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Fourier University, Grenoble, France; yInstitute of Cybernetics, Tallinn Technical University, Tallinn, Estonia; and zLaboratory of
Bioenergetics, National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

ABSTRACT The mechanism of functional coupling between mitochondrial creatine kinase (MiCK) and adenine nucleotide
translocase (ANT) in isolated heart mitochondria is analyzed. Two alternative mechanisms are studied: 1), dynamic com-
partmentation of ATP and ADP, which assumes the differences in concentrations of the substrates between intermembrane
space and surrounding solution due to some diffusion restriction and 2), direct transfer of the substrates between MiCK and
ANT. The mathematical models based on these possible mechanisms were composed and simulation results were compared
with the available experimental data. The first model, based on a dynamic compartmentation mechanism, was not sufficient to
reproduce the measured values of apparent dissociation constants of MiCK reaction coupled to oxidative phosphorylation. The
second model, which assumes the direct transfer of substrates between MiCK and ANT, is shown to be in good agreement with
experiments—i.e., the second model reproduced the measured constants and the estimated ADP flux, entering mitochondria
after the MiCK reaction. This model is thermodynamically consistent, utilizing the free energy profiles of reactions. The analysis
revealed the minimal changes in the free energy profile of the MiCK-ANT interaction required to reproduce the experimental
data. A possible free energy profile of the coupled MiCK-ANT system is presented.

INTRODUCTION

In muscle and brain cells, phosphocreatine and adenylate

kinase shuttles provide a link between ATP-producing

and ATP-consuming sites (Bessman and Geiger, 1981;

Wallimann et al., 1992; Saks and Ventura-Clapier, 1994;

Joubert et al., 2002, 2004; Dzeja and Terzic, 2003). As a part

of phosphocreatine shuttle, the functional coupling between

mitochondrial creatine kinase (MiCK) and adenine nucleo-

tide translocase (ANT) has been identified by stimulating

oxidative phosphorylation with creatine (Cr) (Bessman and

Fonyo, 1966) and has been further examined with kinetic

and structural studies (Jacobus and Lehninger, 1973; Saks

et al., 1975; Seppet, 1979; Gellerich and Saks, 1982; Barbour

et al., 1984; Wallimann et al., 1992). Recently, it has been

shown that the coupling plays an important role in prevent-

ing the opening of the permeability transition pore and, thus,

is critical for cell life (Dolder et al., 2003). However, re-

gardless of the large amount of experimental data on func-

tional coupling between MiCK and ANT dating back to the

1970s, the intimate mechanism of the interaction between the

proteins is still not clear.

There are two mechanisms suggested to explain the

effective interaction between MiCK and ANT: 1), the dy-

namic compartmentation of ATP and ADP (Gellerich et al.,

1987) and 2), the direct transfer of ATP and ADP between the

proteins (Saks et al., 1975; Jacobus and Saks, 1982).

According to the first mechanism, functional coupling be-

tween MiCK and ANT can be explained by differences

between the concentrations of ATP and ADP in intermem-

brane space and those in the surrounding solution due to some

limitation of their diffusion across the outer mitochondrial

membrane (Gellerich et al., 1987). According to the second

mechanism of coupling, ATP and ADP are directly trans-

ferred between MiCK and ANT without leaving the complex

of proteins (Jacobus and Saks, 1982). Neither of the proposed

mechanisms have been checked quantitatively against the

experimental measurements by thermodynamically consis-

tent models that incorporate all the basic types of available

data. Dynamic compartmentation hypothesis was used either

to fit a limited set of experimental data (Gellerich et al., 1987)

or applied in the development of several simplified phenom-

enological models of MiCK-ANT coupling used as part of

models of intracellular energy transfer (Aliev and Saks, 1997;

Vendelin et al., 2000b; Saks et al., 2003). The direct channel-

ing has been analyzed mathematically by Aliev and Saks

(1993, 1994) using a probability approach. In the two latter

works, to simulate the measured alterations in the kinetics of

MiCK reaction brought about by oxidative phosphorylation,

the dissociation of ATP from its ternary complex with MiCK

and Cr (CK.ATP.Cr) was not allowed in the model, i.e., this

complex was always utilized in the MiCK reaction. A

thermodynamically consistent analysis of themechanismwas

not included inAliev andSaks (1993, 1994), and is still absent.

The aim of this work is to identify the simplest mechanism

able to reproduce the available experimental data on
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functional coupling between MiCK and ANT. The following

experimental results were analyzed by the mathematical

models: 1), changes in the apparent kinetic properties of the

MiCK reaction when coupled to oxidative phosphorylation

(Jacobus and Saks, 1982; Saks et al., 1985); 2), competition

between MiCK-activated mitochondrial respiration by the

competitive ATP-regenerating system (Gellerich and Saks,

1982); and 3), studies of radioactively labeled adenine

nucleotide uptake by mitochondria in the presence of MiCK

activity (Barbour et al., 1984). The results show that the

direct transfer of ATP and ADP between ANT and MiCK is

involved in the phenomenon of functional coupling between

the proteins. The possible free energy profile of the

functionally coupled reactions is presented.

METHODS

To test the two hypotheses of functional coupling between mitochondrial

creatine kinase (MiCK) and adenine nucleotide translocase (ANT)—i.e.,

dynamic compartmentation and direct transfer between the proteins—the

corresponding mathematical models were composed. First, we describe

a simple model of dynamic compartmentation. Next, the modeling strategy

for simulating direct transfer between MiCK and ANT is given. Finally, the

simulation protocol as well as numerical methods are described. Details of

the model based on the direct transfer between MiCK and ANT are given in

the Appendix.

Model of dynamic compartmentation

According to the dynamic compartmentation hypothesis, the functional

coupling between MiCK and ANT occurs through high ATP and ADP

concentrations either in an intermembrane space (Gellerich et al., 1987) or in

a narrow-space microcompartment (i.e., a gap) between the proteins (Aliev

and Saks, 1997). In this study, our model assumes that there is a difference in

the concentrations between the compartment and surrounding solution. Basic

principles underlying the model composition were as follows (Fig. 1 A):

1. ANT was assumed to translocate adenine nucleotides between the

matrix space and the compartment.

2. MiCK was linked to ATP and ADP in the compartment, while

interacting with Cr and PCr from the solution.

3. Diffusion between the compartment and solution was considered to be

restricted.

Consequently, the amounts of adenine nucleotides were tracked in two

distinct compartments: in the solution (marked by the index s following the

abbreviation of the metabolites, ADPs and ATPs) and in the compartment

(index c, ADPc and ATPc). PCr and Cr were present only in the solution.

The following reactions occurring in the solution containing isolated

mitochondria were accounted for: MiCK reaction, ANT transport (with the

steady-state rate equal to oxidative phosphorylation), pyruvate kinase (PK)

reaction (if PK was added), and background ATPase activity. The changes in

concentrations of ATP and ADP in solution ([ATPs] and [ADPs]) and the

compartment ([ATPc] and [ADPc]) were described by the equations

d½ATPc�
dt

¼ ð�nCK 1 nANT 1 ndifATPÞ Fvolume; (1)

d½ADPc�
dt

¼ ðnCK � nANT 1 ndifADPÞ Fvolume; (2)

d½ATPs�
dt

¼ �ndifATP � nATPase 1 nPK; (3)

d½ADPs�
dt

¼ �ndifADP 1 nATPase � nPK; (4)

where the factor Fvolume denotes the ratio of the volume of the solution to

that of the compartment and nCK, nANT, ndifATP, ndifADP, nATPase, and nPK
correspond to the rate of MiCK reaction, ATP export from the matrix to the

compartment by ANT, diffusion of ATP and ADP between compartment

and solution, residual ATPase in solution, and PK reaction, respectively.

Diffusion of nucleotides was governed by

ndifATP ¼ DATPð½ATPs� � ½ATPc�Þ; (5)

ndifADP ¼ DADPð½ADPs� � ½ADPc�Þ; (6)

where DATP and DADP are exchange coefficients. The concentrations of Cr,

PCr, Mg21, Pi, and phosphoenolpyruvate (if present) were fixed at the onset

of the simulations and assumed to be essentially constant during the

experiment. The differential equations governing the system were solved

until steady-state values of the variables were obtained.

Adenine nucleotides are known to form complexes with magnesium ions

Mg21, which are subjected to creatine kinase reaction, whereas only Mg21-

free nucleotides are translocated by ANT. The concentrations of the Mg21-

bound nucleotides (MgATPs, MgADPs, MgATPc, and MgADPc) and Mg21

free forms (fATPs, fADPs, fATPc, and fADPc) were related to the total

amount of nucleotides (ATPc and ADPs) as

½fATPc� ¼ ½ATPc�
11 ½Mg

21�=KDT

; (7)

½MgATPc� ¼ ½ATPc� � ½fATPc�; (8)

½fATPs� ¼ ½ATPs�
11 ½Mg

21�=KDT

; (9)

½MgATPs� ¼ ½ATPs� � ½fATPs�; (10)

½fADPc� ¼ ½ADPc�
11 ½Mg

21�=KDD

; (11)

½MgADPc� ¼ ½ADPc� � ½fADPc�; (12)

½fADPs� ¼ ½ADPs�
11 ½Mg

21�=KDD

; (13)

½MgADPs� ¼ ½ADPs� � ½fADPs�; (14)

where [Mg21] is the concentration of free Mg21, and KDT and KDD are

Mg21 dissociation constants from MgATP and MgADP, respectively.

Concentration [Mg21] was assumed to depend only on the amount of total

Mg21, Pi, and nucleotides in the solution.
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The rate equation of the MiCK reaction was derived according to the

random-order Bi-Bi mechanism, assuming rapid equilibrium of substrate

binding and product release (Jacobs and Kuby, 1970; Jacobus and Saks,

1982, Morrison and James, 1965),

nCK ¼ V1CK½MgATPc�½Cr�
KicrKa

�

� V�1CK½MgADPc�½PCr�
KidKcp

��
DenCK; (15)

where

DenCK ¼ 11
½Cr�
Kicr

1
½PCr�
Kicp

1 ½MgATPc�
1

Kia

1
½Cr�
KicrKa

1
½PCr�
KIcpKia

� �

1 ½MgADPc�
1

Kid

1
½PCr�
KidKcp

1
½Cr�

KidKIcr

� �
; (16)

and KaKicr ¼ KiaKcr, KdKicp ¼ KidKcp. The constants V1CK, V�1CK, Kia, Ka,

Kicr, Kid, Kicp, Kcp, KIcp, and KIcr in the equations are the maximal forward

and reverse rates of the MiCK reaction, and dissociation constants,

respectively. According to the hypothesis of dynamic compartmentation,

the constants were taken equal to those of the soluble MiCK. The indexes a,
cr, d, and cp mark the dissociation of ATP, Cr, ADP, and PCr, respectively;

these indexes correspond to the dissociation of a ternary complex and with

an additional index i to the dissociation of the complex composed of MiCK

and only one substrate. The parameters KIcp and KIcr are the dissociation

constants of dead-end complexes.

