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Dissecting the role of creatine kinase

The phenotype of ‘gene knockout’ mice deficient in a creatine
kinase isoform sheds new light on the physiological function
of the ‘phosphocreatine circuit’.

All living organisms require energy to survive and carry
out the multitude of tasks that characterize biological
activity. Cellular energy demand and supply are gener-
ally balanced and tightly regulated for economy and
efficiency of energy use. The enzyme creatine kinase
plays a key role in the energy metabolism of cells that
have intermittently high and fluctuating energy require-
ments, such as skeletal and cardiac muscle fibres,
neurons, electrocytes, photoreceptors and spermatozoa.
This is because the reaction catalyzed by creatine
kinases — the reversible transfer of the phosphoryl
group from phosphocreatine to ADP (Fig. 1) — allows
regeneration of the key cellular energy-carrying
molecule, ATP. Cells contain a number of different cre-
atine kinase isoforms, and the recent generation of
mice homozygous for a germline mutation preventing
synthesis of one of the isoforms has confirmed the
important part played by creatine kinase in cellular
energy metabolism [1].

A phosphocreatine circuit for energy homeostasis

Biochemical fractionation and in sit immunolocaliza-
tion techniques have shown that the different creatine
kinase isoforms, once thought to be strictly soluble
enzymes, are not distributed evenly in cells. Instead,
they are compartmentalized in an isoform-specific
fashion: two isoforms, M-CK and B-CK, are cytosolic,
and two other isoforms, Mi -CK and Mi -CK are specifi-
cally mitochondrial. These various isoforms of creatine
kinase are thought to constitute an intricate energy

buffering and transport system connecting sites of high-
energy phosphate production (by glycolysis and oxida-
tive phosphorylation) to sites of energy consumption,
such as myofibrils and membrane ion pumps (Fig. 2).
The specific association of creatine kinase with such
sites has allowed the identification and isolation in vitro
of functionally coupled subcellular microcompartments
(for recent reviews see [2,3]).

The mitochondrial creatine kinase isoform, Mi-CK, is
located in the mitochondrial intermembrane space,
where it is found along the outer surface of the entire
inner membrane, and also at sites where the inner and
outer membranes are in close proximity (see [3,4] for
reviews). At these latter sites, Mi-CK can directly
use intramitochondrially produced ATP to generate
phosphocreatine, which is exported to the cytosol
where it serves as an easily diffusible, energy-storage
metabolite (Fig. 2). In contrast to the cytosolic creatine
kinase isoforms, which are dimeric, Mi-CK forms highly
symmetrical, cube-like octamers [5] and can bind to the
periphery of lipid membranes. Most importantly, Mi-CK
can mediate contact-site formation between the inner
and outer mitochondrial membranes [6] and it is func-
tionally coupled to oxidative phosphorylation by the
adenine nucleotide transporter [7,8], which catalyzes
ATP/ADP antiport across the inner membrane. This
functional coupling has been demonstrated by
a number of different experiments, including use of
radioactive tracers, showing that mitochondrial
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Fig. 1. The transphosphorylation reaction catalyzed by the enzyme creatine kinase,
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respiration, and net phosphocreatine production, can
be stimulated by addition of extra-mitochondrial crea-
tine, even in the presence of external ATP-regeneration
systems and ATP sinks [2,3,7,8].

Coupling also requires transport of creatine and
phosphocreatine across the mitochondrial outer
membrane: as shown in Figure 2, this occurs through
porin molecules, which are in a cation-selective state
at inner/outer membrane contact sites, allowing crea-
tine entry into the mitochondrion, and elsewhere are in
a high-conductance, anion-selective state, allowing
phosphocreatine exit. The cube-like Mi-CK octamer
contains a central channel parallel to its four-fold axis
(5]. This has led to the suggestion that it acts as a con-
necting module between adenine nucleotide transporter

and porin molecules, forming an efficient, tightly
coupled, multienzyme ‘energy channel’ [9], which com-
bines the directed export of mitochondrial energy
equivalents with the interconversion of matrix-gener-
ated ATP plus creatine into ADP plus phosphocreatine
(Fig. 2). The dynamic equilibrium between Mi-CK
octamers and dimers, and the differential, pH-depen-
dent interactions between both dimers and octamers
and the mitochondrial inner membrane that have been
observed in vitro (see Fig. 2) [10], may be important
steps at which mitochondrial energetics can be
regulated [2—4,10].

