6

Mitochondrial Respiratory Control:
Energetics, Kinetics and Efficiency*

E. Gnaiger

Introduction: Controversies in Flux
Control

Mitochondrial respiratory control mecha-
nisms are cenfral in regulating the flux of
ATP turnover which mediates between cata-
bolism and anabolism. Such control can be
exerted by the catabolic driving force for
ATP production or by the load on the ATP
system due to the ATP demand for bio-
synthesis, ion pumps or muscle activities.
The signals of drive and load are integrated
in the energy status of the ATP/ADP system,
expressed by the phosphorylation potential.
Is metabolic flux regulated by energy
demand or by energy supply? Do ATP/ADP
ratios or ADP concentrations regulate the
flux of mitochondrial oxidative phosphoryla-
tion? Different answers are obtained depend-
ing on metabolic conditions, but primarily
depending on the particular model of flux
control.

Despite the advances made in elucidating the
chemiosmotic and enzymatic mechanisms of
oxidative phosphorylation (Mitchell, 1961;
Senior, 1988) we are left with controversies
as to the regulatory aspects of oxygen flux in
coupled mitochondria. The majority of bio-
chemists direct their studies along the lines
of enzyme kinetic theory. The most impor-
tant kinetic variable in respiratory control is
the concentration of substrates such as ADP
which is high in State 3 at high flux, and low
in State 4 at low flux (Chance and Williams,
1955). Such a model implies load-coupled
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regulation, exerted by the velocity of various
ADP-generating reactions.

The phosphorylation potential, log ([ATP] /
[ADP] x [Pi]), on the other hand, is a control
variable based on the mass action ratio and
represents the molar Gibbs energy (force) of
phosphorylation. In nonequilibrium ther-
modynamic theory the molar Gibbs energy
of reaction (Gibbs force) is considered as the
driving force for the chemical flux, and
hence control is thought to be exerted by
logarithmic concentration ratios (Katchalsky
and Curran, 1965). In a thermodynamic
analysis various degrees of drive-coupled
and load-coupled regulation are implied de-
pending on which processes exert the pre-
dominating influence on the catabolic-ana-
bolic coupled reaction (Gnaiger, 1987). An
advanced mathematical method is available
(Katcher and Porteous, 1987) which allows
quantification of the relative importance of
various control steps (Groen et al., 1983),
and can be combined with either kinetic or
thermodynamic concepts (Westerhoff and
Van Dam, 1987).

Clearly, a reconciliation of these divergent
traits of kinetics and nonequilibrium ther-
modynamics ("ergodynamics"; Gnaiger,
1987) is of great theoretical and practical im-
portance. Such a reconciliation is proposed
here on the basis of Einstein’s diffusion
equation. The new concept accounts for the
effects exerted on flux by both the Gibbs
force of reaction and the total concentration
of all substrates and products. Its application
to the study of chemical reactions as com-
plex as mitochondrial oxidative phosphory-
lation provides new insights into the regula-
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tory mechanisms of energy transformation,
emphasizing the effect of efficiency on the
control of flux.

Energetics and Kinetics of Diffusion and
Chemical Reactions

The thermodynamic forces and flows are de-
fined in strict relation to each other, in such a
way that the product of conjugated flows and
thermodynamic forces, J X, yields the rate of
entropy  production  (Glansdorff and
Prigogine, 1971). Defining the generalized
forces as -F = X T, the product J F is the dis-
sipated gower, P (per unit volume) [W mo=

Istm™y,

P=JF (1)

In the case of diffusional flux, ¢/ [mol o1
m™“] , the conjugated force is the chemical
potential gradient pn the z direction, 4¢F =
du/dz [J mol" m™] ; Einstein, 1905). The
product (Eq. 1) yields the required dimen-
sion of power per volume [J s m™] , The
flux of chemical reaction, +F [mol s'1 m'3] , 18
scalar, as is the conjugated force or molar
Gibbs energy (;'Gibbs force") of reaction, F
= A:G [J mol™']. Invariably, the product of
flux and force (Eq. 1) yields the dissipated
power.