Description of ANT kinetics was based on the phenomenological model

by Korzeniewski (1998). The net rate of ATP export by ANT from the

matrix to the compartment is described by the kinetic equations (Vendelin

et al., 2000b)

n
X/G

ANT ¼ VANT

½fADPc�
Kg 1 ½fADPc�

3
½fADPc�

½fATPc�e0:35DC=Z 1 ½fADPc�

 

� ½fADPx�
½fATPx�e�0:65DC=Z 1 ½fADPx�

!
; (17)

where [fATPx] and [fADPx] are the concentrations of Mg21-free nucleotides

in the matrix, Kg is the ANT reaction dissociation constant, DC is the

FIGURE 1 Scheme of interaction between mitochondrial creatine kinase (MiCK) and adenine nucleotide translocase (ANT). The interaction between the

proteins is considered as a sum of two interaction modes: ATP and ADP are transferred through solution (subplot A) or directly channeled between the proteins

(subplot B). In the model based on dynamic compartmentation hypothesis, only the interaction through solution is considered. When direct channeling between

MiCK and ANT is assumed, both modes are taken into account. (Subplot A) In the first mode of MiCK-ANT interaction, ATP after transport from matrix to

intermembrane space by ANT (link between ANTx.ATP and ANTi.ATP in the scheme) is released to solution. Next, the released ATP participates in MiCK

reaction according to the random Bi-Bi mechanism with fast equilibrium between all states of MiCK. ADP produced byMiCK reaction is released into solution

by MiCK and picked up by ANT for transport to mitochondrial matrix (link between ANTi.ADP and ANTx.ATP in the scheme). (Subplot B) In direct transfer

mode, ATP is transferred from ANT to MiCK without leaving two-protein complex to solution. Since MiCK has only one binding site for ATP and ADP, such

transfer is possible only if this site is free, i.e., MiCK is either free (CK) or has only Cr or PCr bound (CK.Cr and CK.PCr). In the scheme, we grouped the states

of MiCK according to whether ATP or ADP is bound to enzyme or not (open boxes in the scheme with three states of MiCK in each group). During direct

transfer of ATP from ANT to MiCK, MiCK is transferred from states CK, CK.Cr, and CK.PCr to states CK.MgATP, CK.Cr.MgATP, and CK.PCr.MgATP,

respectively. In the scheme, this transfer is shown as a link between ANTi.ATP and two corresponding groups of MiCK states. Next, after MiCK reaction (link

between states CK.Cr.MgATP and CK.PCr.MgADP in the scheme), ADP is transferred directly to ANT. Note, that MiCK operates with Mg-bound ATP and

ADP and ANT requires Mg-free ATP and ADP forms. Thus, during direct transfer between MiCK and ANT, Mg is either bound or released, as shown in the

scheme.
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membrane potential, and VANT is the maximal relative nucleotide trans-

portation rate. Parameter Z is equal to RT/F, where R is the gas constant,

T is the absolute temperature, and F is the Faraday number.

The residual ATPase activity nATPase was characterized by the simple

Michaelis-Menten equation of

nATPase ¼ VATPase½ATPs�
½ATPs�1Kmx

: (18)

The formula for the pyruvate kinase reaction was obtained from Saks et al.

(1984).

All values of the model parameters pertinent to the description of

coupling between MiCK and ANT via dynamic compartmentation are given

in Table 1.

Modeling strategy of direct transfer

To study the influence of direct transfer of ATP and ADP on MiCK kinetics,

we composed the kinetic scheme of coupled ANT and MiCK reactions and

investigated the free energy profiles of the reactions in detail, as explained

below.

For simplicity, the following assumptions were made:

1. The concentrations of the substrates near ANT and MiCK were taken to

be the same as the surrounding solution.

2. The total number of binding sites for ATP (ADP) on all MiCK and all

ANT molecules is taken to be the same, with binding sites on MiCK

molecules organized in pairs with the binding sites on ANT molecules.

If one considers MiCK as an octamer, this may be taken to interact with

the cluster of eight ANT dimers (Wallimann et al., 1992), with each

ANT dimer having one binding site (Klingenberg, 1985).

No interactions were considered between molecules from different pairs.

This allowed us to describe the state of coupled system by tracking only one

binding site on ANT and one on MiCK, considerably simplifying the model.

The interaction between MiCK and ANT is considered as a sum of two

interaction modes: 1), ATP and ADP are liberated into intermembrane space

and then bound to MiCK or ANT or 2), directly channeled between the

proteins. The first interaction mode is similar to that of the dynamic

compartmentation, but without any diffusion restrictions after ATP or ADP

release. Thus, when the proteins interact through ATP and ADP release and

uptake from solution, ANT andMiCK reaction schemes are exactly the same

as for the uncoupled system (see Fig. 1 A). In this case, ATP as well as all

other substrates are in fast equilibrium with MiCK and the reaction follows

the random Bi-Bi type mechanism. However, MiCK with no bound ATP or

ADP molecule can also accept ATP (ADP) from ANT, which is transferred

directly (see Fig. 1 B). In this case, we assume that whenMiCK accepts ATP

(ADP) from ANT directly, bound ATP and ADP cannot be in fast

equilibrium with the surrounding solution. Thus, the equilibration of the

MiCK binding site for ATP and ADP with the surrounding solution is

prevented. For simplicity, we assumed that, in the case of direct transfer,

MiCK is not exchanging ATP and ADP with solution at all, but returns

ATP in the form of ADP or ATP back to ANT (Fig. 1 B). To distinguish

the states of MiCK that are so tightly coupled to ANT from other

MiCK states, an index c would be used in notations. For example, CKc.ATP

would indicate the MiCK state with attached ATP received from ANT

directly.

A thermodynamically consistent model was derived, taking into account

the free energies of transition during each reaction as well as the principle of

microscopic reversibility. This approach, based on the transition state theory

of enzymatic reactions, allows one to study the free energy profile of the

coupled system. In generalized form, the rates of monomolecular transition

between two states of MiCK-ANT complex, noted as A and B, are governed

by

n1 ¼ ½A� a e
�ðGz�GAÞ=RT; (19)

n� ¼ ½B� a e
�ðGz�GBÞ=RT; (20)

where n1 and n� are the rates of transitions between states A and B in

forward and backward directions, respectively; [A] and [B] are normalized

concentrations; a is a factor that depends on the nature of the transition; Gz

is a free energy in the transition state; GA and GB were the free energies of

the states A and B, respectively; R is the gas constant; and T is the absolute

temperature. Since in our further analysis we seek the overall rate con-

stants and not the exact value ofGz (see below), it is possible to predefine the
value of a in the calculations. Using the free energy change DGA/B ¼
GB–GA and the free energy of transition DGz ¼ Gz–GA, the rates n1 and v�
would be

n1 ¼ ½A� a e
�DG

z
=RT

; (21)

n� ¼ ½B� a e�ðDGz�DGA/BÞ=RT: (22)

The binding of the substrates to MiCK-ANT complex is modeled using

similar equations, which are modified to take into account the bimolecular

nature of the process. (For examples of these bimolecular reactions, see the

equations following as well as the equations in the Appendix.)

Let us consider direct transfer of ATP from ANT to coupled MiCK, with

the nucleotide binding site of the carrier directed toward intermembrane

space and MiCK having no substrates bound. The process of ATP (ADP)

transfer between ANT and MiCK is considered to be a conformational

change within theMiCK-ANT complex. During this conformational change,

a Mg21 ion has to be attached, since MiCK reacts with the Mg-bound form

of ATP only. The rate n1 of the transfer of ATP from ANT to MiCK and the

rate for reverse transfer would be determined by the free energy of transition

DGz and the free energies of the participating substrates, which, in addition

TABLE 1 Parameters of the model of dynamic

compartmentation

Parameter Dimension Value Reference

Kia mM 0.75 Jacobus and Saks (1982)

Ka mM 0.15 Jacobus and Saks (1982)

Kcr mM 5.2 Jacobus and Saks (1982)

Kicr mM 28.8 Jacobus and Saks (1982)

Kid mM 0.205 Aliev and Saks (1993)

Kicp mM 1.4 Aliev and Saks (1993)

Kcp mM 0.5 Aliev and Saks (1993)

KIcr mM 28.8 Aliev and Saks (1993)

KIcp mM 35.0 Jacobus and Saks (1982)

V1CK s�1 1.0 Aliev and Saks (1993)

V�1CK s�1 4.2 Aliev and Saks (1993)

KDT mM 0.024 Vendelin et al., 2000b

KDD mM 0.347 Vendelin et al., 2000b

Kg mM 0.005 Vendelin et al., 2000b

fATPx (relative) 4 Aliev and Saks (1993)

fADPx (relative) 1 Aliev and Saks (1993)

VANT s�1 1.0

Fvolume (relative) 104

Kmx mM 0.98 Jacobus and Saks (1982)

DC mV –180

F J mol�1 mV�1 96.5

R J mol�1 K�1 8.3

T K 298.0

Functional Coupling between MiCK and ANT 699
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to the free energies of ANT and MiCK complexes, includes the free energy

of Mg21 (GMg), as

n1 ¼ ½ANTi:ATP� CK� ½Mg
21� a exp

�DG
z

RT

 !
; (23)

n� ¼ ½ANTi� CK:ATP� a exp
�ðDGz � DGÞ

RT

 !
; (24)

DG ¼ GANTi�CK:ATP � GANTi:ATP�CK � GMg; (25)

where [ANTi.ATP-CK] is the relative concentration of ANT and MiCK

complex, with ANT directed toward intermembrane space and binding ATP,

and substrate-free MiCK; [ANTi-CK.ATP] is the relative concentration of

ANT and MiCK complex, with substrate-free ANT directed toward

intermembrane space and MiCK forming a binary complex with ATP; and

GANTi.ATP-CK and GANTi-CK.ATP are free energies of MiCK-ANT complex in

states ANTi.ATP-CK and ANTi-CK.ATP, respectively.

To keep the number of model parameters as small as possible, we

assumed that all transformations changing only a state of MiCK or ANT,

depend on the participating states of this protein only. For example,

according to this assumption, the rate of ATP binding from matrix to ANT

does not depend on the state of MiCK. Thus, the respective rate of ATP

binding should be specified in the model with only one DGz and the free

energies of ANT states involved without any dependence on MiCK state.

