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INTRODUCTION 

 
Coordination of mitochondrial ATP production with utilization in cytosol 

is essential to certify muscle performance in variety of workloads. How highly 
oxidative muscles (e.g. heart, m. soleus) realize energetic communication 
between mitochondria and ATPases while maintaining constancy in their 
intracellular energy metabolites (e.g. ATP, PCr) has been a main query of muscle 
bioenergetics for decades. Yet, several important questions still remain 
unanswered. For example, it is still highly debated which metabolic signals 
mediate the energetic communication between mitochondria and ATPases in 
cardiac cells. Moreover, the regulator of mitochondrial outer membrane 
permeability for energy metabolites and the functional consequence of this 
regulation is not clear. Recent in vivo (Maldonado et al., 2010; Maldonado et al., 
2013) and in vitro (Carre et al., 2002; Monge et al., 2008; Rostovtseva et al., 
2008) studies suggest that tubulin might be involved in this regulation, however 
its role in muscle cells, particularly in mitochondrial respiration regulation, is 
largely uncovered. 

Present study aims to tackle these problems by analyzing the mechanisms 
of mitochondrial respiration regulation and the functional and structural roles of 
tubulin in adult cardiac and skeletal muscle cells. In the literature overview 
muscle structure, energy metabolism, mitochondrial respiration regulation and 
tubulin system are reviewed.  In the results and discussion part the kinetics of 
mitochondrial respiration regulation and analysis of tubulin distribution and 
function by respirometric, confocal microscopy and biochemical approaches are 
presented and discussed. The results of this study provide more in depth 
understanding of creatine dependent mitochondrial respiration regulation, reveal 
the importance of tubulin in this regulation and explain how metabolic 
homeosastis is achieved in highly oxidative muscles. 
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REVIEW OF THE LITERATURE 

1. Structure of muscle cells 

 
According to their structure and function muscle cells in vertebrates are 

classified into three following groups: cardiac, skeletal and smooth muscle cells. 
Skeletal muscles are attached to the bones and are responsible for all voluntary 
movements; cardiac cells are specialized for heart function and help to propel the 
blood throughout the body; smooth muscle cells line the blood vessel and various 
hollow organs apart from heart and are responsible for involuntary movements 
(Alberts et al., 2008). Due to the presence of interdigitating actin and myosin 
filaments, that give rise to characteristic cross-striated pattern, skeletal and 
cardiac muscles are jointly named as striated muscles. 

Skeletal muscle cells are long multinucleated cells, which in adult human 
are typically 50 μm in diameter and several centimeters long. They are formed 
during the development by the fusion of myoblasts (in a range of tens of 
thousands!) into multinucleate syncytia (from Greek: σύν (syn) = "together" 
+ κύτος (kytos) = "box, i.e. cell" (Squire et al., 2005; Abmayr and Pavlath, 2012). 
In contrast, heart muscle cells are significantly smaller about 50-100 μm in lenght 
and 10-25 μm in diameter in rat ventricle (Opie, 1984). They are branched and 
linked end to end by special structures known as intercalated disks, which 
provide mechanical and electrical continuity between cells (Squire, Al-Khayat et 
al., 2005). Cardiac muscle cells are alternatively called cardiomyocytes.  

Muscle cells are invested by a cell membrane called sarcolemma which 
surrounds the crowded sarcoplasma. Almost two-third of bulk of the sarcoplasm 
is filled with contractile elements called myofibrils present in highly organized 
arrays. In between are sandwiched numerous mitochondria and calcium release 
units important for initiation of contraction and energy turnover. Nuclei are 
positioned right beneath the sarcolemma in skeletal muscles and at the center in 
cardiac cells. Sarcolemma penetrates into muscle cell interior as an extension of 
cell surface and forms series of tube-like invaginations called T-tubules. These 
are important for providing fast propagation of action potential, oxygen and 
metabolites throughout the cellular space (Soeller and Cannell, 1999).  
 

2. Muscle contraction 

 
The contractile apparatus of a muscle cell consists of bundles of partly 

overlapping thick and thin filaments, which form the myofibrils (Figure 1). In 
mammalian ventricle, myofibrils occupy 45-60% of the cell volume. This 
fraction is larger in skeletal muscle and smaller in atria (Bers, 2002). Myofibrils 
are subdivided by Z-lines into approximately 2 μm long compartments called 
sarcomeres, that represent one contracting unit of the myofibril. Thin filaments 
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are composed of actin protein, that extends from Z-line toward the center of 
sarcomere, while thick filaments are made of myosin protein, that resides at the 
center of sarcomere. In vertebrates, three main groups of actin isoforms, α, β, 
and γ have been identified. The prevalent form present in muscle cells is α-actin 
(Alberts, 2008). Under physiological conditions, monomeric form of actin, G-
actin, polymerizes in presence of ATP into helical F-actin filament with a step of 
13 actin monomers (Geeves and Holmes, 1999). According to X-ray diffraction 
analysis of crystals of actin-DNAseI (Kabsch et al., 1990), actin-gelsolin 
(McLaughlin et al., 1993), and actin profilin (Schutt et al., 1993), actin consists 
of four subdomains that surround the binding pocket for a divalent ion (Mg2+ and 
Ca2+) and nucleotide (ATP and ADP). Thick filaments are made up from bipolar 
polymers of motor protein, myosin II, that encompass two heavy chains with 
molecular masses of 200 kDa each and four light chains, two each of so called 
essential and regulatory light chains (ELC and RLC, respectively), with 
molecular mass 20 kDa (Gordon et al., 2000). 

Under light microscope distinct areas of sarcomere are discernible. Area of 
light banding, that constitutes of actin filaments, is called I-band; intervening 
area of myosin and actin filaments is called A-band; area containing only myosin 
is called H-band, and region in the middle of sarcomere, where myosin is 
anchored, is called M-band (Figure 1)(Squire, Al-Khayat et al., 2005).  

The precise architecture and functioning of myofibrils is supported by dozens 
of accessory proteins. The attachment of actin to Z-lines is mediated by protein 
α-actinin. Sensitivity of contraction apparatus to Ca2+ is regulated by proteins 
tropomyosin and troponin C, I and T, which are bound to actin  filaments and 
regulate the accessibility of myosin binding site on actin filaments. Two giant 
proteins titin and nebulin associate with actin and myosin respectively and 
support the myofilament structural arrangement (Alberts, 2008).  

Muscle contraction is based on the cyclic interaction of actin and myosin 
filaments that result in their sliding past to one another and shortening of the 
sarcomere. A first crucial step in understanding of this mechanism, was the 
discovery of interdigitating organization of actin and myosin filaments, made by 
Andrew Huxley and Ralph Niedergerke and by Hugh Huxley and Jean Hanson at 
1950s (Huxley and Niedergerke, 1954; Huxley and Hanson, 1954). Following 
electron microscopy observations identified that active site of force transductions 
are represented by cross-bridges projecting from myosin filament to the actin 
filament. These projections correspond to heavy-meromyosin (HMM) subunit of 
the myosin molecule (Huxley, 1957). Since actin-combining activity and ATPase 
activity were already associated with this part of the molecule, it was clear that 
these cross-bridges represent the mechanical agents through which the force is 
transmitted (Szent-Gyorgyi, 1953; Huxley and Niedergerke, 1954; Huxley and 
Hanson, 1954). 
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Figure 1. A simplified model of muscle sarcomere and electronmicroscopic photograph 
of sarcomere ultrastructural organization. The sarcomere is comprised mainly of the thin 
and the thick filaments, and giant filamentous molecule titin. The thin filaments are 
anchored to the Z-line via α-actinin cross-link. The thick filament is centrally located in 
the sarcomere and constitute the sarcomeric A-band. The myosin heads, or cross-bridges, 
on the thick filament interact with actin during activation. Titin spans the half-sarcomeric 
distance from the Z-line to the M-line, thus forming a third sarcomeric filament. In the I-
band region, titin is extensible and functions as a molecular spring that develops passive 
tension upon stretch (Ottenheijm et al., 2008). 
 
 

The biochemical mechanism of ATP hydrolysis by myosin have been 
well described since 1970ies and is most commonly referred to as the sevenstep 
Bagshaw-Trentham scheme (Bagshaw and Trentham, 1974; Dantzig et al., 1992). 
The mechanism first involves rapid ATP binding to form actomyosin-ATP (AM-
ATP, step 1) followed by the rapid dissociation to actin and myosin-ATP (M-
ATP, step 2). Next there is a fast and reversible cleavage of ATP on the myosin 
head (forming M-ADP-Pi, step 3). Under physiological activating conditions, 
there is a rapid reassociation (step 4) of actin and M-ADP-Pi forming a weakly 
bound A-M-ADP-Pi state that then isomerizes (step 5) to a more strongly bound 
AM-ADP-Pi state (a transition probably regulated by Ca2+). The strongly bound 
AM-ADP-Pi has been hypothesized to isomerize to produce force and AM-ADP-
Pi (lever arm motion, step 6) and may be stabilized in the strong binding force-
exerting form by the release of Pi in step 7 (Figure 2) (Dantzig, Goldman et al., 
1992). The cycle is same for skeletal and cardiac muscles, but the rate constants 
controlling cross-bridge intermediate transition vary (Gordon, Homsher et al., 
2000).  
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Figure 2. a The actomyosin contraction cycle. The states of the myosin strongly attached 
to actin are shown in pink and unattached or weakly bound states are depicted in green. b 
Reversible actin-myosin nucleotide steps. A, actin; M, myosin. A primary path 
corresponding to the structures shown in a is A-M to AM-ATP to M-ATP to M-ADP to 
M-ADP-Pi to AM-ADP-Pi to AM-ADP to AM (Spudich, 2001). Reprinted with 
permission from Nature Publishing Group. 
 

2.1. Excitation-contraction coupling 

 
Muscle excitation–contraction coupling, a term coined in 1952 by 

Sandow, is a process from electrical excitation of the muscle cell to its 
contraction (Sandow, 1952). Although significant  differences exist between 
skeletal and cardiac muscle, the general scheme of excitation-contraction 
coupling is similar. Contraction is initiated with the electrical excitation of the 
surface membrane, that in cardiac cells is mediated by pacemaker cells and in 
skeletal muscle by motoneurons. This leads to the action potential (AP) 
propagation along the surface and along the transverse tubules (T-tubules) as a 
wave of depolarization. Action potential activates the depolarization-activated 
Ca2+ channels in plasma membrane that triggers the inward current of Ca2+. Ca2+ 
entry triggers Ca2+ release from the sarcoplasmic reticulum (SR). Increase in free 
intracellular levels of Ca2+ concentration, results in Ca2+  binding to the Ca-
binding subunit of thin filament protein troponin C, exposure of myosin binding 
site on actin filament and activation of power stroke. For relaxation to occur 
intracellular Ca2+ concentration must decline enough to allow Ca2+ to dissociate 



 

15 

from troponin C (Bers, 2002). Four  major classes of Ca2+ transporters  mediate 
the removal of Ca2+ from the cytoplasm: 1) SR Ca-ATPase pump, 2) 
sarcolemmal Ca-ATPase pump, 3) sarcolemmal Na/Ca exchange and 4) 
mitochondrial Ca uniporter (Bers, 1991; Bassani et al., 1992; Baughman et al., 
2011; De Stefani et al., 2011). 

 

3. Muscle energy metabolism 

 
The main part of energy transactions in muscle cells are related to the 

acto-myosin crossbridge cycling and removal of Ca2+ from the sarcoplasm. The 
chemical driving force for these processes is ATP hydrolysis, carried out by 
specialized ATPases that transduce chemical energy into mechanical, osmotic 
and electrical work. Owing to the small reserves of ATP  (e.g. 5 µmol/g wet wt in 
heart) in muscle cells and their high turnover rates (~0.5 µmol*g*wet wt-1*s-1 at 
rest in heart), sufficient only for few seconds of muscle work, continuous 
replenishment of ATP reserves is required  (Kushmerick, 2005). Three main 
routes are exploited by cell to accomplish this task: short-term supply via 
phoshocreatine (PCr) hydrolysis,  medium-term supply via anaerobic glycolysis, 
and long-term supply via oxidative phosphorylation of glucose and fatty acids to 
water and CO2. The energy content of ATP is not fixed and depends on the extent 
of diplacement of ATP hydrolysis from equilibrium as expressed by a following 
equation: 

 
ΔGATP=ΔG0+ R*T*ln{(ATP)*[(ADP)/(Pi)]

−1} 
 

where ΔGATP is the effective free energy change of hydrolysis and ΔG0 is the free 
change of hydrolysis under standard conditions (Nicholls and Ferguson, 2002). 
Under normal physiological conditions mitochondrial oxidative phosphorylation  
maintains ATP hydrolysis reaction far displaced from equilibrium, providing 
ΔGATP values over -60 kJ/mol in certain cells (Kammermeier et al., 1982). In 
addition, large phosphocreatine pools present in muscle cells allow to minimize 
the changes in ΔGATP level during the periods in which there is disequilibrium of 
ATP hydrolysis and synthesis, through creatine kinase (CK) catalyzed 
transphosphorylation of ADP  

The main substrates for ATP production in muscles are free fatty acids 
(FFAs), glucose and glycogen. In heart 60–90% of the acetyl-CoA comes from 
oxidation of fatty acids, and 10–40% comes from the oxidation of pyruvate that 
is derived in approximately equal amounts from glycolysis and lactate oxidation 
(Gertz et al., 1988). 
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3.1. Free energy conversion in mitochondrion 

 
In cardiac and oxidative skeletal muscle cells main part of free energy 

conversions and ATP synthesis are taking place in mitochondrion. 
Mitochondrion is double-membrane bounded powerhouse of eukaryotic cell that 
has arisen as intracellular symbiont of primitive cell (Muller et al., 2012). In 
typical mammalian cell mitochondrion carries out the complete oxidation of 
metabolites utilizing oxygen as terminal electron acceptor and harness the 
released energy for generation of ATP. This aerobic phase of catabolism is also 
called cellular respiration. It encompasses three main stages. In the first, organic 
molecules, already partly oxidized in cytosol, are transformed to yield two-
carbon fragments in the form of acetyl group attached to coenzyme A, named 
acetyl-CoA. Next, acetyl-CoA are channeled into the citric acid cycle which 
carries out the stepwise removal of electrons and their transfer to NADH and 
FADH2 with the help of different dehydrogenases. In final step, these reducing 
equivalents fed electrons and protons to electron transport chain where they are 
transferred by electron carrying enzyme to terminal acceptor O2 with 
concomitant pumping of protons from mitochondrial matrix to intermembrane 
space. Altogether this process enables to generate protonmotive force between 
mitochondrial matrix and intermembrane space wherein flow of protons down to 
their electrochemical gradient drives the synthesis of ATP by ATP-synthetase 
(Alberts, Wilson et al., 2008).  