The phenomenological law of nonequi-
librium thermodynamics relates the general-
1zed flux to the conjugated force (Glansdorff
and Prigogine, 1971),

b7 @)

It is assumed that near equilibrium the flux
Increases as a linear function of the force;
the conductivity, L, is represented by the
slopsa of the functional relationship. A more
detailed perspective is obtained by reference
to Einstein’s diffusion equation,

& = c4F =y cdy/dz 3)

in which u is the mobility, or the reciprocal
value of the frictional coefficient, and ¢ is
the concentration of the diffusing substance
localized across the plane at which du/dz is
measured. At steady state this force is
counterbalanced by the frictional effects.
The average velocity of particles (molecules)
in the z direction then increases linearly with
—dF, and is equivalent to the steady state
velocity of Newton’s apple, which increases
at constant # with the gravitational force.
The flux (per unit area), however, does not
solely depend on the force (per mole) but ad-
ditionally on the number of molecules (ap-
ples) interacting with the force. At constant
force, the flux varies with the number of par-
ticles moving across a plane of unit area.
The Newtonian force and the number of bo-
dies or particles (per unit volume) are com-
plementary flux control variables. In Ein-
stein’s equation (3) both complementary
control variables, concentration and force,
are explicitely defined.,

In the phenomenological equation (Eq. 2)
the nature of particles comprising the flow is
“hidden" in L, thereby obscuring the concen-
tration term (Eq. 3) with various other prop-
erties of L such as viscosity, catalytic effects
etc. This restricts the analytical strength and
applicability of nonequilibrium thermody-
namics. Irrespective of the proximity to
equilibrium, the phenomenological equation
of nonequilibrium thermodynamics should
be generally replaced by the "ergodynamic"
equation, as deduced from Einstein’s diffu-
sion equation (3),

J=-uaF (@)

o is the generalized concentration (= free ac-
tivity). If o is constant, then the flux in-
creases linearly with the force (Fig. 1; slop-
ing arrow). But the flux changes at constant
force with a change of free activity, (Fig. 1;
vertical arrow). A nonlinear flux-force rela-
tion indicates a change of both force and free
activity (Fig. 1; dashed line). The flux may
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Fig. 1 The flux of a chemical reaction, rJ[mol s~'
m~] , is a function of both, the molar force, ArG,
and the molar amount of substance interacting
with the force (free activity o, numbers 1 to 5).
Sloping arrow and thin lines - at constant free ac-
tivity o, the flux-force relation is linear if the reac-
tion coefficient (comp. mobility), b, is also constant
(L = bo. = const.). Vertical arrow - at constant molar
force the flux increases with an increase of the
molar free activity. Broken line - a nonlinear flux-
force relation is due to the simultaneous change
of force and free activity.

even decrease with increasing force, if the
decrease of o overcompensates the increase
of —-F (Eq. 4).

The product of the two complementary flux
control variables, o F, is a function of state.
For diffusion, the product of free activity,
o=c [mol m ] , and molar force, aF=du/dz
[ molt m™ ] yields the %radlent of chemi-
cal pressure, ddH/dz [Jm =NmZm
=Pam 1] s

dal1/dz = RT dc/dz = c dw/dz = aF  (5)

To familiarize ourselves with the extended
concept of "chemical pressure”, we should
recall the definition of pressure by the ideal
gas law, as generalized by Van’t Hoff for
osmotic pressure,

NM=RTn/V=RTc (6)

The concept of diffusion pressure and its
linear relation to flux is implicit in Fick’s
First Law of diffusion, ¢/ = -D dc/dz. Now if
the mobility is substituted for the diffusion
coefficient, D = u RT (Einstein, 1905), RT dc
is recognized as dqlT, the chemical pressure.

