Isozymes: Structure, Function, and Use
in Biology and Medicine, pages 877889
© 1990 Wiley-Liss, Inc.

The Subcellular Compartmentatibn of Creatine
Kinase Isozymes as a Precondition for a Proposed

Phosphoryl-Creatme Circuit
Theo Walllmann and Hans M. Eppenberger

Insmute for Cell Biology, Sw:ss Federal Inst:tute of Technology, CH- 8093
Zurich, Switzerland

L INTRODUCT TON s sessssssssnissssssssssssasssssesssstsbsmesssaseenes 871
II. COMPARTMENTATION OF CK ISOZYMES IN MUSCLE ........... 879
A, M-Type Creating KiNase .........ovssusesesmsessecssssesesessessssesseess 879

B. Mitochondrial Mi-CK Forms Highly Ordered Octameres ............... 880
III. THE PHOSPHORYL-CREATINE CIRCUIT MODEL .................... 881
IV.SUMMARY AND CONCLUSIONS ......ccoererrerncesenisessssrssssensonsesessess 884
V. ACKNOWLEDGMENTS .....ccoucivreercrirnnns sttt s snsera b bess eerorses 886
................ 886

VI.REFERENCES ...........iciveenemserensesnns

L INTRODUCTION

"In hlgher eukaryotes three types of tlssue-spcc1fic dimeric creatmc kmase
(CK) isozymes can be found: ubiquitous BB-CK, expressed at high levels in
brain and smooth muscle, muscle- specific MM-CK present in striated muscle
and, during muscle differentiation, a transitorily expressed heterodimer,
MB-CK, which can persist in adult heart muscle [see Eppenberger et al, 1983].
A fourth CK isozyme, mitochondrial or Mi-CK,; is specifically associated with
the inner mitochondrial membrane [Jacobs et al, 1964; Scholte et al, 1973] and
seems to be functionally coupled to the ATP/ADP- translocator (AN) [see
Jacobus, 1985]. In differentiated tissues and cells which express CK, e.g., brain,
muscle, photoreceptor cells, and spermatozoa, Mi-CK is usually co-expressed
W1th either one of the cytosohc CKi 1sozymes. Whereas Mi-CK is strnctly
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compartmented in mitochondria, BB-, MB-, and MM-CK have been
considered in the past as “soluble” enzymes distributed over the entire
cytoplasm. However, immunolocalization studies with isolated organelles have
provided ample evidence that significant amounts of cytosolic CK isoforms are
also associated with specific subcellular sites. For example, in muscle arelatively
small, but physiologically significant amount (at least 3-7%) of the total MM-CK
is specifically associated with the myofibrillar M-band [Turner et al, 1973;
Wallimann et al, 1977a} where it forms a particular structural element, the
so-called “m-bridges” which represent M-lines M4 and M4’ [Strehler et al,
1983]. The M-line-bound CK was shown to be sufficient for intramyofibrillar
regeneration of ATP hydrolyzed by the actin-activated Mg2+-ATPase during
in vitro contraction of myofibrils [Wallimann et al, 1984]. The binding of CK to
the M-band region is isozyme-specific; that is, only the homodimers of M-CK,
but neither BB- nor MB-CK, are capable of integrating themselves as
enzymatically active structural components into .the complex M-band
architecture [Wallimann et al, 1983]. In chicken cardiac cells, as in other avian
species, M-CK is not expressed and consequently myofibrils are devoid of an
electron-dense M-band [Wallimann et al, 1977b]. However, a skeletal
muscle-like M-band could be generated by microinjection of in vitro synthesized
M-CK mRNA [Schéfer and Perriard, 1988], confirming that this isoprotein
sorting is M-CK- specific. In addition, using a chimeric M-CK/B-CK mRNA, it
was shown that the C-terminal half of M-CK was involved in the interaction of
the enzyme with the m-band [Schifer and Perriard, 1988]. -

