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Mitochondrial hexokinase (HK) and creatine kinase (CK) known to form complexes with a voltage dependent
anion channel (VDAC) have been reported to increase cell death resistance under hypoxia/anoxia. In this work
we propose a new, non-Mitchell mechanism of generation of the inner and outer membrane potentials at anaer-
obic conditions. The driving force is provided by the Gibbs free energy of the HK and CK reactions associated with
the VDAC-HK and the ANT (adenine nucleotide translocator)-CK-VDAC complexes, respectively, both function-
Keywords: ing as voltage generators. In the absence of oxygen, the cytosolic creatine phosphate can be directly used by the
VDAC ANT-CK-VDAC contact sites to produce ATP from ADP in the mitochondrial matrix. After that, ATP released
through the fraction of unbound ANTs in exchange for ADP is used in the mitochondrial intermembrane space
by the outer membrane VDAC-HK electrogenic complexes to convert cytosolic glucose into glucose-6-
phosphate. A simple computational model based on the application of Ohm's law to an equivalent electrical circuit
showed a possibility of generation of the inner membrane potential up to — 160 mV, under certain conditions, and
of relatively high outer membrane potential without wasting of ATP that normally leads to cell death. The
calculated membrane potentials depended on the restriction of ATP/ADP diffusion in narrow cristae and
through the cristae junctions. We suggest that high inner membrane potential and calcium extrusion from the
mitochondrial intermembrane space by generated positive outer membrane potential prevent mitochondrial per-
meability transition, thus allowing the maintenance of mitochondrial integrity and cell survival in the absence of
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Aerobic glycolysis

oxygen.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Various aerobic cell types have been reported to survive for some
time under hypoxia/anoxia conditions [ 1-6]. A high resistance to anoxia
has been demonstrated for several tumor cell lines [4-6]. Anoxic dam-
age in rat hippocampal slices has been shown to be prevented by their
pre-incubation with creatine that enhanced the level of creatine phos-
phate in the neurons [2]. It has also been found that the presence of
glucose in the perfused fluid during anoxia of an isolated rat heart was
essential for its post-anoxic recovery [1]. Many other cases of resistance
to anoxia/hypoxia have been reviewed in [3].

In this respect, hexokinase (HK), which is known to be commonly
overexpressed in the brain and in many cancer cell lines and to be
bound in high proportion to VDAC of the mitochondrial outer membrane
(MOM), has been shown to greatly increase cell resistance to apoptosis or

Abbreviations: VDAC, voltage-dependent anion channel; HK, hexokinase; CK, creatine
kinase; MIM, mitochondrial inner membrane; MOM, mitochondrial outer membrane;
MIMS, mitochondrial intermembrane space; OMP, mitochondrial outer membrane poten-
tial; IMP, mitochondrial inner membrane potential; ANT, adenine nucleotide translocator
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to hypoxic/anoxic death [3,7-13]. On the other hand, the knockdown of
HK2 sensitizes human glioblastoma multiforme cells to apoptosis in-
duced by hypoxia, radiation, or chemotherapy due to an increase in mito-
chondrial membrane permeability monitored by the potential-sensitive
dye JC-1 [9]. The HK binding to VDAC has been found to decrease VDAC
conductance [8,10] and to inhibit the flux of ATP into mitochondria
[14]. The most important finding was that the glucose phosphorylation
reaction associated with the VDAC-HK complex was needed to provide
such a glucose-mediated cell resistance to death [15].

The mitochondrial creatine/creatine kinase system has also been
shown to reduce the damage of both the heart and the brain induced
by ischemia, anoxia, or inhibitors of mitochondrial respiration [2,16-20]
and to increase the survival of some malignant cancer cell lines with an
enhanced expression of mitochondrial octameric CK [21-23].

It has been suggested that the mitochondrial octameric creatine
kinase system functions as a specific energy channel between mitochon-
drial matrix and the cytosol through the ANT-CK-VDAC intermembrane
contact sites [24-27]. According to the developed hypothesis, these con-
tact sites allow the production of cytosolic creatine phosphate directly
using the mitochondrial matrix ATP at aerobic conditions.

The mechanism of the HK/CK-dependent protection of cells in
anoxic conditions is not yet elucidated. It has been assumed that the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2014.02.007&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2014.02.007
mailto:vvasilie@unal.edu.co
http://dx.doi.org/10.1016/j.bbamem.2014.02.007
http://www.sciencedirect.com/science/journal/00052736

1802 V.V. Lemeshko / Biochimica et Biophysica Acta 1838 (2014) 1801-1808

mitochondrial inner membrane (MIM) potential might be generated by
a well known Mitchell mechanism due to hydrolysis of ATP produced in
the cytosol by glycolysis [28]. However, anoxia seems to decrease the
mitochondrial exchange of inorganic phosphate, ADP, ATP, and several
respiratory substrates by VDAC closure [3]. In addition, the mitochon-
drial hydrolysis of cytosolic ATP has been reported to be strongly
inhibited under anoxia [29], or if not inhibited, it leads to rapid deple-
tion of ATP and to cell death [20,30]. Direct production of ATP in the
mitochondrial matrix by the HK reaction associated with the ANT-
VDAC-HK contact sites has also been proposed [31], i.e. reverse to
what we have suggested earlier [32]. According to the authors, the
cytosolic glucose-6-phosphate might be used as a substrate to produce
mitochondrial ATP [31]. However, such a reverse process seems to be
impossible due to a well-known fact that the HK reaction is essentially
irreversible under physiological conditions that can be demonstrated
by thermodynamic estimations.

On the other hand, it should be noted that the mitochondrial
VDAC-HK and ANT-CK-VDAC complexes might function as transmem-
brane net charge carriers, and thus as direct generators of membrane
potentials, without mitochondrial respiration or ATP hydrolysis.

In this work, we propose a new, non-Mitchell mechanism of VDAC-
mediated generation of the inner and outer membrane potentials (IMP
and OMP, respectively) that might function under anaerobic conditions
using cytosolic ATP without its wasting. The VDAC-HK complex of the
MOM and the ANT-CK-VDAC intermembrane contact sites of mito-
chondria were presented as electric batteries, with the voltages provid-
ed by the Gibbs free energy of corresponding kinase reactions. The
computational analysis of this model was based on the known ther-
modynamic properties of both the HK and the CK reactions. The calcu-
lated IMP and OMP were sufficiently high to maintain mitochondrial
integrity and thus cell survival in the absence of oxygen.

