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CABSTRACT. -

;» '. This study reports the |solat|on and characterlzatlop of homoge-

neous creatlne klnase whlch -Was localnzed as havung its orlgln wnthln the

_M-band of bovine cardaac muscle. ® . » L o

The preparatlve procedure involved the use- Jof low |on|c strength

eXtraotlon of a muscle mince followed by two'DEAE-cellulose chromato-
graphy steps, a procedure desugned to release ‘the enzyme bound to the Y
myoflbrll - The creatlne kinase thus isolated appears to,be ‘the MM iso-
.zyme, on the basns of evudence From polyacrylamnde gels which nndicated o
it co- mlgrates wnth the MM forms of CPK from other sources : Thns con-
_clus:on was corroborated by comparlson of its amlno aC|d compos:tlon wnth.
-the amino acid compOSJtlons from other MM sources

' Comparlson of the physncal parameters of. the cytoplasmlc and
‘myoflbrlllar CPK |nd|cated they are probably the same enzyme They both |
have an Elim at 280 nm’ of 9.0, and _possess equuvalent uv- Spectra‘ Clrcu-
lar dnchronsm spectra in. both the near and far UV also po:nt to the two

. .

enzymes as being ldentlcal._ Thelr a—hellcal content was determlned to_f

[y J

fé

be 30% wuth g B- conformatlon value of 20%. -Sedimentation equilibrium
Stddles for cytoplasmrc and myofubrlllar enzymes gave an'average molecu-
;Hlar welght of 80 000 daltons for the natlve enzyme, and MQ,OOO daltons
‘7.for thenr i:bunnt molecular weight. SDS polyacrylamlde gels showed a
'characternstic doublet pattern of average molecular welght hO 000 daltons;
:The S2 . was S l .l.§é Both enzymes appear to have an average speon-b
ﬂflc actlvlty of 60 unntsimg proteln K values are |n the range of 0. 05

nﬁ for .ADP and 2 0 mM for creatlne phosphate

ATPase aCtlvnty studies |nd|cated bovsne cardlac CPK has an: inhl-.

€ -



‘bltory effect on the ATPase of myos:n, heav* meromyosnn and‘subfragment-}’;fﬁ
: T with nnhnbltuon valucs of 26 20 and 19% respectavely Manlnum inhT‘v‘
bitlon was found to occur when the two enzymes were in a l 1 mole ratlo ;

Sed:mentatlon velocnty studnes demonstrated that bovine CPK. promotes -the |

aggregatlon of synthetlc myosnn fllaments The addltaon of 165 000 dal- -

- ton proxeln from rabbnt skeletal muscle to bOVIne CPK was found to lnhl-

L bl& the enzymatlc acttvlty of creatine. knnase by 132 when the. 165 000

dalton'proteln was in a 2 1 mole ratia. to CRK ' _ L o
| Electron mucrosc0p9 a;d.nmnnnoblologncal'studles revealed no
';andlng bf chlcken antlbod:;: to creatlne k:nase to the M- band of myo—

fler]S from. boynne heart For thlS reason reconstltutnon of the M ban&‘

© . Was used to locallze the orngln of the myoflbrnllar CPK Reconstltutnon

Vs

of the M—bands of rabblt skeletal muscle and bovane cardlac muscle fol-

',loqug their removal by Iow fonnc strength extract:on was . accompllshed

TExamlnatton of myofrbrlls in the. electron mncrosc0pe showed that creatlneb

klnase and the . |65 000 dalton component wall -re=form. ‘the M band |ndepen-

' dently of each other In the skeletal system, rabbit skeletal CPK and g

the 165, 000 dalton protenn were used whlle in the bovzne cardlac case,-
bov:ne cardiac CPK and rabbtt skeletal 165 000 dalton proteln were em-
pIOyed The latter condltlons gave results whlch suggest the presence

of A bovine analogue of 165 000 daltons |n the M band of bovnne cardlac

'myofnbrlls The fact that bovnne creatlne knnase wlll re- form the M-band

-

) flrmfy establnshes its presence, for the ftrst tlme, as an 1ntegral part,'

.of the M-band of mammallan cardlac muscle

s

"2 IR

»
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ABBREVIATIONS AND SYMBOLS ~_

- Units for mass, length, volume and time are abbreviatedlaceordihg to

standard procedure

ATP

R
"CNBr

CPK

CPM

DDSA

- DEAE’

DTNB
DTT
1%

HMM
'HS

- LMM

ln‘y

i

NMA

.pBS

lem
EDTA

heavy meromyos in. "f:,;~‘ I

mllllcurles . : o -

'nadlc methylanhydrlde

Y

. adenosine triphosphate = -

ﬂ.ICircularjdichroism

cyanogen bromide - o S

creatine phosphokinase or creatine kinase
. counts per minute -
" dodecenyl succinic anhydride

diethylaminoethyl

5, 5' dltthblS (Z-nltrobenZOIc acnd)

’ ~d|th|othre|tol ' ) o ~

! ﬂ

absorbance of a 1% solutlon ln a l cm llght path

ethylenedlamlnetetraacetq:e “ﬁih f

Hasselbach Schneider 's SolutlonA o

'Mnchaells Menten constant equal to the substrate concentra~
~ tion at which the velocuty is half maximal, in moles/l

laght merOmyosiﬂ'

natural légarlthm of protein concentration in fringe dis-
placement units - e s - o .

jmilliamperes L T

phosphate buffered salune solutlon

radial dlstance from the axls of rotatnon,; g

_revolutuons per m1nute ,_” :

Se T
Bt .
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. A CHAPTER I

" INTRODUETION:

- A. VERTEBRAIE STRIATED MUSCLE o

Ibe mechanlsm of muscular contractlon centres ar0und the |ntr|- -
gulng blOChemlcal-problem of how-the chemlcal energy of ATP-ls transform-
ed into mechanacal energy Slnce several excellent reviews detallung

the mechanlsm of vertebrate skeletal muscle (l --h) have been publnshed

r\

in . the llteratuce, the followung dlSCUSSlOﬂ wnll be. confuned to present- :
ing a brlef general outllné bF the yallent features .Cardlac muscle, =
,llke lts skeletal counterpart is a-cross-strtated muscle Ittshares”

many slmllarutles as ‘well as a few dlfferences whnch have also been ex-

- A

"'tenslvely reVlewed (5 - 7)

- »" As tllustrated in Flgure l, vertebrate muscle when examlned in

the electron mlcrosc0pe has a strlated appearance A schematnc dlagram '

a
of the structure of the myofnbr|l appears in Flgure 2 and is represen-

. tatlve of both the cardnac and skeletal muscle systems The-character—

» lstlc cros’s strlatlons one observes ‘are due to the alternatlon of obtl—-
.cally dense -and less dense transverse reglons along the myofibrll -The o

.'dark bands are termed anlsotroplc or A bands; the llght bands are calledj~

busotropic or I bands. The term anusotrOplc refers‘to the prOperty these'_
A bands possess under polarnzed llght, these bands are strongly blre-
. Lo

‘frlngent, lndlcatlng that thelr molecular components are’ asymmetrlc and

_ rlented in a specnﬁic manner. The lught I bands, on . the other hand arehi

-

relatlvely nonblrefringent and hence are ter?ed lSOtroplC

ln restnng muscle the A,bands are about l 6 u |n length and the
' fl bands about l 0 u Long.‘ The z llne bisects the LR band and is seen as o

Q__ ;

B



Fagure 1. Electron mncroscopy of sectnoned b0vme cardnac
(magnlftcatnon = 27,300 x)

myofibrils_ .
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) a:very déﬁse‘llne“abohtﬁaoo A.que._-The space between,two sdeh adjacent
Vines defines the functional unit of‘tontraction,.the sarcomeret_ The:
length of. the sarcomere ranges from I. 5 to- 2 S u. |

Each myofibrll is composed of many parallel myofllaments, of
whnch there are two types These are desngnated the tthk and thnn f:la-;

.vments; The.thlck fllaments arg about.lSO R -.170 R in diameter and l.b U

‘in length and occupy the central portion of the sarc0mere dThey con;
S|st of myosun molecules which are aggregated in a tall to-tall manner

' wlth the resultlng formation producung a bare smooth . reglon at the mld-

’ . dle of‘the fllament with myosnn heads proJectﬁng in opposnte dlrectlons.

These adJacent myosnn f|1aments Join in a narrow reglon of’r;T;?TVE$y//

low optlcal densnty in the mlddle of'the A band called the H zone. :A

dark llne.called the. M-llne or M-band brsects the'H zone. The function
f the M-band is believed to be ‘in malntalnlng the thick fnlaments in

regtster. A more detailed duscussuon of the: ultrastructure of the M-band

follows later. | .
. The thnn fllanents are about 60 A in diameter. Thesevfilaments

|nterd|g|tate wuth ‘the myosin . fnlaments,-runnnng from the 4 band at the

| »edge of the sarcomere through the | band and |nto the A band to the edge

‘of the H zone. The A band is the only reglon wnthln whnch there is an |
0verlapping of the thlck and th1n fllaments *Electron‘mlcroscopy stud-
‘jes ‘on cross sectaons have shown that the thlck fllaments are approxl-
mately hSO R apart, arranged in a hexagonal pattern, wuth each thnck
filament sqrrounded by six thin fulaments, also ln a hexagonal array
The formation of nnterfllamentous cross-brldges between the thlck and

lthln fulaments has been observed by the use of electron mlcroscopy

: tth“iQQes._f“.. | . |

L)
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- Figure 3 |llustrates the slldlng model of muscle Cbntractlon (l).
Upon contractnon the sarcomere shortens, but the length of the A band |
and the dlstance to the Z line from the H zone remain constant The
contraction lS sugnalled by a nerve umpulse which causes the release of
C'2 from the sarc0plasm|c retuculum into the sarcoplasm‘to guve a flnal'
Cazf concentratlon of 10 5 . The constant formatlon and dlsruptlon of =
cross-brldges between the thick,and-thln fllaments produces the sliding

. motion of the filaments past each other. The immediate source of energy
vfor this process is the energy released from the hydrolysis of ATP whlch

-

accompanles contractlon,‘

The regulatlon and control of muscle contraction rests w%th'the

. maJar pr&telns of the myofllaments, myoSIn and actin,

)

The major protein of the thick fllament is myosin, a large mole-._l
' cule comprused of two heavy chains and a total of four llght cbalns with
a nnlecular weight of approxlmately 470 000 daltons. The myosin function
"of-hydrolyzlng ATP is locallzed at the globular heads Assocnated wnth‘
the heads of " the my051n are low molecular welght protelns termed llght

- chains (8, 9) These are non- covalghtly bound to the myosnn and are
heterogeneOus in charge, composition and size. In skeletal muscle there
. are three types, with SDS- polyacrylamlde gels glvung molecular welghts

. of 25 000, 18, 000 and 16, 000 daltons for Al, DTNB and A2 lnght chains,,
presentln approxnmatel; 1:2: lmole ratiq respectlvely «The nomenclature
rstems from the observatlon that myosnn wull react wuth 5, S'PdltthbIS‘
(z- nltrobenzooc ac:d) (i.e., DTNB) to. lnberate a llght chaln fractoon
_whnch is half the total loght Chalﬂ materual Thns DTNB chaln does not
appear to be essentlal for the enzymatlc actnvuty of myoSln and |ts

>

‘-functaonal role is not understoodt The Al_andeZ lrght chalns_canionlyb .

~
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Figure 3. S]idingjfilameht model for contraction of the sarcomere. -
The diagram displays one complete sarcomere, along with parts of
neighbouring ones. A: 'striated pattern observéd»in‘resting.‘
muscle. B: striated pattern bbserved in contracted muscles,
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be removed by. denaturlng condlt'ons such as alkalu pH 1.4, and hence :f

© ' are termed a]kaln llght chalns The ltberatlon of these a]kalu ‘light

N o

v

: chalns is accompanied by a simultaneous loss of ATPase actlvnty, and de-

'naturatnon of the myostn; 1t has therefore been postulated that the

role of the light chains in'myosin is to act as regulatory proteins in

4

the7hydrolysis ofmATP.' In the case of céydiac myosin,'there are only

two different llght chains present WhlGh ‘may be, isolated from myosun at

-

'alkallne pH These ‘Have been found to.possess molecular weights of

27,000 and ]8,000 daltons respectively and dre present in a 2:1 mole

ratio (9). It is thought that the differences in the light chains be-

B
w
-
-

tween skeletal. and cardiac myosins, in addition to the structural hetero-
. . Y . ‘ . .

geneity’in the heavy chain components,'may accbunt for the variation in

- ATPase actnvuty between cardlac and skeletal myosins. - .
| The thnn fxlament lS comprused of actin, troponln and & ropomyo-
sin, exustlng ina 7:k:1 molar ratio. The maJor component of the thln

filament, actin, is a globular protein of hz ooo daltons which'in the

. presencé of salt and ATP polymernzes to form F-actin fllaments ~ Two
such F-actin strands wound about each other make up the th|n filament,

Along’the_groove of the,F—actln filament lies a polymer of tropomyosin

B

molecules; each traverses seven actin monomers and is associated with a

.single tfoponin molecule. Together, the tropomyosin and troponin confe
7
,calc1um sensntlvtty to the Lnteractnon between myosin and actin’ (b) ‘and

'so represent the on-off sw1tch for muscle contract:on (h IO)Q

»

B. .THE M-BAND STRUCTURE

& -

ance thls study centres around. the lnvestigatuon of creatlne

- knnase whlch has beeh |mpl|cated as having a functlonal or possibly

7

-

r

.
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structural role within the M—band, the'ultraStructUre of the M-band will

*

be discussed in sonefdetailm' As ﬂkntloned prevuously, the reglon ‘of in-"

creased electron densnty in the centre of the sarcomere called the M- band

has been assumed to have the role of malntaunlng the thrck fllaments in.

reglster, th0ugh th|s has not been establlshed o X

3

Actual lnformatlon on the structure of the M-band is not exten-

y Sive. Electron mlcrographs show the M- bahd to appear as-a l|ne of hlgh -

k)

"electron densnty having a wndth of 750 - 850 A (ll - l3) in the mlddle

-

of the A band. Transverse sections. through the-n-band show this htgh
opaclty to‘be'due to-3 to 5 (dependlng on the sourcel arrays of‘crosse
.brldges_connecting each;thick-filaﬁent'with its six nearest nelghbours'
in a hexagonal array (1, 'lh‘— 18) These cross4bridges are‘termed M-

brldges Halfway along ‘the M brldge can be seen a thlckened reglon

vl.whlch has been attributed to the.- presence of small (40 - SOHA dlameterQ..

longltudlnally orlented fnlaments Evndence for such fnlaments has been

: .obtanned from longltudunal sectlons through the . M band (l9 20) These :

are called M f:laments- ’ ,V

- Although Pepe (18; 2|) has proposed a model for the M band this ’
diScuSsuon will focus on twgﬁstudteS' Ethe work of Knappels and Carlsen
(19) who in 1968 proposed a model of the M~ band structure, and the recent ’
study of Luther and Squnre (22) wﬁbse ultrastructure experlments have_
given flrm support to the role aSS|gned-to:the M—band.P_The results re-.
ported by Luther.and Squlrelare in‘accord wi th the three:dlmenslonalinéh

‘band model proposed by Knappeﬁs.athCarlsen, but conflict chh,thé“ﬁbdﬁl'”
of Pepe. | L . : T
\ . s o C .o Yoo

Knappens ‘and Carlsen (19) observed ‘that. ln transverse sectrons,

ithe framework of the M band cons1sted of 3 (4 or 5 dependung on the 3‘.
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. 'muscle flbre type) arrays'of'transverse'M—bridges, 200 R apart, connect-
ing each A fllament wuth its six nenghbours - They also observed that M-
fllaments, parallel to the A fllaments, passed through the M—band and

(: llnked each set “of M-bridges together A schematlc cross- sectnon of

" their model appears in Flgure ba. Here the large solld cnrcles represent'

the A fllaments, the small solld curcles M- fllaments and the oPen cnrcles:

"the prOJectlons of the | fllaments to the level of the M reglon " The’
-dotted areas represent the M- brudges The aut:ors have suggested that
the role of the M- brldge and M-filaments could beé to keep each sliding
'1, filament in a prlsmatnc tube, 'since the | fllaments are no longer
_Eguided by the prOJectldhs from. the A filaments when they enter the M
region durlng,shortenlng : These flndlngs support ‘the assumptlon that
the main function of the M- band is to keep the A fllaments in posntnon
‘in the longltudrnal as. well as in the transverse direction
This model confllcts .with the model’ prqposed by Pepe - 18, ZI)
5Knappeis and Carlsen suggested that at each level of M- brldge%, there
‘are six M-brldges whuch lnnﬁ any myosin. fllament to its six nelghbours
_~|n a hexagonal fllament array On each Ieve1 the snx M brldges point
fln one of three dnrectlons whrch are 60° apart (0° and 180° being con-
sidereg equlvalent) " Pepe, on the other hand. concluded that only a~
single pair'of diametrically Oppgséd Mebridges occurs on each level,
o andttheSe link.a m?osin gilamedt'to just tu0'of its slx ne{ghbours“ 'Hef
o -suggested a “thtck" transverse section w0uld appear to show a hexagonal!
~:ﬁn harray, a ”thln” sectnon (less than 220 A th:ck) would show M-br;dges
'pointlng in one dlrectnon only.~§f;uviﬁ x‘ ? |

. Luther and Squlre (22) applied accurate sectioning MEthOdS‘tO

‘welf!ordered muscles of frog 051ng n sit f;xatlon and presented new

(A




Figure"ba.  The Knappeis-Carlsen model of the M-band of striated muscle..
The diagram displays a schematic cross-section through the M2band.
Large solid circles = A-filaments; small solid circles = M-fjla-
ments; open circles = projection of I-filaments to level of M
region; dotted bars = M-bridges [from ref. (19)]. o

Figure bb.  The Luther-Squire model' of the M-barid of striated muscle.
The diagfam is a representation of the probable 3-dimensional arrange-
ments. of the bridges. M1, M3 and M4 on one side only of the M-band.
M3-consists of Y=shaped secondary M-bridges linking to the M-fila-
ments (MF). The M-filaments are linked via the main M-bridges to
the thick filaments, (TF).. Ml is at the centre of the M-band, so a

similar structure (but inverted) would occur below M1 in this dia-.
gram. The secondary M-bridges have been plaétﬁ\ht M3 to explain

_extra (bridging)vden§jty at this position in longitudinal sections
[from ref. (22)]. ‘ ' . ‘ :

i

o
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l2
-evldence incompatible with Pepe“s model: evén in their thinnest sectloﬁs
(200 K) M-bridges were found ponntlng in all three directions 60° apart -
Thelr model is dlsplayed in Figure ‘4b, and shows a representatlon of ‘the
probable three~dnmenstonal ‘arrangement of the bridges on lines M1, M3 and:
Mh on one side- only of the M= band The M fllaments (MF) are llnked via
the main M-brndges to the thick falaments\(TF) correspondlng to the A
kfllament of the Knappeis and Carlsen modeﬁ : Thls model is essentlally
.that of Knappels and Carlsen wnth .an. addlttbnal feature secondary M?
bridges (M3). This proteln was addedvto explaln an.extra<brld§ing den-
sfty‘at<thisiposition in longltudinal sectlons as- reported by Sjostrom
a;d Squire (23). Thelr‘model:clearly supports ‘the idea \of longltudlnal
-M-fllaments in the M-band-linking the centre of.the na', M-brndges.
Slnce ‘the main M- brgdges and secondary M- brldges are . at dlfferent levels,:
:the M-filaments would also be expected to llnk these brldges together, o
. otherwise the secondary M-bridges could not be connected to the myosun _Q
vfilaments ' av |
One could therefore expect at least three M- protelns and possn-
bly more, ‘since thlS model |ncorporates at least three dlfferent M-band
structures apart from myosin. whether these protelns ‘are to have a
_strlctly structural ‘role remains to be seen Luther and Squnre feel lt
s the main M-bradges themselves that have t e.p |mary 9tructural role
'ln the M-band and whlch organnze my051n f»laments so that the A band r “
has -a well defined structure |
| A discussuon pertalnlng to the assngnation of roles for protelns o
fiwhsch have been extracted ftom the M*band follows a review of thelr,

'general properties and locallzation studles '.j ";{ fA_”_hfg',-' R
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- C. THE conponcnrs (OF THE M-BAND -
Extractlon procedures whuch selectlvely ;emove the H -band of -
‘skeletal muscle usually reveal the presence of three maJor components

Two of - these have been shown to be ‘the enzymes, creatnne klnase and
‘glycogen phosphorylase b (2& 25) whlle ‘the thlrd is the 165 000 dalton L
component (2]) The fact that two of the three are enzymes seems ‘to

|mply that it may be functlonally useful to have these proteins Iocated
'"at the Hrband where they have ready access to the contractnle machlnery .
- ;

Nonetheless, these enzymes may also be regu]arly arranged wuthln the M-
band'performing a direct structurai role. The fol]owung discussion w:ll'
centre around ‘the three protelns |mpl|cated in studues to date asipos-

snble candldates for hav1ng their orlgln wuthln the M-band The|r gen- :
ieral characterlstlcs, as well as a brlef survey of the Ilterature wnll

be presented | »;.‘ S o o f : n‘:\

L Creatine Kihase

General Characterlstlcs S S

ln vertebrates, worklng muscle cel1s must regenerate the ATP used K

“Ih the contractnon process, and thxs is presumably accomplished vla a

'hﬂuphosphotransferase reactwon7so that;the foilowlng_quatlon appllesf

-, - ¢ +'ADP‘-7———\S_;, ATP + c oo T Sy

.WHere CP isf;he spbstratetcreatfne“phosphate a"d'C‘iS}@hé~ﬁrééqct_cges;ffv”“
n 5"5h 5‘mﬁﬁ"ef.’afﬁfshfmevér.df*ATP'}s'ma{ntardAd fh‘tﬁeféékéé;fhu"ﬁx
'i-:ﬁé 4‘ The enzyme responsuble for cat3!ysns of thlS |mportant reactlonblsjyflﬁﬁ;

':lcreatine kinase (ATP creatine phOSphotransferase E €2, 7 3 2), sometimes
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N The history of creatlne knnase began in 1927 when Eggleton and

: *Eggleton (26 27) and Flske and Subbarow (28) lndependently reported R

"‘:'flndlng the flrst compound to carry a hlgh phosphoryl transfer energy

o .lnty These are called the muscle or MM type, the hybrnd HB and the

,and to be |nvolved |n energy transfer Since then,\the enzyme has be-'
" come lmpllcated in various physnologncal roles Cllntcal |nterest'rn
" the enzyme is very hlgh, and ‘the reviews of Tyler (29) and Sherw:n et_

. *(30) are of beneflt in thns regard Creatnne krnase "has been of;

speclal lmportance |n research in the muscular dystrophles, sunce elv-"
vated enzymatlc actTV|t|es in the serum are of great assnstance in thef
g early dlagnosns of such dlsorders (3l - 33) or in the detectlon of the
female carrner ih- the sex—lnnked Duchenne type -of progreSsuve muscnlar
dystrOphy (3&) Clnnlcal assays of creatune kynase actrvlty have also
been proposed as a measure of myocardlal lnfarct size (35 - 37) since | .. .
levels of creatlne knhase acttvnty ln serum also‘show an ‘increase fol- i 3
'-_lowing acute myocardlal |nfarctlon and’ perloperatlve ISChGMIC anury &38)

‘ The followung JS a bruef general drscu55|on of studles performed :
on creatlne klnase whlch have led to" understandung the pr0pert|es, mech-'v‘@ B

anlsm and behavlour of the cytOplasmlc enzyme, and wlll be conflned to -

a cursory summary of the maln features as gleaned frOm the reVIew arttr"

*-cles of Watts (39) Blckerstaff and Prlce (40) Eppenberger (Hl)iand.'

