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ABSTRACT

I t i s assumed that Darwin's pr inc ip l e t r a n s l a t e s into optimal

regimes of operation along metabolical pathways in an e c o l o g i c a l system.

Fi tness i s then defined in terns of the d i s tance of a given ind iv idua l ' s

thermodynamic parameters from the i r optimal va lues . The method i s

i l l u s t r a t e d t e s t i n g maximum power as a c r i t e r i o n of merit s a t i s f i e d in

ATP s y n t h e s i s .
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Darwin's principle of evolution by natural selection has been criticized
as being tautological, survival of the fittest meaning little more than 'sur-
vival of the survivors' (Waddington, 1975; Goodwin, 1982, 1984; Ho, 1984;
Webster, 1984). Although the central position of darwiniem in modern
culture cannot be denied, there is some ground for the above accusation
of circularity, because Darwin did not define fitness in terms independent
from survival.

Attempts have been made in the past to prove evolution by natural
selection based on physical taws. This has been accomplished in a few
idealized cases, like the hypercycle (Eigen, 1971; Eigen & Schuster, 1979;
see also Wicken, 1985), and related 'microscopic' models (Szathmary h
Demeter, 1987). To go beyond particular cases requires a thermodynamic
approach. But a firm connection between thermodynamics and Darwin's
principle has been difficult to construct. A fundamental tendency of non-
equilibrium systems towards stationary states of maximal organization and
minimal dissipation constitutes a potentially solid bridge (Wicken, 1979,
1980). Such 'thermodynamic arrow' would lead to biological manifesta-
tions like homeostasis, or stability against environmental fluctuations, and
to optimal modes of operation, like maximal efficiency in resource utiliza-
tion (MacArthur, 1962). While the general character of such proposals is
an asset given their wide realm of validity, it at the same time hinders
experimental verification.

We assume in this work that Darwin's principle implies fulfilment of cer-
tain optimal conditions along metabolical pathways in an ecological system.
This provides a criterion of fitness based not on counting survivors, but on
verfying how close a given individual comes to satisfying these conditions.
Criteria of optimality to be considered are thermodynamic ones: maximal
efficiency, maximal power, minimal rate of entropy production, minimal loss
of available energy, and so forth. Relevant processes in metabolical path-
ways will be those related to energy fixation (photosynthesis), energy trans-
duction (ATP synthesis in glycolysis and respiration, mechanical movement
from the actin-myosin system), biomass formation (macromolecule synthe-
sis in variants of the citric acid cycle), etc.

The concept of fitness just outlined is an approximate one, for it depends
on optimal conditions separately satisfied in processes along different path-
ways, and these are all interconnected. But it is precisely this approximate
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character that endows it with practical value. The manifold interactions
of an individual with its environment depend on a large set of parameters,
all of which would have to be considered simultaneously in an exact defi-
nition of fitness. This would constitute an excessively complex problem in
all cases of interest. Our partial, piecemeal characterization would supply
the essential elements for a complete picture.

The problem of photosynthetic efficiency has been treated quantum
mechanically (Ross k Calvin, 1967; Govindjee, 1982), and the question
of optimality in biochemical systems has been studied with kinetic models
(Sel'kov, 1968; Ross k Schell, 1987; Nicolis k Prigogine, 1977; Rapoport
et at., 1976). Among other important results, it was proved using the
latter that oscillatory regimes of operation are more efficient than stationary
states with the same input flux, and that the stability, dissipation rate
and control features of a. system are all intimately related, and critically
dependent upon its non-linearity. Such detailed analysis is not possible
with the method used here. On the other hand, these models typically
involve about ten free parameters, whose values are not constrained by
fundamental concepts and laws. Our aim is to give characterizations of
optimal ity based on as few phenomenological variables as possible. Our
approach to the Bubject is close in spirit to that adopted by Wicken (1979,
1980).

