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Creatine kinase (CK) is a highly conserved enzyme
abundant in skeletal muscle that has a key role in high
energy phosphate metabolism. The localization of the
muscle isoenzyme of CK (MM-CK) to the M line and the
sarcoplasmic reticulum of myofibrils has been sug-
gested to be important for proper force development in
skeletal muscle. The importance of this subeellular com-
partmentation has not been directly tested in vivo. To
test the role of myofibrilar localization of CK, the con-
sequences of a complete CK isoform switch from MM-CK
to the brain (BB-CK) isoform, which does not localize to
the M line, was studied in transgenic mouse skeletal
muscle. In MM-CK knockout mice there are large con-
tractile defects. When MM-CK was replaced by BB-CK,
the aberrant contractile phenotypes seen in MM-CK
knockout mice were returned to normal despite the lack
of myofibrillar localization. These results indicate that
CK compartmentation to the myofibril of skeletal mus-
cle is not essential for contractile function and that
there is functional equivalence of creatine kinase iso-
forms in supporting cellular energy metabolism.

There are a growing number of examples of subcellular com-
nartmentation of metabolic enzymes. Many of the enzymes of
glycolysis in addition to being in the cytosol localize to subcel-
lular structures such as the outer membrane of mitochondria,
actin, the sarcoplasmic reticulum, and the plasma membrane
(1, 2). Kxebs cycle enzymes associate into a metabolon that is
believed to aid the shuttling of substrates from enzyme to
enzyme in the crowded matrix space of the mitochondrion (3).
The enzymes involved 1n nucleotide synthesis are organized to
allow efficient channeling of substrates (4-6). Some tRNA
synthetases associate into high molecular weight complexes,
and evidence indicates that tRNAs are channeled (7-9), There
is ample theoretical work that indicates that subcellular com-
partmentation of enzymes affords advantages for metabolic
control and a large amount of in viiro and in vivo evidence
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exists indicating that subcellular compartmentation alters en-
zymatic activity and substrate utilization (10-12). Despite all
this work, no consensus has developed concerning whether or
not subcellular compartmentation is important for maintaining
mammalian cell and tissue function in vivo.

Creatine kinase (CK)! is central to cellular energy metabo-
lism and is one of the best studied examples of an enzyme that
exhibits subcellular compartmentation (13-16). CK catalyzes
the following reaction: phosphocreatine (PCr) + ADP + H" =
creatine + ATP. CK exists in several isoforms that differ in
their developmental and tissue patterns of expression and sub-
cellular localization (16). The CK catalyzed reaction plays an
important role in maintaining ATP levels and modulating in-
tracellular pH during periods when utilization of ATP exceeds
production by glycolysis or oxidative phosphorylation. In addi-
tion, PCr represents a significant store of inorganic phoesphate.
The muscle isoenzyme of CK (MM-CK) is abundant in the
cytoplasm and associated tightly with the M line of myofibrils
and the outer face of the sarcoplasmic reticulum membrane,
and in avian skeletal muscle, it is associated with the I-band
(17-20). In vitro evidence indicates that localization to these
sites is important for force generation and calcium pumping
(21-277), The brain isoform of CK (BB-CK) is also found in the
cytoplasm and has been shown fto localize to plasma mem-
branes in the vicinity of the Na-K ATPase and mitotic spindles
(28, 29). MM-CK and BB-CK are dimers formed from subunits
that can also associate to form a muscle-brain (MB) het-
erodimer that is found in heart. In addition to the cytosolic
forms, there are two mitochondrial forms of CK, sarcomeric and
ubiquitous mitochondrial CK, which localize to the intermito-
chondrial membrane space and have heen implicated in affect-
ing regulation of oxidative phosphorylation (13—16). The local-
ization of CK to sites of ATP production and utilization has led
to the proposal that CK plays a role in spatial buffering of ATP,
ADP, and pH that is important for proper tissue function and in
particular, maintaining contractile function in muscle and
heart (13-186).

