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Changes in the proteins of chicken myofibrils which occur during

-

post-mortem aging were compared with the changes in isolated myofibrila'

® , . .
incubated with purified calcium-activated factor (CAF). Thé effects of '

CAF were further examined by fractionating the myofibril proteins using

Hasslebach Schneider solution (H- S) and pota581um iodide solution (KI)

.A small but eonstant proportiqn of myofibrillar actin was persistently

insoluble in the KI ektracted myofibril "ghosts" and was hydrolysabie by

CAF. The amount of actin'in ghosts of CAF-treated or dged myofibrils -

5. . - v

A,qu substantially reduced or.completely eliminated.

The hydrolysis of ghost actin by CAF was studied and the reaction

Y

» . + . - .
was found to have pH optimum and Ca2 requirements similar to other CAF

substrates. - .

Some propertiqs of SDS~PAGE purified ghost actin were compared

o

to @hose of KI soluble actin prepared by the same method. The amino acid

composition was very similar but the 1soe1ectr1c pH of the proteins dif-

N
. *

fered. - ,

»
¢

: . \ . .
The purified actins were used to immunize mice. Mice injected
with KI soluble actin failed to produce antibodies in response to that

protein. The antibodies produced against ghost actin recognized both

~actins identically. The fractionated antiserum used in indirect immuno- .

fluorescence experiments showed that the ghost actin resided in the z-disc
and was removed from that location By CAF. Thin filament actin was

unaffected by CAF activity.b

' It was concluded that actin in the Z-disc. may have a different

conformation which éould'be responsible for its susceptibility to

- v
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hydrolysis by CAF, The proteolysis of Z-disc actin is likely the cause

. . \
of Z-disc disruption observed due to -aging or to incubation wfth CAF.
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This study is directed toward. the composition and structure of
) . .
the Z-disc and its break@gwn in striated muscle myofibrils. The 2-disc
serves as the anchor point for the contraétile elements and confers
_strénqth and continuity to muscle myofibrils in living tissue.
Degradation pf the Z-disc structure has been'impliqated in the weaken-
fng of }iving ﬁuscle-tissue‘in mus@blar and neuromuscular disorders.
In posp-hortem muscle, Z-disc degenération is thought to contribute to
the tenderization of mﬁscle processed for consumption as meat.
Recently'£hé‘z-disc has been the subjéct of considerable‘research,
which ;evéaled some of its éroéein components, its ultrastructure, and
its enzymatic breakdown by endogenous muscle enzymes. However, the
actual mechan%sm of ‘2-disc dissolution has‘@ot yet been made clear.
In this stddy, evidenceé is presented that may éxplain how endog-
‘enous eniymes break down the z-disc structure.
| In order to in;roduce the contribu£ion of the Z-disc degradation

— e -

‘to the developmeﬁt of teﬂiﬁ%ness in post-mortem muscle, a brief descrip- *=
. } @ . A
tion of overall ph¥510169y of muscle is included. - The sfructu;e-and
intefactipn'of the broteins of the contractile system and the mechanism
of muscle contraction are»presdﬁ;ed in order to’intnoduce'the évents
surrounding the development of f‘b&r mortis in post-mortem muscle, AThe

subsequent factors that may contribute to the development of -tenderness
. 4

in meat are also discussed.



GENERAL PHYSIOLOGY AND GROSS ANATOMY OF STRIATED‘HUSCLE

Striateﬂ muscle is a highly organrzed system of tissues that
permits voluntary movement 1n hiqher organisms. This system is

composed of organized contractile and structural elements in associ-

of

ation with connective tissue, a vencular system, and a nervous

-

network.
Connective tissue gives support and strength to the muscle
structure as a whole, and also serves as a link in the tranamission

of the physical force generated between the muscle fiﬁers and the

>

skeletal sfstem. Muscle connective tissue. is classified into
three categories. The epimysium, a connective tissue sheath,

surrounds the entire muscle and’ is continuous with both the peri-

, ) -

mysium, which penetrates the muscle and divides its structure into
bundles d@)fibefs, and the endomysium which surrounds each flber.

The connective tissue is primarily composed of collagen but also

contains some elastin and reticulin. - o )

©

Throughout the muscle structure,va fine network of blood
vessels and nerves can be found. . The blood veaéele.prouide neces—
. carx‘nutrients and oxygen‘required.for enerqgy metabolism,‘and remove
the byproducts and heat genereted in contraction. The nerves provide_

the»signal for unified contraction as will be described in a subsequent .

'

section.

The individuai contractile unit of muscle is the muscle fiber,
&

<

a multinucleated cell that may extend for several centimeters in the

muscle. Muscle fibers make up teventy-five to ninety-two percent of

the total muscle volume, the renainder being connective tissue, blood
R4



vessels, nerve fibers and extra-cellular fluid (Forrest, Aberle, Hedrick,

. Judge, and Merkel, 1975) (Figure 1).
A aurrounding each'muecle fiber is an'excitable membrane system,
the ;arcqlemma, which is the key to the control of muecle conttaction.
The aarcolemma and the connected network of T-tubules transmit the‘\/
conttacti]e stimulus from the nervous system to each myofibril 1n
:the fiber vi:tually simultaneously,
¥ Contained within.each.fiber may be as nanyAas 2,000 or more
myofibrils, bathed in the sarcoplasm (or cytosol) which contains the
enzymes and accessofy compounds required for muscle cont;;ction.
Individual fibers when viewed in the light microscope appear
striated having a regula;z} repeating pattern of light and dark bands.
1he characteristic»light isotropic (I) zone is bisected by the Z—line
(none.accurateiy the Z-disc due to the cylindrical nature of the )
sarcomere in cross-section) and the den;e anisotropic (A) zone }
. bisected by the H-zone and the M line are easily recognizable features
of muscle pltrastructure; Because adjacent myofibrils are‘joined

and the bands appear in regiater,'the resulting uniformly banded

appearance characteristic of skelétal muscle led it to be also known

-]

as striated nupclei

4

— : - THE MYOFIBRIL

e This section briefly outlines tﬁe\ muscle roteins and the
mechanisms of nuscle contraction, and is not designed as a compre-
henlive'teview,,hut merely serves to “introduce the structure and

function of the proteins of the myofibril. ©
) .

N\



Figure 1.
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_____ The myofibril is a highly organized matrix of water insoluble
proteins, some of whlich generate the mechanical force of contraction,
‘lnd others‘which provide the ltructural foundation to which the

contractile elemants are anchored. Whila the najor‘gontractile and

regulatory proteins of the nyofibril h been identified, the

structure and functiorr of - of thg minor components remain uncertain:
The introduction of toe sliding filament theory of muscle .
2‘contraction'(ﬂux1ey and Hanson, 1954; Huxley andvniedéroerke, 1954),
was based-on observations of the behaviour of the nyofibril ltrietiops
during contraction. shortly ﬁhereafter, in 1957, H.E. Huxley
presented electron microscope evidence of muscle sections which

, showed cross-bridge connkctions linking thick and thin filaments,

th;s providing the basis for the crossibridge mechanism and the
generation of force through'the consumption of ATP. These vioal

ob;ervations became the basis of ouricurrent understanding of muscle

contraction, namely the "sliding filament theory."” A

Hehcle Contraction ' ~

. ‘It'is now accepted that the‘contraetion of_nusole involves
’ the coordinated action of contrdoeile and regulatory proteins. ifhe
force of contreetlon is generated by the sliding of the thick and
thin filaments past one another in unison. vthe thick %ilament is
" composed enrireiy of nyosih, a‘highly asymnerric molecule composed
of two 1dentical eubunitl or heavy chains. Eech has a globdlar \
head joined to a long .@~helical golypeptide tail portion by a t:ypsxn
‘sensitive 'hinge portion{ Associated with the head region, -there

exist two identical and two non-identica) light chains. The entire

s



myosin complex.is thus composkd of six polypeptide chains with a total
molecular weight of approximately 460,0004?:}!6;3. The myosin head

‘ region has been shown to posses .ATPBBG’;ctivity and can also bind

«thin filaqent actin. These last Xwo key functions are fundamental to

the contractile mechanism.

-ﬂ\ ’
b . co ¥ LR v
Myosin - <
Myosin uoleeules are arranged in the thick filament in a ;

//regular helical packing arrangement so that' theé myosin heads project
from the filament at regular intervale of 1438 (Huxley and Brown.

1967). In each £i1 t, the myosin' molequles.qne arranged in such a way

that the heads projegt outward from the centre axis of the filament

'and are staggered at 12 to each other. Assembly is ‘accomplished

by tail to tail aygregatidn of the myosin molecules in such a way .

- o . ]
that the heads point away from the centre of the molecule. The'
céntre porgﬁon of each thick ‘ilament, a bare reqion where reversal

of polarxty of. the molecules occurs and where no myosin heads protrude,

*
cauges the pseudo-H-zone at the centre of the sarcomere. ©

The myosin tail regioeségre probably bound’togetheg by t—?rotein:
which s th?ugtt to surround the thick filament at redular intervals
(foef?n197€>/dé;er, Moos, and'Starr{/1923). Another set of proteins
are tﬂe M-proteins which'maf also rihg.theth ck filaments at the M-

“fiine. The C- and M-proteins possibly serve the funstion of organizing
the nyosin in the thick filament, contribute to its structural

inteqrity and help naintain the filaments in register.

L
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Actin , S , ) $ .

e The thin fil;ment is composed primarily of actin snd the reg-

ulatory-proteins troponin ahd tropomyosin. The globular (G) actin monomer

is a roughly spherical protein of 41,780 daltons containing 374 residues

as determined by sequence data (Elzinga, Collins, K uehl,\and'hdel-

~

stein, 1973) but msy exhibit vn;ying molecular ueights from 43 opo
to 50 000 daltons when measured by ultracentrifugation {Rees and
Young,'1967) and by SDS polyacrylamide gel electrophoresis Actin

contains the unusual amino acig T-methyl hxstidine and also has

an acetylated N- terminal zesidue. ‘It contaxns fiye cysteine

‘residues but nO'disulfide bridges. A high proline content results in

low a-helical oontent of only fifteen to twenty percent. .

Actin, an ubiquitous molecule, is found not, only in striated
!',

and smooth muscles but also in non-muscle cells (Pollard and.yeihing,

1974). It has been implicated in many of the cell functions where

physical movement occurs. ; \
A . , »

The Thin Filament

G-actin monomers polymerize to form a double—stranded helix

- q
in, the presence of AI? In the process of polymerizatiqn, each G-

actin mohomer binds one mol of ATP/mol monomer (Rees and Young, 1967;
2 .

Tsubori 1968). The ATP is split into ADP and’inorganic Phosphate

during the polymerization ‘of G—actin to F-actin filaments. Little

: is actuslly known about the role of ATP hydrolysis in polymerization

or about the binding sites betueen actin molecules. Electron micro-

graphs of reconstituted filaments‘indicate a double helix of .
o o

!monomers in register with a width of 603 and a half pitch of 365}

‘(Huxley,“l963). 'In the "grooves" formed between the two actin -

£ B . . . e

- - 8



strands lie tne regulatorj prﬁ¥eins, tropomyosin and troponin.

myodin, a long, two—spéined twisted coil composed of two non-i ntical.

‘a-he11qal subun1ts//i1es end to end in the groove, spanning seven actin ¢

monomers. The tropomyosxn molecules arg arranged in such a way that

- each molécule_does not lie exactly in the bottom of ch grooyge but

slighfly to one side so innt it only makes cont ith one aétin chain, -

. as illustrated in Figure 2.
¥ : .

«

. (8) .
Figure 2. Regulat1on of muscle contraction by troponln. A. Relaxation
. in the absence of Ca2*. B, Activation. A, actin; T, tropo-
myosin; T, TN-T; I, ‘TN-I; and C, TN-C. Interactxons between
proteins are ind1cated by a short connectlng line (from
° Potter, J.D., and Gergely, J., Biochemistty, 1974, 13, 2702). .

Associated with each troﬁomyosin molecule eiisfs a troponin¢
complex. This globulzr pfbtein is composed of three different sub-
units~éabh of which has its own uniqueé gﬁnctinn.  ?ropqnin-c (Tﬁ-C)s
‘"has a site for the binding of four molecules of. calcium per molecule

2
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of TN-C. The inhibitory subunit TN-1I functions to block the inter-
action of the mydsin head with actin. TN-T, the tropomyosin ginding’
7subunit, permanently links the other subunits to tropomyosin. Troponin
can also bind a site on actin depending'on the availabiiity of Ca2+

as will be discussed shortly.

The protein B-actinin has also been shown to be associated with .

LY

. * o . o
the thin filament although it is apparently not required for contrac-

tion. 1Its precise location has not yet been established. *

Contraction

' Contraction in striated muscle is triggered by a nerve
-impulse.u A wave df depolarization travelling down a nerve/}iber
bridges the neuromuscular Junction by causing the secretion of the
‘neurotransmitter acetylchollne at the’ motor-end plate. The acetyl-
‘choline trlggers the depolarlzatlon of the muscle cell sarcolemma
which rapidly spreads over the entire surface of the muscle fllament,
and at the same time is bonducted inward through the fiber by the
T-system, a network oé/tubules surrounding every myof1br11 near’the Z-}
disc. This intricate system transmlts the depolarization signal

that 1n1tiates muscle contractlon in every myofibr11 virtually 51mu1—

taneously. - .
vAdjacent to the TLtng;les at the 2Z-disc sre.the terninal
cisternae, a separate membrane system to which the depolarlzation
'signal is passed. The terminal cisterna forms an elaborate collar—
like ring around each‘z-dlsc and also surrounds the ‘length of the

'myofibril with a perforated membrane sheath. This system of veslcles

. known collectively as the sarcoplasmic reticulum (SR) is responsible



[

which still remains unexplainedr results in a change in the orien;

for the conversia;/of the action potential impulse to the chemical
impulse which triggers contraction.

’

In the relaxed state of muscle, the SR requlates the
equilibrium between free and SR-sequestered calcium in the sarcoplasm

bathing the myofibril. This is accomplished by active transport of

2+ - ‘
Ca ions at the expense of ATP across the membrane into the SR

o

system. In resting muscle, the free c52+ concentration is normally
less than 10-7 M. Within the SR, Cazf may be sequestered by two
or more Cazf-binding proteins. In some muecles,.the mitochondria
may also cooperate with the SR in sequestering Ca2+.

The depolarization of the SR membrane system interferes w1th
the equilibrium'distribntion of Ca2+'by momentarily interfering with
the ective transport system. The ‘subsequent efflux of ga2+ éincr_e'a'ses
) _ . _ 4 )
fhe sarcoplasmic’Caz+fconcentrationwone hundred fold and initiates
contraction. TN-C on the thin filament binds this Ca2+~end undergoes‘
a conformational change which somehow is transmitted to the entire

; a
troponin~tropcmy051n complé&. TN~-I becomes unbound from actin and
the entire complex rolls tighter into the groove in the thin filament,

thus exposing the myosin;binding site on actin. The myosin head then

'binds the actin molecule. Each bound myosin_head ie believed .to

undergo a conformational change as it releases the stored energy from

'Rthe hydrolysis of a molecule of ATP. The change (via a mechanism ,'qf

e

tation of the myosin head. This shift in attitude (often called the ;

power stroke) is believed to be the. step in which the chemical energy

o N

of ATP is converted to motion by an alteration in tye,spatial relation—

1
1
. 3
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”ihig'ﬁetweén the actin and nyosin molecules.{ In this way, by
repeated attachment and detachment of the mposin heads, the’thick C .
. filament moves itself along the thin filament. Tnus éhe tension '
developed in musale is in direct proportion to the number of cross
bridges formed between the thick and thin filaments.

| Relaxation of the muscle occurs when the neural impu}se is

“w>

' .. - 2+
terminated.  The membrane systems rapidly become repolarized, Ca

. 2+ :
again is eequestered in the SR. When the sarcoplasmic Ca 1evels : ’,//

drop to the resting level the actin-myosin interaction once more -

becomes inhibited, the thick and thin filaments become detached

from pne another and can slip freely past each other to.a’rest position.
During relaxation the force for the return of tne filaments
to the nothInrestiné poeition is provided by the tension stored |
Aéuring conttaction,_ano by the elastic connective tissue netewhich
4'su;fonnds the-fibe%s. | |
: It_}s important ﬁo note here that ATP is required for
- relaxation to occuf; Each myosin head must bind a mblecule of.ATP; .
in -order to become detached from the(@djaoent actin strand. 1In the
nooence of ATf; the actin and'myosi£1§ecome irreversibly locked in a )
v o :

rigor bond, o B

‘
‘

THE 2-DISC

.
AN

Ultrastructure

' The early observati6hs on muscle contraction showed that as

- the mugcle filaments slide past one another, the z-discs are ‘drawn

closer together.. As nore knovladge was gained ahout the structure of



o ; O o
the myofibril and the.role of the thick.and thin filaments in.muscle

contraction it became apparent that'the 2~discs have structural import-

¢
(-4

" ance in anchoring and organlzlng the thin filaments in space. Until
faxrly recently the structure and comp031t10n of the 2Z-disc had remalned
relatively unknownw.‘ ‘ N '
| . ~
Much of the current knowledge pertaining to the Z-disc has been
deVeloped from observations of its physical appearance in electron micro-

N

graphs. ‘One of the first pubiished'studies on the vertebrate Z-disc

«

(Knappeis and Carlson, 1962) establlshed that the I f11aments on e1ther

side of the Z-disc were out of register with each other. They also

noted that rod-like filaments (2Z-filaments) project from'the ends of

12

the I filament. As the Z-filaments angled and coursed through the Z—disc,-‘

-they formed a tetragonal pattern when v1ewed in cross-sectlon. In the
orlglnal model it was proposed that each thln f1lament on one side ‘of
v J

'_.the 2-disc was connected to,the four,fllamentSvoppos1te 1t through the
o A _ e _

2-disc by neans of'themi?filaments. The resulting model produces a

basket-weave pattern, t11ted 45° from the or1entat10n of the thin fila-

‘ments, that closely resembles the pattern commonly seen is sectlons of

. the Z-disc - (Ullrlck -Toselli, Saide, and Phear, 1977).

However, different 1nterpretat1ons of the basket—weave pattern ‘
have led to widely differing models of Z=d1sc structure. -Because the
size .of both the thin filaments (Goi)Aand the”proposed7zefilanents
f’approaches the limit offresolution'of the electroh microscope,zthe‘resuits
obtained from examination of nicrographs can beiinterpreted in many ways.-
As well, in some samples artlfacts were introduced dur1ng f1xat10n of
the EM samples that superzmposed "large®™ and "small“ 1att1ce patterns

- —
upon the basic basket-weave (Landon,,lQJO;-MacDonald and Engel, 1971).

¢

-



As a result of the above problems several different models were proposed.
. ) .

The model which appears to fit most of the evidence was devel-

oped by Ullrick et al. (1977), and is presented in Figure 3.

4 Figure 3. Model dbf the vertebrate
- . v, z-diSCQ .

Their modéi_invblVed the splitting of thin filﬁmentS'intb‘two qr'three
sﬁrands thch'}oop into the'z-diéc and re-emerge to join other filamentsi
dhithe originai side. Some amorphous material may exist at.the centre
pf tﬁe g-disc. This model is supéorted‘by.evidence‘that the Z-disc has
:bepn obgerVed to.sp}it‘into two h;lvesl(ﬁaron, fetrang and Roberts, 1915;
Sjo#iréﬁd,.l962) ané therefore thin filaments ldcated on opposi£el§ides

of the disc are prébably not contiguous.
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‘Protein Composition --~ »\ ‘

.Huxley ;nd Hangson (1954) determined\that the 2-disc accounts for
less than ten percent of all the myofibri{ protein. Until very recently,
-the dnly protein that had been identrfied in the Z-disc was g-actinin.
Fluorescent.éntibody teehniques (Masaki, Endo, and Ebashi, 1967; Scholl-
heyer, Goll, Robsen, and étroﬁer, 1973) and:selectiVe extraction,studies
(Briskey and Fukazawa, 1979; Etlinger and Fishmen, 1972; Fukazawa and Bris-
kay, 1970a, b; Goll, Mommaerts, Reedy, and Seraydarian, 1969;.Robson, |
Gell, Arakawa, and Stromer, 1970) re;ealed-eonclusivelf that g-actinin
' resides in the z-disc.

3 . Early repbrts 6: its biochemiéal activity (Ebashi and Ebashi,
1965;'Maruyame‘énd ébaehi, 1965; Seraydarian, Briskeytend Mommaerts,
1967; Temple and Goll,'1970) establisheé that a-actinin interacts with
actin to form an.insoluble gelzcomélex., oa-Actiriin was also found to
affect rates of ectomyosin superprecibitation and ectbmyosin Pase
act1v1ty (Ebash1 and Ebashr, 1965) but has been shown to be u 'eces-
sary for muscle contractxon (Brlskey, Seraydarlan, and Mommadrts,
1967; Seraydarlan et al., 1967) 051ng purified a-actxnlh, 11,
Suzuk1, Temple, and Holmes (1972) were able to show that at phys1o-

-

loglcal temperatures (37°C), a~actinin binds only one end of the thin

A

filament, the Z-disc end, and that this binding could be inhibitedvby
tropomYoeig,‘ Aseuming a.gplecular eeight pf 260,000 daltons for o~
actihih/it was celculateé;that one molecuie of q-actinin may bind ten
to eleven molecules of actin. This. ratio corresponds to one'molecu;e
of a-actxnxn per “turn of the F-actxn helxx (Goll et al., 1972).

Uslng fluorescent ‘antibodies, Granger and Lazarides (1978)

demonstrated that act1n also EXIStS in the 1nter1or of the z-dlsc. :

14



" wWithin the 2Z-disc q-actinin hndAaétin‘p}obably'interacf, fdrming
the insoluble complexes that have been-desctibed abbve.

