dayton et al., 1975).
With regard to CAF's effect on other, more recently discovered
myofibrillar/cytoskeletal proteins, CAF probably degrades filamin, a
minor component at the periphery of the Z line, because gizzard filamin
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(250,000-dalton subunits) is degraded to fragments of 240,000 and
9,500 daltons (Davies et al., 1978).

The protein desmin, which

evidently ties adjacent myofibrils together at their Z line levels,
is rapidly degraded by CAF from a 55,000-dalton subunit to fragments
of 32,000 and 18,000 daltons (O'Shea et al., 1979).

The protein titin,

which may be an integral part of a third set of longitudinal filaments
in the sarcomere (LaSalle et al., 1983), is very susceptible to
degradation by CAF even under conditions of low temperature and low pH
(Zeece et al., 1983).

The recently discovered protein nebulin, which

is associated somehow with the

lines of skeletal muscle, also is

rapidly degraded by CAF (Maruyama et al., 1981a).
Not long after CAF was characterized (Dayton et al., 1975, 1976a,b),
an inhibitor of this enzyme also was isolated from striated muscle
(Okitani et al., 1976; Waxman, 1978; Waxman and Krebs, 1978; Otsuka
and Goll, 1980).

Its molecular weight as determined by gel exclusion

chromatography in nondenaturing solvents was estimated to be 270,000
(Waxman and Krebs, 1978).

The subunit molecular weights of bovine

skeletal and cardiac muscle inhibitor have been estimated on SDS-PAGE
to be about 125,000 and 100,000, respectively (Goll et al., 1983b;
Shannon and Goll, 1984).

Otsuka and Goll (1980) found that the

inhibitor had no tryptophan and consequently a very low absorbance at
278 nm.

Circular dichroism spectra indicate that it has little or no

alpha helix and that it is largely in a random coil conformation.

CAF

inhibitor does not inhibit trypsin, chymotrypsin, subtillsin, thermolysin,
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plasmin, thrombin, ficin, bromelain, or papain (Waxman and Krebs, 1978;
Shannon and Goll, 1984).
Studies on its mechanism of action indicate that CAF inhibitor
does not function by chelating available calcium (Okitani et al., 1976).
The inhibitor will inhibit both high- and low-calcium requiring forms
of CAF, as well as the two autolyzed forms of the enzyme (Shannon and
Goll, 1984).

There appears to be an excess amount of inhibitor present

in skeletal muscle in comparison to the amount of CAF, and it has been
estimated that one molecule of inhibitor will bind and inactivate 6 to 7
molecules of CAF (Goll et al., 1983b; Shannon and Goll, 1984).

When

CAF is present in amounts above what can be inhibited by CAF inhibitor,
the inhibitor is rapidly degraded to smaller fragments by the CAF
(Shannon and Goll, 1984).

These fragments of CAF inhibitor, however,

also have some inhibitory activity (Goll et al., 1983b).

Recent studies

using immunohistochemical methods have shown that the inhibitor is
inside the muscle cell and located at the level of the Z line (Goll
et al., 1983b).

It is interesting that both CAF and CAF inhibitor are

located at the Z line.

A paradoxical situation is presented because

CAF inhibitor requires calcium to bind CAF (Otsuka and Goll, 1980).
At the same time, calcium also is required for the activation of CAF
(Cottin et al., 1981; Goll et al., 1983b) so it would seem that CAF
inhibitor would bind to CAF and inactivate it.

Consequently, for CAF

ever to be active in the presence of CAF inhibitor, the CAF/CAF
inhibitor interaction must be regulated by some unknown mechanism.
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Just how active CAF inhibitor is in muscle cells postmortem and how
the postmortem environment affects the CAF/CAF inhibitor interaction
are not known.
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III.

MATERIALS AND METHODS

All preparations were done at 0-4°C unless otherwise stated.
Solutions were prepared using double-deionized, distilled water that
had been redistilled in glass and stored in polyethylene containers.
All reagents were analytical grade or better.

Adjustment of pH was

done at the temperature at which the buffer or solution was used.

A.

Myofibril Preparation

A small portion of bovine longissimus muscle (approximately 100 g)
was removed from market weight animals within 1 hr after exsanguination
and transported in ice to the Food Technology Laboratory.

The muscle was

trimmed free of excess fat and connective tissue and passed through a
pre-cooled meat grinder.

Myofibrils were prepared from 50 g of ground

muscle according to the method of Goll et al. (1974) with the following
modifications: (1) each step in the myofibril washing procedure
included a 10 sec homogenization in a 1 1 Waring blender, and (2) washes
done in 100 mM KCl also included 1 mM NaN^.

B.

Extraction and Purification of CAF

CAF was prepared from bovine cardiac muscle.

Six to 8 hearts were

removed from market weight animals within 1 hr after exsanguination at
the Iowa State University Meat Laboratory and transported in ice to the
Food Technology Laboratory.
tissue and fat.

The hearts were trimmed free of connective

Only the left ventricle of each heart was used.

The

muscle was ground through a pre-chilled meat grinder and then
homogenized in a 1 gallon Waring blender (three 30-sec bursts at a
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setting of low, medium, and then high) In 2.5 volume of 4 mM EDTA, pH
7.2.

The pH of the homogenate was adjusted to pH 6.5 by the addition

of 1 M Tris.
X g

max

The homogenized suspension was then centrifuged at 14,000

for 20 min.

The supernatant was collected and its pH was

adjusted to 4.9 by the slow addition of concentrated acetic acid while
stirring.

After standing at 0-4°C for 15 min, the suspension was

centrifuged at 14,000 x g^^^ for 20 min.

The resulting pellets were

collected and resuspended by vigorous stirring with a spatula in 200-300
ml of 0.1 M Tris-HCl, 10 mM EDTA, pH 8.0.

An additional 200-300 ml

of water was used for rinsing centrifuge tubes to insure complete
collection of the pellets.

The suspension was hand homogenized in a

dounce homogenizer, the pH was adjusted to 7.0, and it was stirred
gently overnight (16 hr).
at 143,000 X g

max

The next day, the suspension was centrifuged

for 1 hr to remove undissolved material.

The volume

of the supernatant was measured and solid ammonium sulfate was added
to bring the concentration up to 40% saturation.

After standing at

0-4°C for 15 min, the suspension was centrifuged at 14,000 x g^^^ for
20 min.

The supernatant was discarded and the pellets were dissolved

in a solution consisting of 5 mM EDTA, 5 mM MCE, 1 mM KHCO^ pH 7.5.
The sample was then extensively dialyzed (6 changes) against 5 mM EDTA,
1 mM KHCOg, pH 7.5.

This sample is very similar to the "crude I'q_^q

fraction" of Dayton et al. (1975) and was used for subsequent chromato
graphic purification of CAP after clarification at 143,000 x g^^^ for
1 hr.
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The sample, containing 3-4 g of protein, was applied to a column
(5.0 cm X 45 cm) of lifhatman DE-52 cellulose.

This is a microgranular

form of DEAE cellulose anion exchanger purchased from Sigma Chemical
Company.

The column was equilibrated with at least 10 column volumes

of 20 mM Tris-HCl, 1 mM EDTA, 1 mM MCE, pH 7.5 (Buffer A), at a flow
rate of 60 ml/hr.

Elution was achieved with a linear gradient of KCl

(0 to 400 mM) in Buffer A at the same flow rate.

The presence of CAF

in collected fractions was detected using a casein agarose plate method
(described later).

Fractions containing CAF activity were pooled.

The pooled fraction containing CAF activity from the DEAE-cellulose
column was pumped directly onto a column (2.5 cm x 40 cm) of phenylSepharose (Pharmacia Inc., Piscataway, N.J.) which previously had been
equilibrated with 10 column volumes of 250 mM KCl in Buffer A.

The

flow rate during equilibration and elution was approximately 38 ml/hr.
Elution was achieved by washing with a continuous gradient of KCl
(250 mM to 0 mM) in Buffer A.

Phenyl-Sepharose is a hydrophobic

interactive type material to which proteins are more strongly attracted
when present in solutions containing high concentrations of salt.
protein is eluted by lowering the salt concentration.

The

The presence of

CAF in collected fractions was identified using the casein agarose
plate method.

Fractions containing CAF activity were pooled.

The pooled fraction containing CAF from the phenyl-Sepharose
column was pumped directly onto an affinity column of the peptide
antipain covalently bound to Sepharose-4B.

The column (1.0 cm x 10 cm)

had been equilibrated with Buffer A containing no KCl at a flow rate
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of approximately 25 ml/hr.

After application of the sample, the column

was washed with Buffer A until there was little or no absorbance at
278 nm.

A solution of Buffer A containing 400 mM KCl was used to elute

the CAP in a single step. The small number of collected fractions
containing CAP activity was pooled and dialyzed against 5 mM EDTA,
1 mM KHCO^» pH 7.5.
for 1 hr.

It was clarified by centrifugation at 143,000 x

This enzyme preparation, the purified CAP, was assayed using

the casein tube method (described later) to determine its activity.

The

total amount of protein was determined by the Folin-Lowry method
(Lowry et al., 1951).

A specific activity was then calculated.

The total volume of the CAP enzyme solution was carefully measured
and an amount of solid sucrose equal in gm to the number of ml was
weighed out.

The sucrose was carefully added to the enzyme solution

by stirring slowly with a glass rod over a period of 1-2 hr.

The final

solution had a sucrose concentration of approximately 38% (w/v).

The

new volume was measured and used to calculate the protein concentration.
One mg aliquots of the CAP enzyme were put into 2 ml vials and stored
at -70° C until needed.

CAP samples could be stored up to 1 year with

little (less than 15%) loss of activity.

C.

Preparation of Antipain-Sepharose 4B Affinity
Matrix Used in the CAP Purification

Five gm of aminohexyl (AH) Sepharose 4B were allowed to swell over
night at 25° C in 1 1 of 0.5 M NaCl.

The next day the gel (20 ml

volume) was washed 3 times with 200 ml (each time) of 0.5 M NaCl,
followed by 3 times (200 ml each time) with water that had been
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adjusted to pH 4.5 by the addition of 1 drop of 1 M HCl.
were done on a scintered glass funnel.

All washes

The peptide antipain (5.0 mg)

was dissolved in 2.0 ml of water and adjusted to pH 4.5 by the addition
of 0.1 M HCl to prepare it for coupling.

The dissolved peptide was

then added to the gel suspension which then had a total volume of
approximately 40 ml.

Next, 200 mg of l-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC) was added while gently swirling.

The pH was monitored

during the next hr and adjusted when necessary with 1 M HCl to keep the
pH between 4.5 to 5.0.

The suspension was then transferred to a large

tube and stirred by "end over action" for 16 hr at 0-4° C.

Unreacted

amino groups on the Sepharose were then blocked by the addition of 6 ml
of 1 M acetic acid and incubation for an additional hr.

The antipain-

Sepharose was then washed with 1 1 of 3 M KCl, 10 mM acetic acid to
remove unreacted materials and reaction by-products.

The coupled gel

was then equilibrated for chromatography by washing with 1 1 of
10 mM Tris-HCl, 1 mM EDTA, pH 7.5.

After use in the purification of

CAP, the gel was first washed with 500 ml of 1.0 M NaCl, then with 500
ml of 0.5 M NaCl (adjusted to pH 4.5), 1 mM NaN^.

The affinity material

was stored at 0-4° C for subsequent re-use.

D.
1.

Assays of CAP Activity

CAP activity against casein (tube assay)
CAP was assayed against casein (purified powder grade, Sigma)

using the method described by Dayton et al. (1975) with the exception
that imidazole-HCl at pH 7.5 was used in place of Tris-acetate.

The

calcium concentration was maintained at 5.0 mM in all cases unless
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noted otherwise.

The casein reaction mixture contained the following:

5 mg/ml casein, 100 mM imidazole-HCl, pH 7.5, 100 mM KCl, 5.0 mM MCE,
5.1 mM CaClg, 0.1 mM EDTA, and 0.1 mM NaN^.
both low-Ca

2+

and high-Ca

2+

Under these conditions,

CAF activities were assayed.

Low-Ca

2+

CAF was measured specifically by lowering the calcium concentration
to 0.2 mM.
2+
All CAF casein assays (5 mM Ca
plus CAF) contained the following
+2
controls: (1) 5 mM EDTA-no enzyme, (2) 5 mM Ca -no enzyme, and (3) 5 mM
EDTA plus enzyme.

The procedure for the assay was as follows: (1) 1.0 ml

of a two-times concentrated reaction mixture was preincubated for 10 min
at 25° C; (2) an equal volume of enzyme plus water was added; (3) the
reaction was incubated for 30 min and then terminated by addition of
2.0 ml of 2.5% TCA; (4) the tubes were centrifuged at 1,000 x g^^^ for
10 min; and (5) the absorbance of the supernatants was measured in a
spectrophotometer at 278 nm.

The activity was calculated as the

difference in absorbance between the calcium-plus enzyme tube and the
calcium-no enzyme tube.

The absorbances of the EDTA-no enzyme tube

and of the EDTA-plus enzyme tube were usually very close (within 10%)
to the absorbance of the calcium-no enzyme tube.

Occasionally, however,

a small amount of activity was detected in the EDTA-plus enzyme control
tube with crude fractions of Pg_^Q> which suggested the presence of some
non-CAF caseinolytic activity.

The specific activity of the CAF enzyme

was expressed as 0.1 absorbance units at 278 nm/mg of CAF enzyme fraction/
30 min at 25° C.
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2.

CAP activity by the casein agarose plate method
In order to simplify assays of CAF activity conducted on the large

number of fractions resulting from chromatography, a new "agarose
plate method" was devised.

In this method, the casein reaction mixture

was incorporated into 1% agarose.

The steps in the procedure were as

follows: (1) the casein reaction mixture used for the tube assay
(minus MCE) was heated to 80° C, cooled to 4° C, centrifuged at 10,000
X

for 10 min, and then stored at 0-4° C; (2) the plates were

prepared by adding 1.0 gm of LE agarose (a low endo-osmotic, low
temperature gelling agarose from FMC Corporation, Rockland, Maine)
to 100 ml of reaction mixture from step one and then heating in a
boiling water bath up to 80° C in order to melt the agarose.

Upon

cooling to 50° C, the MCE was added to the mixture and the mixture
was poured onto the hydrophilic side of gelbond (FMC Corporation)
sheets.

The mixture rapidly solidified and could be stored for 1 week

at 0-4° C if protected from dehydration; (3) for the detection of CAP
activity, 10 yWl aliquots of enzyme fractions were placed at regular
intervals (approximately 1.5 cm) along the plate so that 75 to 100
samples could be tested simultaneously.

A second sheet of gelbond

marked with numbered positions was positioned underneath the transparent
test sheet and used as a template; (4) the plate was incubated for 2 hr
at 25° C in a covered container and then stained with a solution of
0.05% (w/v) amido black, 10% acetic acid for 15 min.

The plate was

washed with 50% methanol, 5% acetic acid for 15 min, and with several
changes of 100% methanol to complete destaining and dehydration.
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The plate was then allowed to air dry; (5) proteolytic activity appeared
on the plate as clear circles against a blue background, and easily
could be kept as a permanent record or photographed.

As will be shown

in the Results section, the method was a rather sensitive measure of
CAF activity, detecting as little as 0.2 /<g of CAP protein.

E.

Treatment of Myofibrils with CAF

The myofibrils were prepared from bovine longissimus muscle as
described earlier and assayed under the following conditions (called
5 mM Ca^"*" plus enzyme):

2.0 mg/ml myofibrils, 100 mM KCl, 50 mM

imidazole-HCl of desired pH, 0.1 mM EDTA, 5.1 mM CaClg, 5 mM MCE.
Imidazole was selected as the buffer because its pKa of 7.0 was in the
range of the pH values tested, the concentration of 50 mM provided
sufficient buffering capacity, and it did not alter the activity of
CAF when compared to Tris buffered assays.

The enzyme to substrate

ratio was kept at 1:100 (w/w) unless noted differently.
tested were 7.5, 7.0, 6.5, 6.0, and 5.5.
of 25°, 15°, and 5° C were tested.
included:

The pH values

At each pH, temperatures

The following controls were

5 mM EDTA-no enzyme (other reaction conditions the same),

+2

5 mM Ca

-no enzyme (other reaction conditions the same), 5 mM EDTA-

plus enzyme (other reaction conditions the same).

The tubes were pre-

incubated at the desired pH and temperature for 10 min.

The reaction

was started by the addition of enzyme or by an equal aliquot containing
no enzyme in the controls without enzyme.

The incubation was run for

2, 4, 8, 15, and 30 min and stopped by addition of enough concentrated
EDTA to bring the final EDTA concentration to 10 mM.

The suspension
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was centrifuged at 50,000 x
in the incubation.

for 15 min at the temperature used

The activity of the enzyme was measured as the

amount of protein present in the supernatant.

For each time point

tested, 0.1 ml of supernatant was diluted to 1.0 ml with water and
assayed by the Folin-Lowry method (Lowry et al., 1951).

F.
1.

Extraction and Purification of Cathepsin D

Extraction of cathepsin D and preparation of crude enzyme
Four or 5 hearts were taken from 500 to 600 kg beef animals within

1 hr after exsanguination at Amends Packing Company (Des Moines, Iowa)
and transported in ice to the Food Technology Laboratory.

The muscle

was carefully trimmed free of fat and connective tissue.

Only the left

ventricle of each heart was used for the preparation.

The trimmed

muscle was ground through a pre-chilled meat grinder and 2.5 kg of the
ground tissue was homogenized in a 1 gallon capacity Waring blender
(three 30-sec bursts at a setting of low, medium, and then high) in 2.5
volumes of 0.15 M NaCl, 1 mM EDTA, 2% n-butanol, pH 7.2.

The pH of

the suspension was adjusted to 6.5 with 1 M Tris and it was then
centrifuged at 14,000 x g^^^ for 15 min.

The supernatant was adjusted

to pH 4.5 by addition of concentrated acetic acid and allowed to stand
overnight (12-16 hr) at 25° C.

