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ABSTRACT

2+The Ca -activated proteinase that had been purified from 

porcine skeletal muscle (CAE) was extracted and purified from bovine 

cardiac muscle by using a shorter and improved procedure. Purifica

tion involved successive chromatography on DEAE-eellulose ion-exchange 

phenyl-Sepharose hydrophobic, and antipain affinity columns. The 

phenyl-Sepharose column was a very useful step; the antipain affinity 

column was not as useful, and should be further modified.

Bovine cardiac CAE resembles porcine skeletal CAE. Bovine

cardiac CAE has 80,000 and 30,000 dalton polypeptides and is activated
2+ 2 + 3 + 2 + 2+ 2+ 2+ by Ca , Ba , La , Mn , and Sr . Maximal activation by Ca , Ba ,

Mn^+ , and La^+ » occurs at cation concentration of 2 to 3 mM but La
2 4 . 2 +activation is 20 to 25% and Ba and Mn activation 6 to 10% as great

2 + 24-as Ca activationo Maximal Sr activation occurs at 20 mM and is 90
24,to 95% of maximum Ca activation» The nonionic detergents, Triton

X-100 and Brij 359 activate CAF 1.6 to 2.0-fold but do not change CAF’s 
2+Ca requirement. Sodium lauryl sulfate and urea inhibit CAF complete

ly at 0.045% and 2.0 M, respectively. Nucleotides such as ATP, ADP,
24- 24-and ITP inhibit CAF because they bind Ca needed for activation. Zn ,

Cr^ + 5 and Cd^+ do not activate CAF. CAF is 60% as active in 500 mM KC1

as in 0 mM KC1.
■ , , .



xi

Various trypsin inhibitors do not affect CAF. Leupeptin and 

antipain inhibit CAF noneompetively with inhibition constants 3•1 ±

1*0 pM and 12-0 ±. 2.4 yM 5 respectively. CAF does not degrade whole 

sarcoplasmic protein fractions,but does degrade casein and myofibrillar 

protein fractions.



CHAPTER 1

INTRODUCTION

The degradation of intracellular protein currently is a rapidly 

growing area of research. Evidence available thus far indicates that 

intracellular protein degradation is implicated in a wide range of phys

iologically important processes. For example, intracellular protein 

degradation is involved in the processing of newly snythesized proteins 

such as proinsulin into their metabolically active forms, in the rapid 

destruction of proteins that contain errors of translation, in degrada

tion of pinocytosed or ingested proteins, in degradation of proteins 

during development and differentiation, and in degradation of proteins 

during their metabolic turnover. Despite its role in many critical 

intracellular functions, intracellular protein degradation has received 

little study until recently. Not only is the mechanism of intracellular 

protein degradation unclear, but the agents responsible for this degra

dation are unknown. Although lysosomal proteinases undoubtedly are re

sponsible for some of the intracellular degradation of proteins, a large 

number of studies have shown that other proteolytic systems must also be 

involved. In some instances, these other systems may account for well 

over 50% of total intracellular protein degradation.

Assembly of the contractile proteins in striated muscle cells 

into the highly organized and specific structures called myofibrils 

presents additional difficulties when devising a mechanism for metabolic
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turnover of these proteinse It would seem physiologically inefficient 

for a cell to degrade only one of the contractile proteins in a myofibril 

but thereby prevent all other proteins in that myofibril from function

ing normally * Consequently, some mechanism must exist to insure coordin

ate turnover of the different contractile proteins in a myofibril.

The nature of this mechanism is of considerable interest for a 

number of reasons. Firstly9 muscle mass increases, decreases, or remains 

constant depending on the relative rates of protein synthesis and degra

dation. The contractile proteins constitute 50 to 60% of the weight of 

all proteins in skeletal muscle. Hence* information on the mechanism of 

contractile protein turnover in striated muscle cells should contribute 

to our understanding of factors that limit rate of muscle growth.. This 

information would be of interest both to athletes and for increased pro

duction of edible meat from domestic animals. The ability to limit rate 

of muscle protein degradation in domestic animals would not only greatly 

increase rate of muscle growth in these animals but would also increase 

feed efficiency*, because fewer ingested nutrients would have to be used 

simply for replacement of degraded protein. Because the available evi

dence indicates that 5 to 25% of total muscle protein in some domestic 

animals is degraded each day and 50 to 75% of total ingested energy is 

used simply to replace degraded muscle proteins* the increases in feed 

efficiency caused by limiting muscle protein degradation may be drama

tically large. Secondly* it seems, possible that derangements in the 

normal intracellular mechanism used to degrade contractile proteins are 

responsible for loss of contractile protein during the muscular



dystrophies and in myocardial infarcts and for the increased muscle mass 

during cardiac hypertrophy. Thirdly, a large number of studies have 

shown that the contractile proteins can have large and potentially dev

astating effects on meat tenderness. Information on the proteinases 

that degrade, contractile proteins in skeletal muscle cells could lead to 

innovative new approaches to controlling meat tenderness. Fourthly, 

information on the mechanism of protein turnover in a highly organized 

intracellular structure such as the myofibril in striated muscle may 

provide important clues about the mechanism of intracellular protein 

turnover in other highly organized intracellular structures such as

mitochondria and various cellular membrances, etc.
2+Several years ago, a Ca —activated protease that could degrade

intact myofibrils was purified from porcine skeletal muscle. Because

this was the first protease that could be Isolated from skeletal muscle

and that could degrade Intact myofibrils at physiological ionic strengths

and pH values, it was suggested that this protease was responsible for

initiating metabolic turnover of the contractile proteins in skeletal

muscle. The highly specific effects of this protease on myofibrils and

the contractile proteins made this suggestion very attractive, and it
2+has received widespread attention. Despite the fact that the Ca —acti

vated protease could be obtained in a highly purified form and despite 

the importance of the protease to this new theory for mechanism of con

tractile protein turnover in striated muscle, cells, very little is known 

about the enzymatic properties of the. protease. The original studies 

had shown that the protease contained one each of 80,000- and 30,0.00-
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2+dalton polypeptides5 required 0 . 1  mM Ca for activity3 was" maximally 

active at pH 7.3 to 7.7, and required a reduced sulfhydryl group for 

activity. It is not clear whether other cations in various combinations 

might substitute for part or all of the calcium requirement of the cal

cium-activated protease. Also, the effect of various detergents, de

naturing agents, and inhibitors on activity of the calcium-activated 

protease was not known. Therefore, the objective, of the research de

scribed in this thesis was to characterize the effects of various
24-cations, inhibitors, and denaturants on activity of the Ca -activated 

protease in the ^anticipation that this information would provide the 

necessary base of information for subsequent attempts to learn how ac

tivity of this, protease is regulated metabolically.
2+One major problem in studying the Ca -activated protease is 

that purification of the protease is long and time-consuming and only 

~ small quantities of purified enzyme can be obtained from large quanti

ties of muscle tissue. Therefore, initial, efforts in this thesis

focused on developing an improved procedure for purification of the 
24-Ca —activated protease. Cardiac muscle was used both because prelim

inary studies indicated that cardiac muscle contained larger quantities 
2 +of the Ca -activated protease than porcine skeletal muscle used in the 

original studies on purification of the protease, and because use of 

cardiac muscle would afford opportunity for comparison of the proteases 

from skeletal and cardiac muscle.



CHAPTER 2

REVIEW OF LITERATURE

2+This thesis deals exclusively with properties of the Ca -acti

vated protease (hereafter abbreviated as CAF) from bovine cardiac muscle 

and some of the effects of this protease on striated muscle proteins. 

Therefore, this review will be restricted to a brief discussion of mus

cle proteins," the organization of the myofibril in striated muscles, and 

the known properties of CAF, even though the recent purification of CAF 

from bovine platelets (Szpacenko et al,, 1980) indicates clearly that 

CAF has a broader role than initiating turnover of contractile proteins 

in striated muscle. This review will be in three sections; 1) protein 

fractions in striated muscle; 2 ) myofibrillar structure and proteins;

3) properties of CAF.

Frotein, Fractions in Striated Muscle 

As shown in Table 1, striated vertebrate muscle consists largely 

of water and protein with highly variable amounts of lipid. Approximate

ly 1 . 5  to 2 .0 % of the lipid fraction is composed of the phospholipids 

found in the plasma membrane of the muscle cell and in the membranes 

associated with the various suhcellular organelles, such as mitochon

dria, that also exist in muscle. Because it has an essential physiologic 

cal role in these membrances, the phospholipid content of muscle is 

relatively constant and varies only slightly depending on the type of

■ • V  ' . . 5. ■ ■ ■. ./'



muscle cell and cell size. The neutral lipid fraction composed princi

pally of triacyl glycerides is a highly variable fraction, the content 

of which depends to a large extent on the nutritive state of the animal 

from which the muscle sample is obtained.

Table 1. Approximate composition of skeletal muscle 
from a mature mammalian organism.

Constituent % Content by Weight

H 2 ° 55 - 78%a

Protein 15 - 22%

Lipid 1 - 2 0 %

Carbohydrate 1 - 2 %

Ash 1 %

Nucleic Acids

ENA , 40 - 300 mg / 1 0 0  g

DNA 25 - 200 mg/100 g

Other soluble, organic 
substances 1 % ' '

a Except for nucleic acids which are given in the specified 

units, figures are percentage composition based on fresh 

weight. The H^O and protein content is approximately inverse

ly proportional to the lipid content.

The protein in striated muscle can be divided into three cate

gories based on solubility (Table 2). The myofibrillar, class is the 

largest, fraction in striated muscle; this class also is physiologically



important because it is responsible for muscle contraction and is func

tionally important to food science because it is responsible for over 

90% of the water-holding capacity and emulsifying properties of meat.

Table 2. Three classes of muscle proteins and their properties„

Class Content Definition and Properties

Sarcoplasmic
Proteins

30 - 35%

Myofibrillar
Proteins

50 - 60%

Stroma Proteins 15 — 20%

Defined as that class of proteins soluble 
in low ionic strength (0.05 or less) sol
vents. Consists of enzymes from the 
glycolytic pathway and various other 
cytoplasmic proteins involved in biosyn
thesis and metabolism. Composed of at 
least 1 0 0 - 2 0 0  different proteins.

Defined as those proteins that constitute 
the myofibril. Although high ionic 
strength (0.3 or higher) is generally 
required to disrupt the myofibrillar 
structure and solubilize this class of 
proteins, once extracted, many of these 
proteins are soluble in water. Composed 
of 10 to 20 different proteins. Respon
sible for the contractile properties of 
muscle.

Defined as those proteins insoluble in 
neutral aqueous solvents. This fraction 
includes the connective tissue proteins 
of collagen and elastin as well as the 
various lipoproteins and mucoproteins 
associated with cellular membranes. 
Typically, approximately 40 — 60% of this 
fraction is collagen and 1 0  - 2 0 % is 
elastin.

a Figures are percentage by weight of total protein in muscle tissue.



Myofibrillar Structure and Proteins 

As indicated in Table 2/ the myofibrillar fraction of muscle 

proteins contains a relatively small number of different proteins9 even 

though it is the major class.of proteins in vertebrate striated muscle. 

Some of the known myofibrillar proteins found in vertebrate striated 

muscle are listed in Table 3, At least five or six other proteins have 

been described and have been purported to be one of the myofibrillar 

proteinso These other proteins, however, remain very poorly character

ized, and it is not yet clear whether they are new proteins or simply 

denatured forms of already known proteins. With the exception of 

8 -actinin, the proteins listed in Table 3 are sufficiently well charac

terized to be clearly distinguishable as separate components of the 

myofibril. Despite its early discovery (Maruyama, 1965), 8 -actinin 

remains poorly characterized and recently has been reported to be iden

tical to bovine serum albumin (Heizmann et al,, 1981),

. It has been known since the early work of Szent Gyorgyi and his 

colleagues in Hungary (reviewed in Szent Gyorgyi, 1951) that myofibrils 

are the contractile subcellular organelles in striated muscle cells. 

Although, myofibrils could be observed in the light microscope as long 

protein threads; extending from one end of the muscle cell to the other, 

it was not until the epochal studies of Hanson and H, E, Huxley (1953) 

and of A, F, Huxley and Niedergerke (1954) that it was realized that 

myofibrils were composed of an interdigitating array of two kinds, of 

filaments. The smaller of these two kinds of filaments, called thin 

filaments, are 6 to 8  nm in diameter and are attached at one end to a
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Table 3. Percentage content and location of the known myofibrillar 
proteins.

Myofibrillar
Protein

Percenta^
Content

Location in 
Myofibril.

Myosin 50 - 58% Thick filament

Actin 15 - 2 0 % Thin filament

Tropomyosin 4 - 6 % Thin filament; 
possibly Z-disk

Troponin 4 - 6 % Thin filament; 
at 38.5 nm intervals

C-protein 2 T- 3% Thick filament in 
bands 43 nm apart

M-protein(s) 3 - 5% M-line; may be two 
or more different 
proteins

a-actinin 2 - 3% Z-disk

3-actinin ■ < 1 % M-line end of thin 
filament

Titin (connectin) approx. 3% Entire sarcomere

Filamin < 1 % Z-disk

Desmin / < 1 % Around the exterior 
of the Z-disk

a Figures are percentage by weight of total myofibrillar protein.
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darkly staining structure that is oriented transversely to the long axis 

of the myofibril (Fig. 1). This transverse structure is called the Z- 

disk (Fig. 1). The other end of the thin filaments extends between the 

second, larger set of filaments, which are called thick filaments. In 

mammalian skeletal muscle, thick.filaments are 15 to 16 nm in diameter 

and about 1.5 to 1.6 ym long. Thick filaments are maintained in the 

proper three-dimensional register by protein bridges that course trans

versely to the long axis of the. myofibril and that join the thick fila

ments at their centers. When longitudinal sections of myofibrils (such, 

as shown at the top of Fig. 1) are observed in the electron microscope, 

the ends of the. M-bridges are seen in cross-section and produce a struc

ture called the M-line in the center of the thick filament (see electron 

micrograph in Fig. 1). In addition to their presumed role in maintain

ing thick filaments in the proper three-dimensional array, M-bridges may 

also have a role in the initial tail—to—tail aggregation of myosin dimers, 

to nucleate formation of the bipolar thick filament. It now is general

ly believed, in accordance with Knappeis and Carlsen's original report 

(Knappeis and Carlsen, 1968), that M-lines have at least two structural 

elements: 1) a set of M-bridges that originate at three to five differ

ent hut closely spaced levels along a 50 nm area in the center of the 

thick filament and that pass transversely to the long axis of the. myo

fibril to the adjacent thick, filaments; the end-on view of these bridges . 

causes the M-line observed in electron micrographs: of longitudinal 

sections of muscle; and 2) M-filaments approximately 50 nm long that 

course parallel with, the long axis of the myofibril to join the three
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I bond •I bond

W A V

Z line H zone Z line

Fig. 1. Electron micrograph and schematic diagram for the interdigi- 
tating thick and thin filament structure of striated muscle 
fibrils.

The schematic diagram is arranged under the electron micro
graph so that bands designated in the diagram correspond to 
those present in the micrograph.
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to five sites of M—bridges at their centers. If M-lines contain these 

two structural elements, then M-lines must be composed of at least two 

different proteins, one for the M—filaments and one for the M-bridges. 

Although a 165,000 dalton polypeptide has been shown to be an M-line 

protein (Trinick.and Lowry}. 1977), it is not yet clear whether this 

protein is associated with M—filaments or M-bridges or whether other 

M-line proteins exist. '

In resting mammalian skeletal muscle, the distance from one 

Z-disk to the next, which is called a sarcomere, is 2.5 to 2.8 pm 

long (Fig. 1). As shown.in Fig. 1, the* dark or A-band in striated 

muscle contains both thick and thin filaments, whereas the light or

I-band contains only thin filaments. The area in the center of the 

A-band where no thin filaments are present in resting muscle is lighter 

and is called the H-zone. An area in the center of the thick filaments 

that has no myosin cross-bridges also appears lighter in electron micro

graphs and is called the pseudo-H-zone (Fig. 1). The sarcomere is the 

contractile unit of the myofibril, and a single myofibril consists of 

several hundred to 1 , 0 0 0  or more (depending on length of the muscle 

cell) sarcomeres each containing interdigitating arrays of thick and 

thin filaments (as shown schematically at the bottom of Fig. 1) joined 

in series by Z-disks. Muscle contracton, i.e., myofibril shortening, 

is accomplished by a sliding of the interdigitating thick and thin fila

ments past each other with, no appreciable shortening of the filaments 

themselves.
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A large amount of evidence involving selective extractions 

(Hanson and Huxley, 1957; Huxley, 1972; Huxley and Hanson, 1957), bind

ing of antibodies made against purified proteins (see Pepe, 1966 for a 

summary of this evidence), and electron microscope examination of syn

thetic thick (Huxley, 1963) and thin (Hanson and Lowy, 1963) filaments 

made from purified proteins has shown that myosin is located only in 

thick filaments and actin only in thin filaments. Approximately 90% of 

the total protein in striated muscle thick filaments is myosin (Offer 

et al., 1973). C-protein, one of the recently discovered contractile ' 

proteins (Offer et al., 1973), makes up approximately 4 to 5% total 

protein in thick filament and is located in seven bands spaced 43 nm 

apart in either half of the thick filament to produce fourteen bands in 

-— one—thick— filament.—  Because C-protein is available, for antibody bind

ing, it presumably lies on the surface of the thick filament in protein

bands that encircle the filament like staves around a barrel.

Although acjtin makes up most of the protein in thin filament,

thin filaments in striated muscle also contain tropomyosin, the troponin 

complex, and possibly 8 -actinin. Actin in the form of two strands of

elliptical actin subunits wrapped around each other to form a right-

handed helix constitute the core or interior of the thin filament.

Current evidence (O’Brien et al., 1975) indicates that a strand of tropo

myosin molecules joined end-to-end lies in each of the two grooves formed

by the double-stranded actin helix; these two strands of tropomyosin run 

the entire length of the thin filament and confer a stiffness and stabil

ity on the filament. The troponin complex is bound at 38,5 nm intervals



14

along the entire length of the thin filament (Hanson et al., 1973). The 

troponin complex consists of three polypeptide chains that act cooper

atively to confer calcium sensitivity on the thin filament. Troponin T 

(TN-T) is a polypeptide of approximately 30,500 daltons that binds the 

troponin complex to tropomyosin; troponin-I (TN-I) is a polypeptide of 

approximately 20,900 daltons that binds to TN-T and to actin and that 

inhibits myosin from interacting with actin and initiating muscle con

traction; and troponin-C (TN-C) is a polypeptide of approximately 17,800 

daltons that binds to both TN-T and TN-I and that has four high-affinity 

(K^=10^ M or higher) binding sites for Ca^+ . Binding of Ca^+ to TN-C 

causes a conformational change in TN-C that affects both TN-T and TN-I 

in a way that releases, the inhibitory effect of TN-I on interaction of 

myosin with actin and allows muscle contraction to begin.

The exact location of proteins in the Z-disk is not as well 

understood as it is for thick and thin filaments, a-actinin and fila- 

min both are located in the Z-disk itself, whereas desmin, the protein 

that forms 1 0 -mm intermediate filaments in smooth muscle, is on the 

surface of the Z-disk and seems to link Z-disks in adjacent myofibrils 

to each other (Corner and Lazarides, 1981; Granger and Lazarides, 1978). 

Z-disks may also contain actin and tropomyosin (Card and Lazarides,

1979; Schollmeyer et al., 1974), but it is still unclear whether actin 

and tropomyosin exist in the center of the Z-disk or are associated 

with the Z-disk because of their presence in thin filaments which 

attach to Z-disks. There is no evidence that TN-T or any of the other 

subunits of troponin are located in the Z-disk. Both e-actinin and



filamin bind to actin filaments and cross-link them in vitro, but it is 

unclear whether these proteins act to bind actin filaments from adjacent 

sarcomeres across the Z-disk. Indeed, recent evidence on the effect of 

CAF on a-actinin/F-actin complexes indicates that a-actinin does not 

cross-link actin filaments in the Z-disk (Goll, D. E., personal communi

cation). Because actin filaments are polar and have opposite polarity 

in adjacent sarcomeres, it seems highly unlikely that actin filaments 

pass directly through the Z-disk. Several recently discovered but still 

very poorly characterized proteins have been suggested to be located in 

the Z-disk. The presence of these proteins, if they exist, may provide 

candidates for the agent that cross-links actin filaments from adjacent 

sarcomeres.

Titin was first described as two large polypeptides with molec

ular weights near one million (Wang et al., 1979). When applied to 

isolated myofibrils, fluorescently labelled antibodies to these poly

peptides gave a complex staining pattern that depended on sarcomere 

length. Recent evidence indicates that titin is the same protein as 

connectin, a protein described by Maruyama and coworkers (Maruyama et 

al., 1976; 1977) as forming a network of elastic filaments that extends 

from one Z-disk to the next and that seems to form an underlying scaf

folding, for the myofibril. The gap filaments described by Locker and 

coworkers (Locker and Leet, 1976a; 1976b) are probably composed of 

titin or connectin. Although the physiological role of titin is still 

unknown, the fibrous nature of titin and its ostensible function of 

linking together neighboring Z-disks in the same myofibril indicate
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that it may have an important role in meat tenderness. It is interest

ing to note that Takahashi and Saito (1979) have found that titin is de

graded during postmortem storage of muscle.

Properties of CAP

History of CAF Discovery 
2+The Ca -activated proteolytic activity that is now known as

CAF was actually first detected during studies on the activation of

phosphorylase b by phosphorylase b kinase, Krebs et al, (1964) found
24-that phosphorylase b kinase could be activated either by Ca or by 

limited proteolysis with trypsin, Meyer et al, (1964) subsequently
7 o |

reported that activation of phosphorylase b kinase by Ca required a 

separate protein factor. This protein factor was designated the kinase- 

activating factor, KAF, The nature of KAF was unclear in these early 

studies; Meyer et al, (1964) suggested that KAF reacted stoichiometri- 

cally with phosphorylase b kinase and reported that they could find no 

proteolytic activity in crude KAF fractions that had been purified 700- 

fold, It later was reported (Drummond and Duncan, 1966) that cardiac 

muscle contained an inhibitor of KAF. Drummond and Duncan also mention^ 

ed the difficulty in determining whether KAF activated phosphorylase b 

catalytically or stoichiometrically, but stated that the data favored a 

stoichiometric interaction between KAF and the kinase and that the in

hibitor also interacted with KAF stoichiometrically.

The proteolytic nature of KAF was not discovered until 1968 

when Huston and Krebs (1968) purified KAF approximately 3000-fold to



60 - 80% homogeneity and showed, that, this partly purified' preparation 

released acid-soluble peptides and liberated new N-terminal amino groups 

from phosphorylase b kinase. KAF also released acid^soluble peptides 

from several other protein substrates such as casein9 bovine serum albu

min, hemoglobin, phosphorylase a, and phosphorylase b after these pro

teins had been denatured by boiling for 10 miu. The molecular weight of 

KAF was estimated as 100,000 by using gel permeation chromatography on

Sephadex G-200, and KAF activity was shown to be very labile in the 
2+presence of Ca - This lability of KAF activity had caused many of the 

earlier difficulties in trying to determine whether KAF activated phos

phorylase b catalytically or stoichiometrically. Because the physiolog

ical mechanism for activation of phosphorylase b kinase would be 

expected to produce easily reversible changes in phosphorylase b 

kinase, it seemed unlikely to Huston and Krebs (1968) that KAF was 

important in physiological activation of phosphorylase b kinase. In

deed, subsequent studies (Huston et al., 1968) showed that phosphorylse

b kinase could be activated by phosphorylation in a reaction that in—
2+volved cyclic AMP and Ca activation of a protein kinase. Phosphoyl- 

ation can be reversed by phosphatase enzymes, so phosphorylation pro

vided for a reversible activation of phosphorylase b kinase, and KAF 

was not studied any further by these investigators.

In 1969, Goll and coworkers (Goll et al., 1969) discovered that
2 |

incubation of intact muscle strips with Ca caused a remarkable removal 

of the Z-disk from skeletal muscle myofibrils without causing other 

large ultrastructurally detectable changes. Subsequent studies showed
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2+that the Ca -stimulated Z-disk removal was due to the presence of a 

2 -f-Ca -activated factor present in the muscle cell sytoplasm (Busch et al., 
2+1972). This Ca -activated sarcoplasmic factor, CASE, was partly puri

fied by isoelectric precipitation at pH 4.9 followed by salting out be

tween 0 and 40% ammonium sulfate saturation (Busch et al., 1972). The 

very heterogeneous nature of the crude CASE preparations made it impos

sible to determine whether CASE was a lipase, or phospholipase, a 

protease, or some other agent, until Dayton et al. (1976a) succeeded 

in purifying the Z-disk removing activity to approximately 85 - 90%

. homogeneity by using chromatography of the crude CASE fraction

on five successive columns: 1) 6 % agarose; 2) DEAE-cellulose; 3)

Sephadex G-200; 4) DEAE-cellulose; and 5) Sephadex G-150. Availability 

of the purified enzyme made it possible to demonstrate that Z-disk-

ramoving ability paralleled ability to hydrolyze casein into acid-
2+  'soluble peptides and that the enzyme was a Ca -activated protease,

which the authors called CAE for calcium-activated factor. Because 
2 +the same Ca -stimulated Z-disk removing activity could be partly 

purified by using the procedure described earlier by Huston and Krebs 

(1968) to partly purify KAE, it was clear that CAE and KAF were the 

same protease.

