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ABSTRACT In at least one component of the mitochondrial respiratory chain, cytochrome ¢ oxidase, exothermic
electron transfer reactions are used to drive vectorial proton transport against an electrochemical hydrogen ion gradient
across the mitochondrial inner membrane. The role of the gating of electrons (the regulation of the rates of electron
transfer into and out of the proton transport site) in this coupling between electron transfer and proton pumping has
been explored. The approach involves the solution of the steady-state rate equations pertinent to proton pump models
which include, to various degrees, the uncoupled (i.e., not linked to proton pumping) electron transfer processes which
are likely to occur in any real electron transfer-driven proton pump. This analysis furnishes a quantitative framework for
examining the effects of variations in proton binding site pK,s and metal center reduction potentials, the relationship
between energy conservation efficiency and turnover rate, the conditions for maximum power output or minimum heat
production, and required efficiency of the gating of electrons. Some novel conclusions emerge from the analysis,
including: (a) An efficient electron transfer-driven proton pump need not exhibit a pH-dependent reduction potential;
(b) Very efficient gating of electrons is required for efficient electron transfer driven proton pumping, especially when a
reasonable correlation of electron transfer rate and electron transfer exoergonicity is assumed; and (¢) A consideration
of the importance and possible mechanisms of the gating of electrons suggests that efficient proton pumping by Cu, in
cytochrome oxidase could, in principle, take place with structural changes confined to the immediate vicinity of the
copper ion, while proton pumping by Fe, would probably require conformational coupling between the iron and more
remote structures in the enzyme. The conclusions are discussed with reference to proton pumping by cytochrome ¢
oxidase, and some possible implications for oxidative phosphorylation are noted.

INTRODUCTION directionality of the coupled electron and proton flows in
cytochrome ¢ oxidase makes the mechanism of proton
translocation by this enzyme fundamentally different from
the “redox loop” mechanism proposed by Mitchell (3) for
the coupling sites in the respiratory chain. In the redox-
loop model, electron movements across the mitochondrial
membrane from the cytosol to the matrix alternate with
simultaneous, electroneutral movements of electrons and
protons in the opposite direction. Because of the persuasive
demonstration (4) of proton pumping in cytochrome ¢
oxidase, and because of the possibility that other proton
translocating elements in the respiratory chain are also
electron transfer-driven proton pumps, it is important to
understand the molecular mechanisms by which electron
transfer reactions can be coupled to vectorial proton trans-
location.

This paper explores the question of how redox processes
—_— can be coupled to vectorial proton transport at a proton-
Correspondence should be addressed to S. I. Chan. pumping site consisting of a single redox center within a

In recent years, it has become widely accepted that at least
one of the components of the mitochondrial respiratory
chain, cytochrome ¢ oxidase, functions as a redox-linked
proton pump. In this enzyme, the flow of electrons from
cytochrome ¢ at the cytosol (outer) side of the inner
mitochondrial membrane to dioxygen and to protons
derived from the matrix (inner) side is coupled to the
electrogenic pumping of protons from the matrix to the
cytosol (1). The protons so pumped contribute to the
maintenance of a proton electrochemical potential (electri-
cally negative inside) across the inner mitochondrial mem-
brane. This proton electrochemical potential is used to
drive the synthesis of ATP from ADP and inorganic
phosphate which is catalyzed by another transmembra-
nous mitochondrial enzyme, the ATP synthase (2). The
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respiratory enzyme. In particular, it investigates the role of
what we will call gating of electrons (meaning the control
of the rates of electron transfer into and out of the site) in
such coupling. The steady-state rate equations appropriate
to several models of proton pumping have been used to
calculate the rate of electron transfer through the pumping
site and the efficiency of free energy conversion at the site.
In this way, we have begun a systematic study of the
relationship between the various parameters which
describe the pumping site (pK,s, reduction potentials,
relative electron transfer rates, etc.) and the resultant
performance of the pump. The present study complements
and extends earlier results that have most often been
derived in terms of linear nonequilibrium thermodynamics,
but it is especially concerned with particular aspects of the
chemical mechanism of the pump, rather than with a
phenomenological description. OQur examination was origi-
nally motivated by a desire to understand published redox
thermodynamic data on cytochrome oxidase as well as
recent measurements of our own (5-7), and has revealed
that some conclusions drawn from simple models of proton
pumping (8,9), for example, a steeply pH-dependent
reduction potential of the redox center associated with
pumping, are based upon implicit assumptions which are
not necessarily valid in the context of a more complete
treatment.

The present investigation leads to predictions regarding
the likely mechanisms of proton pumping in cytochrome ¢
oxidase and clarifies which of the redox centers in this
enzyme can be considered candidates for a proton-
pumping site. Additionally, our analysis of a simple model
transducer should complement existing treatments in the
quantitative study of other biological energy transducers
with which a formal analogy can be made. The analysis is
particularly useful in predicting the effects of reaction slip
(partial uncoupling of the driving process from the driven
process) on the thermokinetic properties of the transducer.
It is hoped that this predictive ability will assist in the
design and interpretation of more effective experiments for
clarifying the mechanisms of proton pumping in cyto-
chrome oxidase and other enzymes.

A SIMPLE MODEL OF REDOX-LINKED
PROTON PUMPING BASED ON
VARYING pK,s

Many models for redox-linked proton pumping involve,
with minor variations, a paradigm like that shown in Fig. 1
(8, 10). P refers to the pumping site, including whatever
molecular components are necessary to the pumping
action; these components include both a center that can
undergo reversible oxidoreduction and a group that can
reversibly bind a proton. The four states shown correspond
to the four possible conditions of oxidation/reduction and
protonation/deprotonation. It is assumed that a chemical
mechanism exists by which the site is constrained to be
protonated only from the matrix (denoted by the subscript
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m) when it is reduced, and only from the cytosol (denoted
by c) when it is oxidized; thus the oxidation state alone
suffices to specify the accessibility of the protonating
group(s). This reduces the number of states required in the
description of the mechanism, and as discussed below is
also in accordance with an analysis which does not implic-
itly give more empbhasis to the regulation of proton flow
than to the regulation of electron flow. The specific
sequence of states drawn is not essential to the paradigm,
or to the ideas we will presently develop. For example,
protonation could equally well occur upon oxidation and
deprotonation upon reduction (if the rules governing pro-
ton accessibility are also reversed). In the scheme in Fig. 1,
each turnover cycle involves the transfer of one electron
and the pumping of a single proton from the matrix to the
cytosol, so in this model the H* /e~ stoichiometry is 1.
Some of the features that are important to a redox-
linked H*-pumping scheme like that of Fig. 1 have
received particular stress in previous descriptions of such
systems: first, it has been noted that an efficient pump
based on such a cycle might be expected to involve some
thermodynamic linkage between oxido-reduction and pro-
tolysis (a redox Bohr effect) (11, 12). This means that in
the cycle drawn, reduction of the pumping site causes
protonation to be favored relative to the oxidized state, i.c.,
pK'™ is greater than pK". In this way, the affinity of the
site for protons is varied cyclically during the operation of
the pump. Equivalently, the pump may be considered as
alternating between a state with relatively high affinity for
an electron (a higher reduction potential) and a state with
a lower affinity for an electron (a lower reduction poten-
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FIGURE 1 Schematic for a four-state redox-linked proton pump. Clock-
wise passage around the four state cycle leads to proton pumping. P refers
to the pump site, including all elements (e.g. proton-conducting channels)
required for pumping action; the subscripts ox and red refer to the
oxidation state. Proton subscripts m and c signify the mitochondrial
matrix and cytosol, respectively.
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tial), depending upon whether it is protonated or not. One
oxidation state of the pump is therefore matched to
conditions on the electronic and protonic input sides,
namely low solution redox potential and high solution pH,
while the other oxidation state is matched to the conditions
of high redox potential and low pH encountered on the
output sides.

A feature that is essential to the operation of any real
pump derived from the model in Fig. 1 is the mechanism
alluded to above that controls the relative accessibilities of
the site to protons derived from either the matrix or cytosol
side of the membrane. In the cycle drawn, this gating of
protons is necessary to prevent both protonation of the
reduced state of the pump from the cytosol or deprotona-
tion of the oxidized state to the matrix, which would lead to
loss of pumping efficiency and leakage of protons across
the membrane. It has been suggested (12, 13) that proton-
conducting channels leading to and from a proton pumping
site might play an important role in the proton pumping
process, and various molecular mechanisms for proton
conduction have been proposed (14, 15). The existence of
specific protein-mediated transmembrane proton conduc-
tion has been demonstrated in the F, component of mito-
chondrial ATPase (15-19).

Proton pumping mechanisms that involve global
changes of protein structure and concomitant movement of
protonated protein chemical groups over relatively large
distances are certainly possible in principle. However,
mechanisms in which the important action is confined to
the neighborhood of the pump might be expected to enable
more rapid turnover. Also, the gating of electrons via some
readily-envisioned mechanisms that involve nearby chemi-
cal groups (discussed below) could be very effective. In
such localized proton pumping mechanisms, proton chan-
nels are essential because they facilitate the movement of
the proton through most of its transmembrane passage.
The rule that governs proton accessibility in the model of
Fig. | reflects a preference for localized mechanisms: the
oxidation state of the pump site (implicitly including the
local geometry that it adopts in each oxidation state),
rather than conformational changes involving movements
of the protein at some distance from the site, solely
determines the proton accessibility. The exclusion of states
that differ from those shown only in their proton accessibil-
ity halves the number of states that must be specified in the
cycle. Conversely, the exclusion of states that differ from
those shown only in their kinetic accessibility to electrons,
which also reduces the number of states that must be
specified, embodies the assumption of a mechanism in
which it is solely the oxidation state of the site that
determines its electronic accessibility. If no assumptions
are made, the number of states formally required is
actually 16 (not eight, as has sometimes been implied
[12]). Since it suffices for demonstration of the ideas
presently under consideration, we have pursued the sim-
plest analysis possible, in which redox state solely deter-
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mines both proton and electron accessibilities. The detailed
conclusions of our analysis would not be changed by a more
explicit consideration of more conformational states, if, as
discussed below, proton motions are rapid relative to
electron transfers.