Inhibition of CK in muscle using substrate analogues (30—
32) or gene knockout of MM-CK and mitochondrial CK (33-36)
has been shown to lead to large contractile abnormalities and
alterations in muscle cell size and alterations in mitochondrial
and glycolytic capacity. These results clearly demonstrate the
important role of CK in normal muscle function but do not
specifically address whether the CK isoform expression that is
localized to myofibrils plays an important role in contractile
function. Previously, a mouse expressing the B subunit of CK
(B-CK) in skeletal muscle in addition to wild-type M subunits

' The abbreviations used are: CK, creatine kinase; PCr, phosphocre-
atine; MM-CK, muscle isoenzyme of CK; BB-CK, brain isoform of CK;

15213. Tel.: 412-268-5104; Fax: 412-268-7083; I-mail: akbd@ B-CK, B subunit of CK; M-CK, M subunit of CK; M-CK KO, mice that
andrew.cmu.edu, lack M-CK subunits due to gene disruption,
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(M-CK) has been described (37, 38). These mice show normal
contractile activity with no evidence of adaptation. Further-
more, it was demonstrated that BB-CK does not localize to
myofibrils. The availability of the mice expressing B-CK sub-
units and mice that lack M-CK subunits due to gene disruption
(M-CK KO) enabled generation of a mouse with skeletal muscle
containing a complete isoenzyme switch from MM-CK to BB-
CK. Thus, a direct test of whether specific localization of CK
to myofibrils is essential for proper function of muscle was
performed.

EXPERIMENTAL PROCEDURES

Animal Care— All animals were bred and maintained in groups of
four in a temperature-controlled (25 °C) room. Agway rat chow (Rat-
mouse-hamster 3000, Agway Co.) and water were provided ad libitum.
All animals used were male and 8-16 weeks of age. Animals were
anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally),
and the initial anesthetic dose lasted for the duration of the experi-
ments. All protocols involving animals were approved by the Institu-
tional Animal Care and Use Committee.

Expression of B-CK in Skeletal Muscle—Production of transgenic
mice that express the B subunit of CKin skeletal muscle (7001 line) was
described previously (37, 38). Mice heterozygous for a B-CK transgene
and homozygous for M-CK KO allele were generated by mating M-CK
KO mice (33-35) with the 7001 line of B-CK overexpressing mice (37,
38) and the offspring back-crossed to the M-CK KQ. These mice were
then intercrossed to create mice homozygous for the B-CK transgene
and homozygous for the M-CK KO allele (referred to as switch mice).

Biochemical and Immunoflourescence Assays—The left superficial
gastrocnemius muscle was isolated for chemical extraction (for glycogen
assessment the entire gastrocnemius was used), All biochemical assays
and extractions were performed using standard techniques as described
previously (38). Tissue sections were immunoeassayed using goat anti-
human CEK polyclonal primary antibodies (Cortex, Inc., CA) and Cy3
conjugated secondary antibody. 4-um slices were prepared from mus-
cles that were isolated, frozen in liquid nitrogen cooled isopentane, and
mounted for cutting using TBS-tissue freezing medium (Fisher). After
sectioning, the tissue was then incubated with primary antibody (1:300
dilution/10% horse serum) for 2 h at room temperature in a humid
chamber. Sections were washed off with 1 X phosphate-buffered saline/
10% horse serum. The secondary antibody (1:500/10% horse serum)
conjugated to Cy3 was applied for 30 min at room temperature. The
sections were washed and coverslips were applied. Tsolated myofibrils
were washed and assayed for CK as described previously (37).

Mechanical Function —'The animals were anesthetized and prepared
for stimulation as described previously (38). Muscles were stimulated
via platinum electrodes attached to the sciatic nerve, and force meas-
urements were made using a calibrated F-100 transducer (MacLab).
The force records were recorded using a MacLab Data Acquisition
system. Rest tension was applied to the muscle and adjusted following
test twitches until an increase in force was no longer observed with
constant voltage. The muscle was allowed to recover for approximately
10 min following the test contractions. Muscles were supramaximally
stimulated at 5 Hz, and force was recorded for 3 min.

