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ABSTRACT 

Chicken hear t  muscle contains  a lmost  exclusively the BB isoenzyme of  creat ine  
kinase (CK) ,  its myofibr i ls ,  moreove r ,  lack an M-line.  This tissue thus provides  an 
interest ing contras t  to skeletal  muscle,  in which some of  the M M - C K  present  as 
p r edominan t  CK isoenzyme is b o u n d  at the myofibr i l lar  M-l ine.  A p p r o x .  2% of 
the total  CK activity in a chicken hear t  homoge na t e  remains  bound  to the 
myofibr i l lar  fract ion af ter  r e p e a t e d  washing cycles; bo th  the fract ion and the 
absolute  amoun t  of CK bound  are about  threefo ld  lower  than in skeletal  muscle.  
A lmos t  all of the b o u n d  enzyme is loca ted  within the Z- l ine  region of  each 
sa rcomere ,  as revea led  by indirect  f luorescent -an t ibody  staining with an t i se rum 
against  pur i f ied chicken BB-CK.  Af t e r  incubat ion with exogenous  purif ied MM- 
CK,  posit ive immunof luorescen t  staining for M-type  CK at the H-reg ion  of  hear t  
myofibri ls  was obse rved ,  a long with weake r  f luorescence in the Z- l ine  region.  
Chicken hear t  myofibr i ls  may thus possess binding sites for both  M and B forms of  
CK.  

In the preceding paper (23) we presented consid- 
erable evidence that a small fraction of the MM 
isoenzyme of creatine kinase (MM-CK) in chicken 
skeletal muscle is specifically bound at the middle 
of the H-zone of each sarcomere, where it contrib- 
utes to the structure of the M-line. We also exam- 
ined the specificity of binding of exogenous CK 
isoenzymes (MM and BB) to defined regions of 
both native skeletal muscle myofibrils and those 
from which the M-lines had previously been ex- 
tracted. The MM isoenzyme bound preferentially 
at the M-line regions of skeletal myofibrils. 
Weaker binding of BB-CK was also observed, 

however, with an apparent preference for the Z- 
lines at the middle of each I-band. 

In chicken heart, unlike chicken skeletal muscle 
(4, 5) and unlike both skeletal and cardiac muscle 
of mammals (6), BB-CK is the predominant CK 
isoenzyme throughout the life of the organism (3). 
In addition, the myofibrils of chicken cardiac mus- 
cle differ from those of most other higher verte- 
brate striated muscles in that their H-zones gener- 
ally lack an M-line discernible in the electron mi- 
croscope (18). 

Chicken heart muscle therefore suggested itself 
as a source of myofibrils for further studies of the 
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specificity (with respect both to location and isoen- 
zyme type) of the interactions of creatine kinases 
with myofibrils. 

M A T E R I A L S  A N D  M E T H O D S  

All antisera and samples of purified CK isoenzymes were 
the same ones used in the preceding paper (23). Except 
as expressly noted, the procedures described for skeletal 
muscle in the preceding paper were followed exactly in 
the preparation and subsequent treatment of myofibrils 
from fresh, whole, well-cleaned, adult chicken hearts. 

RESULTS 

Quantitation and Localization o f  BB-CK 

Bound to Native Chicken Heart Myofibrils 

After repeated washing with "Solution A "  (0.1 
M KC1, 1 mM ethylene glycol-bis(/3-aminoethyl 
ether)N,N,N',N'-tetraacetate (EGTA) ,  1 mM di- 
thiothreitol (DTT),  5 mM E D T A ;  pH 7.0), 
chicken heart myofibrils contain significant 
amounts of bound CK activity, amounting to 2-  
3% of the activity measured in the crude heart 
homogenate from which the myofibrils were pre- 
pared (Fig. 1). Since chicken heart contains no 
MM-CK and since our chicken heart myofibrils, as 
expected (see introductory paragraph), lacked M- 
lines (21), the detection of appreciable amounts of 
firmly bound CK in heart myofibrils came as a 
surprise. The total CK activity of the heart homog- 
enate ws only one-third that of a comparable skel- 
etal muscle extract. Since the specific activity of 
BB-CK, the predominant isoenzyme in heart, is 
only about half that of MM-CK (23), it could then 
be calculated that one milligram of CK was bound 
to each gram of myofibrils, about a third the 
amount present in skeletal muscle myofibrils. 

