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REVIEW OF LITERATURE 

1. Philosophical background 

1.1. Systems Biology – historical overview 
In the last two decades a new paradigm has been established in biological 

sciences: Systems Biology or Integrative Biology. The aim of the Systems 
Biology is to describe quantitatively, at different levels, complex biological 
systems [1-3].  As defined by Westerhoff, it is “the science that aims to 
understand how biological function absent from macromolecules in isolation, 
arises when they are components of their system” [4]. As it follows from the 
definition, the properties of such integrated system result from the interactions 
between individual components, and depend on the level of organization, 
“system level properties” [1, 3, 5]. The main aim of each level is to maintain the 
life of the whole organism.  

This methodology is opposed by a more ancient approach called 
“reductionism”, which explores objects in their isolated state. Reductionism is a 
stage absolutely needed in order to determine characteristic intrinsic properties 
of objects, which are not manifested or cannot be explored in their native 
fundamental state. For example, due to one of important representatives of 
reductionism, structural biology could determine the structure of proteins or 
protein complexes. Also, genetics during several decades permitted to obtain 
phenomenal success in understanding cellular processes. In the late fifties of the 
last century, after the description of the structure of the DNA double helix by 
Watson and Crick in 1953 [6], DNA became considered as a factor of heredity. 
Genetics has long been predominant and omniscient in biological sciences so 
that the gene-centrism, placing the DNA as the "cause" of life, has quickly 
emerged. This concept of the "selfish" gene, now a bit disturbing, stipulates that 
all depends on genes, their mutations and their translation, and that a gene could 
egoistically ensure its survival, its transmission providing a selective advantage 
for an organism [7]. Denis Noble in his book “The Music of Life” schematized 
this situation: Scheme 1 is the representation of a reductionist causality initiated 
by DNA in linear direction within an organism. It is true that the basis of our 
constitution is encoded in our genetic heritage handed down by our parents, but 
that genetic determinism is a negation of the Rest. “It is systems (organisms) that 
live or die, not genes” [2]. 
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Scheme 1. A bottom-up reductionist causality. This chain starts with the genes and 

the flow progresses linearly to the body. According to [2]. 

Denis Noble described perfectly that the Rest (across Scheme 2) represents 
the evolution of views on the role of the gene in biology. The Scheme 2 is the 
Scheme 1, supplemented by regulatory loops, such as cell signaling loops and 
loops of gene regulation, which provide fine control and a high degree of 
cellular organization. 

 

 
Scheme 2. A downward causality. The scheme 1 has been supplemented by a 

representation of cell signaling and regulation of retrograde gene expression. According 
to [2]. 

 
We finally see that the gene function is rather to serve an organism via 

interacting with its environment, and it must act together with other genes or 
proteins to provide a physiological function. 

Besides the strict study of biological processes, the power of systems biology 
lies in use of mathematical modeling. The systems approach to biology took 
shape when the concepts of dynamics, regulation and control of biological 
functions were combined with well-established mathematical models (obtained 
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starting from the reductionism). The origins of principles of systems biology can 
be found in the works by French physiologist Claude Bernard published about 
150 years ago [8]. He developed the idea of the constancy of internal 
environment homeostasis, due to integrated self-regulative mechanisms. That is 
“the condition for free and independent life: the mechanism that makes it 
possible is that which assured the maintenance, with the internal environment, of 
all the conditions necessary for the life of the elements” [8]. In fact, he has 
introduced the term "general equation” in order to describe the mechanisms of 
life by mathematical modeling. However, at the time of Claude Bernard science 
had only very little experimental data. Now, systems biology has experimental 
data, which are needed in order to send a challenge to “the general equation” [9]. 
Later, this idea was further extended in the E. Schrödinger’s book “What is 
Life?” - book on principles of organization of cellular processes and negentropy 
extraction from the surroundings [10] and  N.Wiener work on the theory of 
feedback regulation on the mechanism of homeostasis [11]. In order to describe 
the work of the whole system the multilevel and multiscale analysis should be 
applied. The modern tool of scientific research, mathematical modeling, is a 
promising perspective for understanding the function of complex biological 
systems. Another approach gaining popularity is Metabolic Control Analysis. It 
is aimed to explain how and at what extent biological systems functions are 
derived from molecular interactions. 

The developments of biological sciences from the time of Claude Bernard to 
our days follow the logic of Hegelian dialectic – succession from thesis to 
antithesis to synthesis [12]. The Scheme 3 illustrates these developments. Georg 
Wilhelm Friedrich Hegel, German philosopher of the late XVIII and early XIX 
century, in his search for the Absolute Idea [13], determined the methodology 
based on logic to understand the whole rather than isolated parts. The famous 
Hegelian dialectic has three stages: thesis, antithesis, synthesis, and can be easily 
adapted to requirements of Systems Biology to regroup what might appear to be 
opposites on a methodological level. Medicine (thesis), via its phenomenological 
observations, followed the reductionism (antithesis), whereas Systems Biology 
(synthesis) uses the data obtained by reductionism to explore the properties of 
systems (Scheme 3). The latter (systems biology) itself serves medicine, 
especially due  to application of mathematics and informatics tools, in order to 
model physiological and pathophysiological processes [12]. 
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Synthesis: Systems Biology

Quantitative description of 
integrated mechanisms of 
regulation, interaction studies, 
system level properties

Antithesis (reductionism): 

systems are dissociated into components 
- molecular biology and genetics, 
protein structure, enzymology, kinetics, 
membrane bioenergetics

Thesis : 

System parameters studied: classical 
physiology, cell physiology, homeostasis 

discovered

MEDICINE

Cybernetics, 
applied 
mathematics, 
computer sciences

 
 
Scheme 3. Hegelian logic of reflection and an approach of the biological sciences. 

Reprinted from [12] with permission. 
 

1.2.Molecular System Bioenergetics and thermodynamic laws 
Bringing principles of systems biology to cellular bioenergetics gives rise to 

the new field of research, Molecular System Bioenergetics. It describes and 
accounts not only energy metabolism as integrated networks but also its spatial 
(organization) and temporal (dynamic) aspects [3]. 

Molecular System Bioenergetics is one of the new scientific directions and an 
integral part of the Systems Biology that describes cellular bioenergetics starting 
from molecular processes up to a system level. The Molecular System 
Bioenergetics considers that the intracellular organization is dynamic and its` 
structure carries information on regulation of cellular metabolism. Therefore, the 
study of properties at a system level is essential for understanding cellular 
phenomena [13]. 

Cells can be considered as open systems that operate far from the 
thermodynamic equilibrium and exchange energy and matter with the external 
environment [14]. A process can only occur if it results in an increase in the 
entropy of the universe [14], at the same time, systems ability to perform work, 
chemical potential or Gibbs free energy depends on entropy: 

dG = dH – TdS               (1) 

Therefore, the increase of entropy at the constant temperature and pressure 
decreases the free energy the capacity of the system to perform work. 
Shrödinger, in his book “What is life“, explained the controversy of cells` ability 
to function in a steady state, far from the equilibrium and defined the 
fundamental principle of the bioenergetics, the principle of negentropy. "It is by 
avoiding the rapid decay into the inert state of `equilibrium' that an organism 
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appears so enigmatic...What an organism feeds upon is negative entropy." [10]. 
The total entropy change can be split into two contributing parts [15]. 

dS= dSext + dSint        (2) 

where dSext is the entropy of catabolism and dSint is the entropy of anabolism. 
Shrödinger showed that a cell maintains low entropy, high level of 

organization by exporting of entropy to surrounding. “The essential thing in 
integrated metabolism is that the organism succeeds in freeing itself from all 
entropy it cannot help producing while alive” [10]. 

 

ANABOLISM

CATABOLISM

ΔSex > 0

ΔSin < 0

O2

CO2

H2O

Wc
ATPADP   

+Pi

 
Figure 1. The cell as an open thermodynamic system. It exchanges matter and 

energy with surrounding medium. Exchange of matter is metabolism and involves two 
general processes: catabolism, which increases entropy in the surrounding medium and 
anabolism, which decreases internal entropy. These two processes are coupled by 
reactions of cellular energetics, which are thus in the center of cellular life. Wc - cellular 
work. Reproduced from [9] with permission. 

 
A part of the energy inflow is used to lower entropy, emerging highly ordered 

macro structures and complex functional dynamic behaviors which allow 
diminishing the number of chemical entities [9]. 

Quantitatively, free energy change in chemical and biochemical processes is 
described by the key equation relating Gibbs free energy change to changes of 
the concentrations of reactants [14, 16]: 

ΔG (kJ /mol) = 2,3 RT log10 (Γ/K)          (3) 

where Γ is mass action ratio and K equilibrium constant [14]. 
K is related to the standard change of free energy ΔG0 by the van`t Hoff 

equation 
ΔG0 = - 2,3 RT log10K             (4) 

These equations give:   
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ΔG = ΔG0 + 2,3 RT log10Γ           (5) 

To ensure the enrgy demand of the cell mitochondria have to maintain high 

value of the Γ of the reaction of ATP synthesis: ATP+Pi ⇄ ATP 

[ ]
[ ] [ ]PiADP

ATP

•
=Γ               (6) 

usually at the value of 105. Since K of this reaction is about 10-5 [14], the 
amount of free energy available in ATP system in cells, called phosphorylation 
potential, is equal to 

  ΔG = ΔG0 + 2,3 RT log10 
[ ]

[ ] [ ]PiADP

ATP

•
 ≅ 60 kJ/mol    (7) 

This energy is used in cellular ATPase reactions for movement (contraction), 
ion transport and biosynthesis (anabolism). In our work we apply Molecular 
System Bioenergetics for investigation of the problems of regulation of cardiac 
cell respiration and energy fluxes in vivo.
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2. Energy metabolism in the muscle cells. 

2.1. The mitochondria 
The discovery by Kennedy and Lehninger in 1948 that mitochondria (Figure 

2) are the site of oxidative phosphorylation is the beginning of modern studies of 
biological energy transductions [17]. Aerobic organisms gain ATP mainly by 
glycolysis in cytosol and by oxidative phosphorylation in the mitochondria. In 
cardiac cells mitochondria transform over 90% of energy used. Besides ATP 
synthesis in the respiratory chain complexes and processes directly connected 
with it (citric acid cycle and β-oxidation of fatty acids – see Figure 3), the 
mitochondria have also important role in thermogenesis, apoptosis, signaling and 
regulation of ion homeostasis [17]. 

The content of mitochondria in the skeletal muscles can vary from 
approximately one percent of cellular volume in the glycolytic muscles up to 
50% in the oxidative muscles. In the cardiac cells with high and varying energy 
demand, the mitochondria occupy approximately 30-40% of the volume [18]. By 
using scanning electron microscopy it was found that mitochondrial morphology 
varied significantly in white, red and intermediate muscle fibers [19]. In the 
oxidative muscle cells the mitochondria have a regular arrangement between 
myofibrils, comparable to a crystal. 

The internal structure of the mitochondria is formed of two membranes (inner 
membrane and outer membrane), delimiting intermembrane space. The inner 
membrane of mitochondria forms protuberances into the mitochondrial interior 
known as cristae, attached to the inner membrane by small tubes called pediculi 
to increase the surface of membrane [20]. Enclosed by inner membrane is the 
mitochondrial matrix - very concentrated aqueous solution of enzymes and 
intermediates of energy metabolism, mitochondrial DNA genome and ribosomes 
(Figure 2). 
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Figure 2. Mitochondrion. Cristae are protuberances of inner membrane of 
mitochondria into the mitochondrial interior. These are the regions in mitochondria 
where most of the ATP synthesis is taking place in respiratory chain in mitochondria. 
The mitochondrial matrix is concentrated aqueous solution of enzymes and intermediates 
of energy metabolism, mitochondrial DNA genome and ribosomes. 

 

2.2. Respiratory chain 
The main oxidative system in the cell, the respiratory chain with the ATP 

production sites is located in the cristae part of the membrane of mitochondria 
[21-22]. Figure 3 shows the main processes, which occur in the mitochondrial 
inner membrane and matrix space.  

The inner membrane is impermeable for most small molecules, including H+. 
It contains 30% phospholipids, 70% of protein which includes protein 
complexes of the respiratory chain and various transporters to ensure the transfer 
of metabolites and proteins coming from outside the mitochondria [17]. 
Respiratory chain in the mitochondrial inner membrane (MIM) comprises of 
three proton pumps: NADH dehydrogenase-complex I, cytocrome c reductase or 
cytochrome bc1- complex III, cytochrome c oxidase-complex IV and an enzyme 
complex not pumping protons (succinate dehydrogenase-complex II). The four 
protein complexes sequentially funnel electrons through prosthetic groups 
capable of accepting or donating one or two electrons. [14, 17, 23].  

 

 
 
Figure 3. Overview of oxidative phosphorylation in the cardiac cell. The 

sequential oxidation of fuels (e.g., fatty acids and glucose) leads to the common substrate 
for the Krebs cycle, acetyl-CoA, which drives the production of the reducing equivalents 
NADH and FADH2. Electrons are passed to the electron-transport chain, where coupled 
redox reactions mediate proton translocation across the inner membrane to establish an 
electrical potential and pH gradient (proton-motive force) that drives ATP synthesis by 
the mitochondrial ATP synthase. Ion-selective or nonselective mitochondrial ion 
channels dissipate energy and alter the ionic balance and volume of the mitochondrial 
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matrix, which is partly compensated by antiporters coupled to H+ movement. ANT - 
adenine nucleotide translocase, G-6-P - glucose-6-phosphate. IMAC - inner-membrane 
anion channel, MCU - mitochondrial Ca2+ uniporter, mitoKCa, - mitochondrial Ca2+-
activated K+ channel, mitoKATP - mitochondrial ATP-sensitive K+ channel, PIC - 
phosphate carrier, PTP - permeability transition pore, PYR- pyruvate, KHE- K+/H+ 
exchanger, NHE - Na+/H+ exchanger, NCE - Na+/Ca2+ exchanger, IDH - isocitrate 
dehydrogenase, KDH - α-ketoglutarate dehydrogenase, MDH- malate dehydrogenase, 
PDH - pyruvate dehydrogenase, SDH - succinate dehydrogenase. From [23] with 
permission  

 
Complex I of the respiratory chain called NADH-ubiquinone oxidoreductase 

is a large L-shape enzyme. It consists of prosthetic flavinmononucleotide (FMN) 
redox group and six Fe-S centers. Complex I catalyzes two simultaneous 
processes: the transfer of two electrons from NADH to coenzyme Q: 

NADH + H+ +Q → NAD + + QH2 

and pumping of four protons from the matrix side to the intermembrane space 
forming the proton gradient. 

Complex II: Succinate – dehydrogenase comprises flavin adenine 
dinucleotide redox prosthetic group and several Fe-S centers. It catalyzes the 
transfer of electrons from succinate via FAD and Fe-S centers to ubiquinone. 

Fatty acids and glycerol 3-phosphate also direct electrons into the ubiquinone 
via FAD. The β-oxidation of fatty acids is directly linked with the respiratory 
chain. The β-oxidation of acyl-CoA catalyzed by the flavoprotein acyl-CoA 
dehydrogenase in mitochondrial matrix involves the transfer of electrons from 
the substrate to the FAD of the dehydrogenase to the electron transfer 
flavoprotein (ETF), which transfers them to ETF-ubiquinone oxidoreductase 
[14] (Figure 4). Ubiquinol (QH2) diffuses in the mitochondrial inner membane 
from complex I to Complex III. 

Complex III called cytochrome bc1 complex or Ubiquinone-cytochrome c 
oxidoreductase is a dimer of identical monomers, each with 11 different 
subunits, consisting of Rieske iron-sulfur protein with 2Fe-2S center, 
cytochrome b and cytochrome c1. It catalyzes the transfer of electrons from 
ubiquinone to cytochrome c. The net equation of the cycle is 

QH2 + 2 Cyt c (oks) + 2 H+
N→ Q + Cyt c (red) + H+

P  

where H+
N is proton in the matrix side and H+

P in the intermembrane space.  
Complex IV: Cytochrome oxidase catalyzes oxidation of reduced Cyt c by 

molecular oxygen, which is the final acceptor of electrons from the electron 
transport chain. 

4Cyt c (red) +8 H+
N +O2 → Cyt c (oks) +4 H+

P + H2O  

The reduction of O2 must occur without release of incompletely reduced 
intermediates (hydrogen peroxide, hydroxyl free radical) that would damage 
cellular components. 



 

 19 
 

The redox potential of the respiratory chain complexes increases gradually 
along the chain.  

The displacement of the protons across the mitochonrial inner membrane 
creates a positive charge on the external surface of the internal membrane and a 
negative charge on the side of the matrix. It forms gradient of electrochemical 
potential of protons (∆μH+) [24-25] consisting of two components - an electric 
potential (∆Ψ) and a chemical component – concentration gradient (∆pH). ∆μH+, 
the gradient of electrochemical potential of protons across the inner 
mitochondrial membrane represents the intermediate form of energy in the 
oxidative phorphorylation.  

∆μH+= F ∆Ψ – 2,3RT∆pH             (8) 

Mitchell defined the term proton motive force as 

∆p (mV) = -(∆μH+)/F = ∆Ψ - 59∆pH, when T = 25oC    (9) 

This proton motive force makes possible the ATP synthesis as described 
below.  

In intact well-coupled mitochondria the MIM is relatively impermeable for 
backflow of the proton. The stoichiometric efficiency of oxidative 
phosphorylation is defined by the P/O ratio, or the amount of inorganic 
phosphate incorporated into ATP per amount of consumed oxygen molecule. 
Maximal P/O ratio for NAD-linked substrates is 2,5–3 and 1,5–2 for succinate 
[26-27]. 