CK likewise is found in association with sarcolcmmal membranes (SL)
where it seems to be functionally coupled to the Nat/K *-ATPase [Sharov et
al, 1977]. It has also been shown that the CK associated with the sarcoplasmic
reticulum (SR) [Levitzky et al, 1977] is bound specifically and tightly to purified
SR vesicles. This MM-CK is indeed capable of supporting a significant fraction
of CA? * _pumping via P-Creatine (PCr) and ADP [Rossi et al, 1988; submitted].
These results further support the notion that a fraction of the “cytosolic”
CK-isozyme is also compartmented, thus clearly favoring earlier models on CK
function [Wallimann et al, 1975; 1977; 1985; Saks et al, 1978; Bessman and
Geiger, 1981] which suggests that communication and transfer of “energy-rich”
compounds between ATP- generating (mitochondria and glycolysis) and
ATP-utilizing sites  (myofibrillar  actin-activated MG2+-ATPasc,
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Na*/K*-ATPase and Ca?*- ATPase, etc.) are facilitated via the PCr/CK
system [Meyer et al, 1984; Wallimann and Eppenberger, 1985]. There are
several problems ° concerning the subcellular ' localization and
compartmentation of CK- isozymes that we will address in this review, but a
major objective will be to propose — as a consequence of our data — the
so-called “phosphoryl-creatine circuit” model.

Il. COMPARTMENTATION OF CK ISOZYMES IN MUSCLE
A. M-Type Creatine Kinase

Indirect double immunofluorescence staining of chicken pectoralis muscle
cryosections with anti-Mi-CK and anti-M-CK antibodies revealed that on the
one hand Mi-CK is restricted to mitochondria. The fluorescence was seen
clearly in areas along the myofibrils where mitochondria are clustered. On the
other hand, staining of relaxed muscle tissue sections by anti-M-CK revealed a
regular striation pattern with strong fluorescence not only within the M- band,
where the enzyme has been localized earlier in isolated and washed myofibrils
[Wallimann et al, 1977a], but also at the I-band, often sparing the Z-line
[Wallimann et al, in press]. Most of the sarcoplasmic CK is unevenly distributed
along the myofibrils and concentrated at the I-band where it only loosely
interacts with the thin filament lattice region. Surprisingly, CK is almost
completely absent from the actin-myosin overlap regions. OQur interpretation of
these results is that the actin-myosin overlap zone is not readily accessible to
sarcoplasmic proteins which seem to be excluded from this region possibly by
molecular sieving and electrostatic repulsion. Indeed, Donnan potential
measurements have shown that the electric charges are quite different in the
A-band as compared with the I-band region [Bartels and Elliott, 1985].
Permeabilization of muscle fibers by glycerol or saponin followed by washing
at physiological ionic strength prior to fixation and cryosectioning resulted in a
complete loss of I-band fluorescence while the strong M-band signal remained,
thus confirming the earlier described strong binding of MM-CK to the M-band.

The soluble CK is co-localized together with glycolytic enzymes at the

I-band where it is thought to be coupled to glycolysis [see Wallimann and
Eppenberger, 1985] by forming loosely interacting, but functionally coupled,
multienzyme complexes in this sarcomeric region as shown recently [Maughan
and Lord, 1988]. Considering that there is no CK in the actin-myosin overlap