Actin also exists at the periphery of .the 2-disc where it may'

e

be'involved in the structure of filaments that contain the newly identified

proteins desmin JGranger and Lazarides, 1978; Lazarides and Balzer, 1978)

-

and vimentin (Granger and Lazarides, 1979).

Desmin (50,000 daltons) and vimentin (52,000 daltons) both are
recently discovered pusclevproteins. In associatipn with actin, these

| .

. I ,

proteins form a distinct class of filamenef in both smooth and striated
) ‘ ) . ' - .

muscle and ‘also play important roles in cellular structure and movement.

These filaments have become known collectively as the intermediate {or

\

1db R) filaments, so named because their size falls between that of the
»thfn (actin) filaments (60 i) and the thick (myosin) filaments (150 X)

o

[

and ¥he'miérptubules (2§0 K). -

Litgle’has been determined qbout'the structure and°propefties
of desﬁin.and vimentin, Both molecules are insqlggif at high'sélt'con-
_ ceni:ations;;but are solubilized at low pH or‘by agents that dissociate
hydtopbobic bonds such as SDS.fYIsolated desmin co-polymerizes with actin
to form 100 & filamerits (Hubbard and La;érides, 1979). Together, all

vthréé form an elastic network of intermediate filaments that connect
adj aéent Z-discs. | .

"The z-éisc can then be se;h as.an organizational center of the
myofibril structure;.'The\lattice of thin filaments is anchored in the -
2-4i c\yia links with.a—aétinin.. Adjagent Z4di§cs are linked to each

1

_other and maintained in register by the intermediate filaments. The
:intetmediqté filameﬁts 4:y also fo:@-the link between the Z-Gisq network
. : - " y

< .
o
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and the membranous organelles such as the T-sysStem and the sarcolemma

.

(Lazaridés, 1980).

Gap‘Filaments

'Sevéral authors have repofted the existence of a third type of
filament in myofibrils. Evidence for these structures comes primarily
frop studies of electron microgrgpﬂs. 'Guba,gﬁarsanyi, and Vajda (1968a)
reported. filamenty connecting the Z-discs of myofibtils where mycsin
Sné much of th, tin had been ex acted.' These filaments could no
longer be 6bsérvéd af;er~éxtraction th KI. Guba et al. (l968b);
téportéd that the hypothetical protein fibrillin could be prepared from
the KI extracts, and sugge;ted that these fibers Qete composed of that-
protein. Basedﬁon cross~sections of extracted fibers, Guba.énd‘his
aésocfatés proposed a continuous f£ilament system forming the core of
ltﬁe thick filaments and passiné.thr@ugh the 2-disc to connect the thick
filaments of adjoining sarcomeres. However, little popular support

has been profferred for these suggestions. ' .

\

Somewhat later, in a series of eléctton microsc0pe observations
An single,ovérstretchéd fibers, ﬂocker and'Leét (1975,.1976a, 1976b,
1976c) and Locker, Daines, aﬁd Leet (1976) observed filaments siﬁilaf
in appearance ané location, but which resisted extractjon in M KI.
bocker"concluded that a éér%es of elastic filaments 80'3 in diameter ran

‘continuously through the Z-discs and the thick filaments.

Seve;al other authors also reported fibers of éimilér (dos Rgmeqios,
*1978) and of differing diameters (Maruyama, Matsubara, Natari, Nonomura,

Kimura, Ohashi, Murakomi,}ﬂandd and Eguchi{ 1977; Waltott and Ridgeway,

.1967). Although little biochemical evidgnce exists to support the -

16
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existence of gap filaments, it is difficult to explain the observation

that~some material remains within the myofibril which prevents the 2-

discs from separating following extraction of myosxn and actin (dos . ~

Remedios and Gilmour, 1978; Granger and Lazarides, 1978; Huxley and

Hanson, 1957).

NON~MYOFIBRILLAR ACTIN -

s It is becoming increasingly.evident that actin is invSlyed in
numerous other cell functions. 1In non—muscle»cellg, actin and myosin

have been implicated.in a.number of contractile and structural functions
:including cytokinesis,‘exocytosis, endocytosis: cell adhesion to a

substratum, cell locomotion, membrane ruffling and maintenanee of cell

“shape (as rev1ewed by Pollard and Weihing, 1974; Lazarides, 1976, 1980)

Actin-in most of these cases has been found to exist in thin

(60 X) filaments. Using antibodies to actin, Lazarides (1976) demon-~

strated an extensive threeédimensional network of actin filaments in=°
cultured oells. - The otganization of these filaments undergoes constant
'metamorpnosis. _The actin_filaments eoniinuously assembled and dis- - o
assembled in areas_of the cell where movement‘occurs (Lazarides, 1975);

These actin filaments appear- to have similar protein cgnstitqtion-to

the thin filaments of striated muscle. Tropomyosin is sometimes found‘
assocxated with the actin along the length 54 the filament and may

~stabilize the actin filament. Sttuctures containlng a-BCtlnln (analogous

to z-discs) exist at vertices where several ctin filaments are joined.
Movement in non-muscle cells may thetefore take place in a-

*

'szmilar manner to striated nusofe through the cooperation of actin and -
c
myosin, and regulated by ttopomyosin. '/ o
o ‘

i
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Desmin Filament Actin . &
«

“Recently a new class of intermediat® (100 A) filaments has —

been identified and naméd the desmin filaments. These filaments have
) ' ' - .
been shown to consist of non-stoichimetric amounts of desmin and actin

) T

. . : ' i
(Hubbard‘and Lazarides, 1979). These filaments form the highly ingol-

uble network linking adjacent z-discs in striated muscle described pre—’

° /

viously. While actin in the desmin filaments may be immunologically
identical with thin filament actin Lazarides speculated that this actin

is likely to be in a different conformational form.
' . h}

i

_ Act¥n has been abservéd‘té beé a highly conserved molecule in
nature, SZfiated muscle actin from avian and mammalian sourceé is
generally accepted as inéistinguishable by the. criteria of peptide
( mapping and amino acid composition (Carsten and Katz, 1964). Tyis may

accéunt-for the fact that nafive actin from one species will_not-elicit
the production of antibodies in many diffgrenf spegieé.

~ However, subtle hetérogeneity does exist®even in actin; ;QtraCted
from a sinqié éniﬁal. Actin from chick brain cells in coméarison to -
‘chicken skeletal muscle actin exhibited no diffetence in biochemical -
propertiesf(apparent molecular weight, polymeriiatibn-depolymerizétioa'
properties, activation of myosin ATPase andVdécoration by heavy mero-
myosin) (Pollard and Weihiﬁg, 1974). However, slight differences were
detécted:dn the Basis of tryptic peptide maps (Gruenstein and Rich, 1975),
-in the sequences of selectedipeptides (Eli@nga, Maron, and Adelstein,
1975), and in SDS-urea pquacr?famide.;el[electfophoresis (§torti, Coen,

%nd Rich, 1976; Storti»an?\kich,,1976). Whalen, Butler-Browne, and Gros
. N 2 :
(1976) used two dimensional isoelectric-focusing (IEF) to resolve actin. - ¢’

‘into tlifee distinctly different isoelectric variants, identified as e
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‘B, and y-actin on the basis of their electrophoretic'mobélity. a-actin

~ appears to be the predominant but not exclusive form in skeletal muscle,

-

and the y-form prevails in smooth'muscle, developing muscle and non-

muscle cells. . ‘ N

Nt is probable thaglthese observed actin variants arise from
different genes rather than post-tr&nélational protein ﬁodification
(Gruenstein and Rich, 1975; Izant and Lazarides, 1977). Therefore,
while all actins were at first thought t® be identical, a considerable

amount of evidence now indicates that minor heterogeneity exists that
\ ‘ l

may influence the role 6f actin afé&in the cell.

~

THE CONVERSION OF MUSCLE TO MEAT

Muscle is a superbly efficient biochemical machine, splendid1§

organized to convert biochemical energy into strength and motion. It

is, however, also very good to eat.

The fact that muscle containg h;l eséential amino acids and to

»,

a lesser extent, essential vitamins andﬁmiherals, makes it an excellent
. source of human nutrition. It has been observed for perhaps hundreds

Qf years that changes occur ‘in post-mortemvmuscie fh;t alter the éfoper- o
ties of meat. HImﬁédiately,fﬁllowing death and exs;nguinatibﬁ of the |
a;imal a characteristic sho;tening of the_muscle or isoﬁet;ic teﬁsioﬁ S
development oécuzs‘and‘leads finally to inextgqsﬁbility of the musclef} Y
These changes are known collecgively as the onset of~rigor‘m6rtis.

The study of the biochemistry of.living muscle has.now aiiOWed us .

"to explain these post-mortem events. The éxplanation of .the molecular

metabolism during contraction was crucial to our comprehension of the

0

&y
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factors that contqsbute to thelgevelopment of rigor mortis and ultimately

-% -

affect the quality of meat.

Development of Rigor Mortis

In the living animal, the circulatory system performs a number

. of functions essential for the maintenance of homeostasis within the

muscle., The .circulatory system provides the muscle system with tgg
éssential nutrients and oxygen requ1red for energy metabolism. It
also removes the byproducts and heat generated dur1ng energy metabolism.

Death of the animal by exsanguin&tion results in a o;mpiex series-of
' » R : . ' .
changes that occur within the muscle. tissue.

«

a Ciréhlatdry failure deprives: the muscle of 02, the terminal

_electron receptor, required for the oxidative phosphorylation necessary
to maintain a constant level of ATP essential for myofibril contraction.

In an effort to r?plenish the ATP supply,gthe muscle metabolismxshunfgfi

- < ) . : .
available glucose into the less efficient glycolytic pathway.

/

. S~ - - . | .
- _ Existing ATP is rapidly catabolized by the muscle's endogenous’

N

~ actomyosin and sarcoplasmic reticulum ATPases. The accumulation of lactic

acidv'a byproduct of tne‘rapidly glycolysing metabolism results in a

characteristic pH fall from pH 7 2.in normally metabollz;ng muscle, to

an iltimate pH between 5. 4 and 6 2. The rapldly dwindling ATP supply "and =
the dé%p in pH ‘both contrlbute to the’graﬁual loss in the-ability of the

SR and the mitochondria to sequester Ca2 ; As a result, the newly freed

cazt slowly leaks into the garcoplasm and elicxts a slow, weak mtiscular
!

contraction similar in many aspectslto the normal contraction of ‘musc¢le
¥ ) ) ] .
(Davxes, 1966) Tbis contraction contributes even more to thé‘iﬁcreaséd
. . .
ATP defic;t, and continues until, eventually, the ATP drops to a suffic-

e : . . —
B Q"



"record breaking strength of muscle‘ and the other measﬁred the force

iently low level (below 0.1 y moles/g musdle} that- contraction ceases

(ﬁend311; 1973). The actin and myosin molecules in the absence of ATP
are irreversibly linked in so-called "rigor" bonds. ‘As a result, the

normally extensible muscle becomes stiff and resists stretching

(Davies, !963),) ,
= ) 0
The rate of rigor development varies greatly among species,
’ ) / i .

-among animals within a species, and even varies among different muscles

in the same‘animal; Typically, in beef the. maximum tension development

may‘occur between twelve and up to twenty-four hours post-mdftenk(cia

and Marsh, 1976; Currie and Wolfe, 1980; Dransfield and Rhodes, 1975;
.
Nuss and Wolfe, 1981) but may develop in chicken in a% quxckly as three
LN . < .
to six houts (Wood, -1973).

a

Maximum tension development signals the end of the primary "~

“events of rigor mortis._ At this time,sorganoleptic todéhneSS'is maximal,

but wlth subsequent conditioning, tenderness has been demonstrated to
. > I
increase, - Increased fragility results in decreased r;gidity and az:

N .
‘ o N
- . 5,

increase in perceived tenderness.

Tenderness Measgrement

The mechanical measurement .of the parameters of meat/ﬁgxture\‘

A ~and tenderness woulg seem 81mple at first to the casual observer.i ‘How-

ever, after the development of countless_methods, the solution is

.

still far from perfect, and a suitable universal method has not been.

¢

agreed upon. . .
g ‘ ' - S ) RN s
: @ One of the first devices develbped fo;i;;l purpose of measuring

eat tenderness (Lehmann, 1907) involved two mechanical methods, one to .

o

%

SN




required to bite through the sample with two cutting edges. Although

many other similar devices have been reported, the Warner-Bratzler shear

-4

oell intéoduced in 1928 appeared to best parallel results of taste panel

studies. The device measures the force reéuired to shear a round plug

of ceoked meat. Although wide varjiations in resnlts cen be introduced
e .

by equipment and methdds used in sampling and cooking, results of studies

using this device for mechanical texture measurement, often in conjunc-

tion with studies usin%'trainéd taste panels, provide the basis for value

judgements of meat tenderness.

Conditioning ‘ ' . .

" For centuries, it fas been common practice to allow meat to age

\

‘from a few days to several weeks or months in some®instances to improve

the quality. As early as 1874 (Bouley, 1874), conditioning was thought

B . ~

to be respon51b1e for the development of a 51gn1f1cant increase .in tender-

~ ness and flavour. Similarly, in 1907 Lehman described the first mechan-

1cal measurement of the 1mprovement of tenderness w1th conditioning.-
Since‘that time, it has'become established fact.thaé:%uscle undergoes a

‘process of tenderizdtion following the development of rigor mortis (Bate-

4

Smith, 1948; Bendall, 1973). . S

‘Several explanations of the tenderization observed.during con~

LE
ditioning have been proposed. The reversal or breaking of some of the

B ~ ‘

rigor bonds formed between the thick and thin filaments might allow

the muscle tofrelax and’become extensible once more (Wierbicki, Kunkle,
ah1;}, and Deatherage, 1954). Other explanations 1nvolvezthe hydroly51s

of certain structural components within the myof1br11 ‘that may acconnt

i

for increased fragility of the structure (Dayton et al.,1975),



L

' .’63965; Takahashih

a

yet another hypothesis involves the alferation of the state of the water

with pH surrounding the protein filaments of the myofibril (Currie and o

Wolfe, 1980; Hamm, 1960). In many of tce experiments designed éo test
these explanat1ons, it was 1mposs1b1e to dlst1ngu1sh which observat1ons
‘were due to changes in the muscle, and whlch were merely effects of other
‘pcst—rigor changes. 1In addition, it may be possible that all the pro-
posed mechanisms confribg%e to some extent to the final tenderizatibn,
hence it is difficult to distinguish tge contribution of each process
to final improvement in quality.
R
The following is a summary describing results of current research

into the most likely mechanisms of post-rigor tenderization.

Resolution of Rigor

Because the formation of rigor bonds was hypothesized to be
the cause of the rigid state of muscle ih rigor, the reversal or so-
called "resolfition" of rigor mortis was thought likely to involve the

dissocfgtion of the actomyosin complex into actin and myoSih by breaking

@

of the "rigb; bonds.f While early workers argued that total dissoci-

,,.r

atxon did occur (Partmann, 1963; Takahash1, Mofx; Nakamura, and Tonomura,

Eﬂkazawa, and Yasui, 1967), and that sufficient ATP

. o
temalned 1n the- muscle to partlallﬁrd1ssoc1ate or weaken the rigor com-

plex (Fu]1mak1 et al., 1965 Goll, 1968), 1t has now generally held that rigor’

bond-format1on is an irreversible process (Davies, 1963). These views

P

are substantiated by evidence gathered from several diffe;ent lines of

~research. - Gothard, Mullins, Boulware, and. Hansard (1966) have shown
'._ﬁhafﬂgercomeree1ength‘decreéses pre-;idcrfbgt that ‘no. change in the

B s

sarcoﬁéfe"lengthVCan be oSéerved in post-rigor muscle eamples, indicating

-o—'—'\

CE



_that the thick and thin filaments remajin firmly linked.

Other experiments using purified actin'and myosin could dis-

tinguish no differences in the ATPase activity (Hay, Currie, and Wolfe,
T

1972, 1973) or changes in the vis&osity of the acﬁbmyosin complek

(Jones, 1972; Samejima and WOife, 1976) that would indicate a éhﬁnge

.."

in the state of the actomyosin complex-@uring’conditioning;

Proteolysis a
The earliest observations of changes éccurring in conditioned o

muscle coincided with development of advanced equipment ahd‘techhiQdés

-

B N

for the electron microscope (EM) during the 1960s. It was then ob- -
served that with,increaSingvperiodé of cbnditidning} proéressive dis- »

ruption of myofibrils occurred (Davey and Gilbert, 1967). Alteraﬁions

_of the observed zZ-disc structure were the most promiment. A marked

decreése_in the density of the 2-disc was reported (Fukazawa and Briskey,-

1970a; Fukaza&é and Yasui, 1967; Stromer and-Gol;, 1967).; In chicken

muscle, these changes can be observed within twenty-four hours at 2°c

LS

(Hay et al., 1973), while in beef or pork similar changes'may occur only

after a week (Olson, Partish, Dayton and Goll, 1977).

’

The weakening of the myofibril coincides with the degradation '

. of the 2=disc; breaks are frequently_obserVed in' that reg%dn) EM study

has revealed that in pbstfrigor muscle, the mxpfisril becqmesﬂsusceptiﬁle
to fr&gture at.thehz-disc or at the I-z:junqtisp\whén'stxetched‘(béve¥
and Dickson;.1970; Gaqn and Mérkel; i978). This obéervation has been
used iﬁ;the evaiua;ion-pf_the ftagility pf post-rigor myofibrils. :ﬁombg-

enized muscle breaks into shorter myofibril seéments} with increased

periods of conditioning (Fukazaﬁé} Briskéy, Takahashi, and Yasui, 1969).




e
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These observations were Jater used to- relate conditioning to subjective

tenderneSs (Moller, Vesterga rd,. an wismer-Peéeréon} 1973) .-
a a
Not all muscles are affected by cond1t10n1ng to the same extent.

Dutson, Pearson ‘and Merkel (1974) and Hay et al. (1973) demonstrated that -
the f;ber type of individual muscle determined to~what extent the Z-discs
were affected, Both stuaies~eg;eed that damage te Z~discs was extensfve

in muscles of high white fiber content, while predominantly red ﬁuscles

‘showed little or no change in structure.

-]

Alterations in Myofibrillar Proteins

ObserQationE on the increased f;aéility'of the mydfibeils in
ee;nditioned musele} end‘that breaks oceureed at the 2-disc, suggested
that changesbmay occur in the‘proteine of the mYofibrilf The refine-
menfkof teehniques for;érotein separatioe and‘aﬁalysis, pe;ticularly'
poiyactylamide gel eelecﬁrophdiesis (PAGE),'heve gfeatiy faeilifeted tﬁe
UadVancement of our knowledge of myofibriller proteins and their degra-
“dation.” R R | }

Asiearly as 1917; Hoaglaﬁd} McBride‘end Powick, had meaéured an
vincrease.in_"neﬁ-coaéelable'nitrogeﬁ”'wifh storage time. “That study
o B : S , . P
andvsevexal others that follo&ed indicated the acfivity of endogenous .
';protequtic enzymes. ‘However, liﬁéle;specific_information about‘ehe'
,‘kinde and functions of musqle>pro£eases was available.at.tﬁat;time.

Cethepsine‘were one of tﬁe eerlieStfclasees’of p;oteesee iden-—
tified in muecle'cells.' Cathepsihs*are steble proteolyfie enzymes with
4‘low pH optima whlch are generally found in the lysosomal fractlon of cell
homogenates., They are~responsible fo: the degradatlon of protelns

e .
-whxch have been enveloped by’ lysosomes. In muscley,pxgtein degradat;on

Y
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. was atmfirsthattrihuted to the cathepsins after their identification in~

the muscle (as reviewed by Bate-Smith, 1948). It has since been estab-
lished that muscle tissue does contain several classes of lysosomal
cathepsins. Cathepsin D is the most abundant of these enzymes (Canonico

and Bird,‘1970). Traces of cathepsin B (Schwartz and Bird, l977),;

~p

cathepsin A (Iodice, Leong, and Weinstock, 1966) and recently cathepsin L

(Okitani, Matsukura? Kato, and Fujimaki, 1980) havejalso been detected.
It has been established.that cathepsins B, D and L have the abillty to
_degrade actln and’ my051n, and that L can also" degrade a-actlnln under
. optimum condxt1ons (Okitani et al., 1980, Schwartz and Bird, 1977).
Penny (1980) argued that although these cathepslns may be actrve at
the ultlmate pH range of muscle (pH S 5-6.2), no such hydrolyszs of
these, protelns is observed in aging. experrments (Eino and Stanley,
' 1973a, 1973b; Okitani et al., 1972; Penny ‘ana Ferguson-Pryce, 19795‘
SameJ1ma and Wolfe, 1976). It therefore seems likely that cathepsin
act1v1ty does not contrxbute greatly to the tender1zat1on of muscle

<

dur1ng condlt1on1ng. Furthermore, Elno and Stanley (l973b) contend

that the primary substrate of the cathep51ns 1s the sarcoplasmxc protein..

Calcium Activated Neutral Protease

The importance of a calcium activated neutral protease (CANP).‘
” 1n the cond1t10n1ng of muscle ‘had been overlooked completely unt1l its

discovery in the early 19705. The enzyme, also called calcium activated
-~

' protease (CAP), butmore commonly calcxum actxvated factor (CAF) was

o

fxrst 1solated as a phosphorylase B klnase actlvating factor (Hustdp and .

Krebs, 1968) but its functxon as a protease was not recognized.
Kohn (1969) detected calcxum requ1r1ng proteolytrc act1v1ty '

—e
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. having.a pH optimum between pH 7 and 8 in studies of muscle homogenates.

