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ABSTRACT The outer mitochondrial membrane (OMM) is permeable to various small substances because of the presence
of a voltage-dependent anion channel (VDAC). The voltage dependence of VDAC’s permeability is puzzling, because the
existence of membrane potential on the OMM has never been shown. We propose that steady-state metabolically derived
potential (MDP) may be generated on the OMM as the result of the difference in its permeability restriction for various charged
metabolites. To demonstrate the possibility of MDP generation, two models were considered: a liposomal model and a
simplified cell model with a creatine kinase energy channeling system. Quantitative computational analysis of the simplified
cell model shows that a MDP of up to �5 mV, in addition to the Donnan potential, may be generated at high workloads, even
if the OMM is highly permeable to small inorganic ions, including potassium. Calculations show that MDP and �pH, generated
on the OMM, depend on the cytoplasmic pH and energy demand rate. Computational modeling suggests that MDP may be
important for cell energy metabolism regulation in multiple ways, including VDAC’s permeability modulation and the effect of
electrodynamic compartmentation. The osmotic pressure difference between the mitochondrial intermembrane space and
the cytoplasm, as related to the electrodynamic compartmentation effects, might explain the morphological changes in
mitochondria under intense workloads.

INTRODUCTION

Mitochondria play a key role in the energy metabolism of
aerobic cells and are formed by two membranes. The inner
mitochondrial membrane (IMM) is known to be responsible
for energy transformation, and its permeability is highly
selective for metabolites and ions. Accumulated data sug-
gest that the outer mitochondrial membrane (OMM) may be
important in the regulation of metabolite fluxes and energy
flow between the mitochondria and the cytoplasm (Liu and
Colombini, 1992a; Sorgato and Moran, 1993; Saks et al.,
1993, 1995; Brdiczka and Wallimann, 1994; Rostovtseva
and Colombini, 1997), but the regulatory mechanisms re-
main to be elucidated.

In vitro, the rate of mitochondrial oxidative phosphory-
lation is significantly accelerated by external endergonic
reactions utilizing ATP. Respiratory acceleration by ADP in
the presence of inorganic phosphate (Pi) is known as the
respiratory control phenomenon. In vivo, regulation of cel-
lular energy metabolism is more complicated. Creatine ki-
nase (CK), adenylate kinase, hexokinase, pyruvate kinase,
and nucleoside diphosphokinase enzyme systems partici-
pate in energy channeling by specific metabolite compart-
mentation due to the highly organized structure of the cell
and mitochondria (Wallimann et al., 1992; Saks et al., 1994;
Brdiczka and Wallimann, 1994; Lipskaya et al., 1995).

Various aspects of energy channeling are related to the
voltage-dependent anion channel (VDAC), which was dis-
covered more than 20 years ago (Schein et al., 1976; Co-
lombini, 1979).

The VDAC forms large (up to 3 nm in diameter) aqueous
pores in the OMM (Mannella et al., 1992; Colombini et al.,
1996). The pore is composed of a 30-kDa peptide, called
mitochondrial porin (Colombini et al., 1996), and some-
times may constitute more than 60% of the OMM total
protein (Mannella, 1982). These pores have been shown to
mediate the flux of charged metabolites, which are mostly
organic anions, in a voltage-dependent manner (Colombini
et al., 1996; Rostovtseva and Colombini, 1997; Rostovtseva
and Bezrukov, 1998). VDAC is more permeable to anions
in the open state, which normally occurs at membrane
potentials with absolute values lower than 10–20 mV. At
potentials with absolute values higher than 20 mV, VDAC
undergoes transitions to multiple closed states and becomes
more selectively permeable for cations (Schein et al., 1976;
Colombini et al., 1996). Synthetic polyanions (Mangan and
Colombini, 1987; Colombini et al., 1987; Zizi et al., 1995),
reduced pyridine nucleotides (Lee et al., 1996), a protein
localized in the mitochondrial intermembrane space
(MIMS) (Liu and Colombini, 1992b; Holden and Colom-
bini, 1993), and oncotic pressure (Zimmerberg and Parseg-
ian, 1986) modulate the voltage dependence of the porin
permeability. Synthetic polyanions greatly increase the
slope of VDAC’s permeability-voltage (PV) characteristic
(Mangan and Colombini, 1987; Colombini et al., 1987). For
instance, in the presence of dextran sulfate, a 10-fold de-
crease in VDAC’s open probability has been observed with
voltage changes from 0 mV to �5 mV or from 0 mV to
�5 mV (Zizi et al., 1995). Modulation by various regulatory
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factors restricts VDAC’s permeability to small organic an-
ions, which may promote metabolite compartmentation. As
a consequence, the rate of various mitochondrial enzymatic
reactions may change.

The main question, which remains to be elucidated, is
whether any mechanisms exist for electrical potential gen-
eration on the OMM, and if so, what values of the potential
may be expected under physiological conditions. One pos-
sible mechanism of OMM potential (OMMP) generation
may be Donnan potential (DP) (Liu and Colombini, 1992a,
1992b). Another proposed mechanism is capacitance cou-
pling between the inner and outer membranes (Benz et al.,
1990), but it has not been pursued in the literature. Some
authors question the existence of a sufficiently high OMMP
because many small ions, particularly potassium, are highly
permeable through the OMM, and therefore they may
counter any generated potential, with the exception of DP.
Thus, several possible mechanisms exist which may gener-
ate the OMMP, but it has been difficult to obtain experi-
mental evidence for any one of them.

We propose that steady-state fluxes of charged metabo-
lites through the OMM may be the source of the OMMP.
Taking into account the complexity of the cellular energy
distribution system, we propose a simplified model of en-
ergy transfer in the cell for computational study. Such an
approach seems to be useful for the estimation of a possible
range of MDP values that may be generated on the OMM
under physiological steady-state energy demand rates in
rodent heart.

Computational analysis of the model showed that gener-
ated MDP can be high enough to regulate metabolite fluxes,
even in the presence of physiological concentrations of
highly permeable free K� and other small ions in the
system. The model predicts electrodynamic compartmenta-
tion of charged metabolites, potassium, and other ions. The
obtained results suggest that MDP on the OMM may be
directly involved in the regulation of mitochondrial and
cellular energy metabolism.

THE MODELS FOR METABOLICALLY DERIVED
MEMBRANE POTENTIAL GENERATION

Characteristics of the steady-state model for
metabolically derived potential generation on a
liposomal membrane

The main principle of MDP generation may be demon-
strated with the model in Fig. 1. We assume that one
liposome of volume V2 is put in a medium of infinitely large
volume V1. The liposome contains an allosteric enzyme E
catalyzing an essentially irreversible reaction converting
organic anion A� to another organic anion B�. Both anions
are able to permeate the liposomal membrane. Anions A�

and B� are added to the system in the form of potassium
salts, and their initial concentrations are equal in both the

internal and external mediums. Additionally, initial concen-
trations of KCl are also equal inside and outside of the
liposome. The liposomal membrane may be considered
permeable or impermeable for K� and Cl�.

Now, an activator of the allosteric liposomal enzyme E is
added to increase vm,l, the maximum rate of enzymatic
conversion of A� to B� in the liposome (Eq. 1), which was
initially equal to 0. As a result, the initially equilibrated
internal concentrations [A�]2 � [A�]1 and [B�]2 � [B�]1

change because of the internal enzymatic activity. In turn,
the activated conversion of A� to B� in the liposome will
cause the influx of A� into the liposome and the efflux of
B� from the liposome into the external medium. Membrane
electrical potential will be generated because of the differ-
ence in the permeability coefficients PA and PB. Potassium
and chloride ion concentrations inside and outside the lipo-
some will not change if the membrane is impermeable for
these ions, but their distributions will reach equilibrium if
the membrane is permeable for them. It is evident that
membrane permeability for K� and Cl� will cause a sig-
nificant decrease in the metabolically generated membrane
potential. Nernstian redistribution of K� and Cl�, in the
case of the permeable membrane, may affect steady-state
A� and B� fluxes, the osmotic pressure difference, and
electrodynamic compartmentation of the organic ions as
demonstrated by computational study of this model.

