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The simplest mechanism of the generation of the mitochondrial outer membrane potential (OMP) by the VDAC
(voltage-dependent anion channel)-hexokinase complex (VHC), suggested earlier, and by the VDAC-glucokinase
complex (VGC), was computationally analyzed. Even at less than 4% of VDACs bound to hexokinase, the calculat-
ed OMP is high enough to trigger the electrical closure of VDACs beyond the complexes at threshold concentra-
tions of glucose. These results confirmed our previous hypothesis that the Warburg effect is caused by the
electrical closure of VDACs, leading to global restriction of the outer membrane permeability coupled to aerobic
glycolysis. The model showed that the inhibition of the conductance and/or an increase in the voltage sensitivity
of a relatively small fraction of VDACs by factors like tubulin potentiate the electrical closure of the remaining free
VDACs. The extrusion of calcium ions from the mitochondrial intermembrane space by the generated OMP, pos-
itive inside, might increase cancer cell resistance to death. Within the VGCmodel, the known effect of induction
of ATP release frommitochondria by accumulated glucose-6-phosphate in pancreatic beta cells might result not
only of the known effect of GK dissociation from the VDAC-GK complex, but also of a decrease in the free energy
of glucokinase reaction, leading to the OMP decrease and VDAC opening. We suggest that the VDAC-mediated
electrical control of the mitochondrial outer membrane permeability, dependent on metabolic conditions, is a
fundamental physiological mechanism of global regulation of mitochondrial functions and of cell death.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

VDAC, the most abundant protein of the mitochondrial outer mem-
brane (MOM1) [1–4], is universally accepted as responsible for the con-
trol of metabolite fluxes between mitochondria and the cytosol [3–7].
This porin has been demonstrated to directly relate to many physiolog-
ical processes and pathologies [5,7–9]. VDAC has even been considered
as a governator of globalmitochondrial functions both in health and dis-
ease [5]. However, experimental results related to the VDAC-mediated
regulation of the MOM permeability and of cell death are confusing
and contradictory, and the mechanisms responsible for this regulation
remain poorly understood [4,10–12].

Although VDAC's electrical properties have been studied in detail
[1–4,10,13], it has been generally considered as a permanently open
el; HK, hexokinase: GK, glucoki-
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pore under physiological conditions.Meanwhile, a large body of literature
has been accumulated showing that VDAC conductance in living cells
should be regulated [4,5,8–10,12–15]. It has been widely assumed
that theMOMpermeability is controlled by a partial or complete block-
age of VDAC by various cytosolic proteins like tubulin [13–19], or in
general, by various anti- and pro-apoptotic factors [5,7,8,10,12]. Many
cases of apparently anomalous behavior of mitochondria and of global
suppression of mitochondrial functions have been attributed to such
reversible blockage-type regulation of the MOM permeability [5].

On the other hand, it is unlikely, according to Mannella et al. [20],
that VDAC simply converts the MOM in a coarse sieve. We could add
in this respect, that it is unlikely that the permeability of this sieve is
simply regulated by only “molecular corks”, as by hexokinase (HK)
bound to VDAC, for example [21]. Meanwhile, the role of VDAC's highly
conserved voltage gating properties remains to be the main unresolved
question [4]. This question seems to be fundamental and can be an-
swered possibly by finding the missing players of the MOM permeabil-
ity regulation.

Earlier, we have proposed several steady-state mechanisms of the
generation of metabolically-dependent OMP to demonstrate that the
electrical closure-opening of VDAC might represent a physiological
mechanismof regulation of theMOMpermeability [22–24]. Experimen-
tal evidence of the generation of the negative OMP in living cells has
been obtained by Porcelli et al. [25], although it is not yet clear, to
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Fig. 1. The main principle of the OMP generation by the VDAC-hexokinase complex. A —

VHC functioning leads to a charge separation across the MOM. The generated potential
leads to the free VDAC closure strongly restricting ADP release from the MIMS to recover
ATP in the cytoplasm. It represents the suggested anti-turbo mechanism of regulation of
aerobic glycolysis allowing usage of mitochondrial ATP for the first stage of glycolysis in
cancer cells (dotted lines). Ions H+, Cl−, K+, Mg2+, Ca2+ permeate through free VDACs
in the MOM, achieving their electrochemical equilibrium. MPU — mitochondrial potassi-
um uniporter; MCU — mitochondrial calcium uniporter. B — An equivalent electrical
circuit of the VHC model: the battery EH represents Gibbs free energy of the hexokinase
reaction. The battery internal resistance, RH, depends on the percentage of VDACs bound
to HK. The resistance of the fraction of free voltage non-sensitive VDACs (as low sensitive
VDAC3, for example) is presented as the resistance RNS connected in parallel to the resis-
tance RVS of the remaining voltage gating VDACs. According to Ohm's law, the OMP gener-
ation results from voltage division on the equivalent resistance of free VDACs (RNS and
RVS), that might be influenced by various VDAC effectors, and on the internal resistance
of the battery RH. Note, as the VDACs begin to close, their increasing resistance leads to
further OMP increase by the mechanism of positive feedback control, allowing the MOM
permeability regulation that depends on the glucose concentration and on the [ATP]s/
[ADP]s ratio.
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what extent the metabolically-dependent inner membrane surface
potential influenced the reported data, as it has been analyzed earlier
[26].

According to one of the possible mechanisms of OMP generation,
suggested earlier, the inner membrane potential (IMP) might be partly
applied to the MOM through the intermembrane contact sites com-
posed of adenine nucleotide translocator (ANT) and VDAC [23,24]. The
same idea has recently been expressed by Pedersen [9]. In cancer cells,
in addition, the resistance of the ANT-VDAC-HK contact sites has been
suggested to decrease due to the free energy of the HK reaction applied
to the contact sites, thus increasing the OMP [23,24]. The possible expla-
nation of the Warburg effect has been proposed on the basis of global
electrical closure of VDACs beyond the contact sites, due to the generat-
ed OMP. A similar concept has been developed in the last years by other
authors [5,27], although without pointing to the electrical character of
the MOM permeability suppression in cancer cells.