At about the same time Goll, Arakawa, Stromer, Busch and Robson (1970)

discovered that rabbit'muécle strips incubated ouernight in calcium-
containing solutions hecame extremelf fragile. Microscopic.examination
of.sectione of the strips revealed the typical loss of Z-disc structure
observed earlier in conditioned muscle. Control muscle strips incubated
in EDTA failed to show similar changes.' Subeequenr inuestigation
' resulted in the isolation and characterization of CAF from'porcine muscle
(Dayton, Goll, Zeece, Robson, and Rev1lle, 1976 Dayton,‘Renllle,.GOIi'
.and Stromer, 1976). It was demonstrated that the purified enzyme.could
.mimic the changes obsefved during cond1t1on1ng of muscle‘fibers.' When
myofibrlls were lrrieated_with CAF, the Z-diecs could be observed: to
-disapéear. | | |
CAF was shown to have a pH optimum of 7;5 using bothjmyofibrils
and caseln as substrates. The enzyme requ1res lmM Ca for optimal \

akt1v1ty and also’ the presence of a reducing agent - (2—mercaptoethanol
or dithiothreltol).' CAF was 1rreversxbly inhibited by alkylat1on w1th
'iodoacetamide. The later studles of Ish1ura, Murofush1, Suzukl, and
Imahor1 (1978) uszng chlcken CAF revealed three 2-n1tro-5 thlobenzoate
: titratable cyste1ne resldues.per_mol of'CAF ‘in Ca2 -free buffer. On
the addlticn of C:2+, one more cysteine became fitratable. Two addi-

t1onal reszdues were tltrated after denaturat1on. Hence'Ca2+ is neces-

sary to actlvate an: essentlal cystelne res1due at ‘an active site.

Dayton s purifled porc1ne CAF has a sed1mentat1on equ111br1um molec-

-

‘\

ulaﬁ we1ght of 112 000 daltons but m1grates as- two subunits with molecular

welghts of 80 o000 daltons and 30,000 daltons‘on SDSs gels. Dayton et al.

.

'\<i975) believed the 30 000 dalton subunit to have a regulatory funct1on.
\ .

) . . - v
~ -
. . . g

=
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However, Ishiura et al. (1978) did not find the 30,000 subunit in their

Preparations from chicken and regarded it as a contaminant of the is%e
lation procedure.
To determine the substrate specific.:y of chicken CAF, Tshiura-

, I
et al. (1980) analyzed fragments of oxidized insulin B ches'n after

. hydrolysis by CAF. .Their results indicated that CAF showed no preference

for uny*specific amino acid sequence, but rather that the preferred
site of hydrolysis was near the‘center'of the long peptide chain, with
other less preferred cleavege sites occurring closer'to the ends of the
substrate. Since CAF would hydrolyse none of the thzrteen amino acxd
esters or small pept1des commonly employed in protease assays, it was
concluded that CAF only hydrolyses proteins. CAF would however, only
hydrolyse hemoglobln, myoglobln, cytochrome-c, bovzne serum album1n,

ovalbum1n, phosphorylase and calmodulin if these proteins were denatured.

R

o

hrFew'non-muscle proteins were hydrolysed in their native form.

Because CAF was the first enzyme that was shown to degrade myo-
fiorils at neutralva, its effects on the myofibril/proteins were studied o
with great. interest, in an attempt to exp1a1n the phys1ologzca1 effects

observed in electron m1crographs. When entire myofibrils are treated

w1th CAF, several changes are observed (Dayton, Goll, Reville, Zeece,

-Stromer,.and'Robson,'1974). Tropomyosin and _troponin are\dfgraded. At

the same time a 30 000 dalton product of hydrolyszs appears. a-actinin

is released.from the Z-dlsc matrix.n Cc and-Moprotein are also degraded,
hut to ailegser extent. Uslng purified troponin, a 30'000 deltOn com~
. ponent was shown to be a product of the hydrolysis of TN-T (Dayton et
al., 1974; Ishiura, Sugita, Nqnanka, and Imahori, 1979). W

It was of . considerlble interest that CAF caused the solubilxzatlon

28
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of g-actinin from the 2z-disc._ Since CAF removesmz-dlscs,rand-since
a-actinin is probably bound to thin filament, it was expected that CAF
would degrade g-actinin and/or actin. However, CAF affected neither
the molecular weight of actu10ta-actinin, nor altered the N and c
terminal residues of either protein (Dayton et al., l975), Therefore,
'CAF did not'degrade~a-actinin or actin.
The'degradatfon of C'protein, M protein,_tropomyosin and troponin,
could explain the electron microscope observations of alterations in the
. structures that contain these'proteins: However hhe effects on the 2--
disc.remain unexplained.’ | | , ~ S
_Dayton et al: (1975) proposed a mechanism in which €AF was \
assigned'the tole of initiation of degradation of the myofibril. lhis ‘\
“has implidations for‘the cellular role of CAF in the mechanism of myo-
vfihril turnover. Several lines of evidence support the idea that'Cth
is instrumental in such myofibril catabolism, »
S : : - : yope :
Cellular,prptein maintenance inv01ves a delicate balance where
. protein synthesls'exactly balances the elimination of'protein that has
outlived~it$‘use£ulness. In radlolabelled amino acid incorporation
'stud1es, 1t was shown that the dlfferent muscle protelns exhibit a wide-
‘range of half lives (Funabiki and assens, 1972; Low and Goldberg, 1973).
In muscle atrophy due to a d1sease ‘such as muscular dystrophy, or- due
to denervatlon, marked chéanges in the z-dlsc structure occur. 'These
‘:include hypertrophy, streamxng, dlszntegrat1on and dlsappearance (Engel,
f1968). These observations, when coupled‘w1th the fact that elevated )
levels of CAF exist in atrophying ‘muscle (Kar ‘and Pearson,_1976- Kohn,

R
1969) imply that CAF may be 1nvolved in the destruct1on of both myo- i

fxbrils and z-discs in degenerating muscle tissue.'

.
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Dayton et al. (1975) speculated that CAF may initiate myofibril .-

breakdown, because CAF hydrolyses the C and M proteins and troponin,

« ] i '
and disrupts the 2-disc structure via an unknown mechanism. By hydro-
lysing the" components thought to stabllxze the thick and thin fnlaments,

and by disrupting the Z-disc, complete myofibril disaggregation might

occur.

_ However, disroption of the entire myofibril,hae never been ob-
_served: . It'%g now reco§niied that the z-di;c is the primary site of
" ' -~ .

CAF activity. C and M proteins are not hydrolysed as readily; changes

" in the C and M lines occur chronologically much later and are less

pronounced than those in the z-disc (Dayton et al., l975). In addition;

B

alterationS‘in the troponin system are not likely to result in over-’

S

whelm1ng degtadat1on of the th1n £¢1ament§as’tropon1n merely servei a
regulatory functxon. The recent report that CAF has been located,
pr1mar11y at the z-disc by fluorescent antibody techn1ques (Ishiuvra et
al., 1980) also conf1rms the site of CAF. act1v1ty. Thus the observed |
Z-disc hydrolysis by CAF 1s most llkely respon31ble for myoflbrll
fragmentation and the development of tenderness dur1ng cond1t10n1ng.
The proteln desm1n is also hydrolysed by CAF (Hubbard and Laza-.
',riaéé, 1978). The location of desmln f11aments at the per1phery of the
-disc ‘may .not d;rectly cause the observable changes in the dens1ty of
fthe z-disc. However, since'the desmin filaments encircling the z-discs
are responsxble for the organlzatlon of the z-dlscs, the hydrolysxs of
-desmxn may be responsible for another z-disc-related alteration., 1In :
condxtxoned muscle the z-dlscs are often observed out of regxster (Suzuki
7. Saito, Iwai, and Nonami, 1978; Suzuki, Saitor Sato, and Nonami,‘l978).
fhus the hydroleis,of_desmin by CAF mayfbe responSlbIe for disrupting

¢
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_ the 2-disc connections between adjacent filaments. -

Statement of the Problem

&

It is apparent from examination of the,literatdre concerning
Y] 4 )

the 2-disc, that many of the observed changes in @ts structure during

post-mortem aging require further explanation. The importance éf ﬁhe
.z-disé as, the key structdfe which provides continuigy and strength to
the myofibril cannot be understgted. Its weakgning éoems_io account
for the fragility that develops in post~mortem{muscle with conditioning.
Since. the enzyme CAE is the only éetectable?degradatiye enzy;e'
active aéainst m&ofibrillar components in post-morﬁeﬁ muécle, and since

)

. '," .
its effects on muscle ultrastructure and proteins resemble those observed

in pqsf-mortem'gging, this résearch was undertaken in an attempt to

expose information which could lead to MEuller understanding of the

-

relationship between the mode of action of CAF and degradation of the
e e N . : - 0 ) o ’ .
Z-disc. The question posed then, is this: "How does CAF contribute to
_ : e . il ;

" . the breakdown of the z-disc® © ' v LT

’ .
°

S
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Chapter 2

[

MATERIALS AND METHODS . : >

PREPARATION OF PROTEIN SAMPLES

\

Minced Muscle

v

Chicken breastﬁhuécle, including both the«pectoralis major and
minoxr from six to ten week old broilers (Lllydale Poultry Farms, Edmonton)
was exclsed 1mmediate1y followxng exﬁangu1nat10n and chilled on ice.

‘The excised muscle wps trimmed free of visib1e<connective tissue and fat,
/ _

then finelyminced in a Moulinex food processor (Moulinex Corp., France)

for thirty seconds. All subseque: preparations were performed at 0 -
2°c unless otherwise specified.

N

.'Mzof1br1ls

Using a Waring blender (Waring Products Co ), minced muscle was .

.

suspended using three - ten second bursts in five volumes of.

(a) 0.25 M sucrose, 0. 05 M Tr1s-hydroxymethy1 amlnomethane (Tris)-
HCl1 pH 7. 6, 1mM ethylened1am1netetraacet1c acld (EDTA)

The suspens1on was stirred for one hour then centrlfuged for ten mlnutes
: at 2500 xg in the JA-14 rotor'of a Beckman J-Zl centrzfuge. The»pellet
' was again extracted by st1rr1ng for one hour in solut1on (a), filtered

through two 1ayers of cheesecloth, then extracted for ten minutes. in

£l
\

' each of the following solut1ons-

(b) 0.05 M Tns—HCl, 1mM EDTA, pH 7. 6 -
(c) 0.15 M NaCl, .03 M Tris-HCl, pH 7.6

32



(d) 1mM EDTA
(e) distilled deionized water
‘and yas finally washed by resuspension three times .in:

(f) 0.15 M NaCl, 0.03 M Tris-HCl, lmM NaN,, 0.lmM EDTA, pH 7.6

and stored at 2°C in the same solution.

Isopycnic Centrifugation of

Myofibrils

Myofibrils prepared by sedimentation were further purified by

‘isopycnic centrifugation in a dgscontinuous sucrose gradient_fol{owing a
modification of the'procedure of Maruyama, Matsubara, Natori, Nonomura,
Kimura, Ohashi,, Murakami, Handa and Eguchi (19l5). .A disCOntinuous
vsucrose gradient was pgepared congisting of 9 ml Qf 68% sucrose, 14 ml

55%, 7 ml 25% and 10 ml 10%, all containing 0.15 g\\égl .03 M Tris-HC1,

Al

3 and 0,1 mM,EDTA PH 7.6. Five ml of myofibrils (20 mg/ml) were

layered onvthe‘surface of each'gradient and centrifuged in a Beckman

lmM NaN

sW 27 rotor at l30 000 xg for twelve hours. Myofibrils formed. a single

©

layer at the 1nterface of the 55% and 68% sucrose layers. No pellet

of whole cells or debris was evident.-

-

Preparation'of‘MySTibril-Ghosts‘

\'lo

> A suspension of prepared myofibrils was sedimented at 2,500 xg.
s
The pellet was then resuspended and extracted three times by stirrinq in

- five volumes of modified Hasslebach-Schneider solution (H «S) containing 0 6
£

KCl, 0 01 M Na‘ 207, o 1 M sodium phosphate buffer, 1mM MgCl pH 6 4.

6
E)

_After each one-hor extraction, the suspensaon was centrifuged at 9, 800 xg

-

for fifteen minutes. The resultant pellet was then extracted three times

for one hour each. time, using five fqumes of potassium iodide solution



¢

"’\~} ) ] ’ "n “ N .
~ (KI) containing 1.0 M KI, 10mM Na25203, IOm%\Nauzpo/, 10mM ATP pH 7.5.

~ - Phe-insoluble residde was then washed four times byﬁétirring’ih‘fiﬁe B

-~ .

~ bacterial ‘growth. One to two-gram muscle samples were '_cjut' from the

volumes of distilled water and gently.centrifuging the suspension at’
0 " . «

500 xg for five minutes. . The sticky residue was stored at 2°C in distilled

S

‘water containing 2mM: NaN..

H-S and KI-Soluble Proteins’

Soluble, protein from the first H-S or KI extractions was pre-

LI

pared by dialysing approximately 100 m1 of the supernatant solution from
the appropriate extraction solvent aga1nst four or five changes-of 3.5
litres of 0.1M NaCl, 0.0sﬁ\Tris-HCI‘pﬂ 7:6. Precipitated protern was
dispersed using a teflon‘ball homogenizer. The entire suspension was -
used in QAP.aesays. 'ﬁesidua1~KI’was detectable at'COncen;rations'qyeeter
than-so nM by'theifollowingAa;say: ‘Five drops each of.tﬁo,solhtions con-

taining_a) 0.2M KZCr207;”in 1M HC1 and b) 0.8% (w/v) soluble starch were,
added to a2pl protein sample and allowed to‘stand ten minutes. KI at
concentratio greater than 50 uM was detectable by a co]our change from

yellow to green. The presence of 50 uk had nn sxgnxfxcant effect on ™

' CAF activ1ty..

Dialysis |
Dialys1s tub1ng (Plsher Sc1entific, Prttsburqh, PA) was prepared o

s e

by bo;ling for ten minutes in 10 mM NaHCO3 " After r1n§1ng 1n-dist111ed ° ]

~

20, tubing was stored at 2°C in 10mM NaN3

‘s
.

"[Ageé Mosole

o _ Ch&gken breast muscle used in aging experiments was stored in a
L R . ' ' e S

f7p1astic bag ﬁrapbed‘in oaper_tohelling soaked in 2 mM:Nana.to-retard
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. geconds at high speed in a Sorvall-omnt-mixer (Sorvall Inc., Newtown,

" as previously described for fresh muscle,'

Smooth Muscle Contractile Protein CL

£

gizzard. and the remaining tissue was finely mlnced and ektracted as

interior of aged samples, ecedragely weighed, and homOQenized for thirty
. R v ‘\,‘9 P .

L} - \ . A

. Conn. ). yof;brils were prepared and sun?equent extractlon was performed

y ' o Do .

o
&

o

4 ) ’ ©

The mucosa and connective tissue were removed fzoy'fresh chicken

o

Al

’

describedbfor preparatlon of myofibrils. Subgequent H-S and KI extractlon

was also identical. -
. f‘ (' .
Actin.Purificatiow

Actin was purlfled from an acetone powder by a mod1f1cat1on of the

method of Straub as descrlbed by Rees and Young (1967). Chicken breast

muséle acetone powder was prepared by the method of §eraydar1an, Brlskéy,

. and Mommaerts (1967). Approxxmately 100. g fresh CthKED breast muscle . <> .

-
-

4'_was goarsely minced, suspended in 3.3 volumes of Guba-Straub solut1on

(0 IM KCl, 0. 09M KH2P04, 0 OGM K2HP0 ) and stlrred for fzfteen m1nutes.

-
[

13.3 volumes dexonlzed cold H20 was added and the suspens1on was stralned

Y

.‘through two layers of cheesecloth. ‘The xnsoluble resxdue.waS'then added

to four volumes of 0. OSM(NaHC03, st1r§¥d for twenty mlnutes, and agaxn

+

)

strazned. The res1due was aga1n4extracted with 0 05M NaHCO for twenty

- v S

) minutes. strained, then added to one volume of 0 05M NaHC03, 0. 05M

A7

>

» Na2C0 and stxrred ten‘mlnutes.' Ten volumes of 50 pM CaCl was then added

3

/
’ tP the suspension and stzrred for ten mxnutes more. - The stralned resxdue

was washed tw:ce with ten*vglumes of cold delonized water, ‘then® three

e‘;/
’times for f1ve minutes eachvw1th three ‘volumes. of cold acetone.v The

tesidue was spread on filter paper and air drled overnigﬂt at: room

-3

.
~ . .
. . . i
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'

temperature. Y1e1d- 3 6 g. ’>)r\\\\\

3. 6 9 acetone powder was suspended in d;wml;b SmM ATP, .0.5 mM
2—mercaptoethanol, 0. 2mM CaCl ‘pH 7.5 (ATP solut1on) and stlrred for'.‘
‘thlrty minutes. The suspens1on ‘was centrifuged at 9,800 xg for thirty
minutes. The supernatantlsolutién was further clarified hy filtration
through an 8y millipore filter. The soluble G-;ctin was polymerized

to F-actin by adding Rc‘l to 0.1M and MgCl, to lmM. Polymerization was

allowed to take place' at room temperature for two hours. The polymerized .

o

F-actin was collected by centrlfugatlon 1noa Beckman Type 40 rotor at
_ 140 000 xg for two hours. The transluscent pellet was resuspendedu
in 3. 5 nﬂ.'of the ATP solutlon then dlalysed overnlght agalnst
three changes of 250 ml of the same solutlon. The resultant G-actin
solution was clarified byurepeatlng the centrlfugatlon in the Type 40
rotor then applied to a 2.2 x 46 cm G-200 (Pharmacza) column and eluted

. |
-in t same buffer at a flow rate of 2.5 ml/hour and collectlng 2.5 ml

-
)

fractions. The SLngle proteln peak”was eluted and fractions were pooled.'

o

Tmenb? ] of the materias was-applied to a gel. _The proteln mlgrated as

a single band. This was G-actin. The F-actin used in some experiments
was formed by polymerization of G-actin as described breviously.
N S . B ' P . . " . . P ) R
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. ASSAY OF PROTEOLYTIC ACTIVITY

\

- -

Agsay of CAF Activity

Proteolytic actiyity of CAF Qas“determined in standard incubation
_ . . RS

. mixtures that contained::

01MNaC1 o , s E

3

;‘§§3

36
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'0.24. percent (w/v) alkaln—denatured casein (preperezﬁsh pr;‘or’.
Jﬁ&-

N\

to use) - . B iy
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5mM 2—mercaptoethanolﬁl \
5mM CaCl, or EDTA

0.1M Tris-acetate buffer pH 7.8 and
Pl

-

0 to 2 mg protein containing CAF activity
" in either 0.5 or 1.0 ml totai volume. Assays more than three hours in
duration contained ZmM'NaN3. To. ensure that the activity observed was

due to CAF, three controis were run with each assay: (a) no epzyme °

~ o,

Q -
(a CAF blank solution was substituted), 5mM EDTA; (b) no enzyme} SmM
CaClz; (c) CAF added, SmM'EDTA. All reactions were incubated in &

water bath at 25°C." .

N

Reactions were stopped by ‘the addxtlon of 100mM EDTA to a-final
concentration-of AOmM, and the prdtein prec1p1tated by the additzon of .

'an equal volume of ice cold “ten percent trlchloroacet1c adid (TCA).
. ~
.Complete prec1p1ta ion was allowed to occur for one hour at 0 C then tubes.

were centrlfuged at 3, 000 xg for five minutes. The absorbance of the super-.

:natant f1u1d was refd at~280 nm aga1nst the EBTA bhhnk. . . \
n i~

One un1t of CAF act1v1ty was expressed as the amount of enzyme

s

;whlch catalyzed an 1ncrease 1n absorbance at 2&0 nm (AAZBO) of 1.0 unit/ml
per hour ‘under these standard assay cond1t1ons. In all experiments, the .
amount of CAF added was expressed 1n un1ts of act1v1ty. Since»the speeific
_act1v1ty in CAF preparatlons varled w1th the age of the preparatlon, and

since 1h some cases pure preparat1ons of CAF were not prepared (1 e., An

To 4

_”assays where beef CAF was used) un1ts of activity’ most accurately
, expressed the ﬁuantlty .of active enzyme added to 1ncubat10n m1xtures.

In some experlments, myof1br1ls (12 mg/ml) or ghosts (6 mg/ml)
; Y .
were substituted for casein in reactlon mxxtures.v Denaturedbmyof1brlls

v ! '

or KI soluble protexn used as substrates were denatured under the follow- o ﬁi

. . ) . '
- 3
: . ’ b

" :

.



ing conditions:

"(a) in 0.1M HCl for three houis at 25°C°
(B) in 0.1M NaOH for three hours at 25%

(). in 8M urea for three nours at 25°C

-—
(d) by heating in a boiling water bath for five minutes.
“All samples were subsequently dialysed against 0.1M NaCl 0.05M" Tris-
acetate pH 7 5 before incubation with CAF. '
"In assays of beef CAF act1v1ty on beef myofibrils, reactions .
_ were stopped using EDTA, and the AA280 of the: supernatant was measured
| yaga1nst appropriate blanks without prec1p1tation with TCA.
In experiments—where H S and KI extraction followed 1ncubation
with CAF, after EDTA was added to stop the enzyme act1v1ty,‘an appropriate

amount of EDTA or CaCl was" added in order that each reaction mixture

)-. I

' would contain 1dent1ca1 amounts-of EDTA and CaCl2 prior to extraction.