Like the MM-CK bound at the M-lines of skele- 
tal myofibrils (21, 22, 23), the CK activity firmly 
bound to heart myofibrils was released by extrac- 
tion with low ionic strength "Solution C" (1 mM 
DTT,  5 mM Tris/HC1 buffer; pH 7.7), although 
prolonged multiple extraction of up to 200 min 
was required for complete removal (Fig. 1). 

Immunofluorescent staining with anti-BB-CK 
serum, employed in an attempt to localize the 
bound CK, revealed a regular fluorescent banding 
pattern (Fig. 2a).  The fluorescent striations were 
not removed by extensive washing with Solution A 
(Fig. 2c)  or with Solution A containing 0 .5% 
Triton X-100 (Fig. 2e).  After  low ionic strength 
extraction, however, the fluorescence was entirely 
lacking (Fig. 2g) or was reduced to a background 
fluorescence comparable to that of myofibrils in- 
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FIGURE 1 Effect of washing with intermediate ionic 
strength Solution A and extraction with low ionic 
strength Solution C on the binding of CK to a low-speed 
(800 g) pellet (mainly myofibrils) from adult chicken 
heart muscle. Total CK activity in the suspension (black 
plus white bars) was measured (with creatine as sub- 
strate) before, and CK activity released into the super- 
nate (black bars) was measured after, each centrifuga- 
tion. C: crude extract (~/i00 wt/vol) in Solution A. W1- 
W9: Successive washings in Solution A; about 3% of the 
total activity present in the original extract is tightly 
bound. EI-E.~: Successive extractions (twice 45 rain in 
this case) in Solution C; bound CK is completely released 
from myofibrils. W~0: final wash in Solution A. 

cubated with preimmune control serum (Fig. 2 i). 
The myofibrillar BB-CK thus detected is, as can 
be seen by comparing Fig. 2 a and b, located not in 
the H-region but at the middle of the I-band, at 
the Z-line. 

In immunofluorescent staining experiments 
with anti-BB-CK serum (Fig. 3a) ,  occasional my- 
ofibrils were seen to fluoresce in the H-zone, i.e., 
where the M-line would be (if there were one 
present). Fluorescent antibody staining of heart 
myofibrils with anti-MM-CK serum also resulted 
in occasional H-zone fluorescence (Fig. 3b).  
Taken together, these results suggest that a small 
fraction of heart myofibrils contain MB-CK, the 
heterodimeric CK isoenzyme known to react with 
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FIGURE 2 Localization of B-type CK by the indirect immunofluorescence technique (23) in chicken 
heart myofibrils. Fluorescence is shown on the left and the corresponding phase-contrast photograph on 
the right. Pretreatment of myofibrils: (a and b) washed once with Solution A; (c and d) washed nine times 
with Solution A; and (e and f )  washed once with Solution A containing 0.5% Triton X-100; (g and h) 
extracted twice with Solution C (total extraction time: 200 rain); (i and j) washed once with Solution A and 
incubated with preimmune control serum. (I) I-band of sarcomere, x 1,700. 



FIGURE 3 Immunofluorescent staining occasionally 
seen in the H-region of native heart myofibrils. (a) 
washed with Solution A and stained with anti-BB-CK 
serum; (b) washed with Solution A and stained with 
anti-MM-CK serum. The fluorescence infrequently seen 
in the H region possibly indicates a reaction with MB- 
CK; it is thought that these myofibrils may be derived 
from a minority cell type (see text). (a) • 1,700; (b) • 
1,200. 

both of the antisera used, specifically bound at the 
H-zone. Small amounts of MB-CK have indeed 
been detected by means of electrophoresis and 
specific enzymatic staining in extracts of adult 
chicken heart (4). It is possible that the MB-CK so 
detected and the myofibrils containing H-zone- 
bound antigens capable of reacting with antisera 
against either of the CK homodimers, are derived 
from a distinct cell type. In this connection it is 
worth noting that a weak M-line has been ob- 
served in the Purkinje cells of chicken heart tissue 
(17). Although no M-line structures were detected 
when our heart myofibril preparation was exam- 
ined by electron microscopy (21), the number of 
myofibrils examined by immunofluorescence was 
considerably greater. 

