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This review describes the recent experimental data on the importance of the VDAC–cytoskeleton interactions
in determining the mechanisms of energy and metabolite transfer between mitochondria and cytoplasm in
cardiac cells. In the intermembrane space mitochondrial creatine kinase connects VDAC with adenine nucle-
otide translocase and ATP synthase complex, on the cytoplasmic side VDAC is linked to cytoskeletal proteins.
Applying immunofluorescent imaging and Western blot analysis we have shown that β2-tubulin coex-
pressed with mitochondria is highly important for cardiac muscle cells mitochondrial metabolism. Since it
has been shown by Rostovtseva et al. that αβ-heterodimer of tubulin binds to VDAC and decreases its perme-
ability, we suppose that the β-tubulin subunit is bound on the cytoplasmic side and α-tubulin C-terminal tail
is inserted into VDAC. Other cytoskeletal proteins, such as plectin and desmin may be involved in this process.
The result of VDAC-cytoskeletal interactions is selective restriction of the channel permeability for adenine
nucleotides but not for creatine or phosphocreatine that favors energy transfer via the phosphocreatine pathway.
In some types of cancer cells these interactions are altered favoring the hexokinase binding and thus explaining
the Warburg effect of increased glycolytic lactate production in these cells. This article is part of a Special Issue
entitled: VDAC structure, function, and regulation of mitochondrial metabolism.

© 2012 Elsevier B.V. All rights reserved.
Contents
1. Structural and functional organization of cardiac muscle cells' energy metabolism in the Intracellular Energy Units . . . . . . . . . . . . . 1545
2. The β2-tubulin — “X” factor in adult cardiac muscle cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1546
3. The influence of VDAC–tubulin interaction on mitochondrial functioning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1547
4. Energy fluxes between different cellular compartments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1548
5. Metabolic control analysis within Mitochondrial Interactosome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1549
6. The VDAC selective permeability in physiological and pathological states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1552
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1552
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1552
tructure, function, and regula-

ics, Joseph Fourier University,
, France.

rights reserved.
1. Structural and functional organization of cardiac muscle cells'
energy metabolism in the Intracellular Energy Units

The Frank–Starling's law describes the ability of heart to change
the force of contraction and stroke volume in response to changes
in the end-diastolic volume [1–3]. The metabolic aspect of this law
is expressed by linear dependence between the increase of left ven-
tricular end-diastolic volume and the increase of respiration rates
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Fig. 1. Regulation of mitochondrial respiration by exogenous ADP estimated for: 1 —

permeabilized cardiomyocytes; 2 — homogenate of tissue heart; 3 — ghost cardiomyo-
cytes (the myosin was removed by the hyperosmotic cells pre-treatment using 0.8 M
KCl; 4 — tissue heart homogenate after trypsin proteolysis; 5 — isolated heart mito-
chondria; 6 — isolated heart mitochondria after addition of 10 μM dimeric αβ-
tubulin, 7 — permeabilized NB HL-1 cells. High apparent Km for ADP in permeabilized
cardiomyocytes and cardiac muscle homogenate decreases after trypsin proteolysis
showing the increase of mitochondrial outer membrane (MOM) permeability for
ADP. Increase of MOM permeability is caused by the proteolytic remove of βII-
tubulin and other linker proteins from VDAC's protein-binding site. Isolated mitochon-
dria and nonbeating (NB) HL-1 cells are characterized by very low KmADP and very
high MOM permeability for ADP, respectively. This high permeability is caused by the
absence of βII-tubulin (see Western blot [28]). Addition of the dimeric αβ-tubulin to
isolated mitochondria results in increased apparent KmADP (i.e. decreased availability
of exogenous ADP for mitochondrial respiration).
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under conditions of metabolic stability. The metabolic stability is seen
as the apparent invariability of intracellular concentration of ATP and
phosphocreatine (PCr) in spite of the variable workloads and corre-
sponding rates of ATP oxidative synthesis and myofibrillar hydrolysis
[4,5]. Under conditions of total ischemia the PCr concentration falls
rapidly and heart contraction ceases, but ATP concentration stays al-
most stable decreasing only by 10% at the end of the first minute of
ischemia [6]. Two complementary mechanisms were proposed in
order to explain this remarkable metabolic stability, notably adenine
metabolite compartmentalization and the transfer of high-energy
phosphoryls betweenmicro-compartments associated to a very effec-
tive communication by intracellular signals from myofibrils to mito-
chondria. These mechanisms depend both on the heterogeneity of
the intracellular environment causing restrictions for metabolites dif-
fusion, as well as upon the specific functional characteristics of the
heart resulting from its high energy needs. The mitochondria of cardi-
ac muscle cells are highly organized following a “crystal-like” pattern
[7,8]. Each sarcomere (site of ATP use) has its own corresponding mi-
tochondrion (site of ATP synthesis) which together with the phos-
photransfer system and the feed-back metabolic signaling creates
the Intracellular Energy Unit (ICEU) [9–11]. The main ICEUs
phospho-transfer circuit is represented by a system of compartmen-
talized isoforms of creatine kinase (CK). The proper functioning of
ICEU is based on the regulation of mitochondrial ATP synthesis by in-
tracellular energy consuming processes which adjust energy extrac-
tion from nutrients to energy used to realize cellular work [11]. The
central structural and functional entity involved into the regulation
of energy fluxes leaving and metabolic signals entering mitochondria
is so named Mitochondrial Interactosome (MI) [12]. The MI is a trans-
membrane supercomplex formed of ATP synthasome, mitochondrial
creatine kinase (MtCK) and voltage-dependent anion channel
(VDAC). The etymology of interactosome comes from ATP syntha-
some, the name of its main structural element introduced by Peder-
sen [13]. The ATP synthasome is formed by ATP synthase, adenine
nucleotide translocase (ANT) and inorganic phosphate carrier. In
this review we will focus on the role of VDAC as a door-keeper regu-
lating mitochondrial energy and metabolic fluxes, as a result of its in-
teraction with both mitochondrial and extramitochondrial
intracellular proteins.

