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Summary

A mathematical model of control of energy transformation in mitochondria
is presented. The considered processes are: the proton translocation by the
respiratory chain, the production of ATP by ATPase, the translocation of ade-
nine nucleotides and of phosphate by their translocators, and a passive back-
flow of protons through the mitochondrial membrane. The mathematical equa-
tions expressing the steady-state kinetics of these processes and the relations
between them were derived on the basis of current experimental data. The
model predicts fairly well the values of the proton electrochemical gradient, of
the ATP/ADP ratios within and outside mitochondria and of the distribution of
phosphate between both compartments in different metabolic states of mito-
chondria. From the general agreement of model computations with experimen-
tal data, it is suggested that the electron flux through the respiratory chain is
immediately controlled by the energy back-pressure of the proton electro-
chemical gradient, that the ATPase reaction is in near equilibrium in phos-
phorylating mitochondria but that the adenine nucleotide exchange across the
mitochondrial membrane requires some loss of energy. The latter is caused by
an inhibition of the translocator by ATP from the outer side or by ADP from
the inner side depending on the actual ATP/ADP in both compartments. It
explains that no fixed relation exists between the rate of respiration and the
phosphorylation state of extramitochondrial adenine nucleotides. The relation

Abbreviations and symbols: AGp g and AGp 1, phosphorylation potential in the extramitochondrial and
intramitochondrial compartment; Ay, proton electrochemical gradient; Ay, membrane potential; Z = 2.3
RT/F; P/O, number of phosphorylated molecules ADP per atom oxygen consumed in respiration.
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is modified by the concentration of phosphate and by intramitochondrial
energy utilization.

Introduction

Mitochondria catalyze the transfer of energy delivered during the oxidation
of substrates into ATP and into ion gradients across their inner membrane, If
the concentrations of substrate and of oxygen are saturating, the rate of energy
transformation depends only on the energy utilization and on the capacity of
the mitochondria. The control phenomena caused by the utilization of ATP
outside mitochondria are experimentally well described. Within a control range,
the stationary rate of oxidative phosphorylation depends on the resulting extra-
mitochondroal ATP/ADP ratio [1—4]. The rate has its minimum in the resting
state, in absence of ATP utilization, whereas its maximum occurs in the active
state at low ATP/ADP ratios. Inorganic phosphate was found to change the
maximum rate but to have only small effects on the control range [4—6].

In the present paper, the mechanisms which produce this behaviour are ana-
lyzed on the basis of the generally accepted chemiosmotic concept of energy
transfer [7]. For this purpose, the function of energy-transforming units of
mitochondria, i.e. respiratory chain, ATPase, translocators of phosphate and of
adenine nucleotides, are described by mathematical equations. The equations
were developed from an earlier model [8] which was not in accordance with
the chemiosmotic-coupling theory. It is shown that the behaviour predicted by
the resulting mathematical model is in good agreement with the experimental
data. From this it is concluded that a rapid energy equilibration exists between
the respiratory chain, the proton electrochemical gradient across the membrane
and the intramitochondrial adenine nucleotide system. The relation to the
extramitochondrial adenine nucleotide system is under kinetic control by the
adenine nucleotide translocator.

Methodology

The respiratory chain, the ATPase and the translocators of adenine nucleo-
tides and of phosphate can be considered as energy-transforming units. As
depicted in Fig. 1, they convert the chemical energy, delivered by substrate oxi-
dation, into the proton electrochemical gradient, into the intramitochondrial
phosphorylation potential and, finally, into the extramitochondrial phos-
phorylation potential. The energy flux caused by the different processes utiliz-
ing energy, i.e. ion translocations across the mitochondrial membrane and ATP
consumption within and outside mitochondria, is determined by the kinetic
properties of the energy-transforming processes. The mathematical equations
used here for their description and the corresponding parameters are listed in
Table I. In the following, the biochemical interpretation of the selected equa-
tions and values will be given (for mathematical details see Appendices 1—4).