880 / Wallimann and Eppenberger

zone where the actual ATP-hydrolyzing events of muscle contraction take place,
the localization of the enzyme between two of these zones, at the M- band,
makes physiological sense, for cytoplasmic streaming due to cross-bridge
cycling and piston-like interdigitation of the two myofilament lattices during
contraction would tend to push the products of ATP-hydrolysis from both sides
towards the M-band as had been postulated by Wallimann and Eppenberger
[1985]. Thus, the M- line-bound CK shown to be an efficient intramyofibrillar
in situ ATP-regenerator [Wallimann et al, 1984], seems to be ideally positioned
in this respect. Direct experimental observations revealed a membrane-bound
fraction of the M-CK isozyme within the sarcoplasmic reticulum giving evidence
for still another case of compartmented CK. Based on the availability of highly
purified SR vesicles and on a reliable test for Ca*  uptake, Rossi et al [1988;
submitted], in our laboratory, were able to demonstrate that a functional
coupling between MM-CK and the Ca-pump existed. I vitro, the amount of CK
still bound to the SR at the end of the purification was sufficient to support
about 25% of Ca pumping of SR vesicles in the presence of PCr and ADP, as
compared to maximal pumping in the presence of an excess of ATP, The
remaining CK was not removed either by high or low salt treatment of the SR
vesicles. -

B. Mitochondrial Mi-CK Forms H:ghly Ordered Octameres

From recent publications from our laboratory [Schlegel et al, 1988a,b;
Schnyder et al, 1988] describing 2 new procedure for the isolation of Mi-CK and
the subsequent biochemical and biophysical characterization of the enzyme, it
has become clear that Mi-CK can form hlghly ordered octameric structures with
a My 328-364°000 (Table 1) exposing a central cavity or channel. It has been
shown that octameric Mi-CK is in vitro in dynamic equilibrium with dimeric
Mi-CK which is affected by protein concentration, jonic strength, pH, and
nucleotides, mdlcatmg that these parameters may also be regulatory factors in
vivo. Under certain conditions Mi-CK octamers rebind preferentlally and with
higher affinity than Mi-CK dimers to the inner mitochondrial membrane, where
Mi-CK is not evenly distributed over the membrane, but seems to be
concentrated at contact sites (CS) between inner and outer mitochondrial
membranes [Kottke et al, 1988; Adams et al, submitted] This was confirmed by
1mmunoeletronm1croscopy showmg Mi-CK clustered at the contact sites
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[Schlegel et al, 1988a]. There it is thought to form functionally coupled
multienzyme energy channeling complexes together with ATP/ADP
translocators and voltage-gated ion-selective pores of the outer membrane as
suggested in a recent model [Wallimann et al, in press]. The existence of
octameric Mi-CK within mitochondria has recently been confirmed by radiation
inactivation experiments [Quemeneur et al, 1988].

TABLE 1. Biophysical Characterization of Purified Mi-CK [for detalls see
Schnyder et al, 1988] )

Measured by Mr of Mi-CK octamer Mr of Mi-CK dimer -
a) Gel permeation ‘
chromatography 364000 + 30'000 85'000 + 8'000
b} Analytical L . o
~ ultracentrifugation 328'000 + 25'000 83'000 + 8'000

¢) Mass megsurements '
by STEM 340'000 + 55'000 . 89'000 * 27'000

3STEM = scanning transmission electron microscope.