Properties of Purified Porcine Skeletal CAE

The purification procedure developed by Dayton et al. (1976a) 

for porcine skeletal muscle resulted in a 17,800-fold increase in 

specific activity of CAE. Using this increase in specific activity 

and assuming there was no interference from activators or inhibitors of
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' \CAF in determining this increase in specific activity, it could be cal

culated that 1 0 , 0 0 0  g of porcine skeletal muscle, fresh weight, con

tains 34 mg of CAF. Because of preparative losses, Dayton and coworkers 

(Dayton et al., 1976a) obtained only 4.2 mg of purified CAF from 10,000 

g of porcine skeletal muscle. Purified CAF migrated as a single band in 

polyacrylamide gel electrophoresis in nondenaturing buffers but as two 

bands with molecular weights of 80,000 and 30,000 in polyacrylamide gel 

electrophoresis in SDS. Densitometry indicated that the 80,000 and

30,000-dalton bands were present in equimolar amounts, and sedimentation/ 

equilibrium gave a molecular weight of 112,000 for CAF in nondenaturing 

buffer. Consequently, the CAF molecule consists of one each of 80,000 

and 30,000-dalton polypeptides (Dayton et al., 1976b). Purified CAF 

had a pH optimum near 7.5; CAF activity decreased rapidly above 8.0 or

below 6.5 (Dayton et al., 1976b). It was also found that purified CAF
2+required about 0.2 mM Ca for activity and was maximally active between

1 and 5 mM Ca^+ . Mg^+ , Mn^+ , Ba^+ , Co^+ , Ni^+ , or Fe^+ did not activate
2+CAF when added singly in the absence of Ca . When added together with 

1 mM Câ "*", 1 mM Mg^"1", Mn^+ , or Ba^+ had no effect on CAF activity, 

whereas 1 mM Fe^"1', Cu^+ , Ni^+ , or Co^+ caused increasing inhibition of 

CAF activity in the order listed (Dayton et al., 1976b). It was also 

shown that CAF probably has a sulfhydryl group near or at its active 

site because it was activated by mercaptoethanoi and required 2 mM

2-mercaptoethanol for 'maximum activity. CAF activity was not affected 

by soybean trypsin inhibitor nor did CAF hydrolyze several synthetic 

substrates that were hydrolyzed readily by trypsin, chymotrypsin, or
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papain (Dayton et al., 1976b). It was shown that the lability of CAE
2+activity in the presence of Ca that was observed by the earlier in

vestigators working with KAF (Drummond and Duncan, 1964; Huston and 

Krebs, 1968; Meyer et al., 1964) was due to very rapid autolysis of CAE 

in the presence of calcium (Dayton et al., 1976b). These first studies 

on properties of purified CAE form the basis of a substantial number of 

subsequent reports on CAE and its metabolic regulation, localization, 

and physiological role.

Enzymatic Properties of CAE

As has already been indicated porcine skeletal muscle cintains 

only 34 mg CAE per 10,000 g of muscle, fresh weight, and purification 

of CAE from porcine skeletal muscle is a long and tedious task that re

quires large amounts of tissue (Dayton et al., 1976a). These technical 

difficulties have delayed careful characterization of the enzymatic pro

perties of purified CAE despite the widespread interest in this protease. 

Since the original purification of CAE from porcine skeletal muscle by 

Dayton et al, (1976a), CAE has been purified from bovine cardiac muscle 

(Hennecke, Szpacenko and Coll, unpublished observation; Toyo-oka and 

. Masaki, 1979; Waxman, 1978), human skeletal muscle (Suzuki et al,, 1979), 

chicken skeletal muscle (Ishiura et al., 1978), rabbit skeletal muscle 

(Azanza et al., 1979), chicken gizzard smooth muscle (Hennecke and Goll, 

unpublished observation), and bovine- platelets (Szpacenko et al., 1980; 

Truglia and Stracher, 1981). In general, properties of CAE from these 

diverse sources seem very similar to the properties originally reported 

by Dayton and coworkers for porcine skeletal muscle CAE, Several
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investigators (Azanza et al., 1979; Ishiura et al., 1978; Toyo-oka and 

Masakij 1979) have failed to find the 30,000-dalton polypeptide that was 

originally reported to be present in addition to the 80,000-dalton poly

peptide in native CAF molecules (Dayton et al., 1976). This failure now 

seems to he due to lack of appreciation that the 30,000-dalton poly

peptide is quite labile and is quickly degraded proteolytically if pre

cautions are not taken to purify the protease quickly. One study 

(Toyo-oka and Masaki, 1979) has reported that the isoelectric point of 

the 80,000-dalton CAF polypeptide is 4.3, but the absence of the 30,000- 

dalton polypeptide in Toyo-oka and Masaki*s preparation makes this 

result questionable. It is generally agreed that CAF requires at least 

1 mM Câ **" for appreciable proteolytic activity, although the exact Ca^+ 

concentration required for maximal activity has not been established.

The effect of other divalent cations on CAF activity also has not been
2 +carefully studied. Several groups have reported that Sr activates 

CAF (Azanza et al., 1979; Ishiura et al., 1978; Toyo-oka and Masaki, 

1979), but the extent of activation by Sr^+ and the Sr^+ concentration 

required for maximal activation is. u n c l e a r S o m e  investigators find 

that CAF is activated by Mg^+ (Azanza et al., 1979) or by Ba^+ or Mn^+ 

(Toyo-oka and Masaki, 1979), whereas other workers find little or no 

activation by these cations (Dayton et al., 1976b; Ishiura et al.,

1978; Waxman, 1978). Also, the effect of various divalent or monova-
24- -lent cations on the Ca -activation of CAF has not been clearly delin

eated.
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Dayton’s original paper on purified CAE (Dayton et al., 1976b) 

showed that CAE was inhibited by iodoacetate, a sulfhydryl reagent, but 

not by soybean trypsin inhibitor. These findings have generally been 

confirmed in subsequent studies. It has also been shown that CAE is 

inhibited by various microbial peptide inhibitors, including antipain 

and leupeptin (Azanza et al., 1979; Libby Goldberg, 1980; Suzuki et al., 

1979; Toyo-oka et al., 1978) and chymostatin (Libby and Goldberg, 1980; 

Suzuki et al., 1979). Although several investigators have suggested 

that leupeptin is a more effective inhibitor than antipain (Azanza et 

al., 1979; Toyo-oka et al., 1978), only very limited kinetic studies 

have been done on inhibition of CAE by microbial peptide inhibitors, 

and the inhibition constants of these inhibitors are not known. Toyo- 

oka et al. (1978) have indicated that inhibition of CAE by both leu

peptin and antipain is noncompetitive. The effects of various other 

general proteolytic inhibitors on CAE activity have not been tested.

Also, the effects of various protein denaturants or detergents on CAE 

activity have not been assayed. Although CAE has been shown to have no 

or very limited proteolytic activity against a number of purified protein 

substrates, the effect of CAE on the sarcoplasmic proteins in striated 

muscle cells has not been tested. Because CAE is not localized in lyso— 

somes but seems to be in direct contact with the cell cytoplasm (Reville 

et al., 1976), it may be suggested that CAE acts in metabolic turnover 

of the sarcoplasmic proteins in striated muscle cells. The veracity of 

this suggestion is not known because it is not known whether CAE degrades 

the sarcoplasmic protein fraction. Also, the function of the two
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polypeptide chains of 80,000 and 30,000-daltons in the CAF molecule 

remains, unclear. The presence of CAF preparations having proteolytic 

activity and only the 80,000-dalton polypeptide indicates that the cata

lytic site must he on the 80,000-dalton polypeptide. The location of the 

sulfhydryl group that seems essential for CAF activity, however, is not 

known. Clearly, it would be useful to have additional information on the 

catalytic properties of CAF.

Localization of CAF

Because CAF was the first protease that was found in striated 

muscle cells and that had the ability to degrade intact myofibrils at 

physiological pH values and ionic strengths, it seemed possible already 

during the early work with CAF that this protease was involved in meta

bolic turnover of the myofibrillar proteins (Busch et al,, 1972; Dayton 

et al. ,. 1975; 1976a; 1976b). If CAF is to have a role in myofibrillar 

protein turnover in striated muscle cells, it is essential for CAF to 

be located inside muscle,cells and not extracellularly or in the con

nective tissue cells that surround muscle cells. Careful differential 

centrifugation studies showed that 8 6 % of total CAF activity in porcine 

skeletal muscle was in the supernatant after sedimentation at 50,000 x g 

(ave.) for 60 min (Dayton et al., 1976). Under the same conditions,

96% of total succinic dehydrogenase activity, 81% of total cathepsin D 

activity, and 45% of acid ribonuclease activity were in the nuclear 

and mitochondrial-microsomal fractions (Reville et al., 1976) , These 

studies indicated that CAF is not localized in some subcellular organ

elle but is either free in the cell cytoplasm or is adsorbed to a
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membraneous surface or the surface of the myofibrils themselves.
2+The early report that extracellular Ca caused Z-disk degrada

tion during incubation periods that were too short to allow for penetra

tion of an extracellular protease into the muscle cell suggested that 

CAF was indeed located inside striated muscle cells (Busch et al., 1972)? 

Dayton et aL, (1976b) also indicated that they could not prepare CAF from 

blood plasma9 so it was not one of the numerous proteinases associated 

with blood clotting or complement. Definitive proof that CAF was loca

ted in striated muscle cells, however, had to await antibody localiza

tion studies. The first immunohistochemical results (Dayton and 

Schollmeyer, 1980; 1981; Ishiura et al., 1980) indicated that CAF was 

located at the Z-disk in skeletal muscle. Subsequent studies have in

dicated that CAF is also located along the inner face of the plasma 

membrane and around the outer face of the nuclear membrane in striated 

muscle cells as well as in other nonmuscle cells (Dayton and Scholl

meyer, 1980; 1981). These antibody localization results and the actual 

purification of CAF from bovine platelets demonstrate that CAF is locate 

ed in nonmuscle as well as striated muscle cells. Consequently, CAF 

clearly has a broader physiological role than metabolic turnover of 

myofibrillar proteins in striated muscle, although turnover of myofi

brillar proteins could be a special adaptation of some broader function. 

A recent paper (Barth and Elce, 1981) suggests that CAF is on the outer 

surface of the plasma membrane, but this conclusion was based on immuno- 

fluorescent results at the light microscope level, and it is very diffi

cult to localize antibody binding to the inner or outer surface of cell
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membrances at this level of resolution. Therefore, it currently seems 

reasonably certain that CAP is an intracellular enzyme that is located 

directly on the structure it degrades in striated muscle fibrils and 

that is found in nonmuscle cells as well.

Effect of CAP on Purified Proteins and Physiological Role of CAP

The ability to purify CAP made it possible to test effects of the 

purified protease on various purified myofibrillar proteins without 

interference from possible contaminating proteases. These assays 

showed that CAP degraded TN-T, TN-I, C-protein, and tropomyosin but 

had no effect on a-actinin, actin, TN-C, or myosin (Dayton et al., 1975). 

The lack of any effect on myosin, a protein that is quickly and rapidly 

degraded by a large number of proteinases, is quite surprising. It also 

is surprising that CAP very quickly removes Z-disk from myofibrils, but 

does not degrade a-actinin, a Z-disk protein, nor actin, a protein that 

binds to a-actinin in vitro. Subsequent studies indicated that CAP de

grades filamin (Davies et al., 1978) and desmin (0'Shea et al., 1979). 

Although both filamin and desmin are Z-disk proteins, they are present 

in very small amounts in skeletal muscle myofibrils, and their role in 

Z-disk structure is still unclear. ; Consequently, it seems unlikely 

.that CAP degradation of filamin and desmin can, by itself, account for 

the rapid removal of Z-disks by CAP.

Use of SDS-polyacrylamide gel electrophoresis to analyze the 

effects of CAP on purified myofibrillar proteins, indicated that not only 

does CAP degarde relatively few proteins, but even those protein degrad

ed by CAP are split to relatively large peptide fragments and not to
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amino acids (Dayton et al., 1975). TN-T is degraded first to a series 

of peptide fragments having molecular weights near 30,000, and these 

fragments are then broken down further to peptides having molecular 

weights near 14,000 (Dayton et al., 1975; Olson et al., 1977). TN-I 

also is degraded to peptide fragments having molecular weights near

14,000 (Dayton et al., 1975; Olson et al., 1977). Degradation of both 

TN-T and TN-I seems to cease after the 14,000-dalton peptides have been 

formed. C-protein is degraded from 130,000 daltons to a 1 2 0 , 0 0 0  dalton 

polypeptide (Dayton et al., 1975), arid filamin is degraded from 250,000 

dalton polypeptide to 240,000-dalton (heavy merofilamin) and 9,500-dalton 

(light merofilamin) peptides (Davies et al., 1978). Degradation of both 

C-protein and filamin seems to cease after this limited cleavage. Tropo

myosin is cleaved to 19,000 and 16,000-dalton polypeptides, and degrada

tion then seems to stop (Dayton et al., 1975; Szpaceriko, A., unpublished 

observations). • Desmin from porcine skeletal muscle is broken down from 

a 5 5 ,0 0 0 -dalton polypeptide to a 32,000-dalton fragment arid then slowly 

to an 18,000-dalton peptide, but degradation ostensibly.ceases after 

formation of the 18,000-dalton fragment (O'Shea et al., 1979). These 

results on a variety of proteins having widely differing secondary and 

tertiary structures indicate that CAE has a unique and highly specific 

specificity. Despite assays with numerous dipeptides (Dayton et al., 

1976b; Ishiura et al., 1979; Waxman, 1978), tripeptides (Tshiura et al., 

1979), tetrapeptides (Ishiura et al., 1979), and even hexa, hepta, and 

octapeptides (Waxman, 1978), no synthetic peptide substrate for CAE has 

been found. In addition to the tests already described with different
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myofibrillar proteins, it has been found that CAF will not degrade hemo

globin, myoglobin, cytochrome C, bovine serium albumin, ovalbumin, 

apoferritin, g-lactoglobunin, lysozyme, ribonuclease, insulin, phos- 

phorylase a, and calmodulin (Azanza et al., 1979; Ishiura et al», 1979). 

CAF does hydrolyze porcine brain tubulin (Ishiura et al., 1979) and 

chicken or bovine erythrocyte spectrin (Blum, C., unpublished results; 

Ishiura et al., 1979). Although some reports have indicated that a-ac

tinia (Reddy et al., 1975) and myosin heavy chains (Azanza et al., 1979; 

Sugita et al., 1980) are degraded by CAF, it seems likely that use of 

impure CAF or impure protein substrates or both in these studies led to 

an erroneous conclusion. A recent report that the I^ light chain of 

rabbit skeletal muscle myosin is degraded by CAF only if this chain is. 

completed dephosphorylated indicates that phosphorylation may have impor

tant effects on a protein’s susceptibility to CAF degradation (Pemrick 

et al., 1980).

The results discussed in the preceeding paragraph, were all done 

on individual purified proteins, and it is important to determine the 

effects of CAF on these same proteins when they are assembled into myo

fibrils, because this is the predominant state in which these proteins 

are found in living muscle cells. Assays of the effects of CAF on intact 

myofibrils using SDS-polyacrylamide gel electrophoresis have indicated 

that the same proteins susceptible to CAF in the individual purified 

state are also susceptible when they are assembled in myofibrils (Dayton 

et al,, 1975; Sugita et al., 1980). Rate of TN-I degradation seems 

slightly slower when the ,TN-I is in the’myofibril than when it is in the
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individual purified state (Dayton et al., 1975), but this relatively 

small effect could be due to steric shielding by TN-T, TN-C, or tropo

myosin when IN-I is assembled in the myofibril.

A careful analysis of the effects of CAF on ultrastructure of 

the myofibril indicates that CAF completely removes Z-disks, leaving a 

gap at the area of the former Z-disk, and also removes the 38.5 nm 

periodicity in the I-band (Dayton et al.» 1976b). The latter effect is 

probably due to degradation of the troponin complex by CAE. M-lines 

appeared patchy and degraded after long periods of incubation of myo

fibrils with CAE (Dayton et al.., 1976b) , but the presence of several 

protein bands in the 150,000 to 175,000-dalton region of SDS-polyacryl- 

amide gels makes it difficult to determine whether CAE degrades the

165,000-dalton M-line protein. If CAE degrades M-lines, such degrada

tion is very slow. It is noteworthy that even prolonged incubation with 

CAE causes few ultrastrueturally detectable effects in the A-band, even 

though CAF is degrading C-protein in the A-band. Dayton et al. (1975) 

noted that CAF had a remarkable specificity for degradation of those 

elements that seem to stabilize the three-dimensional structure of myo

fibrils. Thus, CAF rapidly degrades Z-disks, which are largely respons

ible for keeping actin filaments in the proper three-dimensional array; 

CAF degrades tropomyosin and two of the troponin polypeptides, which 

stiffen and may help stabilize the thin filaments. CAE slowly degrades 

M-lines, which keep thick filaments in the proper three-dimensional 

array, and CAE breaks down C-protein, which seems to stabilize thick 

filaments. Based on these observations, Dayton et al. (1975) proposed
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that CAF acts to initiate metabolic turnover of the myofibrillar pro

teins by degrading those elements involved in maintaining and stabiliz

ing the three-dimensional structure of myofibrils. Degradation of 

these elements might then lead to disaggregation of actin and myosin 

molecules from the thin and thick filaments. The dissociated actin and 

myosin molecules could either reassembly, to form new filaments or be 

degraded by other nonCAF proteases. This cascade mechanism for meta

bolic turnover of myofibrillar proteins has been widely adopted and is 

supported by much circumstantial evidence. Direct evidence to show 

that CAF actually acts to initiate metabolic turnover of the myofibril

lar proteins is still lacking, however.

CAF Inhibitor and Metabolic Regulation of CAF Activity

The antibody localization studies described previously in this 

review show that CAF is located inside muscle cells and that some CAF 

is located directly on the Z-disk, which is rapidly degraded in vitro 

by CAF. Moreover, CAF is not confined to membrane-enclosed subcellular 

organelles such as lysosomes» Therefore CAF activity in vivo must be 

carefully regulated in some way to prevent continuous and indiscriminate 

degradation of Z-disks in living cells. Indeed, based on the amount of 

CAF in porcine skeletal muscle and the rate with which CAF removes 

Z-disks from striated muscle fibrils in vitro» it can be calculated 

that the CAF in a porcine skeletal muscle cell would destroy all Z-disks 

in the cell in approximately 60 to 80 min if all CAF in the cell were 

active. Drummond and Duncan (1966) first described the presence of an 

inhibitor of the kinase-activating factor, KAF, in bovine cardiac
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muscle, and several other investigators have described the presence of 

a GAF inhibitor activity in striated muscle homogenates (Dayton et al., 

1976a; Ishiura et al., 1978; Okitani et al., 1976; Toyo-oka and Masaki, 

1979; Waxman, 1978; Waxman and Krebs, 1978). CAF inhibitor recently has 

been purified from bovine cardiac muscle and has been shown to be com

posed of a 100,000-dalton polypeptide (Otsuka and Go11, 1980). The 

molecular weight of CAF inhibitor in nondenaturing solvents.has not yet 

been determined. Based on its elution from gel permeation columns, it 

seems likely that CAF inhibitor has a molecular weight of 200,000 to

300,000 in a nondenaturing medium (Otsuka and Goll, 1980). Bovine car

diac CAF inhibitor inhibits CAF by binding to it; one 100,000-dalton

CAF inhibitor polypeptide will inhibit approximately ten 110,000-dalton
2+CAF molecules (Otsuka and Goll, 1980). Ca is required for binding of

2+CAF inhibitor to CAF with approximately as much Ca required for bind

ing of CAF inhibitor to CAF as is required to activate purified CAF. 

Because bovine cardiac muscle contains an excess of CAF inhibitor over 

CAF, it presently seems that CAF in bovine cardiac muscle could never 

be active unless the CAF/CAF inhibitor interaction is subject to some
24-kind of metabolic regulation. Otherwise, whenever sufficient Ca

became available to activate to CAF, CAF inhibitor would bind to CAF

and inhibit it.
2+The Ca requirement for CAF activity is several orders of mag-

24-nitude greater than the free, intracellular Ca levels of resting,
-8 -5healthy muscle cells, which is approximately 10 to 10 M. Therefore, 

24-the 1 mM Ca requirement of CAF also is probably involved in regulating



CAF activity in vivo in addition to the presence of CAF inhibitor. 

Clearly, the present evidence indicates that CAF activity is subject 

to a complex set of controls in living muscle cells, although the de

tails of these controls are still unknown. Additional information on 

the enzymatic properties of CAF and on the CAF/CAF inhibitor interaction 

are needed to aid in understanding the regulation of CAF activity.

CAF and Muscle Cell Atrophy

The suggestion that CAF is responsible for initiating myofi

brillar protein turnover in striated muscle cells (Dayton et al., 1975; 

1976b) has led to considerable interest in determining whether derange

ments of CAF activity might be involved in the rapid loss of myofibril

lar proteins that occurs in various muscular dystrophies or after 

denervatiori. Kohn in 1969 (Kohn, 1969) reported that both normal and 

denervated, atrophying rat skeletal muscle contained a factor that 

degraded isolated myofibrils; activity of this factor was 1.3-fold 

higher in denervated than in normal muscle. The properties of this 

crude factor preparation were such that, in retrospect, it almost cer

tainly contained CAF. The crude factor was optimally active at pH 7,
2+was maximally activated by millimolar levels of Ca , was inhibited by 

EDTA, and was activated by dithiothreitol, with approximately maximal 

activation occuring at 5 mM dithiothreitol. Although the crude factor 

degraded intact myofibrils to release ninhydrin-positive material that 

was soluble in 5% TCA, it had no effect on rat myosin and actin, hemo

globin, and bovine and human y-globulins. Addition of 5 mM ATP, ADP, 

or TIP to the assay inhibited the effects of the crude factor on
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24-myofibrils in the presence of 5 mM Ca ; ATP and ITP caused a greater

inhibition than ADP, and IDP had no effect. Addition of 1 mM ATP or

ADP but not ITP or IDP stimulated degradation of myofibrils by the crude

factor. Kohn (1969) concluded that the factor was bound to myofibrils

and that it had a role in degradation of myofibrils in atrophy and in

normal turnover, although he did not attempt to purify the factor.
24-After the papers describing purification of the Ca -activated

protease had appeared (Dayton et al., 1976a; 1976b), Kar and Pearson
2 +(1976) found that Ca -stimulated proteolysis of easin-yellow at pH 7.5 

was increased 2.67-fold in muscle extracts from Duchenne muscular dys

trophy patients and 3.67—fold in muscle extracts from Becker muscular
24-dystrophy patients when compared with the Ca -stimulated proteolytic 

activity in muscle extracts from normal human muscle. Kar and Pearson’s 

assays were done with crude muscle extracts that should have contained 

inhibitor in addition to CAP and were run for 18 hours at 37°C. Hence, 

the accuracy of these assays is very questionable. In a more careful 

study, Dayton et al., (1979) found that the Ca^+-activatable proteolytic 

activity in crude CAP fractions that had no CAP inhibitor was 3.6 times 

greater when these fractions were prepared from muscle of vitamin E-defi- 

cient rabbits that when they were prepared from muscle of normal rabbits. 

Moreover, ultrastructural examination Showed that Z-disks were degraded 

in myofibrils of vitamin E-deficient, dystrophic rabbits and that the 

myofibrils from these rabbits appeared similar to myofibrils that had re

ceived mild CAP treatment (Dayton et al.., 1979). SDS-polyacrylamide gel 

electrophoresis of myofibrils from vitamin E—deficient, dystrophic :
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rabbits showed that these myofibrils had reduced amounts of a-actinin 

and TN-T, and again resembled myofibrils that had received mild CAF 

treatmento Sugita et al. (1980) have also found that SDS-polyacryla- 

mide gels of myofibrils treated with CAF resemble those of myofibrils 

from muscle of Duchenne muscular dystrophy patients. Other studies 

have found that CAF activity is elevated during the rapid muscle atro

phy associated with denervation in rabbits (Jergenson, Robson, Stromer, 

and Go11, unpublished results) and hereditary muscular dystrophy of 

chickens (Zeece, Reville, Goll, and Robson, unpublished results).

Several investigators have found that different protease inhib

itors will greatly delay muscle cell degeneration (Libby and Goldberg, 

1978; McGowan et al., 1976; Stracher et al., 1978; 1979) or decrease 

rate of muscle* protein degradation (Libby and Goldberg, 1980; Libby et 

al., 1979) when administered to dystrophic ro denervated muscles or to 

muscles incubated in vitro. Although the proteases inhibited by these 

inhibitors have not been determined, two of the inhibitors that seem es

pecially effective in delaying degeneration, chymostatin and leupeptin, 

are also potent inhibitors of CAF. Ultrastruetural studies have shown

that inactivation of cholinesterases at mammalian neuromuscular junc-
2+tions leads to an increased influx of Ca and to a muscle necrosis that 

is characterized by loss of Z-disks (Leonard and Salpeter, 1979). It 

is obvious from the studies summarized in this section that considerable 

circumstantial evidence has accumulated to indicate that CAF is respon

sible for the rapid loss of myofibrillar proteins that occurs in vari

ous muscular dystrophies or after denervation atrophy. None of the
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studies done thus far, however, has provided direct evidence that CAF 

is the causative agent of this loss.

CAF and Postmortem Changes in Muscle

About ten years ago, Henderson et al. (1970) showed that Z-disk 

degradation was the most marked and characteristic ultrastructural 

change that- could be observed in myofibrils during postmortem storage 

of muscle. Because complete Z-disk removal could produce meat consist

ing of pieces 2.0 to 2.5 pm long (the length of a sarcomere; see the 

earlier discussion in this review), it was suggested that Z-disk degra

dation could be responsible for the increases in meat tenderness caused 

by postmortem storage (Goll et al., 1971). That the most obvious and 

rapid effect of CAF on myofibril ultrastructure is Z-disk degradation 

led to the proposal that CAF was responsible for postmortem Z-disk 

degradation, and therefore, for postmortem meat tenderization (Goll et 

al., 1974). Although factors in addition to CAF may also be involved, 

a number of lines of evidence have now accumulated to indicate that CAF 

has an important role in postmortem tenderization. It was initially 

noticed that the semitendinosus and longissimus dorsi muscles from 

bovine, animals have higher CAF activity than the psoas muscle (Goll et 

al., 1974; Olson et al., 1977). Subsequent tests showed that, during 

postmortem storage, tenderness of the semitendinosus muscle increased 

significantly, whereas tenderness of the psoas muscle changed very 

little (Goll et al., 1974; Olson et al., 1977); tenderness change of 

the longissimus muscle during postmortem storage was intermediate be

tween that of the semitendinosus and the psoas (Olson et al., 1977).



