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Abstract: In this review, we summarize the main structural and functional data on the role of the
phosphocreatine (PCr) — creatine kinase (CK) pathway for compartmentalized energy
transfer in cardiac cells. Mitochondrial creatine kinase, MtCK, fixed by cardiolipin
molecules in the vicinity of the adenine nucleotide translocator, is a key enzyme in this
pathway. Direct transfer of ATP and ADP between these proteins has been revealed both
in experimental studies on the kinetics of the regulation of mitochondrial respiration
and by mathematical modelling as a main mechanism of functional coupling of PCr
production to oxidative phosphorylation. In cells in vivo or in permeabilized cells in
situ, this coupling is reinforced by limited permeability of the outer membrane of the
mitochondria for adenine nucleotides due to the contacts with cytoskeletal proteins. Due
to these mechanisms, at least 80% of total energy is exported from mitochondria by
PCr molecules. Mathematical modelling of intracellular diffusion and energy transfer
shows that the main function of the PCr — CK pathway is to connect different pools
(compartments) of ATP and, by this way, to overcome the local restrictions and diffusion
limitation of adenine nucleotides due to the high degree of structural organization of
cardiac cells
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1. GENERAL DESCRIPTION OF THE CREATINE KINASE
SYSTEM IN MUSCLE CELLS

High work requirements and the unique contractile function of the heart have made
cardiac muscle the most intensively studied object in bioenergetics. Among other
items, the role of the creatine kinase (CK) system has been thoroughly studied
in cardiac cells during several decades in many laboratories. In this review, we
summarize the data regarding the role of the CK system in heart, with the aim to
emphasize the most important evidences of functioning of this system. Its role is
equally important both in skeletal and smooth muscle, in brain, and in many other
types of cells, as described elsewhere (Wallimann and Hemmer, 1994; Ames, 2000).

Energy metabolism of cardiac cells is based on aerobic oxidation of fatty
acids and carbohydrate substrates, coupled to ATP production by mitochondrial
oxidative phosphorylation (Neely and Morgan, 1974; Williamson et al., 1979;
Opie, 1998; Stanley et al., 2005; Taegtmeyer et al., 2005). Then, the energy is
supplied to the sites of its utilization via structurally and functionally organized
phosphotransfer networks (Wallimann et al., 1992; Dzeja and Terzic, 2003; Saks
et al., 1994, 2006a). The cardiac cell is structurally and functionally highly ordered,
with very regular crystal-like arrangement of mitochondria and a unitary (modular)
nature of energy metabolism (Saks et al., 2001; Seppet et al., 2001; Vendelin
et al., 2005; Weiss et al., 2006), organized into intracellular energetic units, ICEUs
(Figure 1). All CK isoenzymes are compartmentalized in the cells, within these
ICEUs. Mitochondrial isoforms of CK were discovered in Klingenberg’s laboratory
in 1964 (Klingenberg, 1964), shortly after the discovery of the cytosolic MM- and
BB-CK isoforms (see Eppenberger et al., 1967). In muscle cells, significant fractions
of the MM isozyme are connected structurally to the myofibrils, to the membrane of
sarcoplasmic reticulum (SR) and to the sarcolemma (Wallimann et al., 1992, 1998;
Dzeja et al., 1998; Wyss and Kaddurah-Daouk, 2000; Dzeja and Terzic, 2003;
Bessman and Geiger, 1981; Scholte, 1973; Saks et al., 1974, 1977, 2006b;
Sharov et al., 1977, Wallimann and Hemmer, 1994; Schlegel et al., 1988a;
Haas and Strauss, 1990; Fritz-Wolf et al., 1996; Qin et al., 1998; Schlattner
et al., 2000; Burklen et al., 2006). This intracellular compartmentation of the CK
isozymes forms the structural basis for an energy transfer network — the so-called
phosphocreatine (PCr) circuit. Below, we first describe the structural evidence
for the CK pathway and then the mechanisms of functioning for each of the
CK isoenzymes.

2. STRUCTURAL STUDIES

The molecular structure and structure-function relationships of creatine kinase
isoenzymes have been studied in much detail by some of us and other groups
(Fritz-Wolf et al., 1996; McLeish and Kenyon, 2005; Schlattner et al., 1998;
Schlegel et al., 1988b; Schnyder et al., 1994). In particular, the MtCK isoenzymes
and their proteolipid complexes have been analyzed by various approaches. This
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Figure 1. The coupled CK and adenylate kinase (AK) reactions within the intracellular energetic units
(ICEUs) in muscle cells. By interaction with cytoskeletal elements, the mitochondria and sarcoplasmic
reticulum are precisely fixed with respect to the structure of a sarcomere of myofibrils, i.e. between
two Z-lines and, correspondingly, between two T-tubules. Calcium is released from the sarcoplasmic
reticulum into the ICEU space in the vicinity of mitochondria and sarcomeres to activate contraction
and mitochondrial dehydrogenases. Adenine nucleotides within the ICEU do not equilibrate rapidly with
adenine nucleotides in the bulk water phase. ANT is mitochondrial adenine nucleotide translocase, and
FyF, is the ATP synthase complex. The mitochondria, sarcoplasmic reticulum, MgATPase of myofibrils
as well as ATP-sensitive systems in the sarcolemma are interconnected by metabolic channeling of
reaction intermediates and by high-energy phosphate transfer within the ICEU by the CK-PCr system.
Protein factors (still unknown and marked as “X”), most probably connected to the cytoskeleton, fix
the position of mitochondria and probably also control the permeability of the voltage-dependent anion
carrier (VDAC) channels for ADP and ATP. Adenine nucleotides within the ICEU and the bulk water
phase may be connected by some more rapidly diffusing metabolites such as Cr and PCr. Synchronization
of the functioning of ICEUs within the cell may occur by the same metabolites (for example, P; or
PCr) and/or by synchronized release of calcium during the excitation-contraction coupling process. This
scheme is an artwork of Christian Linke, a student of the Erasmus programme.

work has been summarized in several recent reviews (McLeish and Kenyon, 2005;
Schlattner et al., 1998, 2006; Schlattner and Wallimann, 2004, 2006; Wallimann
et al., 1992). Only a brief summary is given here, and the reader is referred to the
cited reviews for a more detailed description and original references.

The solution of atomic structures of all four CK isoenzymes during the last
decade, most of them with participation of some of us (Eder et al., 1999, 2000;
Fritz-Wolf et al., 1996; Rao et al., 1998), as well as of the transition state structure
of a related arginine kinase (Zhou er al., 1998) were an enormous contribution to
the field. It allowed for the first time to put earlier data in a structure-function
framework and to design new experiments that specifically target CK functions, for
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example, the specific association of CK isoenzymes with partner proteins involved
in ATP-delivering or -consuming processes.

Mitochondrial creatine kinase differs from cytosolic CK not only by its organellar
localization, but also by two important other properties (Figure 2). First, while the
cytosolic CK isozymes are strictly dimeric, MtCK forms not only dimers but is
able to reversibly associate into highly ordered, cuboidal octamers, the predominant
form in vitro as well as in vivo. Second, octameric MtCK behaves as a peripheral
membrane protein, interacting with different protein and lipid components of the
mitochondrial membranes.

The MtCK octamer is stabilized in vivo by high protein concentrations
in the mitochondrial intermembrane space and its binding to mitochondrial
membranes. Kinetic and thermodynamic properties of octamer/dimer transitions
were suggested as regulatory parameters for energy transduction in mitochon-
drial intermembrane contact sites. However, octamer/dimer transitions are too
slow for fast metabolic adaptations, although they might play a role in long-
term adaptations or modulation of energy metabolism. In contrast, octamer/dimer
transitions may be crucial in pathological situations (Stachowiak et al, 1998,
Schlattner et al., 2006).