Mitochondria occupy 30 to 40% of the intracellular volume of cardiac 
cell and synthesize 95% of ATP utilized by cell (Maack and O'Rourke, 2007). In 
skeletal muscles occupancy by mitochondria is significantly less, taking only 6-
10% of cell volume in oxidative and 1% in glycolytic muscles (Barth et al., 1992; 
Ogata and Yamasaki, 1997; Picard et al., 2012). Under normal circumstances at 
rest, 60-90% of the acetyl-CoA which enters the tricarboxylic acid (TCA) cycle 
comes from the β-oxidation of FFAs, and 10-40% from the  oxidation of 
pyruvate that is derived in almost equal amounts from glycolysis and lactate 
oxidation (Stanley et al., 2005). However, during conditions of increased 
metabolic demands, such as increased heart rate or blood pressure, a shift 
towards greater utilization of glucose is observed. Approximately 60-70% of 
ATP hydrolysis fuels contractile shortening, and the remaining 30-40% is 
primarily used for sarcoplasmic reticulum Ca2+-ATPase (SERCA2A) and other 
ion  pumps (Stanley, Recchia et al., 2005). 

 

4. Frank-Starling law and paradox of metabolic homeostasis 

 
The Frank-Starling law describes the ability of heart to adjust its 

performance in response to the changes in end-diastolic volume (Starling, 1918; 
Katz, 2002). German physiologist Otto Frank described the relationship between 
diastolic volume and work in frog ventricle already at 1895 and Starling extended 
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this theory further in his papers published between 1912 and 1918 (Chapman, 
1960; Katz, 2002). Starling suggested that  increased fiber stretch expose more 
active surfaces in the muscle such that „any increase in the extent of active 
surface increases energy of change“ (Starling, 1918). This assumption received 
experimental proof in studies with frog skeletal muscles, which showed that 
maximal force that muscle can develop depends on the degree of the overlap 
between thick and thin filaments and is related to the cross-bridges that can form 
(Gordon et al., 1966). Consequent studies have shown that longer sarcomere 
length enhance myofilament Ca2+ sensitivity (Endo, 1972; Stephenson, 1982; 
McDonald et al., 1997).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Metabolic Aspect of Frank-Starling law and metabolic homeostasis. A Linear 
increase of oxygen consumption rates as a function of increased relative workload 
(fraction of maximal workload) (Williamson et al., 1976). B Constancy in cardiac 
intracellular PCr concentrations at different respiration rates. Experimental data is 
summarized from different studies (Neely et al., 1972; From et al., 1990; Wan et al., 
1993). C Intracellular calcium homeostastis: stable calcium transients for different heart 
workloads (LVP stands for left ventricular pressure) of canine´s heart (Shimizu et al., 
2002). 
 

The metabolic basis of Frank-Starling law was discovered by Evan and 
Matsuoka who demonstrated that augmentation of cardiac work is accompanied 
by linear increase in oxygen consumption (Figure 3A) (Evans and Hill, 1914). 

B

C 

A 
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Thus, cardiac performance is directly related to the chemical transformations 
taking place in a cell. 

 

4.1. Regulation of mitochondrial respiration by Ca2+  
 

Since the discovery of Ca2+ accumulation into mitochondria by Hunter and 
Carafoli at 1960ies, parallel activation of contraction and respiration by Ca2+ has 
become one of central viewpoints in explaining the metabolic aspect of Frank-
Starling law (McCormack and Denton, 1990; Korzeniewski and Brown, 1998; 
Territo et al., 2000; Balaban, 2002; Carafoli, 2003; Maack and O'Rourke, 2007).  

Ca2+ cross mitochondria outer membrane (MOM) through VDAC and is 
transported to mitochondria matrix by mitochondrial calcium uniporter (MCU) 
(Baughman, Perocchi et al., 2011; De Stefani, Raffaello et al., 2011). Influx of 
calcium is facilitated by electrochemical gradient (-180 mV) that is set up by 
proton extrusion via respiratory chain (Bers, 2002). Calcium extrusion from 
mitochondria is mediated mainly via a Na/Ca antiporter (Crompton et al., 1976; 
Hayat and Crompton, 1985; Jung et al., 1995). Mitochondria in mammalian 
skeletal and heart muscle is shown in vivo to take up Ca2+ during contraction and 
release it during relaxation, a process that appears to be important in some 
muscle types for regulation of excitation-contraction cycle (Robert et al., 2001; 
Rudolf et al., 2004; Shkryl and Shirokova, 2006). Due to mitochondria 
juxtapositioning with sarcoplasmic reticulum (SR) the synchrony between Ca2+ 
release from SR and uptake by mitochondria is highly efficient (Sharma et al., 
2000; Rudolf, Mongillo et al., 2004). 

Apart from the role of mitochondria in cellular Ca2+ buffering, energy 
conversion in mitochondria is also directly regulated by Ca2+. Ca2+ activates three 
Krebs cycle dehydrogenases (pyruvate dehydrogenase, alpha-ketoglutarate 
dehydrogenase and  the NAD-dependent isocitrate dehydrogenase) (Denton et 
al., 1978; McCormack and Denton, 1990; Hansford and Zorov, 1998), 
F1F0ATPase (Territo, Mootha et al., 2000) and Complex I (Brandes and Bers, 
2002; Baniene et al., 2006).  

Regulation of respiration only by Ca2+ is however overruled by the estimates 
of the magnitude of changes in the respiration rate in vivo. Both experimental 
studies of calcium effects on mitochondria respiration in vitro (Territo, Mootha et 
al., 2000) and mathematical modeling of mitochondrial metabolism (Cortassa et 
al., 2003) show that changes in Ca2+ concentration up to 600 nM can at 
maximum double respiration rate (Saks et al., 2006). Moreover studies with Ca2+ 
probes have demonstrated that only minor changes in cytosolic [Ca2+] accompany 
muscle twitch force several-fold increase (Figure 3) (Allen and Kurihara, 1982; 
Kentish and Wrzosek, 1998; Shimizu, Todaka et al., 2002; Cortassa, Aon et al., 
2003). These findings contradict the assumption that more Ca2´+ is released from 
SR with increase in sacromere lenght and disagree with a principle formulated by 
O´Rourke, according to which variations of cytoplasmic [Ca2+] have to 
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correspond to changes in workload, ATP consumption and respiration rate (Aon 
et al., 2003). Thus, theory of parallel activation of contraction and respiration by 
Ca2+ is in contradiction with Frank-Starling law of contraction. Finally Ca2+ 
stimulation of mitochondria function cannot compensate the need for the delivery 
of phosphate acceptors ADP and creatine from cytosol to mitochondria that are 
still needed for respiratory control (Chance and Williams, 1956).  
 

5. System level properties of energy metabolism 

5.1. Structural and functional organization of energy metabolism  

 
Cardiac cells have intricate energetic infrastructure. Mitochondria are 

arranged in highly ordered fashion between the myofibrillar lattice and form 
structural and functional contacts with major ATP consumption sites at 
myofibrils, sarcoplasmic reticulum and sarcolemma. Rapid scanning confocal 
microscopy observations have revealed that adjacent mitochondria in cardiac 
cells are relatively immobile and fixed at the limits of sarcomere (Beraud et al., 
2009). Tightly coupled complexes of mitochondria and ATPases represent the 
basic organization pattern of cardiac energy metabolism and are termed as 
intracellular energy units (ICEU) (Figure 4) (Saks et al., 2001). This concept was 
developed on the basis of information of cardiac cell structure and experimental 
data obtained in the permeabilized cardiac cells and fibers (Saks et al., 1994; 
Saks, 1998; Seppet et al., 2001; Seppet et al., 2006). Within ICEU, metabolic 
feedback is realized via compartmentalized phosphoryltransfer systems, e.g. 
creatine kinase (CK), adenylate kinase (CK) and direct ATP/ADP channeling 
(Kaasik et al., 2001; Seppet, Kaambre et al., 2001; Saks et al., 2010). 
Organization of ICEU is directed by distinct cytoskeletal proteins, e.g. tubulin, 
desmin, vimentin, plectin, which integrity has a direct impact on the fidelity of 
metabolic feed-back signalling (Kay et al., 1997; Seppet, Kaambre et al., 2001; 
Appaix et al., 2003; Anmann et al., 2006; Wilding et al., 2006). 

Organization of energy metabolism into ICEU provides privileged 
communication between sites of ATP consumption and production in 
mitochondria. Comparison of various sources of ATP to support SR ATPases 
have shown that mitochondrially produced ATP is almost 30 times more 
effective than exogenous in supporting the calcium uptake by SR (Kaasik et al., 
2001). Moreover, kinetic studies with cardiac and m. soleus fibers show that 
endogenously channeling ADP is only partly accessible to competitive ADP 
consuming system, pyruvate kinase/phophoenolpyruvate (PK/ PEP), in case of 
MgATP activation (~20-40% decline in respiration rate) and totally inaccessible 
then  respiration is activated by creatine (Seppet, Kaambre et al., 2001; Saks et 
al., 2003). Such privileged channeling is not seen then intracellular structure is 
disrupted by trypsin treatment or in isolated mitochondria, wherein 70-80% 
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decline in respiration rate is seen upon PK/PEP addition (Saks et al., 2001; 
Seppet, Kaambre et al., 2001; Appaix, Kuznetsov et al., 2003; Guzun et al., 
2009).  
 

Figure 4. Functional scheme of the Intracellular Energetic Units of adult cardiac muscle 
cell. Each sarcomere is supplied by its own mitochondrion that forms structural and 
functional contacts with major ATP consumption sites at cytosol, e.g. SR (sarcoplamic 
reticulum), myofibrils, sarcolemma. The mitochondrial and cytosolic cycles of ATP/ADP 
are linked preliminary via creatine phosphotranfer network. The key system in energy 
transfer from mitochondria to cytoplasm is Mitochondrial Interactosome (MI), formed by 
ATP synthase, adenine nucleotides translocase (ANT), phosphate carriers (PIC), 
mitochondrial creatine kinase (MtCK), voltage-dependent anion channel (VDAC) with 
bound cytoskeleton proteins. The shaded area in the upper right corner shows the 
Calcium Release Unit (Saks et al., 2012). Reprinter with permission from Elsevier. 

 

5.2. Metabolic compartmentalization  

 
Dense cytoskeletal network, high concentration of macromolecules, 

presence of numerous organelles, and interactions between proteins and cellular 
structures significantly hamper the diffusion of metabolites between intracellular 
microdomains. This phenomenon is known as molecular crowding (Agutter et 
al., 1995). Physcially, macromolecules occupy in between 5 to 40% of total 
cellular volume, with total concentration of macromolecules reaching up to 400 
mg/ml, and even larger fraction of the total volume is unavailable to other 
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molecules with comparable size (Ellis and Minton, 2003). Molecular crowding is 
especially pronounce in muscle cells, which are tightly packed with myofibrils, 
numerous mitochondria and cellular organelles, and entangled by dense 
cytoskeletal network. Data obtained from 31P-NMR study on bullfrog biceps 
muscle have demonstrated that the diffusion coefficients of ADP and PCr are 
over 2-fold lower in muscle cytoplasm than in aqeous medium (Yoshizaki et al., 
1990). This difference is even more pronounce in case of macromolecules (i.e. 
22-540 kDa), reaching largely over 5-fold, as shown by fringe pattern 
photobleaching (MFPP) experiments (Arrio-Dupont et al., 2000). 

Organization of energy metabolism into macro- and microcompartments 
interconnected via phophoryltransfer routes represents one of the principal ways 
how muscle cells bypass the metabolic constraints imposed by molecular 
crowding. In cellular context, a term compartment is understood as „ subcellular 
region of biochemical reaction kinetically isolated from the rest of the cellular 
processes” (Friedrich, 1974; Saks, Khuchua et al., 1994). Macrocompartments 
are related to the existence of cellular organelles, while compartments in the size 
of molecular dimension, are known as microcompartments (Friedrich, 1974; 
Saks, Khuchua et al., 1994; Saks et al., 2008).  

Studies on ischaemic heart were among the first to hint, that metabolites 
are not homogenously distributed within the sarcoplasm, but are specifically 
compartmentalized at distinct cellular areas (Gudbjarnason et al., 1970; Neely et 
al., 1973). Specifically, it was found that under conditions of total ischaemia the 
concentration of PCr falls sharply (nearly 80% decline) in parallel with the cease 
of heart contraction, while ATP concentration remain almost stable decreasing 
only by 10% at the end of the first minute of ischaemia (Gudbjarnason, Mathes et 
al., 1970). Similarly, heart failure occurs then CK is inhibited with 2,4, 
dinitrofluorobenzene despite of the presence of 80-85% of cellular ATP (Gercken 
and Schlette, 1968). Other studies have shown that about 70% of cellular ATP 
can be removed by perfusion without any changes in contractile force if creatine 
and PCr are present at normal concentrations (Gudbjarnason, Mathes et al., 1970; 
Neely, Rovetto et al., 1973; Kupriyanov et al., 1984; Kupriyanov et al., 1991). 
Altogether, these results have led to a conclusion that energy metabolites are 
dynamically and spatially compartmentalized in cardiac cells (Saks, Beraud et 
al., 2008). 

Microcompartments can arise from restricted diffusion of metabolites 
and/or from multienzyme complexes that determine either directly or indirectly 
the directionality of metabolite movement (i.e. vectorial metabolism) (Mitchell, 
1979). These closely localized protein (e.g. enzymes, transporters, channels) 
clusters, that share similar ligands, are referred as functionally coupled 
(functional coupling=metabolite channeling+microcompartmentalization). For 
the direct metabolite transfer to occur, multienzyme systems (enzyme clusters) 
need to be physically associated, in which case intermediates are directly 
transferred from one catalytic site of an enzyme to the other without the 
intervining release to aqueous phase (Velot et al., 1997; Maughan et al., 2005). 
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Such, functionally coupled complexes have been identified for example among 
Krebs cycle enzymes and glycolytic enzymes (Malaisse et al., 1996; Malaisse et 
al., 2004). Cycling of ATP/ADP within the cardiac cell mitochondria  is another 
well known example of metabolic compartmentalization. According to kinetic 
studies, this phenomenon is a result of two parallel events: functional coupling of 
MtCK with ANT and limited permeability of MOM for adenine nucleotides 
(Jacobus and Saks, 1982; Saks et al., 1995; Saks et al., 2008; Guzun, Timohhina 
et al., 2009). In isolated heart mitochondria, where MOM permeability for 
adenine nucleotides is high (apparent Km

ADP=13,9±2,6 µM of mitochondrial 
respiration), addition of competitive ADP consumption system (PK/PEP) results 
in partial inhibiton of creatine activated respiration rate (50% decline in VO2

max), 
while remnant rate is maintained due to direct transfer of ADP from MtCK to 
ANT (Gellerich and Saks, 1982; Guzun, Timohhina et al., 2009).  In contrast, the 
effect of PK/PEP on creatine stimulated respiration rate is totally absent in 
cardiac cells, where MOM  permeability for adenine nucleotides is restricted 
(apparent Km

ADP=329±50 µM) (Guzun et al., 2009). The functional significance 
of limited MOM permeability was revealed in comparative analysis of MtCK 
reaction kinetics between permeabilized cardiomyocytes in situ and isolated 
mitochondria in vitro (Jacobus and Saks, 1982; Saks, Belikova et al., 1995; Saks, 
Kaambre et al., 2008; Guzun, Timohhina et al., 2009). Accordingly, the apparent 
dissociation constant of MgATP from its binary and ternary complexes with 
MtCK, Kia and Ka, is significanty higher in situ (1,94±0,86 mM and 2,04±0,14 
mM) than in vitro (0,44±0,08 mM and 0,016±0,01 mM, respectively), while the 
apparent dissociation constant of Cr, Kib and Ki (2,12±0,21 mM and 2,17±0,4 
mM) is reduced 10-fold in situ in comparison with in vitro (28±7 mM and 5±1,2 
mM) with no change in PCr affinity (Guzun, Timohhina et al., 2009). Thus, 
MOM limit selectively the diffusion of adenine nucleotides, while promote the 
affinity of MtCK for creatine. 