The requirement for control of electron flow in a proton
pumping scheme like that in Fig. 1 has been noted
previously (20-23), but its implications for the mecha-
nisms of redox-linked proton pumping have not been
explored. The theory of electron transfer rates is quite well
developed and makes predictions that are often readily
testable. It therefore represents a valuable resource for the
bioenergeticist seeking to understand redox-linked proton
pumping.

The emphasis that has been given to thermodynamic
linkage of oxidoreduction to protolysis and to the regula-
tion of proton flow has led the authors of some proton
pump models to assume implicitly that these two factors
exert primary control over the proton pumping cycle (8, 9,
12). In this kind of proton pump model, which could be
called a “pK,-controlled” pump, thermodynamic linkage
together with the gating of protons cause the site to
alternate between a state that has a high proton affinity
and is accessible only to protons from the matrix, and a
state that has a low proton affinity and is accessible only
from the cytosol. Alternation between two states so defined
would necessarily lead to proton pumping. However, the
mechanism of alternation between these states, which
involves electron transfer .0 and from the pumping site, is
obscured by this perspective. The rates of these electron
transfers will in general depend upon whether the site is
protonated or not, because electron transfer rates are
dependent upon the structures and reduction potentials of
the electron transfer partners (22, 24, 25). Hence it is
important to consider the probable nature of these effects
and their consequences for the design of an efficient proton
pump.

pK,-controlled mechanisms of proton pumping merit
particular discussion because they make a clear prediction
regarding the reduction potential of the proton pumping
site. Since reduction leads to substantial protonation (pK®
is higher than the pertinent solution pH) and oxidation
causes substantial deprotonation (pK7y® is lower than the
pertinent solution pH), the pumping site should exhibit a
reduction potential that is steeply (approximately -60
mV/pH unit) dependent upon pH in the physiological
range (26) (Fig. 2). A site that has a pH-dependent
reduction potential would thus appear more likely to pump
protons than one that does not. This reasoning has some-
times been used to implicate one site (Fe,) in the proton
pumping function of cytochrome ¢ oxidase and to disqual-
ify another (Cu,) (8, 12). However, recent spectroelectro-
chemical measurements suggest that neither of these sites
displays this type of strongly pH-dependent potential. This
issue will be reconsidered following the development of our
analysis of redox-linked proton pumping.
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THE REGULATION OF ELECTRON FLOW
IN REDOX-LINKED PROTON PUMPS

Paradigms like that depicted in Fig. 1 are symmetrical
with respect to electron and proton movements, meaning
that electrons and protons play analogous roles during the
pumping cycle when they are viewed simply as ligands to
the pumping site. There is therefore no reason to empha-
size gating of protons more than gating of electrons. In
fact, efficient gating of electrons may be more difficult to
achieve because of the delocalized character of electrons
and their associated capacity for tunneling. The redox loop
mechanism of Mitchell, which adequately describes some
of the other coupling sites in the respiratory chain, is
appealing in part because the steps involving the passage of
net charge through the membrane need only involve elec-
trons, which will be less hindered by the electrically
insulating barrier posed by the mitochondrial membrane
than charge-bearing atoms or molecules which are not able
to tunnel over appreciable distances.

The nature of mechanisms for gating electron flow and
the consequences of ineffective regulation of electron flow
may be fruitfully explored within the framework of elec-
tron transfer rate theory. To this end, it is helpful to outline
briefly some of the central concepts of this theory as
elaborated, for example, by Marcus (24, 27) or Hopfield
(21, 22). It should be emphasized that this field is currently
very active and that many of the ideas are just beginning to
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FIGURE 2 The dependence of reduction potential upon pH for a redox
couple in which reduction is strongly linked to protonation. In the pH
range between pKT™ and pK'®, the reduction potential exhibits a steep pH
dependence (~60 mV /pH unit for a one-electron, one-proton acceptor at
303 K). This would be the behavior anticipated for a proton pump in
which pK, changes were of greatest importance in defining the most
probable reaction path, which requires pK3' to be considerably less than 7
and pK™ to be considerably greater than 7.
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be tested systematically in protein model systems (28—30),
which are the most relevant to the present discussion.

At least four factors are important in determining the
rate of an electron transfer reaction. The first of these is the
reaction exergonicity. Under all but extraordinary condi-
tions, a more exergonic electron transfer reaction is
expected to proceed more rapidly than a less exergonic (but
otherwise identical) reaction (22,27). This factor will
always operate against energy conservation, since uncou-
pled processes (i.e., those in which electron transfer
through the pump is not accompanied by proton pumping)
are more exergonic than coupled ones. In many cases,
probably including the present one, a change in the reac-
tion free energy will be manifested as a change in the
activation energy for the reaction which is about one-half
as large (22, 27, 31). We will take advantage of this useful
approximation in our kinetic treatment of proton pump
models. Similar assumptions have previously been made in
modeling the voltage dependence of transmembrane
charge-translocating reaction steps, by Laiiger (32),
Hansen et al. (33), and recently by Pietrobon and Caplan
(34). The validity of such approximations must of course
be tested experimentally whenever possible, but it is note-
worthy that in the case of electron transfer, owing largely
to the simplicity of this fundamental chemical reaction,
this approximation is likely to be reasonably accurate.

A second factor that influences electron transfer rates is
the so-called reorganizational energy associated with the
electron transfer. This refers to the amount of energy
involved in the structural rearrangements that accompany
the oxidation of the electron donor and the reduction of the
electron acceptor. For reactions that are not extremely
exergonic, including those of mitochondrial electron trans-
port, a smaller rearrangement energy will lead to more
rapid electron transfer. Since the rearrangement energy
involves the details of the coordination geometry of the
electron transfer partners, it should be possible to modulate
it significantly by changing the coordination environment,
for example by protonating a ligand or exchanging one
ligand for another, at the pumping site. However, modula-
tion of electron transfer rates via this mechanism is
expected to be approximately scalar in character, meaning
that the rates of electron transfer to and from the pump
will be changed by similar factors. This kind of regulatory
mechanism cannot by itself give rise to the desired vectorial
process of proton translocation.

A third factor influencing electron transfer rate is the
distance between the electron donor and acceptor. Electron
transfer over long distances in proteins involves thermally
activated tunnelling whose probability is related to the
extent of overlap between the tails of the donor and
acceptor orbitals. The amplitudes of these tails will
decrease rapidly with distance in a protein and in the
reduction potential range relevant to mitochondrial elec-
tron transfer. If other factors remain fixed, it is expected
that the electron transfer rate could decrease by a factor as
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large as 100 for every 3-A increase in distance (22, 35, 36).
Conformational changes which change the intersite dis-
tances by even a few Angstroms will therefore have a
significant effect. If a continuous range of different protein
conformations is thermally accessible, it is likely that in
some of these conformations the electron transfer rate will
be especially fast, owing to the effects of the intersite
distance and the intersite material (described below). In
such a case, a handful of the many accessible conforma-
tional states could make the dominant contributions to the
electron transfer rate.

A final factor, which is also related to the overlap of
donor and acceptor orbitals, is the nature of the intersite
material. The donor and acceptor orbital amplitudes will
decrease with distance more rapidly in a saturated hydro-
carbon environment or in a vacuum than in regions
containing aromatic groups or other conjugated systems, if
the symmetry of the aromatic orbitals permits interaction
with the donor and acceptor orbitals. Particular alignments
of hemes, coordinated or noncoordinated histidyl imid-
azoles, or other aromatic amino acid side chains could
therefore enhance the rate of electron transfer. The possi-
ble magnitude of such an effect is a matter currently under
study (37, 38), but it is likely to be quite large. Fairly minor
structural changes could have a significant impact on
electron transfer rates, since symmetry restrictions could
cause some orbital overlaps to vanish at particular orienta-
tions of aromatic amino acid side chains. Since the ther-
mally activated electron tunnelling is not restricted to a
single well-defined pathway connecting the redox sites,
structural changes close to the sites could more effectively
modulate the tunnelling probability than changes farther
away.

The role of gated electron flow in redox-linked proton
pumping is depicted in Fig. 3. The reaction cycle drawn is
an elaborated version of the four-state scheme in Fig. 1; the
electron donor and acceptor are explicitly identified and
the electron transfer reactions that can uncouple electron
transport from proton pumping (the “electron leaks™) are
shown. The electron leaks shown are expected to be
significantly exergonic, so the reverse processes, which
would be much slower, have been ignored. A rate constant
is assigned to each of the various electron and proton
transfer processes. Vectorial regulation of proton flow is
recognized as before by the proton subscripts m and ¢, and
this regulation is assumed to be perfect. Uncoupling pro-
cesses involving protonation/deprotonation (the vertical
segments of the cycle in Fig. 3) are therefore ignored. The
generalization to imperfect gating of protons is not difficult
but would obscure the central points of the present analy-
sis, which emphasizes regulated electron flow. We note
that even with perfect gating of protons, the pumping site
may nevertheless exhibit less than perfect pumping effi-
ciency, and even net proton flux in the “wrong” direction,
because of the presence of the electron leaks. (A negative
proton flux would result if the reaction followed the
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FIGURE 3 Four-state redox-linked proton pumping cycle that includes
electron leak pathways. The electron donor and acceptor are signified by
D and A, respectively. The uncoupled electron transfers are assigned
primed rate constants; the reverse of the uncoupled processes are not
included since they are expected to be much slower.

outermost pathway in Fig. 3, involving both uncoupled
electron transfers, in the counterclockwise direction.)