The cytosolic creatine kinase isoforms, which in part
are associated with specific subcellular compartments
or structures [2,11], use phosphocreatine to regenerate
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Fig. 2. The phosphocreatine circuit model of intracellular energy homeostasis. Four major compartments of creatine kinase are shown:
strictly soluble creatine kinase (CK_) which catalyzes the free equilibration of the cytosolic ratios of phosphocreatine (PCr)/creatine (Cr) and

ATP/ADP; cytosolic creatine kinase (CK,), which couples glycolysis to phosphocreatine production; ‘cytosolic’ creatine kinase (CK,) associ-
ated with subcellular sites of high and ﬁuctuating ATP consumption, such as the myofibrils and the sarcoplasmic reticulum in muscle; and
mitochondrial creatine kinase (Mi-CK), which is functionally coupled to oxidative phosphorylation. According to this model, small pools of
ATP and ADP turn over rapidly and in opposite directions at sites of phosphocreatine production (bottom and middle) and consumption
(top); these sites are coupled by creatine kinase and the phosphocreatine/creatine diffusional pathways. Note that the relative pool sizes of
phosphocreatine and creatine are much larger than those of the adenine nucleotides. In resting muscle, for example, the concentrations are:
PCr, ~20-40 mM; creatine, ~5-15mM; ATP, ~3-5 mM; ADP, ~10-200 M. For details of the model see [2,3].
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ATP at sites of high energy demand, such as the acto-
myosin ATPase [12-14] and sarcoplasmic reticulum Ca?
ATPase [15,16] in muscle fibres, and the plasma-mem-
brane Na*/K* ATPase in electrocytes [17]. The localiza-
tion of creatine kinase at these sites, and the formation
of functionally coupled subcellular microcompartments
has kinetic and thermodynamic advantages for the
workings of the system as a whole {2,3,18]. It has been
demonstrated that the myofibrillar actin-activated
myosin ATPase and the sarcoplasmic reticulum Ca?*
ATPase have privileged access to ATP generated by
bound creatine kinase, even in the presence of exoge-
nously added ATP-supplying systems or exogenous
ATP traps [16]. Similar studies showing functional coup-
ling between ATP-generating and ATP-consuming
systems have been carried out with isolated mitochon-
dria [7,8]. A number of functions have been suggested
[2,3] for the communication between mitochondrial and
‘cytosolic’ creatine kinase isoforms by phosphocreatine
and creatine, which have led to the proposal of the
‘phosphocreatine shuttle’ [7,19] or ‘phosphocreatine
circuit’ models [2,3,16].

Firstly, the phosphocreatine circuit has been suggested
to serve as a temporal energy buffer [2,20], keeping
ATP and ADP concentrations steady and buffering H*
ions, thus preventing a rapid fall in the intracellular ATP
concentration during cellular work and avoiding intra-
cellular acidification owing to ATP hydrolysis. This sug-
gestion has been fully supported by experiments with
transgenic mice expressing the B-CK isoform in liver
cells: perfusion of the liver from such animals under
anoxic conditions showed a strong buffering effect of
the transgene-encoded creatine kinase on intracellular
ATP levels and pH [21]. Furthermore, phosphocreatine
was shown to protect ATP levels from the effects of
fructose load in the same transgenic animals [22].
A similar buffering function of the creatine kinase
system in muscle has been demonstrated more recently
in studies of ‘gene knockout’ mice that do not express
the muscle-type cytosolic creatine kinase isotype M-CK
(see below) [1].

Secondly, it has been suggested that the phospho-
creatine circuit has a regulatory role and increases the
thermodynamic efficiency of intracellular energy metab-
olism, for example by keeping the intracellular ADP
concentration low and maintaining high ATP/ADP
ratios at subcellular sites where it is functionally
coupled to ATP-requiring processes [2,18]. Recent evi-
dence for this has come from observations of the func-
tional and kinetic coupling of creatine kinase to the
myofibrillar actin-activated myosin ATPase [12-14], the
sarcoplasmic reticulum Ca?' ATPase [15,16] and the
plasma membrane Na*/K* ATPase [17]. The improve-
ment the creatine kinase system makes in the thermo-
dynamic efficiency of ATP hydrolysis seems especially
important for ATPases, such as the sarcoplasmic reticu-
lum Ca?* ATPase, that operate near thermodynamic
equilibrium. Furthermore, an important consequence of
the combined creatine kinase and ATPase reactions is
the net release of inorganic phosphate, which 3'P-NMR
analysis has shown could be rate-limiting for

glycogenolysis and/or glycolysis in muscle in the
absence of phosphocreatine hydrolysis [23].