SDS-polyacrylamide gels of myofibrils prepared from the semitendinosus, 

longissimus, and psoas muscles immediately after death and after 1, 2,

3, 6, and 10 days of postmortem storage showed that the TN-T band grad

ually disappeared during postmortem storage in the semitendinosus and 

longissimus muscles but changed very little in the psoas muscle. Con- 

commitantly with disappearance of the TN-T band, a broad new band ■ 

corresponding to a molecular weight of 30,000 appeared in these SDS- 

polyacrylamide gels of postmortem myofibrils (Olson et al., 1977). As 

described earlier in this review, the initial effect of CAF on TN-T is 

degradation to a group of polypeptides having molecular weights near 

30,000. These studies showed that, in bovine animals, muscles that had 

larger amounts of CAF increased more in tenderness during postmortem 

aging and also exhibited greater degradation of TN-T to a group of poly

peptides with molecular weights near 30,000. The location of TN-T along 

the thin filament and not in the Z-disk itself makes it seem very un

likely that degradation of TN-T is directly responsible for postmortem 

increase in tenderness. It seems more likely that TN-T is unusually 

vulnerable to proteolytic degradation and is therefore a sensitive in

dicator of very small amounts of proteolysis that may weaken the Z-disks 

sufficiently to increase tenderness. Indeed, a number of recent studies 

(MacBride and Parrish, 1977; Olson et al., 1977; Parrish et al., 1981) 

have indicated that the amount of 30,000-dalton material in a muscle is 

highly correlated with tenderness.

SDS-polyacrylamide gels of myofibrils prepared from muscle after 

varying periods of postmortem storage also provide circumstantial



evidence of a negative kind that CAF is responsible for postmortem ten- 

derization of meat. Such gels show that even after extensive time of 

postmortem storage, very little degradation of either actin or myosin 

can be observed (Olson et al., 1977; Samejima and Wolfe, 1976; Wolfe and 

Samejima, 1976; Yamamoto et al., 1977). Indeed, perhaps one of the most 

remarkable aspects of the changes produced by postmortem storage of 

muscle is that this storage produces very few changes. As discussed in 

a preceeding section of this review, myosin is very.susceptible to a 

number of proteolytic enzymes, and one of the unique features of CAF 

is the.inability to degrade myosin. It would be surprising if muscle 

cells contained two proteases that lacked ability to degrade myosin.

Although postmortem storage causes progressive deterioration

of Z-disk structure, very seldom are Z-disks completely removed as the

result of postmortem storage (Henderson et al., 1970; Johnson and

Bowers, 1976; Olson et al., 1976). Because purified CAF removes Z-

disks entirely, it must be supposed, if CAF is to have a primary role

in postmortem meat tenderization, that action of CAF in postmortem

muscle is limited, either by the low pH of postmortem muscle, by CAF
2 +inhibitor, by a lack of Ca , or by various combinations of these fac

tors, and that the thus attenuated CAF can only weaken and partly de

grade Z-disks. A number of investigators have shown that tendency of 

myofibrils to break or fragment into short segaments when placed in a 

Waring Blender increases during postmortem storage and that degree of 

such fragmentation is highly related to meat tenderness (Cole and Davis, 

1981; Culler et al., 1978; Olson and Parrish, 1977; Parrish et al.,
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1973; Yamamoto et al., 1977). Circumstantial evidence that CAF is re

sponsible for the increased myofibril fragmentation during postmortem 

storage was obtained when it was shown that myofibrils from the semi- 

tendinosus and longissimus, two muscles that contain relatively large 

amounts of CAF and that increase considerably in tenderness during post

mortem aging, undergo extensive fragmentation with increasing time of 

postmortem storage, whereas myofibrils from the psoas, a muscle that 

contains little CAF and that increases little in tenderness during 

postmortem aging, undergo little fragmentation with increasing time 

of postmortem storage (Goll et al., 1974; Olson et al., 1976; 1977). 

Consequently, considerable circumstantial evidence has accumulated to 

link increased CAF activity to increased fragmentation and appearance 

of a 30,000-dalton component in skeletal muscle myofibrils, and abun

dant evidence shows that meat tenderness is highly related to both 

degree of myofibril fragmentation and amount of the 30,000-dalton com

ponent.

Four additional lines of evidence besides those already dis

cussed in the preceding paragraphs indicate that CAF is involved in 

postmortem meat tenderization. First, CAF slowly degrades M-lines in 

skeletal muscle fibrils (Dayton et al., 1976b), and slow M-line degra

dation is one.of the ultrastructural changes observed during postmortem 

aging of muscle (Henderson et al., 1970; Strpmer et al., 1974). Second

ly, Penny et al. (1974) have shown that lyophilized skeletal muscle 

that is reconstituted with a saline solution containing CAF is more 

tender than the same muscle reconstituted with saline solution having
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no CAF. Thirdly, a number of studies (Arakawa et al., 1970; Fujimaki

et al«, 1965; Goll and Robson, 1967; Goll et al., 1971; Ikeuchi et al.,
2+1978; 1980; Ito et al., 1978) have shown that the Mg -modified ATPase 

activity of myofibrils, natural actomyosin, or acto-HMM isolated from 

muscle after 24 to 48 hours of postmortem storage at 2°C is 50 to 150%
24-higher than the Mg -modified ATPase activity of the corresponding 

preparations made from muscle immediately after death. Moreover, the
24-Ca -modified ATPase activity of myofibrils prepared from muscle after 

8  to 24 hours of postmortem storage at temperatures up to 25°C is 20
24-to 30% higher than the Ga -modified ATPase activity of myofibrils 

prepared from muscle immediately after death (Galloway and Goll, 1967;
4-Goll and. Robson, 1967). The K (EDTA)-modified ATPase activity of the 

same myofibrils, however, does not change during postmortem storage.

The cause of these small changes in actomyosin ATPase activity is still 

unclear. Results of double-reciprocal plots of ATPase activity vs.t
actin concentraction have suggested that the affinity of actin for 

myosin increases during postmortem storage (Ito et al., 1978). Regard

less of the cause of these changes in actomyosin ATPase activity during 

postmortem aging, Suzuki and Goll (1974) have shown that brief digestion 

by CAF causes very similar changes in actomyosin ATPase activity. CAF

digestion of rabbit myofibrils produces a 20 to 30% increase in the
2 -|- 24-Mg -modified ATPase activity, a 20% increase in the Ca -modified

ATPase activity, and virtually no change in the K (EDTA)-modified ATPase

activity (Suzuki and Goll, 1974). Fourthly, Penny (1974) has observed

that the amount of protein in a 5 mM Tris, pH 8.2, extract of myofibrils
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that will bind to actin decreases when this extract is made from myofi

brils from postmortem muscle. CAF treatment of a 5mM Tris, pH 8.2, ex

tract of myofibrils from at-death muscle causes a similar decrease in 

the amount of protein in these extracts that will bind to actin.

The results summarized in this section clearly indicate that a 

large amount and variety of evidence suggest that CAF is involved in 

postmortem meat tenderization. The percentage of postmortem tenderiza- 

tion that can be attributed to CAF and the percentage attributable to 

other agents is still unclear. It seems likely, however, that under 

some conditions, especially during postmortem storage at 2° to 16°C, 

a major proportion of postmortem tenderization is due to CAF.

Summary >

As summarized in this brief review, a great deal has been

learned about the physical properties of the CAF molecule and the

effects of CAF on the various myofibrillar proteins since CAF was

first purified in 1976. There has been only scant attention, however,
2+on the catalytic properties of CAF, how cations besides Ca affect 

CAF activity and whether CAF will degrade muscle protein fractions, 

besides the contractile proteins. Therefore, the purpose of the work

described in this thesis was . to obtain additional information on the
■ ■ -- ~ ■ ' • . -  
enzymatic properties of CAF* The greatest difficulty in studying CAF

is the long and tedious procedure required to purify CAF and the small

amounts of purified CAF obtained from this procedure. Therefore, the

initial studies to be discussed in this thesis will describe a new.
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shorter procedure for purifying CAF that also increases the yield of 

purified CAF approximately two to four-fold.



CHAPTER 3

MATERIALS AHD METHODS

Description of the■Materials and Methods used in the research 

described in this thesis will be in four parts: 1) purification of CAE

from bovine cardiac muscle; 2) preparation of CAE substrates; 3) other 

experimental procedures; and 4) materials. As indicated in the Review 

of Literature, one of the major experimental difficulties in studying 

CAE is the long and cumbersome procedure required to purify CAE and the 

small yields of purified protein obtained by this procedure. Consequent

ly, even though the procedure described by Dayton et al. (1976a) for 

purification of CAE from porcine skeletal muscle produced very homogen

eous CAE from bovine cardiac muscle, attempts were made throughout this 

study to shorten this procedure and increase the amount of CAE that 

could be obtained. Near the end of this study, a greatly improved pro

cedure was developed, and details of that procedure will be given first 

in this section.

Purification of CAE from Bovine Cardiac Muscle 

Preparation of Crude CAE Fractions

Two kinds of crude CAE fractions were prepared and were used as 

a source of crude CAE for subsequent column chromatographic purification 

in this study. These two fractions were called the Pq _^^ crude CAE . 

fraction and the ^25-65 cruc ê CAE and CAE inhibitor fraction. Although
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the column chromato graphic procedure for purification of CAF was iden

tical for these two crude CAF fractions, the ]?2 5 - 6 5  crude CAF and CAF 

inhibitor fraction contained, as its name indicates, CAF inhibitor in 

addition to CAF. Hence, this fraction was used whenever CAF inhibitor 

was studied in the laboratory. Because the ^25-65 cru^e CAF and CAF 

inhibitor fraction contained much more protein than the I?o_ 4 5  crude CAF 

fracten, it was more awkward and time-consuming to chromatogram this

fraction than the _ crude CAF fraction.0—45
Bovine hearts were obtained from Tucson Meat Packers within 

several hours after death of the animal, were transported immediately 

to the laboratory (Approximately six miles), and were placed in a -30OC 

freezer until used. The hearts were removed from, the freezer the even

ing before preparation was begun and were partly thawed overnight (15 to 

16 hours) in the cold room at 2-5°C. The muscle tissue remained frozen 

after being in the cold room overnight, but this treatment softened the 

heart muscle sufficiently that it could be cut into strips and ground. 

The next morning, the softened hearts were trimmed free from visible 

fat and connective tissue and were ground in a pre-chilled meat grinder. 

The ground muscle was suspended in 2.5 volumes (V/W) 4 mM EDTA, 50 mM 

Tris-acetate, pH 7.5, by using a Waring Blender. Blending was done at

1 1 , 0 0 0  rpm in three 30-sec bursts with a 30-sec cooling period between 

each burst. The pH of the homogenate was checked, and solid Tris was 

added, if necessary, to insure that pH of the homogenate was above 7.8.

The P-. , c crude CAF fraction and P a c ,c crude CAF and CAF inhibitor 0-45 25-65
fractions were prepared as described in Figs. .2 and 3. Because of the
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Ground Muscle

1) Suspend in 2.5 volumes (v/w) 50 mM Tris-acetate, pH 7.5, 
4 mM EDTAg by homogenizing in three 30-sec bursts.

2) Centrifuge at 14,000 x g  (max) for 10 min.

Sediment 
(Discard or use 
for contractile 
protein preparation)

Supernatant

Supernatant 
(Contains CAE 
inhibitor)

Sediment

Sediment
(Discard)

1) Adjust pH to 4.9 by adding 1 N acetic acid 
dropwise.

. Stir at 2°C for 15 min.
2) Centrifuge at 14,000 x g (max) for 15 min.

Sediment

1) Dissolve in 200 ml per 1000 g ground muscle 
of 0.1 M Tris-acetate, pH 8.0, 5 mM EDTA. 
Adjust pH to 7.0 to 7.5 if necessary.

2) Centrifuge at 127,000 x g (ave) for 1 hr.

Supernatant
(Discard)

saturation.

500 mM 2-mercaptoethanol, 5 mM EDTA and dia-~ 
lyze overnight against two changes of 20 mM 
Tris-acetate, pH 7.5, 1 mM EDTA, 0.1% 
2-mercaptoethanol.

Supernatant = Pq ^  crude CAP fraction.

Fig. 2. Schematic diagram showing preparation of crude CAP frac
tion from bovine cardiac muscle.

Unless otherwise indicated, all steps were done at 0° to 4° C.
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Ground Muscle

1) Suspend in 2.5 volumes (v/w) 50 mM Tris-acetate, pH 7.5. 
4mM EDTA, by homogenizing in three 30-sec bursts.

2) Centrifuge at 14,000 x g. (max) for 15 min.
I

Sediment 
(Discard or use 
for contractile 
proteins)

Sediment
(Discard)

Supernatant

1) Adjust pH to 7.5, if necessary. Salt out 
between 25 and 65% (NH^^SO^ saturation.

2) Dialyze rapidly against three changes 20 mM 
Tris-acetate, pH 7,5, 1 mM EDTA.

3) Centrifge at 48,000 x g(max) for 60 min.

Supernatant
(]?2 5 - 6 5  Crude GAF and CAF inhibitor Fraction)

Fig. 3. Schematic diagram, showing preparation of ^25-65 c£u< ê an<  ̂
CAF inhibitor fraction from bovine cardiac muscle.

Unless otherwise indicated, all steps were'done at 0° to 4° C.



45

limited centrifugation capacity in the laboratory and because large 

quantities of bovine cardiac muscle were required to obtain 15 to 45 mg 

purified bovine heart CAF, preparations were usually done on three suc

cessive days.using 3500 to 6000 g frozen bovine cardiac muscle each day.

The . 'crude CAF of P0_ ,  ̂ crude CAF and CAF inhibitor fractions from 0—45 25-65
the three successive days were pooled before beginning column chroma

tographic purification. In general, approximately 700-1,000 mg of

P-. ,, crude CAF fraction and 10,000 mg of P„_ ,c crude CAF and CAF inhi- 0-45 25—65
bitor fraction were obtained from 1000 g bovine cardiac muscle. The 

final clarification of the protein precipitated by ammonium sulfate 

(i.e., the last centrifugation in preparation of either Pq^,. crude CAF 

or P0_ -c crude CAF and CAF inhibitor fractions; Figs. 2 and 3) shouldZD” 03
produce only a small pellet consisting of debris and denatured protein.

Column Chromatographic Purification of Crude CAF Fractions

Several different procedures were used during the course of this

study to purify CAF from the crude CAF fractions prepared as described in

the preceding section. The type of crude CAF fraction had no effect on

the column chromatographic procedures used,, although the very large

amount of protein in the Poc crude CAF and CAF inhibitor fraction fre-Zo-oo
quently required that three or four separate, large 5 x 45 cm DEAE-cellu- 

lose columns be used to provide sufficient capacity to bind all the 

protein in the P._ ,_ crude CAF and CAF inhibitor fraction. Because theZ3- 0 3

^25-65 cru( ê CAF and CAF inhibitor fraction contained 9 to 14 times more 

protein than the Pq ^  crude CAF fraction, DEAE-cellulose chromatography 

frequently provided a 30 to 40-fold purification of the cru(ie CAF
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and CAF inhibitor fraction compared with a 10-fold purification of the 

P0_45 crude CAF fraction.

The following sequences of successive column chromatographic 

purifications were tested for their efficacy in purifying CAF from the 

two crude CAF fractions... A. 1) DEAE-cellulose ion-exchange column;

2) Ultrogel 34 gel permeation column; 3) DEAE-cellulose ion-exchange 

column with a shallow 150 to 300 mM KCl gradient; 4) Sephacryl 200 gel 

permeation column; this is similar to the original procedure described 

by Dayton et al. (1976a) with omission of the first chromatographic 

step on 6% agarose. B. 1) DEAE-cellulose ion-exchange column; 2) Ultro

gel 34 gel permeation column; 3) DEAE-cellulose ion-exchange column 

with a Shallow 150 to 300 mM KCl gradient; 4) activated thiol-Sepharose 

4B column. C. 1) DEAE-cellulose ion-exchange column; 2) Ultrogel 34 gel 

permeation column; 3) activated thiol-Sepharose column; this sequence 

of three columns produced a fraction that contained 45 to 55% of its 

protein as CAF, but it was necessary to use a fourth DEAE-cellulose ion- 

exchange m l  iimn with a shallow 150 to 300 mM KCl gradient to purify this 

fraction, so this procedure was little improvement over Procedure B.

D. 1) DEAE-cellulose ion-exchange column; 2) phenyl Sepharose hydro- 

phobic column; 3) Ultrogel 34 gel permeation column; 4) DEAE-cellulose 

ion-exchange column with a shallow 150-300 mM KCl gradient; after use 

of a phenyl-Sepharose hydrophobic column, the Ultrogel 34 gel permea

tion column produced almost no additional purification and could be 

omitted, thereby reducing the number of column chromatographic steps 

to three. There was still considerable loss of CAF activity because of
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the stringent selection. required to produce homogeneous CAF off the 

DEAE-cellulose ion-exchange column with a shallow gradient„ Substitu

tion of an activated thio-rSepharose column for the DEAE-cellulose ion- 

exchange column with a shallow gradient failed to produce purified CAF. 

This dilemma was finally solved by use of an antipain affinity column, 

so that the sequence of column chromatographic purifications used for 

the last several CAF preparations employed in this study is given in 

the following list. E. 1) DEAE-cellulose ion-exchange column; 2) 

phenyl-Sepharose hydrophobic column; 3) antipain affinity column.

One of the advantages of the sequence of column chromatographic 

purifications listed in E. is that the active CAF fractions off one 

column can be pooled and loaded directly onto the following column with

out dialysis or concentration by salting out, etc.; this not only saves 

the time required by such dialysis or salting out steps but also elim

inates the small losses in protein that inevitably accompany such steps. 

The elution profile of a ]?2 5 - 6 5  crude CAF and CAF inhibitor fraction off 

a DEAE-cellulose column (step 1 in sequence E) is shown in Fig. 4. The 

elution profile of a crude CAF fraction would be similar to that

shown in Fig. 4 except much less protein would pass directly through 

the column without binding in 20 mM Tris-acetate, pH 7,5, 1 inM EDTA,

0.1% 2-mercaptoethanol. CAF eluted off DEAE-cellulose columns between 

220 ± 43 and 365 ± 64 mM KCl (average of 10 preparations) and is nearly 

the last protein eluted (Fig. 4), DEAE-cellulose chromatography of a

,c crude CAF and CAF inhibitor fraction produces approximately a ZD— 03
30 to 40-fold purification whereas DEAE-cellulose chromatography of a
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Fig. 4. Elution profile of ^25-65 crude CAF and CAF inhibitor fraction off a DEAE-cellulose 
column.

Conditions: Loaded 63,720 mg protein in 4000 ml of 20 mM Tris-acetate, pH 7.5, 1 mM
EDTA onto a 5.0 x 50 cm column and eluted with 1000 ml of 20 mM Tris-acetate, pH 7.5, 
1 mM EDTA, 0.1% 2-mercaptoethanol followed by a continuous gradient consisting of 
2000 ml each of 20 mM Tris-acetate, pH 7.5, 1 mM EDTA, 0.1% 2-mercaptoethanol and 
this plus 500 mM KC1. Flow rate was 96 ml/hr and 19.2 ml fractions were collected.
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^0-45 cru< ê taction produces approximately a 10 to 15-fold increase

in specific activity. .

1 The tubes having GAF activity and designated by the (bar) in

Fig. 4 were collected and were loaded directly onto a phenyl-Sepharose

column. The elution profile off the phenyl-Sepharose column (Fig. 5) 

shows that GAF elutes very late in the gradient off this column; between 

150 and 0 mM KC1 (average of 3 preparations). In some instances, it 

was necessary to follow the 250 to 0 mM KC1 gradient used to elute the 

phenyl-Sepharose column with 20 mM Tris-acetate, pH 7.5, 1.0 mM EDTA,

5 mM 2-mercaptoethanol and then with 5.0 mM EDTA to elute all GAF off 

the phenyl-Sepharose (Fig. 5). Most recently, the 20 mM Tris-acetate, 

pH 7.5, 1 mM EDTA, 5.0 mM. 2-mercaptoethanol washing has been omitted, 

and the phenyl-Sepharose column is washed with 5.0 mM EDTA, 5 mM 2- 

mercap toethanol immediately after the gradient to elute all GAF from 

the column. It is very unusual for a protein to have sufficient nega

tive charge to require over 200 mM KC1 to elute it from a DEAE-cellu- 

lose ion-exchange column at pH 7.5 and be one of the last proteins in 

a mixture eluted from this column, and for the same protein to be suffi

ciently hydrophobic that it binds tightly to a phenyl-Sepharose column 

and is; one of the last proteins to be eluted from this column. Conse

quently, the combination of DEAE-cellulose ion-exchange chromatography 

followed by phenyl-Sepharose hydrophobic chromatography produces a 

marked purification of GAF, and approximately 40 to 50% of the protein 

in the GAF fraction off the phenyl-Sepharose column is GAF.
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Fig. 5. Elution profile of DEAE-cellulose-purified CAF off a phenyl- 
Sepharose column.

Conditions: Loaded 6787 mg protein in 2476 ml of 20 mM Tris-
acetate, pH 7.5, 1 mM EDTA, 0.1% 2-mercaptoethanol, approximately 
250 mM KC1 onto a 5.0 x 30.0 cm phenyl-Sepharose column and 
eluted with a continuous gradient consisting of 1800 ml each 
of 20 mM Tris-acetate, pH 7.5, 1 mM EDTA, 0.1% 2-mercapto- 
ethanol, and this plus 250 mM KC1. Flow rate was 65 ml/hr and 
21.7 ml fractions were collected.
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An actipain affinity column was prepared by coupling 5 mg anti- 

pain to 4  g of a 6 % agarose that had been derivatized with 1 ,1 ’-carbonyl- 

diimidazole to produce a imidozolyl-carbamate matrix (Pierce Reacti-Gel) 

at pH 9.0 for 30 hours at 2°C or to 4 g of AH-Sepharose 4B in the pres

ence of 100 mg of carbodiimide at pH 4.5 for 16 hours at 2°C, we use the 

second method to couple antipain and AH-Sepharose 4B. After coupling 

for the specified period, the suspension was filtered on a Buchner fun

nel with gentle suction, was washed several times with the respective 

buffer (pH 9 phosphate or at pH 4.5), and was then reacted for 2 hours 

at 21-23°C with either 1 M ethanolamine (imidazoly1-carbamate) or 0.1 N 

acetic acid (AH-Sepharose) to block any remaining reactive groups that 

had remained on the agarose without being coupled to protein. After 

blocking all remaining reactive groups, the acetic acid or 1 M ethanol— 

amine was removed by gentle suction on a Buchner funnel, and the agarose 

with coupled antipain was washed four times with 5 volumes each time of 

1 M NaCl, 100 mM na-acetate, pH 4.0. This washing was followed by wash

ing four times with 5 volumes each time of 100 mM potassium phosphate, 

pH 8.0, 1 M NaCl. The washed antipain-agarose was suspended in 20 mM 

Tris-acetate, pH 7.5,1 mM EDTA, o.l% 2-mercaptoethanol. This suspen

sion was packed into a column, and the column was equilibrated with 2 0  

mM Tris-acetate, pH 7.5. It was observed that omitting EDTA from the 

column equilibration buffer assisted in binding CAE to the column.

The protein eluting from the phenyl-Sepharose column between 

the two vertical dashed lines in Fig. 5 were collected and were loaded 

directly onto the antipain affinity column. The antipain affinity
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column (2.6 x 6.3 cm) was eluted with a fairly steep gradient consisting 

of 200 ml each of 20 mM Tris-acetate, pH 7.5, 1 mM EDTA, 0.1% 2-mercapto- 

ethanol and this plus 500 mM KC1. CAF eluted from this column between 

250 and 400 mM KC1 (elution profile not shown).

SDS-polyacrylamide gels of the P25-65 cru< ê CAF and CAF inhibi

tor fraction and of the.active CAF fractions from, the three column chro

matographic procedures used to purify CAF are shown in Fig. 6 . Although 

the 80,000 and 30,000-dalton polypeptide chains of CAF are not detect

able in either the ^25-65 cru<*e CAF and CAF inhibitor fraction or the 

CAF fraction off the DEAE—cellulose column, they are evident in the CAF 

fraction off the phenyl-Sepharose column. The principal contaminants 

in the phenyl-Sepharose-purified CAF are a polypeptide chain just slight

ly larger than the 80,000-dalton CAF polypeptide and a polypeptide with 

a molecular weight of 45,000 to 50,000 (Fig. 6 ). Both these contamina

ting polypeptides are removed by the antipain affinity column. The 

antipain-purified CAF shown in Fig. 6  had been stored for some time be

fore electrophoresis and has no 30,000-dalton. subunit. This was a com

mon result when CAF was not purified promptly and is probably due to 

proteolytic degradation of the 30,000-dalton polypeptide. As indicated 

in the Review of Literature, the unusual susceptibility of the 30,000- 

dalton subunit to proteolytic degradation is probably the cause of some 

of the reports indicating that CAF has only an 80,000-dalton polypeptide. 

The active CAF fraction from an antipain affinity column typically is 

not 100% homogeneous but contains approximately 75-85% of its protein 

as CAF, as shown by the gel of antipain-purified CAF in Fig, 6 .
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Fig. 6 . SDS-polyacrylamide gels of the active CAP fractions obtained 
during purification of bovine cardiac muscle CAP.

Beginning with the Po- 4 5  crude CAP fraction, the type of chroma
tography used to produce the fraction is given above each gel. 
Gels are 7^% polyacrylamide and are run by using the phosphate 
buffer system of Weber and Osborn (1969). All gels are loaded 
with 2 2  yg protein per gel.
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Additional purification to nearly 100% homogeneity can be obtained by 

preparative polyacrylamide gel electrophoresis, but recoveries from this 

procedure are very low, usually less than 50%. Use of successive chro

matography on DEAE-cellulose, phenyl-Sepharose and antipain affinity 

columns, although not producing completely homogeneous CAF, greatly in

creased the amount of CAF that could be obtained. Yields of CAF from 

bovine cardiac muscle with this procedure are 15 to 20 mg per 1,000 g 

of muscle fresh weight and are 2.0 to 4.0-fold greater than the yield 

of 5 to 6.7 mg obtained with the earlier procedures.

Preparation of CAF Substrates

Three different protein substrates were used in this study for 

measurements of CAF activity: 1) casein; 2) myofibrils from rabbit skel

etal muscle; and 3) a sarcoplasmic protein fraction from rabbit skeletal 

muscle. Almost all assays of CAF activity used casein as a substrate 

protein, and assays on the myofibrils and sarcoplasmic protein fractions 

were done in only two experiments to determine the relative activity of 

CAF on these two protein substrates compared with its activity on casein.