2. The β2-tubulin — “X” factor in adult cardiac muscle cells

Kinetic analysis of the regulation of respiration has revealed that
the apparent affinity for ADP of cardiac muscle cells and tissue ho-
mogenate increases many times after trypsin pre-treatment or mito-
chondria isolation. The apparent Km for ADP was found to be about
300–500 μM for the heart tissue homogenate and isolated cardiomyo-
cytes [14], while isolated heart mitochondria displayed the apparent
KmADP equal to 8–12 μM (Fig. 1). The significant decrease of the
high apparent KmADP after mild trypsin treatment of cardiomyocytes
(Fig. 1) has led to the hypothesis according to which the restriction of
ADP diffusion through mitochondrial outer membrane (MOM) could
be modulated by the VDAC interaction with a cytoskeleton protein,
named at that moment “X”-factor [14].

Years of experimental work performed by different laboratories
have allowed to focus the research of certain cytoskeleton proteins
such as, tubulin, microtubule-associated protein (MAP), desmin, and
plectin [15–22]. As recent as 2008, Rostovtseva et al., have shown
that dimeric αβ-tubulin can bind to VDAC reconstituted into planar
lipid membrane and decrease its diameter [23,24]. Authors supposed
that one of tubulin's negatively charged C-terminal tails (CTT) partial-
ly blocks the channel conductance by entering the VDAC pore and
binding to the positively charged channel walls [25,26]. The tubulin
binding to VDAC restricts significantly the availability of ADP for oxi-
dative phosphorylation, the low apparent KmADP of isolated heart
mitochondria increased from 10–20 μM up to 169±52 μM following
the addition of 1 μM of dimeric αβ-tubulin [27]. This results in the
control of respiration through modification of VDAC permeability.
Our studies of intracellular distribution of different β-tubulin isotypes
in cardiac cells using immunocytochemistry revealed the role of the
β2-tubulin as one of the potential regulatory proteins of VDAC in
adult rat cardiomyocytes [28,29]. Results shown in Fig. 2 clearly dem-
onstrate the association of β2-tubulin with heart mitochondria in
vivo. We have shown that the distribution of β-tubulin isotypes dif-
fers significantly between cardiomyocytes and cancerous cardiac
cells (NB HL-1 cells) which gives rise to the question how do the spe-
cific localization and functioning of β-tubulin isotypes contribute to
the regulation of energy metabolism and contraction motion (shrink-
ing and relaxing)? It is well established that the CTT of different α-
and β-tubulin isotypes are not involved in the formation of intradi-
mer surface during polymerization and have almost similar length
(from 10 to 20 aminoacid residues) and electronegative charges
(from about −7 to −9) [30]. Because of the structural similarities be-
tween CTT it is conceivable for the functional role of β-tubulin iso-
types to be exchangeable and therefore gene knockdown or
silencing of specific β-tubulin isotypes might prove unable to answer
this question. However, it is important to mention that the complete
genetic deletion of the tails is lethal for microorganism [31]. Further-
more, the role of α-tubulin isotypes for the regulation of mitochon-
drial metabolism is still uncovered. Studies of the intracellular
distribution of α-tubulin isotypes could help to understand their
function relative to VDAC and β2-tubulin CTT binding to porin. We
suppose that the CTT of α-tubulin slices into the channel as it is de-
scribed by Rostovtseva [25,26] while that of β2-tubulin binds to the
VDAC binding site situated on the cytosolic face, according to the
VDAC functional conformation proposed by Colombini (Fig. 3)
[32,33]. Our assumption relies on the results of immunofluorescent
analysis of β-tubulin distribution in cardiomyocytes. The easily
reproducible fluorescent labeling of β2-tubulin with antibody orient-
ed against its CTT is probably possible only when the CTT epitope is
outside of the VDAC channel (Fig. 3). It is interesting to mention
that in cardiac cells treated with colchicine in order to depolymerize
the microtubular network or remove myosin with a 0.8 M KCl buffer
(ghost cells), tubulin seems to remain associated with mitochondria.