lll. THE PHOSPHORYL-CREATINE CIRCUIT MODEL

" Based on our results and the work of many authors in the field we have
proposed the model described in Figure 1 depicting the energy flux in muscle
and its regulation, respectively, emphasizing the central role of Mi-CK in the
energy channeling - process and the importance of the subcellular
compartrhentation of cytosolic CK’s as in situ regencrators and regulators of
local ATP-levels [Wallimann et al, in press]. By implenienting three main
functions for the creatine kinase system, namely (i) energy buffering, (ii) energy
transport and channeling, and (iii) regulation of local intracellular ATP-levels,
and bycxtcnding the concept of the model from a simple “CP-shuttle” [Bessman
and Geiger, 1981] to a more complex, regulated PCr-circuit, a realistic picture
of the highly sophisticated network may be suggested. Depending on energy
need, an excitable cell may have to put emphasis on either one, two, or all three
aspects at any one time. Such a PCr-circuit model is supported by
immunolocalization studies on CK isozyme, byrecent structural work on Mi-CK
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Figure 1. A modified version of the CP-shuttle model by Wallimann and Eppenberger (1985)
incorporates the facts of subcellular compartmentation of mitochondrial CK (Mi-CK) and
cytosolic CK (CKc) as well as the subcellular association of some fractions of CK (CKs) at
strategically important sites. Therefore, functionally and/or structurally coupled
microcompartments are formed involving CK at the producing side of the PCr-circuit, e.g. Mi-CK
coupled to ATP-ADP-translocators at the contact sites between inner and outer mitochondrial
membranes, and at the consuming side of the PCr-circuit, e.g., CKa at the sarcoplasmic reticulum
coupled to the Cal *-ATPase, CKa at the myoﬁbnllar M-line coupled to the acto-myosin ATPase,
CKa at the sarcolemma coupled to the Na*/K*-ATPase and possibly to ATP-gated ion-channels.
The model suggests that PCr produced by oxidative phosphorylation via mitochondrial
matrix-generated ATP and via Mi-CK enters the cytosolic PCr/Cr-ATP/ADP equilibrium
governed by the large amount of cytosolic CKe which in muscle is localized together with lycolytic
enzymes at the I-band where it is thought to be functionally coupled to the glycolysis, the second
producing side of the PCr-circuit. This model visualizes the aspects of facilitated diffusion [Meyer
etal, 1984], but in addition incorporates the aspects of the compartmented subcellular localization
of CK isoforms. The PCr-circuit serves i) as an energy buffer, ii) as an energy transport and
channeling system, and iii) as a regulator of local ATP levels.

as well as by many physiological and 3'P-NMR studies with intact muscle (see
also legend of Fig. 1). _

We would like to stress the point that the PCr-circuit is not an absolute
prerequisite for muscle function perse, for we have provided evidence ourselves,
that (i) certain muscle types, although predominantly slow tonic ones which are
lacking M-line-bound CK and at the same time are missing an electron-dense
M-band structure [Wallimann et al, 1977; 1985}, or that (ii) hearts of chicken
[Wallimann et al, 1977b], of neonatal mammals [Perry et al, 1988] or of
redifferentiating adult heart cells in culture [Eppenberger et al, 1988], which
are lacking M-line-bound CK or both M-line CK plus mitochondrial CK,
respectively, secem yet to function perfectly well within their appropriate
physiological range. In addition, non- excitable cells and organs with a still
relatively high, but continuous energy flux, e.g., liver, which contains only small
amounts of CK or none at all, function without a PCr-circuit. However, it is our
contention that the addition of the PCr-circuit system on top of the basic energy
ground-state of a cell is likely to have a profound physiological impact for

cellular energetics and performance that will be most advantageous at highwork
loads.
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IV. SUMMARY AND CONCLUSIONS

The idea of a PCr-circuit is supported by the fact that in fully differentiated
and highly specialized cells with high sudden energy turnover, e.g., skeletal and
cardiac muscle [Wallimann and Eppenberger, 1985], brain and retina
photoreceptor cells [Wallimann et al, 1986a], spermatozoa [Tombes and
Shapiro, 1985; Wallimann et al, 1986b] and Torpedo electrocytes [Wallimann
et al, 1985] mitochondrial CK is generally found in conjunction with cytosolic
CK’s with a significant fraction of the latter being associated subcellularly in a
compartmented fashion at intracellular sites of high energy turnover. It is also
becoming apparent that some of the cytosolic CK is specifically associated with
membranes possibly via membrane anchors, e.g., with the SR-membrane where
CK was shown to be functional by supporting a significant portion of the
maximal Ca?* -pumping rate [Rossi et al, 1988; submitted]. Similar membrane
associations of CK have been shown with the post-synaptic acetylcholin-
receptor-rich membrane, the invaginated, and non-innervated face membrane
of electrocytes, rich in Nat/K* ATPase as well as with synaptic vesicles
[Wallimann et al, 1985], with the sperm-tail plasma membrane [Wallimann et
al, 1986a], and recently also with rod outer segment plasma membranes of