 

 
 

Figure 4. Electron transfer in respiratory chain with important 
inhibitors. Reprinted from [28] with permission. 
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2.3. ATP synthase 
The ATP synthase (FO, F1) is an enzyme complex, located in the inner 

mitochondrial membrane, where it catalyses the reaction of ATP synthesis from 
the ADP and Pi in the presence of Mg2+ (Figure 5) driven by electrochemical 
gradient of protons generated by electron transfer [29-30]. The ATP synthase is 
composed up to fifteen sub-units [31]: five different subunits (α3β3γδε) form the 
F1 where each of three β subunit serves as an enzymatic center of the ATP 
synthesis (Figure 6). FO complex contains three different subunits: abc10-14. The c 
subunits, incorporated in the internal membrane form the engine with proton 
channel (subunit a), subunits b form the “stator” which extends from the 
segment incorporated in the internal membrane until the top of F1 [31]. 

 
 

 
Figure 5. Mitochondrial ATP synthase   

F1 consists of α, β, γ, δ, ε subunits, where in 
enzymatic center of β the synthesis of ATP is 
taking place. In FO complex c subunits are forming 
rotor with proton pump, subunit b with other 
complexes forms stator for F1. Reprinted from [32] 
with permission. 

 
 
 
 
 

 
Proton gradient, generated by electron transport chain in oxidative 

phosphorylation drives the rotation of the central rotor located in nanomotor 
within FO leading to conformation changes and the sequential release of bound 
ATP from the catalytic site of β subunits in F1 (Figure 6) 

 
 

 
 

Figure 6. Mechanism of ATP-Synthase.The reaction of synthesis of the ATP 
proceeds recurrently from left to right by stages 1, 2, and 3. Each circle represents a 
conformation of the F1- unit of ATP-synthase. The sectors in each circle represent the 
three αβ pairs: the conformation of the subunit β in each pair is coloured in: green (T, 
tight), blue (L, loose), red (O, open), pink (C, closed). Two other steps in making ATP in 
mitochondria are: entry of the substrates by phosphate carrier (PIC) and release and exit 
of ATP by nucleotide carrier (ANT) are very localized and highly coordinated, forming 
together an ATP synthasome complex. Reprinted from [33-34] with permission. 
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2.4. Adenine nucleotide transporter  
Adenine nucleotide transporter (ANT), an antiporter, transporting ADP/ATP 

across the mitochondrial inner membrane in eukaryotic cells (Figure 3), is 
carrying out a critical metabolic step in the supply of ATP for intracellular 
processes [35]. ANT is a principal member of the family of membrane 
transporters, which carry the anionic substrates through the membrane. 

The Km of ANT for ADP is about 1 to 10 μM and approximately 20 mM for 
ATP [36]. There are three isoforms of ANT: ANT-1 (muscle) and ANT-3 
(ubiquitous) exporting ATP produced by mitochondrial oxidative 
phosphorylation and ANT-2 expressed during the glycolytic cancer cell 
proliferation that is supposed to import the glycolytic ATP in the mitochondria 
to maintain the potential gradient of the inner membrane and prevent apoptosis 
[37-38]. The carrier-substrate complex changes conformation between two basic 
configurations: c (cytosolic state) and m (matrix state), via the transition state 
(partial opening and closing doors for entry and exit). [35].   

There are strong evidences that to overcome the diffusion restrictions of ATP 
and ADP, the entry of the substrates ADP and Pi into mitochondria, the 
synthesis of ATP on F(1), and the release and exit of ATP are very localized and 
highly coordinated events. Several studies confirm existence of ANT-ATP 
synthase-PIC complex, ATP Synthasome complex [33-34]. 

 

2.5. The contractile module 
The contractile units of the cell are sarcomeres of myofilaments consisting of 

thick (myosin) and thin (actin) filaments, where the chemical energy is 
transformed to the mechanical energy and work. In striated muscle sarcomeres 
are delimited by Z lines (Figure 7). 

In each sarcomere dark band (A band) containing myosin and actin and I 
band containing only the thin filaments (actin) can be discerned. The myosin is 
fixed at the M-line in the centre of the sarcomere. The actin is fixed at Z-lines 
(discs) with alpha-actinin. The titin, forming the third filament system, is spread 
out from Z- disc towards the M band where it interacts with the myosin. It 
maintains the myosin spacing, centres the thick filaments in the sarcomere and 
acts as an elastic spring element during muscle contraction by limiting its length. 
The length of the A band (anisotropic band) is determined by the length of thick 
filament. 
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Figure 7. Major compartments of cardiac muscle sarcomere and electron-

microscopic image. A band - myosin and actin, I band – actin. Myosin is fixed in M 
band, actin in Z disc with alphe actinin. Reprinted from [39] with permission. 

 
Myosin is a molecular engine where the Gibbs free energy of ATP is 

transformed into mechanical energy. It consists of two heavy chains (200 kDa), 
twisted one around the other, and of 2-3 light chains (20 kDa). The chains 
comprise an ATP activated globular head (myosin ATPase) and an alpha helical 
tail. Myosine heads create the cross-bridges that interact with actin to generate 
the contraction. Each thick filament consists of 300 myosin molecules. During 
contraction actin combines with myosin and ATP (Figure 9). 

The rate-limiting step of the contraction (cross-bridge) cycle is the release of 
products of ATP hydrolysis (Figure 8). The physical model, called sliding 
filament theory, was introduced by Huxley [40-41]; the chemical background of 
the process was explained by Goldman [42] and Brenner [43] (see Figure 8). In 
muscle contraction the Ca2+ activation is needed. It has been known for a long 
time that different types of muscles have different contractile properties. 
According to the classical theory [44] myosin from the fast twitch muscle has 
higher ATPase activity and therefore catalyses a more rapid breakdown of ATP. 
Myosin from slow-twitch muscle such as heart has lower ATPase activity, a 
slower rate of ATP breakdown and a slower rate of contraction. Increasing the 
sarcomere length is accompanied by a rise in sensitivity to Ca2+ [45-46]. Gomes 
et. al. [47] showed that the transients of Ca2+ remained stable during the length-
dependent activation of sarcomere. In this case, an increase in the myocyte 
length induces decrease in the space between the filaments and increases the 
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number of actin-myosin bridges that promote the force of contraction without 
changing the level of Ca2+ [48-49]. The Moss team was the first to propose the 
role of filaments (lattice spacing) in length-dependent activation of cardiac 
muscle [50]. 

Granzier and Labeit showed that there are connections between titin and actin 
at the level of Z disk, which induce radial and longitudinal forces (Figure 7). 
These radial forces contribute to a very tight approach of thick and thin filaments 
thereby reducing the space between them [51-52]. The technique of synchrotron 
X-ray diffraction showed that the lattice spacing in intact heart fiber decreases 
with sarcomere length [53]. Thus, titin is responsible for the increased tension of 
cardiac muscle related to an increase in the ventricular volume through 
modulation of the lattice spacing between the filaments (Figure 7). 

 

 
Figure 8. The mechanism of the cross-bridge cycle. Formation of actin-myosin 

cross-bridges (AM) in terms of various reagents and products (A) and the corresponding 
structural changes (B). 

In figure 8A strong connection is marked by “•” and a weak connection by “~”. 
ATP binding to myosin (step 1) is very rapid and irreversible. The subsequent 

detachment of actin from the actin-myosin·ATP (A~M·ATP) complex (step 2) is 
similarly rapid and is caused by an opening between myosin's upper and lower 50-kDa 
regions (Fig. 8A) like the opening of jaws. A “flexing” or bending of the myosin neck 
region (step 2 in Fig. 8B) is followed by step 3, the hydrolytic cleavage of ATP. 
Following ATP cleavage, myosin again binds weakly to actin at a high rate, but in the 
absence of Ca2+ Tm sterically blocks access of the myosin head to strong binding sites 
on actin (Fig. 8B). However, when Ca2+ is bound to TnC, TnI detaches from actin, 
allowing the Tm/Tn complex to roll or slide over the thin filament surface. 
Consequently, the rate of strong cross-bridge attachment, the flux through step 5 is 
dependent on [Ca2+] and Tm position. Strong binding of myosin to actin (Fig. 8B) is 
associated with movement of the upper and lower 50 kDa sub-domains toward each 
other (or closing the jaws). In any event, myosin neck extension related to the release of 
Pi, step 6, is the power stroke that, in isometric muscle, stretches an elastic element 
(represented here as the S2 segment) by some 10 nm and produces a force of ~2 
pN/cross-bridge (Molloy, 1995). In nonisometric conditions, shortening of the neck 
extension causes the thick and thin filaments to slide past each other. Step 7 is an 
irreversible isomerization and is the rate-limiting step for the cross-bridge cycle. Finally, 
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ADP is released from A·M ADP (where f is a cross-bridge exerting force) in the 
reversible step 8 to form the rigor state, A·M. Non-interacting cross-bridge-actin pairs 
are shown as gray actin and green myosin; weak interactions as yellow actin and light 
blue myosin, and strong interactions as green and red myosin, elastic element is 
represented as the S2 segment (From [54] with permission). 

 
Figure 9. Thin filament-actin–tropomyosin-troponin 

interaction. By Ca2+ attaching to troponin C conformal 
change exposes binding sites for myosin (active sites) on the 
actin filament. TnC troponin C -, TnI-troponin I, TnT- 
troponin T. (From [55] with permission) 

 
 
The passive force created by titin can strain the thick filament, allowing a 

shift of myosin heads of thick filaments relative to thin filament [56]. The 
elongation of sarcomere induces an increase in the number of actin-myosin 
(AM) bridges available in the region of single lap increasing the level of 
activation. This augmentation of a level of activation induces an increase in the 
number of cross bridges and, via the feedback control mechanism, increases 
cooperatively the affinity of troponin for Ca2+ [57]. 

 
 

2.6. The Excitation-Contraction coupling 
The concept of excitation-contraction coupling was formulated by Sandow: 

“When a stimulus is applied to muscle the response is indicated first by 
excitation, which is set up in membrane of each reacting fiber, and then by 
contraction, which is a function of the substance within the membrane” [58]. 
The general mechanism of the excitation-contraction coupling is an action 
potential formation by neurons, which propagates down by its axon to the 
neuromuscular junction. In cardiac muscle an action potential is induced by 
pacemaker cells and conducted to cells through gap junctions. The action 
potential is sensed by a voltage-dependent calcium channel, which causes influx 
of Ca2+ ions. Sacolemma, sarcoplasmatic reticulum (SR) and mitochondria play 
crucial role in control of concentration changes of the cytoplasmic Ca2+. In 
cardiac cell the excitation-contraction coupling mechanism involves cyclic 
changes in intracellular free Ca2+ ion concentration. The phenomenon called 
calcium induced calcium release [59-60] involves influx of Ca2+ ions into the 
cytosol causing further release of Ca 2+ from the SR. In heart the action potential 
induced by pacemaker cells in Sinoatrial node activates L-type Ca2+ channels; 
Ca2+ enters the cell via Ca2+ current and also a much smaller amount via Na+/ 
Ca2+ exchanger [61]. The increase of intracellular Ca2+ level triggers ryanodine 
receptors (RyR) that release Ca2+ from sarcoplasmatic reticulum. In the 
contractile module Ca2+ binds to Troponin C moving the troponin complex off 
the actin binding site (Figure 9).  
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The cytoplasmic free Ca2+ concentration in muscle and other cells at rest is 
around 20–50 nM; this is by two orders of magnitude lower than the free Ca2+ 
concentration in the extracellular space (usually millimolar) or in the lumen of 
SR (0.1–2.0 mM). The large Ca2+ gradients across cellular boundaries are 
established and maintained by powerful Ca2+ pumps located in the cell surface 
membranes and in the SR [62-63] and with contributions by the mitochondria 
[64-65]. During the cardiac action potential RyR controls Ca2+ influx from SR 
Ca2+ [66]. Ca2+ is removed from the myofilaments by the SR Ca-ATPase pump 
modulated by phospholamban (PLB), sarcolemmal Ca-ATPase pump, Na/Ca 
exchanger (NCX) and mitochondrial uniporter. 

 

2.7. Integrated energy metabolism. The intracellular 
phosphotransfer network 

2.7.1. Mitochondrial creatine kinase (MtCK) 

Creatine kinase (CK) belongs to the family of guanidine kinases that 
catalyzes reversible transfer of a phosphate moiety (Pi) from ATP to the nitrogen 
center of the guanidine group [67]. This enzyme is present in the cells with high 
and variable energy needs. The CK catalyses reversible transfer of Pi of MgATP 
to creatine, releasing PCr, MgADP and a proton: 

PCr 2- + MgADP- + H+
  ⇄ Cr + MgATP 2- 

The CK reaction plays a central role in the intracellular energy transfer, being 
specifically located in the places of production and utilization of ATP and also 
part of Cr/PCr circuit. 

There are four isoenzymes of CK: two cytosolic forms MCK (muscular) and 
BCK (brain) present in dimeric form, and two mitochondrial forms sMtCK 
(sarcomeric) and uMtCK (ubiquitous) present in dimeric or octameric form [68]. 
Cytosolic isoforms of CK mainly use PCr to reproduce ATP at sites of energy 
consumption. MtCK is responsible for the use of ATP for production of PCr in 
the intermembrane space of mitochondria. In this work our interest will be in the 
kinetic properties of the sarcomeric mitochondrial CK (sMtCK), exclusively 
present in in heart and skeletal muscle. In mitochondria mitochondrial creatine 
kinase (MtCK) is strongly attached to the external side of the inner 
mitochondrial membranes by cardiolipin in close association with ANT [67, 69]. 
Octameric MtCK forms proteolipidic complexes with VDAC [70] crosslinking 
mitochondrial inner and outer membrane (Figure 10). Cardiolipin is situated in 
the mitochondrial inner membrane, binds ANT and is considered to serve as 
contact site for MtCK [71-74]. 
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Figure 10. Mitochondrial 
creatine kinase. Octameric MtCK 
binds with cardiolipin in inner 
membrane and could also form 
complexes with mitochondrial 
porin channel (VDAC) in 
intermembrane space. From [75] 
with permission. 

 

 
Several studies showed that MtCK (and/or the HK II), ANT and VDAC 

could form micro-compartments for the transfer of adenine nucleotides between 
the mitochondrial matrix and MtCK and also export of PCr via VDAC to cytosol 
without release them into the medium [75-80]. In the MtCK-ANT functional 
coupling, the ANT channels MgATP (ATP in the presence of Mg2+) to MtCK 
and immediately transports the produced ADP into the mitochondrial matrix. 
Thus, the reaction never reaches the equilibrium state [81], the functional 
coupling MtCK-ANT directs the reaction toward production of PCr (Fig.10). 

By calculating the constants of dissociations of the ATP and creatine from 
the complexes with MtCK, Jacobus and Saks [36] showed that the affinity of 
MtCK for the ATP increases significantly in the presence of oxidative 
phosphorylation. These experiments allowed concluding that MtCK controls 
oxidative phosphorylation. Moreover, it was shown that functional coupling of 
MtCK and ANT prevents formation of permeability of transition pore in 
mitochondria and having a protective role from the excessive formation of 
reactive oxygen species (ROS). [68, 82-83]. 

 

2.7.2. The Phosphotranspher network  

The role of creatine kinase in cytosole is not limited by the regulation of 
concentrations of ADP and ATP in the sites of energy demand.  Energy [∆G 
(ATP)] is transfered towards the sites of energy consumption in the form of PCr 
via the Cr/PCr “shuttle” [68, 72, 84-85] (Figure 11). In this role PCr is thought 
to function as an “energy carrier“, connecting sites of mitochondrial OxPhos 
with sites of energy utilization [86-87]. 
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Figure 11. Proposed functional arrangement of the intracellular 

phosphotransfer network. Mitochondrial creatine kinase and adenylate kinase (AK2) 
serve the spatially and diffusionally restricted intra-cristae and intermembrane space to 
provide ADP for oxidative phosphorylation and to facilitate ATP export. Exported ATP 
molecules are relayed/conducted to ATPases through sequential chains of reactions 
catalyzed by the cytosolic isoforms M-CK and AK1. The glycolytic system could serve a 
similar intracellular energy transfer and signal communication function by transferring 
mitochondrially-produced high-energy phosphoryls through hexokinase (Hex), 
phosphofructokinase (PFK), and near-equilibrium glyceraldehyde-3-phosphate 
dehydrogenase/3-phosphoglycerate kinase (GAPDH/PGK) enzymes, present in the 
vicinity or bound to the mitochondrial outer membrane, as well as by generating 
additional ATP molecules as products of glycolysis. Near-equilibrium reactions 
catalyzed by the GAPDH/PGK chains could also facilitate transfer of Pi and NADH 
from remote cellular locales to mitochondria, while chains of reversible lactate 
dehydrogenase (LDH) reactions could facilitate intracellular lactate/pyruvate and 
coupled NAD+/NADH movement.(From [88] with permission) 

 
The Cr/PCr circuit helps surpass the diffusion barriers in the cell [72, 75, 87, 

89-91], avoid the dissipation of energy due to the transport of the ATP and, in 
addition, to avoid accumulation of ADP (and thus the inhibition of the activity of 
ATPases) and accumulation of the AMP due to the reaction of the AK [88, 92-
93]. The sites of energy production and consumption are connected by a series 
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of the reactions of the CK are resulting the almost instantaneous transfer of Pi 
towards the sites of demand and the metabolic signal towards mitochondria. The 
compartmentation of the reactions catalysed by the different CK isoenzymes 
ensures a high ATP/ADP ratio in the vicinity of ATPases and low ratio in the 
vicinity of ANT. Local availability of ADP to ANT is a potential key regulator 
of respiration [85, 94]. The CK knockout mice are viable but lose the exercise 
capacity [89, 95-96]. In the MtCK and MMCK knockout mice a cellular 
reorganization is observed, characterized by an increase of mitochondrial 
volume and a bringing together mitochondria to ATP consumption sites to 
increase the effectiveness of the energy metabolism [86, 97]. The resynthesis of 
PCr and its transfer via the CK-PCr system decrease at the time of cardiac 
insufficiency [98-100]. 