2. Materials and Methods
2.1. The model description

According to the model (Fig. 1A), creatine phosphate (CrP) in the
cytosol is used by the ANT-CK-VDAC complex to synthesize ATP from
ADP in the mitochondrial matrix. The complex functioning might be
presented as a battery E. (Fig. 1B), the voltage of which is applied to
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both the MIM and the MOM. The voltage V. of the battery is directly
related to the Gibbs free energy of the CK reaction as:
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Here, AGY' = —12.7 kJ/mol is the standard Gibbs free energy of
creatine kinase reaction, F is the Faraday constant, R is the universal gas
constant, T = 310 K is normal body temperature, [CrP]. and [Cr]. are
cytosolic concentrations of creatine phosphate and creatine, respectively,
and [ATP],, and [ADP],, are concentrations of ATP and ADP in the mito-
chondrial matrix. For calculations, we arbitrarily took [ATP],,/[ADP],, =
1.0, somewhat lower than for respiring mitochondria, in which [ATP],,/
[ADP],, = 3, approximately [33]. According to Eq. (1), the voltage V. of
the CK battery at standard conditions should be equal to —132 mV
(as G2 / F).

The internal resistance of the CK battery may be presented as com-
posed of the resistance R. of the CK-VDAC complex and of the resistance
R; of ANTs bound to CK-VDAC. These two connected in series resis-
tances (Fig. 1B) can be expressed through the respective conductances
gcand g, as1/g-and 1/ g;. Taking as 100 arbitrary units (a.u.) the con-
ductance of 100% VDACs in the MOM, all in the open state, the conduc-
tance g. of the percentage N of VDACs bound to CK in the ANT-CK-
VDAC contact sites may be presented as the N, value multiplied by the
normalized hyperbolic factor with the Michaelis—-Menten constant for
CrP, K crp = 1.69 mM for the mitochondrial octameric CK [34]:

~ N¢-[CrP],
8 = Kpp + [CIPL.° @

Assuming the thermodynamic equilibrium of the creatine kinase
reaction in the cytosol, we can write:

(Crl, - [ATP],

f— 0’
0= AGZ +RT In ot rapp 3)

Here, AGY = — 12.7 kJ/mol, [ATP]/[ATP]. is the ratio of ATP and ADP
concentrations in the cytosol that we set equal to 200, in a physiological

Cristae — |Re
Racv
MIM MOM

Fig. 1. The VDAC-kinase mechanism of the IMP (Ad;;) and the OMP (Ays,) generation coupled to aerobic glycolysis (A) and its equivalent electrical circuit (B). MIM — mitochondrial inner
membrane; MOM — mitochondrial outer membrane; G-6-P~! — glucose-6-phosphate; CrP~! — creatine phosphate in the cytosol; Cr — creatine in the cytosol; PEP — phosphoenolpyruvate;
PK — pyruvate kinase; R. — the resistance of the CK-VDAC complex as an internal resistance of the CK battery E¢; R; — the resistance of ANTs forming the ANT-CK-VDAC contact sites; Rycy —
the resistance of the ANT-CK-VDAC contact sites; R, — the free ANT-cristae combined resistance presented as the sum of the resistance Ry, of ATP/ADP exchange through the ANTs and the
resistance R of ATP/ADP diffusion in narrow cristae and through the cristae junctions; R, — the resistance of free VDACs, beyond the VDAC-kinase complexes; Ry, — the resistance of the
VDAC-HK complexes as an internal resistance of the HK battery Ey; PTP— the permeability transition pore. IMP and OMP result from voltage drops on the resistances R, and R,, respectively.
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range. The model allows changing this ratio to evaluate its influence on
calculated parameters. The total concentration of Cr plus CrP (CC) in the
cytosol is expressed as:

CC = [Cr], + [CrP].. 4)

The ratio [Cr]/[CrP]. is derived from Eq. (3) at a selected [ATP]/[ATP].
ratio.

The amount of ANTs in the heart mitochondria is known to be 10
times higher than that of VDACs [35]. For other cell types it is signifi-
cantly lower, thus we can assume it to be 5 times the amount of VDACs
to be applicable to more different cell types. The total conductance of
all ANTs to ATP*~/ADP>~ electrogenic exchange in comparison with
the conductance of all VDACs in the open state is not known, but at
least it seems to be less than the total VDAC conductance. For calcula-
tions, we took the total conductance of all ANTs to ATP*~/ADP3~ ex-
change as 50 a.u., as a half of the total VDAC conductance of the MOM
in the open VDAC state. Altogether these approximations mean that
the ATP*~/ADP3~ exchange conductance of 1 open VDAC is equal to
the conductance of 10 ANTs. If in addition we assume that 1 octameric
CK is bound to 4 ANTs and to 1 VDAC, the conductance g; of free ANTs
in the MIM (Fig. 1B, Ri = 1/ g;) may be expressed as:

g =04 N.. (5)

Most of the free ANTSs in the MIM are localized in the narrow cristae
[36,37], which strongly restrict ATP/ADP accessibility to VDACs in the
MOM (additional resistance R in Fig. 1B) and thus it might be regu-
lated by condensed-orthodox configuration changes, as postulated by
Mannella [36]. Taking this into account, we finally presented the free
ANT-cristae combined conductance g; (Fig. 1B, Ry =1/ g;) in a.u. as:

8 = k- (50—g)). (6)

Here, k; is the cristae diffusion restriction coefficient of the conductance g;.

The mitochondrial intermembrane space (MIMS) ATP and cytosolic
glucose are used by the electrogenic VDAC-HK complex to produce
glucose-6-phosphate in the cytosol, thus the VDAC-HK complex func-
tions as an electric battery, E;, (Fig. 1B). The voltage V;, of this HK battery,
positive in the MIMS, can be presented as:

__(AG)  RT | [G6P] - [ADP),
V= ( FotE [Gluc]c‘[ATP]S>' @)

Here, F is the Faraday constant, R is the universal gas constant, T =
310 K is normal body temperature, and [G6P]. and [Gluc]. are cytosolic
concentrations of glucose-6-phosphate and glucose, respectively.
[ADP]y/[ATP]; is the ratio of ADP and ATP concentrations in the MIMS:
we set [ATP]s/[ADP]s = 200, as in the cytosol for simplicity. We
also used a fixed concentration of glucose-6-phosphate in the cyto-
sol, [G6P]. = 0.1 mM, in the known physiological range. If AGf, =
—16.7 kJ/mol, we obtain V§ = 173 mV (—AG{' / F). According to
Eq. (7), the total voltage of the HK battery is equal to 430 mV, for the
hypothetical conditions of [ADP]/[ATP]s = 0.005, [G6P]. = 0.1 mM
and [Gluc]. = 10 mM, which are close to the physiological.