The results (presented here and in the preceding 
paper [23]) of localization experiments with na- 
tive, washed myofibrils from both heart and skele- 
tal muscle are consistent with the conclusion that 
binding sites for the B type of CK subunit are 
located at the Z-lines, while binding sites for M 
subunits are restricted to the center of the H-zone. 
The nature of the binding at the two locations 
must be presumed to be different: whereas MM- 
CK at the M-line is thought to bind directly to the 
myosin molecules of the thick filaments present 

there (13), no myosin filaments are present at the 
Z-lines where BB-CK is bound in heart myofibrils. 

Supplementation of  Native Heart 

Myofibrils with Purified CK Isoenzymes 

To confirm that binding sites for MM-CK do 
exist at the middle of the H-zone of heart myofi- 
brils, purified MM-CK was incubated with native, 
washed heart myofibrils, followed by immunoflu- 
orescent staining with homologous antiserum (Ta- 
ble I). Almost all myofibrils showed medium-to- 
strong fluorescence at the middle of the H-zones 
as well as weaker fluorescence at the Z-lines. 
Immunofluorescent staining with heterologous an- 
tiserum, i.e., serum elicited against BB-CK puri- 
fied from the soluble fraction of a heart homoge- 
nate, showed Z-line fluorescence comparable to 
that of unsupplemented control fibrils; excess 
MM-CK is thus unable to displace BB-CK from its 
binding sites at the Z-lines. An increase in elec- 
tron-dense material in the middle of the H-zone 
was also observed after incubation of heart myofi- 
brils with MM-CK, 1 as in the case of attempted 
reconstitution of extracted skeletal muscle M-lines 
with exogenous MM-CK (preceding paper, [23]). 
As in the previous case, the added bound material 
appeared diffuse and did not resemble an intact 
M-line. 

Similar supplementation experiments with puri- 
fied BB-CK led to an enhancement of Z-line fluo- 
rescence and to weak H-zone fluorescence (Table 
I). 

Supplementation with excess purified enzyme of 
either type thus reveals a lack of binding specificity 
not seen with native, unsupplemented myofibrils; 
to some extent, BB-CK can bind in the H-zone 
and MM-CK can bind at the Z-line. Similar find- 
ings were reported in the preceding paper (23) for 
skeletal muscle myofibrils. 

Attempted Reconstitution: Incubation of  
Extracted Heart Myofbrils with 

Purified CK lsoenzymes 

Myofibrils extracted for 90 min with low ionic 
strength Solution C to remove bound CK, as com- 
pletely as possible i.e., all BB and any traces of 
MG, were incubated with exogenous BB- and/or 
MM-CK as described in the preceding paper for 
extracted skeletal myofibrils (23). Fig. 4a-d  show 

T. Wallimann, unpublished observations. 
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TABLE I 

Localization of CK by the Indirect Immunofluorescence Technique after Supplementation of Native Heart 
Myofibrils with Purified CK Isoenzymes 

H-region * Z-line 

anti-MM- 
anti-MM-CK:~ anti-BB-CK:~ CKr anti-BB-CK:~ 

Native myofibril (no supplementation) (+ +)w (+ +)w - + + 
Supplementation II with pure MM-CK (1 mg/ml) + + - + + + 
Supplementation 11 with pure BB-CK (1 mg/ml) - + - + + + 

* Adult chicken heart myofibrils show no M-line structure (18). 
:1: Antisera used are specific either for M- or B-subunits; thus a reaction with the hybrid isoenzyme, MB-CK, if 
present, is expected with both antisera. Staining intensity shown by the great majority of myofibrils in each 
preparation is indicated as follows: - ,  none; +, weak; + +, moderate; and + + +, intense. 
w Infrequently appearing moderate fluorescence, possibly MB-CK (see Fig. 4); most myofibrils show no staining. 
II Supplementation refers to a procedure wherein myofibrils, either freshly washed or glycerinated, were added to a 
solution containing either MM-CK or BB-CK in Solution B stirred for 1-12 h at 4~ 