 

2.8. Concept of ICEU 
Figure 11 shows that besides PCr/CK system, phosphotranspher network 

includes also adenylate kinase and glycolytic system [101]. The structure of 
cardiac cells is highly organized and plays important role in regulation of energy 
metabolism [102]. It was shown in 2001 that in cardiomyocytes mitochondria 
are organized into Intracellular Energetic Units, ICEUs [9, 103-104]. The 
concept of ICEUs (Figure 12) was developed on the basis of the information of 
cardiac cell structure and experimental data obtained in the studies of 
permeabilized cardiac cells and fibers, which revealed the major importance of 
structure-function relationship in regulation of cardiac cell metabolism. ICEU is 
considered as structural and functional unit of striated muscle cells consisting of 
distinct mitochondria localized at the level of sarcomeres between Z-lines and 
interacting with surrounding myofibrils, sarcoplasmic reticulumn, cytoskeleton 
and cytoplasmic enzyme systems [105-106], as shown in Figure 12. In adult 
cardiac cells ICEUs interact with other dissipative metabolic structures - calcium 
release units, CRUs, shown in upper right corner in Figure 12 by shaded area 
[107-108]. Electron microscopic studies have always shown very regular 
arrangement of major part of mitochondria in cardiomyocytes at the level of A-
bands of sarcomeres of myofibrils, which are surrounded also by the network of 
sarcoplasmic reticulum [109-110]. 
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Figure 12. Functional scheme of the Intracellular Energetic Unit of adult 

cardiac muscle cell. Free fatty acids (FFA) taken up by a family of plasma membrane 
proteins (FATP1), are esterified to acyl-CoA which are entering further the β-fatty acids 
oxidation (β-FAO) pathway resulting in acetyl-CoA production. Electron-transferring 
flavoprotein (ETF)-ubiquinon oxidoreductase delivers electrons from β-FAO directly to 
complex III of the respiratory chain (RC). NADH produced by β-FAO is oxidized in the 
complex I of the RC passing along two electrons and two protons, which contribute to 
the polarization of mitochondrial inner membrane (MIM). Glucose (GLU) is taken up by 
glucose transporter-4 (GLUT-4) and oxidized, pyruvate produced from glucose 
oxidation is transformed by the pyruvate dehydrogenise complex (PDH) into acetyl-
CoA. The NADH redox potential resulted from glycolysis enters mitochondrial matrix 
via malate–aspartate shuttle. Malate generated in the cytosol enters the matrix in 
exchange for α-ketoglutarate (αKG) and can be used to produce matrix NADH. Matrix 
oxaloacetate (OAA) is returned to the cytosol by conversion to aspartate (ASP) and 
exchange with glutamate (Glut). Acetyl-CoA is oxidized to CO2 in the tricarboxylic 
acids (TCA) cycle generating NADH and FADH2, which are further oxidized in the RC 
(complexes I, II) with final ATP synthesis. G6P inhibits HK decreasing the rate of 
glucolysis. The complexes to transfer energy from mitochondria to cytoplasm are 
adenine nucleotides translocase (ANT), mitochondrial creatine kinase (MtCK) and 
voltage-dependent anion channel (VDAC) with bound cytoskeleton proteins. MtCK is 
responsible for phosphorylation of creatine into phosphocreatine. PCr is then used to 
regenerate ATP locally by CK with ATPases (actomyosin ATPase, sarcoplasmic 
reticulum SERCA and ion pumps ATPases). The rephosphorylation of ADP in MMCK 
reaction increases the Cr/PCr ratio, which is transferred towards MtCK via CK/PCr 
shuttle. Calcium liberated from local intracellular stores during excitation–contraction 
coupling through calcium-induced calcium release mechanism, (1) activates contraction 
cycle by binding to troponin C in the troponin–tropomyosin complex of thin filaments 
and (2) enters the mitochondria mainly via the mitochondrial Ca2+ uniporter (UPC) to 
activate Krebs cycle dehydrogenases: PDH, αKG, isocitrate dehydrogenase. CRU - 
Calcium Release Unit. (From [111] with permission) 
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3. Regulation of respiration in mitochondria in the cardiac cells 

3.1. The Frank-Starling law 
Phenomenological aspects of intracellular feedback regulation in 

cardiomyocytes were initially recognized by the Starling laboratory, already 
before ATP was discovered [112]. In his works he discovered the capacity of 
ventricle to vary its force of contraction as a function of preload. The heart 
maintains normal blood circulation under a wide range of workload, the cardiac 
performance increases with an increase in end-diastolic ventricular volume. In 
modern terms, the contractile function of myocardium is described by the Frank-
Starling law (or the Frank-Starling mechanism) stating that the force of 
contraction (active tension) increases, if the pre-load (passive tension) increases. 
If the ventricular end-diastolic volume (preload, ventricular filling) is increased, 
the length of sarcomere of cardiac muscle is increased, resulting increase of the 
number of force generating cross-bridges [55] and   the amplification of muscle 
tension. In this way, cardiac output is directly related to venous return, the factor 
determining the most important pre-load [18, 48, 94, 113]. 

The respiration of isolated perfused heart measured depending on the left 
ventricular filling shows that mitochondrial respiration is a linear function of 
workload and may increase by 20 times (VO2 = 170 µmol min-1 (g dry wt)-1) as 
compared with the basal state (no load, VO2 = 8-12 µmol min-1 (g dry wt)-1) 
[114]. This relationship is the basis of the Frank-Starling law (Figure 13). 
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Figure 13. Metabolic aspect of the Frank-Starling’s law of the heart. Linear 

increase of oxygen consumption rates as a function of increased relative workload 
(which is a fraction of maximal workload). Experimental data are taken from [114]. 

 
The main cellular mechanism, on which the Frank-Starling law is based, is 

the length-dependent activation of sarcomere discovered by Hibberd and Jevell 
[115], already discussed above. Thus cardiac work regulates energy fluxes and 
mitochondrial respiration in large scale. The main question for cellular 
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bioenergetics is what is the mechanism of the regulation of respiration under 
physiological conditions of Frank-Starling law. In spite of clarifying the 
mechanism of the synthesis of ATP and membrane bioenergetics [14, 25, 29], 
the mystery of regulation of cardiac energy metabolism remains. The 
experimental data obtained in studies of isolated mitochondria showed that in 
this case the control of respiration is by ADP and Pi. As shown below, in 
physiological condititons the regulation is more complicated involving 
regulation at the system level. Therefore, data obtained from studies with 
isolated mitochondria are not sufficient to explain the fundamental Frank-
Starling law in physiological conditions, in cardiomyocytes. 

 

3.2. Importance of intracellular organization in regulation of 
metabolism – diffusion problems 

During more than three decades the intensive studies have shown that the 
content of cell is not a homogeneous diluted aqueous medium, but, particularly 
in muscle and brain cells, the specific organization of the intracellular structure 
which causes heterogeneity of diffusion, metabolite compartmentation and 
metabolic channeling [68, 116-119]. All the classical studies of diffusion have 
been investigating weakly interacting rigid particles at low concentrations. In the 
real cell, to begin with the cellular water, the intracellular mobility is 
significantly reduced, leading to the partitioning of the metabolites between 
different water phases [120-122]. Cytoskeletal structures and macromolecular 
crowding - high concentration of macromolecules in the cells, decrease the 
available volume for free diffusion of substrates [123-125]. The density of 
enzymes and other proteins in mitochondria is up to 60% of the matrix volume 
[126]. It is also shown that diffusion of ATP and PCr are anisotropic in muscle 
cells [127-128]. 

To overcome the problem of diffusion restriction, mechanisms are based on 
protein-protein interactions - metabolic channeling and functional couplingare 
present, the movements of individual molecules become co-coordinated and 
vectorally directed due to the organization of enzymes into multi-enzyme 
complexes, there is no randomness in the molecular mobility. 

In analysis of diffusion of ADP and ATP the term apparent diffusion 
coefficient is used 

Dapp = DFxD0       

where D0 is the diffusion coefficient in bulk water phase and DFx is a 
diffusion factor accounting for all intracellular mechanisms locally restricting 
particles movement [9, 80, 117]. Ridgway and his coworkers showed that due to 
the phenomenon of diffusion restriction, the apparent diffusion coefficient might 
be decreased by several orders of magnitude [129]. The results of different 
studies show that in some areas of cell, for example in regions close to 



 

 32 
 

sarcolemma and mitochondrial outer membrane values of DFx may be even in 
the range of 102-10-5 [89-90, 119, 130]. 

 

3.3. Theories of the regulation of mitochondrial respiration 
The cardiomyocytes are cells with very high and varying energy demand.  

The metabolic aspect of Frank-Starling law states the linear dependence of the 
rate of oxygen consumption upon cardiac work. The problem, how on the 
metabolic level the ATP demand difference is met and the workload is regulated 
is still highly debated. O’Rourke stated requirements the metabolic signal 
controlling respiration in vivo must meet: 1) be able to regulate ATP production; 
2) its change must correlate with workload [131]. Alas, the theories developed 
till now and described below could not meet these criteria. 

For isolated mitochondria, control of respiration by ADP and Pi is 
indisputable [14, 132-133]. Also, activation of Krebs cycle dehydrogenases by 
Ca2+ ions has been well established [134-135]. However, as is shown by several 
authors [136-140], regulation of mitochondrial respiration involves also 
interaction of mitochondria with proteins of cytoskeleton and other cellular 
complexes. Therefore experimental data obtained in studies of isolated 
mitochondria and other cellular structures are valuable but not sufficient to 
explain the central phenomenon in cardiac bioenergetics. Two principal 
observations have led to this conclusion. Firstly, the increase of cardiac work 
and mitochondrial respiration rate in aerobic hearts occurs at unchanged cellular 
contents of both ATP and PCr – a phenomenon called metabolic stability or 
homeostasis, discovered by Neely et al. [141] and confirmed by Balaban and 
others [142-143]  (Figure 14A). Also, it is not possible to explan linear 
dependence of workload of cardiac oxygen consumption by a mechanism 
involving the control of mitochondrial respiration by ADP, or by Pi as they are 
in equilibrium with PCr and ATP by the CK reaction. [144-147]. 

Secondly, multiple and detailed physiological experiments using optical 
methods for measurement of the intracellular Ca2+ concentrations showed that 
workload and oxygen consumption changes induced by alteration of left 
ventricle filling – referred to as the Frank-Starling phenomenon - are observed at 
unchanged calcium transients [45] (Figure 14B). This second set of essential 
observations exclude any explanation of the metabolic aspect of Starling's law 
by a mechanism involving the control of mitochondrial respiration by 
intracellular calcium, as it was proposed by several authors [143, 148], Ca2+ 
mechanism may be important only in the case of adrenergic activation of the 
heart [149]. 
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Figure 14. Metabolic homeostasis for increasing respiration rates. (A) Cardiac 

intracellular PCr homeostasis for different respiration rates. Experimental data were 
summarized from studies [141, 150-151] Intracellular calcium homeostasis (B) for 
different heart workloads (different left ventricular pressure, LVP) of canine’s heart. 
Experimental data are adapted from [45]. 

 
Obviously, the two very popular hypotheses described above do not meet 

criteria posted by O´Rourke and leave the mechanism of the metabolic aspect of 
Starling's law in complete obscurity. The problem of regulation of oxygen 
consumption and substrate uptake by cardiac work evidently demands for its 
solution application of complex methods developed in the framework of 
Systems Biology. The physiological phenomena could be explained by 
investigation of intracellular interactions and resulting regulatory mechanisms 
using both experimental methods of research and computer modeling [4, 12, 
116, 152]. Revealing the mechanisms of regulation of integrated energy 
metabolism in vivo in the framework of Systems Biology are the aims of 
Molecular System Bioenergetics, which basic concept includes studies of system 
level properties arising from intracellular interactions, such as metabolic 
compartmentation, channeling and functional coupling [3, 152-153]. The 
mechanism of feedback metabolic regulation of cellular metabolism linking the 
cardiac work with mitochondrial respiration under conditions of metabolic 
stability can be understood on the basis of quantitative analysis of experimental 
data describing intracellular interactions, the structure-function relationships and 
non-equilibrium steady state kinetics of reactions in the cardiac cells. 

 
 
 

LVP, mmHg

40 60 80 100 120

[C
a

2+
],

 µ
M

0.0

0.2

0.4

0.6

0.8

1.0



 

 34 
 

3.4. The role of the external mitochondrial membrane: selective 
diffusion barrier in the regulation of respiration - the role of the 
cytoskeleton 

3.4.1. Differences in regulation of oxidative phosphorylation in 
mitochondrial in vitro and in vivo - the theory of factor X 

Long-time studies have shown connection of cell structure and regulation of 
oxidative phosphorylation. It was shown that some components of cytoskeleton 
may have regulatory role in oxidative phosphorylation in mitochondria [103, 
154-157]. In the beginning of bioenergetics studies oxygen consumption 
measurements were carried out with isolated mitochondria. The apparent Km for 
ADP value in mitochondria in vitro - 10-20 µM is very close to the parameter 
for isolated adenine nucleotide translocator [158], showing high permeability of 
ADP by the mitochondrial outer membrane in isolated mitochondria. In these 
conditions the efficiency of the regulation of mitochondrial functions in vitro by 
extramitochondrial ADP depending only upon the affinity of ANT for ADP, 
which is very high. After the development and introduction of the technique of 
permeabilized fiber and cardiomyocytes, the kinetic studies showed that the 
apparent Km for ADP in permeabilized cardiac muscle fibers is 20 times higher 
(250-300 µM) compared to isolated mitochondria. [69, 103-104, 159-161]. At 
the same time, Saks, Kuznetsov, and others showed that after trypsin treatment 
of cardiomyocytes apparent Km for exogenous ADP drops drastically to 80-40 
μM, whereas the apparent Km for isolated mitochondria is not changed by this 
treatment (about 15 μM) [69, 162-163]. This effect of trypsin on mitochondrial 
respiration regulation in situ suggested that cytoskeletal proteins, then called 
Factor X, could be involved in the control of MOM permeability [69, 162]. 
These were the first evidence of the existence of a protein factor or complex 
regulating strongly mitochondrial respiration, as the outer membrane 
permeability becomes higher in the case of isolated mitochondria (in vitro) 
compared to permeabilized cardiac fibers or cells (in situ). The protein, 
responsible for the regulation of oxidative phosphorylation is highly sensitive to 
trypsin. Appaix et al. showed in permeabilized cardiomyocytes that tubulin and 
plectin are very sensitive to proteolytic digestion [157]. 

Comparable measurements of affinity of exogenous ADP to oxidative 
phosphorylation were also made with HL-1 cells. HL-1 cells developed by 
Claycomb and his coworkers [164] represent qualities of an adult myocyte with 
less organized ultrastructure similar to embryonic myocyte. There are two 
subtypes of the HL-1 cell line: beating (BHL-1) and non-beating (NBHL-1) 
cells. In beating HL-1 cells presence of highly ordered myofibrils and cardiac-
specific junctions in the form of intercalated discs could be seen; they have the 
ability to undergo spontaneous contractions while remaining in a mitotic state, 
typical of normal in vivo immature mitotic cardiomyocytes [164]. Kinetic studies 
have revealed that permeabilized HL-1 cells exhibit much lower apparent Km 
for ADP in regulation of oxidative phosphorylation (25 ± 4 µM for NB and 47 ± 
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15µM mmol/l for B) than that observed in CM (370 ± 31µM [140]. High 
apparent affinity to exogenous ADP is also characteristic to neonatal rat CM 
[165]. 

A theory was proposed of existence of a intracellular, cytoplasmic protein or 
protein complexes which were controlling the permeability of the mitochondrial 
outer membrane for ADP in the muscle cell in vivo. The factor “X”, which could 
be represented by one or more proteins of the cytoskeleton, could influence the 
properties of the mitochondrial outer membrane permeability [157, 162]. 
Rostovtseva and her coworkers tested participation of several proteins in the 
modification of the properties of VDAC, the MOM porin channel [166-167]. 
First candidate for the role of “factor X” is αβ heterodimeric tubulin, which upon 
binding to VDAC reconstructed into a planar lipid membrane strongly 
modulated the channel’s conductance. 

 

3.4.2. Voltage Dependent Anion Channel, Tubulin and Mitochondrial 
Interactosome 

The permeability of MOM is regulated by the voltage dependent anion 
channel (VDAC) – or mitochondrial porin, which is positioned in the 
mitochondrial outer membrane and is the major channel in the transport of 
metabolites between mitochondria and cytosol [168-169] (Figure 15). 

 

 
 

Figure 15. Voltage Dependent Anion Channel and possible candidates to cause 
VDAC closure. From [166-167] with permission. 

 
VDAC is a monomeric ß-barrel protein with molecular weight ca 32kDa. 

Three isoforms of VDAC have been characterized in mammals: VDAC 1, 
VDAC 2 and VDAC 3. Exact functional and physiological differences between 
VDAC isoforms in vivo are not still clarified.  VDAC forms a large pore 2.5-3 
nm diameter [169], permeable to uncharged polymers up to 3.4-6 kDa. It was 
shown that the effective size of the cannel depends upon charge of the solute, 3D 
structure and could even distinguish molecules of similar size and charge, based 
on their structure [171-173]. 
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The selectivity of porins toward anionic species depends on their size, charge 
and membrane potential. It is shown with reconstituted channels that the most 
conserved property of VDAC is its ability to switch between open (membrane 
potential V ~0mV) when the pore had diameter of 4nm and channel is open for 
anionic compounds such as Pi and adenine nucleotides and multiple “closed” 
states. The diameter of the pore is reduced to 2nm at membrane potential higher 
than 30mV [168, 172, 174]. It was thought for a long time that the role of porin 
channels in the mitochondrial outer membrane is only to limit the dislocation of 
high molecular weight compounds  (3-10Da) [175]. However, by now it has 
been shown in many studies that the VDAC is primarily responsible for the 
transport of energy flux through the outer membrane of mitochondria [138, 176].  