The internal resistance Ry, of the HK battery can be presented through
the conductance gy, of the VDAC-HK complex (Fig. 1B, R, = 1/ gy). As
the conductance of all 100% of VDACs in the open state was set to be
equal to 100 a.u., the conductance of the percentage Ny, of VDACs
bound to HK may be expressed as the Ny, value multiplied by the nor-
malized hyperbolic factor containing the Michaelis—-Menten constant
for glucose, K, g = 0.1 mM:

N, - [Glud],

& =K, + [Glud,” ®)

It means that at a zero glucose concentration, the conductance is
equal to zero. Here we assume, for simplicity, that the MIMS concentra-
tion of ATP is not a limiting factor for the rate of the HK reaction, and
that the concentration of the mitochondrial matrix ADP is not a limiting
factor for the CK reaction catalyzed by the ANT-CK-VDAC complex.

The total conductance (percentage) of the N, fraction of the
voltage-sensitive VDACs in the MOM beyond the complexes (free
VDACS) in their open state may be presented in a.u. as:

st = 100_N5_Nh_anv (9)

where N. is the percentage of VDACs bound to CK in the ANT-CK-VDAC
contact sites, Ny, is the percentage of VDACs forming the VDAC-HK com-
plexes, and Ny is the percentage of the voltage-insensitive fraction of
VDAGCs, recently reported in the literature as a relatively small fraction
of VDACs with low sensitivity to the membrane potential [38]. Here we
set Nps = 5%, the same as the conductance g, = 5 a.u., for all calculations.

The dependence of the conductance gy of the fraction Nys on the
OMP can be expressed as described earlier [32,39,40], using a voltage-
sensitivity parameter “S”:

85 = Nus - Pe + Nys - (1=Po) - exp(—(S- OMP)?). (10)

Setting S = 40 V™!, the almost complete VDAC closure takes place at
OMP = +40 mV. The parameter P, is the VDAC relative conductance in
the closed state of VDAC. We used P. = 0.25 as the lowest conductance
of reported low-conducting “closed” states of VDAC [41].

The total conductance g, of the free VDACs in the MOM is the sum of
the conductances g,s and gys:

8y = 8uvs T &ns- (11)
In accordance with Ohm's law applied to the equivalent electrical

circuit shown in Fig. 1B, the voltages of the CK and HK batteries (V.
and V;, respectively) can be expressed as:

v le e deth  le (12)
g & 8y 8t

and

Vh:I_h+MA (13)

&h 8v

Here, I. and I}, are the currents supported by the CK and HK batteries,
respectively. The OMP is expressed as:

omp = e, (14)
v
The IMP can be presented as:
vp — e (15)
g

At the steady-state generated OMP, Ca®™ ions, known to be perme-
able through even closed VDACs in the MOM [42], will achieve their
electrochemical equilibrium described by the Nernst's equation:

RT [ .
OMP = > lnm, (16)

where [Ca® "] and [Ca® T]; are calcium concentrations in the cytoplasm
and in the MIMS, respectively.
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2.2. Calculations more expressive at 0.25 mM CC (Fig. 2D, b) than at 25 mM CC
(Fig. 2D, a).

The calculations were made by numerical methods using the licensed Very high OMPs were also calculated at any percentage N, of the

software Mathcad Professional 2001i (MathSoft, Cambridge, MA). ANT-CK-VDAC contact sites in the range of 10-60%, when the percent-

age N;, of the VDAC-HK complexes was increased to N, = 5% (Fig. 3A,

curve d for 0.25 mM CC, and curve c for 25 mM CC). Here, we used

3. Results k. = 0.2, corresponding to an even lower restriction of ATP/ADP dif-

fusion in the cristae space than at k; = 0.1 in the former case (Fig. 2).

A possibility of generation of mitochondrial membrane potentials by The IMPs up to — 160 mV at 25 mM CC (Fig. 3A,a) and up to — 100 mV at

a proposed anaerobic mechanism (Fig. 1) was analyzed using the com- 0.25 mM CC (Fig. 3A, b) were calculated under these conditions, with

putational model described by Egs. (1)-(16). The computational model N;, = 5%. High calculated OMPs resulted in a complete electrical

allows calculations in a wide range of concentrations of glucose. The closure of VDACs, thus causing strong restriction of the MOM con-

calculations shown in Fig. 2 were made at 5 mM glucose in the cytosol, ductance g at both CC concentrations: 25 mM CC (Fig. 3B, a) and

as the function of the percentage N. of VDACs forming the ANT-CK- 0.25 mM CC (Fig. 3B, b). As a result, the equilibrium concentration

VDAC contact sites, taking the percentage N, = 3% of VDACs bound to of calcium ions in the MIMS was decreased by almost two orders of

HK and the cristae coefficient k. = 0.1. A low value of k; allows modeling magnitude in the case of 25 mM CC (Fig. 3C, a), and by 2-3 orders
a decrease in the effective conductance g, by the restriction of ADP/ATP in the case of 0.25 mM CC (Fig. 3C, b).

diffusion in narrow cristae of mitochondria in the orthodox configura- Next, we extended the calculations for the conditions described in

tion [36,37,43]. The calculated IMP increased with an increase in N, at Fig. 1 (N = 3%), scanning the concentration of CC in the range of

both, 25 mM and 0.25 mM CC in the system (CC = [Cr] + [CrP]). At 0.2-20 mM and the cristae coefficient k; in the range of 0.1-0.6, taking