.bovine photoreceptor cells [Quest et al, 1987; Hemmer et al, 1989}, Thus, for
all the above cells the PCr-circuit seems to represent an efficient, flexible, and
highly responsive accessory, crucial not only as an energy back- -up system, but
also as a regulator of energy flux (channeling) and as a fine- tuning device of
local ATP-levels. The strength of such a regulated channeling circuit operating
at relatively low adenine nucleotide levels compared to the high total PCr and
Cr pools, which are metabolically inert, is its high sensitivity towards ADP
[Wallimann et al, 1984] that is preventmg in excitable cells the accumulation of
ADP and AMP unless severe stress, such as hypoxia or ischaemia is imposed.
Additional details concerning the PCr-circuit model in muscle and our current
ideas about the structure-function relationships of mitochondrial have been
described elsewhere [Wallimann and Eppenberger, 1985; Schlegel et al, 1988;
Schnyder et al, 1988].

While it is accepted that in living muscle the CK reaction velocity could be
several-fold faster than the rate of ATP-hydrolysis by the acto-myosin ATPase
and that of ATP-synthesis by oxidative phosphorylation, a positive correlation
between oxygen consumption of perfused hearts and a concomitant increase of
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the CKreaction velocity has onlybeen recently verified by 31P-NMR-tc:(:hniques
[Kupriyanov et al, 1984] or by direct biochemical measurements [Mahler, 1985)
and model calculations [Connett, 1988]. This correlation factor seems to depend
strongly on the relative amount of Mi-CK [Perry et al, 1988] which in mammalian
cardiac muscle is gradually expressed in increasing amounts only during
postnatal development. Thus, the flux of energy through the CK- and
PCr-system increases with progressive differentiation of cardiac muscle where
the accumulation of Mi-CK becomes physiologically relevant especially at
higher work loads [Perry et al, 1988]. During chronic stimulation of skeletal
muscle [Schmitt and Pette, 1986] or training for long distance running [Apple
and Rogers, 1986] the conversion from fast- twitch to slow-twitch fibers is
accompanied by a significant decrease in total CK activity, but at the same time
by a several-fold elevation of Mi-CK at different times during this metabolic
adaptation correlate with the oxidative potential of the corresponding muscles.
In our opinion this is a very good example or even an experimental proof for the
two main functions of the PCr- circuit that is, for the energy buffering function
more prominent in glycolytic, fast-twitch white-muscles containing high levels
of M- CK, and for the energy transport or channeling function more
pronounced in oxidative slow-twitch red-muscles containing relatively high
levels of Mi-CK. During the observed fiber-type conversion the gradual increase
in the relative amounts of Mi-CK is characteristic for shifting emphasis from -
the energy-buffering towards the energy-channeling function, with Mi-CK
assuming an increasingly more important role as an intra-extra-mitochondrial
energy transfer system. :

Thus, once again, the myfibrillar and mitochondrial compartmentatnon of
CK and their in sifu functions as intramyofibrillar ATP- regenerators and
mitochondrial energy channeling transporters, respectively, may be critical
parameters for optimal muscle function, especxally in fast muscles and muscles
under high work load.

To conclude, the best living example so far for the physxologlcal 51gmﬁcancc
of the PCr-circuit are spermatozoa where also two compartmented CKisoforms
were identified, Mi-CK being localized in the midpiece and B-CK in the tail
portion {Wallimann et al, 1986]. Shapiro and his coworkers were able to show
that in sea urchin spermatozoa oxidative phosphorylation and flagellar motility
were linked together via the CK reaction [Tombes and Shapiro, 1985) and that
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inactivation of the CK-system with increasing, but very low concentrations of
dinitro-fluorobenzene (DNFB), resulted in a progressive loss of sperm tail
oscillation starting from the distal end of the sperm tails [Tombes et al, 1987].
Therefore, the PCr- circuit hypothesis remains a very attractive idea to be tested
by further experimentation.