The closure of VDAC allows transport of small (positively charged) ions but 
it greatly reduces the diffusion of adenine nucleotides and therefore with the 
switching from open to closed states VDAC could regulate the ATP/ADP flux 
from mitochondrial intermembrane space to cytosol. The question remains, how 
this voltage gating is functioning in vivo, where the potential across the 
membrane is significantly lower than 30mM The cytosolic regulators, associated 
with VDAC which are physiologically relevant candidates for permeability 
regulation were proposed as follows: the actine G [177], Bcl-XL [176], dynein 
[178], protein mtHSP70 [178] and tubulin [166-167, 179]. 

Several recent works have proved the role of tubulin as a possible regulator 
protein of the VDAC. In cytosol heteromeric tubulin dimer, composed of two 
subunits, α and β tubulin are in a dynamic equilibrium with microtubular 
network [180-181]. Each tubuline isomer has an acid C-terminal end (called 
tail), which define different isoformes of tubuline (Figure 16). It has been shown 
already 30 years ago that dimeric tubulin binds to mitochondrial membranes 
[182]. Rostovtseva et. al demonstrated functional interaction between dimeric 
tubulin and VDAC [166-167]. They found that dimeric tubulin in nanomolar 
concentrations induced highly voltage dependent closure of VDAC reconstituted 
into planar lipid membranes. The tubulin induces fast well time resolved events 
in a 1-100 ms range leading to the partial channel blockage. The anionic C-
terminal tails (CTT) of tubulin are the possible candidates for the regulators of 
the permeability of VDAC. The effect of tubulin without CCT was studied in 
comparison with intact tubulin and it was shown that tubulin with detached CTT 
did not induce the VDAC closure [167]. 
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Figure 16. Possible regulation mechanism of VDAC by tubulin. Closure of 

VDAC could be caused by anionic C-terminal tails of tubulin, which enter physically 
into the channel. From [163] with permission. 

 
The detailed nature of the complexes and metabolic regulation mechanisms 

of energy transfer in physiological conditions are open questions arised from the 
studies. 

Recently Guzun et al. have shown by immunofluorescence confocal 
microscopy that in cardiac muscle cells the prevalent isoform of tubulin is βeta 
II, missing in HL-1 cells [183]. 

As a result of studies of our and other laboratories described above the 
hypothesis of existence of supercomplex of Mitochondrial Interactosome (MI) 
was developed (Figure 17). It was proposed that MI consists of ATP synthasome 
with respiratory chain, ANT, MtCK and VDAC with proteins regulating its 
permeability. According to this theory, in mitochondria in situ, diffusion of 
adenine nucleotides is impeded. Complexes of MI regulate oxidative 
phosphorylation in mitochondria. To overcome the diffusion restrictions direct 
channeling is taking place between the complexes of MI. The aim of this work 
was to prove the hypothesis. 

 
 
Figure 17. The hypothetical model of 

Mitochondrial Interactosome. This 
supercomplex consists of adenosine 
nucleotide translocator (here ANC), 
mitochondrial creatine kinase (MtCK), ATP 
synthasome, respiratory chain complexes 
and voltage dependent anion channel 
(VDAC) with proteins regulating its 
permeability. 
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4. Metabolic Control Analysis 
Some decades ago the problem of metabolic regulation was studied by 

attempting to formulate qualitative descriptions of the systems behavior or 
identify the molecular details of the mechanisms. The general concept was that 
there is a regulatory enzyme or a rate-limiting step responsible for the regulation. 
One of the suppositions, following from the concept was an expectation that an 
enzyme catalyzing reaction most displaced from the equilibrium might affect the 
flux. From this point of view the possible solutions to discover candidates for the 
regulatory enzyme is to measure the near-disequilibria ratio of all the complexes 
in the pathway. Kashiwaya and his coworkers measured displacement of 
reactions from equilibrium in glucose utilization in working heart [184]. From 
these results it is visible that on the most pathways there is always significant 
number of enzymatic reactions that are potential candidates for being regulatory. 
Also the definition of the rate limiting step theory states, that the regulatory step 
should be the slowest in the pathway. In metabolic steady state flux rate is 
constant in linear pathway, therefore the slowest reaction could not be 
determined. 

In 1970s Kacser & Burns [185] and Heinrich & Rapoport [186-187] 
simultaneously developed concept of Metabolic Control Theory. The aim of the 
theory was not to find the regulatory enzyme of the pathway, but to describe 
how strong the relative regulatory role of the enzymes of the pathway is. In order 
to quantify the amount of control exerted by a step in a pathway on flux through 
the pathway they introduced the concept of control strength. The control strength 
(Ci) of a step in a metabolic pathway is defined as the fractional change in flux 
through the pathway induced by a fractional change in the enzyme under 
consideration. Control coefficients allow the identification of system 
components that are crucial in the control of pathway flux or metabolite 
concentration. 

The control structure of a pathway is determined by the values of flux control 
coefficient, elasticity coefficients and concentration control coefficient. Flux 
control coefficient (CJ

vi or FCC) shows the degree of control that the rate (v) of a 
given enzyme i exerts on flux J [188-189]: 
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The concentration control coefficient (CX
vi) shows the degree of control that a 

given enzyme i exerts on the concentration of a metabolite (X):  
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The elasticity coefficient (εi) shows the properties of an individual enzyme 
how temperature, pH, substrate concentrations and other effectors influence on 
reaction rate. 
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When Kackser and Burns developed MCA they showed that sum of all flux 
control coefficients of enzymes influencing the linear pathway comes to 1, 
called summation theorem [185] 

CJ
1+CJ

2 …+CJ
vi =1          (13) 

It was also shown by Kackser and Burns that if we choose an metabolite X 
and find all enzymes whose rates influence the concentration of the metabolite, 
the sum of flux control coefficients of the enzymes on the flux multiplied by its 
elasticity with respect to X is zero – the connectivity theorem. 

CJ
iεi

X +CJ
k εk

X +CJ
lεl

X …+ CJ
nεn

X = 0      (14) 

Theoretical aspects of MCA have been subsequently analysed in many works 
by Kholodenko, Westerhoff, Cascante and others [4, 190-193]. As said, the laws 
of MCA postulated that the sum of the MCC in a linear pathway should be close 
to one. Kholodenko, Westerhoff and their coworkers investigated theoretically 
the problem of “simple” metabolic pathways versus channeled pathways and 
showed that in channeled pathways the responsiveness to an external signal is 
enhanced and corresponding coefficients are larger than in non-channeled 
pathways, [194-195]. They showed in these studies that the sum of the flux 
control coefficients depend on the degree of channelling in the pathway [4, 190]; 
it can vary from less than unity to two depending on the ratio of the channeled 
and bulk-phase fluxes and the kinetic properties of the enzymes involved. 
Therefore, if we compare a system in two conditions and in the one of them the 
sum of the FCC of the pathway is increased, we could conclude that there is 
direct channeling in the pathway in this condition. 

Many authors have applied MCA for investigation of the respiration 
regulation in different tissues using mitochondria in vitro [196-201]. Croen et. 
al. [200] made experiments to quantify the amount of control (control strength) 
exerted by different steps in oxidative phosphorylation on the rate of 
mitochondrial oxygen uptake and concluded that there is no one limiting step in 
mitochondrial oxidative phosphorylation, the control is distributed among 
different steps, including the adenine nucleotide translocator and cytochrome c 
oxidase. It was found in the works with isolated mitochondria that the sum of 
flux control coefficients of respiratory chain complexes, ATP synthase and 
metabolite carriers is close to 1 that corresponding to the behaviour of a linear 
metabolic system [192-193, 196, 202]. Analogous works with similar results 
were carried out also in case of permeabilized cardiac fibers when respiration 
was activated by direct addition of ADP [203-204]. Interestingly, already in 
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studies of isolated mitochondria it was shown by Gellerich et al. and Groen et al. 
[198, 200] that the flux control coefficient value might change upon the presence 
of ADP regenerating system. In our work we compare FCC of complexes of MI 
with and without activated MtCK. In physiological conditions Cr is always 
present and therefore the first condition represents situation in vivo. 
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AIM OF THE STUDY 
The aim of this study was to investigate the mechanism of control of 

energy fluxes and the role of structure-function relationship in metabolic 
regulation in cardiomyocytes in physiological conditions in vivo. 

 
In order to achieve this aim the objectives of this study were: 
 
1. Comparison of respiration regulation dependance on cell structure in 

permeabilized cardiomyocytes versus HL-1 cells of cardiac phenotype. 
2. Kinetic analysis of the regulation of respiration by mitochondrial 

creatine kinase within MI in permabilized cardiomyocytes (mitochondria 
in situ). 

3. Direct measurements of energy fluxes from mitochondria to cytosol in 
isolated permeabilized cardiomyocytes.  

4. Metablic Control Analysis of reactions in Mitochondrial Interactosome 
in permeabilized cardiomyocytes. 
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MATERIALS AND METHODS  

1. Preparation of biological materials 

1.1.Animals 
Male Wistar rats weighing 300-350 g were used. The animals were housed 

five per cage at constant temperature (22°C) in environmental facilities with a 
12:12 h light-dark cycle and were given standard laboratory chow ad libitum. 
Animal procedures were approved by the Estonian National Committee for 
Ethics in Animal Experimentation (Estonian Ministry of Agriculture). 

1.2.Preparation of skinned fibers of rat heart 
Skinned fibers were prepared according to the method described earlier 

[205]. The animals were anaesthetized, chest opened and heart exertized and put 
into cooled solution. Muscle strips (5-10 mg wet weight) from endocardium of 
left ventricles along fiber orientation were cut to avoid mechanical damage. By 
using sharp forceps the muscle fibers were separated from each other leaving 
only small contact. The fibers were permeabilized with the 50 mg/ml saponin in 
A solution [205]. 

 

1.3.Isolation of adult cardiomyocytes 
Adult cardiomyocytes were isolated after perfusion of the rat heart with 

collagenase A (Roche) using the adaptation of the technique described 
previously [161]. Isolated cardiomyocytes contained 70–90 % of rod-like cells 
when observed under light microscope. In order to study the regulation of 
mitochondrial respiration in cardiomycytes, the sarcolemma was permeabilized 
by saponin keeping the mitochondrial membranes intact [205-206]. The 
permeabilization procedure was carried out at 25°C with 20 μg/mL saponin. 

 

1.4.Isolation of mitochondria from cardiac muscle 
Mitochondria were isolated from adult rat hearts as described by Saks et al. 

[207]. 
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2. Methods 

2.1. Oxygraphic measurements 

2.1.1. Principle 

The rates of oxygen uptake were determined with high-resolution 
respirometer (Oxygraph-2K, from OROBOROS Instruments, Austria) in 
Mitomed solution [205]. Measurements were carried out at 25ºC; solubility of 
oxygen was taken as 240 nmol/ml [208]. The respiration rates were expressed in 
nmol of oxygen consumed per minute per nmol of cytochrome aa3 or in nmol of 
oxygen consumed per second per mg of protein. 

2.1.2. Experimental models  

The principles of this study are illustrated by four schemes of experiment of 
increasing complexity (Figure 18): Schemes 18A and 18B represent isolated 
mitochondrion as a reference system, and Schemes 18C and 18D illustrate 
permeabilized cardiomyocytes chosen as experimental study model. 
Experiments were performed in four conditions: (1) without or with activated 
MtCK reaction and then (2) in the presence of ADP trapping system. This 
system, consisting of phosphoenolpyruvate and pyruvate kinase (PK), traps 
extramitochondrial ADP produced by cytoplasmic isoforms of creatine kinases 
(MMCK) and MgATPase reactions and subsequently regenerates 
extramitochondrial ATP. Endogenous intramitochondrial ADP produced by 
MtCK forms a micro-domain within the intermembrane space (IMS) and is re-
imported into the matrix via ANT due to its functional coupling with MtCK. A 
series of experiments were performed to check the properties of this model in 
order to make it useful for complete MtCK kinetic analysis. 
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Figure 18. Experimental models. Figures 18A and 18B represent a system related 

to the isolated heart mitochondria. The respiratory chain (RC) complexes, ATPsynthase 
(F1F0) and Pi carrier PIC are integrated within the mitochondrial inner membrane. 
Mitochondrial creatine kinase (MtCK) is depicted as an octamer [68, 71], located in the 
mitochondrial inter-membrane space (IMS) and attached to the inner membrane surface. 
In our experiments MtCK is activated by creatine (Cr) in the presence of ATP. The final 
products of MtCK-forward reaction are phosphocreatine (PCr) and endogenous ADP. 
The ADP phosphorylation is visualized by recording the oxygen consumption.  

In Figure 18A endogenous intramitochondrial ADP produced by MtCK reaction 
forms a micro-domain within intermembrane space. The micro-compartmentalized ADP 
can either enter into mitochondrial matrix for phosphorylation or escape into the 
surrounding medium via voltage-dependent anion channel (VDAC) in the outer 
mitochondrial membrane (MOM). 

In Figure 18B the model is supplemented with ADP-trapping system consisting of 
pyruvate kinase (PK) and phosphoenolpyruvate. This system utilizes all ADP leaving 
mitochondria to regenerate extramitochondrial ATP. 

Figure 18C represents mitochondrion in situ, in permeabilized cardiac cell, 
surrounded by cytoskeleton proteins and myofibrils. The MOM is less permeable than in 
isolated mitochondrion, due to the selective permeability of VDAC which is caused of 
interactions of the channel with cytoskeleton proteins. Exogenous ATP is hydrolyzed by 
cellular ATPases into endogenous extramitochondrial ADP and inorganic phosphate 
(Pi). Mitochondrial (MtCK) and non-mitochondrial creatine kinases (present in cytosol, 
myofibrills, SERCA, sarcolemma); activated by creatine in the presence of ATP, 
produce endogenous intra- and extramitochondrial ADP. Thus the oxidative 
phosphorylation is controlled by endogenous ADP produced by the MtCK, MMCK and 
ATPase reactions. 

Figure 18D represents system 18C supplemented with phosphoenolpyruvate and 
pyruvate kinase (PK). PEP–PK system removes extramitochondrial ADP produced by 
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intracellular ATP-consuming reactions and continuously regenerates extra-mitochondrial 
ATP. Endogenous intramitochondrial ADP produced by MtCK forms 
microcompartments within the IMS and is re-imported into the matrix via adenine 
nucleotide translocase (ANT) due to its functional coupling with MtCK. A series of 
experiments were performed to check the properties of this model in order to use it for 
complete MtCK kinetic analysis. This protocol is called Gellerich–Guzun protocol. From 
[137] with permission, Article II. 

 

2.1.4. Quality tests of cardiomyocytes. 

In order to to ensure reliable results, regular quality tests of CM and isolated 
mitochondria preparation were performed. Only the mitochondria and 
cardiomyocytes meeting the requirements described below were used in kinetic 
experiments.  

Addition of ADP in a saturating concentration of 2 mM to CM induced high 
State 3 respiration rate (Figure 19). The respiratory control index (RCI) usually 
exceeded 6. The effect of the addition of exogenous cytochrome c on State 3 
respiration was absent showing the intactness of MOM. After an addition of 
carboxyatractyloside CAT respiration rate decreased back to the State 2 (V0) 
level showing the intactness of the inner membrane [205-206]. 

 
 
 
Figure 19. Quality test of 

CM.Respiration was activated with 
2mM ADP. Addition of cytochrome c 
did not change respiration rate 
indicating intactness of MOM, 
addition of CAT decreased respiration 
to the V0 level due to the shutting of 
ANT and intactness of MIM. 

 
 
In cells in vivo, endogenous ADP may be produced by MgATPase and by 

creatine kinase reactions from ATP by both MtCK and MMCK (see Figure18C). 
In this scheme exogenous ATP added to permeabilized cardiomyocytes is 
hydrolyzed by cellular ATPases with the formation of endogenous 
extramitochondrial ADP which subsequently stimulates mitochondrial 
respiration. 

To study the role of the coupled MtCK alone in the regulation of respiration 
in situ in the cells the stimulatory effect of extra-mitochondrial ADP produced 
by MgATPases and MMCK can be extinguished by the PEP–PK system (Figure 
18D). The addition of the PEP–PK system helps to simulate the in vivo 
conditions in the cells where the glycolytic system is present and it competes 
with mitochondrial respiration through consuming ADP. Figure 20A shows that 
the respiration rate of mitochondria in situ stimulated by 10 mM creatine and 5 
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mM MgATP did not decrease after the addition of 10 U/ml PK in spite of the 
fact that the extramitochondrial ADP must have been significantly reduced. 
Under these conditions respiration is fully maintained by intramitochondrial 
ADP produced in MtCK reaction which is not accessible for the PEP–PK 
system. Mitochondrial outer membrane in cardiomyocyte is not permeable for 
ADP, which is transported back into the matrix by ANT for subsequent 
rephosphorylation. (Figure 18D, Figure 20A). 

 

  A 
 

 

B             C 
Figure 20 Quality tests with PK-PEP trapping system. (A) Permeabilized CM, 

(B) isolated mitochondria and (C) CM after trypsin treatment (by 0.2 µM trypsin for 5 
min at 25 °C). 