The simplest of the proposed mechanisms of the OMP generation
has been based on the VDAC-HK complex only [23,24], because, for
example, the mitochondrial intermembrane contact sites have not
been found in the subpopulation HT29 Glc+ of adenocarcinoma cells,
althoughHKwas predominantly bound tomitochondria [28]. Computa-
tional analysis of this model could represent certain interest for under-
standing possible mechanisms of the regulation of aerobic glycolysis
and cell death. It has been discovered that in cancer cells, a large propor-
tion of HK is associatedwithmitochondria [29,30 and reference therein]
that has also been found to increase cancer cell resistance to death
[8,9,11,12,31,32]. In addition, cancer cells have been characterized by a
high rate of aerobic glycolysis and by a mitochondrial HK activity up
to more than two orders of magnitude higher than in normal cells
[33,34]. It has been found that both the HK binding to VDAC and the
glucose phosphorylation reaction contribute to the protective effects
of HK-I and HK-II against cell death [35]. It might be related to a de-
crease of the calcium concentration in the MIMS due to the positive
OMP generation by VHC, according to the physical principles described
earlier [23,24].

In the present work, we developed the VHC and VGC models of
generation of the OMP, with the Gibbs free energy of kinase reactions
as a driving force, as a battery in an equivalent electrical circuit. The
calculations showed that the OMP value directly depends on the per-
centage of VDACs bound to HK, on the glucose concentration, and on
the presence of tubulin-like effectors (TE). The calculated OMPs were
high enough to electrically close VDAC. The positive sign of the OMP
generated by the VHC might explain a high resistance of cancer cells
to death as a result of calcium extrusion from the mitochondrial inter-
membrane space (MIMS). The model can be applied to pancreatic beta
cells, for mitochondria of which high values of the OMPwere calculated
using the VGCmodel. Development and computational analysis of such
and similar models seems to be an important approach to the further
understanding of cell energy metabolism regulation, as well as of many
cases of apparently anomalous behavior of mitochondria reviewed and
analyzed in detail in [5].
2. Materials and methods

2.1. The VDAC-hexokinase complex model

According to the VHCmodel shown in Fig. 1A, ATP from theMIMS
and glucose from the cytoplasm are used by HK bound to VDAC in the
MOM, liberating ADP back into the MIMS and producing cytoplasmic
glucose-6-phosphate. 100% of all VDACs in the MOM can be expre-
ssed as the sum of the percentage of VDACs bound to HK (NH), of
the percentages of the voltage sensitive VDACs (NVS), and of voltage
non-sensitive VDACs (NNS), as well as of the percentage of VDACs
bound to tubulin-like effectors (TE) influencing VDAC voltage sensi-
tivity and/or partially blocking it (NTE), and even of the percentage of
VDACs completely blocked by some inhibitors (NI):

100 ¼ NH þ NVS þ NNS þ NTE þ NI ð1Þ

The conductance gNS (resistance RNS = 1/gNS in Fig. 1B) of the NNS

fraction is not affected by the OMP, thus we can write gNS = NNS,
expressing conductance in arbitrary units, a.u. The maximum conduc-
tance of the MOM was taken as 100 a.u., for 100% of all VDACs in the
open state.

The conductance gVS (resistance RVS in Fig. 1B) of the fraction NVS

can be expressed as the function of the OMP (Δψo) using an equation
similar to that published earlier [22–24], at an arbitrary voltage-sensitivity
parameter “S1”:

gVS ¼ NVS � Pc1 þ NVS � 1−Pc1ð Þ � exp − S1 � Δψosð Þ2
� �

: ð2Þ

Weused here S1 = 40 V−1 allowing almost complete VDAC closure
at Δψo = ±40 mV, as shown in Fig. 2a and b. The parameter Pc1 is the
VDAC relative conductance in the closed state, which was set in the
range of 0.25–0.50 for various calculations [15,36–38].



Fig. 2. The VDAC voltage-conductance characteristics. a — VDAC's typical voltage gating
sensitivity allowing almost complete VDAC closure at ±40 mV, S1 = 40 V−1 and
Pc1 = 0.50 in Eq. (2); b — the same as a, but at Pc1 = 0.25; c — the same as b, but at
S2 = 60 V−1 (not used for calculations).
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As tubulin has been shown to increase the voltage sensitivity of VDAC
[15,19], the conductance gT of the fraction NTE can be presented as:

gT ¼ NTE � Pc2 þ NTE � 1−Pc2ð Þ � exp − S2 � Δψoð Þ2
� �

: ð3Þ

The resting VDAC conductance in the presence of TE was set at
Pc2 = 0.25, insteadof Pc1 = 0.5 in the control, thus allowing an increase
in the VDAC voltage sensitivity according to [15]. Themodel also allows
an additional mechanism of an increase in voltage sensitivity, through
an increase in the parameter S2, as shown in Fig. 2c for S2 = 60 V−1

in comparison with S2 = 40 V−1 (Fig. 2b).
The total conductance gV of theMOM, as the sum of conductances of

unbound VDACs (NVS, NNS) and of the fraction bound to TE (NT) can be
expressed as:

gV ¼ gVS þ gNS þ gT ð4Þ

The influence of the glucose concentration in the cytoplasm, [Gluc]c,
on the conductance gH of the fraction NH of VDACs (VHCs) means a
change of the internal resistance RH (RH = 1/gH) of the battery EH
(Fig. 1B). The normalized hyperbolic factor with the Michaelis–Menten
constant for glucose, Km,G = 0.1 mM, was included. We assumed, for
the sake of the simplicity, that the MIMS concentration of ATP is not a
limiting factor for the rate of the HK reaction. The model also allows a
consideration that the conductance, gH at the maximum rate of the HK
reaction is less than that of free VDAC by a factor K. Finally, gH was
expressed as:

gH ¼ NH � K � Gluc½ �c
Km;G þ Gluc½ �c

ð5Þ

The VHC functions as an electrogenic carrier of one negative net
charge through the membrane, leading to the OMP generation, as
shown in Fig. 1A. At no leakage of charged metabolites of the reaction
through the membrane, the system would stay at equilibrium and the
generated membrane potential would have maximum value, Δψmax,
that can be directly related to the Gibbs free energy of the HK reaction:

Δψ
max;H

¼ − ΔGo
H
�

F
þ RT

F
ln

G6P½ �c � ADP½ �s
Gluc½ �c � ATP½ �s

 !
: ð6Þ

Here, F is the Faraday constant, R is the universal gas cons-
tant, T = 310 K is normal body temperature, [G6P]c and [Gluc]c are
concentrations of glucose-6-phosphate and glucose, respectively,
in the cytoplasm, and [ADP]s and [ATP]s are concentrations of ADP
and ATP in the MIMS. For most of the calculations, we used fixed
[G6P]c = 0.1 mM, i.e. in the reported normal physiological range. For
the circuit shown in Fig. 1B, the voltage, EH of the battery is equal to
Δψmax,H. At ΔGH

o´ = −16.7 kJ/mol, EH o´ = 173 mV.
In the case of a leakage, gV ≠ 0 (permanent movement of a net

charge of cycling metabolites trough free VDACs), the OMP (Δψo) can
be expressed as:

Δψo ¼
Δψmax;H � gH

gV þ gH
ð7Þ

This is according to Ohm's law, applied to the circuit in Fig. 1B. At
gV = 0, we have Δψo = Δψmax. The VHC current, as an indicator of
the HK activity of VHC, can be presented as:

Ih ¼ Δψo � gV ð8Þ

At steady-state generated OMP, the permeable ions X z, as H+, Cl−,
K+, Ca2+, Mg2+, etc., will stay at electrochemical equilibrium and will
be distributed across the MOM according to the Nernst equation:

Δψo ¼
RT
zF

ln
Xz� �

c

Xz½ �s
m; ð9Þ

Here, [X z]c and [X z]s are ion concentrations in the cytoplasm and in
theMIMS, respectively, z is the ion valence. The calculations weremade
for only calcium ions.

According to the Goldman's equation, the ATP flux (JT) through the
MOM at given conductance gV and ATP concentrations in the MIMS
and the cytoplasm ([ATP]s and [ATP]c, respectively) should also depend
on the calculated Δψo:

JT ¼ −gV � Δψo � zF
RT

�
ATP½ �s− ATP½ �c � exp

−Δψo � zF
RT

� �

1− exp
−Δψo � zF

RT

� � ð10Þ

Here, F is the Faraday constant, R is the universal gas constant, T =
310 K is normal body temperature, and z is the ATP valence (−4).
Similarly, for the ADP flux (JD):

JD ¼ −gV � Δψo � zF
RT

�
ADP½ �s− ADP½ �c � exp

−Δψo � zF
RT

� �

1− exp
−Δψo � zF

RT

� � : ð11Þ

Here, [ADP]s and [ADP]c are ADP concentrations in theMIMS and the
cytosol, respectively, and z is the ADP valence (−3).

2.2. The VDAC-glucokinase complex model

The VGCmodel is the same as VHC (Fig. 1), with the same Gibbs free
energy of the kinase reaction. The system of the same Eqs. (1)–(9) was
used to describe the VGCmodel, with one exception that theMichaelis–
Menten constant for glucose in this case is higher, Km,G = 7.5 mM, that
is known to be near the regulated level of glucose concentration in
human beta cells.

The calculations were made by numerical methods using the li-
censed software Mathcad Professional 2001i (MathSoft, Cambridge,
MA).

3. Results

The VHC model was analyzed at various hypothetical metabolic
conditions and depending on the percentages of VDACs bound to HK
(NH), of free VDACs (voltage sensitive, NVS, and insensitive, NNS), of

image of Fig.�2
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VDACs bound to the effectors like tubulin, NTE, and of VDACs completely
blocked by some inhibitor, NI.

The calculated OMPs (Δψo) for the physiological range of glucose
concentrations at the fixed [ATP]s/[ADP]s ratio in the MIMS (TDs =
200, as for example 10 mM ATP and 0.05 mM ADP) are shown in
Fig. 3A. In the case of NNS = 0 and the absence of VDAC inhibitors
(NI = 0), a well-expressed sigmoid increase in the OMP was revealed
at different threshold concentrations of glucose, depending on the rest-
ing conductance Pc1 (Eq. (2)) of VDAC in the closed state and on the per-
centage of VDACs bound to HK (Fig. 3A, curve a for Pc1 = 0.35,
NH = 4.0, and Fig. 3A, curve b for Pc1 = 0.30, NH = 3.5). A sharp step-
wise increase in the OMP was revealed when Pc1 = 0.25 was used for
calculations (Fig. 3A, curve c for Pc1 = 0.25, NH = 3.0). These calcula-
tions allowed demonstration that the character of VDAC switching
might be regulated by a change of Pc1, if it is possible. High OMPs
were also calculated for Pc1 = 0.4 at NH = 4.2 (Fig. 3C, a), and for
Pc1 = 0.5 at NH = 5.0 (Fig. 3C, a).