Thomson et al (hz)

- ln vertebrates, cytoplasmtc creatlne kunase occurs as three S
u i -

';forms wh|Ch are . readnly~g|st|ngu15hable by thelr electrophoretnc mobl—

o braln type BB ln order of lncreaSIng moblllty towards the anode ‘at: pH'sl L;L;fl

.:fgreater than 7, and |nd|catlng thelr maJor tlssue of orlgln

During development. the brain tYPe nsozyme ls the first to ‘f“ff. e

.




‘Ziiflng peptlde from other rsozyme forms

' iF-s L L ,‘ 7tf:ﬂ. . ,' .*..{‘p'?
fappear in all tlssues examlned and thlS form remalns constant in the | '
- brain as, the anlmal attalns maturlty ‘In chncken heart and mammalian
Zsmooth muscle, ‘the BB lsozyme remains domlnant with a trace of MB ln
mammallan heart and red. and whnte strlated muscles, the MH form gradu-
ally predomlnates unt:l only a trace of ‘the hybrnd remalns at the stage '

'-of full adulthood Atrophy of white muscles whuch can be- caused by de-
nervataon, vutamun E deflcnency or heredltary dystrophy, has been shown

.'to be accompanied by a loss of the MM form and a reappearance to é “fetal

-

'state” of BB , _ o ‘

The amlno aC|d composntlon has” been determlned for the hhﬁ form.‘V
of creatlne klnase from several specues."ln general lthe am(gi acid h' .EY-:VZI
COmpOSItIOHS for each type are all very snmllar,,lrreSpectlve of the- . ‘f

source. In the case of BB enzymes, these have been found o contaln S ﬁ_

Ly £

signiflcantly less of the basnc amuno.aclds than the MH forms, explaln-, i
© ing their greater electrophoretlc mobrllty.. For a: gnven specnes, thef:

Jamlno acld composntnon of the MB hybrnd |s untermedlate between that ofl

,the parent forms. “-v-i" -
Generally, there are elght tthl groups per molecule&_two of
.these are relatlvely exp05ed to “the. solvent whale 6 are burled No .

'

dtsulflde bonds are present

Prlmary structure determnnatlons |nd|cate that less than lSZ of?"

'xthe total sequence |s known ln general these studles centre on the

tpeptlde sequence containnng a reactlve thlol grOup, and |t appears thath,' o

:there is consaderable homology between thls peptﬁde and the correspond-ifﬁn
\& : . . . . . »"

..\

Two moles of alkyla!}ng agent react per mole of enzyme,vnndl-c~5"'“

: catlng CPK has 2 reactlve sulfhydrz& groups, one f'

RN
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"hlln each 5ubunat of rabblt skeletal creatrne klnase.i The C termlnus haskﬂ
':been determtned to be vallne whlle -the N- ermnnus could not be detected

'__by either fluqronitrobenzene oﬁ phenylisothlocyanate in: elther the native

»

;protein or followung denaturatnon in ureaf
Secondary and tertlary structure studles show a. compact globular
'structure contalning 25 - 302 a-hellx.‘and approxlmately 15% B- pleated

'sheet as determtned by optlcal rotary daspersion. Prelnmlnary X-ray } |

Y

S dlffractlon studles (43, hh) have indlcated the rabbnt skeletal enzyme )
K crystalllzes in two forms, both of monoclinlc space group CZ,_and pos-

N\
sesses a 2- fold axls of symmetry relatlng two. ldentlcal or nearly lden- .
tlcal subunlts B

M

The shape and organlzatxon of the subunnt have also been under

:Z_lnvestlgation Sednmentation studles under varlous condltlons 1ndicate

that creatine klnase consusts of two freely dlssoc1able subunlts, each
‘;hconsistlng of a snngle polypeptlde chatn contalnlng .no . dlSulflde brldges. -

:fThe calculated frnctlonal Tatlo foQ was found to be l 21, wnth an. axual

: B
'ratlo of 9 h for an assumed anhydrous prolate ellipsond , The shape is

?h‘:therefore srmalar to that of a compact clgar-shaped molecule The use

-

~.of sodtum lauryl su]fate to dlssoc1ate the subunnts wnthout an apparent

loss in’ structure has permitted snmllar estnmatnons for the subun(ts"

- »
K

' and these values were fOund to be ldentlcal ' The moleculevcan-thus be,
\Env15aged'35 consastung of subunlts Jonned SIde by srde rather than end

.;on end~ Studnes on the calf brann enzyme’lndlcate |t also appears to
f;fhave an’ tdentlcal shape. . ”‘j 1€i,¢;1?{s'f? 'ilif,uft ul ":d"fjﬁi;f*ﬁ",¢<=v5_

The molecular welght now generally accepted for rabbit skeletal

: 'I:jcreatine klnase,ls 82 600.daltons. Experlmentally determined values for

4creatiﬂe kinase from other sources fall A the range of 78 500 ->85 100

.,«'




" daltons. IR S : ﬁ!'e‘:
Kiﬁetic 5“d~e"2Ymatic'studieSJhave-shown that-aii the‘mammalian

: <enzymes have simliar specnflc acttvnties Detaiied lnvestlgatlons |nd|-

cate no evidence for any phosphorylated enzyme lntermednate.A The mechan-'

,ism is beileved to be rapid-equ1l|br|um, random-order type wath syner-
gism in substrate bnndnng,_i.e,? the b:ndnng of metai nucieotude to the
: enzyme faculltates the subsequent bindlng of creatane and vuce versa
It‘|S“be1|evedthateach subunlt contains one,catalytlc site, and each'
site contains\separate binding.sites. ‘Both substrates are thought to
blnd simultaneousiy, the presence of the flrst substrate maklng blndlng
) of the second substrate eaSner, and XLEE.!SEEQ

" The reactqve thiol group_prevlousiy termed,“eSséhtial” has re-

centiy been shown to be'not directly inVoived in»the catalytic mechanism'“

lts ‘exact role remalns an enlgma snnce other studles “have lndlcated that—

e

' >

,preservatlon of the |ntegr|ty of thus reactlve thloi group seems a re-

. qu1rement ln formlng a ternaryﬁcompiex pn'addltuon-of creatine. .

e appears that the. dnmeric structure of the enzyme is not essen-

ftlai for the expressnon of catalytlc actuvnty Blckerstaff and Prnce

_(hS, h6).i|nked creatnne'knnase to CNBr—actwvated.Sepharose with'one'

subunit by usung iow Ieveis of CNBr actnvation. This derivatlve was then .

o

treated with denaturlng agent and the non—matrnx bound subunlt washed

laway Such matrnx-bound subunnts were found to be catalytlcally actlve o

;:@wnth 502 of’ the specnfnc activnty of the solubie enzyme This suggests
‘ .
-that the quaternary structure is not a controiling factor over the ex—7

1‘pressnon of cataiytlc actuvnty. . , , ‘ PR

Some lndicatlon of the non |dentical behav1our of the subunits j

' has come from studies on the kinetics of modiflcatton of the reactive

17




thiol group on each subunlt W|th a varlety of reagents‘ ‘lodoacetate,‘
7-chioro-4- nltrobenzofurazan and DTNB (h7) The thlol groups were found'
' Cto) react at dnfferent rates in the presence of MgADP, creatlne and nlt-
brate (a transitlon state analogue complex) Studles on ADP blndlng us-.

ing equllnbrnum dlalys:s with the Same substrates showed features char-

acterlstlc of non-cooperatuv:ty or. non-udentncal sites. It is thought

that thls non-:dent:cal behavnour may have some possible regulatory sug-

nifncance.'

b.. Intracellular Cohpartmentation'of-Creatine Kinase

Compartmentatlon refers to the property of a proteln to be char—
‘acteristtcally located in ‘one or another organelle or lntracellular

_ structure. Compazt7e7tat|on permuts control and |ntegrat|on of somev
‘lntracellular activities in addltlon to segregatnng chemlcally incompa-
tible reactlons Creatlne klnase is an enzyme which has been localazed
as belng.present in the mltochondrna on myoflbrnls and nlcrosomes ln

/

lpaddntlon to belng present in the cytoplasm I

Creatine kinase is.believed"to be_lpcalizedfon‘the outer .surface -

rof‘the inner nembranéuof the~mitochondrion (48)' This functional com- .

partmentation of creatlne klnase is thought to be the f0undat|on of a

method for transferrlng the 1ntracellular hlgﬂ,energy phosphate from its

B
. sate of productlon in the mltochondrlon to approprlate pos:tlons of utl-.

"lizatnon (49-- 53).

Although lnttlally mltochondrlal creatune knnase had been thought
to. be cytoplasmnc creatlne klnase absorbed to the mltOchondrla, several

_groups of workers (53 - 56) eventually suggested that thus form may be

‘-dlstlnct from any of the three cytoplasmuc forms, MM, MB and BB OgUnro

————
)
' -

t al (57) ln theur compartmentatlon studies of creatlne kinase used zi“

18




isopycnic densuty gradlent centrlfugatlon.or dlfferent|a1 pelletlng to
subfractionate gu1nea plg heart. 'I&ozyme analysts of creatlne klnase |n'lu
the subce1ﬁejar fracttons wasjacgamplushed by electrOphoreS|s in addn-‘
tion the enzyme act|VLty recovered in ~any »ndnvndual fractlon was express-
ed‘as’a percentage of the total act|v1ty recovered in all four fractlons

" The dlstributlon of creatlne kinase showed h% in the myoflbrlls, 6% in

_ the mitochondria, I% in the microsomes and 89% in the cytosol; MM'iso—
zyme was found to occur ih the cytOplasm, myoflbrnls and microsomes,

while MB was found only in the cytoplasm along wnth traces of BB. " The

o

' mrtochondrral enzyme ‘turned.out to be a totally dlStInCt and addltlonal
mltochondrlal specnflc form of creatlne klnase with only a small amount
of the total creatine kinase actlvnty (<102) assocuated wuth the mito- g.
chondrlavi - .l - - L |
The kinetic studies ofibaCObUS'and“Lehninger (52’ onvintaCt mitof
chondrla from bovine heart have lnd|cated that the mltochondrlal creatine'~
kinase is eSpecnally adapted“to the formatlon of creatcne phosphate in the
- mitochondrnon, since thlS enzyme had been found to have a 10- fold greater"
apparent afflnlty for: ATP than the sarcoplasmlc enzyme (i e., favourlng
'the reverse of reaction [l]) Iy accord w:th thls |dea, several workers
' (Sl - 53, 58) have suggested that the. mntochondrlaP/enzyme med:ates the:
‘_transfer of hngh energy phosphate from the mltochondrnal compartment to'
the cytoplasmlc compartment by catalyzung the formation of freely dlf‘
&,fusable creat:ne phosphate. Once formed the creatrne phosphate passeset
'readlly into the cytOplasm where it is transphosphorylated back lnto
' QATP by, cytOplasmlc creatnne klnase to meet energy requurements.~

The most recent |nvestigat|on of mltochondrlal cneatune klnaSe

from bovine heart by Hali t l (53) has shown it to be very dlfferent» -
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hfhom'the cytoplasmic enzymes; The’smalfest active form of the dimer is
u6h;000 daltons with twd free thiol grdupésper.snbunft. " Two active forms
were'found in soldtion; one with a cathodal (opposite to cytoplasmjc

forms) mobiiitydOn electrophoresfs and a molecular weight of 64,000 dal-
tons; the other possessed'a greater mobility with a molecular weight

three times larger. Although the forms were separable, they were found
to lnterconvert in solutlon, dependlng on the protein concentration and
the presence of reduclng agent. Attempts to form hybrlds with the cyto-

plasmlc MM, MB and BB f&rms usnng dlsruptlon and reannealing technlques
S0

proved unsuccessful ThIS ‘result |mpl|es the mltochondrlal creatine

a I

kinase may have a yery'different tertiary structurevfrom;the cytoplasmic

~.forms: AThese authorslsfmllarlywagree with. the supposition that the mito-

chondrielvenzyme'aCts<a§’an‘energyt“shutt1e“_to.transport'energy to sites
“of utillzatlon for muscle contractlon

thtle work has been done on the assocuatlon of creatine klnase

qjﬁylth macrosomes other than the work of Kleine (60) who showed llke Ogunro
et al. (57) that the mlcrosomal fraction is only approx;mately 1% of the
‘ totaT-cellular creatlne klnase content. lt has been suggested by Baskin
and Deamer (61) that in this compartment creatlne‘klnase may functlog as
- a local source of ATP for. calcaum transport when the overall ATP concen-'
tration is relatlvely low as a result of myofnbrlllar contractlon
Further evndence for compartmentatlon of creatlne knnase isozymes
is provuded by the locallzatlon of MM creatnne klnase in the myoflbrnls
(62 - 6#) and purlfued sarc0plasm|c retuculum (65, 66) In these pOSl-.7
'.htlons |t |s thought that the enzyme regenerates the ATP’ requnred for"',
'contract'le and transport events of the cerdlac cycle. in v:ew of the

. .present study, the localizatnon |n myoflbills us of special interest.“-'*




e Ottaway (62) had reported that a portlon of creatine klnase -appeared
bound to “the myof:brnls of ‘beef heart ‘Sholte (63), Saks et.al, (64):
and Allevskaya and Chetverukova (65) snmtlarly found creatine k:nase to

" be 1ocated_nn the myofibrils of skeletal and cardnac muscles, of rat.
The_dfacussfon’immediately fo]Towing on thedrole of creatjne kinases
within the M-band, in'like nanner; is further evidence for the function-

~al potential of'their'compaqtmentation. “

c. Localization Studies of-Creatine Kinase in the M-Band

) Localization studies involving the techniques of histochemistry
(30 66) and cell fractionation (60, 62) had |nd|cated qhat the bulk of
-reatlne knnase is found in the cytoplasm with lesser amounts assocnat-
ed with mitochondria or with the sarcoplasmic reticulum. ' However, over
the years ev}dence has.arisen»that sone of the creatine ktnase“i%/akele-
‘taj:and heart~muacle celle may"be.bound to the elements of the‘contrac-
t;le apparatus (61 62 67 - 71). - o \\;,/’“*’/’
Studues by Pepe (72) on the structural organlzatlon of the myo-
fibril as revea]ed by anttbody-sta;nrng methods had shown that_the M—
vband protein was diaﬁérent from actin, m&bs{n.and tropomyosin; §amosu-
Idova (73) had earlier demonstrated with -electron mlcroscopy that the M-
. .band of s’ rlated muscle - could be extracted completely by 5 mM Tris buf—
fer pH 8. Usung-thls same procedure Kundrat and Pepe (7h)extracted
the M-band and showed that the extracted protein could speciflcally ab-
sorb the . M—band Iabellng antlbodles from antlbody Wthh labeled both
Tthe | band and the M- band Usnng the - same low ionic strength extractlon'

technnque on chlcken skeletal myofubrnls, Morlmoto and Harrnngton (75)‘

xzwere able tb lsolate and purify an 88 000 da]ton dimeruc proteln. They

=3
-

vdvldentlfied nt as an. M-band protein on the basns of the abnllty of antl-.



@
t
body prepared against “crude“ M- band extract to specifically alter the

thickness and stablllty of the M- band structure as manlfested in elec-i'

tron micrographs. Physical studles on the molecule |nd|cated d|$50€|§gﬁ

’

‘tion into two subunits of 43,000#1.000 daltons occurred‘&\\ff~guanidlnev

hydroch]oride.

Turner et al. (76) later identified'this M-band protein to be
the MM creatune kinase of chlcken skeletal muscle, from previously pub-

lished data (77,.78). A.comparison of size, subunit composition, amino

‘acnd composition, electrOphoretlc mob|1|ty, solubility properties and

[

9

specnfic enzymatlc actlvnty provnded strong support for the identity of
these two proteins. Conclusnve eV|dence for thls ndentlty was demon-

strated by antlbody tests. In addition, the present of MM—creat|ne

klnase |sozyme within the M- band was demons trated by the method of ln-

“direct lmmunofluorescence; myofibrils lncubated wuth antiserum against

' MM-CPK showed a reguiar pattern of fluorescent Jines running/through

the middle of each A band. . ' &

. ‘ ) '
Subsequent studies by Walliman et al. (24, 79) have indicated

,that in chlcken skeletal muscle, at least 3 - S% of the total cre@tlne

klnase activity present remanned with the myoflbrlllar fraction after

kY

extensive washing, ‘and thlS bound proteln became released by-a snngLe

(S

‘extractnon at low ionic strength In the case of chicken cardnac mus -

cle (79) a dlfference was noted; heart muscle contalned almost exclu-‘

'5|vely the BB |sozyme, and only 2% of this BB-CPK was found to btnd to;

the myoflbrll ElectrOn mtcroscopy cOupled wuth |mmunofluorescence' i
., ,Q

;’pshowed thus BB |sozyme to have ItS orlgjn wnthln the Z- band Thls lat—
ter result may not be so surprnsnng in view of the fact that chlcken -

‘cardlac muscle, unllke mammallan cardnac, does _not possess a d1stlnct S

..
A e

¢ .
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-band structure as such,

The averalﬂ evndence, consequently, seems to lndlcate that ‘in

/ ’

‘-ske!etal muscle at least, MM CPK is not adventit&ouETy bound but rather

- is an integral

AEgNt nn the M band structure

d. -Interaction Studies of-Creatnne-Kinase with Myosin'

e = 7

-Since/Creatine kinase in the M-band could?conceiVabiy be under-
.go:ng interactnon with its surroundlng nelghbours, the followung dlscus-
3suon will present a brlef survey of some blochemlcal studies on creatine
'k4nase |nteract|ons wnth -anqQther contractlle component myosin.