Instead of a linear flux-force relation (Glans-
dorff and Prigogine, 1971) Fick’s First Law
of diffusion implies a linear flux-pressure re-
lation, ¢/ = -u dall/dz. Fick’s law is also ap-
plicable to discontinuous systems (Hitchman
and Gnaiger, 1983) where gradients are re-
placed by differences across the length of the
diffusion path, /. Einstein’s diffusion equa-
tion, however, requires special consideration
when applied to discontinuous systems,

o/ =-ua Ayl
=y AdlT/l =—u RT Ac/l (7)

In a discontinuous system o is not simply
the average or equilibrium concentration
(compare Katchalsky and Curran, 1965;
Westerhoff and Van Dam, 1987). Free activ-
ity is a distribution function, o0 = Ac/Alnc
(Eq. 12). Here the analogy with systems of
classical mechanics (number of apples) fails.
In the study of chemical systems we are in
the realm of statistical mechanics, hence
statistical arguments for a definition of free
activity are implicated.

This "ergodynamic" analysis of flux control
combines thermodynamic and kinetic
aspects. The kinetic theory of ideal gases
and ideal dilute solutions (activities equal
concentrations) describes the passive flow of
molecules across a semipermeable mem-
brane as the net result of molecular move-
ments in both directions,
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df = ki cA - k-1 ¢B (8

ca and ¢B are the concentrations of the dif-
fusing substance (a nonelectrolyte) in the
compartments A and B, and k1 and k-1 are
the kinetic coefficients from A to B and
from B to A, respectively, The ratio ki/k-1 is
the equilibrium constant, which in this case
is unity. Substituting in Eq. (8) for k1 = k-1 =
D/l = uRT/l, and ¢B-cA = Ac, we obtain: ¢/ =
-D Ac/l (Eq. 7). Derived in this manner,
Fick’s First Law is a kinetic law. In mathe-
matical, but not in physical terms it re-
sembles the linear thermodynamic flux-force
relation (Eq. 2) which has led to confusion.
The product of 4/ and A¢/l (compare Eq. 1)
does not yield the dissipated power. With ¢/
defined in Eq. (7), the conjugated force (Eq.
1) is aF = Ap/l. The chemical potential
difference across the membrane is,

Al =RT In(ce/cA) = RT (IncB - Inca)
= RT Alnc 9)

For chemical reactions, the analogous force
is the Gibbs force,

AG = AG® + AGT = RT In(M/K) (10)

where A:G® and A;G™ are the concentration-
independent and concentration dependent
terms of the Gibbs force, and M and K are
the molar mass action ratio and the equi-
librium constant, respectively. As empha-
sized above (Eq. 1), the flux and conjugated
force of a chemical reaction are not directed
in space but flux proceeds along energetic
discontinuities, defined by the energetic
states of substrates and  products.
Analogously to Eq. (7), therefore, Eq. (4) for
chemical reactions is,

rJ =—baArG
=—bArH

(11.a)
(11.b)

Chemical flux varies as a function of free ac-
tivity and force (Fig. 1). The product of the
two flux control variables is the reaction

pressure, Adl = oAG [J m?> = Pal. The
slope of a flux-pressure plot is the reaction
coefficient, b. For extending the ergody-
namic concept to chemical reactions, the
challenge is the quantification of o, on the
basis of the activities of all substrates and
products. In analogy to a chemical reaction,
the concentration of a diffusing solute on
one side, A, can be viewed as the substrate
activity, sa = ca, and the concentration on
side B as the product activity, pa = ¢B. For
chemical processes in general, free activity
is,

pa-sa

(12)

o=
In(pa/sa)

How is free activity calculated when AG® is
added to the force term and there is more
than one substrate, such as in the reaction
A+B = C? A phenomenological solution can
be obtained by comparison with experimen-
tal results.

