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ABSTRACT The problem of free energy transfer and
transduction in mitochondria is reviewed from the point
of view of conservative and dissipative mechanisms.
Excited states are inherently dissipative and are not con-
sidered viable possibilities. If the free energy is already a
local minimum and present in the form of potential
energy, conservative transfer is possible within a properly
designed medium. The design features are compatible
with what is known about mitochondria.

Conservation of free energy

The function of bioenergetic machines, as of all machines, is
the transduction of free energy. The purpose of this paper is to
assess some of the mechanisms suggested for energy trans-
duction in mitochondria. One may generally classify these
mechanisms as conservative or dissipative. The dissipative
mechanisms are those that either do not have design features
that would allow conservation of free energy or, if they do,
it is unreasonable to assume that the mitochondrion should
possess these features. Conservative mechanisms are those
that do possess features of design capable to conserve free
energy and it is reasonable to assume, on the basis of what is
known about mitochondria, that these features may be
operative.
The transport of free energy in a system simply means that

upon arrival at some destination, some work can be performed
on another system at the cost of lowering the free energy of
the first system. (If we unite these two systems into a single
system this process is considered to be transduction.) If the
free energy cannot be lowered before arrival, because locally
it already is a minimum, i.e., there is local thermodynamic
equilibrium, then no loss is possible. If upon arrival the work
performance is possible only if all the locally available free
energy is utilized and other than that no process is possible,
then the transduction preserves the free energy. So the point
is that during transport and transduction the system as a
whole is in local thermodynamic equilibrium and is already
at a local minimum of free energy. Dissipative and conserva-
tive mechanisms are shown in Fig. 1.

Dissipative mechanisms

The dissipative theories can be classified according to the
element that supposedly carries the free energy to be con-
served. The elements can be electrons, phonons, conformons,
and polarons.
McClare (1) proposed a mechanism in which resonant elec-

tronic excitation energy is transferred between two sites.
This mechanism was originally proposed by Kallmann and
London (2) for molecules in a gas phase. It is very unlikely
that the structures necessary to support resonant electronic
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structures exist in mitochondria and that the excitation
energy should not become thermalized within a short time (3).
Shohet and Reible (4) proposed a phonon mechanism of

free energy transfer between an emitter and an absorber. The
phonon is emitted, transmitted through a medium, and
finally absorbed. It is difficult to see how a phonon can be
focused so that it goes to the absorber with certainty. It is
virtually impossible to imagine a very efficient absorber that
would not let most of the energy escape.
The concept of the conformon, as introduced by Green and

Ji (5-7), is a nebulous version of the phonon. It may represent
the mechanical vibrations of the entire protein molecule at a
low frequency. The energy of the conformon is supposed to be
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FIG. 1. (A) Dissipative mechanism. The exergonic and ender-
gonic centers both possess two free energy states independently,
for a total of four states. The transitions must be as indicated by
the solid arrows to conserve the free energy F. The transition
indicated by the single broken arrow is dissipative. (B) Conserva-
tive mechanism. Due to the coupling between the exergonic and
endergonic centers the system possesses a total of only two free
energy states, with the same free energy F. (C) Conservative
mechanism. In the absence of the endergonic center the exergonic
center only possesses the state with the higher free energy.
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conserved throughout an oscillation. In this interpretation a
conformon is simply a phonon. An alternative interpretation
is that the oscillation of the protein i* thermally activated.
In this case the conformon is not an entity with free energy
that needs to be conserved and the conformon is neither a
transmitter nor a transducer of free energy. Green and Ji
seem to use both possible interpretations of the conformon.
Cope and Straub (8, 9) suggested that free energy can be

propagated by a polaron. According to these authors the
polaron is an electron plus a phonon. The phonon part can be
split off and transmitted to the site of ATP production. As far
as the emitted phonon is concerned, the remarks about a
phonon made above apply. The basic idea is, however, based
on a misconception. A polaron is not an electron plus a
phonon, but an electron plus the accompanying distortion of
the substance. In the theory as developed by Holstein (10),
and by Austin and Mott (11), the distortion is due to the
interaction of the electron with the substance and leads to a
displacement of the equilibrium positions of atomic coordi-
nates.
The phonons near the electron, just the same as those far

from it, are at thermal equilibrium and thus the phonon sys-
tem is at minimum free energy. Should a phonon split off
the polaron, the system of phonons near the electron would
be removed from thermal equilibrium, and would conse-
quently be at a higher free energy than before. Any work done
by this phonon would be against the second law of thermo-
dynamics. Within this model the polaron can do work only
if it is assumed that the phonons are not at thermal equi-
librium to begin with. This disequilibrium, however, runs into
other difficulties. If the polaron moves by hopping, then
thermal activation is necessary. This implies that there is
enough time to emit and absorb phonons; thus the initial
state has enough time to equilibrate and the free energy is
lost. If the polaron moves by tunnelling, a phenomenon very
unlikely ever to be observed (12) due to its slow rate, again
there is enough time for thermal equilibration.
The polaron referred to by Cope and Straub is the small