A sharp character of an increase in the OMP at Pc1 = 0.25 and
NH = 3.4 (Fig. 3B, a) was converted to a sigmoid curve when the frac-
tion of voltage-insensitive VDACs (NNS = 5, Eq. (1)) was also included
in the system (Fig. 3B, b). At NNS = 10, it was converted to an almost
Fig. 3. Sigmoid characters of the generation of high OMPs at threshold concentrations of
glucose. The calculations were made at TDs = 200 ([ATP]/[ADP] ratio in the MIMS),
S1 = 40 V−1 and NI = 0. Panel A — at NNS = 0: a — Pc1 = 0.35, NH = 4.0; b — Pc1 =
0.30 and NH = 3.5; c — Pc1 = 0.25, NH = 3.0; Dotted lines — the switched off voltage
gating, S1 = 0 V−1, for: d — Pc1 = 0.35, NH = 4.0; e — Pc1 = 0.30 and NH = 3.5;
f — Pc1 = 0.25, NH = 3.0. Panel B — at Pc1 = 0.25, NH = 3.4: a — NNS = 0; b
NNS = 5; c — NNS = 10; d — the switched off voltage gating, S1 = 0 V−1, for
the case c. Panel C: a — at Pc1 = 0.4 and NH = 4.2; b — at Pc1 = 0.5 and
NH = 5.0; d and c — the switched off voltage gating, S1 = 0 V−1, for the cases a
and b, respectively.
linear function (Fig. 3B, c). A significantly lower potential was calculated
even in this case if the voltage gatingwas switched off by taking S1 = 0,
Eq. 2 (Fig. 3B, d). All these calculations (Fig. 3) were made assuming
K = 1 (Eq. (5)).

Very similar results were obtained considering, for example, that
at the maximum rate of the HK reaction, the VHC conductance is
10 times lower (K = 0.1) than that of free VDAC (Fig. 4B, a), at
TDs = 20, Pc1 = 0.25, NNS = 5. For comparison, OMPs calculated at
K = 1 under the same conditions are shown in Fig. 4A, a. In the case
of K = 0.1, a higher percentage of VHC was needed (32% instead of
4.2%) to generate relatively high OMPs. Significantly lower potentials
were calculated at S1 = 0 (Eq. (2)) for both K = 1 and K = 0.1
(Fig. 4A and B, respectively, curves b). The OMP-dependent decrease
in gV was revealed at increasing concentrations of glucose for both
K = 1 (Fig. 4C, a) and for K = 0.1 (Fig. 4D, a). The calculations for
switched off voltage gating, S1 = 0 V−1, are presented in Fig. 4C and
D, respectively, curves c). On the other hand, the potential-dependent
decrease in the HK activity of VHCs was not markedly expressed,
although detected for both K = 1 (Fig. 4C, b and d, for S1 = 40 V−1

and S1 = 0 V−1, respectively) and K = 0.1 (Fig. 4D, b and d, for
S1 = 40 V−1 and S1 = 0 V−1, respectively).

For the sake of the simplicity of the model, the above mentioned
calculations (Fig. 4A–D) were made without consideration of the OMP
influence on the individual steady-state fluxes of ATP and ADP. But
separately, Goldman's equation was applied taking into account the
OMP calculations presented in Fig. 4A,B, for an arbitrary condition of
relatively higher concentrations of ATP and ADP in the MIMS than
in the cytosol: [ATP]s = 20 mM, [ADP]s = 1 mM (TDs = 20), and
[ATP]c = 10 mM, [ADP]c = 0.02 mM (TDc = 500). The calculations
made demonstrated the complete block of ADP release frommitochon-
dria by generatedOMPs at glucose concentrations higher than 4 mMfor
K = 1 (Fig. 4E), and higher than 3 mM for K = 0.1 (Fig. 4F). A signifi-
cantly smaller effect of the OMPs was revealed for the ATP influx
(Fig. 4, G and H, for K = 1 and K = 0.1, respectively) that might exceed
the ADP flux (Fig. 4, E and F, for K = 1 and K = 0.1, respectively) by
two orders of magnitude, if steady-state conditions of 1ATP/1ADP
exchange are not maintained.

The behavior of the VHC model under variation of the [ATP]s/[ADP]s
ratio in the MIMS (TDs) and of the glucose concentration in the
cytoplasmwas estimated for two options: at the absence of the fraction
of voltage-insensitive VDACs (NNS = 0) at NH = 3.4, Pc1 = 0.25
(Fig. 5A,C,E,G) and for the presence of the NNS fraction of VDACs
(NNS = 5) at NH = 3.4, Pc1 = 0.25 (Fig. 5B,D,F,H). The OMP values
(Δψo), the MOM permeability (gV), and the VHC current (Ih), as well
as the concentration of calcium ions in the MIMS ([Ca2+]i), were calcu-
lated. A sharp stepwise increase in Δψo at the threshold values of
glucose concentration and/or of the critical values of TDs was revealed
at NH = 3.4, Pc1 = 0.25 and NNS = 0 conditions (Fig. 5A). On the
other hand, the model did not predict high values of Δψo at very low
TDs (less than 30) in the scanned range of glucose concentrations, or
at relatively small glucose concentrations (less than 3 mM) in the
scanned range of TDs (Fig. 5A).

As a result of the sharp stepwise character ofΔψo increase, theMOM
permeability was also decreased abruptly, up to the final level some-
what less than 25% (Fig. 4C), determined by Pc1 = 0.25 for the VDAC
closed state, and by NH = 3.4 excluded from 100% of VDACs. Interest-
ingly, the VHCHK activity, expressed as the VHC current Ih, was restrict-
ed very slightly, although well detected (Fig. 5E). Another consequence
of the generation of the positive potential Δψo was a decrease of the
calcium ion concentration in the MIMS, by up to two orders of magni-
tude (Fig. 4G). Marked decrease in the MIMS calcium concentration
was also revealed without VDAC closure (Fig. 5G), only due to a voltage
drop on the resistance of the open state VDACs, according to the circuit
shown in Fig. 1B and to Ohm's law.