The importance of effective electron gates is readily
appreciated if one considers the free energy changes asso-
ciated with the reactions diagrammed in Fig. 3. As noted
above, pK,-controlled proton pumps are based upon a
thermodynamic linkage between oxido-reduction and pro-
tolysis. The pK, of the reduced pump will therefore be
different from (in a scheme like Fig. 3, greater than) the
pK, of the oxidized pump, and the reduction potential of
the site will be greater when it is protonated than when it is
not. Hence the uncoupled process k] in Fig. 3 will be more
exergonic than the coupled process k,, by an amount equal
to the thermodynamic linkage. The same is true of the
uncoupled process k) relative to the coupled process k,.
Without special provisions for directing the electron trans-
fers, the rate constants for the more exergonic, uncoupled
processes will be greater, and efficient proton pumping will
not occur. Adopting the relation between electron transfer
rate and exergonicity described above, it can be shown that
in the limiting case of a proton pump that relies exclusively
on thermodynamic linkage (so that the uncoupled and
coupled isoergonic electron transfer rates are equal) net
pumping of protons against an opposing gradient is not
possible (see discussion of Fig. 5 below).

Having recognized the importance of gating of both
protons and electrons, we may envisage proton pumps that
might be called “kinetically controlled” pumps. In their
most extreme form, Kinetically controlled pumps would
involve no thermodynamic linkage (no modulation of pK,s)
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but would rely exclusively upon the gating of electrons and
protons. In a less extreme form, kinetic control would play
a significant role in the pumping cycle, and thermody-
namic linkage would assume a correspondingly diminished
role. As the foregoing discussion indicates, a degree of
kinetic control is essential. Electron leakage is an issue that
should be considered in any type of model for a redox-
linked proton pump, because it can place significant con-
straints on the overall efficiency of a real pump, and
because any real pump must incorporate mechanisms for
minimizing it.

KINETIC ANALYSIS OF A PROTON
PUMPING MODEL THAT INCLUDES
UNCOUPLED PATHWAYS

Solution of the Steady-State
Rate Equations

In this section, we will undertake a quantitative investiga-
tion of the importance of gating electron movements, the
role of thermodynamic linkage, and related issues involved
in redox-linked proton pumping. The approach is based
upon the solution of the steady-state rate equations which
describe various pumps, and is in some respects similar to
the work of Laiiger (39), who considered the case of
perfect gating, and to the more recent study of Pietrobon
and Caplan, who examined some of the effects of leaks on
steady state flow-force relationships and made a critical
comparison of their results with the equations of linear
irreversible thermodynamics (34). The analysis is based
upon the four-state reaction scheme given in Fig. 3. The
important assumptions implicit in this reaction scheme
have been noted above.

The present analysis addresses the steady state rather
than the equilibrium condition of a proton pump, and thus
reveals kinetic properties. Any real proton pump must
operate at a nonzero rate to be useful, which will entail
some irreversibility in the reaction cycle and an accom-
panying departure from maximum efficiency. It is interest-
ing to inquire at what level of ef"ciency (and hence rate) a
real proton pump is likely to operate, and how this level of
operating efficiency is related to the magnitudes of the
electron or proton leaks that are present. The answer to this
question must involve the relationship of the efficiency of
the pump to its turnover rate, and the relationship of both
to the electron or proton leaks. These relationships are
readily predicted using a steady-state analysis. A steady-
state analysis is probably applicable to mitochondria that
are in a particular sustained state of respiration. However,
it is not directly applicable to the transient behavior which
has so far been observed in measurements of proton
pumping stoichiometry in cytochrome ¢ oxidase (40, 41).
These experiments typically involve measurement of the
initial rate of pH changes following a pulse of reductant or
oxygen; the membrane potential is initially zero and rap-
idly increases as protons are pumped, ordinarily not reach-
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ing physiological values. Conversely, it should be noted
that transient measurements of proton pumping stoichiom-
etry should not be extrapolated uncritically to the mito-
chondrial steady state.

Previous treatments (references 42—46, for example) of
the kinetics of mitochondrial energy transduction have
most often been more phenomenological, using the for-
malism of irreversible thermodynamics under the assump-
tions of linear flow-force relationships and Onsager reci-
procity. To a surprising degree, the flow-force relationships
measured in mitochondrial oxidative phosphorylation are
in accord with these assumptions (43, 45). The recent
investigation by Pietrobon and Caplan (34) most nearly
resembles our own. These authors solved steady-state rate
equations in order to calculate force-flow relationships for
two different proton pumps that incorporated various
degrees of uncoupling via a single slip pathway. Their
approach, like that described here, is complementary to the
irreversible thermodynamic approach in that it begins with
a particular molecular model for transduction and makes
predictions that can be compared with those of irreversible
thermodynamics. By critically evaluating the assumptions
of the irreversible thermodynamic treatment in the light of
their steady-state analysis, Pietrobon and Caplan deter-
mined that the nonequilibrium thermodynamic approach
is an approximation to be used with some caution. The
particular advantage of the steady-state approach is that
reaction slip and other pertinent phenomena are given
more precise physical meaning in terms of rate constants
for particular reaction steps in a chemical mechanism.

A depiction of the four-state pumping cycle that empha-
sizes the irreversibility of the reaction is given in Fig. 4. In
this figure, the electron and proton standard free energy
changes at each reaction step are given in terms of the
various reduction potentials and pK,s that describe the
pump. The figure is intended to introduce some of the
symbols (reduction potentials and pK,s) which are impor-
tant in later discussion and facilitates the visualization of
the corresponding quantities.

The free energies shown in Fig. 4 reflect the energetic
scheme most commonly assumed for a “pK,-controlled”
proton pump; i.e., protonation from the matrix is somewhat
exergonic in the reduced state and deprotonation to the
cytosol is somewhat exergonic in the oxidized state. Also,
the reduction of the deprotonated pump by the donor and
the oxidation of the protonated pump by the acceptor are
both slightly exergonic. This is in accordance with the
presumed requirement, noted above, for matching of the
input and output states of the pump to input and output
potentials. While the figure is drawn to reflect particularly
this conventional type of pump, the analysis that follows
will extend to a range of pump “designs,” some of which
will have state energies that do not resemble those in Fig. 4.
For example, if the pK, of the reduced pump site were
decreased, the second reaction step in Fig. 4 would be
correspondingly less exergonic.
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FIGURE 4 Standard free energy changes that occur in the four-state
proton-pumping cycle of Fig. 3. The expressions for free energy changes
for the electron transfer reactions assume that the donor and acceptor are
50% reduced, so that the operating potentials equal the standard poten-
tials. The standard free energy changes are partitioned formally into the
electronic (A4) and protonic components (B); see the text for a description
of this convention and its limitations. The symbols used are: E§, the
standard reduction potential of the electron donor to the pump; EY, the
standard reduction potential of the electron acceptor; EP, the standard
reduction potential of the deprotonated state of the pump; E§, the
standard reduction potential of the protonated state of the pump; pKT,
the pK, of the reduced pump; pK¢*, the pK, of the oxidized pump. For the
purpose of illustrating the standard free energy changes accompanying
proton transfers to and from the aqueous phases, we have represented the
solvent by protonatable donor and acceptor groups with pK,s, pK?, and
PK? equal to the matrix and cytosol pH, respectively. Actual (as opposed
to standard) free energy changes of proton transfer to the bulk solvent
were incorporated in the calculations described in the text.

Hill (47) has pointed out that there is no unique way to
partition the free energy changes at each reaction step in a
transduction cycle like that in Fig. 3 into individual
components due to each of the two ligands (in this case, the
proton and the electron), because the free energy of an
enzyme-ligand complex cannot be assigned to the ligand
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alone, and because the free energy of a complex containing
two ligands cannot be partitioned between the two ligands.
It therefore cannot be stated that the electron “transfers”
its free energy to the proton to be pumped in one particular
reaction step. For purposes of illustration, however, we
have in Fig. 4 adopted a convention that formally partitions
the free energy changes between the proton and the
electron. The particular convention employed is that the
increase in reduction potential that takes place when the
site is protonated is associated with a corresponding stabili-
zation of the electron. The other free-energy changes in
Fig. 4 follow accordingly. The free energy scheme shown is
intended to illustrate that by appropriate selection of the
pK,s and reduction potentials, it is possible for the transfer
of free energy from electrons to protons to take place
without requiring very large changes in the standard free
energy of the system as a whole at any step, in spite of the
large protonic and electronic net free energy changes that
must take place over the whole cycle.

In Fig. 4, the initial state P,, + H,* and the final state
P, + H_* differ in protonic free energy by the magnitude
of the proton electrochemical potential across the mem-
brane. In an energized mitochondrion, this potential corre-
sponds to a protonmotive force (see reference 3) of ~200
mV (48-53). With respect to electronic free energy, the
initial and final states will differ by the difference between
the reduction potentials of the electron donor and acceptor.
(Note that the free energies given in Fig. 4 are free
energies under standard conditions, corresponding to donor
and acceptor both one-half reduced.) In the case of cyto-
chrome ¢ oxidase, for example, the standard reduction
potential difference will be approximately 550 mV (for the
average of the four different electron transfers required to
reduce dioxygen to water), and approximately half of the
free energy change from transferring an electron across
this potential difference will be available for proton pump-
ing, since the electron transfers to dioxygen are themselves
electrogenic (4).