V. ACKNOWLEDGMENTS

The following colleagues were involved in this work in one or another way:
Wolfram Hemmer, Jean-Claude Perriard, Andrew Quest, Annamaria Rossi,
Jorg Schlegel, Thomas Schnyder, Thierry Soldati, Gabi Wegmann, Markus
Wyss, Els Zanolla. We express our sincere thanks to them for letting us
participate in their experiments, ideas, and discussions. We thank Dr. D.
Brdiczka in Konstanz for his encouragement and help; and we thank Margrit
Leuzinger and Erika Abécherli for typing the manuscript.

The work was supported by ETH-institutional grants for graduate students,
by the SNSF grant No. 3.3760.86 and by a grant from the Swiss Foundatlon for
Muscle Diseases.

IV. REFERENCES

Adams V, Bosch W, Schlegel J, Wallimann T, Brdiczka D: Further characterization of contact sites
from mitochondria of different tissues: Topology of peripheral kinases. BBA (submitted).

Apple FS, Rogers MA (1986); Mitochondrial CK activity alterations in skeletal muscle duringlong
distance running. J Appl Physiol 61:482- 485,

Bartels EM, Elliott GF (1985): Donnan potentials from the A- and I- bands of glycerinated and
chemically skinned muscles, relaxed and in rigor. Biophys J 48:61-76.

Bessman SP, Geiger PJ (1981): Transport of energy in muscle The phosphorylcreatine shuttle,
Science 211:448-452.

Connett RJ (1988): Analysis of metabolic control: New insights usingscaled creatine kinase model.
Am J Physiol 254:R949-959.

Eppenberger HM, Perriard JC, Wallimann T (1983): Analysis of creatine kinase i isozymes during
muscle differentiation. In Rattazzi MC, Scandalios JG, Whitt GS (eds): “Isozymes: Current
Topics in Biological and Medical Research, Vol 7.” New York: Alan R. Liss, pp 19-38,

Eppenberger M, Hauser I, Baechi T, Schaub MC, Brunner T, Dechesne CA, Eppenberger H

- (1988): Immunocytochemical analysis of the regeneration of myofibrils in long-term cultures
of adult cardiomyocytes of the rat. Dev Biol 130-1-15. '

Hemmer W, Quest AF, Zanolla E, Eppenberger HM, Wallimann T .(1989): Creatine kinase
isoenzymes in bovine retina and their possible function in phototransduction. Abst 21th
USGEB Mtg, March 30-31.



Subcellular Compartmentation / 887

Jacobs H, Heldt HW, Klingenberg M (1964): High activity of creatine kinase in mitochondria from
muscle and brain and evidence for a separate mitochondrial isoenzyme of creatine kinase.
Biochem Biophys Res Commun 16:516-527.

Jacobus WE (1985): Respiratory control and the integration of heart high-energy phosphate
metabolism by mitochondrial creatine kinase. Ann Rev Physiol 47:707-725.

Kottke M, Adam V, Riesinger I, Bremm G, Bosch W, Brdiczka D, Sandri G, Panfili E (1988):
Mitochondrial boundary membrane contact sites in brain: Points of hexokinase and creatine
kinase location, and control of Ca“-transport. Biochem Biophys Acta 935:87-102.

Kupriyanov VV, Steinschneider Aya, Ruuge EK, Kapelko VI, Zueva MYU, Lakomkin VL,
Smirnov VN, Saks VA (1984): Regulation of energy flux through the creatine kinase reaction
in vitro and in perfused rat heart. Biochim Biophys Acta 805:£319-331. ‘

Levitsky DO, lx:vchenkoTS Saks VA, Sharov VG, Smirnov VN (1977): The functlona] coupling
between Ca’*-ATPase and creatine kinase in heart muscle sarcoplasmic reticulum.
Biochimia 42:1766-1773,

Mahler M (1985): First order kinetics of muscle oxygen consumption, and an equivalent
proportionality between QOz and phosphorylcreatine level, Imphcatlon for the control of
respiration. J Gen Physiol 86;135-165.