Fig. 2. Comparison of the intracellular distribution of βII-tubulin,α-actinin, a “Z-line label”, andmitochondria. A, D— confocal images of mitochondrial autofluorescence, green color. B—

immunofluorescence labeling of α-actinin (primary antibody: rabbit anti-α-actinin (Abcam) at 1/100, anti-Rabbit IgG (goat) 2nd antibody DyLight 649, excitation 646 nm); E— immu-
nofluorescence labeling of βII-tubulin (primary antibody: mouse anti-tubulin βII(β2) (Abcam) at 1/1000, second antibody: Cy 5-conjugated AffiniPure goat anti-mouse IgG (Jackson
ImmunoResearch), excitation 633 nm); C, F — intensity plots along white lines drawn through representative sequences of 4 mitochondria (panels A, B, D, E). Dashed red lines indicate
the background level of unspecific fluorescence staining measured in control experiments. Red plots are presented in relative units using the same scale for βII-tubulin and α-actinin.
Green plots were normalized to the 100% of the maximal intensity of autofluorescence after the background subtraction.
Figure reproduced from Gonzalez-Granillo et al., 2011 with permission.

1547R. Guzun et al. / Biochimica et Biophysica Acta 1818 (2012) 1545–1554
Fig. 4 shows that treatment with 0.8 M KCl changes the organization
of tubulins: microtubular network is not any more observed. The in-
tensive immunofluorescence of tubulins is seen in association with
cellular structures including mitochondria (Figs. 4B and C). The ap-
parent affinity for ADP of cells incubated with colchicine didn't
change significantly in comparison with healthy cardiomyocytes
(the app. Km for ADP for ghost cells is about 280 μM) (Fig. 1) [34].
These experiments indicate the existence of a strong connection be-
tween mitochondria and tubulin. However isotypes of
αβ-heterodimer of tubulin interacting with VDAC under physiological
and pathological conditions remain uncovered. It is also unknown
how this process occurs and how this association influences mitochon-
drial metabolism.

In intact cells, other cytoskeletal proteins are also shown to form
contacts with VDAC in the outer mitochondrial membrane, particu-
larly desmin and plectin [35–39]. Among many known isoforms of
plectin, skeletal and cardiac muscles are characterized by high ex-
pression of plectins 1, 1b, 1d, and 1f isoforms [39]. Plectin 1d is specif-
ically associated with Z-disks, whereas plectin 1b is shown to be
Fig. 3. A— immunofluorescence labeling of βII-tubulin (primary antibody: mouse anti-tubul
land)), excitation 495 nm). Fluorescent spots are organized in distinct longitudinally oriente
of the association of dimeric αβ-tubulin with VDAC in adult cardiac muscle cells. The βII-tu
bind to the VDAC protein binding site situated on the cytosolic surface of porine. One of α-
colocalized with mitochondria. Plectin 1b is inserted into the outer
mitochondrial membrane with the exon 1b-encoded N-terminal se-
quence serving as a mitochondrial targeting and anchoring signal,
and may directly interact with voltage-dependent anion channel
(VDAC) in mitochondrial membrane. Among other mechanisms
influencing the VDAC selective permeability there are posttransla-
tional modifications of tubulins and VDAC [30,40–43], as well as in-
teractions with microtubule-associated protein 2 (MAP2) [22] and
cyclic nucleotide phosphodiesterase. Association of the cytoskeletal
proteins like β2-tubulin and plectin with mitochondrial outer mem-
brane evidently may prevent from binding of both pro-apoptotic pro-
teins and those inducing mitochondrial fission or fusion.