The rate of proton pumping in the reaction scheme of
Fig. 3 is given by

Ry = ke [Ho "] [Preg] — kg [Prea - H'] (1
The rate of electron transfer is given by
Re- = ki [Drea 1[Po] + Ki[Drea) [Pox - HY]
=k \[Du][Pes].  (2)
Defining the flow ratio of proton pumping by
X = Ry+/R.-, 3)
the overall efficiency of the pump is then
7 = X(Afy+/AG), )

where Ajiy- is the proton electrochemical potential across
the membrane, and AG is the total free energy per electron
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transfer available for proton pumping (equal to the free
energy available from electron transfer in the absence of a
membrane electrical potential less the free energy required
for charge translocation across the existing membrane
potential). The other symbols are defined by reference to
Fig. 3.

The equations that describe the steady-state condition of
a pump like that in Fig. 3 can be solved by standard
methods, as shown in the Appendix. The resulting expres-
sions for the steady-state concentration of each of the four
species were used in Egs. 1 and 2 to derive the following
expressions for the rate of electron transfer through the
pump and the flow ratio of proton pumping

R-=A/B 4)
X = C/A. 5)
Where
A =k, [D]kuk s [ A,) (ko + k2 [A] + K, [D,])
+ koak_3 [ Ao] (K_3[ 4] + ka[Ha'])}
+ Ky [Dr] tkeakoa [He 1K [ A]
+ ko [Ha " 1ky [ D] k5[ Ao]
+ koo [He™ Tk o[ Ao 1(K_3[Ao] + k_([D, ]
+ ko [Ho* D}
— ko [Do) ks [ A Tkoo [He™ ke
B = {k_3[A,] (kg + koo [Ho'1) + koo [He*] (K2[4,]
+ Ki[D D HK 3 [4,] + k_1[D,] + kalHn*1}
+ {ka(ka[Ao] + k-1 [D,] + k,[D,])
+ k[Ha 1k([D,]H kot + kalA.] + K [D/]}
+ koafH " 1 kg (ko[ A1 + K1[D,] + k5[ A] + k_1[D,]
+ ki[D]k_3[A,] (kia[Ha™] + ko),
C = knu[Hu"1k_2[A.] ki [D)koa — koa[H* 1kea (K75 [Ao]
+ k_i[Do]) (ky[Ac] + K [L,])

and the various symbols are defined in Table I and Fig. 3.
These expressions were employed to calculate electron
transfer rates and proton pumping efficiencies, using vari-
ous values for the kinetic parameters that describe the
pump. Description of the input parameters and the values
assigned to them in the initial analysis are given in Table I;
the available free energy for proton pumping and input/
output potentials are intended to approximate cytochrome
oxidase. Rates and efficiencies were calculated for trans-
membrane proton electrochemical potentials ranging from
zero to a potential equal to the total free energy available to
the pump. This transmembrane proton electrochemical
potential is the maximum attainable at steady state and
can only occur in the case of perfect pumping efficiency.
The following assumptions were made regarding the
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TABLE I.
PARAMETERS USED IN THE CALCULATION OF RATES
AND EFFICIENCIES OF THE FOUR STATE REDOX
LINKED PROTON PUMP

Value used in

Parameter L .
initial analysis

Description

Eg Reduction potential of the electron 250 mV
donor to the pump

E} Reduction potential of the electron
acceptor from the pump

[D,] Concentration of the reduced form of 0.5
the donor relative to that of the
pump

[D,] Concentration of the oxidized form of 0.5
the donor relative to that of the
pump

[4,] Concentration of the reduced form of 0.5
the acceptor relative to that of the
pump

[A4,] Concentration of the oxidized form of 0.5
the acceptor relative to that of the
pump

E? Reduction potential of the deproton-
ated pumping site (Fig. 3, upper re-
dox equilibrium)

E} Reduction potential of the protonated
pumping site (Fig. 3, lower redox
equilibrium)

pK™ pK, of the reduced pump site 10.0

pKY pK, of the oxidized pump site 7.0

PP, Product of the rates of protonation 1 x 10572
and deprotonation on the input
(matrix) side of the pump. This
quantity is related to the height of
the barrier to protonation/depro-
tonation, and thus describes the ki-
netics of proton movements.

PP, Product of the rates of protonation
and deprotonation on the output
(cytosol) side of the pump

EP, Product of the forward and backward
rates of electron transfer on the in-
put side of the pump. The electron
transfer analog of PP;.

EP, Product of the forward and backward
rates of electron transfer on the
output side of the pump

550 mV

310 mvV

490 mV

1 x 10%s2

1 x 10*s™?

1 x 10*s?

KL, Standardized*® rate of the electron
leak involving the electron donor
KL, Standardized* rate of the electron

leak involving the electron acceptor

*By “standardized,” it is meant that these rate constants apply for the
electron transfers in question when the processes are isoergonic. To obtain
actual rate constants, the standard rates were adjusted under the assump-
tion that changes in AG are manifested as changes in AG$, which are
one-half as large, consistent with the discussion (see text) of the factors
that influence electron transfer rates. In this way, the anticipated effect of
changes in £{ or E§ upon the rates of electron leakage are automatically
taken into account. Note that the standard rates for the coupled electron
inputs and outputs are simply the square roots of EP; and EP,.
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mitochondrial electrochemical proton gradient. First, the
pH in the cytosol was assumed not to vary, since it
ordinarily involves a buffering capacity that is large rela-
tive to the interior of the mitochondrion. The cytosol pH
was fixed at 7.0, which is a reasonable estimate of intracel-
lular pH. For the initial analysis, the electrochemical
proton potential was treated as consisting only of a pH
difference, with no electrostatic component. Calculations
that explicitly included an electrostatic component (not
shown) demonstrated that this simplification does not
change the principal conclusions to be drawn from the
analysis, and required knowledge of quantities that can
only be guessed at present (specifically, the locations of the
pump site, the electron donor, and the electron acceptor
within the transmembrane profile of electrostatic poten-
tial). The effects of an electrical membrane potential are
readily determined, especially if it is assumed that chan-
nels conduct protons to and from the site: The electron
transfer exergonicities, and hence rates, will change in
accordance with the electrical potential difference between
the participating sites. The effective proton activities at the
pump will be changed by an amount that reflects the work
required to transport protons to and from the site under the
influence of the transmembrane electric field (64). The
latter effect is important in determining the effective
values of pH sensed by the pump, and will influence its
optimal pK, values accordingly.

To emphasize the fact that it is the pH values of the
compartments that are being varied, transmembrane pro-
ton electrochemical potentials are expressed as the corre-
sponding ApH in the analysis that follows. The proton
electrochemical potential difference associated with a pH
gradient (ApH) is given by the equation Apy. = 2.303
(RT/F) ApH. For simplicity, a temperature of 30° was
assumed so that 1 pH unit corresponds to 60 mV. A
transmembrane proton chemical potential difference of 3
pH units would correspond to an effective matrix pH of
10.0. (We do not suppose that the pH of the mitochondrial
matrix is actually this high; this value is an effective pH
that reflects both the proton activity in the matrix and the
effects of the transmembrane electric field upon proton
activities at the pump. If the pump were situated at the
cytosol end of a proton channel traversing the membrane,
the pH it experiences when exposed to the matrix would be
roughly this high, given a typical transmembrane proton
electrochemical potential of 200 mV.)

Pump Rates and Efficiencies: Effects of
Transmembrane ApH and Electron Leaks

Both the rate of electron transfer through a proton pump-
ing site and the efficiency of the proton pumping are
expected to depend upon the magnitude of the transmem-
brane proton electrochemical gradient. In Fig. 5, the
predicted efficiency of the proton pump (calculated
according to Eqs. 4 and 5) is plotted as a function of the
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FiIGURE 5 Efficiency of the proton pump model (Fig. 3) as a function of
the mitochondrial membrane pH gradient, for five different values of the
rates of uncoupled electron transfer (electron “leak rates™). The electron
leak rate is expressed in the figure as the ratio of the isoergonic uncoupled
and coupled electron transfer rates (for the motivation behind this
comparison of isoergonic electron transfer rates, see the text and the
footnote to Table 1). The values of the parameters that describe the pump
(see Table I) are as follows: E§ = 250 mV; £ = 550 mV; Ef = 310 mV;
Ej = 490 mV; [D] = [D,] = [A] = [4,] = 0.5; pK;* = 10.0 (pK* thus
equals 7.0); PP, = PP, = 1 x 10's™% EP, = EP, = 1 x 10*s7% Since EP,
and EP, are 1 x 10*s~2, the isoergonic coupled electron transfer rate is
100 s™', or the square root of 1 x 10*. Note that these parameters are
symmetric with respect to the input and output sides of the pump; i.e.,
PP, = PP, EP, = EP,, E¢ — E} = E3 — Eg, etc.

magnitude of the membrane ApH for four different values
of the electron leak rates. The other parameters were
selected to preserve symmetry (with respect to the relation-
ship of the pump pK,s to the pH gradient across the
membrane, and the relationship of the pump reduction
potentials to the donor and acceptor reduction potentials),
and to attain a near-optimum in kinetic performance. In all
cases examined below, the rate of protonation has been
assumed to be fast relative to the electron transfer rates.
This is in accordance with the present emphasis on electron
transfer and the gating of electrons. The assumption that
protonation is fast relative to electron transfer is also in
accordance with what is known about the intersite dis-
tances in cytochrome ¢ oxidase. The Fe, and Cu, sites are a
considerable distance, probably 15 A or more, away from
each other and from the Fe, /Cuy site (54). Electron
transfer over such a distance is not expected to take place
much faster than the overall turnover rate that the enzyme
can achieve under uncoupled conditions [~100 s~ (55)],
unless the reorganizational energy and electron transfer
exergonicity are optimally related in a way that appears
unlikely given the small exergonicities under consideration
(22). Hence, rapid preequilibria involving electron transfer
between the pump site and the other sites in the enzyme
appear unlikely. On the other hand, protonation/deproton-
ation could be considerably faster than the overall turnover
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rate of the enzyme if the proton transfers are catalyzed by
suitably situated acid/base groups (56—58), so long as the
PK,s of these groups are not extreme.