Thirdly, the phosphocreatine circuit is thought also to
serve as a spatial energy buffer, or transport system
(2,3,8,19,24]. In this role, phosphocreatine is thought to
act as an ‘energy carrier’ connecting sites of energy pro-
duction, such as the mitochondrial inner membrane,
with sites of energy utilization. Mitochondrial creatine
kinase would, of course, be expected to play a major
part in this process [9]. That creatine kinase has such a
role in energy transport is supported by the specific
subcellular compartmentalization of the different crea-
tine kinase isoforms in a variety of tissues [2], as well as
by the various properties of the Mi-CK isoform dis-
cussed above [3]. It is important to note that by speed-
ing up the ‘communication’ between sites of ATP
production and consumption, the phosphocreatine
circuit may accelerate and smooth the transitions
between different work states; thus, it may dampen
oscillations in the concentrations of ADP and ATP and
simultaneously reduce the transient times for reaching a
new steady-state at a given work load [3].

Although the phosphocreatine circuit model seems well
supported by evidence from studies in vitro, it has
proved very difficult to verify the suggested energy
transport role of creatine kinase in vivo by 3'P-NMR
(nuclear magnetic resonance) analysis, and different
research teams have produced conflicting results. Thus,
whereas the flux through the creatine kinase reaction in
the glucose-perfused heart correlates well with cardiac
muscle performance [24], which would support the cre-
atine kinase system having a transport function, no
such correlation has been reported for skeletal muscle
[25]. A clear correlation between creatine kinase-cat-
alyzed flux and brain activity has recently been demon-
strated in vivo by NMR magnetization transfer [26]. And
the functional coupling of creatine kinase and glycoly-
sis, also predicted by the model presented in Figure 2
and suggested by the co-localization of creatine kinase
with glycolytic enzymes in muscle [11], has recently
been demonstrated directly in anoxic fish muscle using
31p.NMR methods [27]. The results of a number of
studies on different systems therefore point to the com-
partmentalized creatine kinase system having an impor-
tant general function [2]. But the relative importance of
the spatial buffering and energy transport roles of the
creatine kinase system remains a matter for discussion.

M-CK gene knockout mice

Wieringa and colleagues [1] have recently succeeded in
introducing into the germline of mice a null mutation
for the gene encoding the muscle cytosolic creatine

" kinase isoform, M-CK. Mice homozygous for this muta-

tion completely lack active M-CK enzyme, but still
express more-or-less normal levels of the mitochondrial
isoform Mi-CK and have normal concentrations of free
ATP, phosphocreatine and inorganic phosphate in their
resting muscles. Most strikingly, the well-known sym-
metrical transitions in the concentrations of phospho-
creatine and inorganic phosphate during exercise and
recovery were similar in mutants and wild-type
controls, Nevertheless, on closer analysis of muscle
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performance, a clear physiological phenotype became
apparent. Muscles of the mutant mice lack the ability to
perform burst activity; that is, although the muscles
reach a normal initial peak tension, they are unable to
maintain that initial peak tension for any length of time.
This is exactly what one would expect in the absence
of any buffering activity from cytosolic creatine kinase,
and thus provides strong additional support for the pos-
tulated role of M-CK as an immediate energy buffer for
short-term muscle activity.

However, these results raise the intriguing question of
how M-CK-deficient mice can still use phosphocreatine
as an energy source. The most plausible explanation
may be that, under these conditions, the mitochondrial
membranes become permeable to phosphocreatine,
which could enter the mitochondria and be used to
synthesize ATP by Mi-CK. Although the possibility has
not been ruled out that some of the Mi-CK isoform —
which is encoded by a nuclear gene — is no longer
correctly targeted to mitochondria, this explanation
seems less likely as only relatively small increases in
Mi-CK expression levels were observed in the trans-
genic animals, and these levels were probably inade-
quate to account for the maintenance of a creatine
kinase reaction in the cytosolic and myofibrillar com-
partments. Although it might have been expected that
the M-CK-deficient mice would compensate by express-
ing the brain-specific creatine kinase isoform, B-CK,
in their muscles, no such misexpression of B-CK
was observed. A last possibility is that another, as yet
undiscovered, enzyme is responsible for metabolizing
phosphocreatine in muscle in the transgenic mice.

The muscles of the mutant mice did, however, show
signs of having undergone structural and metabolic
adaptations to the absence of M-CK expression: for
example, the mitochondrial capacity and glycogen
content of their fast muscle fibres were found to be
increased. Such adaptations indicate that the absence of
M-CK mainly affects fast-twitch muscle fibres, and may
change them into slower, oxidative-like fibres. The
expansion of the mitochondrial network in fast-twitch
fibres of the mutant mice significantly reduces the diffu-
sion distances between mitochondria and myofibrils,
suggesting that it is an adaptation to increase
the energy transport that can be mediated directly by
ATP and ADP. Similar metabolic adaptations and
structural plasticity have been observed in rats fed with
B-guanidino-proprionic acid (GPA), a creatine analogue
that blocks the entry of creatine into muscle tissue [28].
This raises the intriguing question of how a lowered
cellular energy status, as in the GPA-fed rat model,
or the absence of a key enzyme of energy metabolism,
as in the M-CK-deficient mice, can lead to long-term
structural and metabolic muscle adaptations.