The casein substrate was made by weighing 2.5 g Hammersten ca

sein (United7 States Biochemical Corporation, Cleveland, Ohio 44122) into 

a 250-ml volumetric flask and adding 50 ml 1M Tris-acetate, pH 7.5, 50 . 

ml 1M KC1, 5 ml 1M 2-mercaptoethanol, and 5 ml 0.1 M NaN^. Distilled 

water was added to bring the volume to approximately 2 0 0  ml, and casein 

was dissolved with the aid of magnetic stirring. After the casein was 

dissolved, the pH was adjusted to 7.5 by adding IN acetic acid or solid 

Tris as needed. The solution was then made up to 250 ml by adding
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distilled, deionized water. Consequently, the final concentrations in 

the stock casein solution were 10 mg/ml casein, 200 mM Tris-acetate, 

pH 7.5, 200 mM KC1, 20 mM 2-mercaptoethanol, 2 mM NaNg.

Myofibrils were prepared from rabbit skeletal muscle by using 

the procedure given in Fig. 7. This is the same procedure originally 

described by Goll et al. (1974) and involves removal of the membrane 

fragments that contaminate usual preparations of myofibrils by using 

two washes with 1% (w/v) Triton X-100. The final myofibril suspension 

is in 100 mM KC1 at a protein concerntration greater than 24 mg/ml.

A sarcoplasmic protein fraction was prepared by using the super

natant from the first centrifugation step in myofibril preparation (Fig. 

7), This supernatant fraction was adjusted to pH 4.9 to remove all en

dogenous CAF in the fraction that would otherwise interfere with assays 

of CAF activity on this, fraction. After removal of the CAF in this 

fraction by centrifugation, the pH was adjusted back to pH 7.0 to 7.5, 

and the fraction was then dialyzed against 100 mM KC1 with enough KHCOg 

to keep its pH between 7.0 and 7.5 (Fig. 8 ). After centrifugation, the 

sarcoplasmic protein fraction was in 100 mM KC1, pH 7.0 to 7.5 and at 

a protein concentration of 8  mg/ml (Fig. 8 ). Although this sarcoplasmic 

protein, fraction still contained CAF inhibitor, subsequent assays (see 

Results section of this thesis) indicated that CAF inhibitor concentra

tion in this fraction was so low that it did not affect assays of CAF 

activity. .
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Ground or Minced Muscle

1)

2)

Suspend in 10 volumes (v/w) 100 mM KC1, 20 mM 
K-phosphate, pH 6 .8 , 2mM MgCl^, 2 mM EGTA, 1 
mM NaNg (standard salt solution) by homogeniz
ing for 10 sec in Waring Blender.
Centrifuge at 1,000 xg for 10 min.

Supernatant 
(contains CAF 
and other sar- 

pro-

Supernatant
(discard)

Supernatant
(discard)

Supernatant
(discard)

Sediment

1) Suspend in 6 volumes (v/w) of standard salt 
solution by homogenizing for 10 sec in

( Waring Blender.
2) Centrifuge at 1,000 xg for 10 min.
1Sediment

1) Suspend in 8  volumes (v/w) of standard salt 
solution by homogenizing for 1 0  sec in 
Waring Blender.

2) Pass suspension through household nylon net 
strainer.

3) Centrifuge at 1,000 xg for 10 min.

Sediment

1) Suspend in 8  volumes (v/w) of standard salt 
solution by homogenizing for 10 sec in Waring 
Blender.

2) Pass suspension through household nylon net 
strainer.

3) Centrifuge at 1,000 xg for 10 min.

Sediment

Fig. 7,

1) Suspend in 6 volumes (v/w) of standard 
salt solution plus 1% (w/v) Triton X-100
by homogenizing for 10 sec in Waring Blender.

2) Centrifuge at 1,500 xg for 10 min.

Schematic diagram showing preparation of purified myofibrils 
from rabbit skeletal muscle by using differential centrifuga
tion:

Unless indicated otherwise, all steps were done at 0 to 4° C. 
All references to volumes refer to the original weight of 
ground muscle (taken from Go11 et al., 1974).
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Supernatant
(discard)

Supernatant
(discard)

Supernatant
(discard)

Supernatant
(discard)

Supernatant
(discard)

(discard)

Sediment

1) Suspend in 6 volumes (v/w) of standard salt 
solution plus 1% (w/v) Triton X-100 by

homogenizing for 10 sec in Waring Blender.
2) Centrifuge at 1,500 xg for 10 min.

Sediment

1) Suspend in 8 volumes (v/w) of standard salt 
solution by stirring vigorously with poly
ethylene stirring rod.

2) Centrifuge at 1,500 xg for 10 min.

Sediment

1) Repeat the last step four times, but sus
pending in 8  Volumes (v/w) of 100 mM KC1 
instead of standard salt solution; centri
fuge at I,500 xg after each suspension.

Sediment

1) Suspend in 8  volumes (v/w) of 100 mM KCl by 
homogenizing for 3 sec in Waring Blender.

2) Centrifuge at 1,500 xg for 10 min.

Sediment

1) Suspend in 8  volumes (v/w) of 100 mM KCl by 
homogenizing for 3 sec in Waring Blender.

2) Centrifuge at 1,500 xg for 10 min.

Sediment

1) Suspend in 2 volumes (v/w) of 100 mM KCl by 
homogenizing for 3 sec in Waring Blender. .

2) Do protein analysis of suspension.

Purified Myofibrils (free of membranes).

Fig. 7 -—  Continued.
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Ground or Minced Muscle

1) Suspend in 10 volumes (v/w) 100 mM KCl, 20 mM K-phosphate, 
pH 6 = 8, 2 mM MgCjU, 2 mM EDTA, 1 mM NaN^ by homogenizing 
for 10 sec in a Waring Blender.

2) Centrifuge at 1,000 xg for 10 min.
I

Sediment
(contains
myofibrils)

Sediment 
(contains CAF)

Sediment

Supernatant

1) Add 1 N acetic acid to final pH of 4.9. 
Let sit for 15 min.

2) Centrifuge at 7,000 xg for 10 min.

Supernatant

1) Adjust pH to 7.0 - 7.5 by adding solid Tris.
2) Dialyze against four changes of 1 mM KHCO-, 

100 mM KC1.
3) Centrifuge at 106,500 xg (ave) for 60 min.

Supernatant do protein analysis 
(sarcoplasmic protein fraction)

Fig. 8. Schematic diagram showing preparation of a sarcoplasmic protein 
fraction from rabbit skeletal muscle.

Unless otherwise indicated, all steps were done at 0 to 4 C.
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Other Experimental Procedures

CAE Assay

Assays of CAE activity were done by adding 1 ml of the stock 

casein solution to a 12-ml conical centrifuge tube. Fifteen to fifty 

Ug CAE in 1 mM KHCOg, 5 mM EDTA, 5 mM 2-mercaptoethanol was added and 

then the various cations, detergents, etc. being tested in that particu

lar assay were added. Water was added as necessary to bring the total 

volume to 1.9 ml. This mixture was incubated at 25.0 C for 10 min., and 

the enzymatic reaction was initiated by adding 0.10 ml of 100 mM CaClg. 

Consequently, final conditions of the basic assay were 5.0 mg/ml casein 

protein, 100 mM Tris-acetate, pH 7.5, 100 mM KC1, 10 mM 2-mercaptoetha

nol, 1 mM NaN, and cations or other agents at various concentrations.
. j -

Details will be given with the individual experiments. CAE activity 

was stopped by adding 2.0 ml of 5% trichloroacetic acid (final concen- ' 

tration of trichloroacetic acid was 2.5% (w/v)) with: immediate mixing. 

The tubes were centrifuged at 1,800 xg (ave) for 30 min. at 25 C, and 

the supernatant was filtered through Whatman No. 541 filter paper to re

move the small particles of denatured protein that were very difficult 

to sediment. Absorbance of the filtered supernatant was read at 278 nm 

against a blank that contained 5.0 mg casein/ml, 100 mM Tris-acetate, 

pH 7.5, 100 mM KC1, 10 mM 2-mercaptoethenol, 1 mM NaNg, and 5 mM CaCl^ 

in the original assay tube. Assays were usually done for 30 min at 

25 C, although, the time of the assay was occasionally adjusted as neces

sary to keep absorbance readings between 0.05 and 0.600.
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Assays using sarcoplasmic or myofibrillar protein fractions as 

substrates were performed similarly to those using casein as a substrate. 

The sarcoplasmic protein fraction (see preceding section) was added to a 

12-ml conical centrifuge tube and 2 M KC1, 0.1 M Tris-acetate, pH 7.5,

1 M 2-mercaptoethanol, 0.1 M NaN^ were added so that final assay condi

tions were 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 10 mM 2-mercapto-

ethanol, 1 mM EaNg, 5.0 mg sarcoplasmic protein/ml in 2.0 ml final vol-
2+ume. One-tenth molar CaClg or EDTA Were added to make final Ca or ̂

EDTA concentration to 5 mM to initiate the enzymatic proteolysis. The

reaction was stopped after 30 min by adding 2.0 ml of 5% (w/v) tri-

chloroaectic acid, and the tubes were handled as already described for

the casein assays. Assays with myofibrils as substrates were also done

for 30 min at 25°C under the final conditions, of 100 mM KC1, 100 mM

Tris-acetate, pH 7.5, 10 mM 2-mercaptoethanol, 1 mM NaN^, 5.0 mg myo-
2+fibrillar protein/ml, and either 5 mM Ca or 5 mM EDTA as.described 

for the sarcoplasmic protein assay. The myofibrillar protein assay, 

however, was stopped by adding 2.0 ml of 20 mM EDTA (final EDTA concen

tration of 10 mM), and the suspension then centrifuged at 81,000 xg 

(ave) for 30 min to sediment completely all insoluble protein. Absorb

ance of the clear supernatant was read at 278 nm against the tube that 

contained 5 mM EDTA.

Total units of CAE activity were calculated by using the follow

ing equation;

Total CAE activity (units/mg) = (OD of active tube (5 mM 
Ca or similar) - OD of blank (5 mM EDTA or similar)) x 
4 x 1000/(pg CAE/ml in assay )



where multiplication by 1000 changes activity from units per yg of CAE 

to units per mg of CAE and multiplication by four is a dilution factor 

to account for four ml of assay volume after addition of the trichloro

acetic acid or 20 mM EDTA.

Purification of Inhibitors

A  variety of commercially available inhibitors of proteolytic 

enzymes were tested to learn their effects on CAE activity. Preliminary 

experiments indicated that many of the commercially available inhibitors 

contained impurities that were not precipitated in 2.5% trichloroacetic 

acid and that absorbed intensely at 278 nm. The presence of these ultra- 

violet-absorbing impurities even in supposedly highly purified prepara

tions of et-l-antiproteinase or lima bean trypsin inhibitor made it 

impossible to assay accurately the effects of these inhibitors on CAE 

activity in the standard casein assay.

Because the ultraviolet-absorbing impurities were not precipi

tated in 2.5% trichloroacetic acid, it seemed likely that they were 

either nonproteinaceous, small molecules or were small peptides, either 

of which might be removed from the inhibitors by gel permeation chroma

tography. Therefore, the inhibitors were dissolved in distilled, deion

ized water to give the following solutions: 8^-antiproteinase, 5 ml at 

4.8 mg/ml; lima bean trypsin inhibitor, 5 ml at 5.4 mg/ml; and soybean 

trypsin inhibitor, 5 ml at 5,34 mg/ml. Aprotinin was obtained in a 

dissolved form at 1.02 mg/ml. All protein concentrations were deter

mined by the biuret assay (Gornall et al., 1949; Robson et al., 1968). 

Five ml of each of these inhibitor solutions (ten ml of the aprotinin
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inhibitor) were passed through a 2.6 x 36.1 cm Sephadex G-15 gel perme

ation column in 20 mM Tris-acetate, pH 7.5, 1 mM NaNg. Trypsin inhibi-. 

tor activity eluted at the void volume of this column for all four of 

these inhibitors, and a small amount of ultraviolet-absorbance eluted 

at the included volume of the column (a typical elution profile is 

shown in Fig. 9). Tubes containing the eluted trypsin inhibitor activ

ity were collected, and were assayed for protein content with the biuret 

assay to give the following results; o^-antiproteinase, 28.0 ml at 0.55 

mg/ml = 15.4 mg protein; lima bean trypsin inhibitor, 27.5 ml at 0.90 

mg/ml = 24.75 mg protein; soybean trypsin inhibitor, 28 ml at 0.60 mg/ 

ml - 16.8 mg protein; and aprotinin, 28.0 ml at 0.35 mg/ml == 9.8 mg pro

tein. None of the inhibitor solutions contained ultraviolet-absorbing 

material after precipitation in 2.5% trichloroacetic acid, so the chro

matographed inhibitor solutions were used directly in assays of CAF ac

tivity.

Other Procedures

Protein concentrations were determined by using the biuret assay 

(Gornall et al., 1949) as modified by Robson et al, (1968), or the Folin- 

Lowry assay (Lowry et al., 1951) as modified by Goll et al. (1964). All 

solutions were made by using distilled, deionized water that had been 

redistilled in glass and stored in polyethylene containers. Polyacryl

amide gel electrophoresis in the presence of sodium dodecyl sulfate was 

done in 0.1% SDS, 100 mM Na-phosphate, pH 7,0 essentially as described 

by Weber and Osborn (1969). Details of this procedure are given by 

Suzuki et al (1976). Salt concentrations in the KCl gradients used to
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Fig. 9. Elution profiles of trypsin inhibitors off the Sephadex G-15 
column.

The elution profiles of blue dextran and 2-mercaptoethanol are 
shown to indicate the void volume (V-) and the included volume 
(V.), respectively, of the column. The elution profile of apro- 
tinin is shown as an example of the elution profiles of the 
various trypsin inhibitors purified with this column. Aprotin- 
in (Mtf = 6,518) is the smallest of the trypsin inhibitors used 
in this study and eluted slightly after the void volume of the 
Sephadex G-15 column. The other trypsin inhibitors, lima bean 
trypsin inhibitor (MW = 9,195), a}-antitrypsin inhibitor (MW =
54,000) and soy bean trypsin inhibitor (MW = 20,095) eluted at 
the void volume of this column. The void volume, V^, was 66.7 
ml, and the included volume, V., was 156.8 ml. Ten ml of apro- 
tinin and 5.0 ml of lima bean irypsin inhibitor, -antitrypsin 
inhibitor and soy bean trypsin inhibitor were applied in dif
ferent runs to the column and were eluted with 20 mM Tris-ace-
tate, pH 7.5, 1 mM NaNg. The column was 2.6 x 36.1 cm, and the
flow rate was 37.0 to 38.5 ml/hr. Fractions were collected
every 15 min. The experiment was done at 2 C.
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elute the DEAE-cellulose and phenyl-Sepharose columns were measured with 

a Radiometer CDM 3 conductivity meter standardized against KC1 solutions 

of known concentrations.

Materials:

Casein was Hammersten casein purchased from the United States 

Biochemical Corporation, Cleveland, Ohio. Azocasein; adenosine 5f-tri

phosphate, disodium salt, 99-100% purity; adenosine 5 ’-diphosphate, 

sodium salt, 95—99% purity; inosine 5 ’-diphosphate, sodium salt; inosine 

5 ’-triphophate, sodium salt, 95-97% purity; soybean trypsin inhibitor. 

Type I-S, lyophelized; lima bean trypsin inhibitor. Type II-L, crude 

powder; chicken egg white ovomucoid trypsin inhibitor, Type III-O, puri

fied; chicken egg white ovoinhibitor, Type IV-0, purified; aprotinin 

trypsin inhibitor from bovine lung; oi^-antitrypsin antiproteinase)

from human plasma; phenylmethylsulfonyl fluoride; trypsin. Type III, 2 

times crystallized from bovine pancreas; Triton X-100 (octyl phenoxy 

polyethoxyethanol); Brij 35 (polyoxyethylene 23—lauryl ether); sodium 

dodecyl sulfate, 95% purity; and sodium azide were purchased from Sigma 

Chemical Company, St. Louis, Missouri. Strontium chloride, lanthanium 

chloride, zinc chloride, cadmium chloride, and chromiumous chloride 

were purchased from Fisher Scientific Company, 2761 Walnut Avenue, Los 

Angeles, California. Antipain, leupeptin and pepstatin were purchased 

from Cal-Med, Emeryville, California. The preparations of antipain, 

leupeptin and pepstatin used initially in this study were gifts of 

Professor H. Umezawa, Institute .of Microbial Chemistry, Tokyo. All 

other chemicals were of analytical reagent grade or purer.



CHAPTER 4

RESULTS

The results of this study on enzymatic properties of CAE will be 

presented in six different sections in the following order: (1) general

properties of hydrolysis of casein by CAE; (2) effect of ionic strength 

and various divalent cations on CAE activity; (3) effect of nucleotides 

on CAE activity; (4) effect of urea and several nonionic and ionic deter

gents on CAE activity; (5) effect of different protease inhibitors on 

CAE; and (6) activity of CAE with different substrates.

General Properties of Hydrolysis of Casein by CAE 

Although the physiological role of CAE remains uncertain, it is 

clear from the detailed earlier studies by Dayton et al. (1976a; 1976b) 

that CAE is a proteolytic enzyme, and that, although CAE has a very 

limited range of proteolytic activity, it will degrade casein to peptides 

that are soluble in 2.5% (w/v) tricholoracetic acid. Consequently, it 

was decided to use casein as the substrate in the detailed examination 

of the catalytic properties of CAE done in the present study, even 

though casein obviously is not the native substrate for CAE. A number 

of earlier studies with CAE have used casein as a substrate (Azanza et 

al., 1979; Dayton et al., 1976a; 1976b; Ishiura et al., 1978; Mellgren, 

1980; Toyo-oka and Masaki, 1979; Toyo-oka et al., 1978), but only two 

of these groups of investigators (Dayton et al., 1976b; Toyo-oka and
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Masaki, 1979) have studied the time-course of casein hydrolysis by CAF 

to establish whether this time-course is linear in its early phases and 

whether amount of casein hydrolysis is proportional to CAP concentration, 

at least over a limited range. The studies of Dayton and coworkers 

(Dayton et al., 1976b) were done with porcine skeletal muscle CAP, and 

the studies of Toyo-oka and Masaki (1979) were.done with bovine cardiac 

CAP that contained only the 80,ti00-dalton polypeptide. Consequently, 

several initial experiments were done in this study to establish the 

basic properties of casein hydrolysis of bovine cardiac CAP having both 

the 80,000 and 30,000-dalton polypeptides.

The data in Pig. 10 shows that the amount of material soluble 

in 2.5% trichloroacetic acid (w/v) and absorbing at 278 nm that was re

leased from casein by 30 min incubation with CAP at 25° C increased as 

casein concentration increased from 0.1 mg/ml to approximately 3 mg/ml. 

Above 3 mg/ml casein substrate, the amount of material that absorbed at 

278 nm and that was released during 30 min, incubation with CAP remained 

constant. I had originally selected 30 min as a reasonable assay time 

for estimating CAP activity; it is sufficiently long to make minor 

errors in timing during addition or mixing of the enzyme negligible, and .. 

it is sufficiently short to permit large numbers of assays and to min

imize problems with microbiological contamination or nonproteolytic de

gradation of the substrate. Also, Dayton et al. (1976b) had originally
2+shown that CAP is very susceptible to autolysis in the presence of Ca 

and that this, susceptibility to autolysis greatly increases at temper

atures above 25° C. Therefore, although choice of a shorter assay time
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Fig. 10. Effect of casein concentration on CAP activity.

Conditions: 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 5 mM
CaCl2 > 10 mM 2-mercaptoethanol, 1 mM NaNg, casein as indicated, 
7.5 or 25 yg CAF/ml, 25 C. Points are means plus or minus 
standard errors (vertical bars) of six determinations on three 
different CAP preparations.



or a lower assay temperature probably would have reduced the casein 

concentration required to produce maximum release of 278-absorbing 

material, the results in Fig. 10 indicate that at least 3.0 mg casein 

substrate/ml are required for the conditions chosen for this study. 

Consequently, the remainder of the experiements done in this study 

used 5.0 mg casein/ml as a substrate concentration.

Fig. 11 shows the time-course of rate of casein hydrolysis by 

CAF. Release of material absorbing at 278 nm follows pseudo first 

order Kinetics and is nearly linear for the first 10 min. Rate of 

release of material absorbing at 278 nm decreases slightly after 10 min. 

of incubation, but this decrease was very small compared with the other 

experimental errors inherent in measuring CAF activity. Consequently, 

single-point, 30-min assays were used in most subsequent experiments 

described in this study, and it was assumed that release of material 

.absorbing at 278 nm was linear during this 30-min period. Caution was 

always taken to insure that amount of CAF added to the assay was ad" 

justed to keep the absorbance read in the assay below 0.6, because rate 

of release of material absorbing at 278.nm decreased rapidly above this 

point. The results of these experiments (Fig, 11) differ slightly from 

the earlier results given by Dayton et al. (1976b) and Toyo-oka and 

Hasaki (1979), although the conditions used by these two groups of in

vestigators to estimate CAF activity were very similar to those used in 

the present s t u d y i . e . , 5.0 mg casein/ml, 100 mM KC1, Tris-acetate at 

pH 7.5, 10 mM 2-percaptoethanol and 5 mM CaCl^, Dayton et al. (1976b) 

found that release by CAF of material absorbing at 278 nm from casein
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Fig. 11. Time-course of release by CAP of material soluble in 2.5% (w/v) 
trichloroacetic acid and absorbing at 278 mn from casein.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 5 mM CaCl2 , 10 mM 2-mercaptoethanol, 1 mM NaNg, 7.5 or 
15 yg CAF/ml, 25° C. Figures are means plus or minus standard 
errors (vertical bars) of six determinations on two CAF differ
ent preparations.
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at 25° Co was completely linear up to 30 min. Absorbance at the end

of 30 min was only 0,45 to 0..50. Dayton et al, (1976b), however9 used 

porcine .skeletal muscle CAF and also used only 5 yg CAF/ml in their 

assays instead of the 7»5 or 15 yg CAF/ml used in the present study« 

Consequently, the results of Dayton et. al.- (1976b) and those of the 

present study are in fairly close agreement despite the different 

sources of CAF.

Toyo-oka and Masaki (1979) found that release by CAF of material 

absorbing at 278 nm from casein was linear for the first 30 min and 

then decreased rapidly after this time. Activity of the CAF used by 

Toyo-oka and Masaki (1979) was very low compared with the activity of 

CAF used in the present study of by Dayton and coworkers (1976b). The 

CAF used by Toyo-oka and Masaki (1979) had 0.5 to 0.9 OD^^g units activ

ity/mg protein after 30 to 120 min of incubation compared with 80 to 

100 0^278 units/mg protein after 30-40 min for. the CAF used in the 

present study. There is no obvious reason for this large difference in 

activity because both CAF preparations were made from bovine cardiac 

muscle. Toyo-oka and Masaki (1979) stopped their reaction by adding 

perchloric acid to a final concentration of 2.66% compared with addition 

of trichloroacetic acid to a final concentration of 2.5% used in the 

present study. It is possible that absence of the 30,QOQ-dalton poly

peptide or presence of larger amounts of protein contaminants in Toye- 

oka and Masaki's CAF preparations or both these circumstances caused 

the ostensibly low activity of their preparations. Toyo-oka and Masaki 

(1979) indicate that their preparations had been purified approximately
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10,000-fold, whereas, the preparations used in the present study had 

been purified approximately 18,000-fold, similar to the purification 

reported by Dayton et. al. (1976a) for porcine skeletal muscle OAF.

Effect of Ionic Strength and Various 
Divalent Cations on CAE Activity

2+A1though all previous studies have agreed that Ca is required

for highest activity of GAP, they have not agreed on the exact level 
2+of Ca needed for maximum activation. Also, there have been conflic-

2- f . 2-f 2 +ting findings on whether the divalent cations, Mg. , Ba , Mn , and
2 1

Sr activate CAP, and no studies have been reported showing the effect 

of monovalent cations on CAP activity. Therefore, a systematic study 

was done to determine the effects of various monovalent and divalent 

cations on.CAP activity.

The ability of CAP to hydrolyze casein decreases as either KC1

or NH^Cl concentration increases from 75 to 500 mM in the presence of

5 mM CaClg (Fig. 12). In NH^Cl, CAP activity seems maximal at 75 mM 

and decreases as NH^Cl concentration decreases from 75 to 0 mM (Pig. 12), 

In KC1, however, CAP activity continues to increase as KC1 concentration 

declines: from 75 to 0 mM. Several experiments (not shown in Fig. 12) 

indicated that CAP ability to degrade casein declines at the same rate

as shown in Fig. 12 as KC1 or NH.C1 concentration is increased to■ ' ' • , 4 '
1000 mM. The monovalent ions K*", NH^+ , and Cl"' could affect CAP activ

ity either by a direct effect on CAP or, by affecting structure of the 

casein substrate.

To obtain some evidence on how KC1 and NH^Cl affect the ability

of CAP to degrade casein, the effects of these salt solutions on
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Fig. 12. Effect of KCI or NH4 CI concentration on hydrolysis of casein by 
CAF or trypsin.

Conditions: 5.0 mg casein/ml, 100 mM Tris-acetate, pH 7.5,
5 mM CaCl2 , 10 mM 2-mercaptoethanol, 1 mM NaNg, KCI or NH4 CI 
as indicated, 7.5 or 15 pg CAF/ml, or 7.5 pg trypsin/ml, 25.0 
C. Points are means plus or minus standard errors (indicated 
by vertical lines) of eight determinations on three CAF prepar
ations, or of four determinations on one trypsin preparation.
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ability of trypsin to degrade casein was tested. Although trypsin ac- . 

tivity on synthetic substrates is insensitive to KC1 concentration in 

the range 0 to 500 mM used in this experiment, the ability of trypsin 

to degrade casein decreases as KC1 concentration increases from 0 to 

500 mM (Fig. 12). Least squares analysis showed that slope of the 

trypsin vs. KOI line was -0.031 ODgyg units/mM salt, whereas slope of

the CAF vs. KC1 line was -0.068 ODgyg units/mM salt. These two slopes

differ significantly at P<0.0005. Consequently, KC1 has a larger effect 

on CAF activity than it does on trypsin activity; it may be that KC1

affects CAF directly, whereas it has no effect on trypsin or that the

kCl-induced changes in casein hinder the accessibility of CAF (MW=

110,000) to susceptible bonds in casein more than they,do the accessibil

ity of trypsin (MW=24,000) to the trypsin-rsensitive bonds. The slope of 

the CAF vs. NH^Cl line is. slightly steeper than the slope of the CAF vs," 

KCl line (slope of -0,081 OD^yg units/mM compared with -0.068 OD^yg 

units/mM; P<0.025); this suggests that NH^Cl differs from KCl in at 

least two ways in its effects on CAF’s digestion of casein: 1) CAF 

activity is maximal at .75 mM NH^Cl and decreases, as NH^Cl concentration 

decreases from 75 to 0 mM, whereas CAF activity increases as KCl con

centration decreases from 75 to 0 mM; 2) increasing NH^Cl decreases 

CAF activity slightly more per unit of added NH.Cl than increasing KCl 

does.