Octameric MtCK is characterized by specific membrane-binding properties that
are absent or less developed in dimeric MtCK. Also cytosolic CK isoenzymes are
mainly soluble, and only a fraction is bound to particular subcellular structures like
myofibrils, sarcoplasmic reticulum or plasma membrane (Wallimann et al., 1992).
By contrast, octameric MtCK behaves as a typical peripheral membrane protein
(Schlattner et al., 2006). It occurs in cristac and the peripheral intermembrane
space of mitochondria (Figure 3) and shows a strong affinity for acidic phospho-
lipids, in particular cardiolipin (diphosphatidyl glycerol) in the outer leaflet of
the inner membrane, and to mitochondrial porin (VDAC, voltage dependent anion
channel) in the outer membrane. Thus, by its size and its binding properties,
MtCK can bridge the intermembrane space. There is also good evidence for a
functional interaction of MtCK with the transmembrane protein adenine nucleotide
translocator (ANT) in the inner mitochondrial membrane. However, the associ-
ation between these two proteins seems to be indirect and mediated by cardi-
olipin. Both MtCK and ANT show a high affinity for cardiolipin (K, < 100nM),
which may lead to close co-localization in cardiolipin membrane patches. It is
well known that cardiolipin-protein interactions are important for subunit assembly
and complex formation of mitochondrial inner membrane proteins. Two recent
studies are in full support of the MtCK-cardiolipin-ANT model. In collaboration
with Epand’s group, we could show that octameric MtCK can indeed induce cardi-
olipin clusters in model membranes (Epand et al., 2007), and that the resulting
proteolipid complexes can even play a role in transmembrane lipid transfer (Epand
et al., 20006).

The proteolipid complexes containing octameric MtCK, situated in the peripheral
intermembrane space and the cristae (Figure 3), are perfectly suited to sustain the
channeling of substrates and products of the reaction, thus avoiding dissipation
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Figure 2. Proteolipid-complex formation of MtCK in the mitochondrial intermembrane space.
(A) Nascent MtCK is imported into the mitochondrial intermembrane space, the mitochondrial targeting
sequence is cleaved off, and folding is accompanied by assembly into dimers (blue banana-shaped
molecule). (B) MtCK dimers rapidly associate into cube-like octamers with four-fold symmetry; this is
a reversible association, but octamers are strongly favored at the pH values and MtCK concentrations
present at this location. (C) Octameric MtCK binds to both mitochondrial membranes and assembles into
proteolipid complexes containing the voltage-dependent anion carrier (VDAC = porin) and the adenine
nucleotide transporter (ANT). Principal high-affinity receptors for MtCK are cardiolipin in the inner
membrane (black rectangles in the vicinity of ANT) and VDAC together with other anionic phospho-
lipids in the outer membrane. (D) Enlarged C-terminal membrane- (cardiolipin-) binding domain of
MtCK, showing the involved basic lysine residues (indicated as K369, K379 and K380 of the C-terminus
of MtCK) that bind to acidic phospholipids (cardiolipin). Interaction of MtCK with ANT is most likely
indirect and involves common cardiolipin patches (see dark rectangles in the vicinity of ANT in C).
Due to the symmetrical nature of the MtCK octamer, MtCK mediates contacts between the inner and
outer membrane through four C-terminal proteolipid complexes with the outer membrane and four with
the inner membrane, one of them depicted by a circle in C. The membrane-bound state of octameric
MtCK is strongly favored by the large membrane interaction surface and the high affinity of MtCK for
cardiolipin (K = 80nM) and VDAC (K, < 100nM). Binding of dimers to phospholipid membranes
occurs with much lower affinity and probably involves association into octamers while bound to the
membrane. (A)-(C) show the X-ray structure of chicken sarcomeric MtCK in cartoon representation;
each dimer is represented in a different color; (D) shows human sMtCK in space-filling representation
with the following amino acid color code: red — acidic, blue — basic, yellow — hydrophobic. Figure
modified from Schlattner et al., 2004, 2006; Schlattner and Wallimann, 2006 with kind permission from
J. Biol. Chem. and Nova Publishers.

of ATP into the bulk solution and driving the reaction towards phosphocreatine
generation (for details see Figure 3). In contrast to octamers, dimeric MtCK has
only low affinity to membranes and is much less efficient for cardiolipin clustering
and channeling of energy-rich metabolites in mitochondrial contact sites (Epand
et al., 2007; Khuchua et al., 1998).
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Figure 3. MtCK microcompartments in mitochondria: dual localization of MtCK and putative metabolite
routes. MtCK is found at two mitochondrial locations: (A) the peripheral intermembrane space, mainly
in so-called mitochondrial contact sites in association with adenine nucleotide transporter (ANT) and
voltage-dependent anion carrier (VDAC), as well as (B) along the cristae space in association with ANT
only. (C) Visualization by post-embedding immuno-gold labeling of MtCK in a mitochondrion from
a photoreceptor cell of chicken retina. The proteolipid complexes assembled by MtCK (see Figure 2)
create microcompartments that allow for a direct exchange (called metabolite channeling or functional
coupling) of MtCK substrates and products, which is depicted by arrows: (A) In contact sites, octameric
MtCK binds simultaneously to inner (IM) and outer mitochondrial membranes (OM), due to the identical
top and bottom faces of the octamer. Binding partner in the inner membrane is the two-fold negatively
charged cardiolipin, which allows a functional interaction with the ANT that is situated in cardiolipin
membrane patches. In the outer membrane, MtCK interacts with other acidic phospholipids and, in a
calcium-dependent manner, directly with the pore-forming VDAC. In contact sites, metabolite channeling
allows for a constant supply of substrates to and removal of products from the active sites of MtCK.
By preventing the dissipation of mitochondrially generated ATP into the cytosol, its energy content
is directly transferred by MtCK to creatine to yield phosphocreatine, a metabolically inert compound.
Phosphocreatine is then diffusing via VDAC into the cytosol, where it is available to CKs at various
locations for in situ regeneration of ATP. Vice versa, intramitochondrial regeneration of ADP stimulates
oxidative phosphorylation. (B) In cristae, ATP/ADP exchange occurs as in contact sites, while creatine
and phosphocreatine have to diffuse along the cristae space to reach VDAC. Figure modified from
Schlattner and Wallimann, 2004, 2006; Schlattner et al., 2006 with kind permission from J. Biol. Chem.
and Nova Publishers.
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3. FUNCTIONAL STUDIES
3.1. Mitochondrial Creatine Kinases

In 1939, Belitzer and Tsybakova showed that in muscle homogenates, oxygen
consumption was stimulated by creatine (Cr) and resulted in PCr production with
a ratio of PCr/O of approximately 3 (Belitzer and Tsybakova, 1939). This result
was the earliest indication for a functional coupling between MtCK and oxidative
phosphorylation (see below). It is interesting to note that in their experiments on
well washed skeletal muscle homogenates, Belitzer and Tsybakova observed strong
stimulation of respiration by Cr without addition of exogenous adenine nucleotides.
Much later, the same effect was described by Kim and Lee (1987) for isolated
pig heart mitochondria and by Dolder er al. (2003) for liver mitochondria from
transgenic mice expressing active MtCK. The results of these latter studies could be
explained by very efficient use of endogenous adenine nucleotides by the coupled
MtCK reaction. Bessman and Fonyo (1966) as well as Vial et al. (1972) showed in
studies on isolated heart muscle mitochondria that in the presence of ATP, addition
of Cr significantly increased the state 4 respiration rate. In 1973, Jacobus and
Lehninger studied the kinetics of the stimulatory effect of Cr on the state 4 respi-
ration rate and found that at its physiological concentration of 10—15 mM, Cr stimu-
lated the respiration maximally to the state 3 level (Jacobus and Lehninger, 1973).
The details of this effective mechanism of PCr production coupled to oxidative
phosphorylation in isolated rat heart mitochondria were studied by applying kinetic
analysis with some elements of mathematical modelling (Saks et al., 1975; Jacobus
and Saks, 1982). The results showed that oxidative phosphorylation controls PCr
production in heart mitochondria. When uncoupled from oxidative phosphorylation
(if the latter is not activated, for example), the MtCK reaction does not differ
kinetically and thermodynamically from other CK isoenzymes: the reaction always
favours ATP production and — according to the Haldane relationship — ADP and
PCr binding is more effective due to higher affinities than that of ATP and Cer,
respectively (Saks ef al., 1974, 1975). When the calculated predicted rates of the
reaction were compared with the experimental ones, good agreement was seen in
the absence of oxidative phosphorylation but not when the latter was activated:
under conditions of oxidative phosphorylation, the MtCK reaction was strongly
shifted towards PCr synthesis (Saks et al., 1975). This suggested that ATP produced
by mitochondrial oxidative phosphorylation is a much more effective substrate for
MtCK than exogenous MgATP in the medium, and it was proposed that this is
due to direct ANT-mediated transfer of ATP from the matrix space to MtCK,
which should be located in close proximity to ANT to make such direct channeling
possible (Saks et al., 1975; Jacobus and Saks, 1982).