 
In isolated mitochondria (Figure 20B) the influence of PK–PEP trapping 

system on the oxygen consumption rate could be observed: when the respiration 
of the isolated heart mitochondria was stimulated by creatine in the presence of 
ATP (i.e. MtCK was activated), the addition of PK and PEP decreases 
respiration rate for about 50% from its maximal value The gained rate of 
respiration (up to 50% of VO2max) was due to the functional coupling between 
MtCK and ANT with the direct transfer of ADP into the matrix. After the 
treatment of permeabilized cardiomyocytes with trypsin, compartmentalized in 
the intermembrane space ADP becomes accessible for the PEP–PK system 
(Figure 20C). The PK and PEP added under these conditions inhibit respiration 
by trapping significant part of the extramitochondrial ADP and a significant part 
of ADP produced by MtCK. The effect is similar to the one observed in isolated 
mitochondria (Figure 20B). These results show that ADP produced by MtCK in 
mitochondrial intermembrane space is not accessible for PEP–PK in the 
permeabilized cardiomyocytes, due to the regulated impermeability of 
mitochondrial outer membrane. The regulatory effect is lost in isolated 
mitochondria and therefore the PK/PEP system is the most sensitive control 
mechanism of the quality of cardiomyocytes outer membrane. These basic 
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quality tests of permeability of mitochondrial outer and inner membrane were 
routinely used in experiments described here. Only preparations with the 
characteristics described were used in the experiments reported in this work. 

 

2.3. Spectrophotometric measurements 

2.3.1. Measurements of concentration of cytochrome aa3 

For comparative quantitative analysis of the kinetics of the regulation of 
respiration in isolated mitochondria and permeabilized cardiomyocytes, the 
respiration rates were expressed in nmol of oxygen consumed per minute per 
nmol of cytochrome aa3, but not per mg of protein. Cytochrome aa3 content in 
both cases is representative of respiratory chain, while proteins contained in 
cardiomyocytes are not all present in mitochondria. The contents of 
mitochondrial cytochrome aa3 in the isolated mitochondria and cardiomyocytes 
were measured spectrophotometrically according to the method described in 
[209]. The differential spectrum (reduced versus oxidized cytochromes) was 
obtained by scanning from 400 to 650 nm using a Cary 100 spectrophotometer 
(Varian, Palo Alto, USA) or Evolution 600 spectrophotometer (Thermo Electron 
Scientific Instruments, UK). 

2.3.2. Measurements of MtCK activity 

For calculation of inhibition curve of MtCK, the activity of CK was 
measured at different concentrations of inhibitor with 2.4 dinitrofluorobenzene 
(DNFB) in a Cary 100 Bio spectrophotometer according to the method described 
before [209]. The MtCK activity was measured at the same conditions as was 
the oxygen consumption change in the Oxygraph at temperature 25oC. Isolated 
mitochondria were used to measure selectively the activity of MtCK. A 5 min 
inhibition period of CK was allowed after the addition of DNFB and then 
triglycine (GGG) was added to stop the inhibition. 

 

2.4. Determination of protein content 
Protein concentrations were determined by using a BCA protein assay kit 

(Pierce, USA) as a standard. 

 

2.5. Determination of the rate of ATP and PCr production in CM 
by ion pair HPLC 

Determination of the rates of PCr synthesis in permeabilized cardiomyocytes 
in situ under conditions used in respirometry experiments was carried out using 
ion pair HPLC/UPLC according the method described before [210].  Separations 
of Cr, PCr and adenine nucleotides were performed by ultraperformance ion-pair 
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chromatography (UPLC) on a 2.1×100 mm ACQUITY UPLC HSS T3 C18 
column packed with 1.7 μm particles (Waters) by recording optical density 
simultaneously at 210 nm and 254 nm for creatine and PCr, and adenine 
nucleotides, respectively. The retention time for the reagents were, in minutes, 
0.63 (Cr), 1.70 (PCr), 6.33 (AMP, traces), 6.95 (ADP) and 7.29 (ATP), all 
within ±0.01 min. 

 

2.6. Immunofluorescence 
A method for the study of arrangement of tubulin in cardiomyocytes method 

was used as described in [183]. 
For the study of arrangement of mitochondria in cardiomyocytes and HL-1 

cells, freshly isolated or cultured cells were preloaded with mitochondria-
specific fluorescent probe 0.2 μM MitoTracker Red™ and Green™ (Molecular 
Probes, Eugene, OR) for 2 h at 4 °C for cardiomyocytes and 15 min at 37° for 
HL-1 cells. Images were then analyzed using Volocity software (Improvision, 
France). 

 

2.7. Confocal microscopy 
The fluorescence images were acquired with a Leica TCS SP2 AOBS 

inverted laser scanning confocal microscope (Leica, Heidelberg, Germany) 
equipped with a 63×water immersion objective (HCX PL APO 63.0×1.20W 
Corr). Laser excitation was 488 nm for FITC and MitoTracker™ Green, 543 nm 
for Mito-ID™, 633 nm for Cy5, MitoTracker™ Red and 461 nm for Hoechst 
342, nucleus dye. 

 

3. Kinetic analysis of CK reaction  
In Figure 21 a scheme of the reaction catalyzed by CK is presented, which is 

Bi-Bi type random quasi-equilibrium reaction in accordance with the 
classification of Cleland. Kia and Ka are the dissociation constants of MgATP 
from its binary and ternary complexes (CK-MgATP and CK-Cr.MgATP, 
respectively); Kib and Kb are the dissociation constants of creatine from its 
binary and ternary complexes (CK-Cr and CK-Cr-MgATP, respectively). Kip is 
the dissociation constant of PCr from its binary complex with CK (CK-PCr) and 
k1 and k-1 are the rate constants of direct and reverse reactions. Complexes of 
CK-MgATP-PCr and CK-MgADP were neglected in our work because they 
have very high dissociation constants [211]. 
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Figure 21. The kinetic mecanism of MtCK reaction. The reaction is Bi-Bi random 

quasi-equilibrium type according to Cleland classification [212]. 
 
Dissociation constants for MgATP Kia, Ka and for Cr Kib, Kb from their 

binary and ternary complexes with MtCK are [36]:  
 

[ ] [ ]
[ ]MgATPCK

MgATPCK
Kia ⋅

⋅=  
[ ] [ ]
[ ]CrMgATPCK

CrCKMgATP
Kb ⋅⋅

⋅⋅=   

                     (15) 
[ ] [ ]
[ ]CrCK

CrCK
Kib ⋅

⋅=   
[ ] [ ]
[ ]CrMgATPCK

MgATPCrCK
Ka ⋅⋅

⋅⋅=  

 
 

[ ] [ ]
[ ] [ ] [ ] [ ]CrMgATPCrKMgATPKKK
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v

abbia ⋅+++
⋅⋅=

    
(16) 

 
Primary analysis of data derived from Eq. (16) in double-reciprocal 

coordinates of 1/v versus 1/[S for fixed [MgATP] and varying [Cr] is: 
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and for fixed [Cr] and varying [MgATP]: 
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This primary analysis provides the values of ordinate intercepts (i1, i2) and 

slopes (s1, s2) for secondary analysis - Eqs. (19) and (20). By replotting the 
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estimated regression parameters as functions of secondary substrates one can 
obtain the values of dissociation constants for MgATP (Kia and Ka,) and 
creatine (Kib and Kb) from their binary and ternary complexes with MtCK 
(Figure 22). 
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By replotting the estimated regression parameters as functions of secondary 

substrates, one can obtain the values of dissociation constants for MgATP (Kia 
and Ka,) and creatine (Kib and Kb) from their binary and ternary complexes 
with MtCK. At i1=0 and i2=0 the values for Kb and Ka, are acquired. Constants 
Kib and Kia are obtained in the case of s1=0 and s2=0. 

 

 A 
 

     
       B           C 
Figure 22A The primary analysis of data in double reciprocal coordinates of 1/v 

(1/respiration rate) versus 1/[MgATP] (substrate with varying concentration) for 
different fixed creatine  concentrations. B,C The secondary analysis of the primary plots 
from (A). Slopes (a) and intercepts of y-axis (i0) are plotted as a function of reciprocal 
coordinate of secondary substrate Cr. The intercepts of x-axis provide directly the 
reciprocal values of dissociation constants of MgATP (Kib and Kb) from the binary and 
ternary complexes of MtCK. 
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4. Metabolic Control Coefficient (MCC) determination 
There are two different methods to estimate the value of flux control 

coefficients. In this work both of the two methods were used: (1) method 
developed by Groen et. al. for irreversible inhibitor [200], and (2) equation 
developed by Gellerich [198] to estimate the flux control coefficients in linear 
pathway more precisely. To estimate the flux control coefficients of oxidative 
phosphorylation in mitochondria the method of inhibition titration has been 
widely used [160, 189, 196, 200-203]. It has been shown that inhibitors, used 
also in this study could be considered pseudo-irreversible under these conditions, 
which allow using the equation of irreversible inhibition. 

The enzyme is stepwise titrated with a specific inhibitor, as the amount of 
inhibitor tends to zero, the response of the flux to the inhibitor can be expressed 
in MCA terms. The flux control coefficient were defined as the variations in flux 
(J) when an infinitesimal change in the enzyme i concentration or activity takes 
place [188]. In practice, the infinitesimal changes in vi are undetectable, and 
hence measurable noninfinitesimal changes are analyzed. Groen and his 
coworkers have shown that for the case of irreversible specific inhibitor an 
estimate of the value of the flux control coefficient defined by equation (7) is 
given by: 

( ) ( )0max JIIJC J
E ∗ΔΔ=             (21) 

Where (ΔJ/ ΔI) is initial slope of the flux/inhibition graph. [189]. 
The inhibitors used were: rotenone for Complex I of respiratory chain, 

antimycin for Complex III, sodium cyanide for Complex IV, oligomycin for 
Complex V (ATP synthase), carboxyatractyloside (CAT) for ATP/ADP 
transporter, mersalyl for PIC, and DNFB for MtCK. 

We used also equation developed by Gellerich [198] who introduced non-
linear function calculations to reduce the possible effect of experimental and 
calculation errors influencing results in so-called graphic method. The results of 
the use of these two methods were compared. 

 

5. Chemicals and Solutions  
Enzymes and other chemicals were obtained from Sigma, Fluka and Roche. 

6. Data analysis 
To reduce the possibility of random error the experiments were repeated 

seven to twenty times. All data are presented as mean ± SEM (standard error of 
the mean). Statistical analysis were performed using Student's t-test and p<0.05 
was taken as the level of significance. 
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RESULTS AND DISCUSSION 

1. Structure-funcion relationship in regulation of energy fluxes in 
cardiomyocytes and HL-1 cells. (Article I) 

Structure-function relationship in the regulation of energy fluxes was studied 
in this work. In cardiac cells the concept of ICEUs [103] was developed on the 
basis of information of cardiac cell structure and experimental data obtained in 
the studies of permeabilized cardiac cells and fibers. To reveal the significance 
of structure-function relationship in energy metabolism regulation, comparative 
analysis of the bioenergetics parameters (structure, kinetic properties of ATP 
synthesis by mitochondria etc.) of adult rat cardiomyocytes and both subtypes of 
HL-1 cells (see 3.4.1) was carried out.  

Confocal microscopic analysis showed very different mitochondrial 
arrangement in non-beating (NB) HL-1 cells in comparision with CM (Figure 
23). The mitochondria are chaotically organized in NBHL-1 cell interior; their 
shape was dynamically changing from granular to filamentous (Figure 23B). In 
CM the mitochondria are regularly positioned between the myofibrils in a 
crystal-like structure (Figure 23A), each beside of the adjacent sarcomere thus. 
thus forming of dissipative metabolic structures, ICEUs, in which mitochondria 
are precisely juxtapositioned with ATP consuming systems [9, 103] see also 
Figure 12. 

 

     
A                B 
 

Figure 23. Confocal fluorescent imaging of mitochondria. (A) in normal CM 
in respiration medium and (B) in NBHL-1 cells in the culture medium. The 
mitochondria were visualized by cell incubation (20–30 min) with mitochondrial 
membrane potential-sensitive probe TMRM (100 nmol/L). Each fluorescent spot 
represents a mitochondrion. Scale bars, 10 μm. 
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In HL-1 cells ICEUs cannot be formed because of missing of sarcomeres 
(particularly in the non-beating subtype) and because of the continuous fusion 
and fission of mitochondria in HL-1 cells [140, 213]. 

In the result of the less organized structure with loosely packed and even 
slowly moving mitochondria, adenine nucleotides have less restricted diffusion 
in HL-1 cells compared with that in CM. Low apparent Km for ADP in 
regulation of respiration [140] is supporting the idea that the mitochndria and 
ATPases in HL-1 cells may communicate via simple diffusion of adenine 
nucleotides. In HL-1 cells the oxygen consumption rate with complex I 
dependent substrates (glutamate and malate) was lower than that with succinate, 
a complex II dependent substrate (Figure 24). These results, being in agreement 
with previous data [140, 214], suggest a relative deficiency in complex I in HL-1 
cells. In normal adult permeabilized cardiac cells the respiration rate with either 
glutamate or malate usually exceeds that with succinate [205]. Remarkably, the 
respiratory activities of respiratory chain complexes of the B and NBHL-1 cells 
were close to each other but about 4–8 times lower than in CM (Figure 24). 

 

 
 
Fig. 24. The activity of the respiratory chain complexes in CM, B HL-1, and 

NBHL-1 cells. Oxygen consumption rates were measured in Mitomed solution at 25oC 
in the presence of 25 mg/mL saponin (plus 5 mM glutamate and 2 mM malate). Then 2 
mM ADP, 5 mM rotenone (Rot), 10 mM succinate (Succ), 10 mM antimycin A 
(Antimyc), and 1 mM TMPD with 5 mM ascorbate (Asc+TMPD) were added to the 
oxygraph chamber. n = 5–7. 

 
The oxygen consumption rates are usually calculated in units nmol O2 

consumed in minute per mg cell protein, however, number of respiratory chain 
complexes per mg cell protein varies remarkably in different cell types. Content 
of cytochromes, hemoproteins of the respiratory chain is spectrophotometrically 
easily measureable; therefore the relative cytochrome content in cell could be 
used as a measure of maximal oxidative phosphorylation capacity of a cell. Our 
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study showed that the cytochrome content per milligram of cell protein in HL-1 
cells was by a factor of 7 lower than in CM (see Table 1). This could be one of 
the reasons of the low respiration rate in HL-1 cells compared to CM. 

 
Table 1. Cytochrome content in CM and in NBHL-1 cells. 
 

 Cytochrome 
aa3 

Cytochrome b Cytochrome 
cc1 

NBHL-1 cells 0.075±0.026* 0.096±0.036 0.051±0.01** 
CM 0.5±0.16 0.45±0.17 0.49±0.1 

Note: Cytochrome content is given in nanomoles per milligram of cell protein (nmol/mg) 
n = 3–7. *differences significant at p < 0.05 and ** differences significant at p < 0.02 

 
Activities of glycolytic enzymes, hexokinase (HK), and pyruvate kinase (PK) 

were higher in HL-1 cells and at the same time the creatine kinase (CK) activity 
was significantly lower in HL-1 cells in comparison with CM (Table 2).  The 
results comply with the assumption that in contrast to CM in which oxidative 
phosphorylation is a predominant provider of ATP and the CK system is a main 
carrier of energy from mitochondria to ATPases, in HL-1 cells the energy 
metabolism is based primarily on the glycolytic reactions coupled to oxidative 
phosphorylation through HK. 

 
Table 2. Enzyme activity of CM, NBHL-1 cells, and gastrocnemius muscle 

homogenate (GH). 
 CM NB HL-1 GH 

Hexokinase 33±3* 148±12 31±4 
Fructose 6-phosphate kinase 698±23* 124±5 1339±124 
Creatine kinase 6327±724* 395±43 83556±3866 
Lactate dehydrogenase 4414±265 4069±449 13985±800 
Pyruvate kinase 637±69* 1375±187 11571±722 
Glyceraldehyde 3-phosphate 
dehydrogenase 

2331±391 2693±490 7511±701 

Note: Activitias of the enzymes are presented in nanomoles per minute (nmol/min) per 
milligram of protein, n = 5–7. * Differences significant at p < 0.001 CM vs. NBHL-1 
cells, differences significant at p < 0.01 CM vs. NBHL-1 cells and at p < 0.001 CM vs. 
GH. 

 
Mitochondria have a crucial role in apoptosis: release of SMAC (small 

mitochondrial activator of caspases) into the cytosol, where it binds to inhibitor 
proteins of apoptosis proteins, induces higher permeability of MOM, and 
formation of mitochondrial outer membrane permeabilization pore, release of 
cytochrome c and other apoptotic signaling proteins. As is shown in the study, in 
tumor cells like HL-1 the switch from CK to HK regulation in mitochondria is 
taking place. HK is bound to mitochondrial outer membrane that enables its 
coupling to oxidative phosphorylation [214]. It is visible from the results that 
interaction between mitochondria and HK is ensured by the very high activity of 
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that enzyme. It can be considered that HK regulated energy transfer from 
mitochondria have an important role in tumor cells to evade apoptosis. 

It is known that several cancer cell types over-express HK [215-217] and that 
in these cells HK is coupled with oxidative phosphorylation so that ATP 
produced in mitochondria is preferably used for glucose phosphorylation by HK, 
whereas ADP liberated in that process is returned to mitochondria to stimulate 
ATP synthesis [218]. It has been suggested that this mechanism allows the 
cancer cells to overcome potential inhibition of glycolysis due to lactate 
accumulation, particularly in conditions of hypoxia. Moreover, interaction of 
HK with mitochondria protects cells from excess of reactive oxygen species 
[219-220] and provides cells with glycolytic intermediates as important 
components for different biosynthetic pathways, thus favoring proliferation of 
the cells and cancer growth [215].  From these results we could even assume that 
disruption of mitochondrion–HK complex in cancer cells could be used as a very 
specific anti-cancer treatment. 