Yagl -and-Noda (693 had found that when glycerinated myofibrlfs
weretuncubated wlth c/patlne klnase and creatine phosphate, the myoflb-
creatine phosphate was exhausted Subsequent work by Yagi and Mase (70)
fshowed -that CPK frOm rabblt skeletal muso)e was able to |nh|b|t noncom-
'petJtlyeJy the hydrolysns of ATP by rabbit skeletal myosin in the
fpresence:of diyalegt cat}ons Caz+ or Mgz+, when the mo]ar ratlo of CPK
_tovmyosin exeeeded'l. Botts and Stone (71) verlfled thls reSult and

'found it attrnbutable solely to the darect lnhlbltlon of myosnn by

-

[

creatine kunase . X .

Morlmoto and Harrnngton (75) demonstrated that their 88 ,000 dal-

.ton H-band pcoteln, subsequently |dent|f|ed by Turner et al (76),to be R

:HM-CPK, was_able to promote the aggregatlon of myos:n fllaments under

'1;particular'conditions' Thns flndnng seemed to substantlate the concept

;.;that M-proteln CPK forms .Cross-~ brldges between adJacent thick fulaments‘

~

'",of the A band Any protenn whnch blnds to myoflbrlllar myosnn only at.

,rr

'73ffmyosi" molecule, sunce the central regions of the\thick fllaments, to

23

:rlls shortened -w:th a concurrent llberatlon of creatine, unti}l the substrate

'ﬁdf;the M—band reglon would be expected to blnd to*the rod pprtions of thé‘ ;f'fnkfi

Ta



2.

o

which the H—pr:lulu* altach, nre Lhouqht'to be devoid of myoslnw“heads“

Hence -the rep rt of Houk ‘and Putnam (80) Was of spec:al |nterest ln thlS .
‘ regard. Using steady state fluorescence polaruzatlon experlments, the
“authors were able tovlabel CPK with a sulfhydryl SpEleIC'dye and,show‘

it binds to the rod portion of the m§osln molecule. - This lnteraction~

" was sphclfic for CPK and myosin., No such'interaction‘was.found for'suba

-/ "v Bot'ts SE.El‘.(BI) have.Since demonstrated with'both'electron

/ ' . I T
Paramaghpetic resonance and nanosecond fluorescence depolarization tech-
,/ * N . . . X - . - . .

// niques thit creatine kinase interacts with myosin, heavy mergmyosin and
S/ subfragment-1. No effect of creatine kinase on light meromyosin or

"rods'' was found,'contrary to the finding of ‘Houk and Putnam. There

© . was also some indication'that thiols may. be .involved either directly or

i -

lndlrectly ln the lnteractnon

Studles giving further support to’ the concept that the snt of

’

|nteractlon on the myosin is in the "head“ reglon come from the buolo-'
' gncal attnvnty studies of Mani’ and Kay (82) and Herasymowych et al (83)
who demonstrated that the ATPase oﬁ mydsun, heavy meromyosun and sub- -

fragment- l is lnhlblted by creatlne Kinase for the case of both rabblt

B Skeletal_and~bOV|ne'cardrac muscle. The' curcular dlchrousm studles of

Mani and Kay showed (82) this interaction decreases as one proceeds
from myosin through to heavy.’ meromyosnn to subfragment-l 'ln addition;.-

4 low speed equulubrnum studnes revealed the presence of a complex formed

from the lnteractlon of creatlne klnase wlth subfragment l R

The l65 000 Dalton Proteln

a, Localnzatnon Studles of the l65 000 Dalton Pmoteln in, the M-Band
R R
.Masaki_gz;al (8“) have reported that extract:on of chlckenAlfr'ﬁ{;.wﬁf‘




-

"phate, b M MgCIZ. -

“

-

._skeletal muscle’ wlth a hngh |on|c strength medlum of Hasselbach-Schneid-

o~

er's SOlutIOh resulted |n°the complete removal of the A-band From thlS
extract they Were able to 1solate a component which could speclflcally
absorb_antlbody which labeled.the Méband, Masakn and Takaltl (85)\sub—

sequently resolved this M-band protein into two COmponents, one:with a

' polypeptlde ‘chain weight of l65 000 daltons, the other of 94 000 daltons,:

and in a following. publlcatlon (86) concluded that the. l65 000 dalton
component‘was the_beand'protenn on the basis of fluorescent ant i body
techniques. This 165,000 dalton component was also shown to possess

IS

,conslderable'binding,affinity towards myosin, in addition to being some-

. what resistant to trypsin digestion.

Landon and Oriol (87)‘have succeeded in purifylng’the'M—protein

’

from rabblt skeJetal muscle by a procedure of washnng wnth |ntermed|ate ionic

: strength followed by extractlon wlth 5 mM Trls pH 8 and purlflcatlon on.

lDEAE cellulose in the. presence of "ATP. Two contamanants noted in thelr

preparatlon were act:n and a lOO 000 dalton component Optlcal rotary
dispersuon and curcular dnchronsm studles gave a value of 30% B sheet -
and Jow a-helncal content for the. 165 000 dalton protein

Definitive eyldence for,the 165,000 dalton.proteln‘as belng;pres-.' 3
ent‘ln the M:band of chicken'skeletal'muscle has;beenipresented in'papersl
by Trlnlck (88) and Trlnlck and Lowey (89, 90), who'uséd atmoditlcation',,”"
of the Masakl procedure of hlgh jonic strength extcactlon to extract N- |
band proteins They foupd tgp l70 OOD dalton protelns co-migrat:ng on SDS—
polyacrylamide gels. Of these, the 7S proteln was fqund to be the glyco-<5"-

gen debraﬂthlng enzyme whnle the 5 lS was found to be from the M-band

. o

*0 6N KCI 0. l M_potassnum phosphate pH 6 k IOvmﬂQsodium}pyrophosv“lﬁ*t}5;§

e’ L o
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By dlrect appllcatlon of antibodies to the 5 lS component to the myoflb- X
nrril, they were able to present electron mlcrographs wh:ch showed a defl- |
:Tnite darkenung and concurrent thnckenlng of the M-band structure
'l Taklng these locallzatlon studles into consuderatlon, it seems

~clear that the l65 000 dalton proteln is another |ntegral element in the

-band structure of skeletal muscle

'b._‘lnteractlon Studnes of the 165 000 Dalton Proteln w:th Other

Contractile Components o ‘ !

Manr and Kay'(Sl 92) have |solated purlfled and characteruzed
the 165,000 daltOn proteln frqm\rabblt skeletal muscle . ln addltlon,

. they have done |nteraction'stud|es with creatlne krnase‘from rabblt '
skeletal muscle (the other ‘M-band component) Addition offthe'l65\000
dalton component was found to |nh|b|t the enzymatnc actlvlty of creatlne
'kinase in a competltuve manner. Low Speed sedlmentatlon equlllbr|um
studies’ also showed data |nd|cat|Ve of -a complex»formatlon between the o

two M-band prote:ns ’l. o | A
’ Mani- and Kay (92) ‘have also examaned vnteractlons of the 165 ‘000
_dalton protein wlth ‘myosin and subfragment 2 Clrcular dlchrOISm exper-
lments lndlcated the M-proteun nnteracted wlth myosnn glvlng a net nn-

«crease of-600 deg cm2 dmole -t at 221 nm, and subfragment 2, glvlng a net’

"lncreaSe”of 80't)"'d'e‘g;-cm2 dmole l; Low Speed equlllbrnUm TUNS showed com-
plex formatlon of 165 000 dalton proteln wlth subfragment 2 Gel fultras

'btlon allowed separatlon of thus complex and gave an estnmated moleCular‘T”

‘welght of 230 000 daltons.. No lnteraction was sndlcated when the 165 000

‘:_fdalton proteln was m:xed wwth either fught merOmyosnn or subfragment-;'fi'

Hore recently,'Masakl et al (93) have reported the blndlng of

f":?s-lebeued ‘165 000 dalton proteln to myos.n, and- found‘ that the W




-«

"c'i e:H-zone wherelthe H-handfls,,

Y]

A ed as’ myosnn was allowed to aggregate at |ow lonic strength)ﬁjnor to an~-

,cubatlon of myosnn with M-proteln Fluorescent antJbody technlques in’

combnnatlon wuth electron mlcroscopy seemed to nndncate that the bunding

"of M-protenn was - to speCnflc sntes on the llght meromyosun portlon of e

'my051n

.). T o

3. G;ycog?n Phosphorylase b

An examlnatnon of the Ilterature avatlable on the M- band protelns-'

x
4

.discloses numerous reports of a proteln of about IOO OOO daltons as. belng
_preSent along wuth elther creatlne klnase, the 165 000 dalton protein, '
;or both lt was noted by MaSakn (85 86), as well as. Eatbn and

Pepe (94) along w:th what was Iater ldentnfled as Creat:ne kunase (Zl)

o

Other workers who have also :eported ltS presence |n thelr M-band prepara~
tnons lnclude Eaton and Mochan (95) Landon and Ortol (87) Manl and Kay
(82) and Herasymowych et al (83) \ A

- Trlnlck and Lowey (89) |solated and charactertzed thlS proteln

" as benng glycogen phOSphorylase (molecular wecght 90 000 daltons) They

a

':protein bound to myosnn in a: 2 l mole ratlo at most Thls ratlo decreas—'-,'

produced antlbodles to the pur|f|ed proteln but were unable to demonstrate.vvf

bnndtng to the myoflbrll ‘ ThlS flndlng seemed to lmply that thls compon-

ent may not have lts orngun in the H-band Helzmann and Eppenberger (25)

A
<recently vérlfied that thns protenn is lndeed phosphorylase b from chlck-g
‘en muscle, and showed that it |s nmmunologncally |dent|cal wlth the puta-b; :

B rltlve M-band proteln t rmed pfOtEIB A of Eaton and Pepe (9#) or the com-

They concluded that phosphorylase is\n




T
PR
,ﬂ;;é.exclusiVely a . M band protenh sqnce nt is bound to, addntnonal protelns N
in the thln fnlaments a'v'ﬁ ”Ljim _ 'p-~:’u.fh h f;;"d“:‘;?,f ﬁlﬁw Md
~ These results suggest that.glycogen phosphorylase "may“ be a com- e
'gr»ponent ln the M~band, since |t appears flrm]y attached tQ.the myoflbrll-'
u]ar structure Possnb]y, |t may perform a rQle 1n m:xed enzymatic and |

. structural functnons

| ;p.' THE M-BAND STRUCTURE THE ASSIGNMENT oF THE COMPONENTS TO THE - o
KNAPPEIS CARLSEN MODEL
Only one” publlcatlon to date has endeavoured to |ntegrate the

blochemnstry of theTM band protelns and thelr locallzatlon studles lnto

-fi-the model proposed by Knappeis and Carlsen In 1975, Walluman Turner B
.‘;and Eppenberger (96) assembled all the avanlable data at that time and
{ assugned the Wole of the M—brndge to creatune klnase, and the role Of ’&, i
dythe H-filament to” the proteln A of Eaton and Pepe (94) (the 100 000 dal—“'an
:ton Protein) In vuew of most of the I:terature presently avallable on‘ﬁ“.i.
t‘l??the M-band protelns, thts assngnatlon is only half correct data on hfltv:
. _creatlne knnase stull supports |ts a55|gnat|on as the M-bridge while>
ythe M—filament is now most llkely to be the 165, 000 dalton component.
These assngnatlons are |n accordIW|th the.. crlterlon requjred by -
'»ﬁthe Knappeos-Carlsen model (see Flgure Sa) the~M-br|dges and M-filanents 'th‘ié
f'must be able to blnd each other whlle M-b‘idges mUSt ‘be: able to bund to._h L

";fﬁigmyosln

Creatsne klnase has been shown toiblnd to myosun fulaments by

| %h%‘znorlmoto and Harrlngtdn (75) in addjtion to dlSplaying interaction with ff”




:5*meDSln as at or near the sTte of interactlon, in confllct with the studyQ.f‘::'L

'of Houk and Putnam (80) who found blndlng to the rod portlon Th.s |n_’id';_g‘aa

‘L,teractlon, at or near the heads, is dlfflcult to reconcile, snnce the M-]T‘f

'”,hb%nd reglon |s supposedly devond of ”heads” Nonetheles§ these studles};?>'u

: 4are eVIdence that creatlne knnase does |nteract wlth the thlck fllament i

':and hence fulfll1s the requtrements of the M-brudge

N|th respect to the role of the M-filament Nal1|man had asslgn-_, '“.'

h 'f-ed lt to the IOO 000 dalton component,WIth what was then evndence of lt

‘formung large aggregates as- Well as blndlng to CPK (94) Thus IOO 000

u.:dalton component has snnce been |dent|f|ed as. g1ycogen phosphorylase b

".g(25, 90) and shown to bnnd to the M-band though not exclusnvely (25)

"5v=Further resolution of protelns from M-band extracts have uncovered the

\f

o 165 000 dalton component whuch has been shown to undérgo aggregatnon

under certaan condltlons by Hanl and Kay (91) and Masakl and Takaltl‘tf

;(86),>unl|ke creatune klnase Nthh remalns monomerlc (75) Thls tenden*ulhﬂ;'"-

cy to aggregate would he‘ﬁEemed useful ln formlng the M-fllament struc-

a

" ;ture Mann and Kay (91) have also demonstrated that the 165 000 dalton 'Qh'v

7“:Hcomponent |nhib|ts the enzymatac actlvuty of creatlne kunase and forms S
‘~;a complex with lt as shown in sedlmentatlon equulnbrtum experlments
EV:These results thus tend to support the vnew that the 165 000 dalton |$

e I R
"-gthe mbst probable candldate for’ the role of the M-fclament.l d‘

hﬁﬁﬂfhin Figure 5 showrng a schematlc cross sectlon of the Mwhand\ Tb'fdis?

'iﬁffmgnslons 4nd|cated are ﬁ_i the dlameters of the thlck and'thin'ft'aments;'” |

The model as vnsuallzed by Halliman et al (96) ns nllustrated fff*ﬂrf*




L.

1' anure Sa.“_ The Knappels Car]sen model of the M«band of straated muscle
" .- The diagram dlsplays_e schemat;c cross-section’ through ‘the- ‘M- -band.

" Large solid. c:rclesz A-filaments, small sokid c¢rcles,= M- fila-

- ments; open’ curcles'= projection’ of 1- fllaments to level of- the M-
’%region, dotted bars & M brldges (Modifted by Nalllman et al (96) )

Fzgure Sb The integratlon of the biochemistry of the M-protelns into

¥ the' Knappeis Carlsen model" accordtng to Waliman, Turrer and. Eppén-- ~” *’;f*

- berger (36).’ = M-bridge; 'mf = M-filaments.  The Knappeis~ -
.. -Carlsen model is mod:fled to show. ‘the" mb to be- the CPK.and the M-

Hy*filament as -being the B= component ‘of Eaton -and Pepe (9&) (now pre- ‘“‘vpﬂl

suned to be the 165,000 . dalton component)

. - - "‘, E
R g R ' )
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) 2--Ha|¥}'§ngt§n' f»tts" -i"n'-":'wellv "w-i'th‘ this 'mder' T:hei;r cal‘culat“ions 'i'ndic'at'ed N

CPK to be an equnvalent ellupso:d wuth Iength ISO & and ‘a mlnor axls of S '~"“,t
"Ah3 A Knappels and Carlsen (19) have |nd|cated the M-brndge to be 110 - ) |
135 A‘for restlng muscle = | | :

. The role of the glycogen phosphorylase or 100 000 daltonaproteln

could concetvably be vusuallzed as a thlrd M-band component when one con-

———

'}S|ders the: Luther-Squure model (see Figure hb) which | has the addntional
f/“feature-of a-secondary M-brldge (M3)." Th|s M3 prote1n is proposed'to
b|nd to the M-filament, and thls IS in accord w:th the results of Masaki.
pand Takaltl (86) who were able to demonstrate aSSOCIatIOH of thelr M—

_:proteln (the 165 000 dalton component) to component II, subsequently |d-

o entlfied as phosPhorylase

.'rf.nwosin becomes nnvolved to accommodate the variable nnterfilament dis-

Thls model, therefore w1th creatlne k»nase actnng as the M-brldce ".
Iéand the 165 000 dalton component actlng as the M- fllament takes lnto ac-_',n -fi3
‘count all the relevant |nformat104'kn the M-band structure wnth one ex-
1cept|on the blndtng afflnlty of the: 165 000 dalton component to myosun
._'Masakl and Takanti (86) found thﬁs prOperty to’ hamper the[r preparatnve
-7procedures, snhce onhce bound to myosnn, the M-proteln became dlfflcult ta

-Wash'out Hanu and Kay (92) have Suggested the sute of thls lnteract1on

' :fon myosin as - beung on the heavy merOmyosin subfragment 2. portlon The'

‘temodel as it now stands does not. predtct M-fllaments to |nteract wtth myo-f

‘:'sln. However, lt must be kept |n mlnd that the modé* |s static Perhaps“

"“:as Hani and Kay (92) have suggested the subfragment 2 "hunge" portaon of - kN

N J

ftance during muscle contraction.

I I
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B Alms oF rms'-,éao.rtc'T ' ‘

It would appear from the precedlng dlscussnon that in skeletal
muscfe creatlne kanase and the 165 000 dalton protein have been proven
vto be |ntegral members of the M-band structure Models proposed for the

band are such that both these protelns may be lncorporated and in the
. case of the Luther-Squnre mode1, can even be used to accommodate the
.thlrd candldate for the M-band phosphorylase The ma:n goal in thss

-

5pr0Ject was to determune if an ana1090us situation occurs wuthln the M-

v ‘o

-band of mammalnan %ardlac systems The ch01ce of bovune cardlac muscle
. T

as. a source was encouraged by Eplnngs mlcrographs on bovsne cardlac myo-

fibrlls (97) whnch show a def’natlve M band as well as Ottaway s flnd-
lng that boyine: cardlac myofcbrlls contain: creatnne klnase (62) f Ske]e- '
; tal M- band methodology was thus applled to bovane heart muscle ' Homo-

o geneous creatine krnase was, lsolated characternzed and |dent|f|ed ‘tn

R

‘ addltlon this creatnne kinase from the myoflbrnl compartment was compared

with the cytoplasmlc en‘

xme to see |f there were any dlfferences ; Immuno- 2
th]oglcal and electrbn |crosc0py technlques were applaed tb see if the :
Q,myoflbr|1lar creat e Kinase isolated by thus method was an lntegral ele-
: ment»of'the M-ba- f Furtheﬁ‘bre, since . loca]uzatlon of a protein is not
‘:g;enough to. identlfy lt as. a structural component 'reconstltutron studles
.:for both the bovgne cardnac and rabblt skeletal systems were performed. S

&

A positive result from these studles wou]d seem to unequcvocably deter-t.'

e _:mine the structural function of su¢h protelns Flnally, lnteractlon L

'f/dstudies of the myoflbrlllar creatine kinase thh other contractlle com-g

N

:'ponents were undertaken to assust in elucudatung the possible role of

a‘

'ithe H-band creatnne k nase It was hopea that the |ntegration of all

.”fthe biochemical data together with electron mscroscOpy would g?ve further

-
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CHAPTER ll

EXPERIMENTAL METHODS

A. .GEL ELECTROPHORESIS . PR

I. Polyacrylamide Gel Electrophoresis i : L

DISC gel electrophoresus experlments were performed for purposes

: of determlnlng homogenelty as- well as nsozyme characternstlcs of creatlne*

-

klnase The method emplqyed was thgt described by Schaub and Perry (99) .
The buffer system consnsted of a solutlon of 25 mM. Trls, 160 mM glycine
at a- pH of 8 38 Complete separatlon of different nsozymes was achieved -
by applylng a curreit of 2 5 mA per gel for one hour.

2. SDS Polyacrylamnde Gel Elettr0phore5|s

o

- SDS PolyacryJamlde gel. electrOphoresn§ was performed |n ‘accord-

‘ance.w1th,the méthodology of Shapiro et al. (100). Samples were prépar-

ed in a é%‘SDS, 1 mM OTT medium andfheated in a boiling water bath fof

5 -10 min. ASubsequent‘electrophoresls'on 10% polyacrylamlde gels was

carr?pd out for.3'hours at 8 mA per gel. ‘Gels were stained with Coomas- -

‘sie Brilliant Blue for 1 hour, and-then allowed to destain overnight in

tions were estlmated;by comparlng the: mlgratlon dlstance of the protesn

.

®
‘under study wlth those-of protelps of knoﬁn molecular weights.accordlng E
to the method of Weber and Osborn :(1’-’01)‘.-' |
“7”3'. Amno ACID ANALYSIS ’ , ‘ ,
Amlno acud analyses were performed on elther a Beckman Model lZOC h

- or a- Durrum 0500 automated amino acud analyzer

.

Freeze—draed samples were hydrolyzed in flred test tubes contaln-

.