Alternative Models of Chemical Dynamics

Kinetic rate equations constitute the classical
model of chemical dynamics. Nonequilibium
thermodynamics, however, has not yet
generated a theory on chemical dynamics
beyond kinetics. In theoretical terms, linear
relations are either inadequate for describing
flux far from equilibrium (Glansdorff and
Prigogine, 1971) or are redundant approxi-
mations of a kinetic description in a re-
stricted range irrespective of the equilibrium
position (Westerhoff and Van Dam, 1987).
To be applicable to living systems, the
ergodynamic approach must overcome this
restriction. By abandoning entirely the quest
for linear approximations, and by apprecia-
tion of the fundamental significance of Ein-
stein’s diffusion equation generalized in Eqgs.
11 and 12, it can be shown that thermody-
namics merges with reaction kinetics. A con-
cise derivation of this claim is presented in
Appendix Al. Importantly, and in contrast to
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Kinetic and ergodynamic flux control models for a third-order reaction, A+B=C, proceeding in a

closed reaction system. The initial conditions are 30 and 110 mmel dm™ for substrate A and B, respec-
tively and C is initially not present. While A and B are consumed and their concentrations decrease, C ac-
cumulates and its concentration increases stoichiometrically {to 12.7 mmol dm™ at equilibrium). The

standard Gibbs force, A:G°, is -5 kJ mol™".

a Gibbs force, ArG, as a function of the
decrease from right to left of the concentration of
substrate A, ca. Kinetics predicts a linear increase
of flux with concentration, but force increases
linearly only up to ca. -2.5 kJ mol™,

previous claims (Katchalsky and Curran,
1965; Westerhoff and Van Dam, 1987), the
conductivity, L = uo or L = bo. (Eq. 2), is an
explicit function of the force, A/G = RT
In(M/K), as derived from kinetics in Eq. A4,

However, linear or quasi-linear flux-force
relations of chemical reactions frequently
span a larger range of forces than expected
on the basis of kinetic theory (Prigogine et
al., 1948). Moreover, extended flux-force
linearity is observed in many biochemical
processes, including oxidative phosphoryla-
tion (reviewed by Caplan and Essig, 1983;
Westerhoff and Van Dam, 1987). A possible
solution of this puzzling phenomenon is sug-
gested below.

b Normalized flux, rJ, as a function of Gibbs
force, A:G. Full line - predicted from the kinetic
model (Egs. A1-A4). Dotted line - first alternative
model defining the partial substrate activity as
Vca ca and product activity as cc in Eq. (A5) for
calculation of flux according to Eq. 11a. Broken
line - second alternative model using Eq. (12) with
the partial substrate and product activity as de-
fined in the first alternative model (Appendix A.2).

The kinetic model is only one of several
plausible interpretations of the ergodynamic
formalism (Eqs. 11 and 12; see Appendix
A.2). Any alternative energetic model of
chemical dynamics must correspond to the
kinetic rate equations in those cases where
kinetics is well tested, particularly in simple
reactions.

Consider the third-order reaction A + B = C
as it proceeds to equilibrium in a closed sys-
tem. According to the kinetic rate law, o/ =
k1 cAcB -k-1 cc (see Eq. Al), the flux in-
creases linearly with the concentration ca. In
contrast, the force varies in a strictly non-
linear manner with ca (Eq. 10; Fig. 2a).
Therefore the kinetic rate law predicts a non-
linear relation between flux and force (Fig.
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Kinetic and ergodynamic flux control models for the reaction described in Fig. 2, but with sub-

strate A added in increasing concentration (0.2 to 15 mmol dm's). Thga substrate B and product C are
buffered at constant concentrations (50 mmol dm™ and 0.1 mmol dm™2, respectively).

a: Gibbs force, ArG, as a function of concentra-
tion of substrate A, ¢a.

2b; full ling). Two alternative nonlinear
energetic models (Appendix A.2) are in ex-
cellent agreement (Fig. 2b; dotted and
dashed lines).