NMR Data Acquisition — Anesthetized animals were 1n a supine po-
sition within the magnet bore. *'P NMR spectra were acquired at
121.56 MHz on a Bruker Biospec 7T spectrometer. A two-turn rectan-
gular surface coil that was approximately the size of the gastrocnemius-
plantaris-soleus complex was used. The coil was tuned to the phospho-
rus signal and shimmed on the proton signal. Phosphorus spectra were
obtained using a 90 ° flip angle {40 us square pulse), a 4K data set, and
a 15 s repetition delay. Magnetization transfer was measured using a
saturation transfer pulse sequence and irradiation pesitioning on the
v-ATP resonance as well as a control position as described previously
(37). Baturation and control irradiation times between 0.5-14.5 8 were
used. Peak integration of the PCr peak was used to measure signal
intensity, and the data were fit to the following exponential function:
MMy =1 = kg, Ty o (L — exp(—t/T ), where M/M,, is the PCr
signal intensity during v-ATP and control saturation, &g, is the first
order rate constant, ¢ is the duration of the saturation, and 7' ,,, is the
T, apparent time constant.

Statistics —The values represented in the text, tables, and figures are
the sample means * S.D. Significance was accepted at p < 0.05 using
an unpaired Student’s ¢ test.
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Fic. 1. Creatine kinase isoenzyme gel of muscle homogenates.
Mating of M-CK KO (12) with mice overexpressing B-CK subunits (13)
produced the switch mice with BB-CK replacing MM-CK in skeletal
muscle, Lane I, control muscle expresses the MM homodimer of CK;
lane 2, M-CK KO does not express any cytosolic CK; lane 3, 7001
transgenic muscle (13) expresses the MM and BB homodimers as well
as the muscle-brain heterodimer (MB); lane 4, switch muscle expresses
only the BB homodimer. All samples are a 1:2500 dilution except for the
M-CK KO, which is 1:300 dilution.

RESULTS

IMig, 1 shows a CK isoform gel that demonstrates that in the
switch mice the only eytosoclic form of CK present is BB-CK.
Control animals had a total CK activity of 7980 £ 280 pmol
min~! g wet weight ™" (n = 6), and the M-CK KO had an
activity of 350 =+ 80 umol min~"' g wet weight™ (n = 6) due to
mitochondrial CK that is still present in these muscles, Switch
animals had 837% control activity with 2650 + 600 wmol min ™"
g wet weight™! (n = 6) (Table .

To measure the in vivo CK activity in the different mice *'P
NMR saturation transfer techniques were used (Fig. 24). The
decrease in the PCr peak during varying times with saturation
of the v-ATP peak was used to measure pseudo-first order rate
constants in the different mice (Fig. 2B). The amount of PCr as
determined from *'P NMR was not significantly different
among the different mice (data not shown), indicating that the
rate constants can be used for a valid comparison of in vivo
rates of CK. Pseudo-first order rate constants obtained for CK
in control mice were 0.24 = 0.02 s™!. M-CK KO mice had a
significantly lower value of 0.05 *+ 0.05 s~ . Switch mice had a
rate constant of 0.14 = 0.03 s~ %, which was 58% of control
activity.

To determine if BB-CK localized to myofibrils in the switch
muscle, immunofluorescence images of skeletal muscle sections
stained with CK polyclonal antibodies were obtained (Fig. 34).
4-um tissue sections were immunoassayed, and stripes of spe-
cific staining on the sarcomeres of control muscle could be
readily observed (Fig. 3A, panel 1). The M-CK KO mice showed
no specific staining of the myofibrils (Fig. 3A, panel 2). There
was also no specific sarcomeric staining in the muscle from
switch mice as well, indicating that BB-CK did not specifically
associate with myofibrils in the switch mice (Fig. 3A, panel 3).
To further substantiate the lack of localization of BB-CK to
myofibrils, CK activity was measured by isoenzyme gel electro-
phoresis from isolated washed myofibrils. Myofibrils from con-
trol mice contained significant amounts of MM-CK; however,
no detectable CK was obtained from washed myofibrils isolated
rom switch mice (Itig. 3B).