such fibrils incubated under  long-time incubation 
conditions with either BB- or MM-CK and subse- 
quently stained with the homologous antiserum. 
The main conclusion to be drawn from the fluores- 
cent banding patterns of Fig. 4a  and c is that, after 
extraction, both the Z-line region and the region 
corresponding to the M-line of skeletal myofibrils 
possess binding sites for both CK isoenzymes. 
Again, there is a parallel to the situation with 
skeletal myofibrils, which also exhibited lessened 
tendency after extraction for the two myofibrillar 
regions to interact with only one of the isoenzymes 
(see preceding paper [23]). It should be noted, 
however, that interaction between isoenzymes and 
myoflbrils remains restricted to two distinct zones 
of the sarcomere; extracted myofibrils do not sim- 
ply bind exogenous CK nonspecifically along their 
entire length. As in similar experiments with ex- 
tracted skeletal myofibrils, a generally higher 
binding affinity of BB-CK towards the Z-line and 
of MM-CK towards the H-region of extracted 
myofibrils was nevertheless observed in short-time 
incubation experiments at lower enzyme concen- 
trations. ~ 

DISCUSSION 

In chicken heart, as in chicken skeletal muscle (see 
preceding paper), a small fraction of the total 
cellular CK is firmly bound to the contractile ap- 
paratus, even after repeated washings. In both 
cases, also, the bound enzyme is located at specific 
sites along the myofibril. For the MM-CK bound 
at the M-lines of skeletal myofibrils, it was also 
possible to show (22, 23) that the number  of 
bound CK molecules corresponds well to the num- 

ber expected form published models of the M-line 
structure. 

There is as yet no comparable model of the Z- 
line structure incorporating both ultrastructural 
and compositional information, with which the 
quantity of Z-line-bound CK might be matched. 
Several models of the Z-line structure have been 
proposed, mainly on the basis of electron micro- 
scope evidence (11, 12, 16). These models differ 
strikingly in the extent to which the Z-line is 
thought to be composed of thin filaments as op- 
posed to other proteins, reflecting the fact that the 
protein composition of the Z-line has not been 
clearly established. The available evidence (9, 15) 
does suggest, however, that the composition may 
be more complex than that of the M-line. Whether 
the considerable variation in the thickness of the 
Z-lines of different muscle types (16) is a reflec- 
tion of differences in protein composition remains 
to be elucidated also. In view of these uncertain- 
ties, the possibility must be considered that CK 
(and perhaps other enzymes, as well) are inte- 
grated into the Z-line structure, at least in some 
tissues. In heart, the amount  of CK firmly bound 
to myofibrils is appreciable: relative to other heart 
enzmes. CK is present at high concentration (10), 
and the 2% of this CK that is bound to myofibrils 
amounts to approx, one molecule for every 100 
myosin molecules (10). There is other evidence 
that in heart as in skeletal myofibrils the binding of 
CK is not adventitious: (a) the inability of excess 
exogenous MM-CK to compete for the myofibril- 
lar binding sites occupied by BB-CK; (b) the pres- 
ence of BB-CK throughout the entire thickness of 
the myofibril, revealed in preliminary immunofer- 
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FI6U~E 4 Supplementation of extracted heart myofibrils with CK isoenzymes. For low ionic strength 
extraction conditions, see legend to Fig. 1. Fluorescence is shown on the left and the corresponding phase- 
contrast photograph on the right. (a and b) Long-time incubation (1 mg MM-CK/ml for 12 h) of freshly 
extracted heart myofibrils, staining with anti-MM-CK serum; equal fluorescence in M- and Z-line regions 
(M and Z). (The same staining pattern was seen with myofibrils that had been washed but not extracted 
[Table I].) (c and d) long-time incubation (1 mg BB-CK/ml for 12 h) of freshly extracted heart myofibrils, 
staining with anti-BB-CK serum; strong fluorescence in the Z-line region, weak fluorescence in the H-zone 
region. • 1,700. 