One of the difficulties encountered in the attempts in this 

study to obtain quantitative data on the effects of various cations on 

CAF activity was the wide variation in activity among purified CAF 

preparations that ostensibly had been purified and handled identically.
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This variation seemed to occur more frequently earlier in this study, 

but neither it nor its decreasing incidence as the study progressed had 

any obvious explanation. Examples of these variations in CAF activity 

are shown in Figs- 13 and 14. Most CAF preparations when assayed under 

"standard conditions" (100 mM KC1, 100 mM Tris—acetate, pH 7.5, 5 inM 

CaClg, 10 mM 2-mer cap toe thano1, 1 mM NaN^, 25,0°C) soon after purifica

tion had activities of 60 to 80 OD^^g units/mg protein/30 min. (see 

Fig. 12). Occasionally, however, a CAF preparation would have activi

ties 1.5 to 2 times higher than this usual activity. These unusually 

highly active CAF preparations responded to different KC1 and NH^Cl 

concentrations similarly to the normally active CAF preparations (Figs. 

13 and 14). Although slope of the plot of activity of the highly active 

CAF vs. KC1 concentration is steeper than slope of the plot of activity 

of normal CAF preparations vs. KC1 concentration (-0.109 OT* 2 7 8 units/mM 
compared with -0.068 C ^ ^ g  units/mM; .P<0.005; Fig. 13),.. slope of the 

plots of activity vs, NH^Cl concentration for these two kinds of CAF were 

identical (-0.086 OD278 ™lts/™M for highly active CAF compared with 

-0.081 ODgyg units/mM for normal CAF; Fig. 14). Comparison of Figs. 13 

and 14 indicate that activity of these unusually active CAF preparations 

were increased above the normal activity by approximately the same per

centage, regardless' of whether.: KC1 or NH^Cl was present.

Experiments done to test the effects of varying concentrations 

of NH^Cl on activity of CAF in the presence of 100 mM KC1 indicated 

that the peculiar decrease in CAF activity when NH.Cl concentration 

decreases from 75 to 0 mM also occurred when 100 mM KC1 was present
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Fig. 13. Variation among different CAF preparations in activity on casein 
in the presence of different KC1 concentrations.

Conditions: 5.0 mg casein/ml, 100 mM Tris-acetate, pH 7.5, 5 mM
CaClg, 10 mM 2-mercaptoethanol, 1 mM NaNg, KC1 as indicated, 7.5 
or 15 yg CAF/ml, 25.0° C. Points are means plus or minus stand
ard errors (indicated by vertical lines) of eight determinations 
on three CAF preparations (lower line) or two determinations on 
one CAF preparation (upper line). The lower line is the same 
line shown as for CAF and KC1 in Fig. 12.
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Fig. 14. Variation among different CAF preparations in activity on ca
sein in the presence of different NH Cl concentrations.

Conditions: 5.0 mg casein/ml, 100 mM Tris-acetate, pH 7.5,
5 mM CaCla, 10 mM 2-mercaptoethanol, 1 mM NaNg, NH4 CI or NHi+Cl 
plus 100 mM KCI as indicated, 7.5 or 15 yg CAF/ml, 25.0° C. 
Points are means plus or minus standard errors (indicated by 
vertical lines) of eight determinations on three CAF prepara
tions for NH4 CI alone, of six determinations on two CAF prep
arations for NH4 CI plus 100 mM KCI, and of two determinations 
on one CAF preparation for NH4 CI alone (high). The line shown 
for NH4 CI alone is the same line as shown in Fig. 12.



(Fig. 14). The GAF preparations used in these experiments on simultan

eous presence of NH^Cl and 100 mM KC1 also had activities above normal. 

Hence, the high activities of the NH^Cl plus 100 mM KC1 line in Fig. 14 

is due to the GAF preparations used and not to an unusual activating 

effect of NH^Cl plus 100 mM KC1.

Although, all studies have agreed that GAF prepared by the usual
24-procedures requires millimolar levels of Ca for maximum activity, the

2+exact amount of Ca required for maximum activity has varied from 0.9

mM (Suzuki et al., 1979), 1.0 mM (Dayton et al., 1976b), 1.8 mM

(Ishiura et al., 1978), 2.0 mM (Toyo-oka and Masaki, 1979), to 2.8 mM

(Suzuki et al,, 1979). A careful study of the dependence of GAF activity

on Ca^+ indicates that bovine cardiac muscle GAF is maximally active
2+between 2 and 5 mM Ca (Fig. 15). Bovine cardiac GAF activity de-

2+creases rapidly below 1.0 mM Ca and is only 1 to 2% of maximal activ- 
2+ity at 0.5 mM Ca (Fig. 15). GAF activity also decreases above 5 mM 

2+Ca , but this decrease occurs much more slowly, and GAF activity is
2+still 70 to 80% of; maximum activity at 25 mM Ca (Fig. 15). Other

investigators (Dayton et al., 1976b; Toyo-oka and Masaki, 1979) have
24"reported that GAF activity decreases slightly as Ca concentration is 

raised above 10 mM.

It has been suggested (Stauher et al., 1976) that the presence
■ ' 2+of Mg is the near physiological range (i.e., millimolar) might result

in activation of GAF at physiological (i.e., micromolar) concentrations
2+ ' 2+ of Ca . A careful study of the effect of Ca concentration on. GAF

activity in the presence of 1 mM Mg^+ showed that Mg^+ has no effect on
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Fig. 15. Effect of Ca2+ concentration in the absence and presence of 
1 mM Mg2"*" on release of soluble peptides from casein by CAF.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 10 mM 2-mercaptoethanol, 1 mM NaNg, CaCl? as indicated, 
0 or 1 mM Mg2"*" as indicated, 7.5 pg CAF/ml, 25.0 C. Points 
are means plus or minus standard errors (indicated by the ver
tical lines) of eight determinations on two CAF preparations 
for Ca2+ alone, and of four determinations on two CAF prepara
tions for Ca2+ plus 1 mM Mg2"*".
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2+th.e Ca requirement of purified CAF; the dependence of CAF activity on

C a ^  concentration is identical in the presence or absence of Mg^+ (Fig,

15). Dayton et al, (1976b) and Waxman (1978) have previously reported 
2+that 1 mM'Mg has no effect on CAF activity in the presence of 1 mM

Ca2+.
24"Several proteinases are activated by Zn (Brandenet al., 1973;

Hartsuck et al., 1975; Lipscomb, 1973; Quiocho and Lipscomb, 1971).
2+A1though two earlier studies have reported that Zn either does not 

activate CAF (Ishiura et al., 1978) or inhibits CAF (Azanza et al.,
2+1979), it seemed important to establish that small quantities of Zn

might not act cooperatively with Câ "*" to lower the C a ^  requirement of

CAF to the micromolar or physiological range. One-tenth millimolar 
■ 24* ■Zn completely inhibited CAF degradation of casein in the presence of 

24* 24"5 mM Ca , and 1 pM Zn caused a 40% inhibition of CAF in the presence
2+  24-of 5.0 mM Ca (Fig. 16). Moreover9 1 pM Zn had no effect on the

24-Ca required by CAF for maximum activity (Fig. 16). Consequently, it
24-is very unlikely that Zn is involved in physiological activation of 

2+CAF by Ca .

Numerous, conflicting reports exist as to whether CAF is acti—
24* 24" 24- 2+vated by divalent cations other than Ca Sr , Ba , Mg have been

reported by one group of workers (Suzuki et al., 1979) to have no acti

vating effect on CAF, whereas most other investigators, find, that CAF is.
2+activated by Sr , although the activation is less and higher concentra- 

2+tions of Sr , up to 10 mM (Ishiura et al., 1978), are required for

activation (Azanza et al., 1979; Ishiura et al., 1978; Toyo-oka and
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Fig. 16. Effect of Zn2+ on Ca2+-activation of CAP.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 10 mM 2-mercaptoethanol, 1 mM NaNg, CaClz as indicated, 
Zn Cl2 as indicated, 7.5 Pg CAF/ml, 25.0° C. Figures are means 
plus or minus standard errors (indicated by the vertical lines) 
of six determinations on two CAF preparations for Ca2+ alone, 
of six determinations on two CAF preparations for Ca2+ plus 1 pm 
Zn2+, and of four determinations on two CAF preparations for 
Ca2+ plus 0.1 mM Zn2+.
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Masaki, 1979)» Ishiura et ale (1978) found that Mn^+ ? and Ba^+
24-did not activate CAFS but Azanza et al. (1979) reported that 10 mM Mg

24-caused 34% as. much activation of CAF as 10 mM Ca « Toyo-oka and Masaki

(1979) found that 5 mM B a ^  caused 36% and 5 mM M n ^  caused 19% as much
24-activation of CAF as 5 mM Ca , but could find no activation by 5 mM

24.
Mg . T o  attempt to resolve some of these ostensibly conflicting re

ports, a careful study of the effects of a number of different di- and 

tri-valent cations on CAF activity was done over a concentration range
o t " ’ O—I—

of 0.5 to 15 mM. As summarized in Table 4, Mg , Zn , Cr , and Cd

cause no activation of CAF when added above at concentrations ranging
3+from 0.5 to 9.0 mM. La , which has nearly the same ionic radius as 

2+Ca activates CAF over a narrow range of 2 to 3 mM;. maximum activation .

by Lâ "*" is approximately 20 to 25% of the maximum activation by Ca^+

(Table 4). Waxman and Krebs (1978) have previously reported that La^"
2+ 24*activates CAF approximately 20% as well as Ca at 1 mM« Sr also

activates CAF, but activation by S r ^  does not begin until 5 mM S r ^
2+

is present, and increases at higher Sr concentrations (Table 4). At
24* 24-9 mM, Sr causes approximately 45 to 50% as much activation as Ca

The results in Table 5 indicate that Mn^+ and Ba^1" cause a very 

small activation of CAF. This activation occurs only over a narrow con

centration range of 2 to 5 mM for both these divalent cations. Maximum

activations by both Mn^+ and Ba^+ are 8 to 10% of the activation by Ca +
■ ' 3+.and is approximately one-half of the maximum activation caused by La .

o  j 24“ " 34’Consequentlyj although. M n ‘ and Ba resemble La in their activation

of CAF over a harrow concentration range of 2 to 5 mM, they cause
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Table 4. Effect of different cations on hydrolysis of casein by CAF.a

Cation
Concen
tration
(mM)

Cation

Ca2+ Mg2+ Zn2+ Cr2+

0.5 1.52+0.96(10) -1.96+1.16(6) -0.72+1.88 (4) -2.44+0.80(6)
1.0 57.44±5.00 (9) -1.44+0.96(6) -0.80+1.40(10) -1.7610.92(6)
2 . 0 88.00±5.80 (9) -1.60+0.32(8) -1.0410.72 (6 ) -5.7211.32(8)
2.5 90.88+7.88(10) -1.48±0.44(4) -1.6410.72 (6 ) -0.6010.44(6)
3.0 83.68+5.40(10) -0.44+0.32(6) -1.28+0.52 (4) 3.0413.04(4)
5.0 82.60+6.48(10) -2.48+0.36(6) -1.04+0.80 (4) -2.68+1.36(6)
9.0 83.72+6.76(10) -1.04+0.60(6) -1.4010.64 (4) -0.4812.36(6)

Cation
Concen
tration
(mM)

Cation

Cd2+ La3+ Sr2+

0.5 -2.2411.08(6) -1.6410.68 (8 ) -1.6010.88(10)
1.0 -2.0011.08(6) -4.0010.68(10) -2.88+1.24(10)
2 .0 -0.5211.24(8) 20.56+4.24 (9) -2.3210.64 (8 )
2.5 -0.9211.68(4) 1 0 .6 6 1 2 .1 6 (1 0) -1.56+1.16(10)
3.0 -0.4010.48(6) 4.8811.40(10) -1.2010.52(10)
5.0 -2.52+1.64(6) -0.60+0.84(10) 1.9210.96(10)
9.0 0,08+0.48(6) -5.3211.00(10) 41.5613.52(10)

a Numbers are means plus or minus standard errors of the number of deter
minations indicated in the parentheses. Activities are expressed as 
OD-yg units/mg CAF protein/30 min. Assay conditions were 5.0 mg 
casem/ml, 100 mM KC1, 100 mM Tris-acetate, pH 7.5, cation concentra
tion as indicated, 10 mM 2-mercaptoethanol, 1 mM NaN^, 25.0 C.
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Table 5. Effect of Ca^+ , and Ba^+ on hydrolysis of casein by CAF.a

Gone Ca2+ Mn2+ Ba2+

0.5 mM 7.20+2.16 1.87+1.13 2.94±5.28

1.0 57.60+3.78 -1.87+1.13 -0.54+0.76

2 . 0 73.60+5.28 -2.14+0.76 2.67±4.53

2.5 76.54+4.90 6.94+0.76 5.60+1.88

3.0 72.80+8.67 1.07+2.26 5.87+4.53

5.0 76.27+3.02 3.47+1.89 2.40+3.39

9.0 76.53+1.13 3.20+0.75 2.94+2.64

15.0 73.60+0.75 0.80+1.13 0.54+1.51

3. Numbers are means plus br minus standard errors of 6 determinations 
on 2 GAP preparations. Activities are expressed as OD— g units/mg 
GAF protein/30 min. Conditions; 5.0 mg casein/ml, 100 mH KC1, 100 mH 
Tris—Acetate, pH 7.5, cation concentrations as indicated, 10 mM 2-mer^ 
captoethariol, 1 mM NaN3, 15 pg. GAF/ml, 25.0° C.
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3+approximately only one-half the activation that La does» The rela-

2+ 24- 34- 24- 24-tionships among activation of CAF by Ca . , Sr 5 La , Ba , and Mn
24-is shown graphically in Fig. 17. Because the ability of Sr to acti-

24-vate CAF increased markedly between 5 and 9 mM added Sr (Table 4, Fig.
24-17), an additional experiment was done to examine the effects of Sr

on CAF activity at Sr^+ concentrations up to 20 mM. The ability of Sr^+

to activate CAF increases at levels up to 20 mM, although increasing

Sr^+ elicits progressively less CAF activation between 12 and 20 mM Sr^+
24- 24-(Fig. 18). At concentrations of 20 mM, Ca and Sr cause approximate

ly equal activation of CAF, although this activation is only about 80%
24-of the maximum activation caused by 2 to 5 mM Ca (Fig. 18).

Effect of Nucleotides on CAF Activity 

In an early paper describing the properties of a proteolytic 

system that in retrospect almost certainly contained CAF, Kohn (1969) 

reported that proteolysis by this system was inhibited by 5 mM ATP, ADP, 

and ITP but not by 5 mM IDP. When these nucleotides were present at 

1 mM levels, ATP and ADP stimulated proteolysis, but the inosine phos

phates had no effect. Consequently, this proteolytic system that very 

likely contained CAF reacted in an unusual way to the presence of nucle

otides. A number of investigators (DeMartino and Goldberg, 1979; Gold

berg et al., 1976; Voellmy and Goldberg, 1981; Wilkinson et al., 1980) 

have shown that ATP stimulates intracellular protein turnover under a 

variety of conditions, and it has been suggested that ATP-stimulated 

proteolysis is important in initiating degradation of a variety of 

intracellular proteins. Because it has been proposed that CAF initiates
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Fig. 17. Comparison of the effects of Ca2+, Sr2+, La3+, Ba2+, and Mn2+ on 
CAF activity.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 10 mM 2-mercaptoethanol, 1 mM NaNg, metal cation as in
dicated, 15 pg CAF/ml, 25.0 C. Points are means plus or minus 
standard errors (indicated by the vertical lines) of ten deter
minations on three CAF preparations for Ca2+, Sr2+ and La3+, 
and six determinations on 2 CAF preparations for Ba2+ and Mn2"*".
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Fig. 18. Effect of Sr concentration on release of soluble peptides 
from casein by CAP.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 10 mM 2-cercaptoethanol, 1 mM NaNg, SrClg as indicated,
7.5 pg CAF/ml, 25.0 C. Figures are means plus or minus stand
ard errors (indicated by the vertical lines) of four determina
tions on two CAE preparations. Activity of CAF under identical 
conditions but in the presence of 5.0 mM CaCl2 is indicated.
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turnover of contractile proteins (Dayton et al., 1975) and because 

Kohn’s work (Kohn, 1969) suggested that ATP affects CAP activity, a 

thorough study was done on the effects of nucleotides on ability of 

purified CAP to degrade casein.

As shown in Fig. 19, ATP, ADP, and ITP when added at 5mM con

centrations: all inhibit CAP under the standard assay conditions used 

in this study (pH 7.5, 100 mM KC1). This inhibition, however, occurred

principally at Câ "*' concentrations of 1 to 3 mM and disappeared com-'
2+pletely as Ca concentration in the assay increased from 5 to 10 mM

(Fig. 19). Alleviation of nucleotide inhibition occurred at much

lower Câ "*" concentrations for 5 mM added ADP than it did for 5 mM added
2+ITP or ATP. Because Ca added above the amount of added nucleotide

alleviated nucleotide inhibition and because this loss of inhibition at

higher Ca^*" concentrations with ITP or ATP than with ADP, which has a
24*much lower binding affinity for Ca than ITP or ATP (Table 6), it seem

ed possible that nucleotide inhibition of CAP activity was simply due to
2+ 2+ binding of Ca by the added nucleotide. This Ca binding, if it com—

2+peted successfully with CAP or the substrate for Ca , would effective-
24*ly reduce the free Ca concentration below that required by CAP for 

activity and would thereby produce an apparent inhibition. Several ex

periments were done to test this possibility. Earlier experiments in
24"the present study (cf., Fig. 15) had shown that the presence of Mg 

has no effect on the amount of Câ "*" required to activate CAP. Also, the
■ in-binding constant of Mg . for ATP is an order of magnitude greater than

2+ 24-that of Ca for ATP (Table 6 ). Therefore, if 5 mM Mg was present
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Fig. 19. Effect of different nucleotides on CAF activity at various 
Ca2+ concentrations.

Conditions: 5.0 mg azocasein/ml, 100 mM KC1, 100 mM Tris-
acetate, pH 7.5, 10 mM 2-mercaptoethanol, Ca2+, Mg2+ and 
nucleotide concentrations as indicated, 1 mM NaNg, 7.5 yg 
CAF/ml, 25.0 C. Points are means plus or minus standard 
errors (as indicated by the vertical lines) of eight deter
minations on two CAF preparations for Ca2+ plus 5 nM ATP and 
for Ca2+ plus 5 mM ATP plus 5 mM Mg2+; of six determinations 
on two CAF preparations for Ca2+ alone (no nucleotide) and 
for Ca2+ plus 5 mM ADP; and for four determinations on one 
CAF preparation for Ca2+ plus mM ITP.
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Table 6 « Binding constants of various nucleotides for Câ "*" and a

Nucleotide

"hBinding Constant

Mg2"** Ca2+

ATP l.lxlG4 7.9xI03

ADP 1 . 6x 1 0 3 7.9xl02

ITP 1 .2xl0 4 -

IDP 5.8x 1 0 3 -

a This table from Silldn, L. G. and Martell, A. E.» 1971.
"Stability Constants of Metal Ion Complex','" supplement No. 1, 
The Chemical Society, London, printed in Great Britain by 
Alden & Mowbrag Ltd. at the Alden Press, Oxford.

^ Binding constants are determined for 100 mM KC1, pH 7.0, 25.0° C.
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2+simultaneously with. ATP, the Mg would be hound preferentially to ATP,

2 ,
and the Ca would be.free to activate GAP, If ATP inhibition of CAP

2+was due only to Ca binding by ATP, then this inhibition should be re*-
2+lieved by the presence of 5 mM Mg . The results in Fig* 19 indicate

pi 11
that 5 mM Mg does alleviate much of the inhibition of CAP by 5 mM ATP;

2+however, CAP activity in the presence of 5 mM ATP and 5 mM Mg was
24-still less than that of control CAP activity at Ca concentrations be-

24-tween 1 and 3 mM. Consequently, either ATP binds Some Ca even in the 

presence of equimolar Mg^+ , or free ATP, uncomplexed with Mĝ "*", is a 

potent inhibitor of purified CAP.

It should be indicated that because nucleotides absorb intensely 

at the 278 nm used to assay CAP activity with casein, the experiments 

testing the effects of nucleotides on CAP activity used azocasein as a 

substrate. The azo-containing peptides absorb maximally at 340 nm, a 

wavelength where nucleotide absorption is small and does not interfere 

with the assay. Because the Azor-peptides have an extinction coefficient 

different from the extinction coefficient of casein.peptides at 278 nm, 

the 0D units of CAP activity measured with azocasein substrate are less 

than the 0D units of CAP activity measured with, casein as a substrate. 

Several control experiments, however, showed that CAP activity measured 

with an azocasein substrate was proportional to CAP activity measured 

with casein. Moreover,:. CAP activity in the nucleotide experiments was 

also measured by determining the rate of release of ninhydrin-positive 

material from casein. The ninhydrin experiments confirmed the results 

with the azocasein substrate, but because it was more time-consuming
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and less precise, the ninhydrin assay was not used routinely. Only the

results with the azocasein substrate will be reported in this thesis.
24-Because the experiement using 5 mM Mg did not show unequivo-

24-cally whether nucleotides inhibit GAF by binding Ca to make it unavail-- ̂

able for activating CAFj, several additional experiments were done at 
24-different Ca to ATP ratios to attempt to obtain additional evidence

on the mechanism of nucleotide inhibition of CAP. Varying added ATP
24-concentration from 0 to 5 mM at a constant added Ca concentration of 

10 mM had no effect on CAP activity (Pig. 20). If the constant added
24-Ca concentration is 2.5 mM, however, CAP activity begins to decrease

after 1 mM added ATP and declines to zero at 3 mM added ATP (Pig. 20).
2 |

These results are consistent with ATP binding Ca on a mole per mole
24’basis and thereby making the Ca unavailable for activating CAP. Free

24,ATP uncomplexed with. Ca would be expected to be as great or greater
24-at 5 mM added ATP, 10 mM added Ca than it is at 1.25 mM added ATP,

24- 24-2.5 mM Ca , but the free Ca concentration would be much, greater in

the former than in the latter situation. CAF activity at 1.25 mM added
2+ATP, 2.5 mM added Ca , has already decreased by approximately 10%,

2+whereas CAF activity at 5.0 mM added ATP, 10 mM added Ca is identical 

to control CAF activity. Therefore, the results in Fig. 20 argue
24-against a potent inhibition of CAF by free ATP uncomplexed with Ca or 

, 24- ' 24-Mg and suggest that ATP inhibition is due to Ca binding, This con

clusion is substantiated when C a ^ /ATP ratio is plotted vs. CAF activity 

(Fig. 21). CAF activity begins to increase above zero as the Ca^+ /ATP 

ratio rises above 0.5, and is over 90% of maximum CAF activity at a
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Fig. 20. Effect of ATP concentration on CAP activity at 2.5 mM and 10 mM 
Ca2+.

Conditions: 5.0 mg azocasein/ml, 100 mM KC1, 100 mM Tris-ace-
tate, pH 7.5, 10 mM 2-mercaptoethanol, Ca2+ and ATP concentra
tions as indicated, 1 mM NaNg, 7.5 pg CAF/ml, 25.0° C. Points 
are means plus or minus standard errors (as indicated by the 
vertical lines) of four determinations on two CAP preparations.
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as indicated, ImM NaNg, 7.5 pg CAF/ml, 25.0° C. Figures are 
means plus or minus standard errors (as indicated by the 
vertical lines) of four determinations on two CAF preparations.
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Ca^+/ATP ratio of 2.0. Half-maximal GAF activity occurs, at a Ca^/ATP

ratio of 0.90 (Fig. 2 1 ).

Consequently, the experiments described in this section indicate
2"hthat nucleotide inhibition of CAF is due to Ca binding and not to any 

direct inhibitory effect on CAF itself• These experiments were done 

with purified CAF and do not eliminate the possibility that ATP or other 

nucleotides may affect CAF activity in vivo By supplying energy and phosr- 

phate for phosphorylation reactions, etc. Such effects would require 

the presence of kinases or other enzymes and would not have been detec

ted by the experiments described here with purified CAF, Because Kohn?s 

observations (Kohn, 1969) were made on very crude preparations that con

tained many proteins besides the CAF they presumably possessed, it is 

not possible to state with certainty whether the nucleotide inhibition
24-observed by Kohn was due to Ca chelation or to some other effect med-

'iated by one of the other proteins in Kohn’s hetrogeneous preparation.

The resemblance of Kohn’s. results (Kohn, .1969) to those.described in

this section, however, make it seem probable that KohnTs inhibition
2+also was due simply to Ca binding by the added nucleotides.

Effect of Several Nonionic and Ionic 
Detergents and Urea on CAF Activity

Somewhat surprisingly for an enzyme that has been studied as ex

tensively as CAF since the first description of its purification about 

five years ago, there have been ho systematic studies on agents that de

nature CAF. Antibody localization studies, that indicating CAF is loca

ted in close association with the plasma membrane (Barth and Elce, 1981;
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Dayton and Schollmeyer, 1980) and finding that CAF binds tightly to 

phenyl-Sepharose hydrophobic columns both suggest that CAF may have a 

hydrophobic area on part of its surface. Binding of enzymes to cell 

meinbrances may have marked effects on the catalytic properties of 

these enzymes (Francis and Ballard, 1980). A study, therefore, was done 

to determine the effects of various nonionic detergents, whose amphi- 

philic nature may mimic a membrane surface, on the properties of CAF.

As shown in Figs. 22 and 23, both Triton X—100 (octyl phenoxy polyethoxy- 

ethanol) and Brij 35 (polyoxyethylene 23-lauryl ether) activate CAF 

approximately 1.6- to 2.0-fold. Triton X-100 activation occurs immedi

ately upon addition of Triton X-100 and reaches approximately 50% of 

maximum, activation at a Triton X-100 concentration of 0.125%, v/v (Fig. 