Maughan D, Lord C(1988): Protein diffusivities in skinned frog skeletal muscle fibers. In Sugi H,
Pollack GH (eds): “Molecular Mechanism of Muscle Contraction.” Plenum Publ Corp, PP
75-84.

Meyer RA, Sweeney HL, Kushmerick M (1984) A snmple analysis of the “phosphocrcatmc
shuttle”. Am J Physiol 246 (Cell Physiol 15):C365- 377. :

Perry SB, McAuliff J, Balschi JA, Hickey PR, Ingwall JS (1988): Velocity of the creatine kinase
reaction in the neonatal rabbit heart Role of mltochondrlal creatine kinase, Blochemlstry
27:2167- 2172,

Quemencur E, Eichenberger D, Goldschmidt D, Vial Chr, Beauregard G, Poteir M (1988) The
radiation inactivation method provides evidence that membrane-bound mitochondrial
creatine kinase is in oligomer. Biochem Biophys Res Commun 153:1310-1314.

Quest AF, Wegmann G, Capt A, Eppenberger HM, Wallimann T (1987): Creatine kinase
isoenzymes in retina photoreceptor cells and rod outer segments: Identification of
isoenzymes, localization and possible function in visual transduction. 9th Int Blophys Cong
Jerusalem, Israel, August 23.28.

Rossi AM, Volpe P, Eppenberger HP, Wallimann T (1988): Ca** pumping is supported by
SR-bound creatine kinase. In Carraro U (ed): “Sarcomeric and Non-sarcomeric Muscles:
Basic and Applied Research Prospects for the 90s.” Padova: Unipress, pp 595-600.

Rossi AM, Eppenberger HM, Volpe P, Wallimann T: Muscle-type MM- creatine kinase is
specifically bound to sarcoplasmic reticulum and can support Ca* +-uptake and regulate local
ATP levels. (submitted),

Saks VA, Rosenshtraukh LV, Smirnov VN, Chazov EI (1978): Role of creatine phosphokmasc in
cellular function and metabolism. Can J Physiol Pharmacol 56:691-706.

Schifer BW, Perriard JC (1988): Intracellular targeting of i lsoprotems in muscle cytoarchitecture.
J Cell Biol 106:1161-1170.

Schlegel J, Zurbriggen B, Wegmann G, Wyss M, Eppenberger HM Wallimann T (1988a): Native
mitochondrial creatine kinase forms octameric structures, I Isolation of two interconvertible
mitochondrial creatine kinase forms, dimeric and octameric mitochondrial creatine kinase:

Characterization, localization, and . structure-functlon relationships. J Biol Chem
263:16942-16953.



888 / Wallimann and Eppenberger

Schiegel J, Wyss M, Schiirch J, Schnyder T, Quest A, Wegmann G, Eppenberger HM, Wallimann
T (1988b): Mitochondrial creatine kinase from cardiac muscle and brain are two distinct
isoenzymes but both form octameric molecules. J Biol Chem 263:16963-16969.

Schmitt T, Pette D (1986): Increase in mitochondrial creatine kinase in chronically stimulated
fast-twitch muscle of the rabbit. J Muscle Res Cell Mot 7:72,

Schnyder T, Engel A, Lustig A, Wallimann T (1988): Native mitochondrial creatine kinase forms
octameric structures. II. Characterization of dimers and octamers by ultracentrifugation,
direct mass measurements by scanning transmission electron microscopy, and image analysis
of single mitochondrial creatine kinase octamers. J Biol Chem 263:16954-16962.

Scholte HR (1973): On the triple localization of creatine kinase in heart and skeletal muscle cells
of the rat: Evidence for the existence of myoﬁbnllarand mltochondnal isoenzymes. Biochem
Biophys Acta 305:413427.