In the presence of the 5% fraction of the voltage-insensitive, perma-
nently open VDACs (NNS = 5), higher threshold concentrations of

image of Fig.�3


Fig. 4.Glucose concentration-dependent VHC-mediated generation of the OMP (A,B) and the closure of free VDACs (C,D, curves a,c) coupled to the VHC hexokinase activity (C,D, curves b,d),
affecting ADP release from theMIMS (E,H) and ATP entrance into theMIMS (G,H). Left column—K = 1, NH = 4.2 (Eq. (5)); Right column—K = 0.1, NH = 32 (Eq. (5)). The calculations
were made at TDs = 20, Pc1 = 0.25 and NNS = 5. Dotted lines — the switched off voltage gating, S1 = 0 V−1, Eq. 2. The ADP and ATP fluxes were calculated according to Goldman's
equation for arbitrary fixed conditions: [ATP]c = 10 mM, [ADP]c = 0.02 mM (TDc = 500), and [ATP]s = 20 mM, [ADP]s = 1 mM (TDs = 20).
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cytoplasmic glucose and higher values of TDs were needed to trigger
free, voltage-sensitive VDACs to the closed state, according to the gener-
ated OMP (Fig. 5B), and hence to suppress the MOM permeability even
at relatively high TDs (Fig. 5D). On the other hand, the VHC current was
restricted very slightly (Fig. 5F). The decrease in the MIMS concentra-
tion of calcium ions in this case was by almost 1.5 orders of magnitude
(Fig. 5H). High OMPswere calculated at the increased percentage of the
VHC complexes (NH = 4.2) even at NNS = 10 (OMPs higher than
shown in Fig. 4B) in the same range of changes of glucose concentration
and/or TDs ratios (calculations not shown).

Tubulin and many other cytoplasmic proteins were reported as
physiological modulators of the MOM permeability by targeting
VDAC and by restricting its conductance in the closed state [13–19]
thus increasing the voltage sensitivity of VDAC [15,19]. Here we
analyzed the VHC model at TE quantities up to NTE = 50 (Fig. 6).
Other parameters of the model were fixed at: TDs = 200,
NH = 4.4, S1 = 40 V−1, S2 = 40 V−1, Pc1 = 0.50 and Pc2 = 0.25.
According to the calculations, an increase in the TE percentage
leads to a remarkable increase in OMP (Fig. 6B) and to the additional
restriction of MOM permeability (Fig. 6E) due to the process of elec-
trical closure of VDACs. At VDAC's voltage sensitivity parameters set
to zero (S1 = 0 V−1, S2 = 0 V−1), the presence of TE at any concen-
tration does not influence the OMP (Fig. 6A) or the MOM permeabil-
ity (Fig. 6D).
Higher values of the OMPwere calculated, if in addition to themen-
tioned effects of TE, some inhibitor targets VDAC, completely blocking
10% of VDACs (Fig. 6C), thus causing additional restriction of the MOM
permeability (Fig. 6E).

The VGCmodel, in comparison to the VHCmodel, is characterized by
lower affinity of glucokinase to glucose (Km,G = 7.5 mM, in Eq. (5)).
Fixing parameters of the model at NNS = 5, TDs = 200, NH = 7,
S1 = 40 V−1 and Pc1 = 0.25 (Eq. (2)), the calculations made demon-
strated that at small concentrations of glucose-6-phosphate, as
0.1 mM, very high OMPs can be generated at glucose concentrations
higher than 6 mM (Fig. 7A), leading to a strong restriction of the
MOM permeability (Fig. 7B). On the other hand, at a high fixed glucose
concentration, as 12 mM for example, an increase in the glucose-6-
phosphate concentration leads to the reopening of free VDACs and to
a significant increase in the MOM permeability (Fig. 7B), as a result of
the OMP decrease (Fig. 7A,C).

Under the conditions of 12 mM glucose and 0.1 mM glucose-6-
phosphate, the OMP potential was increased as a sigmoid function of
the percentage of VGC (of VDACs bound to GK), with a mid-point near
5% VGC (Fig. 7C, a). Significantly lower, linear increase of the OMP was
revealed at S1 = 0 V−1 (Fig. 7C), as a result of voltage drop on the resis-
tance of the open VDACs. Applying Goldman's Eq. (10) for an arbitrary
condition of 20 mM ATP in the MIMS and 5 mM ATP in the cytoplasm,
it was determined that even at 3.3% VGC, when VDACs are almost
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Fig. 5. The dependence of the VHC-generated OMP (Δψo) (A,B), of the MOM conductance gV (C,D) and of the calcium extrusion from the MIMS (G,H) coupled to the VHC hexokinase
activity Ih (E,F) on the glucose concentration and on the ratio [ATP]s/[ADP]s (TDs), at K = 1, Pc1 = 0.25, NH = 3.4 (Eq. (5)). Left column — NNS = 0; Right column — NNS = 5.
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completely open, the ATP flux was still directed from the cytoplasm to
the MIMS (Fig. 7D, S1 = 40 V−1, positive ATP flux). It was decreased
to a level of zero by switching off the voltage gating of VDAC (Fig. 7D,
S1 = 0 V−1).