The latter is achieved in the model by assuming that the free energy of the

MiCK-ANT complex is a sum of the free energies of the ANT and MiCK

states. For example, the free energies used in Eqs. 23–25 areGANTi.ATP-CK¼
GANTi.ATP 1 GCK and GANTi-CK.ATP ¼ GANTi 1 GCK.ATP.

In terms of the composed mathematical model, our aim is to find the

values of the free energy of transition DGz for every reaction between the

states of the MiCK-ANT complex and the free energies of all states of

the complex. In search for the simplest possible kinetic scheme of the cou-

pling, we use the free energies of the enzyme and the carrier states as well

as theDGz estimated for an uncoupled system asmuch as possible. In the sim-

plest possible model, only the DGz for ATP and ADP binding with ANT

would be changed, in addition to introducing the DGz for direct transfer of

ATP and ADP between the proteins. If this model fails to reproduce the

measureddata, thenmore parameterswouldbe altered, until theminimal com-

bination of changed parameters sufficient to reproduce the data is identified.

Thisminimal combination of parameterswould be themain result of our anal-

ysis. Naturally, this requires the parameters to be varied in a large range, be-

fore ruling a combination out as not sufficient to reproduce the experiment.

The system of equations for modeling the direct transfer between

MiCK and ANT and values of the model parameters are described in the

Appendix.

Protocol of simulations

There were two types of simulations performed in this study: 1), scanning of

parameter space by changing specified model parameters independently

from each other and 2), fitting the experimental data by minimization of

residual function by variation of parameter values. Although analysis of the

dynamic compartmentation comprised only the first type of simulation, both

were employed in the direct transfer model.

In simulations with the dynamic compartmentation model, the values of

maximal ATPase activity in the solution, ATP and ADP exchange constants

DATP and DADP, were varied as follows: ATPase activity was varied from

0 to 17% of maximal MiCK activity in accordance with estimations of

Jacobus and Saks (1982); exchange constants were varied from 10�10 s�1 to

101 s�1. During a scan in the model of direct transfer between MiCK and

ANT, the free energies of the MiCK and ANT states were varied in a wide

range from�15 kJ mol�1 to110 kJ mol�1 and the free energies of transition

were varied from 20 kJ mol�1 to 50 kJ mol�1 (corresponding to rate

constants variation from ;0.002 s�1 to ;300 s�1). The step sizes of these

variations are specified for every simulation performed in the section

Results.

When fitting the experimental data by the model, the residual function,

subject to minimization, consisted of a sum of terms, each of which

corresponded to one measurement: ((fexp–fcal)/s)
2 with measured (fexp) and

computed (fcal) rate (or apparent kinetic constant) and standard deviation

(s) of the measurements. To specify the dependence of the direction of

MiCK reaction on oxidative phosphorylation (Saks et al., 1985), the

following penalty term was added to all residual functions used in this

study,

r ¼ 0; if nCK $ e
ðg ðe� nCKÞÞ2; if nCK , e

;

�
(26)

where nCK is the MiCK reaction rate in the presence of oxidative

phosphorylation and 4 mM PCr, 0.12 mM ATP, 0.05 mM ADP, and

40 mMCr; ewas taken equal to 0.01 s�1; and a large value g ¼ 103 was used

to ensure that nCK remained larger than e during optimizations.

In some experiments used, standard deviation (SD) was not reported, and

the following approximations were used in this study:

1. MiCK reaction rates estimated from kinetic constants were assumed to

have SD ¼ 15% of the maximal rate of the MiCK reaction in the

direction of PCr production.

2. Measurements of respiration rate after inhibition by the competitive

ATP-regenerating system (Gellerich and Saks, 1982) were assumed to

have SD ¼ 10% of the respiration rate recorded without the competitive

ATP-regenerating system in solution.

3. The estimation of the amount of ADP retransported to mitochondria

after the MiCK reaction, without mixing with the surrounding solution

(Barbour et al., 1984), was assumed to have the same SD at all ADP

concentrations and to be equal to 10%.

The analysis of the direct transfer between MiCK and ANT was

organized as follows:

1. The calculated solution was checked against the experimental data that

required the smallest amount of simulations—i.e., dependence of MiCK

reaction direction on the presence of oxidative phosphorylation in

certain conditions (Saks et al., 1985).

2. All parameter values combinations that satisfied the first test were used

to compute kinetic constants of MiCK reaction in the presence of

oxidative phosphorylation.

The best 100 fits obtained during the second step were refined by minimizing

the residual function using the selected fits as initial estimates of parameter

values for minimization procedure, i.e., 100 optimizations were performed.

The other two experiments considered in this study turned out to be readily

reproducible with the combinations of parameter values passing the first two

tests. Therefore, no further analysis was carried out.

Numerical methods

The system of ordinary differential equations was solved by the backward

differentiation formula that is able to treat stiff equations (Brown et al.,

1989). The accuracy of the solution was tested by varying the tolerance of

the ordinary differential equation solver. The required optimization was

performed using the Levenberg-Marquardt algorithm (Moré et al., 1984).

The models were implemented using C11 and FORTRAN programming

languages. The parts of C11 code for the model based on direct transfer

hypothesis were generated by a Python script. Source code is available on

request.
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RESULTS

Dynamic compartmentation of ATP and ADP

According to the hypothesis of dynamic compartmentation,

the concentrations of ADP and ATP in the compartment are

different from those in the solution. This is due to the

restricted diffusion of ATP and ADP between the solution

and the compartment. The analysis of Eqs. 1–4 reveals that,

in steady-state conditions, the sum of ATP and ADP con-

centrations in the compartment can differ from that in the

solution only if the ATPase activity nATPase is assigned a non-
zero value. The latter can be demonstrated by taking the right

side of the time-derivatives of Eqs. 1–4 equal to zero, re-

flecting the steady-state conditions. In that case, we obtain

from Eqs. 3–6

�nATPase
DATP

¼ ½ATPs� � ½ATPc�; (27)

nATPase
DADP

¼ ½ADPs� � ½ADPc�; (28)

assuming that there is no pyruvate kinase in the solution

(nPK ¼ 0). Adding Eqs. 27 and 28 results in

nATPase
1

DADP

� 1

DATP

� �
¼ ð½ATPs�1 ½ADPs�Þ

� ð½ATPc�1 ½ADPc�Þ: (29)

It becomes clear from Eq. 29 that the sum of ATP and ADP

concentrations in the compartment can differ from the

concentration in the solutions only if both of the following

conditions are satisfied: 1), residual ATPase activity is

present in the solution and 2), the values of ATP and ADP

exchange constants are not equal to each other. Equation 29

also demonstrates that, to increase the total concentrations in

the compartment, the term (1/DADP–1/DATP) should be

negative and as large as possible by its absolute value, i.e.,

the exchange is fast for ADP and slow for ATP.

In Fig. 2, the apparent dissociation constants of ATP and

Cr in MiCK reaction were computed as a function of nATPase
activity in the solution. In accordance with the analysis

presented above, the exchange between solution and com-

partment was assumed to be fast for ADP and slow for

ATP in these simulations. As Fig. 2, A and B, clearly

demonstrates, increase of ATPase activity in the solution

leads to a drop in computed apparent dissociation constants

of ATP both from ternary and binary complexes with MiCK,

Ka, and Kia, respectively. However, the Ka and Kia values that

have been measured by Jacobus and Saks (1982) are reached

by the model at different nATPase activities (Fig. 2). Within

the model, it is not possible to reproduce the experimentally

observed 10-fold and 2.5-fold decreases in the values of

soluble MiCK dissociation constants simultaneously with

one parameter set. This can be demonstrated by computing

Ka and Kia at different combinations of nATPase, DATP, and

DADP values (Fig. 3). Indeed, the computed line, character-

izing the relationship between Ka and Kia values, does not

FIGURE 2 Calculated apparent disso-

ciation constants of MiCK reaction as

functions of ATPase activity (nATPase) in

the solution in the presence of oxidative

phosphorylation. Coupling between

MiCK and oxidative phosphorylation

was modeled according to the dynamic

compartmentation hypothesis. ATPase

activity is presented relative to maximal

MiCK activity, in percents. Subplots A,

B, C, and D correspond to apparent Ka,

Kia, Kcr, and Kicr, respectively. The

simulation results (solid lines) obtained

with the model are compared with the

measured values of apparent dissociation

constants, indicated by the average mea-

sured value (dashed line) and shaded

area corresponding to the measured aver-

age6 standard deviation (SD) (data from

Jacobus and Saks, 1982). In the calcu-

lations, maximal activity of ANTwas taken

equal to that of MiCK; ATP and ADP

exchange constants DATP and DADP were

10�9 s�1 and 10�1 s�1, respectively. Note

that with the increase of ATPase activity

in the solution, apparent dissociation con-

stants of ATP from ternary and binary

complexes with MiCK (Ka and Kia, re-

spectively) are reduced considerably.
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pass the point coordinates, which are the measured disso-

ciation constant values in the presence of oxidative phosphor-

ylation. This holds true regardless of the ATPase activity

used and the values of the exchange constants in the wide

range of values used. The increase of model ANT activity

leads to the shift of the Ka–Kia relationship toward the mea-

sured values to a certain limit. This limit is still adrift from

the measurements (Fig. 3). We conclude from the results that

the model based on dynamic compartmentation hypothesis is

unable to reproduce the measurements. Due to such a strict

relationship between computed values of Ka and Kia there is

no need to use minimization for fitting the experimental data

to check this conclusion—altering parameter values is

neither going to change the slope of the lines nor cross the

limit obtained with the high ANT activities, as is evident

from scanning the parameter space (Fig. 3).

The model was tested additionally in regard to the

following two experiments: 1), the reversal of the MiCK

reaction, coupled to oxidative phosphorylation, as opposed

to the noncoupled MiCK in the case of nonrespiring

mitochondria in the presence of 4 mM PCr, 0.12 mM

ATP, 0.05 mM ADP, and 40 mM creatine Cr in solution

(Fig. 4), and 2), inhibition of MiCK-activated mitochondrial

respiration by the competitive ATP-regenerating system

(Fig. 5). The conclusions drawn from these simulations did

not depend on the ATPase activity in the solution. From the

analysis of the results in Figs. 4 and 5, it is clear that both

experiments can be reproduced by the same parameter

values. Indeed, all combinations of DATP and DADP that lead

to the positive MiCK reaction rates on Fig. 4 and to 60%

drop of respiration rate, after addition of the ATP-

regenerating system (iso-line with value ;0.4 on Fig. 5),

are in agreement with these two experiments.