~ Sharov VG, Saks VA, Smirov VN, Charzov EI (1977) An electron microscopic histochemic
investigation of the localization of creatine phosphokinase in heart cells. Biochim Biophys
Acta 468:495-501.

Tombes RM, Shapiro BM (1985): Metabolite channeling: A phosphorylcreatine shuttle to mediate
high energy phosphate transport between sperm mitochondrion and tail, Cell 41:325-334.

Tombes RM, Brokaw CHJ, Shapiro B (1987): Creatine kinase-dependent energy transport in sea
urchin spermatozoa. Flagellar wave attennuation and theoretical analysis of high energy
phosphate diffusion. Biophys J 52:75-86.

Turner DC, Wallimann T, Eppenberger HM (1973): A protein that binds specifically to the M-line
of skeletal muscle is 1dent|ﬁed as the muscle form of creatine kinase. Proc Natt Acad Sci USA
70:702-705.

Wallimann T, (1975): Creatinkinase-Isoenzyme und Myoﬁbnllcn-Struktur Ph.D. Thesis No 5437,
Eidgendssische Technische Hochschule, Ziitich Switzerland (Abstr in English).

Wallimann T, Turner DC, Eppenberger HM (1977a): Localization of creatine kinase i |soenzymes
in myofibrils, I. Chicken skeletal muscle. J Cell Biol 75:297-317.

WalhmannT Kuhn HJ, Pelloni G, Turner DC, Eppenberger HM (1977b): Locallzauon of creatine
kinase isoenzymes in myofibrils. II. Chicken heart muscle. J Cell Biol 75:318-325.

Wallimann T, Pelloni G, Turner DC, Eppenberger HM (1978): Monovalent antibodies against
MM-creatine kinase remove the M-line from myofibrils. Proc Natl Acad Sci USA
75:4296-4300.

Wallimann T, Doetschman TC, Eppenberger HM (1983): A novet staining of skeletal muscle
Me-lines upon incubation with low concentrations of antibodies agalnst M-CK. J Cell Biol
96:1772-1779.

Wallimann T, Schlosser T, Eppenberger HM (1984): Funcuon of M-line- bound creatine kmasc
as intramyofibrillar ATP regenerator at the receiving end of the phosphorylcreatine shuttle
in muscle, J Biol Chem 259:5238-5246.

Wallimann T, Eppenberger HM (1985): Localization and funcuon of M- lme-bound creatine
kinase. In Shay JW (ed): “Cell and Muscle Motility, Vol 6,” New York: Plenum Press Corp,
Pp 239-285.

Wallimann T, Walzthdny D, Wegmann G, Moser H, Eppenberger HM, Barrantes FJ (1985)
Subcellular localization of creatine kinase in Torpedo electrocytes: Association with
acetylcholine receptor-rich membranes. J Cell Biol 100:1063-1072.

Wallimann T, Wegmann G, Moser H, Huber R, Eppenberger HM (1986a): High content of
creatine kinase in chicken retina: Compartmentalized localization of creatine kinase
isoenzymes in photoreceptor cells. Proc Natl Acad Sci USA 83:3816-3819.



Subcellular Compartmentation / 889

Wallimann T, Moser H, Zurbriggen B, Wegmann G, Eppenberger HM (1986b): Creatine kinase
isoenzymes in spermatozoa. J Muscle Res Cell Mot 7:25-34,

Wallimann T, Schnyder T, Schlegel J, Wyss M, Wegmann G, Rossi AM, Hemmer W, Eppenberger
HM, Quest A (1989): Subcellular compartmentation of creatine kinase isoenzymes,
regulation of CK and octameric structure of mitochondrial CK: Important aspects of the
phosphoryl-creatine circuit, In Paul R, Elzinger G (eds): “Proceedings of the II Intl Congress
on Muscle Energetics.” Yufuin, Japan: July 31 - Aug S 1988 (in press).