Mathematical description of the steady-state
model for metabolically derived potential
generation on a liposomal membrane

The model in Fig. 1 may be described mathematically in the
following way. Assuming that enzymatic conversion of A�

FIGURE 1 The liposomal model of steady-state MDP generation, de-
scribed by Eqs. 1–15. The liposome contains KCl and enzyme E, cata-
lyzing an essentially irreversible reaction of conversion organic anion A�

to B�. The permeability of the liposomal membrane for A� is higher than
that for B�. The membrane may be considered permeable or impermeable
for K� and Cl�. The external medium, of infinitely large volume, contains
A� and B� in equal concentrations, which corresponds to a nonequilibrium
state of the reaction (assuming that at equilibrium state [A�] �� [B�]).
Diffusional steady-state potential will be generated on the liposomal mem-
brane, and its value will be determined by the rate of the enzymatic reaction
inside the liposome, the relationship of membrane permeabilities for A�

and B�, and the membrane permeability for K� and Cl�.
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to B� in the liposome is essentially irreversible and is
characterized by a simple first-order Michaelis-Menten ki-
netics, the rate of this reaction may be described as

vl �
�A��2 � vm,l

Km,2 � �A��2
, (1)

where vm,l is the maximum rate and Km,2 is the Michaelis-
Menten constant.

The fluxes for A� and B� ions across the membrane due
to the difference in their concentrations [A�]2, [A�]1, and
[B�]2, [B�]1, caused by enzymatic activity inside the lipo-
some, may be expressed by Goldman’s equation for ionic
flux at the approximation of constant electrical field across
the membrane:

JA � PA �
�� � F

RT
�
�A��2 � �A��1 � e���F/RT

1 � e���F/RT , (2)

JB � PB �
�� � F

RT
�
�B��2 � �B��1 � e���F/RT

1 � e���F/RT , (3)

where PA is the membrane permeability coefficient for A�,
PB is the permeability coefficient for B�, F is the Faraday
constant, �� is the membrane potential, R is the gas con-
stant, and T � 310 K is normal body temperature.

PB was set at 0.2PA to model a fivefold difference in the
liposomal membrane permeabilities for A� and B� ions.
The PA value was varied in some range. The liposomal
volume V2 was held constant and equal to 1 �l. To consider
the external volume V1 infinitely large relative to V2, V1 was
set at 1 ml, and the relationship between concentrations
[A�]1 and [B�]1 was defined as constant and independent
of the rate of A� to B� conversion in the liposome. The
initial concentrations of A� and B� in the two media were
set at 10 mM each. The average concentration of A� to-
gether with B� (the sum of the molecules A� and B� in the
system is constant because of the 1:1 stoichiometry of the
reaction in the liposome), as well as the average concentra-
tions of added K� (100 mM) and Cl� (80 mM), may be
expressed by the following equations, respectively:

0.02M �
	�A��1 � �B��1
 � V1 � 	�A��2 � �B��2
 � V2

V1 � V2
,

(4)

0.1M �
�K��1 � V1 � �K��2 � V2

V1 � V2
, (5)

0.08M �
�Cl��1 � V1 � �Cl��2 � V2

V1 � V2
, (6)

In addition, the space-charge neutrality principle should be
maintained; that is,

�K��1 � �A��1 � �B��1 � �Cl��1 � 0, (7)

�K��2 � �A��2 � �B��2 � �Cl��2 � 0. (8)

At steady state, the rate of A� to B� conversion and the
fluxes of A� and B� across the membrane must be equal:

JA � �JB, (9)

JA � vl . (10)

In the case where the membrane is impermeable to K�

and Cl�, the following equations should be satisfied:

�K��1 � �K��2 , (11)

�Cl��1 � �Cl��2 . (12)

When the membrane is permeable for these ions, Nernstian
distribution has to be observed (when the membrane poten-
tial is generated by the steady-state fluxes of A� and B�):

�� � �
RT

F
� ln

�K��2

�K��1
, (13)

�� �
RT

F
� ln

�Cl��2

�Cl��1
. (14)

The osmotic pressure difference between the liposomal
matrix and the external medium may be expressed by the
following equation:

�X � �A��2 � �B��2 � �Cl��2 � �K��2

� �A��1 � �B��1 � �Cl��1 � �K��1 . (15)

The system of Eqs. 1–12 and 15, or 1–10 and 13–15, may
be solved computationally, using standard software that
uses numerical methods.

General characteristics of the simplified
cell model

Energy transfer through the OMM of muscle cells may be
represented in general as shown in Fig. 2 A. It includes
oxidative phosphorylation, creatine kinase, adenylate ki-
nase, and cytoplasmic ATPase systems. CK in the MIMS
utilizes creatine (Cr) and ATP to produce phosphocreatine
(PCr) and ADP. PCr molecules diffuse into the cytoplasm,
where cytoplasmic CK utilizes them and ADP to produce
ATP and Cr. Cr diffuses back into the MIMS, while ATP is
used in endergonic processes by myofibrils, producing Pi,
ADP, and work. In parallel, ATP may diffuse directly from
the MIMS into the cytoplasm to be utilized by myofibrils.
ADP, formed by hydrolysis of ATP in the cytoplasm, can be
utilized by cytoplasmic CK or by adenylate kinase (AK), or
diffuse into the MIMS. AMP, formed by the cytoplasmic
AK reaction, diffuses into the MIMS, where the MIMS
AK uses AMP and ATP to produce ADP for oxidative
phosphorylation.

The general model of metabolite fluxes shown in Fig. 2 A
could be described mathematically if the literature con-
tained all experimental data for the components in this
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model. On the other hand, a simplified model may illustrate
the basic principle of OMMP generation, by reducing the
general model in Fig. 2 A to the model in Fig. 2 B, which
considers only the CK system-mediated energy transfer.
This system has been shown to play a key role in tissues
with high and fluctuating energy demands, and many of its
kinetic characteristics have been determined experimentally
(Wallimann et al., 1992; Saks et al., 1993, 1994, 1995;
Brdiczka and Wallimann, 1994; O’Gorman et al., 1996).

In the simplified model (Fig. 2 B), the charges of metab-
olites were included for computational estimation of the

OMMP generated by the steady-state fluxes of those
charged metabolites. According to this model, ATP4�,
formed in the matrix of mitochondria from Pi

� and ADP3�,
is transported into the MIMS in exchange for ADP3�

through the adenine nucleotide translocatior (ANT). In the
MIMS, CK produces PCr2� and ADP3� from Cr and
ATP4�. ADP3� is transported into the matrix through ANT
to bring a new molecule of ATP4� into the MIMS. PCr2�

diffuses into the cytoplasm and is utilized together with
cytoplasmic ADP3� by cytoplasmic CK to produce ATP4�

and Cr. Formed ATP4� is utilized by myofibrils to produce
Pi

�, ADP3�, and work. Therefore, if we call cytoplasmic
CK and ATPase a “CK-ATPase system,” we may say that
PCr2�, diffusing into the cytoplasm from the MIMS, is
“hydrolyzed” by the cytoplasmic CK-ATPase system. To
close the cycle, Cr, Pi

�, and Pi
2� diffuse back into the

MIMS, where Pi
� is transported into the mitochondrial

matrix and Pi
2� is protonated for transport. Finally, Cr is

utilized in the MIMS CK reaction for PCr2� synthesis
(Fig. 2 B).

The fluxes of ATP4�, ADP3�, and AMP2� through the
OMM are omitted in the model in Fig. 2 B for the purpose
of simplification. This is based on the data showing that
PCr2� flux through the OMM is �10 times higher than the
ATP4� flux in working rat heart (Saks et al., 1994). In
addition, it has been shown that VDAC can significantly
limit the flow of adenine nucleotides between the MIMS
and the cytoplasm (Saks et al., 1993; Rostovtseva and
Colombini, 1997; Hodge and Colombini, 1997). While data
for PCr2� permeability through VDAC are to the best of our
knowledge absent from the literature, we used the experi-
mental data of Colombini (personal communication) for
open and closed states of VDAC. The data for Pi

� and Pi
2�

permeabilities are available in the literature (Hodge and
Colombini, 1997). Free potassium, chloride, and magne-
sium ions were included in the model at their physiological
concentrations.

The creatine molecule has a net zero charge at physio-
logical conditions. Although we did not find any experi-
mental data about Cr permeation through VDAC or the
OMM, we assumed that the OMM permeability for Cr is not
a limiting factor in energy transfer between mitochondria
and the cytoplasm. This assumption was based on the fact
that VDAC, being a large water-filled pore, restricts its per-
meability for ions mostly by electrostatic mechanisms (Colom-
bini et al., 1996). As a result, among the metabolites in Fig.
2 A, only the exchange of Pi

�, Pi
2�, and PCr2� ions and the flux

of noncharged Cr through the OMM were considered.