In p!!allel extractions of CAF-treated or. aged myofibrils, .and

\
controls,.the experimental (1 e., CAF +-ca? ) mixture often differed in

'protein concentration from cont o1 extracts or re51dues because of the

LAY

CAF activity, In order to facilitateldirect comparlson, identical. volumes

: were used for preparation of samples for SDS-PAGE. -

o

Hammarsten Casein

. . ¢
LA N

‘ Hammarsten casein used. in the routxne assay -of CAF act1v1ty, was

prepared by four cycles of 1soelectr1c precipitation of commercxally

- available casein._ Forty g of casein (Fisher,’ v1tam1n—free) was dissolved

by stirring in two litres of water.j The pH .was- maintained at. pH 7 to
-8 by dropwise addition of -10M: NaOH. - After filtration of the suspen51on

&

the pH was slowly adjusted to pH 4. 6 us1ng 0. 1M HCl After the precipi-

A% R ¢
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. tate settled, the supernatant solution was decanted, and two litres more

of water were added and the pH readjusted and maintained between pH 7 and
,8. Insoluble material;was removed by filtering through glass wool. Casein
was precipitated and resuspended three more times and finally dialysed

against four litres distilled water, then lyophiliée%!;

Alkali-Denatured Casein . ..

Sixty mg casein was dissolved in five ml 0.1M NaOH and heated in
a boiling water bath for five minutes. The cooled solution was-neutral-
ized using 1M HClk This casein ‘solution was then combined with the

other-ingredientsiof the CAF assay mixture.

Protein Concentration °

+

Protein was quantitated by the biuret method of Gornall,‘Bardawill,
and Davxd (1949) or by the method of Lowry, Rosebrough, Farr, and Randall

(1§51) u51ng bovine serum albumln (Sigma, St LOUlS, MO) as a standard

o . . . -
B . . . »

-

- POLYACRYLAMIDE GEL ELECTROPHORESIS

SDS-PAGE

:..s°diumrdodecyl ;dlfate (SDS) gels were prepared_using‘the aYStem .

of Porziofand‘PearSQn (1976) for muscle proteins. This method uses a .. '~

ten~percent~acry1amide concentration and an acrylamide~to bis-acrylamide-

N

.~

ratio of 100:1 coupled wzth low current (1 ma per tube) to achieve optimal_

v

protein\band separation. o S o - o S
Acrylamide was'recrystallized_from'chlctoform, dried under vacuum
i-and stored at 2°C. Electrophoresis grade biafaprylamide waaIObtained

~ from Bio-Rad Laboratories (Richmond, CA). Tetramethylethylenediamine

T . Do aw e
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(TEMED) was redistilled. The other chemicals were reagent gradelor better.

Preparation of Gels.

e

~The acrylamjde gels were prepared by mixing the following volumes

-

* of stock solutions:

18 ml 25% acrylamide, 0.25% b1s-acrylam1de (w/v)

9. ml 2.0M Trls«glyc1ne buffer (0.5M Tr1 s, 1.5M glycine, pH 8.8)
4f5 ml 60% glycerol (v./v) ' : ‘2

1.8 ml 2.5% SDS, 2.5mM EDTA

'

1.8 ml 1% TEMED b

1.8 ml 1% ammonium persulfate and

£ . 8.1 ml distilled Hy

The TEMED was added last, and the solutxon gently stlrred Just before

4

o RS i R
loadlng 2.3 ml into each.of elghteen.glass tubes (6 mm x llO mm) . - Each
aliquant was‘carefully overlaid with'400mM Tris-gly oHI8.8,_0.04%'TEMED,'

" 0. l% SDS and .004%. ammon1um persulfate.' The gels were alloued to poly-
mer1ze‘1n the dark for several hours before use. ._Q.C} . | |

‘Gels were then mounted in a Buchler'd1sc~gel apparatus (Buchler

P:Industries,.FortvLee, NJ).A One litre of running buffer containing 0.2M
Trls-glyc1ne pH. 8 8, and O 1% SDS was divided between the upper and lower
'chambers. Protexn samples contalnlng glycerol were gently 1ayered on top
of each gel usxng a Hamllton syringe (Hamllton Co., Reno, Nev ).  The

v‘protezns were run into the gels by applyxng ‘a low current of 0. 25 ma per'
tube for th1rty mlnutes. Then current was increased and the gels were ;Aff “[

‘run at 1 ma, per tube for seven ‘hours. The chambers were cooled by runnLng oo
Atap water. The gels were then staxned for twelve hours usxng a solut1on

T .a

:.of two percent Coomas31e Brzlliant Blue n flfty percent ethanol and ten:



_percent acetic acid. Gels wefe partly destained for fifteen mirutes in

. \

a C analco (Canelco Corp., Rockville, MD) electrophoretic destainer using
\ '. . Y . ' . '

five percentlié propanol and 7.5 percent acetic acid. The gels were then

stored in seven|percent acetic acid. Destaining was completed by warming

.

to 40°C for.twen\y~four houts. A record of the protein bands was kept

by photographingfthe gels Using Kodak Panatomic-X film for maximum detail

and an orenge_f@lter for enhanced contrast.

Protein samples containing from 0,25 mg to 5 mg in 0.5 ml were

Protein Sample.é&eperation.

dilufed 1:1 with_a solution of 2.5% SDS, 2.5mM EDTA; 10 pl of Zemercapfo-’
etnanol were added g each miililitre. Sanples were.heated in a boiling
water bath fgr~five indtes, cooled, then diiUtedhlzl using sixty percent
glycerol. .Sample.vgi es of two to two hundred ul confaining thréé to one
'hhﬁbred and fifty uo protein were typieelly éppiied. |

-
-

DenEfﬁometry of Stained

Stained gels.presnged in;éeven percent’aeetic acid were Scenned
_ in the same soiqtion fon th\ accdtate determinefion of ieletive mobility
L (Rﬁ) and for the measuremeni\bf relaéive proéein»éoncentratione.>
Gelsiﬁere,scanned in a Gilfgrd 2520‘ge1 scanning attaéhmenﬁ at a
wa§elengtn of 560 nn'using a si%ﬁ plate of 0,10 x 2.36‘mM, écenning at

© 2 cm/min.

/,f - Peak eteas used for. detefmi ing.relative-protein concentration

-wete measuted dszng an OTT Planimeter‘(surrel Cotp., Pittsburgh, PA) .
.

'By applyzng 1ncteasihg concentrations myof1br11 protein to a set1es

of gels, it was determlned uslng the actin band that peak area was directly'

proportxonal to the amount of ptotezn appl‘ed 1n the range between 0. to

41
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»H330WA units. Quantitative comparison of protein between gels was only

560.. . ,
. made between gels that\had been stained and destained in the same batch.‘

B .Molecular Weight Determination

The molecular weights (MW) of myofibril proteins were determined by
) - '

mixing. them with protein standards of established molecular weight. o

1

After electrophore51s, the RM of each protein (measured on the densx-’
tometer trace) was compared to the mobility of standard proteins in the
same gel, and molecular weights determined from a reference plot of

. Log MW .versus R Mobility. Actin yas'arbitrarlly assigned»a RM of 1.0.

* All other protein mobilities were compared to that of actin.

Preparative SDS Gel. Electrophore81s SERY
For the purification of actins from mixtures of KI soluble ‘pro-
teins,}or from KI‘insoluble re51due,‘a one-step electrophoresis,resulted -

. . )
in a pure protein preparation.

2 : : .
Acrylamide gels were prepared as prevxously described in thls "

I3

1n»ser1es. Thus, thirty-51x,

»section. 'Usually two gel devices

o
gel tubes could be run at the same time.
Samples were prepared as described prev1ou , -eX pt that pro-

‘tein concentrations were increased. It was found by tr l and error

that up to 400 ug KI soluble protein could be applied to each gel 1n ‘a’
volume of 50 to 100 Hle However, samples of ghost protein had to be f

-much more dilute, 100 ug was the maximum that could be applied in a~

‘ volume of 200 ul

- . . X o ‘ . o . "

Electrophoresis was’ run for 9 5. hours at 1.25 ma/tube. Under

these conditions, the actins mignated about seventy-five’percent the

.

length of the gel and were puff1c1ent1y separated from any other pro— o

Q
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vtEIh bands detectable by scanning at 280 nm or by staining With Coomassie

K

blue. After gels were removed from the tubes, they were immediately
scanned at 280 nm. The cuvette was one third filled with electrophoresis
chamber buffer, the gel was inserted, and scanned at-zeo nm using a

0.20 x 2.36 mm slit plate, and scanning at 2 cm/min.

' When the actin passed through the light path the gel transport
mechanism was stopped .and ‘the gel was nicked at that spot using a sharp
scalpel.: Each gel was then removed from the cuvette and the actin band

'was cut out and stored at 2 C..

_ S . X
Final Purification of Proteins
From Gel Slices

The elution of the protein from gel slices was performed after
the method of Lazarides (1977). A disposable 10 ml pipet was fitted
with a piece of dialysis tubing knotted about 3 cm from the tip to seal
the bottom of the pipet.' The pipet was then half-filled with SDS running

- buffer (0 1% SDS, 0. OSM Trrs-acetate, pH/V 8) and a "Kllepe tissue

" . plug inserted into the tip of the pipet. The rest of the pipet was‘

“.filled to capacity with coarsely chopped gel slices, then filled WIth

i buffer, and plugged with another tissue plug. Care was taken to eliminate
any air bubbles from the pipet.‘- o -

| Pipets were then inserted into an electrophoreSis apparatus with

Athe lower solution covering two thirds of the dialys13 membrane. The |
upper chamber was filled with buffer as well, and- the protein was eluted

" for twenty-four hours with -an applied voltage of 120 v. After elution,
the dialysis bag containing the protein in- SDS running buffer was removed.

SDs- was separated from the protein, uSing a- modification of the

. n-
procedure of Weber and.Osborne. Small columns (2 ml packed volume) of



o
Dowex'AGl-xz (200-400 mesh) were prepared in Pasteur'pipettes'and pre-'
,Mequilibrated with .05M. Trls-acetate,buffer. pH 7.8. Each. protein sample-mm-ﬂﬂ
was passed through a column and about 2 ml fract1ons were collected
Approximgtely eighty percent of the total UV (280 nm) absorbxng‘material
was recovered | The yield from 144 gel tubes containing ghost protein
was %.6 mg.k Nlnety gel tubes of KI soluble ptotexn yxelded 2.8 mg

(protein determ1ned by Lowry)

Isoelectric Focusing

Isoeloctric focusing (IEF)'waé performéd using f;s.oércent (4031,
acryiamide: bis-acrylamide) geIS‘in 8M uFoa. Reagonhs we;é‘prepared as
o previouslf described. iOM,nnea.stock.soiution was stored containing
ia small amount of Rexyn I-3Q0 ion exohange nesinlto remove decomﬁosition
pfoduct§. Prepéfed gels ooniained 7.5% (w/v) acrylamide, ,i88%'6w/v)
bis—acnylémide dissolved in 8M urea, 5% (v)v) glycerol‘.OS% TEMED, .0125%
'_ammonium.persuifafe and'congoined 1l.4% pH.5a7 ampholytes and 0.6% pH
2-11 émpholytes (ﬁio-Lyte, Bio-Rad haboratonies).‘ Pfotein §émpieslyeré:
dissolved»in‘IOM ure@rand édded.to‘ﬁhe gel mixture priorfto polymerizdtion.
. : pe )
..Tho lower;(anode)_chgmber solutiiniconsisted of 0.02N sto4 The'
upper chambef was fiilodvyith 0.02N NaOH. Proteins were fOcuged_fdr six-
teén houfs ot 300\Y.then voltage.nas inohgdsedito.7do v for oné additional
honn'to sharpén~the'bgnd§. Gélodwore sg;ined and deétained as'previouoly‘L

~ <described.

R "~ AMINO ACID ANALYSIS.
: S : S o

Eight hundred to n1ne hundred ug of . KI-soluble actin and ghost

; actin purif1ed by preparatlve SDS-PAGE were .used for am{no acid analys1s. .
oo & ] .

v
T
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Protein samples were hydrolysed in 6N HC1 contained in evacuated ampoules

u~~at~1109C»for—twenty-four:hours,.then lyophilized and resuspended in sample - - -

buffer containing internal standards.
s ’ -
Analysis of hydrolysates was performed 1n duplicate on a Beckman

121 MB amino acid analyser, courtesy of the Department of Animal Science

: -
and calibrated‘with a Beckman' calibration standard.

‘IMMUNOLOGICAL STUDIES L o

Preparation of Antisera o ' .

Samples'of.protein‘recovered fromeDs-gels were dialysed against

0.1M NH,HCO, then lyophilized. - Samples containing 400 -to 500 ug protein

473
uerewdissolved in 400 ulnp.élpercent saline and added to an equal yolume ;
olereunds‘ complete‘adsﬂyant (H37ka,lDifco) and emulsified. ‘

| 0.1 mlesampleé’uere,injected'intra;peritoneally intO’each'of a_
group of five.ﬁiLB/cCr female miceiaged‘eiéhty;eignt days; Subsequently
mice were rein]ected with approximately 100 ug protein per mouse emulsx-_

;fied in ?reunds' 1ncomplete adjuvant administered by foot pad 1njectlon
\ . . o
. (50 ul/pad) at intervals of from four to six weeks.

; Pollowing five rounds of immunization, blood was. collected by
cardiac puncture. Blood was allowed-to clot at- 37 C for one hour then
| held_at 2_C~overnight. ‘The. serum was collected after centrxfugation
:at.3‘000 xg?for ten'minutes. The serum uas diluted 1 1 using 0.9%
l saline and fractionated by adding ammonium sulfate to thirty-three per-
Vcent satuﬁEg)on. After centrifugation the pellet was resuspended in one N
.'_fml 0. 9t saline and - both the: pellet and the ammonium sulfate supernatant ; .

-
' solution were dialysed against three changes of 1 81 of 0. 9% saline.»

.l



Practionated serum samples were tested for precipitating antibodies

.Mhy,double_immunodigfusion_in;ggar,j Ten ul of each _serum aample was placed

in the'centrelwells.of immunodiffusion plates (pattern C, Hyland) and

, challenged with ten ul containing 400 to 800 pg of protein iaolated from
SDS gels, or a control solutiOn in surrounding vells. Diffusion was °

‘allowed to proceed at 2 °c for twenty-four hours.. Precipitating anti- .

bodies were detected only in the thirty—three percent ammonium sulfate-

_soluble.fraction from mice immunized with ghost»actin.

“,9 Indirect Immunofluorgscence |

‘ Actin in glycerinated myofibrils was vxsualized by indirect immuno-
fluoresceﬁce. 51ngle glycerinated muscle fiber bundles were' homogenized

1n one ml glycerol extracting solution fo: three .to five minutes at

high speed usrng the micro attachment of a Sorvall Omni-mixer. Drops of
.the resulting suspen510n were placed on coverslips and stored in a humid;_
1f1ed chamber. After thirty minutes, the non-adherent myofibrils were
‘rinsed off with Phosphate Buffered Saline (PBS)- (1374 NaCl, 3mM KC1,

2mM KH P04, 8mM NazﬂP04, pH 7 5). . .

' In some - experiments, adherent myofibrlls were then’ irrigated w1th
the - usual CAF assay solution containing 5mM EDTA or Ca2+ in the presence
Tand absence of CAF and incubated ninety‘minutes at 25 c, . Following.inCu—vv
lbation, cowerslips\were rinsed with PBS. ) ) : o
| Coverslxps were. irrigated w1th 100 ul of the immunoglobulin
»fraction diluted Yz lS with PBS ‘and’ incubated at 37 C for - forty-five
minutes. Coverslips were then rinsed twenty times by immersxon 1n ten ul
fresh PBS for two minutes each time. |
-

Coverslips vere then irrigated with 100 ul of fluorescein 1sothio-

' ;~cyanate (FITC)-conjugated goat anti-mouae IgG l’-'(ab')2 fraction (Polysciences

46



«

e month at 2 c then at -15 C until required

Inc., Warrington, PA).diluted‘l-ls, then'incubated and subsequently rinsed

. - 3
.as. previousli‘described Slides were . prepared by-applying vaeeline -around

the edge of each coverslip, then inverting them onto a glass slide.

Myofibrils were viewed using a Zeiss-Photomicroscope 111 equipped

~ with epifluorescence optics (Carl Zeiss, Oberkochen, Germany)' courtesy

tfield were taken u i

E times were five to fifteen seconds.

[

of the Department of.i“'

the fluorescence optics to locate areas of FITC labelling. By compar-

ison ‘of the two’ photographs, fluorescent-labelled structures within

5

the myofibril were identified Ilford HP-S film was exposed at Asa

1600 and overdeveloped fifty percent in Ilford Microphen. Exposure -

~
i+

' ELECTRON MICROSCOPY

Glzcerinat;d Fiber " »~1 ‘ ..Q" Ahif | ,,. : ;f B
. R o 4
Fresh chicken breast muscle was carefully teased into thin fiber

[‘ .

bundles and tiedpat rest lehgth to tound wooden applicator sticks using C

’

silk thread Fibers were preserved in a solution containing fifty per-

' cent glycerol, .l 7M NaCI, 2 7mM Kcl, 9 6mM phosphate buffer (formulated

from KH PO and Na HP04) 4mM EDTA and lmM NaN3 pH 7 4., stored for one

Electron MiCroscogz :f.'fj'
Glxcerinated Pibers ‘ 1

?

ninutes at 25 C using the usual CAP aaaay nixtures containing (a) SmM f,t;

‘a C
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. CaCl, only, (b) Smh EDTA and 0.7 units/ml CAF, apd }c) SmM CaCl2 and 0.7

: units/ml _CAF, Some fibers were then extracted three times using H*S solu-

° tion for fifteen minutes at a time. Thereafter, sgme were further
extracted three times\in KI solution for fifteen minutes. at a time,
Following extraction or CAF incubatiOn, fibers were washed at least’ three
°times in 15M NaCl, .03M Tris-HCl, lmM NaNau 0. lmM EDTA.F |

Fibers were then rinsed once with L05M. cacodylate buffer pH 7 2, @\
Samples were fixed in Karnovsky s fixative overnight, rinsed with caco-
dylate buffer angd, post-fixed in two percent 080 for sixty minutes. ”" ;
After washing with nzo, samples were dehydrated in a graded series of
ethanol washes from fifty percent to ninety—eight percent then further

dehydrated in two ginses in propylene oxide. L P {

N

e

~The.fixed dehydrated»fibers were’ then incubated in propklene
.oxideé Araldite 502 (3: 2) overnight, then embedded by insertion into B

Araldite 502 - Tilled molds and cured for forty~eight hours at 65 C.

.

eopper plain grids Mesh 300 (3 05 mm- diameter). Sections were stained
f

_ in uranyl acetate stain for fifteen minutes, rinsed with distilled water,

' stained with lead citrate stain for ten minutes, then washed again.

© The sections were Viewed using a Philips EMZOl;(gourtesy of the

3

Department of Medical Bacteriology, and photographed on Eastman fine grain

:i release positive - film 5302.

13

Thin sections were - cut with a DuPont diamond knife onto Metaxaform _f
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B Chapter 3 ° . C
RESULTS .
o
S 'i‘he experiments px'esented in this section were designed to

closely in stigate the effects of aging and of CAF on the pxoteins

of the myof ] oril.. The technique of SDS—PAGE was gr'imarily used and

| 'is ideally uited (because of ‘its reliabiIity and resolution) to

the qualit ive and often quantitative anaﬁysis of, the proteins '
‘present in complex mixéfures such as those of thé myofibri“l.‘ since it

is 'well derstood th\at CAF, by an as yet unexplained mechanism, is

responsib e for the degtadatio’” of the z—disc and that the enzyme e

'
b3

) CAF is a proteolytic enzyme, it was 11ke1y tbat her&ofore uﬁ%e- R I

. tected proteolysis might be revealed by exa.nu.nation of the effecﬁs B .

of CAF\on\thé pmteins of the myofibril in more detail. Bedause

-

posmble that undetected changes produced by CAF act1v1ty might be O

7 /

' .reveded by fractionation of the protein constituents. 'rhe contractile )

N

' protein solvents selected ‘were Hasslebach—Schneider solution (H- %) used

\\ Y

to extract cz‘ude myosin, then a KI solution used to depolymerize and

extract soluble actin from the myosin-poor myofibrils. Following the B

5

. extraction using these tuo solut.ions an insoluble residue remains,

,?irst identified by. A. szent Gyorgi in 1951 and called "ghost" myo—

fibrils be auser of their > ted microsoopic a.ppearance, despite :

9 s

e

‘aa R IR W - ‘

S

of ”the complex pattern of the proteino hands in SDs-gels, it was ,thought o



e - e e e e Aoaley -

. ) : Y
.the extraction of the cOntractile filaments. The residue following

such extractions contained primarily the prdteins of the z—disc.
o y R .
The résults that follow begin by characterizing the effects

of CAF on the intact myofibril proteins and then confirm that those
changes miﬁic the effects of aging. Then, using extracts of myo-

fibrils, the proteolysis by CAF“is more  ¢losely examined. -
- [ 8 \ N 1
. 3 . . P

0 . . [

Chicken_Brepst'uyofibriliar Protein

Myofibrils from fresh chickenvpectoralis muscle were prepared

,protein to remove the soluble sarcoplasmic protein, and by filtration
'to remove large pieces of unhomogenized muscle and connective tissue.
e
: The SDs-polyacrylamide—electzophoretogram (after the method of

Porzio and.'earson, 1976) of the proteins of the washed myofibrils

ujter scan. The major miofibrillar proteins

¢?‘ b

'des the molqcular°weighte determined in these studies using

p-"-’ v

&

_1!

he seen’ thet-fhe uajor proteins vere eesily resokyed by this n
g, =
. In most ecrylamide gel fornulae ‘the band resolution deter-

14

T
Yis

by repeated }les of sedimentation and resuspension o*the insoluble '

;:samples GFigure 4). The identity of each of the majof

thi; ,gel eystem for ooﬂphrieon with other reported values. In Plate 1

hCEETN
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* Denﬁitometry,of SDS-PAGE of myofib:ils fzom fresh and. ageﬁ e
.-chicken: pectoralis muscle. Samples contai.ﬁing 100 ug myofibril )
v pro}.ein from (a) fresh muscle and - (b) muscle aged two days R >
\ 9«-«- :&;,699: were applied to. gels. - Each, del is accompanied by s SR
e - its“gel scan, The molecular weights of the proteins were: % % -
S ", Merhined by - “comparison of the RH of each band with;the “ 7. .
ol { thoﬁln ‘statidards. in Pigure, 4,‘,, "Pentative identity of the . - '
’ . ptoteins was established by compatison of thé determined - o &
mlecular weighta withvest.ablrished lfteratute va‘lues., oo T
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‘i -Figure 4. Molecular welght. deteznation« by SDS-PAGE Mixtures of .
; . protein standards con nirg‘3 ug BSA; (68 300 daltons) P )
® . " ug human catalase (60,000 daltons), 3.jg ovalbumin (48,000
. .daltons), 3‘ug chymotrypsmogen A’ (25,000, daltons), 3 Hg
RNase (13, 700 daltons) and 25 pg myofibril protem were
: applied to gels, .-Following staming gels were scanned and : _
o . ‘the relativembility (RM) of each of the proteins in rela- o
‘;‘ < tion to that.of actin (which was assigned an RM of 1.0) I T
e ,“,' mgq plotted;pgainst- the loqarithm of molecular weight, A . ’i
3 ecular weight of 200',000 daltons was used' for myosm. ".9..' ; k
o pp , " : o . Tk x'..g.? oy
. e . . €
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iorates dramatically when more than 50 Hg is applied However, using
the Porzio and Pearson technique, the, bag;ds ‘are sharp and well defined
even when loaded with lOO ug of protein. These gels illustrate t;xat |
this technidue is ideally snited-for studies of both the major and ’
minor protein constituents of the myofibril, ﬁany of which have only
been tentatively identified as myofibri%pbﬁnts.

| The gel pattern in Plate 2b, obtained from the myofibrils
prepared by isopycnic sucrose gradient centrifugation ‘was identical

to that obtained.from myofibrils prepared by sedimentation alone

‘ (Plate 2a). This experiment confirmed ithat the washed preparations o

dld not contain any proteins frpm easily sedimented whole cells or ,‘ )

large cell fragments that might have been present in‘myofibrils pre-

pared by sedimeﬂation. o S ﬁ‘

Aged Chicken Myofibrils ' o . ' ' ® -' . 'Q
Myofibrils prepared from chicken pectoralis muscle aged for

two days at 0°C exhibited some characteristic changes in their proteins

PR

which dan be .observed on gels.A These changes indicated a limited
.!, '.._. Y . . —c.,: . . 4_.\ s

and Sellctive proteolysis. : _ .
. n‘rﬁe gel pattern of aged myofibrils is presented :Ln Plate lb.. : ﬂ
TR

Dy *# .