 

5.3. Phosphortranfer networks and creatine kinase  system 

 
Fritz Lipman, a German-American biochemist, was among the first to 

notice the analogy between the energy-carrying adenine nucleotide system and 
electrical circuit. He introduced  a concept of ‘adenylate wire’ to describe the 
mechanism how spatially separated energy transducing processes in cell are 
linked (Dzeja et al., 2002). In muscle cells, both direct and indirect pathways are 
exploited to signal of the changes in ATP handling in cytosol to the site of ATP 
regeneration in mitochondria. Indirect pathways encompass creatine kinase (CK), 
adenylate kinase (AK), AMP kinase (AMPK) and glycolytic isoenzymes, while 
direct pathway is represented by direct adenine nucleotide diffusion (DANC) 
(Seppet, Eimre et al., 2006). In healthy adult cardiac muscle cells nearly 80-88% 
of high-energy phosphoryl transfer is provided by CK reactions, as revealed in 
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18O-assisted 31P NMR studies (Dzeja et al., 1996; Dzeja et al., 1999; Pucar et al., 
2004).  

CK/PCr system is an evolutionary ancient ATP buffering system, that 
has arisen already at the dawn of evolution of metazoa (Ellington, 2000). It  
belongs to a group of phosphagen systems that are found in cell types with high 
and variable rates of energy turnover and is widespread throughout the 
vertebrates and is present also in many lower chordates and invertebrates 
(Ellington, 2001). Although CK/PCr is the only phosphagen system present in 
vertebrates, additional 7 phosphagens with their corresponding kinases are 
known to exist in animal kingtom (Ellington, 2001). The capacity to buffer ATP 
differs across phasphagen systems of which PCr/CK represent the most effective 
one in terms of ΔGATP buffering, but is also the most labile one (Ellington, 
1989). Cellular phosphagens function also to trap inorganic phosphate (Pi), 
which is one of the mechanisms to control glycogenolysis in muscles (Griffiths, 
1982). 

In vertebrate tissues four subunit isoform of CK are present and 
expressed in tissue-specific manner: two cytosolic forms, M-CK and B-CK (M 
standing for muscle, B standing for brain), and two mitochondrial MtCK 
isoforms (Mt standing for mitochondrial) (Wallimann et al., 1992). In vivo, M-
CK and B-CK subunits combine to give the three typical dimeric cytosolic MM-, 
MB- and BB-CK isoenzymes from which MM-CK is rather specific to 
differentiated sarcomeric muscle, BB-CK is found in brain and in variety of other 
tissues (Eppenberger et al., 1967). In muscles, MM-CK activity is associated 
mainly with a M-band region at myofibrils (e.g. 2 IU/mg protein in rat heart 
fibers) (Ventura-Clapier et al., 1987; Stolz and Wallimann, 1998), where it binds 
through its N-terminal part, as shown in study of chimeric MM-CKs (Stolz and 
Wallimann, 1998). MtCK is accumulated specifically in mitochondria and is 
present in two isoforms, i.e. striated muscle specific, sarcomeric sMtCK, and 
ubiquitous MtCK (Jacobus and Lehninger, 1973; Scholte et al., 1973; Jacobus, 
1975; Hall and Deluca, 1980).  

One of the main functions attributed to CK system is temporal energy 
buffering (Wallimann, Wyss et al., 1992). In cardiac muscle PCr pool size is 
relatively large, i.e. 20-35 mM, and CK has high ATP regeneration capacity -  
maximal rate of ATP synthesis by CK exceeds the rate of ATP synthesis by 
oxidative phosphorylation in 12-fold (Fitch et al., 1974; Ronca-Testoni et al., 
1985; Ingwall et al., 1990). Thus, CK reaction provides continous and efficient 
replenishment of cytosolic ATP reserves. Other important functions attributed to 
CK include: „spatial energy buffer“ or „energy transport system“ (Bessman and 
Geiger, 1981), prevention of ADP accumulation in cytosol for the avoidance of 
ATPase inactivation (Iyengar et al., 1982; Iyengar, 1984), proton buffering to 
prevent  local or global acidification of the cell due to ATP breakdown, and 
maintenance of  appropriate ATP/ADP ratio at sites of ATP consumption and 
regeneration (Wallimann, Wyss et al., 1992). 
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In mitochondrion, MtCK is bound to the external surface of the inner 
membrane by cardiolipin in close proximity to the adenine nucleotide 
translocator (ANT) (Jacobus and Lehninger, 1973; Barbour et al., 1984; Jacobus, 
1985; Muller et al., 1985). According to stoichiometric studies, MtCK and ANT 
are present in equimolar amount both in cardiac and skeletal muscles (Kuznetsov 
and Saks, 1986). The normal state of the MtCK in heart is an octameric 
(Marcillat et al., 1987; Schlegel et al., 1988; Furter et al., 1992) and its maximal 
activity of PCr production is equal to the rate of ATP production in oxidative 
phosphorylation (close to 1 μmol/mg/min at 300C) (Saks et al., 1975; Jacobus 
and Saks, 1982). Due close juxtapositioning of MtCK to ANT, ATP transported 
from mitochondrial matrix by ANT is directly fed to the active site of MtCK, 
hydrolyzed wherein to ADP in conjunction with PCr synthesis, and channeled 
back to mitochondrial matrix (Gellerich et al., 2002). It has been suggested that 
MtCK reaction reduce the free energy of ATP synthesis due to continuous 
regeneration of ADP within mitochondria that maintains appropriate ADP/ATP 
ratio in vicinity to ATP-synthetase (Gellerich et al., 2002). Channeling of ATP 
and ADP within mitochondria through coupled MtCK and oxidative 
phosphorylation reaction result in amplification of metabolic signal and allows 
thereby mitochondria to respond to a small changes in cytosolic ADP levels 
relevant under physiological conditions (Wallimann, Wyss et al., 1992; Saks et 
al., 2012).  
 

5.4. Regulation of respiration in vivo: theory of factor X 

 
Introduction of cell permeabilization technique by Kummel et al.  at 1988 

to study the respiration kinetics in cardiac cells, led to a puzzling discovery that 
the affinity of mitochondria respiration for exogenous ADP differs over manifold 
between in vitro, in isolated cardiac mitochondria, and in vivo, in permeabilized 
cardiac cells (Kummel, 1988). This study, along with numerous following 
reports, showed that the value of apparent Km

ADP of mitochondrial respiration is 
over 20-30 timer lower in isolated mitochondria (10-20 μM) than in 
permeabilized cardiac cells and fibers (300-400 μM) (Saks et al., 1991; Saks et 
al., 1993; Kuznetsov et al., 2008). To elucidate the underlying cause of this 
phenomenon intracellular diffusion restrictions, activities of cellular ATPases 
and interaction of mitochondria with various cytosolic proteins have been 
considered. 

One of the popular viewpoints have been that  low affinity of mitochondrial 
respiration for ADP in cardiac cells is caused by a molecular crowding. However, 
many important discoveries disagree with this assumption and point that more 
specific cellular factors are involved instead. Firstly, the value of Km

ADP of 
mitochondria respiration is several-fold lower (10-20 μM) in glycolytic fast-
twitch muscle fibers in contrast to oxidative ones, although the diffusion distance 
from periphery to fiber core and the extent of molecular crowding in similar in 
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both tissue types (Veksler et al., 1995; Kuznetsov et al., 1996). Secondly, the 
value of Km

ADP appears to have strong dependence on tissue metabolic 
phenotype. For instance, high Km

ADP  value is a common feature of highly 
oxidative tissues such as neurons (100 μM) (Monge, Beraud et al., 2008), 
hepatocytes (250-300 μM) (Fontaine et al., 1995), m. soleus fibers (250-350 μM) 
(Veksler, Kuznetsov et al., 1995; Kuznetsov et al., 1996) and cardiac cells/fibers 
(200-350 µM) (Saks, Vasil'eva et al., 1993; Kuznetsov, Tiivel et al., 1996; Kay, 
Li et al., 1997). Thirdly, the extraction of one of the major consituents of 
myofibrils, myosin, by 800 mM KCl treatment, is shown to have no considerable 
impact on the value of apparent Km

ADP in cardiac cells (Kay, Li et al., 1997; 
Andrienko et al., 2003). Latter confronts also the involvement of ATPase activity 
in this matter. Finally, osmotic disruption of  MOM (25-35 microM) in cardiac 
cells has been shown to decrease Km ADP  to the level observed in isolated cardiac 
mitochondria, pointing  that diffusion restrictions origin specifically from MOM 
(Saks, Vasil'eva et al., 1993; Vasil'eva et al., 1993). In all, these results have led 
to a conclusion that low affinity of mitochondrial respiration for ADP  is a result 
of limited permeability of MOM for ADP that is regulated by some unknown 
cytosolic protein, named  “factor X” (Saks, Khuchua et al., 1994).  

Accumulating data from literature suggests that limited permeability of 
MOM for ADP stem from mitochondria-cytoskeleton interactions. Convincing 
evidence in favor of this is that upon disruption of cytoskeleton by proteases 
(predominantly trypsin) in cardiac cells, over manifold decrease in apparent 
Km

ADP of mitochondrial respiration is seen, although mitochondrial respiration 
rate (VO2

max) and the intactness of MOM remains unaltered (Kay et al., 1997; 
Andrienko et al., 2003; Appaix et al., 2003). In addition, it has been shown that 
microtubule and plectin, but not desmin network, are most sensitive to trypsin 
treatment (Kay, Li et al., 1997; Appaix, Kuznetsov et al., 2003). While desmin 
knock-out mice display also mitochondria disarray and increased respiratory 
sensitivity to ADP (Milner et al., 2000), evidence for their direct interaction is 
missing. Recent in vitro and in vivo studies, as described in more detail below, 
favor the idea that microtubular (MT) system is specifically involved in this 
regulation. 
 

6. Structure and function of tubulins 

 
Tubulins are a diverse family of proteins present in all mammalian cells. 

They are major components of cellular cytoskeleton and participate in variety of 
essential cellular processes, such as mitosis, intracellular transport, and cell 
motility (Luduena, 1998). Tubulin is a heterodimer of two globular proteins, α- 
and β-tubulin that assemble in head-to-tail fashion to form a linear protofilament. 
Both α- and β-tubulin are acidic proteins with molecular weight 55 kDa (Wade et 
al., 2009).  
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Figure 5. Microtubule structure and dynamic instability. Microtubules are composed of 
stable / -tubulin heterodimers that are aligned in a polar head-to-tail fashion to form 
protofilaments (a). Microtubule wall constitutes of 13 parallel protofilaments  b). 
Assembly–polymerization and disassembly–depolymerization of microtubules (c) is 
driven by the binding, hydrolysis and exchange of a guanine nucleotide on the -tubulin 
monomer. Polymerization is typically initiated from a pool of GTP-loaded tubulin 
subunits (c1), followed by GTP hydrolysis and generation of metastable, blunt-ended 
microtubule intermediate (c2), which might pause, undergo further growth or switch to 
the depolymerization phase. A shrinking microtubule is characterized by fountain-like 
arrays of ring and spiral protofilament structures (c3). The polymerization–
depolymerization cycle is completed by exchanging GDP of the disassembly products 
with GTP (c4) (Akhmanova and Steinmetz, 2008). Reprined with permission from 
Nature Publishing group. 

 
 
Tubulin assembly into 13 (generally) protofilaments gives rise to a microtubule 
(MT), that is a hollow tube of about 25 nm in diameter. This process is 
accompanied by GTP hydrolysis associated with β-tubulin so that principal 
constituent of MT is ‘GDP-tubulin’ (Wade, Garcia-Saez et al., 2009). MT ends 
are structurally and functionally distinct: minus ends expose α-tubulin subunits 
and are often stably anchored, whereas plus ends, exposing β-tubulin subunits, 
are highly dynamic and switch between phases of growth and shrinkage (Figure 
5) (Nogales and Wang, 2006).  
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In vertebrates, 8 isoforms of α-tubulin and 9 isoforms of β-tubulin are 

currently known (Sullivan and Cleveland, 1986). Isoforms of α-tubulin are 
designated as α1,α2, α3/7, α4, α6, α8 and αΤΤ1, and of β−tubulins as βI, βII (A, 
B), βIII, βIVA, βIVB (also known as IIC), βV, βVI, and βVII (Sullivan, 1988; 
Luduena et al., 1992; Luduena, 1993; Luduena, 1998; Lajtha et al., 2007). 
Further five members of the tubulin superfamily, γ, δ, ε, ζ,  and η, have been 
identified to date, but are less abundant (Wade, Garcia-Saez et al., 2009). 
Isoforms of αβ-tubulin  differ mainly in their C-terminal tail (CTT), that is on 
average 10-15 residues in length and strongly acidic (contains about 40% of the 
total protein charge) (Sackett, 2010). The structure of CTT can vary due to 
posttranslational modifications (PTM) as well as to sequence differences. This 
influence the binding of distinct proteins to the MT surface, including motor 
protein kinesin, that conduct mitochondria transport (Amos, 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. A tentative model of the restricted permeation block of VDAC by tubulin. 
Negatively charged C-terminal tail of tubulin penetrates into VDAC pore in its opens 
state through interaction with positively charged channel walls and induce partial 
blockage of the channel (Rostovtseva and Bezrukov, 2012). Reprinted with permission 
from Elsevier. 