The complex kinetics of the respiratory chain is summarized in three reac-
tions: the supply of hydrogen, the reversible energy transformation into the
proton electrochemical gradient and the terminal oxidation. The reason for this
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Fig. 1. Scheme of energy transforming processes in mitochondria and their connection with energy utiliz-
ing processes.(_ ), energy pool;[__|metabolic activity;———, direction of energy flux.

separation is the irreversibility of the cytochrome oxidase (even under condi-
tions [9] which widely favour the reversed reaction) and the limitation of the
maximum overall rate of respiration by the supply of hydrogen. The latter is
indicated by the dependence of the respiration rate on the kind of substrate
oxidized and by experiments with specific inhibitors [5,10]. This step is con-
sidered here to be irreversible, too, which is permissible if the concentration of
the oxidized substrate is negligible. The kinetics of the two irreversible steps is
approximated by simple first-order reactions (Egns. 1 and 3). In the rate law of
the second, the reversible reaction (Eqn. 2), the kinetic effects caused by the
deviations of the mass-action ratio from the equilibrium value are the only fac-
tors taken into account. For the structure of Eqn. 2 see Appendix 1. It is
shown that other kinetic effects can be neglected if a reaction is fast enough in
comparison to the net flux.

The maximum velocity of the first step is arbitrarily chosen as unity to
express all of the flux rates occurring in the system, therefore, V,, = 1. The
corresponding value of the second step was taken from the information given
by Wilson and coworkers [11,12] that the electron exchange within the respira-
tory chain is 1000-times faster than the net flux. The value of the maximum
velocity of the third step determined the degree of oxidation of the terminal
donator at a given respiration rate (cf. Eqn. 3). Therefore, it influences the
actual potential gap between the redox systems A and D which is reversibly
transformed by reaction 2 into the proton electrochemical gradient. The value
V, = 1000 was chosen because it gives Au~ —200 mV in the resting state, as
measured in earlier experiments [13—17]. For the number of protons trans-
located by the three coupling sites involved in reaction 2, different values are
published ranging from 2—4 H"'/2e~ for each site (cf. Refs. 18—21 and the cita-
tions given there). The value n, = 9 is based on thermodynamic estimations
[13,14], resulting in an average of 3H"/2e" per site. The parameter Ay, is used
to express the equilibrium constant of the reaction by means of the proton
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TABLE I
MATHEMATICAL MODEL OF ENERGY TRANSFORMATION IN MITOCHONDRIA

The set of mathematical equations describes steady-state fluxes, The biochemical significance of the equa-
tions and the selection of the parameter values are outlined in Methodology. Abbreviations and symbols:
SHj, 8, reduced and oxidized form of the substrate; Ayy, Aped, Oxidized and reduced component of the
respiratory chain which is reduced from the substrate side in a rate-limiting step; Dy, Dyeq. Oxidized and
reduced form of the terminal component in the respiratory chain; agy. 8yeds dox» dred, mole fractions as
aox = [Agx1/([Agx] + [AyegD): ny, ny, stoichiometric coefficients of protons translocated by the respira-
tory chain and by the ATPase, respectively; Auy, Auy,, proton electrochemical gradients equivalent to the

No. Equations Parameters

Respiratory chain
input of hydrogen

Vh
SHy + Agx —> S + Ayeq
1 Vh = Vy "oy Vh=1%*

energy transformation

Uy
Ayed * 2Dox + "IH; = Agx + 2Dyeg + nrHE ny=9
2
a d —
2 vy = Vr(l —2ox Tred . g nrlAK A“!)/Z) V= 1000 *
tred " dox Apy=—150 mV
Z=60mV
terminal oxidation
Vo
2 Dred +1/2 Oyq — 2 Dox + H20
3 Vo= Vo dyed Vo = 1000 *
ATPase
Va
ADP] + Py 1 + nyHE = ATP + n HJ ng=2
[ATP] —
4 uy= Va(l L 10aldH A“a)/z) Va=10*
[ADP]y " [Pi]1 Apy = —150 mV
ApH
5 ¢p=rfp+ (1 —fp) 10°P fp=0.2
6 ApH = —fy " AWZ fu=01

electrochemical gradient which is equivalent to the gap of the midpoint poten-
tials of the compounds A and D (cf. Appendix 1). The value was estimated
from the data of NAD and cytochrome a; *.