25 mM CC, higher IMPs (Fig. 2A, a) and lower OMPs (Fig. 2A, c¢) were cal- the percentage of the contact sites to be fixed at N. = 60%. The calcula-

culated than those determined at 0.25 mM CC (Fig. 2A, b and d, tions were made for two concentrations of glucose in the cytosol, 5 mM
respectively). (Fig. 4, A-C) and 0.05 mM (Fig. 4, D-F). At 5 mM glucose, the OMP
As aresult of an increase in the OMP-gating closure of free VDACs at decreased from approximately 55 mV, positive inside, to almost zero
an increasing N, the MOM conductance g, decreased as linear and as level with an increase in the CC concentration and in the cristae coeffi-
sigmoid parts, respectively (Fig. 2B, curve a for 25 mM CC and curve b cient k; (Fig. 4A). As a result of the OMP decrease, the MOM conductance
for 0.25 mM CC). The MOM conductance at 25 mM CC was in general increased from very low values to the conductance corresponding to the
higher than at 0.25 mM CC. completely open free VDACs, beyond the VDAC complexes (Fig. 4C). At
At 25 mM CC, it was also calculated that there were relatively high the low, 0.05 mM glucose concentration, the OMP changed from an
kinase currents, I, for the VDAC-HK (Fig. 2C, a) and I. for the ANT- almost zero level to negative values, up to —30 mV approximately,
CK-VDAC (Fig. 2C, c) complexes, in comparison with those calculated when the CC concentration and the cristae coefficient k; increased
at 0.25 mM CC (Fig. 2C, b and d, respectively). (Fig. 4C), leading to a decrease in the MOM conductance (Fig. 4F) due
Due to the OMP generation, positive inside (Fig. 2A, ¢ and d), the to the VDAC closure by relatively high negative OMPs (according to
equilibrium concentration of calcium ions in the MIMS, in its compart- Eq. (10)).
ment external to the cristae, was decreased by more than one order of High IMPs, up to levels near — 160 mV, were calculated for the pres-

magnitude (Fig. 2D) at the highest calculated OMPs (Fig. 2A). This effect ence of 5 mM glucose at very low values of the coefficient k; and rela-
of calcium extrusion from the MIMS by generated positive OMPs was tively high concentrations of CC (Fig. 4B). A similar tendency was
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Fig. 2. Generation of the IMP (minus inside) and the OMP (A) by the VDAC-kinase mechanism shown in Fig. 1, and corresponding changes of the MOM conductance g, (B), of the HK and
CK currents (C) and of the MIMS concentration of calcium ions (D) as the function of the percentage N. of VDACs forming the ANT-CK-VDAC contact sites at the fixed percentage N;, = 3%
of VDAC-HK complexes and the cristae coefficient k. = 0.1. a,c— in the presence of 25 mM CC ([Cr] + [CrP]), b,d— in the presence of 0.25 mM CC. The cytosolic concentration of calcium
ions was set as 1 uM.
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Fig. 3. Generation of the IMP (minus inside) and the OMP (A) by the VDAC-kinase
mechanism shown in Fig. 1, and corresponding changes of the MOM conductance g, (B)
and of the MIMS concentration of calcium ions (C) as the function of the percentage N¢
of VDACs forming the ANT-CK-VDAC contact sites, at the fixed percentage N, = 5% of
VDAC-HK complexes and the cristae coefficient k, = 0.2. a,c — in the presence of
25 mM CC ([Cr] + [CrP]); b,d — in the presence of 0.25 mM CC; The cytosolic concentra-
tion of calcium ions was set as 1 uM.

observed for the presence of low, 0.05 mM glucose, but the calculated
IMPs in general were significantly lower (Fig. 4E) than those deter-
mined at 5 mM glucose concentration (Fig. 4B).

The presented computational analysis clearly showed a possibility of
the generation of both the inner and the outer membrane potentials of
mitochondria in the absence of oxygen, using ATP produced by glycoly-
sis in the cytosol and the Gibbs free energy of the kinase reactions. Note
that it is not an ATP wasting mechanism, because ATP generated in the
mitochondrial matrix in a CrP-dependent mode is subsequently used in
the HK reaction associated with the VDAC-HK complex contributing to
the first step of glycolysis.

4. Discussion

The mitochondrial membrane potentials, both the IMP and the OMP,
seem to be important for the maintenance of mitochondrial integrity
and cell survival under hypoxic/anoxic conditions. The decrease in the
IMP, normally generated by the respiratory chain, is known to induce
the permeability transition pore (PTP) [44,45] that has been recently
suggested to be most probably associated with only the MIM [46,47].

The PTP opening leads to mitochondria swelling, outer membrane
rupture and liberation of pro-apoptotic factors from the MIMS ([45,47]
and the references therein), besides the ATP wasting by uncoupled mi-
tochondria. The threshold value of the IMP to open the PTP has been
shown to depend on the SH/S-S ratio [44] and thus on the oxidative
stress. In addition, calcium overload of mitochondria is another power-
ful factor inducing the PTP opening [44-47]. Below the threshold
concentration, calcium in the mitochondrial matrix is known to play a
crucial role in activation of mitochondrial metabolism [48]. Thus, mod-
ulation of calcium concentration in the MIMS through an electrical
extrusion or capture from/into the MIMS, depending on the sign of
generated OMP, might play an important role in the regulation of mito-
chondrial metabolism and cell death.

The computational analysis of the mechanism shown in Fig. 1 dem-
onstrated that the thermodynamic properties of the hexokinase and
creatine kinase reactions allow generation of the IMP in the absence of
oxygen. The magnitudes of calculated IMP under some metabolic condi-
tions were comparable with those known for normal respiring mito-
chondria. The calculations showed that the IMP was higher at relatively
high concentrations of glucose and CC, as well as at a relatively high per-
centage N of the mitochondrial ANT-CK-VDAC contact sites (Figs. 2A
and 3A) corresponding to mitochondria with a highly expressed
octameric creatine kinase.

The calculations of the IMP are consistent with various experimental
data [16,19,20,23]. The environment inside even a small tumor is char-
acterized by total anoxia or hypoxia [49]. It is also well known that the
cytosolic CK-BB is elevated in many tumors, particularly in breast cancer
[50]. Overexpression of ubiquitous mitochondrial CK (uMtCK), in addi-
tion, in the invasive ductal carcinomas of breast tissue has been recently
shown to be associated with a poor prognosis because of the promotion
of tumor growth by inhibiting apoptosis of tumor cells through stabiliz-
ing IMP [23]. Many cases of the protective effects of the creatine kinase
system have been also reported for the brain and heart [2,16-20],
although a possible contribution of a CrP-dependent reverse synthesis
of intramitochondrial ATP and of generation of the IMP by the ANT-
CK-VDAC contact sites in a tandem functioning with the VDAC-HK
complex have not yet been studied.

