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ABSTRACT We have developed a mathematical model of adenine nucleotide translocase (ANT) function on the basis of the
structural and kinetic properties of the transporter. The model takes into account the effect of membrane potential, pH, and
magnesium concentration on ATP and ADP exchange velocity. The parameters of the model have been estimated from exper-
imental data. A satisfactory model should take into account the influence of the electric potential difference on both ternary complex
formation and translocation processes. To describe the dependence of translocation constants on electric potential we have
supposed that ANT molecules carry charged groups. These groups are shifted during the translocation. Using the model we
have evaluated the translocator efficiency and predicted the behavior of ANT under physiological conditions.

INTRODUCTION

Adenine nucleotide translocase (ANT) catalyzes the electro-

genic ATP and ADP exchange across the inner mitochon-

drial membrane. The transporter provides ATP efflux into

the cytosol in exchange for ADP entering the matrix. It main-

tains a high concentration of ADP in mitochondria. It has

been shown that ANT limits flux via oxidative phosphory-

lation under various conditions (1–4).

Despite the fact that ANT is one of the best-studied mi-

tochondrial transport proteins (reviewed in 5–8), the kinetic

mechanism and the composition of the functional unit are

still under discussion. It is known that the antiporter operates

in accordance with a 1:1 stoichiometry (9), carrying one ATP

molecule for each ADP molecule, displaced in opposite

directions. Two alternative schemes of the antiporter func-

tion have been proposed.

Klingenberg and co-authors (8,10) have proposed a one-site

mechanism, where the ANT functional unit has one binding

site facing either the matrix or the intramembrane space. It

could be described by a ‘‘ping-pong’’ kinetic mechanism in

accordance with Cleland’s classification (11). However,

studies of the dependence of the initial rate of ADP transfer

on its concentration (12,13) have shown that the adenylate

exchange mechanism is different from the ‘‘ping-pong’’ one.

These facts led to the second hypothesis. In this scheme, the

functional unit of the antiporter (6,7) contains two binding

sites. This hypothesis has been confirmed by the fact that the

functional unit of ANT is a homodimer (14). In this case, the

two adenylate molecules bind to the ANT homodimer form-

ing a ternary complex (two molecules of adenylate with the

ANT homodimer), and then they are carried across the mem-

brane in opposite directions. This conclusion is strongly con-

sistent with recently performed x-ray structure analysis (15).

Using inhibition experiments, it has been shown that the

binding sites of the ANT functional unit facing the internal

and external sides of the membrane are different (14). In-

deed, bongkrekic acid attacks the part of the protein facing

the matrix, whereas atractiloside binds to the protein helices

exposed to the intramembrane space. This demonstrates the

anisotropy of the ANT functional unit with respect to the in-

ner mitochondrial membrane.

Few mathematical models describing ANT kinetics have

been published so far. The model of Kraemer and Klingenberg

(10) was designed according to the one-site hypothesis of

antiporter function. They determined other parameters of the

rate equation using experimental values of the apparent Km

and Vmax . In addition, they demonstrated that the rate con-

stants of transmembrane transfer depend significantly on the

membrane potential, whereas the association/dissociation

constants remain the same under 0–180 mV variation of the

potential. As we mentioned earlier, such models with one

binding site per functional unit fit the kinetic experiments

poorly and cannot explain data from Duyckaerts et al. (12)

and Barbour and Chan (13).

A mathematic model based on a two-site functional

mechanism has been built by Aliev and Saks (5). In the

framework of their model, apparent parameters Km and Vmax

have been expressed in terms of parameters of the two-site

model. The authors estimated parameters of the model from

apparent Km and Vmax values measured experimentally (10).

Using the model, the authors (5) successfully described ex-

perimental data qualitatively (12,13). However, the proposed

composition of the antiporter functional unit is inconsistent

with the recent x-ray structure data (15). Moreover, the

model did not take into consideration the anisotropy of

the functional unit of the ANT and it did not match with the

experimental data on specific inhibitor binding.

Although both models enabled the authors to estimate

kinetic parameters corresponding to values of the trans-

membrane potential difference equal to 0 mV and 180 mV,

none of them used the transmembrane potential explicitly in
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the rate equation. As a consequence, the carrier behavior un-

der conditions other than the experimental ones has not been

explained. This problem has been addressed in the model

proposed by Kholodenko (4,16,17). The model suggested

the existence of two binding sites for each transporter’s

functional unit. Electric potential influence on kinetic con-

stants was taken into consideration, but the model was mostly

empirical and the modeling results were not compared with

any experimental data.

Our analysis revealed several drawbacks in the models

described above:

1. Existing ANT models are not entirely based on known

structural and functional information. For instance, the

models published so far are not able to reproduce some of

the experimental data even qualitatively.

2. Different types of experimental data have been explained

by different ANT models. So, no unique set of param-

eters has been identified.

3. Parameters have been calculated on the basis of apparent,

but not directly measured, experimental values of Km and

Vmax . This could lead to the large errors in parameter

estimations.