For the rate law of the ATPase (Eqn. 4), the rapid equilibrium approxima-
tion is used again. The results of titration with inhibitors [10] indicate that the
ATPase activity indeed exceeds the overall capacity of oxidative phosphoryla-
tion. The value used for the maximum velocity corresponds to a 3-fold capac-
ity (note P/O = 3). As shown in Results, such a value is sufficient to fulfil the
near-equilibrium condition used in the derivation of the rate law. The numbers
of protons n, and n,, translocated in reactions 2 and 4, together with the
proton necessary for charge compensation of the electrogenic adenine nucleo-
tide exchange, determine the P/O ratio (see below). The numbers listed in
Table I result in the classical P/O (3 H' per coupling site, 2 H" per ATP synthe-

* Ef = —320 mV [22] and +380 mV [23].
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span of midpoint potentials of A and C and to the standard phosphorylation potential (cf. Appendix 1);
fp, mole fraction of monovalent phosphate in the extramitochondrial compartment (cf. Appendix 2); f”,
osmotic fraction of the proton electrochemical gradient; f,, fraction of the membrane potential causing
the asymmetry of the adenine nucleotide translocator in respect to the binding of ADP and of ATP (cf.
Appendix 3); ¥Yp. ratio of mole fractions of monovalent phosphate on both sides of the membrane (cf.
Appendix 2); subscripts I, E, intra- and extramitochondrial compartment, respectively,

No. Equations Parameters

Translocation of phosphate
plp+2HE =P +2H]
7 [Pl = [Pilg " gp  104PH

Translocation of adenine nucleotides
Ut
ADPE + ATPj = ADP] + ATPg
[ATP] ADP 2
1 _IATPIg [ADPII oAy z

[ADPlg [ATPl1 Vi=4*
- fw =0.6
8 T [ATP] [ [ADP]
14 B gofyAV/Z ) (g L 2L 1O Ty) A‘WZ)
[ADPlg {ATP]y
9 Ay =Ap+Z- ApH
Proton leak
v
Hg — Hf
10 vy =Vy: IO_A“/Z Vi=8-10%*

Steady-state relations
flux of electrons

11 Up = Uph = Ug = Uresp

flux of charges through the membrane
12 Ny " Up =Ny vy +tug+vg

flux of adenine nucleotides

13 Va =Vt = VUphos

* Arbitrary units.

sized, 1 H* for the transport). The parameter Ay, is equivalent to the standard
phosphorylation potential; it is shown in Appendix 1 that the notation of
Eqn. 4 is simpler in this form. The value Ay, = —150 mV was obtained from
-the standard phosphorylation potential estimated for the conditions in liver
cytosol [24] *. Since the intramitochondrial pH deviates from the extramito-
chondrial conditions, this effect is corrected by the factor y,, as outlined in
Appendix 2. According to Eqn. 5, ¢, can be computed from ApH and the
mole fraction of monovalent phosphate **. ApH is a function of the total pro-
ton gradient Au. Its portion depends on many conditions, in particular on the

* AG°' = 29 kJ/mol, cf. Ref. 25.
** Estimated from pH = 7.5 and pK' = 6.8 of monovalent phosphate [26].
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ion composition of the medium [15,16]. Here, it was assumed that ApH is
proportional to Au (Eqn. 6). The proportionality factor f,, was selected so that
ApH = 0.3 for Ay =—200 mV.

The translocation of phosphate is very fast [27] so that the phosphate distri-
bution is considered here to be in equilibrium under all conditions (Eqgn. 7, for
derivation see Appendix 2).