In sum, the model composed on the basis of the dynamic

compartmentation hypothesis can reproduce the reversal of

the MiCK reaction after coupling to oxidative phosphory-

lation in certain conditions (Fig. 4) and measured inhibition

of MiCK-activated mitochondrial respiration by the com-

petitive ATP-regenerating system (Fig. 5). However, the

kinetics of the MiCK reaction coupled to oxidative

phosphorylation cannot be reproduced with any combination

of model parameters (Fig. 3), indicating that the alternative

hypothesis of functional coupling between MiCK and ANT

has to be considered to reproduce the measurements on

isolated heart mitochondria.

Direct transfer of ATP and ADP between creatine
kinase and adenine nucleotide translocase

The model of direct transfer of substrates between MiCK and

ANT contains two important modifications if compared with

FIGURE 3 Calculated apparent dissociation constants Ka and Kia of the

MiCK reaction in the presence of oxidative phosphorylation. Coupling

betweenMiCK and oxidative phosphorylation was modeled according to the

dynamic compartmentation hypothesis. Here, apparent dissociation con-

stants Ka and Kia (represented by small dots in the figure) were computed in

case of different combinations of the values of ATPase activity in the

solution nATPase and exchange constants DATP and DADP. In the figure, the

measured values are shown (open circles) in the right upper corner (no

oxidative phosphorylation) and in the left lower corner (with oxidative

phosphorylation). When using the kinetic constants of ANT transport as

given in Table 1, all combinations of computed Ka and Kia are aligned along

the line with index 1 (indexes are shown within larger open circles in the

figure). By increasing the maximal activity of ANT by 10 or 100 times, this

line can be shifted to the left (lines with indexes 2 and 3, respectively). When

instead of increasing the maximal activity of ANT, the apparent dissociation

constant Kg is increased, the line shifts to the right (line with index 4). Note

that regardless of the values used of ANT kinetic constants, all computed

combinations of Ka and Kia were considerably adrift from the measured

values of these constants in the presence of oxidative phosphorylation.

Experimental data from Jacobus and Saks (1982).

FIGURE 4 Analysis of the direction of the MiCK reaction in the presence

of oxidative phosphorylation. In this contour plot, the rates of the MiCK

reaction, relative to the maximal rate of the MiCK reaction in the direction of

PCr synthesis, are depicted by different shades and iso-lines. Numbers on

the iso-lines show the value of reaction rates; positive values correspond to

PCr synthesis. The shades correspond to the values of MiCK reaction rate,

changing gradually from white (maximal rate, PCr synthesis) to dark gray

(minimal rate, ATP synthesis). Concentrations in solution were kept at the

following values: 2 mM PCr, 0.12 mM ATP, 0.05 mM ADP, and 5 mM Pi.

According to Saks et al. (1985), the direction of MiCK reaction depends on

whether MiCK is coupled to oxidative respiration or not (Saks et al., 1975).

Namely, whereas coupling of MiCK to oxidative phosphorylation favors the

synthesis of PCr by MiCK (positive reaction rates on the figure),

noncoupledMiCK reaction is driven toward the breakdown of PCr (negative

reaction rates on the figure). DATP and DADP are exchange constants that

characterize the exchange of ATP and ADP between the compartment and

the solution (both constants are given in s�1). Note that at smaller values of

DATP and DADP, the MiCK reaction direction predicted by the model is in

correspondence with the measurements (reaction rate is positive).
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the model based on the dynamic compartmentation hypoth-

esis. First, the concentrations of the metabolites near MiCK

and ANT are the same as in solution; i.e., there is no

diffusion restriction separating the compartment from the

surrounding solution. Second, ATP and ADP can be

transferred directly between MiCK and ANT, in addition

to transfer through solution.

Kinetics of creatine kinase reaction coupled to
oxidative phosphorylation

In the direct transfer model, ADP and ATP release by MiCK-

ANT complex into the solution was reduced and a link

between MiCK and ANT was established. For that, free

energies of transition DGz corresponding to ATP (ADP)

release to the solution and to direct transfer of ATP (ADP)

between MiCK and ANT had to be specified. To investigate

whether such changes would be sufficient for reproduction of

the measured data on MiCK-ANT coupling, we varied the

values of these DGz in a wide range independently from each

other and computed the rate of MiCK reaction coupled to

oxidative phosphorylation, with 4 mM phosphocreatine

(PCr), 0.12 mM ATP, 0.05 mM ADP, and 40 mM creatine

(Cr) in solution. According to Saks et al. (1985), MiCK

reaction is directed toward PCr synthesis (positive direction)

in these conditions. However, regardless of the DGz combi-

nations used, the computed MiCK rate was always in the

opposite direction. The computed MiCK reaction was posi-

tive when, in addition to the parameters mentioned above, at

least one of the following parameters was varied: 1), the free

energy of transition DGz of the MiCK reaction coupled with

ANT; 2), the free energy of ANT directed toward the inter-

membrane space with ATP attached; or 3), the free energies

of the MiCK states coupled with ANT. In the last case, the

free energy of CKc.ATP was varied and the free energies of

all other coupled MiCK states with bound ATP or ADP (Fig.

1 B) were computed to keep differences between the free

energies of MiCK states the same as for similar states in

isolated MiCK.

Next, we computed the apparent kinetic constants of the

MiCK reaction in the presence of oxidative phosphorylation

and compared these with the measured data (Jacobus and

Saks, 1982). The apparent kinetic constants were computed

only for such combinations of parameter values as would

reproduce the measured direction of the MiCK reaction as

described above (i.e., that would satisfy the criteria in the

following text and tables). To check whether direct transfer

of metabolites between MiCK and ANT allows us to over-

come the difficulties of modeling the MiCK reaction kinetics

encountered using the dynamic compartmentation hypothe-

sis (Fig. 3), we plotted all computed apparent dissociation

constants Ka and Kia against each other in a diagram (Fig. 6).

As made clear from the figure, the region with the measured

values of Ka and Kia is covered by the model solution, and it

is possible to find a combination of model parameters that

would lead to the measured combination of Ka and Kia

FIGURE 5 In this contour plot, the relative decrease in respiration rate

after addition of the external ADP-trapping system into the solution

containing isolated respiring mitochondria in the presence of oxidative

phosphorylation is shown. The decrease v/v0, where v0 and v are the

respiration rate before and after pyruvate kinase and phosphoenolpyruvate

(PK1PEP) addition, is depicted by different shades and iso-lines. Numbers

on the iso-lines show the value of v/v0, shades change gradually from white

(v/v0 ¼ 1, no drop in respiration) to dark gray (v/v0 ¼ 0, respiration

completely inhibited). Initial conditions in the solution: 0.33 mM ATP,

0 mM ADP and PCr, 33 mM Cr, 5 mMMg21, 10 mM Pi, and 2.5 mM PEP.

In the calculations, the activity of PK1PEP system was taken to be infinite

compared to that of MiCK. According to Gellerich and Saks (1982),

PK1PEP system is able to decrease the rate of respiration by ;60% at

maximum, i.e., the decrease v/v0 is ;0.4. DATP and DADP are exchange

constants that characterize the exchange of ATP and ADP between the

compartment and the solution (both constants are given in s�1). In these

simulations, ATPase activity in the solution was taken to be equal to 0.1% of

the maximal activity of MiCK. Varying ATPase activity did not alter the

results qualitatively. Note that the region in DATP–DADP plane correspond-

ing to the measured drop in respiration rate is rather limited (see area around

v/v0 ¼ 0.4 in the figure).

FIGURE 6 Calculated apparent dissociation constants Ka and Kia of the

MiCK reaction in the presence of oxidative phosphorylation. Coupling

between MiCK and oxidative phosphorylation was modeled assuming direct

transfer of metabolites between ANT and MiCK. Apparent dissociation

constants Ka and Kia (represented by small dots in the figure) are computed

for different combinations of the free energies of the MiCK-ANT complex

states and the free energies of transition. In the figure, the measured values

are shown by open circles in the right upper corner (no oxidative

phosphorylation) and in the left lower corner (with oxidative phosphory-

lation). Note that the range of computedKa–Kia combinations covers the area

near the measured values of these constants in the presence of oxidative

phosphorylation. Experimental data from Jacobus and Saks (1982).
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values. The best fits obtained by the model during such

independent variation (denoted by scan) for different varied
parameter sets as well as the results of model fitting simu-

lations (see below) are summarized in Table 2. Note that in

some cases the computed kinetic constants were negative.

This is due to the procedure used to calculate kinetic con-

stants from the computed MiCK reaction rate (the same as in

Jacobus and Saks, 1982), and clearly indicates that the model

cannot reproduce the measured data with the corresponding

set of parameters.

We refined the results either by fitting the measured

kinetic constants directly (simulation OKm in Table 2) or by

fitting the MiCK reaction rate estimated from the measured

kinetic constants (simulation OVel in Table 2). These two

simulations were performed to ensure that not only could

apparent kinetic constants be fitted (OKm), but that estimated

MiCK reaction rates at all concentration combinations could

be used in the experiment as well (OVel). According to the

results presented in Table 2, the model was able to reproduce

the measured kinetic constants only if the free energy of

TABLE 2 Apparent kinetic constants of creatine kinase reaction coupled to oxidative phosphorylation