 
 
Tubulin isoforms appear to be functionally distinct and vary in their 

spatio-temporal expression pattern. For example, βIV tubulin is reported to 
associate constantly with axonemal microtubules (Renthal et al., 1993); βIII 
tubulin plays  a protective role against free radicals and ROS (Ferreira and 
Caceres, 1992; Gan et al., 2007; Guo et al., 2010) and tubulin βV is found to 
decrease microtubule assembly in cells where it is overexpressed (Bhattacharya 
et al., 2011). Spatial segregation of tubulin isoforms has been found also in  
cultured neuronal cells, where βII- and βIII-tubulin preferenatially incorporated 
into colchicine-stable and colchicine-labile microtubules, respectively (Falconer 
et al., 1992). βII-tubulin displays relatively narrow tissue specific expression 
pattern, present mainly in heart, muscle, testis and brain (Narishige et al., 1999; 
Nakamura et al., 2003; Leandro-Garcia et al., 2010).   
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6.1. Mitochondria interactions with micotubules and tubulin 

 
It is well established that MTs are exploited in cells to direct 

mitochondria subcellular distribution and  to regulate mitochondria motility, 
fusion and fission (Anesti and Scorrano, 2006). Recent experimental data point 
that apart from their role in controlling mitochondria subcellular organization, 
MTs participate also in regulation of oxidative phosphorylation (Monge et al., 
2008; Rostovtseva and Bezrukov, 2008; Rostovtseva et al., 2008; Maldonado et 
al., 2010; Sheldon et al., 2010; Sheldon et al., 2011; Rostovtseva and Bezrukov, 
2012; Maldonado et al., 2013). Interaction between tubulin and mitochondria can 
be either indirect, through adaptor proteins (e.g. kinesin, dynein), or direct, 
involving membrane lipids and variety of membrane proteins, mostly unknown 
(Sackett, 2010).  

First evidence for the existence of direct mitochondria-tubulin interaction 
came from the study with purified liver mitochondrial membranes. By using 
radioligand binding assay, it was shown that tubulin binds to mitochondrial 
membranes  in saturable, reversible and high affinity (Km=3-5 μM) fashion 
(Bernier-Valentin and Rousset, 1982). Shortly thereafter, immunoelectron 
microscopy observations evidenced that tubulin positions in close vicinity to 
mitochondrion in cardiac cells (Saetersdal et al., 1990). Recent 
electrophysiological experiments with voltage dependent anion channel, VDAC 
(Rostovtseva, Sheldon et al., 2008), revealed the functional significance of this 
interaction. Of note, VDAC is the most abundant protein in MOM, that in 
mammalian exists in three distinct isoforms (Anflous et al., 1998), and governs 
the ATP/ADP flux across MOM (Colombini, 2004; Lemasters and 
Holmuhamedov, 2006). Reconstitution experiments with VDAC demonstrated 
that tubulin, at already nanomolar concentrations, induce partial closure of a 
channel and decrease thereby channel permeability to ADP. In addition, these 
experiments identified that permeability blockage is mediated by tubulin CTT, as 
its removal via subtilisin cleavage abolished the observed effect (Rostovtseva, 
Sheldon et al., 2008). The model, proposed on the basis of these results, involves 
penetration of CTT of tubulin into positively charged VDAC lumen, which shifts 
the channel ion selectivity toward more cationic (Figure 6) (Rostovtseva and 
Bezrukov, 2012). Further proof for direct tubulin-mitochondria interaction has 
been provided by co-immunoprecipitation experiments with normal and 
cancerous cell lines, evidencing interaction between VDAC and βIII-tubulin 
(Carre et al., 2002). Also incubation of 1 μM tubulin with isolated brain 
mitochondria is found to increase the apparent Km

ADP of mitochondrial 
respiration from 9 μM to 169 μM (Monge, Beraud et al., 2008). Finally elevation 
of free tubulin levels in variety of cancer cells has been shown to decrease 
mitochondrial membrane potential, suggesting that tubulin suppress metabolite 
exchange through MOM (Maldonado, Patnaik et al., 2010).  

Interaction of VDAC with tubulin can be influenced by several distinct 
cellular factors. First, hexokinase-2 (HKII), highly expressed in many tumor 
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cells, is shown to bind to VDAC and may thus compete with a binding of tubulin 
(Robey and Hay, 2006; Mathupala et al., 2009). Secondly, in vitro 
phosphorylation of VDAC by GSK3β and cAMP-dependent protein kinase A 
(PKA) has been found to increase the on-rate of tubulin binding to VDAC 
(Sheldon et al., 2011). Co-immunoprecipitation and GST-based affinity pull-
down evidenced that in mouse cardiac mitochondria VDAC interacts with 
pyruvate kinase C epsilon (PKCε) and cardiac specific expression of PKCε in 
mice was found to inhibit Ca2+ induced permeability transition pore (mPTP) 
opening (Baines et al., 2003). Other studies have reported that VDAC 
phoshorylation has cardioprotective effect (Baines, Song et al., 2003; Clarke et 
al., 2008; Javadov et al., 2009) and it reduce the entry of ATP into the 
mitochondria under de-energized conditions (Das et al., 2008). Finally 
electrophysiological experiments have shown that tubulin interacts only with a 
certain VDAC isoforms, such as VDAC-1 and VDAC-2, and not with VDAC-3 
(Maldonado, Sheldon et al., 2013). 
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AIMS OF THE THESIS 

The aim of this thesis was to gain more in depth understanding of the 
mechanisms of mitochondrial respiration regulation in muscle cells, and to 
elucidate the role of tubulin in mitochondria functional regulation.   

 
In order to achieve this aim specific objectives of this study were: 
 

1. Kinetic analysis of energy fluxes from mitochondria into cytosol and an 
assessment of tubulin involvement in regulation of energy flux exchange 
through MOM. 

2. Determination of mitochondria specific tubulin isoform responsible for 
the regulation of MOM permeability for adenine nucleotides in cardiac 
cells. 

3. Analysis of the mechanisms of mitochondrial respiration regulation and 
βII-tubulin distribution in phenotypically distinct skeletal muscles. 

4. Metabolic Control Analysis of reactions in Mitochondrial Interactosome 
in skeletal muscles. 
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MATERIAL AND METHODS 

Detailed description of materials and methods is provided in the publications of 
this thesis. Briefly, the following approaches were used in the present study: 
 

1. Preparation of biological materials 

1.1. Animals 

 
Male Wistar rats weighing 150-200g were used in the experiments. The 

animals were housed at constant temperature (22ºC) in environmental facilities 
with a 12:12h light-dark cycle adn were given standard laboratory chow ad 
libitum. Animal procedures were approved by Estonian National Committee for 
Ethics in Animal Experimentation (Estonian Ministry of Argiculture). 

1.2. Preparation of permeabilized muscle fibers  

 
Permeabilized fibers were prepared according to the method described 

earlier (Saks et al., 1998; Kuznetsov et al., 2008). The animals were 
anaesthetized, decapitated, and muscles of interest were placed into a plastic Petri 
dish containing ice-cold isolation solution. The dissection of the muscle strips 
was carried out in 20 minutes under a microscope of a cold light source, through 
diverse smooth horizontal moves to obtain thin muscle-fibers bundles. Fibers 
were permeabilized with 50 mg/ml saponin treatment keeping the mitochondrial 
membranes intact.  

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 
(Saks, Belikova et al., 1991). 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 (Saks, 
Veksler et al., 1998; Kuznetsov, Veksler et al., 2008). 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 (Saks et al., 1975). 
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2. Methods 

2.1. Oxygraphic measurements 
 

The rates of oxygen uptake were determined with high-resolution 
respirometer (Oxygraph-2K, from OROBOROS Instruments, Austria) in 
Mitomed solution (Kuznetsov, Veksler et al., 2008). Measurements were carried 
out at 25ºC; solubility of oxygen was taken as 240 nmol/ml (Gnaiger, 2001). 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. 

2.2. Quality tests of cardiomyocytes 

 
In order to to ensure reliable results, regular quality tests of CM and 

isolated mitochondria preparation were performed as described (Saks, Veksler et 
al., 1998; Kuznetsov, Veksler et al., 2008). Only the mitochondria and 
cardiomyocytes meeting the requirements were used in kinetic experiments 
     

2.3. Measurements of concentration of cytochrome aa3 

 
The contents of mitochondrial cytochrome aa3 in the isolated 

mitochondria and cardiomyocytes were measured spectrophotometrically as 
described (Monge et al., 2009). 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). 

2.4. Determination of protein content 

 
Protein concentrations were determing using BCA protein assay kit 

(Pierce, USA). 
 

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, as described previously (Sikk et al., 
2009).  Separations of Cr, PCr and adenine nucleotides were performed by 
ultraperformance ion-pair chromatography (UPLC) on a 2.1×100 mm ACQUITY 
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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 

 
For mitochondria labelling, cardiomyocytes and HL-1 cells were 

preloaded with mitochondria-specific fluorescent probe 0.2 μM MitoTracker 
Red™ and Green™  for 15 min at 370C (Molecular Probes, Eugene, OR). Images 
were analyzed using Volocity software (Improvision, France). 

Immunolabelling of cytoskeletal and mitochondrial proteins was 
performed on intact rat skeletal or heart left ventricular muscle fibers in 
suspension. Fibers were fixed with 4% paraformaldehyde, permeabilized with 
1% Triton X-100 and blocked with 2% BSA PBS solution. For immunolabelling 
of VDAC heat-mediated antigen retrieval was performed before 
permeabilization. Fibers, treated with primary and secondary antibodies, were 
mounted in ProLong® Gold Antifade Reagent with DAPI (LifeTechnologies), 
deposited on glass coverslips and observed by confocal microscope. 
 

2.7. Western blot analysis 

 
Muscles samples were quickly removed, flash-frozen in liquid nitrogen 

and ground into fine powder with mortar and pestle. Samples were homogenized 
at room temperature in Tris/Triton X-100 lysis buffer, centrifuged at 15 000 g for 
4 min and insoluble material was discarded. 
Free and polymerized tubulin were assessed with a Microtubule/Tubulin In Vivo 
Assay Kit (Cytoskeleton) according to the manufacturer´s instructions. 
Polymerized microtubule fraction was solubilized in Brinkley buffer containing 
4M urea.  

Electrophoresis was performed on the Mini Protean II from BioRad on in 
the Tris-tricine buffer solution and blotting of the unstained gels was performed 
on the Trans-Blot SD Semi-Dry Transfer Cell (BioRad) using PVDFmembranes 
(Millipore). Blots were probed with primary antibodies for β-tubulin isoforms, 
VDAC and MtCK. Immunoblots were developed using anti-mouse (1:45000, 
Abcam) and anti-rabbit (1:1000, Abcam) secondary antibodies conjugated to 
peroxidase (Abcam). Detection was conducted using chemiluminescence kit 
(SuperSignal West Dura Extended Duration substrate, Pierce). 
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2.8. Antibodies 

 
Mouse monoclonal anti-βI-tubulin (WB 1/20 000, IF 1/1000; Abcam), 

mouse monoclonal anti-βII tubulin (WB 1/250, IF 1/250; Abcam), rabbit 
monoclonal anti-βIII-tubulin (wb 1/1000, IF 1/50; Abcam), mouse monoclonal 
anti-βIV-tubulin (WB 1/400, IF 1/1000; Abcam), rabbit polyclonal anti-β-tubulin 
(WB 1/500, IF 1/200, Abcam), rabbit polyclonal anti-MtCK (1:250; Abcam), 
rabbit polyclonal anti-β-tubulin (1:500; Abcam),  polyclonal rabbit VDAC 
antibody serum (1:1000; kindly provided Dr. Catherine Brenner, Universite 
Paris-Sud, Paris, France), DyLight 488 goat anti-rabbit IgG (1:250, Abcam), 
Dylight 549 goat anti-mouse IgG (1:250, Abcam).  
 

2.9. Confocal microscopy  

 
The fluorescence images were acquired by Zeiss LSM 510 confocal 

microscope (Carl Zeiss) equipped with a Plan-Apofluar 63x/1.30 glycerol 
objective. Laser excitation 488 nm was used for DyLight 488with emission 
detected through a 505- to 530 band-pass filter, DyLight549 was excited at 561 
nm and detected through 575- to 615 nm band-pass filter. Processing of all 
confocal data sets were done with LSM Image Browser software, performing 
rotation, cropping, linear contrast adjustment, channel balancing and addition of 
scale bar. Images presented were copy–pasted from LSM Image Browser to 
Photoshop CS4 without further modifications.  
 

2.10. Cell culture 

 
HL-1 mouse atrial cardiomyocyte tumor cells were cultured on 

fibronectin (12.5 mg/ml)-gelatine (0.02%) coated flasks in Claycomb medium 
(Signa) supplemented with 10% foetal bovine serum, 2 mM L-glutamine (PAN 
Biotech GmbH), 0.1 mM norepinephrine (Sigma), 0.3 mM ascorbic acid 
(Sigma), 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma) in a humid 
atmosphere of 5% CO2/95% air at 370C.   
 

2.11. Reconsitution experiments 

 
Isolated and purified rat heart mitochondria (8 mg/ml) were incubated in 

Mitomed solution with 1 µM tubulin for 30 min at room temperature (22 0C). 
Thereafter, oxygraphic measurements were carried out in presence or absence of 
20 mM creatine. Kinetics of respiration activation was analyzed by successive 
addition of ADP (0.005-0.01-0.02-0.05-0.1-0.2-0.5-1-2-3 mM). Assay medium 



 

35 

contained 0.2% of serum bovine albumin and 1 IU/ml apyrase from potato 
(Sigma-Aldrich) as an ADP regenerating system. 
 

2.12. Determination of flux control coefficients (FCC) 

 
FCC allows to estimate the control that a certain reaction exerts on the 

steady-state flux of a overall metabolic pathway. To estimate the flux control 
coefficients of oxidative phosphorylation in mitochondria the method developed 
by Groen et al for irreversible inhibitors was used (Groen et al., 1982). 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 
metabolic control analysis terms. The FCCs were defined as the variations in flux 
(J) when an infinitesimal change in the enzyme i concentration or activity takes 
place (Fell, 1997). 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 is defined by following 
equation: 
 

CJ
Vi=(ΔJ/ΔI)*(Imax/Jo) 

 
 
where (ΔJ/ΔI) is initial slope of the stepwise inhibition of oxygen respiration 
graph, Imax is the inhibitor concentration giving complete inhibition, and J0 is the 
initial steady-state flux value (Moreno-Sanchez et al., 2008). The flux control 
coefficients in permeabilized skeletal fibers were determined by using graphical 
method described by Fell (Fell, 1992).  
Following inhibitors were used: carboxyatractyloside (CAT) for ATP/ADP 
transporter, oligomycin for ATP Synthase, rotenone for complex I, antimycin-A 
(ANM) for complex III, sodium cyanide (NaCN) for complex IV and 1-Fluoro-
2,4-dinitrobenzene (DNFB) for MtCK.  
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RESULTS AND DISCUSSION 

1. Direct measurement of energy fluxes from mitochondria into 
cytoplasm in permeabilized cardiac cells in situ: some evidence for 
mitochondrial interactosome (Article I) 

 
Many controversies exist in the literature regarding the mechanisms of 

metabolic feedback regulation of mitochondrial respiration in cardiac cells during 
workload changes. For example, creatine kinase (CK) reaction and its non-
equilibrium state is ignored in some modelling studies and coordination of ATP 
production in mitochondria with its consumption in cytosol is considered to 
occur predominantly via direct ATP/ADP channeling (Beard, 2005; Wu et al., 
2008). Other studies propose that calcium is a main feedback signal, that matches 
ATP supply by mitochondria with its demands in cytosol (Wu, Zhang et al., 
2008; Balaban, 2009). Finally, evidence has been received that both pathways – 
PCr shuttle and direct ATP diffusion – mediate in nearly similar efficiency the 
energetic crosstalk between mitochondria and cytosolic ATPases (Kaasik et al., 
2001). To gain more in depth understaning of this matter, we estimated in this 
study quantitatively the effectiveness of MtCK reaction in the control of 
mitochondrial respiration in cardiac cells and assessed also the role of tubulin in 
mitochondrial respiration regulation.  