In thimaqe*@ample, _tl;é‘"intensity of the a-actinin band has decreased,

i

‘ia the éeight and area of the peak corres-

Lo

pmding‘,ﬂb*that’protein in M&nsftomqur scan. In addition, two

Fa '
extra bands have appeared in ghe e{qmyofibtil gel (havmg molecular

; w - et
"_’&gpts of 30 006 and 2'7 ODO d&Itons) An increase in the . intensity

‘ of a protein band at 85 000 daltons wag also obser%d 'l‘hese/results
o] c

,gonfirm the earlier observations of Hay et al (1973)

o . . . .
E o . , . S PO LR y
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B s ’

T I similar experiments, ‘additional” changes were observed ST T
depending upon the time and temperature of aging. “In Plate'3a, gels,  gwr
of myofibrils aged under differing conditions are shown for‘comparison. |

Myofibrils from ‘muscle aged at 4°c for two days exhibited the character~ '

istic changes of tha'oo aged sample, and also revealed a decrease in

_ the intensity of M-protein (158 000 daltons) and an increase in the
, band directly below it (150 000 daltons) After five days at’ room

temperature (26 C), major degradation of TN-I as well as changes

Es] '

'in high’tolecular weight proteins (160 000 to 200 000 daltons),

‘including the degradation of nwosin, were observed, ind

_'were accompaniedﬁby ‘the accumulatio”'qf°§ow molecular weight (MW) a

.v‘x

3%
‘degradation products.. These results shOw that during post-mortem

. aging of muscle, a wide variety of progressive degradative changes
‘may occur:

Lo vy
P - R

The Effects of CAF on Isolated
' Myofibrils ‘

The enzyme CcaF has been considered to be responsible for -

many of the degradative changes that occur during post-mortem aging -in

5musc1e, Cﬂ? and purified myofibrils were incubated together at
i optimum conditions to. characterize these effects. The gels preﬁbred‘

sfollowing 1ncubation are presented in Plate 3b The most prominent

effects observed were the decrease in the intenSity of the a-actinin
' band and the appearance of 30 OQgJand 27 000 dalton degradation
S oprodwcts. TNt

These results are compatible with those of Ishiura et al (1§79)f
-and Yamamoto, Samejima, and Yasui (1979) who demonstrated the degrada- Vi;

,tion of chicken '.m--r into 30 ooo, 27 ooo and 14 ooo dalton products. .
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“"In chicken breast myofibrilsp TN'T has a'molecular WEight of 44 000

.daltons. Its presence (or disappearance due to hydrolysis) on qels

' is obscured by actin which also migrates with an apparent molecular
weight of 44 000 daltons. The formation of a 30,000 dalton product‘
'of TN~-T hydrolysis has also been reported in pork (Dayton et al.,
l976;-and 1n beef muscle (Olson et al.,vl977; Penny and FergusOn-
Pryce, 1979). . | | | '

The decrease in the quantity of a-actinin has preViously been

shown to be a non-degradative phenomenon (Daytqn et al.. 19755 in

.‘/ N

that u*actinin remains unhydrolysed, bu7 by some unexplained mechanism,

is released from the myofibril matrix., The gels presented in Plate 41

izrconfirm that a-actinin solubilized by incubation with CAF had the same

' molecular weight (106 000 daltons) as in the intact myofibrils. <j

- In addition, several other less prqminent changes can be

’ seen in Plates 3b and 4a., These include the appearance of a band

| - two protein bands f?

. seen.. -

v.:\.

-~ }at 85 OOO daltons, the solubilization of a small amount of myoSin and

iing molecular,weightsvof greater‘than myosin

(200 000) o |
Furthermore, when incubation time was extended (Plate~3b).

&

degradation of the 157 000 dalton M-line component and of TN-I occurred,
'simllar to that reported by Ishura et al (1979) in chicken, and Dayton

vet al. (1975) in pprk Changes in the high MW region could also be
™

.The'effects g‘iFAF on isolated chicken myofibrils are similar
% .

“in ‘1“°’t °V‘”Y resPQCt to. the °ffe°t8 of aginq presentea earlier. The "”"',

changes observed —in both cases '.mvolved initially t‘ne appearance of |

‘

30 000 and 27 000 dalton products, and a decrease in amount of a—actinind

v oo
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| wf‘remaining in the myofibril.- In later stages, similar alterations e
4n the tbponins, M-protein and myosin were pbserved. . R
E ‘ ‘ 'l'hese results imply that CAF is responsible for the changes
observed in the. myofibril proteins during post-mortem aging. However,
: the effects of CAF on the proteins of the z—disc aﬂl its observed | 1
' ’microscopic structure remain only partially explained. It has been_ | o
established .that CAF. releases the Z-disc protein a—-actininv'.fr;m‘" the
Z-disc;f.‘. CM’ ‘also has been shown to decrease the z-disc density of .
"isoleted hpfibrils (Busch, Stromer, Goll and Suzuki, 1972) Muscle

: S‘fibers incubated with CAF fracture at the z—disc wun homogenized, -

L thus demonstrating f.t increased fragility at the z-disc. These
.jobserved effects on the z-disc cannot be’ explained by the hydrolysis I
: ,.of the troponins or H—line proteine. as neither protein is z-disc : |

'associated j.,:::.:, e - C g

SN

'Fractionation of C.BF-Treated R A

yofibrils i e .

39 : . .
Beca,use qf the complex pattem of the mypfibril proteins on :

.

SDS gels, the possibility existed that CAF hydrolysis of one or more
",f'of the less prominent protein components hed gone undetected due to |

K other overlapping/ prbtein bands. 'no further examine this possibility, a
CAF treated and control myofibrils were fractioneted using H- 'S and KI,: C

/
'and the protein distributimluble extracts and insoluble res:.dues'

S

B as determined by sos—ncn. S e

Lo

The results of one such experiment ere presented in Plate 4. .

u

' ,'l‘he amount of protein solubilized in each 'Vextraction of the three :

xh
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cases, ge'-l of the three controls were identicel, only the CAP + EDTA gel , ‘ )
& ) ) o
is shown a d represents ‘the control (-) gels. ' f B = _

-y . 3 "

- CA tteetment of myofibrils gor fourtee,n hours resulted in the - -

hppeerence of the 30 000 and 27 060 delton bands (a) and in the solubili—

| ;'z‘,‘t‘i"""’f G‘GCtiniﬂ- In addit.ion to the eppeerencerof an uMdentified S

- o

' 85.,Q.00 :d_elton component end the appearance of low Mw peptide fregmepts

; . {(b), c’nenqks were eleo 8bserved in the high nw tegion of the ,gel and 'I'N- .

S

was 'degreded.i 'rhe totel protein eolubilized by C;g+ ca? during tne KT
- incubation was ebout thirtyatwo percent of the original myqfibril protein. ‘
o The 9’§eveh-- to_eight percent of fthe protein. releesed in the cont{ol in_cuba- '

iﬁ‘v-'

o . ¢ : : . 9

"sted primerily cf a—ectinin.

2 S 'rhe myofibril pelleet was eubsequently extrected with B s solu- L

o tion. Th+ pettern of the proteins solubilized eppeered almost identicel N
o .
to that of the entire myofibr-il with the .single exception thet ‘the '

extrect contained proportionately 1ess u-ectinin (c).. 'me other major
myofibrillar proteine including myosin, H-protein. ectin, tropomyosin,
the troponins and mybsin light cheins were soluble. .Since the other
troponins vere extracted, it ie 1ike1y 'm-'r was eleo extrected as e

: well end remains obscured in the - ectin band 'rhe 30,000 end 27,000 S wc :
o dalton componente were eleo soluble in H*S and eppeer in the CAP + Ca2 : o_ N
amw%:"
- gel. A trace of 85,000 %component eleo existed in this extract. :
X Y .
sixty-one to sixty-eeven percent of the pontrol myofibriner protein - o
was renoved in the three B [ extractions. Only fifty-one percent wes

P

extrected in the CICF + Ca incubetion. '!he difference ney be due in

pert to the Pmteolysi. of troponinl in thet umle. o x il e

o Poueving H s extrection of the nyofibrile, the control (-)

residue 4y ccnteined uyoein. a-ectinin. ectin e -

N v ’~'f f;v L
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-. ‘residue. contained mich less protein _(.7- 3:._percent in co'mparison,‘with B
) .
twenty-one to twenty—five percent in the controlﬁ), only myosin, little

Wﬂ
&r no u—actinin and a reduced anount of actfn were present.

'rhe residue was further extracted vith KI, Am add;,tional 8.5
u: }l‘

R Il

FE

- to ten pe.rcent protein containinq myosin, a—actinin and actin was .
o ey o v S
f' o sxaemoved (e) 'rhe final reeidug conteined myosix;, u—acting, actin,

the 123 OOQ and 85 000 dalton proteirnJ, and low M peptides (£) that .

constituted fifteen percent of the oriqinal myofibril protein.

-

. he 123, 000 and’ 85,906 dﬁton camponents were .pot present in’

‘o

.' 1311 KI exttacted residues.‘ since the tvo bands were only sometimes ‘
present in both fresh and aged samples, they were regarded as arti-

' facts: of the incubation or suBsequent extracti.on of nyofibril pro-

. teinsv -2 f

y " . The residue of the CAF + t.?a2 myofibrils (f) contained only
. myosin. Only 4. 5 percent of the original myofibrillar protein S
'remained. 'rhe other” two proteins normally found in ghosts prepared

4

Zby KI extraction (and found in the control incubations) are d-actinin :
. and actin. 'l‘his series of extractions has shmm‘ that a—actinin was o
f.‘;solubilized first directly by,-CAP trgatment and most of the remainder
o was removed ‘in the subseqnent Hos extraction. Most impdrtant, the actin

‘that normally remams ianluble was absent.. In the H'S ihsoluble res:.due i

' unt: of actin renaining ns alea reduced. 'l'hese results P
A' ceted that the aotih thet nomlly renined in KI extracted myofi- ;, :

H-hrils-ayhmbeenremvedbyn'smctton sauaverf, there is' “
- ""ﬁo indicoticn in the,n-s oxtnetedpmuinm- that ubn actin m

| oxtmted in eh.car+ c.z unue (c). xd ; A
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hyqtolysed by CAF ST i : ‘ . ":

N o The "previous experiinent demonstrai:es the possible efﬁects

. ,".ar

.y

L “to' continue at optimum conditions for an extemded period of t

B~ the aprpearance of t-he 85, 000 band. Qtly &-actinin was,, eolubilized

-

W of (’mi" on é’he proteins of the myofibril where proteolysis was allowed* .

N 1y A

. 2 -
: Bor, the extensive proteolyais observed in this model system .

&

: (Me., exogenous CAF plus purified myofibrils) nay not truly reflect

'-w.‘.“ OV' .

et‘:lon. Results similar toathoso just g
- “ % \Q

presented were \ebtaine . Plake 5 shows %hat; the’ shortpr one hour ' - .-

LR

. T LT F
by CAE; treatgent (b) . 'mis pa::te 8 imiler to the g-ffects obs!rved
| with agin,g at 0 c for tuo days (See Plat {']J;). . 4, . : o
In the H s soluble protein,?a similar"’pattern o&:curred as,

'iﬁc

v'described previously, except no 85 000 bani was present. -
'.l'he H-S insolqble proteim oontained myosin, a-ectin:ln, actin )

'and tropomyosin. 3 None of the extra bands in the a—actinin reqion

'of the fourteax&how incubation vere observed.v S

f;‘ctinin actin and ™ (e)-jgai, g ,f‘~k*

: ?u-actinin, and ectin. B In the CAF + Ca ixi‘cubetion, no c-actinin

KI- extracti‘on of these residués removed some myosin, o= '

'I'he contrbl residue, :I.nsoluble in KI (f) ‘ contained myosin,
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'm'ese results demonetrat’d that even after as little as one

s e ﬁ T TEEE RETE # T e A O e AR e e

hour of incubatioh with cu* "the amount of kx :l.nsoluble actin had %
1% ’

w.‘

been substantiany reduced. SCRE , - LT », .4

‘ im““ ‘?,hﬂada ""uhle actin had

“el aj:ed m;rofibrils,
. - depending upory t.he condit:lo_;ns of4 incubat{ion. o d theﬁe changes“

K .\ -l

_ observea :I.n nox;*ﬂly aged pbst-mtte&mﬁacle? RS A
e W Ok LR
. ': o “ _‘.._' hédd en-ubreast muscle waspaged for thrae days Qt 0 C. y3 e
. o e L e RSN i <o e@ T A

o ?ibrils ‘prephred from muscle sampleﬁ Were extracted as -g:'scribed % | .

preﬁoqgk ) ,,'rhe e;:tr%cteéj prbteins were compared witnh unaged samples) o o

3

fmm ’the samé’ mscle. " - .~ _ " ' »o:\v » -- -% K

o '# ) BRI o v
oo f.-’v:-/ *I'he reaults presented in Plate § shew Qe dacrease :ln a—actinim

gn | a . " ) . . [ K2R ) ‘.’ AT "‘ . ‘-.' ‘.,k
o aﬁdapgarqnce of'éie 30 oqp and 27,000° N

.- .v‘

- vn ba.nds typical- for aged

R to entire myofibril prote:ln ‘but contains 1eas a-actin:[n (b)‘ 'I‘he S
‘ v \. } ) ’

" 30, ooo and 27 ooo dalton fragments were also soluble.. x: extraction

: :emovesmyosin. a-actfnin and act.i.n ;(c) , though less a-actinin was
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- percent of the KI inscluble actin (in comparison with.controls) remained

’,_,,,in aged ghosts. AIn additionJ the. amount; of nyofibtil 'psotein remainingj_: , Jf‘

~“~'ai'eftet KI ex'traction was reduced from about thirteen percent in fresh . I

O

Samples to about five perceng -in the aged samples. The densitometry vand o

‘ -protein tesul* were 'determined from"triplicate sqnples from two expen-

o . L - ) . %, . . =
v C . R ) . o . E,
: nents,. v ' o . : . o .

L y B . . R 1 . L f . ‘
wooe - . (A S v v . g .o

These results establish that tfé amount of KI insoluble acétin. . 2

" LR PR T ¢ :
ghosts is reduced by aging, likely due to CAF activity in post- e O
hortnm nuscle. A - L B , e o B
o ’. *_;f-fg"'*‘ e S ,‘” o o | .';';__-,;'.
%, - BRfEoRYKls of sxtucted uyofmrn soar - .
. ';---%rt In; ordgr té‘determine 4“? iﬂ f“ Kf'a.nsoluble acti;z wss '., |
"_,“" B -'hydrolysable, snd £o gy.tther investigate the&oﬁsi”lity that other: ,\, '.{"'
L myos-mrn proteins may be subject to CAF proteoleis, thmsxtracted: - 2 ot
_myofibril frsctionl were also treated with CAF( (PIaﬁe ’T’).a CAF " “ o ' {
treatment of entire myofibrils is again ESsented (a) ‘ In proteins o | .
: extrac;;ed with H-S solution, li’ctle hydrolysis was opserved (b)‘ |
| 'the 30 OOO and 27 000 dalton con\ponent appeared, m{st ,likely as a_ : B ’ |
“:".:';".result of the hydrolysis of - 'r._s'- }“ V’ ’ ‘ ' i y R
e 'i‘he car-trssted H s zesidue (c) lhdusd the dsvelopment o£ ' o .
. onlY 2 27 800 dalton cou!pone‘at and low m‘degradation produdts. Bow- _j .

) -_.'f‘_ "ever. in the CAF treated KI-residue (e) . near cou\plete hydrolysis et '
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. . )
: extensive aging and fourteen-hour m treatment of isolated intact

R 'vutyofibrils (see Pia.teshsbf and 2) 4 , .'.' ‘ _‘ _ B _

- ",’." s xL soleble actfn. in.‘ (:onttast, resists proteolysis by CAF ‘ B
'I‘hi; control "Ens:n:éd tha{‘t actim had' not. ‘bewen galtered during extraction
in my way that might change ﬂ}\e fh&-aétéri‘sét& of i&s hydrolysis.

R T S

v %‘ o “' ermore, actin isoﬂtéd by another method (‘k@egs and f‘

TR

[N

Young, 196@ "‘was 4not hyllrolysid by CAF (Pfate 8&) Nor aid '-t‘he@tate - o . J

on affect the prbteolys:ts of actin. G-actfn prepared : :

’ ¥ ' .»—»/,_« e ur £
AT ) 'above method wes pol_ymer!»zed to‘ form F-actin. Blai‘.e Bb sho"’wf ST '

" wag also npt hndrolysed by G'AF ?dyofibril- ghost" actin 4 L
ed in Plateangr comp!riso’n was é&npleteiy hYdrolysed .e'l'he Yo @* ,
‘.~ ; g ‘, -, ,73 J,_'.'.
FAE s*fact that sctin Ié highly”

} res:l,stant*ttcu' hydrolysis’ ﬁis bepn well o
Laml W ¥a B S

L documeotegl (Dayton e alu 4575; Ishiura et al. R 1979) ’ However, the
o ‘ - lrw.a . v": T [“1 .
’* N actin that remained insolubl‘e was easi}y.r Hi&olysed. : Since both adtins o ’

. ._»‘ \l
e , n;_,, vty

'hsd undergone identieal KI tr&a_tment, it can be concludg ‘t.‘hat; t‘?". ,., S

: d4e e g ~‘.;-0m
K W N o

R proteins drf similar m existed in the myofibril, &hibiting differini

% solubilities ixf KI end with different susceptibility to proteolysis

Clmracteristics)of KI Insoluble ;._;"'Z_f'ji.: o '_" S
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and one percent SDs containing SmM 2—mercaptoethanol.
c.‘-‘ . a . Lo
Plaf_ ‘9 111ustrates ‘gels .of two differmt—preparations of Sl s st o

ghosts (a) and Ab) s Both contain the protein sin, u—actinin ‘and -

-

actin. However, in sdme preparations‘, two o er bands of 123 000 and
85 000 daltons were cbserved (b)._, ST et w e
VAN 18 « . k ) . . § R

Analysis of the sdlubility of the proteins of prepared qhosts

yiﬁed the following results. a-actinin could be easily solubilized“’
using one percent SDS only (Plate 9c) but the solubi,).ization of tie
(emaindér of the complex reqdred tl?y'presence of 2-mercaptoethanol.