Precipitated material was removed by

clarification by centrifugation at 14,000 x g
for 15 min at 0-4° C.
°max
The supernatant was cooled further until it had reached 4° C in ice
and then adjusted to 45% ammonium sulfate saturation by the addition
of solid ammonium sulfate.

After standing for 15 min, the suspension

was centrifuged
at 14,000 x °max
g
for 15 min.
°

The volume of the
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supernatant was measured and solid ammonium sulfate was added to bring
the percent saturation to 65%.

After standing for 30 min, the suspension

was centrifuged at 14,000 x g^^^ for 15 min. The density of the
aggregated material was less than that of the ammonium sulfate solution
and was retrieved as a floating pellet or pad.

The collected pellet

was dissolved in 20 mM Na acetate, 1 mM EDTA, pH 5.0, homogenized by
hand, and dialyzed versus several changes of 1 mM EDTA, 20 mM Na acetate
pH 5.0 to remove all traces of n-butanol.

2.

Purification of cathepsin D by chromatography
A two-step affinity chromatography procedure similar to that used

by Afting and Becker (1981) was used for the purification of cathepsin
D.

The crude enzyme was dialyzed versus 0.03 M Na barbital, 0.6 M

NaCl, pH 7.5.

Several changes of buffer were used to insure that all

EDTA was removed before chromatography on concanavalin A-Sepharose.
The solution was removed from dialysis and centrifuged at 143,000 x
gmax

1 hr.

The supernatant (300 to 400 ml) containing 2 to 3 g

of protein was applied to a column (2.5 cm x 15 cm) of concanavalin
A-Sepharose, which previously had been equilibrated in the sample
buffer at a flow rate of 55 ml/hr.

After application of the sample,

the column was washed until little or no absorbance at 278 nm could
be detected.

The glycoprotein fraction containing cathepsin D was

selectively eluted with a solution of 0.2 M alpha-methyl mannoside in
0.1 M NaHgPO^, 0.6 M NaCl, pH 6.5.

The fractions in this peak contained

the cathepsin D activity and were pooled and then dialyzed versus 0.1
M Na citrate, 0.6 M NaCl, pH 3.0, for 6 to 8 hr at 0-4° C.

This dialysis
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step was done to lower the pH to 3.0, but was kept as brief as possible
because substantial autolysis can occur at this low pH.
The concanavalin A-Sepharose 4B purified cathepsin D sample (15 to
25 ml) containing 100 to 150 mg of protein was applied to a column of
pepstatin-Sepharose 4B (2.5 cm x 12 cm) which previously had been
equilibrated with 0.1 M Na citrate, 0.6 M NaCl, pH 3.0.

After sample

application, the column was washed at a flow rate of 40 ml/hr until
little or no absorbance at 278 nm could be detected in the effluent.
The cathepsin D activity was eluted with a solution of 0.1 M NaHCO^,
0.6 M NaCl, pH 8.0.

The pooled fractions containing cathepsin D

activity were dialyzed against 2 mM sodium phosphate, pH 6.5, and
stored at 0-4° C.

3.

Preparation of pepstatin-Sepharose 4B for cathepsin D chromatography
Approximately 30 g of aminohexyl(AH)-Sepharose 4B was suspended in

4 1 of 0.5 M NaCl overnight.

The next day the gel was washed on a

scintered glass funnel with 3 1 of 0.5 M NaCl that had been adjusted
to pH 4.5 with 1 M HCl.

The gel was then washed with water that had

been adjusted to pH 4.5.

After settling, the gel was collected in a

total volume of 150 ml.

Approximately 150 mg of pepstatin A (Sigma

Chemical Company) was dissolved in 150 ml of 100% ethanol.

First, the

peptide solution was added to the gel suspension, then 1.2 g of EDC
coupling reagent was added.

This suspension was stirred gently with

a glass rod for 1 hr, with the pH kept between 5.0 and 5.5 by addition
of HCl.

The gel was then mixed by "end over action" for 36 hr at 25°C.

Excess amino groups on the Sepharose were blocked by addition of enough
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concentrated acetic acid to bring the suspension to 1.0 M in acetic
acid and incubation for 4 hr.

To remove unreacted materials and

reaction by-products, the pepstatin-Sepharose was washed by filtration
with 1 1 each of 50%, 25%, and 10% ethanol and then with 1 1 of 0.1 M
citrate, 0.5 M NaCl pH 3.0.

Each wash step was followed by filtration

on a scintered glass funnel.

G. Assays of Cathepsin D on Hemoglobin
and on Benzyl-DL-arginine 2-Naphthylamide (BANA)
and Benzyloxycarbonylarginylarginine 2-Naphthylamide (Z-arg-arg)
1.

Hemoglobin assay
Because cathepsin D readily hydrolyzes denatured hemoglobin at

pH 3.0 to 4.0 (Canonico and Bird, 1970), a hemoglobin
assay was used as one of the measures for determining cathepsin D
activity in selected fractions resulting from steps in the purification.
An 8% (w/v) solution of bovine hemoglobin was dialyzed against water
for 2 to 4 days and then centrifuged at 100,000 x g
Steps in the assay were as follows:

max

for 30 min.

0.25 ml of 8% hemoglobin plus

0.25 ml of 1.0 M Na formate, pH 3.8, were preincubated at 37° C for
10 min.

Then 0.5 ml of enzyme was added and the reaction mixture was

incubated for 1 hr at 37°C.

The reaction was terminated by the addi

tion of 3.0 ml of 5% TCA and the tubes were centrifuged for 10 min at
1,000 X g^^^.

The amount of activity was determined by using the

modified Folin-Lowry procedure for determining quantity of TCA soluble
peptides in the supernatants as described by Barrett and Heath (1977)
as follows: (1) A modified alkaline copper solution was made in two
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parts.

Solution A contained 1.0 g trisodium citrate dihydrate and

0.5 g CuSO^.SH^O per 100 ml.

Solution B contained 16 g of NaOH and

50 g of NaCOg per 500 ml. (2) The modified alkaline copper solution
was made by mixing 1.0 ml of solution A, 79 ml of water, and 20 ml of
solution B. (3) The procedure for performing the Folin determination
was to combine 0.5 ml of TCA supernatant, 0.5 ml of water, and 2.5 ml
of modified alkaline copper solution, wait 15 min, add 0.25 ml of
Folin solution (Sigma Chemical Company), and read the absorbance at
750 nm after 30 min. (4) The specific activity of cathepsln D was
expressed as mg of tyrosine equivalent/mg of enzyme/60 min at 37° C.
Confirmation that activity was due to cathepsln D rather than to
another contaminating protease was done in two ways.

First, controls

containing 40 /tl of 0.01 M pepstatln in the hemoglobin assay tubes were
used.

This demonstrated that hemoglobin hydrolyzing activity was

Inhibited by pepstatln, an effective inhibitor of cathepsln D.

Second,

the enzyme preparation also was assayed for the ability to hydrolyze
BANA or Z-arg-arg (described below), which would indicate the presence
of other catheptic enzymes such as cathepsins B, H, or L.

2.

BANA and Z-arg-arg assays
The presence of proteolytic activity towards BANA or Z-arg-arg

was tested in the following manner (Barrett and Heath, 1977).

Substrate

stock solutions were made by dissolving 40 mg of BANA (Sigma Chemical
Company) or 13 mg of Z-arg-arg (Sigma Chemical Company)/ml in
dlmethylsulfoxlde (DMSO).

For the assay, 0.5 ml of enzyme and 1.5 ml

of buffered "activator" solution containing 0.1 M NaHgPO^, 1 mM EDTA,

pH 6.0, 1 mM cysteine were mixed and then preincubated at 40° C.

The

reaction was initiated by addition of 50 /tl of one of the two substrate
stock solutions.

After 10 min, the reaction was stopped by addition of

2.0 ml of coupling reagent to each tube.

The coupling reagent contained

a diazonium salt called "fast garnet" which produced a colored product
in the presence of free 2-naphthylamide (see Barrett and Heath, 1977,
for complete composition of coupling reagent).

The absorbances of each

tube and standards containing 2-naphthylamide were read at 520 nm.
The 2-naphthylamide and related naphthylamides are potent carcinogens;
thus, the assays were handled with extreme caution.

H.

Treatment of Myofibrils with Cathepsin D

The myofibrils were prepared from bovine longissimus muscle as
described earlier and assayed under the following reaction conditions:
2.0 mg/ml myofibrils, 100 mM KCl, 50 mM imidazole-HCl of desired pH,
1 mM EDTA, plus enzyme.
1:100 (w/w).

The enzyme to substrate ratio was kept at

The pH values tested were 7.5, 6.5, and 5.5.

At each of

these pH values, temperatures of 37°, 25°, and 15° C were tested.
following two controls were included:

The

(1) myofibrils plus pepstatin-

no enzyme and (2) myofibrils plus pepstatin plus enzyme.

The tubes

were preincubated for 10 min at the desired pH and temperature.

The

reactions were initiated by addition of enzyme or an equal volume of
solution without enzyme (for myofibrils plus pepstatin-no enzyme control
tube).

The reactions were run for 30, 60, 90, and 120 min.

The

reactions were terminated by addition of 20y«l of 0.01 M pepstatin.
The terminated reaction tubes were centrifuged at 50,000 x e
for
max
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15 min at the temperature used in the reaction incubation.

The pro

teolytic activity was determined by measuring the amount of protein
in the supernatant by the Folin-Lowry method as described earlier in
the CAF assays.

I. Fragmentation of Myofibrils
Following Protease Digestions
Bovine skeletal myofibrils were prepared as described earlier and
incubated with CAF or cathepsin D as described in the preceding respective
sections except that the samples were not centrifuged at the end of the
reaction incubation time.

Instead, they were diluted with 1.0 ml of

100 mM KCl and subjected to a brief (10 sec) homogenization in a Virtis
homogenizer at a setting of 15,000 rpm.

The myofibrils then were

examined with a phase contrast light microscope to determine their
degree of structural integrity.

The degree of fragmentation was

estimated by counting number of sarcomeres per myofibril fragment in
at least 10 fields.

J.
1.

Electrophoretic Methods

SDS-polyacrylamide electrophoresis
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as

described by Laemmli (1970) with slab gels measuring 110 mm x 100 mm
X 1.1 mm.

The slab gel consisted of a 5% stacking gel layered over a

10% separating gel.

Myofibrils were prepared for electrophoresis after

incubation as follows: (1) The myofibrils were separated into pellet
and supernatant fractions by centrifugation as described previously;
(2) 0.125 ml of tracking dye solution that contained 10% SDS, 50%

64

sucrose, 0.8% bromphenol blue, 0.1 M (2 [N-morpholino]) ethanesulfonic
acid (MES), pH 6.5, and 50 ^1 MCE was added to 0.5 ml of the myofibril
supernatant and boiled for 3 min; (3) the pellets were carefully
decanted of any remaining supernatant and 0.5 ml of water, 0.125 ml of
tracking dye, and 50

of MCE were added.

The pellets were stirred

vigorously with a glass rod to insure complete dispersal and then boiled
for 3 min.
for 4 hr.

Electrophoresis was performed at a setting of 10 mAmps
Staining was done overnight in a solution of 0.1% Coomassie

blue R250 (Sigma Chemical Company), 10% acetic acid, 50% methanol.

The

gels were destained by diffusion with gentle shaking in a solution of
7.5% acetic acid, 5% methanol.

2.

Electrophoresis in nondenaturing buffers
Electrophoresis in a nondenaturing buffer system was performed in

slab or disc gels as described by Dayton et al. (1975).

The slabs were

110 mm X 100 mm x 1.1 mm and the discs were 2 mm in diameter by 8.0 cm
in length.

The gel consisted of a 4% stacking gel, pH 5.5, layered over

a 7.5 or 10% separating gel, pH 7.5.

This electrophoresis system was

used to examine the composition of purified CAF and cathepsin D under
nondenaturing conditions.

Samples were applied directly to the gel

after incorporation of sucrose to 25% (w/v) final concentration and
electrophoresed at 20 mAmps for 4 hr (slabs) or 2 mAmps per tube (disc)
until the dye front was within 1 cm of the bottom of the gel.

The

gels (slab or disc) were then stained with 0.1% Coomassie blue as
described above.
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3.

Two-dimensional gel electrophoresis
A two-dimensional gel electrophoresis system was used to examine

the subunit composition of purified CAP and of cathepsin D.

The first

dimension consisted of electrophoresis under nondenaturing conditions
(pH 7.5 as described above) on a 2 mm diameter disc gel, followed by
incubation of the gel in 0.5% SDS, 0.1 M Tris-phosphate, pH 6.7, 1% MCE
for 1 to 2 hr.

At the end of the incubation period, the disc gel was

laid horizontally on top of an SDS-containing slab gel (110 mm x 100 mm
X 2.5 mm) prepared as described above and electrophoresed at 15 mAmps
for 4 hr.

Standards for electrophoresis in the second dimension were

prepared by adding 1 to 2 mg of the desired proteins to 2 ml of SDS
standard agar solution.
following:

The standard agar solution consisted of the

0.5 ml of stacking gel buffer, 0.2 g agarose, 0.25 ml MCE,

0.25 ml 20% SDS, standard proteins, and enough water to bring the total
volume to 10 ml.

The solution was boiled until the agarose melted and

it was then pipetted into 2.0 mm diameter tubes.

After the material

had solidified, it was removed from the gel tubes, cut into 1 cm lengths,
and placed on top of the slab gel used for the second dimension.

4.

Immunoblottlng
Electrophoresis of SDS-containing slab gels was performed as

described earlier.

Duplicate gels were always run.

One was stained

with Coomassie blue as described above and the other was used for
blotting.

The blotting procedure was carried out in a trans blot

electrophoresis apparatus (Model 160) from Bio-Rad Corporation.
Immediately after electrophoresis on the slab, the protein bands were
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transferred to nitrocellulose paper by electrophoresis.

They were

transferred for 16 hr at a potential setting of 140 V and 0.6 amps,
with a cooling coil used to dissipate heat.

The transfer buffer

contained 20% methanol, 0.15 M Tris-glycine, pH 8.5.

At the end of the

transfer time, the paper was removed and placed in a solution of 2% BSA
in phosphate buffered saline (PBS), pH 7.0, for 2 hr.

The blot was

washed 3 times for 30 min each in PBS (no BSA), then incubated with
antibody to the desired antigen.

The antibodies were raised in New

Zealand white rabbits by the methods of Richardson et al. (1981).

The

blot was again washed 3 times in PBS to remove excess antibody.
Detection of antigen-antibody complexes was done by using horseradish
peroxidase labeled goat-antirabbit antibody.

The indirect method with

GAR-HRP was detected by incubating 0.6% 4-chloro-l-naphthol in 0.01%
HgOg, which gives a dark blue reaction product.
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IV.

RESULTS

Several Investigators (Olson et al., 1976; Goll et al., 1983a;
Lawrie, 1983) have proposed that much of the postmortem increase in
meat tenderness occurs because of weakening of the myofibril at the
Z line.

Although much is known about CAF and its ability to degrade

myofibrillar proteins (Dayton et al., 1975; Goll et al., 1983a) and
to cause the loss of Z and M line structures (Stromer et al., 1974)
in vitro, little is known about its effectiveness under postmortem-like
environments.

The investigations described herein were done to evaluate

the ability of purified CAF and purified cathepsin D to hydrolyze
myofibrillar proteins and to cause structural alterations in myofibrils
under ^ vitro conditions resembling those present in postmortem muscle.
The general protocol followed was to incubate myofibrils with
purified CAF or cathepsin D under carefully controlled conditions and
then to examine the enzyme's effect in several ways.

First, the digested

myofibrils were centrifuged at high centrifugal force so that only
soluble proteins were left in the supernatant.

The amount of protein

remaining in the supernatant was measured by the Folin-Lowry method.
Second, both the supernatant and pellet fractions were examined by
SDS-PAGE.

Third, the structural integrity of the myofibrils after

incubation and brief homogenization (10 sec) was examined in the phase
contrast microscope.
In a study of proteolytic enzyme action, it is important to be
certain that the enzyme preparation is not contaminated with other
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proteases.

Therefore, a portion of this investigation concerned the

isolation and purification of CAP and cathepsin D.

A.

CAP:

Purification and Properties

A "PQ_^Q crude CAP" preparation was made by a slight modification
of the method of Dayton et al. (1975) as outlined in Pigure 1 and in
the Materials and Methods from the ventricular portion of six to eight
bovine hearts that were obtained within one hr of slaughter.

The

preparation of Pq_^q crude CAP typically contained 3 to 4 g of protein
in approximately 125-150 ml of solution.
The PQ

crude CAP was equilibrated against 20 mM Tris-HCl,

pH 7.5, 1 mM EDTA, 1 mM MCE (buffer A) and then loaded onto a 5.0 x 45 cm
column of DEAE-cellulose.

The elution profile is shown in Figure 2.

The presence of CAP activity in the eluted fractions was detected by
the spot assay method described in the Materials and Methods and shown
in Pigure 3.

In this procedure, the casein substrate mixture for the

CAP assay was incorporated into a thin agar matrix that was supported
on a plastic sheet.

To determine the presence of CAP activity, 10 ^1

of each tube eluted from the column was spotted directly onto the agar
plate.

The plate was incubated for two hr at 25° C, then fixed and

stained as described in the Materials and Methods section.

The presence

of CAP activity was detected as clear or light blue circles against a
dark blue background.

The relative intensity of the "clearing" is

indicated by the dashed line in Pigure 2.

In Pigure 3, the plate was

incubated with a sample of purified CAP in order to show its limits of
sensitivity.