To estimate the contribution of phosphocreatine (PCr) flux in energy tranfer 
from mitochondria into cytoplasm, the ratio of PCr/O2 was determined with the 
use of respirometry and HPLC/UPLC techniques. The closer this value is to 6, a 
theoretical maximum of P/O2, the higher is the extent of PCr that is produced in 
coupled MtCK and oxidative phopshorylation reaction (Nicholls and Ferguson, 
2002). Mitochondrial respiration was activated by addition of fixed amount of 
MgATP (1, 2, 5 mM) and 10 mM creatine, in presence of ADP trapping system, 
pyruvate kinase/phosphoenolpyruvate PK (20 IU/ml)-PEP (5 mM), to prevent the 
exhaustion of cytosolic PCr reserves (Gellerich, 1982). The samples of reaction 
mixtures were collected at 3, 6 and 10 min after activation of respiration by 
creatine and the accumulation of PCr and ATP was determined by HLPC/UPLC 
technique. PCr and ATP concentrations were calculated from corresponding peak 
areas on chromatograms.  

As demonstrated in Figure 7, the rate of ATP production exhibits no 
significant change within the surrounding medium, while concentration of PCr 
increase in time in dependence of MgATP concentration. To ascertain the 
contribution of MtCK reaction to PCr synthesis, the rate of overall PCr 
production was substracted from the rate recorded in conditions of inhibited (10 
μM rotetone)  oxidative phosphorylation (Figure 7B and C). At any MgATP 
concentrations, the value of PCr/O2 was close to 6, with average value 5,68±0,14 
(Table 1). This is close to previously reported theoretical maximum of P/O2 ratio 
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measured under conditions similar to those in vivo (Nicholls and Ferguson, 
2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A The rate of ATP production B The rate of PCr production by mitochondrial 
and cytoplasmic creatine kinases in presence (solid lines) and absence (dashed lines) of 
active oxidative phophorylation C The net rate of oxidative PCr production. 
 
 

aVPCr rate of PCr production measured with the use of HPLC/UPLC 
bV02 rate of oxygen consumption 
 
Table 1. Measured rates of PCr production, corresponding oxygen consumption and their 
calculated ratios for fixed ATP concentration in permeabilized cardiac cells.  

 
 
The efflux of PCr and adenine nucleotides from mitochondria occurs 

through MOM protein VDAC, which permeability for anions is regulated 

 
aVPCr 

μmolmg-1 protein min -1 

bV02 

μmolmg-1 protein min -1
VPCr/VO2 

1 mM ATP 0,23±0,02 0,041±0,001 5,80±0,45 

2 mM ATP 0,31±0,02 0,056±0,02 5,44±0,44 

5 mM ATP 0,43±0,04 0,074±0,003 5,68±0,48 

  Average 5,68±0,14 

BA 

C
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presumably by tubulin (Monge, Beraud et al., 2008; Rostovtseva and Bezrukov, 
2008; Rostovtseva, Sheldon et al., 2008). To test, if tubulin is able to restore low 
MOM permeability for ADP in isolated heart mitochondria, the kinetics of 
respiration regulation was assayed in the absence (control) or presence of 1 μM 
tubulin. As shown in Figure 8, in control, the apparent Km

ADP of mitochondrial 
respiration is very low, equal to 11±2 µM, while upon addition of tubulin two 
populations of mitochondria with different Km

ADP emerge, one with very high 
value, equal to 330±47 μM, and other with the value close to control, 9±5 μM. 
Upon addition of 20 mM creatine, the value of apparent Km

ADP decreased to 23±6 
μM, similarly to that seen in intact permeabilized cardiac cells (Figure 8). 
According to previous respirometric studies, creatine increase the affinity of 
mitochondrial respiration for ADP due to activation of coupled MtCK reaction, 
that facilitate intramitochondrial ATP/ADP cycling (Saks et al., 1991; Saks et al., 
1998; Meyer et al., 2006; Guzun, Timohhina et al., 2009). 

 
 
 
Figure 8. Comparison of the 
apparent Km values of exogenous 
ADP in presence of tubulin and/or 
creatine.  
 

 
 

 
 
 

 
High PCr/O2 ratios observed for all tested MgATP concentration 

demonstrates that coupling of MtCK reaction with oxidative posphorylation is 
highly efficient – almost all ATP synthesized within mitochondrial matrix is 
utilized in MtCK reaction for PCr generation. Thus, in contrast to previously 
proposed idea (Kaasik, Veksler et al., 2001; Joubert et al., 2008; Kuum et al., 
2009), these results clearly show that under physiological conditions, when 
creatine activation is present, direct adenine nucleotide channeling between 
mitochondria and ATPases is only marginal. Earlier kinetics measurements have 
shown that affinity of MtCK for creatine  in permeabilized cardiac cells is 
increased in comparison with isolated mitochondria (over tenfold decrease in the 
apparent Km

ADP) and disruption of intracellular structure in permeabilized cardiac 
cells or isolation of mitochondria reduce creatine stimulated respiration rate in 
presence of PK/PEP system nearly 50% (Guzun, Timohhina et al., 2009). Thus, 
permeability restrictions for ADP are essential for facilitating coupling of MtCK 
reaction with oxidative phosphorylation and for enhancing intramitochondrial 
ATP/ADP cycling. Interestingly, the affinity for PCr is not changed between in 
situ and in vitro while differ substantially for MgATP, implying that restrictions 
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at MOM are selective for adenine nucleotides and favor thereby the control of 
respiration over creatine kinase system (Guzun, Timohhina et al., 2009). 

 
 
 
 
Figure 9. Proposed model for the 
mechanism of respiration regulation and 
energy flux control in cardiac cells. 
Accordingly a supercomplex, named 
Mitochondrial Interactosome, that consists 
of ATP-synthasome-MtCK-VDAC-tubulin 
couples oxidative phophorylation with PCr 
generation and represent a key site of 
respiration and energy flux control within 
mitochondria. 
 
 
 

 
Reconsitution experiments with isolated mitochondria and tubulin 

revealed that tubulin addition restores low affinity of mitochondrial respiration 
for ADP  up to a level of that in permeabilized cardiac cells. These results allow 
to propose that in cardiac cells mechanism of mitochondrial respiration 
regulation and control of energy fluxes involves a complex of ATP-synthetase, 
respiratory enzymes, ANT, MtCK, VDAC and tubulin, named Mitochondrial 
Interactosome, that couples oxidative phosphorylation with MtCK reaction and 
facilitates intramitochondrial ATP/ADP cycling (Figure 9). Putative existence of 
Mitochondrial Interactosome in cardiac cells conforms to the fundamental theory 
of Peter Mitchell about vectorial metabolism and supports the theories of 
intracellular energy transport by phosphotranfer networks (Mitchell, 1979; 
Wallimann, Wyss et al., 1992; Wyss and Kaddurah-Daouk, 2000; Dzeja and 
Terzic, 2003; Schlattner et al., 2006; Vendelin et al., 2007; Saks, Kaambre et al., 
2008). The existence of similar supercomplex, i.e. ATP-synthasome, VDAC and 
HKII, have been previously identified in cancer cells (Pedersen, 2008) 
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2. Mitochondria-cytoskeleton interaction: Distribution of β-tubulins in  
cardiomyocytes and HL-1 cells (Article II) 

 
As evidenced above (Article I), the majority of ATP synthesized in oxidative 

phosphorylation is exploited in MtCK reaction for the synthesisis of PCr. 
According to previous kinetic studies, the efficiency of coupling between MtCK 
and oxidative phosphorylation relies on limited MOM permeability (Appaix, 
Kuznetsov et al., 2003; Guzun, Timohhina et al., 2009) and is regulated likely by 
tubulin (Carre, Andre et al., 2002; Appaix, Kuznetsov et al., 2003; Monge, 
Beraud et al., 2008; Rostovtseva, Sheldon et al., 2008). In mammalian, several 
distinct α- and β-tubulin isoforms are present (Cleveland, 1987). Whether  
particular isoform is involved in regulation of MOM permeability in cardiac cells 
is not yet known. To address this question, we examined in this study the 
intracellular distribution and expression of four, wide-spread β-tubulin isoforms 
(βI , βII (A and B), βIII, βIV) in cardiac and mouse atrial cancerous NB (non-
beating) HL-1 cells. Unlike cardiac cells, NB HL-1 cells have  substantially 
higher mitochondrial respiratory affinity for ADP (appKm=10-20 μM), suggesting 
that permeability restrictions at MOM for adenine nucleotides are absent there, 
and lack the expression of MtCK (Anmann, Guzun et al., 2006; Eimre et al., 
2008; Monge, Beraud et al., 2008).  
 First, the expression of β-tubulin isoforms was examined in protein 
extracts of rat heart left ventricle and NB HL-1 cells by Western blot analysis. 
Brain tissue samples and a mixture of tubulins purified from brain were used as a 
reference to verify antibody reactivity. Western blot analysis revealed that all 
studied β-tubulin isotypes are present in heart tissue, as well as in brain, whereas 
in NB HL-1 cells, the expression of βII-tubulin is missing (Figure 10 A). A 
similar tissue specifc expression pattern was found also for MtCK, which was 
abundant in heart and absent from NB HL-1 cells. 

Next, the subcellular distribution of β-tubulin isoforms was assessed 
immunocytochemically by confocal microscopy. Therefore, cardiac and NB-HL-
1 cells were fixed and immunolabelled for β-tubulin isoform specific antibodies. 
In agreement with Western blot results, all β-tubulin isoforms were visbile in 
cardiac cells, while in NB HL-1 cells, only weak fluorescence signal was seen for 
βII-tubulin. Furthermore, each β-tubulin isoforms displayed a unique subcellular 
localization pattern. For example, in cardiac cells βIII-tubulin formed thin 
transversely aligned streches, that co-localized with the α-actinin, a protein 
present at Z-lines. Most interestingly, βII-tubulin was found to form chess-board 
like pattern within the interior of cardiac cell, which was similar to the known 
localization pattern of mitochondria. Indeed, then βII-tubulin immunolabelled 
cells were stained with MitoID, their co-localization became apparent (Figure 10 
B).  
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Altogether, these results show that β-tubulin isoforms vary significantly 
in their expression and distribution pattern between cardiac and NB HL-1 cells 
and might thus play a different roles in these cells. Tubulin is the main 
component of mammalian cytoskeleton and apart from its other functions, it has 
been shown to participate also in regulation of energy metabolism  (Monge, 
Beraud et al., 2008; Timohhina et al., 2009). According to a previously proposed 
model, tubulin binds to VDAC via its negatively charged C-terminal tail (CTT), 
that penetrates into positively charged channel lumen and render channel more 
cation selective (Colombini, 2004; Rostovtseva and Bezrukov, 2012). This 
assumption is supported by the fact that upon removal of tubulin CTT by 
subtilisin, its effect on VDAC conductance dissapears (Rostovtseva et al., 2008). 
The composition of CTT differs significantly across tubulin isoforms and defines 
their recognition by different cellular factors (Luduena, 1998). It is conceivable 
thus, that due to their distinct CTT composition, isoforms have different ability to 
interact with VDAC, and particular isoforms, such as βII-tubulin, might be 
preferentially engaged in mitochondria functional regulation, as observed in this 
study.  

Interestingly, βII-tubulin expression was identified only in cardiac cells, 
where MOM permeability to ADP is restricted, while was missing from NB HL-
1 cells, where permeability restrictions for ADP are low. According to a MI 

Figure 10. A Western Blot analysis of βII-tubulin in rat heart left ventricle and in HL-
1 cells. Numbers above the images show the amount of added total protein in µg. B 
Confocal micrographs of cardiac cell immunolabelled for βII-tubulin and stained with  
mitochondria specific dye (Mito-IDTM Red). Scale bar 5µm. 

A B



 

42 

model proposed for cardiac cells (Article I, Figure 9), limited permeability of 
MOM for adenine nucleotides and  functional coupling of MtCK with oxidative 
phosphorylation forms a fundamental basis for realizing metabolic feedback 
regulation of mitochondria via creatine phosphotranfer. Ample of data suggest 
that tubulin interacts with VDAC and together with the results of this study, it 
can be concluded that βII tubulin is the missing component in MI (Monge, 
Beraud et al., 2008; Rostovtseva, Sheldon et al., 2008). Apart from the functional 
significance of this interaction in facilitating the coupled MtCK reaction, the 
advantage of βII-tubulin-VDAC interaction may also be that it prevents cardiac 
cells from wasting mitochondrial ATP in glycolysis. In cancer cells with 
Warburg phenotype, such as NB HL-1, hexokinase II (HKII) is bound to VDAC 
and mitochondrial ATP is channeled directly to glycolytic network. Conversely, 
in cardiac cells HKII resides instead in cytosol and do not seem to interact with 
VDAC (de Cerqueira Cesar and Wilson, 1995; Eimre, Paju et al., 2008). In 
addition,  βII-tubulin- binding to MOM may protect heart from apoptosis 
(Antonsson, 2004; Dorn, 2009). Possible alteration of mitochondria–tubulin 
interactions in dilated and ischemic cardiomyopathies may explain why the rate 
of apoptosis can increase several hundred folds in these diseases (Dorn, 2009). 
This is one of interesting problems for further study 

In constrast, absence of βII-tubulin from NB HL-1 cells, replaced by 
HKII, and low expression level of MtCK might contribute to the mechanism of 
Warburg effect by allowing the direct utilization of mitochondrial ATP for 
glycolysis. In cancer cells, binding of HKII to VDAC increase its affinity for 
ATP by ~5-fold, and protects HKII from the inhibition of its byproduct, glucose-
6 phosphate (Bustamante and Pedersen, 1980).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

43 

3. Role of mitochondria-cytoskeleton interactions in respiration 
regulation and mitochondrial organization in striated muscles (Article 
III) 

 
The mechanisms of mitochondrial respiration regulation differ significantly 

between phenotypically distinct muscle types. In oxidative heart and soleus 
muscles, the increase in mitochondrial respiration rate is observed at almost 
stable steady-state cytosolic levels of ATP and PCr, whereas in glycolytic 
muscles (e.g. m. gastrocnemius), substantial decrease in their intracellular 
content is observed  (Bernier-Valentin and Rousset, 1982). At the same time, the 
affinity of mitochondrial respiration for ADP displays over manifold lower value 
in oxidative heart and soleus muscle fibers (Km

ADP=200-400 μM) than in 
glycolytic ones (Km

ADP=10-20 µM) (Kuznetsov, Tiivel et al., 1996). Given that 
intrinscic properties of mitochondria do not vary as much between muscle types 
to explain discrepancies of that extent  (Armstrong and Phelps, 1984; Glancy and 
Balaban, 2011), the underlying cause of these phenomena has remained 
somewhat controversial. The aim of this work was to study the mechanisms of 
mitochondrial respiration regulation in different oxidative and glycolytic rat 
permeabilized skeletal musce fibers by using high-resolution oxygraphy. In 
addition, subcellular distribution and expression of putative VDAC permeability 
regulating protein, βII-tubulin, was assessed by means of confocal microscopy 
and Western blotting. Following fiber types were examined in this study: soleus 
(84% slow-twitch oxidative fiber), gastrocnemius red (GR) (51% slow-twitch 
oxidative fiber), gastrocnemius white (GW) (92% fast-twitch glycolytic fiber) 
and EDL (76% fast-twitch glycolytic fiber).  