3. The influence of VDAC–tubulin interaction on mitochondrial
functioning

The VDAC–tubulin interaction participates in the regulation of mi-
tochondrial functioning via the modulation of mitochondrial micro-
compartmentalization of adenine nucleotides. This indicates, for
in βII(β2) (Abcam) at 1/1000, Goat polyclonal 2nd antibody to Mouse IgG (FITC) (Rock-
d parallel lines similar to the mitochondrial arrangement. B— schematic representation
bulin C-terminal tail (CTT) labeled with antibodies (primary, secondary+fluorophore)
tubulins CTT may penetrate inside the channel decreasing its diameter.

image of Fig.�3


Fig. 4. Mitochondrial and β-tubulin distribution in ghost rat cardiomyocytes. A — immunofluorescence of β-tubulin microtubular network in rat permeabilized cardiomyocytes
(monoclonal anti-β-tubulin antibody (Sigma) at 1:200, 2nd antibody rhodamine (TRITC)-conjugated AffiniPure F(ab0)2 fragment Donkey Anti-Mouse IgG, excitation 503 nm). B— im-
munofluorescence of depolymerized β-tubulin in ghost cardiomyocytes. Tubulin has an ordered striated pattern. C— regular distribution of mitochondrial in ghost cardiomyocytes. Mi-
tochondria are labeled by 0.2 μM MitoTracker Red, excitation 510 nm.
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example, the increase of the apparent KmADP after the addition of
heterodimeric tubulin to isolated heart mitochondria [27]. Under
conditions of the restricted diffusion of adenine nucleotides, the ener-
gy of the phosphorylation potential is exported from heart mitochon-
dria by PCr. The last one is produced by mitochondrial creatine kinase
(MtCK) from mitochondrial ATP and creatine.

Mitochondrial CK is an octameric protein situated in the contact
sites of two mitochondrial boundary membranes, neighboring VDAC
at the outer membrane and ANT at the inner membrane (Fig. 5).
MtCK binds electrostatically to the negatively charged cardiolipins
of the inner membrane gathering and sharing the same cardiolipin
patches with ANT [44–47]. Spatial neighboring of MtCK with VDAC
is supposed to be realized through the electrostatical binding to the
phospholipids of the outer membrane. A spatial association of MtCK
with VDAC was shown in digitonin-treated mitochondria and in
vitro complex formation of MtCK with VDAC and ANT and directly
by surface plasmon resonance [48–52]. The formation of contact
sites is a dynamic process highly dependent on the activity of oxida-
tive phosphorylation [53,54]. The isolation and functional reconstitu-
tion into vesicles of the VDAC–MtCK–ANT and hexokinase (HK)–
VDAC–ANT complexes revealed that the uploaded ATP within vesicles
does not get out due to the role of VDAC [52,55]. The dissociation of
CK from complex showed the direct interaction of VDAC with ANT
(proved by the release of malate from vesicle in the presence of high
concentration of Ca2+ after the dissociation of CK).