3.1.1. Kinetic evidence for the functional coupling between MtCK
and ANT by direct transfer of ATP

A simple kinetic protocol was developed for demonstration of the mechanism of
functional coupling between MtCK and ANT, which is shown in Figure 4 for
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isolated mitochondria. In these experiments, isolated mitochondria were incubated
in the presence of 10mM Cr, and the rate of PCr production in the MtCK
reaction was measured by either one of two approaches: (1) spectrophotometri-
cally by a coupled enzyme assay (involving phosphoenolpyruvate, pyruvate kinase
and lactate dehydrogenase; PEP-PK-LDH) while oxidative phosphorylation was
inhibited by rotenone (10 wM) and oligomycin (1 wM); or (ii) by measuring the rate
of Cr-dependent oxygen consumption, followed by calculation of the rates of PCr
production by using experimentally determined P/O ratios (Figure 4A). Figure 4B
shows that in the presence of oxidative phosphorylation, the rate of the MtCK
reaction in direction of PCr and ADP synthesis is significantly higher than in its
absence, due to significantly decreased apparent K values for ATP in the CK
reaction (Figure 4C) (Saks et al., 1975; Jacobus and Saks, 1982).

To describe better the mechanism of this phenomenon, a complete kinetic analysis
of the CK reaction in isolated rat heart mitochondria under both conditions — i.e.
with and without oxidative phosphorylation (Jacobus and Saks, 1982) — was found
to be very useful and informative. Figure 5 shows the principles and value of
this approach. Figure 5SA shows the complete kinetic scheme of the CK reaction,
assuming a Bi-Bi quasi-equilibrium random-type reaction mechanism, according to
Cleland’s classification (Cleland, 1963). The rate equation of this reaction is:

Ve Vm.[Cr].[MgATP]
~ Kia.Kb+ Ka.[Cr] 4+ Kb.[MgATP] + [Cr].[MgATP]

To determine the values of the dissociation constants for all substrates, the initial
rates in both directions (in the absence of products) were determined for six different
concentrations of both substrates (Figure 5B and D). The data were analyzed by
performing, successively, primary (Figure 5C) and secondary analyses (Figure SE)

»
»

Figure 4. Comparison of normalised CK kinetics in isolated cardiac mitochondria with and without
oxidative phosphorylation (£ ox.phos.), in the presence of 10mM Cr. MIM, MOM and ANT are
mitochondrial inner membrane, mitochondrial outer membrane, and adenine nucleotide transporter,
respectively. (A) Scheme of experiments to measure the kinetics of the mitochondrial creatine kinase
(MtCK) reaction in isolated cardiac mitochondria. On the left: studies of MtCK kinetics with oxidative
phosphorylation; reaction rates were calculated from oxygen consumption rates and P/O ratios. On the
right: studies of MtCK kinetics in the absence of oxidative phosphorylation; reaction rates were measured
with a coupled enzyme assay (PEP-PK-LDH) after inhibition of the respiratory chain (RC) and ATP
synthase by rotenone (10 M) and oligomycin (1 wM), respectively. (B) MtCK kinetics with oxidative
phosphorylation (+ox.phos.) were measured by respirometry in mitomed solution (final concentrations:
110 mM sucrose, 60 mM K-lactobionate, 0.5 mM dithiothreitol, 0.5 mM EGTA, 3 mM MgCl,, 20 mM
taurine, 3 mM KH,PO,, 20 mM K-HEPES, 5 mM glutamate, 2 mM malate, 2 mg/ml essentially fatty acid
free bovine serum albumin and pH = 7.1), followed by normalization of the data (for V,, = 304 £ 12 nmol
0,-mg protein~!-min~!). MtCK kinetics in the absence of oxidative phosphorylation (-ox.phos.) were
measured in the same medium by spectrophotometry with the system described on the right-hand side
of Figure 4A. (C) Normalised MtCK kinetics in double-reciprocal plots for illustrating the decrease in
apparent K, for ATP with oxidative phosphorylation.

m
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by a simple linearization method in double reciprocal plots, according to the
following equations.

1 1 Kb Kia 1))+ 1 Ka 41
V= —— —_— _— —_— —
[Cr] \ Vm \ [MgATP] Vm \ [MgATP]
This family of straight lines could be used for a secondary analysis of ordinate
intercepts, i,:

. 1 - Ka
1], = —— S
°  Vm [MgATP]

or slopes:

1 Kb ( Kia
slope = — [ ———
Pe= Vm \ [MgATP]

to find directly the values of dissociation constants K, and K,, for MgATP, respec-
tively, as shown in Figure 5F. Similar analysis of 1/v versus 1/[MgATP] and
secondary analysis allowed to determine the dissociation constants for Cr, K;;, and K,
(Figure 5G). This linearization method is very illustrative, since secondary analysis
directly shows the reciprocal values of the dissociation constants for both substrates,
ATP (Figure 5F) and Cr (Figure 5G). While the kinetic constants for guanidino
substrates — Cr and PCr — were the same in both conditions, oxidative phospho-
rylation had a specific effect on the kinetic parameters for adenine nucleotides;
in particular, the K, value was decreased by an order of magnitude. The Haldane
relationship for the CK reaction was no longer valid, showing the involvement
of some other processes — oxidative phosphorylation and ANT (Jacobus and
Saks, 1982). The most likely explanation is the direct transfer of ATP from ANT
to MtCK due to their spatial proximity which results also in increased uptake of
ADP from MtCK (reversed direct transfer); as a result, the turnover of adenine
nucleotides is increased manifold at low external concentrations of MgATP, thereby
maintaining high rates of oxidative phosphorylation and coupled PCr production in
the presence of high Cr concentrations.

The conclusions of the privileged access of mitochondrial ATP to MtCK and
increased mitochondrial turnover of adenine nucleotides in the presence of Cr
were directly confirmed by Barbour er al. (1984) with the use of an isotopic
method, and with a thermodynamic approach by De Furia et al. (1980), Saks
et al. (1985) and Soboll et al. (1994). Finally, an effective competitive enzyme
method for studying the functional coupling phenomenon, namely the pathway of
ADP movement from MtCK back to mitochondria, was developed by Gellerich
et al. (1982, 1987, 1994, 1998, 2002). These authors used an external PEP-
PK system to trap ADP and thus to compete with ANT for this substrate. This
competitive enzyme system was never able to suppress more than 50% of Cr-
stimulated respiration in isolated heart mitochondria, thereby showing the rather
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Figure 5. CK kinetics without oxidative phosphorylation in isolated cardiac mitochondria. (A) The
complete kinetic scheme of the CK reaction. (B) Initial rates of the MtCK reaction without oxidative
phosphorylation as a function of Cr concentration with different fixed ATP concentrations. (C) Secondary
analysis of CK kinetics for fixed ATP concentrations, for finding values of i, and slopes for calculation
of dissociation constants K, and K;,. (D) Initial rates of the MtCK reaction without oxidative phospho-
rylation as a function of ATP concentration, when Cr concentrations are fixed. (E) Secondary analysis of
CK kinetics for fixed Cr concentrations, for finding values of i, and slopes for calculation of dissociation
constants K;, and K,. (F) Determination of kinetic constants for ATP — K, and K;, — by secondary
analysis of data obtained both in the absence (Figure SE) and presence (not shown) of oxidative phospho-
rylation. (G) Determination of kinetic constants for Cr — K, and Kj, — by secondary analysis of data
obtained both in the absence (Figure 5C) and presence (not shown) of oxidative phosphorylation.
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Figure 5. (continued)

effective channelling of ADP from MtCK to the ANT (Gellerich et al., 1982).
Gellerich’s group has explained these latter data by the hypothesis of dynamic
compartmentation of adenine nucleotides in the intermembrane space, meaning that
there is some control of the permeability of the outer mitochondrial membrane,
which would result in ADP and ATP concentration gradients across this membrane
(Gellerich et al., 1987, 1994, 1998, 2002). This represents an alternative hypothetical
mechanism of coupling between MtCK and ANT without a need for direct transfer
of the substrates between ANT and MtCK. Interestingly, this hypothesis focused
attention on the role of the mitochondrial outer membrane in the control of mitochon-
drial function, and foresaw many important aspects of the control of mitochon-
drial function in vivo, but appeared to be insufficient to explain quantitatively the
functional coupling between MtCK and ANT.