Even more intriguing is the fact that, unlike in normal
mice, no significant fluxes through the creatine kinase
reaction can be detected in muscles of M-CK-deficient
mice by saturation transfer or inversion transfer 31p.
NMR methods, despite the presence of normal levels of
Mi-CK [1]. In more recent experiments with mutant
mice expressing reduced levels of M-CK, Wieringa and
colleagues have found that the NMR-detectable flux

through the creatine kinase reaction is highly
dependent on the level of M-CK expression. In muscles
with less than one third the normal M-CK activity, the
flux through the creatine kinase reaction was about 20-
times less than normal. The flux suddenly increases to
close to normal levels, however, when M-CK activity
reaches about half that of wild-type muscle (B.
Wieringa and J. van Deursen, personal communication).

One possible explanation for this is that, in vivo,
3Ip_.NMR may only be able to detect the flux through
truly soluble M-CK, and not that through Mi-CK and
through the subset of M-CK molecules associated with
subcellular structures, and/or the subset that has access
to NMR-invisible substrate pools. It is possible that,
when the M-CK level is reduced beyond a certain point,
it is all bound to subcellular structures and so the flux
through this bound enzyme is 3'P-NMR invisible. The
latter becomes visible only when the level of soluble
CK is high enough to saturate these binding sites. In
support of this, in transgenic mice expressing the brain-
type isoform B-CK in skeletal muscle, the creatine
kinase activity is increased to 150% normal levels and
there is a two-fold increase in the energy flux through
the creatine kinase reaction [29].

These results imply that the ratio of bound to unbound
creatine kinase should be taken into account when
interpreting 3!P-NMR measurements, and they may
explain the failure to find a correlation between crea-
tine kinase reaction fluxes and skeletal muscle activity
[24). These considerations may also shed light on the
unexplained peculiarities of 3'P-NMR measurements in
muscle that have been postulated to arise from the
compartmentalization of creatine kinase and/or its sub-
strates in this tissue [2]. Mice expressing variable, sub-
normal levels of M-CK may therefore be a key
experimental system for addressing some of the funda-
mental questions about 3!P-NMR measurements of
fluxes through the creatine kinase reaction in vivo.
Although 3!P-NMR is a non-invasive technique, it is still
hampered by a relatively low sensitivity and limited
spatial resolution (relative to cellular dimensions).
In the light of the unusual NMR behaviour of the crea-
tine kinase system in the gene knockout mice, earlier
31p_.NMR measurements of creatine kinase fluxes should
be interpreted with caution. It is conceivable that, when
the complexities of whole organ physiology are better
understood, a new era of physiological 3'P-NMR studies
will begin.

Mice in which the gene for the mitochondrial creatine
kinase isoform, Mi-CK, has been ‘knocked out’ might
provide the best model system for addressing the long-
debated issue of whether the phosphocreatine circuit
has an energy transport or spatial buffering function. In
mutant muscle lacking Mi-CK, no short-term effects on
burst activity would be expected as long as the cyto-
solic M-CK buffering capacity remains intact. Such
Mi-CK null mutants may, however, be deficient in their
long-term muscle performance, unless the muscle again
shows a surprising adaptability. One would also predict
that knocking-out the gene for the ubiquitous B-CK
isoform would have a pronounced effect, especially as
this isoform is important for the proper functioning of
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many non-muscle cells, such as glia and neurons in the
nervous system, photoreceptors in the retina, spermato-
zoa and so on [2]. Double knockouts of the genes for
M-CK and Mi-CK, or B-CK and Mi-CK, would also be
expected to cause a severe impairment of muscle func-
tion, and in the latter case might cause infertility owing
to an impairment of sperm motility, which has been
shown crucially to depend on creatine kinase activity
[30). Such double B-CK and Mi-CK gene knockouts may
even prove lethal.

A thorough, multidisciplinary study of the M-CK-
deficient mice now available, as well as of new mutants
that can be expected in the future, will not only
be important from a biological point of view, because
of the insights it should give into the physiological
function of creatine kinase in normal animals, but
is also likely to shed new light on how 3!P-NMR mea-
surements reflect the complexities of systems in
vivo, in which enzymes can be sequestered in specific
subcellular compartments and substrates are present in
distinct pools.
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