Varied parameters, step size

Free energy of activation Gz, kJ mol�1

Ni.T Ni.D Ni.T Ni.D CKc.T.Cr

h h h h h Free energy, kJ mol�1 Computed kinetic constants

CKc.T CKc.D sol sol CKc.D.PCr Ni.T Ni.D CKc Kia mM Ka mM Kicr mM Kcr mM KIcp mM Kicp mM V1s
�1

scan 1.0 1.0 1.0 1.0 No combination satisfied the criterion �
scan 2.0 2.0 2.0 2.0 2.0 0.20 �0.007 �10.0 0.36 0.94 0.056 0.98 �
OKm * * * * * 0.28 �0.005 �14.9 0.26 0.94 0.077 0.96 �
OVel * * * * * 0.13 0.011 29.8 2.5 1.6 0.65 0.95 �
scan 2.0 2.0 2.0 2.0 2.5 0.12 0.017 36.5 5.2 10.8 1.1 0.89 1
OKm * * * * * 0.15 0.016 40.2 4.2 10.3 1.3 0.94 1
OVel * * * * * 0.12 0.018 35.8 5.2 11.0 1.1 0.90 1

scan 1.5 1.5 1.5 1.5 1.5 No combination satisfied the criterion

scan 2.0 2.0 2.0 2.0 2.5 0.32 �0.007 1.2 �0.028 1.4 1.3 0.084 �
OKm * * * * * 0.002 0.004 2.0 3.4 1.5 2.0 0.46 �
OVel * * * * * 0.066 0.011 21.5 3.4 2.5 0.66 0.62 �
scan 3.0 3.0 3.0 3.0 4.0 4.0 0.12 0.020 32.6 5.3 11.4 1.3 0.92 1
OKm * * * * * * 0.12 0.018 37.2 5.4 17.7 1.4 0.93 1
OVel * * * * * * 0.12 0.021 31.9 5.3 11.3 1.3 0.92 1

scan 3.0 3.0 3.0 3.0 4.0 4.0 0.23 0.022 57.0 5.4 37.8 1.0 0.81 1
OKm * * * * * * 0.23 0.023 50.6 5.2 17.2 1.3 0.89 1
OVel * * * * * * 0.13 0.019 35.4 5.2 14.5 1.1 0.91 1

scan 3.0 3.0 3.0 3.0 3.0 4.0 0.32 �0.013 �3.4 0.14 0.19 0.28 0.80 �
OKm * * * * * * 0.30 �0.006 �7.3 0.14 0.21 0.26 0.90 �
OVel * * * * * * 0.22 0.009 61.5 2.5 1.5 0.88 1.0 �
scan 3.0 3.0 3.0 3.0 5.0 5.0 5.0 0.26 0.025 55.3 5.2 15.0 1.4 0.89 �
OKm * * * * * * * 0.24 0.023 52.9 5.2 23.8 1.4 0.88 1
OVel * * * * * * * 0.15 0.021 37.6 5.3 22.1 1.5 0.89 1

scan 3.0 3.0 3.0 3.0 3.0 5.0 5.0 5.0 0.24 0.018 68.0 5.0 18.2 0.93 0.83 �
OKm * * * * * * * * 0.26 0.024 52.1 4.8 18.2 1.3 0.91 1
OVel * * * * * * * * 0.22 0.025 43.0 4.8 9.0 1.5 1.00 1

Measured kinetic constants (Jacobus and Saks, 1982)

Mean 0.29 0.014 29.4 5.2 ;20�50 1.4 0.93

SD 60.04 60.005 612 62.3 60.2 60.1

In the table, simulations corresponding for the same combination of varied parameters are grouped. We varied the following free energies in simulations:

DGz of ATP transfer between ANT and MiCK (denoted by Ni.T 4 CKc.T in the table), DGz of ADP transfer between ANT and MiCK (Ni.D 4 CKc.D),

DGz of ATP or ADP release from ANT to solution (Ni.T 4 sol and Ni.D 4 sol, respectively), DGz of MiCK reaction coupled to ANT (CKc.T.Cr 4
CKc.D.PCr), free energy of ANT directed to intermembrane space with either ATP or ADP attached (Ni.T and Ni.D, respectively), and free energies of MiCK

states with ATP or ADP received from ANT through direct transfer (CKc). The right part of the table shows the best fit for each series of simulations. The

type of simulation is indicated in the first column: ‘‘scan’’ corresponds to independent variation of parameters; in OKm and OVel the measured kinetic

constants or estimated MiCK reaction rate were fitted by the model, respectively. In the case of independent variation of parameters, the step size used during

a scan is indicated in the table. For simulations OKm and OVel, the optimized parameters are indicated by *. The computed values are presented in bold

typeface, if .2 SDs adrift from the values measured by Jacobus and Saks (1982) (see the bottom of the table); otherwise regular typeface was used. A

simulation, rendering more than one computed kinetic constant that was far from the measured value, was considered as a failed one and marked by � in the

last column of the table. The rest of the simulations were considered to have passed the test and marked by 1 in the last column of the table.
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ANT directed to the intermembrane space with attached ATP

(Ni.T) was varied. The fit became better if more parameters

were varied in addition to the variation of Ni.T free energy,

with the best fits obtained in the last two combinations

of varied parameters (see Table 2, simulations OKm and

OVel).

ADP flux between creatine kinase and adenine
nucleotide translocase

We analyzed further those parameter combinations able to

reproduce the MiCK reaction rate kinetics relatively well.

For this analysis, in addition to the experimental data on the

kinetics of the MiCK reaction coupled to oxidative phos-

phorylation, we analyzed ADP flux between MiCK and

ANT. In our simulations, the model was used to reproduce

the following experimental data:

1. Rate of MiCK reaction coupled to oxidative phosphor-

ylation, estimated from apparent kinetic constants

(Jacobus and Saks, 1982).

2. Inhibition of MiCK-activated mitochondrial respiration

by the competitive ATP-regenerating system (Gellerich

and Saks, 1982).

3. Studies of radioactively labeled adenine nucleotide

uptake by mitochondria in presence of MiCK activity

(Barbour et al., 1984).

The best fits, obtained using the same set of initial esti-

mates as in the simulationsOKm andOVel in Table 2, are pre-
sented in Table 3 and Figs. 7–9. These results are analyzed

below.

The computed kinetic constants of MiCK reaction in the

presence of oxidative phosphorylation are demonstrated in

Table 3. In Table 3, we numbered parameter combinations

(first column in the table) and used exactly the same

notations as in Table 2. Since in this analysis we fitted not

only the kinetics of the MiCK reaction but other experiments

as well, computed kinetic constants are further adrift from

the experimental data than the results presented in Table 2.

However, when the computed MiCK rate is compared with

the MiCK rate estimated from measured kinetic constants,

it is clear that the difference between these two rates is

relatively small (see Fig. 7 A). According to Fig. 7 A, the
computed MiCK reaction rate underestimates the measured

values in simulation 3 and, at high PCr concentration, in

simulation 1. Such behavior of the model solution is also

clear from the results presented in Table 3. Namely, the

computed maximal rate of MiCK reaction V1 in simulation 3
was smaller than that actually measured and, due to the

relatively small apparent inhibition constant Kicp in simula-

tion 1, PCr inhibition of the MiCK reaction rate is more

profound in the simulations than in the measurements. To

test the model, we repeated the simulations with inhibited

oxidative phosphorylation and obtained a MiCK rate close to

that actually measured (Fig. 7 B).
According to our simulations (Fig. 8), the computed

inhibition of oxidative phosphorylation by the competitive

ATP-regenerating system (PK1PEP) was close to the results

of measurements by Gellerich and Saks (1982). Addition-

ally, the model was able to reproduce the competition be-

tween ADP supplied by the coupledMiCK reaction and ADP

from solution estimated from radioactively labeled adenine

nucleotide uptake bymitochondria (Fig. 9). Namely, the com-

puted amount of adenine nucleotides that were retransported

to mitochondria without mixing with surrounding solution is

close to the estimations by Barbour et al. (1984). In sum, the

model was able to reproduce an estimated competition be-

tween ADP sources and inhibition of respiration by pyruvate

kinase with all combinations of varied parameters that

reproduced kinetic measurements of the MiCK reaction

(Jacobus and Saks, 1982; Saks et al., 1985).

Free energy profile of coupled MiCK-ANT reaction

The free energy profiles of the MiCK reaction estimated for

the uncoupled case and that coupled to ANT are presented

TABLE 3 Apparent kinetic constants of creatine kinase reaction coupled to oxidative phosphorylation

Varied parameters, step size

Free energy of activation Gz, kJ mol�1

Ni.T Ni.D Ni.T Ni.D CKc.T.Cr

h h h h h Free energy, kJ mol�1 Computed kinetic constants

CKc.T CKc.D sol sol CKc.D.PCr Ni.T Ni.D CKc Kia mM Ka mM Kicr mM Kcr mM KIcp mM Kicp mM V1s
�1

1 * * * * * 0.085 0.018 26.1 5.5 19.4 0.71 0.83

2 * * * * * * 0.11 0.023 24.6 5.3 26.6 1.4 0.84

3 * * * * * * 0.16 0.032 25.7 5.2 17.3 1.1 0.77

4 * * * * * * * 0.11 0.021 28.1 5.4 27.4 1.3 0.84

5 * * * * * * * * 0.17 0.028 29.9 4.8 24.6 1.4 0.94

Measured kinetic constants (Jacobus and Saks, 1982)

Mean 0.29 0.014 29.4 5.2 ;20–50 1.4 0.93

SD 60.04 60.005 612 62.3 — 60.2 60.1
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in Fig. 10, parts A and B, respectively. The following

predictions can be drawn from our analysis of MiCK reaction

coupled to ANT.

First, the free energies of the states with ATP4� attached to

ANT (left column in the scheme in Fig. 10B) are considerably
larger than in the case of the uncoupled system. For the

uncoupled system, the attachment of Mg-free ATP4� from

solution byANT leads to the drop of total free energy by 13.13

kJ mol�1 (see Appendix, Parameter Values, and boxes with
the dashed border in Fig. 10 B). However, in the free energy
profile found by our fitting for the coupled system, the

attachment of Mg-free ATP4� from solution by ANT

(transition from state CK1T to CK-Ni.T in the scheme)

leads to increase of the free energy indicating an elevation of

free energies ofMiCK-ANT complexwithATP4� attached to

ANTi in comparison with the uncoupled system. Due to such

elevation of the free energy, the transfer of ATP4� from ANT

to MiCK becomes energetically advantageous (compare the

free energies of the states in the left column and in the middle
column of the scheme). In addition to the elevated free energy

of the MiCK-ANT complex with ATP4� attached to ANTi,

the attachment of magnesium during the transfer of ATP4�

from ANTi to coupled MiCK decreases the free energy by

7.44 kJ mol�1. Thus, the elevation of the free energy of the

MiCK-ANT complex with ATP4� attached to ANTi and the

attachment of magnesium facilitates the direct transfer of

ATP4� from ANT to MiCK.

Second, in line with the changes of the free energy of the

coupled MiCK-ANT complex with ATP4� attached to ANTi

(left column in the scheme), the free energy of the complex

with ADP3� attached to ANTi is slightly lower than in the

uncoupled system (right column in the scheme). This is clear

from inspecting the difference between states CK1D and

CK-Ni.D in the scheme (compare the free energies for

coupled and uncoupled cases in Fig. 10 B).
Thus, the free energies of MiCK-ANT complex before

the transfer of ATP4� to MiCK are considerably elevated

FIGURE 8 Inhibition of respiration rate by a concurrent enzyme system,

60 IU/ml pyruvate kinase and phosphoenolpyruvate (PEP). The respiration

was stimulated by the addition of 0.33 mM of ADP in the presence of 33 mM

Cr. In the figure, the respiration rate after addition of PK1PEP (V) is

normalized by the respiration rate obtained before PK1PEP addition

(VADP), as shown in the y-axis label (V0 corresponds to the respiration rate

without added ADP). The simulation results (bars) are compared with the

measured drop in VO2, indicated by the average measured VO2 (dashed

line). The parameter sets are indexed (Table 3). Note that results obtained

with all parameter sets used are close to the measurements. Experimental

data is from Gellerich and Saks (1982).