It ics 1ike1y that a—actinin is not ssociated by disulfide bridqing

J ' Pl N - ¥
SN
'@ith) the rest of/tf\e ccmplex, since it was: easily extracte% here wiﬁm
: -"P & :
. & .SDS - It was. also easily dissociated from mYofilsrils i.n control

incul;atione (set=.l Plates 4and Sb) v and has bee.n purified by lOW ionic
: strength extraction of myofibrils (Goll et al., 1972) . In gontrast,
,> the actin 'and myosin require the'inclusion of a disulfide reduc:.ng | L S
e % agent (2-mercaptoethanol or D'I'I‘) forl:_ soli'il my:}(d) These results S

indicate the possibility of disulfideﬂhri: : egﬁnking actin and myosin ‘fi' R

: which n\ay be reSponsible for the insolubility of the comp)ex.; "‘ L

B

material on a dry)
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proteolysis Of casein, myofibrils and ghosts Vas simila;c"“ 'I'hese results

- are pmsented in I?igure 5 . CAF attaine& a naxi,mm rate of hydrol-

. ]

ysis neax 300 uM with all three substrates when 'rr.ts-acetate buffer was »._'

'used. L T o .""' T

= . -
A . : '

Q Thi hydrolys;a.s of actin in ghost:a- un‘der the same cnnditipns was

confitmed in parallel reaqtions, again using 'rrisaﬁetate buffez:, where

2w

-

complete at’ Caz"" concentrations as 1ow as. 100 uM. . "'
m P

Y

5-0-' S

en‘ce ofﬁ a mM 'C& in thg presenc.e

By substztutinq then' buffer mto ‘ghé teactions descz:;;. W
s p

é‘aseinolytic acnvu:y was ach:.evéa oﬁly wlth 1 mM Ca2 "It was con-"“
cldqéd € 1:sbdxuw glycerophosphate buffer inhibits CAF actlvxty at low - >0
+

]

: ;'_~Ca2 1on conqenttatmns, most hkely due tq the formatii

oy .
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: Flgures fect of qu"‘ concemtration on: CAF activity.""'Standard
e react;i?n mixtuteg contained CAF (0. 2 umts/ml) ggd{ were
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o pH Optimum of CAF Proteolzsis - . . o . *.

strate.

'd
To determine the pH profile.of hydrolysis of ghost proteins, t

CAF actiVity on ghosts was peasuréd at different pH's, and is presented

- in Figure 6. CAF activity was determined to be great#st at pH 7.8 but

the profile waa‘pbt sypmetrical. .Low .levels of activity were Btill

/ : . . o oy
detectable at pH 5.5. Gels prepared‘?rom a paraligl'expériment indicate

that hydrolysis of actin occurred over a wide rangé of-pH (Plate 11),.

. } .
“and was detectable even at pH 5 0. “These resultgfare in good agreement

‘ .
.with the pH optimum of 7.7 found by»Ishiura et al. (1978) using casein

as a substrate. & . _ . .

Thus, while the pH optimum,of CAF lies near pH 7.8, the hydrol-

,lo

::ysis of ghost actin was still-detectable at and below the PH of post-

5 K3 . K . L4 !

mortem muscle {(pH 5.4 to 6.0).

Isolation of Pure Ghost Actin
N m_*& »

. Actin in ghosts aiffered substantially from KI solﬂgle actin in
both solubility in’ KI and in susceptibility to CAF hydr91y51s. In order

to determine'!f further differences in the two molecules existed that

-

might explain these observations, the actins first_had to be purified

Several probleug aroae—in perfecting a feasible prpcedure for

actin iaolation. Firgtg it was necessary to isolave the proteins by the .

game method to ensure~that artifacts werd nat geherated-through'the'dse

1;ofidifferent ieolatibn"procedures. This preéenteoispecial‘problems,for

v%'the ghodt actin because of its insolubility. .)" ) o

- . | \/ |

: Seﬂhration uaing molecular filtration chromatography on AcA 22

. .I“

(LKB, Prance) In 1% SDS and. SmM DTT was only partially successful. Ghost

-

A . K . r
- , . .

R
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0.1 | | 1 —T=

4 ABSORBANCE (280 nm),
o |
o

o

Fxgure 6. Effect of pH on CAF activity using:/\KI dansoluble ghost

The stahdard incubation mixture

preparatiomrr as a substrate. -
The .

-1 _included 6 mg/ml ghosts and "0.2 units/ml CAF activity.
: pH of reaction mixtures was adjusted to between pH 5 and
‘pH 9 at apptoximately 0.5 unit intetvals. Absorbance ‘at
280 nm was .read after 60 min. against an EDTA blank.

v

N
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of actin (44,000 daltons) from desmin (50,000 daltons), the protein subunit

'/\ "‘- . '_‘ l - ] : ° -
actin was soluble and was separated from g-actinin and myosfn but the inher-

ent limitations in resolution of gel,filtration precluded oomplete separation

of internediate filaments, also insoluble in Ki (branger and Lazarides.'

11978). It was essential that'desmin not be aresent in the purified'actini

~ in eluting the protein from the gel column.produced similar resolution to P

preparation, since the actin was to be used it amino acid analysis an:cl_~<
in the production of antibodies described later in this work.,
) The same problems with separation of actin and desmin were
ncountered using conventional ‘preparative SDS gel electrophoresis.\

While separation by electrophoresis was good, the mixing enoountered

-

that accomplished by gel'filtration., - : : . 'ki
The problems described here were al?o encountered in the purifi-

cation of desmin from chicken gizzard by Hubbard Lazarides‘in 1979.

-'Desmin was persiStently accompanied by actin during isolation. They

'finally succeeded in isolating a fractign of the desmin by gel filtration

in 1 M acetic acid, but actin was never purified. A technique described

" .

"earliér‘jLa;ariqes,‘1976)jwas adapted for use in this work, and several

. ¢ :
milligrams of actin vere purified from ghosts arnd KI soluble‘material

qusing SDs-gels. Each ‘individual- gel was scanned at 280 nm and the bands

1S
corresponding to actin were cut out and collected Protein waa eluted . Y.

. electrophoretically and SDS removed by passage through an ion exchange column,

1=

. of:ghost protein could be applied to each.gel. The purity of actins B

'A isolated by this procedure can be seen in Plate 12. No: desmin vas : ': \\?}

KI soluble protein was easily prepared by this. method. aodever,{
loading of large quantities of ghost protein onto these gels had to be 'f‘

avoided beoapse of gel shrinkage and band distortion. Thus, only 100 ug

‘\‘.

:; B
o
I
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evident in either preparation. The Ai:m at 280 nm (the absorbance for a

.

one percent aolution in a one centimetre cuvetts) value for both ptoteins
was determined: The values for KI aoluble actin (15.5) and ghost actin
(16.0) were nearly identical for the SDS- purified actins but'differed
from that determined for undenatured actin 10.9 (Rees and Young, 1967).

‘The difference was probably due to thg state'of denaturation'.of the

’
.

. proteins following pur&?&cation.

zdrolxsis of Isolated Actins by CAF

The results of ‘an experiment comparing the hydrolysis of KI
ﬁoluble and ghost actin (both isolated by preparative SDS gel electroe
phoresis) are oshown in Plates 13c and 13d. 'rhe hydrolysis of intact
myofibrils (a) and ghosts (b) 1s included for reference. The pattern

_of degradation products in both actins was ident1ca1. After twenty min-
_ otes' digestion, major degradation products of 26,000 and 18,000 daltons,

-

and also a minor 24,000 dalton band were observed. In control gels con-
.taining onlf CAF and no substrates, no such degradation products were

- produced (e).. Therefore. ‘all new bands arose from proteolysis of the
substrates.’ nydrolysis of actin in intact ghosts showed the same degra—
davion ;rodpcﬂi, but hydrolysis occurred‘more-rapidly than in the isolated.
' actins. In myofibrils, the 27,000 dalton product of.TN-T hydroiysis

- appeared at the same time that thg 26, 000 dalton product appeared in

gels of the intact ghost deqradation d&g in both cases. by 240 minutes,
both‘products had. decreased slightly 1n intensxty. Thus the possxbi;xty
exists that'the 27, OOO‘dalton band opserved in gels of myofibril degra-
dation may result partly from the degradation of ghost actin hydrolysis.

‘In some gels (see Platea 1 and 4), the 27,000 dalton band was much more o
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sns-m:r.tot mtibrils, ghosts, nd ‘1sglfted actins:
time course of hydrolysis by CAP, Standard reaction

‘mixtures’ contfined CAF (0 2 uni /xl) and the - . LA
~ following substratel:- (@ff 12 mg/ml myofibrils, 100 ° ;-;’;;

wg/gel; "(b) 6 mg/ml ghosts, 30.yg/gel; (c) -200 m/qel

" KI soluble actin, 20 pg/gcix (d)/ ‘200 ug/ml ghost utinﬁ

20 ug/gel and (e) CAF only. in the same concunttatfons

as_in (a) to .(d). Actine in both-(c) and (d) were .=

isolated by p:cputctive gel olectxqphoresis. Ruuetionn
were incubated at '259C and aliquots were’ removed priot .

_to . CA! addition "(C) lnd at 2, 10, 20 and 170 tin. ﬁfttr
+ CA’ ldditiOﬂo »" .' - . . —4 ) )

&




development of the two bands ‘

~

"intense than the 30, 000 dalton band. and t

did not always coincide. Bowever, in pu lished studies of purified TN-T

hydrolysis in pork (Dayton et al., 1975) and chicken (Idhiura et alu.-

?

1979), gels have shown products of equal intensity. The-results presented

here show that following isolation, both KI aoluble and ghost actin had

A

identical degradation products, and were degraded at the same rate. The‘

V

' . fact that botﬁ actina underwent a,slower hydrolysis in comparison with
"ghost hydrolysis indicated that some alteration had occurred during the B
isolation procedure. Since modification of the primary structure ‘of the

: molecules was unlikely, the results indicate that conformation or some

-

other subtle and yet undetermined property may be respdnsible for- the .-

_observed susceptibility to proteolysis of actin in myofibril ghosts,

P

o ‘( N i ' s -
CAF Hydrolysis of Denatured - . :
Myo¥ibril Proteins . _ N - ‘

o

To determine if the hydrolysis of the actin in myofibrils might be’
affected by its conformation, isolated myofibrils" were subjected to 0 1M
HC1, 0.1 M NaOH, o8 M urea for, three hours or to 100% heat for five
minutes to denature the eonstituent proteins, neutralized'where necessary,
dialysed, ‘then incubated with CAF In all: experiments, gels showed that =
proteolysis was identical. Plate 14 shows gels representative of all exper-

iments. 'In each case, CAF hydrolysed myssin. a-actinin, actin and tropo-

mysin producing low molecular weight degradation,products (a). After under-

J'»going the same denaturation, KI soluble actin was also hydrolysed (b). ‘
The degradation of denatured;actin~illustrates that the conform:»

ation of‘actin affects its protedlysis by'CAF ‘The'hydrolysis preéiously

':observed in KI denatured myosin and a-actinin also indicated that

denatura;Ion was instrumental in their susceptibility to proteolysis by .

. - ; ) . ®
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Plate 14. ,,SBS-PAGB of myof&b:ils ‘and Kr aoluble nynfihrn: ptoteln

R 'dmturcd with NaOH and- incubated with CAF, Myofﬁtil
~proteéin- 13- mg/ml) and KI soluble _protein (4 mg/ml) - e
L CverE denatured with NaOH ‘as .described in materials AR T 0
Coo T and uez;hoas, then - incubated with CAF (0.3~ units/ml)- .and - '
. .0 -5 M CaCls (+) or EDTA (=) at 25°C for!60- min. - {a) wo-
ST fibruo, 100 pg; (b) RI .bluble prot.ein' 'Zs‘ug. S




4 - ) f .‘
an. These results are uupported by the ob-ervations of Ishiura et al.
(1979) who dilcoveted that CAP digests most proteins once they are
denatured. . < " ' ‘
. . , . N
Isoelectric Fgcusing of Isolated
© Actins ,
Iscelectric focusing. was used to determine if a difference o

.t

existed 1n the isoelectric points of KI soluble.and gnost actin. The

dszerent isoelectric point might creflect differences in amino ecidu

composition which’could be responsible for differences in conformation-

between actins. :

\

IEF gels of the individual actins show single bands (Plates 15a

and’ 15b). Combxned, the ptoteins focus in dxfferent regions of the pH

. gradient V1thin the gel (c). The resolution of the combxned proteins

is a function of different isoelectric~points unique to actin from eacﬁ .

'sodrce. Since the isoelectiic PH occ where the net chaigg‘of the

constituent amino acida is equal to zero, different isoelecttic pH'

reflect unique amino acid compos1tions. !
CAF detblzsis of Smooth ) e
Muscle Protein o ’ ‘ ' o

a . o

Three isoelectric variants ar B and y actin'have been observed in

chickeh‘quscle. It has been previously shown (Izant and Ldzarides, 1977)

'.that a-actin is the najor myofibtil'actxn component; and is preferentially

has alsoc been shown to be the predominant form of actin in chicken smooth
+ S ' o

N . . ” Y - . . - .
extracted with KI. y-actin has been shown to be insoluble in KI. y-actin .

‘muscle (gizzard) éouttictlle proteins. Incubation of CAF with contractile

p:éteins 6f_|nquh au-cle (Plete 16) and the KI extracted residue of

smooth -muscle (b)‘denonsttated.that a partial hydrolynis of actin occurreéd

Yy
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a

»

Isoelcctric f.ocusing of ‘actins isolated by prepautive
gel ¢ ectrophoresis. (a) KT ‘soluble actin, 10°yg;

(b} ¢ sctin; 10 ug and (c) both KI soluble and ghost
',actins combined, 10 pg each. Maqnified sections .af the

g

n-o 9013 q.u also ululttaeed .

-3

#
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Plate i6, sns«-pm of smcoth Ruscle ptotein incubated with CAP.
N L R g /ml qaooth muscle protein pupued by sedimtation
oo e of ho.ogu;atu of chicken gizsard tissue (a} and L. mg/ml
- ‘ 'sjj‘of the ‘Kame protein extracted with KI ‘tb) _were. 1neu"ba&d",y ‘
- UL withCRFU(0.2 units/al) in the presence of 5 s CaCly(+)
o7 ep 1Z)) for 60 ®in. at 25°C. 20 ug-smooth muscle -
- - pigtely (a)] and 4o ug K1 e:tracted pzotein were. lmlisd .
boé‘ﬂe}{ol.;‘_f o _ o



.« ‘ . . | //

in.intaet eontrectile protoinf. ‘Only torty«nevepnporount of the actin

renlinod‘(doternined by denlitonotry).‘ qonpletu'ﬂydrdlysil occurred in

the KI residues. Thess studies imply thlt‘CAP hydroiylel the 7fvariant.
" of actin found in;in:oluble residues of XI extracted iyotibrill:r

Amino Acid Analysis of Inoleted

Actins '
n"l‘he amino acid analysis of th:'ieolated actins is prelented in Table
3 and compared with data derived by eequencing rabbit actin (Kuehl et al...
j1975). clained identical to chicken luscle actin, The rasults show that the
amino acid. analysis of actine frOm the two eoutcee-are indistinguishable.
This an;lysia confirms that the K1 insoluble protein "in z-discs is nearly
identical with KI-soluble actin. However, minor differences“in ;ne or
more amino acids that might “explain the di?!erence in isoelectric mobi1~
ity cannot be conclueively determined from amino acid‘data.~
-The results~are in good agreement. with'published valuee ynich

were determined by sequencing and are therefore highly accurate.' The
.low value determined for threonine may be due to dts hydrolysis during
acid-digestion. Cysteine was reduced to almost undetectable levels e
under the conditions of hydrolyeis.' The four residuée of tryptophan are
also undetected, as tryptophan normally undergoes complete hydrolysis

under these conditions and cannot be determined by this procedure. KIn-
complete h:drolysis of the peptide bonde involving valine and isoleuc:ne

is often observed lnd may‘be responsible for low values for these two -
famino actds, The low values for tyrosine ire unexplained. l o

r_ﬁ rhe re:ults prelkpted here show Qhet both K1 soluble and ghost
agtin have very similat am[ho acid conponitions. This eliminates the .
pdlsibiiity that the ptotein in ghost: iu a coupletely different pro- S

. <

tein than ‘actin but . haa a liuiIar aolooular veiqht.

o -,

a
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‘ In orde ‘ determine at the actin hydrolysis observed was not
spec' to only the chicken stem, similar experiments were r%peated
u::n:gjzolated beef myofibrils and crude CAF preparation also f:om .
beef, muscle. Since similar degradatiz: ghanges occur in the beef system

v (OIsSg“ttﬂel., 1977), the hydrolysis of _ghost actin in beef was likely.

”ﬁs‘ﬂm isoelectric fraction of the sdﬁuble bovine sarcOplasmic protein
that contained CAF actfyity was incubated with isolated beef myosibrils.
It was estdbliahed ‘that the CAF preparation pdssessed a Cazi'requ1rement

,;°f -1 mM (Figure 7) and required a pH of 8 0 (Figure 8) for Optimum

._activity, similar to that-for isolated %?icken CAF, No proteolysis was
detectable in this preparation at.pH 8 é in the absence of free Ca2 -

ifPlate 17ashows that CAF produces changes in- the beef system which are

T)"",v'-_‘._s:.milar to those observed 1n chicken'myofibrils. The q-actinin band
o decreased in 1ntensity and 30 0004.;! 27 000 dalton bands appear. KI

insoluble ghosts of beef myofibrils had the same composition as chicken.

ghosts.' These contained myosin, a-actinin and actin. CAF treatment°
shown inPlatelJb demonstrates that qﬁost actin is easily hydrolysed.

B
’Purified actin by the’ methodq{ Rees and. Young (1967). was not hydrolysed

'< \ B .
'(c). ST _ o
| A i ‘ N
‘. The results presented here point out that the proteolysis of ghost
~actin observed in chicken is not restricted to just that species but '
_ occurs in beef and 1ike1y occurs in pork, rabbit and other sy8tems where

.similar post~mortem degradation has been detected. ' ¢
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Figure 7.

A ABSORBANCE (280nm)
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Effect of . Ca2+ ion concentratxon on the act1v1ty of beef CAF
on beef myof1brils. ‘A stahdard incubation mixture included
15 mg/ml myofibrils from 100 yM to 10 mM free Ca2* ion and

a crude CAF prepatation (0.6 units/ml) was incubated at 250C.
. The absorbance at 280 nm of the supernatant solution was:
read after 30 m1n. against a blank containing CAF and 5 mM
EDTA.

A.‘
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A ABSORBANCE (280 n m)

Figuté 8.
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Effect of pH on the activity of beef CAF on beef myofibrils.
Standard incubation mixtures containing 15 mg/ml myofibrils,
and a crude CAF preparation containing-“0.6 units CAF activity
was. incubated at 25°C. pa'of:re!ction mixtures was adjusted
to values between pH 5,0 and 9.0 prior to CAF addition.
Reactions were stopped aftér 20 min. and the change in : o

absorbance of the supernatant solution was read against a

blank containing CAF and 5 mM EDTA... -

-
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_—~~~ﬁ{oruthis~approach_vas4based—onntheiposaibility»that-themtvo_moleculeswwum~w~~m

“~

LK)

~ ghost actin., 1In contrasth even after the fifth’ round of immunization

H

gel-pﬁrified KI soluble actin and ghost- actin as antigena, The rationale

may be immunologically distinguishable. Historically, anti-actin anti-
A

bodies are/dtfficult'to raise presumably because few apecies-apecific

differences exist; the gstrudture of actin is highly conserved. .

,Recently, however, antibody production.tq SDS-denatuted actin has been

. teported (Lazarides and Webet, 1974). . »

Ant(kodies were detectable after’ the third immunization with
/7

using'KI soluble actin, no antibody was detectable with the double immuno-

diffusion techniqve (Ouchterlony, 1968). The precipitin reaction between
anti-ghost actin serum and both KI soluble and ghost actins is shown in

Plate 18. The complete absence of spur formation &t the point of contact

v o

of the precipitin lines establishes that both actins are antigenically

P/

" identicak., = A | .

1

It is not entirely unexpected that antibodies are not raised

by direct immunization ‘with KI:soluble actin’ especially if it is’ very

A\ ]

- similar to the' mouse s own actin, However, once antibodies are raised

' to a nearly- identical molecule (ghost actin), these antibodies cggpletely

ross-react with KI-soluble a

- at the B-cell level. Indeed,

tin. - This indicates immunqlogic 1dent1ty

his may reflect certain differences_'

between the actins, recognized 7 the T helper cells rathef than the |

)

antibody-producing B cells of the immune system (Miller and Mitchell, E'
. . . .‘S .

~

1968)

= gggaiizacsén of Actin in the Z-Disc

by Indirect Immunofluorescenc FREN - ,; I

A
Using fractionated anti-ghost actin antiserum, indirect immuno-‘

L

-
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Plate 18. Double~immunodiffusion of fractionated anti-ghost actin
: ‘serum, against isolated KI soluble and ghost actin.
Ammonium sulfate fractionatefl gerum produced against : .
'ghost actin (a-G, center well) was challenged with SDS-
PAGE-purified KI soluble and ghost actin. ' Ghost actin:
¢ (a) 800 pug/ml and (c) 400 pg/ml. KI soluble actin (b)

© 800 pg/ml and (d) 400 ug/mi. ' '




<

e fruoreseence was used to dgtermine the ekact location of actin 1n _glycer- ﬂmmf_$>:m

'1nated myofibrils. Honogeriized muscle fibers adhering to coveralips were

o

incubsted first with t hosé actin antiserum, then with commerc-

ially available PITC-cOnjugated antf—mouae I1gG P(ab')i‘f:actionm
Phase contrast%ihd fiuoreacence microscope photographs of indi-
vidual myofibrils or myofibril bundles are'presented in Plate 19. ,
In myofibrils (B), prominent fluorescence was observed primarily at thé -
Z»discs of myofibrils with weaker fluorescence observed at the M-line
(whlch dia not appear clearly in all photographs).' General fluorescent 51“
staining occurred across the'entire m’!?ibril. A very weak non-séecific
_fluorescence background occurred in control myofibril preparations
'treated with normal (non-imnune)ﬂmouse serum followed by the flTC )
fraction (A); No fluorescence occurred when, preparations were treated
with the FITthraction alone (photographs not shown). ln‘additiony no
autofluorescence was detectable. | _ . | :
The re!ults indicate that a,&igher concentratxon of actin exisé/

in the z—d1sc than in the rest of the sarcomere, based on the reactxon :

1dentity between the two:lctins Ln the 1mmunodiffusion studies.’