To determine if BB-CK could rescue the phenotypes previ-
ously described in M-CK KO mice, alterations in markers of
glycolysis and oxidative phosphorylation were measured (Table
II and Ref. 38). As compared with control, M-CK KO mice had

Bl
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TABLE I
Total in vitro CK activity at 37 °C obtained from superficial
gasirocnemius muscle homogenates from control, M-CK KO, and
switch mice

The results are reported as means = S.D., n = 8.

In vitro activity

(“mﬂl mﬁn““! g wet LUEfght—I)

Control 7980 £ 280
M-CK KO 350 * 80
Switch 2650 *+ 600

A PCr

Control Saturation
( Mrnnrrn!)

Y- ATP Saturation
(ﬂ,‘ﬁm’)

Difference
([‘,".mr _ Mt'murnf)

———l———-———l——-——-—-l.—.— i A
10 0 -10 20 PPM
1.2 ¢

1.0

0.8}

MSHI
Mcﬂnlrul 0.6 |

0.4|-

0.2 |-

Hp

0.0

0 5 10 l

Saturation Time (5)

N

Fic. 2. 3'P NMR saturation transfer experiment to measure in
pivo CK kinetics in skeletal muscle. A, in vivo spectra from a switch
mouse (that contains only BB-CK) skeletal muscle. Saturating pulses
were applied at the control saturation position (M) as well as to the
v-ATP peak saturation position (M**). The difference between these
spectra (difference M — M) ghows the decrease in PCr that is
used to calculate the rate of the CK reaction in vivo. B, the time course
of changes in PCr after saturating y-ATP for control (4 ), M-CK. KO (H),
and switch (@),

significantly higher levels of glycogen and citrate synthase as
previously reported (33). In addition, M-CK KO mice had sig-
nificantly elevated levels of lactate dehydrogenate and adeny-
late kinase. In switch mice, the replacement of MM-CK with
BB-CK led to a return to control levels of glycogen and lactate
dehydrogenase. Citrate synthase levels were not significantly
different from control in switch mice, although they tended to
be intermediate between control and M-CK KO mice. The lev-
els of adenylate kinase were elevated in the switch muscle
compared with control and approximately equal to that of
M-CK KO. Finally, no differences in myosgin heavy chain iso-
forms were detected in control, M-CK KO, or switch mice (data
not. shown).

Fig. 4 illustrates examples of the mechanical records of force

A

I
2
3
B Homogenate Washed Fibers
l 2 3 4
MM
BB

F1G. 3. Localization of CK in muscle sections and isolated myo-
fibrils. A, immunoflourescence localization of CK to control (panel 1),
M-CK KO (panel 2), and switch muscles (panel 3) (15). B, CK iscenzyme
gels from isolated myofibrils, Homogenate containing myofibrils before
(lane 1, control; lane 2, switch) and after (lane 3, control; lane 4, switch)
washing three times (9),

production from the different mice and time courses of changes
in the average force generated as a function of contraction
number. As previously reported, M-CK KO mice are not able to
maintain force as compared with control early after initiating 5
Hz stimulation (33). M-CK KO mice only maintain 50% control
levels of force after the 20th contraction. BB-CK rescued this
contractile defect as illustrated by the fact that switch mice are
able to maintain force as well as control mice (Fig. 4). No
significant differences between switch mice and control were
detected with a 5-s tetanic stimulation protocol as well (data
not shown).
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TasLE II
Biochemical assays from control, M-CK KO, and switch mice

The activities were determined at 37 °C in umol/min/g wet weight. All
results are means = 5.D., n = 6.