4. The influence of electric fields on ANT function either

has not been taken into account or has been described

empirically using the typical assumptions in most of the

models published so far. The theoretical basis of empir-

ical approaches has not been properly developed.

5. No model has explained the experimentally proven fact

that ANT catalyzed exchange rate depends on pH (9).

In this study, we develop the ANT model and address the

problems indicated above. The goal is to design a valid ki-

netic model of mitochondrial adenine nucleotide translocase

on the basis of all currently available structural and func-

tional information. We describe the dependence of the ex-

change rate on membrane potential using not empirical but

physical considerations. The adenylate distributions on either

side of the membrane have also been taken into account. The

other purpose of our study is a methodological one. We pro-

pose a new approach to describing the dependence of reac-

tion rates on membrane potential.

Using the model we have predicted how the rate of the

ATP/ADP translocation depends on adenine nucleotide con-

centrations, pH, and electric potential difference under con-

ditions close to the physiological. We have determined how

the effectiveness of ANT operation is controlled by adenyl-

ate concentrations and potential.

MODEL DESIGN

Experimental data for model verification

To develop and verify the kinetic model of ANT we used

experimental data from Kraemer and Klingenberg (10). To

characterize exchange kinetics they used translocator recon-

structed into liposomes. This experimental technique enabled

them to avoid the influences of other intramitochondrial com-

ponents and the inhibitory effects of bivalent cations. It al-

lowed the authors to measure the dependence of the initial

rates of labeled adenylate influx on their bulk phase con-

centration at different concentrations of internal adenylate,

pH, and membrane potential. We have used the results of the

original study to verify our model and estimate its param-

eters. It is worth mentioning that in all of the experiments,

ATP and ADP concentrations inside liposomes were much

higher than the dissociation constants of internal ANT bind-

ing sites. This allowed us to estimate only the ratio of dis-

sociation constants for ATP and ADP, but not the values

themselves.

Antiporter functional mechanism

Here, we assumed that the adenine nucleotide translocase

functional unit is a dimer operating as two mutually con-

certed channels transporting two molecules of adenylates in

opposite directions. As the subunit properties are anisotropic,

i.e., there are different binding sites of the protein to as-

sociate with the adenylates, one facing the mitochondrial

matrix and one the intramembrane space (15), two possible

mechanisms could be proposed. Fig. 1 illustrates these pos-

sible arrangements of the subunits in the dimer. The trans
scheme (Fig. 1 A) refers to the situation where adenylate

binding sites for the monomers on each side of the membrane

are the same in either state of the antiporter functional unit. If

the trans scheme were realized, the transporter’s dimer in

any state would have the same properties on each side of

the membrane, which would be inconsistent with the ANT

anisotropy property (14). For this reason, the cis scheme of

the location (Fig. 1 B) is more likely, because in any state the

transporter has only one type of binding site on each side of

the membrane.

FIGURE 1 Possible position of the subunits in the functional unit of ANT.

(A) Isotropic position of the trans type: both sides of the membrane are

identical for binding and transfer. (B) Anisotropic position of the cis type:

there is only one type of site on each side of the membrane.
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Kinetic scheme

In accordance with the functional mechanism (cis scheme,

Fig. 1 B) of ANT chosen in previous section we propose an

appropriate kinetic scheme (depicted in Fig. 2) as the most

probable one. This scheme corresponds directly to the ‘‘Bi-

Bi Random’’ mechanism in Cleland’s classification (11).

Two stages are involved in the formation of the ternary com-

plexes between the antiporter and adenylates (TET, TED,
DET, and DED). As shown in Fig. 2, ATP or ADP binds to

sites of ANT facing either side of the membrane (dissoci-

ation constants are indicated by the corresponding reactions).

Formation of the complexes induces the transfer of ade-

nylates in opposite directions and dissociation afterward to

leave binding sites available for the next cycle. Rate con-

stants of each elementary transfer stage are shown in the

scheme. Rate constants k2 and k3 describe rates of direct and
indirect exchange of ATP for ADP. Rate constants k1 and k4
correspond to exchange of identical adenylates (ATP for

ATP or ADP for ADP) described in the work of Kraemer and

Klingenberg (10).

Derivation of the rate equation

To simplify the process of model construction and analysis

we assumed that

1. The association/dissociation stages of the ANT catalytic

cycle (Fig. 2, lines) are in a quasiequilibrium state. This

directly corresponds to the approximation suggested by

Kraemer and Klingenberg (10) that transmembrane ade-

nylate transfer (Fig. 2, arrows) limits ANT function.

2. ANT is able to carry only deprotonated and magnesium-

free forms of adenylates. Indeed, there are few forms of

adenylates found in vivo, because ATP and ADP can be

protonated and bound with bivalent cations (mainly with

magnesium). However, it was previously shown that the

magnesium forms are not involved in exchange catalyzed

by ANT (8,18). This conclusion is consistent with the

well known inhibitory role of magnesium cations for the

antiporter. Furthermore, it has been demonstrated that only

ADP and ATP molecules carrying the charges 3� and

4�, respectively, were able to be transferred across the

membrane (7,9).