The adenine nucleotide translocator requires a more detailed rate law, since
its maximum activity was found in the same order of magnitude as the overall
rate of oxidative phosphorylation [28]. This is reflected by the value of the
maximum rate given in Table I, for P/O = 3 it corresponds to 4/3 of the maxi-
mum rate of ATP production. Eqn. 8 is derived for a gated-pore mechanism
[29,30], assuming saturation by ADP and/or ATP of the translocator on both
sides of the membrane (see Appendix 3). The equation is in agreement with the
effects of the membrane potential, as well as on the distribution equilibrium of
adenine nucleotides [31] and on the Michaelis constant of external ATP [32].
The latter is expressed by the fraction f, of the membrane potential; the value
in TableI is estimated from experimental data (see Appendix 3). It is pre-
dicted by Eqn. 8 that an additional effect of the membrane potential exists on
the inner side: the fraction (1 —f,) suppresses the binding of ADP in favour of
ATP. Recent results of Kramer and Klingenberg [33] are in line with this.

The -proton leak (Eqn. 10) represents the passive back-flow of protons
through the coupling membrane. As in the other rate laws, exponential depen-
dence on the driving proton electrochemical gradient is assumed. It causes a
dependence of the proton conductivity on the proton gradient, which was
experimentally observed, as well (e.g. Ref. 15). The selected value of the maxi-
mum velocity leads to a respiration rate in the resting state which is 10% of the
maximum,

The remaining equations (Eqns. 11—13) describe the relationships between
the rates of the several processes in the steady-state. All rates can be expressed
by the rates of respiration and of phosphorylation. The latter are connected
with each other because the sum of all charge fluxes through the membrane
must be zero (Egn. 12). Besides the electrogenic movements of protons caused
by the respiratory chain, by the ATPase and by the proton leak, this includes
the electrogenic ADP-ATP exchange. Eqn. 12 states that at a given rate of respi-
ration, the rate of phosphorylation must be higher if ATP is utilized within
mitochondria so that no net exchange of ADP and ATP proceeds. This was
indeed recently demonstrated by Duszynski et al. [34].

Results and Discussion

Resting and active state of oxidative phosphorylation

The data predicted by the model for the resting and the active state of oxi-
dative phosphorylation are compared in Table II with experimental observa-
tions. Since it was observed in experiments with isolated mitochondria that
the respiration in the resting state can be inhibited to about half by blocking
the ATPase or the adenine nucleotide translocator [3], some turnover of extra-
mitochondrial ATP must be assumed in the experimental resting state. Pre-
sumably, it is caused by ATPase activities present as impurities in mitochon-
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drial preparations. Therefore, data were computed for a ‘theoretical’ resting
state (rate of phosphorylation = zero) and for an ‘experimental’ resting state
(assuming that the extramitochondrial ATP turnover increases the respiration
rate up to 20% of its maximum).

Good accordance exists for the rates of respiration and of phosphorylation,
for the proton electrochemical gradient and its electrical and osmotic compo-
nents and for the intramitochondrial concentration of phosphate. The com-
puted ATP/ADP ratios deviate to some extent from the observed data. The
computed intramitochondrial ratios are lower, the extramitochondrial ratios
are higher. But the deviations are not too wide, if the approximations made
in the derivation of the model are considered. (For example, the effects of
Mg?* on the phosphorylation potential [25] and on the kinetics of adenine
nucleotide translocation [28] are neglected.) No direct comparison of the
computed reduction degrees is possible. Compound A (cf. reaction 1 in Table
I) is defined as an hydrogen acceptor in the rate-limiting step of hydrogen
supply. According to observations of Davis and Blair [38], this step must be
localized between the substrate and NAD. They found that in the active
state, the rate of hydrogen transfer between substrate and NAD becomes inde-
pendent of the NAD/NADH ratio. The compound D is defined as the electron
donator of the irreversible reaction step in the cytochrome oxidase mechanism.
Possibly, this is a complex of several compounds [39].