Summarizing, the results of our study support the theory that regular 
arrangement of the mitochondria in cell supported by cytoskeleton and a 
probable regulation by its components (like tubulin dimer) is an inseparable 
aspect of the energy transfer regulation in cardiomyocytes. As the irregular 
arrangement of mitochondria and kinetic properties of ATP production by 
mitochondria visible in HL-1 cells are similar to that in CM after trypsin 
treatment (Kmapp 50.2± 8 µM) [111], it could be assumed that the probable 
candidate of the regulatory protein is hydrolyzed by trypsin. 
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2. Regulation of respiration controlled by mitochondrial creatine 
kinase in permeabilized cardiac cells in situ – the importance of 
system level properties (Article II, VIII) 

The aim of the next step of the work was to clarify the regulatory role of the 
mitochondrial outer membrane in the mitochondrial creatine kinase (MtCK) 
kinetics. MtCK is one of the most important complexes in the regulation of 
energy fluxes in cardiomyocytes [9, 68]. Kinetic analysis of the MtCK was 
performed in previous works using the results of the measurements of isolated 
mitochondria [36, 211]. However, it could be assumed that regulation of the 
mitochondrial outer membrane channels by interaction with cytoskeletal proteins 
is lost during the isolation process probable. Regulation of respiration by 
mitochondrial creatine kinase was performed in this study in mitochondria in 
situ in permeabilized cardiomyocytes in the presence of pyruvate kinase (PK) 
and phosphoenolpyruvate (PEP) to simulate the interaction of mitochondria with 
glycolytic enzymes. It is possible to study the kinetic properties of MtCK on 
system level in these conditions, including regulation of mitochondrial outer 
membrane channels through possible interactions with regulatory proteins. 

 
Table 3. Basic respiration parameters of isolated rat heart mitochondria and of 

mitochondria in situ in permeabilized cardiomyocytes 
 

Parameter Mitochondria in vitro
Mitochondria in situ 

in permeabilized 
CM 

V0, nmol O2 min−1 mg prot−1 26.37±7.93 53±1.61 

V3 (2 mM ADP), nmol O2 
min−1 mg prot−1 

187.94±40.68 84.45±13.85 

[Cyt aa3] nmol mg prot−1 1.00±0.012 0.46±0.09 
V3 (2 mM ADP), nmol O2 

min−1 nmol aa3
−1 

187.94±40.68 178.23±33.96 

V Cr,ATP, nmol O2 min−1 nmol 
aa3

−1 
197.90±31.86 162.63±26.87 

V0 - respiration rate in State 2 in the presence of substrates before addition of ADP or ATP. 
V3 - respiration rate in the presence of 2 mM ADP. 
VCr,ATP - respiration rate in the presence of activated MtCK by 2 mM ATP and 20 mM creatine. 

 
Two main experimental models were studied in this work: isolated cardiac 

mitochondria (in vitro) as a reference model and permeabilized cardiomyocytes 
(mitochondria in situ) as a model of the study. In order to compare respiration 
rates of cardiomyocytes and isolated mitochondria in kinetic studies we used 
oxygen consumption rate per nmol of cytochrome aa3 content of cell in 
claculations. As is seen from the results (Table 3) the maximal respiration rates 
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are the same in the same conditions in isolated mitochondria as well as in CM. 
Therefore, we can compare isolated mitochondria with mitochondria in situ to 
reveal kinetic differences due to the mitochondrial outer membrane regulation of 
energy fluxes. 

 

 
Figure 25. Respiration rates of CM at different concentrations of ATP with and 

without activated MtCK. ■ – CM without MtCK activation. In ● and ▲ CM with 
activated MtCK (10mM Cr) ▲- with Cr in the presence of PK/PEP system – repiration 
activated by intramitochondrial ADP only. 

 
In the first part of experiments carried out in this study respiration of 

permeabilized cardiomyocytes was stimulated stepwise by increasing the 
concentrations of ATP in the absence and presence of creatine. ADP produced 
by ATPases stimulated mitochondrial oxidative phosphorylation, measured as 
respiration rate in oxygraph (Figure 25). These recordings show an important 
difference in the behavior of the experimental model. In the presence of creatine, 
when MtCK is activated, the apparent Km for exogenous ATP decreases by 6-
fold compared to Km

app in the absence of Cr (from 157.7µM to 24.9µM). 
Respiration of permeabilized cardiomyocytes in the presence of exogenous ATP 
and activated MtCK is stimulated by two sources: either via the reaction of 
hydrolysis of exogenous ATP or by endogenous ADP produced locally by 
activated MtCK. In the presence of PK/PEP system exogenous ADP is missing 
and increase of the respiration rate is slower (Km

app 2.1 mM). The very rapid 
activation of respiration of permeabilized cardiomyocytes stimulated by creatine 
in the presence of exogenous ATP compared to stimulation by exogenous ATP 
only is mediated by the preferential control of oxidative phosphorylation by 
MtCK coupled with ANT.  

The principles of the next stage of the study were illustrated by the scheme 
described previously in Methods (Scheme 18D) and by oxygen consumption 
trace in Figure 26.  Experiments were performed with activated MtCK reaction 
in the presence of PEP-PK system, which traps extramitochondrial ADP 
produced by cytoplasmic isoforms of creatine kinases (MMCK) and MgATPase 
reactions and subsequently regenerates extramitochondrial ATP. Endogenous 
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intramitochondrial ADP produced by MtCK forms a micro-domain within the 
intermembrane space (IMS) and is re-imported into the matrix via ANT due to 
its functional coupling with MtCK. To measure the kinetic constants of the 
MtCK reaction, the endogenous ADP resulting from the hydrolysis of exogenous 
ATP, initially stimulated respiration, then the PEP-PK system was added to an 
oxygraph chamber. Under the conditions of extra-mitochondrial ATP 
regeneration by the PEP-PK system, creatine, added in gradually increasing 
concentrations, activates MtCK and stimulates the respiration (Figure 26). This 
Gellerich – Guzun protocol [137, 197] allows linking the consumption of O2 to 
phosphorylation of endogenous ADP recycled by MtCK locally in the 
mitochondrial intermembrane space. 

 

 
Figure 26. Gellerich-Guzun protocol. After activation of respiration with 2mM 

ATP, addition of PK in the presence of 5mM PEP in the solution decreses respiration 
rate due to the trapping of exstramitochondrial ADP. Activation of MtCK increases 
oxygen consumption rate to the maximal level. 
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Figure 27. Oxygen consumption rates of CM (A) in case of different ATP 

concentration with fixed Cr and (B) in case of different Cr concentration at fixed ATP. 
Taking into account that MtCK catalyzes the reaction of two substrates, 

dissociation constants of binary and ternary complexes of both substrates with 
MtCK were determined (see Methods) Oxygen consumption measurements were 
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performed in the presence of a fixed concentration of one substrate and varying 
concentrations of the other, and vice versa (Figure 27A and B). This stimulated 
by creatine respiration was calculated by subtracting VO2 PK from the VO2 (Cr) 
value to avoid the residual stimulatory effect of extra-mitochondrial ADP. The 
kinetic constants of MtCK reaction were calculated according to the method 
described in Methods and in [36, 137]. 

 
Table 4. Apparent dissociation constants of ATP, Cr and PCr with MtCK 
 

 
KiaMgATP 

(mM) 
KaMgATP 

(mM) 
KibCr 
(mM) 

KbCr      
(mM) 

KipPCr       

(mM) 

Mitochondria 
in vitro* 

0.44±0.08 0.016±0.01 28.0±7.0 5.0±1.2 0.84±0.22 

Mitochondria 
in situ 

(with PEP-PK) 
1.94±0.86 2.04±0.14 2.12±0.21 2.17±0.40 0.89±0.17 

 
We compared the kinetic parameters of MtCK determined in situ in our 

experiments with dissociation constants of MtCK obtained from the 
measurements of isolated mitochondria published in the literature [36]. An 
analysis of the in situ obtained kinetic parameters of MtCK showed an increase 
(by 10-100 times) of the apparent dissociation constants of MgATP in binary 
and ternary complex are compared with typical values for the isolated 
mitochondria (Table 4). This in situ decrease in the affinity of MtCK for 
exogenous MgATP is probably mediated by a restricted diffusion of ATP at the 
level of outer mitochondrial membrane in permeabilized cells. The apparent 
dissociation constants of creatine (Kib, Kb) were decreased by 2-15 times in 
comparison with the isolated mitochondria (Table 4), reflecting an increase of 
the affinity of MtCK for creatine. The study of the apparent affinity of MtCK for 
PCr was performed by using the analogous model presented in Figure 25 where 
concentrations of PCr were varied in the presence of fixed concentrations of 
ATP and creatine. The affinity of MtCK for PCr in permeabilized cardiac cells is 
unchanged as compared with isolated mitochondria (Kip is approximately 0.9 
mM in both cases) (Table 4). This finding indicates that in situ PCr and creatine 
circulate freely through the outer membrane of mitochondria in permeabilized 
cells, and that energy flow in a cardiac cell is presented by the flux of PCr rather 
than by flow of ATP, which is limited at the level of the membrane. These data 
indicate the selective restriction of diffusion of metabolites at the level of 
mitochondrial outer membrane. It could be concluded from these data that 
mechanisms of the regulation of respiration and energy fluxes in vivo are system 
level properties, which depend on intracellular interactions of mitochondria with 
cytoskeleton, intracellular MgATPases and cytoplasmic glycolytic system. The 
kinetic data described in section confirm the hypothesis of Mitochondrial 
Interactosome and describe its functioning by rapid turnover of ADP and ATP in 
mitochondria coupled to PCr synthesis. (Articles II, IV, VII and VIII). 
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3. Direct measurement of energy fluxes from mitochondria into 
cytoplasm in permeabilized cardiac cells in situ: further evidence for 
existence of mitochondrial interactosomes (Article III-IV) 

In order to verify the effectiveness of control of respiration by MtCK we 
measured simultaneously the content of PCr and ATP in cytosol and oxygen 
consumption rate in the conditions according the Gellerich-Guzun protocol used 
in the study of kinetics of MtCK (Figure 26). This test was performed in the 
presence of different fixed concentrations of MgATP (1, 2, 5 mM) in the 
presence of Cr. The primary purpose of this part of our study was to evaluate the 
production of PCr by mitochondrial creatine kinase and the efficiency of 
oxidative phosphorylation stimulated by endogenous ADP produced locally by 
MtCK. 
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Figure 28. The rate of phosphocreatine (PCr) and ATP production 
Fig. 28A The rate of phosphocreatine production by mitochondrial and cytoplasmic 

creatine kinases in permeabilized non-inhibited cardiomyocytes (solid lines) and the rate 
of PCr production only by cytoplasmic creatine kinases MMCK (dashed lines). 
Oxidative phosphorylation is inhibited by 10μM rotenone. 

Fig. 28B The ATP level continuously regenerated by the PEP-PK system was stable 
during the experimental procedure described in the Fig.24 

Fig. 28C Difference in phosphocreatine production rates under conditions of 
activated and inhibited (by rotenone) respiratory chain calculated from Fig. 26A. 

 
The reaction catalyzed by CK is reversible; PCr can be produced by two 

sources: intra-mitochondrial creatine kinase (MtCK) and extra-mitochondrial 
creatine kinase (MMCK). The total production of PCr was measured in the 
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presence of oxidative phosphorylation activated by glutamate and malate. Extra-
mitochondrial production of PCr was assayed in the presence of inhibited 
mitochondrial respiration achieved via inhibiting the Complex I of respiratory 
chain by rotenone. The mitochondrial production of PCr by MtCK was 
calculated by subtracting the PCr flux produced by MMCK from the total flow 
of PCr (Figure 28C). 

Samples were collected after 3, 6 and 10 min stimulation of respiration by 
creatine, analyzed by HPLC/UPLC [210]. Oxygen consumption rates were 
measured in the same conditions in oxygraph. The results allowed us to estimate 
the efficiency of oxidative phosphorylation when the energy transfer is regulated 
by MtCK. Results of the study showed that  the PCr/O2 ratio was equal to 5.7 
(Table 5). This value is close to the theoretical value of ATP/O2 = 6 which 
means that 3 molecules of ATP are synthesized as mitochondria reduce one 
oxygen atom. In our case the mitochondrial ATP is transphosphorylated by 
MtCK with the production of PCr that leaves mitochondria freely into cytosol. 
The concentration of MgATP, measured by HPLC remained stable over time 
(Fig. 28B) confirming a strong restriction of ATP diffusion at the level of outer 
mitochondrial membrane. 

 
Table 5. Measured rates of PCr production, corresponding oxygen consumption and 

their calculated ratios for fixed ATP concentration in mitochondria in situ. 
 

 VPCr VO2 VPCr/V O2 

1 mM ATP 0.23±0.02 0.041±0.001 5.80±0.45 
1 mM ATP 0.31±0.02 0.056±0.02 5.44±0.44 
1 mM ATP 0.43±0.04 0.074±0.003 5.81±0.48 

Average   5.68±0.14 
VPCr rate of PCr production measured with the use of HPLC/UPLC μmolmg−1protein min−1 
V O2 rate of oxygen consumption μmolmg−1protein min−1 
VPCr/VO2 calculated ratio of VPCr / V O2 
 

 These results confirm the hypothesis of functional coupling between MtCK 
and ANT whereby the direct channeling of ATP from the matrix to MtCK is 
possible, at the same time as there are strong restrictions for diffusion for ATP in 
the IMS. The mitochondrial outer membrane channels are selectively permeable 
for PCr at the same time as ADP is channeled through ANT back to matrix.  

The regulatory effect of mitochondrial outer membrane in diffusion of 
metabolites was observed also before and explained by binding of some 
cytoskeletal elements (called factor X) to mitochondrial outer membrane [157, 
221]. Rostovtseva et al. identified this factor X by showing the direct interaction 
of heterodimeric tubulin with the VDAC inserted into phopholipid membrane 
[166-167]. It is shown in this work that the kinetics of regulation of respiration 
of isolated mitochondria with added tubulin is similar to that in permeabilized 
cardiomyocytes. The addition of heterodimeric tubulin to isolated mitochondria 
was found to increase apparent Km for exogenous ADP from 11±2μM to 
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330±47 μM but creatine decreased it to 23±6 μM [179]. The same phenomenon, 
the decrease of apparent Km in the presence of Cr was observed also in 
cardiomyocytes in the previous stage of the work (Figure 25). The decrease of 
Km in the presence of activated MtCK shows formation of selective 
permeability of mitochondrial outer membrane VDAC.  In these conditions ATP 
and ADP are circulating inside mitochondria and amplifying the signal entering 
from the cytosol. These results prove that tubulin is at least one of the proteins 
forming the regulatory complex with VDAC to regulate selectively permeability. 
It is found that other cytoskeletal proteins also form complexes with VDAC in 
the outer mitochondrial membrane, particularly desmin [222-223] and plectin 
[224]. Recent studies have show that in cardiomyocytes the prevalent isoform of 
tubulin is βII [152], missing in the cancer cells [183] . Immunolabelling with 
anti-βII tubulin antibody (Figure 29) shows that arrangement of βII tubulin 
resembles regular arrangement of mitochondria in cardiac cells (Figure 21A). 
Therefore we could conclude colocalization of βII isoform with mitochondria. 
These results give clear evidence that βII tubulin is responsible for selective 
permeability of VDAC.  

 

 
 

Figure 29. Confocal image of regularly arranged proteins labelled with anti-βII-
tubulin antibody and Cy5. Separate fluorescent spots are organized in distinct 
longitudinally oriented parallel lines repeating mitochondrial arrangement in 
cardiomyocytes. Scale bar 14μm 

 
The results show directly that under physiological conditions the 

permeability of the VDAC is selective; the major energy carrier from 
mitochondria into cytoplasm is PCr, produced by mitochondrial creatine kinase, 
which functional coupling to adenine nucleotide translocase is enhanced by 
selective limitation of permeability of mitochondrial outer membrane. As the 
conclusion of the results of the study concept of supercomplex of Mitochondrial 
Interactosome (MI) was proposed including ATP Synthasome, MtCK and 
VDAC associated with heteromeric tubulin and probably other complexes 
regulating permeability of the channel (Figure 30). 
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Figure 30. Mitochondrial Interactosome - supercomplex consisting of ATP 

Sythasome (reprinted from [225-226] with permission), mitochondrial creatine kinase 
(MtCK), voltage dependent anion channel (VDAC), and tubulin. Octameric MtCK (from 
[71] with permission) located in the mitochondrial intermembrane space (IMS) is 
attached to mitochondrial inner membrane [14] and in the contact sites to the outer 
membranes [71]. VDAC permeability is selectively regulated by heterodimeric tubulin, 
whose binding to VDAC in intact mitochondrial membrane may be either direct or by 
some linker proteins (LP). This complex of VDAC with other proteins controls fluxes of 
adenine nucleotides and phosphocreatine (PCr) into surrounding medium, and 
phosphorylation by the ATP Synthasome system is effectively regulated by creatine (Cr) 
via MtCK. Here: ANC - adenine nucleotide carrier; and PIC-phosphate carrier. Assumed 
direct metabolite channeling in intermebrane space is depicted by arrows. Reprinted 
from [138] Article III. 
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4. Metabolic Control Analysis of energy fluxes in heart cells          
(Article V-VI) 

In the previous parts of the study the mechanism of the energy transfer 
regulation was elucidated. It was shown that kinetic parameters of the regulation 
of mitochondrial respiration measured in cells in situ are very different from 
those in vitro [137]. In adult cardiac cells mitochondria are regularly arranged 
into ICEUs due to their interaction with tubulin, microtubular system and 
probably other cytoskeletal structures. Functional coupling to adenine nucleotide 
translocase with MtCK is enhanced by selective limitation of permeability of 
mitochondrial outer membrane within supercomplex ATP Synthasome-MtCK-
VDAC-tubulin, Mitochondrial Interactosome (Figure 30) [138, 227]. Within this 
supercomplex its different components may have various contributions in the 
overall control of the mitochondrial respiration rate and energy fluxes in the 
heart. The contribution of different components to the control is quantitatively 
elucidated by the application of the Metabolic Control Analysis (MCA). In 
previous experimental studies the method of MCA has been very intensively 
applied to the analysis of the control of respiration in isolated mitochondria 
[196-201] and also to some experiments with fibers [160, 203]. In this study we 
completed the Metabolic Control Analysis for measuring the flux control 
coefficients for respiratory chain complexes, ATP Synthasome, ANT, Pi carrier 
and MtCK (Table 6) in permeabilized cardiomyocytes under two conditions: 
with direct exogenous ADP activation and with endogenous ADP activation 
(ATP in the presence of Cr and PK/PEP system). The second protocol 
corresponds more closely to the physiological conditions in healthy heart cells in 
vivo. In these conditions both MgATP and creatine are always present and 
mitochondria compete with glycolytic system for cytoplasmic ADP, glycolysis 
being represented by PK-PEP system in our protocol. As explained before (see 
Figure 26), the PK-PEP trapping system removes extra-mitochondrial ADP, 
however, in the case of cardiomyocytes with activated MtCK, intramitochondrial 
ATP/ADP is circulating inside mitochondria due to the diffusion restriction for 
ADP in the IMS and selective permaeability of VDAC and addition of PK have 
no influence on respiration rate (Figure 24A). Therefore, there in no need to 
measure FCC for PK, in these conditions the FCC for PK is zero. 
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A 
 

 
B 

 
Figure 31. Respiration traces of inhibition of isolated mitochondria with CAT.  
A Respiration was activated with 2 mM ADP, preceded by the stepwise addition of 

inhibitor. Subsequent steady states are marked by dotted lines. B Influence of the 
inhibitor on the respiration rate if the respiration was activated by Cr. 