With the purpose of illustrating the method, maximal power output will
be tested as a criterion of merit satisfied in steady state ATP production.
Results will not be conclusive, due to insufficient experimental information,
but the analysis will furnish useful insights about the process, and point
out indispensable experiments to arrive at a definite conclusion.

ATP synthesis.

ATP production takes place in cells through glycolysis and/or respira-
tion. Glycolysis is an anaerobic process that involves thirteen enzymatic
steps and has as its overall effect the breakup of glucose into two lactate
molecules, with net yield of 2 ATP:

{Glucose} + [2ATP + 2P+) F* {2Lactate} + [2ATP] (1)

The driver reaction is the one indicated with curly brackets, and the
driven synthesis involves the substances in square ones, where P + denotes
a phosphate ion. Under normal cell conditions the process occurs from left
to right, with (molar) free energy changes AG0 < 0 for the driver, and
AGi > 0 for the driven reaction. Of course the total free energy change
AG = AG0 +• AGi < 0. In vivo free energy measurements are not simple,
but for glycolysis they have been performed in erythrocytes (Minakami it
Yoshikawa, 1965), as respiration is absent in them. The reported efficiency
isr; = -AG,/AG0 = 0.53.

Respiration is a more complicated process, in which the products from
glycolysis are oxidized to COt, with net production of 36 ATP molecules:

{6O* + Glucose} + [36ADP + 36P+] ^ {6CO, + 6H2O} + [36ATP] (2)

Again the driver and driven reactions have been indicated with curly and
square brackets, respectively. The corresponding molar free energy changes
are much greater than in glycolysis, and the overall in vivo efficiency is
around 0.7 (Lehninger, 1982).

Our first step will be to write the power P in terms of efficiency, the
only relevant parameter in our analysis. By definition

P = AG,w (3)

where AGi is the useful work, or free energy gain in the driven reaction,
and ti is the reaction speed. Now we need a relationship between v and the
affinity A = -(AG0 + AGi), valid for steady states. This is the kind of
experimental information that we only have in very incomplete form. Let
us call v = f{A) such functional relationship between v and A. Using the
definition of tj,

P=-AG0r,/(-AG0(l-t/)) (4)

Sack tor et al. (Sacktor k Wormser-Shavit, 1966; Sacktor k Hurlbut,
1966) measured in vivo concentrations of respiration metabolites in the



flying muscle of a certain insect, when it suddenly went from rest to its
state of maximum activity, involving a 100-fold increase in ATP flux. They
obtained data corresponding to a continuous flying period of one hour,
which included transient behavior and the onset of a new steady state.
According to their results, such enormous increase in reaction velocity was
achieved with fractional concentration changes of order 10% between these
two steady states. As they did not measure equilibrium concentrations, we
cannot calculate AG0 from their data, but we may assume that its fractional
change was small too, because it is a smooth function of concentrations.
Hence in the following approximate analysis we neglect this change of AC0.

One can then write the power as:

P * n / , ( i - n) (5)

where the relationship between / and /j is clear from eqns. (4) and
(5). As the efficiency i) = — A G J / A G Q is another smooth function of con-
centrations, we will again assume that it changes little (say by about 10%)
between the two states. Hence we have an approximate plot for ti (or,
equivalently, for f t ) , like that in Fig. 1.

Our conclusion will entirely depend on the behavior of v to the left of
the point of maximum ATP flux. Two extreme possibilities are indicated
by curves a and 0, which according to eq. (5) give rise to the power
output sketched in Figs. (2-a) and (2-b), respectively. In the first case, the
efficiency that maximizes power falls close to or within the physiological
interval, and it is far from it in the second.

DiiciMiion.

According to our graphical argument, the degree of fitness of a given
individual would be specified by the behavior of its velocity curve beyond
the steady state of maximum flux, i.e., to the left of point 2 in Fig. 1. This
would determine the distance of the efficiency for maximum power from the
physiological range of efficiencies. Hence it becomes indispensable to obtain
a v vs. affinity (or v vs. efficiency) curve of steady states, a difficult task
considering that one must go outside the in vivo range of concentrations.