Mathematical description of the simplified
cell model

The process of energy utilization, by means of the CK-
ATPase system (Fig. 2 B) in the cytoplasm, can be de-

FIGURE 2 Cell model of metabolite flux between mitochondria and the
cytoplasm. (A) Complete scheme reflecting ATP, ADP, AMP, PCr, Cr, and
Pi diffusion through the OMM. (B) Simplified scheme, assuming that only
PCr2�, Pi

2�, Pi
�, and Cr are permeable through the OMM. D3� is ADP3�,

T4� is ATP4�. The CK-ATPase system includes the cytoplasmic CK and
ATPase. The OMM is permeable to small inorganic ions.
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scribed in general by two reactions,

PCro � ADPoº ATPo � Cro, (16)

ATPo � H2Oº ADPo � Pi,o , (17)

the sum of which yields

PCro � H2Oº Cro � Pi,o . (18)

Resultant PCr2� “hydrolysis” (Eq. 18) by the cytoplas-
mic CK-ATPase system is a practically irreversible reaction
under physiological conditions. If we assume that reaction
18 follows simple first-order Michaelis-Menten kinetics, the
rate of PCr hydrolysis, vo, can be described as

vo �
�PCr2��o � vmax,o

Kocp � �PCr2��o
, (19)

where [PCr2�]o is the PCr2� concentration in the cyto-
plasm, and vmax,o is the maximum rate of PCr utilization by
the CK-ATPase system in the cytoplasm. vmax,o was
scanned in a wide range of values for computational study
of the model. vmax,o is known to be modulated by Ca2�

during the muscle contraction cycle. The rate of PCr2�

hydrolysis at steady state depends on vmax,o and on the
steady-state concentration of PCr2� in the cytoplasm,
[PCr2�]o. In turn, [PCr2�]o depends on the rate of Cr
rephosphorylation in the MIMS and on PCr2� flux through
the OMM. Using Goldman’s constant field approximation,
PCr2� flux through the OMM, JPCr2�, is described as

JPCr2� � PPCr2� � y �
�PCr2��i��PCr2��o � ey

1 � ey , (20)

where

y �
2 � F � ��

R � T
. (21)

In these equations, PPCr2� is the OMM permeability for
PCr2�; [PCr2�]i and [PCr2�]o are PCr2� concentrations in
the MIMS and the cytoplasm, respectively; F is the Faraday
constant; �� is the OMMP; R is the gas constant; and
T � 310 K is normal body temperature.

PCr production in the MIMS is described by the follow-
ing reaction:

ATPi � Criº PCri � ADPi. (22)

ATP is produced in the matrix of mitochondria from ADP
and Pi and transported into the MIMS in exchange for ADP
through ANT in the IMM. For simplicity, the processes of
Pi and ADP transport from the MIMS into the matrix, ATP
production in the matrix from Pi and ADP, and ATP trans-
port from the matrix into the MIMS may be described as a
single reaction in the MIMS:

ADPi � Pi,iº ATPi � H2O, (23)

because there are known approximate relationships between
concentrations of ATP, ADP, and Pi in the matrix and the
MIMS (see Appendix A). Combining reactions 22 and 23
written for the MIMS compartment yields

Cri � Pi,iº PCri � H2O. (24)

This cumulative reaction is driven by mitochondrial oxida-
tive phosphorylation and is essentially reversible, requiring
the use of the next equation (derived in Appendix A) for the
rate of PCri production in the MIMS, vi:

vi �

vmax,m � 	41667 � �Pi�i � 19.5
 � 0.01 � �Cr�i

	41667 � �Pi�i � 30.5
 � 7.8 � 10�7 � 137 � �PCr2��i � vmax,i, r

67.7 � 12,890 � �Cr�i � 1541 � �PCr2��i
,

(25)

where vmax,m � 0.0067 fmol/s, the maximum rate of ATP
production by an average rat heart mitochondrion in the
coupled “oxidative phosphorylation-ANT-MIMS creatine
kinase” system. [Pi]i is the sum of Pi

� and Pi
2� concentra-

tions in the MIMS, and vmax,i,r � 0.0133 fmol/s is the
maximum rate of the reverse CK reaction in an average rat
heart mitochondrion (see Appendix A), i.e., the reaction of
Cr and Pi production in the MIMS from PCr. vmax,i,r is
evidently overestimated because it only corresponds to the
reversed CK reaction. It may be smaller for the cumulative
reaction (Eq. 24), which will lead to a higher MDP.

The flux of Pi
2� through the OMM may be described by

an equation similar to Eq. 20, using Goldman’s approxima-
tion. The Pi

2� flux is dependent on the OMM permeability
for Pi

2� (PPi
2�), on Pi

2� concentrations in the MIMS ([Pi
2�]i)

and the cytoplasm ([Pi
2�]o), and on the steady-state OMMP

according to the following equation:

JPi2� � PPi2� � y �
�Pi2��i��Pi2��o � ey

1 � ey , (26)

where y is defined in Eq. 21.
The flux of Pi

� through the OMM may be described in the
same manner:

JPi� � PPi� �
y

2
�
�Pi��i��Pi��o � ey/2

1 � ey/2 . (27)

At steady state, the rates of PCr2� production, PCr2� efflux
from the MIMS into the cytoplasm, PCr2� utilization by the
CK-ATPase system in the cytoplasm, and the flux of Pi

through the OMM from the cytoplasm into the MIMS
should all be equal. The steady-state boundary conditions
can be set in the following three equations:

JPi � �JPCr , (28)

vi � JPi , (29)

vo � JPCr , (30)
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where

JPi � JPi2� � JPi� . (31)

The minus sign in Eq. 28 appears because Pi and PCr2�

flow in opposite directions.
From Eqs. 28–30, the steady-state metabolite flux

through the OMM of a single mitochondrion, J, can be
defined as

J � JPi � vi � �JPCr � �vo . (32)

In addition to PCr2�, Pi
2�, and Pi

� (see Appendix A for pKa2

and pH), physiological concentrations of free K�, Cl�, and
Mg2� ions were included. To have a sufficient concentra-
tion of counterions for physiological concentrations of K�

and Mg2�, arbitrary anions W� were included in the system
(see details below), as well as impermeable macromolecules
Z20� with the arbitrary charge 20�. Z20� anions represent
some equivalent of the negatively charged surface of mem-
branes and impermeable negatively charged macromole-
cules. The Donnan potential was modeled by setting differ-
ent concentrations of nonpermeating macromolecules Z20�

in the MIMS and the cytoplasm.
The Nernst equation is applied to describe the distribution

of freely permeating ions K�, Cl�, Mg2�, and H� between
the cytoplasm and the MIMS:

�� �
R � T

F
� ln

�K��o

�K��i
, (33)

�� �
R � T

F
� ln

�Cl��i

�Cl��o
, (34)

�� �
R � T

2 � F
� ln

�Mg��o

�Mg��i
, (35)

�� �
R � T

F
� ln

�H��o

�H��i
. (36)

The model is closed; i.e., it does not lose or gain any ions
from the outside. Thus average ion concentrations were
defined in the system using the following equations:

�K�� �
�K��i � Vi � �K��o � Vo

Vi � Vo
, (37)

�Cl�� �
�Cl��i � Vi � �Cl��o � Vo

Vi � Vo
, (38)

�Mg2�� �
�Mg2��i � Vi � �Mg2��o � Vo

Vi � Vo
, (39)

�PCr2�� �
�PCr2��i � Vi � �PCr2��o � Vo

Vi � Vo
, (40)

�Pi� �
�Pi�i � Vi � �Pi�o � Vo

Vi � Vo
, (41)

where Vi and Vo are the MIMS and the cytoplasm volumes,
respectively, and

�Pi� � �Pi
2�� � �Pi

1��. (42)

According to the space-charge neutrality principle, the
total charge of cations is equal to the total charge of anions
in a given volume (if the membrane electric capacity is
negligibly small):

�K��i � 2 � �Mg2��i � �H��i � �Cl��i � 2 � �PCr2��i

� 2 � �Pi
2��i � �Pi

1��i � 3 � �ADP3��i � 4 � �ATP4��i

� �W��i � 20 � �Z20��i � 0 (43)

�K��o � 2 � �Mg2��o � �H��o � �Cl��o � 2 � �PCr2��o

� 2 � �Pi
2��o � �Pi

1��o � 3 � �ADP3��o � 4 � �ATP4��o

� �W��o � 20 � �Z20��o � 0. (44)

Making vmax,o � 0 fmol/s for the equilibrium state and
using the average concentrations (see also Appendix A)
[K�] � 150 mM, [Mg2�] � 1 mM, [Cl�] � 5 mM,
[PCr2�] � 19 mM, [Pi

2�] � 0.34 mM and [Pi
�] � 0.21 mM

(for pKa2 � 7.2 and pH � 7.0), [ADP3�] � 0.04 mM, and
[ATP4�] � 10 mM, [W�] was found to be 8 mM by
utilizing Eqs. 43 and 44 to maintain the space-charge neu-
trality principle, when concentrations of [Z20�] in the
MIMS and in the cytoplasm were 3 mM to model DP � 0
mV. To model a nonzero DP, [Z20�]i was set at 5 mM and
[Z20�]o was set at 3 mM. In this case, [W�] was calculated
to be around 5 mM (at vmax,o � 0).