The fit of the computed data to the experimental ones depends on the
parameter values used in computation. The most critical parameters are: the
maximum capacity, V,, of the terminal oxidation step, which determines the
part of energy transformed into the proton gradient (see Methodology), and the
numbers of protons translocated by the respiratory chain (n,) and by the ATP-
ase (n,). The proton stoichiometry also decides the height of the proton gradi-
ent, in which the energy transformed by the respiratory chain is stored, and the
relationships between the proton gradient and the intra- and extramitochon-
drial phosphorylation potentials and, therefore, the resulting ATP/ADP ratios.

Relationships between energy fluxes and energy levels

The resting state and the active state are only limit states of the activity of
oxidative phosphorylation [3]. Respiration rates computed between these
limits versus the energy levels of different energy pools, are plotted in Fig. 2.
The energy quantities are so selected that a direct comparison is possible
between them. Per mole ATP delivered by mitochondria into the extramito-
chondrial space n, protons are required for the synthesis of ATP and one addi-
tional proton is necessary to compensate both the electrogenic ATP-ADP
exchange and the electroneutral movement of phosphate. (The electrogenic
extrusion of this additional proton by the respiratory chain compensates the
charge transfer of the adenine nucleotide exchange; the proton enters the mito-
chondria together with phosphate.) Therefore, the energy which must be deliv-
ered by the respiratory chain is —(n, + 1)FAu per mol extramitochondrial ATP.
After synthesis of ATP, the energy supply for erection of the extramitochon-
drial phosphorylation potential AGp g is given by the intramitochondrial phos-
phorylation potential AGp ; plus the energy costs of the transport steps, which
are —FAu. The differences between these three energy quantities are wastes of
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Fig. 2. Respiration rate as function of energy levels. Respiration rates and energy levels were computed
for three conditions: (A) as in Table II; (B) concentration of extramitochondrial phosphate decreased by
factor 10 ([Pj]g = 1 mM); (C) proton leak increased by factor 10 (V; = 3.1073). For each condition, the
respiration rate was plotted vs the extramitochondrial phosphorylation potential (AGP‘E, ), vs. the
intramitochondrial phosphorylation potential plus the energy put in by translocation of adenine nucleo-
tides and of phosphate (AGPJ — FAu, —— —), and vs the energy delivered by the respiratory chain for
erection of the extramitochondrial phosphorylation potential (—(ng + 1)FAu, « — - —- ). For comparison,
the energy levels are also expressed as equivalent proton electrochemical gradient in the scale at the top.

energy which are necessary to drive the synthesis of ATP and its exchange for
ADP. (If the phosphate distribution is near to equilibrium, as considered here,
the energy waste by the translocation of phosphate is negligible.)

In Fig. 2, the respiration rates are given for three different conditions: the
same as in Table II, decreased concentration of extramitochondrial phosphate
and increased passive back-flow of protons. The dependence of the respiration
rate on the proton electrochemical gradient is the same in all three cases. Since
the decrease of the proton gradient is the signal for the activation of the elec-
tron flux through the respiratory chain, such behaviour must be expected. It
decreases the potential gap between the redox carriers on the substrate and
oxygen side of the respiratory chain. The substrate side becomes more oxidized
and so the input of hydrogen increases. The oxygen side becomes more
reduced, it accelerates the reduction of oxygen. The slope of the curve in Fig. 2
demonstrates the high sensitivity of the respiration rate to changes in the pro-
ton gradient (cf. the scale in mV at the top of the figure). This high apparent
cooperativity is caused by the stoicheiometric structure; small changes in the
proton gradient are amplified by the large total number of protons translocated
per two electrons. Experimental results recently obtained by Kiister et al.
(Kiister, U., Letko, G., Kunz, W., Duszynski, J., Bogucka, K. and Wojtczak, L.,
personal communication) show that such uniform dependence on the proton
gradient exists in a wide range of the respiration rate, whether the respiration
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is stimulated by phosphorylation of exogeneous ADP or by uncoupling.