FIGURE 9 Competition between ADP supplied by MiCK reaction and

ADP from solution. The amount of ADP retransported to mitochondria after

MiCK reaction, without mixing with ADP in the intermembrane space, is

shown at different levels of ADP concentration in surrounding solution.

Simulation results obtained for the five parameter sets (see legend at upper

right for parameter set index) are close to the measured data (black dots).

Experimental data from Barbour et al. (1984).

FIGURE 7 Computed MiCK reaction rate as a function of ATP with

(subplot A) and without (subplot B) oxidative phosphorylation. Coupling

between MiCK and oxidative phosphorylation was modeled assuming direct

transfer of metabolites between ANT and MiCK. (Subplot A) Experimental

data (black dots) was reproduced by model with five different parameter sets.

The parameter sets are indexed (see Table 3); correspondence between line-

type and the index is shown in the legend. In this subplot, the MiCK reaction

rate is shown for ATP titrations in the presence of three different

combinations of Cr and PCr concentrations, which are indicated in the

figure in mM. Note that all used parameter sets fit experimental data quite

well, with parameter set 3 somewhat underestimating the reaction rate.

(Subplot B) Computed MiCK rate with inhibited oxidative phosphorylation

is in correspondence with the experimental data (black dots). The same

parameter sets were used as in subplot A. Experimental MiCK rate used in

both subplots was estimated on the basis of apparent MiCK reaction kinetic

constants reported in Jacobus and Saks (1982).
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and the free energies after transport of ADP3� to ANT are

slightly dropped. Due to such changes, the synthesis of PCr

from ATP that is transferred from mitochondrial matrix by

ANT becomes energetically advantageous. The net free

energy change during the transfer of ATP4� from ANT to

MiCK, MiCK reaction, and the transfer of ADP3� from

MiCK back to ANT, is negative and ranges from �3.7

kJ mol�1 to �20.7 kJ mol�1, depending on the states of

MiCK-ANT complex at the beginning and end of the

coupled reaction along the main pathway (thick lines in the

scheme). Note that if the free energies of MiCK-ANT states

would be kept the same as in the uncoupled case, then

the corresponding net free energy difference would be from

�0.3 kJ mol�1 to 116.7 kJ mol�1 (see boxes with dashed
borders in Fig. 10 B).

DISCUSSION

According to our analysis, the simplest kinetic scheme that

can reproduce the experimental measurements on functional

coupling between mitochondrial creatine kinase (MiCK) and

adenine nucleotide translocase (ANT) involves the direct

transfer of ATP and ADP between the proteins. The model

composed on the basis of the dynamic compartmentation

mechanism of functional coupling of MiCK and ANT was

not sufficient to reproduce the measured values of apparent

dissociation constants of the MiCK reaction (Fig. 3). How-

ever, when one assumes the direct transfer of ATP and ADP

between MiCK and ANT, it is possible to reproduce the

measured kinetic properties of MiCK (Fig. 7) and the

estimated direct flux of ADP between MiCK and ANT (Figs.

8 and 9). Direct transfer of ATP and ADP between MiCK

and ANT was analyzed by composing free energy profiles of

the reactions using a thermodynamically consistent model.

To our knowledge, it is the first time that this approach was

used to study interactions between MiCK and ANT. Earlier,

the analysis based on free energy profiles of reactions was

successfully applied in the studies of several biological

systems such as mitochondrial inner membrane carriers

(Kramer, 1994) and actomyosin cross-bridges in skeletal and

heart muscles (Cooke et al., 1994; Eisenberg et al., 1980;

Hill, 1974; Vendelin et al., 2000a). Our analysis of the direct

transfer mechanism revealed that:

1. The mere establishment of direct transfer between ANT

and MiCK, as well as limitation of ATP and ADP release

by the proteins, was not sufficient to reproduce the

measurements.

2. The measurements can be reproduced if, at least, the free

energy of the ANT state with the ANT binding site

FIGURE 10 The free energy profile of the MiCK reaction in the absence

(subplot A) or presence (subplot B) of oxidative phosphorylation. Note that

the free energies of the states are shown relative to different initial states in

these schemes: MiCK without any substrates bound and with MgATP2� and

Cr in solution (uncoupled case); MiCK-ANT complex without any bound

substrates, ANT directed toward the intermembrane space, and with Mg21,

Mg-free ATP4�, and Cr in solution (coupled case). Such difference in

selection of initial states of reactions is due to the difference in the forms of

ATP binding to MiCK and ANT: MiCK binds MgATP2� and ANT binds

Mg-free ATP4�. (Subplot A) The relative free energies of MiCK states are

estimated from measured kinetic constants. Here, MgATP and MgADP are

denoted as T and D, respectively. Note that the free energy change during

reaction is clear from the difference in free energies after (CK1D1PCr)

and before (CK1T1Cr) the reaction. The differences in maximal rates of

forward and backward MiCK reactions can be explained by the differences

in the free energies of CK.T.Cr and CK.D.PCr (Eqs. 21–22). (Subplot B)

Partial free energy profile of the MiCK reaction coupled to ANT. The free

energies of the coupled system (boxes with solid border) are compared with

the free energies of uncoupled MiCK and ANT (boxes with dashed border).
In the first column, three states of two-protein complexes are shown with

ATP (T in the scheme) attached to ANT directed to intermembrane space

(Ni). The total free energy of the MiCK-ANT complex depends on the state

of the coupledMiCK, as shown in the first column. ATP, attached to ANT, is

either released to solution (second column) or transferred from ANT to

MiCK (third column). After the MiCK reaction, ADP (D in the scheme) is

transferred to ANT (last column) and then either released to solution (fourth
column) or transported to mitochondrial matrix (not shown). This profile

corresponds to the parameter set 4 (see Table 3). In the scheme, all reactions

that are in the pathway leading to synthesis of PCr after the transfer of ATP

from ANT to MiCK are shown by thick lines. Note that there are several

simplifications made to keep the profile as simple as possible. First, the free

energies changes indicated in the profile are induced by differences of the

free energies of the complex states as well as changes in solution due to

binding and release of the substrates and magnesium. However, in the

scheme, only release and binding of ATP and ADP are indicated. Second,

possible binding of ATP and ATP by ANT during the MiCK reaction is not

indicated in this profile.
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directed toward the intermembrane space with ATP

attached (state ANTi.ATP) is changed (Table 2).

Thus, the free energies of several states in coupled MiCK-

ANT system are modified to facilitate synthesis of PCr from

ATP transported by ANT from mitochondrial matrix to

intermembrane space (Fig. 10 B).
The mechanism of functional interaction between MiCK

and ANT, as suggested by our results, is in accord with the

measurements of MiCK kinetics on intact mitochondria in

isotonic KCl solution (Kuznetsov et al., 1989). Kuznetsov

and co-workers (1989) showed that, after detachment of

MiCK from the mitochondrial inner membrane, the influence

of oxidative phosphorylation on MiCK reaction kinetics

disappears—despite the presence of MiCK in the intermem-

brane space and the intactness of the mitochondrial outer

membrane.

Dynamic compartmentation hypothesis

Gellerich et al. (1987) was able to reproduce, with a simple

mathematical model, the inhibition of MiCK-activated

mitochondrial respiration by the concurrent ATP-regenerat-

ing system. The authors assumed that the diffusion of ADP

and ATP between the compartment and the surrounding

solution is limited, and that this limitation is the same for

both metabolites. This result was confirmed by our model: it

is possible to find from such exchange coefficients for ADP

and ATP that the exogenously added ATP-regenerating

system is inhibiting mitochondrial respiration by ;60%

(Fig. 5). Additionally, the model based on the dynamic com-

partmentation hypothesis was able to reproduce reversal of

the MiCK reaction after coupling to oxidative phosphory-

lation in certain conditions (Fig. 4), even if the exchange

coefficients for ADP and ATP are the same as considered by

Gellerich et al. (1987).

To check whether the dynamic compartmentation mech-

anism can reproduce changes in the apparent kinetic constants

of the MiCK reaction when coupled to oxidative phosphor-

ylation, we had to extend the original model of Gellerich et al.

(1987) by adding more degrees of freedom to the model.

Namely, we added ATPase activity into the surrounding

solution as well as considering ADP and ATP exchange

coefficients independent from each other. These changeswere

introduced into the model to create large concentration

differences between the compartment and the surrounding

solution (see Results, Eq. 29). Without these changes,

assuming that ADP and ATP exchange coefficients are, for

example, the same, neither of the computed apparent coef-

ficients Ka and Kia were reduced by .;1% from the values

measured in the uncoupled case, regardless of the exchange

coefficients (DATP¼DADP) used, the ATPase activities in the

solution, and theANT activity used (results not shown). Thus,

these extensions of the original model of Gellerich et al.

(1987) were the required ones if the reduction of apparent

kinetic constants in the model of the coupled MiCK-ANT

interaction is desired (Fig. 2). However, even with these

extensions, it is impossible to fit the measured dissociation

constants Ka and Kia with the model simultaneously (Fig. 3).

Thus, the mechanism of dynamic compartmentation is not

sufficient to reproduce the measured changes in the apparent

kinetic constants of the MiCK reaction coupled to oxidative

phosphorylation in isolated heart mitochondria (Jacobus and

Saks, 1982; Kuznetsov et al. (1989) and in inner membrane-

matrix preparation (Saks et al., 1985).

Direct transfer hypothesis

When the direct transfer between MiCK and ANT is

assumed as a basic mechanism of the coupling, it is possible

to reproduce the measured kinetic properties of MiCK as

well as the estimated direct flux of ADP between MiCK and

ANT. Our model was able to reproduce the measurements

only if, in addition to the limitation of ATP and ADP release

from the MiCK-ANT complex, the free energy of the ANT

state with the ANT binding site directed toward the in-

termembrane space with ATP attached (state ANTi.ATP)

was changed (Table 2). Thus, the mere establishment of

direct transfer between ANT and MiCK, as well as limitation

of ATP and ADP release by the proteins, was not sufficient

to reproduce the measurements, and the free energy profile of

MiCK-ANT interaction had to be modified further. The

elevation of the free energy of the ANTi.ATP state proposed

by the model is the main result obtained from the analysis of

the free energy profile of the coupled MiCK reaction. As it is

clear from the free energy profile (Fig. 10 B), the MiCK

reaction is driven toward synthesis of PCr by altering the free

energy of ANTi.ATP. Note that such increase of the free

energy of intermediate state ANTi.ATP does not inhibit

transport of ATP4� from the matrix to the inner membrane

space by ANT due to the large differences in the free

energies of ATP4� in the intermembrane space and the

mitochondrial matrix induced by mitochondrial potential

(Klingenberg, 1985). Indeed, we assumed in our model that

during a transport of ATP4� from matrix to inner membrane

space a net negative charge is transported, close to the

estimation by Gropp et al. (1999). With the membrane

potential taken equal to �180 mV, the membrane potential

contributes ;17 kJ mol�1 of the free energy change during

a transport of ATP4� from the matrix solution to the inner

membrane space solution. In the model, this was accounted

for by increasing the free energy of ATP4� in the matrix as

well as the free energy of the ANTx.ATP state by the con-

tribution of membrane potential. Thus, even after increase of

the free energy of the intermediate state of ATP4� transport

(ANTi.ATP) by ;13.5 kJ mol�1, the transition from

ANTx.ATP to ANTi.ATP was still energetically advanta-

geous, and ATP4� transport was not greatly inhibited in the

model.