3.1.2. Mathematical modelling of the functional coupling
between MtCK and ANT

Mathematical modelling of the coupling of the MtCK reaction with ANT was used
to test both hypotheses — dynamic compartmentation described above and direct
transfer of ATP from ANT to MtCK (Figure 6) — to explain the shifts in kinetic
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constants of the MtCK reaction caused by oxidative phosphorylation, as shown in
Figure 5F and G (Jacobus and Saks, 1982).

The simplest kinetic scheme that was proposed to explain the kinetic data on
MtCK-ANT coupling is based on dynamic compartmentation of adenine nucleotides
as referred to above (Gellerich er al., 1987). According to this hypothesis, there
are metabolite gradients between the solution surrounding isolated mitochondria
and the vicinity of the mitochondrial inner membrane in the intermembrane space.
Due to the close vicinity of MtCK and ANT at and within the inner mitochondrial
membrane, respectively, ATP and ADP are exchanged between MtCK and ANT.
The kinetic properties of MtCK and ANT are not changed during interaction, and
all the changes in apparent kinetic constants measured in the experiment are due
to inability of experimentalists to measure local ATP and ADP concentrations next
to these proteins. Since the gradients of ATP and ADP between the surrounding
solution and the vicinity of the mitochondrial inner membrane are dependent on the
activity of the mitochondria (i.e. are changing), this hypothesis is usually referred
to as “dynamic compartmentation” hypothesis.

To check whether the dynamic compartmentation hypothesis is in correspon-
dence with the data, one could compose a simple mathematical model and compare
the model solutions with the experimental data (Vendelin et al., 2004a). To find
out whether a set of parameter values exists that can reproduce both dissoci-
ation constants for ATP, altered by oxidative phosphorylation at the same time, a
number of parameters were varied across the entire allowable range: (a) ATP and
ADP exchange coefficients across the outer mitochondrial membrane, (b) ATPase
activity, and (c) ANT activity. Regardless of the selected parameter set, the model
could not reproduce quantitatively the experimental data obtained in the presence of
oxidative phosphorylation (Figure 7A). Thus, it is clear that the dynamic compart-
mentation hypothesis is not sufficient to reproduce the measurements, and a more
complex mechanism of interaction between MtCK and ANT should be used to
reproduce the data (Vendelin et al., 2004a). Therefore, the alternative direct local
transfer of ATP — generated by oxidative phosphorylation — to MtCK should be
considered as a main mechanism of acceleration of aerobic PCr production in heart,
skeletal muscle and brain mitochondria.

In mitochondria, ANT transports ADP from the mitochondrial intermembrane
space into the matrix space. The stoichiometry of imported ADP to exported ATP
is normally one. In mitochondria, the number of MtCK dimers is approximately
equal to the number of ANT tetramers (Kuznetsov and Saks, 1986). Irrespective
of the exact stoichiometry of ANT/MtCK complexes, the juxtaposition of these
molecular entities creates a structural basis for direct transfer (channelling) of
metabolites from one entity to the other without dissociation of metabolites into the
intermembrane space of mitochondria. ANT in the inner mitochondrial membrane
forms tight complexes with negatively charged cardiolipin in a ratio of 1 to 6
(Beyer and Klingenberg, 1985; Beyer and Nuscher, 1996). It has been shown
that positively charged MtCK is fixed to this cluster by electrostatic forces due
to three C-terminal lysine residues which strongly interact with the negatively
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Figure 6. Scheme of interactions between mitochondrial CK (MtCK) and adenine nucleotide translocase
(ANT) according to the direct transfer hypothesis. Interaction between the proteins is considered as a
sum of two interaction modes: ATP and ADP are transferred through solution or directly channelled
between the proteins. In this scheme, only the direct transfer of ATP and ADP between proteins is
reflected. In direct transfer mode, ATP is transferred from ANT to MtCK without leaving the two-protein
complex into solution. Since MtCK has only one binding site for ATP and ADP, such transfer is possible
only if this site is free, i.e. MtCK is either free (“CK”) or has only Cr or PCr bound (“CK.Cr” and
“CK.PCr”). In the scheme, we grouped the states of MtCK according to whether ATP or ADP is bound
to enzyme or not (white boxes in the scheme with three states of MtCK in each group). During direct
transfer of ATP from ANT to MtCK, MtCK is transferred from states CK, CK.Cr, and CK.PCr to states
CK.MgATP, CK.Cr.MgATP, and CK.PCr.MgATP, respectively. In the scheme, this transfer is shown as
a link between ANTi.ATP and two corresponding groups of MtCK states. Next, after the MtCK reaction
(link between states CK.Cr.MgATP and CK.PCr.MgADP in the scheme), ADP is transferred directly
to ANT. Note that MtCK operates with Mg-bound ATP and ADP and ANT requires Mg-free ATP and
ADP forms. Thus, during direct transfer between MtCK and ANT, Mg is either bound or released, as it
is shown in the scheme. This complete scheme was the basis for thermodynamically consistent analysis
of coupling (see the text). This figure is reproduced from Vendelin ef al. (2004a) with permission from
the Biophysical Society, USA.
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Figure 7. Analyses of the interaction between mitochondrial CK (MtCK) and adenine nucleotide
translocase (ANT). (A) Calculated apparent dissociation constants K, and K;, of the MtCK reaction in
the presence of oxidative phosphorylation, with coupling between MtCK and oxidative phosphorylation
being modelled according to the dynamic compartmentation hypothesis. The dynamic compartmentation
hypothesis assumes that ‘interaction’ between the proteins is the result of large ATP and ADP gradients
between the vicinity of the mitochondrial inner membrane and the solution surrounding the mitochondria.
Apparent dissociation constants K, and K;, (represented by small dots in the figure) were computed
for different combinations of ATPase activities (Vopae) and exchange constants (Drp and Dapp). The
measured values are shown by open circles in the upper right corner (no oxidative phosphorylation) and
lower left corner (with oxidative phosphorylation). When using the default kinetic constants of ANT
transport, all combinations of computed K, and K;, values are aligned along line 1. By increasing the
maximal activity of ANT 10- or 100-fold, the line can be shifted to the left (lines 2 and 3, respectively).
When, instead of increasing the maximal activity of ANT, the apparent dissociation constant for ATP
and ADP is increased, the line shifts to the right (line 4). Note that regardless of the used values of
ANT Kkinetic constants, all computed combinations of K, and K;, were considerably adrift from the
measured values in the presence of oxidative phosphorylation. Reproduced from Vendelin et al. (2004a)
with permission from the Biophysical Society, USA.

(B) Calculated apparent dissociation constants K, and K;, of MgATP in the MtCK reaction in the
presence of oxidative phosphorylation, with coupling between MtCK and oxidative phosphorylation
being modelled assuming direct transfer of metabolites between ANT and MtCK. Apparent dissociation
constants K, and K;, (represented by small dots in the figure) were computed for different combinations
of free energies of MtCK-ANT complex states and free energies of transition. The measured values are
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charged cardiolipin in complex with ANT (Figures 2 and 3) (Muller et al., 1985;
Khuchua et al., 1998; Schlattner et al., 2004). The structure of the ANT was recently
solved at 2.2 A resolution by Brandolin’s group (Pebay-Peyroula et al., 2003). The
translocation of both ATP*~ and ADP?~ in the Mg-free anionic forms is brought
about by conformational changes of pore-forming ANT protomers (Pebay-Peyroula
et al., 2003). Klingenberg’s group suggested that both protomers within an ANT
dimer are involved in an alternating manner in the translocation, one accepting for
example ATP from the matrix and translocating it towards the intermembrane space,
while the second protomer only releases ADP translocated in the previous cycle
(“half-site reactivity”) (Gropp et al., 1999; Huber et al., 1999; Huang et al., 2001;
Brustovetsky et al., 1996). This conformational change (“pore”) mechanism leads
in its simplest version to a ping-pong reaction mechanism of transport (Huang
et al., 2001). On the other hand, the kinetics of ATP-ADP exchange conform
to a sequential mechanism involving binding of nucleotides on both sides before
transport (Duyckaerts et al., 1980). The structural data of Brandolin’s group and
the kinetics of ATP-ADP exchange by ANT are fitting well with the hypothesis
that the dimers with alternatively activated protomers function in a coordinated
manner in oligomeric ANT clusters, where the export of ATP from mitochondria
by one protomer in a dimer occurs simultaneously with import of ADP by another
protomer in another dimer (Kramer and Palmieri, 1992; Aliev and Saks, 2003; Nuri
et al., 2005, 2006).