A factor favored generation of high IMPs by a suggested mechanism
was the orthodox configuration of mitochondria. We modeled this
structural state of mitochondria taking k; = 0.1 to reflect strong restric-
tion of ADP/ATP diffusion in narrow cristae reported in [36,37,43].
According to Mannella at al. [37], about 93% of mitochondrial fluxes
occur within the cristae. The cristae volume is also essentially separated
from the external space of the MIMS by cristae junctions [36,37,43]. It
has been assumed that the cristae configuration changes might be an
important factor in regulation of the mitochondrial metabolism
[36,37]. According to our calculations of the IMP generated by the kinase
reactions, the cristae configuration factor might be important for cell
survival under anoxia.

The calculations showed that the IMP can be enhanced by an
increase in the percentage Ny of the VDAC-HK complexes in the
MOM, which is another powerful factor favoring the IMP generation,
as it was calculated for the case of N;, = 5%, even with k. = 0.2. A signif-
icantly higher IMP was calculated for the same conditions but with k, =
0.1 (calculations not shown). An increase in k;, corresponding to mito-
chondria transition to the condensed configuration, was accompanied
with a decrease in calculated IMP (Fig. 4, B and E).

These results support the suggestion that the cristae configuration
changes might play a key role in regulation of mitochondrial metabo-
lism [37], even under the here considered anaerobic conditions. Both
high glucose and CC concentrations favored IMP generation by the
mechanism shown in Fig. 1, and the calculated magnitudes of the IMP
were high enough to maintain the PTP in the closed state using the
Gibbs free energy of the mitochondria-associated kinase reactions. If
we present the free ANT-cristae combined resistance R, of the MIM
(Rt =1/ g) as the sum of the resistance R, to ATP/ADP exchange
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Fig. 4. Generation of the OMP (A,D) and the IMP (B,E) by the VDAC-kinase mechanism shown in Fig. 1, and the MOM conductance g, changes (CF) as the functions of CC concentration in the
cytosol and the cristae coefficient k; at the fixed percentage N. = 60% of VDACs forming the ANT-CK-VDAC contact sites and the percentage Ny, = 5% of VDAC-HK complexes. A-C — at 5 mM

glucose; D-F — at 0.05 mM glucose; CC = [Cr] + [CrP].

through the ANTs and the resistance R for ATP/ADP diffusion in narrow
cristae and through the cristae junctions, the intra-cristae negative
potential might be generated as a result of the voltage drop on the resis-
tance R (Fig. 1B), thus increasing the proton concentration in cristae
with respect to the external compartment of the MIMS. A possibility
of pH gradient existence in narrow cristae has been earlier considered
in [37]. It means that in the narrow cristae, the pH component might
represent a significant part of the MIM proton-motive force.

The VDAC-kinase mechanism suggested here allows the generation
of the OMP (Fig. 1). If the OMP is positive, it might cause calcium extru-
sion from the MIMS thus protecting mitochondria against the PTP open-
ing and preventing cell death at elevated calcium concentrations in the
cytosol. It might be a natural alternative to the direct inhibition of the
calcium MIM uniporter to increase cell resistance to death under the
influence of factors increasing the cytosolic concentration of calcium [51].

In contrast, a high negative OMP has been experimentally demon-
strated for mitochondria in living cells [52]. Although VDAC might be es-
sentially closed under such conditions, even a completely closed VDAC
has been shown to be highly permeable to calcium ions [53]. Hence, a
high negative OMP [52] should increase the MIMS concentration of
calcium, thus favoring its entrance into the mitochondrial matrix and
increasing the mitochondrial metabolism [48]. On the other hand,
after the calcium threshold concentration is reached, this calcium over-
load is known to lead to cell death through mitochondrial apoptosis/
necrosis mechanisms. The OMP-mediated control of calcium signaling
might be additional to the described mechanisms of the MOM perme-
ability regulation by various permeabilizing factors [21,24,47] and
by “molecular corks” of several types, suppressing mitochondrial
metabolism [3].

As the simplest and most direct mechanism of the OMP generation,
we have earlier suggested the functioning of the VDAC-HK complex
[32,39]. In this complex, the MIMS ATP*~ and the cytosolic glucose
are converted into the MIMS ADP?~ and into the cytosolic glucose-6-
phosphate anion, thus moving one net negative charge through the
MOM using the Gibbs free energy of the HK reaction. Here we estimated
the contribution of the free energy of both the HK and the CK kinase
reactions to generation of the OMP and the IMP (Fig. 1). High OMPs,
positive inside, were calculated even at the relatively low percentage
Ny, (3%) of the VDAC-HK complexes relative to the total number of

VDACs, but at high percentages N, of the intermembrane ANT-CK-
VDAC contact sites (Fig. 2A), or at an enhanced number of the VDAC-
HK contact sites, as N, = 5% for example, at any N (10-60%) (Fig. 3A).

The exhaustion of glucose that was modeled by a decrease of its
concentration to 0.05 mM, demonstrated a significant decrease in calcu-
lated IMPs (Fig. 4, B and E, respectively). Interestingly, an increase in the
concentration of CC decreased the OMP even in the presence of 5 mM
glucose (Fig. 4A), and even caused generation of negative OMPs at the
low, 0.05 mM glucose concentration, if the cristae coefficient k. was
relatively high (Fig. 4D), corresponding to the condensed configuration
of mitochondria.

Strong suppression of the MOM conductance g, by the generated
positive OMP (Fig. 4A) was revealed in the presence of 5 mM glucose
at low values of the coefficient k; in a wide range of CC concentrations
(Fig. 4C), or in the presence of low glucose concentration (0.05 mM)
at high values of the cristae coefficient k; in a range of relatively high
concentrations of CC (Fig. 4F). All this means that the MOM permeability
for ATP might be almost completely blocked due to the OMP generation
by the suggested kinase mechanism. These results are consistent with
the observations that ATP hydrolysis by the protonic FoF; ATPase of
mitochondria was strongly prevented in muscle cells under anoxic con-
ditions [20]. Although it might be explained by an inhibition with the
natural inhibitor IF1, by transport limitation at the level of ANT and by
modifications of the kinetic properties of the ATPase [20], the OMP-
dependent electrical suppression of mitochondria turnover of adenine
nucleotides represents a new possibility for preventing ATP wasting
under hypoxic/anoxic conditions. In anoxic resistant tissues, the gener-
ated OMP might be higher than in non-resistant cells and tissues. Inter-
estingly, it has been recently reported that the CK-mediated energy flux
from the subsarcolemmal space was able to sustain the IMP at the anox-
ic core of cardiomyocytes, thus avoiding ATP wasting and necrotic cell
death [20]. We assume that this IMP might be sustained by the mecha-
nism shown in Fig. 1 through the ANT-CK-VDAC contact sites.