Control M-CK KO Switch
Glycogen (mg/dl) 38 = 6 67 + 8 33 + 8
Citrate synthase 19 & 22 56 + 20 41 + 20
Lactate dehydrogenase 4580 = 60 580 = 60 420 *+ 40

Adenylate kinase 1260 = 140 1700 = 350 2000 =+ 350

DISCUSSION

CK is central to cellular energy metabolism and is one of the
hest studied examples of an enzyme that exhibits subcellular
compartmentation (13—-16}. Theoretical explanations for sub-
cellular compartmentation of enzymes ascribe its importance
to roles in metabolic control, enzymatic activity, and substrate
utilization (10-12), These theoretical descriptions are sup-
ported by empirical experimental evidence showing that sub-
cellular compartmentation occurs in multiple systems from
metabolic enzymes (1-3) to tRNA channeling (7-9), To test the
role of myofibrilar localization of CK, the consequences of a
complete CK isoform switch from MM-CK to the BB-CK iso-
form, which does not localize to the M line (28, 29), were
studied in transgenic mouse skeletal muscle. In MM-CK knock-
out mice there are large contractile defects (33-35). When
MM-CK was replaced by BB-CK, the aberrant contractile phe-
notypes seen in MM-CK knockout mice were returned to nor-
mal despite the lack of myofibrillar localization. These results
indicate that CK compartmentation to the myofibril of skeletal
muscle is notl essential for contractile function and that there is
functional equivalence of creatine kinase isoforms in support-
ing cellular energy metabolism,

The activities determined from extracts represent V_. . ac-
tivities. It has been previously shown that the in vivo activity of
CK is much less than the V.. activity in muscle (37). Previous
results with different M-CK KO alleles indicated that the con-
tractile defects and adaptation detected due to the lack of
MM-CK were not measurable until CK V., activities dropped
below 20% of control levels and in vive rates of MM-CK dropped
below 30% (34). It is necessary to have BB-CK expression in the
switch mice at or above these levels to begin to dissociate the
importance of total CK from specific isoform activity. Com-
pared with control levels, CK activity of switch mice is 37%
from in vitro assays and 58% from in vivo assays as determined
by 3'P NMR. Subcellular localization of CK was determined by
twao different techniques, isolated myotfibrils and immuno-
fluorescence of tissue sections. Both techniques indicated that
MM-CK was localized to myofibrils but that BB-CK was absent
from myofibrils. The data of enzyme activity and subcellular
localization demonstrate that in the switch muscle BB-CK is
present and active both in vitro and in vive and is not associ-
ated with the myofibrils.

When CK levels are chronically modulated by chemical in-
hibitors or by genetic manipulation, there is usually an associ-
ated change in glycolytic and oxidative metabolites or enzymes
(30-38). The complete set of metabolic adaptations seen in the
M-CK KO mice (33) were not present in the switch mice. Most
of these adaptations returned to the control state by the in-
creased CK activity provided by BB-CK. Interestingly, adeny-
late kinase levels remained significantly elevated in the switch
mice as compared with wild-type controls. Indeed, these results
combined with other results on mice overexpressing the B-CK
subunit in skeletal muscles (38) support the idea that adeny-
late kinase levels are adjusted in response to changes in CK
levels; however, this may be independent of the isoform of CK
present (39). |
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F1a. 4. Contractile activity of control, M-CK KO, and switch
gastroenemius muscle. A, representative 5 Hz isometric twiteh force
recordings as a function of time from the different muscles as labeled. B,
graph showing average force production over the first 20 contractions
from control (4), M-CK KO (W), and switch mice (@), These results
clearly illustrate the rescue of the contractile deficit in M-CK KO by the
switch to BB-CK. The results are the means & S.D. (n = 6),

The most important test to see if BB-CK could reverse the
phenotypes detected in MM-CK KO mice was to measure force
generation in the hind limb muscle, The stimulation protocol
used resulted in muscles unable to maintain control levels of
force generation, which is described as a lack of burst activity
(33, 34). This mechanical adaptation to the lack of MM-CK
clearly shows the importance of CK activity to muscle, Switch
mice stimulated under identical conditions were able to pro-
duce control level force. Thus, the large decrease in force pro-
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duction that occurs in mice lacking MM-CK was fully rescued
by BB-CK present in the switch mice despite lower than control
levels of CK and lack of localization to the myofibrils.