The same reaction is now examined under
the conditions of a typical kinetic experi-
ment (Fig. 3), when the flux is measured at
increasing concentration of substrate A, a
fixed high concentration of substrate B, and
a fixed low concentration of product C.
Simultaneously with the increase in force the
free activity increases due to the addition of
A in successively higher concentration (Fig.
3a). Therefore a non-linear increase of flux
with force (Fig. 3b) is expected on the basis
of Eq.(11.a). The curvature of the flux-force
relation is the opposite of that obtained
under the previous reaction conditions (com-
pare Fig. 2b and 3b). Nevertheless, a rea-
sonable agreement between the kinetic pre-
dictions and the ergodynamic concept (Eq.
11.a) is obtained when the substrate activity

b: Normalized flux, J, as a function of Gibbs
force, AG. The three lines correspond to the
kinetic and ergodynamic models as described in
Fig. 2b.

is defined as the geometric mean concentra-
tion, sa = Yea ¢B; and pa = cc (Fig. 3b).
Therefore even if this alternative flux-pres-
sure relation were true the kinetic model
would not cause conflict.

An "approximately linear" region between
flox and force is recognized near equi-
librium, but even in this restricted range of
“trivial" linearity the slope L depends on the
way in which the force is varied (Fig. 2b and
3b). Kinetic models are well tested for
simple reactions as depicted in the present
comparison, when the agreement with alter-
native ergodynamic equations is good. With
more complex reactions, significant devia-
tions between the kinetic and ergodynamic
approaches are obtained, and comparison
with experimental data is required to decide
which concept yields the superior results
(Appendix A2). It is important to note that a
linear flux-pressure relation can hold only as
long as the general effects of free activity
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Fig. 4  Ergodynamic analysis of liver mitochondrial respiration. Original data (x) from Stucki (1980
Tab. 1A). The incubation medium contained on average 0.81 mmol dm™> ATP+ADP, 4.8 mmol dm™ Pi,
pH 7.4, and 5 mmol dm> malate as catabolic substrate.

a: Catabolic and anabolic flux, kJ and aJ, nor-
malized for the ATP/Oz ratio of 6.0; measured as
oxygen flux and formation of Glu-6-P, respec-
tively. Full line - linear regression with a slope not
signifiantly different from unity suggesting an
ATP/Oz ratio of 6.0 The intercept is the catabolic
oxygen flux of maintenance at zero anabolic net
flux. Broken line - line of ideal correspondence of
a fully catabolic-anabolic coupled system.

and force are not altered by specific catalytic
effects such as saturation or modulation of
enzyme activity, which would change b.

Respiratory Control in Mitochondrial
Oxidative Phosphorylation

The single most important process of energy
transformation in animals is mitochondrial
oxidative phosphorylation. The controver-
sies as to kinetic control (Chance and Willi-
ams, 1955; Jacobus et al., 1982) or ther-
modynamic control (Stucki, 1980; Van der
Meer et al., 1980) are unresolved. Complex
regulatory mechanisms have been implied to
explain the observed flux-force linearities
(Pietrobon et al., 1982), or even unknown
electrochemical network mechanisms have
been postulated to rationalize the unex-
pectedly frequent occurence and wide range

b: Linear flux-reaction pressure relation.

of linear flux-force relations (Berry et al.,
this volume).

Linear flux-force relations have become im-
portant in bioenergetics (Caplan and Essig,
1983), since such linearity and independence
of L on Gibbs force are required for applica-
tion of the Onsager reciprocity relations in
the analysis of coupled processes and ther-
modynamic control. Biochemical reactions
are energetically coupled if their stoi-
chiometries are not fixed by the law of con-
servation of mass, but if they proceed simul-
taneously solely due to the operation of
specific coupling mechanisms. The stoi-
chiometry of an independent chemical reac-
tion is defined by chemical laws, whereas
the coupling stoichiometry of respiration and
phosphorylation is the result of biological
evolution and specific biochemical design
constraints (Atkinson, 1977). The ATP/O,
ratio must be determined experimentally,
and be interpreted in terms of evolutionary
energetics (Gnaiger, 1987).
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ApG. The continuous line is cal-

culated by varying the ATP/ADP
ratio at constant sum concentra-
tion.

d: Oxygen flux as a function of
50 Gibbs force. Full line - calculated

from free activity, net force and
the slope (mobility) of the linear
flux-pressure relation (c). Broken
line - calculated on the assump-
tion (Stucki, 1980) of a linear flux-
force relation.