3. The electrostatic field of the charged membrane influen-

ces both the stage of transfer and the stage of ternary com-

plex formation. We accommodate the most general case

of interactions between the electric field of membrane

and molecules taking part in translocation. Such interac-

tions will be described via dependencies of kinetic pa-

rameters on the potential difference of the membrane.

According to the scheme of the catalytic cycle, the full turn-

over number per unit of time may be expressed as follows:

v ¼ k1 TET1 k2 TED1 k3 DET1 k4 DED; (1)

where TET, TED, DET, and DED are concentrations of the

corresponding antiporter states with respect to the internal

volume of liposomes, i.e. the ratio of the number of mol-

ecules in each state to the volume of liposomes. The con-

centrations in different states may be expressed in terms of

adenylate concentrations using equilibrium relationships cor-

responding to association/dissociation stages:

TE ¼ E
Ti

K
T

i

; ED ¼ E
Do

K
D

o

; ET ¼ E
To

K
T

o

; DE ¼ E
Di

K
D

i

;

TET ¼ E
Ti To

K
T

i K
T

o
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Di To

K
D

i K
T

o

; TED ¼ E
Ti Do

K
T

i K
D

o

;

DED ¼ E
Di Do

K
D

i K
D

o

; (2)

where T and D refer to concentrations of deprotonated

adenylates (ATP and ADP, respectively). The subscripted

indices o and i imply their location—o outside the liposome

and i inside the liposome. The concentration of the free form

of transporter Emay be derived from the equation expressing

the total ANT concentration as the sum of concentrations of

its different states:

E1 TE1ET1DE1 TET1DET1 TED1DED ¼ E0:

(3)

By rearranging Eqs. 1–3, we obtain

E ¼ E0=D;

where

D¼ 11
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DiDo

K
D
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� �
;

(4)

FIGURE 2 Kinetic scheme of the catalytic cycle of the mitochondrial

ANT. T and D are understood as ATP and ADP, respectively, the sub-

scripted index indicating the location: i, inside the matrix; and o, within the

intramembrane space. E is the free form of the enzyme. XEY is a ternary com-

plex of an ANT dimer with molecules X from the matrix and Y from the in-

tramembrane space. Lines show processes of complex formation. Arrows

show transfer processes. The scheme shows the constants of the transfer

rates and dissociation constants for the corresponding stages.
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where n9 is the full turnover number for a single functional

unit of ANT per unit of time. To estimate parameters of the

equation we fitted it against experimentally measured depen-

dencies of initial exchange rate on concentration of external

adenylates (10). Since these dependencies have been mea-

sured in conditions where the concentration of inner ade-

nylates is much higher than the dissociation constants of the

binding site facing the internal space of the liposome, the

following inequality is true:

Ti=K
T

i 1Di=K
D

i � 1:

By using the inequality, we can simplify the denominator

D of Eq. 4:

D ffi 11
To

K
T

o

1
Do

K
D

o

� �
Ti

K
T

i

1
Di

K
D

i

� �
:

Multiplying numerator and denominator of Eq. 4 by KD
i we

can reduce the number of parameters by one:

v9 ¼ 1

D9
k1q

Ti To

K
T

o

1 k2q
Ti Do

K
D

o

1 k3
Di To

K
T

o

1 k4
Di Do

K
D

o

� �
;

D9 ¼ D3KD

i ¼ 11
To

K
T

o

1
Do

K
D

o

� �
ðDi 1 qTiÞ; (5)

where q ¼ KD
i =K

T
i is the affinity ratio of the internal ANT

binding site for ATP and ADP.

Equation 5 represents the turnover rate of the antiporter. It

describes both the ‘‘productive cycles’’ (exchange of ATP

for ADP) and ‘‘futile cycles’’ (exchange of ATP for ATP or

ADP for ADP). Since each turnover results in an adenylate

molecule being carried across the membrane, Eq. 5 describes

the dependence of the influx rate of the labeled adenylates on

their external and internal concentrations. These dependen-

cies have been measured by Kraemer and Klingenberg (10)

and we use them to identify the unknown parameters of the

model.

To describe ANT function in mitochondria we derive an

equation for the rates of change in adenylate concentrations

(not turnover rate!) as a function of their matrix and inter-

membrane space concentrations. This means that only ‘‘pro-

ductive cycles’’ of ANT should be taken into account. Since

the stoichiometry of ANT is 1:1, the ADP concentration

change is equal to that of ATP but with the opposite sign.

dDi

dt
¼ �dTi

dt
¼ vexchange;

where vexchange stands for the exchange rate, i.e., the rate of
the changes in adenylate concentrations.

According to the scheme of the ANT catalytic cycle (Fig.