The phylogenetic tree of CK reveals gene duplication events
that resulted in the multiple isoforms expressed today in cel-
lular systems of all vertebrates and most invertebrates. Based
on sequence homology there are distant evolutionary connec-
tions between CK and other guanidino kinases such as arginine
kinase, the major guanidino kinase found in invertebrates (40).
Conservation of guanidino kinases indicates an important role
in cellular energetics for this class of enzyme. There is approx-
imately 98% homology in MM-CK and 95% homology in BB-CK
across species. The infraspecies homology between MM-CK
and BB-CK is approximately 80%, which although less than
interspecies homology within isoform is still extremely high
(40). Interestingly there is sequence divergence hetween MM
and BB-CK in the carboxyl-terminal of the enzyme. By express-
ing M-CR/B-CK fusions it has been shown that the carboxyl
terminus of M-CK contains the information necessary for lo-
calization to myofibrils (41). In addition, differences in non-
translated regions of CK mRNA have been shown to cause
lecalization of M-CK transcripts to myofibrils and control
mRINA stability in B-CK transcripts {(42). Thus, sophisticated
systems for localization of both CK transcripts and protein
have evolved,

The fact that there are divergent mechanisms that affect
enzyme localization argues for potential differences in CK
isoenzyme function. On the other hand, the large amount of
homology indicates that MM-CK and BB-CXK could play redun-
dant roles in cellular energetics. Prior to the present study, the
redundanecy of CK isoforms in tissue function had not been
tested. Results presented here demonstrate that BB-CK can
rescuie the contractile defects that occur in mice deficient in
MM-CK. This rescue occurs despite the fact that BB-CK does
not localize to myofibrils, indicating that localization of CK to
the M line of myofibrils is not essential for force maintenance.
This was true despite less than control levels of BB-CK. It may
be that more subtle changes have to be examined to see a
phenotype associated with lack of localization, for example, it
may be that differences in MM-CK and BB-CK containing
muscles may he revealed by comparing the effects of a more
strenuous contractile protocol or long term {raining. These
results support the idea thatl only a minimal level of CK is
required for proper contractile function independent of local-
ization. Initial results for heart and diaphragm from the M-CK
KO mice indicate these tissues function like control, probably
due to sufficient amounts of mitochondrial CK (43—-45). Alter-
natively, it may be that localization of CK to other structures is
important and that BB-CK is properly localized. For example,
MM-CK has been shown to be associated with the sarcoplasmic
reticulum, and recent evidence indicates that there are defects
in calcium handling in M-CK KO and combined mitochondrial
and M-CK KO mice (46). Finally, it is possible that metabolic
adaptations substitute for any function of the localized forms of
CK (43—-45), although little evidence of adaptation was found in
the switch muscle. Rather than serve a specific function, it may
be that localization of metabolic enzymes to subecellular struc-
tures occurs to avoid macromolecular crowding in general in
the cell (47). If true then disrupting the localization of any one
enzyme will not have functional consequences. In conclusion, it
is clear that for the protocols examined, BB-CK can replace
MM-CK, despite lack of localization to the myofibrils.

Acknowledgments— We acknowledge technical assistance from Sean
Alber, Eric Hoffman, Lisa Santel, Kathy Sharer, Ross D. Shonat, Afonso
C. Silva, and Simon Watkins. We thank the Richard King Mellon
Foundation, the Lucille Markey Charitable Trust, the Ralph M. Par-
sons Foundation, and the Ben Franklin Partnership Program of the

Functional Fquivalence of Creatine Kinase Isoforms

Commonwealth of Pennsylvania for providing financial support for the
establishment of the Pittsburgh NMR Center for Biomedical Research.