ATP production by isolated mitochondria is
most conveniently measured as product for-
mation in a coupled anabolic reaction, such
as the phosphorylation of glucose catalyzed
by hexokinase. However, the stoichiometry
of this anabolic reaction and oxygen con-
sumption, =P/O2, is not necessarily equiv-
alent to the ratio of total ATP turnover and
respiration, ATP/O2. In poorly coupled iso-
lated liver mitochondria, the anabolic flux is
zero at relatively high levels of catabolism
(Stucki, 1980; Fig. 4a). This may be com-
pared to an organism with high maintenance
costs as measured by the intercept of oxygen
flux and growth rate (Hawkins et al., 1987;
Wieser, this volume). The linear slope of the
anabolic versus catabolic flux is the net
ATP/Oz ratio. In Fig. 4a this ATP/Oz ratio is
not significantly different from the expected
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mechanistic stoichiometry of 6.0 when ma-
late is the catabolic substrate (compare Le-
masters, 1984). Therefore, the theory of fully
coupled catabolism is applicable (Gnaiger,
1983, 1987) whereas the theory of partially
coupled energy transformation, not only re-
quires linear, but depends on the more re-
strictive symmetric and proportional flux-
force relations (Kedem and Caplan, 1965).

If the observed flux-force relation is linear,
then the free activity must be constant ac-
cording to the concept of reaction pressure
(Eq. 11). In a typical experiment on mito-
chondrial respiratory control, the oxygraph
medium contains the catabolic subsirates in
saturating concentrations. Therefore, it is
reasonable to calculate o as a first approxi-
mation on the basis of the adenylate and in-
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organic phosphate concentrations for the re-
action,

ADP+P;+ H' > ATP + H20
For insertion into Eq. (12), the geometric
mean for the partial substrate activity is (sec-
ond alternative model in Appendix A.2),

sa = V[ADP] [P{] [H']
and for the partial product activity,

pa = 2V [ATP] [H20]

From the measured adenylate and inorganic
phosphate concentrations (Stucki, 1980; mi-
tochondria isolated from rat liver) o was cal-
culated as outlined above and plotted as a
function of the phosphorylation potential in
Fig. 4c.

The force of oxidative phosphorylation is a
composite net force, including the phospho-
rylation of ADP to ATP as the output (posi-
tive Gibbs force, ApG). This endergonic re-
action is coupled via complex vectorial
mechanisms to the catabolic electron trans-
port which generates the input force (nega-
tive Gibbs force, AxG). The catabolic force
is normalized to the output and expressed in
units of kJ per mol ATP turnover, such that
the net force of the coupled reaction is A;G=
MG+ ApG [k] mol ™! ATP].

The apparent catabolic force in isolated mi-
tochondria is obtained experimentally by
measurement of the phosphorylation poten-
tial at various steady state levels of oxygen
flux. The slope, b, in the plot of oxygen flux
and reaction pressure includes implicitely
the ATP/O; ratio (Fig. 4b),

Alternatively, from a rearrangement of
Eq.(11a), b is recognized as the slope of the
rate-force relation,

J0o/0t = -b (MG + ApG) (13)

It is important to note that the rate is flux
divided by free activity, with the proper di-
mension for a rate, thatis per unit time ([S_I]:
compare the per capita growth rate, or per
cent interest rate as opposed to the flux of
actual growth, or total capital increase per
unit of time). When the rate is plotted as a
function of the phosphorylation potential;
then the Y-intercept is -b AkG (Eq. 13), and
the X-intercept (Y-intercept divided by the
slope) is the phosphorylation potential at
zero flux equal to the negativ catabolic force
per mol ATP turnover, AxG.