The functional coupling between MtCK and ANT can be considered as the sum
of two interaction modes. In the first mode, ATP and ADP are liberated into the
intermembrane space and then bound to MtCK or ANT. This mode corresponds
to an ‘interaction’ between MtCK and ANT as two separate proteins without any
coupling (see Figure 6). In this case, ATP as well as all other substrates are in
fast equilibrium with MtCK, and the reaction would follow a random Bi-Bi type
mechanism. In the second mode, ATP and ADP would be directly channelled
between the proteins. Such channelling is possible if the acceptor protein (ANT or
MtCK) has no bound ATP or ADP molecule, i.e. it can accept ATP or ADP from
the other protein. Additionally, we assume that when MtCK accepts ATP or ADP
from ANT directly, bound ATP or ADP cannot be in fast equilibrium with the
surrounding solution. Thus, the equilibration of the MtCK binding site for ATP and
ADP with the surrounding solution is prevented and the system may have different
kinetics if compared with the kinetics of isolated MtCK in solution.

With this model, we were able to reproduce the measured values of apparent
kinetic constants of the MtCK reaction. During this test, the free energies of the
states of the coupled system were varied as well as the free energies of activation.

4
<

Figure 7. shown by open circles in the upper right corner (no oxidative phosphorylation) and lower left
corner (with oxidative phosphorylation). Note that the range of computed K,-K;, combinations covers
the area near the measured values of these constants in the presence of oxidative phosphorylation. The
figure is reproduced from Vendelin et al. (2004b) with permission from the Biophysical Society, USA.
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The simulation results are shown in Figure 7B. Note that the region with the
measured values of K, and K, is covered by the model solutions, and it is possible
to find model parameters which lead to the measured combination of K, and
K,, values under conditions of oxidative phosphorylation. One can also reproduce
the following experiments with the same set of model parameters: (a) changes
in apparent kinetic properties of the MtCK reaction when coupled to oxidative
phosphorylation (Jacobus and Saks, 1982; Saks er al., 1985); (b) competition
between MtCK-activated mitochondrial respiration and a separate ATP-regenerating
system (Gellerich and Saks, 1982); and (c) studies on radioactively labelled adenine
nucleotide uptake by mitochondria in the presence of MtCK activity (Barbour
etal., 1984). As aresult, a free energy profile of the coupled MtCK-ANT system was
proposed (Vendelin et al., 2004a). According to our analysis, the main difference
in free energy profiles between uncoupled and coupled MtCK-ANT reaction is the
free energy change during reaction. In the coupled reaction, due to an increase in
the free energy of the ANT;.ATP state (Figure 6), the free energy decreases when
ATP bound to ANT is used to synthesize PCr in the MtCK reaction. If compared
with the models of the direct transfer using the probability approach, the proposed
mechanism does not require strong changes in the free energy profile of the reaction
of phosphate transfer itself (Vendelin et al., 2004a). The proposed detailed kinetic
scheme (Figure 6) can be used for further analysis of the kinetics of the MtCK-
ANT interaction. In particular, the possible mechanism of an increase in the free
energy level of the ANT,. ATP complex when coupled to oxidative phosphorylation
is intriguing and requires further experimental study.

Thus, both structural and functional data available now show convincingly that
oxidative phosphorylation controls, via ANT, the MtCK reaction and forces it to
produce PCr in spite of unfavourable kinetic and thermodynamic characteristics for
this reaction. At the same time, MtCK plays the same role for ANT and oxidative
phosphorylation, by channelling back ADP and, thus, directly controlling the rate
of respiration.

Experimentally, the role of functional coupling between MtCK and ANT was
verified recently in studies on energy metabolism of the heart of MtCK knock-out
mice: as predicted by the model described above, these hearts had lower levels
of PCr and reduced post-ischemic recovery (Spindler et al., 2002, 2004). A new
important role of MtCK-mediated control of ANT is the prevention of opening of
the mitochondrial permeability transition pore, as recently discovered by Dolder
et al. (2003), thereby inhibiting apoptosis and necrosis and, thus, preventing cell
death. This illustrates once again the vital importance of the functional coupling
phenomenon. Most important new data have recently been published by Meyer
et al. (2006) showing that the functional coupling between MtCK and ANT strongly
decreases production of reactive oxygen species (ROS) in mitochondria. Taking into
account that ROS production is now considered a main reason for many age-related
diseases and ageing itself (Jezek and Hlavata, 2005), it is difficult to overestimate
the importance of these findings.
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It is important to stress that the structural and functional coupling between MtCK
and ANT does not prevent its participants from working in completely independent
modes under some conditions. For example, it is well known that in a medium
with only ADP, mitochondria can carry out oxidative phosphorylation without any
limitation, despite the structural association of ANT with MtCK. On the other hand,
inhibition of oxidative phosphorylation does not result in inhibition of MtCK but
only alters its apparent Kinetic behaviour (Saks et al., 1975). These facts clearly
indicate that the structural association of ANT with MtCK is rather dynamic and
does not result in formation of a completely isolated space within these complexes.
The substrates and products can leave this space, but can be arrested within to
realize functional coupling between the partners, ANT and MtCK.

3.1.3. Heterogeneity of intracellular diffusion of ADP and the possible role
of the outer mitochondrial membrane

Unusually high values of apparent K for exogenous ADP in regulation of
the rate of mitochondrial respiration in permeabilized cardiac cells (up to
300-400 M), as compared to isolated mitochondria (10-20 uM), have been found
in many laboratories since 1988 (Saks et al., 1989, 1991, 1993, 1994; Veksler
et al., 1995; Kuznetsov et al., 1996; Kay et al., 1997, 2000; Kummel et al., 1988;
Anflous er al., 2001; Liobikas et al., 2001; Boudina er al., 2002; Burelle and
Hochachka, 2002). Similarly high values of this parameter were found in several
other oxidative muscles (Kay er al.,, 1997; Kaasik er al, 2001), in hepatocytes
(Fontaine et al., 1995), but not in fast-twitch skeletal muscles (Veksler ez al., 1995;
Kuznetsov et al., 1996; Burelle and Hochachka, 2002). Thus, this phenomenon is
tissue specific. Figure 8 illustrates these results for isolated adult rat cardiomyocytes.
Figure 8A and B show that in isolated mitochondria, respiration is rapidly activated
by exogenous ADP in micromolar concentrations, with an apparent K, = 17 uM
(Appaix et al., 2003). When permeabilized cardiomyocytes (Figure 8C) are used,
activation of respiration requires addition of exogenous ADP in millimolar concen-
trations (Figure 8D), with an apparent K, for ADP of 339 wM. However, in the
presence of Cr (20 mM), these kinetics are changed, and the apparent K, for ADP
decreased 3—4-fold due to local production of ADP in the MtCK reaction (Appaix
et al., 2003). Figure 8E demonstrates most clearly the strong control of respiration by
the MtCK reaction. In these experiments, respiration was activated in permeabilized
cardiomyocytes by addition of exogenous MgATP (2 mM) in the presence of 3 mM
PEP, and then PK was added in increasing amounts which decreased effectively
the respiration rate due to trapping of ADP produced by ATPases. In the presence
of this powerful PEP-PK system, stepwise addition of Cr rapidly and maximally
activated respiration. Figure 8F shows that increases in PK activity up to 100 [U/ml
were not able to suppress Cr-activated respiration. That means that ADP produced
in the MtCK reaction coupled to the ANT was not accessible for the powerful
ADP trapping system. Interestingly, however, when permeabilized cardiomyocytes
were treated with trypsin (Figure 8F), Cr-activated respiration became sensitive to
successive additions of PK (Figure 8G). Evidently, digestion by trypsin of some
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Figure 8. Regulation of respiration by exogenous ADP or ATP and Cr in rat heart mitochondria and
permeabilized cardiomyocytes. Respiration rates were recorded using a two-channel high-resolution
respirometer (Oroboros oxygraph-2k, Oroboros, Innsbruck, Austria). (A) Electron micrograph of isolated
mitochondria. (B) Regulation of respiration of isolated cardiac mitochondria by exogenous ADP. JO, =
rate of oxygen consumption. (C) Confocal microscopy of permeabilized cardiomyocytes: left: autofluo-
rescence of NADH; right: preloaded with MitoTracker Green. (D) Regulation of respiration in perme-
abilized cardiomyocytes by exogenous ADP. At the end of the measurement, addition of cytochrome c
(Cyt ¢, 8 M) did not change respiration, indicating that the outer membrane was intact. Atractyloside
(Atr, 30 uM) resulted in a decrease in respiration back to V, due to inhibition of adenine nucleotide
translocase. The respiratory control index in this experiment was 6.2. (E) Effective control of respiration
by the CK system in permeabilized cardiomyocytes. Respiration was activated by addition of exogenous
MgATP in the presence of 3 mM PEP, and then pyruvate kinase (PK) was added in increasing amounts
up to 5 IU/ml. In the presence of this powerful PEP-PK system, stepwise addition of Cr maximally
activated respiration. (F) Confocal microscopy image of the random arrangement of mitochondria in
permeabilized cardiomyocytes preloaded with MitoTracker Red CMX Ros after treatment with trypsin;
bar length = 10 pm; (G) Effect of the competing pyruvate kinase/phosphoenolpyruvate (PEP-PK) system
on the relative respiration rate of isolated permeabilized cardiomyocytes initiated by endogenous ADP
produced by 2mM ATP and 20 mM Cr at optimal (0.4 uM) free [Ca’"] after trypsin treatment (4°C, 5
min). Trypsin concentrations: 0nM (e); 25nM (A); and 50nM (H). (A)-(C) have been reproduced from
Appaix et al. (2003) with kind permission from Experimental Physiology (The Physiological Society
and Blackwell Publishing).
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cytoskeletal proteins that normally control mitochondrial positioning also opened
the outer membrane for ADP, thus making it possible for some fraction of ADP to
leave the intermembrane space and to be trapped by the PEP-PK system, showing
that regulation of respiration is dependent on intracellular organization as well as
on mitochondrial arrangement and/or integrity.