.2 2 of 7% acetlc acid, 7 5% methanol (v/v) Molecular welght determnna-"i

-~

I,



' e ' . ' : . o “~ - N . C “ \f \\
ol N9 constant boulung 6 N HCl wuth 0. l% phenol added: to preserve the ld\

tegrity of the" tyrosnne residues Tubes were evacuated, sealed and in-

cubated for 24 h8 .and 72 h at llO C Threonine and'serlne contents were

est;mated by extrapolation to zero tume Valine and |soleucine contents'

were determlned from 72 h hydrolyses Tryptophan contentguas establish-
ed usnng the method of Goodwnn'and Morton (102) The spect rum of ‘the
,proteln ‘was measured in 0 I N alkaln and the mole ratlo of tyrosnne to
tryptOphan was determnned usnng the fdllowing equatuons whlch relate the
, Q
nnles of tyros:ne, MTyr’ and'tryptophan; MTrp’ present at wavelengths of

29&_# nm and 280 0 nmy using respectlve absorbance values A.
) N " : ,

=' -3 - : ~

Meyr = 10 (0.592 Pagh.y 7 O 263 Aygy. o) y 2]

-~

= 1073 (0.2 ! | |
Mrep -,.lo‘,_(o.263 Azao.o‘ 0.170 Ang:u) B

) -DiViding equation'[Z] by [3] gives an equation giving the.mole rafio of

) v S
tyrosine to tryptophan The ﬁ'ﬁal Cysteune plus\cystine content was-

“ldatlon of the ~

determlned as cysteic ac:d followung performnc -ac
proteln sample according to Moore (103) “In order to estimate the num-

_ ber of sulfhydryl groups, the DTNB (5 5'- dithlobns(ZJnltrohéhzoac accd))

.coupling method was used (104). ﬁEree SH groups in the native molecule:

\/

as well as "buried" grouos‘Were measured' in the lattef case 6 M guanl-u;

dine hydrochloride was employed as the solvent The difference between

4 4

- the total cystelc ac#d eontent from performlc OXIdatIOH and the total
. ’ .

thnol content gaye an estimate of the number of . jtsulflde bonds present

e OPTICAL,HETHODS o ,\_<i) S

'f“ff:l.7 AbsoAption SgectrOphotometgy f” . . '-‘ L ':"‘d>:"

A Gllford 2ho, Spectrophotomeser was used for routine absorbance

.

- T e ) o : ’ PR
. - . L . .

v o
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heasurements in monltorlng Lffluents from chrOmatography columgs .

photometeﬂ "f-' Lq‘.'fr; ,_'“” :s_. R .' _{1 N

clrcular chhroism Measurements

Circular dlcbrolsm 5pectra were obtained using a- Cary model ébOI
CD attachment to a Cary 60 recording spectr0polar|meter according to the‘

} procedure descr|bed by Oikawa :ét;é_ (105) Callbratnon of the lnstru-‘
ment was. done wnth an aqueous ;olutlon of recrystallized d-lO-camphor _'.
sul;onlc acld. Constant nntrogen flushlng was employed Cells of 0.5 mm
pathlength were routinely empl0yed zn the 200 - 250 nm wavelength regiom

uslng approxlmately 0 062 proteln solutsons For the near UV reglon

(250 -'320 nm),‘l cm cells were used w|th approxlmately 0.2% proteln

o .

c0néentrat|on qh:' | g“',y~1 ‘~:d i ,'4 , _‘Qév -
| ﬂ_ﬁlﬁflp:f. The mean residue elllptncoty [e]l,‘at a. partlcular wavelength A
f;f fﬂwas caICUlated from the e;uatlon o »:.' ) V_M ‘ n
Tk e T : T SR
.E.e:# t . SRR o)

H lsvthe mean residue welght (takenfto be llS |n these studies),

.,/J




- and fractlon of random coll structure ?”« required'the use of elllptld"

I & '
clty values at 2l0 215-‘220-andv225 nm. Solutions of sumultaneous equa-'

‘tions lntegratlng these ellipttcuty values were then averaged to glve the S

3.g Spectrophotometric Tltratton

a-hellcal and B-conformatlon contents

\ .

The addltnon of base to a proteln solutlon usually results |n a

change ln the absorptlon spectrum of the natlve protern ) ThlS change_ ca b

-

with lncreasnng pH is dﬂe to the |on|zatpon of phenollc groups of tyro-’
sune restues to form phenolate ions. * If Spectral changes are determln-

ed»as dlfference spectra, jOﬂlZed tyrosnne exhibits a maximum at 295vnm '

with a molar4extinctidn cdefflclent offabaut 2300 (107). A plot/éf the -

L

,curve-of tyrosnne-resndues.ln the molecule The pK for lonlzatlon of

H

dlfference in absorbance AA at 295 nm versus pH thus glves the lonlzatlon
! .

tyrosnnes accessuble to the solvent is usually lO For tyrosnne com-.

pletely qy partlally buried wuthln a proteln and |naccessuble to the sol-

vent, the pK.value ls hugher and tyrosane tonnzatuon may exhtblt tlme

*
Raad

- dependence.' : : o o . n‘\ .7 o "u,,7

-r

The number of . tnySlneS nonnzed was estlmated from the lncrease g

ln absorbance at, 295 nm at any. pH value using the followihg equatnon

o

EE between lomzed and um.on_lzed‘roslne 'an was taken -as 230

c.repreSents'the:prbteln'céncentratlon;f

AA ls the absqrbance dlfference at 295 nm,

Ae denotes the dnfference ln mplar extinctlon ooeff'

SPectrophotomet - tinns-.‘-‘_f_'-".""




4:a:w:spe¢trophotometer and the solvent system used was 0 5'M Kcl 2 mH potas- o

"\:slum phosphate, pH 7 ..One - centlmeter quartz cells.of 1 ml volume capas‘

',chty werevemplOYEd §amp]es (3. 0 ml) were tutrated manually Nlth stan-.

b.;" dardlzed KOH ln a constantly sttrred veSSel malntalned at. 25°C. aFollow-‘.:

ing the addlt:on of base, an alnquot was removed and the absorbance of

e

';the solution measured at 295 nam. The pH of tbe solutlon was determlned pl:
ln a Radlometer 611 apH meter after the alnquot, was replaced ln the tltra- :
"-'tnon vgssel Care was exercnsed to ensure that the proteln solution‘
was at equlllbruum.v | | v

cA computer program was used to perform a nonlnnear curve flttnng'i

EN

: L ow _ o
iterative procedure whlch fltted thg\data for an equation of the form ) 1
AL . z'w,”' "y ou’\m” ]’ T g
TU295m . is=1,2 T A Ky, [oHT S
" where " A,T'PH = lb- pOH o -'_.' ;f v.”‘:~* ;'.]“ R '“-T[" 7] S
";_'derived from the Henderson and Hasselback equatlon ln thus case,’n'ﬁL I
',refers;to the relatlve COntributlon of each class of tyrosnnes to the S o
'i-total absorbanCe
‘, ’ T 5 ;‘ ‘
s cnaouATosnAPalc Tecumquss T Ty |

lpn Exchangg Chff




'”.th .
J"“S -6 ml fractlons, and the effluent monitored routanely at 580 nm.
Solutlon conductlvlties were measured on a Radiometer type CDM 2d

h_conductivlty meter Effluent pH readlngs were checked using a Radlometer i :

-.i62 or 6k pH meter equlpped with temperature compensator and combinatlon

-'lglass electrode

2, Gel Flltrat:on Chromatography ..'_ie o .,‘ SRS ;jiﬁf :i f_: ’:\.

" 71 Gel filtratson studnes were performed usnng Blogel A 0 5 m (Blo-'

B .frad) packed in a (l 7 x IOO) cm column. The equilibrating buffer System
:.'conslsted of 0. 5 M KC1, 2 mH potassuum phosphate, pH 7 ,u - _

R Samples of myosnn (10 mg) and creatlne,klnase (2 mg) ina total‘
'volume of not more. than 1 ml were applled both separately and together~ 3

fifon the column Elutnon was monltored by taklng the absorbance of 1 ml Ad~

‘e'fractions at’§80 nm. Chromatograms featured a profile of absorbance ver- o
A ' : , ST : ‘

o sus volume of effluent

"ff3 Afflnnty ChromatOQraphy o flcfl_, ;:: lfh -S':- S

The preparation of an aff:nlty column for puriflcatlon of chlck-l

"en ant:bodles to creatlne k:nase was performed as suggeSted by the sup- L

M't plter, Pharmac:a The CNBr-actuvated reslne Sepharose hB (3 9 g) was

”._.'swelled ln l mM HCl, and coupled to approxlmately ho mg of cre@tlne kin-F‘rd

.' ase in IS ml of 0 l M NaHCOB, 0 5 M Nacl solution The reactlon was al-i;

::ulowed to proceed 2 h wl continuous end«over-end mixlng.‘ The reactnon f;;jf”*ﬂ




';'ff;go 1 M sodlum acetate, pH # and then followlng wlth l M NaCl, 0 l M sodlwliﬁ; w”wt
‘:*‘iﬂm borate, pH 8 uslng a total of three alternathg cycles.y A rough: =
ﬂll%quantltatlve estlmate of the amount of coupllng cquld be determined frOm

;:ﬂthe dlfferences of the absorbance at 230 and 280 nm of the proteln~solu¥\
;"‘f':tmns and flltrates | B | | | ‘, -
-fffj._‘__ The fEsln ‘was packed 1nto a column 0 8 x 9 om and the columﬁ

]equlllbrated wlth phosphate buffered sallne (PBS) pH 1 2 before plasmaff;' _
'utfrom chicken (diluted l l wlth PBS) was applled Folloﬁing appllcatIOH'”tv{tt'fﬁv

ni?ignof the plasma, the columu,was further flushed wcth PBS and then 4 M :;.frj<:57vx‘

J‘fimguanldlne hydrochlorlde was applued to elute the antlbodues.‘ PBS was, m“ |

agaln put through the column for a final equillbratlon prlor to: storage" i

> iat h' ' Mlnumlzed exp05ure to guanldlne hydrochlortde enSured the use - | f&
,.,};of the same column for 3 -'ﬂ preparatlons All experlments were, per- ;‘ .?.:_;
f iformed at b‘c usnng a’ flow rate of 3 5 ml/h malntalned by an L K B .
.?i;perlstaltlc pump v ' EH .i o
E BIOLOGICAL ACTIVITY STUDIES .
.“"f;l Determlnatlon of Creatlne Kinase Actlvlty f'ffifi:lﬂzg'eluy
| Creatlne klna;e enzymatlc aCt'VitY was determlned accordlné to }ﬂ{fT? iiﬁ

tf?Eppenberger et al (77) where l unﬁtuof creatine klnase ahleff_ffﬁfff7 A

:v’f:deflned as the amOunt necessary to catalyze formatlon Of 1
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creatlne phosphate or ADP to stock solutlons of the above components
made up “In 0. 1 N Tris CI, pH 7. 5, in a flnal volune of 1 ml.; The reac~

tlon was monntored by the increase |n absorptlon at 3h0 nm due to. the _
productlon of reduced NADPH usung an extlnctlon coefflclent of 6 3 X : lO6

1‘2 Interactuon Studies with Cardtac Hyosnn and Its Subfragments_lf:

N

'nf l‘ ln order that the effect of creatlne klnase on the ATPase of
myosvn and its subfragments could be examlned cardlac myosun and sub--
fragments thereof prdﬁuced by controlled enzymatlc digestlon were pre- fj”.:"
pared L SR - ' B :

L e

Hyosnn from bovune cardlac muscle was |solated according to the L
procedure of wolodko and Kay (109, llO) w1th one |mportant modnficatnon

Followlng batc DEAE cellulose (DE 32) treatment, the cardiac myosin was

precipctatedia Tthen dissolved uwp |n 0 2 H KC_;only Thns prevented
the carry-over Of 3 large Whlte aggregated contamlnant whlch dlssolves,ffff- f‘f
at htgher than 0 2 M 1onlc strength Myosxns thus produced from bovrnelﬁI

cardiac muscle showed_a hlgh degree of purity when examlned in sednmen-».v:

tation veloclty experlmen's:asxwell as displayed relattvely hlgh ATPasef,;

actlvlties of 0 2 - 0 3 umo}e P per mfn per mg, as determlned at 25’

. '*

The absorbance ratno of 280 nm to 260 nm'was routlnely measured and

Coee

generally found to be |n the range of l 7# - l 76 1{.._,"!




,‘.further treated'wlth 752 ethanol (y/v) and r,covered to yleld llght mero- ,?
45?1;?hmyosln (LHM) The HHH thus prepared was checked for hOmogenelty in the ;,,:

?ultracentrifuge whene lt sednmented as a sungle peak'around 65 as well as

) -:,_‘5;'-"::_"?-,i:_by determlnlng its specifi"

' ctuv:ty Usually the~va|ue was approxlmate-ff;ﬁvfff

SN

’ fl;?ly twlce the ATPase speciflcfact,vnty of the parent myosin‘..afi“ i
L Heavy merOmy051n subfragment l was prepared by the use of a papainffhh'H
_;_.;dlgestion procedure.“ 2 mg of papaln (in a.qeactlvated form from Sngma) :
:?i;was actlvated by dlalysls versus 5 mM cyste;ne -2 mH EDTA. pH 5 9. prlor j” .

0

'i[w?to dlgestlon wnth 200 mg of cardiac myosnn for l5 min at room tempera-

The reactlon-was termlnated by the addltnon of l mM lodoacetuc '
:;'facld 2 mM cyste:ne and the mlxture dlalyzed verSus 50 mH Trls,:pH 8

'ﬁifbefore belng applled on a DEAE cellulose DE 32 column equlltbratediagalnstfﬁﬁl L

‘?fithe samg buffer,_:Subfragment l was eluted by’the use of a lnnear grad!-f
: :f:,”ent of 0 =0, k M NaCl, 100 'ml quificatlon uas ve"fied bY SDS P°]Y' S

S X

3fiacrylamlde gel electrophortsns (whlch gave a molecular'wenght of 120~000)";f1g?fﬁ
l‘aﬁifand by ultracentrifugation'(whicﬁ sedumented as ‘a! single peak In the ultna-f-ff.

"”;fcentrvfuge wnth a sedlmenta lon coefflcuent around~5$) The relatnve : L

‘":f{;ATPase speciflc act:vuty fov subfragment l was usually found to be roughly

o 0ol

"h(:jfour-fold the speciflc actuElty of the parent myosnn.ﬁ_

ASSays of ATPase acﬁrvltres of myos;n heavy meromVOSio and lf;wfkl"i““l

*'ﬁfheavy meromvosin subfragmen:-l were carraed Out by electrometric titra-~ e




jnﬁ ATP pH a o

The extinctlon coeffucuents E:z

at 280 nm used Web

8 z (llo 112),d

'; 3 lnteractlon Studles wlth the 165 ooo Dalton Protean of Rabblt Skele-'%.;?.-;"f

| The 165 000 dalton component of rabb:% skeletal muscle was pre-f_;fk]?:ifl

pared aocordlng to the methodology employed by Hani and Kay (9l)
procedure was*essentlally that used tn thJS study |n extracting creatinei\h,~9.:?'

klnase from the myofibrll.. Rabbit skeletal muscle was minced in a Nar-ié?h;l e

ing blender for l mln and:washed sef ” l”times wnth 0 l‘M KCl 20 mM

potassium phosphate, pH 7 The:mince was then allowed to extra”{”'hb

.-Wm column-g Elutlon was accompll‘hed by a lOOO ml 0 to 0 2 H NaCl gradnent. ,




Ultracentrifuge ftudles were routlnely performed at 5°C ln a f‘

BeCkmaﬁESPI"C° "°dé_m l“‘tracentfﬁfUQG equipped with a photoelectric R

}sc'dner, multiplex accessory and high intenslty light source.;;The Ray-“

/f"fieigh interferenc:*optlcal system.was also employeds Low speed sedlmen-”'el'vf?

fiéﬁ%;i"tation equilibrium runs were pe;formed according to Chervenka (llh)

'T_Determination of Proteln Extinction coefficnents

B The extinction.coefflcient of a l% solution of a protein ina: ﬂ-; : f”

f RN

1 em: pathlength ceil at 280 nnk (E 280) was determined by the methOd

lcm,
”3A.f}of Babul and Stellwagon (115), u5|ng uitracentrifugal synthetlc b0undary

.”ifruns with Rayieigh interference Optlcs. An average refractive increment

l fringe'hmg:ml’was used to COrre]ate the number of frlnges on a

'eﬁfphotographic plate as measured by a- Nikon GCfmncrocomparater to the ab-

'Lﬁsorbance value d!fa protein soiution at_280 nm In thls way,'a direct

) rote,n con entration couid be determined

The total protein concentration of supernatants and precipltates Piwmf-

“ffljfat particular stages of the preparatlon procedure was determined by

‘cfringe counts The values thus obtained were used to express enzymatici;]”

*idiactivity ln terms of per mg total protein and;in_thls manner, progres-haeﬂ}

]ffgsive puriflcation of creatine kinase cOuld be monitored.ae.‘ﬂfrﬂﬁfﬁ

'ﬂdzi Sedimentation Veiqcit!;ﬁgperiments -




to the distance from the centre of rotation to the maximum ordinate (inv

s

cm) at time t (sec) and the angular velocity w (in rad/sec) is given by:)

Values of S were determlned by piotting the natural Iogarithm of the ;{~'\
2

measured r values verSus t and multiplying the resultant sIOpe by W/m

The sedimentation coefficient interval of water at 20°c 520 ,’ns thu5{i.

given by the equation .H '_]jl'a, ff Ft'”

e B ¢ o

L SR ;
=31P20,w is the»density of'water at 20 | _ B R R
"'-_;pT is the density of the solvent at temperature T, and _5:',f 54_7 e

3-v is the partial specific volume of the solute

4:t°The vaiue of V'Was estimated from the amino acid composition and:‘

i taken to‘be 0 73 (llﬁ) Density and' cosity values were ta




e .‘}‘S‘z.o;.'w‘ TSy Tk B
L e e e e e
e ls the protein concentration in. ‘g/100 ml, FRAER

i

k is, the siope of the iine and increases |n magnntude with increasﬁng
;'E;ih i proteia asymmetry, v’_t'.ff};f?_ flf L ..l ”‘.;'i‘: “’_f gi
"H: e Sgo;ﬁ is- the intrinsuc sedimentatton coefficient .at 20°C and B

“ ézé'ﬁiis the sedimentatuon coeffuctent at ‘a glren protein concentra-"

uﬁ'ff tlon ..“';Afp‘i': . | ' ' '

Ta . . @ . .

3. Sedimentatlon Equiiibrium Experiments f““’ T j‘,".ﬁ R

. Conventnonal sedimentatlon runs were performed on a Beckman Model‘
P:E uitracentrifuge accordlng to Chervenka (lih) Data were recorded by |
- ;jhgheans of either photographlc plates using the Rayleigh interference opt;-.
“1l;cai system or ‘on chart paper of a photoelectrlc scanner accessory usung .
.;.‘iUV absorption optlcs h?:ii i.khlihkr 'eft f:“}"f:7;”ij’i:,[ o : ;
; Th: apparent weight average hoiecuiar weight Mw of a homogeneous 4f’ o

"v“fproteid*is glven by the equation 7;;’§p; RN R '_31f" .

¥ -'v[~|z'1 S

< R ‘ “v -'”

i:ggwhere
R is the Universal Gas COnstant. : _71;-,»}-f~,. i:",f 5f'i;jnftﬁ.
1! is the experimental temperature in' V}IJ’“.fs_Af T ~;A;:\-

"anyghs;the partial spécific voiume of_the protein,rmlsiff'fl ;e .;?fj“;;;:‘

’-Tﬁﬁ;p isfthe solventﬁﬁenSl"




o o
\ . ' '

. protein concentrations at th%jmeniScusacm'wene calculated‘according to:

. % T % 2 2 . ; A RS I
N where b m

cm“lslthe prote:n concentrationbat theumeniscus,
“'.fco is: the initial concentration of the protetn,
i s the dlstance frOm the meniscus to’ the axls of rotation,
rF is the distance From: the celi bottom to the axis of rotatnOn,
: b is the proteln concentration at the cell bottom, and -

it‘c is the protein concentration at any distance r from the axis of
" rotatlon. o . :

- A direct measure of protein concentration was determined by add-

o

:flng the fringe displacement at point r to the concentration at the menis-

'7_,cus in terms of fringes.v.:-iu‘,_' v

ln the case where the photoelectric scanner was used, the absorp-{

> -~

R concentration

i .

' ut A plot of the naturai iogarlthm of the proteln concentration (ex-A

[

g\pressed as either Y the number of frlnges. or by A, absorbance units)

0

fﬁ;:versus r2 ylelded a straight iine whose slope d In c/dr2 was used to

. ‘ . | ".v .

"3fdetermine the welght average molecular weight at any position along the

“éﬁceli by 'ijication of equation [12]

;ttlon value A at any point along the cell gave a direct measure of protein33~




o I . S R o .