The role of the MOM selective permeability for phosphate com-
pounds can be studied by applying kinetic analysis of MtCK reaction.
The respiration of isolated heart mitochondria stimulated by creatine
is decreased more than by 50% of its maximal rate in the presence of a
powerful system of pyruvate kinase (PK) and phosphoenolpyruvate
(PEP) consuming ADP in the milieu [56,57]. This experiment is repro-
duced in Fig. 6C and means that up to 50% of ADP produced in MtCK
reaction leaves the mitochondria via VDAC and 50% is directly trans-
ferred via ANT from MtCK to ATP synthase for rephosphorylation (i.e.
activation of respiration). The adaptation of this protocol for the study
of permeabilized cells allowed us to reveal the role of the VDAC–tubu-
lin interaction for the regulation of oxidative phosphorylation in car-
diomyocytes [57,58]. In the permeabilized cardiomyocytes the
powerful PK–PEP system is not able to reduce the rate of respiration
activated by ATP and creatine (Fig. 6B). This effect can be explained
by the inaccessibility of intramitochondrial ADP for the ADP trapping
system present in the milieu [12,58]. Additionally this experimental
protocol permits to study the MtCK kinetic properties activating
MtCK reaction by the stepwise addition of creatine or ATP in the pres-
ence of PK and PEP trapping all extramitochondrial ADP (Fig. 6) [58].
The dissociation constants of ATP from binary and ternary MtCK-
substrate complexes (Ka, and Kia; Fig. 6) increased from 0.016 mM
to 2.04 mM in cardiomyocytes in comparison with isolated mitochon-
dria (Fig. 6). These results indicate the decreased affinity of MtCK for
extramitochondrial ATP due to the decreased VDAC permeability in
permeabilized cardiomyocytes. In contrast, the dissociation constants
for PCr from MtCK-substrate complex were quasi similar in permea-
bilized cardiomyocytes and isolated heart mitochondria, about
0.89 mM, and those of creatine decreased slightly from 5 mM for iso-
lated heart mitochondria to 2.17 mM for cardiomyocytes (Fig. 6). This
indicates free diffusion of creatine and PCr throughout MOM for both
models [12,58]. Because of this rather selective control of VDAC per-
meability and functional coupling between MtCK and ANT, all ATP
produced in oxidative phosphorylation is practically completely
used for PCr production and ADP is rapidly channeled back through
ANT to the mitochondrial matrix. Direct measurements of energy
fluxes from mitochondria into cytoplasm (surrounding medium in
experiments with permeabilized cardiac cells), performed by Timo-
hinna et al., in 2009, have shown that the PCr/O2 ratio is close to
the theoretical maximal P/O2 ratio under conditions similar to those
in vivo (P/O2 ratio ~6) [12]. These results are in agreement with
Dzeja et al., studies of the intracellular energy transfer in rat heart.
Authors have shown that the net CK-catalyzed phosphoryl transfer
is equivalent to about 80–88% of the total ATP turnover rate as mea-
sured by 18O-phosphoryl labeling [59,60]. Once again, this experi-
ment shows that the permeability of VDAC in MOM in
permeabilized cardiomyocytes is strongly decreased for adenine nu-
cleotides and that this MOM property can be influenced from inside
due to the VDAC interaction with MtCK as well as from outside of mi-
tochondria due to the VDAC interactions with cytosolic proteins.
Thus, the results of functional studies are reminiscent for the existence
of the interaction of VDACwith extra- and intra-mitochondrial proteins
capable to selectively regulate VDAC permeability for ATP, ADP, PCr and
creatine.

4. Energy fluxes between different cellular compartments

Studying intracellular phosphotransfer using 18O labeling of the
phosphoryl groups, in 1996 Dzeja et al. have shown that about
80–88% of high-energy phosphoryl transfer in healthy adult cardiac
muscle cells is provided by compartmentalized CK reactions and
about 7–20% of the total ATP rate is supplied by compartmentalized
adenylate kinase (AK) reactions [61]. The net rates of AK catalyzed
phosphoryl transfer (the appearance of each newly synthesized mol-
ecule of ADP and upon its phosphorylation, ATP) increased from the
equivalent of 2–3% of the total ATP flux in the resting muscle to 23%
of the ADP produced in ATPase reaction during contraction [62–64].
Compartmentalized AK reactions are realized by mitochondrial AK
(isoforms 2 and 3) and cytosolic AK (isoform 1). Cytosolic AK cata-
lyzes the transfers of high energy phosphoryls of ADP (Fig. 7). Pro-
duced ATP is subsequently hydrolyzed by ATPase to realize work
while the AMP is returned back to mitochondria as the metabolic sig-
nal. Measuring the 18O-phosphoryl oxygen exchanges, Dzeja et al.

image of Fig.�4


Fig. 5. Mitochondrial MtCK functions for high-energy metabolite channeling in mitochondria. In cells with oxidative metabolism, respiration (green arrow), ATP synthesis and ATP
export through the inner mitochondrial membrane via adenine nucleotide transporter (ANT) are tightly coupled to trans-phosphorylation of ATP to PCr by MtCK and export of PCr
into the cytosol by the outer membrane voltage-dependent anion channel (VDAC) as indicated by black arrows. The structural basis of these MtCK microcompartments are proteo-
lipid complexes containing either VDAC, octameric MtCK and ANT in the peripheral intermembrane space (as shown) or octameric MtCK and ANT in the cristae (not shown). These
proteolipid complexes are maintained by MtCK interactions with anionic phospholipids and VDAC in the outer membrane, and with cardiolipin and thus indirectly with cardiolipin-
associated ANT in the inner membrane (see cardiolipin patches).
Reproduced with permission from Wallimann et al., 2011.
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showed in 1998 that the rate of AMP phosphorylation increases with
a raised frequency of muscle contraction while tissue concentrations
of ATP, ADP and AMP exhibited virtual constancy [64]. According to
the mechanism of ligand conduction discovered by P. Mitchell 1974
and applied by Dzeja et al. 1998 for the phosphotransfer circuits, the
input of one molecule of AMP in the myofibrillar end of the system of
compartmentalized AK reactions will result in the output of one AMP
molecule at the mitochondrial end triggering the AK-catalyzed phos-
phorylation of AMP. Two molecules of ADP produced in AK2 reaction
are rephosphorylated within the matrix. Resynthesized ATP follows
the way of MtCK reaction, amplifying PCr production. As a result, the
AMP entering mitochondria amplifies both the high-energy transfer
and the intramitochondrial ADP recycling through functional coupling
of oxidative phosphorylation with MtCK. Thus the system of compart-
mentalized AK reactions translates small changes in the ATP/ADP ratio
through the minimal AMP signaling into relatively large changes of the
high-energy phosphoryl supply [65,66]. The VDAC selective permeabili-
ty for creatine and phosphocreatine plays a crucial role in the distribu-
tion of the energy fluxes and metabolic signals.