The high values of apparent K for exogenous ADP in permeabilized cardiac
cells could be explained by heterogeneity of ADP diffusion inside cells, caused
by contacts of mitochondria with the cytoskeleton and other cellular systems and,
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thus, by intracellular organization (Saks er al., 2003; Vendelin et al., 2004b).
This conclusion was confirmed by results of mathematical modelling, which are
described below.

On the way from the surrounding solution to the mitochondrial inner membrane,
ATP and ADP molecules encounter two diffusion restrictions. The first one is on
the level of the mitochondrial outer membrane and can be regulated by the state
of VDAC (Colombini, 2004). The second one is due to macromolecular crowding
in the cell. In addition, when simulating experiments performed on permeabilized
fibers and cells, the endogenous ATPases have to be taken into account. The
complete system used in the model is shown in Figure 9A. The aim of this particular
model is to find a set of model parameters that can reproduce the experimental
results on stimulation of respiration by exogenously added ADP, as well as on
inhibition of respiration by an exogenously added ADP trapping system (PEP-PK).
The model was used to determine possible values for two factors describing the
restriction of ADP and ATP diffusion: the diffusion factor (DF) and the permeability
factor (PF). DF describes the restriction of diffusion of adenine nucleotides within
the cytoplasmic (extramitochondrial) space due to macromolecular crowding and
cytoskeletal structures, and PF describes the decrease in permeability of the outer
mitochondrial membrane due to the control of VDAC by some cytoskeletal proteins
(Saks et al., 1994, 1995; Capetanaki, 2002).

Diffusion restrictions between the mitochondrial inner membrane and the external
solution influence the apparent K,, for exogenous ADP in regulation of respi-
ration by shifting it to higher values, as referred to above. For example, if
there are no considerable diffusion restrictions encountered by molecules between
solution and ANT, then respiration should be stimulated by exogenous ADP as
in isolated mitochondria. Indeed, when we assume diffusion coefficients equal to
those measured in the bulk phase, assuming fast diffusion of nucleotides through
the mitochondrial outer membrane, the computed respiration rate is very close to the
values measured for isolated mitochondria (open squares in Figure 9B, simulations
with large PF values). However, by increasing diffusion restriction imposed by the
mitochondrial outer membrane (reduction in PF), the model managed to reproduce
data on permeabilized cells and muscle fibers (closed circles in Figure 9B). Similar
results can be obtained by reducing the apparent diffusion coefficient DF and by
keeping PF at large values (Saks et al., 2003). Thus, the effects of both diffusion
restrictions on the model’s solution are similar when the measurements of apparent
K, for exogenous ADP are simulated for permeabilized muscle fibers or cells.
Therefore, by using only this approach, it is impossible to distinguish between the
contributions of the two types of diffusion restrictions.

Determination of diffusion coefficients in muscle tissue yielded about two times
lower values than in water (de Graaf er al., 2000). The apparent diffusion coeffi-
cients for ADP obtained in the analysis of our data were lower by at least an
order of magnitude (Saks et al., 2003). Thus, it seems that there are some diffusion
restrictions for ADP which are not visible in overall (average) diffusion coefficient
measurements in muscle tissue, but which play an important role in permeabilized
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Figure 9. (A) Schematic representation of ADP (and ATP) diffusion pathways from solution into the
mitochondrial matrix. Met,, Met, Met;, and Met, are metabolite concentrations in the solution, in
the vicinity of the mitochondria (VIM, inside ICEU), in the mitochondrial intermembrane space, and
in the mitochondrial matrix, respectively. MOM, IMS, and MIM are mitochondrial outer membrane,
intermembrane space, and inner membrane, respectively. D*P, D, and DF correspond to the apparent
diffusion coefficient, the diffusion coefficient of the metabolite in bulk water phase, and the diffusion
factor, respectively (see the text). R, is the permeability coefficient for passive diffusion of the metabolite
across the outer mitochondrial membrane, and PF is the permeability factor for this metabolite. (B)
Analysis of experimental data on regulation of respiration in permeabilized cardiac cells and fibers by
mathematical modelling. Dependence of the calculated mitochondrial respiration rate in permeabilized
cardiac fibers on the concentration of exogenous ADP computed with different mitochondrial outer
membrane permeability factors (PF). The diffusion coefficients of the metabolites within the fiber were
taken to be equal to the coefficients measured in bulk water phase of the cells, i.e. no diffusion restriction
by macromolecular crowding was imposed. Simulations are compared with measurements of respiration
in isolated mitochondria (open squares) and in skinned fibers (solid circles). Note that a reduction in outer
membrane permeability increases the apparent K, (ADP) of mitochondrial respiration. For permeabilized
fibers, good fit with the experimental data is obtained for PF = 0.014. For isolated mitochondria, good
fit is obtained for PF = 0.5 and higher. The figure was reproduced from Saks er al. (2003) with kind
permission from the Biophysical Society, USA.
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muscle fiber measurements when mitochondrial respiration rate is used as a probe
for local ADP concentrations. Therefore, in addition to the value specifying diffusion
restriction for ADP, DF, we tried to estimate the distribution of this restriction
throughout the cell (Vendelin et al., 2004b). These simulations indicate that the intra-
cellular diffusion restrictions are not distributed uniformly, but are rather localized
in certain areas in the cell (Vendelin er al., 2004b). However, their precise local-
ization is still unknown.

These results are consistent with the conclusions of strong localized diffusion
restrictions for ADP and ATP in cardiac cells made by Abraham et al. (2002)
and Selivanov et al. (2004). In particular, these authors studied the metabolic
regulation of the sarcolemmal K,;p, channel, using both experimental methods
and mathematical modelling, and concluded that the ATP diffusion coefficient is
decreased in the subsarcolemmal area by several orders of magnitude. Earlier, a
similar conclusion was drawn by Weiss and Lamp (1987). By using a microin-
jection technique, Bereiter-Hahn and Voth (1994) showed that the average diffusion
coefficient of ATP in cells was decreased by an order of magnitude. Heterogeneity
of ATP diffusion was also evidenced by using a targeted recombinant luciferase
technique (Kennedy et al., 1999).

To conclude, a model with localized diffusion restrictions for adenine nucleotides
should be considered at present as a first approximation only, and insightful exper-
iments are needed for measurement of local diffusion rates of ATP or ADP by
modern experimental techniques. Under conditions of strong local restriction of
diffusion of adenine nucleotides, compartmentalized energy transfer by the CK-PCr
and other systems is likely to become vitally important for the cell.