The rates of electron leakage are expressed as the ratio
of the uncoupled and the coupled electron transfer rates.
The electron transfer rates are expected to depend upon the
electron transfer exergonicities, and this correlation has
been explicitly incorporated into the kinetic analysis.
Because of this correlation between exergonicity and rate,
the uncoupled and coupled electron transfer rates were
standardized to zero exergonicity for purposes of compari-
son. We will refer to the electron transfer rates standard-
ized to zero exerogonicity the “isoergonic™ electron trans-
fer rates (see footnote to Table I). The isoergonic electron
transfer rate reflects all of the factors besides exergonocity
that influence the electron transfer rate, including the
intersite distance, the nature of the intervening material,
and the reorganizational energies. It is these factors that
can be manipulated to achieve gating of electrons, so the
uncoupled/coupled isoergonic electron transfer rate ratio
measures the effectiveness of gating.

It is evident from Fig. 5 that the rate of uncoupled
electron flow has a dramatic effect on the efficiency of the
pump. When the ratio of the uncoupled and coupled
isoergonic electron transfer rates is zero (perfect control of
electron flow), the efficiency attains a value of 1.0 when
the membrane proton electrochemical potential equals the
available free energy (this occurs at ApH =5 for the
parameters used in Fig. 5). When the uncoupled/coupled
ratio is 0.0001, the maximum attainable efficiency is 0.76,
and when this ratio is increased to 0.001, the maximum
efficiency decreases to 0.57. At a ratio of 0.01, which still
involves significant gating of electron flow, the maximum
efficiency is only 0.31. At a ratio of 1.0, corresponding to
no gating of electron flow, the efficiency is zero at zero
membrane potential and negative (i.e., cycling causes
discharge of the membrane potential) for all nonzero
membrane potentials (data not plotted). This last result is
of course not a coincidence, but follows in consequence of
the particular correlation between electron transfer rate
and exergonicity that we have assumed, which causes the
effects of the thermodynamic factor (pK* — pK:™) to be
exactly compensated by kinetic factors. Assuming a
weaker correlation would lead to quantitatively different
predictions, but the basic conclusion (i.e., that control of
electron flow is very important) would hold until the
correlation was made surprisingly weak.

Fig. 5 indicates that in the presence of electron leaks
there is a membrane potential that is optimal for the
efficiency of the pump. However, in most cases simulated,
the efficiency does not decrease very sharply away from
this optimum, so that relatively efficient operation is
possible over a substantial (+~20%) range of membrane
ApH. The curves in Fig. 5 are very similar to the analogous
curves generated by analyses based upon linear nonequi-
librium thermodynamics by, for example, Caplan (51),

722

Stucki (43), or Rottenberg (42). The curve describing an
uncoupled/coupled isoergonic rate ratio of 0.0001 corre-
sponds approximately to a phenomenological degree of
coupling g of ~0.99, and that describing a rate ratio of 0.01
to a degree of coupling of ~0.8 (43).

In respiring mitochondria and in vesicle-reconstituted
cytochrome ¢ oxidase, the rate of electron transfer
decreases as the transmembrane proton electrochemical
potential increases (50-53, 60, 61). This phenomenon is a
manifestation of “respiratory control,” and the ratio of the
electron transfer rate in phosphorylating (State 3) mito-
chondria (in which the proton gradient is partially
discharged by the ATP synthase) to the rate in fully
membrane-energized (State 4) mitochondria is called the
“respiratory control ratio” (62). This kind of behavior,
reflecting control of the electron transfer rate by the
thermodynamic force opposing proton pumping, is illus-
trated in Fig. 6, which plots the rate of electron transfer
through the pump as a function of the membrane ApH (for
the same parameters used in Fig. 5). The electron transfer
rate decreases sigmoidally with increasing membrane
ApH, and in the case of perfect gating (no electron
leakage) the rate becomes zero when the applied potential
equals the available free energy (5.0 pH units), as required
at equilibrium. As gating is made less effective, the
decrease in rate with increasing membrane ApH becomes
less severe. When the uncoupled/coupled rate constant
ratio is 0.01, the electron transfer rate is still at ~50% of its
maximum value when ApH = 5. With uncoupled/coupled
ratios 10-fold or larger, an increase in electron transfer rate
with increasing membrane potential is predicted (calcula-

Electron Tronsfer Rate (s™')

1 | 1 |
OO | e 3 4 9

Membrane ApH

FIGURE 6 Electron transfer rate for the proton pump model (Fig. 3) as
a function of the mitochondrial membrane pH gradient, for four different
values of the electron leak rates. The parameters describing the pump are
the same as those used in Fig. 4; the electron leak rates, again expressed as
the ratio of isoergonic uncoupled and coupled electron transfer rates, are
shown in the figure. As noted in the caption to Fig. 5, the isoergonic

coupled electron transfer rate for this pump is 100 s~".
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tions not shown) because the pump is then so inefficient
that it functions mostly as an uncoupled electron leak.

The curves in Fig. 6 are similar to analogous curves
calculated by Pietrobon and Caplan using a steady-state
analysis of a pump that explicitly involved six states (34).
In the language of linear nonequilibrium thermodynamics,
the values of membrane ApH near the inflection points of
these curves define the flow-controlling range of the force.
The position of this flow-controlling range depends upon
the rate constants chosen; in the present example they
reflect the chosen value of ApK, (pK:! — pK = 3.0
units), and in the case of the simulations of Pietrobon and
Caplan they are primarily determined by the equilibrium
constant for a charge-translocating reaction step whose
rate is influenced by transmembrane potential (34).

In Fig. 7, the rate and efficiency data of Figs. 5 and 6 are
correlated. As one would expect, there is a trade-off
between the efficiency and the rate. However, there is a
wide range of rates over which the efficiency does not
decrease very steeply, indicating that in these ranges a
substantial gain in rate can be realized with relatively
small sacrifice of efficiency. This is particularly true for
the cases with nonzero electron leaks, and suggests that a
real pump operating according to the schematic of Fig. 3
will ordinarily not operate at very high (>0.75) efficiency,
because of the large loss in rate that this would entail,
especially if its power output is an important consider-
ation.

Stucki (43) considered the effects of various degrees of

Efficiency
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FiGURE 7 Efficiency vs. electron-transfer rate for the four-state pump
of Fig. 3, for four different electron leak rates. The values of the other
parameters used in the calculation are those specified in Table I. For a
given leak rate, the position on the curve at which the pump actually
operates is fixed by the applied membrane potential. Dashed line: A curve
of constant power output. The point at which this curve is tangent to the
rate vs. efficiency curve for leak rate 0.001 represents the conditions
under which the pump with these parameters yields the maximum power
output.
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uncoupling upon a linear transducer, as measured by a
variety of performance criteria including its output rate
(proton pumping rate in the system currently under discus-
sion), its output power, and the product of its power and its
efficiency. This consideration of different performance
criteria is important, because the energy-supplying systems
in a cell are subject to selective pressure to maximize
neither efficiency nor power output alone, but rather some
compromise between the two. The ideal trade-off between
efficiency and power will vary from tissue to tissue and will
even vary temporally within a single tissue as its metabolic
state changes. Stucki’s analysis reaches the conclusion that
various degrees of uncoupling (in the present context this
would mean electron leakage) are actually beneficial in
achieving optimal performance by the various criteria
given above. This conclusion arises from the application of
a constraint that the transducer will always operate at the
maximum in its efficiency vs. load curves. We believe that
this restriction is somewhat artificial. Since the operation
of a transducer in a biologically advantageous fashion
requires a compromise between maximization of efficiency
and maximization of other performance criteria (e.g.,
power output and turnover rate), the most advantageous
operation will not in general occur at the load (membrane
potential) corresponding to maximal efficiency. If the
transducer is very well coupled (as represented, for exam-
ple, by the curves in Fig. 3 with the uncoupled/coupled
rate ratio of 0.0001), and circumstances dictate that
maximum power output is advantageous, it should not
operate at the output force corresponding to the maximum
in its attainable efficiency. By doing so, it would greatly
decrease its turnover rate, and hence its power, relative to
that achievable at lower output forces. It would instead
operate near the point tangent to the dashed hyperbola (an
“iso-power” curve) shown in Fig. 7, which corresponds to
maximum power output. The tightly coupled pumps in Fig.
7 nevertheless have the capacity to operate at higher
efficiencies, and correspondingly diminished power out-
puts, if this should become beneficial to the organism; this
would entail an increase in the membrane ApH through
much of its flow-controlling range. Possessing the capacity
for more efficient operation will not by itself increase the
likelihood that the transducer will actually operate farther
away from its output optimum (as judged by whatever
metabolic criterion one chooses) under any given metabolic
circumstances. We therefore suggest, in contrast to the
conclusion of Stucki (43), that in the present context of a
single transducer (but see the discussion of cytochrome
oxidase below) the more tightly coupled pumps can do
everything that the less tightly coupled pumps can do,
except more efficiently. (One exception should be noted: a
poorly coupled transducer can generate heat in situations
where this is desirable. However, specialized mechanisms
involving controlled proton leakage through the mitochon-
drial membrane have evolved [63], evidently to effect
independent metabolic regulation of heat production.)
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As hinted above, the efficiency vs. rate curves in Fig. 7
can be used to determine the conditions under which the
simple model transducer would function when its operation
is subject to particular overall constraints. For example,
the maximum power output of this transducer will occur
where the efficiency vs. rate curves are tangent to a
hyperbola defined by the equation: (R.-) () = P, where P
is the maximum power output. The minimum rate of heat
production will occur where the efficiency vs. rate curves
are tangent to a hyperbola (not shown) defined by: (R.-)
(1 —9) = Q, where Q is the minimum rate of heat
production. The curves in Fig. 7 indicate that for a fairly
broad range of electron leak rates, the condition for
maximum power output corresponds to an efficiency in the
neighborhood of 50% and a rate that is ~80% of the
uncoupled rate. This suggests that under conditions where
maximum power generation is required, this transducer
will dissipate ~50% of its available free energy as heat. The
occurrence of some reaction slip (uncoupled electron flow)
will not have a significant effect on the power output of the
transducer under these conditions, because most loss of
free energy to heat production is not from the slip but from
the net driving force for the coupled reactions. On the other
hand, the minimum rate of heat generation, and the
corresponding conditions, depend quite strongly upon the
electron leak rates. Thus, the avoidance of slip is most
important under resting conditions. Ideally, the relatively
slow rate of respiration required to sustain the basal
metabolic processes of the cell should fall near or to the
right of the maxima of the curves in Fig. 7. Otherwise, the
efficiency of electron transport would be greatly dimin-
ished, solely in order to achieve an inconsequential increase
in the transmembrane proton gradient. This criterion for
“impedance matching” is a much more restricted version
(restricted because it pertains only to the resting condition
of minimum metabolic load) of the general criterion which
Stucki (43) suggests; as stated above, we consider it
unlikely that a single impedance matching criterion applies
to all of the diverse metabolic conditions that the trans-
ducer is likely to encounter.