To satisfy Eqs. 43 and 44, the floating concentrations of
W�, originating from the dissociation of a week acid WH,
were included in the system. The dissociation constant of
WH was assumed to be the same in the MIMS and the
cytoplasm:

�H��o � �W��o

�WH�o
�

�W��i � �H��i

�WH�i
� Ka,W .

If WH is infinitely permeable across the OMM, then
[WH]i � [WH]o � [WH], which yields the following equa-
tion, regardless of whether W� ion is permeable or not:

�H��o

�H��i
�

�W��i

�W��o
.

Or, taking into account Eq. 36, it yields

�� �
R � T

F
� ln

�W��i

�W��o
. (45)

Thus, W� ions will be distributed across the OMM accord-
ing to the Nernst equation if electrochemical equilibrium
exists for protons across the OMM. The pHo was set and the
system of equations was allowed to find the concentrations
of W� to satisfy the space-charge neutrality principle of
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each medium for various steady states of the model. The
space-charge neutrality principle must be satisfied because
of the extremely low electrical capacity of the outer
membrane.

The floating concentration [W�] depends on the steady
state and on the value of the external pH (pHo), which is
taken to be constant. Higher energy demand in the cyto-
plasm will lead to higher steady-state concentrations of Pi

�

and Pi
2� in the system. Pi

2� is supplied from PCr2� “hydro-
lysis,” and Pi

� appears to be due to the protonation of some
of the Pi

2�, according to pKa2, fixed pHo, and settled pHi, by
utilizing H� ions originating from week acid WH dissoci-
ation, which increases the concentration of W� in the system.

Values for vmax,o were varied from 0 to 8 � 10�3 fmol/s,
covering and exceeding the physiological range of work-
loads related to one average mitochondrion in rat heart (see
Appendix A). The average MIMS volume of rat heart single
mitochondrion was taken as Vi � 0.03 fl (see Appendix B).
The sum of cytoplasmic and myofibrillar compartment vol-
umes, Vo � 0.36 fl, was chosen to be in proportion to the
MIMS volume of 12:1 (see Saks and Aliev, 1996). The
cytoplasmic volume Vo was set as a constant (Vo � 12Vi),
even in the case when an osmotic pressure difference ap-
peared between the MIMS and the cytoplasm compartments.

Critical parameters for MDP generation are the OMM
permeabilities for Pi

�, Pi
2�, and PPCr2�. Experimentally mea-

sured ion fluxes of Pi
�, Pi

2�, and PPCr2� (in 106 ions/s)
through a single VDAC reconstituted into the planar phos-
pholipid membrane under standard conditions are 14.0,
6.30, and 3.90, respectively, in the open state and 1.60, 0.29,
and 0.24, respectively, in the closed state. The VDAC ion
flux values for Pi

� and Pi
2� were taken from the literature

(Hodge and Colombini, 1997); and the data for PCr2� were
kindly provided by Dr. Colombini (personal communica-
tion). These data were used to obtain the relationship of the
OMM permeabilities for the metabolites above, taking all of
them relative to the OMM permeability for Pi

� in the VDAC
open state (Table 1).

To model the form of the experimentally determined
permeability-voltage (PV) characteristics of the VDAC
(Zizi et al., 1998), the following mathematical approxima-

tion was used:

P � a0 � �Pc � 	Po � Pc
 � e��a	����
�2
�, (46)

where P is the OMM absolute permeability of a single
average mitochondrion for an ion, and Po and Pc are the
OMM relative permeabilities corresponding to the VDAC’s
open and closed states, respectively (Table 1). The absolute
permeability coefficient a0 in Eq. 46 was set at 3.6 fl/s for
all calculations (Appendix B). The voltage-sensitive part of
the absolute permeability function will lie between a0Pc and
a0Po. Higher values of a0 would lead to a dramatic decrease
in MDP, while lower values of a0 would lead to a nonphysi-
ological restriction of metabolite flux through the OMM
(see Appendix B for more details) and to a higher value of
MDP. The value of coefficient a in Eq. 46 allows an
adequate bell-shaped and symmetrical PV characteristic of
the VDAC. The higher the a, the steeper the slope of
VDAC’s permeability dependence on the OMMP. Constant
� shifts the PV curve to the left or to the right under the
influence of various factors, but it was set at 0 in all
calculations. In Eq. 46, � and �� are expressed in volts,
where �� is the OMMP (i.e., MDP in the case where DP �
0 or a combination of MDP and DP). Fig. 3 shows three
symmetrical PV characteristics of the VDAC, modeled by
Eq. 46, where a0 � 3.6 fl/s, a � 300 V�1, � � 0. Fig. 3
demonstrates how DP may change permeabilities and how
they can be modulated by MDP.

The difference in osmotic pressure between the MIMS
and the cytoplasm needs to be considered as an additional
parameter �X, which is calculated using the following

TABLE 1 The OMM relative permeabilities for Pi
�, Pi

2�, and
PCr2� in the open (Po) and closed (Pc) states of the VDAC,
corresponding to the relationship between experimentally
determined fluxes of Pi

�, Pi
2� (Hodge and Colombini, 1997),

and PCr2� (Colombini’s unpublished data) through a single
VDAC reconstituted in planar phospholipid membranes

The OMM relative permeabilities in the
open (Po) and closed (Pc) states of the

VDAC

Metabolites

Pi
� Pi

2� PCr2�

Po 1.00 0.45 0.27
Pc 0.11 0.02 0.017

FIGURE 3 Permeability-voltage characteristics of VDAC (in fl/s) mod-
eled by Eq. 46 for Pi

� (——), Pi
2� (– – –), and PCr2� (� � � �). In all plots

a0 � 3.6 fl/s, a � 300 V�1, and � � 0. Relative permeability coefficients
of the OMM for Pi

�, Pi
2�, and PCr2� in open (Po) and closed (Pc) states of

the VDAC are presented in Table 1. Permeabilities may be changed by the
DP and further modulated by MDP. The DP and MDP form the OMMP.
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equation:

�X � �K��i � �PCr2��i � �Cr�i � �Pi
2��i � �Pi

��i

� �ADP3��i � �ATP4��i � �Cl��i � �Mg2��i

� �W��i � �Z20��i � �K��o � �PCr2��o � �Cr�o

� �Pi
2��o � �Pi

��o � �ADP3��o � �ATP4��o � �Cl��o

� �Mg2��o � �W��o � �Z20��o . (47)

Parameter �X is important for morphological changes in
mitochondria accompanying their metabolic state varia-
tions. The system of equations with the parameters de-
scribed above was solved numerically using Mathcad 8.0
software (MathSoft, Cambridge, MA).

RESULTS

Computational analysis of the liposomal model (Fig. 1)
showed that enzymatic conversion of metabolite A� to

metabolite B� inside the liposome led to the generation of
membrane potential (Fig. 4 A), under the following condi-
tions: 1) when permeability coefficients of the membrane
were different for these two metabolites and 2) concentra-
tions [A�]1 and [B�]1 (in the external medium) were main-
tained to be essentially constant at steady state ([A�]1 �
[B�]1). The value of MDP depended on the rate of the
enzymatic reaction modulated by changing vm,l in Eq. 1. In
a real system, an allosteric enzyme may be modulated by its
allosteric activator, for example, by Ca2�. MDP was sig-
nificantly diminished because of Nernstian redistribution of
the other permeable ions (K� and Cl� in the considered
liposomal model). An increase in metabolite flux J (Fig.
4 B) and the effect of electrodynamic compartmentation of
metabolites (Fig. 4 C) are observed as well, when the mem-
brane is considered permeable for K� and Cl�. MDP led to
an osmotic pressure difference between the liposomal ma-
trix and the external medium through K� and Cl� Nernstian
redistribution and because of electrodynamic compartmen-
tation of the metabolites (Fig. 4 D). Not only the ratio of

FIGURE 4 Solutions of the liposo-
mal model for steady-state MDP gen-
eration (Fig. 1) described by Eqs.
1–15. (A) MDP dependence on the
maximum rate of A� to B� conver-
sion in the liposome, vm,l. (B) Flux J
of A� or B� dependence on vm,l (the
fluxes of A� and B� are equal at
steady state). (C) Dependence of A�

and B� concentrations in the lipo-
some on vm,l. (D) Dependence of os-
motic pressure difference between
the liposome and external medium on
vm,l. (E) MDP dependence on the
permeability coefficient a, where
PA � a and PB � 0.2a. (F) Flux J of
A� or B� dependence on permeabil-
ity coefficient PA, where PB �
0.2PA. For A–D: PA � 1.0 �l/s and
PB � 0.2 �l/s. For E and F: vm,l �
100 nmol/s (a, c) and vm,l � 10
nmol/s (b, d). The liposomal mem-
brane is permeable (— —, Eqs. 13
and 14 are used) or impermeable
(– – –, Eqs. 11 and 12 are used) for
K� and Cl� ions.
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membrane permeabilities for A� and B�, but their absolute
permeabilities as well, were essential for MDP (Fig. 4 E)
and metabolite flux (Fig. 4 F) dependence on the rate of
liposomal enzymatic reaction.