When the concentration of glucose-6phosphate was increased to
10 mM, it significantly increased ATP release at 3.3% VGC, shifting the
zero flux-points to 4.2% and 4.5%, for S1 = 40 V−1 and S1 = 0 V−1,
respectively (Fig. 7D,C). Further acceleration of ATP release in the pres-
ence of 10 mM glucose-6-phosphate, when all VDACs are open, might
be achieved due to the dissociation of GK from the VDAC-GK complex,
thus decreasing VGC% (Fig. 7C,D).
The presented calculations clearly showed high probability of the
generation of the OMP by the VDAC-HK and VDAC-GK complexes in
the MOM, allowing electrical suppression of mitochondria and efficient
calcium extrusion from the MIMS.

4. Discussion

The electrical mechanism of VDAC closure, as a physiological regula-
tion of VDAC conductance, is not yet widely accepted [4]. Generation of
the metabolically-derived OMPs in living cells has been generally con-
sidered doubtful. The reason for such doubts is that even in the closed
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Fig. 6. Possible effects of tubulin-like VDAC effectors (TE) on the VHC-dependent OMP generation (A–C) and on theMOM conductance gV (D–F). The calculationsweremade at NH = 4.4,
Pc1 = 0.50, Pc2 = 0.25 andTDs=200. A, D— controls, at S1 = 0 V−1, S2 = 0 V−1); B, E— at S1 = 40 V−1, S2 = 40 V−1; C, F— in addition to B andE, some inhibitor blocks 10% of VDACs
(NI = 10).
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state VDAC conducts small ions, like K+, Na+, Ca2+, which are
believed to tend to collapse electrical potentials forming across the
MOM [5,14]. Electrodynamic compartmentation of various perme-
able ions and possible osmotic effects caused by a steady-state
generated OMP have been analyzed in our previous publications
[22,24]. However, permeable ions that do not constantly circulate
through the MOM should achieve their electrochemical equilibrium
in accordance with the OMP generated by some steady-state mecha-
nism. After that, they should not influence the steady-state generat-
ed membrane potential.

For comparison, the resting potential of excitable cells are normally
calculated using complete form of the GHK equation, containing K+,
Na+ and Cl− terms. However, a simplified form of the GHK equation is
often used in most biological studies [39], ignoring the Cl− term, al-
though the membrane permeability for Cl− through chloride channels
might be one order of magnitudes higher than that for Na+. The simpli-
fied GHK equation is acceptable if themembrane is passively permeable
to Cl−, and thus Cl− ions are not a part of the Na/K steady-state mecha-
nism of the resting potential generation. The Cl− equilibrium potential
is frequently close to the resting potential [39–42], when the resting
potential sets the Cl− gradient rather than vice versa.

In this work, we developed the simplest steady-state models of
generation of the OMP, based on the Gibbs free energy of kinases
bound to VDAC, specifically hexokinase (VHC model) and glucokinase
(VGC model). The models allowed computational analysis of a possible
range ofmembrane potentials that could be supported by theGibbs free
energy of kinase reactions. The calculations obtained for the VHCmodel
(Fig. 1), described by Eqs. 1–9, clearly demonstrated that HK bound to
VDAC may be a very powerful generator of the OMP, as shown in
Figs. 3–5. The calculated OMPs were high enough to electrically close
the free voltage-sensitive VDACs even if we assume that the maximum
HK reaction rate of VHC is 10 times less than the conductance of
unbound VDAC in the open state (Fig. 4B,D). The effect of the possible
presence of a fraction of voltage-insensitive VDACs was also analyzed
(Fig. 5), because up to 11% of all VDACs in the MOM has been reported
to have low voltage sensitivity [18].

The VHCmodel showed that theMOM permeability can be strongly
restricted as a result of an abrupt electrical closure of VDACs at the
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Fig. 7. VGC-mediated generation of the OMP (A) and the MOM conductance gV changes (B), as the function of glucose and glucose-6-phosphate concentrations. The calculations were
made at: NH = 7, S1 = 40 V−1 and Pc1 = 0.25 (Eq. (2)), NNS = 5, TDs = 200. C — the dependence of the OMP on the percentage of VDACs bound to GK (VGC) at 12 mM glucose and
at the 0.1 mM and 10 mM concentrations of glucose-6phosphate. D — ATP flux through the MOM calculated according to the Goldman's equation for arbitrary fixed conditions:
20 mM ATP in the MIMS and 5 mM ATP in the cytoplasm (negative values correspond to ATP release).
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threshold concentrations of glucose and/or the [ATP]s/[ADP]s ratios. The
threshold values depended on the percentage of VDACs bound to HK
(Figs. 3 and 5). Both glucose concentration and the [ATP]s/[ADP]s ratio
influence the Gibbs free energy of the HK reaction (Eq. (6)). In the
equivalent electrical circuit, the free energy is presented as a battery
with the voltage EH (Fig. 1B) according to Eq. (6). The calculations
showed that VDAC electrical closure depends on metabolic conditions
and should also depend on factors influencing the rate of the HK reac-
tion of VHC (thus affecting the internal resistance RH of the battery EH).

Interestingly, even a significant restriction of the MOMpermeability
only slightly influenced the HK reaction rate of VHC (Fig. 4C,D, curves b,
and Fig. 5E). This is due to a high internal resistance RH (i.e. of a small
fraction of VHC, NH) in comparison with that of free VDACs) (Fig. 1B).
On the other hand, the generated OMPs (Fig. 4A,B, curves a) were
high enough to strongly prevent ADP release from the MIMS (Fig. 4E,F,
curves a) that should lead to inhibition of the HK reaction. The calcula-
tions made using Goldman's Eq. 10, in a.u., showed that the entrance of
cytosolic ATP into the MIMS may be slightly increased in this case, in
comparison with completely open VDACs (Fig. 4G,H, curves a and b, re-
spectively). But, if we take into account a well known specific property
of the closed VDAC, to be almost completely impermeable to ATP
[43,44], the closure of VDACs (Fig. 4C,D, curves a) means a complete
prevention of the use of cytoplasmic ATP by VHC and of the use of
ADP from the MIMS to recover ATP in the cytosol.