In the ‘theoretical’ resting state, the proton gradient must be in equilibrium
with the phosphorylation potentials within and outside mitochondria. The dif-
ferent lines in Fig. 2 cross at this point. The crossing point is shifted to higher
rates of respiration and lower energy potentials by raised nonphosphorylating
proton fluxes (e.g. in partially uncoupled mitochondria). The experimental
investigation of the extramitochondrial phosphorylation potential in the resting
state revealed that it becomes decreased by phosphate [36]. Considering some
turnover of ATP in the ‘experimental’ resting state [3], the results shown in
Fig. 2 are in complete agreement with this observation.

If the energy levels are lower than in the ‘theoretical’ resting state, net syn-
thesis of ATP and its exchange for extramitochondrial ADP proceed. Then the
curves deviate more and more with increasing fluxes indicating the energy
wastes necessary to drive the synthesis of ATP and the adenine nucleotide
exchange. The results of Kiister et al. (Kiister, U., Letko, G., Kunz, W., Dus-
zynski, J., Bogucka, K. and Wojtczak, L., personal communication) demon-
strate that the energy waste by the ATPase is very small indeed, so it justifies
the approximations made here for the rate law of this reaction.

The energy waste due to the adenine nucleotide exchange is much larger and
different in the three cases considered, therefore, no uniform dependence of
the respiration rate on the extramitochondrial phosphorylation potential exists.
The effect of phosphate predicted by the model is in accordance with the
experimental observations [4—6]. If the concentration of extramitochondrial
phosphate is considerably below 10 mM, the maximum rate of oxidative phos-
phorylation is not reached. This is caused by a competitive inhibition of the
adenine nucleotide translocator due to the low intramitochondrial ATP/ADP
ratio under such a condition. (As indicated in Fig. 2, phosphate has no effect on
the intramitochondrial phosphorylation potential, so that for constant rates of
respiration, the intramitochondrial ATP/ADP ratio falls in proportion to the
concentration of phosphate.) At rates of oxidative phosphorylation consider-
ably lower than the maximum, the energy waste by the adenine nucleotide
translocator increases with the concentration of phosphate. Again, the effect
is caused by a competitive inhibition of the translocator, but in this case by
extramitochondrial ATP. (If constant extramitochondrial phosphorylation
potentials are considered, the ATP/ADP ratio grows with the concentration of
phosphate.) This is the reason for the nearly phosphate-independent con-
trol of respiration by the ATP/ADP ratio observed in earlier experiments
[4—6].

The curves shown in Fig. 2 demonstrate a further phenomenon. If respira-
tion is activated by processes other than phosphorylation of exogenous ADP,
the divergence between the extramitochondrial phosphorylation potential and
the proton gradient disappears. Therefore, the resulting phosphorylation poten-
tial is higher than that of phosphorylation of exogenous ADP at the same rate
of respiration. Such behaviour was already observed with liver mitochondria
utilizing intramitochondrial ATP in citrulline synthesis [40].

Finally, from the results presented in Fig. 2, it follows that the relationships
between fluxes and forces are neither linear nor constant, as generally assumed
in attempts to interpret effects of metabolic control by concepts of irrever-
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sible thermodynamics (e.g. Ref. 41—44). For instance, the effects of phos-
phate on the control of oxidative phosphorylation result in different driving
forces for the same flux through the adenine nucleotide translocator. The
reason lies in the extent of kinetic inhibition of the adenine nucleotide trans-
location by extramitochondrial ATP and intramitochondrial ADP. If the inhibi-
tion increases, the same flux requires a higher driving force to overcome the
‘resistance’. More generally expressed, the biocatalyzers are sensitive not only
to changes in the driving force but also to influences upon their capacity
produced by inhibitors or activators.
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Appendix 1

Approximate rate law of near-equilibrium reactions
The net flux of a reversible reaction is the difference of two opposite fluxes

v=0—9 @

Both U and ¥ are functions of the composition of the reaction system. It will be
shown that in near-equilibrium, the net flux is more sensitive to changes in the
¥/ ratio than to changes in ¥ or b.