ritin staining experiments (21). 
It is becoming clear that the M-line of skeletal 

muscle myofibrils contains other enzymes in addi- 
tion to MM-CK (8, 14, 19). Several laboratories 
are attempting to elucidate the adaptive signifi- 
cance of such M-line-bound enzymes for the func- 
tioning skeletal muscle cell. For the case of MM- 
CK, we have discussed some of the possibilities 
(7). Among  other points, we have drawn attention 
to the fact that there are striated muscle cells able 
to function without M-lines or MM-CK; we have 
suggested that this fact may be important in allow- 

ing us to restrict the potential functions of M-line- 
bound MM-CK that need be considered. If some 
myofibrils have M-lines containing MM-CK and 
others do not, then it seems reasonable to propose 
that differences in the dynamics of the contrac- 
tions performed by the two types of myofibril 
might provide a crucial clue to the understanding 
of the function(s) of M-line proteins. 

The findings reported in this paper introduce an 
important new aspect into these considerations. 
They suggest that, in the case of creatine kinase, 
the fact of most universal importance may be that 
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all myofibrils possess binding sites for CK mole- 
cules. The capacity to bring forth differentiated 
muscle cells able to contract rapidly, forcefully, 
and continuously is surely adaptive for the orga- 
nism; it is conceivable that striated muscle cells are 
able to perform as they do because particular 
isoenzymic forms of certain key enzymes are lo- 
cated at fixed positions throughout the myofibril- 
lar organelles themselves. Indeed,  as noted before 
(20), there exists considerable evidence (1, 2) that 
several glycolytic enzymes, among them fructose 
diphosphate aldolase A and triosephosphate dehy- 
drogenase, are located in the I-bands, at least in 
skeletal myofibrils. 

In the preceding paper (23), we speculated that 
myofibrillar CK in particular might function as 
direct regenerator of the ATP for muscle contrac- 
tion. This function would not necessarily depend 
on the precise location, i .e.,  M- or Z-line, of CK 
within the myofibrils. A model  of this kind is 
therefore applicable in principle to the myofibril- 
lar CK of chicken heart as well. 

The M and B forms of CK, like the multiple 
forms of many enzymes, appear to be very nearly 
equivalent in their catalytic properties (5). It was 
this fact that prompted the suggestion (21) that, in 
general, the importance of isoenzymes may lie not 
so much in enzymatic differences as in their differ- 
ing abilities to interact with other macromolecules 
in the cell. It is perhaps significant that those cells 
that contain nonmyofibrillar actomyosin invaria- 
bly contain BB-CK (20). The preferential binding 
of different CK isoenzymes to different regions of 
native myofibrils, demonstrated in this and the 
preceding paper,  is consistent with the hypothesis 
that only the MM form of CK is able to participate 
in constructing an M-line. 

This paper was supported by grant no. 3.8640.72 of the 
Swiss National Science Foundation, by a grant of the 
Muscular Dystrophy Association of America to H. M. 
Eppenberger, and by a grant of the Schweizerische Kom- 
mission fiir Molekularbiologie to T. Wallimann. 

Received for publication 1 June 1976, and in revised 
form 15 February 1977. 

R E F E R E N C E S  

1. ARNOLD, H., and D. PETrE. 1970. Binding of aldol- 
ase and triosephosphate dehydrogenase to F-actin 
and modification of catalytic properties of aldolase. 
Eur. J. Biochem. 15:360-366. 

2. ARNOLD, H., J. NOLTE, and D. PETTE. 1969. Quan- 

titative and histochemical studies on the desorption 
and readsorption aldolase in cross-striated muscle. 
J. Histochem. Cytochem. 17:314-320. 

3. DAWSON, D. M., H. M. EPPENBER6~R, and N. O. 
KAPLAN, 1965. Creatinr kinase: evidence for a di- 
merit structure. Biochem. Biophys. Res. Commun. 
21:346-353. 

4, EPPENBERGER, H. M., M. E. EPPENBERGER, R. 
RIClrmRICH, and H. AEBL 1964. The ontogeny of 
creatine kinase isoenzymes. Dev. Biol. 10:1-16. 

5. EPPENBEROER, H. M., D. M. DAWSON, and N. O. 
KAPt~N. 1967. The comparative enzymology of 
creatine kinases. I. Isolation and characterization 
from chicken and rabbit tissues. J. Biol. Chem. 
242:204-209. 