All data described in the review is summarized by a general
Scheme in Fig. 7. This shows the Mitochondrial Interactosome, a
supercomplex structurally constituted of ATP synthase which inter-
acts on its one side with the electron transport chain and on the
other with the peripheral energy consuming sites through ANT,
MtCK and VDAC with cytoskeleton, particularly tubulins [10–12].
The role of this functional and structural supercomplex is to increase
the efficiency of the oxidative ATP synthesis and peripheral ATP hy-
drolysis through the generation of two circuits allowing cells to
avoid the waste of energy and to return the metabolic signal fast
enough to fulfill energy requirement. One of them is the intramito-
chondrial circuit of ATP/ADP between ATP synthase and MtCK due
to their functional coupling via ANT. MtCK catalyzes the phospho-
transfer from mitochondrial ATP to creatine, returning back into the
matrix ADP for rephosphorylation. The second circuit is that of crea-
tine/phosphocreatine between different isotypes of creatine kinase:
mitochondrial CK producing PCr frommitochondrial ATP and cytosol-
ic CK locally regenerating ATP from ADP and PCr. These structures
represent a new type of supramolecular organization that operates
far from equilibrium conditions. They were defined by De la Fuente
as cellular metabolic dissipative structures, representing functional
enzymatic associations that form a catalytic entity as a whole and
carry out their activities in a relatively independent manner [67,68].

5. Metabolic control analysis within Mitochondrial Interactosome

The selective VDAC permeability for ATP/ADP and Cr/PCr has a sig-
nificant impact on the control of the respiration rate and energy
fluxes displayed by different components of the Mitochondrial