”'f ;‘microscope operating at 60 kv and using a 30 um obJective aperture A

. cold flnger was used to minimize contamination.~

';‘\umined uslng a’ Packard Y'COUﬂtef (model 3002)

“':;5~ ' Further detalls on preparation of myofibruls and antibody studfes

lﬁ'are presented in Chapter V

The measurement of anttbody levels by radiolmmunoassay was deter{

by
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“ lsoLArlﬁi‘nQS CHARACTERIZATION oF CREATINE KINASE

’

Creaaune kinase from bovune cardlac muscle was pﬁgbared usnng

two methods The flrst of these was a procedure de5|gned to release

I

:the enzyme bound to the myofibril, referred to. as-myofibr?llar
<‘jcreatine-kinase' The second procedure |nvolves the extractlon of cyto-

plasmic creattne klnase " Both of these enzymes underwent the same’ purl-
flcation procedure in order that an'estlmate of their relatlve amounts

r

In bovine cardiac muscle c0uld be determlned | ln addntlon, both enzymes : .;"

were simultaneously characterlzed with respect to thenr physical charac- :
)

terlstlcs to determlne whether or not they are the same enZyme,‘and to

[

establlsh any posssble differences
CA._ MYOFIBRILLAR CREATINE KINASE . = ..
1. ‘Isolation - : N

~The method of preparatlon of creatine kinase from the myof|br|ls

of bovlne cardlac muscle was essezfially that devised by Horimoto and

o

Harrlngton (75) who origlnally desugned thelr experiments for chlcken

-_,

skeletal muscle Two kilogram quantitnes of fresh or freshly fnozen T*

.hearts from whlch all membranes and fat had been exclsed were processed '
N e .
for each preparation. ln genera} frozen beef hearts were preferred

o

\,'slnce lysls of mﬁtochondrla and cells greatly facllitated the ease of  @$

'vwashing away proteins not directly bound to the myofibrll The hearts

were cut lnto Small pieces and mlnced for I mln in a waring blender;w]th

Aa "3 t volucne of 0 l ill((;ls 20 Mpotasslum phosphate, pH 7, buffer_ at

Tn

“3““C A total flnal volume of 7|iitres forathe resultlng suspension was




dividedintotuobetchesb ,Eaeh batch Was then eentri fuged in a PR-

| utnce "!shed “Opeitedly, wlth the xcl/phOSPhﬂte b"ff"" "‘s"'“g was

e i'nued auntll the snpemtant shoued an absorbance of less than 0 05

~-"drops,of -’lot 'TCA (trlchloroeeetic acid) to a: ml of the supernatant.
_f_faiiy at least

d extracted whth S t of 5 nﬂ Trls pil 8\. The suspension was

B oyernight)_- at l. C The suspension ms then centrifuged in a. Sorvai

g -at_';SOOO rpm for IQ minutes wthe supernatant recovered and sub Jected

i _‘lu

-precipi tate was detectable upon the additlon of @ fe\L

|0 lnin. the supematent discarded and th’e--vl

a. -

washes were requi red for eath batch The washed mince | |

a“itated by ueans of an overhead stirrer for 90 mmutes (or occasiona]ly'

RC3»"

to

'.,.pH S'pre;lpitation with 0 i L) acetic acld At this point most of the '
i : g

) rp,t- in.the ac-3 The“ pH%s reinstated to 7 usnng ;diiute amnon-""

6.1€c

at.

ST

}_'Usu-: o
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-5ffr0m'a 90 mln extraction., The'prof_je‘”ppears to have fewer contaminants jf

f9°' time period ;_h'his reason, 90 minute extnactlons became the ffﬂf?fe’

,introutfne procedure fqr thts step of the Preparatwonﬂif o

| “"I'CYTOPLASMC cwm NE mm\ss

The method of preparation of the‘cytoplasmlzfin

ffrom bovlne cardtac muscle was essentia1ly fha"










| "'The elution p”ome_of'the' DEAE cell.ulose“ (DE 32) column ‘separat

’Q_ing the'cy oplasmfc‘compon'nts by meanstof"a*O' o 0 Z_M;Na_J 11near,9ra— B

fdient'js shoun In Figure 8tf

All of. thefpeaks ‘present . in ‘the" elution‘pro

:T;ffflle are highly ce10ured c,ntaminants wnth the exception ofy_he;cr opJas-

:“Tﬁ{mlc creatin”'klnase peak - This peak.was the only peak possessing nY ‘

'n' actlvnty concurrent wnth the expected _at- L

'Q}tern for creatine k ase -in SDS—polyacrylamlde gels Hlnor contamlna

: ";tlon by a few low molecular weight proteins was removed by a: second

’ffgchromatographv aS seen in F|gure 9, prodUC‘"g homOgeneous Cymoplasmic
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' ﬁ“eﬁ;known concentration of the proteln soiutlon (th) in benign medlum

'”1-0 l H‘Tris, 2an EDTA pHPB two moles of thiol were b0und per mole of _;;

'if‘ereatine kinase from”both myofnbrillar and cytoplasmic fractions of bov- o

’filine cardiac muscle.- This "free thiol" content was the same in the case .

.;ff?fof the rebbit skeletal enz;m;3~ When denaturing conditions of 6 H guani-

ﬁ';rﬂdine hydrochloride, 2 mM EDTA and 50 mM Tris, pH 8 were employed for

: ”fi'all three enzymes under studv. 8 leeS Of th‘O' were. f°“"¢ to be in eaChv.':

- moie of creatine kiqase. and these thloi groups account for ali sulfhyd..ﬂ_tn
l,;fryl 9'°"P$ present wnthin the moleduie. fﬁp ’ | ":‘ '
, The method of Moore (103) was employed to determine the presence :

’,f;of'any possible dlsulfide bonds. Performic acnd oxidation and subse-.:ﬂkn;"

"f&:ffquent amino acid analysis produced a l/2<cystine content of 8 resndues

.per molecule of'creatine kunase for both the myofibrirlar and cyt0plas-

‘_mickcreatlne kinase from bovihe cardiac muscle,!lndicating the absence

_flof any disulfide bonds wuthin the molecule Thls agrees with data for v:“"ﬁ

e 2.
: 'fg“ereatlne kunase from other sources (42&1

Mtion of Extinction Coefficients |

shows the correlatl%? between the number of fringes"
| :Handrthe absorbance of protein solutrons of myofibrlllar creatine klnase
This iunear relationship gives a Value of Elzm

O at 280 m: by the method of’i_ast squares The poi' s:plo;ted were




= 63

<

«

o - 27 a4 e a "0
R NUMBER .F FRINGES BTN

";.‘ s

ol -Fjgure IO._ Determmation of the extinction coeffncnent of myefibrillar .
‘vril creatine kinase. . The: _protein‘was .dissolved. In 0.5 M KCT,:
:.;‘Trls - pH-8;. and centnfuge' ,at 12,000 rpm.- “The’ absorbante-f\'l'a‘- '
7280 nm was  recorded -for’ each sample, and’ its concentr tiol
"mlned refrac ome.tr Ny : : :




;n,;where c Is the protesn concentratuon in g/IOO ml The low value of the {“

'\:

3. . Determlnatlon of Sedimentation ¢oeff|cuents' e e :
< ! . /E ,- . v' R = . . . ) ‘._. B
Sedlmentation velocaty studues of creatune knnase from bovvne ,f‘" e

A

: cardiac muscle Yere performed in 0 3 M KCI 50 mM Tris, pH 8- For both

(' o Al

+

._the myoflbrnllar and cytopjasmnc enzymes In both cases, the molecule

v sedimented as a single symmetrlcal boundary wuth np ev1dence of any\Iast-. E

: ™
er or slower movlng components at’ all concentratlons examuned S ;>‘

" An intrensnc SZO‘w of 5. ll i 0 l S was calculated fer myoflbrnl-‘

“',lar creatlne klnase whlle an S ' of 5 23 0. l S was determined for !

‘a

> .
~”the cxtgplasmic enzyme Fhe llnear plots of S VErSUS.- concentratlon are -

'shown in Flgure ll These values are in the range reporfed for chjcken :
skeletal muscle of S 2 - S 6 (75). The lnnear plots of‘S 20, w y~be<ex-,é-\f’\“

- pressed in terms of equatlons such; as S 5 23 = (0 0032)c for the

20’

‘ ’ cytoplasmlc enzyme over the range of T. 6 -'lD mg/ml and 520 = 5 ll (0 00]5)c

S

“for the myoflbrnllar creatlne klnase over the range of 2 -'9 mg/ml

;slope terms ;ndicate the nplecule to’ be highly symmetr|c.”.t,‘1;v~"*"l'f

f H; Determlnatnon of Molecular welght e '”"ﬁh;t___: zjh_i'hjr-‘jﬁfi?‘-ifn"ng

SDS Polyacrylamlde Gel Electrophoreiﬁs ”?‘ff::m ,ﬂT ;!;}:,,fjui3fffff§;
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Flgure IZ.& Electrophoresns of com?er0|al and myoflbrlllarscreatlne P
kinase from bovnne cardlac musc\e; The photograbhs dtsplay the SRR
foilowiWg! . Lo
(a) - lO%*SbS polydcrylamlde gel‘

\

£ commercnal MM CPK (S+§ma0 f;V?;ffZ, :
(b} [10%-SDS . poTyacrylamide‘gel %f a’ prepararuon of myoflbrnllar A_,i’”'v‘"f
CPK in the early part. ‘of “thils" stuq RGO C

\ (c) disc gel: e\leCtrophoresas of ynyoﬂ:b_
Q\J . concentrataon.;;&,qw Y




Figure.l3 SDS-Polyacrylamude ge electrophoresu
2 from. dlfferent sources. ._The gel toncen
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shlft of the 222 nm band although they dlffer |n absolute quantities Qf

’pes'of secondary structUre'~

Tzﬂheﬁ?thefsﬂf,,condlthns were employed for thé cytoplasmic en-

2yme, a completely superlmposable CD spectrum of the bovune cardlac CPK

':;~was obtalned ThlS result suggests the equrva?énce of these tw0 enzymes

.1n terms of overall structure ' %7' ' *‘M

n&
e

The clrcular dlchrO|sm Spectra for.the myofibrlllar and cytoplas-

mlc:creatine klnases from b0vine heart in the aromatlc regnon are shown

LT -
;_v .oe - ' B S

ff: nﬂFlgure 21 The spedtra appear councident. Bands due to tyr05|nes
A Cw
;found in an asymmetrlc envi?bnment appear at_21§ and 290 nm.. ln addl-:

i

‘o . 4

SpectrophotOmetrically as a functron of pH.'

possess slgnlficant amounts of B-structure as reflected 1n the blue \;73

Cnrcular‘dlchrblsm measure-'5"

o
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FigUré 22. Spectrophotoﬁetric titration of creatine kin;se from

rabbit skeletal muscle at 25°C. The insert shows.the plot of
[9]220 values from circular dichroism experiments as a function of

pH.
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steps of ionization were evident in this curve. A pronounced increase

)

occurred between pH 10.2 and 12. Above a pH of 12.5, the AA-value be-
came constant; at this point all 19 tyrosine residues had been ionized.
Analysis of this titration curve by a non-linear curve fitting program

revealed the presence of two classes of tyrosine residues., The first -

class has a pK value of.10.5 * 0.1, with l7ltyrdsine residues. The sec- '
/ ) . C .

9

ond class has a pK of 11.8 * 0.2 and contains the remaihing two tyro-

siqe§. Since the pK value of 10.5 is slightly higher than the acceptéau\\

values of 9~5‘~ 10 for a fully%exposed tyrosine residue within a protein

- framework, this suggests the residues in this class to be partially bur-*

se

ied within the molecular framework.
The insert in Figure 22.shows .the concurrent loss of secondary

structure with increasing pH as monitored by circular dichroism measure-

»

ments. In increasing the pH from 8 to 12.5, a decrease in negative el-
lipticity occurs at 220 nm, indicative of a loss in secondary structure.

However, no loss in secondary structure accompanied the jonization of

~

220nm

until pH 10.6. waeh the remaining two tyrosines were ionized, by pH

the first class of tyrosine residues since there was no change in ©

11.2, about 40% of the secondary structure disappeared. This suggested

that the remaining two Qroups are well protected from the solvent in

the native state, ) -

b. Creatine Kinase from Bovine Cardiac Mulcle .

A3

Figure 23 shews the pH dependence of the absofbance change AA

at 295 nm for myofibrillar creatine kinase froni bovine cardiac musc]e.

The cytoplasmic enzyme gave the same results. The ionization curve was
seen to have a First order sigmoid shape, with the most pronounced

change betweeh.pH 10.0 and 11.0. The plateau portion of Aﬁ at high pH
f : .
i I

/
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corresponded to total ionigatibn of all tyros;né\residues} n=16, as
determined by amino acid analysis (33). Unlike the cre;tine kinase froh
" rabbit skeletal muscle, only a single class of -tyrosines Qith a pk ;alue
of 10.6 £ 0.1 was determinéd to be present within the molecule. This
observed pK value is siightly higher‘than the values usually. accepted
for tyrosines fully exposed, suggesting these groups are partially bur-
ied.

Secondary sch;ture stability data (6 ) as a function of pH

220nm

is shown In the insert of Figure 23. NoAchange was.eyldent in eZZOnm
up to pH 11.0, suggesting that ionization of tyrosine residues is not
atcompanied by any loss of secondary structure. By pH i2.5, nearly LO%
of the secondary structure has disappeared.

8. Enzymology

a. Progressive Purification Studies

Progressive purification of the myofibrillar creatine kinase
throughout the procedure was indicated by deéermining the specific
ac{ioity at different stages. %He latter quantity was deter-

" mined by the method of fringe counts. The specific activity of creatine
kinase increased from an average value of 2 units/mg protein for the.
supernatant prior to pH 5 precipitattpn, to 4 - 6 after ammonium sulf;te
precipitation and finaliy to 35 - 40 units for the partially purified
creatine kinase after the first DEAE cellulose column. Rechromatography
of this protein increased the spec{fic activity to an average of'SSV- 60’
units/mg. for most preparations. At times when the preparation was done

very quickly from fresh hearts this activity could go as high as 80 - 85

) ) .
units/mg. Cytoplasmic creatine kinase preparations which were usually

prcpared within 4 days gave values as high as 95 - 100 units/mg. F;eezef

_ 82



‘:dryfng ;eSUIted in a net loss of bﬁly 10% activity provided it was done
with mlnlmum time loss. The average value of 60 for the myoflbrnllar

enzym# compares with 85 unlts¢mg reported for creatine kinase from rab-
bit gﬁeletal muscle (82) and a value of 4k for creatine kinase extracted

~ from rat cardiac myofibrils (64).

b. Determination of Kinetic Parameters

Kinetic parameters of myofibrillar.creatine kinase from bovine

-
-

cardiac muScl? were détermined fér the substrates creathé’;hosphate and
ADP. ' . |

Flgure 24 shows the L|ngwea¥er Burk plot for the substrate creat-
ine ?hosphate:‘ The K value determined from the |ntercept on the abscis-
sa was f0uhd to be 1.9 mM. A similar study.on the cytoplasmic enzyme
produced a value of 2.0 mM. The'Km of creatine pﬁosphate for rabbit
skeletal creatine kinase was also determined for comparatiyve purposes
and found to be 2.1 mM. Published reports using rat cardiac myofibrils
as a source have given a value of 1.67 mM for the same substrate (64).
A1l these results are within the same order of magnitude.

Figure 25 shows the Lineweqver-Burk plot of creatine kinase
activity for the substrate ADP. Here the value of Km for ADP was deter-
mfned as 0.047 mM for the myofibrillar creatine kinase, and 0.050 mM far
the cytoplasmic form from bovinc hecart. This compares with 0.065 mM for
the rabbit skeletal proteln and 0.077 mM from the myofibrils of rat

heart (6h)7 Agaun all values are in the same order of magnitude.

9. ldentification of Isozimes

The amino acid analysis of creatine kinase from bov}pe cardiac
muscle had suggested that the isozyme separated, from both‘myofibrilla;

.and cytoplésmlc sources, was of the MM type. To examine this further,
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" Figure 24, Lineweaver-Burk plot qf creatine kinase activity for the -
‘substrate creatine phosphate. The reciprocal of the rate is plot-
ted versus the recipiocal of the creatine phosphate molar concen-
tration. ‘The different symbols represent several different pre-
parations of myofibrillar CPK. The intercept on the abscissa gives
the value of -1/K. '
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Figure 25. Lineweaver-Burk plot of creatine kinase activity for the
substrate ADP. The reciprocal of the rate is plotted versus the
reciprocal of the ADP molar concentration. The different symbols '
réepresent several different preparations of myofibrillar CPK. The’

‘intercept on the abscissa gives the value of -1/Kg. ‘
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polyacrylamide gel eleétroﬁhbresis studies in conjunction with the pre-
i

paration of a viable hybrid MB from two different species were undertaken.

LG

a. Preparation of MB Hyhrid-

‘Keutel_gﬁ_g_ (121) have reported the pI of calf MM to be 35T

MB to be 6.8 and for BB to bg 5.6. These. calf isozymes were ea5|r; sep-
. >

arable using a chromatographic system-comprised'of a DEAE cellulose
DE-32. column equlllbrated at pH 7 with a succtnatp Tris buffer.

Rabblt BB isozyme ‘is hlghly similar to calf BB (MZ) hence a
subsfitution of commercial BB from rabbit skeletal muscle for sovin; BB
was deemed feasible. Rabbft skeletal BB enzyme (ngha) was thus hybrid- .
ized with bovine ;reat}ne kinase according t§ the method of Keutél et
_EL,:(IZI) and subsequently purified.

The technique of preparing the hybrid was as follows: approxi=
'mateiy 20 mé of bovine creatine kinase (from‘a myofibrillar source) was
added to 10 mg of commercial -rabbit Bé in a total vbluqe of 0.5 mt. To
this was added 4.5 ml of a solution toniaining L M guanidine hydrochlor-
ide, 50 mM Tris, 2‘mM bTT and 5 mM Eg}i at pH 7.6, and the temperature
.was raised to 30°C for 5 min. Reaé:eafing.of the subpnits'was aécom-
plished by.immediate dilution with 3|‘ml“of ice cold solution containing
50 mM Triﬁ, 5 mM EDTA, 1 mM DTT, pH 7.6. The protein was then dialyzed
agéinst 20 mM sdccinate-Tris, ] mM EDTA, 1 mM DTT, pHJ7 0, and put on a
DEAE céllulosé DE~32 column equilibrated'against the same buffer.  The
separation is shown in the chromatogram of Flgure 26.

It should be noted that all of the bovine creatine klnase ex-
tracted from the myofibril, as well as that- from the cytoplasmic pre-

1 : .
_parations consistently eluted in the position of the MM peak.. In

both - instances, neithér'of the preparations showed traces of any MB or
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Figure 26.  Chromatographic separation of the hybrid MB isozyme of
creatine kinase. The diagram shows the elution_ profile of a DEAE
cellulose column eluted with 20 mM succinate-Tris, 1 mM EDTA, 1 mM
DTT, pH 7, buffer containing a 1000-ml linear gradient of 0 to 0.4 M
NaCl. The dotted liné indicates the posjtion rabbit BB-CPK would
have if it were present. (— elution profile; ——— NaC1l .
gradient)
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BB forms,Aindicaiing that the isolation procedure is highly selective

for the MM form. Elution profiles of rabbit skéletal‘CPK from the

M-band also*indicated this enzyme to be of the MM type.

The same column equilibrated in 6 M urea, 50 mM succinate-Tris, 2mM v
DTT, 5 mM EDTA, pH 8.0, gave only on; peak,‘indiéative<qf identical sub--
units being pré;ent, for bovine myofibrillar and cytopl;smit CPK';. . [

1

b. Polyacrylamide Gel Electrophoresis

& .

. . € . ‘ ’
The chromatography results were verf??ed by poiya;rylamide gel N

: ~ .
electrophoresis. Figure 27 shows the results of electrophoresis per-

formed in 10% acrylamide concentration in 0.16'M glyciné, 25 mM Tris,
pH 8.38 at 2.5 mA/gel for 1 hog)l The gel pattern establishes that

the mobilities of the bovine myofibrillar, bovine cytoplasmic and rab-

the MMIForms d the rabbit BB form..

bit skeletal enzymes areijTT\ he séme._ Th& MB hybrid formed shows a
mobility.intermediaté betweeg\im

+ DGring thé co;:§¢ of t

A «
s study, a uniyue phenomenon was noted.