T

00 =1 &2

10.
11.

12,
13.

14.
15,

16.
17.
18.

19,
20.

21,
22,

23.
24.
20,
20.
27,

28.
29,

30.

31,
32.

33.
34,
35.
36.
37.
38,
39,
4().

41,

42,

43.

44,

46.

46.

47.

REFERENCES

. Lynch, R. M., and Paul, R. J. (1987) Am. J. Physiol. 282, C328-C334
. BelirandelRio, H., and Wilson, J. E. (1992) Arch. Biochem. Biophys. 299,

116-24

Sumegi, B., Sherry, A. D., Malloy, C. R., Evans, C., and Srere, P. A, (1991)
Biochem, Soc. Trans, 4, 1002-1005

Zeleznikar, R. J., Heyman, R. A., Graeff, R. M., Walseth, T, F., Dawis, 5. M,,
Butz, B. A., and Goldberg, N, D, (1990) J. Biof, Chem. 265, 300-311

, Gellerich, F. N., Khuchua, Z. A., and Kuznetsov, A. V. (1893) Bioclim. Biophys.

Acta 1140, 327-334

. Savabi, F. (1994) Mol. Cell. Biochem. 133/134, 145-152

Dang, C. V., Johnson, D. L., and Yang, D. C. H. (1982) FEBS Leét, 142, 1-6

. Negrutskii, B. 8., Stapulionis, R,, and Deutscher, M. P. (1994) Proec. Natl.

Aced. Sci. U. 5. A. 91, 964-9868

. Stapulionis, R., and Deutscher, M, P, (1995) Proe. Natl. Acad. Sci. U. S. A, 92,

7158-7161

Acerenza, L. (1993) J. Theor. Biol. 185, 63-85

Beekmans, 8., Van Driesche, E,, and Kanarek, L. (1993) /. Mol. Recognit. 6,
195-204

Srere, P, A., Malloy, C. ., Sherry, A, D., and Balazs, S. (1995) Adv. Mol. Cell.
Biol. 11, 125-145

Gellerich, F., and Saks, V. A. (1982) Biochem. Biophys., Res, Commun, 108,
1473-1481

Bessman, S. B., and Geiger, P. J. (1983) Science 211, 448452

Meyer, R. A, Sweeney, H, L., and Kushmerick, M. J, (1984) Am. J. Physiol.
246, C365-C3717

Wallimann, T., Wyss, M., Brdiczka, ID,, Nicolay, K., and Eppenberger, H. M.
(1992) Biochem. J. 281, 21-40

Turner, D. C,, Wallimann, T., and Eppenberger, 1. M. (1873) Proc, Natl. Acad.
Sei. U. S, A, 70, 702705

Wallimann, T., Turner, D. C., and Eppenberger, H, M, (1977) J, Cell Biol. 75,
297-317

Wallimann, T., and Eppenberger, H. M. (1985) Cell Muscle Motil. 6, 239-28b

Wegmann, G., Zanolla, K., Eppenberger, H. M., and Wallimann, T. (1992)
J. Muscle Res, Cell Motil. 13, 420-435

Baskin, R. J., and Deamer, D. W, (1970) J. Biol. Chem. 2456, 1345-1347

Sharov, V. G., Saks, V. A., Smirnov, V. M., and Chazov, E., 1. (1977) Biochim,
Biophys. Acta 488, 495-501

Biermans, W., Bernaert, [., DeBie, M., Nijs, B., and Jacob, W. {1988} Bioc/im.
Biophys. Acta 974, 74-80

Rossi, A, M., Eppenberger, . M,, Volpe, P,, Cotrufo, R., and Wallimann, T.
(1980) J, Brol. Chem. 265, 5258-5266