3.2 Functionally Coupled MM-creatine Kinases

3.2.1. Mpyofibrillar creatine kinases

The function and roles of myofibrillar creatine kinase (MM-CK) have been
studied and described extensively (Wallimann et al, 1984; Ventura-Clapier
et al., 1987, 1998; Krause and Jacobus, 1992; Hornemann et al., 2000, 2003).
Wallimann’s group has shown that MM-CK is bound specifically to the M-line
(Wallimann et al., 1984; Hornemann et al., 2000, 2003), and that significant propor-
tions of this isozyme are found in the space of the I-band of sarcomeres (Wegmann
et al., 1992). In vitro, the interactions of myosin with CK have been known for a
long time (Yagi and Mase, 1962). Studies by Ventura-Clapier et al., (1987, 1998)
have shown that PCr accelerates the release of muscle from rigor tension in
the presence of exogenous ATP, decreasing the necessary ATP concentration by
an order of magnitude. Krause and Jacobus (1982) have shown close functional
coupling between the actomyosin ATPase and the CK reaction in isolated rat heart
myofibrils, seen as a decrease in the apparent K value for ATP from 79.9 £ 13.3
to 13.6 £ 1.4 uM after addition of 12.2mM of phosphocreatine. In accordance
with this finding, Sata et al. (1996) found that sliding velocity of fluorescently
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labeled actin on a cardiac myosin layer co-immobilized with CK showed a signifi-
cantly lower apparent K,, value for MgATP than in the absence of CK. Ogut and
Brozovich (2003) studied the kinetics of force development in skinned trabeculae
from mouse hearts and found that in spite of the presence of 5 mM MgATP, the
rate of force development depended on the concentration of PCr, and concluded
that there is a direct functional link between the CK reaction and the actomyosin
contraction cycle at the step of ADP release in myofibrils. Most probably, this
efficient interaction occurs via small microcompartments of adenine nucleotides in
myofibrils and is facilitated by anisotropy of their diffusion.

3.2.2. Membrane-bound creatine kinases

The role of MM-CK connected to the SR membrane and functionally coupled
to the Ca,MgATP-dependent ATPase (SERCA) has been described in detail in
many studies (Rossi et al., 1990; Korge et al., 1993; Korge and Campbell, 1994;
Minajeva et al., 1996). This coupling has been shown both for isolated SR vesicles
and for intact SR in permeabilized cardiac fibers. Addition of PCr increased the
rate of calcium uptake and the maximum SR Ca*" content, while the exogenous
ATP-regenerating PEP-PK system was less effective (Minajeva er al., 1996). It
was also shown in experiments with permeabilized cardiomyocytes that withdrawal
of PCr from the medium reduced the frequency and amplitude, but increased the
duration of spontaneous Ca®* sparks (Yang and Steele, 2002). Thus, despite the
presence of millimolar levels of cytosolic ATP, depletion of PCr impaired Ca**
uptake (Korge et al., 1993; Korge and Campbell, 1994; Minajeva et al., 1996;
Yang and Steele, 2002). All these data clearly show the importance of MM-CK,
bound to the SR membrane, in rapid rephosphorylation of local MgADP produced
in the Ca,MgATPase reaction, independently from the cytoplasmic environment,
thus clearly demonstrating that SR-bound MM-CK is acting in a non-equilibrium
manner.

An important player in the control of excitation-contraction coupling in the
heart is the sarcolemmal membrane metabolic sensor complex. Its main part is the
sarcolemmal ATP-sensitive K,rp channel acting as an alarm system to adjust cell
electrical activity to the metabolic state of the cell (Lederer and Nichols, 1989;
Lorenz and Terzic, 1999; Abraham et al., 2002). ATP closes the channel by inter-
acting with its Kir6.2 subunit, but active membrane ATPases constantly reduce
the local ATP concentration, which is distinct from that in the cytosol (Abraham
et al., 2002; Crawford et al., 2002). Sarcolemmal MM-CK participates in this
system by rephosphorylating local ADP and by maintaining a high ATP/ADP
ratio in these microcompartments, with associated impacts on the coordination
of membrane electrical activity with cellular metabolic status, and most notably
with the PCr level. In this way, the PCr-CK network becomes the main intra-
cellular regulatory pathway for cardiac cells, controlling electrical activity and
cell excitability, calcium cycling, contraction and mitochondrial respiration. These
energy transfer and control functions are shared by several systems including,
besides CK, also the adenylate kinase (AK) and glycolytic systems, as it was seen in
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experiments with gene manipulation (Selivanov et al., 2004; Carrasco et al., 2001).
MM-CK was first described in purified rat heart sarcolemmal preparations in 1977
(Saks et al., 1977). Later, in experiments involving immunoprecipitation of guinea-
pig cardiac membrane fractions with antibodies against the K,p channel’s subunit
SUR2, MM-CK was found to be physically associated with the cardiac K,p
channel (Crawford et al., 2002). Due to the sarcolemmal localization of MM-CK,
the K,rp channel’s closed-open transitions are dependent upon PCr concentration
at ATP concentrations higher than the threshold level for channel closure, as
shown in experiments with isolated permeabilized cardiomyocytes for open cell-
attached patch formation (Abraham et al., 2002; Selivanov et al., 2004). It was also
concluded in these studies that strong local restrictions for ATP diffusion exist in
the subsarcolemmal area of cardiac cells, which are by-passed by the CK system.
This is in good concord with results of studies by Sasaki er al. (2001) showing
that activation of mitochondrial ATP hydrolysis by uncouplers also activated
sarcolemmal K,p channels in dependence of the activity of the CK system, which
could be influenced by its inhibitor, 2,4-dinitrofluorobenzene. Similar functional
coupling of CK with the K, , channel was described for pancreatic [(3-cells
(Krippeit-Drews et al., 2003).

Investigations in Wieringa’s laboratory on genetic modification of CK and
adenylate kinase (AK) provided firm evidence for the importance of this system:
‘knock-outs’ of the CK and AK genes result in significant adaptive changes in the
cells such as structural remodelling (Janssen et al., 2003; de Groof et al., 2001;
Ventura-Clapier et al., 2004; Novatova et al., 2006). A remarkable change
associated with a M-CK knock-out was a manifold increase in the volume of the
SR system, to compensate for the loss of efficiency of calcium uptake due to the
absence of MM-CK (Steeghs et al., 1997).

4. MATHEMATICAL MODELS OF THE PCr CIRCUIT
IN HEART CELLS

4.1. Modelling Feedback Metabolic Regulation of Mitochondrial
Respiration

The mitochondrial respiration rate in vivo may vary 20-fold, from
8-10 pmol min~!' g=! dry mass in resting (KCl-arrested) aerobic hearts to at least
170 wmol min~! g=! dry mass in beating rat hearts (Williamson et al., 1976).
As shown by Neely et al. (1967, 1972), Williamson et al. (1976) and Balaban
et al. (1986), oxygen consumption of the heart muscle is linearly dependent on the
workload under conditions of metabolic stability of the heart. Parallel activation of
energy-producing and -consuming processes is not required to explain these obser-
vations in the heart muscle if CK compartmentation and the functional coupling
mechanisms described above are taken into account. A model of compartmen-
talized energy transfer in heart muscle cells was initially developed by Aliev and
Saks (1997) and later adapted by Vendelin and co-workers (Saks et al., 2003;
Vendelin et al., 2000).
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Mathematical modelling studies on energy exchange in working cardiac cells have
been performed to gain insight into fundamental questions of cellular energetics:
1) is the cellular CK reaction always in equilibrium state during in vivo steady-
state contractions of cardiac muscle? If so, ADP levels in the cytoplasm could
be predicted from measured intracellular metabolite levels. 2) Is mitochondrial
high-energy phosphate export in vivo mediated by ATP, according to the classical
concept, or in the form of PCr, according to the concept of the CK phosphotransfer
pathway? 3) Do metabolite levels in the myoplasm oscillate during cardiac contrac-
tions in vivo? 4) How can the cell maintain its metabolic stability at times when
linearly interrelated manifold increases in cardiac work and oxygen consumption
take place at practically constant metabolite levels and PCr/ATP ratios in the cells?
In the absence of experimental methods for direct monitoring of cellular ADP levels,
mathematical modelling of dynamic events in the cellular cytoplasm remains the
only option.