22). Brij 35 on the other hand, does not activate CAF until concentra

tions above 0.2%, v/v, are reached, and 50% activation by Brij 35 occurs 

at a Brij 35 concentration of approximately 1.0 to 1.1%, v/v (Fig. 23).

It is unclear whether the ability of these two nonionic detergents to 

activate purified CAF is related to their ability to form micelles in 

aqueous solutions. A preliminary experiment indicated that the phos

pholipid, lecithin, did not activate CAF. All experiments testing the 

effects of phospholipids or nonionic detergents on CAF, however, have 

inherent experimental difficulties because 1) many phospholipids and 

nonionic detergents absorb intensely in the ultraviolet where proteoly

tic activity is measured; 2 ) the added phospholipids or nonionic deter

gents are precipitated to varying degrees by the trichloroacetic acid 

or perchloric acid used to stop the proteolytic reaction;, and 3) some
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Fig. 22. Effect of Triton X-100 on CAP activity.

Conditions: 5.0 mg azocasein/ml, 100 mM KC1, 100 mM Tris-
acetate, pH 7.5, 5 mM CaCl2> 10 mM 2-mercaptoethanol, 1 mM 
NaNg, Triton X-100 concentration indicated as % on a v/v 
basis, 7.5 yg CAP/ml, 25.0 C. Points are means plus or 
minus standard errors (as indicated by the vertical lines) 
of six determinations on three CAP preparations.
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Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
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concentration indicated as % on a v/v basis, 7.5 or 15 ug CAP/ 
ml, 25.0 C. Points are means plus or minus standard errors 
(as indicated by the vertical lines) of six determinations on 
two CAP preparations.
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nonionic detergents promote solubility of casein in trichloroacetic or 

perchloric acids so that blank values are high. Indeed, the experiments 

with Triton X-10Q were done using azocasein as a substrate (Fig. 22) be

cause Triton X-100 has an absorption maxima at 276 nm (Fagan, and Goll, 

unpublished results).
2+The millimolar Ca concentration required for CAF activity (cf. 

Fig. 15 in this thesis) is several orders of magnitude higher than free
2-fintracellular Ca concentration ever becomes in healthy living muscle

cells (Caputo, 1978; Ebashi, 1976; Fabiato and Fabiato, 1979). Hence,
2+some mechanism must exist to lower the Ca requirement of CAF if CAF is

ever to be active in vivo. It has been shown that membrane or purified

phospholipids can activate enzymes under various conditions (see Takai

et al., 1979, for example), and it seemed possible that CAF’s in vivo

association with membranes could alter the CAF molecule in a way that
24"would reduce its Ca requirement for activity to the micromolar range.

Therefore, several experiments were done to test the effects of Triton
24"X-100 and Brij 35 on the Ca requirement of CAF. These experiments

24"demonstrated that neither Triton X-100 nor Bri] 35 affected CAF?s Ca -

requirements although they confirmed that Both these nonionic detergents
24"activate CAF 1.6 to 2.0-fold over a range of 0.5 to 5 mM Ca (Figs. 24 

and 25).

A few experiments were done to test the effects of urea, a com

mon protein dehaturant, and SDS, an anionic detergent, on CAF activity. 

Both, urea and SDS cause progressive loss of CAF activity (Fig. 26). SDS 

has no measurable effect on CAF activity until after 0.02% (w/v), SDS
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Fig. 24. Effect of Triton X-100 on Ca^-requirement of CAF.

Conditions: 5.0 mg azocasein/ml, 100 mM KC1, 100 mM Tris-
acetate, pH 7.5, CaClg as indicated, 10 mM 2-mercaptoethanol, 
1 mM NaNg, 1% Triton X-100, v/v, when present, 7.5 pg CAF/ml, 
25.0 C. Points are means plus or minus standard errors (as 
indicated by the vertical lines) of six determinations on 
two CAF preparations.
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Fig. 25. Effect of Brij 35 on Ca2+-requirement of CAP.

Conditions: 5.0 rag casein/ml, 100 mM'KCl, 100 raM Tris-acetate,
pH 7.5, CaCl2 as indicated, 10 raM 2-mercaptoethanol, 1 raM NaNg, 
1% Brij 35, v/v, when present, 7.5 yg CAF/ml, 25.0° C. Points 
are means plus or minus standard errors (as indicated by the 
vertical lines) of four determinations on two CAP preparations.



has been added but loss of activity occurs rapidly after this point, and 

CAF is completely inactive at 0.045% SDS (Fig. 26). Fifty per cent in

hibition of CAF activity occurs at 0.03% SDS. Addition of urea, on the 

other hand, causes immediate loss of CAF activity, and 100% inhibition 

occurs at 1.9 to 2.0 M urea. Fifty per.cent inhibition of CAF activity 

occurs at 0.9 to 1.0 H  urea (Fig. 26). Loss of CAF activity occurs at 

somewhat lower urea and SDS concentrations than are required to denature 

most proteins (Tanford, 1968), although loss of enzymatic activity and 

denaturation should be differentiated as not necessarily equivalent pro

cesses. Nevertheless, concentrations of 4 M or greater urea are fre

quently required to denature proteins (Tanford, 1968), and ribonuclease 

is not denatured until SDS concentrations of 8 mM (2.3%) are reached 

(Tanford, 1968). Moreover, some enzymes such as pepsin, papain, and 

glucose oxidase (Nelson, 1971) and a serine protease found in yeast hexo- 

kinase preparations (Pringle, 1970.) are active in SDS concentrations up 

to 1%. Consequently, the findings in this study indicate that CAF ac

tivity is generally more labile to common protein denaturants than are 

the activities of many other enzymes. That 0.02% SDS is required before 

CAF begins losing proteolytic activity may be related to the finding
-4that SDS concentrations must be equal to or greater than 5 to 6 x 10 M 

(0.0144 to 0.0173%) to form a saturated complex containing o,4 g of SDS 

per gram of protein (Reynolds and Tanford, 1970). Possibly CAF must 

form this saturated complex before loss of proteolytic activity occurs, 

and additional SDS added above this level causes rapid changes in CAF 

activity as SDS is bound on the way to formation of a second saturated
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Fig. 26. Effect of urea and SDS on CAF activity.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 5 mM CaClz, 10 mM 2-mercaptoethano1, 1 mM NaNg, 7.5 or 
15 yg CAF/ml, urea or SDS as indicated, 25.0° C. Points are 
means plus or minus standard errors (as indicated by the verti
cal lines) of eight determinations on three CAF preparations 
for urea assays, and of six determinations on two CAF prepara
tions for SDS assays.
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complex containing 1.4 g SDS per gram of protein; this second complex 

is formed at equilibrium SDS-monomer concentrations (i.e., total added
-ASDS minus micellular SDS) of 8 x 10 M (0.0231%) or above (Reynolds 

and Tanford, 1970).

Effect of Different Protease Inhibitors on CAF 

One of the commonly used methods to characterize proteinases, 

especially when the proteinase has not been completely purified, is to 

determine the effects, of different inhibitors on the proteinase’s activ

ity. Such assays done with CAF have generally indicated that CAF is a 

sulfhydryl proteinase that is inhibited by various sulfhydryl reagents 

such as iodoacetamide (Dayton et al., 1976b; Szpacenkd et al., 1981), 

iodoacetic acid, N-ethylmaleimide, and p-hydroxymercuribenzoate 

(Azanza et al., 1979; Ishiura et al., 1978; Suzuki et al., 1979; Toyo- 

oka et al., 1978) but not by common trypsin inhibitors such as soybean 

trypsin inhibitor (Dayton et al., 1976b; Waxman, 1978), a^-antitrypsin 

inhibitor, and phenylmethylsulfonyl fluoride (Suzuki et al., 1979; Toyo- 

oka et al., 1978; Waxman, 1978). The pattern of inhibition of CAF by 

different trypsin inhibitors is not entirely clear, however. Toyo-oka 

et al. (1978) have reported that Trasylol (aprotinin or basic trypsin 

inhibitor and kallikrein inactivator from bovine lung) inhibited CAF by 

approximately 15%. Also, although most reports have indicated that 

leupeptin and antipain inhibit CAF (Azanza et al., 1979; Ishiura et al., 

1978; Libby and Goldberg, 1980; Libby et al., 1979; Suzuki et al., 1979; 

Toyo-oka et al., 1978), the kinetics of this inhibition have not been 

carefully studied. Some investigators indicate that pepstatih, a
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protease inhibitor of microbial original, has no effect on CAF (Suzuki 

et al., 1979), whereas others (Toyo-oka et'al., 1978) indicate that CAF 

activity is inhibited approximately 36% by pepstatin. Because of these 

discrepancies, a careful study was done on the effects of various tryp

sin and microbial inhibitors on CAF activity. The results of these 

studies will be presented under two headings: 1) studies with trypsin 

inhibitors; and 2 ) studies with the microbial protease inhibitors, 

antipain, leupeptin, and pepstatin.

Studies with. Trypsin Inhibitors

These studies used seven different trypsin Inhibitors: 1) apro- 

tinin or basic trypsin inhibitor and kallilrein inactivator; 2) a^anti- 

trypsin inhibitor; 3) lima bean trypsin inhibitor; 4) ovomucoid trypsin 

inhibitor; 5) ovolnhibitor trypsin inhibitor; 6) phenylmethylsulfonyl . 

fluoride; and 7) soybean trypsin inhibitor. The effects of these inhib

itors on CAF activity were determined by including the inhibitor at a 

high molar ratio to CAF in the standard casein assay of CAF activity.

As shown in Table 7, phenylmethylsulfonyl fluoride, ovomucoid trypsin 

inhibitor, and ovolnhibitor have no effect on CAF activity, even when 

present at molar ratios of 75 (ovolnhibitor), 130 (ovomucoid inhibitor), 

or 440 to one in excess over CAF. Because phenylmethylsulfonyl fluo

ride is insoluble in water and must be dissolved in an organic solvent, 

it was necessary to demonstrate that the organic solvent added with, the 

phenylmethylsulfonyl fluoride had no effect on CAF activity. The 2.1% 

2-propanol added with phenylmethylsulfonyl fluoride did not affect CAF 

activity (Table 7).
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Table 7. Effect of different trypsin inhibitors on apparent proteolytic 
activity of CAF as measured in the casein assay.

Proteins in 
the Assay

Activity OD2 7 8  
Units/mg CAF/30 min

%
Activity

6.82 x 10- 2 pH CAF alone 55.97+5.97(8 )a 1 0 0 .0%

6.82 x lO- 2 pM CAF in 
2 .1% 2-propanol

58.16+3.49(6) 103.9%b

6.82 x 10~ 2 pM CAF and 53.92+2.52(7) 
30 M  Phenylmethylsufonyl fluoride

96.4%

6.82 x 10- 2 pH CAF and 57.27+6.32(8) 
8.9 M  oromucoid trypsin inhibitor

102.3%

6.82 x 10” 2 pM CAF and 
5.1 M  ovoinhibitor

56.00+6.92(8) 1 0 0 .0 %

— 26.82 x 10 pH CAF and 
38.4 M  aprotinin

26.00±1.63(8) 46.4%

6.82 x 10- 2 pH CAF and 
2 1 . 6 M  a^-antiproteinase

22.67+13.70(9)
inhibitor

40.5%

6.82 x 10- 2 pM. CAF and 71.70+4.64(8) 
12.4 M  soybean trypsin inhibitor

128.1%

6.82 x lO- 2 pM CAF and 60.48+6.04(10) 
27.2 M  lima bean trypsin inhibitor

108.1%

a Mean plus or minus standard error of the number of determinations 
indicated in parentheses. All data in this table include assays 
done on three different preparations.

^ Calculated by using CAF alone as 100% activity.
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In contrast to the results with phenylmethylsulfdnyl fluoride, 

ovomucoid, and ovoinhibitor, the other four trypsin inhibitors tested 

in this study seemed to affect CAF activity when they were added direct

ly to the casein assay (Table 7). Aprotinin and -antiproteinase in

hibitor seemed to cause approximately 50 to 60% inhibition of CAF, 

whereas soybean and lima bean trypsin inhibitors seemed to activate 

CAF by 10 to 30% (Table 7). It was noticed, however, that addition of

any of these four inhibitors caused unusually high absorbance readings
2+in the control assay containing EDTA instead of Ca (Table 8). Apro

tinin and lima bean trypsin inhibitor both are very small proteins 

(Table 9) that might not be precipitated completely by the 2.5% tri

chloroacetic acid used to stop the assays in this study. This sugges

tion, however, does not explain the high values obtained in the CAF, 

inhibitor, and EDTA control for a^-antiproteinase (Table 8), which is 

a large molecule and which should be precipitated completely in 2.5% 

trichloroacetic acid. Also, control tubes containing lima bean trypsin 

inhibitor and lower absorbance readings than control tubes containing

any of the other three inhibitors (Table 8). Assays in which the in-
: 2+hibitors were added to the casein assay in the presence of either Ca 

or EDTA hut without CAF showed that the high absorbance readings caused 

by aprotinin9 a^-antiproteinase, soybean and lima bean trypsin inhibi

tors occurred in the complete absence of CAF and in the presence of 

either Ca^~ or EDTA (Table 8). Consequently, it seemed that these 

four inhibitors either contained contaminating material that was re

leased during incubation with casein or by 2.5% trichloroacetic acid



Table 8. Effect of aprotinin, a^-antiproteinase, soybean trypsin inhibitor, and lima bean trypsin 
inhibitor on absorbance readings in the casein assay of CAF activitye

- aAdditions to the Casein Assay
Inhibitor CAF 2+ 

and Ca
CAF 

and F.DTA
CAF, inhibitor 

and Ca
CAF, inhibitor 

and EDTA
Inhibit^ 
and Ca "

Inhibltor 
and EDTA

Aprbtin in 
(38.4UM)

0.338±0.026(6)b 0.012+0.006(5) 0.380+0.016(10) 0.266+0.006(7) 0.257+0 003(6) 0.268+0.005(4)

fx -nntiproteinase 0. 3)5+0.028(8) 
(21.6mM)

0.011+0.006(8) 0.320+0.033(9) 0.396+0.116(9) 0.386+0.161(6) 0.448+0.153(6)

Soyboan trypsin 
i nl 11 bit o r (12. A iiH)

0.346+0.022(6) 0.005+0.003(5) 0.464+0.043(6) 0.11210.017(4) 0.184+0.043(5) 0.236+0.044(4)

Lima bean trypsin 
inil i b i tor (27. 2pM)

0.346+0.022(6) 0.005+0.003(5) 0.506+0.041(6) 0.069+0.007(4) 0.088+0.014(5) 0.09710.018(4)

a The standard assay contained 5,0 mg casein/ml, 100 iriM Tris-aceltate, pH 7,5, 10 mM 2^mercaptoethanol, 
and 1 mM NalSL, When added, CAF was 7,5 yg/ml (0,0682 yM), Ca was 5,0 mM, EDTA was 10,0 mM, and 
inhibitor was as indicated in the left column, All assays were run for 30 min at 25,0° C,

b Figures are means of absorbance readings at 278 nm plus or minus standard errors for the number of 
determinations given in parentheses. Assays were done on two different CAF preparations.
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Table 9, Molecular weights of trypsin inhibitors used in this thesis.

Inhibitor Molecular weight 
Cg/mole)

Aprotinin -.6,518*

ai-Antipro teinase inhibitor 54,000

Lima bean trypsin inhibitor ' 9,145*

Ovoinhibitor 49,000

Ovomucoid trypsin inhibitor 28,000

Soybean trypsin inhibitor ‘ 20,095*

Phenylmethylsulfonyl fluoride 174.2

cL Calculated from the amino acid sequence,
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or these four inhibitors contained contaminating proteases that could

2+degrade casein in the presence of either Ca of EDTA. An experiment

in which the inhibitors were added to assay tubes without casein or CAE

(results not shown here) showed that these tubes had absorbance values
2+similar to tubes containing inhibitor plus Ca and inhibitor plus EDTA 

(Table 8). Therefore, the former explanation seemed more likely, and 

these four trypsin inhibitors were subjected to gel permeation chroma

tography as described in the Materials and Methods section in the anti

cipation that this chromatographic purification might remove the 

substances that were contaminating these inhibitors and that absorbed at 

278 nm.

The chromatographically purified inhibitors were still active as 

demonstrated by their ability to. inhibit trypsin activity almost com— 

pletely (Table 10). Results from the casein assay of CAP activity show

ed that chromatographic purification had removed the ultraviolet

absorbing material from these inhibitors, and that tubes containing the
2+chromatogrammed inhibitors had very low absorbances unless Ca , CAF and 

casein were all present (Table 11). Hence, it seems probable that the 

earlier report that aprotinin causes approximately 10% inhibition of CAF 

(Toyo-oka et al., 1978) was in error because of ultraviolet absorbing . 

impurities that affected control tubes in the casein assay. The results 

with these four inhibitors illustrate the importance of including several 

controls when using ultraviolet absorbance to measure enzyme activity, 

because many substances- absorb in the ultraviolet and can cause serious 

misinterpretations in the absence of adequate controls. It may also be
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Table 10. Effect on trypsin activity of Chromatographically purified 
aprotinin, a^-antiproteinase, soybean trypsin inhibitor, 
and lima bean trypsin inhibitor. ________________________

„ Activity 3 % of uninhib-
Proteins xn the Assay (OD. units/mg ited trypsin

trypsxn/30 mln) activity

Trypsin 125.8+14.1 100.0

Trypsin and aprotinin 11.2+ 6.5 8.9

Trypsin and a^-antiproteinase 22.1± 3.0 17.5

Trypsin and soybean trypsin inhibitor 13.3+ 2.4 10.6

Trypsin and lima bean trypsin inhibitor 7.5± 0.6 6.0

a Activity measured under the following final conditions: 5.0 mg casein/ 
ml, 100 mM Tris-racetate, pH 7.5, 5 mH" CaCl^, 10 mM 2-mercaptoethanol,
1 mM NaN_, 0.1 pH trypsin, 25.0 C. All inhibitors were 1.0 pH, so 
trypsin:xnhibitor ratio was 1:10 in all instances. Inhibitors were 
chromatographically purified with a Sephadex G-15 column (see Fig. 9). 
Activity expressed as means plus or minus the standard error of two 
determinations done on one trypsin preparation and measured as 0D-7o 
units with the same procedure used to define CAF activity.

b' - ' "Per cent activity expressed as percentage of trypsin activity in the
absence of inhibitor.



Table 11. Effect on GAF activity of chromatographipally purified aprotinin, a^-antiproteinaae, 
Soybean trypsin inhibitor, and lima bfean trypsin inhibitor.

i a 
Additions to the Casein Assay

inhibitor
present CAF, inhibitor, 

casein, Ca2*
CAF, inhibitor, 
casein, EDTA |

Inhibitor, 
casein, Ca2̂

Inhibitor, 
casein, EDTA

CAF, inhibitor, 
Ca2+

None 0.308+0,004 b 0.020±0.000 - .

Aprotinin 0,313+0,001 0.021+0.003- ■ ■ ; 0.015±0.Q01 0.019±0.001 -0,050±0.000

a^-Antiproteinase 0,302±0.011
■ ! 

0,033+0.001 0.015+0.007 0,018+0.000 0,047±0,001

Soybean trypsin 
inhibitor 0.338+0.011 0.043+0.002 0,036±0„002 0.052±0.002 0,079±0.001

Lima bean trypsin 
inhibitor 0,346±0,010 0.030+0.000 0„014±0 004 0,025+0.002 -0„044±0.001

The standard assay contained 100 mM Tris-acetate, pH 7.5, 10 mM 2-mercaptoethanol, and 1 mM 
NaNg. When added, casein was 5.0 mg/ml, CAF was 22 pg/ml (o,l pM), all inhibitors were 1,0 
pM, Ca2* was 5.0 mM, and EDTA was 10 mM, All assays were run for 30 min at 25,0° C,

b Figures are means of absorbance readings at 278 nm plus or minus standard errors of two deter^ 
minations done on one CAF preparation.



Table 11.— Continued.

Additions to the Casein Assay
Inhibitor
present CAF, inhibitor 

EDTA
Inhibitor,

Ca2+
Inhibitor, 

EDTA
CAF ' 

activity c
% d 

activity

None - 26.18+0.36 100.0%

Aprotinin -0.045+0.001 -0.053+0.000 -0,049+0,000 26,5410.09 101.4%

aj-Antiproteinase 0.046+0.002 -0.009±0.003 0.002+0.000 24.4511,00 93.4%

Soybean trypsin 
inhibitor 0.097±0.000 0.083±0.001 0.09810.000 26.8211.00 102.4%

Lima bean trypsin 
inhibitor -0.043±0.001 -0.05210.000 -0.04910.000 28.7310.91 109.7%

Absorbance units at 278 nm/mg CAF/30 rain expressed as mean plus or minus the standard error of 
two determinations on one CAF preparation.

d 'Based on CAF having no inhibitor as 100%.

112
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mentioned that the results in Table 11 show that 2.5% trichloroacetic 

acid completely precipitates aprotinin, a protein (peptide?) of 6,500 

daltons•

Studies with Microbial Protease Inhibitors, Antipain, Leupeptin, and 
Pepstatin

Although all studies reported this far .agree that leupeptin and 

antipain inhibit CAP, there is some disagreement as to whether pepstatin 

inhibits CAP. Most investigators find that pepstatin has no effect on 

CAP, whereas. Toyo-oka et al. (1978) have reported that pepstatin causes 

40% inhibition of CAP activity. Also, it has been indicated that leu

peptin is a more effective inhibitor of CAP than antipain (Azanza et. 

al., 1979; Suzuki et al., 1979; Toyo-oka et al., 1978), but only one

kinetic study has been reported on the inhibition of CAP by leupeptin

and antipain. This study found that leupeptin inhibition of CAP was of
-7the noncompeptitive type with an inhibition constant, Ki, of 9.82 x 10 

M when the molecular weights of casein and leupeptin were assumed to be 

23,600 and 490 respectively (Toyo-oka et al., 1978). No kinetic study 

of antipain has been reported. Therefore, the effects of leupeptin, 

antipain inhibition of CAP and pepstatin on CAP activity were compared 

in some detail to attempt to determine the relative effectiveness of 

these inhibitors on CAP activity.

. The chemical composition and molecular weights of the three in

hibitors included in this study are shown in Table 12. The effects of

these three inhibitors on CAP activity as measured with the casein assay

are shown in Fig. 27.. Pepstatin when added over the range of 1.9 to
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Table 12. Chemical composition and molecular weights of the microbial 
inhibitors used in this study.

Common Name Chemical Composition Molecular
Weight

Antipain (l-carboxy-2-phenylethyl) carbamoyl-L-arg- 
L-val-argininal

604.7

Leupeptin 3 parts propionyl-L-leu-L-leu-argininal 
1 part acetyl-L-leu-L-leu-argininal

438.1

Pepstatin A Isovaleric acid-L-val-L-val-(3s, 4s)—4- 
amino-3-hydroxy-6—methylheptanoic acid- 
L-ala-(3s,4s)-4-amino-3-hydroxy-6- 
methylheptanoic acid.

685.9
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Fig. 27. Effect of antipain, leupeptin, and pepstatin on CAF activity.

Conditions: 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate,
pH 7.5, 5.0 mM CaCl2 , 10 mM 2-mercaptoethanol, 1 mM NaNg, in
hibitor concentrations as indicated, 15 yg CAF/ml (0.136 yM),
25.0 C. Pepstatin was dissolved in 3.8% ethanol, so pepstatin 
controls also contained 3.8% ethanol. Points are mean plus or 
minus standard errors as indicated by the vertical lines of 
four determinations on one CAF preparation for 11.6 yM antipain,
4.75 yM leupeptin, and 9.48 yM pepstatin and of six determina
tions on one CAF preparation for all other inhibitor concentra
tions .
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9.48 yM has no effect on CAF,. Higher concentrations of pepstatin cor

responding to the 146 yM used by Toyo-oka et al. (1978) were not assayed 

in this study, so it cannot be stated with certainty whether pepstatin 

inhibits CAF slightly when added in very large molar excesses on the 

order of 500 to 600 moles pepstatin to one mole of GAP. Because a small 

amount of some organic solvent such as ethanol is necessary to solubil

ize pepstatin, it is possible that the 36% inhibition of CAF activity 

reported by Toyo-oka et al, (1978) was due to the 5% ethanol used by 

Toyo-oka and associates to dissolve pepstatin. Addition of a large 

amount of pepstatin such, as 146 pH likely required addition of a large 

amount of pepstatin solution containing 5% ethanol, and Toyo-oka et al,

(1978) does not report the effects of such ethanol addition on CAF ac

tivity. Controls containing the same amount of ethanol as added with 

the pepstatin were done in the present study to insure that an artificial 

inhibition due to added ethanol would not be ascribed to pepstatin (Fig. 

27).

Both leupeptin and antipain when added over the range of 2,3 to

14.75 pH inhibit CAF (Fig. 27). Fifty per cent inhibition of CAF occurs 

at 1.2 pH leupeptin and at 4.9 pH antipain (Fig. 27), These concentra

tions of leupeptin and antipain correspond to molar ratios of 8,8 leu

peptin and 36. 0 antipain to one CAF (Table 13). Other investigators 

have reported that similar molar ratios of these two inhibitors are re

quired to cause 50% inhibition of CAF activity, although Azanza et al.

(1979) find that molar ratios of 0,4 leupeptin and 1,27 antipain to one 

CAF cause 50% inhibition (Table 13). Regardless of the molar ratios
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Table 13. Molar ratios of antipain and leupeptin to CAP required to 
cause 50% inhibition of CAF activity.

Reference Molar ratio 
antipain/CAF 3

Molar ratio 
leupeptin/CAF 3

This study 36,00 8,82

Azanza et al. (1979) 1.17 0,43

Ishiura et al. (1978) - 9.00

Suzuki et al. (1979) 52.00 25.00

Toyo-oka et al. (1978) 7.94 2.83

Molar ratio required to cause 50% inhibition of CAF activity. 
Molecular weight of CAF taken as 110,000 for the present study 
and as 80,000 for all the other studies.



 ̂  ̂0D278 UNlTS/mg CAF/30 min ^

Fig. 28. Plot of v vs. v/s (Eadie-Hofstee plot) for CAP activity alone 
and in the presence of anitpain, leupeptin, and pepstatin.