In computational analysis of the simplified cell model
(Fig. 2 B), the OMM permeability was assumed to be the
main limiting step in metabolite flux, as long as the rate of
energy demand in the cytoplasm or ATP production by
mitochondria were not limiting. Dependence of the gener-
ated OMMP on the rate of PCr “hydrolysis” in the cyto-
plasm at pHo 7.0 was calculated under conditions where the
OMM was permeable for all ions, except nonpermeating
macromolecules Z20� (Fig. 5). Zero values were assigned to
a in Eq. 46 when the voltage dependence of VDAC perme-
ability was not considered. The “basic relationship” of the
OMM permeabilities for Pi

�, Pi
2�, PCr2� (Table 1) and a0 �

3.6 fl/s were used in Eq. 46.
At DP � 0 mV (i.e., at [Z20�]i � 3 mM, [Z20�]o � 3

mM) and at the maximum rate of PCr2� utilization in the

cytoplasm (vmax,o � 0.01 fmol/s), MDP � �0.8 mV was
calculated for the case of no voltage dependence of the
OMM permeability, i.e., at a � 0 V�1 in Eq. 46 (Fig. 5 A,
a). Almost the same result, MDP � �0.9 mV, was obtained
after inclusion of the PV characteristics of the VDAC, i.e.,
at a � 300 V�1 (Fig. 5 A, b). Under the same conditions, if
the OMM was assumed to be impermeable for K�, Mg2�,
and Cl�, MDP equaled �3.2 mV (for a � 0 V�1) and
�19.6 mV (for a � 300 V�1) at vmax,o � 0.01 fmol/s.

As a result of infinite permeability of the OMM for K�,
Mg2�, and Cl� ions, only a small value of MDP may be
generated on the OMM. However, the steady-state metab-
olite flux J under the maximum rate of energy demand in
the cytoplasm (Fig. 5 B, b) is nearly 240% (for a � 300
V�1) of that calculated for the OMM impermeable for K�,
Mg2�, and Cl� ions under the same conditions (data not
shown). The latter effect is similar to that observed in the
liposomal model (Fig. 4). In addition, the calculated MDP
value seems to be high enough to modulate the energy flux

FIGURE 5 Calculated dependence
of the OMMP (A), metabolite flux
(B), Pi concentration in the MIMS
(C), PCr2� concentration in the
MIMS (D), osmotic pressure differ-
ence (E), and �pH (F) between the
MIMS and the cytoplasm on the max-
imum rate of PCr utilization in the
cytoplasm (vmax,o) at pHo 7.0 and
DP � 0 mV (a, b) or DP � �4.4 mV
(c, d). The relationship of the perme-
ability coefficients for Pi

�, Pi
2�, and

PCr2� is taken from Table 1; a0 � 3.6
fl/s, a � 0 V�1 (a, c) or a � 300 V�1

(b, d), � � 0 V (see Eq. 46).
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through the OMM, when these changes occur at the slope of
the VDAC’s permeability dependence on the membrane
electric potential (Fig. 3).

So far, MDP generation was considered at DP � 0.
Inclusion of DP would diminish the OMM permeability for
various metabolites and shift the VDAC’s PV characteris-
tics to a region of greater dependence of the VDAC’s
permeability on MDP (see Fig. 3). The system of equations,
describing the simplified cell model, allows modeling of the
DP in addition to MDP. In this case, the total OMMP is the
sum of MDP and the DP (Fig. 3). To model DP � �4.4 mV
(Fig. 5 A, c and d), [Z20�]i � 5 mM and [Z20�]o � 3 mM
were included in the system, as opposed to [Z20�]i � 3 mM
and [Z20�]o � 3 mM, taken for DP � 0. In both cases, the
OMM was assumed to be infinitely permeable for K�,
Mg2�, W�, Cl�, and H�. The value of DP � �4.4 mV
corresponds to a zero rate of energy demand in the cyto-
plasm (vmax,o � 0, J � 0). By shifting the PV characteristics
of the VDAC to their highest sensitivity to the OMMP
(Fig. 3), the DP allows generation of a relatively high MDP.
For example, the OMMP up to �9.5 mV (i.e., MDP � �5.1
mV and DP � �4.4 mV) is calculated under the maximum
rate of PCr2� “hydrolysis” in the cytoplasm at pHo 7.0 and
a � 300 V�1 (Fig. 5 A, d). In the absence of the OMM
permeability dependence on the OMMP (a � 0 V�1), only
a small value of MDP, in addition to the DP, is generated,
yielding the OMMP � �5.5 mV (Fig. 5 A, c). In the latter
case, the MDP value (�1.1 mV) is similar to that observed
under the conditions where DP � 0 mV, with (Fig. 5 A, b)
or without (Fig. 5 A, a) the voltage dependence of the OMM
permeability.

MDP, as the part of the OMMP, leads to a dramatic
change in energy flux J dependence on the workload under
the conditions above (Fig. 5 B, d). This effect may have a
physiological relevance, for it may protect mitochondria
from the work overload, because elevated concentrations of
Ca2� and Pi in the cytoplasm, and consequently in the
MIMS, may induce inner membrane permeability transition
when the inner membrane potential is diminished for any
reason.

Redistribution of metabolites between the MIMS and the
cytoplasm at steady state is observed as a result of MDP
generation on the OMM (electrodynamic compartmentation
effect). For example, the MIMS concentrations of Pi (Fig.
5 C, d) and PCr2� (Fig. 5 D, d) change dramatically when a
high MDP is generated (at DP � �4.4 mV, a � 300 V�1).

As a result of the Nernstian redistribution of permeating
ions and electrodynamic compartmentation of metabolites
supported by the OMMP, an increase in the MIMS osmotic
pressure appears under a high rate of PCr utilization in the
cytoplasm (Fig. 5 E). Calculations above were done without
consideration of possible MIMS volume changes under the
influence of osmotic pressure increase in the MIMS. If such
volume changes take place, they may further modulate the
energy flux in the system, for example, through dilution of

the metabolites in the MIMS. It may also change the OMM
permeability through dilution of some VDAC modulators
and/or through mechanical stress on the OMM. Further-
more, increased osmotic pressure in the MIMS may lead to
decreased mitochondrial matrix volume and increased me-
chanical stress on the OMM.

Nernstian electrochemical equilibration of H� ions on the
OMM due to the OMMP leads to the MIMS acidification
relative to the cytoplasm (Fig. 5 F). The OMM �pH value
is higher under high rates of energy demand in the cyto-
plasm (Fig. 5 F, d). At the same time, Nernstian redistribu-
tion of permeating ions, such as K� and Mg2�, leads to their
dramatic accumulation in the MIMS under MDP genera-
tion. For example, at OMMP � �9.5 mV (MDP plus DP)
generated under vmax,o � 0.006 fmol/s (Fig. 5 A), the equil-
ibrated concentrations of K� and Mg2� in the MIMS were
calculated to be 207 mM and 1.89 mM, respectively, while
under zero workload (vmax,o � 0, DP � �4.4 mV) they
were 175 mM and 1.35 mM, respectively. Thus, MDP
generation was accompanied by an 18% increase in K�

concentration and a 40% increase in Mg2� (as well as Ca2�)
concentration in the MIMS, compared with that observed
under zero workload. Computational data in Fig. 5 demon-
strate that the voltage dependence of the VDAC’s perme-
ability, as well as the DP, is important for relatively high
MDP generation on the OMM, for osmotic and electrody-
namic compartmentation effects, and, as a whole, for energy
flux regulation in the cell.