polaron. This still leaves open the possibility that the large
polaron (13) should be involved in a somewhat similar activ-
ity. The large polaron is not very different from an electron
and we shall discuss it in those terms. An electron moving
from residue to residue is tunnelling. This is a slow process as
shown by the experiments of DeVault and Chance (14). The
electron stays on one residue long enough to thermally
equilibrate and any band energy it may have had is lost.
The mechanisms discussed in this section play an important

historical role because they represent the various possibilities
one is predisposed to think of in the context of solid state
physics. Their failure had to be demonstrated to prepare one's
mind for alternatives.
Conservative mechanisms
The mechanisms in the last section, or at least those of them
that possess free energy, all have one thing in common: they
are based upon excited states. Since physical systems tend to
go to the ground state, these mechanisms are inherently dis-
sipative (Fig. 1A). We have to consider the alternative possi-
bility, namely, the storage of free energy in ground states.
To be more precise, we should say a thermal mixture of states
that includes the ground state (Fig. 1C).

Since there is charge separation in the electron transfer
chain we must attribute free energy to the charged pair
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(A+, B-). Since the pair is imbedded in a medium, the free
energy has to be attributed to the charges and to the protein.
We shall not attribute free energy to excitations, e.g., phonons,
because that is dissipative. Therefore, all free energy has to
be attributed to interactions. There are three of these for a
charged pair: interaction of the two charges with each other,
the interaction of each of the charges with the medium, and
the self-interaction of the medium. If we generalize the con-
cept of the polaron to include any kind of charges, then we
have here two polarons. The interaction of the two charges
with each other is simply the Coulomb interaction. The inter-
action with the medium is a more complex matter.

Let us consider an electron first in a totally rigid medium.
Removing the electron from a molecule requires an amount of
free energy called the ionization potential. Placing it on
another molecule returns some of this free energy which is
called the electron affinity. The response of the medium can
be split into two parts: the response of sites within the range
of the electronic wavefunction and of those sites beyond this
range. The second part of the response can be handled by
introducing the polarizability of these sites or the dielectric
constant. With the first part we have two alternatives. We
may modify the values of the ionization potential and the
electron affinity to account for this short-range response, or
we may formally introduce a polarizability and so a dielectric
constant too and handle the long and short-range responses
together (10). Charges other than electrons can be handled
analogously.

It is known from the study of organic and biological semi-
conductors (15) that the interaction of a charge with a di-
electric can be very substantial, of the order of tens of kilo-
calories/mole. It is also known that positive charges can
enter the mitochondrial inner membrane only when imbedded
in ionophores (16) that are highly polarizable. It is therefore
reasonable to propose that the dielectric constant plays an
important role with regard to the free energy. It is clear that
the dielectric constant alone cannot characterize the situation
completely, in view of the ionization potential and electron
affinity mentioned above, and in view of the analogous quan-
tities applying to other charges. But it is also clear that the
dielectric constant plays a major role. The following discus-
sion will be in terms of the dielectric constant, to use simple
language, but we shall keep in mind these other quantities.
The mitochondrial inner membrane is an inhomogeneous

and anisotropic medium. The dielectric constant is large near

the surfaces of the membrane where the polar groups are, and
small inside. The dielectric constant varies not only in space
but also in time due to conformational changes. Cytochrome c

undergoes a conformational change when it is oxidized and
high dielectric substance moves near the heme (17). As a

charge moves in such a medium or as the medium moves

compared to the charge, the free energy will change. A
charge in a high dielectric region has a lower free energy than
in a low dielectric region. It is possible for a pair of charges to
exchange free energy utilizing the inhomogeneity and anisot-
ropy of the medium.

Let us consider a charged pair, A+ and B-. Due to the in-
homogeneity and anisotropy of the medium their free energy
is minimum if they move in their respective "channels" and,
according to the pairing principle, they keep a more or less
fixed distance from each other. As they move through regions
of different dielectric constant, the free energy of each charge
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changes. If matters are carefully arranged the free energy of
the pair as a whole can remain constant. We assume that one
of the charges starts at a high dielectric region of the medium,
the other in a low dielectric region. If in moving parallel to
each other their final position with respect to the dielectric
constant distribution is reversed, they have exchanged their
free energy. A similar mechanism was proposed earlier (18).
We have indicated above that the free energy of a charged
pair consists of three parts: the Coulomb interaction of the
two charges, the interaction of the two charges with the
medium, and the self-interaction of the medium. The change
is mostly in the second contribution. It is evident that the
concept of free energy attributed to one charge is meaningful
only if its change refers to this second contribution. It may
turn out later that the free energy of more than a pair of
charges has to be considered simultaneously.
The free energy transfer mechanism suggested here is

analogous to a pulley with two weights. The charges are the
weights, the interaction of charges with the medium corre-
sponds to the effect of the earth's gravitational pull on the
weights and the motion of charges at a fixed distance corre-
sponds to the motion of the weights on the pulley with a rope
of fixed length. One weight moving down moves the other
weight up and thus they exchange potential energy. The
weight which is now up can be transferred to a neighboring
pulley, move down and pull up another weight. This corre-
sponds to a cation in the coupling system, transferring free
energy from the electron to phosphate in antiport coupling
(19, 20).

The author is indebted to Professors David E. Green and
Barnett Rosenberg for valuable discussions and to the U.S.
Atomic Energy Commission for support.
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