The apparent AkG is —63 kJ mol”! ATP turn-
over as calculated according to Eq. (13) by
linear regression analysis (r = 0.979; the
same value results from the first alternative
model in Appendix A.2). From o and the ap-
parent net force, AkG + ApG, the reaction
pressure is then obtained for each steady
state condition in the oxygraph medium. The
flux-pressure relation is linear in the ob-
served range (Fig. 4b; r = 0.959), supporting
the concept of reaction pressure. Whereas
the rate-force relation is equivalent to the
flux-pressure relation and is theoretically
linear (Fig. 4b), the linearity of the flux-
force relation depends on the variation of
free activity with the force (Eq. 11a). Since
o varies by less than + 20 % in the range of
observed forces (Fig. 4c), an approximately
linear flux-force relation can be predicted
well beyond the trivial near-equilibrium
range (Fig. 4d; full line). From a simple phe-
nomenological linear flux-force regression
(Fig. 4d; stippled line; Stucki, 1980), a sig-
nificantly different intercept is calculated.
The latter approach, however, lacks theoreti-
cal foundation.

In acrobic respiration with glycogen as the
substrate, the Gibbs force per mol oxygen is
—480 kJ mol™' (Eq. 10) which is nearly iden-
tical to the enthalpy of reaction or the oxy-
caloric equivalent (Gnaiger, 1983b). With
37 mol ATP formed per mol glycosyl-unit or
an in vivo ATP/Oz ratio of 6.2 (Crow and

Kushmerick, 1982), we get AG = —
480/6.17 = -78 kJ mol' ATP tumover
(Gnaiger, 1983), the same value as for succi-
nate to fumarate conversion in oxygraph me-
dium. For the reaction from malate to ox-
aloacetate, AkG is -67 kJ per mol ATP turn-
over under in vivo conditions specified by
Stucki (1980; where a lower value is given
possibly due to consideration of concentra-
tions when activities should be used). The
reason for a deviation of the apparent Gibbs
force (Eq. 13) and the Gibbs force according
to Eq. (10) is not known.

Optimum Efficiency and Power

Optimization principles of efficiency in me-
tabolic energy transformation can now be
evaluated on new theoretical grounds. The
control variables of kinetics (substrate con-
centrations; free activity) and nonequi-
librium thermodynamics (Gibbs force) are
combined in the concept of reaction pressure
(Appendix A). Active control mechanisms
increase the metabolic flux at any given
ApG/ AxG ratio (= force efficiency; Gnaiger,
1987). These active mechanisms are as-
sociated with specific "external costs" such
as an increase of enzyme concentrations (o
increase the rate coefficient, b, or an increase
of all metabolite concentrations to increase
the free activity, On the other hand, the flux
increases at constant AxG with a decrease of
ApG (Fig. 4d) at the "internal cost” of di-
minished efficiency.

A previous concept, based on maximum
(rather than optimum) efficiency within the
restrictions of adjusted degrees of decou-
pling (Stucki, 1980), lacks the appropriate
consideration of the cellular functions of
ATP demand and optimum system perfor-
mance (Gnaiger, 1987). Irrespective of the
applicability of near-linear flux-force rela-
tions (Fig. 4d), the increase of total power
output per unit power input (= efficiency)
can be achieved either at the expense of ex-
ternal costs, or more economically by a re-

duction of metabolic power. This power-
efficiency tradeoff is a general phenomenon
in the region of high efficiency (Fig. 4d: the
efficiency of ATP production and turnover
increase with decreasing flux). ATP utiliza-
tion is a multifunctional process in the living
animal. Therfore, efficiencies calculated for
specific functions such as growth or locomo-
tion are comparatively low and tend to in-
crease with increasing flux or power,
without violation of the ergodynamic exclu-
sion principle which prevents the simul-
taneous maximization of both, power and
efficiency.

Optimization of system performance re-
quires a variety of compromizes including
the optimization of efficiency. Adjustment
of forces and optimization of efficiency are
important ergodynamic strategies in metabo-
lic energy transformation. Allosteric enzyme
kinetic and ergodynamic mechanisms inter-
act as coordinated flux control mechanisms
in highly evolved and economically regu-
lated biological systems.