 
3.1. Kinetics of mitochondrial respiration regulation  

 
First, the affinity of mitochondrial respiration for ADP was determined by 

stimulating mitochondrial respiration with elevating concentrations of exogenous 
ADP. In accordance with previous observations (Kuznetsov, Tiivel et al., 1996; 
Saks, Kaambre et al., 2001), striking differences in the values of apparent Km

ADP 
of mitochondrial respiration was observed between muscle types. As shown in 
Table 2, the value of apparent Km

ADP is over 60 fold higher in soleus than in EDL 
and GW fibers. At the same time, the maximal respiration rate (VO2

max) is almost 
similar between soleus, GR and EDL, and only 2-fold lower in GW, which 
corresponds approximately to the known differences in the cell volume occupied 
by mitochondria in these muscles (e.g. 5,9% and 2,2% in soleus and 
gastrocnemius, respectively) (Schaper et al., 1985). When creatine was added to 
activate MtCK reaction, nearly 6-fold and 2.5-fold decline in apparent Km

ADP was 
observed in soleus and GR fibers, respectively, while no significant change was 
seen in GW and EDL (Table 2). Thus, in soleus and to a lesser extent also in GR, 
creatine has the ability to exert control over mitochondrial respiration and can 
amplify mitochondrial respiration regulation by ADP via activation of coupled 
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CK reaction. This is in accordance with Western blot results which showed only 
minor levels of MtCK in EDL and GW muscles and high expression levels in 
oxidative muscles (i.e. heart, soleus, GR).  

Next, the efficiency of creatine mediated feed-back between mitochondria 
and ATPases was studied by pyruvate kinase (PK)/phosphoenolpyruvate (PEP) 
test. This protocol is based on the assessment of competition between 
mitochondria and PK/PEP for endogenous ADP (Gellerich and Saks, 1982) and 
allows to estimate which energy tranfer route (e.g. direct adenine nucleotide 
channeling, creatine phosphotransfer) is utilized to couple mitochondrial 
respiration with cytosolic ATPases. 

 
 
Table 2. Respiratory parameters of permeabilized skeletal muscle fibers. Respiration of 
permeabilized skeletal muscle fibers was measured in the presence of 5 mM glutamate 
and 2 mM malate in Mitomed solution at 25°C. Values are means ± SEM. 
 
 
As shown in Table 2, in presence of PK (20 U/ml)/PEP (5 mM) nearly 50% 
decline in creatine activated respiration rate is seen in GR, EDL and GW fibers, 
suggesting that a main part of phophoryl tranfer is realized in these muscles via 
direct ATP/ADP channeling which are diffusing freely between mitochondrial 
and cytosolic compartments due to high MOM permeability for ADP. In contrast, 
no observable change is seen in respiration rate under similar conditions in soleus 
fibers, consistent with their markedly higher MtCK expression level and low 
MOM permeability for ADP. Figure 11 highlights that the extent of PK/PEP 
induced respiration inhibition correlates in different muscle type with the value 
of apparent Km

ADP of mitochondrial respiration.  
 
 
 
 
 
 

  V0 Vmax (ADP)
Vmax 

(ATP+Cr) 
KmADP 

KmADP 
(+Cr) 

PK-PEP 
inhibition 

   nmolO2·min-1·mg-1 dry weight fibers µM  % 

Soleus  1.55±0.09 10.6±0.4 9.8±0.1 294.2±15.9 66.6±4,7 2.2±0.5 

GR 2.10±0.08 9.1±0.4 9.0±0.3 122.0±16.0 49.5±2.8 52.8±5.2 

GW 0.70±0.01 3.8±0.1 5.3±0.27 4.5±1.8 3.6±0.3 48.6±0.2 

EDL 1.10±0.05 9.1± 0.5 9.4±0.2 7.4±1.7 5.2±0.6 49.0±3.0 
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Figure 11. Estimation of the accessibility of endogenous ADP to competitive ADP 
utilizing systm, PK/PEP. A Inhibition of  creatine activated respiration by PK/PEP in 
different muscles. B Relationship between inhibition of creatine-activated respiration and 
apparent Km for ADP.  
 
 
3.2. Role of βII-tubulin in regulation of respiration and mitochondrial 
arrangement in skeletal muscle fibers 
 

In cardiac cells, MOM permeability for adenine nucleotides is regulated 
likely by βII-tubulin (Artcile II). To explore the possibility that βII-tubulin is 
responsible for striking differences in the values of Km

ADP of mitochondrial 
respiration between different skeletal muscle types, βII-tubulin expression and 
intracellular distribution relative to mitochondria was assessed.  

Since tubulin is proposed to participate in mitochondria functional 
regulation in its unpolymerized state (Rostovtseva, Sheldon et al., 2008), both 
cold-soluble and insoluble protein extracts of muscles were examined for the 
presence of βII-tubulin and total β-tubulin by Western blot. As demonstrated in 
Figure 12, the content of free βII-tubulin is relatively high in heart and soleus 
muscles, while quite modest or totally absent from GR or EDL, GW muscles, 
respectively. Interestingly, polymerized βII-tubulin tubulin was detected in minor 
amounts only in heart. Likewise, the content of total β-tubulin, both in cold-
soluble and insoluble fraction, appeared somewhat higher in heart, soleus and 
GR, than in EDL and GW muscles. Densitometric analysis showed that total β-
tubulin dimer/polymer ratio remains the same irrespective of muscle type, 
suggesting that decrease in free β-tubulin levels, and conceivably also in βII-
tubulin, is not related to concomitant increase in their polymerized forms, but is 
rather a result of overall downregulation of these proteins. 
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Figure 12. Immunoblot of free and polymerized βII-tubulin and total β-tubulin in soluble 
and insoluble muscle extracts  (35 µg protein per lane). The data shown are representative 
of 3-4 independent experiments.  
 

Next, subcellular localization of βII-tubulin relative to mitochondria and 
localization of mitochondria relative to Z-lines was assessed by confocal 
microscopy. Therefore, fixed muscle fibers were co-immunolabelled with 
antibodies for VDAC, for visualization of mitochondria, α-actinin, for 
visualization of Z-lines, and for βII tubulin. As depicted in Figure 13, βII-tubulin 
is present in heart and soleus as thick segregated bundles, that organize 
transversely to fiber longitudinal axis, while forms rather thin filaments in GR, 
EDL and GW muscles. Surprisingly, all studied muscle types display clear co-
alignment of mitochondria along βII-tubulin streches (Figure 13). Assessment of 
mitochondria localization relative to Z-lines revealed that mitochondria organize 
in heart and soleus at the level of A-band, while reside in GR, EDL and GW, 
close to Z-lines, in agreement with previous electron microscopy observations 
made for human skeletal muscles (Ogata and Yamasaki, 1997). Thus, it can be 
deduced that similar spatial remodelling accompany also βII-tubulin localization 
in different muscle types. Relatively strong immunolabelling of βII-tubulin in 
EDL and GW fibers, contradicts with Western blot results which may have two 
plausible reasons. Either part of the βII-tubulin was still left unextracted during 
sample preparation, as noted previously for axonal microtubules which are also 
abundant of βII-tubulin (Tashiro and Komiya, 1989); or βII-tubulin antibody 
binding site is less accessible under denaturating conditions.   

It is well known that microtubules direct mitochondria subcellular 
organization and are responsible for their enrichment at sites of high energy-
demand (Reynolds and Hand, 2004; Anesti and Scorrano, 2006). As muscle types 
varied in their subcellular localization of mitochondria and βII-tubulin, it seems 
plausible that βII-tubulin localization contributes to the establishment of 
compartment specific organization of mitochondria in muscle cells.  
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Figure 13.  Immunofluorescent confocal micrographs of distribution of mitochondria 
(VDAC), βII-tubulin and  Z-lines  (α-actinin) in fixed heart and skeletal muscle fibers. 
Optical slices of fibers are optained at least 0.5 μm beneath sarcolemma and specimens 
are all oriented so that the long axis of the fiber is directed longitudinally (slightly 
diagonal in case of Soleus and GR). Scale bar, 2 µm.  
 
 
To study if the observed spatial remodelling is related to all β-tubulin isoforms or 
only with a subset, the organization of total β-tubulin and α-actinin was examined 
in soleus and GW fibers. Interestingly, total β-tubulin accumulated in soleus 
entirely at the A-band level, as βII-tubulin, whereas in GW, two sub-populations 
of β-tubulins were observed. One, at the A-band level and the other one at Z-
lines, like βII-tubulin and mitochondria (Figure 13). These data indeed agree that 
specific subset of β-tubulins, such as βII-tubulin, change their subcellular 
localization in switch from oxidative to more glycolytic muscle type, and could 
thereby contribute to similar spatial remodelling of mitochondria.  
 
 
 
 
 
 



 

48 

3.3. Study of energy fluxes in permeabilized skeletal muscle fibers by 
Metabolic Control Analysis  
 

Finally, metabolic control analysis (MCA) was applied to estimate the 
energy flux control of respiration regulation in permeabilized soleus and GW 
fibers. This method, originally derived by (Groen, Wanders et al., 1982) is based 
on quantification of flux control coefficients (FCC), which are ratios of the 
fractional change in system variable to fractional change in the biochemical 
activity that evoked the change. This method allows to estimate the control that a 
certain reaction exerts on the steady-state flux of a given  metabolic pathway.  

To determine experimentally the FCC of a reaction, titration with 
specific enzyme inhibitors was performed. Two different protocols were 
exploited: 1) direct ADP activation, and 2) creatine activation in presence of 
MgATP and PK/PEP. With GW muscle fibers, only first protocol was used, due 
to low stimulatory effect of creatine.  
 

 
Table 3. Flux control coefficients of MI complexes in soleus and GW. The values of 
FCC were determined in measurements according to two protocols: a) direct activation 
with 2 mM ADP and 2) activation with 20 mM creatine activation in presence of 2 mM 
MgATP, 20 IU/ml PK and 5 mM PEP system. *Data for cardiomyocytes is taken from 
Tepp et al. 2011 for comparison (Tepp et al., 2010). Data are represented as average 
values± SEM for ≥3 experiments.  

 
As represented in Table 3, FCCs in soleus are higher in presence of 

creatine, than with ADP alone. This is in agreement with the data obtained for 
permeabilized cardiac cells (Tepp, Timohhina et al., 2010) and  emphasize that 
flux control is more efficient in presence of creatine. In both, soleus and GW, the 
sum of FCCs (4.49±0.03 and 3.77±0.02, respectively) largely exceeds the unity, 
even with ADP activation alone (3.05±0.06 in soleus).   

 
 

 

 Inhibitor 
ADP activation Creatine activation 

Flux control coefficient 
Soleus GW CM* Soleus CM* 

ANT CAT 0.61±0.04 0.90±0.05 0.20±0.05 0.86±0.05 0.92±0.05 

ATP-synthase Oligomycin 0.44±0.03 0.67±0.02 0.065±0.01 0.61±0.07 0.38±0.05 

Complex I Rotenone 0.69±0.05 0.54±0.06 0.20±0.04 0.71±0.02 0.64±0.03 

Complex III Antimycin A 0.47±0.01 0.82±0.01 0.41±0.08 0.61±0.01 0.40±0.01 

Complex IV NaCN 0.73±0.03 0.84±0.01 0.39±0.09 0.94±0.01 0.49±0.08 

MtCK DNFB    0.76±0.01 0.95±0.02 

Sum 3.05±0.06 3.77±0.02 1.33±0.31 4.49±0.03 3.84 ±0.29 
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Taken together, the results of this study show that creatine mediated 
feedback regulation of mitochondrial respiration is significantly more efficient in 
soleus than in GR, EDL and GW fibers, and that this efficiency is dependent on 
the permeability of MOM for ADP. In cardiac cells, restriction at MOM for ADP 
enhance the affinity of MtCK for creatine and for intramitochondrial MgATP 
(Guzun, Timohhina et al., 2009), indicating that permeability restrictions at 
MOM serve to facilitate feed-back via creatine. In addition, limited permeability 
of MOM for ADP has been shown to enhance intramitochondrial ATP/ADP 
cycling in cardiac cells (Jacobus and Saks, 1982; Saks et al., 1995; Saks et al., 
2008; Guzun, Timohhina et al., 2009), explaining why endoengous ADP is 
inaccessible to PK/PEP in soleus, but is readily accessible in GR, EDL and GW 
fibers. These data allow to propose that highly oxidative muscles, such as heart 
and soleus, achieve metabolic homeostasis through limiting the permeability of 
MOM for ADP and by upregulating the expression of MtCK, that together 
promote intramitochondrial ATP/ADP cycling and rapid replenishment of 
cytocolic PCr reserves via coupled CK reaction in mitochondria. 