When KI-soluble been extracted from the myofibrxls, only

fluorescence at the 275#5%“ i prved (D). This result establish&a

that KI' insoluble actin e;fsz shat the z-discs in extracted myo-

o

“fibrils. . RO

Myofibrils on coversli Finéubated overnight with solutions -

of CAF containing BDTA}C* az*“"

I zones where the Zédisc material haduonce'dxﬁsted. Actin fluoreacence
¢ ol o . . \

Co
R . . . A %

-




hflate-l9.v

Indirect immunofluorescent Iabelling of ghost actin in.
myof1 rils, KI extracted myofibrils and myofibrils incu-
-bated ith CAF.. Pa1red phase contrast (a) and fluor-
escence (b) micrographs of FITC ‘labelled anti-ghost. act1n
(a~G) treated glycerihated muscle myofibrils and extracts.

‘ A, Myoflbrlls - non-immune serum control. B, Myof1br1ls -

a-G serum treated. €. KI-extracted myofibrils - non-
immune serum control. '‘D. q-G serum treated. E. Myo-
fibrils incubated with CAF - EDTA contrbl. = Myof1b:1ls
1ncubated with CAF and . ca?*, ' ‘ .

- - ) o

\
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in the residual sarcomere remained'as previously'described, ThesS.results

show conclugively that actin located at the 2-disc is removed by prote-
¢
’ -

olysis by CAF.. Thin filament actin remains ungltered:

. , (»‘:.;
. : _ ELECTRON MICROSCOPY
- .

SDS~PAGE has been used in the examination of the protein combonentsk

of control and CAF-treated myofibrils extracted using'H-s,and KI (Plates

yd .

4 and 5). Electron mictoscopy of similatly treated and extracted muscle

fibers was performed to compare the results of the ‘gel data with observed'
’ _ _ :

sarcomerq ultrast:uctute.

Individual glycerinated fiber bundles were incubated with CAF +

.ca2+ o:.control golutions containing_either‘CAF + EDTA or only Ca2+ for'

_ \. ., 6 - ) . .
ninety minutes.. The conditions of incubation'were similar.to that for

the one-hour incubation with CAF ptesented 'in Plate 5 except that the
time of incubation was extended to ninety minutes to ar?ow for the pene—.

tration of the enzyme. No differences between the Ca2 only and CAF +

“EDTA controls were detected. Therefore only the EMs of CAF + EDTA are

ptesented here as conttols. P ¥

. Entire Husgle Piber ; o o R ) }

Muscle white fibers are chatacterized by latge diameter. myofibrils
(65~70 u), few mitochondtia, na:tow z-discs and a poorly developed sarco-

pla:mic teticulum in the :egion of the H-Zone. in comparison to intermed-
i

’ iate ot ted fibers. The muscle eections in’ Plate 20 were typical of white

tibets. The darker staining A-band, central in the aqrcomeres, consists

s
of interdigitating thick .and thin filaments. Individual thick filaments

100



incu-

glycerinated muséle fibers

bated with CAF and 5 mM EDTA

Electron micrographs of

Plate 20
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* , _ ' : ' \
were easily observed. The H-band at the centge of the A-band due to the
~ absence of thin filaments‘waa'not easgily visible.’ rhe'psgadéin;zone due |
to the bare central region og the thick filament was easily seen. M:lines
bisecting the pseudo-H-Zone appeared as a thickening of the thick filament -
at higher magnification. 'Some connections between the thick filaments~
,could be seen at the n-line. In some EHs; weak bands with 41 nm periodicity,
A perhaps due to C-protein, were observed at the outer edges of the A-bands. .
In the I-band, the indiviBual thin filaments'wgre visible. The
thim filaments.became thlcker at the I-2 Junction.’ In the 2-disé} ;7
double row of branching thin filaments could be seen.' The entire 2-disc
structure was ~ 70 nm Wwide, typical of 2-discs in white fibers.

. (The T-gystem and sarcoplasmic reticulum (SR) were visible between
myofibrxlsykacated primarily near the I band. A few small mxtoghondrxa
were seen iNear the¢ Z-discs. ~ Since glycerol extraction of muscles 1mpr0ves
. the contra::\;;—:ie myofibrxl fxlaments but damages the membraneous e’
organelles, the mltochondria, SR and T—system are indistxnct.

Followxng 1ncubat10n with CAF + Ca2 the mogt prominent modifica- =~

© e .

- tion in myofibr11 struoture was the complete removal of z-disc structure
i

(Plate 21) Wavy thin filaments remained in the I band separated by a
" gap where theoz-disc-once existed. Sarcomeres of adjacent myofibrilé/;ere
dramatically out of register in many samples, an indication that the
intermedxate filaments connecting the z-discs may also have been affect:gd/—-‘-“"_—‘j
W‘TheuT-sxstem and SR_appeared scattered-and in many sarcomeres appeared o
: witnln the I band. Their disarray may also be due to the effects!of'éhf
on tne-intermediate>filaments. | >

" Many of the rematning sarcomeres were dxagonally skewed. In
.general, the spacing and arrangement of the thick filaments in A-bands

Ry : : ' ‘ e
S T . u, .

TN



Plate 21, Electroh micrographs of glycerinbted'muscle
L bated with CAF and 5 mM CaCl,.

fibers incu-



) -of A-band,étructure.

) appeared as two bands in the pseudo-H-2one and cross-bridges occurred only

. the A and I bands. Gels have also shown that a-actinin remains unextracted -

~ observed in the A-band. SOme‘H-line structure still.persisted.

. N

vas diaorganized.x 8ince ng bands of 41 nm periodicity were observed, ' v

hydrolysis o? C-protein might have been responsible ‘for the loosening

)

-

The M-line thickening of the thick filaments was reduced and the
bare region of the thick filament was exposed. Some residual M-line mater-‘
lal remained and cross bridges between the thick filaments were seen in
mﬁny sarcomeres. N

. ’ . ‘ . /

H-S Extracted Fibers - . ;

Although H-S ii\reputed to remove)the elements of the thick fila-

ment,afrom thege EMs (Plate 22).and gela of similar‘eutrgctions, it*could

" be seen that much of the thick filament structure remained in the sarco-"

I

mere; however, most structures of the sarcomere were more disorganized
In the A-bend, the A-I junction, and the marqins of the pseudo-H-Zone .

were less distinct, not in register, and of variable width. The M-line

-

»
g - -

at these bands.

The 2-disc structure'too.had'becomefdisorganised, no longer in

register, and exhibited,gaos*in its structure. The precise array‘of
. ) -y

lbran&hed filaments was no longer visible. Gels in Plates 4 and 5 had’

ahown that HS removed the components of both. thick and thin filaments. ;igfffﬁy

- Some solutilization of these filaments may account for the disarray of

*
\
!

by H-S. These EMs show that z-disc density remaing intact. )
v

In thetCA? + Ca2 treated fibers (Plate 23). the z-dilc was absent o
¢ Q .
and the filaments in the I band were. again diaorganised. No changes were

° °



Plate 22. Blectton microqraphs of qucermated muscle fibers incu-
e bated vut:h CAF and 5 mM BD‘I‘A and subsequently extracted
' ‘{\ with n-s. '

O - ) ) Lo .

105 ~



Plate 25.

Electron m:.crographs of glycerinated muscle fxbers incu-
bated ‘with' CAF and -3 mM Ca(:12 and subsequently extracted
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KL Extracted Fibers g . .

'.The:entire structure of the myofibril was disrupted in EMs of KI
extracted fibers_(flates~24 and 25). No difference Was.discernible between
the control and CAF + Ca2+ fibers. Tangled masses of filaments.were seen |
aggregated in;two bands at the outer edges of the A-band,‘only slightly |
less dense‘in the_centre.H-ZOne. ‘The I-band identified‘by the presence
of the T-system and‘SR, aiso contained tangled thick filaments. 'No thin
filaments were evident. Visible z-disc structure was completely absent. . '
From the lack of distinct.structural features in these fibers, it.is
,difficult to'conceptualizedthe structure of KI extracted fibers from
theSedEMS.~ These results are'in agreenent with the resul;s of Locker
ijand Leet (1976) who also observed Z2-disc extraction and.generalldisruption

@ar i
' In phase contrast studies presented in this work (Plate 19) and

of the structure following H*S and KI extractionc> ' .

by others (Granger and Lazarides, 1978), the Z-disc structure remalned
intact and clelrly visible. In fact, in fibers homogenized follow1ng
xtraction w1th KI, the Z-disc structure remains 1ntact and appears to

'rbe the sturdiest structure. On the ba31s of this phase contrast ev1dence,
it is p0351b1e therefore that the structure of KI extracted fibers observed

tin these EMs may have been altered during the preparation of the samples

for electronmicroscopy.



'

'-'24. ‘Electron micrographs of glycerinated muscle. fibers incu--
~ bated with CAF and 5 ‘mM EDTA and subsequently extracted
v w1th H-S and KI..




’

‘'Plate . 25. Electron m1crographs of glycennated muscle fxbers incu- -
bated with CAF and 5 mM CaC’.l;z and subsequently extracted
with H-S and KI. v -

e N
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Chapter 4

DISCUSSION

Al

. .since the first reports of 2-disc degradation in post-mdrtem
'bmuscle were published (Davey and Gilbert, 1967; Fukazawa and Yasui, 1967-
Stromer, Goll and Roth, 1967), several groups of" 1nvestigators have
studied the phenomenon in an attempt to explain what takes pPlace. Inﬁ
pork, rabbit, and beef muscle (Headerson, Goll and Stromer, 1570), 2-
disc degradation was described, but the cause remained uncertain., It

was probable the‘mechanism involved proteolysis, since studies with tryp-
‘jsin also caused similar specific ‘2-disc removal (Stromer et al., 1967) 0
The observatiOn that complete z-disc removal occurred in muscle strips |
'1ncubated in. solutions containing 1 mM CaClz, led to the isolation of
”the calcxum activated proteolytic enzyme with the capability of‘remov1ng

Ly

the z-discs ‘from isolated myofibrils. The 1so1ated enzyme from pork .

“'muscle,has,been shown-to.cause changes-in the structure and'proteins:of '
1solated myofibrils 31milar to those changes observed during aging.l The
lresults presented ‘in’ thlS thesxs verify that changes 1n myofibril proteins
: during aging parallel in many. aspects the changes produced by CAF act1v1ty
on 1solated myofibrils.; Results which led to that conclusion will be

. - Lot . .
:discussed in the following section. | '

Introductory experiments presented here (Plate 3) established

N
»

‘A—---w“,"'

'that in, both CAF treated and aged myofibrils, two reproducible effects ;,'=‘

' were observed in gels of myofibril proteins. ."l' ' ;t



111

» (1) a reduction in the u-actinin band‘ ‘_ ‘ S .

uj};) the appearance of 30 000 and 27,000 dalton bands.

_Of‘these two major changes, the reduction in the amount of -
actinin remaining~in;the myofibril is most significant with.respect to

| the investigation.of the mechanism of z~disc degradation, since -
actininihas been_shown to exist only in the z-disc. .The results
presented here (Plates 4b and 5b) have shown that the a-actinin released
‘has the identical subunit molecular weight (106 000 daltons on this gel
system) as in the intact myofibril, These results confirm the extensive
work of Dayton et al._(197$)‘which showed that the molecular veight of :
vq-actinin from'pork muscle is'not altered on its release from.the myofi-

: bril;‘ Furthermore, it retains 1ts N-terminal and C~terminal resxdues .
and has . not - been subject to- any hydrolysis (Dayton et‘al., 1975). The
"underlying postulate of this thesis is that another protein, responsible

‘ for the binding of a-actinin to the z-disc, is hydrolysed or altered in

' some- way by CAF, which causes the release of a-actinin.. Several lines
'of eVidence exist to- support this 1dea, drawn from results from this work.

'éand*from similar experiments published in the literature. ‘These w111'be f
presented and'discussed in the following section. “

et Evidence from phase contrast microscope studies-on the CAF

'_treatment of myofibrils reported by Dayton et ‘al. (1975) revealed that~r
Jz-disc hydrolysis occurs simultaneously as a-actinin solubiliiation.;;lt '
vjwas/therefore concluded that these events are: related This conclusmon—wu‘

is further supported by the fact that the only other detectable proteoly81s, -

vhich occurs is the degradation of TNT to 30 000 and 27 000 dalton frag-‘

'=ments. It seems unlikely that the destr tion of the troponin regulatory

\complex in the thin filament could be r‘ '_nsible for the observed effects F

4 .



on‘z-disc structure.

T R1YT three ‘events aescribed above are- observed ‘early in the aging

.’_4! S . ,.
A , y : § 112

',.
-

' of normal post—mortem muscle. Further degradation of additional components

occurs if aging or incubation with CAF is prolonged Hydroleis of the

M-protein (157,000 dalton%) was observed in SDS-PAGE patterns after four-r

teen hours of 1ncubation with CAF (Plate 3)." In addition, it is clearly
<]
evident in. electron micrographs (EMs) in Plate 21 that a loss of M-line.

Py

structure occurred with CAF incubation. Compiete Z-disc removal in the>

CAF—treated glycerinated fibers was prominent Dayton et al have also

,observed M-protein degradation on gels (1975) and in EMs (l976b), althongh

-

the phenomenon ls not as prOnounced 1n pork muscle as in this’ work with o
‘chicken._ o o LT P
- The,degradation:of‘TN°I”was observed in chicken muscle after .the -

o

vchanges"in TN?T'had‘become prominent. Ishiura et 51;’(19795 reported -

Q .

bl_similar results, They also concluded that TN I was more slowly degraded

.

‘by'CAFlthan'TN-T' They demonstrated this by incubation of 1solated

chicken troponin with CAF. i . ',\v;\\_[;'v"
4 "In the study of the effects of CAF on myofibril structure, Dayton

et 31' (1975, l976b) described the hydroly51s of C-protein as seen in

3

' ’.gels of myofibril proteins,'and related this to the loss of 43 nm periodlcity )

.- in. the A-bands in EMs of CAP-treated pork muscle fibers. In chicken,

, little has. been published about C-protein.. The C-protein from rabbit '_g v
"has a molecular weight of 140 000 (Offer, Moos and Starr, 1973) ln l ~

’ chicken leg muscle,va protein of 145 BOO daltons has been observed (Gard i

L and Lazarides, 1979) in gels and tentatively 1dent1fied as C-protein.‘

'In the present work, no bands we;e observed with that molecular weight. _"

Although the C-pratein band might be expected to be soluble in B° Lo
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since it is intimately associated with the thick filament, no protei#’

o

band'was observed in_such extracts and furthernore, no'protein/ofrsimilar
Mw;wasghydrolysed on treatment of the H4S extracted proteins with CAF
(?late 7b). ‘EMs did, however, show a weak periodic1ty of 41 nm in the A~
bands of control fibers. No- such detectable periodicity in the CAF +

Ca 2+ treated fibers could be detectbd This observation indicates that-

C-protei -hydrolysis cannot be ruled out,
hen aging conditions were made more extreme (144 hours at 26° C,

Piate 3), drastic changes in the high Mw region which suggest my081n

degradation were also observed. Ishiura et al; (1979) observed the

hydroly51s of purified chicken myosin when subJected to: high levels of
4

CAF activity. Under these conditions they also observed the hydrolysis

'1‘of a-actinin and tropomyosin, but these events were not observed in the
"results presented here uSing intact myofibrils. The proteoly51s of myosin

tand the other proteins no doubt occurs when 1ncubation conditions are

extreme, but uus not observed occurring during normal post-mortem aging at

5

-;low temperatures. = S S :‘;’ AN ’ Y

ﬁf-_; The preceding results involved the changes in the myofibril ‘and

}reveal a preferred sequence of proteolysis which reflects the substrate

s specificity of proteins of the intact myofibril. These events are listed

' in chrOnoIogical order-i

1;,_a-actinin is released f?ém the.z-disC'matrik; Z-disc structure
Cis observed to dissolve. TN- T. is hydrolysed.

. Zrh‘M-protein and (TN- I are hydrolysed. -C-protein may“also be

a

.'degraded./‘ft:*'f;\“;‘ e

A,

113.; Myosin and possibly other proteins are’ degraded.-'; S

[OOSR

113

t

B
A

The disappearance of observable z-disc structure and u-actinin release L

R : .
..._,..- ot . v g .
: '.‘. . . ) ’\1 N toas . ‘v ot

Tl -



© oceur earlier than the other events. . It is therefore unlikely that’ the

A

&

‘ CAF to asgess the hydroly51s of myofibril protein. The protein composi-

subsequent proteolysis observed causes Z—dlsc breakdown.

A compelling explanation of the foregoing pbservations presume\V%
the existence of a protein in the myofibril, highly susceptible to
proteoly51s by CAF, which when hydrolysed. is responsible for both the

release of o~-actinin from the Z-disc and the dissolution of observable

..2=-disc- structure. The following'discuSSion presents evidence for both

the existence and identityfof that myofibril protein. _
° e

Myofibrils were extracted using H- S and KI after 1ncubat10n\w1th

-

1t10n of extracts .of CAF-treated myofibrils differed from controls in

L -several aspects. The changes which pertain to the proteoly91s of the 2~

disc w111 be- dlscussed below.y

: a
‘e

. As already described CAF _treatment resulted .in the release of

':a-actinin from the intact myofibril (Plates 4b and 5b).’ Few differences

fexisted that might account for the changes in the Z-disc structure 1n

' andxcontrol 1ncubations. Plates 4c, 5c and 6b show that H-S extracts

_ only the thick and th1n filament proteins. fMyos1n,gact1n, tropomy051n~A

[}

and trqponin were all extracted. CAF treated samples differed from

ntrols only in extracted troponins. ‘The 30, odo and 27 000 dalton D

degradation products of TN-T hydrolysys were soluble in He N as well as

'the unhydrolysed troponin complex. Little a—actinin ‘was extracted by .

~

: H S. an indication that the z-disc complex remains 1nsolub1e. This fact

- . !1 T -

_was clearly demonstrated in EMs of H S extracted myofibrils (Plate 20)

’
. -

"';gwhere z-disc structure remained v1rtually unaffected T

».The H'Svinsoluble.proteins-in control‘1ncubatxonalconsisted L

s

R o Cw I S ey

"ji}w 'Q?S\'ﬁ\‘ o ERRINEE R
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-‘gels of the 1ntact myofibril or of H-S extracted proteins of CAF treated ?f"




) primari]y of myosin, a-actinin and actin (Plates ld and 5d). Tropomyosin

e

ular weight peptides were observed. It is unlikely that this 27_000

115

and high MW protein was also present in the one hour 1ncubation (Plate

- ' N

5d). In these CAF treated proteins, a 27 000 dalton band and low molec

o Al

'band originated from TN-T hydrolysis. since the intact troponins and the!r

products of proteolysis had been removed in the H'S extraction (hs Been .

in_Plates 4c, 5c, 6br. Furthermore, in CAF treated H-S extracte_ samples,

this.band has never been observed to be accompanied by the 30,000 dalton_
' . ﬂ’ \ '

componerit which isealways present when TN.T is hydrolysed. 1In the fourteen .

hour incubation, fless actin and no a-actinin remained in'the CAF treated

're51due. Whether these changes represent actual hydrolysis of the pro--

,teins or merely altered solubility 1n H*S' cannot be determined from this

' ,experiment. ‘These observations were 51gn1ficant however, since a-

1fre1ated.» Thus only 5§ose cﬁanges which may concern the z-disc components

_fibrils,~q-actinin-was completely absent and residual actin was either

; hav;,been discussed.'

‘actinin and actin are both z-disc components.
: 4
KI extracted about 50% of the remaining proteins (Plates ‘4e, 5e and

,6c).>‘Less actin;and a-actinin were present in extracts from CAF treated

) myofibrzls than in sxmilarly incubated controls. s

The KI' insoluble resfdues of control myofibrils (Plates 4f 5f and P

'6d) contained myosin, a—actinin and actin. In CAF treated-or-aged-myo-

substantially reduced or .in some cases completely removed

It becomes clear from the examxnation of the fore901ng tesults

~that some of the changes cannot be easily explained. Purthermore, not

!

‘all changes observed (as in the fourteen houkgﬁncubation) are Z-disc

BRYPIEEE)

The nature of the KI-extracted protein complex, was revealed in
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studies by Granger and Lazaridesb(1978). Those results are presented

. » R :
';here~to introduce the protein composition and-structure of the -KI-insol= - .
3

“ uble myofibril. Foilowing KI extracgion of glycerinated fibers, Granger

o and Lazarides prepared sheets of z-discs by homogenization. When viewed end-
N
{on, immunofluorescéhce established that actin and a-actinin existed within

the actual 2-disc matrix. Each myofibril was surrounded at the 2-disc b?\
filaments containing actin and desmin. Some additional material was L

‘present, seen collapsed onto tthz-disc sheet.. Tbis.collapsed materiai
contained actin, myosin and tropomyosin and did not appear to exist withins
the actual zZ-disc. . This,myterial contained tropomyosin probably because

‘they had not prevxously extracted their preparations with H S. From this
_immunofluorescence evidence it was concluded that somg thin filaments protrude
from the Z-disc and may be linked-to myosin., These obserVations explai: the
presence of traces of myosrn in gels prepared from ghost protein.‘ The

nature of the bond between actin and myosin 1s unclear, however, Granger -

and Lazarides suggested that since the e traction was carried out in a

,.non-reduced-environmentvthat disulfide bonding may be'partially-responsible

1)

for the interactions of thesesproteins; Additional evidence of disulfide

bridging:ﬁs evident- in the results presented in.this thesis in Plate 9, . e

3 ) -

' -where SDS aione'did.not solubilize actin and'myOSin.' The'subsequent addi=-

. Sy Lo o :
tion of f&mercaptoethanol.did solubilize the residue. Thus, disulfide

Y

bridging may exist between act;n molecules in the z-disc. B-mercaptoethanoi,
e .
was not necessary for, the solubilization of a-actinin.