Conditions: 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 10 mM
2-mercaptoethanol, 1 mM NaNg, 15 or 25 yg CAP/ml (0.136 or 
0.227 yM), 25.0° C, and microbial inhibitors as indicated. 
Substrate casein concentrations were 0.025, 0.050, 0.075, 0.10, 
0.125, 0.50, 1.25, 2.50, 3.75, and 5.0 mg/ml. Forty determina
tions with two different CAP preparations were used in the CAP 
alone plot (least squares equation v=-0.237 v/s +35.89; r= 
-0.903); and ten determinations with one CAP preparation were 
used in the CAP plus 5.8 yM antipain plot (least squares equation 
v= -1.30 v/s +31.06; r= -0.914); the CAP plus 7.4 yM leupeptin 
plot (least squares equation v= -0.237 v/s +8.78; r= -0.763); 
and the CAP plus 1.89 yM pepstatin plot (least squares equation 
v= -0.880 v/s +49.12; r= -0.808).
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required for 50% inhibition, all studies done thus far agree that a 

given amount of leupeptin causes greater inhibition of CAP than the 

same amount of antipain (Table 13).

The effects of antipain, leupeptin, and pepstatin on the maxi

mum velocity and Michaelis—Menton constant of CAP hydrolysis of casein 

were determined by plotting v, the velocity of hydrolysis expressed as 

ODgyg units/mg CAP/30 min, vs. v/s, where s is the casein substrate con

centration in mg/ml. No attempt was made to express casein substrate 

concentration in terms of molar concentration because it is unclear how 

many peptide bonds CAE cleaves per casein molecule. In view of this 

uncertainty, Michaelis-Menton Constants expressed in molar concentration 

could be misleading. An example of the data obtained by a v vs. v/s 

plot is shown in. Pig.. 28 for one concentration each of antipain, leupep

tin, and pepstatin. Reactions that obey classical Michaelis-Menton 

kinetics give straight line plots of v vs. v/s with the equation of the 

line being v = -Km(v/s)+Vm. Hence, slope of the line equals -Km and 

the y—intercept equals Vm, All plots in the present study were done 

with least squares linear regression analysis. The Michaelis-Menton 

constants. Km, and maximum velocities, Vm, obtained from such least 

squares plots of v vs. v/s are shown in Table 14. The experiments in 

this study were done at two general ranges of casein substrate concen

trations, 0.025 to 0.125 mg/ml and 0.5 to 5,0 mg/ml. Thirty determina

tions were done at the lower and ten determinations, were done at the 

higher casein substrate concentrations, but lack of time prevented 

assays being done at casein substrate concentrations between 0.125 and



Table 14. Effect of antipain, leupeptin, and pepstatin on Mlchaelis-Menton constants and maximum velo
cities of CAF as determined at high and low ranges casein substrate concentrations3.

bRange of Casein Substrate Concentration
Inliibi tor 
present

0.025
Km .

- 5.0 mg/ml 
Vm

0.025 - 0.125 mg/ml 0.5 - 5.0 mg/ml 
Km Vm Km Vm

None 0.23710.018(40) 33.910.7(40)
2.3;iM ant t pa in - -
5.8|iM antipaln 
H.6|iM antipaln -
21. 2|)M ant ipaln -
2 . leupeptin - -
7.4()|tM leupeptin 
14. 8|)M l eupeptin
29. r)pM leupeptin - ~
8.89pH pepatatIn
4.75mM peps tat in ____  • _______ -______

0.15410.048(30)^ 26.3019.70(30)°

0.05410.023(20)*!pi 2.6012.60(20)’!
0.06310.011(20) '81.9011.00(20)

0.03310.016(20)°7.0210.91(20)p
0.004810.0114(20) 3.3610.35(20)

0.99010.224(10)
0.84310.170(10)
1.30010.203(10)

0.41910.161(10) 
0.23710.071(10)

.1

ejF
f

0.88010.227(00) 
0.75010.246(10)dp

48.613.1(10)
37.811.7(10)’
31.111.8(10)’

14.510.8(10)
8.7810.23(10)'

49.813.1(00)’ 
47.0+3.3(10)’

Conditions for assay of CAF activity were; 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 10 mM 2-mercapto- 
ethanol, 1 mM NaNg, 15 or 25 Mg CAF/ml, 25.0° C, and inhibitor as indicated. Casein concentrations 
were 0.025, 0.05, 0.075, 0.10, and 0.123 mg/ml for the low casein substrate concentration range and 
0.50, 1.25, 2.50, 3.75, and 5.0 mg/ml for the high casein substrate concentration range.

Values are given as means plus or minus standard errors of the number of determinations indicated in 
the parentheses. Measurements were on two different CAF preparations. Vm is OD278 units/mg CAF/30 
min and Km is mg/ml. Means having different subscripts differ significantly at P 0.05.
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0.5 mg/ml. Moreover, individual concentrations of inhibitors were as

sayed entirely at either the low range or the high range of casein sub

strate concentrations (Table 14), and none were assayed at both ranges. 

Because of this design, separate v vs. v/s plots were done for CAF 

alone in the absence of added inhibitor at the low and at the high 

ranges of casein Substrate concentrations. The Km and Vm values ob

tained from these separate plots could then be compared directly with 

Km and Vm values obtained in the presence of a microbial inhibitor at 

the same range of casein substrate concentration (Table 14). Such 

comparisons, show that pepstatin, which was assayed only at the high 

range of casein substrate concentration, has no effect on either the Km 

or Vm of CAF hydrolysis of casein (Table 14), This result is consistent 

with pepstatin’s lack of inhibition of CAF (Fig. 27). Leupeptiny-on the - 

other hand, decreases both, the Km and Vm of CAF hydrolysis of casein 

significantly (Table 14), and this decrease is generally greater at lar

ger concentrations of leupeptin. Leupeptin’s effects occur at both, the 

low and high, ranges of casein substrate concentrations, Hence, leupep

tin seems to inhibit CAF noncompetitively; this agrees with the results 

of Toyo-oka et al. (1978).

The effects of antipain on the kinetics of CAF.digestion of 

casein are complex. Antipain decreases the Vm of CAF at both the low 

and high ranges of casein substrate concentrations (Table 14). At the 

low range of casein substrate concentrations, antipain also decreases 

Km, just as leupeptin does. At the high range of casein substrate con

centrations, however, .antipain has no significant effect on the Km of
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CAT (Table 14). Because the added antipain concentration was lower at 

the high range than at the low range of casein substrate concentration, 

it is possible, that the experiment was not sensitive enough to detect 

antipain? s effects on Km at antipain concentrations below 10 yM. Wheth

er antipain has an effect on Km or not, it is clear from the results in 

Table 14 that antipain causes much smaller changes in Vm and Km than an 

equal amount of leupeptin. In general, the fit of the data in these 

studies to the least squares linear regression lines was only fair, as 

indicated by the correlation coefficients shown in Table 15, The fit 

generally was poorest at the low range of casein substrate concentra

tion and in the presence of leupeptin, where the very low activities 

made it difficult to measure CAF activity precisely (Table 15).

A Lineweaver-Burke or double reciprocal plot of some of the 

data on CAF activity and the effects of antipain and leupeptin on CAF 

activity is shown in Fig. 29. The plot for CAF alone in Fig. 29 in

cludes. data from both the low and high ranges of casein substrate con

centrations. This plot, therefore, should not be compared directly with 

the plots of CAF activity in the presence of 5,8 pM antipain and 7,4 pM 

leupeptin, which include only data from the high range of casein sub

strate concentration. Inhibitor constants can be calculated for anti

pain and leupeptin by using the Michaelis-Menton constants and maximum 

velocities given in Table 14 or by using data from Lineweaver-Burke 

plots such as shown in Fig. 29. The data in Table 14 indicate that leu

peptin causes a mixed type of noncompetitive inhibition in which both Km 

and Vm are decreased. Therefore, the inhibitor constant, Ki, may be



Table 15. Correlation coefficients for least squares linear regression plots of v vs, v/s for CAF 
alone and in the presence of antipain, leupeptin, and pepstatin ,

Inhibitor
present

Range of Casein Substrate Concentration

0.025t-5,0 mg/ml 0,025-0.125 mg/ml 0,5-5,0 mg/ml

None -0,903 (40)b -0.521 (30) -0.842 (10)
2.3yM antipain — -0,868 (10)
5.8yM antipain - — —0.914 (10)

11.6yM antipain - -0.475 (20) —
23.2yM antipain — -0,799 (20) -

2.95yM leupeptin V"* ' -0.677 (10)
7.40yM leupeptin — — -0,763 (10)

14.80yM leupeptin — -0.448 (20) -■
29.50yM leupeptin — -0.100 (20) —

1.89yM pepstatin — — -0.809 (10)
4.75yM pepstatin - — -0.734 (10)

a Conditions for assay of CAF activity were: 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 10 mM 
2-mercaptoethanol, 1 mH NaNg, 15 or 25 yg CAF/ml, 25.0 C, and inhibitor as indicated. Casein 
concentrations were 0.025, 0.05, 0.075, 0.10, and 0,125 mg/ml for the low casein substrate con̂ - 
centration range of 0.50, 1.25, 2.50, 3.75, and 5,0 mg/ml for the high casein substrate concen^ 
tration range.

b Values are linear, simple correlation coefficients involving the number of determinations indicated 
in the parentheses. Measurements were on two different CAF preparations.
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Fig. 29. Lineweaver-Burke plots for CAF activity alone and in the 
presence of antipain and leupeptin.

Conditions: 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 10 mM
2-mercaptoethanol, 1 mM NaNg, 15 or 25 yg CAF/ml (0.136 or 
0.227 uM), 25.0° C and microbial inhibitors as indicated. 
Substrate casein concentrations were 0.025, 0.050, 0.075,
0.10, 0.125, 0.50, 1.25, 2.50, 3.75, and 5.0 mg/ml. Forty 
determinations with two different CAF preparations were used 
in the CAF alone plot (least squares equation l/v=0.00663 
(l/s)-K).0298, r=0.99); and ten determinations with one CAF 
preparation were used in both the CAF plus 5.8 yM antipain 
plot (least squares equation l/v=0.044(l/s)+0.031; r=0.98), 
and the CAF plus 7.4 yM leupeptin plots (least squares equa
tion l/v=0.032(l/s)+0.11; r=0.87).



written for dissociation of the complex ESI # E S  + I and can be calcu

lated by using the equation, Ki = i/(Vm/Vmi - 1), where i is the con

centration of the added inhibitor, Vm is the maximum velocity in the 

absence of added inhibitor, and Vmi is the maximum velocity in the 

presence of added inhibitor (Dixon and Webb, 1979). Inhibition con- 

stants, Ki, were calculated by using this equation for each of the four 

concentrations of leupeptin (Table 14). The average plus or minus 

standard error of these four inhibition constants for leupeptin inhibi

tion of CAE is 3.15 x 10 ^ M ± 1.01 x 10 ^ M. This result is in good 

agreement with the inhibition constant of 9*82 x 10 M calculated by 

Toyo-dfca et al» (1978) <> considering the assumptions involved and the 

fact that the present calculation is of Ki for a mixed noncompetitive 

type inhibition and the result of Toyo-oka and associates (Toyo-oka et 

al., 1978) was for Ki and a pure noncompetitive type inhibition.

As shown in Table 14, it is unclear whether antipain inhibits 

CAF activity through a mixed or a pure noncompetitive type of inhibi

tion* Because the data at the high range of casein substrate concentra

tion was generally more precise than the data at the low range of ca

sein substrate concentration (Table 15)9 and because antipain seemed to 

have a pure noncompetitive type of inhibition at the high range of ca

sein substrate concentration? it was assumed that antipain acted by 

pure noncompetitive inhibition, The inhibitor constant, Ki, for pure, 

noncompetitive inhibition is calculated similarly to that already de

scribed for calculation of Ki for the mixed noncompetitive inhibition 

exhibited by leupeptin; Ki = i/ (Vm/Vmi - 1) , where i, Vm, and Vmi are
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defined as they were in the preceding paragraph. Inhibition constants 

were calculated by using this equation and each of the four concentra

tions of antipain used in this study (Table 14). The average plus or 

minus standard error of these four inhibitor constants for antipain in

hibition of CAF is 12.05 x 10 ^ ± 2.44 x 10 ^ M. If antipain acts 

through, a mixed rather than a pure noncompetitive inhibition, this in- 

hibition constant would become Ki and could be compared directly with 

the Ki calculated in the preceding paragraph for leupeptin. Such a com- 

parison would Indicate that the inhibition constant, Ki, for antipain 

inhibition of CAF is 3.8 times larger than the Inhibition constant for 

leupeptin and would suggest that leupeptin is a three— to four-fold 

more effective inhibitor of CAF than antipain is.

Activity of CAF with Different Substrates 

Dayton's early studies on CAF (Dayton et al., 1975, 1976a, 1976b) 

indicated that CAF had a remarkable and limited specificity for only a 

few of the ten to eleven different myofibrillar proteins. Subsequent 

studies have generally confirmed that CAF cleaves only desmin, filamin, 

C-proteih, tropomyosin, troponin-T, and troponin-I among the known myo

fibrillar proteins and leaves actin, a-actinin, myosin, and troponin-C 

undegraded when they are incubated in. their native form with, CAF (Azanza 

et al., 1979; Ishiura et al., 1978; 1979; Toyo-oka and Masaki, 1979; 

Toyo-oka et al., 1978), Ishiura et al. (1979) found that among a large 

group of proteins they tested, only spectrin, tubulin, and Wolfgram pro

tein from rat myelin were susceptible to CAF in their native form. Only 

a few proteins, such as myoglobin, cytochrome c, phosphorylase a, and
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calmodulin, that would be found inside muscle cells were tested in these 

experiments, however. As described in the Review of Literature in this 

thesis, the kinase-activating factor, KAF, purified by Huston and Krebs 

Cl968) is probably identical with GAF; KAF degrades phosphorylase kin

ase in a limited manner, and phosphorylase kinase is an abundant pro

tein found in the sarcoplasm of muscle cells. Because GAF is not 

enclosed in lysosomes (Reville et al., 1976) but is freely exposed to 

the sarcoplasmic proteins of muscle cells (Dayton and Scholimeyer, 1980; 

1981; ishiura et al,, 1980), it is of interest to know whether sarco

plasmic proteins are susceptible to GAF and could be extensively de

graded in the absence of some special regulatory mechanism to prevent 

such degradation. Also, the hypothesis that CAF/s physiological role 

is to initiate metabolic turnover of the myofibrillar proteins would 

seem less plausible if GAF was also capable of extensive degradation of 

the sarcoplasmic proteins.

Table 16 summarizes the results of a number of experiments com

paring the ability of GAF to degrade casein, intact myofibrils, and 

the proteins in a sarcoplasmic protein fraction prepared as described 

in the Materials and Methods section of this, thesis . In general, GAF 

degrades both casein and intact myofibrils readily but has no or very 

little ability to degrade sarcoplasmic proteins. Although only 50% as

much. 0D„^o units are solubilized from intact myofibrils by GAF as are
Z /  o

solubilized from casein (45»02 units from myofibrils and 90,54 units 

from casein9 Table .16) > tliese numbers cannot be interpreted as, indica

tive of the relative rate of degradation of these two substrates by CAP.
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Table 16„ Comparison of ability of CAF to hydrolyze casein, rabbit 
sarcoplasmic, and rabbit myofibrillar protein fractions3 .

Composition of Substrate
Amount of 

CAF . 
(mg/ml)

Time of 
Assay 
(min)

0 0 2 7 3 units, 
solubilized
mg CAF

Casein^ Myofibrillar
protein

Sarcoplasmic
protein

5.0 mg/ml 15.0 30 81.94+4.90(6)
5.0 mg/ml - 7.5 30 67.48±4.53(2)
5.0 mg/ml — - 15.0 60 90.54+1.90(2)
5.0 mg/ml - - 7.5 60 105.86+3.03(2)
2.5 mg/ml — - 15.0 30 89.03±6.13(4)
2.5 mg/ml - 7.5 30 57.08±5.66(2)

- 5.0 mg/ml — 15.0 60 45.02+1.51(8)
■ - - 5.0 mg/ml 15.0 30 1.33+0..44(8)

- 5.0 mg/ml 7.5 30 3.46+4.16(2)
1W' 2.5 mg/ml 15.0 30 1.52+0.28(2)

- — 2.5 mg/ml 7,5 30 -3.77+4.60(2)
- - 5.0 mg/ml 45.0 60 1.87+0.12(6)
— - 5.0 mg/ml 22.5 60 3.10+0.76(2)

2.5 mg/ml - 2.5 mg/ml 15.0 30 73.80±5.65(4)
2.5 mg/ini — 2.5 mg/ml 7.5 30 55.66+8.29(4)

3 Conditions: Substrate concentration as indicated, 100 mM KC1, 100 mM
Tris-acetate, pH 7.5, 10 mM 2-mercaptoethanol, 1 mM NaNg, 
CAF concentration and assay time as indicated, 2.0 ml 
final volume, 25.0° C.

k See the Materials and Methods section for procedures used to prepare 
these fractions and measure CAF degradation of them.
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It is known that less than 25% of the protein in myofibrils is degraded 

by CAF, whereas much of the protein in the casein substrate may be vul

nerable to CAF (Ishiura et al., 1979). The time-course of release of 

0^278 un^ts ky CAF from myofibrils and casein was not measured in these 

studies, and it is possible that initial release of OD^yg units occurs 

more rapidly from myofibrils than from casein. It is clear from the 

results in Table 16 that sarcoplasmic proteins' are very poorly suscep

tible to CAF, if indeed, they are susceptible at all. Even large 

amounts of purified CAF (45 pg/ml) and longer incubation times (60 min) 

cause no increase in release of OD^yg units soluble in 2.5% trichlor

acetic acid from sarcoplasmic proteins (1.87 OD^yg units compared with 

3.46 0D278 units for 7.5 pg CAF/ml and 30 min, Table 16). That the 

presence of 2.5 mg/ml of sarcoplasmic proteins has no^effeet on the re- 

lease of OD^yg units from 2.5 mg casein/ml (89.03 ODgyg units compared 

with 73.80 OD^yg units and 57.08 ODgyg units compared with 55.66 OD^yg 

units; Table 16) indicates that the lack of CAF degradation of sarco

plasmic proteins is not due to the presence of CAF inhibitor in the 

sarcoplasmic protein fraction. Consequently, CAF is inherently incap

able of bulk degradation of undenatured sarcoplasmic proteins, evidently 

because of its limited specificity.

Discussion

One of the principal aims of this study was to establish some 

quantitative data on. activity of CAF in the presence of various modifi

ers and under different conditions. Therefore, all measurements report

ed in this study were repeated several times, and standard errors and
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other statistical estimates of variation were calculated for all data 

reported. As indicated in, the Introduction of this thesis, one of the 

greatest obstacles to careful study of GAF has been the long, involved 

protocols required to purify the proteinase, and. the very small quanti

ties of enzyme obtained with these procedures. Consequently, attention 

was given throughout this.study to development.of procedures that would 

shorten the time required for CAF purification and increase the yields 

of CAF. Several significant improvements were made over the procedure 

originally developed by Dayton et al. (1976a') for purification of CAF 

from porcine skeletal muscle. First, the initial 6% agarose column 

used by Dayton et al, (1976a) was omitted entirely, and the crude CAF 

fraction was loaded directly onto a DEAE-cellulose ion-exchange column. 

Loading directly onto a DEAE-cellulose ion-exchange column greatly in

creases the amount of protein that can be handled in one preparation 

because DEAE-cellulose has the capacity to bind much.more protein than 

can be passed through a 6% agarose unless extremely large and expen

sive columns, having diameters of 10 cm or more, are used for the • 

agarose gel permeation column. Although Dayton et al. (1976a) indi

cated that 6% agarose chromatography was necessary to remove some pro

teins that seemed to interfere with reproducible separation of CAF 

activity on DEAE-cellulose columns, it was found in the present study 

that CAF would elute reproducibly off DEAE-cellulose ion-exchange col

umns if 5 mM 2-mercaptoethanol was included in the elution buffer. All 

other reports on purification of CAF from various tissues (Table 17) 

have used an initial chromatographic purification on a DEAE-ion-exchange



Table 17. Comparison of yields of CAF from different tissues and by different investigators.
-  3Yield of CAF protein 

Investigators (mg/kg tlssue? fresh weight)
% Recovery 

of CAF 
activity

Purification^
(-fold)

Type of 
tissue

Azanza et al. ,  1979 3.00 (approx,)C 35.00 7,133 Rabbit skeletal muscle

Dayton et al. ,  1976 0.42 13,00 17,800 Porcine skeletal muscle

Dayton and Schollmeyer, 1980 - 2,000 Porcine Cardiac muscle

Ishiura et al. ,  1978 4,60 25.00 2,700 Chicken breast muscle

Reddy et al., 1975 6,44 (approx,) 1.32 247 Rabbit skeletal muscle

Suzuki et al. ,  1979 2.09 47.00 14,167 Human skeletal muscle

Szpacenko et al. ,  1980 31,80 23,00 751 Bovine platelets

Toyo-oka and Masaki ,  1979 ' *7- — 10,000 Bovine cardiac muscle

Present Study , 18,40 33.50 18,151 Bovine cardiac muscle

a Based on mg protein reported in the particular study as "purified CAF," Actual purity of the 
preparation varies. In some studies (Dayton et al., 1976; Suzuki et al,, 1979; Szpacenko et al,» 
1980; and the present study), "purified CAF" had 80,000 and 30,000-dalton subunits. In the 
other studies, "purified CAF" had only an 80,000-dalton subunit.

b Based on recovery of units of CAF activity.
c The amount of starting tissue was not given in these studies, and the figures given are based on 

estimates of the starting amount of tissue calculated from mg of protein in the initial extracts,
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column and elution with a salt gradient containing 2-mercaptoethanol. 

Hence, loading the crude CAF fraction directly onto a DEAE-ion-exchange 

column may be regarded as a standard first step in purification of CAF. 

The present study indicated that the initial DEAE^cellulose ion-exchange 

column produces, a 10- to 30-fold purification of CAF depending on the 

nature of the crude CAF fraction loaded onto it. Other reports on CAF- 

purification (Table 17) have also found that the initial DEAE—ion-ex

change column causes a 10- to 30-fold increase in specific activity of 

CAF.

An important contribution of the present study was the finding 

that CAF binds fairly tightly to phenyl-Sepharose hydrophobic columns 

and does not elute from such columns until the KC1 concentration is 

fairly low*, usually below 150 mM. This discovery made it possible to 

load the CAF fraction eluted between 200 and 350 mM KCl off DEAE-cellu- 

lose columns directly onto a phenyl-Sepharose column without any con

centration or dialysis steps. Earlier procedures for purification of 

CAF usually involved chromatography on a gel permeation column after 

elution off a DEAE-ion-exchange column. Therefore, the CAF fraction 

off the DEAE-ion-exchange column had to be concentrated by salting out 

with ammonium sulfate or by ultrafiltration, etc,, and this concentra

tion step resulted unavoidably in some loss of CAF as well as an addi

tional day. Not only was phenyl-Sepharose chromatography convenient 

and rapid, but because it is unusual for a protein to bind fairly 

tightly to both a charged ion-exchange column and an uncharged,
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hydrophobic column, phenyl-Sepharose produced a large increase of 15- 

to 20-fold in the specific activity of CAF.

Although CAF purified by successive chromatography on. DEAE- 

cellulose ion-exchatige and phenyl-Sepharose hydrophobic columns was 

already 40 to 50% pure, no completely satisfactory procedure has yet 

been found for the final chromatographic purification of CAF. An anti- 

pain-affinity column was used as the final chromatographic purification 

in the present study. Use of an antipain affinity column was convenient 

and rapid because the CAF eluted at low ionic strength.off a phenyl- 

Sepharose hydrophobic column could be loaded directly without concen

tration or dialysis. Antipain affinity columns, however, produced 

little additional purification of CAF, and CAF eluted from the antipain 

affinity column generally was only 75 to 85% homogeneous. In many 

respects, the antipain-affinity column responded more like an ion- 

exchange column than a true affinity column because CAF was eluted with

a salt gradient between 250 and 400 mM KC1, and many nonproteolytic
■ " 1  -

contaminants bound to the column. Therefore, \future efforts' should 

focus on development of a rapid and powerful third chromatographic 

step for purification of CAF, The hew chromatofocusing technique or 

an antibody affinity column might be useful final steps' to produce 

highly purified CAF in large yield after DEAE-ion-exchange and phenyl- 

Sepharose hydrophobic chromatography.

1. Recent results in our laboratory show that the antipain af- - 
finity column is only an ion—exchange column, and binding of CAF to 
these columns does .not involve antipain, CAF binds -identically whether 
antipain is coupled.to;.the activated agarose or not, Szpacenko, A., 
and Goll, D. E., personal communication.
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Despite the relative inefficacy of the final antipain affinity 

column, the purification procedure developed in this study produced 

significantly larger yields of CAF that had been purified as many or 

more fold than any of the other purification procedures reported thus 

far (Table 17). It is difficult to interpret the yields and purifica

tions reported in some of the papers on CAF purification because of the 

different tissues used in the different studies (Table 17). It seems 

probably from the data summarized in Table 17, however, that at least

5,000 to 6,000-fold purification is required.to produce highly purified 

CAF from striated muscle tissue and that purifications lower than this 

reflect an impure preparation. Almost certainly, the preparation puri

fied Only 247-fold from rabbit skeletal muscle (Re^dy et al,, 1975) was 

very impure. Because the nature of the impurities in these preparations 

is not known, findings on the properties of CAF made with such prepara

tions may be unreliable. Indeed, it seems possible that many of the 

disagreements about the properties of CAF are caused by variations in 

purity of the CAF preparations used in these studies. Consequently, it 

is important when reporting properties of CAF that the preparation used 

be of the highest possible purity and that this purity be carefully doc

umented,
2+ 2+. 2+The effects of nine different divalent cations. Mg , Zn , Mn

Cr2+, Cd2+, Ca2+, La'**’, Sr2+, and Ba2+ (Table 18), and two monovalent
: - ■ +  ,cations, K and NH^ , on.CAF activity were studied in this investigation 

Although this is the single most comprehensive study done thus far on 

the effects of different cations on CAF activity, the results do not



Table 18. Some properties of divalent cations and their ability to activate CAF.