Using the immunogold technique, it has been demonstrated that CK
is colocalized with the mitochondrial intermembrane contact sites, as
well as being localized inside the mitochondrial cristae [24,54], forming
complexes with cristae ANT [21]. In this respect, the possibility exists
that the IMP might also be generated by the cristae ANT-CK complexes
using the free energy released from the dephosphorylation of cristae
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creatine phosphate. Even the formation of quaternary ANT-CK-VDAC-
HK contact sites has been assumed as a mechanism controlling mito-
chondrial outer membrane permeabilization by anti- and pro-apoptotic
proteins [11]. The structure and the enzymatic activity of mitochondrial
contact sites, related to a possible energy channeling [24-27] and gener-
ation of mitochondrial membrane potentials, evoke great interest and
still have to be further elucidated.

In conclusion, it is important to highlight that the suggested non-
Mitchell mechanism of generation of the mitochondrial membrane
potentials was only to demonstrate the main principles by which the
Gibbs free energy of the kinase reactions associated with mitochondrial
VDACs might be involved in this process. The computational analysis of
the model showed that the magnitude of the IMP generated in the
absence of oxygen might be sufficiently high to maintain mitochondrial
integrity. The generated OMP might modulate the MIMS concentrations
of calcium ions, ADP, ATP and of other charged metabolites, and, in gen-
eral, it might regulate the MOM permeability and the mitochondrial
metabolism. A possibility of the VDAC closure by various factors and
by “molecular corks” has been earlier considered to explain mitochon-
drial suppression under anoxia/hypoxia, ischemia and other condi-
tions [3]. The suggested VDAC-kinase mediated mechanism of the
OMP generation and of the electrical suppression of mitochondria
might inhibit ATP/ADP turnover through the mitochondrial outer mem-
brane, thus preventing ATP wasting and increasing cell resistance to
death in the absence of oxygen. This mechanism may also explain the
physiological role of the highly conserved voltage gating properties of
VDAC [55].

Acknowledgements

The author thanks Dr. Andriy Anishkin (Pennsylvania State Univer-
sity) and Dr. Sergy V. Lemeshko (St. Luke's hospital, Houston, TX) for
helpful discussion and critical reading of the manuscript. Financial sup-
port for this work was provided by the Colciencias (Colombia) research
grants #111852128625 and #5201-545-3156 (362-2011) and by the
National University of Colombia, Medellin Branch.

References

[1] DJ.Hearse, E.B. Chain, The role of glucose in the survival and ‘recovery’ of the anoxic

isolated perfused rat heart, Biochem. J. 128 (1972) 1125-1133.

A]. Carter, R.E. Miiller, U. Pschorn, W. Stransky, Preincubation with creatine

enhances levels of creatine phosphate and prevents anoxic damage in rat hippo-

campal slices, ]. Neurochem. 64 (1995) 2691-2699.

JJ. Lemasters, E. Holmuhamedov, Voltage-dependent anion channel (VDAC) as

mitochondrial governator—thinking outside the box, Biochim. Biophys. Acta 1762

(2006) 181-190.

E.A. Mazzio, Y.I. Soliman, K.F. Soliman, Variable toxicological response to the loss of

OXPHOS through 1-methyl-4-phenylpyridinium-induced mitochondrial damage

and anoxia in diverse neural immortal cell lines, Cell Biol. Toxicol. 26 (2010)

527-539.

D.R. Wise, P.S. Ward, J.E. Shay, J.R. Cross, ].J. Gruber, U.M. Sachdeva, ].M. Platt, R.G.

DeMatteo, M.C. Simon, C.B. Thompson, Hypoxia promotes isocitrate dehydrogenase-

dependent carboxylation of a-ketoglutarate to citrate to support cell growth and

viability, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 19611-19616.

E.C. Cheung, R.L. Ludwig, K.H. Vousden, Mitochondrial localization of TIGAR under

hypoxia stimulates HK2 and lowers ROS and cell death, Proc. Natl. Acad. Sci. U. S.

A. 109 (2012) 20491-20496.

W. Kim, J.H. Yoon, J.M. Jeong, G.J. Cheon, T.S. Lee, ].I. Yang, S.C. Park, H.S. Lee,

Apoptosis-inducing antitumor efficacy of hexokinase II inhibitor in hepatocellular

carcinoma, Mol. Cancer Ther. 6 (2007) 2554-2562.

S. Abu-Hamad, H. Zaid, A. Israelson, E. Nahon, V. Shoshan-Barmatz, Hexokinase-I

protection against apoptotic cell death is mediated via interaction with the

voltage-dependent anion channel-1: mapping the site of binding, ]. Biol. Chem.

283 (2008) 13482-13490.

A. Wolf, S. Agnihotri, J. Micallef, ]. Mukherjee, N. Sabha, R. Cairns, C. Hawkins, A.

Guha, Hexokinase 2 is a key mediator of aerobic glycolysis and promotes tumor

growth in human glioblastoma multiforme, J. Exp. Med. 208 (2011) 313-326.

[10] H. Azoula-Zohar, A. Israelson, S. Abu-Hamad, V. Shoshan-Barmatz, In self-defence:
hexokinase promotes VDAC closure and prevents mitochondria-mediated apoptotic
cell death, Biochem. J. 377 (2004) 347-355.

[11] ]J.G. Pastorino, ].B. Hoek, Regulation of hexokinase binding to VDAC, ]J. Bioenerg.
Biomembr. 40 (2008) 171-182.

2

i3

4

[5

6

17

[8

[9

[12] V. Shoshan-Barmatz, D. Mizrachi, VDAC1: from structure to cancer therapy, Front.
Oncol. 2 (2012) 164.