)

The gel patterns seen in/Figure 28 are all creatine kinases of the MM

form which were seen at t séfglkonditions as mentioned above, but for

2 hours longer. It is apparent that some very mingr differences in

»,

charge are present within the purified MM creatine kinas%s. This phen-

omenon has been reported by-Armstrong et al. (122), who found that de-

spite higﬁ purification verified by sedimen;ation velocity and chromato-
graphy, as many as seven mfnor protéin bands 'could be demonstrated by
disc electrophoresis, ana these multibanded patterns were observed con-
sistently. The presence éf thiols did not discourage this pattern's ap-
gearancé. Since some of Lhese bands were still antigenic, therauthors

suggested that an extraneous protease may be e nsible for the hetero-

. 6 : . : . o
geneity of the purified enzyme, or possibly fthese contaminating proteins <



Figure 27. Disc gel electrOphoresns of creatine kinase isozymes. The
acrylamide concentration was 10%,

glycine, 25 mM Tris, pH 8.38. The electrophoresis was performed

for

1 h at 2.5 mA/gel.
myofibrillar CPK from. bovine cardlac muscle'
commercial rabbit BB (Sigma) from brain tissue;

MM + MB hybrid formed from excess bovine MM and rabblt BB
in 4 M guanidine hydrochloride; * )
MM-CPK from rabbit skeletal muscle; :

purified MB‘hybfid following chromatography on DEAE cellulose,

in a buffer consisting of 0.16 M

89



Figure 28. Prolonged disc gel electrophoresis of creatine kinase iso-
zymes. The acrylamide concentration’was 10%, in a buffer system
~consusting of 0.16 M glycine, 25 mM Tris pH. 8 38. The electro- °

phoresis was performed for 3 h at 2.5 mA/gel. All of the samples
are of ‘the MM type fhom:

(a) myofibrillar bovine cardiac muscle;

(b) cytoplasmic bovine cardiac muscle;

(c) commercial (Sigma) bovine cardlac mascle;
(d) rabbit skeletal muscle;

(¢) commercial &flgma) rapbit skeletal muscle. - .

2

_:"

30,




may'arlse durlngithe'purlfication procedure. The latter suggestlon im-~
N
' plles the ability of creatlne klnase to adOpt more than one kinetlcally

stable conformatlon The fact that for the MM |sozyme this pattern con-

V-

' sistently crosses spectes barrlers |nd|cates a common factor of “weak

llnks" wlthln the molecule ltself may be responsnble for these small

Se

pfferences in charge It may. also be’ dﬁz to these cleavages that the S 9

3

. . h ~
, éﬁé[ﬂ&ifr'St'C doublet pattern seen |n SDS-polyacryladee gels arises.

D.  SUMMARY
" The myofibrillar creatlne'kinase extracted'via'a'low ionic

ﬂ'strength medlum from bOVlne cardlac.muscle .appears to be the MM isozyme.

This conclusnon is Based on evudence from polyacrylamlde gels whlch in-
L4 e .

di cetes: the cardlac myoflbrlllar enzyme to co- mlgrate WIth the MM forms
of CPK from other sources, and ns corroborated by comparlson wnth the ,
“amlno aC|d conpos:tlon of the MM creatine klnases from other sources.

Comparison of the physical parameters of the cytoplasmlc and myoflbrlllar

creatlne klnases |ndicates that.. they are probably the same enzyme They

have the same extlnctlon coefficient'fE:iﬁ'at 280 nm of 9.0 ‘and- possess

' equuvalent ultravnolet absorptnon spectra. An examlnatlon of the clrcu—‘
2
lar dachroism spectra in both. the near and far WV also pounts to the twO‘
. \ N . ! .
: enzymes as belng |dentical - The a- helncal content for both enzymes was S

)

calculated to be 30% wlth a B-conformatlon value of 20%. Sedlmentatlon
‘equal|br|um studles for the cytoplasmlc and myofubrlllar CPK. gave a mole-
cular weight in the range of 80 009 daltons for the native enzymes and

' ho 000 daltons for thelr subunnt molecular weight The S :VIS 5. l- -

20
'. .
5.2, Both appear to have an average specnflc actlvlty of 60 unlts Bef

mg protein. K values are'fn the range ‘of 0 05 mM fon.ADP and 2 0 mM ﬁor o

P




creatine phosphate. - Most of ghese values show a great deal of snmllar-“‘

ity with the VQlues determined for the skeletal CPK counterparts from
chicken and rabb\t muscle leferences wlth creatlne kinase from rabbit
skeletal .muscle are small, rabbit skeletal CPK has a molecular wenght of

85 000 * 4,000 - daltons whi le clrcular dlchrO|sm calculations gave an a-

_helical content of 20% with a ﬁ conformatloﬁ value of 40% (82). As well,

\spectrOphotometrlc tltratlons show that rabbit skeletal muscle has two

classes of tyrosines wnth the secpnd class havnng a pK of 11, 8 while in

the bovine cardlac case, GPK has only a single class of tyrosunes with a

pK of 10.6. This slight difference may prove of use in studles lnvolv—

L)

ing the environment of the tyrosnne chromophores, partlcularly in. |nter*
L 4

_action studies with other contractile components In this context
f1s]

small subtle changes anound the tyrosines could ébncelvably be plcked

up by fluorescence measurements . , -
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/. A ' ; CHAPTER IV
INTERACTION STUDIES

[}

A. INTERACTION STUDIES OF CREATINE KINASE WITH MYOSIN AND ITS
SUBfRAGHEN%S ’ ' <:¢
" Creatine kinase and myosin are functionally related. It is rea-
sonable to surmise the former enzyme regenerates the ATP used b; the
latté}‘5uring hydrolysis, and in this role, creatine kinase may serve
as a reéulatcx'of ATP concentration {n muséle contraction, ﬂReggrts in the
liter;ture have demonstrated interaction between creatine kinase and
myos in f70, 71, 80). Studies by Mani and Kay (82) established that an
intefaction occurs between creatine kinife and myosin, heavy meromyosin
and subfragment>1 ffom rab?it gkeletaf muscle. As pért of an overall
comparative study of these systems it was of interést to determine
whether a parallelOinterac£ion occurs between creatine kinase and myo-

sin, using boylfie cardiac muscle as the source.

1. ATPase Activity Stqdies

Work by ?agi and'Mase (70) and Botts et al. (71) has show; that
addition of creatine kinase to myosin results in a lowered ATPase of
myos{n,,prégﬁhably due to interaction between the two en;ymes. Figure
'2§~shows the inhibitory effect induced Sy bovin;'éreatine kinase on the
ATPase of cardiac myosin, heavy ﬁerqmyosiﬁ and sdbfragment-l. .M;ximum
. .inhibition was found to occur when the two-enzymésAwgre inal:l mle
ratlo. ATPaSe.inhithidn values of 26% for éardiéc myosin, 20% for
h;SVy‘meromyosfn"and’ISZ for subfragmeﬁé-l parallel fhe results report-
ed for ghe rabbit skeletal §ystem,(82), which gaQe valugs of 25, 20 and
iQZ, reSpectjveiy, for‘fnﬁ{bithx\ofsgeletél'myosin and its gﬁbfr?gﬁents

o
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by creatine kinase from rabbit skeletal muscle.

2. Association of Creatine Kinase with Myosin Filaments

n

Morimoto and Harrington (75) had reported that creatine kinase
promoted aggregation of synthetic skeletal myosin filaments in solution.
By dialyzirig myosin in 0.5 M KCl versus 0.13 M KC1, 2 mM barbital, pH'
8.3, they were able to prepare synthetlc myosin fllaments with. a very
sharp size distribution and a smooth central region snmllar to natural .
thick fllaments.' The addition of creatine kinase to this system result-
ed in an increase in the sedimentation ooefficient of the fast-moving
polymer peak from 25 to 39S, and thé formation of a latgep aggregate
spécfes.' An attempt to perform the same experiment using a cardiac myo-
sin systeﬁ did not prove feasible, since under the same conditions car-
diac myosin did not remain solublo bUt totaliy precipitated oot of
solutlon. Alternatlvely, a new set of conditions had to be determlned

.

A range of different pH's and ionic strengths were investigated:
2

from pH 6.8 to Q%O, and ionic strengths of O.}Zyto'O.IS M KCl. Using
different combinatioqs and ;ifférent times;of‘dialysié; it was found
- that cardiac myosin from bovine .muscle formed aggrogate sypthetic myo-
sip filamentscafter 16 hours in 0.14 M KCI, 10 mM Tris, pH }.52. This
system was found to be highly time dependent; prolonged é*posure toldié—
lysfs.showed such a'high degree of apgtegationvthat evéntually no myosin
waspleft in solution. Figure 30 shows the sedimentation profnles of -
cardlac myosin in the upper frame, and the same myosin with a known add-
ed quantity of creatine kinase (3.7 mg/ml) taken at dlfferent times af-
_ter reaching 20 000 rpm . |

Examtnatlon of the sedlmentation velocity patterns §hows that

,the addition of creatnne kinase to thus system results in a decrease in

3
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~ the area of the faster moving peaks and additionally an |ncreased sedi-
mentation coefficient. A larger aggregate species was found to sedlment
‘to the base of the cell prlor to reaching operating speed This larger
.aggregate is probably a combination of creat|ne klnase with the cardiac
myosin filaments and is interpreted to be the direct cause of‘this

change ip the sedimentation patterns Such chdnges in sedumentatlon gat-»
terns were found cons:stently, although exact values _were not necessarily

reproducible.

- a

An indication of the effect on the S values of the myosin fila-
ment doublet peaks by the additiod of creatine kinase is given in Table
1, accompanying Figure 30.

3. Circular Dichroism Studies

‘Work by Mani and Kay (82) using circular dichroism experiments
had indicated that creatine kinase isolated from the M-band of rabbit
skeletal muscle interacts with skeletal myosin and its subfragments
and furthermore this interaction décreases as one proceeds from m9o51n
through t heavy meromyosin and to subfragment-1. .CD measurements dem-
onstrated con{ormationa] changes which were revealed as net increases
in neoarjve ellipticity at 221’nm as a result of in{eraction between'the
two enzymes. The.net fnc;eases in ellipticf?? were 2400 degreea-cmzw
dmoje-l for myosin,,2000 for Heavy meromyosin and 1000 with subfragment-
ll upon inferact}on in each case with creatine kinase from rabbit skele;

‘tal muscle at a I;l mole_ ratio. |
) Comparable experiments were undertaken using cardiac myosio
'from'bovine muscle. Cardiac heavy meromyosin and subfragment l were

prepared by the method of Lowey et al. (111). Clrcular dIChrOlsm spec-

tra were performed for myosin, heavy meromyosin and subfragment-1, each
. ) . . [ . _



a

- at T:1 mole ratio, with creatine kinase from bovine, heart. A change in

., ellipticity-was found only for the case of the myosin:creatine kinase

system, giving a net increas? in negative ellipticity of 500 degree54Cm2.

dmo]e-‘. This value'is just outside experimental error. The CD results

of this_study reflect a difference in behaviour between the cardiac and

~ N .

skelqtaL systems in that with the cardiac components the fact that there

is no change codld reflect no interaction or possibly conformational

changes™ are not detected by CD. The evidence of ATPase and myosin

aggregation studies seems to favour the latter conclusion.

‘h. Gel Filtration Studies
'; l Gel filtration studies were undertaken to examine the' nature of
this interaction between myosin and creatiné kinase 'from bovine cardiac
muscle. A Biogel'A 0.5 M column was used to attempt isolation of..a c0m:
.plex of these two components should it be present. Figure 31 shows the
.elution profile of a 1:1 mole ragio of the myosin creatine kinase mix-
ture applied. No,evidence-of a mygsin—CPK complex was observed. The
applied quantities‘of myosin and creatine kihase could Be accounted for
in the two separated peaks. Furthermore, subsequent SDS-polyacrylamide
gél.studies showed no creatine kinase contam{nation.present in the myo-
sin ﬁeak. Thesg ?esult; imply that the interaction may be«of two t9pes:
either an equflibrium type of comp!ex’formation, or possib\y an electro-
static one. Certainly, there is no evidence to support the formation
" of a tight complex such as thaf,found for Eﬁe 165,000 dalton componeqb—
gubfranent—Z‘cqmplex By Mani_and Kay (92), who used similar gel ffltra-

@ ‘

tion studies to isolate their complex.
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Figure 3. Gel filtration of a 1:1 mole ratio mixture of myosin arid .
ereatine kinase from bovine cardiac muscle. The diagram shows the
elution profile of such a mixture applied to a Biogel A 0.5 M
column in 0.5 M KCl, 2 mM phosphate, pH 7. ‘
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B. [INTERACTION STUDIES_OF‘QREATINE KINASE WITH THE 165,000 DALTON

COMPONENT

.
’

1. Investigations Using a Bovine Cardiac Muscle Source

The presence of a secondVCOmponent of the M-band of striated

muscle has been established and examined by several workers (86, 89, 91).

This protein was extracted along with creatine kinase in a low ionic
strength medium from rabbit (91) and chicken skeletal muscle (86, 89).

Because the present studz-also used a low ionic strength extraction
of creatine kinase, it was of interest to determine if an analogous
A

165,000 dalton protein was present within the extracts from bovine

cardiac muscle.

v

PrelTiminary examinations of‘SDS-poiyacrylamide gel patterns of
the low ionic strength exiract (eveaied the presence of a possible can-
didate for the 165,000 dalton component; however, unlike the case of
rabbit skeletal mgscle’(Sl), separation proved highly difficult because
of the low yield and the presence of 6 - 7] other, more abuhdant contami-
énts even after fhe first DEAE ceilulose chromatography. Ffor fhis rea-
son, this method of preparétfon was abandoned and as an alternative
procedure, the standard methods of Maséki and Takaiti (86), wﬁpfémploy-
ed bofh Guba Straub and Hasselbach-Schneider's solutio;s (HS) for ex-
traction, were attempted. Their procedures, as designed for chicken o

skeletal muscle, disfupted the myofibril by virtual extraction of the

myosin and in this manner they were able to isolate the 165;000 dalton

component. Application of these,same techniques to bovine cardiac mus-

cle proved to be unsuccessful. It was found that the 165,000 dal ton
candidate éppeared-to possess a high affiqity towards myosin, and con-

sequently was lost along with the myosin in separating procedures.
S =Y . v
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Figure 32 shows a representative set of gel patterins at different stages

of an HS preparatfon It is evudent that after the myosin has been re-
moved all traces of the 165,000 dalton candidate have vanished.

The other standard publ|shed procedure of Trinick and Lowey (89)
was also attempted. This method, involving;extraction with high salt
(0.6 M KC1), also proved ineffectuaf'since the same. difficulties were
encountered. For thié reason, studies.of‘a hybrid nature were under-

taken. : T

2. Hybrid Interaction Studies of Bovnne Creatlne Kinase with Rabbit

Skeletal 165,000 Dalton Protein

Mani and Kay (91) had found that the 165,000 dalton protein com- .

ponent from rabbit skeletal muscle inhibited the enzymatic activity of
creatine'kinase from the same sobrce, and furthermore, had established
the nature of "this inhibition to be competitive. A maximum inhibition
of nearly 30% was observed when the 165,000 dalton component and creat-
ine kinase were present in a 2:1 mole ratio respectively.

Accordingly, the same experiment was repeated using the 165,000
dalton component from rabbit skeletal muscle and observing its effect
on the activity of creatine kinase from bovine heart. A maximum inhibi-
tion of l32_was demonstrated at a 2:1 mole ratio of 165,000 dalton
protejn to CPK as shown in Figure 33. Considering this is a hybrid

system, this value, though low; is significant.

A simllar study with a chymotryptic fragment of the 165, 000 dal-

ton component (123) which has a molecular weight of 100, 000 also" showed

inhibition, but only 83. | T
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C. SUMMARY

&

Creatine kinase from the myofibrifs of boVine cardiac muscle has
been shown to interdct with its parent myowin and its subfragments. In

the case of CD experiments, this interaction is different than that

"

found in the skeletal case, but in ATPase studies bovine cardiac results .

«

parallel findings in the rabbit Bkgletai system. SimilarTy,'creatine .
kinase also tends to pfomote filament formation in the cardiac myosin
system as has bgén demonstrafed\in the skeletal case. The fact that the
hybrid systems show a positive inteéactfon implies two things.‘ Firstly,
bovine creatine kinase bbssibly~could substitute in studie§ of the recon-
stitution of the M-band in myofibrils from other sources such as.chickeﬁ'
or rabbit.skeletal muscle, and secondly, {t suéqests that an anélogue af
tﬁe 165,600 daltoq component is preéent in the low ionic strength ex-

[N

tracts of bovine cardiac muscle.

105



CHAPTER V

IMMUNOB I OLOGY AND ELECTRON MiCROSCOPY

A. INTRODUCTION ’ ‘ S

Bovine cardiac myofibrils, like thePr skeletal counterparts,

3 .

possess a definite M-band structure (97). The methodology employed in
the extraction of creatine kinase had been shown by Morimoto and Harring-

ton (75) and subsequently by Walliman et 4) and Eppenberger et al.

\

(thL 'to selectively remove the M-band f Aicken skeletal muscle.
f\ ° .

/Sfﬁcé\the method of preparation of bovine cardiac CPK was the same as that

)

used th earljer studies; it scemed imperative that an investigation be

v/
-

- undertaken to localize the origin of the myofibrillar creatine kinase.

This chapter therefore cefitres on antibody and ultrastructure studies

6 -

designed to determine if the creatine kinase so extracted has the M-band

as its source.

B. METHODOLOGY FOR ELECTRON MICROSCOPY OF BOVINE CARDIAC MYOFIBRILS

1. Preparation of Myofibrils

Glycefinatéd myofibrils were prepared according to Pepe (72).
Prior tp'treatment,rphe myofibrils were cut in;o small 1 - 2 mm cubés.
The myofibrils were then.washed-approxjmately 5 OF 6 times with OJi M

KCl, 20 mM potassium phosphate. A portion of these myofibrfls were set

o .

aside as a control, The remaining myofibrils were subSequently eéxtract-

’

equfor 90 min in 5 mM Trié,“pH B.D,Aand a sample was removed at the end
N Y

of this time period and placed back ‘into 0.1 M KCt; 20 mM phosphate.

The remaining myofibrils were allowéd to be extracted overnight. ‘Gen-

tle agitation was allowed throughout these washes and ‘extractions.

;7 06
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2. Fixation and Embedding Procedures

The myoﬁ}prils following washigg treatment were further sectioned
to | mm cubes and fixed in 2% glutaraldéhyde (Polysciences), 0.2 M/sodi-
um phosphate buffer, pH.7.2 for 60 min. They were then washed three
times with phosphate buffered sucrose &6.84%) over a 60 min period and
fixed at room temperature with 2% osmium tetroxide (Polysciences)bin
phosphate buffer for 30 - 60 min. A final couple of washes with 0.2 M
phosphate buffer for 15 - 30 min preceded the dehydration which was car-
ried out in a step-wise fashion. The myofibrils were wéshed once with
502 ethanol for 5 min, twice with 70% ethanol for 10 min, twice with)95%
ethanol for 10 min and twice with absolute ethanol over a 30 min period.
Following dehydrafion, the myof;brils were placed in prqpylene oxide
(Polysciences) with two changes for 30 min before being infiltrated ov-
%rnight'with ; 1:1 mixture of propylene oxide:complete resin.

The preparation of the epoxy embedding resin was as follows:
the resin was made up in two parts, A and B;.with the final resin 3
parts A to 7 parts B in order to obtain the selected hardness for ease /
of section‘cuttiﬁg.

In making up 50 ml of resin, 7.3 g of EPON 812 Epoxy Resin-epoxy
gquival;nt 150+5 was added to l}.l g of dogpcenyl suqcinic anhydride .
(DDSA) to make solution A. 23.4 g of EPON 812 was then added to 19.66
g of nadic methyl anhydride (NMA) to make up solution B. All chemicals

were from Polysciences. Solution B was poured into A in order to mini-

mize the dilution of A. To make up enough fer the overnight infilfration,

10 ml of the compléte resin (i.e., llaé g) were removed and 12 drops of . . {

1DMP-30 accelerator were added. This was then diluted l;ﬂ'with propylene

oxide; placed over the myofibrils, and allowed to infiltrate overhighf.

B
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. The overnight infiltration mix was removed from the myofibril
next day, and replaced by the rest of the complete resin to which 40
drops of DMP-acceleratbr had been added. Infiltration was allowed to
proceed *of 1 - 3 hours, with at least two changes of fresh.resin. The
myofibrils were thén.orientated in the smallest drop of resin in a Beem
capsule and prepolymerized for 60 min at 60°C. The capsules were label-
led, filled with complete resin and polymerized for two days at 60°C.
Seétions were then cut 60 - 120 nm thick on a microtome knife.