As little as 0.2 /«g of purified CAP could be reliably
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Preparation of I'q _^q Crude CAP from Bovine Cardiac Muscle
Step I - Grind bovine cardiac muscle (5.0 kg)
1) Suspend in 2.5 volumes (v/w) of 4 mM EDTA, pH 7.2,
by three 30 sec bursts on a Waring blender.
2) Adjust pH to 6.5 by addition of 1 M Tris.
3) Centrifuge at 14,000 x g
for 20 min.
max
1
Step II - Supernatant

Sediment
(Discard)

Supernatant
(Discard)

1) Adjust pH to 4.9 by addition of acetic acid.
2) Centrifuge at 14,000 x g
for 20 min.
1
Step III - Sediment
1) Suspend in 200-300 ml 0.1 M Tris-HCl, pH
8.0, 10 mM EDTA.
2) Add 200-300 ml water, adjust pH to 7.0.
Let stir 16 hr at 4° C.
3) Centrifuge at 143,000 x g
for 60 min.
max
r

Sediment
(Discard)

Step IV - Supernatant

Supernanant
(Discard)

1
Sediment
(Discard)

1) Add solid ammonium sulfate to 40%
saturation.
2) Centrifuge at 14,000 x g
for 20 min.
1
Step V - Sediment
1) Suspend in 100 ml
5 mM MCE, pH 7.5.
2) Dialyze against 5
pH 7.5 for 48 hr.
3) Centrifuge at 143
1
Supernatant

max

for 60 min.

Crude PQ_4Q CAE

Muscle tissue was obtained from the left ventricular portion of bovine
hearts and processed as described in Materials and Methods. All solu
tion volumes are based on the wet weight of ground muscle tissue used
in Step I.
Figure 1.

Flow sheet for the preparation of Pq _a q crude CAE from bovine
cardiac muscle

Figure 2.

Elution profile of the I'q _^q crude CAF fraction from a 5.0 x 45 cm DEAE-cellulose
column

The column was loaded with 5,145 mg of
crude CAF in 134 ml of solution. The column
was eluted with a continuous gradient consisting of 1 each of 20 mM Tris-HCl, pH 7.5, 1 mM EDTA,
1 mM MCE, and of 400 mM KCl, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM MCE. Flow rate was 60 ml/hr
and 12 ml fractions were collected. CAF activity was determined by the spot assay method using
casein as a substrate. The relative intensity of the activity is shown by the dashed line.
Tubes within the fraction represented by the vertical dashed lines were pooled. This fraction
was designated DEAE-cellulose purified CAF and was used in the next purification step.

ABSORBANCE (278 nm)
<—1
t—I
c r > r o

CD
Iph

CD

CD

CD
bo

I—'

O

'
J—*
J—'
^
KO ^C T J O O

CD

O

ro K

CD

OO
CD

REU\T1VE CAF ACTIVITY

TL

»

Figure 3.

Detection of CAF activity by the spot assay method

Sensitivity for detection of CAF activity using casein as a substrate in an agarose
is demonstrated. Ten
of purified CAF solution containing 10, 2.0, 1.0, 0.2, 0.1, and
protein, respectively, were spotted. The plate was incubated for 2 hr at 25° C, stained
0.05% amido black in 10% acetic acid, dehydrated in methanol, and air-dried. Additional
are given in the Materials and Methods section.
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detected.

The method rapidly and reliably allowed the identification

of CAP in column fractions and helped to reduce the time required for
purification.

Tubes containing CAP activity indicated by the vertical

dashed lines in Figure 2 were combined and called "DEAE-cellulose
purified CAP."
DEAE-cellulose purified CAF was chromatographed on a phenylSepharose column without previous concentration or desalting.
greatly reduced the time required to purify the enzyme.

This

Phenyl-

Sepharose is a hydrophobic column material and binds proteins more
strongly under those conditions which increase hydrophobic interaction.
Thus, DEAE-cellulose purified CAF, with its KCl content relatively high
because of its late position in the elution profile, binds to the
phenyl-Sepharose column.

Elution from the phenyl-Sepharose column was

accomplished using a continuous gradient from 250 mM KCl to 0 mM KCl
in buffer A as shown in Figure 4. The CAF activity was determined
using the spot assay method and is shown as a dashed line in Figure 4.
Tightly bound proteins were removed from the column with a solution of
50% ethylene glycol in buffer A; however, no CAF activity was found
in this portion of the elution profile.

The column was then re-

equilibrated in 250 mM KCl in buffer A, and reused at a later date.
The tubes containing CAF activity, indicated by the vertical dashed
lines in Figure 4, were combined and called "phenyl-Sepharose purified
CAF."
Phenyl-Sepharose purified CAF was chromatographed on an antipainSepharose column without previous concentration.

This also reduced the

Figure 4. Elution profile of the DEAE-cellulose purified CAF from a 2.5 x 40 cm phenyl-Sepharose
column
A total of 458 mg of DEAE-cellulose purified CAF in 250 ml was loaded onto the column. The
column was eluted with a continuous gradient consisting of 500 ml each of 250 mM KCl, 20 mM
Tris-HCl, pH 7.5, 1 mM EDTA and 20 mM Tris-HCl, pH 7.5, 1 mM EDTA. The arrow indicates start of
elution with 50% ethylene glycol, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA. Flow rate was 42 ml/hr and
10.5 ml fractions were collected. CAF activity was determined by the spot assay method using
casein as a substrate. The relative intensity of the activity is shown by the dashed line. Tubes
within the fraction represented by the vertical dashed lines were pooled. This fraction was
designated phenyl-Sepharose purified CAF and was used in the next purification step.
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time required to purify the enzyme.

Antipain is a peptide that acts

as a competitive inhibitor of the enzyme.

It was covalently attached

to aminohexyl-Sepharose 4B as described in the Materials and Methods
section.

Phenyl-Sepharose purified CAP was directly loaded onto a

small column (1.0 x 8.0 cm) of the antipain-Sepharose.

The column was

washed with buffer A as shown in Figure 5 until it was certain that no
unbound material remained on the column.

CAP was eluted from the column

with a solution of 400 mM KCl in buffer A.

The activity was detected

using the spot assay method, and the tubes in the fractions indicated
between the vertical dashed lines were combined and called "purified
CAP."
The procedure outlined here for the purification of CAP from bovine
cardiac muscle yielded 20 to 30 mg of highly purified enzyme and could
be accomplished by one person in approximately 10 days.

The enzyme's

specific activity was typically in the range of 200 to 300 units/mg
when assayed with casein as described in the Materials and Methods
section.

One unit of activity is defined as 0.1 absorbance unit at

278 nm in the TCA supernatant, after 30 min of incubation at 25° C.
+2
The preparation also was examined for low-Ca
CAP activity with the
+2
casein substrate in the presence of 100 /<M Ca .

The activity was less

than 1% of the activity obtained in the presence of 5 mM Ca

+2

Purified CAP was examined by several electrophoretic methods.
Figure 6 shows PAGE results with purified CAP under both denaturing
(SDS-PAGE) and nondenaturing conditions.

When the enzyme was

electrophoresed under nondenaturing conditions at pH 7.5 on a 7.5%

Figure 5. Elution profile of the phenyl-Sepharose purified CAF from a 1.0 x 8.0 cm antipainSepharose column
A total of 76 mg of phenyl-Sepharose purified CAF in 150 ml was loaded onto the column. The
column was eluted with a continuous gradient consisting of 250 ml each of 20 niM Tris-HCl, pH 7.5,
1 mM EDTA and of 400 mM KCl, 20 mM Tris-HCl, pH 7.5, 1 mM EOTA. Flow rate was 26 ml/hr and 6.5 ml
fractions were collected. CAF activity was determined by the spot assay method using casein as
substrate. The relative intensity of the activity is shown by the dashed line. Tubes within
the fraction represented by the vertical dashed lines were combined and called purified CAF.
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Figure 6. Polyacrylamide gel electrophoretic examination of purified CAF under nondenaturing
and denaturing conditions
Purified CAF (20 /ig) was electrophoresed under nondenaturing conditions at pH 7.5 on a seven
and one-half percent acrylamide gel (shown on the left) as described in the Materials and Methods
section. The CAF contained one major band, another band just below the major one, and two very
minor bands close to the bottom of the gel. Purified CAF (28 /<g) also was electrophoresed under
denaturing conditions on a 10% acrylamide gel (shown on the right). The CAF contained two major
bands corresponding to molecular weights of about 80,000 and 30,000.
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acrylamide gel, it consisted of one major band, with a lighter band
migrating just below it, and some very faint bands near the bottom of
the gel (left side of Figure 6).

When purified CAF was electrophoresed

under denaturing conditions in the presence of SDS on a 10% acrylamide
gel, it showed two major bands with molecular weights of about 80,000
and 30,000 each (right side of Figure 6).
In order to ascertain the composition of the bands observed under
nondenaturing electrophoretic conditions (gel on left in Figure 6), a
two-dimensional PAGE system was used.

Purified CAF first was electro

phoresed under nondenaturing conditions at pH 7.5, on a 10% acrylamide
disc gel.

The disc gel then was equilibrated in SDS-containing buffer,

placed on top of an SDS slab gel, and electrophoresed the second time
as described in the Materials and Methods section.
results of the two-dimensional separation.

Figure 7 shows the

The bands at the left of

the gel correspond to molecular weight markers.

It can be seen from

this figure that the band corresponding to the major band observed
under nondenaturing conditions migrated as two spots corresponding to
subunits with molecular weights of about 80,000 and 30,000 each.

The

band, which migrated just below the major band on the nondenaturing
gel, migrated as an 80,000-dalton species and as an approximately
18,000-dalton species (very faint spot indicated by the horizontal
arrow in Figure 7).

The 18,000-dalton species may be a degradation

product of the 30,000-dalton CAF subunit (Goll et al., 1983b).

The

two closely spaced faint bands in the nondenaturing gel gave rise to

Figure 7.

Two-dimensional PAGE analysis of purified CAF

Purified CAF (20 >/g) was first electrophoresed on a 10% polyacrylamide disc gel under
nondenaturing conditions at pH 7.5. The disc gel was then incubated for 1 hr in 1.0% SDS, 0.1%
MCE, placed horizontally on a 10% polyacrylamide slab gel and subjected to SDS-PAGE as described
in the Materials and Methods section. The large arrowhead indicates the position of the top of
the disc gel. The bands at the left edge of the slab gel correspond to protein standards
(approximately 2 /<g each) as follows: a) alpha-actinin, 100,000 daltons; b) BSA, 68,000 daltons;
c) ovalbumin, 43,000 daltons; d) chymotrypsinogen, 25,000 daltons. The four arrows and the
bracket indicate spots on the slab gel derived from bands in the disc gel. The horizontal disc
gel shown at the top is a stained duplicate of the disc gel used in the experiment. It has been
positioned so that the stained bands are directly above the corresponding spots in the slab gel
below.
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two distinct spots corresponding to molecular weights of approximately
35,000.

Their identity is unknown.

B.
1.

The Effect of Purified CAF on Myofibrils

Protein released from myofibrils by CAF treatment
CAF's ability to cause the release of soluble protein during

incubation of myofibril suspensions was used as one measure of the
enzyme's activity under varying conditions of pH and temperature.
Figure 8 shows the release of soluble protein after incubation at 25° C
for up to 30 min at pH 7.5, 6.5, or 5.5.

The amount of protein in the

supernatant was determined by the Folin-Lowry (Lowry et al., 1951)
method.

The curve at pH 7.5 shows the release of protein obtained

under optimal pH conditions for CAF (Dayton et al., 1976a) and is
reflected by the rapid release of protein into the supernatant.
Decreasing the pH of the incubation to 6.5 decreased the rapid initial
response, but after 30 min the total amount of protein released was
fairly close to that observed at pH 7.5.

Decreasing the pH of incuba

tion to 5.5 also slowed the rapid initial response.

At the end of 30

min of incubation, the total amount of protein released was slightly
less than that observed at pH 6.5.

In all samples, some protein was

present in the supernatants of even the control (0-min) samples.
When the temperature of incubation was lowered to 15° C (Figure 9),
differences were observed in the amount and rate of protein solubilized
in comparison to results obtained at 25° C.

The initial rate of release

at pH 7.5 was lower than that obtained at pH 7.5 and 25° C, but
substantial release still had occurred after 30 min of incubation.

Figure 8. Protein released from myofibrils after incubation with purified CAF at 25° C and pH
7.5, 6.5, or 5.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 6.5, or 5.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5.0 mM MCE at 25° C were incubated
with 40
of purified CAF. The reaction was stopped by addition of EDTA to a final concentra
tion of 10 mM and each sample was then sedimented at 50,000 x gjjj^ for 15 min at 25° C. Protein
remaining in the supernatant was measured by the Folin-Lowry method. The data points are averages
of two determinations done on a representative preparation.
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Figure 9. Protein released from myofibrils after incubation with purified CAF at 15° C and pH
7.5, 6.5, or 5.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 6.5, or 5.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5.0 mM MCE at 15° C were incubated
with 40/tg of purified CAF. The reaction was stopped by addition of EDTA to a final concentra
tion of 10 mM and each sample was then sedimented at 50,000 x gmax for 15 min at 15° C. Protein
remaining in the supernatant was measured by the Folin-Lowry method. The data points are averages
of two determinations done on a representative preparation.
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Lowering the pH of incubation to 6.5 at 15° C reduced both the initial
rate and the final amount of protein released.

When the pH of the

incubation was lowered to 5.5 at 15° C, only little protein was
released.
When the temperature of the incubation was further lowered to 5° C
(Figure 10), there was a further decrease in both initial rates of the
protein released and final amounts of protein solubilized.

There

still, however, was a substantial amount of protein released at the
end of the 30 min incubation at pH 7.5.
to 6.5 further reduced this amount.

As expected, lowering the pH

At pH 5.5, there was only very

little CAF activity.

2.

SDS-PAGE analysis of myofibril fractions after CAF treatment
CAF also was examined systematically with respect to its ability

to hydrolyze myofibrillar proteins under varying conditions of pH and
temperature by SDS-PAGE (Figures 11-25).

In these experiments, myo

fibrils were incubated with CAF, centrifuged in order to separate
sediment and supernatant fractions, and then examined by electrophoresis.
Figures 11-15 show the results of SDS-PAGE analysis of supernatants and
sediments resulting from CAF digestion of myofibrils at 25° C at
selected pH values.

The effect of incubation of myofibrils with CAF

at 25° C and pH 7.5 is shown in Figure 11.

Lanes a through f contain

supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of
incubation, respectively.

Lanes g through 1 contain sediment fractions

corresponding to similar incubation times.

Examination of the super

natant fractions, starting with 2 min of incubation, shows that a number

Figure 10. Protein released from myofibrils after incubation with purified CAP at 5° C and pH
7.5, 6.5, or 5.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 6.5, or 5.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5.0 mM MCE at 5° C were incubated
with 40 g of purified CAP. The reaction was stopped by addition of EDTA to a final concentra
tion of 10 mM and each sample was then sedimented at 50,000 x g^^^ for 15 min at 5° C. Protein
remaining in the supernatant was measured by the Polin-Lowry method. The data points are averages
of two determinations done on a representative preparation.
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Figure 11. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 25° C and pH 7.5
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /<g of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gma^
15 min at 25° C. Lanes a through f were loaded
with 50 jul of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 Ag of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; o<, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.

94

I
I
I

III I
III I
m I

95

of proteins were solubilized from the myofibril by CAF.

There were

small amounts of several unidentified proteins with molecular weights
greater than myosin heavy chains (about 200,000) and one just below
it which were rapidly released.

The major protein that migrated just

ahead of the myosin heavy chains may have been M-protein (about 170,000
daltons), but this was not shown conclusively. This band appeared in
the supernatants of essentially all samples (Figures 11-25), including
the controls.
alpha-actinin.

The major constituent released appeared to be intact
In the sediment fractions, there was a decrease in the

intensity of the titin band with increased time of incubation.

Putative

titin breakdown products, which migrated progressively faster than
titin (c.f. lanes h to 1 with g), also appeared.

The identity of the

small amount of protein that migrated slightly slower than titin in
these samples is unknown.
during the incubation.

The alpha-actinin band decreased in amount

Troponin T isomers were degraded substantially

by 4 min of incubation time.

Tropomyosin subunits were only slightly

decreased in amount after 30 min.

A trio of bands at about 30,000

daltons appeared in the sediment after only 2 min of incubation.

It

has been proposed that these three bands are breakdown products of
troponin T (Dayton et al., 1975; Olson et al., 1976; Goll et al., 1983a).
Troponin I was slowly but progressively degraded with increased time of
incubation.
The effect of incubation of myofibrils with CAF at 25° C and pH
7.0 is shown in Figure 12.

The results were qualitatively rather

similar to those obtained at pH 7.5 (Figure 11).

Again, there was a

Figure 12. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 25° C and pH 7.0
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.0, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /tg of
purified CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM
and each sample was then centrifuged at 50,000 x g^ax
15 min at 25° C. Lanes a through f
were loaded with 50 /tl of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of
incubation, respectively. Lanes g through 1 were loaded with 48 /tg of sediment fractions from
0, 2, 4, 8, 15, and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA
control supernatant and sediment fractions, respectively (see Materials and Methods). Labels
at the right edge of the gel are as follows: T, titin; M, myosin heavy chains; oc, alpha-actinin;
A, actin; TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and
alpha tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of
approximately 30,000 daltons, if present; TN I, troponin I.
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significant release of protein after only two min of incubation (lane
b. Figure 12), alpha-actinin was the major constituent released, and
there were a number of unidentified proteins with molecular weights
greater than myosin heavy chains and one just below myosin heavy chains
(lanes b-f. Figure 12).

In lanes g to 1 (sediments), it was evident

that the titin band decreased in intensity and that it apparently was
degraded to smaller fragments that migrated just ahead of the position
of intact titin with increase in incubation time.

The alpha-actinin

band in the sediments decreased in amount with increased time of
incubation at the same time that it appeared in the supernatant frac
tions.

The troponin T isomers initially were degraded slightly more

slowly than at pH 7.5, but for unknown reasons they were seemingly
degraded more completely than at pH 7.5 by the end of 30 min of incuba
tion.

Similarly, the tropomyosin bands were degraded initially more

slowly, but more completely at the end of 30 min.

The trio of bands

at 30,000 daltons appeared at about 4 to 8 min of incubation.