In aged samples, it has been suggested that actin may be enzymati-.

-

cally Cross linked to myosln (Gard and Lazarzdes, 1979). ‘An enzyfatic "

" cross linking’phenomenon.between‘actin and myosin could explain‘why.actin

»

remains in ghosts'invaged fibers but is totally extracted in myofibrils . .

, S : : = _ S
- :incubated with CAF. - _. ' - oL o
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0 ] o

" The foregoing extraction experiments showed changes in the amount
of a~actinin and actin remaining in the KI insoluble myofibrillar material.
From these experiments it is difficult to tell whether the two proteins

were hydrolysed or simply made more soluble and more eaeily extracted

]

in H'S or KI, Since little protein actually remains in KI ingoluble -

residues, extraction of additional actin-or q-actinfn‘by H*S or KI could

]

”,

©

ea51ly go undetected LT

®

Subsequent experiments proved, however, - that actin in KI insoluble

residues was“actually hydrolysed by.CAF This was shown repeatedly by

.'actin forms showed that unlxke myoszn and u-act1n1n, actzn behaved as.

incubating prote1ns from H- S"and KI extractions with CAF. The actln}
myosin and a-actinin in ghosts were all hydrolysed ‘by CAF (Plate 7e).

KI soluble myosin and aTactinxn were, however, also hydrolysed.. Myos1n

and g-actinin' therefore undergo-some alteration (most likely denatoration)

- - - ~

0 . 'Q " .
upon exposure tp KI, . As a fresult, both molecules become completely

suggeptxble to CAF hydroly31s.. The KI soluble actin, however, remains
refractory to proteoiys1s in contrast to KI insoluble actin which was

\ 2
read11y hydrolysed . KI is known to alter the conformation of many pro-

‘teins includingaactin (Szenthyqrgyl, 1951»;,4However, actin, 1f‘COmpletely“

9

homogeneous, would'be expected to behave consistently. This was not the

case. The difference in hydrolyszs between the KI soluble and insoluble

o - \

two molecules The, KI soluble fractxon was refractory tg CAF hydrolysxs,

and the JKI insoluble fractxonkwas easily hydrolysed Furthermore, gel

,patterns of ghosts did not change when extractxon was extended up to

twenty-four ﬁburs. sﬂhe amoﬁﬁ% of KI insoluble actxn that exists in myoyb



-

" Ca ‘optimum. It was of interest that maximum CAF activity wasaattalned '

‘ . " ¢ 118

[}

fibrils is therefore constant and unaffécted~by KI. "
Actin hydrolysis ‘was &lso indicated in H S extracted myofibr1ls'

where much of the thin filament actin had beén solubilized. CAF produced

a 27,000 dalton band in H*S extracted myofibrils. A similar 26,000 pro-

dft resulted rrom the hydrolysis of purified ghost actin (Rlate 13). o s

AU Y
Thus, the band in‘y-$ extracted myofibrils might originate from the

hydrolysis.of the KI insoluble form of actin. Simiiarly,”the 27,000

dalton ffagment observed in CAF treated myofibrils may, in part, oriqinate

. P L
from.the same hydrolysis. .
r < ) g q
- Thin,filament actin, in contrast, is refractory to CAF hydrolysis.
, . N _

Plate 8 clearly showed that CAF hydrolysed neither native G nor.F actin.
Further, it is obvious in gels'of nyofibrils a}ter incubation with>CAF,
that no discernxble change in the actin band can be detected. The con-
clus1on can be drawn from these obseryvations that none of the usua1~forms

of actan are hydrolysed by CAF. These results are further verlfied by

) 31m£1ar observations by Dayton et al (1975) and Ish1“52 et al.,(1979)

-

N\
In direct contrast, the actin in ghosts was read11y hydrolysed.

~ \

vIn addxtion, when the rategof proteolysxs of act1n in prepared qhosts

was compared.to the hydrolysls of proteins in intact myof1br1ls (ﬁiate ' .

13) the rate of disappearance of the actin 1n ghosts parallelled the ] .
@
ppearance of TN-T hydzolysxs products, indlcating that the ghost actin

is a preferred substrate for CAF. : ' __— Q~

Furthermore, CAF hydrolysed ghost actin w1th the same eff1c1encz

with respect to Ca2 requxrement and pH optxmum as it hydrolysed other

e
substrates.’ studies ‘with ghosts, intact myofibrils, and casein showed all S

L

,‘"three substrates were hydrolysed with the same efflciency-with respect to ’ Y

2,

. . »
- . !
4 -
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"'aé“iawér'éaz concentratfons than for the pork enzyme 1 mM, Dayton ‘et al.,
1976b). Fugthermore, in“arallel incubations of ghosts under identical
:conditions, CAF hydrolysis of actin in ghosts was detectable to levels
as low>as ‘50 uM Ca2 and PH 5.5. ‘Under these conditions, little or %o

CAF activity was detectable by the measurement of TCA soluble peptides,

-

yet proteolysis of actin by limited hydrolysis was still evident in the

gels.‘ Thus, CAF hydrolysis of actin in ghosts occurs at Ca2 levels and.

n

at the pH found~¢n post-mortem muscle. CAP hydrolysis of ghost actin

4

under these non-optimum conditions ,may be ‘a further indication of its

a1

substrate specificity.

o

The possibility existedithat the protein in ghosts hydroiysed

: ‘by»CAF might possess the same molecular weight but differ substantially.
| in its composition.‘<For that reasan the amino acid composition and iso-_
?electric pﬁggf the ghost protein was compared with that of KI solub1e~

.actin to determine whether differences existed

The results of the amino acid analysis indicated that a great
deal of . similarity existed in the amino acidc@bmposition. The proteins )

/ P

were nearly indistinguisheble.~ S - . ’- s B

The isoelectric pﬂs of the tuo molecules were, however, slightly
different.' This result reflects a minor difference in net charge between

the two molecules, due possibly to undetected minor variations in amino

7; acid compositioh, or perhaps due to post-translational protein modifica-:
i tion..r” minor difference %n primary structure does not easily explain o
":great differencesfinf_he susceptibility of thia protein to*hydrolysis, |

especially since CAP has been ah0un_not-to prefer any specific sequence.M‘ij’;;;_

r it waﬁiur_fet al.. 19731. Bouever, sinoe _”ﬂ: 3

l ‘\‘ﬂriffpf"
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-‘?m*sible4that"the“actin"in ghosts“exigts"in“an“entirely‘different“form'than Co

A

- thin filament actin.' A well-known esample ofjminor heteroqeneity in
proteins has been. illustrated in the analysis of sickle-cell anemia
(Ingram, 1957). Hemoglobin s from patients who _possess the sickle-cell
trait, was found to differ in isoelectric pH and differed from the normal'

. hemoglobin A by a single amino acid substitution. ‘The alteration markedly-‘
, e ‘

<
b

changes the properties -of hemoglobin S.

In myofibri]s it has been shown that the conformation of the
substrate is essential to its susceptibility-to hydrolysis-by CAF. Actin,
gfmyosin, q-actinin, and to a lesser extent tropomyosin, all resist hydrol- B
ysis in their native state. However, once denatured, they are all easily
hydrolysed@by CAF (Plate l4) These results agreexwith Ishiura et al. (1979)
- who concluded that 'CAF digests most proteins once they are denatured.*

The 1mportance of three-d1mensxonal protein structure of the
substrate is emphast:ed here»by the fact that all of these molecules s
:‘;opossess CAF-spsceptible sites but they are not hydrolysed when in their

"'native form. By simply denaturing the protein structure nearly all pro-

e teins become hydrolﬁtabbe. B l; o lﬁ o
’ R . Mv“
' These results imply that the susceptibility to CAF hydrolysis
: o*~ : .mv ', T
"observed in ghost actih 1ight be due to its different conformation in

the z-disc, assembly and only indirectly due to the difference in primary :
fstructure as detected by IEF. ‘mhis concept is supported by the fact that

-ﬁ,.ghost actin and KI soluble actin, followxng 1solation by preparative

ffesss-Pacs (Plate 13), were both hydrolysed v1rtually identically. ThIS’
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"tieCtTiC“P°1ht’3hd'MOIGCUIHrfﬁéight 'it"is likely that KI extracted myo-r R

',fibrils contain a variant of thin filament actin that exists in the 2-
'discs of myofibrils. Its nf rmation differs from that normally found

—

in thin filament actin in that the molecule exists in the correct con-
formation to permit hydrolysis by CAF,’ ‘ U ,

. Thk results presented here in detail for chicken have been in
gpart confirmed using beef myofibrils and beef CAF, Low and unstable CAF
activity precluded extensive studies of the beef'system. Howe er, the
results of the preliminary beef work confirmed that CAF .was having in a
,Qsimilar fashion. It ie possible that ghost actin is a universal component
'of striated muscle z-discs. ' ‘ ) a

Lazarides and Hubbard (1976) also have identified a protein from
chicken muscle insoluble in KI, judged to be actin on tbe basis of its
molecular weight, its reaction with antibodies against s#ooth muscle
actin, and by its isoelectric pOint. '
Purified KI—soluble and ghost actins were used to immunize mice .-

_in order to elic1t antibody production.A Mice failed to respond to the -
jKI soluble antigen. Antisera to ghost actin vas produced however, |
and reacted identically to both proteins. Possible explanatiqns for the -
. observed results were discussed in Chapter 3. Since care was taken to |
:-isolate both proteint identically using preparative SDS gel electrophor--‘
l~esis, the denaturing due to SDS should also be the same. Yet KI soluble
actin did not elicit .an antigenic response suggesting that differences
1-T[in actin primary atructure were reaponsible for the recognition of z-‘

‘diac actin aa a foreign protein.‘ FUrther—atudiea villﬂbe neceesary to‘~i
':fyprcve this point. 'h?+i}._zsf_flur:j.j,lgllrv O P

The antiaerum developed againat purified ghost actin was used'f ;l‘

e
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in indirect immunofluorescence experiments to locate z-disc actin and

demonstrate its hydrolysis. These results clearly fllustrate. the essen-
tial conclusions of this work ‘and can be effectively used as a summary.
Immunofluorescence results definitively show. differences in the

.

location of. two varieties of actin within the myofibril structure. o ;

4 Fluorescent actin labelling in intact myofibrils existed across the

.entire sarcomere. Particulary enhanced fluorescence was observed at the

. LN
-disc, and,might be explained by a greater concentration of actin at the

z-disc or by a. greater affinity of the ‘antibody preparation for actin in

the z-disc. The 1atter possibility cannot be ruled out, because the

differences in actin structure reflected by IEF could result 1n the

!

exposure of different antibody recognition sites. Following KI extrac-

)

-tion, z-disc fluorescence remained unaffected but fluorescence between

ettt

' z-discs was removed. This result established that KI insoluble actin

1@ 1ocated in the z-disc and is unaffected by KI extraction. Conversely.

-

) thin filament actin is KI’ soluble. 3 . .‘ Ty

7 /- In CAF treated myofibrils, the fluorescence at the z-disc was
7 2

»completely removed.; This single result clearly establishes that Z-dlsc '

g

actin is hydrolysed in intact myofibrils. Since thin\filament fluor-

'ﬂrefractory to CAF hydrolysis._

- f,actin. A small amount of act:h exists in the z-disc and differs from X

- escence was unaffected, KI soluble thin filament actin 1s therefore

g

-

The conclusion that can be drawn from these experiments 18 that

v'at least two different forms of actin exist within the myofibril. One

: y,form exists in the thin filament, and comprises most of the myofibrillar

hd

: the thin filament form 1n that it is susceptible to hydrolysis by CAF

'ﬂ*vIt also differs in sblubility in RI, isoelectric pH, and antigenicity _{'

B . . e e

]
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| A considerable body of published evidence now confirms that. a
variety of forms of actin exist in muscle distinguishable by differences
in isoelectric PH.  In striated musclg, three primary forms, a, B, and
"~y actin- were identified by two-dimensional electrophoresis (Izant and -
Lazarides, 1977; Rubenstein and Spudich. 1977; Whalen, Butler-Broune and
éros, 1976). These three forms uere further evaluated by sequencing
(vandekerckhove and Weber, 1978). 8- and y-actin were found to differ
/“" from the a form by twenty-five and twenty-four residues respectively.
' Most substitutions involved uncharged amino acids. The predominant .'
- form; a-actin, exists in the thin filament, and is responsible for
contraction. a—actin is soluble in’ KI. Izant and Lazarides (1977)_
found that the residue of KI extracted myofibrils contained primarily

y-actin.i They also observed its unusual 1nsolubility, but were unable - .

]

‘ b to explain it.'
- In smooth muscle as well. y-actin exists but in a greater.pro-
portion than in striated muscle. The results presented in Plate 16
have shoun that actin from smooth muscle is partly CAF-hydrolysable,
--1 and that all the KT’ insoluble actin was hydrolysed. Therefore in smooth,v~
;i as well as in striated muscle, there exists a proportion of the actin :
that is susceptible tO'CAF hydrolysis. The CAE—hydrolysable~actin,might'.
. ,therefore be the y-form.._ .' SR _ E yn | R N
| The—functions of the three identified isoelectric variants have
yetuto be established, but the results presented here concur uith Izans f’y..:f'
and Lazarides (1977) who, based on information gathered on: the KI insolus o
&

bilitY and the association of y-actin with structural proteins, concluded;': S

that y-actin nay have a structural function.
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In later studies, Granget and Lazarides (1978) showed that actin_“_m:w_r4

."/

resides in z-discs of KI extracted fibers, using anti thin-filament actin

' antibodies. "1 ’ .

Several additional published results bear out that a different
form of actin exists in the z-disc. Gard and Lazarides (1979) used
guinea pig transglutaminase to attach fluorescent labels to. all myofibril
z-disc proteins. Their results showed that a substantial proportion of .
the label was incorporated into actin in the z-disc.v Light trypsin f
digestion of myofibrils eliminated Z-disc fluorescence. In the subsequent
analysis of myofibkil proteins, the fluoresCent-labelled actin had been‘
hydrolysed, and q-actinin had been released unhydrolysed into the
supernatant solktion. Trypsin “has been'used in the study of z-disc ‘

' degradation (Stromer et al., 1967) because its effects on z-disc

: structure are similar to those of aging.- These studies also verify that
the actin in z-discs is extremely susceptible to proteolysis and that its}

, hydrolysis is directly linked to the release of a-actinin.?q' |

The current models of the vertebrate z-disc, based on ultra—'

f:ﬁ structural studies (Ullrick et al., 1977), propose that the thln fila-

ment loops into the z-disc. In the z—disc, the thin filament assoc1ated

't; with an"amorphous mass' thought to consist of a-actinin. p];

Binding studies at physiological temperatures (37 C) have shown
that a-actinin binds one or more thin filaments at only one end of the
‘o filament in the presence of tropomyosin (Goll, Suzuki, Temple and Holmes,
1972). Horeover, since Buxley (1963) had sbown that the F-actin strand

was polarized, Goll's model therefore sdpposed that«a-aotinin boundffyf»f-

‘s



filament which preVented tropomyosin binding.

Stromer et al. (1972) apeculated that the native thin filament =
'might possess a unique conformation or different proteins near the z-

disc terminus., In earlier work Goll et al. (1969) noted an area of

greater density and straightness in thin filaments adjacent to the Z-dlsc.’i

'Y

The results of this study indicate that an actin molecule of

' different conformation may exist at the z-disc terminus of the thin e

‘ filament. that by virtue of its different structure may be responsible
“for the observed differences in thin filament shape and affinities for
.bOth tropomyosin and a-actinin.'and ‘hence contribute to the structural

. stability of the z-dlsc.“.

-:Nery recently, Kuroda, Tanaka and Hasaki (1981) published a report A

fof the isolatiou of a protein which they called eu-actinin, extracted

y -

-‘from myosin-poor ﬂ s extracteZ/myofibrils, using a low ionic strength

'(5 ‘mM Tris-maleatesﬂ 6.5) buf er._‘wheir protein has some similar char-

-

;v'acteristics to the z-disc actin prepared in this work. !Eu-actinin

has an identical molecular weight to actin but varies in amino acid compo-"“

fsition and isoelectric pH.i Antibodies prepared against eu-actinin, how--“~5t

ifever, did not react uith native actin or two-kinds of denatured actin..;

'nfSDs-denatured actin was'not used.et,‘;

Direct innunofluo’escence using antibodies to eu-actinin revealedffuf;';f

.pﬂfluorescence at the :-disc inbchicken myofibrils which vas not removed
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this work.

vsuumny-. . "

Results have been ptesented that identify a KI insoluble form of
'ectin which resides in the }hdisc of lt:iated muscle and is susce:tib}e
i_to proteolysis by CAP The z-disc actin differed from the usual thin'
~ “filament ectin,in solubility in KI, isoelecttic pH end antigenicity in
..mice._ It was concluded that differences in conformatqﬁp may giveirise
to its unusual p:opezties.' | |
The hydronsis of z-disc actin was linked with degenetation of
'i'z-disc and ie 1ikely the ceuee of the dissolutiOn of observable z-disc

‘istructute and the release of a-actinin during post-mo:tem ag:ng in muscle.

z-disc ectin therefore contributes to- the strength end stability of the e

'”:fz-disc and 18 essential in the integrity of the entire myofibril sttucture._'.l

B - —
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N Purificstion of3CAF'fromIChicken'ﬁreest Musclev ’

. AR -
s . et : - - § Y
. ” : - }

'5.The ‘enzyme CAF was purified by slight modification of the procedure
"outlined in a short communiqation by Ishiura et al. (192&) The fOllOWlhg
.is a complete description of the procedure used to isolate CAF to electro—
‘nphoretic purity following that method Fape ) V
L Minced breast muscle was prepared as previously descriE:d in -
bf”;cmaterials and methods. Five hundred to 1ooo g minced muscle were. homog-j
"}enized for thirty seconds wlth three volumes of-eo mM NaHCO3 containing ‘.A';"
, 'il mM EDTA in a cold Waring blendor. The suspension was then centrifuged.‘o
vfwf;;’;at lS 000 xg for fifteen minutes. The pellets/were discarded. The pH '..;_do
.dy"eof the clear red supernatant fluid was slowly adjusted from near pH 6. 4 | .
.Jtito pH 4 9 using acetic acid (diluted 1 3 with H 0) with stirring on ice.,j‘zf:':
:-;i”;The proteihs were alloqed to precipitate by standing at OQC for fifteen

vﬁfﬁminutes. The suspension was again centrifuged for fifteen minutes at '

yll homogenizer. The pH of L
b'f:iixture was st;rred for twO
NfiSOlution.. Insoluble material

The super-;;ff»;ﬂf

‘-:=1n3a “TA=20 | 'otor.‘

ncentrstion of 0 34 M. NaCl
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. Column fractions containing greater than 0g2 units activity/ml were combined

'Aand concentrated by precipitating the protein by adding ammonium sulfate
'.;to 60% saturation. After fifteen minutes, the precipitate was centrifuged

,‘_at 30 000 £ in a- JA-14 rotor. The pellet was resuspended by adding 4 ml

of 0.1 M NaCl, .02 M tris-HCI, 5. mM EDTA and 10 mM 2-mercaptoethanol pH 7. 5

-.'j(Buffer B) and dialysed against the same solution overnight. The solu— B

~T‘tipn was then clarified by centrifugation at 17 000 xg for ten minutes, then '

concentrated to a volume of 2 0 ml using a Minicon B-15 concentrator

-"wt ] :
(XAmicon Corpw, Lexington, Mass ) The concentrated solution was applied

3 to a Sepharose 68 (Pharmacia, Uppsala. Sweden) column and eluted with

¥

’,fBuffer B (Figure 10)., The eluted fractions were again assayed and those

{_‘fractions containing activity greater than 0 2 units/ml were applied directly

"V‘ito a small DEAE cellulose column equilibrated in Buffer B, The column

i

"‘was again eluted with a: linear Nacl gradient (Figure 11). Active fractions

v

,‘iwere pooled and concentrated using a Millipore Immersible Cx (Millipore )
”ﬂCorp., Bedford, Mass.) to a volume near lo ml. The solution was then

11di1uted l l (v/v) with glycerol and stored in liquid Nz. The enzyme could

'fybe stored in N2 indefdnitely without detectable loss in activ1ty. How—

‘1':}on1y be preserved for one to two months.wifyf.'j,; ”1' ‘~Q

‘j evef; when stored at -15 C preparstions gradually lost activzty and could ;

4,) e s
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' Longissinus dorsi or“semitendlnuéus from fieshly slaughteted - ‘ :E;
,,.,,; [ . ' . ° .
steers veée obtaineﬂ from a locel slaughtethouse (Gainers Meats, Edmonton,» N
jAlberta) about thi:ty-minutes post-mbrtem. Muscle was finely m nced using‘ 'L< <

,'a Moulinex food processor then suspended in five volumes of™ mM EDTA

VZusing a Waring blendo:.: The suspension was centrifuged at 9800 xg for

,ffosty minutes. The supernatant fluid was decanted end filteted through

4 \ 4

.

acid (anuted~

minutes at 0 c., then ghe suspension vas again centrifuged et 6500 xg for '

twenty minutes., The protein'pellet was then resuspended in a snall :

S‘mM EDQA and 5 mM dithiothreitol (DTT)

volume of 0 l M tris-aeetste{i

,glass wodl previously tinsed with distilled H 0. The pH of the clear pxnk 4
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Dowex Acx-xz (200150% meshl»was converted to the acetate form

\;he following procedu;gl 'rhgrxa }{Qﬁ suapended in’ an- equal
»-&.

& ;eetate buf!{.’er?’ plf_'*? 8 and refrigerated ir jﬁg_‘
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