Aliev and Saks (1993, 1994) composed a mathematical

model of functional coupling of MiCK and ANT using
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a probability approach. In this model, the probabilities of

changes in the MiCK-ANT complex states were estimated

and the MiCK rate was computed. The computed apparent

kinetic constants of the MiCK reaction were close to those

actually measured and, in addition, the influence of oxidative

phosphorylation on the direction of the MiCK reaction was

reproduced (Aliev and Saks, 1993, 1994). According to

Aliev and Saks (1993, 1994), the dissociation of ATP and

ADP from the MiCK-ANT complex was not greatly limited

and dissociation constants of ANT and MiCK were not

altered. However, in the derivation of the MiCK reaction rate

equation, it was assumed that after transfer of ATP from

ANT to MiCK and formation of the ternary complex

CK.ATP.Cr, the latter was always utilized in the MiCK

reaction (Aliev and Saks, 1993, 1994). This means that either

ATP was not allowed to dissociate from the ternary complex,

or that the ternary complex was quickly utilized to form an

intermediate state of MiCK and the reverse reaction of the

latter transformation was not accounted for. Analysis of the

free energy profiles carried out in our work (Fig. 10 B) shows
that the reason for effective synthesis of PCr in the coupled

system of MiCK-ANT may be not the accelerated conver-

sion of the central complex CK.ATP.Cr, but the increased

free energy of the step preceding the formation of this

complex, the free energy of the state ANTi.ATP.CK, and

a decrease of the free energy of the state with the reaction

product ANTi.ADP.CK. The mechanism proposed in our

work does not require strong changes in the free energy

profile of the reaction of phosphate transfer itself and, thus,

develops further the earlier models of direct channeling to

explain the acceleration of PCr synthesis by oxidative

phosphorylation in a thermodynamically consistent way as

well as clarifying the kinetic scheme for further analysis. The

molecular nature of this direct transfer remains to be

clarified.

Model simplifications

There are three important simplifications introduced into our

model of direct transfer:

First, since it is still not clear whether ANT translocates

the adenine nucleotides simultaneously (Duyckaerts

et al., 1980) or according to the ping-pong mechanism

(Brustovetsky et al., 1996; Gropp et al., 1999;

Klingenberg, 1989), we had to reduce the dependency

of the simulations on the particular type of ANT kinetic

scheme as much as possible. This was done by

assuming that the elementary steps of ATP and ADP

translocation are considerably faster than the MiCK

reaction rate. Thus, in our analysis, ANT never limited

the coupled MiCK reaction and the predictions of our

model can be influenced by this. In other words, it is

possible that the mere elevation of the free energy of

the ANTi.ATP state is not sufficient to reproduce the

measured kinetic data of the MiCK reaction if the

realistic rates of ANT state transformations would be

taken into account.

Our second assumption was that ATP and ADP are not

released from MiCK after direct transfer of ATP or

ADP from ANT. This simplification allowed us to

reduce the number of parameters describing ATP and

ADP dissociation from the coupled MiCK-ANT

complex from 4 to 2 (the free energies of transition

DGz for ATP and ADP release by ANT), which further

decreased the number of computations required in the

analysis of the MiCK reaction kinetics (Table 2). Note

that, alternatively, one can assume that ATP and ADP

are released through MiCK only and there is no direct

exchange between ANT and solution. However, in the

latter case, the model would not be able to simulate

uncoupled ANT and MiCK since direct transfer

between the proteins would be required for ANT

function.

According to our third assumption, MiCK and ANT

coupling was induced by interaction between pairs of

ANT and MiCK. These pairs were fixed and the direct

transfer between ANT and MiCK in different pairs was

not considered. Implications of such transfer as well as

possibilities of cooperativity between different MiCKs,

if one considers MiCK as an octamer (Wallimann et al.,

1992) in the kinetics of the MiCK reaction coupled to

oxidative phosphorylation, were not studied by us. How-

ever, one can use our approach and compose the cor-

responding kinetic scheme together with the free energy

profiles if the experimental data pointing to such an

interaction will be found.

Computationally effective
phenomenological models

In the development of integrated models of energy transfer,

the dynamic compartmentation hypothesis turned out to be

very useful for describing the functional coupling between

MiCK and ANT phenomenologically. Indeed, when the

energy fluxes in the heart cells are modeled and there is no

intention to investigate the mechanism of the functional

coupling itself, rather simple models of the coupling can be

designed (Saks et al., 2000, 2003; Vendelin et al., 2000b). In

these models, the equations describing MiCK and ANT

interactions were derived on the basis of the dynamic com-

partmentation hypothesis and then all constants were

formally obtained by fitting available experimental data.

As a result, simple and computationally effective models

were obtained that provide the same MiCK reaction rate as

predicted on the basis of the experiments. However, all the

obtained constants were apparent ones and these constants,

as well as the equations used, are phenomenological only
and cannot be used to investigate the mechanism of the
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functional coupling between MiCK and ANT. For example,

the phenomenological constants found by fitting do not obey

the Haldane relationship, and thus are not related to the

MiCK reaction mechanism (Saks et al., 2003; Vendelin et al.,

2000b).

Physiological relevance

There is accumulating evidence to indicate that the in-

tracellular environment is not an aqueous solution of

metabolites, but rather a highly organized system with

specific intracellular structures and tight interactions be-

tween enzymes and organelles as well as a compartmental-

ization of metabolites (Abraham et al., 2002; Fulton, 1982;

Kaasik et al., 2001; Ovadi, 1995; Ovadi and Srere, 1996;

Pollack, 2001; Saks et al., 1994; Weiss and Korge, 2001). As

a part of this complex intracellular organization, functional

coupling between MiCK and ANT plays an important role in

regulation of oxidative phosphorylation and maintaining

metabolic stability of the heart muscle (Joubert et al., 2002,

2004; Ovadi and Saks, 2004; Saks et al., 2004; Vendelin

et al., 2000b). Recently, a protective role of coupling against

the opening of the mitochondrial permeability transition pore

has been demonstrated by Dolder et al. (2003). Even in the

absence of adenine nucleotides in the solution surround-

ing mitochondria, Cr was able to suppress opening of the

mitochondrial permeability transition pore if active MiCK is

positioned in the intermembrane space (Dolder et al., 2003).

Since our aim was to describe the phenomenon of

functional interactions between MiCK and ANT observed

in isolated mitochondria in vitro using the simplest scheme

possible, we did not combine the two models used in this

study, as the model using direct transfer hypothesis was suf-

ficient to reproduce the experimental data. The mixed model

of functional coupling including the two mechanisms—

direct transfer of metabolites between the proteins and

dynamic compartmentation—is probably the best in describ-

ing the situation in vivo. Indeed, when the in vivo environ-

ment is mimicked by adding macromolecules to the solution,

the diffusion restriction imposed by the mitochondrial

outer membrane increases significantly (Gellerich et al.,

1994, 2002; Laterveer et al., 1996). Further, the studies on

skinned cardiac fibers have confirmed the limited perme-

ability of the mitochondrial outer membrane, among several

other distinct diffusion restrictions within the cell (Saks et al.,

2003; Vendelin et al., 2004). Thus, the situation in vivo is

very different from that in vitro with the mitochondrial outer

membrane playing an important role in the regulation of

oxidative phosphorylation and the functional coupling

between MiCK and ANT is amplified by dynamic compart-

mentation of metabolites in intermembrane space. For exam-

ple, in permeabilized muscle fibers, ADP produced by MiCK

in the vicinity of ANT is not accessible to the external

ADP-trapping system due to the functional coupling between

MiCK and ANT (through direct transfer as our results

suggest) and, additionally, dynamic compartmentation of the

metabolites induced by restricted permeability of mito-

chondrial outer membrane (Saks et al., 2003). The first steps

in the modeling of functional coupling between MiCK and

ANT in vivo have already been performed by using the

phenomenological approach (Saks et al., 2003, 2004;

Vendelin et al., 2000b). The comprehensive model involving

the detailed description of direct transfer and dynamic

compartmentation to study the interplay between the two

mechanisms awaits its further development. Such a model is

needed to describe quantitatively the molecular mechanism

of the regulation of mitochondrial oxidative phosphorylation

under normal and pathological conditions.

APPENDIX

In this Appendix, the model of direct transfer of ATP and ADP between

creatine kinase and adenine nucleotide translocase is described. First, we

explain how the system of equations was derived. Second, the values of

model parameters are given.

System of equations

The model consists of a system of ordinary differential equations. Each

differential equation describe changes in a state of MiCK-ANT complex by

tracking all fluxes that are connected with the state. States of MiCK-ANT

complex are composed from all combinations of one MiCK and one ANT

state. The following MiCK states are included in the model:

MiCK free from all substrates.

MiCK in binary complex with ATP, ADP, PCr, and Cr—CK.ATP,

CK.ADP, CK.PCr, and CK.Cr.

MiCK in ternary complexes CK.ATP.Cr, CK.ADP.PCr, CK.ADP.Cr,

and CK.ATP.PCr.

MiCK in binary and ternary complexes tightly coupled to ANT

(Fig. 1 B)—CKc.ATP, CKc.ADP, CKc.ATP.Cr, CKc.ADP.PCr,

CKc.ADP.Cr, and CKc.ATP.PCr.

The states of ANT included in the model are:

Free ANTi and ANTx directed toward intermembrane space and

mitochondrial matrix, respectively.

ANT with ATP or ADP bound with ANT directed toward intermem-

brane space—ANTi.ATP and ANTi.ADP.

ANT with ATP or ADP bound with ANT directed toward mitochondrial

matrix—ANTx.ATP and ANTx.ADP.

Thus, the total number of tracked states is 90, or 15 MiCK states 3 6 ANT

states. In our simulations, all differential equations were integrated until

steady state was reached, rendering the distribution of MiCK and ANT states

and thereby the corresponding rates of MiCK and ANT reactions.