Supported by FWF Austria, project Nr.
P7162-BIO.

Appendix

A.l.Identity of kinetics and thermodynamics

The mass action ratio of a reaction is M =
pm/sm. In the reaction A+B = C for example,
the mass action of products is pm = ¢c, and
of substrates sm = cA c¢B. At equilibrium we
observe the constant, Meq = K = kifk-1.
When the kinetic order and stoichiometric
order of a reaction are identical, then
] = -(k-1 pm - k1 stn) (A1)
Substituting for k-1 = b RT and for k1 = k-1 K
= b RT K, we obtain (compare Eq. 7),

rJ=-bRT(pm-smK) (AZ)
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Eq. (A2) and Eq. (11) are identical under the
condition that reaction pressure is,
A =0 AG =RT (pm - sm K) (A3)
The definition in Eq.(A3) implies that the
partial product activity and substrate activity

are equivalent to pm and sm K, since (Eq.
12),

pd - sd pm-smK pm-smK
o= = = (A4)
In(pafsa)  In(M/K)  AG/RT

Multiplication of o with AG yields the reac-
tion pressure, consistent with the definition
in Eq.(A3). o, and hence the phenomeno-
logical conductivity L, is an explicit function
of the force, in contradiction to current text-
books.

For the first time, a complete reconciliation
of kinetics and thermodynamics is achieved.
Modifications of the definition of o lead to
phenomenological equations which may be
successful beyond the established kinetic
theory. The classic study on the dynamics of
a gas reaction by Prigogine et al. (1948) pro-
vides an example of the limited predictive
value of kinetics and is used below as a test
case (compare Gnaiger, 1988).

A.2. Two alternative models

By noting that consistency with kinetics im-
plies that the sum of partial activities is
pd+sad = pm+smK = sm (M+K), we can rear-
range Eq.(A4) as,

(M/K - 1) 1
0 = (pa + sa) (AS5)
(M/K+1) In(M/K)

Why should the sum of partial activities,
pd+sa, depend on the equilibrium constant,
pm+smK? This problem does not arise in dif-
fusion, since K =1. The use of a reaction
coefficient defined as ’ = b K in Eq.(A2)

would Iead to the same equation if we rede-
fine pa’+sa’ = pm/K+sm. Such an interde-
pendence of the reaction coefficient and free
activity appears strange for the definition of
o as a function of state, although it would
justify to some extent the combination of
terms in L = b o. If it is postulated that the
ratio pa/sa = M/K remains (Eq.A4) but the
sum of partial activities be independent of
the equilibrium constant, then we may con-
sider pa+sa = pm+sm. However, this yields
poor agreement with kinetics in the model
reaction in Fig. 2, and does not improve the
fit of the data of Prigogine et al. (1948). Ex-
cellent results are obtained in both cases,
however, by considering the sum of partial
activities in Eq.A5 to be the geometric mean
of products plus the geometric mean of sub-
strates. For the 9 test data in Tab. 2 of
Prigogine et al. (1948), this first alternative
model improves the correlation coefficient
from 0.93 (kinetic model) to 0.99, whereas
for the reaction shown in Fig. 2 the model is
indistinguishable from the kinetic equation.

Even the identity pa/sa = M/K may be re-
laxed, by postulating that the product acti-
vity is the geometric mean of product con-
centrations and the substrate activity is the
geometric mean of substrate concentrations.
These partial activities are inserted into
Eq.(12) for the calculation of free activity, o,
which then does not lead to Eq.(A5). This
second alternative model is compared with
the kinetic rate equation in Figs. 2 and 3, It
yields a better agreement with kinetics than
the first model for the conditions in Fig. 3,
and provides the same excellent fit to the
data of Prigogine et al. (1948) (Gnaiger,
1988). As a working hypothesis, this model
is applied to rationalize the paradoxically
wide range of apparently linear flux-force
relations  in  mitochondrial  oxidative
phosphorylation (Fig. 4).
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