The metabolic burst might develop, if cytosolic ATP is easily accessi-
ble for HK to initiate the first step of aerobic glycolysis, leading to a so-
called “turbo effect” of the uncontrolled activation of glycolysis. That is
why, in trypanosomes, the turbo-explosion seems to be prevented by
the membrane separation of the first stage of glycolysis, by the
glycosomal compartmentation of glycolysis [45–47]. In cancer cells,
such a compartmentation might result from the HK binding to VDAC
and from the OMP-dependent regulation of the MOM permeability to
adenine nucleotides [23,24].

ADP accumulated in theMIMS can enter themitochondrialmatrix to
recover ATP in the process of oxidative phosphorylation (Fig. 1A). The
positive OMP favors this process by facilitating inorganic phosphate
influx into the MIMS. Once in the MIMS, it is transported into the mito-
chondrial matrix by the known pH-dependent phosphate carrier.
Hence, phosphate cycling (Fig. 1A) might decrease the steady-state
generated OMP by some extent, but does not collapse it. This is because
the resistance of the phosphate cycle seems to be relatively large, as it is
composed of several resistances in series, namely of an equivalent resis-
tances of cell proliferation, of phosphate transport through the inner
membrane, of oxidative phosphorylation process, and of ATP/ADP
exchange through the ANT, in addition to the resistance of the MOM.
The limitation of inorganic phosphate has been reported as the major
rate-limiting factor of glycolysis in Ehrlich ascites tumor cells [48], and
as a factor partly reducing tumor cell respiration rate [49].

The MOMmight also function as an electrical barrier to energy flux,
due to the VDAC-mediated generation of the membrane potential. This
electrical barrier might be additional to a physical barrier of the electri-
cally closed VDACs per se. Both electrical and physical barriers result in
highly effective suppression of a direct use of mitochondrially produced
ATP in the cytoplasm. In this respect, the VHC-dependent generation of
the OMPs, controlled by metabolic conditions, might represent a very
effective anti-turbo mechanism of the regulation of aerobic glycolysis
in cancer cells. Due to the OMP-dependent electro-diffusion barrier,
this anti-turbo mechanism allows the restriction of the access of ADP
produced in the MIMS to the cytoplasm, significantly diminishing the
possibility of ATP recovery in the cytoplasm using mitochondrial ADP.
At the same time, it should facilitate aerobic glycolysis using mitochon-
drial ATP by the mode dependent on the inorganic phosphate cycling
coupled to the cytoplasmic use of glucose-6-phosphate for biosynthesis
and cell growth (Fig. 1A) at a known restriction of phosphate entry into
the cell [49].

Surprisingly, the mitochondrial HK activity of many cancer cells has
been shown to be higher than in normal cells by two orders of magni-
tude [33,34]. In addition, the HK binding to mitochondria has been
demonstrated to increase cell resistance to death [8,9,11,12,31,32,35].
The calculated OMPs, positive inside, should cause calcium extrusion
from the MIMS, leading to a decrease of its concentration by up to two
orders of magnitude (Fig. 5G,H) near the inner membrane calcium
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uniporter (Fig. 1A). Thismechanism should prevent calcium overload of
mitochondria that might be the simplest explanation of high resistance
to death of cells with an elevated quantity of HK bound tomitochondria
[21,27,31,32,35], and of the dependence of the death-protective effect
on the mitochondrial HK activity [35]. The final effect might be similar
to that caused by an inhibition of the mitochondrial calcium uniporter
[50]. In contrast to cancer cells, in which the calcium extrusion from
the MIMS is expected (Fig. 5G,H) due to the positive OMP generation
(Fig. 5A,B), theOMP in epithelial cells ECV304 in vitro has been reported
to be negative and relatively high [25]. Hence, the negative OMP should
favor calcium flux into mitochondria and apoptosis induction. It has
been found that VDAC in the closed state is more permeable for calcium
than in the open state [51], thus VDAC should not prevent calcium equi-
libriumdistribution between theMIMS and the cytosol according to the
generated OMP.

A possible influence of tubulin-like effectors, TE, was analyzed
within the VHC model (Fig. 6). The obtained results demonstrated
that an increase in the VDAC voltage sensitivity, due to the binding of
TE and a decrease of the closed state VDAC conductance, caused an
increased generation of the OMP and induced the electrical closure of
free voltage-sensitive VDACs (Fig. 6C,F). Itwas notable that the blockage
of 10% of VDACs by a hypothetical inhibitor (as it would be VDAC3
knockdown reported in [18]), essentially increased the OMP generated
by the VHC (Fig. 6C,F).

On the basis of these calculations, we could propose an additional, or
even an alternative explanation of the recently reported decrease of the
IMP in HepG2 cells caused by free tubulin [17,18]. The inner membrane
potential has beenmonitored using a potential-sensitive probe TMRM+

accumulated in mitochondria [17,18]. Only hypothetically, it is possible
that the reported data of fluorescence changes were at least partially
resulting from the superposition of the negative IMP and of the positive
OMP, thus leading to the underestimation of the IMP. Under the condi-
tions described in Fig. 6B legend, for example, the calculated OMP,
positive inside, was higher by approximately 30 mV at 85% TE in the
range of 3–15 mM glucose concentrations (data not shown). Now, let
us assume that the OMP = 0, IMP = −180 mV, and the TMRM+

fluorescence is 100 a.u., corresponding to the 1000-fold gradient of
TMRM+ in the inner membrane (according to the Nernst equation).
However, at OMP = 30 mV and the same IMP = −180 mV, the
TMRM+

fluorescence should be near 32 a.u., because the positive
OMP should strongly decrease the TMRM+ concentration in the
MIMS. These results are in the range of the reported changes of the
TMRM+

fluorescence [17,18]. On the other hand, TMRM+ uptake into
the mitochondrial matrix might not be altered significantly if, in addi-
tion to the OMP generation, the IMP is also increased, due to the restric-
tion of the MOM permeability to adenine nucleotides and/or a possible
decrease of the delta pH component of the inner membrane proton
motive force.