As an example of the equations used, let us consider the dynamics of the

ANTi-CKc.ATP state. The processes that lead to this state are as follows.

First, ANTi-CKc.ATP is formed from ANTi.ATP-CK during direct transfer

of ATP from ANT to MiCK. Second and third, the complex ANTi-CKc.ATP

is formed after detachment of ATP or ADP from complexes ANTi.ATP-

CKc.ATP and ANTi.ADP-CKc.ATP, respectively. Finally, ANTi-CKc.ATP

is produced after detachment of PCr or Cr from ANTi-CKc.ATP.PCr and

ANTi-CKc.ATP.Cr, respectively. All processes in the model are reversible

according to the principle of microscopic reversibility. Thus, the complex

ANTi-CKc.ATP can be utilized either in direct transfer of ATP from MiCK

to ANT, in binding of ATP and ADP by ANTi, and in binding of PCr and Cr

by CKc. In sum, for ANTi-CKc.ATP we have
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where the rate vA/B corresponds to the rate of transformation of the MiCK-

ANT complex from state A to state B, and [ANTi-CKc.ATP] denotes the

relative concentrations of the correspondingMiCK-ANT complex state. The

rates of all these individual processes are described by equations similar to

Eqs. 23–25 (see Methods). By grouping the rates according to reversible

processes and taking into account that the free energy of the MiCK-ANT

complex is a sum of free energies of MiCK and ANT states in our model, we

obtain the following equations. The rates corresponding to direct transfer of

ATP between the proteins are

nANTi :ATP�CK/ANTi�CKc :ATP ¼ ½ANTi:ATP� CK� ½Mg
21�

a exp
�DG

z
1

RT

� �
; (A2)

nANTi�CKc :ATP/ANTi :ATP�CK ¼ ½ANTi � CKc:ATP� a

exp
GANTi

1GCKc :ATP � GANTi:ATP � GCK � GMg � DG
z
1

RT

� �
;

(A3)

where DGz
1 is the free energy of transition of the transfer. The rates of ATP

detachment from and binding to ANT are

nANTi :ATP�CKc :ATP/ANTi�CKc :ATP ¼ ½ANTi:ATP� CKc:ATP� a

exp
GANTi :ATP � GANTi � GfATP � DG

z
2

RT

� �
; (A4)

nANTi�CKc :ATP/ANTi :ATP�CKc :ATP ¼ ½ANTi � CKc:ATP� ½fATP�

a exp
�DG

z
2

RT

� �
; (A5)

where DGz
2 is the free energy of transition of ATP attachment to ANT and

fATP corresponds to Mg21-free form of ATP. The rates of ADP detachment

from and binding to ANT are

nANTi :ADP�CKc :ATP/ANTi�CKc :ATP ¼ ½ANTi:ADP� CKc:ATP� a

exp
GANTi :ADP � GANTi

� GfADP � DG
z
3

RT

� �
; (A6)

nANTi�CKc :ATP/ANTi :ADP�CKc :ATP ¼ ½ANTi � CKc:ATP� ½fADP�

a exp
�DG

z
3

RT

� �
; (A7)

where DGz
3 is the free energy of transition of ATP attachment to ANT, and

fADP corresponds to the Mg21-free form of ADP. Similar rate equations

describe the formation of MiCK ternary complexes and reduction of ternary

complexes to binary complexes: PCr detachment and attachment,

nANTi�CKc :ATP:PCr/ANTi�CKc :ATP ¼ ½ANTi � CKc:ATP:PCr� a

exp
GCKc :ATP:PCr � GCKc :ATP � GPCr � DG

z
4

RT

� �
; (A8)

nANTi�CKc :ATP/ANTi�CKc :ATP:PCr ¼ ½ANTi � CKc:ATP� ½PCr� a

exp
�DG

z
4

RT

� �
; (A9)

as well as Cr detachment and attachment,

nANTi�CKc :ATP:Cr/ANTi�CKc :ATP ¼ ½ANTi � CKc:ATP:Cr� a

exp
GCKc :ATP:Cr � GCKc :ATP � GCr � DGz

5

RT

� �
; (A10)

nANTi�CKc :ATP/ANTi�CKc :ATP:Cr ¼ ½ANTi � CKc:ATP� ½Cr� a

exp
�DG

z
5

RT

� �
: (A11)

The free energies of transition DGz
4 and DGz

5 correspond to attachment of

PCr and Cr, respectively.

During titration with ATP in the presence of Cr, ADP is produced by

MiCK. Part of this ADP is going into mitochondrial matrix directly after

a transfer between MiCK and ANT. Another part is released into solution,

either by ANT after the direct transfer (Fig. 1 B) or produced in MiCK

reaction from ATP according to a random Bi-Bi type mechanism (Fig. 1 A).

Thus, we have to include in the model the equation describing ADP

concentration as well. This was done by composing a differential equation,

which describes ADP concentration changes in the solution, induced by

either release of ADP from MiCK-ANT complex to the intermembrane

space or binding of ADP from the intermembrane space to MiCK-ANT

complex. To keep the model simple, ATP concentration in solution was

fixed.

For simplicity, ATP synthesis from ADP in matrix was modeled by

setting ANTx.ATP and ANTx.ADP equal to 90% and 10% of total ANT

directed toward mitochondrial matrix, respectively (Aliev and Saks, 1994).

Mitochondrial inner membrane potential was taken equal to �180 mV.

The model was further extended to reproduce the studies on radioactively

labeled adenine nucleotide uptake in the presence of MiCK activity (Barbour

et al., 1984). Namely, radioactivity of all MiCK-ANT complex states with

bound adenine nucleotides was tracked by a separate system of linear

ordinary differential equations. When more than one adenine nucleotide

was bound to the state of the MiCK-ANT complex, radioactivity of each

of them was tracked separately, rendering the number of equations in the

aforementioned system equal to 132. The simulations were performed as

follows: First, the steady-state distribution of MiCK-ANT complex among

all states was computed as in all other simulations. Second, the result of the

first step (distribution of MiCK-ANT states and rates of transitions from one

d½ANTi � CKc:ATP�
dt

¼ nANTi :ATP�CK/ANTi�CKc:ATP 1 nANTi:ATP�CKc:ATP/ANTi�CKc :ATP 1 nANTi:ADP�CKc:ATP/ANTi�CKc :ATP

1 nANTi�CKc:ATP:PCr/ANTi�CKc :ATP 1 nANTi�CKc:ATP:Cr/ANTi�CKc:ATP � nANTi�CKc:ATP/ANTi :ATP�CK

� nANTi�CKc:ATP/ANTi:ATP�CKc:ATP � nANTi�CKc:ATP/ANTi :ADP�CKc :ATP � nANTi�CKc :ATP/ANTi�CKc:ATP:PCr

� nANTi�CKc:ATP/ANTi�CKc :ATP:Cr; (A1)

Functional Coupling between MiCK and ANT 711

Biophysical Journal 87(1) 696–713



state to another) was used for computing the fluxes of radioactive adenine

isotopes between the states of the MiCK-ANT complex.

Parameter values

The precise values of selected free energies of Mg21, PCr, Cr, and forms of

ATP and ADP are of no importance in the derived equations, as long as the

free energy changes in reactions (the MiCK reaction and Mg21 association

with ATP and ADP) are considered and the free energies of the MiCK and

ANT states are derived from kinetic measurements using predescribed free

energies of the substrates. The free energy change in MgATP1Cr /
MgADP1PCr reaction is ;14.6 kJ mol�1 at 25�C and pH ¼ 7.1 (Golding

et al., 1995; Teague and Dobson, 1992; Teague et al., 1996). The relative

free energies of Mg21 as well as Mg21-free ATP and ADP were taken equal

to 7.44 kJ mol�1, 0 kJ mol�1, and 0 kJ mol�1, respectively (free energies of

ADP and ATP were fixed at zero level). Taking into account that Mg21

dissociation constants for MgATP andMgADP are 24 mM and 347 mM, free

energies of MgATP and MgADP are equal to �1.81 kJ mol�1 and 4.81 kJ

mol�1, respectively. On the basis of these free energies and free energy

change during MiCK reaction, we took the relative free energy of PCr equal

to 3.98 kJ mol�1 and that of Cr equal to �3.98 kJ mol�1.

The free energies of uncoupled MiCK states were derived using the

kinetic constants from Aliev and Saks (1997) and Jacobus and Saks (1982).

Taking the free energy ofMiCKwithout any substrates attached equal to 0 kJ

mol�1, the following free energies were found: GCK.ATP ¼ �2.52 kJ mol�1,

GCK.ADP ¼ �0.87 kJ mol�1, GCK.Cr ¼ �4.35 kJ mol�1, GCK.PCr ¼ 5.15 kJ

mol�1, GCK.ATP.Cr ¼ �2.16 kJ mol�1, GCK.ADP.PCr ¼ 1.40 kJ mol�1,

GCK.ADP.Cr ¼ �0.76 kJ mol�1, and GCK.ATP.PCr ¼ 9.34 kJ mol�1.

The free energies of ANT states were derived, assuming a 5 mM

dissociation constant for binary complex of ANT with both Mg21-free ATP

and ADP either in the intermembrane space or in the matrix. Taking free

energy of ANT without any substrates attached equal to 0 kJ mol�1, free

energies of ANT states associated with ATP or ADP are both taken equal to

�13.13 kJ mol�1 provided that the mitochondrial membrane potential is

zero. Assuming that only during ATP transport will a net charge be

transported, the mitochondrial membrane potential contributed to the in-

crease in the free energy of ATP in the matrix and that of the ANT binary

complex, facing mitochondrial matrix with ATP attached.

All reactions in the system were given rates relative to the MiCK reaction

in direction of PCr production. Namely, the reaction rate constant for

CK.ATP.Cr/CK.ADP.PCr transformation was taken equal to 1 s�1. Since

we used a factor a ¼ 106 (see Eqs. 23–25 in Methods), the free energy of

transition for this transformation was taken equal to 34.25 kJ mol�1. In the

uncoupled system, the attachment and detachment of substrates was

assumed to be almost in equilibrium with the free energy of transition for

attachment of substrates taken equal to DGz ¼ 1 kJ mol�1.

The free energies of transition for ATP and ADP transport by ANT from

intermembrane space to matrix was taken equal to 28.54 kJ mol�1 leading to

a transport rate constant 10 times larger than that for the CK.ATP.Cr /
CK.ADP.PCr reaction. By using these relatively large rate constants for ATP

and ADP transport by ANT, we ensured that none of the studied mechanisms

of MiCK and ANT coupling were limited by ANT transport and thereby not

ruled out due to underestimation of these rate constants.

In the system coupled via direct transfer, the free energies of transition for

some reactions was changed as explained in Methods and Results.
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