The rate of ATP production by mitochondria for the
MIMS-CK reaction may be modulated by ANT activity
through the OMMP-dependent change in adenine nucleo-
tides and Mg2� concentrations in the MIMS. In this model,
the possible direct influence of such modulation on MDP
was not considered. Instead, any such influence was simu-
lated by varying the maximum rate of ATP production for
the MIMS-CK reaction in a wide range, that is, taking
vmax,m to be equal to 0.001 fmol/s and 0.003 fmol/s in
addition to vmax,m � 0.0067 fmol/s (see Eqs. 25 and A12).
Obtained data show that even when vmax,m decreases almost
7 times, generated MDP may be sufficiently high (Table 2)
for the OMM permeability regulation at a high rate of
PCr2� “hydrolysis” in the cytoplasm (vmax,o � 0.005 fmol/
s). For instance, when vmax,m decreases 6.7 times, metabo-
lite flux decreases only 3.4 times (Table 2), at pHo 7.0.

A significant change in the cytoplasmic pH may occur
under some physiological and pathological conditions. The
simplified cell model allows modeling of the pH behavior of
the system, specifically MDP generation dependence on pH
in the cytoplasm. The calculations in Table 2 show that
pH has a significant effect on MDP. On the other hand, a pH
difference of nearly �0.2 units may be generated across the
OMM under maximum workloads (Table 2).

In general, calculations clearly show that negative MDP
may be generated on the OMM at steady state, in addition
to the DP. MDP and the �pH difference between the cyto-
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plasm and the MIMS increase at higher workloads. The DP
may be important for regulation of the VDAC’s permeabil-
ity by MDP, because the DP allows a shift of the VDAC’s
PV characteristics to a region of greater dependence of the
permeability on the OMMP, a part of which is MDP. This
computational study of the simplified cell model shows that
a realistic possibility exists for electrical potential genera-
tion on the OMM because of the flux of charged metabo-
lites, despite the OMM’s high permeability for K�. MDP is
predicted to play an important role in energy metabolism
regulation, electrodynamic compartmentation of metabo-
lites, and morphological changes of mitochondria in phys-
iological conditions.

DISCUSSION

The physiological role of the OMM in cellular energy
metabolism has been studied extensively in the past decade.
Although the OMM is porous, it may restrict its permeabil-
ity to many metabolites with uncompensated charge. Vari-
ous mechanisms for the OMM permeability regulation may
exist at the level of the VDAC. Modulation of the VDAC’s
permeability may be achieved by at least one MIMS protein
(Liu and Colombini, 1992b; Holden and Colombini, 1993),
by a protein factor “x” of the cytoplasm (Saks et al., 1995),
through structurally organized energy channeling (Walli-
mann et al., 1992; Saks et al., 1994; Brdiczka and Walli-
mann, 1994; Lipskaya et al., 1995), and by other factors.
The OMMP may also play an important role, but the pos-

sible mechanisms of its generation are not yet known, with
the exception of the DP (Liu and Colombini, 1992a, 1992b).

Many metabolites participating in energy transformation
and in intracellular energy transfer are anions that pass
across the OMM. The difference in the OMM permeability
for such metabolites may lead to steady-state or transition-
state generation of MDP. The MDP value may depend on
the rate of energy utilization in the cytoplasm. MDP gen-
erated on the OMM, in accordance with the proposed mech-
anism, may be essential for the regulation of energy metab-
olism in the cell. So far, this aspect has not been analyzed in
detail in the literature, mainly because the OMM has a high
permeability for small ions, especially for potassium, the
most abundant free ion in the cytoplasm. High permeability
of the OMM for small ions was naturally assumed to cause
the negation of any generated OMMP, but not the DP. It has
never been determined if an electrical shortening effect by
potassium and other ions is large enough to cause a com-
plete negation of any potential generated by steady-state
diffusion of charged metabolites across the OMM. To illus-
trate the main idea of MDP, at first the simplest liposomal
model (Fig. 1) was considered.

Computational analysis of the liposomal model, de-
scribed by only 13 equations, shows that membrane poten-
tial, dependent on the rate of enzymatic conversion of one
charged metabolite to another, may be generated in the case
of different values of membrane permeability for these
metabolites (Fig. 4). Although infinite membrane perme-
ability for potassium and chloride ions leads to a dramatic
decrease in the metabolically generated potential, effects of
electrodynamic compartmentation of metabolites and an
increase in their flux across the membrane take place under
such conditions. As a result, a significant osmotic pressure
difference between the liposome and the medium is ob-
served because of MDP generation (Fig. 4). These results
suggest that similar mechanisms may exist in real cells and
may be essential for the regulation of energy metabolism.

The possibility of MDP generation was also estimated in
a more realistic system, by considering the simplified model
of the cell with CK mediated energy channeling. The pro-
posed model (Fig. 2 B) includes many kinetic parameters
for mitochondrial CK that were obtained experimentally by
other authors (see Aliev and Saks, 1994, and references
therein), as well as some general characteristics of rat heart
energy metabolism (see Appendix A). Computational study
of the model shows that relatively high steady-state MDP
and �pH may be generated on the OMM in a pH-dependent
manner by the high rate of energy utilization in the cyto-
plasm. The MDP value depends on the absolute and relative
permeabilities of the OMM for Pi

�, Pi
2�, and PCr2�, which

should be modulated by MDP according to the known PV
characteristics of the VDAC shown in one particular form in
Fig. 3. Unlimited OMM permeability for K�, Mg2�, and
Cl� leads to a significant drop in MDP. But even in this
case, the calculations demonstrate that steady-state MDP

TABLE 2 Dependence of the OMMP (DP and MDP),
metabolite flux (J), osmotic pressure difference (�X), and �pH
between the MIMS and the cytoplasm (�pH � pHMIMS �
pHcyt) on the maximum rate of ATP production by
mitochondria (vmax,m; see Eq. 25), and on the cytoplasmic pH
(pHo) at the fixed maximum rate of the energy demand in the
cytoplasm, vmax,o � 0.005 fmol/s (see Eq. 25), and
DP � �4.4 mV

Maximum rate of ATP
production (vmax,m) and pHo

DP�MDP
(mV)

J
(amol/s)

�X
(mM) �pH

vmax,m � 0.0067 fmol/s
pHo 6,5 �7.3 1.9 49 �0.12
pHo 7,0 �9.5 2.4 71 �0.15
pHo 7,5 �11.0 2.8 87 �0.18

vmax,m � 0.003 fmol/s
pHo 6,5 �6.8 1.6 44 �0.11
pHo 7,0 �8.5 1.7 60 �0.14
pHo 7,5 �9.3 1.8 68 �0.15

vmax,m � 0.001 fmol/s
pHo 6,5 �5.4 0.7 30 �0.09
pHo 7,0 �6.14 0.7 37 �0.10
pHo 7,5 �6.6 0.7 40 �0.11

The value of DP � �4.4 mV is modeled by [Z20�]i � 5 mM, and
[Z20�]o � 3 mM, leading to �X � 22 mM and �pH � 0.07 at vmax,o � 0,
regardless of vmax,m and pHo values. The permeability coefficients rela-
tionship was taken as in Table 1, with a0 � 3.6 fl/s, a � 300 V�1, and
� � 0 (see Eq. 46).
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may be sufficiently high to be important for the regulation
of metabolite flux across the OMM under high workloads.
Thus, under realistic conditions of OMM permeability,
MDP may reach a value around �5 mV. VDAC modulators
localized in the MIMS are capable of significantly increas-
ing the VDAC’s voltage sensitivity (Liu and Colombini,
1992b; Holden and Colombini, 1993). Under some condi-
tions, even a 0.5-mV voltage change remarkably influences
VDAC permeability (Colombini et al., 1996).

High permeability of the OMM for K� and other small
ions may cause a dramatic effect on electrodynamic com-
partmentation, predicted by computational study of the pro-
posed models (Figs. 4 and 5). Thus, high permeability of the
OMM for K� leads to a significant redistribution of Pi

�,
Pi

2�, and PCr2� between the cytoplasm and the MIMS,
although it diminishes MDP. This effect of electrodynamic
compartmentation of metabolites may be essential for the
modulation of corresponding enzymatic reaction rates and
hence for cell energy metabolism in general.

In addition, MDP-dependent Ca2� and Mg2� accumula-
tion in the MIMS, according to the Nernst equation, may
also play a regulatory role. For example, allosteric Ca2�-
dependent enzyme �-glycerophosphate dehydrogenase (Lo-
max and Robertson, 1990, and references therein), localized
on the outer surface of the IMM, may be activated by a
MDP-supported higher concentration of Ca2� in the MIMS.
Furthermore, Ca2� accumulation in the MIMS may increase
the rate of its transport across the IMM and thus may
activate some mitochondrial matrix enzymes (Hansford,
1994; McCormack, 1985), thereby increasing the respira-
tion and oxidative phosphorylation rates. Thus, feedback
control of the mitochondria metabolic state may be carried
out through MDP generation on the OMM.