Optimization of pK,s

Figs. 5-7 describe the effects of uncoupling processes and
variations in membrane ApH upon the performance of a
proton pump that is otherwise optimized. The same type of
analysis may be used to examine the effect of changes in
the pump parameters, e.g. pK,s and reduction potentials,
from their optimal values. In the upper panel of Fig. 8, the
relationship between the pK,s of the pump and its effi-
ciency is displayed. In all cases, the thermodynamic link-
age parameter ApK, (pK™ — pK?) has been constrained
to 3.0 units. Because the efficiency of pumping is closely
related to the rate of turnover, a meaningful comparison of
efficiency is not possible unless the turnover rate is also
specified. In the top of Fig. 8, the turnover rate has
therefore been constrained to particular levels by appropri-
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ate selection of the membrane ApH. Three curves corre-
sponding to three different turnover rates (10, 25, and 50
electrons transferred per second) are shown. In the lower
panel of Fig. 8, the complementary comparison of turnover
rate vs. the pK,s of the pump is displayed. In this case, the
efficiency has been constrained to particular values (0.4,
0.6, and 0.8) and for each efficiency value a corresponding
curve relating turnover rate to pK,s is shown. For a fixed
rate of turnover, the efficiency of the pump is moderately
sensitive to the values of the pK,s between neutrality and
the pK, value that enables maximum efficiency, and much
more sensitive to the pK,s at values above this (Fig. 8, top).
The pK, values enabling maximum efficiency depend upon
the turnover rate that is required. From the bottom panel
of Fig. 8, it is evident that operation of the pump at near
maximal rates depends rather critically upon appropriate
selection of the pK,s and that the optimal values for the
pump pK,s are determined by the efficiency that is
required of the pump, reflecting the fact that the mem-
brane ApH established at steady state depends upon the
chosen efficiency. An examination of the calculations
reveals that the maximum rate is achieved when the pK,s
are symmetrically disposed relative to the steady-state pH
values on the two sides of the membrane (recall that the
cytosol pH has been fixed at 7.0 and only the matrix pH
allowed to vary). This is strictly a consequence of the
symmetric character of the input and output states of the
pump, which has been preserved by appropriate selection
of the other input and output kinetic parameters.

The effect of asymmetric gating parameters is illus-
trated in Fig. 9, which uses the same parameters as Fig. 8
except that electron leaks have been introduced. In one
case, the input and output uncoupled/coupled rate ratios
have both been made equal to 0.001, preserving input/
output symmetry. In a second case this “gating ratio” is
0.0001 on the input side and 0.01 on the output side,
introducing a 100-fold asymmetry in the effectiveness of
gating electron flow. These latter parameters would
describe a situation in which the enzyme is more successful
in regulating electron flow on one side of the pump than on
the other. Asymmetry of this kind would not be surprising
considering the asymmetry in the chemical reactions tak-
ing place on the two sides of the pump in cytochrome
oxidase. The maximum attainable efficiency is plotted as a
function of the pK,s of the pump for both sets of gating
parameters. In the case of asymmetric leaks, we find that
the maximum attainable efficiency is greater when the
pK,s are not symmetrically placed with respect to the
matrix and cytoplasm pH values. The corresponding anal-
ysis of electron transfer rate vs. pK, (plots not shown)
indicates that the turnover rate still peaks near a symmet-
ric pK, disposition and drops off approximately 10-fold
when the pK,s are more than 1.5 units removed from this.
Nevertheless, the possibility that some asymmetry in gat-
ing efficiency exists suggests that the optimal pKs of the
pump may be biased to values that would otherwise seem
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surprisingly high or low. In the present example, pK,s of
8.5 and 11.5 would be best for efficiency, but electrochemi-
cal titrations in the pH range between 6.0 and 8.0 (i.e.,
below the pump pK,s) would not reveal a very pronounced
pH dependence of the pump’s reduction potential (see Fig.
2).

If there is an appreciable electrical potential across the
membrane, as is expected (50-53), and if the pumping site
is connected to the solution phases via proton channels that
traverse a portion of this transmembrane potential, then
the effective proton activities at the pump will be different
from the bulk solution proton activities. This is because a
proton channel or “well”” (64) can transduce the electrical
potential difference into a chemical potential difference,
assuming proton conduction is sufficiently facile (64). This
effect would change the optimal pK,s of the pump. For
example, if the transmembrane electrostatic potential
Ag is 120 mV and if the pump is connected to the matrix
by a proton channel that traverses this entire potential, the
effective pH at the input of the pump will be 2.0 units
higher than the matrix pH. (In this example, the pH on the
output side will remain the same.) For a fixed thermody-
namic linkage parameter ApK,, the optimal pK,s in an
analysis like that of Fig. 8 would both be increased by 1.0
unit (preserving input/output symmetry). Thus an asym-
metric placement of the pumping site in the transmem-
brane potential profile would, like asymmetric effective-
ness in gating, lead to optimal pK,s biased away from
neutrality.

The effect of varying the pump pK,s upon the maximum
attainable transmembrane proton electrochemical poten-
tial (the static head condition, in the language of linear
irreversible thermodynamics) was also examined. These
calculations (not shown) indicated that the static head
proton gradient is determined primarily by the isoergonic
uncoupled/coupled electron transfer rate ratio, and is to a
surprising degree insensitive to the pKs of the pump and to
the magnitude of thermodynamic linkage between oxido-
reduction and protolysis (cf. below). This insensitivity is at
least in part a consequence of the present assumption that
the gating of protons is perfect. If proton leaks involving
the vertical segments of the cycle in Fig. 3 were introduced,
the static head ApH would depend more sensitively upon
the pump pK,s.

The Role of Thermodynamic Linkage

It is instructive to examine the role of thermodynamic
linkage between oxidoreduction and protolysis, as mea-
sured by the quantity ApK, (pK™ — pK). It is some-
times assumed that significant (comparable in magnitude
to the transmembrane proton electrochemical potential)
linkage of this kind is essential to achieve the necessary
rapid turnover rates (12, but see also reference 23). In Fig.
10, rate vs. efficiency plots are shown for several different
values of ApK,, for a pump driven by an available free
energy of 300 mV (corresponding to a maximum attain-
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able membrane ApH of S units, given perfect efficiency).
Two cases are presented: perfect gating (Fig. 10 4) and
gating ratios of 0.001 (Fig. 10 B). It is seen in Fig. 10 4
that for a given electron transfer rate only a small (10—
15%) loss in efficiency accompanies the decrease in ther-
modynamic linkage from ApK, = 4 to ApK, = 2. In the
efficiency range around 0.7, which as suggested above may
be the optimal range of operation when output power is
important, the decrease in thermodynamic linkage from
4.0 units to 2.0 units causes only about a threefold decrease
in electron transfer rate. Further decreasing the linkage to
only 1.0 units decreases the efficiency by approximately an
additional 15%, or the rate by an additional factor of 3. In
Fig. 10 B, where electron leaks have been introduced, even
more striking behavior is observed: A decrease in thermo-
dynamic linkage from 4.0 units to 2.0 units decreases peak
efficiency by only ~8% while actually increasing the rate
of electron transfer at many efficiency values. Thus the
pumps with less thermodynamic linkage exhibit greater
flexibility with respect to the range of rates and power
outputs that they can achieve. Among those shown in Fig.
10, the pumps with ApK, = 2 are able to generate most
power, again by operating at ~50% efficiency.
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FIGURE 10 Efficiency vs. rate plots for four-state proton pumps with
different degrees of thermodynamic linkage, measured as the difference
betwen the pK.s of the oxidized and reduced pumps. Parameters are the
same as in Figs. 4, 5, and 6, except that pKg* was fixed at 7, and the
thermodynamic coupling parameters E§, Ef, and pK™ have been varied
in the following manner: ApK, = 4: pK™ = 11, E§ = 520 mV, E¢ = 280
mV; ApK, = 3: pK™ = 10, E§ = 490 mV, E¢ = 310 mV; ApK, = 2:
pK™ =9, E§ = 460 mV, E? = 340 mV; ApK, = 1: pK™ = 8, Eg = 430
mV, E? = 370 mV; ApK, = 0: pK™ = 7, E§ = E? = 400 mV. (4) No
electron leaks. (B) Input and output electron leak ratios of 0.001.
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The most important reason for these results is the
connection between electron transfer rate and electron
transfer exergonicity which has been incorporated in the
analysis. While a decrease in thermodynamic linkage
causes the pK,s of the pump to be less closely matched to
the proton input and output environments, it also causes
the rate constants for the desired (coupled) electron trans-
fers to increase because these processes become more
exergonic and the rate constants for the uncoupled electron
transfers to decrease because these processes become less
exergonic (Fig. 11). As described earlier, these effects
must be considered, because a correlation of electron
transfer rate and exergonicity is anticipated on the basis of
both theory (22, 27) and experiment (25). This argument
does not overlook the fact that other factors are important
in determining electron transfer rates; these factors are
incorporated in the isoergonic electron transfer rates that
are used to express the overall effectiveness of the gating of
electron flow. In the examples simulated in Fig. 10 B, these
other factors are assumed to favor the coupled electron
transfers relative to the uncoupled ones by a fairly large
factor (1,000); this factor is the same for all of the curves.