[13] S.P. Mathupala, P.L. Pedersen, Voltage dependent anion channel-1 (VDAC-1) as an
anti-cancer target, Cancer Biol. Ther. 9 (2010) 1053-1056.

[14] LV. Perevoshchikova, S.D. Zorov, E.A. Kotova, D.B. Zorov, Y.N. Antonenko,
Hexokinase inhibits flux of fluorescently labeled ATP through mitochondrial outer
membrane porin, FEBS Lett. 584 (2010) 2397-2402.

[15] L. Sun, S. Shukair, T.J. Naik, F. Moazed, H. Ardehali, Glucose phosphorylation and
mitochondrial binding are required for the protective effects of hexokinases I and
11, Mol. Cell. Biol. 28 (2008) 1007-1017.

[16] R.T. Matthews, L. Yang, B.G. Jenkins, RJ. Ferrante, B.R. Rosen, R. Kaddurah-Daouk,
M.F. Beal, Neuroprotective effects of creatine and cyclocreatine in animal models
of Huntington's disease, J. Neurosci. 18 (1998) 156-163.

[17] M. Wyss, R. Kaddurah-Daouk, Creatine and creatinine metabolism, Physiol. Rev. 80
(2000) 1107-1213.

[18] T.Wallimann, M. Tokarska-Schlattner, U. Schlattner, The creatine kinase system and
pleiotropic effects of creatine, Amino Acids 40 (2011) 1271-1296.

[19] L. Perasso, P. Spallarossa, C. Gandolfo, P. Ruggeri, M. Balestrino, Therapeutic use of
creatine in brain or heart ischemia: available data and future perspectives, Med.
Res. Rev. 33 (2013) 336-363.

[20] E. Takahashi, Anoxic cell core can promote necrotic cell death in cardiomyocytes at
physiological extracellular PO2, Am. ]. Physiol. Heart Circ. Physiol. 294 (2008)
H2507-H2515.

[21] U. Schlattner, M. Tokarska-Schlattner, T. Wallimann, Mitochondrial creatine kinase
in human health and disease, Biochim. Biophys. Acta 1762 (2006) 164-180.

[22] S.Patra, A. Ghosh, S.S. Roy, S. Bera, M. Das, D. Talukdar, S. Ray, T. Wallimann, M. Ray,
A short review on creatine-creatine kinase system in relation to cancer and some
experimental results on creatine as adjuvant in cancer therapy, Amino Acids 42
(2012) 2319-2330.

[23] X.L Qian, Y.Q.Li, F. Gu, FF. Liu, W.D. Li, X.M. Zhang, L. Fu, Overexpression of ubiqui-
tous mitochondrial creatine kinase (uMtCK) accelerates tumor growth by inhibiting
apoptosis of breast cancer cells and is associated with a poor prognosis in breast
cancer patients, Biochem. Biophys. Res. Commun. 427 (2012) 60-66.

[24] D.G. Brdiczka, D.B. Zorov, S.S. Sheu, Mitochondrial contact sites: their role in energy
metabolism and apoptosis, Biochim. Biophys. Acta 1762 (2006) 148-163.

[25] V. Saks, P. Dzeja, U. Schlattner, M. Vendelin, A. Terzic, T. Wallimann, Cardiac system
bioenergetics: metabolic basis of the Frank-Starling law, J. Physiol. 571 (2006)
253-273.

[26] N.Timohhina, R. Guzun, K. Tepp, C. Monge, M. Varikmaa, H. Vija, P. Sikk, T. Kaambre,
D. Sackett, V. Saks, Direct measurement of energy fluxes from mitochondria into
cytoplasm in permeabilized cardiac cells in situ: some evidence for mitochondrial
interactosome, J. Bioenerg. Biomembr. 41 (2009) 259-275.

[27] V. Saks, R. Guzun, N. Timohhina, K. Tepp, M. Varikmaa, C. Monge, N. Beraud, T.
Kaambre, A. Kuznetsov, L. Kadaja, M. Eimre, E. Seppet, Structure-function
relationships in feedback regulation of energy fluxes in vivo in health and
disease: mitochondrial interactosome, Biochim. Biophys. Acta 1797 (2010)
678-697.

[28] A. Chevrollier, D. Loiseau, P. Reynier, G. Stepien, Adenine nucleotide translocase 2 is
a key mitochondrial protein in cancer metabolism, Biochim. Biophys. Acta 1807
(2011) 562-567.

[29] ]. St-Pierre, M.D. Brand, R.G. Boutilier, Mitochondria as ATP consumers: cellular
treason in anoxia, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 8670-8674.

[30] C.Chinopoulos, V. Adam-Vizi, Mitochondria as ATP consumers in cellular pathology,
Biochim. Biophys. Acta 1802 (2010) 221-227.

[31] A. Chevrollier, D. Loiseau, B. Chabi, G. Renier, O. Douay, Y. Malthiéry, G. Stepien,
ANT2 isoform required for cancer cell glycolysis, ]. Bioenerg. Biomembr. 37 (2005)
307-316.

[32] V.V. Lemeshko, Model of the outer membrane potential generation by the inner
membrane of mitochondria, Biophys. J. 82 (2002) 684-692.

[33] B. Korzeniewski, ].-R. Mazat, Theoretical studies of the control of oxidative phos-
phorylation in muscle mitochondria: application to mitochondria deficiencies,
Biochem. J. 319 (1996) 143-148.

[34] P. Kaldis, T. Wallimann, Functional differences between dimeric and octameric
mitochondrial creatine kinase, Biochem. J. 308 (1995) 623-627.

[35] M. Crompton, The mitochondrial permeability transition pore and its role in cell
death, Biochem. J. 341 (1999) 233-249.

[36] C.A. Mannella, Structure and dynamics of the mitochondrial inner membrane
cristae, Biochim. Biophys. Acta 1763 (2006) 542-548.

[37] C.A. Mannella, W]. Lederer, M.S. Jaftri, The connection between inner membrane
topology and mitochondrial function, J. Mol. Cell. Cardiol. 62 (2013) 51-57.

[38] E.N. Maldonado, K.L. Sheldon, D.N. DeHart, J. Patnaik, Y. Manevich, D.M. Townsend,
S.M. Bezrukov, T.K. Rostovtseva, J.J. Lemasters, Voltage-dependent anion channels
modulate mitochondrial metabolism in cancer cells: regulation by free tubulin
and erastin, J. Biol. Chem. 288 (2013) 11920-11929.