2), the exchange rate can be expressed as follows:

vexchange ¼ k2 TED� k3 DET:

This equation takes into account only ‘‘productive cycles’’,

i.e., those resulting in exchange of ATP for ADP but not

ATP for ATP or ADP for ADP. Similarly to Eqs. 1–5, we can

derive the exchange rate per dimer of ANT as a function of

concentrations of adenylates and the kinetic parameters.

v9exchange ¼ 1

D9
k2q

Ti Do

K
D

o

� k3
Di To

K
T

o

� �
: (6)

Using this equation we can express the equilibrium constant

of exchange.

Keq ¼ To Di

Do Ti

� �
eq

;

dDi

dt

� �
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¼ dTi

dt

� �
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¼ dDo

dt

� �
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dt

� �
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¼ 0:

8>>><
>>>:

From this it follows that

v9exchange ¼ 1
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� k3
Di To

K
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¼ 0;

Keq ¼ To Di

Do Ti

� �
eq

¼ q
k2
k3

K
T

o

K
D

o

: (7)

Using this equation we can express parameter q in terms of

other parameters:

q ¼ k3
k2

KD

o

K
T

o

Keq; (8)

and then exclude it from Eq. 5.

Equations 5 and 6 include concentrations of the adenylates

in their free deprotonated forms, which could be expressed in

terms of total adenylate concentrations. By applying the equi-

librium relationships for complex formation of adenine nu-

cleotides with magnesium and proton ions, and relationships

setting the total concentration of adenylates to the sum of

concentrations of their different forms, we have expressed

concentrations of free adenylates in terms of their total con-

centrations:

T ¼ Ttotal 11
Mg

KT

Mg

1
H

KT

H

1
MgH

KTH

Mg K
T

H

 !�1

;

D ¼ Dtotal 11
Mg

K
D

Mg

1
H

K
D

H

1
MgH

K
DH

Mg K
D

H

 !�1

:

Here, Mg and H are concentrations of free magnesium and

proton ions, respectively. KT
Mg; K

T
H; K

TH
Mg; K

D
Mg; K

D
H ; K

DH
Mg are

dissociation constants of proton/magnesium and adenylates.

The values of these constants have been taken from Alberty’s

article (19).

Dependence of kinetic parameters on
membrane potential

The transmembrane transfer of the adenylates depends on the

electrostatic field of the charged membrane. To take this de-

pendency into account we assume that kinetic parameters

characterizing ANT function (rate and dissociation constants)
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depend on membrane potential which, in its turn, unam-

biguously determines the electrostatic field of the charged

membrane. We have developed a method enabling us to

derive the dependencies of the parameters on membrane

potential. In the framework of the method we assume that the

total value of the membrane potential is the sum of ‘‘local’’

electric potentials and each of the ‘‘local’’ potentials in-

fluences the corresponding stage of the ANT catalytic cycle.

To express these influences in terms of dependencies of kine-

tic constants of the stages of catalytic cycle on the corre-

sponding ‘‘local’’ electric potentials we use well-known laws

of thermodynamics, electrostatics, and the superposition rule.

Every position of the adenylate can be characterized by an

electric potential value. In accordance with superposition

rule, the sum of potential differences between the consec-

utive adenylate positions is equal to the total potential dif-

ference across the membrane. We have assumed that the

difference in potentials between the adjacent positions of an

adenylate is proportional to the total potential difference

across the membrane. The applied approach divides the drop

in potentials into elementary stages. We have described the

influence of the electric field on them in terms of the drop in

potential at each stage. The scheme depicted in Fig. 3 illus-

trates the influence of the potential on the rate of the anti-

porter operation. Values of the potential drop are marked for

all stages of the scheme. We have applied the Nernst equa-

tion to derive the dependence of the equilibrium constant of

ANT-catalyzed ADP/ATP exchange on potential. Since

ATP/ADP exchange has a 1:1 stoichiometry and, conse-

quently, results in transfer of only one elementary charge

across the membrane, we obtain

Keq ¼ expðfÞ;f ¼ Fu=RT;Keqð0Þ ¼ 1;

where u is the potential difference across the membrane.

(From here on we use the dimensionless quantity of potential

f.)

The dependence of the dissociation constant of binding of

the external ATP to the free form of ANT upon the potential

can be evaluated using the Nernst equation for each equi-

librium stage:

D�mm ¼ D�mm0 � 4Fdu1RT lnfTo � E=ðTEÞg ¼ 0;

and then

K
T

o ¼ ðTo E=ETÞeq ¼K
T;0

o expð4FdTu=RTÞ ¼K
T;0

o expð4dTfÞ;

KT;0

o ¼ KT

o ðf ¼ 0Þ; (9)

where dT ¼ Du=u is the ratio of the potential difference

between the ATP binding site and the space outside the

membrane to the total membrane potential; �4 is the ATP

charge in terms of elementary charges. We have assumed

that dT is a constant value. Similarly, we have derived a

potential dependence of the dissociation constant of binding

of the external ADP to the free form of ANT:

K
D

o ¼ K
D;0

o expð3dDfÞ; K
D;0

o ¼ K
D

o ðf ¼ 0Þ: (10)

The influence of potential on the transfer constants could

be accounted for using Eyring’s theory of absolute reaction

rates. We have assumed that the energy profile of the transfer

across the membrane (limiting stage) is a single barrier (Fig.