As the thermodynamic linkage parameter ApK, is made
smaller, the observed pH dependence of the reduction
potential of the pump will also diminish, especially if the
pK,s of the pump are not symmetrically disposed about
7.0. For example, with pK,s of 8.0 and 10.0, a fairly weak
pH dependence would be observed below pH 8. A pump
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% i Deprotonated Pump
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3 K, K,
@
[:4
1 Protonated Pump ——

ko —— Acceptor

B Small Thermodynamic Linkage

Donor ——

~s—— Reduction Potential

Acceptor

FIGURE 11 The effect of changing the degree of thermodynamic link-
age upon the various electron transfer exothermicities. The uncoupled
electron transfers (ki and k5) are always more exothermic than the
coupled ones (k, and k,); as the thermodynamic linkage increases, this
difference in exothermicities increases.
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with these pK,s may be optimal given significant asymme-
try of the kinds described above, and certainly appears
acceptable in view of the comparisons shown in Fig. 10.

The thermodynamic linkage discussed here should not
be confused with the degree of coupling ¢ of linear
nonequilibrium thermodynamics, or any other parameter
that describes the effectiveness of coupling between input
and output processes. The thermodynamic linkage under
discussion reflects the energetics of the reaction path as
determined by pK,s (or, equivalently, reduction poten-
tials), not the degree to which the electron transfers are
“linked” to proton pumping through, for example, a flow
ratio. Hence our suggestion that decreased thermodynamic
linkage can lead to enhanced performance under some
circumstances is entirely different from Stucki’s conclu-
sion, discussed above, that partial uncoupling of one flow
from the other can enhance performance.

Summary of the Steady-State Analysis

The analysis of the four-state model shows that the
consideration of electron leak processes leads to some novel
conclusions. It reveals at least two plausible mechanisms
whereby a pump of this type may not exhibit a pronounced
pH dependence of its reduction potential. These are: First,
asymmetrical disposition of the pump pK.,s, which is
required for optimal efficiency in situations having an
asymmetry in the input/output gating efficiencies or in the
placement of the pump site in the transmembrane potential
profile; and second, a smaller thermodynamic linkage than
would otherwise be expected, which still leads to perfor-
mance that is comparable to a pump with greater linkage
because the electron transfer rates correlate with reaction
exergonicites.

A second conclusion arising from the steady-state analy-
sis is that efficient operation of a redox-linked proton pump
of this kind requires quite stringent contral of electron
flow. Specifically, for a pump described by the parameters
in Fig. 3, which are intended to approximate cytochrome ¢
oxidase, a gating ratio of 0.001 or smaller (measured as the
ratio of the uncoupled and coupled isoergonic electron
transfer rates) would be desirable. The isoergonic electron
transfer rates depend upon intersite distance, the nature of
the intervening material, and the reorganizational ener-
gies; changing any one of these must necessarily involve
some structural change at or near the pump site (for
example, a 1,000-fold enhancement of electron transfer
rate would require an ~5 A decrease in intersite distance,
according to one estimate [15]).

DOES ELECTRON TRANSFER SLIP
ACTUALLY OCCUR IN MITOCHONDRIAL
OXIDATIVE PHOSPHORYLATION?

The possibility of molecular slip (uncoupling of transduc-
tion at the molecular level, for example by electron leakage
of the kind described above) in mitochondrial free energy
transduction, and the need for various forms of gating,
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have been noted before (12, 42, 43, 45, 46, 65—67). The
implications of electron transfer slip have not, however,
been explored in terms of its likely mechanisms and its
consequences for the mechanisms of redox-linked proton
pumping. The occurrence of significant reaction slip has
sometimes even been dismissed as unlikely (1). This
neglect of slip would be justified if it could be shown that
mitochondrial free energy transduction is very nearly
100% efficient in State 4 (the fully membrane-energized
state), as has sometimes been supposed (68, 69).

The efficiency of respiring mitochondria has been esti-
mated by combining measurements of the operating poten-
tials of the electron transport components and the maxi-
mum attainable phosphorylation potential in resting (State
4) mitochondria (68) with measurements of the number of
ATP molecules synthesized per oxygen atom consumed
(the P/O ratio) in phosphorylating (State 3) mitochondria
(70, 71). On this basis, it has been claimed (68, 69) that the
electron transfer reactions are very nearly at thermody-
namic equilibrium with the phosphorylation reactions, so
that AG for the coupled reactions approaches zero, imply-
ing close to 100% free energy conservation efficiency. The
validity of this method is questionable, as others have noted
(43—-46), because it involves the comparison of thermody-
namic quantities with rates measured away from equilibri-
um, assuming in particular that the P/O ratio is
unchanged on going from State 3 to State 4. Measure-
ments of the P/O ratio under a range of conditions
intermediate between States 3 and 4 (72) show that the
P/O ratio actually decreases by approximately twofold as
State 4 is approached. Hence the occurrence of significant
slip cannot be dismissed on the basis of the classical
supposition of very high efficiency. Investigations of oxida-
tive phosphorylation that were analyzed in terms of irre-
versible thermodynamics, which explicitly recognizes the
nonequilibrium character of the process, indicate that the
mitochondrial proton pumps are probably not perfectly
coupled (45, 46).

Sorgato et al. (73-75) and Pietrobon et al. (66, 67) have
obtained experimental evidence for reaction slip on the
molecular level in the mitochondrial ATPase (73, 66) and
sites of electron transfer-driven proton translocation (74,
67). Both groups have examined the rates of electron
transfer and ATP synthesis in the presence of inhibitors of
electron transport, and have correlated these rates with the
steady-state transmembrane proton electrochemical poten-
tials which are maintained. Sorgato et al. interpreted their
results in terms of a variable membrane conductance (73,
74), while acknowledging the alternative possibility of
reaction slip (75). Pietrobon et al. have concluded that
reaction slip is the only viable explanation, and in the case
of electron transfer-driven proton pumping have also
obtained evidence that the reaction slip involves the elec-
tron transfer steps rather than leakage of protons through
the pump (66, 67, but cf. reference 76). Their conclusions

728

suggest that the emphasis placed upon the regulation of
electron movements in the present analysis is appropriate.
It has been stated that it is hard to visualize a free energy
transducer that is designed to lose free energy as heat via
molecular-level slip (1). The considerations outlined above
indicate that slippage paths in redox-driven proton translo-
cation are readily envisioned, and in fact such slip may not
be so much a consequence of design as of difficulty in
achieving the stringent control over electron movements
that is required to avoid it.

CYTOCHROME ¢ OXIDASE

Proton pumping by cytochrome ¢ oxidase has been the
subject of numerous investigations (4) involving both mea-
surement of the proton/electron stoichiometry (40, 41)
and measurement of thermodynamic (77, 78) or spectro-
scopic (79) properties that might bear on the mechanism of
proton pumping. In particular, a moderate pH dependence
of the reduction potential of Fe, has been observed
(80, 5, 7). This observation has been cited as evidence that
Fe, performs the proton pumping function (12). In the
light of the above discussion, it is clear that a pH-
dependent reduction potential is not required for reason-
ably efficient proton pumping. Moreover, the observed
dependence is maximally only —30 mV/pH unit (80, 7),
and is even less steep at pH values above 7, which are
relevant to the mitochondrial matrix (7). These observa-
tions are not consistent with a mechanism of proton
pumping in which pKJ is considerably less than 7 and
pK™ is considerably greater than 7 (Fig. 2). If the intrinsic
pH dependence of the Fe, reduction potential is even less
than this (—8 mV/pH unit), as recent spectroelectrochem-
ical measurements on the carbon monoxide inhibited
enzyme indicate (5), then protonation is not very tightly
coupled to reduction of Fe, and the pH effect on the
reduction potential may involve a protonating site that is
relatively remote from the iron center. The pH dependence
of the Fe, reduction potential is thus not a sound basis for
concluding that Fe, is the proton pump. The other site that
has been considered as a possible proton pump is Cu, (10).
The reduction potential of this site is weakly if at all
pH-dependent (77); the present analysis has shown that
this observation is not inconsistent with a proton pumping
function.

Estimates of the efficiency of free energy conservation
by cytochrome ¢ oxidase are complicated by the fact that
the various intermediates of dioxygen reduction produced
at the Fe, /Cuy site of this enzyme are chemically very
different and hence likely to have different standard
reduction potentials. The rates of electron transfer to this
site may therefore be different at each of the steps in
dioxygen reduction. In one estimate of the efficiency of
free energy conservation by cytochrome ¢ oxidase (1), a
single effective reduction potential, that of the overall
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0,/H,0 couple, was used, and an efficiency estimate of
90% was obtained, based on the assumption of unit
stoichiometry (i.e., no slip) under highly membrane-
energized (State 4) conditions. The stoichiometry of one
proton pumped per electron transferred is based upon
measurements of proton pumping in mitochondria (81) or
in vesicles (40) in which the transmembrane electrical
potential was mostly discharged by uncoupling agents.
Hence this efficiency estimate suffers from the same
difficulty described above, namely the use of stoichiome-
tries measured kinetically in combination with thermody-
namic quantities measured under conditions closer to
equilibrium. The actual stoichiometry of proton pumping
by cytochrome oxidase could be significantly less than one;
when an appreciable membrane potential is allowed to
develop, the measured stoichiometries decrease signifi-
cantly (41).