Furthermore, it is expected that a transitional MDP could
be generated during the heart contractile cycle, leading to
transitional Ca2� accumulation in the MIMS. Hence, func-
tional interaction between sarcoplasmic reticulum and mi-
tochondria (Landolfi et al., 1998) may work through a
transition-state MDP on the OMM. Redistribution of Mg2�

ions between the MIMS and the cytoplasm due to steady-
state or transition-state MDP may also be essential for the
modulation of kinetic parameters of mitochondrial CK and
hexokinase (Lipskaya et al., 1995), which could be consid-
ered in the future development of the model.

In the case of high OMM permeability for K� and other
small ions, while the OMMP is diminished, calculations
show a pronounced osmotic effect that will increase the
MIMS volume (Fig. 5 E). Osmotic pressure difference-
mediated cyclic flow of solution across the VDAC in the
contracting heart could carry out transition-state modulation
of the VDAC’s permeability by the solute flux (Zizi et al.,
1998). Therefore, the MDP-supported osmotic pressure dif-
ference on the OMM may be one of the possible explana-
tions of the well-known morphological changes in mito-
chondria caused by intensive muscle work.

As a result of the MIMS volume increase after a MDP-
supported osmotic pressure difference between the MIMS
and the cytoplasm, the following regulatory mechanisms, at
the level of the OMM, could exist: 1) VDAC voltage
sensitivity change due to dilution of the VDAC’s modula-
tor(s) and various metabolites in the MIMS; 2) change in the
number of intermembrane contact sites; 3) change in the
OMM permeability for charged metabolites, via mechanical
stress on the OMM caused by the MIMS volume increase;
and 4) the matrix volume changes caused by osmotic pres-
sure variations in the MIMS. An increase in the MIMS
volume under extreme metabolic conditions may lead to
OMM disruption. The probability of OMM damage in a
similar process of moderate hypoosmotic swelling of mito-
chondria was shown to be significantly increased with age
and to be higher in male than in female rats (Lemeshko,
1982; Lemeshko and Shekh, 1993).

The simplified cell model (Fig. 2) allows the consider-
ation of the DP and MDP together. The computational study
showed that MDP and DP values might be comparable
under intensive energy demand in the cytoplasm (Table 2).
The DP shifts the PV characteristic of the VDAC to the
more sensitive region of VDAC permeability dependence
on the OMMP, where the variable MDP component of the
OMMP could modulate metabolite flux. In turn, MDP may
modulate the DP in some range through MDP-dependent
MIMS volume change.

The presented cell model shows the possibility that the
energy flux between mitochondria and the cytoplasm may
be modulated by the OMM, through the VDAC permeabil-
ity regulation by generated MDP and an electrodynamic
compartmentation effect. Existence of the OMMP seems to
be probable, taking into account the presence of the
VDAC’s voltage-dependent permeability modulators in the
MIMS (Liu and Colombini, 1992b; Holden and Colombini,
1993) and the conserved PV characteristics of the VDAC.
The considered cell model is very simplified, because it
includes only a CK-channeling system, with the concerted
functioning of the IMM ATP-synthase and ANT-CK struc-
tural complex (Fig. 2 B). The main kinetic characteristics of
ATP-synthase and ANT-CK structural complex, determined
experimentally by other authors (see Aliev and Saks, 1994,
and references therein), were used in this model. A more
realistic cell model may be developed in the future. It may
include the concerted functioning of the IMM ATP-syn-
thase, the ANT-CK complex, and ANT outside of this
complex, as well as the fluxes of all adenine nucleotides,
PCr, Cr, and Pi through the OMM (Fig. 1 A), at different
cytosolic workloads. Moreover, the future model may in-
clude consideration of equilibrium between cytoplasmic
adenine nucleotides and large pools of phosphorylated com-
pounds. The proton-motive force dependence (the IMM
potential and �pH) on the cytosolic workload may be an
additional feedback control on the mitochondrial ATP pro-
duction. Finally, the matrix volume and the MIMS volume
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changes may be modeled as a consequence of electrody-
namic compartmentation and osmotic effects. Taking into
account all of the above may lead to a more realistic
estimation of MDP. Still, the considered simplified cell
model shows that the upper value of generated MDP de-
pends mainly on the OMM permeabilities for different
charged metabolites and on the cytoplasmic pH at the given
workload and energy production rates. The cell model may
be developed for transition-state MDP generation as well,
describing MDP oscillations in accordance with heart
contractions.

APPENDIX A: EQUATIONS FOR THE ESTIMATED
RATES OF ATP AND PCr PRODUCTION BY RAT
HEART AVERAGE MITOCHONDRION

Free energy of ATP hydrolysis in rat heart ventricular sarcoplasm for the
resting state was determined to be �61.9 kJ/mol by extrapolation from
experimental data (Tian and Ingwall, 1996). Therefore, if

�G
 � �G�
 � RT � ln
�ADP�o � �Pi�o

�ATP�o
, (A1)

where �G�
 � �30.5 kJ/mol, then

log
�ADP�o � �Pi�o

�ATP�o
�

�61.9 � 30.5
2.3 � 0.0083 � 310

� �5.3, (A2)

or in another form,

�ADP�o � �Pi�o

�ATP�o
� 10�5.3 � 5 	 10�6. (A3)

Rat heart mitoplasts are able to maintain the mass action ratio of CK
reaction coupled with the oxidative phosphorylation system at the level of
0.017 (Saks and Aliev, 1996). Extrapolating the data (Saks and Aliev,
1996) to a zero rate of the total PCr production, we obtained the following
relationship for a near-equilibrium state of this system:

�PCr��ADP�

�Cr��ATP�
� 0.019. (A4)

Combining two reactions, the reaction

Pi � ADP � ATP � H2O (A5)

with Keq,1 � 2 � 105 M�1, according to Eq. A3, and the reaction

Cr � ATP � PCr � ADP (A6)

with Keq,2 � 1.9 � 10�2, according to Eq. A4, into one reaction yields

Pi � Cr � PCr � H2O, (A7)

with Keq � (2 � 105) � (1.9 � 10�2) � 3.8 � 103 M�1.
By taking the sarcoplasmic concentrations of [PCr]o � 0.019 M and

[Cr]o � 0.009 M, which are known to be maintained in rat heart at rest, it
is possible to calculate the sarcoplasmic concentration of [Pi]o in the resting
state according to Eq. A7 (approximation of resting state to equilibrium is
done by taking vmax,o � 0):

�Pi�o �
0.019 M

0.009 M 	 3.8 	 103 M�1 � 0.00056 M. (A8)

The steady-state rate of ATP production, vATP, by mitochondria may be
approximated by the following formula, as an essentially reversible reac-
tion:

vATP �

�Pi�m � �ADP�m � vmax,m,f

Km,Pi � Km,ADP
�

�ATP�m � vmax,m,r

Km,ATP

1 �
�ATP�m

Km,ATP
�

�ADP�m

Km,ADP
�

�ADP�m � �Pi�m

Km,ADP � Km,Pi

. (A9)

Here, vmax,m,f is the maximum rate of the forward reaction, i.e., the reaction
of ATP production from ADP and Pi; vmax,m,r is the maximum rate of the
reverse reaction; [ATP]m, [ADP]m, and [Pi]m are ATP, ADP, and Pi

concentrations in the mitochondrial matrix, and Km,ATP, Km,ADP, and Km,Pi

are Km values for ATP, ADP, and Pi, respectively. For the rat heart
mitochondrial matrix, Km values have been reported to have the following
values (see Saks and Aliev, 1996): Km,ATP � 0.000462 M; Km,ADP �
0.0001 M; Km,Pi � 0.0024 M.

ADP concentration near myofibrils in rat heart may be estimated as
[ADP]o � 0.00004 M, which is close to the experimental data (Saks and
Aliev, 1996). In the limit situation, when there is no utilization of PCr in
the cytoplasm, ADP concentration in the MIMS was accepted to be the
same as in the cytoplasm: [ADP]i � [ADP]o � 0.00004 M.

In accordance with Saks and Aliev (1996), ADP concentration in the
mitochondrial matrix, [ADP]m, is �25 times higher than in the MIMS;
therefore [ADP]m � 0.00004 � 25 � 0.001 M. ATP concentration in the
rat heart sarcoplasm is usually found to be near 0.01 M. The sum of the
matrix ATP and matrix ADP concentrations is taken to be constant and
equal to 0.01 M, i.e., [ATP]m � [ADP]m � 0.01 M (Saks and Aliev, 1996).
Because [ADP]m has been already calculated to be 0.001 M, [ATP]m

should be 0.009 M to satisfy the last equation. The Pi concentration in the
matrix is �10 times higher than in the MIMS, i.e., [Pi]m � 10[Pi]i (Saks
and Aliev, 1996).