Sections were stained for 5 min with lead citrate at a 1:4 di-

lution with 0.1 N™WNaOH. (The stock solution was made up of 1.33 g

‘lead nitrate and 1.76 g sodium citrate with 8 ml of 1 N NaOH in 50 ml

total volume.) The sections were rinsed with 0.1 N NaOH, then water
and dried. Further staining was done with saturated aque;ﬁs uranyl ace-
tate for 10 min followed by a rinse with water before drying.
/" ' . // ;.
C. HETHdDOLOéY FOR IMMUNOBIOLOGICAL ASSAYS
Trinick and Lowey (839 had unéquivocally established the pre-

sence of the 165,000 dalton componént in the M-band of chicken skeletal

muscle by the use of antibodies. Their results showed definite thick-

1
ening of the M-band concurrent with a highly increased electron density

in that region. An attempt to perform g similar experiment with the
myofibrils of bovine cardiac muscle and antibodies to creatine kinase
f rom bovfne myofibrils was therefore undertaken. 'Since%%abbits.proved
to be a poor source of antibodies, youné ropsfers were chosen f@r the
immunization procedures.

°

1. Immunization Procedures:

‘Homogeneous creatine kinase from.bdvine cardiac muscle, 0.5 mg
: >

108



in 0.5.ml of 50 mM Tris, pH 8, was emulsified with an equal volume of

Freund's Complete Adjuvent (Difco Laboratories). Prior to injection,

3

the two roosters were bled to provide a plasma control .sample. The emul-
sion was injected into the breast muscle of the young roosters. One
week later, a booster shot of 0.5 mg creatine kinase With Freund's |ncom-
plete Adjuvent was givén‘to each rooster. Three weeks after the first
injection, the roosters were bled, and their_plasma recovered after cen-
trifugation.
2. Radiolabelling of Creatine Kinase

o .

Homogeneous creatine kinase was labelled according to the Chlor-

4,

amine T procedure as described by Greenwood et al. (125). Approximately

100 ug/ml of the protein solution in phosphate buffered saline~(PBS),

'25| (0.5 = 1 mCi (milli-

pH 7.2, was taken up in a small tube and Na
curie); at SO?- 100 ul of 10 mCi/ml) in PBS was added followed by é
freshly prepared solution of Chl@ramidé T (25 - 50 yl) from a 5 mg/mi
stock solution. Thevreaction mi xture was thoroughly mixed by a Vortex ,
mi*er and left &4 - 6Lmin at room temperature. 50 j;IOO ul of freshly
prepared sodium me;abisulfite (from a stock 12 mg/ml) was added and af-
ter 5 min the contents were transferred to a dialysis bag using 1% pot-
assium iodide solution (0.5 - 1 ml) to rinse the glass tube. “he pro-

125 _Jabel-

tein was then dialyzed against PBS overnight at 4°C. The
led protein was.stored in a glass container at -20°C and could be used’

for up to 6 - 8 weeks.

3. Radioimmunoassay Procedures
, Radioimmunoas;gl§/Wefe performéd according to Hunter (126).-
The 3% polyethylene glycol used, in this say selectively precipitates

. .
antigen-antibody complexes (127, 128) of both 1gM and IgG class.

109



)

Ay

The lzsl-labelled creatine klnase (25 u1) was taken up into a
small tube and 25 pl of plasma were added followed by 0.5 ml of 0.1 M
Tris-HC1, pH 7.2, and normal rabbit serum (1:1). The mixture was vor-
texed and left at room femperature for'30 min and then overnight at 4°C
A control sample received normal plasma instead of immune plasma. 7%

polyethylene glycol af‘h°C was then added and the mixture vortexed.

The tubes were centrifuged at 2000 rpm for 60 min at 4°C. The super-

t
-~y

natants and pellet were separated and the pellets washed once with 3%
polyethylene glycol and centrifuged as before. The washings were added
to the supernatant obtained above. Both supernatants and pellets were.

counted in a y-counter. The percent antigen bound was expressed as:

; _ . CPM in.pellet
% antigen bound = CPM in pellet + CPM in supernatant

x100 [14]

where CPM refers to counts per min.

In both immun i zed roosters, fad10|mmunoassays demonstrated a

hlgh percentage of bound antlgen 78% in one rooster and-80% in the other,

,lndlcatlng an excellent immune response

k. Purlflcatlon of Antibodies

Antibodies to creatine kinase were purlfléd by affinity chroma-
tography (see Expernmental Methods) using essentlally the method. employ-
ed by Trinick and Lowey (89). Plasma from both roosters was pooled dl-
luted 1:1 with PBS and placed on the afflnvty column. Elutlon of anti-
bodies was accomplished by flushing with 4 M guanndsne hydrochlorlde, ﬂ
50 mM Trls, pH 7.5. The antibodies were then lmmednately dialyzed ver-
sus 0.15 M KC1, 0.015 M K,HPO, , 0.004 M KHZPohf(a potassium analogue.of
PBS) to minimize exposure to guanidine. Samples were then frozen and

stored at -20°C until required.
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Labelling of Myofibrils

The labelTling of bovine cérdiac*myoffbrils with purified anti-

bodi¢s was performed by applying the technique of Trinick and Lowey (89).

mall bundles of glycerinated myoflbrl]s were first cubed, ‘washed with

0.1 M KCI, 20 mM potassium phosphate pH 7, to remove glycerol, and then

incubated 0vern|ght in a 2 mg/ml solution of antibody in ‘the same buffer.

The myofibrils were then washed extensively and prepared for electron
microscopy as described previousjy. A second sample was incubated in

. » v
plasma that had antibodies to creatine kinase present.

D. RESULTS OF ULTRASTRUCTURE AND |MMUNOLOGJCAL STUDIES

1. Low lonic Strength Extraction

' Figure 3h’shdws the effect of iow ionfc strength extraction on
the ultrastructure of the myofibrils of bovine cardiac muscle. Figure
34a shows the fntact Z and M lines. Figure 34b displays the result of |
a 90 min entraction with low ionic strength Deflnnte leachifig of the
H-band.has occurred. Figure 3h4¢ shows the overnlght extractlon, and
here again the M-band has been selectively removed, Ieaving behind a

remankably intact structure sans the M-band. These results parallelled

the findings of Horlmoto and Harrlngton (75) and encouraged the sugges- -

‘tion that the creafine kinase in this stUdy may have the M-band as its
origin.

2. Antibody Binding Studies

Figure 35 ihéaz the effect of puttlng crude immune plasma and
purlfued antubody on myofnbrll preparations. Examlnatuqn of the three
frames in Figure 35 reveals all samples to be virtualiy identical. 'No

thickening of the M-band is apparent, nor is therg an apparent increase
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Fogure 3h. Electron microscopy of sectioned bovine cardiac myofibrils
showing the effect of low ionic strength extraction (magnification =
27,300 X). An arrow indicates the position of the M-band.

(a) "control' glycerinated myofibrils washed with 0.1 M KCl, 20 mM
potassium phosphate, pH 7; . :

‘(b) myofibrils following 90 min extraction with 5 mM Tris, pH 8;

(c) myofibrils following overnight extraction with 5 mM Tris, pH 8.

The apparent differences in sarcomere length are due to fixation at

different stages of contraction.



Figure 35. Electron microscopy of sectioned bovine cardiac myofibrils
showing the effect of incubation with chicken antibodies to bovine -
creatine kihase (magnification 27,300 X). An arrow indicates the
position of the M-band. . .

(a) "control'.glycerinated myofibrils washed with 0.1 M KC1, 20 mM

' potassium phosphate, pH 7;

(b) myofibrils following overnight incubation with purified anti-
body (2 mg/ml) in PBS, pH 7.2; .

(c) myofibrils following overnight incubation with crude plasma
diluted 1:1 with PBS, pH 7.2. ‘

The apparent differences in sarcomere length are due to fixation at

different stages of contraction.



in the electron density with either the addition of purified antibody

or crude immune plasma.

Since the M-band could be expected to act like an affinity col-

,umn and selectively bind the antibodies present, these results suggested

‘three possibilities. -The first//as that perhaps the creatine kinase:
isolated in this s}udy may not have its origin in the M-band but may be
adventitiously bound to the myofibril. The latter point appeared to be
ruled out since no binding at all was dgmonstratéd th}oughout the myo-
fibrll; Secondly, perhap; the aggregation phenomenon of chicken anti-
bodies (a process which increases as purification proceeds) hampers
their infiltration into the r;ryofibrifs during incubation. Thirgdly, and
mosfllikely, the antigéhfb sites on creatine kinase may become inacces-
‘sible once it is‘b0undﬁt§ the myofibril. The question of whether or
not creatine kinase has its oribiﬁ at the M-band, therefore, had not
been conclusively proven one way or the othef by the use of antibodies.
I
-E. RECONSTITUTION OF THE M-BAND, ot
Because binding of chicken antibodies to fhe cardiac myofibril

could not be established, an afteﬁpt waJ'initiafe& to try and re-form
the M-ﬁa;d structure Qsing its known components creat%ne kina;e and the
165,000 dalton protein. During the course of this study, the presence"
of a possible candidate for the 165,000 d#ltonvprotein had been noted
in low ionic strength extracts of bovine cardiac mUscle.ﬂsge Chapter

iv). Although purification of this'candidate'proved unsuccessful, hy-

brid experiments had suggested that the 165,006 dalton component fram

" rabbit skeletal muscle could conceivably substitdte‘for its bovine ana-

logue. Rabbit skeletal 165,000 dalton;protéin was thus used in recon-
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'stitution studies in the cardiac system of bovine muscle. In addition,

reconstitution studies in an all skeletal system were also performed in
v .

order that a comparison of the skeletal and cardiac gystems would be

complete.

L. ﬁethodoiogy of Reconstitutio;\\\
Glycerinated mygffbrils wer%:zrepared as already discussed. Ex-
tensive washing was accomplished with 0.1 M KC1, 20 mM phosphaf; pH7, ‘and a
portioh of these myofibrilé were~set aside to ;erve as eontrols. The
'remaining myofibrils were subsequently extracted for twé hours in 5 mM
Tris pH 8, and a sample wés removed at the efid of this time peri&d to
serve as an ''extracted contrél”. The rest of the extraéted myofibrils
were used for reconstitution $fudies.
| The myofibrils were placed in solutions of creatine kinase

(1 mg/ml) aAd 165,000 dalton component (2 ﬁg/ml) using PBS, pH 7.2; as
the reconstituting buffer system, and 5ubjecte& to gentle agitatfon.
Samples\in which the two components were édded sequentially were gently
stirred for two hours with only one M-band protei;’present followed by:
the sécond component at about a I?I mole'ratio. All reconstituted sam-
ples were then. allowed to inéubatg overnight. The_e?cesg protein was
‘washed away with 0.1 M KC1, 20 mM phosphate pH 7 before preparation of

the myofibrils for electron microscopy as described previously.

2. Results of Reconstitution Studies

‘Figure 36 shows the results for the cardiac system. The washed

myofibrils of bovine tardiac muscle appear intact with distinct Z and M

bands evident in Figure 36a. Extraction with low ionic strength shows

definite leaching of the M-band as seen .in Figure 36b. The addition of

creatine kinase in Figure 36c, and of the']éS,OOO dalton compohent in

2 ¥



Figure 36. Reconstitution of the M-band of bovine cardiac myofibrils.
Shown are the electron micrographs of sectioned bovine cardiac myo-
fibrils (magnification 27,300 X). An‘arrow indicates the position
of the M-band.

(a) . "control" glycerinated myofibrils washed with 0.1 M KCl, 20 mM
potassium phosphate, pH 7.0;

(b) myofibrils following extraction with 5 mM Tris, pH 8.0 for
two hours; - ,

(¢) Tris-extracted myofibrils following overnight incubation with
creatine kinase (1 mg/ml in 0.15 M phosphate buffered saline) .
from bovine cardiac muscle;

(d), Tris-extracted myofibrils following overnight incubation with

the 165,000 dalton (2 mg/ml in 0.15 M phosphate buffered saline)
from rabbit skeletal muscle.

5
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Figure 36 continued. ) R

(c) as before, previous page;

(d) as before, previous page; :

(e)” Tris-extracted myofibrils following 2'h incubation with bovine

. CPK (1 mg/ml), then overnight with added 165,000 dalton proteln
(2 mg/ml) from rabbit skeletal muscle in 0.15 M phosphate <
buffered saline;

(f) Tris-extracted. myoflbrnls following 2 h |ncubat|on with 165,000
dalton component from rabbit skeletal musc\h (2 mg/ml), then
overnight with added bovine CPK (1 mg/ml) 0.15 M phosphate
buffered saline. i '
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one component.

. o o 122
Figure 36d, show a distinct reappearance of the M-band structure. Se-
> S
quential additions of creatine kinase and the 165,000 dalton‘companent,
and that with the order revérsed,”prbduced electron micrographs‘as shown
in Figures 36e and 36f. Examination of the relative intensities of the

Z and M bands in the§e-ﬁicrographs reveals that the M-band reappearance

a4

with both components present appears virtually identical to that seen

with only one éomépnent present. .
The myofibrils of rabbit skeletal muséle show a parallél display
in Figure 37. Figure 37a shows intact Z and M bands, Figure 37b shows
leaching of the M-band, and Figures 37c and 37d show its rééppearance.
The sequential additions with both components present are shown in Fig-

-~ °

ures 37e and 37f, and here agaln the relatlve intensities of the Z and

M llnes of these mlcrographs are indistinguishable from thosg,wnth only

F. SUMMARY

Ultrastructure studies using electron microscopy have shown that
the use of a low ionic strengih extréction procedure selectively removeQ‘
the M-band of the myofibrils of bovine cardiac muscle. Despite the lack
of ;uccess with antibody studigs,these experiments dfdvserve to illus-
trate the possible ambiguity of negative results using antibédieﬁ. When
biﬁdihg by antibedies to .the myofibril is démonstrated- it proves con-
clusnvely‘:hat the anti'gen must be present wuthmn the myoflbrll However,
should no such binding be evident, this fact in itself is_not deflnltlve
proof that the antigen is not pre%ent, since étéreOChemical factors may
be aécounting-for this non-biﬁding The fact that creatine kinase seems°

«

to re-form the overall structure suggests its origtn to ‘be within the

t e hd




;>

Figure 37. Reconstitution of the M~band of rabbit skeletal myofibrils,
Shown are the electron micrographs of sectioned rabbit skeletal myo-

fibrils (magnification = 27,300 X). An arrow indicates the position
of the M-band. :

(a)
(b)

©(c)

" (d)

'control' glycerinated myofibrils washed with 0.1 M KCl, 20 mM
potassium phosphate, pH 7.0; ,

myofibrils following extraction.with 5 mM Tris, pH 8.0, for two
hours; s

Tris-extracted myofibrils following overnight incubation with
creatine kinase (1 mg/ml in 0.15 M phosphate buffered saline)
from rabbit skeletal muscle; o ,
Tris-extracted myofibrils following overpight incubation with.
the 165,000 dalton (2 mg/m), in 0.15 M phosphate buffered
saline) from rabbit skeletal muscle.
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Figure 37 continued.

(c) as before, previous page;

(d) as before, previous page; : '

(e) Tris-extracted myofibrils following 2 h incubation with rabbit
CPK (1 mg/ml), then overnight with added 165,000 dalton protein
(2 mg/ml) from rabbit skeletal muscle in 0.15 M phosphate "
buffered saline; c ’

(f) Tris-extracted myofibrils following 2 h incubation with the
165,000 dalton component (2 mg/ml) from rabbit skeletal muscle,
then overnight with added rabbit creatine kinase (1 mg/ml) in
0.15 M phosphate buffered saline.
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. M-band region of Bbvine cérdiac myofibrils FurthermOre, the ablllty of
the 165, 000 dalton component from rabbut skeletal muscle to substitute
in recbnstituting the M-band of bovine cardiac myofibrils.argues for tﬁé
p;obéble'éxistgﬁce of é beine anafogue in the M-band of‘cardiacdmuscle:
Tﬁé abifity of both creatine kinas and‘the ]65,000 dalton.protein to
re-form thg M-bandé independently of each other indicates that their
binding sites within fhe M-band are probab]y'differept.‘ This {s consfs-
tent Qith earli;r findings by Mani and Kay (82)‘and Herasymowych et al.
(83) that creatine kinase interéﬁts with the head region of myosin, |

while the 165,000 dalton protein interacts with the S-2 portion "of the

myosin molecu]e (92).

N
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L CHAPTER VI j

' .

CONCLUDING DISCUSSION

! " o . ‘],

The previous chapters. have focussed on characto(fzation anb Iocal-
ization studies of the creatine kinase extracted from'bovine cordiac _
muscle at low ionic strength, as well as determrnvngHSOme of the pOSSI-
ble lnteractlons which may be operating in the myofibril at both enzym-
ic and structural levels. The purpose of the following discussion is
to‘sunnarize‘the main conclusions and, in partiCUlar, tho ihplications
arising from.this study. In this context, an attempt will be made to
reconcile the blochamlcal data of this lnvestogataon with*the literature
available on the ‘M-band proteuns from other 5ources, wuth the intent of
lntegratlon, if possuble with the existing model of the M-band, the

Knappeis-Carlsen model.'%ln addftion, suggestions for further studies

arising from this investigation are presented.

A. CHARACTER&ZATION STUDIES ON CREATINE KINASE.
As'indioated in detail in Chaptor I, the creatine kinase iso-
lated, purified and characterized from bovine cardiac m&ofibtfis has
been shown to possess most of the genetal characterlstlcs found for cyto-
plasmic creatine kinases. In particular:, comparlsons of amino acid com-
posit}oh, ultracentrifugallstudtes, polyacrylamide gel electrophoresis,
azhelical content and kinetic patameters'show sfmilar features (3;,'hl
43). In addltlon it would appear that the myoflbrnflar enzyme possess-
es all the characterlstlcs of the MM form found in the cytoplasm of

beef heart. This binding of MM-CPK in the myofibrillar compartment

" could be distinctly advantageous, since the regeneration of ATP would

» IR EL:
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thus occur closé to the contractile apparatus. l\(his same conclusion has
been proposed by Walliman g;_gl: (96) in their ;i;dies on chicken skele-
tal muscle, and by Ogunro et al. (57) who examined -compartmentation in
skeletal gulnea pig muscle.

The MM and BB forms have been shown by Eppenberger et al. (124) to
be capable of’rebandlng at both the M and Z bands of chicken skeletal
and cardiac muscle which have been previously extracted to remove all
' traces Qf creatine kin&se. However , thereAappegred to be a distinct

preference'fér the MM form to bind at the M-band, and the BB fotp to
"bind at the Z band. In fﬁe present investigation, there was no evidence
of MB ér BB isozy@eg present in the myofibriblgr preparations, although =
iin bovine cardiac muscle, the MB iSQZYme which is usually found in much
smaller amounts than the MM form céuid be expected (§2) ' Th|5 suggests
that in this study, the preparat[ye procedure used was highly select-

ive for the MM form, or that the MM isozyme is the only one.associated
with the M-band. In view of the resu?ts from the skéletal studies on
chicken (24, 75, 79, 96, 124) and rabbit (82), the latter suggéstion is
probably likely. ~

A suggestién for further studigg in reconstitution of the M;band
whicﬁ Qould be of in;erest therefore could include the.substitutfon of
the other isozymes'of creatine kinase, MB and BB. Although the differ-
eﬁt forms are very similar, pérhaps small differences are ;undaméntal
in interactiOAS with‘the components of thg contractile apparatus. Evi-
dence for specific or preferential bindLng.of.the diffefent isozymes
may possibly reveal distinct functions for the MM, MB aﬁd BB F?fms.

Mechanisms involving Such distinct functions are attractive in that

-~

they may account for the istence of creatine kinase isozymes with
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stage and .tissue-specific distributions (129).

. | I |
B. INTERACTION STUDIES OF CREATINE KINASE WITH MYOSIN AND ITS SUB-

FRAGMENTS

‘1. ATPase and Circular Dichroism Studies

J

The ATPase studies involviﬁg the inhibitory effect: of CPK frﬁz;i7y;\¥
ine cardiac muscle on the ATPase of cardiac myosin, heavy meromyesin

and subfragment-1 have been shown to parallel the fjndings of-Mani and

~ Kay (82) in the rabbit skeletal system. The inhibition of ATPase of

myosin, heavy meromyosin and subfragment-1 was detérmiﬁed to be 25, 20
and 19% .respectively, when the two eniymeé were ina l:1 mole ratio.

These values'comparéd favourably to the values of 25,.20\and 18%, re-

‘ spectively, for the rabbit skeletal system.

Mani and Kay (82) had further demonstrated thlS |nteract|on u51ng

IC|rcular dlchr0|sm to |ndicate conformatlonal changes which were reveal-

ed as net increases in negative ‘ellipticity at 221 nm. They reported

‘net Increases in ellipticity of 2400 degreeslcmz-dmole-l for myosin,

2000 for heavy meromyosin and 1000 for subfragment-1 ubon interaction

in each case with rabbit skeletal CPK at a 1:1 mole ratio. In contrast

N o . - . . T :
to these results, comparable experiments with the cardiac syste rEVeal- )
Ak _ . ystep .

ed a net increase in negative ellnptlcnty of only 500 degrees- cm2 dmole -

with myosin only. Thus result implies elther no |nteract|on is occur-

rlng, or no conformational changes are detectable by circular dichroism

upon interaction. Thus disparnty is not dufflcult to reconcile when

-

one conslders the inherent dnfferences of skeletal and cardiac myosins.