Troponin

I appeared to be more completely degraded after 15 rain of incubation
at pH 7.0 than after 30 min at pH 7.5.
The effect of incubating myofibrils with CAF at 25° C and pH 6.5
is shown in Figure 13.

The lanes (a-f) of the supernatants show that

somewhat less protein was released from the myofibrils than in the
experiments done at higher pH.

The lanes run with the supernatants

contain some unidentified protein, which appears after 4 to 8 min of
incubation, migrating with a molecular weight greater than myosin heavy
chains.

Alpha-actinin appears to be the major constituent in the

Figure 13. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 25° C and pH 6.5
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.5, 0.1 mLI EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /tg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gmax
15 min at 25° C. Lanes a through f were loaded
with 50 ><1 of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 >tg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control
supernatant and sediment fractions, respectively (see Materials and Methods). Labels at the
right edge of the gel are as follows: T, titin; M, myosin heavy chains; oc, alpha-actinin; A,
actin; TN T, a small bracket indicates troponin T isomers, TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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solubilized protein.

In the lanes (g-1) run with the sediments, the

titin band decreases in intensity and migrates as putative breakdown
products with increased incubation time.

Troponin T and tropomyosin

appear to be more slowly degraded than at pH 7.0.
trio appeared after 8 to 15 rain of incubation.

The 30,000-dalton

Troponin I was only

partly degraded after 30 min of incubation.
Figure 14 contains the electrophoretic results obtained on supernatants and sediments from myofibrils incubated with CAP at 25° C and
pH 6.0.

The lanes (b-f) with the supernatants show that a significant

amount of protein was still solubilized during the digestion at pH 6.0
compared to the control (lane a).

A considerable proportion of the

released protein was unidentified high molecular weight material.
major single constituent of protein released was alpha-actinin.

The

There

was also some solubilization of intact actin, tropomyosin, troponin T,
troponin I, etc. during the incubation at this pH.

However, the

intensity of these bands did not seem to change much with increased
incubation time, which suggests that lowered pH alone may have been
responsible for this result.

The lanes (g-1) run with the sediments

showed a decrease in amount of intact titin with increase in incubation
time.

The intensity of the alpha-actinin band decreased in the lanes

run with sediments at the same time as it appeared in the lanes run
with the supernatants.

Troponin T was degraded, but at a slower rate

than at the higher pH values.

The trio of bands in the 30,000-dalton

region again appeared after 4 to 8 min of incubation.

Troponin I had

been substantially degraded after 15 min of incubation.

Figure 14. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAE at 25° C and pH 6.0
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.0, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /tg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x g^ay for 15 min at 25° C. Lanes a through f were loaded
with 50/^1 of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 >tg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; oc, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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Figure 15 contains the electrophoretic results of supernatants
and sediments from myofibrils incubated with CAP at 25° C and pH 5.5.
The lanes (a-f) run with the supernatants show that a significant amount
of myofibrillar protein was released during digestion with CAF and
that it increased in amount with increase in incubation time.

A

significant portion of the released protein was unidentified high
molecular weight material.

The major constituent of the solubilized

protein in the supernatants was alpha-actinin.

As was evident in the

digestion done at pH 6.0 (Figure 14), some proteins were released
intact into the supernatant of even control samples (lane a) at this
low pH.

Some of the protein in the supernatants migrated with the dye

front, as it also did in the supernatants of samples digested at the
higher pH values.

There was an increase in this material with increase

in incubation time.

The nature of this material was unknown, but it

presumably was small molecular weight breakdown products of myofibrillar
proteins.

The lanes (g-1) run with the sediments show that the titin

band decreased somewhat in intensity with incubation time and that
putative titin breakdown products, just below the position of intact
titin, appeared (c.f. lane 1 with g).

The alpha-actinin band decreased

in intensity in the sediments at the same time that it appeared in the
supernatants.

The troponin T bands still decreased in amount with

increased incubation time.

The trio of bands at about 30,000 daltons

appeared somewhat later during the digestion at pH 5.5 than at higher
pH values.

Troponin I was slightly degraded.

Figure 15. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 25° C and pH 5.5
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 Mg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gj^^x
15 min at 25° C. Lanes a through f were loaded
with 50 >il of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 /fg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control supernatant
and sediment fractions, respectively (see Materials and Methods). Labels at the right edge of
the gel are as follows: T, titin; M, myosin heavy chains; «*, alpha-actinin; A, actin; TN T, a
small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha tropomyosin
subunits; 30 K, a bracket indicates the position of a trio of bands of approximately 30,000 daltons,
if present; TN I, troponin I.
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Figures 16 to 20 show the results of SDS-PAGE analysis of supernatants and sediments resulting from CAF digestion of myofibrils at
15° C and selected pH values.
digestion done at pH 7.5.

Figure 16 shows the results for the

The lanes (a-f) with the supernatants

exhibited several unidentified high molecular weight proteins and
alpha-actinin.

The lanes (g-1) of the sediments show that titin was

degraded and that the amount of alpha-actinin was decreased as the
digestion proceeded.

Troponin T was partly degraded and the trio of

bands at about 30,000 daltons appeared after 2 to 4 min of incubation.
Tropomyosin and troponin I showed only a small amount of proteolysis
during the 30-min incubation.

In general, much more alpha-actinin

remained in the sediments of the samples treated at 15° C (Figure 16)
than when treated at 25° C (Figure 11).
The effect of incubation of myofibrils with CAF at 15° C and pH
7.0 is shown in Figure 17.

The lanes (a-f) run with supernatants show

that a significant amount of protein was solubilized and released into
the supernatant during the digestion.

A significant proportion of the

released material was unidentified high molecular weight protein.

The

major single constituent of the solubilized protein was alpha-actinin.
The lanes (g-1) run with the sediments show that titin was rapidly
degraded, that alpha-actinin was decreased, and that troponin T was
significantly degraded by about 15 min of incubation.

Tropomyosin and

troponin I were slightly degraded and the trio of bands at about 30,000
daltons appeared after about 8 to 15 min of incubation.

Figure 16. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 15° C and pH 7.5
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /^g of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x
for 15 min at 15° C. Lanes a through f were loaded
with 50/<l of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48/<g of sediment fractions from 0, 2, 4, 8,
15, and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control
supernatant and sediment fractions, respectively (see Materials and Methods). Labels at the
right edge of the gel are as follows: T, titin; M, myosin heavy chains;
alpha-actinin; A,
actin; TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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Figure 17. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 15° C and pH 7.0
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.0, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /Kg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gm^x
15 min at 15° C. Lanes a through f were loaded
with 50 xl of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48
of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; oc, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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Figure 18 shows the electrophoretic results obtained on supernatants and sediments from myofibrils incubated with CAP at 15° C and
pH 6.5.

The lanes (a-f) of the supernatants show that somewhat less

protein was solubilized than at the higher pH values.

The unidentified

high molecular weight proteins appeared after about 8 to 15 min of
incubation.

The major single constituent in the released protein

fraction was alpha-actinin.

The lanes (g-1) of the sediments show that

titin was degraded to lower molecular weight species and that the
alpha-actinin band decreased in amount with increase in time of diges
tion.

Troponin T was only partly degraded during the 30-min incubation

and tropomyosin and troponin I were degraded only slightly.

The trio

of bands at about 30,000 daltons appeared after about 8 to 15 rain of
incubation.
Figure 19 contains the electrophoretic results obtained on super
natants and sediments from myofibrils incubated with CAF at 15° C and
pH 6.0.

The lanes (a-f) run with the supernatants show that only a

small amount of protein was solubilized by CAF.

There was a small

amount of unidentified high molecular weight protein solubilized.

The

unidentified species with a molecular weight of about 170,000 was
prominent.

It did not, however, increase in amount with increase in

incubation time.

The major single constituent released into the

supernatant was alpha-actinin.

The lanes (g-1) run with the sediments

show that the intact titin band was again decreased in intensity and
that it was apparently degraded to lower molecular weight fragments
during the 30-min digestion.

The alpha-actinin band was reduced in

Figure 18. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 15° C and pH 6.5
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40>«g of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gmax
15 min at 15° C. Lanes a through f were loaded
with 50 fO- of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 xg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; oç, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.

Figure 19. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 15° C and pH 6.0
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HGl, pH 6.0, 0.1 mM EDTA, 5.1 iriM CaCl2, 5 mM MCE, were incubated with 40 Mg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x g^ax foi" 15 min at 15° C. Lanes a through f were loaded
with 50 Ml of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 /tg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains;
alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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intensity, but not to the degree it was in the digestion done at higher
pH values.

The troponin T was only partly degraded after 30 min of

incubation.

The subunits of tropomyosin and the troponin I were only

slightly degraded.

The three bands at about 30,000 daltons appeared

in small quantity near the end of the incubation.

As in the case of

the incubations done at 25° C and the lower pH values (Figures 14 and
15), a considerable number of the bands in the supernatant samples
(including the control) migrated at the same rate as proteins in the
sediment, which suggests that lowered pH alone was causing release of
some intact proteins (e.g., actin, tropomyosin).
Figure 20 shows the electrophoretic results obtained on supernatants and sediments from myofibrils incubated with CAF at 15° C and
pH 5.5.

The lanes (b-f) of the supernatant show little protein was

solubilized compared to the control supernatant (lane a).
actinin was released to a very small degree.

Alpha-

The unidentified species

(possibly M-protein) at about 170,000 daltons was a significant
component in all of the supernatant samples, including the control
(lane a).

The lanes (g-1) of the sediments showed that there was

some degradation of the titin band during 30 min of incubation.
was only a small decrease in amount of the alpha-actinin band.

There
Troponin

T was only slightly degraded by the end of 30 min of incubation.

There

was little evidence of bands appearing in the 30,000-dalton region
during the digestion.
little.

Tropomyosin and troponin I were digested very

Figure 20.

Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 15° C and pH 5.5

CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were indubated with 40 Mg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gmax for 15 min at 15° C. Lanes a through f were loaded
with 50/<1 of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48/<g of sediment fractions from 0, 2, 4, 8, 15,
and 30 min incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; «, alpha-actinin; A, actin;
TN T, a small bracket indicates toponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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Figures 21 to 25 show the results of SDS-PAGE analysis of supernatants and sediments resulting from CAP digestion of myofibrils at
5° C at selected pH values.
digestion done at pH 7.5.

Figure 21 shows the results for the

The lanes (a-f) run with the supernatant

samples show that only a small amount of protein was solubilized.
There were some unidentified high molecular weight proteins and alphaactinin.

The latter protein was quite evident after 8 to 15 min of

incubation.

The lanes (g-1) of the sediments show that titin was

degraded during the 30 min of incubation.

As expected, there was a

small decrease in the amount of the alpha-actinin band with increased
incubation time.

A small decrease in troponins T and I occurred as well.

The trio of degradation bands at about 30,000 daltons was present in
minor amounts after 15 to 30 min of incubation.
The effect of incubation of CAF with myofibrils at 5° C and pH 7.0
is shown in Figure 22.

The lanes (a-f) of the supernatants again show

that only a small amount of protein was solubilized by CAF digestion.
It consisted, in part, of unidentified high molecular weight material
and alpha-actinin, which were most easily seen after 8 to 15 rain of
incubation.

The lanes (g-1) of the sediments show that titin was

degraded to smaller fragments during the 30 min of incubation.

There

was a slight decrease in the intensity of the tropomyosin, the troponin
T, and troponin I bands after about 30 min of incubation.

The trio of

bands at about 30,000 daltons appeared, but only near the end of the
digestion and in very small amounts.

Figure 21. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 5° C and pH 7.5
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 Ag of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gmax
15 min at 5° C. Lanes a through f were loaded
with 50 y«l of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48/<g of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; of, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.

122

Figure 22. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 5° C and pH 7.0
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.0, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 Hg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x g^^^ for 15 min at 5° C. Lanes a through f were loaded
with 50 f*l of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 Mg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; <x, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; 30 K, a bracket indicates the position of a trio of bands of approximately
30,000 daltons, if present; TN I, troponin I.
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Figure 23 shows the electrophoretic results obtained on supernatants and sediments from myofibrils incubated with CAP at 5° C and
pH 6.5.

The lanes (b-f) of the supernatants show that only a slight

amount of protein was solubilized compared to the control supernatant
(lane a).

The proteins that were released included alpha-actinin and

the unidentified high molecular weight material.

The lanes (g-1) of

the sediments show that titin was degraded to lower molecular weight
fragments during the incubation.

The alpha-actinin and troponin T

bands were slightly reduced in amount after 30 min of incubation.
There was no significant amount of bands in the 30,000-dalton region
of the gel, even after 30 min of incubation.
Figure 24 contains the electrophoretic results obtained on super
natants and sediments from myofibrils incubated with CAF at 5° C and
pH 6.0.

The lanes (a-f) with the supernatant samples show that almost

no protein was solubilized by the CAF treatment.

A small amount of

alpha-actinin could be seen after 8 to 15 min of incubation.

The

lanes with the sediments show that titin was slowly degraded to lower
molecular weight fragments.

Other changes were very small.

Figure 25 shows the electrophoretic results obtained on the super
natants (lanes a-f) and sediments (lanes g-1) from myofibrils incubated
at 5° C and pH 5.5.

The supernatant lanes show that little protein was

solubilized by the CAF treatment when lanes b to f are compared with
lane a (0-min control).

A very slight amount of alpha-actinin was

released after about 8 to 15 min of incubation.

Most of the proteins

in the supernatants (lanes b-f) co-migrated with bands in the control

Figure 23.

Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 5° C and pH 6.5

CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /tg of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x g^ax
15 min at 5° C. Lanes a through f were loaded
with 50 xl of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 Xg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right edge
of the gel are as follows: T, titin; M, myosin heavy chains; or, alpha-actinin; A, actin; TN
T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha tropomyosin
subunits; TN I, troponin I.
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Figure 24. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAP at 5° C and pH 6.0
CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.0, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 y-g of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x gmax
15 min at 5° C. Lanes a through f were loaded
with 50 //I of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 /fg of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains; oc, alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; TN I, troponin I.
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Figure 25.

Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
CAF at 5° C and pH 5.5

CAF assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 0.1 mM EDTA, 5.1 mM CaCl2, 5 mM MCE, were incubated with 40 /<g of purified
CAF. The reaction was stopped by the addition of EDTA to a final concentration of 10 mM and each
sample was then centrifuged at 50,000 x g^ax for 15 min at 5° C. Lanes a through f were loaded
with 50 }k\ of supernatant fractions corresponding to 0, 2, 4, 8, 15, and 30 min of incubation,
respectively. Lanes g through 1 were loaded with 48 /<g of sediment fractions from 0, 2, 4, 8, 15,
and 30 min of incubation, respectively. Lanes a and g (0 min) correspond to EDTA control super
natant and sediment fractions, respectively (see Materials and Methods). Labels at the right
edge of the gel are as follows: T, titin; M, myosin heavy chains;
alpha-actinin; A, actin;
TN T, a small bracket indicates troponin T isomers; TM, a bracket indicates beta and alpha
tropomyosin subunits; TN I, troponin I.
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supernatant, suggesting that intact proteins were being released by
the low pH treatment itself.

The lanes (g-1) of the sediments show

a slight change in the position of the titin band, suggesting it was
still being slowly degraded under these conditions.

Decreases in

amounts of alpha-actinin, troponin T, and troponin I were all small.

3.

Titin immunoblot of myofibril fractions after CAP treatment
The previous electrophoretic results indicated that titin was one

of the proteins that was very susceptible to CAF-induced degradation.
A preliminary study using an immunoblot technique was done in an attempt
to localize the protein and/or proteolytic fragments in electrophoretic
separations of myofibril fractions after CAF treatment.

Figure 26 shows

an immunoblot of a slab gel run with supernatants and sediments from
myofibrils that had been incubated with CAF at 25° C and pH 7.5.
Figure 11 contains the conventionally stained electrophoretic gel of
similar myofibril fractions incubated with CAF under identical condi
tions.

In the immunoblot method, the samples were electrophoretically

separated as shown in Figure 11 and then transferred to nitrocellulose
paper as described in the Materials and Methods section.
incubated with polyclonal antibodies to titin.

The blot was

In the supernatant

lanes (b through f) in Figure 26, many bands are recognized by the titin
antibody.

No proteins were recognized by the antibody in the control

supernatant (lane a).

In lanes b through f, which contain supernatant

fractions from myofibrils treated with CAF for increasing incubation
times, the number of bands recognized by the titin antibody increases
with Increase in incubation time.

And the population of bands shifts

Figure 26.

Identification of titin and/or titin fragments by an immunoblot procedure

Supernatants and sediments from myofibrils that had been treated with CAF at 25° C and pH 7.5
were subjected to SDS-PAGE on a 10% acrylamide slab gel, containing a 5% stacking gel (refer to
Figure 11 for a stained gel with similar samples). The immunoblot was prepared as described in
the Materials and Methods section. The dark bands in the blot have been recognized by polyclonal
antibodies to titin. Lanes a through f in the slab gel were loaded with 50 /(I of supernatant
fractions corresponding to 0, 2, 4, 8, 15, and 30 min incubations, respectively. Lanes g through
1 were loaded with 48 /tg of corresponding sediment fractions from 0, 2, 4, 8, 15, and 30 min
incubations, respectively. The letter T at the right edge of the gel indicates the position of
titin in the control sediment (lane g).
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from a few heavily labeled bands present in samples from the short
incubations to a greater number of bands of lower molecular weight
present in samples from longer incubations (c.f., lane b with lanes e
and f).

This pattern is typical of what might be expected in a

proteolytic digestion as larger polypeptides are degraded to smaller
ones.

Lanes g through 1 contain the sediment fractions of myofibrils

after corresponding incubation times with CAF.
position of titin in the control (0-time).

Lane g shows the

This band decreases in

intensity and migrates (slightly faster mobility) slightly faster with
increasing incubation time^.

The nature of the two or three other

bands labeled in the lanes with the sediments is unknown.

4.