4), and the transfer is a jump over the barrier from one po-

tential well to another. We have defined the reaction coor-

dinate as the coordinate of adenylate bound to the inner side

along its transfer direction across the membrane. In this case,

the transport rate is determined by the probability of the

system to transfer to this or another stage and depends on the

FIGURE 3 Scheme of ANT used to derive the dependence of the transfer

rate on the electrostatic membrane potential. (A–C) Consecutive states of the

ANT functional unit in the process of adenylate translocation. dTðDÞ is the
ratio of the potential difference between the adenylate bound at the site of

ANT facing the external side of the membrane and adenylate in the bulk

phase to the total membrane potential, dinTðDÞ is the ratio of the potential

difference between the adenylate bound at the site of ANT facing the internal

side of the membrane and adenylate in the bulk phase to the total membrane

potential, a1 is the displacement of the external adenylate from the coordinate

of the maximum of the potential barrier, and a2 is the displacement of the

internal adenylate from the coordinate of the maximum of the potential

barrier.

FIGURE 4 Potential barrier profile used to derive the dependence of the

rate upon the membrane potential along the reaction coordinate. The dashed

line shows the profile of the potential created by the field of the charged

membrane. A, B, and C correspond to the ANT states depicted in Fig. 3.
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barrier’s height. The A and C states (Fig. 3) refer to the ANT

bound with adenylates and ready to proceed with turnover.

Stage B refers to the maximum of the potential barrier during

the transfer process. In the general case, where the free energy

has different profiles for different types of exchange (ATP

for ATP, ADP for ADP, and ATP for ADP), we take into

consideration different values of the rate constants and charges

of the transported molecules.

If the potential increases, the parameters of the energy

profile change as well (Fig. 4), which induces a change of the

transfer constants:

k; expf�DG
�
=ðRTÞg; (11)

where DG� is the value of the energy barrier.

If the membrane potential is not zero, the height of the

energy barrier is determined by the interactions of the mem-

brane’s electrostatic field with charges of the enzyme and

adenylates bound, i.e., it depends on their displacement in

the process of transfer from stage A to stage C. Assuming the

additivity of the energy of interactions between these charges,

the free energy, and the field of the charged membrane, the

activation energy of charges Zj displaced for the distance dj
in the process of transfer from stage A into stage C can be

expressed as

DG
� ¼ DG

�
0 1Fu+Zjdj:

In our case,

DG
� ¼ DG

�
o 1FuðZ1a1 1 Z2a2 1 a3Þ; (12)

where a1 is the displacement of the external adenylate to the

maximum coordinate, a2 is the displacement of the internal

adenylate, a3 ¼ +Zkdk is the effective parameter character-

izing the displacement of all charges of the enzyme.

By using Eqs. 11 and 12, we obtain

ki ¼ k
0

i expðZ1a1f1 Z2a2f1 a3fÞ;

k
0

i ¼ kijf¼0; i ¼ 1::4: (13)

The potential drop dinTðDÞ resulting from the adenylate dis-

sociation/binding from/with the matrix site of ANT is not

independent and is expressed in terms of other potential

drops:

d
in

TðDÞ ¼ 1� dTðDÞ � a1 � a2:

This parameter has been already taken into account in the

equation expressing the dependence of the equilibrium con-

stant of ATP/ADP exchange on electric potential difference

and, consequently, there is no need to use it again.

Estimation of parameters

As was mentioned above, to verify a quantitative model it is

necessary to identify its kinetic parameters by fitting exper-

imental results. As a criterion of fitness, the following func-

tion was used:

f ðkj;KjÞ ¼ +
n

i

ðvi � v̂iÞ2: (14)

Here, n is the total number of the experimental points, vv̂vi is
the experimentally measured value of the influx rate (10), vi
is the value of the influx rate calculated on the basis of the

model at a point corresponding to the experimental ones. To

estimate values of unknown parameters the absolute error of

the model (
ffiffiffi
f

p
) has been minimized. This procedure was

performed in the DBSolve 7.01 package (20) using the

Hook-Jeeves method (21). We have identified two sets of

the kinetic parameters for two series of the experiments (with

or without the membrane potential). Parameter values are

shown in Table 1.