-The ATPase results suggested the’ |nteraction to be at or near the site

B J
of the globular heads of myo:?n., Cardiac myosinvshows a.distinct—dif-

-
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ference féém its skeletal counterpart at the level of the light chains.

Each molecular of cardiac myosfn has 3 bol?peptides of 2 different types

of alkali chains, while skeletal myosin has & polypeptldes of 3 types

'Slnce the AFPase function appears to be associated with an |nteract|on w0
of light chains with the heavy chains, the source of the disparity Mhay

be at the level of the light ch;Ins ) WIth respect to these. unteractuon
studies, the CPK in both cardnac and skeletal systems probably inhib-

its the ATPase in a ;imi1a# fashion, but in terms of a conformatio;al

change upon this interaction, the results as detected'by circular di-

chroism may be somewhat dlfferént;

"‘The ATPase results of this fnvestiQation, aléng with that for
the ‘rabbit ‘skeletal system (82), are in accord with the'reborts by Yagi
and Mase (70) and Botts et al. (71, 81). This general phenomenon of
CPK lnteracilhg with the ""head' region of myoéiﬁ is difficult to recon-
cile with the m&del of the M-baﬁd; since the M-band is supposedly an
area devoid of '‘heads''. In addition, it seems in conflict with the }e-
sult reported by Houk and Putnam (80) who found CPK to interact Qith
the "rod" portlon of myosin. This lattef result Is far more consistent
with the hodél of the M-band. One p&sslble explanation for this dis-
crepancy is perhaps due to the dual nature of the m?ofl?rillar LPK. It
" will be recalled that-thelvast bulk of CPK is found in the éytopla§@)
(57, 124), presumably bathing the mYosln found throdghout the A band. |
At this level, perhaps the ‘ATPase results reflect some type of regula-
‘tory control for both the cytoplasmic ;nd myofibrlllar compartments. -
The structural role of CPK, on the other-hand[ cquld cOnchvably-be
locallzedvon thg rod portion of myosin;,as:HoQk and Putnam's data sug-

gested (80). Perhaps the techniques of electron paramagnetic resonance

: . ¢
1
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;

and nanosecond fluotescence polarization used by Botts et al. (81) and

[l

.circular dichroism used by Mani and Kay (82) are not able to deté%t

these changes.

A~

2. Aggregation of -Synthetic Cardiac Myosin Filaments

Since creatine kinase §upposedly forms cross-bridges between T

‘adjacent thick filaments of the A-band, the results of the aggregation
: L ;

studies proved to be of special interest. Creatine kinase from bovine

cardiac muscle was found to promote aggregation of/gyntﬁéfic myosin

filaments from bovine cardiac muscle. Althdugh’conditions had to be

varied, this reéylg parallelled the findings for rabbjt skeletalomyo-

“sin (75). Morimoto and Hérrington, in-addition to reporting an increas-

>

"ed sedimentation co%ffiérent of 25 to 39S, observed these aggregates in

the electron microscope, and found a synthetic filament of indefinite

'> leqeth an thickness. In cardiac myosin, the aggregation was not exam-

ined in the electron microsCOpe. Hence, a suggestion for further stud-
1

ies in this area would .be to examine the filaments.in the electron mic-

roscope.

t

C. ISﬂfATION PROCEDURES OF THE 165,000 DALTON COMPONENT FROM BOVINE

lCARDlAC MUSCLE - |

-A.ﬁ?imary objectlvelfo} fdrthérgﬁtudies arising from this inves- °

tlga;idn would be to aclpmplish isolation and purifiqatién of. the
165,000 dal;on candidate fr&h bovine cardiac muscle. The presence of
this proteln,iﬁ'bovine cé;dfac muscle wé; implﬁed by the inhibitory ef-
,fect of Fhe 1655009’ga1;98 ﬁ?otein on_}he enzymatic activity of cardiac
creatine klnasé (13%) éﬁd further.estaplléhe& by.the'reconstitutron
s;udle; wheré-the rabbft skéletal>f55;0§0fdaiton ﬁ?oteln.was'aplé to

)

.
-
a-
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substitute for its bovine analogue.

» ~

The dlfflcultles encountered in trying to extract gbe 165 000 -

dalton component from’ bovine cardlac muscle parallel the problems of

’ >

Masaki and Takaiti (86), who -elected to use a technique (Hasselbach-
; ‘

Schneider's solution) which effectively removes the myosin and disrupts ¢
the entire‘myofibrillar'structure. One outstandinglcnaracteristic whni ch

was noted durlng this study was the apparent afflnlty of the 165, 000 dal-

b 4
ton candldate to myosnn, a property also reported by Masakl and Takaiti

(86) Therefore, one approach to isolate this proteln could g} to use
Hasselbach Schne’ﬁer s solution for extraction, but modlfy the enSU|ng

‘procedure by matntaining the myosin in a soluble form and subsequently
- [

separate it from the 165,000 dalton candidate by gel filtration and
DEAE cellulose methods. Should either of these chromatographic techni-.

ques be unsuccessful, then as a final alternative, denaturing condltlons

<

of 4 M guanldnne hydrochloride or 6 M urea could be attempteqf

- ~‘¢
<

D. ELECTRON MICROSCOPY AND IMMUNOBIOLOGICAL STUDIES v . ~

124
o e

Earlier studnes on the M-band of skeletal muscle had indicated.
that the M-band could be selectlvely removed by low ionic strength buf-"

fers. Pepe and Huxley (130) ‘had ‘shown that ”M-proteln“ ‘appeared to be

A

loosely attached to the thick filaments and became releas&d with vigor-
ous homogenization. Samosudova (73), using electron mieroscopyttechni-_

ques, was able to demonstratevthat removal of theoM-band from myofibrils

) 3 . . .
.did not result in any effect on the myosin filaments. The buffer system
- a ° ~ : !

they chose was 5 mM Tris, pH B, after the procedure of Perry and Corsi
(131). Samosudova (73), Stromer et al. (132) and Kundrat and Pepei(?&l

were able to demonstrate that ghe”extraetedfﬁater}al could a1so be added

’ L]

9
e

P
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beek to‘:e-fonm the M-band strecturef These resuf;s suggested that re-
. constitutidn{studles could prove highlyalnformatlve. Subsequent inveg-
tngations in this field by Morlmoto and Harrington (75) Trlnick'and
. Lowey-(89)'and Eppenberger and hus colleagues (24, 79,_96, th) lnvolved
ant i body anejultrastructure techniqnes, 3These studies on theiskele;al .
svstEm encoefaged*the initiation of a simllar investigation of the bov-
ine cardiac systemﬁ’ Cardiac mydfibfils,,like'theLi’skeletal coenterparts,

_ posseSS‘mgny simllar featufes. Itkis»known that in skeletal muscle, CPK
Tappeafs Sodnd‘to the myofibrillar_structu;e-(57, 62, 64) and seems involv-
c;ed in M-band structure'(97). It therefore was of‘interest to examine,

and possnbly detetmlne :ifa parellel sntuatlon exists in cardiac muscle.

With this end in vuew locallzatlon-stud1es of thegnwofanlllar creatine

e . L

kinaSe from bovine cardiac muscle were initiated.

Aktlbody Studues 4 . .
) < X .,' b (%)

- o Extractnon of bovvne cardlac myofibrils wnth 5.mM Tris, pH 8,

selectove removal of the M band when sectnons were examined in

P <
- 'the electron/mncroscoPe Prolonged overnight extraction showed a re-

T r
’ markably lntaot strutture minus the M-band, and this result encouraged

further |nvesvfgatpon of the orlgun of the myofibrlllar creatlne kinase.

The results of Morlmoto and Harrlngton (75) have since been conflrmed

many tlmes by Eppenberger and hjs colleagues LZH 79 96 lzh) " Hence
when the localizatlon studleSASf the bovine myoftbrlllar CPK antlbodues
showed no.blndlng to the myoflbrll, the result was" unexpected It-seem—‘_

lcate a complete dlspar;ty udth skeletal results. The POSsi-J"

blllty t at.tbe myeflbrxllar creatlne klnase-did not have its. orlgln in

the H-band came reluctantly to mlnd' QA second posslblllty*Was that o

antlbody blndlng was belng sterl‘ y hlndered Dhe to the slmllarlty
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in phylogeneticity between beef and rabbit, antibodies to‘bovine cardiac
CPK had to be produced in chickens rather than the preferred rabbit

source. Chicken antibodies possess a characteristic aggregation pro-

perty which ogfld'conceivably hamper the infiltration of antibodies in-

to the myofibril. To overcome this aggregation phenomenon, myofibril
Sections that.were already stained and fixed were incubated with anti- *
body wH{éG had been sonicated to disrupt any e;;;egates. Examination
of these sections in the electron microscope showed no eeidence of,antif
body binding. 1t seeﬁed, tnereforel fos t likely tRat creatine kinase
bound in the myofibril may have its antibody-antigen bindfng sites
blocked. Atternatively,  an ettempt<nas mede to try and reconstitute
‘the‘ﬁyofibril after it nad undergone M-b;nd extraction.

64
2. -Reconstitution Studies °

-Reconstitution studies have been reported by Stromer et al. (132)
and Kundrat and Pepe (74) who found that M-bands that have been extrapted

can be reconstituted by treatment with the extracted solution. Stromer

et al. (132) had further reported that the extract, minus creatine kin-

W

ase, seemed unable to reconstltute the M band. Eppenberger et al. (124)

. have_attemptedfreconstltutnon of both skeletal and heart muscle M-bands

in chicken and found that' incubation of extracted myofibfjls with MM-CPK'

alone did not lead’ to re-fofming a normal M-band, élthoogh an iacrease

‘in dlffuse'electron ‘dense materual in the M-ban& c0uid‘be detected.

They found preferentu binding of MM-CPK to the N-band, and of BB—CPK

‘to the 2 !lnes, although both enzymes were able to blnd at both H and 2

bands They- noted that glycerination prlon to- extraction, and the dura-
<

.thon of the extractlon, anfluenced the - subsequent b}nding.

n view of these results, the clarlty of ‘the ﬂeoonstltution
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. macrographs in this study is in |tself a remarkable feature. Perhaps
this can be attrlbuted to specnes dlfference or more llkely to the
method of reconstitution. The choice of phosphate baffered saline was
prompted by the feeling that the'myofibril should be incubated in a sys-
tem as close to lts*natural state as possible. Perhaps this buffer sys-
tem, combined with a quick preparative techniqde, facilitated reconsti-
' tution of the_definitive M-band structure'by both the creatlne kinase
and the l65 000 dalton component from rabbit skeletal muscle .
Observatlons of particular interest were noted in the electron
- micrographs of reconstitution studies in both;the cardiac and skeletal
myoflbrlls. When.one compares the Z to M-band helatlve intensities,
both the CPK and the 165,000 dalton proteins appear to bind with equal
electron density at thefn-band What is more puzzllng is'that reconstl- ’
tutlon\mlcrographs of the sequentlal studies with boeh components, present
do not seem to show an addltlonal electron densnty at the M- band One
would expect that bnndlng of both components at two different sites would
_double or at the least lncrease, thls densnty The fact that thlS is
not the case demands an explanation and further’study. One possibllityr
z» could be‘that bindlnc-of gnf first'ccmppnent may‘alter the configuratlon
- .of the M—band structure so that the second is sterlcally ‘hampered for
'blndlng Perhaps, some or all of the first’ component molecules becone
.dtsplaced, if 50, |t would be of interest to determine whuch is prefer—n'_;/////N\
ﬁred.' Alternatlvely the two components have been shown to lnteract with
. each other (91)... They thus could possib]y affect the subsequéif;binding

such that both could be present |n,spe04fic amounts

e

One approach to study the roles of these components could be ;'

'applied to the skeletal System snnce both CPK and the l65 000 dalton a
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protein are likely to produce antibodies withbapplication of the methods

of Trinick andvtouey (89) and Eppenberger (124). Taking the case of the .

-,

~with only the lGS,OOO’daltoq protein, and'foliowing with binding by anti-

bodies to the 165,000 dalton component. In'a»second experiment one could
add first CPK and then follow with the 165,000 dalton component to re-
constitute the extracted myofibril. Myofibriis from this sequential

addltlon could be incubated with antnbody to the 165 000 dalton proteln

o
and the relatlve |nten51ty of bindlng at the M-band could be compared

with the mlc;ggraphs from the- first experimert. If CPK does sterically
7
prevent Nindung of the 165 000 dalton proteln, no antibody bindlng

should be ev:dent in the sequential study micrograph 1f a decreased

4-

'inteﬂsity of antibody bindiﬁg occurs,tthis indicates possibly partial

.bindlng of the 165,000 dalton proteun after the inltial blﬂding of CPK

In a like manner,. the reverse experlment using CPK alone, and in sequen-
tlal,addltlons, could be performed to hopefully‘show if this equal densu-
ty i5=due to one or bath combonents being oresent. *

The results of the reconstitutionfstudies_have certainly fulfi.l-

led the main .goal of this project, namely to localize the myofibrillar

creatine kinase from bovine cardiac muscle. The ability of -the boyine

137

'VIGS,Odb dalton component as an‘example, one could reconstitute the M-band.

creatine kinase to re-form the overall M-bandvstructure not only suggests'

its origin isrwithin'thenn-band region,_but also unequivocably»demone' B

strates it has a structural role. Furthermore, the ability of the rab-

i - _bit skeietal 165 000 daiton protein to substitute in reconstituting the

"‘M-band of bovune cardnac myoflbrils argues for tﬁe probable presence of ¥,

L

‘a bovine analogue in the M-band of cardiac muscie.

The results of these reconstitution étudies together with the L

. -/.

4
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biochemical data, may now be integrated with the Knappeis-Carlsen mode |

(19). The ability of both ‘creatine kinase and the l65 OOO "dalton pro-
teln to re-form the M-bands lndependently of each other has some inter-
estlng implications. It suggests ‘that thelr binding sites within the
M-band are probably different. This is consistent with the findings
from the'ATPasi studies that creatine kinase interacts with the head’
h region of myosin (82, 83) while the 165,000 dalton protein interacts
with‘the‘subfragment#Z portlon of. the molecule (92). In the Knappeisé_
Carlsen model, myosln lnteracts with'créatine hlnase’and.notdthelﬁ-
filament;)presumably the 165,000 dalton protein. The fact that thel_
165, 000‘dalton cohponent can indepehdehtly re-form the M-band sug-
gests that it too is an integral structural element wfthin the M-bang
. This discrepancy w:th the model, i.e., the blndlng of the 165, 000 dalton
component . to myosin, ‘may be an |nd1cat|on that the model suffers from a
basic lnadequacy because Tt could reflect only one statlc contract—
ile state. "In dynamic contraction, undoubtedly many enzymatic functions
come into play, and perhaps the interactionsvnoted\TnAthis Study,.along
with those from other laboratories; arevonly>a'small part of the.total
features jinvolved in the Meband. .

One aspect -of lnterest in the M- band is related to changes.ln
'sarc0mere Tength. The distance between thlck fllaments ns known to |n~.'

crease as the sarcomere . length shortens durlng contraction (l3h), yet

,the M- band patterns observed in longctudlnal and transverse sections in

']the electron mncrqapope are the same at all sarcomere lengths.- ln order;

‘--to explaln thls, the M- band structure must expand reversibly to accom—

- 'modate the varlable lnterfalament dlstance One way thls could be ac-:

3

_complished ls lf the H-bridges possess an ablltty to “stretch" ‘or sllp
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past each other. Two observatnons have been reperted whlch suggest the
M-band structure is dlfferent at different sarcomere lengths Kundrat

and Pepe (74) found that the M-band could be removed completely in 15 mnn _‘
extractions only from fibrils with sarcomere length greater than 2.1 u.

“

|br|ls at less than*1. 9 Y retained thelr structure for up to 3 hours.
At short lengths, the | fulaments penetrate the h—band region and it
eeems hnTikely they imhibit extraction'since the'fncreased.epace between
thick ftlaﬁents would eompehéate’for interference to extraction'By the
thtn filamenté ThlS result suggested solubllaty character|st|cs of the
longer M- brudges are dnfferent E:on that of the shorter brldges A sec-‘
ond observataon by Frank et al (135) andncates a structural varlatlon
in the M-band These workers found muscle flxed ln §9rmaldehyde and
‘stalned wnth flqpresceqt antibodies showed blndlng only at Ionger sarco-
© -mere lengths, Those myofibrlls which had ¢ontracted by 40% of the rest?
ing lengthvwere unstained. This result |mpl|ed that'the longer M-bridges.
fOpnd'at‘shdrt sarcomere length were antigenicalfy altered:by.the formal-
ldehyde, while the’ehorter M-bridges at long sarcomere:]ength renained
hnaffeqted.» itthas been spechlated by Eaton'and‘Pepe'(Sﬁ) thatISOme
‘_tyhe—of cdmplexveubunit transftien is invoived as the thridge Tengthens
' or shortens durnng contractaon o |

The possrbnlnty that the MM- CPK at the H band is- important in .

establishlng the prOper reglster of myoSun molecules for construction
of the thick fllaments seems unlukely in view of the finding of Etlinger
'and Fischman (136) that in deveIOping muscle M-bands are not visible at .
: early stages of myofibril assembly.- However, theeappearance of the M-.

<1band later on ls in accord with a- stablliz:ng role in malntaining the

’ |ntegrlty of the constructed thick filament. Perhaps the HM-CPK acts




. lhoe

along with- other M- band protelns as stabllnzlng Crossllnks between the
'vthlck filaments and M- fllaments | |
ﬁln concluslon, thls;study'has succeeded in displaying"thevparalf
lel.features of»the M-band in‘both'cardlac‘andéskeletal muscleESystems
'The‘;ain contrlbutlon rests wuth the reconstltutcon studles, which for-.
both cardlac and skeletal M- bands have proven that creatine kinase and
theaJGS,QOO“dalson component possess_structural roles. The Lnteractlon'
studies of*bovine“cardlac;creatine klnase'have been shohn;lin'oeneral,
. to'parallel_findingsrof similar studies in the'skeletalvsystemsgi These
| ,studies'for the.most'part'fit'ih with the'Knappeisngarlsentmodel;'al#
though 1t appears'thatlthe model still falls_ short of:explaining all
| the data avallable Nonetheless, lt serves as a prellmlnary prototype
~ which has proven to. be useful in formulatlng some general prlnClpleS of
) M-band structure 1t remains to be- seen if lt can be improved upon in

-

the future Certannly, this study has not produced evtdence to: dlscard

" the model as it now stands. ' o -

E. sucsssrno«s FOR FURTHER RESEARCH . f‘ f ;v__” ‘...-fll ' - I
The present |nvest|gat|on has produced questions that could con-
ceivably form the basns of future experimentatfbn At this point lt'
'would be approprlate to summarize some suggestlons for further Study

~'-"‘f',‘vThe following obJectlves are submitted for future research proJects in :

.lfboth the skeletal and cardiac systems where appr0prlately sulted ;
| The use of NB and BB isozymes for reconstitutlon studies may re- o

veal lf the H-band is specifuc for a particular enzyme. Particularly |n

the cardiac case, perhaps antibody blnding to the BB’ form when rt |s o

present in the myofibril may be more Successful théh has been demonstrated




<

in’the'HM-CPK case. Should thns be so, then the usc of antibody methods
. may serve as a vnable technlque in detectang this iSOZyme in reconstltu-:

- tion studies - .

The |so|atton of light chains from myosnn and subsequent inter-%

actlon studles with creatine kinase may prove of |nterest, in that a

:comparlson of both the skeletal and cardiac systems may show some lnher-

ent differences : o T s

The lsolatlon, puriflcatlon and characterlzatlon of the 165 OOO

dalton proteln from bovine cardlac muscle should be realuzed

4

Another obJectlve would be the formation, - in vntro. of a synthe-"

-

tic M-band usung myosun, CPK and the 165 000 dalton component wuth sub-

sequent examlnatlon of thlS formation |n the electron mlcroscope Such

an experiment, |f successful, may prove of benefnt in. formu]ating |deas

of H—band assembly

The reconstltution studles wnth both the CPK and the 165 000 dal-

v

ton protelns added sequentlally should be clarlfied

These are'but a.few of-the possubilitles-that haveuarisen from

Q'this projeCt . This study has served as a threshold for further research

tlnn the H-band of . cardlac and skeletal systems, and at this stage it seemsf

L

’ 'volve the techniques of electron and Ilght mucrosc0py in conJunction with

immunobiology . [f}fj }f:s )

1k

‘,-apparent that the bulk of future experuments in thls area will likely ln-'f 'bl
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