 
To calculate the flux control coefficients from experimental data two 

calculation methods were used in parallel: calculation from initial slope 
developed by Groen [200] and calculation using equation developed by 
Gellerich [198]. The computed flux control coefficients are comparable with 
estimations obtained using the graph method in the linear system in the case with 

ADP activation ( JATP
viC  computed 0.25, and determined by graph method 0.20). 

The estimated dissociation constant Kd = 15 nM and E0=225 nM (ADP 
activation) was close to that reported earlier [228-229]. However, when the 
calculations were made for the system with activated MtCK, the Gellerich model 

overestimates the value of flux control coefficient ( JATP
viC computed 1.53, 

determined by graph method 0.92). Therefore we concluded that the Gellerich 
model has to be developed to use it in non-linear pathway as is the case with 
activated MtCK. The results presented in Table 6 and figures are calculated from 
initial slope of inhibition curve. 

Previous works of MCA with isolated mitochondria were performed using 
different conditions, which can explain also differences of the results. In order to 
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compare the influence of diffusion restrictions at the level of mitochondrial outer 
membrane on the FCC, we also measured the flux control coefficients in isolated 
mitochondria in the same conditions used for cardiomyocytes, 

It was shown by Gellerich et. al. and Groen et al. [198, 200] already in 
studies of isolated mitochondria that the flux control coefficient value might 
change depending upon the presence of the ADP regenerating system. Since 
under physiological conditions creatine is always present in cardiac cells and 
MtCK coupled with ATP-Synthasome within MI is always activated, 
mitochondrial respiration in these cells is largely controlled by the MtCK 
reaction. 

As could be seen from the results presented in Table 6 the FCC of the several 
complexes increases significantly on physiological conditions (activated MI). 

 
Table 6. Flux control coefficients of MI complexes in CM. 

 
Inhibitor Flux control coefficient 

 ADP activation Cr activation 
NADH-CoQoxidoreductase 

(Complex I) 
Rotenone 0.20 ± 0.04 0.64 ±0.03 

CoQ cytochrome-c oxidoreductase 
(Complex III) 

Antimycin 0.41± 0.08 0.40 ±0.01 

Cytochrome c oxidase Complex IV Na cyanide 0.39 ± 0.09 0.49 ± 0.08 
ATP/ADP carrier CAT 0.20 ± 0.05 0.92 ± 0.05 

ATP synthase Oligomycin 0.065 ± 0.01 0.38 ± 0.05 
Pi carrier Mersalyl 0.064 ± 0.04 0.06 ± 0.05 

MtCK DNFB  0.95 ± 0.02 

Sum  1.33± 0.31 3.84 ± 0.29 

The values of FCC were determined by measurements according to two protocols: a) direct activation with 
2 mM ADP when MtCK and Mitochondrial Interactosome (MI) complex were not activated (ADP activation) 
and b) Cr activation: after addition of ATP and PK-PEP system, the addition of Cr activates MtCK and all the 
MI supercomplex coupling system. Results are presented as average values ± SEM for 10-15 experiments. 

 

The data obtained in this work show that the flux control is much more 
efficient in the system with ADP-ATP recycling within mitochondria with 
activated MtCK than in the mitochondria with direct supply of ADP (Table 6). 
Significant increase of flux control coefficients was observed for ANT 
(increases five times), ATP Synthase complex and also for Complex I of 
respiratory chain. Complexes III and IV of the respiratory chain are important 
regulators in the MI with direct ADP supply, but with activated MtCK their 
relative regulatory role decreased.  

In order to to evaluate the coupling of the main regulatory complexes in the 
MI MtCK and ANT measurements were made to compare the FCC of these 
complexes in isolated mitochondria versus mitochondria in situ with and without 
activated MtCK. As seen from the results (Figure 33) the FCC of ANT in 
isolated mitochondria is four times higher with Cr activation, thus supporting the 
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concept of the direct transfer of adenine nucleotides between these complexes, 
indicated by other authors [29, 34]. It shows that in the presence of Cr MtCK is 
always an important regulator of oxidative phosphorylation even in isolated 
mitochondria without respiration regulation by selective permeability of VDAC 
(Figure 34). FCC of ANT and MtCK have very high and the same time close 
values; therefore there is also a possibility that under these circumstances these 
complexes could be counted as one functional unit. 

 

 
Figure 32. Titration curves for 

ANT with carboxyatractiloside in 
isolated mitochondria (Mito) and in 
permeabilized cardiomyocytes (CM). 
The respiration inhibition curves are 
presented for two experimental 
conditions: with external ADP 
activation and in vivo conditions with 
Cr activation. 

 
 
 
 

Figure 33. FCC with CAT in 
isolated mitochondria and CM. Flux 
control coefficients were determined 
with ADP activation and with activated 
MI – in vivo conditions. The FCC for 
ANT is higher almost four times in 
isolated mitochondria if MtCK is 
activated with Cr. In physiological 
conditions, in CM in the presence of Cr, 
the increase of FCC values is five times 
compared with CM with ADP 
activation and the value is almost 
tenfold higher than in isolated 
mitochondria. 

 
In comparison with the isolated mitochondria the maximal concentrations of 

inhibitors needed for the complete inhibition of respiration in permeabilized 
cardiomyocytes increased 4-10 times (Fig. 32 and 34). These results emphasize 
the influence of diffusion restrictions in cells due to such physical factors as 
macromolecular crowding, heterogeneity of diffusion due to the cell structure 
and selective permeability of membranes, in particular due to the interaction 
with cytoskeleton [116, 138]. Any quantitative model describing mitochondrial 
metabolism should be based on the extensive experimental data taking into 
account not only the data of individual isolated enzymes present in the cell but 
also the regulation caused by the intracellular structural interactions such as 
physical barriers, compartmentalization phenomenon and possible direct 
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interaction between metabolic complexes, including the phenomenon of 
metabolic channeling etc. 

 

 
 

Figure 34. Inhibition titration curve of isolated mitochondria and CM 
with DNFB Isolated mitochondria or CM were inhibited with DNFB in the presence of 
10 mM Cr and ATP. Inhibition was terminated with triglycine and the respiration rate 
was registered from the following steady state. Maximal inhibiting concentration of 
DNFB is four times higher than in CM due to the diffusion restrictions. 

 
One aim of the study was also to investigate the possibility of direct 

channeling in the energy transfer regulation in MI. It was found in the 
experimental studies of the control of respiration in isolated mitochondria that 
the sum of flux control coefficients of respiratory chain complexes, ATP 
synthase and metabolite carriers is close to 1 which corresponds to the behavior 
of a linear metabolic system [188-189, 200]. Analogous works with similar 
results were also carried out incase of permeabilized cardiac fibers if respiration 
was activated by direct addition of ADP [160, 203]. Kholodenko, Westerhoff 
and their coworkers showed investigating theorethical aspects of MCA that the 
increased sum of the FCC is an indication of direct channeling in the pathway 
[190]. The results of our study showed that in mitochondria in situ with activated 
MI the sum of the calculated FCC is more than three times higher than in the 
conditions with exogenous ADP activation. It could be concluded that the 
sensitivity of the complexes to the metabolic signals is significantly higher in 
these conditions and that there is an indication of the possibility of direct 
channeling of intermediates in the physiological conditions as presented in 
[190]. 

The results of this study show high efficiency of regulation of energy fluxes 
in the coupled to MtCK-ANT reaction within Mitochondrial Interactosome in 
comparison with the linear sequence of reactions in the ATP Synthasome 
activated by direct addition of ADP in mitochondria in situ as well as in isolated 
mitochondria. These results are consistent with the proposal of the central role of 
MtCK in the regulation of mitochondrial respiration and energy fluxes in normal 
adult cardiac cells [9, 68]. High efficiency of energy flux control in MI makes 
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this supercomplex a key site for the feedback of metabolic regulation of 
mitochondrial respiration in cardiac cells. These results demonstrate directly that 
under physiological conditions the major energy carrier from mitochondria into 
cytoplasm is PCr, produced by mitochondrial creatine kinase (MtCK), and the 
part of the direct ATP transfer under physiological conditions could remain 
approximately 10%.  

There are also several other authors who emphasize the importance of MtCK 
as central complex not only in energy transfer regulation but in the regulation of 
cell lifecycle. Max Dolder [76] has shown that substrates of MtCK inhibit 
mitochondrial permeability transition. The effect was visible only when CK was 
located between mitochondrial membranes in functional coupling with ANT. 
Externally added CK did not have the protecting effect. There is also evidence 
for MtCK activity having a key role as a preventive antioxidant against oxidative 
stress, reducing mitochondrial ROS generation through an ADP recycling 
mechanism [230]. 
 

5. Feedback metabolic regulation within ICEUs (Article VII) 
The results obtained in this work allow us to draw principle conclusions that 

the kinetics in vivo is different from that of in vitro the regulation of energy 
fluxes is a system level property which could be investigated only in 
mitochondria in situ, studing the regulation of energy transfer by mitochondrial 
outer membrane VDAC associated with βII-tubulin and other proteins.  It is 
shown in our study that in CM with activated MtCK (physiological conditions), 
the complexes of energy transfer have increased sensitivity to metabolic signals 
in comparision to CM with direct ADP activation or in the case of isolated 
mitochondria.  

Many authors have recorded cyclic changes of the concentrations of main 
metabolites within cardiac cycle [231-233], showing the slight (8-12%) 
oscillations of PCr and Cr concentrations during one cardiac cycle on the 
background of the remarkable stability of the average values of the 
concentrations of ATP and PCr (metabolic homeostasis). The amplitude of 
displacement of MMCK from equilibrium, as well as cyclic changes of ADP 
concentration are proportionally increased with workload [74, 152-153, 234-
236]. The rephosphorylation of ADP in MMCK reaction increases locally the 
Cr/PCr ratio, which is transferred towards MtCK via CK/PCr shuttle [237]. The 
amplitudes of ADP concentration changes within contraction cycle are to our 
knowledge the only parameters, which meet the requirements for metabolic 
signal formulated by Liu and O’Rourke [131], see section 3.3. 

When mitochondrial outer membrane is permeable, as in isolated 
mitochondria, the regulation of respiration is impossible because of a saturating 
concentration of intracellular ADP which exceeds manifold even in diastolic 
phase (about 40 μM) the apparent affinity of oxidative phosphorylation for free 
ADP (Kmapp ADP = 7.9±1.6 μM). On the contrary, when the ADP diffusion is 
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restricted at the level of MOM, as in mitochondria in situ, the apparent Km for 
free ADP increases to about 370.75±30.57 μM. As is shown in the study, the 
change in the kinetic of oxidative phosphorylation is due to the selective 
permeability of VDAC caused by the assotsiation of βII-tubulin and other 
regulatory protein complexes. It is quantitatively shown by using the method of 
MCA that metabolic sensitivity of complexes of MI is significantly increased, 
the sum of flux control coefficients, close to four. According to theories 
developed by Kholodenko, Westerhoff and others (see section 4) this result 
prove that the diffusion restrictions for adenine nucleotides in the level of MOM 
are surpassed by direct channeling between the complexes of MI and the 
ADP/ATP are recycling inside mitochondria is amplifying the entering signal. 
High FCC of MtCK and ANT also prove the recycling process of adenine 
nucleotides in the presence of creatine. These results quantitatively show that 
creatine, by activating the coupled MtCK within Mitochondrial Interactosome, 
induces ADP/ATP recycling and thus amplifying the effect of cytoplasmic ADP.  

Thus, the regulation of respiration by local changes in ADP concentration 
under condition of restriction of adenine nucleotides diffusion across the 
mitochondrial membrane is possible exclusively due to the specific structure of 
Mitochondrial Interactosome where MtCK reaction amplifies this signal due to 
its functional coupling with ATP Synthas.ome, increasing the steady state rate of 
recycling adenine nucleotides in mitochondria and the rate of respiration. Thus, 
as is presented in the study in physiological conditions, cyclic changes in local 
ADP concentrations in myofibrillar space of ICEUs due to nonequilibrium state 
of CK reactions become an effective regulatory signal, but only if the VDAC 
permeability is restricted by association of βII-tubulin and if creatine is present. 
The coupled MM-CK reaction in myofibrils and coupled MtCK reaction in 
mitochondria run in non-equilibrium state in opposite directions, resulting in the 
separation of energy fluxes (mass and energy transfer by PCr) and signaling 
(information transfer by oscillations of cytosolic ADP concentrations, Pi and 
PCr/Cr ratio) amplified within Mitochondrial Interactosome. As a result, the 
reactions catalysed by different isoforms of compartmentalized CK tend to 
maintain the intracellular metabolic stability. It has been also shown by 
mathematical modeling that not more than 10% of free energy is transported out 
of mitochondria by ATP flux needed to equilibrate the information-carrying flux 
of ADP into mitochondria [111]. 
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Figure 35. General presentation of the feedback metabolic signaling in 

regulation of energy metabolism within Intracellular Energetic Units in cardiac 
cells. Due to the non-equilibrium steady-state MtCK and non-equilibrium cyclic MMCK 
reactions intracellular ATP utilization (marked as output) and mitochondrial ATP 
regeneration (marked as input) are interconnected via the cyclic fluctuations of cytosolic 
ADP and Cr/PCr.Reprinted from [111], Article VII. 

 
The separation of energy and information transfer illustrated by the general 

scheme in Figure 35 shows the feedback regulation of respiration in vivo 
corresponding to the Norbert Wiener’s cybernetic principles [11, 153, 227]: the 
usage of ATP (or release of free energy of ATP hydrolysis (ΔGATP) to perform 
work, marked as output) and the ATP regeneration (or extraction of ΔGATP from 
substrates by oxidative phosphorylation corresponding to input) are 
interconnected via the feedback signaling through oscillations of cytosolic 
concentrations in ADP, Pi and Cr/PCr amplified within MI.  

Therefore, as the result of the study it was proved that the mystery of cardiac 
metabolism can be explained only within the framework of Molecular System 
Biology, using studies of mitochondria in situ which make it possible to 
investigate the regulation by strucuture-function relationship in mitochondria.  It 
was shown that regulation by VDAC, associated with βII–tubulin in MOM in 
cardiomyocytes induces the linear response of mitochondrial respiration to 
workload-dependent metabolic signals. This feedback mechanism of the 
regulation of respiration on beat-to-beat basis ensures the metabolic stability 
necessary for normal heart functioning and explains well the metabolic aspect of 
the Frank-Starling’s law of the heart – linear dependence of the respiration rate 
upon workload [94, 112, 235-236]. In physiological conditions when diffusion 
restrictions for adenine nucleotides have increased the apparent Km value more 
than tenfold and the signal is amplified inside mitochondria, the oscillations of 
ADP and Cr concentrations are sufficient to regulate energy fluxes in cardiac 
cell. 



 

 72 
 

CONCLUSIONS 
 
1. There is direct relationship between the cell structure and the regulation 

of energy fluxes. In cardiomyocytes mitochondrial arrangement is very 
regular, they are organized into intracellular energy structures by tubulin 
system.  There is supercomplex Mitochondrial Interactosome (MI) 
formed by ATP synthasome, mitochondrial creatine kinase (MtCK), 
voltage dependent anion channel (VDAC) in mitochondrial outer 
membrane and associated to VDAC regulative protein complexes 
including tubulin βII. MI is a central structure for energy transfer and 
respiration regulation. Oxidative phosphorylation is a predominant 
provider of ATP and the CK system is the main carrier of energy from 
mitochondria to ATPases.  

 
2. In comparision to cardiomyocytes, in cardiac phenotype cancerous HL-1 

cells mitochondria are chaotically organized within the cell interior. 
Their shape is dynamically changing from granular to filamentous and 
the energy metabolism is based mostly on the glycolytic reactions 
coupled to oxidative phosphorylation through hexokinase (HK). 