[39] S.V.Lemeshko, V.V. Lemeshko, Energy flux modulation on the outer membrane of
mitochondria by metabolically-derived potential, Mol. Cell. Biochem. 256-257
(2004) 127-139.

[40] V.V. Lemeshko, Theoretical evaluation of a possible nature of the outer membrane
potential of mitochondria, Eur. Biophys. J. 36 (2006) 57-66.

[41] T.K. Rostovtseva, S.M. Bezrukov, VDAC inhibition by tubulin and its physiological
implications, Biochim. Biophys. Acta 1818 (2012) 1526-1535.

[42] W. Tan, M. Colombini, VDAC closure increases calcium ion flux, Biochim. Biophys.
Acta 1768 (10) (2007 Oct) 2510-2515.

[43] CA.Mannella, D.R. Pfeiffer, P.C. Bradshaw, LI. Moraru, B. Slepchenko, L.M. Loew, C.E.
Hsieh, K. Buttle, M. Marko, Topology of the mitochondrial inner membrane: dynamics
and bioenergetic implications, [IUBMB Life. 52 (2001) 93-100.


http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0005
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0005
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0010
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0010
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0010
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0015
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0015
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0015
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0020
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0020
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0020
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0020
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0025
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0025
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0025
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0025
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0030
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0030
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0030
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0035
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0035
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0035
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0040
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0040
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0040
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0040
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0045
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0045
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0045
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0050
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0050
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0050
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0055
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0055
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0060
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0060
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0065
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0065
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0070
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0070
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0070
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0075
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0075
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0075
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0080
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0080
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0080
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0085
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0085
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0090
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0090
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0095
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0095
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0095
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0100
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0100
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0100
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0105
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0105
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0110
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0110
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0110
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0110
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0115
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0115
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0115
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0115
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0120
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0120
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0125
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0125
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0125
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0130
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0130
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0130
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0130
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0135
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0135
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0135
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0135
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0135
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0140
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0140
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0140
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0145
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0145
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0150
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0150
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0155
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0155
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0155
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0160
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0160
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0165
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0165
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0165
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0170
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0170
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0175
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0175
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0180
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0180
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0185
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0185
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0190
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0190
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0190
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0190
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0195
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0195
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0195
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0200
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0200
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0205
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0205
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0210
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0210
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0215
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0215
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0215

1808

[44]

[45]

[46]

[47]

(48]

[49]

V.V. Lemeshko / Biochimica et Biophysica Acta 1838 (2014) 1801-1808

V. Petronilli, P. Costantini, L. Scorrano, R. Colonna, S. Passamonti, P. Bernardi, The
voltage sensor of the mitochondrial permeability transition pore is tuned by the
oxidation-reduction state of vicinal thiols. Increase of the gating potential by
oxidants and its reversal by reducing agents, J. Biol. Chem. 269 (1994) 16638~
16642.

P. Bernardi, A. Krauskopf, E. Basso, V. Petronilli, E. Blachly-Dyson, F. Di Lisa, M.A.
Forte, The mitochondrial permeability transition from in vitro artifact to disease
target, FEBS J. 273 (2006) 2077-2099.

V. Giorgio, S. von Stockum, M. Antoniel, A. Fabbro, F. Fogolari, M. Forte, G.D. Glick, V.
Petronilli, M. Zoratti, . Szabd, G. Lippe, P. Bernardi, Dimers of mitochondrial ATP
synthase form the permeability transition pore, Proc. Natl. Acad. Sci. U. S. A. 110
(2013) 5887-5892.

P. Bernardi, The mitochondrial permeability transition pore: a mystery solved?
Front. Physiol. 4 (2013) 95.

B. Glancy, R.S. Balaban, Role of mitochondrial Ca2 + in the regulation of cellular
energetics, Biochemistry 51 (2012) 2959-2973.

S. Strese, M. Fryknds, R. Larsson, J. Gullbo, Effects of hypoxia on human cancer cell
line chemosensitivity, BMC Cancer 13 (2013) 331.

[50]

[51]

[52]

[53]

[54]

[55]

N. Zarghami, M. Giai, H. Yu, R. Roagna, R. Ponzone, D. Katsaros, P. Sismondi, E.P.
Diamandis, Creatine kinase BB isoenzyme levels in tumour cytosols and survival
of breast cancer patients, Br. J. Cancer 73 (1996) 386-390.

R.R. Arvizo, D.F. Moyano, S. Saha, M.A. Thompson, R. Bhattacharya, V.M. Rotello, Y.S.
Prakash, P. Mukherjee, Probing novel roles of the mitochondrial uniporter in ovarian
cancer cells using nanoparticles, J. Biol. Chem. 288 (2013) 17610-17618.

AM. Porecelli, A. Ghelli, C. Zanna, P. Pinton, R. Rizzuto, M. Rugolo, pH difference
across the outer mitochondrial membrane measured with a green fluorescent pro-
tein mutant, Biochem. Biophys. Res. Commun. 326 (2005) 799-804.

W. Tan, M. Colombini, VDAC closure increases calcium ion flux, Biochim. Biophys.
Acta 1768 (2007) 2510-2515.

M. Kottke, T. Wallimann, D. Brdiczka, Dual electron microscopic localization of mito-
chondrial creatine kinase in brain mitochondria, Biochem. Med. Metab. Biol. 51
(1994) 105-117.

M. Colombini, VDAC structure, selectivity, and dynamics, Biochim. Biophys. Acta
1818 (2012) 1457-1465.


http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0220
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0220
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0220
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0220
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0220
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0225
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0225
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0225
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0230
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0230
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0230
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0230
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0235
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0235
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0240
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0240
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0240
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0245
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0245
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0250
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0250
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0250
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0255
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0255
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0255
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0260
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0260
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0260
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0265
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0265
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0270
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0270
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0270
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0280
http://refhub.elsevier.com/S0005-2736(14)00071-6/rf0280

	VDAC electronics: 2. A new, anaerobic mechanism of generation of the membrane potentials in mitochondria
	1. Introduction
	2. Materials and Methods
	2.1. The model description
	2.2. Calculations

	3. Results
	4. Discussion
	Acknowledgements
	References