Interestingly, βII-tubulin expression level increased proportionally with 
muscle oxidative capacity (heart≥soleus>GR>EDLGW) and with a decrease in 
MOM permeability for ADP. This finding is in accordance with earlier 
observations made for NB HL-1 cells (Artcile II), where βII-tubulin expression 
was absent concomitant with over manifold higher apparent Km

ADP. Other studies 
have reported augmeneted expression of βII-tubulin in brain (Narishige, Blade et 
al., 1999; Nakamura, Yamamoto et al., 2003; Leandro-Garcia, Leskela et al., 
2010; Guzun et al., 2011), where respiratory affinity for ADP is also rather low 
(Km

ADP 100 μM) (Monge, Beraud et al., 2008). Finally, evidence exist that both 
βI-tubulin and βII-tubulin isoforms (Narishige, Blade et al., 1999) are 
upregulated during cardiac hypertrophy, a phenomenon accompanied among 
other factors, also by depression of MOM permeability for ADP (Das, Wong et 
al., 2008). Thus, βII-tubulin appears to be an important regulatory factor for 
finetuning creatine mediated feedback control of mitochondrial ATP-production 
in distinct muscle and cell types.  

Given that mitochondria co-aligned along βII-tubulin in distinct muscle 
types, it seems likely that additional cellular factors regulate the binding of 
tubulin to VDAC. One of the possibility could be that VDAC phosphorylation 
state determines its interaction with tubulin as noted previously in vitro (Sheldon, 
Maldonado et al., 2011). Whether this mechanisms underlies energy flux control 
through MOM under different cellular context or metabolic requirements remains 
to be tested in future. 

In addition, our results revealed that βII-tubulin belongs to a subset of β-
tubulins which subcellular localization relative to Z-lines differs between muscle 
types concomitant with similar remodelling of mitochondria, suggesting that βII-
tubulin could be an important player in compartment specific organization of 
mitochondria. In oxidative muscles, precise organization of mitochondria relative 
to myofibrils is a necessary prerequisite for establishing tightly coupled 
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complexes between mitochondria and ATPases, i.e. ICEU-s (Saks, Kaambre et 
al., 2001; Saks et al., 2010; Saks et al., 2011). Then mitochondria in cardiac cells 
are disorganized by trypsin treatment, the value of Km

ADP decrease over manifold 
(Appaix, Kuznetsov et al., 2003; MacAskill and Kittler, 2010) and the fidelity of 
mitochondrial and ATPase cross-talk via creatine phosphotranfer becomes less 
efficient (Guzun, Timohhina et al., 2009). Thus, the absence of PK/PEP effect in 
soleus in presence of creatine, may partly be also due to their more strategically 
localized mitochondria relative to myofibrillar ATPases, that in turn could be 
aided by βII-tubulin subcellular localization.  

Finally, MCA revealed that the sum of FCCs largely exceeds the unity in 
both soleus and GW muscles, in conditions of either ADP activation alone or in 
presence of MgATP and creatine. According to Lenaz et al., when FCC exceeds 
the unity, the pathway components are organized into supramolecular complexes 
(Lenaz et al., 2010). The advantage of these supramolecular assemblies is direct 
electron channeling between complexes resulting in increase of oxidative 
phosphorylation efficiency, prevention of excess oxygen radical formation and 
stabilization of individual complexes (Schagger et al., 2004; Schafer et al., 2007; 
Genova et al., 2008). Blue native gel electrophoresis for bovine heart 
mitochondria extract revealed organization of complex I and III into 
supramolecular complex (Schagger and Pfeiffer, 2001). Thus, based on these 
results it appears, that both in soleus and GW fibers respiratory complexes, ANT 
and, in case of soleus, also MtCK, form a supramolecular assembly within 
mitochondria.  
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4. Structure-function relationships in feedback regulation of energy 
fluxes in vivo in health and disease: Mitochondrial Interactosome 
(Article IV) 
 

The aim of this review is to describe current understanding of the 
integrated energy metabolism and metabolic feedback regulation of 
mitochondrial respiration in cardiac and skeletal muscle cells. The importance of 
intracellular organization of mitochondria, and the role of structural and 
functional interactions  in facilitating the energetic communication between 
mitochondria and cytosolic ATPases, is thoroughly dissected. Finally, the 
knowledges gathered via systemic analysis of integrated energy metabolism is 
exploited to explain pathogenetic mechanisms of diseases such as cancer and 
heart insufficiency.  
 Mitochondria in cardiomyocytes are ordered in highly regular fashion 
between the arrays of myofibrils and their position is determined by their 
interaction with various cytoskeletal protein (Kaasik et al., 2001; Seppet et al., 
2001; Andrienko et al., 2003; Appaix et al., 2003; Saks et al., 2011). Ample of 
data suggest that precise localization of mitochondria is crucial in metabolic 
feedback regulation of mitochondrial respiration (Milner, Mavroidis et al., 2000; 
Saks, Kaambre et al., 2001; Seppet, Kaambre et al., 2001; Andrienko, Kuznetsov 
et al., 2003; Appaix, Kuznetsov et al., 2003; Anmann, Guzun et al., 2006). 
Unlike cardiac cells, NB-HL-1 (mouse atrial tumour lineage) have heterogenous 
and highly immobile mitochondria network and it is believed, that this underlies 
their significantly different functional parametes of mitochondrial respiration 
regulation (Pelloux et al., 2006; Beraud, Pelloux et al., 2009).  Of note, the 
affinity of mitochondrial respiration for ADP is almost 20 times higher in NB 
HL-1 cells (Km

ADP 25±4 µM)  compared to cardiac cells (Anmann, Guzun et al., 
2006) . 

Biochemical and in vivo 31P NMR spectroscopy methods have 
demonstrated  that heart maintains remarkable stability of its energy metabolites 
(ATP, PCr and creatine) over large variety of work-loads – a phenomenon known 
as metabolic homeostasis of heart (Neely, Denton et al., 1972; Balaban et al., 
1986). To explain this phenomenon, three theories have been proposed: 
equilibrium reaction of cytosolic and mitochondrial CK (Jeneson et al., 2000; 
Beard et al., 2005; van Beek, 2007; Beard and Kushmerick, 2009; Jeneson et al., 
2009), regulation of mitochondria respiration by Ca2+ (Balaban, 2002; Dedkova 
and Blatter, 2008; Korzeniewski et al., 2008; Balaban, 2009), and existence of 
specific structural and functional interactions between mitochondria and cytolic 
ATPases, that result in the emergence of new system level properties (Andrienko, 
Kuznetsov et al., 2003; Appaix, Kuznetsov et al., 2003; Saks et al., 2006; Saks et 
al., 2009). Systems Biology approach, which main principle is to study the 
functionalities that emerge as a result of interactions between system 
components, has given considerable clarity to this matter, through the application 
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of permeabilzed cell technique, in combination with kinetic analysis, 
mathematical modeling, whole cell and organ studies (Saks et al., 2009).  

Kinetic studies have shown that the affinity of mitochondrial respiration 
for ADP differs over manifold between permeabilized cardiac cells in situ and 
isolated mitochondria in vitro (Kummel, 1988; Saks, Vasil'eva et al., 1993). 
Detailed studies have led to a conclusion that these differences stem from the 
interaction of mitochondria with cytoskeletal proteins, that restrict the diffusion 
of ADP to mitochondria through VDAC (Saks, Khuchua et al., 1994; Andrienko, 
Kuznetsov et al., 2003; Appaix, Kuznetsov et al., 2003; Guzun, Timohhina et al., 
2009). The fact that high apparent Km

ADP exist also in synaptosomes (Monge, 
Beraud et al., 2008), while is over magnitude lower is glycolytic muscle cells 
(Kuznetsov, Tiivel et al., 1996), largely overrules the possibility that diffusion 
distance plays a significant role in this matter.  

Regulation of MOM permeability for adenine nucleotides is a necessary 
prerequisite for the functioning of MtCK. Creatine significantly decrease the 
apparent Km

ADP of mitochondrial respiration in cardiac cells, due the rapid 
regeneration of ADP in MtCK reaction within the intermembrane space (Saks, 
Belikova et al., 1995; Saks et al., 2001). Application of ADP trapping system 
consisting of pyruvate kinase (PK) and phosphoenolpyruvate (PEP) in respiratory 
measurements,  have shown that limited permeability of MOM for ADP enhance 
the coupling of MtCK reaction with oxidative phosophorylation and prevents 
thereby the accessibility of endogneous ADP to competitive ADP utilizing 
systems (Guzun, Timohhina et al., 2009).  

Several lines of evidence indicate that tubulin participates in the 
regulation of MOM permeability. Most importantly, tubulin co-
immunoprecipitates with mitochondrial protein VDAC in various normal and 
cancerous cell lines (Carre, Andre et al., 2002) and electrophysiological 
experiments with isolated VDAC have shown that only nanomolar 
concentrations of tubulin are sufficient to induce partial closure of a channel 
(Rostovtseva, Sheldon et al., 2008). Kinetic studies on isolated brain (Monge, 
Beraud et al., 2008) and cardiac mitochondria (Article I) support these findings 
by demonstrating that addition of 1 µM  tubulin decrease the apparent Km

ADP of 
mitochondria respiration from 10-20 µM up to ~170 µM and ~330 µM, 
respectively 

The coupling between cytosolic and mitochondrial PCr/creatine cycle is 
realized in mitochondria by Mitochondrial Interactosome, MI, that comprises of 
ATP synthasome (a term proposed by Pedersen) (Pedersen et al., 2000; Pedersen, 
2007; Pedersen, 2007), ATP synthase, ANT, Pi carrier and MtCK (Jacobus and 
Lehninger, 1973; Saks, Chernousova et al., 1975; Timohhina et al., 2009). The 
role of this complex is to ensure continous cycling of adenine nucleotides in 
mitochondria and to certify efficient coupling between PCr synthesis and 
oxidative phosphorylation. MI model clarifies the opposite functioning of CK in 
mitochondria and at myofibrils and allows to explain the metabolic aspects of 
Frank-Starling law of the heart.  
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Dysfunctioning of integrated energy metabolism is among the leading 
causes of many cellular pathologies. For instance, in Warburg type cancer cells 
(e.g. NB HL-1) the composition of MI is significantly altered, with almost 
complete absence of MtCK (Eimre, Paju et al., 2008)  and with hexokinase II 
bound to VDAC  (Jacobus and Lehninger, 1973; Saks, Chernousova et al., 1975; 
Pedersen et al., 2000; Pedersen, 2007; Pedersen, 2007; Timohhina et al., 2009). 
As a results, these cells exhibit high glycolytic activity even in presence of 
oxygen, a phenomenon known as Warburg effect (Warburg, 1956; Warburg, 
1956).  Another pathogenic mechanism related to the changes in mitochondria 
function is the opening of mitochondrial permeability pore, PTP, induced by 
calcium overload and accelerated by production of ROS (Bernardi and Rasola, 
2007; Leung and Halestrap, 2008). Both ROS production and PTP opening can 
be effectively controlled and inhibited by MtCK reaction, which is shown to 
control the conformation state of mitochondrial carriers and redox state of 
respiratory chain (Dolder et al., 2003; Meyer et al., 2006). 

Cells with high and fluctuating energy demand rely on CK   
phosphotranfer system to facilitate energy supply to ATPases and to efficiently 
coordinate ATP utilization with its production. Malfunctioning of CK system 
leads to serious pathologies of heart, skeletal muscles and nervous system (Wyss 
and Kaddurah-Daouk, 2000; Dolder, Walzel et al., 2003; Meyer, Machado et al., 
2006; Neubauer, 2007). During myocardial infarction or in heart failure 
significant decline in PCr content occurs (~70%), while total ATP content 
remains almost unaltered (Neubauer, 2007; Saks et al., 2007). Irregardless of the 
latter, contraction cycle shortens and contractile force cease, due to decreased 
regeneration of ATP in functionally important microcompartments. Such 
localized ATP regeneration by CK system is critical also during myogenesis, 
when compartmentalized BB-CK reaction supports actin polymerization and 
myoblast fusion (O'Connor et al., 2008). Studies with transgenic mice models 
lacking CK isoenzymes or of enzymes responsible for creatine metabolism and 
transport, have shown that while cells are viable with dysfunctional CK 
phosphotranfer system, contraction becomes energetically more costly and 
maximal out-put of muscle declines (Ingwall, 2004; Ventura-Clapier et al., 2004; 
ten Hove et al., 2005; Ingwall, 2009).  

These studies emphasize the importance of compartmentlized CK 
reactions in distinct cellular processes and underpin the diagnostic value of 
creatine kinase system functioning for the prognosis of heart and skeletal muscle 
diseases. Currently non-invasive 31P and 1H NMR imaging in combination with 
spectroscopic imaging has been elaborated to assess the PCr/ATP ratio and PCr, 
creatine and ATP cellular content, and to estimate thereby the energy state of the 
skeletal muscles in patients (Neubauer, 2007). Further challenge in studies of 
energy metabolism is to develop bioprobes for imaging of metabolic 
microdomains of ATP and to identify key proteins responsible for their formation 
(Weiss et al., 2006; Neubauer, 2007).  
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CONCLUSIONS 

 
1. In cardiac cells, coupling of MtCK reaction with oxidative 

phosphorylation is highly efficient -  almost all ATP synthesized within 
mitochondrial matrix is utilized in MtCK reaction for the production of 
PCr (PCr/O2=5.68±0.14).  

2. Binding of heterodimeric tubulin to MOM underlies selective 
permeability restrictions  for adenine nucleotides in cardiac cells. 

3. In cardiac cells, βII-tubulin is bound to MOM and is the missing 
component of Mitochondrial Interactosome.  

4. The efficiency of creatine mediated feedback regulation of mitochondrial 
respiration regulation is dependent in different muscles on the 
permeability of MOM for ADP. 

5. βII-tubulin expression increase proportionally with muscle oxidative 
capacity (heart≥soleus>GR>EDL>GW) and with a decrease in MOM 
permeability for ADP, suggesting that βII-tubulin is an important factor 
for finetuning the efficiency of creatine mediated feedback regulation of 
mitochondrial respiration in muscles. 

6. βII-tubulin spatial reconfiguration is accompanied by similar remodelling 
of mitochondria, indicating that βII-tubulin subcellular localization may 
contribute to the establishment of compartment specific organization of 
mitochondria in muscle cells. 

7. ANT, ATP-synthase, VDAC, respiratory enzymes and MtCK (only in 
soleus) organize into supercomplex in soleus and GW muscles. 

8. Creatine mediated feedback signalling is crucial for cells with high and 
fluctuating energy demands and malfunctioning of this system leads to 
serious pathologies of heart, skeletal muscles and nervous system.  
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ABSTRACT 

 
Highly oxidative muscles, such as heart and soleus, rely almost entirely 

on mitochondrial ATP to support the work of contractile apparatus. It is essential 
thus, that ATP production rate in mitochondria would correspond to its turnover 
in cytosol. Yet, the cytosolic concentrations of relevant signal molecules, ATP 
and PCr, stay almost unaltered in highly oxidative muscles irrespective of muscle 
work-load. This puzzying discovery has obscured the understanding of how ATP 
production rate in mitochondria is matched with its turnover in cytosol.  