From Eqn. 1 it follows,

v =v(1 — D) (2)
and for any change dv
dv = (1 — U/v) dv — vd(v V) (3)

As the reaction approaches the equilibrium (v/3 = 1), the factor (1 —/v)
decreases, so that changes in ¥ become negligible in comparison with those in
U/U, Then ¥ in Eqn. 2 can be considered as a constant,

U= Vapp’ (4)

which may be interpreted as the apparent maximum velocity or capacity of the
reaction.

The flux ratio ¥/v'is determined by the affinity A (A = —AG) of the reaction
it follows (e.g. Ref. 45)

U= V,pp(l —e 4/RT) (5)

For a chemical reaction e #/RT = ['/K, where T is the actual mass-action ratio
and K the equilibrium constant. So, the rate law can be approximated as

V="V (1—T/K) (6)

If the chemical reaction is coupled with the translocation of n protons
against an electrochemical gradient Ay,
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A=n-F - Au—(AG°+RTInT) (7)

AG® is the standard free energy change of the chemical reaction (not coupled
to proton translocation). Eqn. 7 is easier to handle if AG° is replaced by an
equivalent proton electrochemical gradient

AG®
o= 8

and this finally results in
v= Vapp(l — T - 10 nAp— Auo)/Z) (9)

For redox reactions, the value Ay, can be obtained, too, from the span, AE,,
of midpoint potentials and the number, m, of electrons exchanged in the redot
process

Apty = % AE, . (10)
Appendix 2

PpH effects on equilibrium caused by phosphate ions

The ionic state of phosphate depends on the actual pH. Since equilibrium
constants are usually referred to the total concentration instead of the partic-
ular ionic species taking part in the reactions, they are functions of pH. It is
possible to express this pH effect by means of a factor ¢,, which relates the
fraction of monovalent phosphate [P;{]/[P;] at a given reference value of pH’
to that at an actual pH value: *

_ ([P{V/IPi)pn
P ([P71/[PiDpn
In this way, the effect of pH on the equilibrium constant of ATP formation can
be approximated by the factor p,, if the reaction
ADP + P = ATP (12).

is considered to be independent of pH. (This is admitted, since the ionization
constants of ATP?®~ and ADP?" are not quite different, cf. Ref. 46).

Then, the quotient [ATP]/([ADP] - [P;]) is not influenced by pH, so that
for any pH value, the mass action quotient [ATP]/([ADP] - [P;]) can be refer-
red to its value K’ at pH' as

[ATP]__ -
[app] - (P K (13)

Similarly, the electroneutral distribution of phosphate between two com-

partments with pH and pH' may be described by ¢,. From the distribution
equilibrium of monovalent phosphate

[P{lon = [Pilpw - 104°H (14)
with ApH = pH — pH' results for total phosphate
[Pilon = [Pilow " ¢p - 104PH (15)

(11)
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The factor ¢, can be expressed as function of ApH. Since, only monovalent
and divalent phosphate must be considered in the physiological region of pH, it
follows from the ionization equilibrium

[PiTY _ 1
([P‘] )pH - 1+ lopH—-pK (16)

When the corresponding expression at pH' is denoted by f, and the relation
pH = pH' + ApH is used, Eqn. 11 leads to

0o =fp + (1 —fp) 104PH. (17)

Appendix 3

Rate loaw of the adenine nucleotide translocator
Formally, the gated-pore mechanism discussed for the adenine nucleotide
translocator [29,30] is equivalent to a ping-pong enzyme reaction. The neces-
sary information about the corresponding complete rate equation is given by
Cleland [47]. The denominator contains eight different terms but can be con-
siderably simplified, since in general, the concentrations of ATP and ADP are
high in comparison to their Michaelis constants. Then, only those terms which
include products of two concentrations are important (as [ADP]g - [ATP];,
etc.). Using Cleland’s notation, it follows for the rate of ADPg— ATP;
exchange
v, ([ADP]E . [ATP], —Kl

[ATP] - [ADPJI)

v= q

K K.,
[ADP] - [ATP], +K—'El [ATP]; - [ATP]4 +Kt [ADP]g - [ADP];
it id’
Ky Ky
42 v .
X, K. [ATP]g - [ADP], (18)