Fragmentation of myofibrils following CAF digestion
CAF also was examined systematically with respect to its effective

ness in altering the structural integrity of the myofibril under vary
ing conditions of pH and temperature.

Following incubation with CAF

under selected conditions of time, temperature, and pH, the myofibrils
were subjected to a brief homogenization (10 sec) and then examined in
the phase contrast microscope to ascertain the degree of fragmentation
caused by CAF.

Figure 27 contains representative phase contrast

micrographs of myofibrils that had incubated with CAF for selected
periods of time at 25° C and pH 7.0 and then homogenized.

Figure 27a

shows the appearance of the 0-min (EDTA control) myofibrils, which
tend to be fairly long and exhibit intact Z lines.

The position of a

Z line or the position from which the Z line has been removed is
indicated in every figure by an arrow.

Figure 27b through f show the

Figure 27.

Phase contrast micrographs of myofibrils after incubation
with purified CAP at 25° C and pH 7.0 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 7.0, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 25° C were incubated with 40 xg of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively.
The arrow in each indicates the position of a Z line or the position
from which the Z line has been removed. The bar in micrograph f
represents 5 /<m. Magnification was X2000 In all figures.
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appearance of myofibrils that have been incubated with CAF for 2, 4,
8, 15, and 30 min, respectively.
appear quickly (Figure 27b).

The Z lines of the myofibrils dis

By the end of 30 min of incubation with

CAF, the myofibrils appeared highly fragmented (Figure 27f).

Many

fragments containing less than three or four sarcomeres were evident.
Perhaps because of the presence of some myofibril "clumps," which may
have partly resisted CAF*s action, some variability in appearance of
myofibrils appeared in all samples viewed in this study.

For example,

some myofibrils could be found with intact Z lines when most of the
myofibrils exhibited no Z lines and were highly fragmented.
Figure 28 contains phase contrast micrographs of myofibrils
incubated with CAF for selected periods of time at 25° C and pH 6.0
and then homogenized.

Figure 28a shows the appearance of the 0-min

(EDTA control) sample in which the myofibril fragments tend to be long
with intact Z-line structures.

Figure 28b through f show the

appearance of myofibrils after increasing incubation times.

The Z

lines generally had disappeared after only a short time (2-4 min) of
incubation (Figure 28b and c).

By the end of the 30 min of incubation

(Figure 28f), there was a marked increase in degree of fragmentation.
The myofibrils also occasionally exhibited a rather distorted or
stretched appearance following CAF treatment and homogenization such
as that shown in Figure 28d (note the myofibril on the left).
Figure 29 contains phase contrast micrographs of myofibrils
incubated with CAF for selected periods of time at 15° C and pH 7,5
and then homogenized.

Figure 29a contains the 0-min (EDTA control)

Figure 28.

Phase contrast micrographs of myofibrils after incubation
with purified CAF at 25° C and pH 6.0 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 6.0, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 25° C were incubated with 40 /<g of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively. The
arrow in each indicates the position of a Z line or the position from
which the Z line has been removed. The bar in micrograph f represents
5/<m. Magnification was X2000 in all figures.
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Figure 29.

Phase contrast micrographs of myofibrils after incubation
with purified CAF at 15° C and pH 7.5 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 7.5, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 15° C were incubated with 40/<g of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively. The
arrow in each indicates the position of a Z line or the position from
which the Z line has been removed. The bar in micrograph f represents
5 /tm. Magnification was X2000 in all figures.
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sample and shows long myofibrils with intact Z lines.

Figure 29b

through f shows that the Z-line material was degraded during the
incubation and that there was a marked increase in amount of fragmenta
tion by the end of the 30-min incubation.

There was, however, a

tendency for myofibrils to retain more Z-line structure when compared
to myofibrils that had been digested at 25° C at similar pH values.
When the incubation was conducted at pH 6.5 and 15° C (Figure 30),
the phase contrast micrographs show that the loss of Z-line material
from the myofibril required slightly longer incubation times (4- to 8min incubations) than it had at pH 7.5.

By the end of the 30-min

incubation, there was still a significant increase in degree of frag
mentation.

When the incubations were conducted at pH 5.5 and 15° C

(Figure 31), the phase contrast micrographs show that loss of Z-line
material required much longer incubation time (15 to 30 min) before
most Z lines were removed.

And the degree of fragmentation at the end

of 30 min was lower (Figure 31f) than had occurred at 25° C at a similar
pH value.
Figure 32 contains phase contrast micrographs of myofibrils
incubated with CAF for selected periods of time at pH 7.5 and 5° C
and then homogenized.

Figure 32a contains the 0-min (EDTA control)

and shows long myofibrils with intact Z lines.

Figure 32b through f

show that the Z-line material was lost during the incubation and
that there was still a significant increase in the degree of fragmenta
tion (less sarcomeres/myofibril) at the end of the incubation conducted
at 5° C.

Figure 32e contains an example of a myofibril with a distorted

Figure 30.

Phase contrast micrographs of myofibrils after incubation
with purified CAF at 15° C and pH 6.5 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 6.5, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 15° C were incubated with 40 Jig of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively. The
arrow in each indicates the position of a Z line or the position from
which the Z line has been removed. The bar in micrograph f represents
5><m. Magnification was X2000 in all figures.
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Figure 31.

Phase contrast micrographs of myofibrils after Incubation
with purified CAF at 15° C and pH 5.5 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM Imldazole-HCl, pH 5.5, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 15° C were incubated with 40 /Mg of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 mln incubations, respectively. The
arrow in each indicates the position of a Z line or the position from
which the Z line has been removed. The bar in micrograph f represents
5 /im. Magnification was X2000 in all figures.
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Figure 32.

Phase contrast micrographs of myofibrils after incubation
with purified CAF at 5° C and pH 7.5 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 7.5, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 5° C were incubated with 40 /«g of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively.
The arrow in each indicates the position of a Z line or the position
from which the Z line has been removed. The bar in micrograph f
represents 5/(m, Magnification was X2000 in all figures.
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or stretched appearance (see short myofibril at left).

When the

incubation with CAP was conducted at pH 6.5 and 5° C (Figure 33), the
phase contrast micrographs of the myofibrils show that the loss of
Z-line material required longer incubation times (8 to 15 min) than it
had at higher pH values or at higher temperatures.

By the end of the

30-min incubation at pH 6.5 and 5° C (Figure 33f), there was an increase
in the proportion of fragmented myofibrils, but there were still many
myofibrils having several sarcomeres,

t^hen the incubation was conducted

at pH 5.5 and 5° C (Figure 34), the phase contrast micrographs of the
myofibrils show that there was little loss of Z-line material or an
increase in the proportion of fragmented myofibrils, even after 30 min
of Incubation (Figure 34f).
The extent of fragmentation of treated myofibrils was difficult
to accurately assess because even untreated, freshly prepared myofibrils
contained a population of myofibrils in which the number of sarcomeres
per myofibril varied from 1 to 20 or more.

In an attempt to more

objectively determine if significant fragmentation had occurred as
the result of CAF treatment and subsequent brief homogenization,
0-min (EDTA control) samples and samples from the 30-min incubation
were compared.

In this procedure, the number of sarcomeres per

myofibril was counted in the phase contrast microscope in at least
ten different fields.

At least 30 (range = 30-50) total myofibrils

were examined for each sampling pH and temperature.
biases in the method.

There were some

Myofibrils greater than 15 sarcomeres long were

rejected because they seldom remained in the plane of focus throughout

Figure 33.

Phase contrast micrographs of myofibrils after incubation
with purified CAP at 5° C and pH 6.5 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 6.5, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 5° C were incubated with 40 Jig of purified CAP. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively.
The arrow in each indicates the position of a Z line or the position
from which the Z line has been removed. The bar in micrograph f
represents 5 jum. Magnification was X2000 in all figures.

Figure 34.

Phase contrast micrographs of myofibrils after incubation
with purified CAF at 5° C and pH 5.5 and a brief
homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 5.5, 0.1 mM EDTA, 5.1 mM CaCl2,
5.0 mM MCE, at 5° C were incubated with 40 xg of purified CAF. The
reaction was stopped by the addition of EDTA to a final concentration
of 10 mM. One ml of this suspension was diluted with 1.0 ml of 100 mM
KCl, and then homogenized for 10 sec at 15,000 rpm as described in the
Materials and Methods section. Micrographs a through f represent 0
(EDTA control), 2, 4, 8, 15, and 30 min incubations, respectively.
The arrow in each indicates the position of a Z line or the position
from which the Z line has been removed. The bar in micrograph f
represents 5yWm. Magnification was X2000 in all figures.
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their length and were difficult to count.
to "clumps" also were omitted.

Myofibrils in or attached

The number of myofibrils containing

1, 2, etc. sarcomeres was tallied.

The total number of sarcomeres

was divided by the total number of myofibrils counted to obtain the
mean number of sarcomeres per myofibril for each incubation condition.
The results in Figure 35 show the average number of sarcomeres per
myofibril for the 0-min (EDTA control) and 30-min samples incubated
at 25°, 15°, or 5° C and at pH 7.5, 6.5, or 5.5.

When the CAF incuba

tions were done at 25° C, there was little change in the controls at
pH 7.5, 6.5, or 5.5.

The sample incubated with CAF for 30 min at

pH 7.5 showed a sharp decrease (from about 8 in the control to 3.5)
in the average number of sarcomeres per myofibril.

A fairly similar

difference was observed between control and treated myofibrils at pH
6.5.

At pH 5.5, a smaller decrease in the average number of sarcomeres

per myofibril in the treated sample occurred compared to its control.
The average number of sarcomeres per myofibril in the treated samples
increased gradually with decreasing incubation pH at 25° C. When
myofibrils were incubated with CAF at 15° C and pH 7.5, 6.5, or 5.5
and then homogenized, there was a smaller decrease in the average
number of sarcomeres per myofibril for each of the treated samples
compared to its control than was obtained in the samples incubated at
25° C.

When myofibrils were incubated with CAF at 5° C and pH 7.5,

6.5, or 5.5 and then homogenized, the effect of the CAF was reduced
yet further, although the treated samples still had fewer sarcomeres
per myofibril than the respective controls.

Figure 35.

Summary of degree of myofibril fragmentation after
incubation with CAP at selected pH values and temperatures
and a brief homogenization

Myofibrils were incubated with purified CAF at 25°, 15°, or 5° C
and pH 7.5, 6.5, or 5.5 for 30 min and then subjected to a brief 10 sec
homogenization. In the phase contrast microscope, the number of
sarcomeres per myofibril was counted in at least ten different fields
of the 0-min (EDTA control) sample and the sample treated with CAF for
30 min. The average number of sarcomeres per myofibril was calculated
and is shown as open vertical bars for the 0-min samples and as shaded
vertical bars for the 30-min samples.

AVERAGE NUMBER OF, SARCOMERES/MYOFIBRIL
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C.

Cathepsin D:

A crude P^^

Purification and Properties

cathepsin D was prepared essentially by the method

of Barrett et al. (1977) as outlined in Figure 36 and in the Materials
and Methods section from the left ventricular portion of four to five
bovine hearts that were obtained within one hour of slaughter.

The

extraction procedure yielded 2 to 3 g of protein in 200 to 400 ml of
solution.
The crude

cathepsin D was extensively dialyzed against

0.03 M Na barbital, pH 7.4, 0.6 M NaCl to remove all traces of the
EDTA, clarified, and then loaded onto an affinity column of concanavalin
A-Sepharose 4B.

The elution profile is shown in Figure 37.

Cathepsin

D activity was found in the fraction eluted with the methylmannosidecontaining solution.

Material that was not bound to the column during

the "washing" step had some hemoglobin hydrolyzing activity; however,
this activity was not inhibited by pepstatin and, therefore, was not
cathepsin D.

The tubes within the vertical dashed lines were combined,

called concanavalin A-Sepharose 4B purified cathepsin D, and used in
the next purification step.
The concanavalin A-Sepharose 4B purified cathepsin D was dialyzed
briefly (to limit autolysis) versus 0.1 M Na citrate, pH 3.0, 0,6 M
NaCl to lower the pH to 3.0 and loaded onto an affinity column of
pepstatin-Sepharose 4B.

The elution profile is shown in Figure 38.

Pepstatin is a peptide inhibitor of cathepsin D that readily binds the
enzyme at pH 3.0 and that has been coupled to the Sepharose 4B as
described in the Methods and Materials section.

The column was washed
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Preparation of

Crude Cathepsin D from Bovine Cardiac Muscle

Step I - Grind bovine cardiac muscle (2.5 kg)
1) Suspend in 2.5 volumes (v/w) of 0.15 M NaCl, 1 mM EDTA,
2% butanol, pH 7.2 by three 30 sec bursts on a Waring
blender.
2) Adjust pH to 6.5 by addition of 1 M Tris.
3) Centrifuge at 14,000 xg^ax for 15 min.

Sediment
(Discard)

1
Sediment
(Discard)

'
Sediment
(Discard)

1
Supernatant
(Discard)

Sediment
(Discard)

1
Step II - Supernatant
1) Filter through glass wool.
2) Adjust pH to 4.5 by addition of
acetic acid.
3) Let stand 12-16 hr at 25° C.
4) Centrifuge at 14,000 x gmax
15 min.
1
Step III - Supernatant
1) Add ammonium sulfate to 45% satura
tion.
2) Centrifuge at 14,000 x g^ax
15
min.
I
Step IV - Supernatant
1) Add ammonium sulphate to 65% satura
tion.
2) Centrifuge at 14,000 x g^ax
15
min.
1
Step V - Sediment
1) Dissolve in 20 mM Na acetate, pH
5.0, 1 mM EDTA.
2) Dialyze versus the same buffer for
48 hr at 4° C.
3) Centrifuge at 143,000 x g^ax
60 min.
Supernatant
Crude P^^

cathepsin D

Muscle tissue was obtained from the left ventricular portion of
bovine hearts and processed as described in the Materials and Methods.
All solution volumes are based on the wet weight of ground muscle tissue
used in Step I.
Figure 36.

Flow sheet for the preparation of crude P^^
from bovine cardiac muscle

cathepsin D

Figure 37.

Elution profile of the crude ^45-65 cathepsin D fraction from a 2.5 x 30 cm
concanavalin A-Sepharose 4B column

The column was loaded with 3,256 mg of crude P45-65 cathepsin D in 255 ml of solution. The
column was first eluted with 30 mM Na barbital, pH 7.4, 0.6 M NaCl, 1 mM MCE, until the absorbance
at 278 nm returned to a minimum. The material containing cathepsin D activity was then eluted
using a solution of 100 mM Na phosphate pH 6.5, 200 mM a-methylmannoside, 0,6 M NaCl, 1 mM MCE,
Flow rate was 55 ml/hr and 11 ml fractions were collected. Cathepsin D activity was determined
using denatured hemoglobin as a substrate as described in the Materials and Methods and is
indicated as a dashed line. Tubes within the profile represented by the two vertical dashed
lines were pooled. This fraction was designated as concanavalin A-Sepharose 4B purified
cathepsin D and was used in the next purification step.
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Figure 38.

Elution profile of the concanavalin A-Sepharose 4B purified cathepsin D from a
2.5 X 12 cm pepstatin-Sepharose column

The column was loaded with 112 mg of concanavalin A-Sepharose 4B purified cathepsin D in
132 ml of solution that had been dialyzed at 4° C for 6 hr against 100 mM Na citrate, 0.6 M
NaCl, pH 3.0. The column was washed with 100 mM Na citrate, 0.6 M NaCl, pH 3.0, until the
absorbance at 278 nm returned to a minimum. The cathepsin D activity was then eluted with a
solution of 100 mM NaHCO^, pH 8.0, 0.6 M NaCl. Flow rate was 40 ml/hr and 10 ml fractions were
collected. Cathepsin D activity was determined using denatured hemoglobin as substrate as
described in the Materials and Methods section and is indicated as a dashed line. Tubes within
the profile represented by the two vertical dashed lines were combined and called purified
cathepsin D.

1.0

1.0 5

0.9

0.9 I
0.8 I
0.7 Î

^0.8

i 0.7
CO

0.6 ! i
0.5
0.4 is
0.3 o
0.2

^0.6

S 0.5

iO.4

g 0.3
0.2
0.1

0

0.1
_J

0

L_

90 100

oo
a.

0 s

h-»

ON

w

164

free of unbound material with 0.1 M Na-citrate, pH 3.0, 0.6 M NaCl.
Cathepsin D activity was eluted from the column with a solution of
0.1 M NaHCOg, 0.6 M NaCl, pH 8.0.

The cathepsin D has a low affinity

for pepstatin at pH values of 6.5 and above.

The tubes contained

within the vertical dashed lines were combined and called purified
cathepsin D.

Cathepsin D purified by this procedure yielded 3 to 4 mg

of enzyme with a specific activity of 240 units/mg using the hemoglobin
assay.

One unit of activity was defined as 1 mg of tyrosine equivalent

produced in one hr at pH 3.8 and 37° C as described in the Materials
and Methods section.

The purified enzyme preparation was tested for

activity against Z-arg-arg and BANA, but no activity was detected.
The lack of activity in the Z-arg-arg and BANA assays indicated the
absence of other catheptic enzymes such as cathepsins B, H, or L.
The purified cathepsin D was examined by several electrophoretic
methods under denaturing and nondenaturing conditions.

When the enzyme

was electrophoresed on a 10% polyacrylamide gel in a nondenaturing
buffer system at pH 7.5 as shown in Figure 39, the gel contained three
closely spaced bands of approximately equal intensity.

When the

cathepsin D was subjected to SDS-PAGE on a 10% polyacrylamide slab
gel, two bands were observed with mobilities corresponding to molecular
weights of about 47,000 for the major band and 29,500 for the minor
band (Figure 39).

In order to examine the subunit composition of the

three species of cathepsin D observed under nondenaturing conditions,
a two-dimensional gel electrophoresis system was used.