6. EPPENBERGEX, H. M., M. E. EPPENBERGER, and 
A. SCROLL. 1970. Comparative aspects of creatine 
kinase isoenzymes. FEBS (Fed. Eur. Biochem. 
Soc.) Proc. Meet. 18:269-279. 

7. EPPgNBERGER, H. M., T. WALLIMANN, l"I. J. 
KUHN, and D. C. TURNER. 1975. Localization of 
creatine kinase isoenzymes in muscle cells: physio- 
logical significance. In Isozymes III. C. Markert, 
editor. Academic Press, Inc., New York. 409-424. 

8. EPPENBERGER, H. M., and C. W. HEIZMANN. 
1976. Localization of 3 enzymes in the M-line of 
myofibrils. J. Cell Biol. 70:212a. (Abstr.). 

9. ETLINGER, J. D., R. ZAK, and D. A. FtSCHMAN. 
1976. Compositional studies of myofibrils from rab- 
bit striated muscle. J. Cell Biol. 68:123-141. 

10. JACORUS, W. E., and A. L. LEaNINOER. 1973. 
Creatine kinase of rat heart mitochondria. J. Biol. 
Chem. 248:4803-4810. 

11. KELLY, D. E. 1967. Models of muscle Z-band fine 
structure based on a looping filament configuration. 
J. Cell Biol. 34:827-839. 

12. KNAPPEIS, G. G., and F. CARLSEN. 1962. The 
ultrastructure of the Z-disc in skeletal muscle. J. 
Cell Biol. 13:323-335. 

13. MOm~4OTO, K., and W. F. HARRINOTON. 1972. 
Isolation and physical proportion of an M-line pro- 
tein from skeletal muscle. J. Biol. Chem. 247:3052- 
3061. 

14. PEPE, F. A. 1975. Structure of muscle filaments 
from immunohistochemical and ultrastructural stud- 
ies. J. Histochem. Cytochem. 23:543-562. 

15. REDDY, M. K., J. D. ETLINGER, M. RABINOWYIZ, 
and D. A. FtSCHMAN. 1975. Removal of Z-lines 
and x-actinin from isolated myofibrils by a calcium 
activated neutral protease. J. Biol. Chem. 
250:4278-4284. 

16. ROWE, R. W. D. 1973. The ultrastructure of 7_, 
discs from white, intermediate, and red fibers of 
mammalian striated muscles. J. Cell Biol. 57:261- 
277. 

17. ScoTt, T. M. 1971. The ultrastructure of ordinary 
and Purkinje cells of the fowl heart. J. Anat. 
110:259-273. 

324  THE JOURNAL OF CELL BIOLOGY" VOLUME 75, 1977 



18. SOMMER, J. R., and A. Jonr~soN. 1969. The ultra- 
structure of frog and chicken cardiac muscle. Z. 
Zellforsch. Mikrosk. Anat. 98:437-468. 

19. TRINICK, J. A. 1974. Identity of the 90,000 dalton 
M-protein from chicken muscle. Fed. Proc. 
33:1580. 

20. TURSEI~, D. C., and H. M. EPPENBEI~6ER. 1973. 
Developmental changes in creatine kinase and al- 
dolase isoenzymes and their possible function in 
association with contractile elements. Enzyme 
(Basel). 15:224-238. 

21. WALLIMANN, T. 1975. Creatine Kinase-lsoenzyme 
und Myofibrillenstruktur. Dissertation. ETH Zii- 
rich, Ziirich, Schweiz. 

22. WALLIMANN, T., D. C. TtJR~ eX, and H. M. EI'- 
I'ESBER6ER. 1975. Creatine kinase and M-line 
structure. FEBS (Fed. Eur. I iochem. Soc.) Proc. 
Meet. 31:119-124. 

23. WALLIMANN, T., D. C. TURNER, and H. M. EP- 
PEr~aERGEX. 1977. Localization of creatine kinase 
isoenzymes in myofibrils. I. Chicken skeletal mus- 
cle. J. Cell Biol. 75:297-317. 

WALLIMANN ET AL. Localization of  Creatine Kinase Isoenzymes in Myofibrils. II 325 