It was stated above that the performance of a single
transducer will be enhanced by minimizing reaction slip.
The situation is more complicated, however, when one
considers the aggregate behavior of a system in which a
series of transducers contribute to the overall performance
of the system (as in mitochondrial oxidative phosphoryl-
ation) or of one in which a series of transduction events
with different performance properties must occur sequen-
tially. Cytochrome oxidase falls into the latter category,
since its turnover cycle really involves four chemically
distinct transduction steps in temporal series. We have
suggested (82, 83) that some reaction slip may be advan-
tageous at steps in dioxygen reduction which would other-
wise be slow, either because they are less exergonic or
because they involve large reorganizational energies. Stall-
ing electron transfer at one relatively difficult step within
cytochrome oxidase would also arrest energy conservation
at all of the other sites in the respiratory chain, with clearly
adverse consequences. This situation is somewhat analo-
gous to that of the salt pump examined theoretically by
Caplan and Essig (44), which consists of an active cation
transporter operating in parallel with a passive leak that
permits the passage of both anions and cations. While the
existence of the passive leak decreases the efficiency of
cation pumping, it enables the anion translocation step,
which is also essential to the overall process of salt transfer.
The optimal strategy for cytochrome oxidase might be to
make coupling as tight as possible at the pumping site, but
to employ in addition a second independently controlied
electron transfer pathway that completely bypasses the
proton pump. Recently, evidence for multiple routes of
electron transfer through the enzyme has been obtained, in
investigations of electron transfer in a chemically modified
derivative of the enzyme at room temperature (82) and the
native enzyme at low temperature (83).

The importance of effective regulation of electron flow
has been demonstrated. This regulation is likely to involve
significant structural changes at the pumping site. It is
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noteworthy that localized molecular mechanisms for cou-
pling protonation to the gating of electrons, such as ligand
protonation, ligand exchange, and metal ion movement,
are more readily envisioned occurring at a metalloprotein
copper center than at a heme iron. The axial ligands of Fe,
are almost certainly neutral histidyl imidazoles in both the
oxidized and reduced states of the iron (83, 84), and the
coordination geometry changes accompanying the reduc-
tion of Fe, are expected to be small, since the iron is
low-spin in both redox states. In contrast, there is no
evidence against a change in the identity or geometry of the
coordinating ligands upon reduction of Cu,. Substantial
changes in the coordination geometry of Cu, upon reduc-
tion would not be surprising, since copper exhibits very
different preferred geometries in its cuprous and cupric
states (86). The electron transfers into and out of Fe, are
likely to take place via the heme macrocycle (87, 88),
which is not expected to undergo large movements in
relation to the protein as a whole. Hence the gating of
electron flow through Fe, would probably involve confor-
mational changes at the formyl (8) and/or vinyl groups on
the periphery of the macrocycle, or more gross protein
conformational changes that change the alignment of
electron-conducting groups between the heme and its
electron-transfer partners. The effectiveness of gating by
these mechanisms cannot be assessed precisely with pres-
ently available theory, but would be limited by the occur-
rence of electron transfer via more than one locus on the
heme edge.

In summary, the present analysis weakens the tradi-
tional arguments that implicate Fe, as the proton pump in
cytochrome oxidase, while introducing new considerations
that suggest that pumping mechanisms that involve Cu,
and that explicitly incorporate gating of electron flow can
be formulated readily. However, no compelling arguments
for one or the other site may be advanced on the basis of
these ideas alone, and reliable selection between the alter-
natives must await more information from experiment.
Studies on the structure of the reduced Cu, and Fe, sites
and a fairly detailed elucidation of the nature of the steady
state (with respect to the levels of Fe, and Cu, reduction)
and its response to membrane energization would be
helpful in this regard. Also, electron transfer slip deserves
direct study, for example by measurements of the proton
permeability of vesicles containing cytochrome oxidase
poised at various levels of reduction but prevented from
undergoing net turnover, either by the absence of substrate
O, or by complexation with inhibitors.

APPENDIX

Solution of the Steady-State Equations
for the Four-State Proton Pump

We require the steady-state concentrations of each of the four pump
species in the reaction scheme given in Fig. 3. First, the various species
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concentrations are defined

[Drod] =r [Pox] Po [Hm+] = Hm+

(D] = 0 [Pred] = P, [H*]=H?
[Amd]=r2 [Pox'H+] =P0‘H+
[on]=02 [PM‘H+]=P,'H+.

Total concentration of pumping sites = Pr.
The steady-state rate equations are

P,+P +P,.H" + P, -H*=P; (A1)
(kH.* + k)P, — (K20, + k_10))P,

— (ka)P,- H* =0 (A2)
—(kyr)Py + (K30, + k_10, + ko, " )P,

— (kg)P, - H* =0 (A3)
~(koH. )P, + (kog + kory + kiry) P, - H*

— (k_y0, )P, - H* = 0. (A4)

These four equations are used to define the matrix equation
Ch Cp Cis Culf|P, Pr

Cy Cn Cys O ||P 0
P,-H* 0

P.-.H* 0

Cy Cyp 0 Cy
Ca 0 C, Cg
thereby defining the Cyy’s.
Rows 2-4 of the matrix may be manipulated to give all species

concentrations relative to P,. The results of these manipulations are

_ C21C32C43 - CJIC22C43 - C23C4IC32

P, . H* - P, (A5)
CiCiiCuy + CuCiCyy

P, - H* - CyCuCn — C3CyiCyy — CCyCyy . P, (A6)
CiCiCu + CuCiCyy

P - CuCpCa— CiyCyCi — CuCy Cyy CP,  (AT)

C43C22C34 + C“C32C23

Inserting these expressions into the expressions for the rates of proton
pumping and electron transfer (Eqgs. 1 and 2), we obtain

Rus = Ik H.* CuCpuCu — CisCy Gy — CuCyiCyy
" e CuCnCu + CuCyyCyy
CyuCiCy — C5CyyCos — CCy Gy,
—k - P,. (A8
,d( CiCnCyy + CuCyyCys (A%)
and

Re— _ [klrl + k,l’l (CJIC“CZZ — C34C41C22 - CJZCZICM)

CiuCnCyy + CuCinCyy

_ k_|0| (C4IC23C34 - C43C21C34 — C“CJICB) . Po- (A9)

CiCnCiy + CuCiyyCyy

The quotient of these is the flow ratio (the effective reaction stoichiom-
etry)
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Ry
X =t
R.-

ke Hpn* (CuCCiy — CpCyy Cyy — CuCyCy3)
_ = k(€ CinCys — C3CCyy — C5Cy
{17, (C34CayCas + CCpsCul)
+kir(CCuCpn — CuCyCpy — C3CyCul)
— k_10,(C4CysCsy — C43CyCys — CuCy Cay)l.

C32) (A 1 0)

After replacement of the C,’s by the appropriate rate constants and
simplification, this becomes

k Hpo" k_y0,k 1 koy
- — kyk H* « (K30, + k_,0,)(kyry + K1)
 Tkiri [kak20,(koa + kory + Kiry)
+ kogk_50,(k"505 + kH*)]
—k_j00kyrsk H M kg + kir [kgkoHe k" 20,
+k Hytkirik_j0,
+ (k' 0, + k_,0, + kyHp ) (ko H K _50,)1).

(Al1)

This expression is equivalent to Eq. 5.

The other important quantity is the electron tranfer rate per pump site,
R.-/Py. This is obtained from Eq. A9 above by inserting the appropriate
rate constants in place of the ¢,,’s. The resulting equation is

{kyry [keak” 20y (kog + korsy + Kiry)
+ kogk _205(k" 305 + kH ") — k_ 0, kyr ko H kg
+ kir [kakeH. k" 30, + kHp " kyr k30,
R + (kL0 + k10 + kyHa* )k He k_20))]}
Pr [(ko + ket Ho* ) _305 + (ko1 + ki )k He Y]
< (k"_y0y + k_jo0, + k H,*)
+ [k (K50, + k_y0, + kyry) + k H, " k(]
s kog + kyry + kiry)
+ kg H " kog(kary + kiry + k"0, + k_,0,)
+ kyrk_y0,(kyHp " + ko)t

(A12)

This expression is equivalent to Eq. 4.

The overall efficiency of the pump was calculated from the flow ratio
and the membrane potential according to Eq. 4 in the text.

For all calculations, it was assumed that 2.303RT/F = 60 mV, for
simplicity. (This is used in relating membrane potentials given in pH units
to reduction potentials in mV; e.g., a membrane pH gradient of 5 units
corresponds to a potential difference of 300 mV.)

An important element in the simulations of proton pump performance
is the incorporation of a connection between electron transfer exergonicity
and rate. In accordance with the considerations outlined in the text,
electron transfer rate constants were adjusted according to

ke = kg (e752%T),

where k,, is an isoergonic electron transfer rate, which is either specified
directly (in the case of the “leaks™) or fixed by the electron transfer rate
products EP1 and EP2 (the products of the forward and backward rate
constants), and AG® is the standard free-energy change of the electron
transfer reaction.

The equations describing the steady state behavior of systems of
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reactions like that in Fig. 1, and particularly of more complex reaction
schemes, may also be obtained with a minimum of labor by applying a set
of rules described by Hill (89).
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