Using Eqs. 9, 10, and 13, we have derived a system of

algebraic equations giving the parameters characterizing po-

tential dependence of the ANT operation as functions of the

parameters whose values were estimated against experimen-

tal data and summarized in Table 1:

expfðð�4Þa1 1 ð�4Þa2 1 a3Þ6:9g ¼ k6:91 =k01 ;
expfðð�3Þa1 1 ð�4Þa2 1 a3Þ6:9g ¼ k6:92 =k02 ;
expfðð�4Þa1 1 ð�3Þa2 1 a3Þ6:9g ¼ k6:93 =k03 ;
expf4dT6:9g ¼ K

T;6:9

o =K
T;0

o ;
expf3dT6:9g ¼ KD;6:9

o =KD;0
o :

8>>>><
>>>>:

Solving the system, we have obtained the following values

of the unknown parameters: a1 ¼ �0.268, a2 ¼ 0.205, a3 ¼
0.187, dT ¼ 0.07, dD ¼ 0. It is worth noting that these values

are approximate. Their accuracy is affected by the tolerance

of the numerical evaluation, and of the precision of the ex-

perimental techniques.

RESULTS

As described in the previous section, we have found two sets

of kinetic parameters that correspond to two sets of exper-

imental data (in the presence and absence of the membrane

potential). Using Eqs. 9, 10, and 13, we can identify a single

set of parameters (Table 2) that fits all experimental points

TABLE 1 Values of the apparent kinetic parameters calculated

on the basis of two sets of the experimental data measured at

C ¼ 0mV and C ¼ 180mV

Parameter C ¼ 0mV C ¼ 180mV

k1 35 min�1 22 min�1

k2 10.8 min�1 44 min�1

k3 21 min�1 3.4 min�1

k4 29 min�1 29 min�1

KD
o 51 mM 51 mM

KT
o 57 mM 393 mM

KD
i =K

T�
i 1.8 9.7

*Dependent parameter (can be expressed from other parameters).
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(10). Both the theoretical simulations and the experimental

data are depicted in Fig. 5.

Since the rate equation (Eq. 5) is a nonlinear function it

has different sensitivity with respect to different parameters.

This means that the accuracy of parameter estimation differs

as well. To study sensitivity of the model solution we varied

each parameter individually, calculated the discrepancy of

the model (f) and found a range of the parameter values

providing no more than a twofold increase in the f value (see
Table 2).

Based on results shown in Tables 1 and 2, we can

conclude that;7% of the electric potential is lost at the ATP

binding stage. The binding constant for the external ATP

depends to a significant degree upon the potential. Indeed,

variation of the electric potential from 0 to 180 mV results in

;60% increase in the value of KT
o . In contrast, we have not

detected a dependence of KD
o on electric potential. However,

because of low sensitivity of the solution with respect to dD,
this conclusion is questionable, so additional experimental

data are needed.

Deviations of the values of the parameters a1 and a2 from
zero imply that changes in the conformation of the dimer of

ANT result in significant changes in the positions of the

adenylates. The value of 0.187 for the parameter a3 indicates
the presence of charged groups on the surface of the ANT

molecule that shift during the adenylate transfer.

The model was applied to study the antiporter behavior

under close-to-physiological conditions. The theoretical

dependencies depicted in Fig. 6 have been calculated by

using concentration values of the metabolites equal to those

in mitochondria.

Under uncoupled conditions, the model predicts ADP

efflux out of mitochondria (negative values of the exchange

velocities in Fig. 6 A). This is mainly due to dependence of

the equilibrium constant of the ADP/ATP exchange upon the

potential. During the energization of mitochondria, the posi-

tive direction of the transfer is maintained even under very

low concentrations of external ADP. The transfer results in

the accumulation of ADP in the mitochondrial matrix. This

stimulates the increase in the rate of ATP synthesis in mito-

chondria. Fig. 6 B shows the dependence of the exchange

TABLE 2 Values of parameters of the model and ranges

of sensitivity

Parameter Value Range of sensitivity

k01 35 min�1 (31–39) min�1

k02 10.8 min�1 (10.1–11.6) min�1

k03 21 min�1 (13–43) min�1

k04 29 min�1 (26–32) min�1

KD;0
o 51 mM (45–57) mM

KT;0
o 57 mM (45–71) mM

a1 �0.268 �(0.265–0.271)

a2 0.205 (0.203–0.207)

a3 0.187 (0.179–0.196)

dT 0.07 (0.06–0.09)

dD 0.000 (0.000–0.006)

FIGURE 5 Results of parameter estimation. The experimental values

(symbols) taken fromKraemer andKlingenberg (10) andmodel-generated curves

(solid lines), at pH 8:0;Mg21 ¼ 0 are shown. (A) The dependence of influx rate

of the labeled adenylate (v*) on: 1), the concentration of the external labeled ATP

(Ti ¼ 10mM;Di ¼ 0mM;Do ¼ 0mM;C ¼ 180mM); 2), the concentration

of the external labeled ATP (Ti ¼ 10mM;Di ¼ 0mM;Do ¼ 0mM;

C ¼ 0mM); 3), the concentration of the external labeled ADP

(Ti ¼ 0mM;Di ¼ 10mM;To ¼ 0mM;C ¼ 180mV); and 4), the concen-

tration of the external labeled ADP (Ti ¼ 0mM;Di ¼ 10mM; To ¼ 0

mM;C ¼ 0mV). (B) The dependence of influx rate of the labeled adenylate
(v*) on the concentration of the external labeled ADP: 1), Ti ¼ 5mM;