 
3. Complete kinetic analysis of the regulation of respiration by 

mitochondrial creatine kinase in the presence of pyruvate kinase and 
phosphoenolpyruvate system in permeabilized cardiomyocytes was 
carried out. It revealed striking differences in the kinetic behavior of the 
MtCK-activated mitochondrial respiration in situ and in vitro (in isolated 
mitochondria). Apparent dissociation constants of MgATP from its 
binary and ternary complexes with MtCK, Kia and Ka were increased by 
several orders of magnitude in situ in comparison with the same 
constants in vitro (0.44 and 1.94 for KiaMgATP and 0.016 and 2.04 
KaMgATP). At the same time apparent dissociation constants of 
creatine, Kib and Kb were significantly decreased in situ in comparison 
with isolated mitochondria (28.0 and 2.12 for Kib, 5.0 and 2.17 for Kb). 

 
4. Direct measurements of energy fluxes from mitochondria in isolated 

permeabilized cardiomyocytes into cytosol by use of HPLC method 
showed that while ATP concentration did not change in time, 
mitochondria effectively produced phosphocreatine (PCr).  Calculated 
PCr/O2 ratio equal to 5.68±0.14   proving that energy is carried out of 
mitochondria by 90% in the form of flux of PCr under physiological 
conditions. Adding heterodimeric tubulin to isolated mitochondria was 
found to increase the apparent Km for an exogenous ADP more than 
tenfold, indicating directly that the permeability of mitochondrial outer 
membrane VDAC under physiological conditions is selective. 
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5. By using the method of MCA, it was shown quantitatively that the key 
regulatory complexes of the MI are MtCK and ANT and the sum of flux 
control coefficients is close to four, which according to the theoretical 
analysis prove direct channeling of substrates in MI. 

 
6. The results obtained in the work allow to conclude that due to the 

selective permeability of VDAC in association of tubulin βII and other 
protein complexes, ADP/ATP is circulating inside mitochondria, 
amplifying the metabolic signal, which comes to mitochondria in the 
form of cyclic changes in local ADP, Pi and PCr concentrations from the 
sites of energy consumption through PCr/Cr shuttle. The coupled 
creatine kinase (MMCK) reaction in myofibrils and coupled MtCK 
reaction in mitochondria run in non-equilibrium state in opposite 
directions, resulting in the separation of energy fluxes (mass and energy 
transfer by PCr) and signaling (information transfer by oscillations of 
cytosolic ADP concentrations, Pi and PCr/Cr ratio) amplified within 
Mitochondrial Interactosome. This mechanism enables to induce the 
linear response of mitochondrial respiration to workload-dependent 
metabolic signals. Therefore the results of the study explain the 
metabolic aspect of the Frank-Starling law, the regulation of energy 
fluxes at different workload. 
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ABSTRACT 
 
In this work the mechanism of regulation of mitochondrial respiration and 

energy fluxes in cardiomyocytes was investigated in the framework of 
Molecular System Bioenergetics, part of Systems Biology. It has been shown by 
Starling 80 years ago that cardiac respiration linearly depends on workload, but 
the mechanism of that dependence remains unknown.  

In the first part of the work the complete kinetic analysis of mitochondrial 
creatine kinase (MtCK) reaction in permeabilized cardiomyocytes was 
performed and energy fluxes from mitochondria to cytosol were directly 
measured. On the basis of these results a concept of super-complex of 
Mitochondrial Interactosome (MI) was developed. According to the theory, MI 
consists of complexes of respiratory chain with ATP synthase and Pi transporter, 
adenine nucleotide translocase, MtCK and voltage-dependent anion channel 
(VDAC) with protein complexes regulating its permeability. In the second part 
of the study Metabolic Control Analysis was used to determine which complexes 
of MI are main regulators of oxidative phosphorylation in close to physiological 
conditions. 

We show that there are strong diffusion restrictions for ATP at the level of 
mitochondrial outer membrane, while there is no restriction for creatine (Cr) and 
phosphocreatine (PCr). ADP, synthesized by MtCK in mitochonrial 
intermembrane space, is directly channeled back into mitochondrial matrix 
through adenine nucleotide translocator (ANT). Direct measurements showed 
that energy is carried out of mitochondria by 90% in the form of flux of PCr 
under physiological conditions (with activated MtCK in the structure of MI). 
The metabolic sensitivity of complexes of MI is significantly increased under 
physiological conditions in comparison with respiration activated by direct 
addition of exogenous ADP to mitochondria. The sum of flux control 
coefficients in MI is close to four, which according to the theoretical analysis 
prove the existence of ADP/ATP recycling in the MI. The most important 
regulatory complexes in MI in cardiac cell are MtCK and ANT. 

It can be concluded from these results that due to selective permeability of 
VDAC the ADP/ATP are circulating inside mitochondria, amplifying the 
metabolic signal, which comes to mitochondria in the form of cyclic changes in 
local ADP, Pi and PCr concentrations from the sites of energy consumption 
through PCr/Cr shuttle. These results explain the metabolic mechanisms of 
Frank-Starling law in the heart – linear dependence of respiration rate upon 
workload. 
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KOKKUVÕTE 
 
Antud dissertatsiooni eesmärgiks oli uurida mitokondriaalse oksüdeeriva 

fosforüleerimise regulatsiooni südamerakus süsteemibioenergeetika 
vaatepunktist, lähtudes eeldusest, et raku struktuur ja seda moodustavad 
komponendid (põhiliselt tubuliin) osalevad aktiivselt energiavoo regulatsioonis. 
Töö esimeses etapis määrati mitokondriaalse kreatiinkinaasi (MtCK) reaktsiooni 
dissotsiatsioonikonstandid ATP, kreatiini ja fosfokreatiini suhtes ning mõõdeti 
mitokondrist tsütosooli väljuvate oksüdeeriva fosforüleerimisega seotud 
metaboliitide vooge. Selle tulemusena pakuti välja Mitokondriaalse 
Interaktosoomi (MI) mudel, mis sisaldab hingamisahela kompleksid koos ATP 
süntaasi ja fosfori transporteriga, adeniin nukleotiid translokaasi, MtCK ning 
mitokondri välismembraani VDAC kanali koos seda reguleerivate 
valgukompleksidega. Töö teises etapis määrati  Metaboolse Kontrolli Analüüsi 
meetodit kasutades energiavoo kontrollkoefitsendid Mitokondriaalset 
Interaktosoomi  modustavatele kompleksidele. 

 Töö tulemused võimaldavad järeldada, et mitokondri välismembraanil on 
tugevad difusioonitakistused ATP suhtes, samal ajal kui Cr ja PCr liikumisele 
takistusi ei ole. Mitokondri membraanidevahelises ruumis MtCK reaktsioonis 
ATP-st sünteesitud ADP suunatakse koheselt ANT kanali kaudu tagasi 
maatriksisse,  mitokondrist väljub energiavoog 90 % ulatuses PCr kujul. 
Mitokondri välismembraani asuva VDAC kanali läbitavus on selektiivne, seega  
osaleb ta väga olulise komponendina oksüdeeriva fosforüleerimise 
regulatsioonis. Kanali läbitavuse regulatsioon on määratud sellega seotud 
valgukomplekside poolt, millest südamerakkudes üks olulisemaid on tubuliini 
βII isovorm. Mitokondriaalses Interaktosoomis on paljude komplekside puhul 
metaboolne tundlikkus  tunduvalt kõrgem füsioloogilistel tingimustel 
(aktiveeritud MtCK puhul) võrreldes tingimustega, kus hingamine on 
aktiveeritud otseselt ADP lisamisega. Voo kontrollkoefitsientide summa läheneb 
MIs neljale, millest võib järeldada, et tegemist on substraatide otsese ülekandega 
antud kompleksi piires. Olulisemad regulatiivsed kompleksid oksüdeeriva 
fosforüleerimise regulatsioonis südamerakkudes on mitokondriaalne 
kreatiinkinaas ja adeniin nukleotiid translokaas. 

Lähtudes antud tulemustest saab väita, et VDAC selektiivsest läbitavusest 
tulenevalt mitokondris ringlev ADP/ATP võimendab signaali, mis saabub 
mitokondrisse energia tarbimise punktidest CK/PCr võrgustiku kaudu. Seoses 
sellega, et difusioonitakistustest tulenevalt näiline Km (ADP) MtCK suhtes 
kasvab ja saabuva signaali suhtes on tundlikkus väga kõrge, on võimalik 
oksüdeeriva fosforüleerimise paindlik regulatsioon vastavalt energia ülekandega 
seotud metaboliitide kontsentratsioonide hetkelistele muutustele lähtudes 
südameraku kiirelt muutuvast energiavajadusest. Antud töö tulemused seletavad 
Frank- Starlingi seaduse metaboolset aspekti:  lineaarset sõltuvust hapniku 
tarbimise ja südame töö vahel. 
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*������	���21�1	�	�
��*
	��



��������	
�����
��������������������������������� !���!�"���#������$%����&��'())(���*)+,-.�����/%��!�&������0���0�1�!���!��."���!�$���2�!�/&1#3(#45/&#336*#3)-.��������"����������"���!�'���������������7�!��089�:�.;& �17 <66*.=����������!����.5������������>�����0�%��.<��9������?5���)."���!�.@�����������!����#��%��������������@������!��9������!������������!��#�����@�������0��'A�B�C����
/�D���.�'.��D��.7'.E�:�����9./'F'./��������.�'.E��D���.�'. ���.>'.���0',33G'=�0!��D#����!��!�����!�����@���!�#D����!���%�������%�0������@D���!�������0����������������#D����0�:��!�����!!�00�'"�4 H'IJIKL)+GML)*)'���K)3'))))N2')(+,#+*G6',33G'3+(L+'O'>7;PK)GQGG3(,'/�D���.�'.R�:��.1'.4�����.&'.>�00��O. '.E�:�����9./'F'.E�%��D��.5'.���0',33*'P�@@�����������!��@�����%�0������@����������������D����0�:��!�����D��!���������S5#)!��#���!!�00�';D������!��@!�00����!����N��%���:�����@���������#������%�0�����'4��!��D'4������'/!��.TJUJK)GQ(M)*3*'���K)3')3)*N2'������',33*'3Q'336'>7;PK)(36+63G'4���@���.7'7')Q(*'/���������������9�D�����@�����V�����#�������@D�!��%��DV����������@����������0�:��%�������!��0��@�������#���������%'/��0'4��!��D'JIK,+6M,G+'���K)3')3)*N333L#,*Q($(*-Q3G,(#L'>7;PKQ+,3G)'=���������.W',33,'P��D��!������0����K���������0��%�0�����@D��!0�D���!�������0����9������@��!����'������=�����9��!'7��' TIK LLQML+6' ���K)3')3)*N )3G3#)(L6$3,-33)6+#*'>7;PK),GL*),3'=0��!�D�.X'='.5�����.&'/'.H�'. ��00�����.4' '.�%�0���.P'4'.P�0!�����.H'4'.4�������./'.���;::�.&'H'.H�')QQ6'S5#)!�00�K�!�����!D��!0�!�000�������!�����!���������������������!!����!�������!��@������0�!�����D��!���'>��!'&��0'/!��' !�'<' '/'YUK,Q(QM,Q6+'���K)3')3(LN����'QG'*',Q(Q'>7;PKQG3),3)'=�����?�.R'.1�����.='.F�?����.>'.X�0���.5'.X��9��.P'.4���0�.E'"'.���0',33*' ���!����0���@��!�����0@������������%��@�#!��!��@��������!�00����%���������1���D���!�������'H'=�004��0'TJZKQ)GMQ,)'���K)3')36LN2!�',33*3+3)*'>7;PK)*Q6,(QQ'�� �09�.X' '.R�?D��#>����./'.��R�?D��#>����.7'�'.7��#���# ��!��:.1'.��"�0�!�."'R'.��7���.5'.���0',33+'7���#!�������0�������O��������!��9���������9����9������O�������@��!�'H'4��0'=��D'IJYKLQ6+*MLQ6GG'���K)3')3(+N2�!'7+3L6LG,33'>7;PK)G,+(L33'P��:��9#�����D���9.5'&'. ������.R';'.���/0�O�����9./')QQQ'�����:�D��!��9����00������!��%�0�����D���0����������!�D�������������@!���0���!�����%�0����������!��!���'H'4��D�0' ���!�'P��'T[KQ)(MQ,Q'>7;PK)3,)(+GQ'P:�2�.>'>'.������:�!./',33L'>�����������@�������������!�00�0������%���!�'H'�O�'4��0'I\[K,3LQM,3+('���K)3'),+,N2��'33+,*'>7;PK),(G*,6*'P:�2�.>'.=���%. '.������:�!./',33(';���%�������@�����0������������%0�!�0���!���%0�!�%���0���!!��!������!�00�0����#��%���!�']̂7�0�!�0�������D�������%���!�K����%�@��0�@�'_̀abcd̀ efF' ���'X�0��#F=S.X������D'��',*GML3,'��D��.7'.>�2�.E'.>�00��O. '.4�����.&'.1����D��.7'.E�#��2�.5'.���0',336'P�����!���%���:������@����%�D�����0��D��S5#)!�����!!�000������!�����D��!����'4��!��D'4��#����'/!��.TJJJKG)+MG,+'���K)3')3)*N2'������',336'3L'3)Q'>7;PK)6+,LLQ)'"�00��.�'8'.R�0����%.P';'. ������.H'X'. �!��.5'7'.���P�0�#
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!��
����������
	�����
�j?�k�6��,��
��,?�
��
������	����	
��������	����������������	�
��	�
����1��
������	��
����6���
	��
������������,�������������������
����l�,���j"��"�"8$m���
�������l������4



���� ��������	
	��	�
����	�������������	����
�����	�
�����������������������	��	�
���	�
��	�����	��������	���
�	��������������
��
�
����	���	��	��	�
	��	�
���������������	����������������	��	�
���	� �	�	��	��	������
	��	!�
����������	���	����	����	��������������������������
��	�������������������"����������	�
��
�
��
�������	����������������#	�	���
���	���$%&�%'(��	�����"	�����
�����	���	�������"�!�������	�
����������	���	�	�������������	�������������	����"�����������
������
�����	������	�	�
����������	����
	��	����������	��	�������	#��	��������������"�����
������
�����	�)�*� ������	����	+� �	�����!���
����	���������������������������������
�����	�
���	�����	����������	�
�	��	������	�#��������		,�����������������
��	����	����	������
������
��
	���	������	,
	���	�������	�-
	��	�
����	�������������	).��	�	/+�01213456789:;<;=>4?@:>89:;<:<4A@4>:B4<987?C?94BDEFG9HIJ:<49:K8<87C?:?.����������	���������
	��	�
����	�������������������	������
�	�	�����!���
����	������������
�����	��������	���������������	�������������
���*�����������L ������*��M����	��������������	�����������	��	����	,�������������������
���	����������	������	�����	��
����	��		,
	���	����
�����������������*��������	���	����������	�	*�����������������������	�
��������	����
	������	���������	������ �		,
	���	����
����������������N�*�/������
�����
�	���	���������	�
�.��	�	/�N��������	�
	��	�
������������������������	�
�����������������	�
���	����������O��� ����������������	�
��	������� ���	�����
�����������	���*	��������.	���������	���	���
�	�	"	����	�
�������������	"	����	��	P���	P�������������������	���	�����,�������
��#	�����		�������	*	�	���		,�������!���������� �� ������	���
�	�	"	���	,����������������� �����������	��Q:<877C���	�����	������������"��	�
�����	����*��	�����������	����	�����	������,�����"	
���
��������������������	�����
����������������������
�����	�
���	�����	������)N�*�/+� ��������	���	�������������	�	*����������,�����"	
���
������������	��
�����	���	�,�*	�������
�������	���	�������)�RO��+
	���	��	����	������������ ��	����	!��������	��	�
����������	)�RO��+� �������	���
�	�	�����	����
�	���	
���������������	�����	���������������������
	��	�
����	��	����N�*�/�����������	�	�
����������	�	�	����	�
�����
���������"	���	�����"	������*	�����	����	����	���������S���
��������	��	����	�
���	����	������������	����	������	��������	����������T�'��� ����	��������	�	�������������*��	�����"�������	����	��	


	�����	���	���
�	�	#��	������������������	���������	���	�	��������������*����	�	��M,	�����	������������*� �)&�U��T&��+���"�����*��	����	����	���������)T��T&��+�V��
�����
�	�	�����������	����	����"��	��	�
����������	�)�RO+������������"�����*����	�������������	����	���M,	��*� ����W:K4W4>?8X������������"�����*$�*� �(���M,	�$��(��	�������N�*��U���� Y���	�
	���"	��� �	
���������������������� ���
�	�	��
�����
����)TZ��������������TZ$.(+��������*���P��)'+���)/+��	�	
�	�	��	���N�*��U[���Y[� ������	���������*�"	���	�������������*�����	�������	������
���������	��	
���������	�
�����*����	#��	���
	��"��������	[�![������� ��
	P����	P����
���� �	�������	������� ����	����	#����	)N�*��U[���Y[+� ���
����������������#��	�������*�"	���"���	����������	���	��	
��������
	�����	����������	�����������������*���P��)U+���)Y+)N�*��U����Y�+������
��"��	���	�������������������������*� ������	����	���� ��	��
���������	��������
�	,	���������) �
�	O+� ������
�	�	#��	���������������	�����	��������������!������	�������
��"��	��	������	���#�
������	�	������ ����#��	���
��
	���	���������	��������������	
���	�
	���	� �	#��	���������������	�����	��������������	����������������
	�����	��

����*��	
��������	����
	�
�\���
�����.�#���T%]O�����"	
		��	����
	����	"	���
�	"����
�
���������$TO�]&�]O�%/(� �	�

��	����������������������������*� ��������
��������
�	,��������)I��+��/���	���*�	�)���� &�//̂&�&]��T�%/̂ &�]Y��+��������	��������
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TUVWXYZX[\][̂_WZV àbc	dY efX	e è gch	iY
è gjh	iY

k TUVWXYZX[\][̂_WZV g̀bhlc	dY eWUVXẐUmh	dY	n
eY àbc	dY efX	eo eY g̀bj	dY eWUVXẐUmh	dYp
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