Cation
Atomic
Number

Ionic
Radii*
(S)

Atomic
Diameter

(%)

Electronic
Configuration

Ionization
Eotential

(ev)

Concentra
tion that 
Elicited 
Maximal 
CAF"Activ
ity (mM)

Maximal CAF 
Activity 
Elicited0 
(OD278 Units/mg 
CAF/30 min)

Mg2+ 12 0.660 3.20 2-8-2 7.610 0 0

z„2+ 30 0.740 2,75 2—8—18—2 9.360 0 0

Hn21 25 0.800 2.50 2-8-13-2 7.410 2.5 6,94±0.76

Cr2+ 24 0.890 2,57 2—8—13—1 6,740 0 0

Cd2+ 48 0.970 3.04 2-8^18-18-2 8,960 0 0
Ca2+ 20 0.990 3.93 2—8—8—2 6.010 2.5 90.88±7.88

La3+ 57 1.016 3,74 2—8—18—18—9—2 5.600 2.0 20.56+4.24
Sr2+ I 38 1.120 4.29 2—8—18—8—2 5.667 20,0 85.1613.40

Ba2+ 56 1.340 4.48 2—8—18—18—8—2 5.190 3.0 5.87+4,53

c lNumerical values of the radii of the ions may vary depending on the calculation from the lattice 
spacings or crystal structure of various salts.

^Ionization potentials in volts for the elements in the atomic state.

Conditions: 5,0 mg. casein/ml, 100 mM KC1, 100 mM Tris-acetate, pH 7.5, 10 mil 2-mercaptoethanol,
1 mM NaN„, cations concentrations as indicated in the columns to the left,3
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lead to any definite conclusions about the role of divalent cations in 

catalysis of peptide.bond hydrolysis by CAF. Both. K* and NH^+ at con

centrations above 75 iriH decrease the rate of cleavage of peptide bonds 

incasein by CAF. The effect of these monovalent cations on CAF hydrol

ysis of casein is greater than their effect on trypsin hydrolysis of 

the same substrate. It is possible, therefore, that binding of CAF to 

the casein substrate involves, at least in part, electrostatic forces 

that are weakened at higher ionic strengths or that binding of mono

valent cations to CAF alters CAF’s structure in a way that decreases

its catalytic activity. Because no attempts were made in this study
+ . +to determine whether K or NH^ altered CAF s conformation, it is im

possible to decide whether one or the other or both of these possibil

ities is actually involved.

Experiments in the present study on the effect of divalent 

cations involved addition at different concentrations of each divalent 

cation alone. These experiments, therefore, differ in design from the 

earlier experiments By Dayton et al. (1976b) who studied the effects

of different divalent cations on CAF activity in the presence of 1 mM 
2+Ca * DaytonT s experiments were designed to determine whether differ-

2+ent divalent cations would act synergistically with Ca to activate

CAF,. antagonistically to Ca^+ to inhibit CAF, - or indifferently to Ca2*.

The experiments in the present study were designed to determine whether
2+different divalent cations would substitute for Ca in activating CAF„ 

A comparison of the results obtained for the three divalent cations in

cluded in both the present study and Daytonvs :study (Dayton et al*,
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1976b) is shown in Table 19. Neither Mg . 9 Mn , nor Ba affected CAF

activity in the presence of 1 mM Ca^+ , but when added alone, Mg^+ had
2+  2 +no ability to activate CAF, whereas both Mn and Ba activated CAF

weakly (Table 19). The present study showed that five of the nine di-
24- 24* 34- 24- 24-valent cations studied, Mn , Ca , La , Sr , and Ba , activated

24-CAF when added alone, Ca was the most potent activator among these
2+ 24* 24-cations ; Mn and Ba activated only 6 to 10% as much as Ca , and

L a ^  activated 20 to 25% as much as Ca^+ (Table 18) , Ca^+ , Mn^+ , La^+ ,
2+and Ba all elicited maximum activation of CAF when added in a range

of 2 to 3 mM final concentration (Table 18); indeed, CAF activation by
24, 34' 24*Mn , La , and ba could be detected only when these cations were

o 11 2 1 2 1 34*
present at 2 to 3 mM, Sr behaved differently from Ca , Mn , La ,

2+and Ba in its ability to activate CAF.- At '2 to ~3-mM^— no- ae-t-ivation -

of CAF.by S r ^  could be detected. Sr^+ activation of CAF was first de

tected at 5 mM added Sr^" and increased up to 20 mM added Sr̂ "*"s which
24"was the highest Sr concentration tested in the present study. At 20

24*' 24-mM, Sr elicited 90 to 95% as much activity as Ca did at its optimal

concentration of 2.5 mM (Table 18). Although Ca^+ , Mn^+ , La^+ , and 
24-Ba resemble each other in the concentration required to elicit opti*~

mal activity of CAF, there are no other obvious similarities among

these different divalent cations. The ionization potentials of these
24-cations range from 5.19 to 7,41 volts (Table 18). . Cr , which has an

24-ionization potential close to the ionization potential of Ca (6.74 

volts, compared with 6,01 volts for Ca^*) does.not activate CAF. The 

ionix radii of Ca , Mn^\ La^, and B a ^  range from 0.80 to 1,34 £.
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Table 19. Comparison of the effects of three divalent cations on CAF 
activity in the presence or absence of 1 mM Ca2+.

Divalent Cation 2+aAbsence of Ca
Presence gf 
1 mM Ca2+

Mg2+ . • 0 .0 0 % 1 0 0%

Mn2+ 7.64% 1 0 0%

Ba2+ 6.46% 95%

3 Activities expressed as maximum CAF activity elicited when the 
divalent cation shown is added alone over the range of 0.5 to 
15 mM divided by maximum CAF activity elicited when Ca2+ is added 
alone over the range of 0.1 to 15 mM times 100. Assay conditions 
were 5.0 mg casein/ml, 100 mM KC1, 100 mM Tris-acetate, pH 7.5,
10 mM 2-mercaptdethanol, 1 mM NaN^, 15 yg CAF/ml, 25.0 C.

k Activites expressed as percentage of CAF activity in the presence 
of 1 mM Ca2+. Assay conditions were 5.0 mg casein/ml, 100 mM KC1, 
100 mM Tris-acetate, pH 7.5, 10 mM 2-mercaptoethanol, 0.1 mM EDTA, 
1 mM CaCl-, 1 mM of the divalent cation shown, 5.0 yg CAF/ml,
25.0° C. Taken from Dayton et al. (1976b).
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Cd^+ , which has an atomic radius close to that of Ca^+ , 0 . 9 7 compared

with 0.99 8 , does not activate GAF (Table 18). Although Ca^+ , Mn^+ ,
3+ 2+La , and Ba all possess two electrons in their outermost shell, so

2+ 2+ 24-do Mg , Zn , and Cd , which do not activate CAE. Consequently,

there seems to be no common characteristic among the divalent cations

activating CAF that would provide some clue to the mechanism by which

this activation accurs. Although Ishiura et al. (1978) have reported 
2+that Ca alters the conformation of CAF as measured by availability of

sulfhydryl groups to dithionitrobenzoic acid, various other findings 
24-indicate that Ca is involved in binding of CAF to the protein sub

strate (Waxman, 1978; Kubota et al., 1981). Clearly, additional infor

mation is needed to determine the mechanism by which certain divalent 

cations activate GAF.

It is unclear whether the finding in this study that the non

ionic detergents, Triton X-1-0 and Brij 35, activated CAF 1.6 to 2.0- 

fold may be related to the cellular location of CAF in close 

association with the plasma membrane. It is possible that activation 

by Triton X-100 and Brij 35 indicates that the active site of CAF has 

some hydrophobic character and that binding of Triton X-100 or Brij 35 

to this site induces a conformation more favorable for catalysis. Al

ternatively, binding of Triton X-100 or Brij 35 to areas distant from 

the active site of the CAF molecule might induce allosteric conforma

tional changes that enhance CAF’s catalytic abilities. That CAF.binds 

strongly to both DEAE-cellulose ion-exchange and phenyl-Sepharose 

hydrophobic columns offers a novel way to test whether the active site



of CAF has some hydrophobic character, CAF could be bound to phenyl- 

Sepharose and the bound CAF-phenyl-Sepharose complex then incubated 

with iodoacetamide or CAF inhibitor under conditions where these sub

stances would react with.CAF. After a suitable incubation period, 

the excess iodoacetamide or CAF inhibitor could be washed out, and 

CAF eluted from the phehyl-Sepharose. Failure of the CAF bound to 

phenyl-Sepharose to react with iodoacetamide or to bind CAF inhibitor 

would indicate that the active site of CAF was blocked when CAF was 

bound to a hydrophobic media. The same protocol could be applied to 

CAF bound to a DEAE—ion—exchange medium t o .learn whether the active 

site of CAF was exposed when it was bound to a charged media. These 

experiments might also shed light on the role of divalent cations in

CAF activity because neither Triton X-100 nor Brij 35 affect the amount 
2+of Ca required for maximum CAF activity. That Triton X-100 or Brij

2+35 activate CAF without altering its Ca requirement suggests that

these amphiphilic compounds react with CAF at a site different from 
2+the Ca -binding site(s).

The mechanism of CAF inhibition by the microbial inhibitors, 

leupeptin and antipain, is also unclear. The present study and three 

of the four earlier studies on this topic found that molar ratios of 

leupeptin or antipain to CAF greatly in excess of 1;1 are required for 

50% inhibition of CAF. Indeed, the average of the molar ratios report

ed thus far for 50%. inhibition of CAF is 32.0 i .11.2 to 1 for antipain 

(mean plus or minus the standard error for three different studies) and 

11.4 i 4.8 to 1 for leupeptin (means plus or minus standard error for
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four different studies). These molar ratios are.much higher than would 

be expected if leupeptin or antipain acted similarly to the known pep

tide and protein inhibitors of proteinases. These known proteinase 

inhibitors, such as soybean trypsin inhibitor, act by binding directly 

to the active site of the proteinase and, because of their extremely 

high binding constant, are effectively irreversible inhibitors. Con

sequently,. the known proteinase inhibitors generally cause complete or 

nearly complete inhibition on a mole to mole basis. Indeed, some pro

teinase inhibitors, such as lima bean trypsin inhibitor (2), the 

Bowman-Birk soybean protease Inhibitor (2), and Japanese quail ovoin- 

hibitor (6) simultaneously inhibit two or more proteinase molecules per 

molecule of inhibitor (the number of proteinase molecules actually in

hibited per mole of inhibitor is indicated in the parentheses). Because 

antipain and leupeptin inhibition of CAF requires molar ratios of in

hibitor to proteinase much in excess of the expected 1 :1 , these inhibi

tors must act by a mechanism different from that of most other peptide 

or protein inhibitors of proteinases, or the antipain and leupeptin 

used in the present study and in most preceding studies involving these 

inhibitors and CAF were extremely impure and contained only 3 to 9% of' 

their weight as active inhibitor. Kinetic analysis in the present study, 

indicated that both, antipain and leupeptin inhibited CAF noncompetitive-

ly with inhibition constants of 12.1 ± 2.4 pM and 3.2 ± 1. 0 pM, respec- 
-. . 1 - ■ 

tively. . One earlier study on leupeptin also indicated that leupeptin

inhibited CAF nohcompetitively with an inhibition constant of 0.98 pM

(Toyo-oka et al., 1978). If leupeptin and antipain inhibit CAF by
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binding to its active site like the other known peptide and protease 

inhibitors, of proteinases do, such inhibition would be expected to be 

competitive in nature, even if the inhibition constant was large enough 

to permit kinetic analysis (most of the known peptide and protein in

hibitors of proteinases have extremely small inhibition constants of 
-11 -910 to 10 M, so the inhibition is essentially irreversible).

Hence, kinetic analysis indicates that antipain and leupeptin inhibit 

CAF by a mechanism different from that of most peptide and protein 

inhibitors of proteinases.

Although kinetic analysis indicates that antipain and leupep

tin inhibit CAF noncompetitively, it does not provide additional clues 

about the mechanism of this inhibitor. Earlier studies (Aoyagi and 

Umezawa,. 1975) have indicated that leupeptin inhibits trypsin hydrol

ysis of N-p-toluene sulfonyl-L-arginine methyl ester and a-N-benzoyl- 

L-arginine ethyl ester competitively but inhibits trypsin hydrolysis 

of a-N-benzoyl-L-arginine-p-nitroanilide noncompetitively. The C- 

terminal L-argininal residue possessed by both leupeptin and antipain 

has been Shown to be essential for the inhibitor activity of both 

these peptides. A third microbial inhibitor, chymostatin, also inhib

its CAF (Libby and Goldberg, 1980; Suzuki et al., 1979), and chymo

statin contains a C-terminal phenylalaninal residue. Therefore, it 

seems possible that CAF may be inhibited by small peptide inhibitors 

having a C-terminal aldehyde derivative of an amino acid. It would 

be interesting to test the effect of elastitinal, which has a



143

C-rteminal alaninal residue, on GAP activity because elastitinal has 

been reported to be specific for elastase.. (Umezawa and Aoyagi, 1977).

Inhibition of papain, a sulfhydryl proteinase, by leupeptin or 

antipain is thought to involve an interaction between the aldehyde 

residue of the inhibitor and the sulfhydryl group at the active site 

of papain (Umezawa and Aoyagi, 1977). Indeed, it has been suggested 

(Umezawa and Aoyagi, 1977) that leupeptin, antipain, and chymostatin 

act as transition state analogs in which the C-terminal a-acylamino 

aldehydes are related to the amino acid donating the carbonyl group in 

susceptible peptide bonds. Hence, the L-argininal in leupeptin makes 

leupeptin a potent inhibitor of trypsin, which cleaves peptide bonds 

in which the carbonyl group is donated by arginine. Similarly, chymo

statin with a C-terminal L-phenylalaninal is a potent inhibitor of 

chymotrypsin. It is known that reaction of thiol compounds with alde

hydes to produce tetrahedral thiohemiacetals is particularly favored 

(Knight, 1977), and it seems plausible that the microbial inhibitors 

having C-terminal acyl amino aldehydes inhibit thiol proteinases in 

this manner. If this is the mechanism by which these inhibitors inhib

it CAF, the potent effect of leupeptin on CAP suggests, that CAP would 

cleave peptide bonds in which the carbonyl group is donated by arginine. 

Moreover, the kinetic analysis in the present study suggests that, if 

leupeptin and antipain inhibit by acting as transition state analogues 

and through formation of tetrahedral thiohemiacetals, such inhibition 

has the unusual consequence of producing noncompetitive inhibition 

kinetics with. Inhibition constants on the order of pM, even though it .
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occurs at the active site of the proteinase and with formation of 

covalent bonds. Clearly, additional studies on the kinetics of CAF 

inhibition by the various microbial inhibitors are needed to establish 

the mechanism by which these inhibitors exert their effects.

The inability of CAF to degrade sarcoplasmic proteins and its 

reported lack of collagenolytic activity (Azanza et al., 1979) provide 

indirect support for a role of CAF in metabolic turnover of contractile 

proteins. Although. CAF has been shown to exist in nonmuscle cells such 

as platelets (Szpacenko et al,, 1980), it is also known that contrac

tile proteins are present in all animal cells. Because CAF degrades 

many of the proteins that bind to actin, such as tropomyosin, C-protein, 

troponin T, troponin C, etc., it seems possible that CAF acts generally 

to release actin filaments from their intracellular attachments whether 

these attachments are Z-disks in striated muscle cells or attachment 

plagues in nonmuscle cells. Direct proof of this hypothesis will re

quire further study.



CHAPTER 5

SUMMARY AMD CONCLUSIONS

This study was done to establish some quantitative data on the 

effects of various cations, nucleotides, protein denaturants, and 

inhibitors on the catalytic activity of CAE in the anticipation that 

availability of such data would form a basis for learning the physio- . 

logical role of this proteinase and how its activity is regulated in 

vivo. One of the greatest obstacles to careful study of CAP has been 

the long and complex procedures required to purify CAP and the low 

yields, of purified protein that could be obtained by these procedures. 

Therefore, some efforts were directed at devising an improved procedure 

for purifying CAP.

A new procedure for purifying CAP was developed. This procedure 

involved preparation of a Pq_^^ crude CAP fraction or a P^^ ^  crude 

CAP and CAP inhibitor fraction similar to that described previously 

(Dayton et alV, 1976a; Otsuka and Goll, 1980). The Pq 45 crude CAP 

or ^25-65 crude CAP and CAP inhibitor fraction was chromatogrammed 

directly on a DEAE-cellulose column instead of being subjected to gel 

permeation chromatography on 6% agarose as done previously (Dayton et 
al. ; 1976a). Inclusion of 2 to 5 mM 2-metcaptoethanol in the eluting

buffer resulted in reproducible elution of CAP off DEAE-cellulose-ion- 

exchange columns between 200 and 350 mM KC1. The DEAE-cellulose column 

produces a 10 to 15-fold CPq_^^ crude CAP fraction).or a 30 to 40-fold

/  '■ %  "  : 145: , /  ■ ;  ; ■
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(P25-65 cruc*e CAF and CAF inhibitor fraction) purification. CAP eluted 

off the DEAE-eellulose column is loaded directly onto a phenyl-Sepha- 

rose hydrophobic column. CAF elutes late off the phenyl-Sepharose col

umn, between 150 and 0 mM KC1. The combination of these two column 

chromatographic steps produces a very efficient purification of CAF, 

and CAF off the phenyl-Sepharose hydrophobic column is 40 to 50% pure. 

No completely satisfactory procedure for final purification of CAF off 

the phenyl-Sepharose hydrophobic column has yet been found. An anti

pain affinity column was used, but it was subsequently found that this 

column was acting simply like an ion-exchange column and not as an 

affinity column. Despite the failure to find a highly efficient pro

cedure for final purification of CAF, the procedure developed in this 

study yielded 18.4 mg of purified CAF/kg of bovine cardiac muscle and -, 

resulted in an 18,150-fold purification with 33.5% recovery of CAF ac

tivity. This yield of purified CAF is three to nine times higher than 

has been previously reported. The 18,150-fold purification is approxi

mately equal to the 17,800-fold purification reported earlier by Dayton 

et al. (1976a) for preparation of highly purified CAF. from porcine 

skeletal muscle and much higher than the 2,0 0 0 to 1 0 ,0 0 0-fold purifica

tions reported by other investigators.

Casein was used as the substrate for studies of CAF's ability 

to degrade proteins. CAF hydrolysis of casein is conveniently studied 

and, in the presence of 5 mM CaCl^ and 100 mM KC1, follows pseudo first 

order kinetics over a 30 min time period at an incubation temperature 

of 25.0 C. The ability of CAF to hydrolyze casein decreases linearly
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as KC1 or NH^Cl concentration increases in the range of 75 to 1,000 tiiM. 

CAP activity also decreases at the same linear rate as KC1 concentra

tion increases from 0 to 75 mM, so that CAP activity is maximal at 0 mM 

KC1. As NH^Cl concentration increases from 0 to 75 mM, however, CAP 

activity increases so that CAP activity is maximal at 75 mM NH^Cl.

Both KC1 and NH^Cl have a greater effect on CAP's ability to degrade 

casein than KC1 had on trypsin's ability to degrade casein. KC1 de

creases trypsin's hydrolysis of casein 0.031 OD^yg units/mM KC1 and 

decreases CAP's hydrolysis of casein 0.068 01*278 units/mM KC1. NH^Cl 

decreases CAP's hydrolysis of casein 0.081 Ol^yg units/mM NH^Cl. 

Therefore, increasing ionic strength in the range of 0 to 1,000 mM de

creases CAP activity and riot all of this decrease is due to effects of

ionic strength on the casein substrate.
2+ 2+ 2+ 3+ 2+CAP is activated by Ca , Sr , Mn , La , and Ba but not by

Mg^+ , Zn^+ , Cr^+ , and Cd^+ . Maximum CAP activation by Ca^+ , Mn^+ , .
2+ 3+Ba ,: and La occurs when these cations are added to a final concen-

2+ 2+ 3+tration of 2 to 3 mM. Mn and Ba produce 6 to 10% and La 20 to
2+  24-25% as much CAE activation as Ca . Sr activation of CAE is not

2+ 24-detectable until 5 mM added Sr and increases up to 20 mM added Sr ,
24-which was the highest Sr concentration tested in this study. At 

24-20 mM, Sr produces approximately 90 to 95% as much CAE activity as
24- 24- 24-2 to 3 mM Ca . Mg added at 1 mM has no effect on Ca activation

24- .of CAE over a Ca concentration range of 0.01 to 25 mM. One-tenth 

mM Zn^+ completely inhibits Ca ^-activated CAE activity over the range 

of 0.01 to 5 mM added Ca^+ . One yM Zn^+ causes approximately 40%
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2+inhibition of Ga -activated CAF activity over a range of 0.01 to 5 mM 

2+added Ca . There is no ostensible relationship in ionic radius, ion

ization potential, electrons in the outer shell and atomic diameter 

among the divalent cations that activate CAF hydrolysis of casein, and 

the exact role of divalent cations in CAF activity is unclear.

Although an early study (Kohn, 1969) had reported that nucleo

tides inhibited a crude protease that was probably CAF, this inhibition
2+is almost certainly due to chelation of Ca by the added nucleotides.

24-Inhibition decreases as the molar ratio of Ca to nucleotide becomes
* 24-one and disappears altogether as the Ca to nucleotide ratio exceeds

2.5. Inhibition is greater when ATP is added than when ADP or ITP are
24-added, and ATP has a higher binding constant for Ca than ADP or ITP.

2+ 2+ Addition of 5 mM Mg , which is bound more tightly by ATP than Ca ,

decreases ATP inhibition of CAF by ATP in the presence of 1 to 2 mM 
' 2+Ca by 50 to 75% and completely eliminates ATP inhibition of CAF in

24-the presence of Ca concentrations above 2.5 mM.

The nonionic detergents Triton X-100 (octyl phenoxy polyethoxy- 

ethanol) and Brij 35 (polyoxyethylene 23-lauryl ether) activate CAF 

activity in the presence of 100 mM KC1 and 5 mM Ca^+ by 1.6 to 2.0- 

fold. Triton X-100 activation occurs immediately upon addition of 

Triton X-100 and reaches 50% maximum activation at a Triton. X-100 con

centration of approximately 0.125%, v/v. Brij 35 activation does not 

begin until 0.2% (v/v) Brij 35 is added and reaches 50% maximum activa

tion at approximately 1.0% added Brij 35, v/v. Neither Triton X-100
24-nor Brij 35 have any effect on the Ca requirement of CAF. Both urea,
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a common protein denaturant, and SDS, an anionic detergent, inhibit CAF

2+activity in the presence of 100 mM KC1 and 5 mM Ca , Loss of CAF ac

tivity occurs immediately upon addition to urea, and 1 0 0% inhibition 

occurs at 1.9 to 2.0 M urea. Fifty per cent inhibition of CAF activity 

occurs at 0.9 to 1.0 M urea. Thus, CAF activity is more sensitive to 

urea than the activity of many proteases. SDS has no measureable 

effect on activity until 0.02% (w/v) SDS has been added. CAF activity 

decreases rapidly as SDS is added above this level, and CAF is complete

ly inactive at approximately 0.045% (w/v) SDS. Fifty per cent inhibi

tion of CAF occurs at approximately 0.03% (w/v) SDS. That 0.02% (w/v)

SDS is required before loss of CAF activity begins may be related to

the finding that SDS concentrations must be equal to or greater than 5 
-4to 6 x 10 M (0.014 to 0.017%, w/v) to form a saturated complex con

taining 0.4 g SDS per gram of protein.

None of the peptide and protein inhibitors of trypsin, including 

aprotinin or basic trypsin inhibitor and kallikrein inhibitor, a^-anti- 

proteinase inhibitor, lima bean trypsin inhibitor, ovomucoid trypsin 

inhibitor, ovoinhibitor trypsin inhibitor, and soybean trypsin inhibitor,

studied in this investigation have any effect on CAF activity in the
24-presence of 100 mM KC1 and 5 mM Ca , even when added in large molar 

excess over CAF. Fhenylmethylsulfony1 fluoride, another common inhibi

tor of serine proteinases, also has no effect on CAF activity when added 

in 440-fold molar excess. These results are consistent with previously 

published evidence that CAF is a sulfhydryl or thiol proteinase and in

dicate that CAF has very little in common with the serine proteinases.
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Four of the trypsin inhibitors, aprotinin, a^-antiproteinase, lima bean 

trypsin inhibitor, and soybean trypsin inhibitor, interfered with the 

common assay used for measuring CAF activity and had to be purified be

fore definite conclusions could be reached about the effects of these 

inhibitors on CAF activity. These results illustrate the importance of 

critical use of controls when using ultraviolet absorbance to measure 

enzyme activity because many substances absorb in the ultraviolet region 

of the spectrum.

Pepstatin, a microbial inhibitor from Streptomyces testaceus, 

has no effect on CAF activity but leupeptin and antipain, two microbial 

inhibitors from actinomycetes, are both potent inhibitors of CAF. Fifty 

per cent inhibition of CAF (0.136 pM) occurs at 1.2 yM leupeptin and at 

4.9 yM antipain. Kinetically, leupeptin exhibits mixed noncompetitive

inhibition, decreasing both the Km and Vm of CAF in the presence of
2+  '100 mM KC1 and 5 mM Ca . Antipain exhibits pure noncompetitive inhibi

tion, decreasing the Vm but not having large effects on the Km of CAF 

activity. The inhibition constant, K ^ %  for leupeptin inhibition of CAF 

is 3.15 ±1.01 yM (mean plus or minus the standard error of 4 experi

ments), and the inhibition constant, K^, for antipain inhibition of CAF 

is 12.05 ± 2.44 yM (mean plus or minus the standard error of 4 experi

ments). These results indicate that leupeptin is a more effective in

hibitor of CAF than antipain. Results in this study indicate that 8.82 

moles of leupeptin and 36.0 moles of antipain are required per mole of

CAF to produce 50% inhibition of CAF activity in the presence of 100 mM 
2+KC1 and 5 mM Ca . The relationship of this finding and the finding
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that both leupeptin and antipain exhibit noncompetitive inhibition to 

the supposed mechanism of these two inhibitors acting at the active site 

as transition state analogs is unclear«

Although CAF releases soluble peptides readily from casein and 

a myofibrillar protein fraction, it has no effect on a sarcoplasmic pro

tein fraction. Lack of effect on the sarcoplasmic protein fraction is 

not due to the presence of CAF inhibitors in this fraction. These re

sults provide indirect support for the proposed role of CAF in initiat

ing metabolic turnover of actin filaments by releasing these filaments 

from their intracellular attachments.
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