The aim of this thesis was to study the mechanisms of mitochondrial 
respiration regulation in permeabilized cardiac cells and skeletal muscle fibers 
and to elucidate the role of tubulin in mitochondria functional regulation. To this 
end the kinetics of respiration regulation was analyzed by oxygraphy and the role 
of tubulin was examined by confocal microscopy, oxygraphy and by biochemical 
tools. 

 Kinetic analysis of mitochondrial respiration in cardiac cells showed that 
the majority of ATP synthesized in mitochondrial matrix is exploited for PCr 
synthesis by MtCK (PCr/O2 ~6), showing thus that coupling between PCr 
synthesis and oxidative phosphorylation is highly efficient. Previous kinetic 
studies on cardiac cells have demonstrated, that limited permeability of 
mitochondrial outer membrane (MOM) for ADP, is crucial for the efficiency of 
this coupling. To validate if tubulin participates in this regulation, reconstitution 
experiments with isolated cardiac mitochondria were performed. It was found 
that 1 µM tubulin decrease mitochondrial respiratory affinity for ADP over 20-
fold (apparent Km

ADP increased from 11±2 to 330±47 μM), which was reversed 
by the addition of creatine. Thus, these data clearly show that tubulin binding to 
MOM induce selective permeability restrictions for ADP in cardiac cells. 
Competition assay of mitochondria and PK/PEP for endogneous ADP on skeletal 
muscles revealed, that similarly to cardiac cells, the prominent feedback signal in 
highly oxidative soleus muscle is creatine. The efficiency of this feedback was 
significantly lower (~50% decline in respiration rate upon PK/PEP addition) in 
glycolytic muscles (EDL, GW), where MOM permeability for ADP was high and 
MtCK expression relatively modest. Thus, regulation of MOM permeability for 
ADP appears to be a common mechanisms for muscle cells to finetune the 
coupling of oxidative phosphorylation with cytosolic ATPases via CK reactions. 
Analysis of the distribution of β-tubulin isoforms in cardiac cells, revealed that 
βII-tubulin participates in this regulation. Its expression was relatively high in 
oxidative, heart and soleus muscles, and low or entirely missing from muscles 
(GR, EDL, GW) and cells (NB HL-1), where restrictions at MOM for ADP were 
absent. Furthermore, it was found that βII-tubulin belongs to a subset of β-tubulin 
isoforms which subcellular localization is remodelled in parallel with 
mitochondrial, suggesting that its subcellular localization could direct 
compartment specific organization of mitochondria in muscle cells.  Finally 
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MCA revealed that the sum of flux control coefficients largely exceed the unity 
in both soleus and GW muscles, suggesting that respiratory enzymes, ANT and 
VDAC, and in soleus, also MtCK, are organized into supramolecular complex 
that facilitate direct metabolite channeling and the efficiency of respiratory 
control. 

In all, these findings demonstrate that highly oxdative muscles, such as 
heart and soleus, rely on creatine mediated feedback signalling of mitochondrial 
respiration, which efficiency is determined by βII-tubulin induced permeability 
restrictions at MOM for ADP. As a result, ATP/ADP remains cycling within 
mitochondria and cytosolic PCr reserves are efficiently replenished via coupled 
CK reaction and oxidative phoshorylation. This mechanism forms the basis for 
maintaining metabolic homeostastis in the cytosol and for achieving efficient 
creatine-dependent control of mitochondrial ATP production. 
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KOKKUVÕTE 

 
Kõrgelt oksüdatiivsed lihased, nagu süda ja lest sääremarjalihas (m. 

soleus), toetuvad pea täielikult mitokondriaalselt toodetud ATP-le, et toetada 
kontraktsiooniaparaadi tööd. Selleks on oluline, et ATP tootmise kiirus 
mitokondris vastaks igal ajahetkel selle kulutamisele tsütosoolis. Samas on teada, 
et peamiste signaalmolekulide, ATP ja PCr, tasemed püsivad tsütosoolis pea 
muutumatuna, olenemata lihaste töökoormusest, jättes arusaamatuks, kuidas ATP 
tootmist mitokondris reguleeritakse.  

Antud töö eesmärgiks oli uurida mitokondriaalse hingamise regulatsiooni 
mehhanisme roti permeabilisiseeritud südamerakkudes ning erineva metaboolse 
fenotüübiga skeletilihastes. Mitmed viimaste aastate tööd viitavad, et tubuliin 
võib otseselt reguleerida energia metaboliitide liikumist läbi mitokondri 
välismembraani, mis tõttu uuriti tubuliinide mõju hingamisele ja selle mõningate 
isovomide levikut ja paigutust lihastes. Selleks rakendati oksügraafia, 
konfokaalmikroskoopia ja biokeemia meetodeid. 

Mitokondriaalse hingamise kineetiline analüüs südamerakkudes näitas, et 
pea kogu mitokondris toodetud ATP kasutatakse ära fosfokreatiini sünteesiks 
(PCr/O2 ~6). Seega on kreatiini fosforüleerimine mitokondris äärmiselt 
efektiivselt sidestatud oksüdeeriva fosforüleerimisega ning kreatiinil põhinev 
tagasiside on peamine metaboolne signaal, mille kaudu koordineeritakse ATP 
tarbimise ja tootmise kooskõlastatust mitokondri ja tsütosooli vahel. Varasemad 
kineetilised mõõtmised südamerakkudega on näidanud, et oksüdatiivseks PCr 
sünteesiks on oluline mitokondri välismembraani läbitavuse piiramine ADP-le. 
Selleks, et selgitada, kas tubuliin selles osaleb, viidi läbi rekonstitutsiooni 
eksperimendid südame isoleeritud mitokondritega. Leiti, et 1 µM tubuliin 
vähendab mitokondriaalse hingamise afiinsust ADP-le pea 20-korda (näiline 
Km

ADP tõusis 11±2-st 330±47 μM-ni), tõstes selle tasemele, mis on omane 
permeabiliseeritud südamerakkude ja –fiibritele. Sellest võib järeldada, et  
südamerakkudes on välismembraani piiratud läbitavus ADP-le seotud 
tubuliiniga. Selleks, et hinnata hingamise regulatsiooni mehhanisme erineva 
metaboolse fenotüübiga skeletilihasrakkudes, hinnati endogeense ADP 
kättesaadavust PK/PEP-le kreatiini juuresolekul. Leiti, et sarnaselt 
südamerakkudele, on ka kõrgelt oksüdatiivses lest sääremarjalihasfiibrites 
kreatiinil põhinev tagasisidestus väga efektiivne ning endogeenne ADP täielikult 
kättesaamatu konkureerivale ADP-d tarbivale süsteemile. Samas oli aga 
endogeenne ADP hõlpsasti kättesaadab GR ja glükolüütiliste, EDL ja GW, 
lihasfiibrites, kus PK/PEP lisamine vähendas hingamise kiirust pea 50%. Seega 
on tänu kõrgemale MtCK ekspressioonile ja madalamale mitokondri 
välismembraani läbitavusele ADP suhtes, kreatiinil põhinev tagasisidestus 
mitokondri ja ATPaaside vahel oluliselt efektiivsem oksüdatiivsetes kui 
glükolüütilistes lihastes. Tubuliini isovormide leviku analüüs südame ja NB HL-
1 rakkudes näitas, et mitokondri välismembraani läbitavuse kontrollis osaleb 
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tubuliini βII isovorm, mis kolokaliseerus mitokondritega südamerakkudes, kuid 
puudub täielikult NB HL-1 rakkudest. Samuti oli selle isovormi ekspressioin 
kõrgem lest sääremarjalihases ja langes proportsionaalselt oksüdatiivselt 
glükolüütilisema ja suurema mitokondri välismembraani läbitavusega  lihase 
poole liikudes (süda≥soleus>GR>EDL>GW). Metaboolse kontrolli analüüs 
näitas, et nii  lest sääremarjalihases kui ka GW lihases, on ATP-süntetaas, 
hingamisahela ensüümid, ANT ja VDAC organiseeritud supramolekulaarsesse 
kompleksi, mis võimaldab metaboliite kanaliseerida ja muuta seeläbi hingamise 
regulatsioon efektiivsemaks. 

Seega võib öelda, et kõrgelt oksüdatiivsed lihased toetuvad pea täielikult 
kreatiini põhisele mitokondriaalse hingamise regulatsioonile, mille efektiivsuse 
tagab mitokondri välismembraani läbitavust ADP-le piirav βII-tubuliin. Tänu βII-
tubuliin seondumisele mitokondri välismembraanile, jääb ATP/ADP ringlema 
mitokondrisse ja mitokondrid suudavad efektiivselt taastada tsütosoolseid PCr 
varusid. Kirjeldatud mehhanism on aluseks metaboolse homeostaasi 
saavutamisele tsütosoolis ja efektiivsele kreatiinist sõltuvale mitokondriaalse 
ATP-tootmise kontrollile kõrgelt oksüdatiivsetes lihastes.  
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�������� ê �L��������
 ����	;�������
����
���������������	��������
��������
��������������J���9;a���������8���������3:>�?<;@I5;��������������̀����������������������� ê�L��������
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����������	
������������������������������������������������������������� !����!�"������������������������������#������������������"�������$��������#���������$�����������������������$�������������������������������������������������$��%������������&����'�����������������������$��������������(�����)�������*+ �����������
���������
��,����������������������������������$�����%�!(������-��*���������������������������������������������,��������������.�������������
���������������������������������������������%&�����������)�������������������)������������������%������������&����������������������,���/��������������)������������������������������$��������������������������'�������0����1����������#�$����,�����
���2���������������������,���,�������������������������������������������������������)��������#��������������������������������������������� !��,������������������",���������������������������������������������������������������.����������.��������������������������������������� !�34������,�����,���2�����	���2������,����������.�������������������567898!�������������������(�����)�������*+ �����������������������������������������������������:��������������������,������������������������"�,�����������;%��,����������������������������������"���,�����������;%������������<�%��������������,����;%�������,��������������
<�����������������������������������������=>+�*������������<
��

5678?84�����1���������������������1����������������������������������������#������������������������������@����������!������������������������������������������,��������������������1���������������������������,��#������������������#������!("�������������������������"������������������������"��������.������
"�����������������*� '�������$�����������������������%�*� ��������.���������������������������������!�"������������������� !�"������������������������������#�����A����������������������&����������������������������������������������������������������������������"�����"�*�����������������,����������������������������
������B����������������,�����������������������������#,����������C�������������,�������������������������������������������������������������%�����������,�������������%�������#��C����%�������#��D�����2<�%"�E�������������������������������������������������������.)�������������������������������������������!��������������������1������������������������������������������������������������!C��

F�	GHIJKLMNJOHPQRSTURVRTJMNQRSWUXLRTJYTNJZ[\[]̂_Z_̀ a[bca\[



�����������	�����
������������������������	������������������������������������	�����������	���������
�����������������
�����������������������������	��������������������������	������������������ ������������!"���#$�%&'()*+,-./01-0*(./2123-4()-5)+0*(.,-2/.+3,(./6()/+.+7/.)-,3()-5-.-3,81-)(9+4/21���
��������
�����	�������	������������ ����������������������������
�������������
������������������������������
�������	������
�������	�	����:������
��������������
���	�����������������;�	��	��

���<���	�����
��������	��������������	�����������	�������
�����=>>?@>>#A�	��	���	��������>#BC���D���;�	��	�=>>EA���������	�����
����������������������B����
�����	�����
��������������	������FE����
�����������������������������	������GDB���HBD�����I���	��������
��������������������������JK�
������	�����������
	������������������	��������������������
���	���	������;�	��	���������������
�����	����	�����������	�������������
�	������	�����L��	��������������M=>>?I>>EA�����������������	���������	����������������	�����������	��������������������������	�����	����	����
�������I ���������������	��������������=>>#I>BCA�����	������������������������������������������������

��������������������	���	�������
���������������������	�����	�
	�����	������������������������!NO���$
	�� ���������	��������=B>A�����������������������	��	 I����	�����	�����������������;�����	 �������	�����I����	�����������	����	�P�����	����	����������
������ 	���������������GQ������=RIB>A������������������	����	��	�����������������������������P�������������������������	�������	���������	�������	����� �������	���	�����
����������
�	���
��� �����IHQI��������������
HQ�����	��������	������������P?P���������!SP?P�$I���������������������������	�������������
	���� �����!�"Q$��������	������������������
	�����������������������������������	�����������
����	����������������������������������

�������	�����������	������������	����������������
�����������=>B>A�D�	���������HTP>�����I������	���	����
	��������	�����	��������������������		������	���	�����
�����	�����!����������������	���
�	�����$�����������
��
�	����	��������������������������������������������������������
����	����������������������������"���FI���������	�����UHTP>�������������	���������	����
�����
�	�����������������	�������
�����������������	�������������I�	�������������������������	����	������
�UHTP>�����!"���V"$���������	����������
���������	�����GQ��������������PGQ=EVA��������GQ���
�	�����������
�UHTP>��������
��������UUPGQ���
�	�=EVA�������������I����������	�����
�UHTP>����������	����	�:��������	���������
������������:�����������I�����������������
HQ����Q!"���J$������HQ�����������UHTP>���������������������	��������
����	�
J�������	���������������	�����������!"���J$=>BBA�H������������
��� ����������������
��	��	�������:������
�������������������������
����	���P���������:��������������	��=EVA�"���>>������������������	����	���	 �������������	��

��������������	���	����	��������UHTP>�����I�������	��������������������

�����	����	������
��	�������:�����	����	�=EVA�T�� �
���������	��

����
������������������ �������	�������
�������	�������:�����	����������������������� ���������	���������	�����������=EVAI�����������������������	�������	������	�������������������������������	W��G���������������	�������	����������������	���HTP>�����������������	�������	����������	����	����������������������!"���>B$<�������������������������������HQI��������������
��GQ������������������	���������������	��
�	�������	��������
����������������������
������������������	�������������I������������	�������	���������������
�	��	�����	�������������	���������������	�����
���������	�������	��������I����������������	����������HQ�����������
�	���	����
��GQ��������	����	��	��		���������	������������������������������������	����	�:�������	�����������
�	����������	���
	����	�����I���	����	������
�������	���������I�������
����������UHTP>I��������	����������P������L;�	��	��

���M���

X(94-YQ�������	���	�����
��GQ����������	�����������������GQ	����������������IU�U�Z�����Z�����	���	��������������	����	�:����������������������������
�	���������	���������������
��������������=RFIEEA<

W������
���������
�	�����������������	���	��� ��
	���������	���	�=REI>FRA��������������������	��������������������	����������	���������������������������
�����
	����GQP�����	�������������������������	������������ ��
����������GQ������������	������������	�������:����	�����������������	�����
����	�������������
�������������
����������	�����������	����������	�������������	�����
����	����
������
��GQ������
�	��	����������	���������������	�����
����	�������������
�������������
�	������
	����GQP�����	�������������������������	�����
�������	����
������
��GQ
�	�	��������������������	������������
������������
�	�G	�����������������������	�����������������������	���[��	������
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