All our curves are extrapolations from just two experimental points, al-
beit rather important ones, for they correspond to the limits of ATP flux.
The shape of the solid curve that joins them and continues up to n = 1
(that is, A = 0) finds support from a kinetic model for an autocatalytic
chemical system (Richter et al., 1980). For respiration, getting points be-
tween 1 and 2 in Fig. 1 involves no difficulty with matters of principle. But
collecting data to the left of point 2 might require an experiment m vitro.
In the case of glycolysis the experimental problem increases, because in
vivo measurements are usually performed on erythrocytes, whose energetic
needs are essentially constant, so their physiological range of ATP fluxes
reduces to a point. One could construct a v vs. affinity curve of steady
states using erythrocytes from different species, as ATP flux varies by about
an order of magnitude when certain common animals (mice, goats, men)
are considered (Rapoport et al., 1976). A new, perhaps relevant feature in
such case is that the enzymes involved would not be identical.

Based on a kinetic model for glycolysis, Rapoport et al. (1976) obtain
a graph of ATP flux vs. ATP concentration for erythrocytes from several
species, and observe that the in vivo point mentioned in the former para-
graph is in each case such that ATP (consumption) velocity is maximized
as a function of its concentration. From this they conclude that erythro-
cytes function maximizing efficiency in ATP production. Such conclusion
is not warranted by their evidence, as the necessary analysis based on free
energy gains and losses is not carried out. It is interesting to contrast their
kinetic approach with our thermodynamic one with respect to the number
of phenomenological parameters involved: twelve in their case, compared
with just one here.

Writing the power as a function of efficiency was suggested by a study
of Curzon k Ahlborn (1975) of thermal engines, when finite times of heat
conduction are considered. Introducing time as a variable in this way, they
proved that a Carnot type of cycle maximizes its power output when the
efficiency is r>* = I - (Tj/r,)1/1 , to be contrasted with the Carnot limit
t\c = 1 - Tt/Ti, valid for the quasistatic, or zero-power case. This work
gave rise to 'finite time thermodynamics', whose aim is to get bounds on
the performance of systems based on thermodynamic laws (Rubin, 1980;
Andresen et al., 1983). Having P - P{q) as in eq. (5) allows some instruc-
tive conclusions. For example, in the linear case v = tA, one immediately
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obtains P = e(AG0)1f (l - vi) > s ° f° r £i AG0 constant the power is maximal
when r\ = 0.5 . In the general, un-catalyzed case, ti = *>•*/( 1 - c~AtRT),
where vmf is the maximum forward reaction velocity and R the gas con-
stant. When vmj and AG0 are fixed, P turns out to be maximal for an n
between 0.5 and 1, whose exact value grows with the magnitude of AG0.

Summing up, if steady Btate ATP flux falls on both sides of the physio-
logical interval when plotted as a function of efficiency (or overall affinity),
then the system operates within, or close to, the regime of maximum power.
The argument depends on this physiological range being narrow, and on
the fact that the power is a product of two functions, one that vanishes at
IJ = 0, and another that does so at rj = 1.

The analysis presented on maximum power can be carried out for any
chemical system involving coupled reactions.
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FIGURE CAPTIONS

Figure 1
Graph of reaction speed vs. efficiency for respiration. The solid curve

connects experimental points 1 and 2, and has been drawn to the right of
1 in accordance with a kinetic model of an autocatalytic system (Richter
et al., 1980). To the left of 2 the curve will fall between the two extremes
denoted a and 0 in the figure. The thick horizontal bar indicates the
physiological interval of efficiencies.

Figure 2
Graph of power vs. efficiency, (a) for case a, and (b) for case 0 in Fig. 1.

The power P a? t)v, so the efficiency TJ* corresponding to maximum power
will be close to or within the physiological range in case (a), and far from
it in case (b).
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