Purified

cathepsin D first was electrophoresed on a 10% polyacrylamide disc

Figure 39. Polyacrylamide gel electrophoretic examination of purified cathepsin D under nondenaturing and denaturing conditions
Purified cathepsin D (16 /Mg) was electrophoresed under nondenaturing conditions at pH 7.5
on a 10% acrylamide gel (shown on the left) as described in the Materials and Methods section.
The cathepsin D contained three closely spaced bands in approximately equal proportions.
Purified cathepsin D (13.8 Mg) also was electrophoresed under denaturing conditions in the
presence of SDS on 10% acrylamide gel (shown on the right). The cathepsin D contained two
major bands corresponding to molecular weights of about 47,000 and 29,500.
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gel using a nondenaturing buffer system at pH 7.5.

The disc gel then

was equilibrated in SDS buffer, placed on top of an SDS slab gel, and
electrophoresed the second time as described in the Materials and
Methods section.
separation.

Figure 40 shows the results of the two-dimensional

The bands at the left of the gel correspond to molecular

weight markers.

It can be seen from this figure that the band nearest

the top of the nondenaturing disc gel migrated as two spots, correspond
ing to molecular weights of about 47,000 and 29,500.

The middle band

on the nondenaturing gel migrated primarily as a spot corresponding to
a molecular weight of about 47,000 and a very small amount of a spot
corresponding to a molecular weight of 29,500.

The third band on the

disc gel migrated as one spot corresponding to a molecular weight of
about 47,000.

D.
1.

The Effect of Purified Cathepsin D on Myofibrils

Protein released from myofibrils by cathepsin D treatment
Purified cathepsin D's ability to cause the release of soluble

protein during incubation of myofibril suspensions was used as one
measure of the enzyme's activity under varying conditions of pH and
temperature.

After the treatment with enzyme, the myofibrils were

centrifuged and the supernatants were examined for protein by the
Folin-Lowry method.

Figure 41 shows the release of soluble protein

after incubation with cathepsin D at 37° C and pH 5.5, 6.5, or 7.5.
There was a significant amount of protein solubilized by cathepsin D
at pH 5.5.

However, little increase was observed in the amount of

protein solubilized by cathepsin D after 120 min of incubation at pH

Figure 40. Two-dimensional PAGE analysis of purified cathepsin D
Purified cathepsin D (16 /(g) first was electrophoresed on a 10% acrylamide disc gel under
nondenaturing conditions at pH 7.5. The disc gel was then incubated for one hr in 1.0% SDS,
0.1% MCE, placed horizontally on a 10% polyacrylamide slab gel, and subjected to SDS-PAGE as
described in the Materials and Methods section. The large arrowhead indicates the position of
the top of the disc gel. The bands at the left of the slab gel correspond to protein standards
(approximately 2 /<g each) as follows: a) alpha-actinin, 100,000 daltons; b) BSA, 68,000 daltons;
c) ovalbumin, 43,000 daltons; and d) chymotrypsinogen, 25,000. The arrows indicate spots on
the slab gel derived from bands in the disc gel. The horizontal disc gel shown at the top is
a stained duplicate of the disc gel used in the experiment. It has been positioned so that
the stained bands in it are directly above the corresponding spots in the slab gel below.
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Figure 41. Protein released from myofibrils after incubation with purified cathepsin D at 37° C
and pH 5.5, 6.5, or 7.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 6.5, or 7.5, 1.0 mM EDTA, at 37° C were incubated with 40 Xg of purified
cathepsin D. The reaction was stopped by the addition of 20 /<1 of 10 mM pepstatin. Each sample
was then sedimented at 50,000 x gmax
15 min at 25° C. Protein remaining in the supernatant
was measured by the Folin-Lowry method. The data points are averages of two determinations.
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6.5 or 7.5.

When the myofibrils were incubated with cathepsin D at

25° C and pH 5.5, as shown in Figure 42, there was a small amount of
protein solubilized, especially in the first 30 min of incubation.
There was a very small amount of protein solubilized from myofibrils
by cathepsin D at pH 6.5.

At pH 7.5, less protein was released than

at pH 5.5, but more than at pH 6.5.

There was, however, considerable

scatter in the data obtained at pH 7.5.

Finally, when myofibrils were

incubated with cathepsin D at 15° C and pH 5.5, 6.5, or 7.5, as shown
in Figure 43, cathepsin D treatment caused little solubilization of
myofibrillar protein, even after 120 min of incubation.

2.

SDS-PAGE analysis of myofibril fractions after cathepsin D treatment
Cathepsin D also was examined with respect to its ability to

hydrolyze myofibrillar proteins under varying conditions of pH and
temperature by SDS-PAGE (Figures 44-52).

In these experiments,

myofibrils were incubated with cathepsin D, centrifuged in order to
separate supernatant and sediment fractions, and then examined by
electrophoresis.

Figures 44-46 show the results obtained at 37° C.

Figure 44 contains the electrophoretic results obtained on supernatants
and sediments from myofibrils incubated with cathepsin D at 37° C and
pH 5.5.

Lanes a through f contain supernatant fractions corresponding

to the two controls (0 min) and to 30, 60, 90, and 120 min of incuba
tion, respectively.

Lanes g through 1 contain the corresponding

sediment fractions.

Examination of the supernatant lanes (a-f) shows

that very little protein was solubilized by the cathepsin D except for
some small molecular weight material that traveled with the tracking

Figure 42. Protein released from myofibrils after incubation with purified cathepsin D at
25° C and pH 5.5, 6.5, or 7.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 6.5, or 7.5, 1.0 mM EDTA, at 25° C were incubated with 40
of purified
cathepsin D. The reaction was stopped by the addition of 20 jO. of 10 mM pepstatin. Each
sample was then sedimented at 50,000 x gm^x
15 min at 25° C. Protein remaining in the
supernatant was measured by the Folin-Lowry method. The data points are averages of two
determinations.
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Figure 43. Protein released from myofibrils after incubation with purified cathepsin D at
15° C and pH 5.5, 6.5, or 7.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 6.5, or 7.5, 1.0 mM EDTA, at 15° C were incubated with 40 /(g of purified
cathepsin D. The reaction was stopped by the addition of 20 m1 of 10 mM pepstatin. Each sample
was then sedimented at 50,000 x gmax f°^ 15 min at 15° C. Protein remaining in the supernatant
was measured by the Folin-Lowry method. The data points are averages of two determinations.
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Figure 44. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 37° C and pH 5.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 1.0 mM EDTA, were incubated with 40 M'g of purified cathepsin D at 37° C.
The reaction was stopped by the addition of 20 xl of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gmax
15 min at 25° C. Lanes a through f were loaded with 50 /(I of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 Ag of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control,
and 30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; 155 K, the
position of a 155,000-dalton fragment of myosin heavy chains; 90 K, a bracket indicates the
position of a trio of bands of approximately 90,000 daltons; A, actin; TN T, a small bracket
indicates troponin T isomers; TM, a bracket indicates the beta and alpha tropomyosin subunits;
TN I, troponin I.
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dye at the bottom of the gel (lanes c-f). This suggests that the
increase observed in protein released under these conditions (Figure
44) was due primarily to release of very low molecular weight material.
Some intact tropomyosin subunits were released, presumably by the low
pH treatment, into all of the supernatant samples, including the
controls.

In the sediment lanes (g-1), even the two controls (lanes

g and h) contained little titin.
further during the incubation.

And that small amount was decreased

After 30 min of incubation (lane i),

a great deal of degradation of myosin heavy chains had occurred and
new bands were observed at about 155,000 and 90,000 daltons.

There

was a slight decrease in the actin band with increasing incubation
time.

Troponin T isomers were somewhat degraded.

only slightly decreased in amount.

Tropomyosin was

Four to six faint bands appeared

in the region of the gel below tropomyosin after 90 to 120 min of
incubation.

Troponin I and the strong band just above it (myosin light

chain 1) also were partly degraded with increasing incubation time.
Figure 45 contains the electrophoretic results obtained on
supernatants and sediments from myofibrils incubated with cathepsin D
at 37° C and pH 6.5.

The supernatant lanes (c-f) show that little

change occurred in protein solubilized during the incubation when
compared to control lanes (a and b).

The sediment lanes show only a

small amount of titin, even in the control lanes (g and h).

During

the digestion (lanes i-1), the amount of titin was decreased further.
Myosin heavy chains were degraded much more slowly than when the
incubation was done at pH 5.5 (compare lanes i-1 in Figures 44 and 45).

Figure 45. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 37° C and pH 6.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.5, 1.0 mM EDTA, were incubated with 40 //g of purified cathepsin D at 37° C.
The reaction was stopped by the addition of 20 /(I of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gmax ^°^ 15 min at 25° C. Lanes a through f were loaded with 50 ^1 of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 Mg of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; «, alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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There was a slight decrease in actin and a distinct decrease in
troponins T and I, tropomyosin, and myosin light chain 1 after 120
min of incubation.

Figure 46 shows the electrophoretic results obtained

on supernatants and sediments from myofibrils incubated with cathepsin
D at 37° C and pH 7.5.

The supernatant lanes show that little or no

change occurred during the course of incubation (compare lanes c-f with
control lanes a and b).

The sediment lanes show that titin was slightly

degraded, but not to the degree that had occurred at lower pH values.
There was only a very slight decrease in amounts of troponins T and I
and tropomyosin at the end of the 120 min incubation (lane 1).
Figures 47-49 show the results obtained at 25° C.

Figure 47 con

tains the electrophoretic results obtained on supernatants and sediments
from myofibrils incubated with cathepsin D at 25° C and pH 5.5.

The

supernatant lanes (a-f) show that there was little change during the
incubation.

A very small amount of low molecular weight material was

evident at the bottom of the gel after 60 min of incubation (see lanes
d-f).

The lanes (g-1) of the sediments show that some degradation

occurred in the titin (compare lanes k and 1 with g and h).

Some of

the myosin heavy chains were degraded to fragments of about 155,000
and 90,000 daltons after 90 to 120 min of incubation (lanes k and 1),
but not nearly to the degree that had occurred at the same pH at 37° C
(Figure 44).

Troponins T and I and tropomyosin subunits were only

slightly degraded after 120 min of incubation.

Figure 48 contains the

electrophoretic results obtained on supernatants and sediments from
myofibrils incubated with cathepsin D at 25° C and pH 6.5.

The supernatant

Figure 46. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 37° C and pH 7.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 1.0 mM EDTA, were incubated with 40 MZ of purified cathepsin D at 37° C.
The reaction was stopped by the addition of 20 Hi of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gmax
15 min at 25° C. Lanes a through f were loaded with 50 Al of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 ><g of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; «, alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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Figure 47. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 25° C and pH 5.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 1.0 mM EDTA, were incubated with 40 ^g of purified cathepsin D at 25° C.
The reaction was stopped by the addition of 20 fti. of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gmax for 15 min at 25° C. Lanes a through f were loaded with 50
of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 Më of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains;
alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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Figure 48. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 25° C and pH 6.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.5, 1.0 mM EDTA, were incubated with 40 p.% of purified cathepsin D at 25° C.
The reaction was stopped by the addition of 20 /il of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gmax f°^ 15 min at 25° C. Lanes a through f were loaded with 50 /«I of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 M'g of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; «, alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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lanes (a-f) show that little or no protein was released during the
course of the incubation.

The lanes (g-1) of the sediments show a

decrease in intact titin with increasing incubation time, but no other
marked changes.

Figure 49 shows the electrophoretic results obtained

on supernatants (lanes a-f) and sediments (lanes g-1) from myofibrils
incubated with cathepsin D at 25^ C and pH 7.5.

There were few

significant changes in appearance of either the supernatant or sediment
lanes during the digestion.
Figure 50 contains the electrophoretic results obtained on super
natants and sediments from myofibrils incubated with cathepsin D at
15° C and pH 5.5.

The supernatant lanes (a-f) show that very little

protein had been solubilized.

The sediment lanes (g-1) show a

significant decrease occurred in intact titin with Increasing incuba
tion time (compare lane 1 with lanes g and h), but no obvious degrada
tion of myosin heavy chains or other proteins had occurred in the
sediments.

Figure 51 shows the electrophoretic results obtained on

supernatants and sediments from myofibrils incubated at 15° C and pH
6.5.

The supernatant lanes (a-f) show that little or no protein was

released under these incubation conditions.

The sediment lanes (g-1)

show that only a slight degradation had occurred in titin and possibly
in troponins T and I.

Figure 52 contains the electrophoretic results

obtained on supernatants and sediments from myofibrils incubated with
cathepsin D at 15° C and pH 7.5.

Examination of the supernatant lanes

(a-f) and sediment lanes (g-1) indicates that cathepsin D had little
effect on myofibrillar proteins under these conditions.

Figure 49. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 25° C and pH 7.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 1.0 mM EDTA, were incubated with 40 /(g of purified cathepsin D at 25° C.
The reaction was stopped by the addition of 20 MX of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gm^x
15 min at 25° C. Lanes a through f were loaded with 50 >tl of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 ><g of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; ci, alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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Figure 50. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 15° C and pH 5.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 5.5, 1.0 mM EDTA, were incubated with 40 Xg of purified cathepsin D at 15° C.
The reaction was stopped by the addition of 20 Jll of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x
for 15 min at 15° C. Lanes a through f were loaded with 50 {kX of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 /(g of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; c<, alphaactinin; A, actin; TN T, the small bracket indicates troponin T isomers; TM, a bracket indicates
the beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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Figure 51. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 15° C and pH 6.5
Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 6.5, 1.0 mM EDTA, were incubated with 40 /{g of purified cathepsin D at 15° C.
The reaction was stopped by the addition of 20 /tl of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x g^^v for 15 min at 15° C. Lanes a through f were loaded with 50 jjtl of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 //g of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; d, alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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Figure 52. Ten percent SDS-PAGE slab gel, containing a 5% stacking gel, of supernatant and
sediment fractions obtained from myofibrils that had been incubated with purified
cathepsin D at 15° C and pH 7.5
Assay conditions; 4 mg of bovine skeletal myofibrils in 2.0 ml of 100 mM KCl, 50 mM
imidazole-HCl, pH 7.5, 1.0 mM EDTA, were incubated with 40 Ag of purified cathepsin D at 15° C.
The reaction was stopped by the addition of 20 A1 of 10 mM pepstatin and each sample was then
centrifuged at 50,000 x gm^x
15 min at 15° C. Lanes a through f were loaded with 50
of
supernatant fractions corresponding to myofibrils plus pepstatin-no enzyme control, myofibrils
plus pepstatin plus enzyme control, and 30, 60, 90, and 120 min incubations with enzyme,
respectively. Lanes g through 1 were loaded with 48 Ag of sediment fractions corresponding to
myofibrils plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme control, and
30, 60, 90, and 120 min incubations with enzyme, respectively (see Materials and Methods).
Labels at the right of the gel are as follows: T, titin; M, myosin heavy chains; ck, alphaactinin; B, bovine serum albumin; A, actin; 0, ovalbumin; the small bracket indicates troponin T
isomers; TM, the larger bracket indicates beta and alpha tropomyosin subunits; C, chymotrypsinogen.
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3.

Fragmentation of myofibrils following cathespln D digestion
Cathepsin D also was examined with respect to its effectiveness

in altering the structural integrity of the myofibril under varying
conditions of pH and temperature.

Following incubation with cathepsin

D under selected conditions of time, temperature, and pH, the myofibrils
were subjected to a brief (10 sec) homogenization and then examined
in the phase contrast microscope to ascertain the degree of fragmenta
tion caused by cathepsin D.

Figure 53 contains representative

micrographs of myofibrils that had been incubated with cathepsin D at
37° C and pH 5.5.
an A band.

The arrowheads in the figures mark the position of

Figure 53a and c show the appearance of the 0-min controls

(myofibrils plus pepstatin-no enzyme and myofibrils plus pepstatin plus
enzyme, respectively).

Figure 53e and g show the appearance of myo

fibrils that have been incubated with cathepsin D for 60 and 120 min,
respectively.

The A band region progressively narrowed with increase

in incubation time.

However, there was still some Z-line material left

after 120 min of incubation and there was no obvious increase in number
of short (fragmented) myofibrils.

Figure 53b, d, f, and h contain

phase contrast micrographs of myofibrils incubated at 37° C and pH 6.5.
Figure 53b and d contain the two controls.

There appeared to be a small

change (narrowing) in the A band after 120 min (Figure 53h) of treatment.
Samples incubated for 60 (Figure 53f) or 120 min (Figure 53h) still had
Z lines.

Nor was there any obvious increase in fragmentation during

the incubation.

Figure 54a, c, e, and g contain phase contrast micro

graphs of myofibrils incubated at 37° C and pH 7.5.

At this pH, there

Figure 53.

Phase contrast micrographs of myofibrils after incubation
with purified cathepsin D at 37° C and pH 5.5 or 6.5 and
a brief homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 5.5 or 6.5, 1 mM EDTA, were
incubated with 40 Më of purified cathepsin D at 37° C. The reaction
was stopped by the addition of 20 jul of 10 mM pepstatin. One ml of
this suspension was diluted with 1.0 ml of 100 mM KCl, and then
homogenized for 10 sec at 15,000 rpm as described in the Materials
and Methods section. Micrographs a, c, e, and g represent myofibrils
plus pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme
control, 60, and 120 min incubations with enzyme, respectively, at 37° C
and pH 5.5. Micrographs b, d, f, and h represent myofibrils plus
pepstatin-no enzyme control, myofibrils plus enzyme plus pepstatin
control, 60, and 120 min incubations with enzyme, respectively, at
37° C, and pH 6.5. The arrowhead in each indicates the position of an
A band in the myofibril. The bar in micrographs g and h represents
5.0/im. Magnification was X2000 in all figures.
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Figure 54.