image of Fig.�5


Fig. 6. Regulation of mitochondrial respiration by creatine. The influence of mitochondrial outer membrane permeability on the functional coupling of mitochondrial creatine kinase (MtCK) with adenine nucleotide translocase (ANT). A, C
and D show the protocol and experimental oxygraph recording of the respiration rate regulated by ADP produced by MtCK in isolated mitochondria (C) and permeabilized cardiomyocytes (D). First, the basal rate of respiration (V0) of
permeabilized cardiomyocytes (25 μg/mL saponin, 10 min, 25 °C) was recorded in the presence of respiratory substrates for complex I (5 mM glutamate and 2 mM malate). After that, respiration was activated by the addition of 2 mM
MgATP which is hydrolyzed by myofibrillar ATPases releasing endogenous MgADP, inorganic phosphate (Pi) and proton. On the oxygraph trace this step is seen as an increase in oxygen consumption stimulated by endogenous MgADP.
Next, extramitochondrial MgADP was removed by the addition of phosphoenolpyruvate (PEP, 5 mM) and pyruvate kinase (PK, 20 IU/mL). The PEP dephosphorylation catalyzed by PK uses ADP to regenerate extramitochondrial pool of
ATP. This step is seen on oxygraph trace as an inhibition of respiration. Finally, stepwise addition of creatine in the presence of MgATP activates MtCK and in thus MgADP and PCr production from MgATP and creatine. Figure (B) shows
the full compartmentalization of intramitochondrial ADP produced byMtCK in the intermembrane space of mitochondria in permeabilized cardiomyocytes in the presence of activated MtCK by the addition of 2 mM ATP and 20 mM creatine.
Addition of PK in the presence of PEP (5 mM added into medium before) did not change significantly the respiration rate. In mitochondria in situ when respiration is controlled by the MtCK reaction, the powerful PEP–PK system is not able to
inhibit respiration. The permeability of VDAC for ADP seems to be strongly decreased.
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Fig. 7. Functional scheme of the Intracellular Energetic Units of adult cardiac muscle cell. Free fatty acids (FFA) are esterified to acyl-CoA which entering further the β-fatty acids
oxidation (β-FAO) pathway results in acetyl-CoA production. CPT I and CPT II — carnitine palmitoyltransferases. Electron-transferring flavoprotein (ETF)-ubiquinone oxidoreduc-
tase delivers electrons from β-FAO directly to complex III of the respiratory chain (RC). NADH produced by β-FAO is oxidized in the complex I of the RC passing along two electrons
and two protons which contribute to the polarization of mitochondrial inner membrane (MIM). Glucose (GLU) is taken up by glucose transporter-4 (GLUT-4) and oxidized via Emb-
den–Meyerhof pathway. Pyruvate produced from glucose oxidation is transformed by the pyruvate dehydrogenase complex (PDH) into acetyl-CoA. The NADH redox potential
resulted from glycolysis enters mitochondrial matrix via malate–aspartate shuttle. Acetyl-CoA is oxidized to CO2 in the tricarboxylic acids (TCA) cycle generating NADH and
FADH2 which are further oxidized in the RC (complexes I, II) with final ATP synthesis. The key system in energy transfer from mitochondria to cytoplasm is Mitochondrial Inter-
actosome (MI). MI is a supercomplex, formed by ATP synthase, adenine nucleotides translocase (ANT), phosphate carriers (PIC), mitochondrial creatine kinase (MtCK), voltage-
dependent anion channel (VDAC) with bound cytoskeleton proteins (specifically βII-tubulin). MI is responsible for the narrow coupling of ATP/ADP intramitochondria turnover
with phosphorylation of creatine (Cr) into phosphocreatine (PCr). PCr is then used to regenerate ATP locally by CK with ATPases (actomyosin ATPase, sarcoplasmic reticulum
SERCA and ion pumps ATPases). The rephosphorylation of ADP in MMCK reaction increases the Cr/PCr ratio which is transferred toward MtCK via CK/PCr shuttle. A small part of
ADP issued from ATP hydrolysis creates gradient of concentration transmitted toward the matrix and is transphosphorylated by adenylate kinase (AK) with local regeneration
of ATP and AMP production. The AMP transmitted to mitochondria via the system of compartmentalized AK reactions is re-phosphorylated by mitochondrial AK using ATP. Two
molecules of ADP produced in AK reaction are transferred into the matrix for rephosphorylation. The high-energy phosphoryls of newly synthesized ATP are exported from mito-
chondria as PCr due to the functional coupling of ATP synthase with MtCK via ANT. The shaded area in the upper right corner shows the Calcium Release Unit.
Figure adapted from Saks et al., 2011 with permission.
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Interactosome. As recent as 2011, Tepp et al., published their results
of the study on flux control coefficients (FCC) of different components
of MI in isolated rat heart mitochondria and permeabilized cardio-
myocytes under conditions of activated MtCK [69]. The MtCK was ac-
tivated by addition of creatine and MgATP in the presence of a system
trapping extramitochondrial ADP consisting of PK and PEP [57]. The
contribution of ANT and MtCK in the control of respiration rate was
studied by gradually inhibiting every component with carboxyatracty-
loside and 1-fluoro-2,4-dinitrobenzene, respectively. Authors have
shown that the FCC increased in permeabilized cardiomyocytes in
comparison with isolated heart mitochondria from 0.38±0.07 to
0.92±0.05 for ANT and from 0.80±0.04 to 0.95±0.02 for MtCK
[70]. The sum of the flux control coefficients of respiratory chain
complexes, ATP synthase, MtCK, ANT, and metabolite carriers (phos-
phate carrier inclusively) in isolated heart mitochondria is close to 1
and in permeabilized cardiomyocytes is close to 3.8 [69–71]. The sig-
nificant increase of FCC that MI components exert on the respiratory
rate in cardiomyocytes is consistent with the enhanced functional
coupling of MtCK–ANT with intramitochondrial ADP recycling
under conditions of adenine metabolite compartmentalization cre-
ated by the mitochondrial interaction with the intracellular
environment.

image of Fig.�7
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6. The VDAC selective permeability in physiological and patholog-
ical states