Thus, assuming vmax,m,f � vmax,m,r � vmax,m, Eq. (A9) can be rewritten
in the following form:

vATP

�

10 � �Pi�i � 25 � �ADP�i � vmax,m,f

Km,Pi � Km,ADP
�

�ATP�m � vmax,m,r

Km,ATP

1 �
�ATP�m

Km,ATP
�

25 � �ADP�i

Ki,ADP
�

25 � �ADP�i � 10 � �Pi�i

Km,ADP � Km,Pi

�
vmax,m � 	41,667 � �Pi�i � 19.5


41,667 � �Pi�i � 30.5
. (A10)

Equation A10 shows how Pi regulates ATP production by mitochondria in
a crude approximation. If net ATP production becomes 0, then regardless
of vmax,m, Eq. A10 yields [Pi]i � 0.00047 M in the MIMS, which is close
to [Pi]i � 0.00056 M, obtained from Eq. A8. Thus, the approximations and
equations above are adequate and consistent with each other.

According to Aliev and Saks (1994), the rate of the MIMS-CK reaction

ATPi � Cri � ADPi � PCri

is described by the following equation:

vi �

�ATP�i � �Cr�i � vmax,i,f

Kia � Kcr
�

�PCr�i � �ADP�i � vmax,i,r

Kcp � Kid

Den
.

(A11)
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Assuming that the forward rate of the MIMS-CK reaction is limited by the
rate of ATP production by mitochondria, the maximum rate vmax,i,f of the
MIMS-CK reaction in Eq. A11 can be replaced by Eq. A10:

vi

�

vmax,m � 	41,667 � �Pi�i � 19.5
 � �ATP�i � �Cr�i

	41,667 � �Pi�i � 30.5
 � Kia � Kcr
�

�PCr�i � �ADP�i � vmax,i, r

Kcp � Kid

Den
,

(A12)

where

Den � 1 �
�Cr�i

Kicr
�

�ATP�i

Kia
�

�ATP�i � �Cr�i

Kia � Kcr
�

�PCr�i

Kicp

�
�PCr�i � �ATP�i

Kicp � KIa
�

�ADP�i

Kid
�

�ADP�i � �PCr�i

Kid � Kcp

�
�ADP�i � �Cr�i

Kid � KIcr
. (A13)

Now, one can include in Eqs. A12 and A13 the values of metabolite
concentrations mentioned above and the kinetic constants, equal or close to
those reported elsewhere for the mitochondrial CK reaction coupled with
the oxidative phosphorylation system through ANT (Aliev and Saks, 1994;
Saks and Aliev, 1996): vmax,m � 0.0067 fmol/s (calculated for one average
mitochondrion; see Appendix B); vmax,i,r � 0.0133 fmol/s (calculated for
one average mitochondrion; see Appendix B); [ATP]i � 0.01 M, [ADP]i �
0.00004 M; Kicr � 0.030 M; Kia � 0.00015 M; Kcr � 0.0052 M; Kicp �
0.0014 M; Kcp � 0.001 M; KIa � 0.01125 M; Kid � 0.000208 M; KIcr �
0.0052 M.

After we make the substitutions above, Eq. A13 becomes

Den � 67.7 � 12,890 � �Cr�i � 1541 � �PCr�i . (A14)

Taking [Cr]i � 0.009 M and [PCr]i � 0.019 M for the resting state modeled
by making vi � 0, Eq. A12 is satisfied when [Pi]i � 0.00055 M, which is
approximately the same value as [Pi]i � 0.00056 M, calculated above for
the case where vmax,o � 0 in Eq. A8. Thus, the two conditions, vi � 0 and
vmax,o � 0, gave the same result for [Pi]i. It is taken into account that

�Pi� � �Pi
�� � �Pi

2��. (A15)

Knowing pKa2 � 7.21 for Pi, [Pi
�] can be expressed through [Pi]i and H�

concentration in the medium:

�Pi
�� �

�Pi�

1 � �H��/0.62 	 10�7 . (A16)

The cytoplasm pH was assumed to be constant and equal to 7.0 in most
calculations, except where it was varied in the range of 6.5–7.5 (Table 2).
The MIMS pH value, pHi, will depend on the relationship of [Pi

�]i and
[Pi

2�]i in the MIMS.

APPENDIX B: ESTIMATION OF MITOCHONDRIAL
VOLUME, MAXIMUM RATES OF FORWARD AND
REVERSE MIMS-CK REACTION, AND THE
OMM PERMEABILITY

The average effective diameter of rat heart mitochondrion is 0.61 �m
(Smith and Page, 1976). Therefore, the average volume of one mitochon-

drion, Vmit, is equal to

Vmit �

 � d3

6
�


 � 	0.61 �m
3

6
� 0.12 �m3 � 0.12 fl.

(B1)

The mitochondrial matrix volume is �1.5–2 �l/mg of mitochondrial
protein (Crompton et al., 1987a, 1987b). It was assumed that the matrix
volume was three-fourths of the mitochondrion volume and that a mito-
chondrion volume of 2 �l contained 1 mg of mitochondrial protein. The
average protein mass of a single mitochondrion in rat heart, mmit, can now
be calculated, taking into account Eq. B1:

mmit �
1 mg
2 �l

	 0.12 fl � 60 	 10�12 mg. (B2)

It is known that 60 mg of mitochondrial protein corresponds to 1 g wm
of rat heart tissue (Saks and Aliev, 1996). Therefore, the mass of rat heart
tissue corresponding on the average to one mitochondrion, mrh/m, can be
calculated:

mrh/m � 1 g wm �
60 	 10�12 mg

60 mg
� 10�12 g wm. (B3)

Thus, there is one mitochondrion per 10�12 g wm of rat heart tissue.
The maximum rate of ATP production by the MIMS CK is 13.3 �mol

s�1 (g wm)�1 (Saks and Aliev, 1996), from which, together with Eq. B3,
the MIMS-CK maximum rate of ATP production by a single mitochon-
drion, vmax,i,r (see Eq. A11), is calculated:

vmax,i,r � 13.3
�mol ATP � mrh/m

s � g wm

� 13.3 	 10�12
�mol ATP

s
per mitochondrion

� 0.0133
fmol

s
per mitochondrion. (B4)

Because the maximum rate of the MIMS-CK forward reaction, i.e., PCr
production, is limited mostly by the rate of oxidative phosphorylation or by
ANT, vmax,i,f � vATP (see Eqs. A10 and A11). The rate vATP is limited by
the maximum rate of ATP production in mitochondria, vmax,m. The rate
vmax,m was set at vmax,m � vmax,i,r/2 � 0.0067 fmol/s per mitochondrion,
because it is close to the experimentally measured value and because, when
it is used in Eq. A11, vi becomes 0 when [Pi]i � 0.00055 M, which is very
close to [Pi]i � 0.00056 M for vmax,o � 0, calculated independently for
Eq. A8.

The molecular mass of the VDAC is �30,000 Da (Colombini et al.,
1996), which corresponds to the mass of a single VDAC channel of 30 �
103 Da/(6.022 � 1023) � 5 � 10�17 mg. It is known that the VDAC
constitutes �0.3% of mitochondrial proteins by mass (Linden et al., 1984);
therefore the number of VDAC channels per mitochondrion, n, can be
estimated by using the result from Eq. (B2):

n �
0.003 	 60 	 10�12 mg

5 	 10�17 mg
� 3600. (B5)

Reconstituted in a planar lipid bilayer, the VDAC has permeability for
Pi

2� in the open state at zero membrane potential PPi
2� � 10�14 cm3/s

(Rostovtseva and Colombini, 1997). Therefore, if it is assumed that the
VDAC is the major channel for metabolite flow through the OMM, and
that it behaves the same way in vivo as in the planar lipid bilayer, then the
maximum absolute permeability of a single mitochondrion’s OMM for Pi

2�
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should be PPi
, max2� � 3600 � 10�14 cm3/s � 36 fl/s. In the simplified cell

model, PPi
2� was taken to be one order of magnitude lower than the

maximum calculated OMM permeability corresponding to a completely
open state of the VDAC. There are data indicating that the VDAC in vivo
may behave very differently from how it behaves in vitro. Specifically, the
VDAC has been shown to regulate the activity of mitochondrial respiration
by reducing the outer membrane permeability (Liu and Colombini, 1991,
1992a, 1992b). Studies of reconstituted VDAC revealed that the channel
might stay in the completely closed state longer than was previously
thought (Bathori et al., 1998). It is not excluded that even in the closed state
VDAC permeability may be further diminished by some of the regulatory
factors in the MIMS and/or in the cytoplasm.
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