Phase contrast micrographs of myofibrils after incubation
with purified cathepsin D at 37° C and pH 7.5 or at 25° C
and pH 5.5 and a brief homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 7.5 (or 5.5), 1 mM EDTA, were
incubated with 40
of purified cathepsin D at 37° C (or 25° C). The
reaction was stopped by the addition of 20 /<1 of 10 mM pepstatin. One
ml of this suspension was diluted with 1.0 ml of 100 mM KCl, and then
homogenized for 10 sec at 15,000 rpm as described in the Materials and
Methods section. Micrographs a, c, e, and g represent myofibrils plus
pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme
control, 60, and 120 min incubations with enzyme, respectively, at
37° C and pH 7.5. Micrographs b, d, f, and h represent myofibrils
plus pepstatin-no enzyme control, myofibrils plus enzyme plus pepstatin
control, 60, and 120 min incubations with enzyme, respectively, at
25° C and pH 5.5. The arrowhead in each indicates the position of an
A band in the myofibril. The bar in micrographs g and h represents
5.0/im. Magnification was X2000 in all figures.
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were few if any marked structural changes after 60 (Figure 54e) or 120
min (Figure 54g) of incubation compared to the controls (Fig. 54a and c).
Figure 54b, d, f, and h show phase contrast micrographs of myofibrils
that had been incubated with cathepsin D at 25° C and pH 5.5.

In

comparison to the controls (Figure 54b and d), the A bands of the
myofibrils after 120 min of treatment (Figure 54h) appeared somewhat
narrow.

The Z lines may have been degraded slightly as well, but some

Z-line substance remained and there was no obvious increase in degree
of fragmentation.

Figure 55a, c, e, and g contain phase contrast

micrographs of myofibrils that had been incubated at 25° C and pH 6.5.
After 120 min of incubation (Figure 55g), some loss of Z-line and A-band
material appeared (compare to controls in Figure 55a and c).

Figure 55b,

d, f, and h show phase contrast micrographs of myofibrils that had been
incubated at 25° C and pH 7.5.

There was little or no significant change

in appearance of the myofibrils, except possibly for loss of some Z-line
material in some myofibrils, after 120 min (Figure 55h) of incubation
(compare to controls in Figure 55b and d).
Figure 56 shows phase contrast micrographs of myofibrils that had
been incubated at 15° C and pH 5.5 (Figure 56a, c, e, g) or pH 6.5 (Fig.
56b, d, f, h).

At this temperature, little observable change in appearance

of the myofibrils had occurred during incubation with the cathepsin D.
The extent of myofibril fragmentation caused by treatment with
cathepsin D was difficult to accurately assess because even untreated,
freshly prepared myofibrils contained a distribution of myofibrils in
which the number of sarcomeres per myofibril varied from 1 to 20 or more.

Figure 55. Phase contrast micrographs of myofibrils after incubation
with purified cathepsin D at 25° C and pH 6.5 or 7.5 and
a brief homogenization
Assay conditions: 4 rag of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 6.5 or 7.5, 1 mM EDTA, were
incubated with 40 /<g of purified cathepsin D at 25° C. The reaction
was stopped by the addition of 20/cl of 10 mM pepstatin. One ml of
this suspension was diluted with 1.0 ml of 100 raM KCl, and then
homogenized for 10 sec at 15,000 rpm as described in the Materials and
Methods section. Micrographs a, c, e, and g represent myofibrils plus
pepstatin-no enzyme control, myofibrils plus pepstatin plus enzyme
control, 60, and 120 min incubations with enzyme, respectively, at
25° C and pH 6.5. Micrographs b, d, f, and h represent myofibrils
plus pepstatin-no enzyme control, myofibrils plus enzyme plus pepstatin
control, 60, and 120 min incubations with enzyme, respectively, at
25° C and pH 7.5. The arrowhead in each indicates the position of an
A band in the myofibril. The bar in micrographs g and h represents
5.0/tm. Magnification was X2000 in all figures.
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Figure 56.

Phase contrast micrographs of myofibrils after incubation
with purified cathepsin D at 15° C and pH 5.5 or 6.5 and
a brief homogenization

Assay conditions: 4 mg of bovine skeletal myofibrils in 2.0 ml
of 100 mM KCl, 50 mM imidazole-HCl, pH 5.5 or 6.5, 1 mM EDTA, were
incubated with 40 Mg of purified cathepsin D at 15° C. The reaction
was stopped by the addition of 20 A1 of 10 mM pepstatin. One ml of
this suspension was diluted with 1.0 ml of 100 mM KCl, and then
homogenized for 10 sec at 15,000 rpm as described in the Materials
and Methods section. Micrographs a, c, e, and g represent myofibrils
plus pepstatin-no enzyme control, myofibrils plus pepstatin plus
enzyme control, 60, and 120 min incubations with enzyme, respectively,
at 15° C and pH 5.5. Micrographs b, d, f, and h represent myofibrils
plus pepstatin-no enzyme control, myofibrils plus enzyme plus pepstatin
control, 60, and 120 min incubations with enzyme, respectively, at
15° C, and pH 6.5. The arrowhead in each indicates the position of
an A band in the myofibril. The bar in micrographs g and h represents
5.0 //m. Magnification was X2000 in all figures.
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In an attempt to more objectively determine if cathepsin D treatment
caused significant fragmentation compared to the controls, 0-min
(myofibrils plus pepstatin-no enzyme) samples and samples from the
120-min incubations were compared (Figure 57).

The procedure followed

was the same used in the CAF comparisons (Figure 35).

The results in

Figure 57 show the average number of sarcomeres per myofibril for the
0-min control and for the 120-min samples, incubated at 37°, 25°, or
15° C and at pH 7.5, 6.5, or 5.5.

There were no obvious differences in

degree of fragmentation (sarcomeres per myofibril) between the control
and treated samples.

Figure 57.

Summary of degree of myofibril fragmentation after incuba
tion with cathepsin D at selected pH values and temperatures
and a brief homogenization

Myofibrils were incubated with purified cathepsin D at 37°, 25°,
or 15° C, and pH 5.5, 6.5, or 7.5 for 120 rain and then subjected to a
brief 10-sec homogenization. In the phase contrast microscope, the
number of sarcomeres per myofibril was counted in at least ten fields
of the 0-rain (myofibril plus pepstatin-no enzyme (control) sample and
the sample treated with cathepsin D for 120 min. The average number
of sarcomeres per myofibril was calculated and is shown as open vertical
bars for the 0-min samples and as shaded vertical bars for the 120-min
samples.

AVERAGE NUMBER OF SARCOMERES/MYOFIBRIL
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V.

DISCUSSION

Two of the endogenous proteolytic enzymes that have been proposed
as playing important roles in changes occurring in muscle postmortem
are CAP and cathepsin D (Dutson, 1983; Goll et al., 1983a).

CAP is not

enclosed in lysosomes, whereas cathepsin D is a lysosomal enzyme (Bird
et al., 1980; Goll et al., 1983b).

As is the case for all enzymes, CAP

and cathepsin D have their own respective set of optimum conditions
that are needed for maximum activity

vitro.

The postmortem environ

ment in muscle cells, however, changes considerably during the first
24 to 48 hr after death of the animal.

And, the conditions present in

postmortem muscle seemingly are never ideal for maximum activity of
either enzyme.

The major purpose of this dissertation research was to

determine the ability of purified CAP and purified cathepsin D to
hydrolyze myofibrillar proteins and to cause structural alterations in
myofibrils under
mortem muscle.

vitro conditions resembling those found in post
Before studies involving the effects of CAP and cathepsin

D on myofibrillar proteins and structure could be done satisfactorily,
purified preparations of each enzyme had to be prepared.

A.

Purification and Characterization of CAP

The methods used in this study for the preparation of cardiac CAP
resulted in a greater yield (approximately 5 Ag/g ground muscle) than
those outlined for its purification from porcine skeletal muscle
(approximately 0.8 /(g/g muscle; Dayton et al., 1975, 1976a). There are
several possible explanations for this increase in yield.

First, it
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has been reported (Dean, 1980; Millward, 1980) that cardiac muscle
contains a greater amount of proteolytic enzymes in general than does
skeletal muscle.

Second, the improvement in chromatographic procedures

as described by D. E. Goll^ eliminated the need for concentration steps
between columns by ammonium sulfate precipitation.

Each precipitation

of CAF with ammonium sulfate results in some loss of total units of
activity.

Finally, the shortening of time required for preparation of

purified CAF by the methods used herein offers the advantage of reduced
exposure of the enzyme to the denaturing elements present in any ^ vitro
isolation.
In the chromatography of Pq _^q crude CAF on DEAE-cellulose, the
fractions containing CAF activity were eluted late in the profile.
Although no KCl concentration determinations were made, it can be
estimated from the position of the active fractions in the profile
that the KCl concentration was near 300 mM.

This is in reasonable

agreement with reported values of 220 to 280 mM KCl for skeletal muscle
CAF (Goll et al., 1983a).

The phenyl-Sepharose and antipain-Sepharose

columns were quite effective in producing a highly homogeneous enzyme.
The extraction and purification procedures utilized resulted in
purified CAF that generally contained 20 to 30 mg of protein (from 5 kg
of ground muscle) with a specific activity of 200 to 300 units/mg.
The preparative procedures were quite reproducible in the three CAF
preparations made for the studies described in this dissertation.
preparation contained only the high-Ca

2+

form of the enzyme (see

^Goll, D. E., University of Arizona, Tucson, Arizona, 1982.

My
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Goll et al., 1983b for complete description of CAF forms).

Almost no

enzymic activity was found when the purified CAF was assayed against
casein in the presence of 100 /tM Ca
essentially absent.

2+

2+
; thus, the low-Ca
CAF form was

It has been reported that most muscle sources

contain both high- and low-Ca

2+

forms of CAF and that beef skeletal

muscle is one of the richest sources of the low-Ca
1983b).

2+

form (Goll et al.,

Therefore, it originally seemed likely that the low-Ca

2+

form

was present in the original extract from bovine cardiac muscle, but
that it was lost in subsequent purification steps.

Examination of the

relative CAF activity profile shown in the DEAE-cellulose purification
(Figure 2), however, showed no obvious peak of CAF activity early in
the elution profile where the low-Ca

2+

form of CAF would be eluted

(Szpacenko et al., 1981; Goll et al., 1983b).

Thus, it appears that

bovine cardiac muscle contains primarily the high-Ca

2+

form of CAF.

Purified CAF was characterized by electrophoresis under nondenaturing and denaturing conditions.

tfhen examined under nondenatur-

ing conditions on a 7.5% acrylamide gel, the CAF showed one major band
and one significant lighter band that migrated just below the major
band.

When the same CAF preparation was electrophoresed on a 10%

acrylamide gel containing SDS, it showed primarily two bands correspond
ing to protein subunits of 80,000 and 30,000 molecular weight.

These

results were in good agreement with studies on skeletal muscle CAF by
other investigators (Dayton et al., 1976a; Goll et al., 1983b), and
demonstrated the high purity of the enzyme isolated in this study.
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In order to examine the subunit composition of bands observed with
CAF separated on nondenaturing gels, a two-dimensional gel system was
employed.

This technique showed that the major band observed in the

nondenaturing system (first dimension) was composed of two spots (second
dimension) with molecular weights of approximately 80,000 and 30,000.
The minor band observed in the nondenaturing gel was composed of the
80,000 molecular weight subunit and a small amount of an 18,000-dalton
component.

No attempt was made to determine the relative molar ratio

of the 80,000 and 18,000 dalton subunits.

It has been reported

(Edmunds et al., 1984) that bovine skeletal high-Ca

2+

CAF contains sub-

units of about 80,000 and 30,000 molecular weight (78,000 and 28,000,
respectively, on Laemmli gels).

Under conditions of very limited

autolysis, the 30,000-dalton component is degraded to a major fragment
of 18,000 daltons (Goll et al., 1983b; Edmunds et al., 1984).

There

fore, the results found herein with cardiac muscle CAF suggested that
the major band observed in nondenaturing gels was the native high-Ca

2+

CAF and that the lighter band below it on denaturing gels represented
the slightly autolyzed form of the enzyme (i.e., autolyzed high-Ca
CAF).

2+

Both forms are seemingly identical in their specific activities

and substrate specificities (Goll et al., 1983b).
A new and very useful method was developed for the simple and
rapid assay of CAF-containing samples as described in the Materials
and Methods section.

The casein agarose plate method (spot assay

method) offered the advantage of permitting one to examine a large
number of samples in a short period of time, with good sensitivity.
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A conventional casein assay (tube assay) requires incubation of each
fraction in a tube, precipitation, centrifugation, and measurement of
the absorbance at 278 nm.

Thus, the tube assay method requires

significantly more time and sample than does the agarose plate method.
A limitation to the sensitivity of the casein agarose plate method
occurs In the presence of large quantities of other proteins, which
cause dark staining circles in the assay that mask the activity of CAP.
This situation was encountered especially in assays done on PQ_^Q crude
CAP fractions.

It was overcome, however, simply by diluting the sample

1:10 with water before spotting.

B.

Examination of the Effect of Purified
CAP on Myofibrils

The studies described herein on the effect of CAP on myofibrils
were repeated three times.
were similar.

All of the results from the repetitions

But, there were small differences in myofibril prepara

tions, appearances of samples examined by SDS-PAGE, etc.
representative set of results was shown herein.

Thus, a

The results obtained

by SDS-PAGE analysis (Pigures 11-25) of supernatant and sediment
fractions prepared from myofibrils that had been treated with CAP and
shown herein were from the same preparations of myofibrils and CAP used
to measure the amount of protein released by CAP (Pigures 8-10). This
enabled more direct comparisons.

Myofibrils examined for fragmentation

by phase contrast microscopy were treated with CAP separately from those
used for SDS-PAGE analysis or release of soluble protein because of
time constraints.

It was found that CAP was effective in releasing
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soluble protein from myofibrils when incubated under a wide range of
pH and temperature conditions (Figures 8-10).
Substantial amounts of protein were released at 25° C and pH 7.5
to 5.5.

Although there was a decrease in the amount of protein released

as the pH or temperature was decreased, significant amounts were still
released by CAP treatment at 15° C or 5° C and pH 6.0 or 6.5, respectively.
These conditions would be present during the time that many changes occur
in postmortem muscle.

The activity at 5° C and pH 5.5, conditions

similar to those in well-chilled postmortem muscle, was small.

It is

not known if this small amount of CAP activity would, over a long period
of time (several days), continue to contribute significantly to further
changes occurring in myofibrils during aging of meat.
A limited study on the release of soluble protein from myofibrils
incubated with CAP has previously been reported by Suzuki and Goll
(1974).

Those investigators observed that incubation of rabbit skeletal

muscle myofibrils at pH 7.0 and 25° C with a crude CAP preparation
resulted in the release of some soluble protein.

In subsequent studies,

it was shown by SDS-PAGE that the solubilized fraction contained
components with molecular weights of about 34,000, 100,000, and 300,000
to 400,000 (Suzuki et al., 1975; Suzuki et al., 1978b).

The 100,000

dalton component was tentatively identified as alpha-actinin.

Suzuki

et al. (1978a) showed that when previously low-ionic-strength, Z-lineextracted myofibrils were incubated with a partially purified sample
of protein released from myofibrils by CAP, the Z lines of these
myofibrils were partly reconstituted.

This suggests that at least some
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of the proteins released by CAF originated from the Z line.

More

recently, the high molecular weight component (300,000-400,000) was
isolated from the protein solubilized by incubation of myofibrils with
CAF and was named Z nin (Suzuki et al., 1982).
The results concerning release of solubilized protein from myo
fibrils by CAF presented by Suzuki et al. (1978a,b) are fairly similar
to the results presented in this study.

However, the work done by those

investigators was done with crude enzyme preparations that may have
contained other enzymes.

This made it difficult to confirm that the

observed effects actually resulted from the action of CAF.

The work

presented herein with purified CAF enzyme demonstrated that CAF is
effective in releasing soluble protein from myofibrils

vitro and

that it is effective over a fairly wide range of pH and temperature
conditions.
The components of released protein were shown by SDS-PAGE analysis
of supernatant fractions prepared from the treated myofibrils to contain
soluble, putative high molecular weight fragments of titin, intact
alpha-actinin, and some other unidentified high molecular weight
proteins.

In some incubations done at low pH (e.g., pH 6.0-5.5;

Figures 14-15), a small amount of thin filament proteins such as
troponin T and tropomyosin was also solubilized, even in the control
samples.

A possible explanation for this result was that the low pH

alone was changing the solubility/extraction properties of the myofibrils
and, thus, inducing the release of some thin filament proteins.

Alpha-

actinin appeared to be the major single constituent in the protein
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released by CAP.

It did not appear to be degraded.

These results

showing that CAP can release intact alpha-actinin are in agreement
with those of Dayton et al. (1975).
The sediment factions prepared by centrifugation of myofibrils
that had been incubated with CAP were also examined by SDS-PAGE.
These results showed that the recently discovered, high molecular
weight myofibrillar protein titin (Wang et al., 1979) appeared to be
the most susceptible component to CAP-induced degradation.

The SDS-

PAGE and immunoblot studies showed that intact titin migrated into the
5% acrylamide stacking gel region.

Several soluble titin fragments

were generated during the incubation.

However, some slightly degraded,

but still very high molecular weight, titin fragments also remained
with the insoluble sediments. The results herein showing that CAP can
degrade titin are interesting because Lusby et al. (1983) recently
have shown that titin is degraded in bovine muscle stored postmortem.
The SDS-PAGE procedure employed in my studies was able to effec
tively resolve the high molecular weight protein titin, but it did
not adequately resolve the protein nebulin (Wang and Williamson, 1980).
In results not shown here, it was found that purified bovine skeletal
nebulin migrated to the region of the interface between the stacking
and separating gels in the SDS-PAGE system used in my studies.
Therefore, it was not possible to observe alterations in nebulin that
might have been caused by incubation with CAP.
Other alterations observed in the results of SDS-PAGE analysis
of sedimented fractions were:

1) The loss of alpha-actinin coincided
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with its release into the supernatant fractions; 2) degradation of
troponin T, tropomyosin and troponin I; and 3) the appearance of a
trio of bands in the 30,000-dalton region of the slab gels.

These

results are in agreement with those of other researchers (e.g., Dayton
et al., 1975; Olson et al., 1977).