Going back to the Frank-Starling's law of the heart, with which we
started the in introduction part, we can now explain the mechanism
allowing the linear dependence between the increase of left
ventricular end-diastolic volume and the increase of respiration
rates in the absence of measurable changes in the intracellular ATP
and PCr content. According to the Honda's experimental data and
Aliev–Saks–Vendelin's mathematical model there is a significant
change in ADP during the contraction cycle in the myofibrillar space
under conditions of the metabolic stability [72–74]. Minimal ADP
levels (close to the equilibrium values of ADP concentration, i.e.
50 μM) are characteristic for the diastolic phase of the contraction
cycle, and the peak values of ADP (within the physiological ranges,
i.e. up to 300–500 μM) increase with elevation of workload and, sub-
sequently, of VO2. The kinetic analysis of the regulation of cardiomyo-
cytes respiration shows that due to the restricted ADP diffusion at the
level of MOM (app. KmADP ~400 μM), the respiration rates become
linearly dependant on ADP concentrations (in the physiological
ranges, 50–500 μ), in effect dependent on heart workloads in accor-
dance with the Frank–Starling law. This linear dependence under
physiological conditions can be amplified by creatine in the presence
of activated MtCK due to the local intramitochondrial recycling of
ADP in the reaction of the PCr production catalyzed by MtCK (the
app. KmADP decreases in the presence of creatine up to 20–40 μM)
[10,11,58]. This means that the small (signaling) amounts of cytosolic
ADP entering mitochondria and re-phosphorylated by ATP synthase
into ATP, follow the pathway of MtCK reaction which via the repeti-
tive recycling of intramitochondrial ADP (with PCr production) am-
plifies the cytosolic ADP signal. This effect was confirmed
quantitatively by the means of Metabolic Control Analysis. Studying
the FCC of ANT under conditions of ADP-stimulated respiration and
in the presence of activated MtCK (as described above) Tepp et al.,
(2011) have shown that the FCC of ANT increased from 0.2 to 0.92
when respiration was stimulated by endogenous ADP recycled in
the activated MtCK reaction [69].

Previously we have shown that mitochondrial oxidative phos-
phorylation of cancerous cardiac cells (NB HL-1) displays a very
high apparent affinity for exogenous ADP. The apparent KmADP is
comparable with that of isolated mitochondria, about 8–12 μM [75].
What is most interesting regarding the topic of our review-article dis-
cussed here is the simultaneous absence of MtCK and β2-tubulin in
NB HL-1 cells. The absence of these two key proteins of the Mitochon-
drial Interactosome coincides with a difference in mitochondrial dis-
tribution in NB HL-1 cells, characterized by reticular, rapidly fusing–
fissioning mitochondria [8] and high glycolytic enzyme activities
[76] distinct from healthy cardiomyocytes. According to Patra et al.,
the absence of MtCK is a characteristic of several cancer cells
[77,78]. At the same time, the absence of β2-tubulin in many types
of cancer cells was previously found using Western blot analysis.
The mitochondrial respiration of NB HL-1 cells is highly sensitive for
ADP and glucose due to the interaction of VDAC with HK2 [79]. For
this type of cells, for which the oxidative phosphorylation is directly
regulated by extramitochondrial ADP, the effect described by Maldo-
nado et al. (2010) becomes relevant. Maldonado showed the loss of
membrane potential in cancerous hepatocytes induced by depoly-
merization of microtubular network [80]. According to authors,
small polymers of tubulin can interact with VDAC, decreasing its per-
meability for ADP/ATP and thus mitochondrial membrane potential.
Certainly, restricted ADP/ATP diffusion at the level of MOM can be
harmful for cells with mitochondrial respiration stimulated notably
by cytosolic ADP and missing (or insufficiently represented) alterna-
tive phosphotransfer networks (such as CK, AK, guanine nucleotide
phosphotransfer). In contrast, in healthy adult cardiomyocytes in
which up to 88% of phosphorylation potential energy is transferred
via the CK/PCr network, the restriction of ADP/ATP diffusion is bene-
ficial. This is why, colchicine doesn't have the same effect on cardio-
myocytes as on cancerous hepatocytes. The influence of VDAC
permeability on mitochondrial metabolism has to be evaluated in
the whole context of cellular metabolism and mechanisms of
regulation.

Despite these evidences some questions still persist about the
structure and functioning of the Mitochondrial Interactosome of
non-cancerous glycolytic cells. Do they keep their non-cancerous pro-
file because of the restricted VDAC permeability for adenine nucleo-
tides induced by the interaction of VDAC with some proteins (like
β2-tubulin and MtCK in myocytes)? Does this interaction protect
VDAC from the HK binding and control from the energy outflow as
it is characteristic for cancer cells? The answer to these questions is
fundamental and could stimulate research to resolving significant
cancer bioenergetics problems.
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