Di ¼ 5mM;To ¼ 0mM;C ¼ 180mV; 2), Ti ¼ 5mM;Di ¼ 5mM;To ¼
100mM;C ¼ 180mV; 3), Ti ¼ 5mM;Di ¼ 5mM;To ¼ 400mM;C ¼
180mV; 4), Ti ¼ 5mM;Di ¼ 5mM;To ¼ 0mM;C ¼ 0mV; 5),

Ti ¼ 5mM;Di ¼ 5mM;To ¼ 20mM;C ¼ 0mV; and 6), Ti ¼ 5mM;

Di ¼ 5mM;To ¼ 100mM;C ¼ 0mV. (C) The dependence of influx rate

of the labeled adenylate (v*) on: 1), the concentration of the external labeled
ADP (Ti ¼ 5mM;Di ¼ 5mM;T�

o ¼ D�
o;C ¼ 180mV); 2), the concentra-

tion of the external labeled ADP (Ti ¼ 5mM;Di ¼ 5mM; T�
o ¼

D�
o;C ¼ 0mV); 3), the concentration of the external labeled ATP

(Ti ¼ 5mM;Di ¼ 5mM;D�
o ¼ T�

o ;C ¼ 180mV); and 4), the concentration

of the external labeledATP (Ti ¼ 5mM;Di ¼ 5mM;D�
o ¼ T�

o ;C ¼ 0mV).
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rate upon the potential. It has a positive direction only at

potentials not less than 100 mV.

To characterize the effectiveness of the antiporter oper-

ation we have introduced a new function: the ratio of the ex-

change rate to the total turnover number per time unit.

effectiveness ¼ v9exchange=v9:

This function relates changes in ADP concentration in the

mitochondrial matrix to the total number of ANT transfer

cycles. The dependence of the effectiveness upon the mem-

brane potential is shown in Fig. 6 C. The negative values of
the effectiveness indicate the opposite transfer direction.

Within the given range of the parameters, the effectiveness of

the transfer is not more than 0.5, even for energized mito-

chondria. This means that no more than half of the transfer

cycles result in an outward ATP flux. This can be explained

by a low concentration of external ADP because the proba-

bility of the complex forming with ADP from the intra-

membrane space is lower than with ATP.

To describe the processes of the adenylate protonation/

deprotonation, we have assumed that only free forms of the

adenylates can be transferred by ANT across the membrane,

and the affinity of ADP to ANT binding sites differs signif-

icantly from that of ATP. The changes in internal and ex-

ternal pH cause a change in the ratio of the free forms of ADP

and ATP and, consequently, the exchange rate. Fig. 6 D
shows that the exchange rate increases with the increase of

external pH and decreases with the increase of internal pH. It

is worth mentioning that to describe ANT function properly

the model has to take into account the pH dependence of

both adenylate distributions between free and protonated

forms and the ability of ANT to transfer bound adenylates

across the membrane. To quantify the pH dependence of

ANT activity, additional experimental data are required.

DISCUSSION

In this study, we have used what we believe is all available

experimental information about adenine nucleotide translo-

case to develop a predictive model explaining the physical

and kinetic peculiarities of ANT function. Two possible

mechanisms of ANT function have been suggested on the

basis of available structural and kinetic information. These

FIGURE 6 (A) Calculated dependence of the ATP/ADP exchange rate

upon concentration of the external ADP at various fixed values of the

membrane potential. pHi ¼ 7:8; pHo ¼ 7:2;Mg21 ¼ 1mM;Ti ¼ Di ¼
5mM; To ¼ 2mM: (B) The calculated dependence of the ATP/ADP

exchange rate upon the membrane potential. Parameter values: pHi ¼ 7:8;

pHo ¼ 7:2;Mg21 ¼ 1mM;Ti ¼ Di ¼ 5mM; To ¼ 2mM; Do ¼ 50mM:

(C) The calculated dependence of the ATP/ADP exchange ‘‘effectiveness’’

(ratio of exchange rate to the total number of turnovers) upon the membrane

potential. Parameter values: pHi ¼ 7:8; pHo ¼ 7:2;Mg21 ¼ 1mM;Ti ¼
Di ¼ 5mM; To ¼ 2mM;Do ¼ 50mM: (D) The calculated dependence of

the ATP/ADP exchange rate upon pH inside and outside mitochondria. Each

curve involves the change of the pH values in one of the compartments

relative to the fixed pH in the other one. Parameter values: pHi ¼
7:8; pHo ¼ 7:2; Mg21 ¼ 1mM; Ti ¼ Di ¼ 5mM; To ¼ 2mM;Do ¼ 50m

M;u ¼ 170mV:
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two mechanisms correspond to two possible types (cis or

trans) of subunit composition in the ANT homodimer. In

accordance with data obtained in experiments analyzing

inhibition, we have found that the composition of subunits in

the functional unit of ANT is the cis type. The distinctive

feature of the mechanism of ANT function based on the cis-
type subunit composition is the presence of unique types of

binding site on each side of membrane. In terms of enzyme

kinetics this means that the affinity of adenylates with respect

to ANT binding sites pointing toward both compartments

(mitochondrial matrix or intermembrane space) does not

depend on the conformations of the functional unit.