The appearance of the 30,000-

dalton bands is of possible importance to meat science because they
appear as a result of the action of CAF (Olson et al., 1977).

These

bands appear in SDS-PAGE gels of muscle samples aged postmortem and,
thus, could be used as an indicator of postmortem CAF activity.

Desmin

has been shown to be degraded by CAF (O'Shea et al., 1979), but desmin
was not observed in my studies because of its low concentration in
skeletal muscle myofibril fractions (O'Shea et al., 1981).
In general, the extent of changes observed in results obtained by
SDS-PAGE analysis of samples from CAF-treated myofibrils (Figures 11-25)
reflected the same time course, pH, and temperature effects seen in
the studies on quantitation of protein released (Figures 8-10).

Decrease

in either pH from 7.5 or in temperature from 25° C reduced the observed
changes.

However, significant changes were still seen during the

course of digestions done at 15° C and pH 6.0-6.5 or at 5° C and pH
6.5-7.0.
The loss of Z-line integrity has been proposed as one cause for
the increase in tenderness that occurs in postmortem muscle (Stromer et
al., 1967; Davey and Gilbert, 1969; Henderson et al., 1970; and Penny,
1970).

The loss of Z line integrity may result in many breaks along

the myofibril.

Parrish et al. (1973) found that the myofibrils prepared
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from tender muscles had shorter myofibril fragments than myofibrils
prepared from less tender muscles.

And, Olson et al. (1976) have

reported a high correlation coefficient (-0.75) between myofibril
fragmentation and Warner-Bratzler shear values for bovine longissimus
muscle.

Therefore, the results obtained by phase contrast microscope

examination of CAF-treated and homogenized myofibril samples shown
within this study (Figures 27-35) are significant with respect to
understanding the events contributing to postmortem tenderization.
My results showed that CAF can cause an increase in loss of Z line
integrity and in myofibril fragmentation

vitro within a fairly

wide range of pH and temperature conditions.

This evidence adds further

support to the suggestion that CAF has a principle role in the post
mortem tenderization process (Goll et al., 1983a; Olson et al., 1976).
Additional studies will be required to answer questions such as the
Ca

2+

concentration required for activation of CAF postmortem and

how the CAF/CAF inhibitor interaction is controlled and modified under
postmortem conditions.

C.

Purification and Characterization of Cathepsin D

The results of my study concerning purification of cathepsin D
and its effects on myofibrils should be considered preliminary in
nature.

Three enzyme preparations of cathepsin D were prepared and

tested.

But only the last preparation made was of high purity and high

specific activity.

Thus, the results shown herein were all done with

a single enzyme preparation.

The cathepsin D isolation (crude

cathepsin D) from bovine cardiac muscle was performed as described by
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Barrett (1977) for the rat skeletal muscle enzyme and as outlined in
Figure 36.

Chromatographic procedures used were based on those

described by Afting and Becker (1981) for the purification of cathepsin
D from porcine myometrium.
crude

Concanavalin A-Sepharose chromatography of

cathepsin D was very effective in separating cathepsin D

from other proteins.

Subsequent affinity chromatography on pepstatin-

Sepharose 4B resulted in a highly homogeneous preparation of cathepsin
D in comparison to the purified cathepsin D enzymes prepared by others
(Robbins et al., 1979; Okitani et al., 1981; Matsumoto et al., 1982).
The use of urea-containing buffer, as described by Afting and Becker
(1981), in the pepstatin affinity chromatography step was not required.
The use of cardiac muscle as a source of cathepsin D resulted in a
higher yield (approximately 1 Ag/g of fresh ground tissue) of enzyme
than in procedures using rat skeletal muscle (approximately 0.1 Ag/g
of fresh ground tissue; Schwartz and Bird, 1977).
Purified cathepsin D was subjected to electrophoresis under
denaturing and nondenaturing conditions.

Under nondenaturing condi

tions at pH 7.5, the purified cathepsin D exhibited three closely
spaced bands (Figure 39).

However, SDS-PAGE analysis showed the

presence of only two bands of approximately 47,000 and 29,500 molecular
weight (Figure 39).

In an attempt to further characterize the three

bands seen in nondenaturing gels, cathepsin D also was examined by a
two-dimensional electrophoretic procedure in which nondenaturing
electrophoresis was performed first in a disc gel.

The gel was then

equilibrated in SDS-buffer and electrophoresed in the second dimension
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by SDS-PAGE (denaturing conditions) on a slab gel (Figure 40).

In

this way, it was possible to examine the subunit composition of native
cathepsin D bands observed on nondenaturing gels.

The results showed

that the fastest migrating band in the nondenaturing disc gel contained
only the 47,000-dalton subunit.

The slowest migrating band in the

disc gel contained both 47,000- and 29,500-dalton subunits.
One group of investigators has reported that cathepsin D isolated
from porcine spleen contained three to five isozymes with native
molecular weights of approximately 50,000 (Huang et al., 1979).

Other

investigators have reported the presence of a 100,000-dalton native
species, which they suggested was a proenzyme form of cathepsin D
(Puizdare and Turk, 1981).

The subunit molecular weights of porcine

spleen cathepsin D reported by Puizdare and Turk (1981) were estimated
to be 35,000 and 15,000 using the electrophoresis system described by
Weber and Osborn (1969).

Ogunro et al. (1979, 1982) found that cathepsin

D purified from canine cardiac muscle had a native molecular weight of
approximately 50,000 as measured by gel filtration.

Canine cardiac

cathepsin D was composed of two subunits with molecular weights of
approximately 32,000 and 14,000 (Ogunro et al., 1980; Sameral et al., 1981)
by SDS-PAGE.

Multiple isozymes of rat skeletal muscle cathepsin D

were observed by isoelectric focusing (Schwartz and Bird, 1977).
Clearly, direct comparisons and reconciliation of the electrophoretic results presented in my study on cathepsin D with those of
other investigators are difficult.

This may partly result from

differences in SDS-PAGE systems used.

In general, most other
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investigators have observed two bands, corresponding to molecular
weights of approximately 30,000 to 35,000 and 13,000 to 15,000, for
purified cathepsin D subjected to SDS-PAGE.

The SDS-PAGE results of

cathepsin D presented herein in Figure 39 showed two bands with molecular
weights of approximately 47,000 and 29,500.

Although the reasons for

this discrepancy in estimated subunit molecular weights are not clear,
it is apparent that the molecular properties of cathepsin D remain
controversial and unclear.

This seems surprising because cathepsin D

has been prepared from many sources and studied for over 20 years.

D.

Effect of Cathepsin D on Myofibrils

Cathepsin D was examined with respect to its ability to release
soluble protein from myofibrils over a fairly wide range of pH and
temperature conditions.

The results (Figures 41-43) indicated that,

compared to CAE, cathepsin D caused only a small release of soluble
protein.

Only when cathepsin D was incubated at pH 5.5 and 37° C was

there a significant release of protein.

SDS-PAGE analysis showed that

the solubilized fractions (supernatants resulting from centrifugation)
of the treated myofibrils contained primarily very low molecular weight
products.

Incubation at higher pHs or at lower temperatures resulted

in very little solubilized protein.
SDS-PAGE analysis of the sedimented myofibrils obtained after
cathepsin D incubation showed that myosin heavy chains were extensively
degraded at 37° C and pH 5.5 (Figure 44) to fragments with molecular
weights of approximately 155,000 and 90,000.

A small amount of this

type of degradation occurred at 37° C and pH 6.5 and at 25° C and
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pH 5.5.

At lower temperatures and/or higher pH combinations, no

significant degradation of myosin heavy chains occurred as a result
of cathepsin D treatment.

The pattern of myosin heavy chain degrada

tion seen at high temperature and low pH was similar to that observed
by Schwartz and Bird (1977). Those investigators reported that
cathepsin D treatment of myosin produced myosin heavy chain fragments
of 150,000 to 175,000 daltons and of 110,000 daltons.
The amount of titin in these myofibrils observed by SDS-PAGE was
somewhat variable; however, cathepsin D did degrade it.

Maruyama et al,

(1981a) also have found that titin is degraded by cathepsin D.
Degradation of actin by cathepsin D treatment at high temperature
and low pH also was observed in this study (Figure 44) and by Schwartz
and Bird (1977).

Tropomyosin and troponins T and I were slowly degraded

by my purified cathepsin D at low pH and high temperature.

Similar

results were obtained by using rabbit skeletal muscle cathepsin D
treatment of rabbit skeletal myofibrils by Matsumoto et al. (1982).
However, in results not shown herein, I found that purified cathepsin D
was not effective in degrading purified bovine skeletal muscle
troponin subunits or tropomyosin (at pH 5.5 and 37° C).
for these differences is unclear.

The reason

Perhaps the conformation of the

troponin and tropomyosin substrates is different in the myofibril.
It has also been reported that rabbit skeletal muscle cathepsin D
degraded alpha-actinin (Okitani et al., 1981; Matsumoto et al., 1982);
however, no similar effects on alpha-actinin were observed with
cathepsin D in my study.

Because their studies may have been done
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with impure enzymes, the effects ascribed to cathepsin D may have been
due to other contaminating proteases.
The range of conditions in which cathepsin D was effective in
causing significant myofibrillar alterations was rather narrow. Little
activity was observed at pH 6.5 and above at 25° C (Figure 49) or at
lower temperature coupled with any pH.
Cathepsin D caused significant structural alterations in myofibrils
at pH 5.5 and 37° C as judged by phase contrast microscopy (Figure 53).
The treated myofibrils exhibited unusually narrow A bands and some,
but not all, of the Z line material was lost.

The degree of A band

narrowing observed correlated well with the degradation of myosin
heavy chains observed on SDS-PAGE gels.

However, even when these

myofibrils were subjected to brief homogenization, there was no obvious
increase in degree of fragmentation (Figure 57).

This suggested that

the cathepsin D treatment had not sufficiently degraded the Z line
and/or other parts of the myofibril to cause fragmentation.

This

latter result is important to meat science because some investigators
have proposed that cathepsin D is a causative agent in the postmortem
tenderization process (Robbins et al., 1979; Dutson, 1983).
the results from

In view of

vitro assays of the effect of purified cathepsin D

on myofibrils found herein, it seems doubtful that this enzyme plays a
principal role in the postmortem tenderization process.

A similar

suggestion recently has been made by Goll et al. (1983a), who suggested
that CAF, but not cathepsin D, is an important enzyme in terms of the
proteolysis that occurs in muscle postmortem.

In further support of
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the notion that CAF is involved in the proteolysis that occurs in
myofibrillar proteins and structure in postmortem muscle but that
cathepsin D is not, are the results showing that the changes caused by
CAF (e.g., loss of Z lines, breakdown of titin, troponin T, etc.) but
not the changes caused by cathepsin D (e.g., degradation of myosin or
actin) mimic the changes observed in muscle stored postmortem (Olson
and Parrish, 1977; Maruyama, 1981b; Goll et al., 1983a).

Breakdown

of myosin heavy chains, actin, etc. does not occur in muscle stored
postmortem (Dayton et al., 1976b; Olson et al., 1976) unless the
muscle is stored at abnormally high temperatures (Goll et al., 1983a).
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VI.

SUMMARY AND CONCLUSIONS

Cathepsin D and CAP are two proteolytic enzymes present in muscle
cells that may play roles in causing some of the changes that occur in
postmortem muscle.

However, nearly all studies done to demonstrate

the effect of CAP or cathepsin D on myofibrillar structure and proteins
have been performed at or near optimal conditions for the enzymes.
Those conditions, however, are not found in muscle cells postmortem.
My study was designed to assess the effectiveness of these enzymes
under conditions that more closely resemble those found in the muscle
cell postmortem.

Many past studies also have been done using "crude"

or "partially purified" enzyme preparations, which may have contained
more than one proteolytic enzyme.

Considerable effort was made in my

studies to prepare and use highly homogeneous preparations of enzymes
so that any observed effects caused by incubation of myofibrils with
CAP or cathepsin D were due to the respective enzyme.

A.
A PQ

Studies with CAP

crude CAP fraction was isolated from bovine heart using

the procedures described by Dayton et al. (1975) and purified by three
successive chromatographic steps.

These procedures routinely yielded

20 to 30 mg (from 5 kg of ground tissue) of highly homogeneous enzyme.
Most of the CAP protein consisted of molecules that contained both
80,000- and 30,000-dalton subunits.

A smaller amount of autolyzed CAP

protein, which contained 80,000- and 18,000-dalton subunits, also was
present.

The CAP enzyme required millimolar concentrations of
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Ca

2+

ions; thus, the preparation consisted of the high-Ca

2+

form of

CAF (Goll et al., 1983b).
Purified CAF caused a number of effects on myofibrillar proteins
and structure.
1)

The major effects were as follows:

CAF treatment of bovine skeletal myofibrils caused a large

release of soluble protein from the myofibrils.

CAF was most effective

in causing this release at pH 7.5 and 25° C; however, significant
release still occurred at pH 5.5 and 25° C, pH 6.0 to 6.5 and 15° C,
or pH 6.5 and 5° C.
2)

SDS-PAGE examination of the protein fractions solubilized

(collected as supernatants after centrifugation) by incubation with
CAF contained intact alpha-actinin, titin fragments, and several
unidentified high molecular weight (above 180,000) proteins.
3)

Examination of the sediments obtained by centrifugation of

myofibrils that had been treated with CAF showed that titin was the
most rapidly degraded myofibrillar protein.
in amount.
degraded,

Alpha-actinin was decreased

Tropomyosin and troponins T and I were at least partly
A trio of bands that migrated in the 30,000 molecular weight

region of the gel appeared during the digestion.
4) The ability of CAF to cause alterations in integrity of
myofibrillar protein molecules under varying conditions of pH and
temperature paralleled the results observed for the release of soluble
protein by CAF.

The alterations were greatest at pH 7.0-7.5 and 25° C,

but significant activity remained at pH 6.0-6.5 and 15° C, or at pH
6.5-7,0 at 5° C,
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5)

When myofibrils were incubated with CAF and subjected to a

brief homogenization, CAF clearly caused an increase in degree of
myofibril fragmentation (shorter myofibrils).

CAF was most effective

in causing the myofibrillar fragmentation at pH 7.5 and 25° C; however,
there was still a significant amount of CAF-induced fragmentation at
25° C and pH 5.5, 15° C and pH 6.5, and 5° C and pH 7.5.
These results indicate that CAF digestion can cause a number of
alterations in myofibrillar proteins and structure within a range of
pH and temperature conditions similar to those present for at least
several hours in muscle cells after death.

Thus, this study provides

additional support for CAF's involvement in some of the changes that
occur in postmortem muscle.

B.

Studies with Cathepsin D

Although cathepsin D has been studied by many investigators over
the last 20 to 30 years, it remains a poorly characterized enzyme,
especially as isolated from skeletal muscle.

Preliminary studies were

conducted on cathepsin D as part of my dissertation research.

In my

study, cathepsin D was extracted from bovine heart muscle as described
by Barrett (1977) and purified by modification of the chromatographic
procedures described by Afting and Becker (1981).

These procedures

resulted in 3 to 4 mg of highly homogeneous protein with a high specific
activity.

The cathepsin D contained three closely spaced bands when

examined by electrophoresis in nondenaturing buffers.

Examination by

SDS-PAGE showed that the cathepsin D contained two subunits with molecular
weights of approximately 47,000 and 29,500.
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In comparison to CAF, cathepsin D's effect on myofibrils was very
limited.

The enzyme presumably would have been more effective if

incubated at pH values lower than 5.5; however, pH values below 5.5
would seldom occur normally in postmortem muscle.

The major effects

of cathepsin D on myofibrillar proteins and structure under selected
conditions of pH and temperature were as follows:
1)

Cathepsin D treatment of bovine skeletal myofibrils caused a

significant release of soluble protein from the myofibrils after 30 to
60 min of incubation at pH 5.5 and 37° C.

However, little or no release

of soluble protein above that found in controls occurred at the other
higher pH and lower temperature values tested in this study, even after
120 min of incubation.
2)

SDS-PAGE examination of the protein fractions solubilized/

released (collected as supernatants after centrifugation) from myo
fibrils by incubation with cathepsin D at pH 5.5 and 37° C showed that
they contained mostly very low molecular weight material (less than
15,000).
3)

Examination by SDS-PAGE of the sediments obtained by centrifu

gation of myofibrils that had been treated with cathepsin D at pH 5.5
and 37° C showed that titin was degraded and that myosin heavy chains
were degraded to major fragments of approximately 155,000 and 90,000
daltons.

Actin, tropomyosin, troponins T and I, and myosin light

chain 1 also were slightly degraded.

When myofibrils were incubated

with cathepsin D at pH 6.5 and 37° C, the extent of these changes was
greatly reduced (e.g., only a small amount of myosin heavy chains was
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degraded, etc.).
25° C.

Cathepsin D showed even less activity at pH 5.5 and

Incubations done at combinations of lower temperature/higher pH

showed little or no activity, except possibly in degradation of titin.
4) When myofibrils were incubated with cathepsin D at pH 5.5 and
37° C and subjected to a brief homogenization, cathepsin D caused little
or no increase in fragmentation (shorter myofibrils) as observed by
phase contrast microscopy.

Under these conditions, cathepsin D did

alter the A band regions (appeared more narrow), but this did not
result in more fragmentation.

Treatment of myofibrils with cathepsin D

at higher pH/lower temperature conditions caused progressively less
change in the A band and, as before, no obvious changes in the degree
of myofibril fragmentation.
The results of this part of my study showed that cathepsin D was
active in a much more limited range of ionic conditions than was CAP.
And, the alterations caused seemingly had no effect on myofibril
fragmentation.

In the normal course of pH decline that occurs in post

mortem muscle, a pH of 5.5 would seldom be reached when the temperature
is still near 37° C.

Thus, it seems unlikely that cathepsin D plays

a principal role in the changes that occur in myofibrillar proteins
and structure in postmortem muscle.

If decline in pH is accelerated

while the temperature remains high, some degradation of myosin, titin,
etc. could occur.

However, these changes may not cause an increase in

fragmentation of myofibrils.
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