Thus, our “electrical” explanationmight be applied to thementioned
experimental conditions [17,18] at least in addition to the functioning of
tubulin as a “molecular cork” [14,17,18]. Although very low concentra-
tions or even the absence of beta-2 tubulin have been suggested for
many types of cancer cells [52], the tubulin-containing structures are
important in any case for the formation of the mitotic spindles during
mitosis [53]. In this respect, it has been reported that in the presence
of a new drug MPT0B214, inhibiting tubulin polymerization, human
carcinoma cells were arrested in the G2-M phase, and the subsequent
cell death has been attributed to the apoptosis associated with
mitochondria-mediated intrinsic pathway [53].

Erastin, the selective anti-tumor agent, has been reported to be able
to bound to VDAC2 [54], and to increase TMRM+

fluorescence, with or
without free tubulin [18]. These fluorescence changes might be related
to a decrease of the OMP, positive inside, generated by VHC (Fig. 6), if
erastin competes with both tubulin binding [18] and hexokinase bind-
ing to VDAC. A possible decrease of the OMP in the presence of erastin,
as a result of the hexokinase detachment, might favor cancer cell death
due to higher calcium concentrations in the MIMS (Fig. 5) in combina-
tion with oxidative stress induced by this drug [54].

In general, glucose deprivation, in addition to factors and conditions
favoring HK dissociation from the VDAC-HK complex, should decrease
cell resistance to death, especially if combined with drugs increasing
cytosolic calcium concentration. Our VHCmodel allows the explanation
of the Warburg effect as a result of the OMP-dependent electrical
suppression of the outer membrane permeability [23,24]. Dissociation
of HK from the VDAC-HK complex by 3-bromopyruvate [32] or by
peptides derived from HK [12,55,56] or VDAC [8,57], especially in
combination with the MOM permeabilizing factors [56], should cause
the OMP collapse. Under such treatments, the drugs increasing
cytoplasmic concentration of calcium ions [39] might favor cell death.
This is concerned with a strategy of anticancer treatment focused on
the VDAC-HK complex as a very important pharmacological target
[5,7,9,27,55–57].

The computational analysis of the VGC model (that may be applied
to mitochondria of pancreatic beta cells), showed that at more than
5% of VDAC bound to GK, the generated OMP values (Fig. 7A,C) might
cause the electrical suppression of the MOM permeability (Fig. 7B).
The calculations also showed that ATP retention in the MIMS might
result from not only VDAC closure, but in addition, from the generated
positive OMP, although not high enough to induce the VDAC closure
(Fig. 7C,D). The calculations also demonstrated that an increase in the
concentration of glucose-6-phosphate should potentiate ATP release
from mitochondria even at high glucose concentrations. Further accel-
eration of ATP flux might be achieved by a decrease in the number of
VDAC-GK complexes (Fig. 7C,D).

Glucose-6-phosphate accumulation in the cytosol has been re-
ported as a factor inducing GK and HK dissociation from the VGC
and VHC complexes [5,8,31,58]. Thus, the acceleration of the adenine
nucleotide fluxes through the MOM by accumulated glucose-6-
phosphate, to induce insulin secretion for example, might be a
combined effect, the structural (VDAC-GK dissociation) and the ther-
modynamic (OMP decrease according to Eqs. 6 and 7), allowing tem-
porary OMP decrease.

Downregulation of GK in pancreatic beta cells has been shown to
decrease interactions betweenGK andmitochondria, leading to apopto-
sis [58]. According to our VGC model, a decrease in the OMP due to the
GK detachment (decrease in VGC%, Fig. 7C) allowed higher concentra-
tions of calcium in the MIMS (calculations not shown) that should
contribute to the reported death induction [54] due to the activation
of mitochondrial permeability transition pore [59]. In general, the VGC
model of the OMP generation is consistent with the concept of the
critical role of glucokinase in pancreatic beta cell metabolism and cell
survival [60]. It is not yet clear, whether the potential-dependent distri-
bution of permeable ions, such Ca2+, Mg2+ and H+ contribute to the
process of binding/dissociation of GK to/from the VDAC. A significant
effect of pH and Mg2+ concentration on HK binding to VDAC has been
reported [29], but the influence of the OMP-dependent ion distribution
between the MIMS and the cytosol has never been studied.

Conclusion. The presentedmodels demonstrate themain principle of
how the MOM permeability might be regulated by the electrical
closure-opening of VDACs due to the OMP generation by one of the
possible mechanisms described earlier [22–24], and by the VDAC-HK
and VDAC-GK complexes analyzed here. Computational analysis of the
suggested model strongly supports our earlier explanation of the
Warburg effect as a result of the VDAC-mediated voltage-dependent
restriction of the MOM permeability [23,24]. A similar explanation has
been proposed by other authors, as a result of global mitochondrial
suppression [5,14]. We believe that VDAC-mediated electrical regula-
tion of mitochondrial suppression under some physiological conditions
directly depends on hexo(gluco)kinase reactions, and thus on the
metabolic conditions. It means that the MOM permeability might be
regulated by the free energy of kinase reactions through the kinases
bound to VDAC, by various regulatory factors and metabolic conditions.
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