A kinetic scheme of the ANT catalytic cycle has been

developed (see Fig. 2) based on the cis-mechanism of ANT

function. The scheme represents a set of ANT states inter-

connected by elementary reactions involved in adenylate

translocation. The kinetic scheme has been built on the basis

of the following principle: one action in the functional mech-

anism corresponds to one reaction of the kinetic scheme.

This scheme includes all types of adenylate exchanges (both

productive and futile cycles), and implies that the binding of

adenylates is independent. The question about cooperativity

of adenylate binding remains open because of lack of exper-

imental data. As a result, we have assumed the simplest case

to construct the kinetic model. This implies that the disso-

ciation constant of adenylate is independent of binding on the

opposite site. Otherwise, the model would have many more

free parameters without improvement in the fitting of the

results.

Applying quasi-steady-state and quasi-equilibrium ap-

proaches to the kinetic scheme, we have derived the rate

equations describing total turnover of ATP and ADP influx

(Eqs. 5 and 6). For kinetic parameter estimation we have

used the procedure of fitting described above. The param-

eters have been fitted to minimize the discrepancy between

experimental data and calculated dependencies. It is neces-

sary to note that the algorithm applied does not generate a

unique set of the parameter values. This is because there are

no numerical methods to calculate the global minimum in

multiparameter space. One of the possible ways to examine

the system for the existence of other solutions is to apply the

fitting procedure starting from various initial points in pa-

rameter space. We have done it eight times and all solutions

are coincident with each other. This can be considered as in-

direct confirmation of the uniqueness of the solution.

Since the antiporter behavior depends significantly upon

the electric field across the membrane, we have described the

features of ANT function in terms of the dependence of the

kinetic parameters on electric potential difference. We have

analyzed two ways of introducing this dependence into the

model: either via the affinity of the adenylates or through the

transfer rate (data not shown). We have found that assuming

that both the affinity constants and the rate constants are

dependent on the potential results in the best coincidence

between experimental data and the model-generated curves

(see Table 1). Aliev and Saks (5) described similar findings.

As an additional constraint on the parameter values we have

used an equilibrium constant determined in accordance with

the Nernst equation. The value of the constant has been

calculated on the basis of a 1:1 stoichiometry and is in good

agreement with that in the work of Klingenberg (9).

An increase in membrane potential (Table 1) results in an

increased affinity of the ANT binding site facing the matrix,

and a decreased affinity of the binding site facing the in-

termembrane space with respect to ATP, thus maintaining the

direct adenylate exchange (ATP leaves the matrix).

Sensitivity analysis of the parameters (see Table 2) has

been carried out. The results demonstrate that the following

parameters dT, dD, k
o
3, and KT

o influence the fitting results

weakly, and hence additional experimental data are required

to estimate them more precisely. Furthermore, the available

experimental data (10) do not allow us to estimate absolute

values of inner dissociation constants of adenylates, but only

their ratio. Additional experiments with low adenylate con-

centrations would be helpful.

The quality of the model fit against experimental data is

illustrated by Fig. 5. It is interesting to compare our model to

other ones. The logarithmic Akaike Information Criterion has

been chosen for the comparison

AIC ¼ ln(Æs2æ=n)1 2k=n;

Æs2æ ¼ +
n

i

vi � v̂i
v̂i

� �2

:

This criterion is usually used to choose the optimal model

from a number of different models simulating a set (with n
experimental points) of experimental data. It depends not

only on the relative discrepancy value (Æs2æ), but also on the

number of parameters in the model (k parameters). Table 3

shows that in frameworks of both relative error and AIC

criterion the quality of the mathematical model developed in

this article exceeds that of the models developed by Aliev

and Saks (5) and Kraemer and Klingenberg (10).

The model allows us not only to simulate experimental

data, but also to predict characteristics of ANT function that

are difficult to measure experimentally. For example, we

have calculated the dependence of the exchange rate onmem-

brane potential and metabolite concentrations at physiolog-

ical conditions. We have found that most of ANT turnovers

TABLE 3 Comparison of different models simulating

experimental data (10)

Model

Number of

experimental

points

Number of

parameters

Mean errorffiffiffiffiffiffiffiffiffiffiffiffi
Æs2æ=n

p
AIC

Kraemer,

Klingenberg (10)

24 9 0.30 �1.63

Aliev, Saks (5) 24 18 0.24 �1.39

Model developed

in this article

72 11 0.23 �2.63
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are futile even at a high potential value. We have also cal-

culated how changes in internal and external pH influence

exchange rate. It turned out that the exchange rate decreased

slightly, whereas inner pH increased; this was previously

shown experimentally by Klingenberg (9).
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