4.2. Description of a Model

A new class of dynamic mathematical models of intracellular compartmentalized
energy transport in cardiac cells was constructed, leading ultimately to the formu-
lation of the “Intracellular Energetic Unit” (ICEU) concept (Saks et al., 2001;
Seppet et al., 2001). These models are based mainly on the principles of chemical
kinetics and the mass action law (Aliev and Saks, 1997; Dos Santos et al., 2000). In
addition, they consider the time dynamics of basic events of cellular energetics: ATP
hydrolysis by actomyosin ATPase during a contraction cycle; diffusional exchange
of metabolites between myofibrillar and mitochondrial compartments; VDAC-
restricted diffusion of ATP and ADP across the mitochondrial outer membrane;
mitochondrial synthesis of ATP by ATP synthase; P; and ADP transport into the
mitochondrial matrix controlled by the mitochondrial membrane potential, which
is a function of ApH and AW; and PCr production in the coupled MtCK reaction
and its utilization by cytoplasmic CKs. These factors are considered in a system
consisting of a myofibril with a radius of 1um, a mitochondrion, and a thin
layer of cytoplasm interposed between them (Aliev and Saks, 1997; Dos Santos
et al., 2000). The computations of diffusion and chemical events were performed for
every 0.1-wm segment of the chosen diffusion path at each 0.01 ms time step (Aliev
and Saks, 1997). This allowed simulation of space-dependent changes throughout
the entire cardiac cycle. This system, with adjacent ADP-producing systems in
myofibrils and in the SR, is supposed to represent the basic pattern of organization
of muscle cell energy metabolism, the ICEU of cardiac cell energetics (see above).

In mitochondria, the ANT and the P, carrier control the matrix concentra-
tions of ATP, ADP and P; available for ATP synthase. These carriers establish
constant positive (i.e., higher concentration inside) ADP and P; gradients between
the mitochondrial matrix and intermembrane space. In the model, the ATP/ADP
ratios in the matrix and the activity of ATP synthase are dependent on AW,
the electric component of the mitochondrial membrane potential. The model also
employs a complete mathematical description of the P, carrier based on a probability
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approach, allowing prediction of the dynamics of P, accumulation in the matrix in
exchange for matrix OH™ ions, i.e. at the expense of mitochondrial proton-motive
force, ApH. The model considers CK compartmentation as discussed above. In
particular, cytoplasmic CK (MM-CK) molecules, representing 69% of total CK
activity, are freely distributed in the myofibrillar and cytoplasmic spaces. The
intrinsic thermodynamic parameters of MM-CK favour its functioning in the reverse
direction of the CK reaction to transphosphorylate ADP to ATP at the expense
of PCr utilization. The remaining part of cellular CK, i.e. the MtCK isoenzyme,
is localized in the mitochondrial compartment. In mitochondria, MtCK is tightly
anchored by cardiolipin molecules to the ANT at the outer surface of the inner
mitochondrial membrane. The resulting close proximity of MtCK and ANT allows
direct channelling of adenine nucleotides between their adjacent active sites; this
channelling is the actual base for shifting the MtCK reaction towards synthesis of
PCr from translocase-supplied ATP, even at high levels of ATP in the myoplasm
of in vivo heart cells.

Mathematical modelling of the cellular CK circuit system was developed further
by (i) more sophisticated modelling of the kinetics of mitochondrial ANT by a
probability approach and (ii) a simplified modelling approach for the functional
coupling between ANT and MtCK (see below). In both versions of the model (Aliev
and Saks, 1997; Dos Santos et al., 2000), functional coupling of MtCK to ANT
was simulated by means of dynamically changing high local ATP concentrations
in a 10-nm narrow space (microcompartment) between coupled molecules. This
simplified approach — coupling by local dynamic compartmentation — was used
because of a high demand for computing power in the original probability model
of coupling. The probability model was used to check the validity of calculations
in this simplified approach (Aliev and Saks, 1997).

A distinctive feature of this modelling approach is that we avoided, as much as
possible, the formal description of chemical phenomena by adjustable mathematical
terms. The living cell is a self-regulating chemical machine; therefore, relying
on the principles of chemical and enzyme kinetics decreases the probability of
errors during mathematical modelling. Proper choice of maximum rates of enzyme
activities, taken from in vivo and biochemical data (Aliev and Saks, 1997), also
served this goal. All details of modelling can be found in our publications (Aliev
and Saks, 1997; Dos Santos et al., 2000).

4.3. Main Results: Mathematical Evidence
for the Phosphocreatine Circuit

Modelling revealed oscillations of all metabolite levels in the cytoplasm of the
working heart (Figure 10A). Activation of contraction results in a small spike-like,
transient (40 ms) decrease in ATP concentration and a symmetrical increase in ADP
levels in the systole, followed by more pronounced and longer-lasting changes in
PCr (transient decrease) and Cr (transient increase) concentrations. P; concentrations
change in a similar manner as free Cr concentrations (Aliev and Saks, 1997; Dos
Santos et al., 2000).
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Figure 10. (A) Phasic changes in metabolite concentrations in a myofibril’s core during a cardiac
contraction cycle. Modelling for a high workload corresponding to a rate of oxygen consumption of
46 patoms of O-(g wm)~'-min~'. (B) Modelling results of non-equilibrium behaviour of ATP-synthase
(Syn), myofibrillar and mitochondrial CK (CKmyo and CKmit, respectively) under conditions with (solid
lines) or without (dotted lines) restrictions for adenine nucleotide diffusion through the mitochondrial
outer membrane. An arrow indicates the equilibrium position, when net ATP production is equal to zero.
Reproduced from Aliev and Saks (1997) with kind permission from the Biophysical Society, USA.
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These metabolite changes are the basis for respective changes in the corre-
sponding chemical reactions. At very high workload, corresponding to a rate of
oxygen consumption of 46y atoms of O-(g wet mass)!-min~!, an increase in
myoplasmic ADP concentration from basal diastolic levels (383 vs. 58 uM) is
responsible for activation of net ATP synthesis by MM-CK from —0.2 to 8.5 mmol
ATP-s~!-(kg wet mass)~! (Aliev and Saks, 1997) (Figure 10B).

The simulation data indicate that myoplasmic MM-CK is clearly out
of equilibrium in cyclically contracting cells (Figure 10B). Non-equilibrium
behaviour of MM-CK is caused by cyclic increases in myoplasmic ADP
levels during the systole of the cell. These oscillations cannot be dampened
completely even when the activity of MM-CK is increased artificially by 10-fold
(Saks and Aliev, 1996).

In such a system, based on published experimental data, regeneration of consumed
myoplasmic PCr takes place mostly in mitochondria, as evidenced by a permanent
shift of the MtCK reaction towards net PCr and ADP synthesis (Aliev and
Saks, 1997) (Figure 10B). The mean value of net PCr synthesis in the mitochon-
drial compartment is 1.91 mmol PCr-s~!-(kg wet mass)~'. The sustained shift of the
MtCK reaction towards PCr synthesis results both from local coupling of MtCK
to ANT and from dynamic compartmentation imposed by restrictions for ADP
diffusion through the mitochondrial outer membrane. The relative contribution of
the former mechanism, i.e. local coupling, to this phenomenon is about 54%: in the
same system, but without restrictions for ADP diffusion (Aliev and Saks, 1997), the
mean value of net PCr synthesis by mitochondria drops to 1.03 mmol PCr-s~!-(kg
wet mass)~! (Figure 11).

N

TP+PCr export

ATP and PCr efflux {(mmol*s- kg wm-1})
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Figure 11. Modelling results of diffusional ATP and PCr export through the mitochondrial outer
membrane under conditions without (A) or with (B) restrictions for adenine nucleotide diffusion through
the mitochondrial outer membrane. The shaded area indicates PCr efflux. Reproduced from Aliev and
Saks (1997) with kind permission from the Biophysical Society, USA.
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As a whole, in a system with compartmentalized CK, the functional local coupling
of CK to ANT leads to complete separation of functional roles of cellular CK isoen-
zymes: MM-CK becomes responsible for ATP regeneration in the myoplasm during
the systole at the expense of PCr breakdown, while regeneration of myoplasmic Cr
to PCr takes place in mitochondria in the coupled MtCK reaction throughout the
contraction-relaxation cycle (Figure 11). Such a separation of functions is important
for realization of metabolic stability of the working heart (Dos Santos et al., 2000;
Aliev et al., 2003)
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