The kinetic constants occurring in the denominator are Michaelis constants
(without the subscript i) and inhibition constants (with the subscript i), the
subscripts d, t, d’ and t’ stand for ADPg, ATPg, ADP; and ATP;. Eqn. 18 can
be rearranged so that only ATP/ADP ratios occur

1 [ATP]g [ADP],
Vil1———- -
. ( K., [ADP]; [ATP]I) 19)
|+ Ka [ATPIy (HKW,[ADP]I) . Kv_ [ADP],
K, [ADPly \" " Kq [ATPl;) Ko [ATP],

According to experimental investigations [31], the equilibrium constant is
given by

K., =1074v/2 (20)
The quotient K4/K;; can be estimated from the data reported by Souverijn

et al. {32]. The Michaelis constant of ADP was found to be 1—2 uM, indepen-
dent of the energy state of mitochondria, whereas, the inhibition constant of
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ATP was about 150 uM in energized mitochondria and approached the Michae-
lis constant of ADP in uncoupled mitochondria. Such behaviour is expressed
by the equation

Ka _ore vz
., 107y (21)
where f, denotes the fraction of the membrane potential which causes the
decreased affinity to ATP. Assuming Ay = —180 mV in energized mitochon-
dria, f, ~ 0.6.

The remaining quotients of kinetic constants can be estimated by means of
the Haldane equations [47]

(22)

Supposing identical maximum velocities, V, and V, of the forward and the
reversed reactions (equal maximum velocities for exchange of external ADP
and ATP were found [32]) it follows with Egns. 20 and 21
_K_“_'_ =100—fy av/z (23)
Ky
If the Michaelis constants and the inhibition constants are considered to be
equal (as it is the case for ATP [32]), the following relation exists

Kt' - Kit’

(24)
Kiqaw Ka
With Egns. 20, 21, 23 and 24, the rate law finally gets the form
[ATP]; [ADP], )
1% (1 — . . 10Av/Z

\' ~ [aDp), aTRL, o5

v= :
(1 + [ATP]g 10fv Aw/z) (1 + [ADP], 10(1—f¢,)Aw/Z)
[ADP]g [ATP],

Appendix 4

Performance of computations

The set of equations listed in Table I describes steady states of oxidative
phosphorylation. The equations were so transformed that with the aid of a
computer all variables could be calculated as function of v,e,: from Eqns. 1
and 11 (the numbers refer to Table I),

=Utesp . 26
Uox v, (26)

from Eqns. 3 and 11,

Uresp
= ; 27
dred Vo H ( )
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from Eqns. 2 and 11,

Z v 1—a 1 —dyeq \?
cag 21— )( )( e ) ; 28)
A“ Al-‘x ny og( Vr Qox dred (
from Egns. 5, 6, 7,9 and 10,
ApH, ¢, [Pi]1, Ay and vy, respectively;
from Eqns. 1113,
Vohos =MrUresp — U1 : (29)

n,+1
from Eqgns. 4 and 13,

[ATP]; _ (1 — Upnos/VWIPi]1 . -
[ADP]; p - 10"a(Ar=2ua)IZ >

from Eqns. 8 and 13,

1— Uphos (1 + [ADP], 10(1—f¢)A\p/Z)

[ATP]g _ Vi [ATP], (31)
[ADP]E (1 + vphos ) R [ADP]I lko/z + vphos lof\pAlp/z
V. [ATP]; Vi

The values AGp g, AGp ; and F used for construction of Fig. 2 were calcu-
lated from the equations

[ATP]g _n,t 1
[ADP]; - [Pi]g zZ

AGyp g = 2.3RT(log A,ua) , (32)

[ATP][ n,
= 2. L et SIS VS 33
AGy; = 23RT(l0g s ts 00— A (33)
2.3RT
p-2L (34)
2.3RT =5.7 kd/mol . (35)

The computed data listed in Table II for the active and ‘theoretical’ resting
state were obtained by an iterative procedure searching the solutions [ATP]g/
[ADP]g = 0 and vpp0s = 0, respectively.
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