Levitsky, D. O., Levchenko, T, S., Saks, V. A., Sharov, V. G., and Smirnov, V.
Gr. (1978) Membr. Biochem. 2, 81-96

Savabi, I., Geiger, P, J., and Bessman, S, P. (19806) Biochem. Med. Metab, Biol.
35, 227-238

Korge, P., Byrd, S, K., and Campbell, K. B. (1993) Eur. J. Biocchem, 2183,
973-980

Cande, W, Z. (1983) Nature 304, 557-558

Silver, R. B., Saft, M. S., Taylor, A. R., and Cole, R, D. (1983) .J. Biol. Chem.
258, 13287-13291

Fitch, C. D., Jellinek, M., Gitts, R. H., Baldwin, K. M,, and Holloszy, J. O.
(1970) Am. J. Physiol. 228, 1123-1125

Shoubridge, Is. A., and Raddg, G. K. (1984) Biochim. Biophys. Acte, 805, 79-88

Mever, R. A., Brown, T. R., Krilowicz, B. L., and Kushmerick, M. J. (1986)
Am. J. Physiol, 250, C264-C274

van Deursen, J., Heerschap, A., Cerlemans, F., Ruitenbeek, W., Jap, B., ter
Laak, H., and Wieringa, B. (1893) Cell 74, 621-631

van Deursen, J., Ruitenbeek, W., Heerschap, A., Jap, P., ter Laak, H., and
Wieringa, B. (1994) Proc. Natl. Acad. Sci, U, S. A, 91, 9091-9085

de Haan, A., Koudijs, J. C.,, Wevers, R. A., and Wieringa, B. (1995} Exp.
Physiol. 80, 491-494

Steeghs, K., Oerlemans, I'., and Wieringa, B. (1995) Biochim. Biophys, Acta
1230, 130-138

Brosnan, M. 4., Raman, S, P., Chen, L., and Koretsky, A. P. (1993) Am. J.
Physiol, 264, C151-C160

Roman, B. B., Foley, J. M., Meyer, R, A., and Koretsky, A. P. (1996) Am. J.
Physiol. 270, C1236-C1245

Zeleznikar, R, J., Dzeja, P. P., and Goldberg, N. D. (1995) J. Biol. Chem. 270,
7311-7319

Muhlebach, 5. M., Gross, M., Wirz, T., Wallimann, T., Perviard, J. C., and
Wyss, M. (1994) Mol. Cell. Biochem, 133/134, 245-262

Schafer, B. W., and Perriard, J.-C. (1988) JJ. Cell Biol, 106, 1161-1170

Wilson, I. A., Brindle, K. M., and Fulton, A. M. (1995) Biochem. J. 308,
590 -605

Veksler, V. [, Kuznetsov, A. V., Anflous, K., Mateo, P., van Deursen, .,
Wieringa, B., and Ventura-Clapier, R. (1895) J. Biol. Chem. 270,
19921-19929

van Dorsten, F. A., Nederhoff, M. G. J., Nicolay, K., and van Echteld, C. J. A,
(1996) *'P-NMR Analysis of CK Kinetics from Purified Enzymes to Intact
Skeletal and Cardice Muscle, Ph.D, thesis, University of Utrecht,
Netherlands

Walchko, J. F., Daood, M. J., Sieck, G. C., L.aBella, J. J., Ameredes, B. T.
Koretsky, A. P., and Wieringa, B, (1997) J. Appl. Physiol. 82, 1416-1423

Steeghs, K., Benders, A., Oerlemans, F., de Haan, A., Heerschap, A,
Ruitenbheek, W., Jost, C., van Deursen, J., Perryman, B., Petie, D,,
Bruckwilder, M., Koudijs, J., Jap, P., Veerkamp, J., and Wieringa, B. (1997)
Cell 89, 93-103

Cuned, P., Magri, ., Verzola, A., and Grazi, E. (1992) Bicochem. J. 281,
h07-512




