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Cytochrome c oxidase is an efficient energy transducer that reduces oxygen to water and converts the re-
leased chemical energy into an electrochemical membrane potential. As a true proton pump, cytochrome c
oxidase translocates protons across the membrane against this potential. Based on a wealth of experiments
and calculations, an increasingly detailed picture of the reaction intermediates in the redox cycle has
emerged. However, the fundamental mechanism of proton pumping coupled to redox chemistry remains
largely unresolved. Here we examine and extend a kinetic master-equation approach to gain insight into
redox-coupled proton pumping in cytochrome c oxidase. Basic principles of the cytochrome c oxidase proton
pump emerge from an analysis of the simplest kinetic models that retain essential elements of the experi-
mentally determined structure, energetics, and kinetics, and that satisfy fundamental physical principles.
The master-equation models allow us to address the question of how pumping can be achieved in a system
in which all reaction steps are reversible. Whereas proton pumping does not require the direct modulation of
microscopic reaction barriers, such kinetic gating greatly increases the pumping efficiency. Further efficiency
gains can be achieved by partially decoupling the proton uptake pathway from the active-site region. Such a
mechanism is consistent with the proposed Glu valve, in which the side chain of a key glutamic acid shuttles
between the D channel and the active-site region. We also show that the models predict only small proton
leaks even in the absence of turnover. The design principles identified here for cytochrome c oxidase provide
a blueprint for novel biology-inspired fuel cells, and the master-equation formulation should prove useful
also for other molecular machines. This article is part of a Special Issue entitled: Respiratory Oxidases.
atory Oxidases.
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1. Introduction

Cytochrome c oxidase (CcO) is the terminal enzyme in the respirato-
ry electron transport chain of mitochondria (or bacteria) located in the
innermitochondrial (or bacterial)membrane. It catalyzes the reduction
of oxygen to water to generate the electrochemical proton gradient
across the membrane that powers the production of ATP. The enzyme
takes up four electrons from the positively charged P side (outside) of
themembrane and four protons from the negatively chargedN side (in-
side) for the reduction of dioxygen to two water molecules [1–10],

4e−out þ 8Hþ
in þ O2 → 2H2Oþ 4Hþ

out: ð1Þ

Coupled to this oxygen reduction reaction, four additional protons
are translocated from the N side to the P side across the membrane
against an opposing membrane potential, doubling the total amount
of charge separated by the enzyme. Since the discovery of this re-
markable and then unexpected CcO proton pumping activity [1], ex-
tensive studies using a wide variety of biophysical and biochemical
techniques in combination with site-directed mutagenesis and X-ray
crystallography as well as theory and computation have greatly ad-
vanced our understanding of the function of CcO [4,6,9–27]. However,
key aspects of the fundamental mechanisms underlying the redox-
coupled proton pumping remain unclear.

Charge separation across the membrane is achieved in CcO by two
separate processes. First, the reduction of oxygen to water by elec-
trons and protons taken up from opposite sides of the membrane
leads to the net translocation of one electrical charge across the mem-
brane per electron consumed, in accordance with the celebrated
Lundegårdh–Mitchell redox loop model [28]. Second, an additional
proton is translocated vectorially across the membrane for each elec-
tron consumed, resulting in a net transport of two electrical charges
per electron. This redox-coupled proton pumping has been a central
issue in bioenergetics, and many models have been proposed to ex-
plain its mechanism [4,6,11,15–18,21–24,29]. Although these models
were constructed to reflect the intermediate states of redox chemistry
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Fig. 1. Crystal structure [13] of the catalytic core formed by subunits I–III of the bovine
cytochrome c oxidase. The redox centers (CuA, heme a, heme a3, CuB) and proton sites
(Glu 242 and unknown pump site) are shown explicitly. The electron and proton path-
ways are indicated by red and blue arrows, respectively. The gray arrows indicate the
incoming dioxygen and the outgoing water released as a result of the redox chemistry
occurring in the binuclear center (formed by heme a3 and CuB).
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occurring inside CcO as well as some key reaction steps, they by
and large fail to address the following fundamental question: How is
the energy released from the redox chemistry of oxygen utilized to
translocate protons unidirectionally, in particular, in the presence of
possible proton leakage driven by the opposing membrane potential?

Answers to this central question require a basic understanding
of molecular machines that operate in a microscopic environment
where thermal motion is non-negligible. Although the Laws of Ther-
modynamics, including the Second Law of Thermodynamics, were
formulated originally for macroscopic systems where fluctuations
of thermodynamic variables can be ignored, they do apply to micro-
scopic molecular machines, such as CcO or motor proteins. Taking
these principles into account is relevant also for the development
of biology-inspired nanoscale molecular machines [30–33] that re-
tain one of the most remarkable aspects of biomolecular machines,
their high efficiency of operation in environments subject to thermal
noise. To address these challenges, physics-based stochastic and net-
work models have been proposed to describe biological molecular
machines including motor proteins and biochemical reactions [34–40].
Such approaches are relevant also in bioenergetics, not least for the
development of a more detailed understanding of the proton pumping
activity of CcO.

Here we summarize and extend recent studies of redox-coupled
proton pumping in CcO that employ stochastic kinetic models [41–43].
The models were constructed at the molecular level in accordance
with basic physical principles and the overall architecture of CcO,
with observed equilibria and rates for intermediate reaction steps, and
with measured proton and electron affinities. A detailed analysis of the
resulting kinetic models highlights the basic requirements for redox-
driven proton pumping, and sheds light onto themolecular mechanism
of the CcO proton pump. Kinetic gating emerges as an essential require-
ment for efficient pumping, which can be realized by proton delivery
mechanisms that exploit awater-gate [21] and a Glu valve [44].We con-
clude with a brief discussion of future directions and implications on
other molecular machines.

2. Molecular machines and Maxwell's demon

Biological molecular machines are efficient energy transducers
that convert electrical, chemical or light energy to other types of en-
ergy [45–47]. For example, motor proteins, such as myosins, kinesins
and dyneins, utilize chemical energy released by ATP hydrolysis to
perform mechanical work including muscle contraction, cargo trans-
port and bacterial motion [48–50]. Ion channels, although not active
energy transducers such as motor proteins, dissipate electrochemical
potential gradients by passive translocation of charge across the
membrane [51,52]. As part of the respiratory chain, ATP-synthase is
a rotary motor that converts the proton gradient across the mem-
brane generated by CcO and other respiratory protein complexes
into chemical energy via ATP synthesis [53]. Despite the significant
influence of thermal fluctuations at the microscopic level, many
molecular machines exhibit remarkably high efficiency in energy
transduction. This bodes well for various future applications in nano-
technology and medicine [31]. However, fundamental principles gov-
erning these remarkable machines are still under investigation.

The molecular machinery of life operates in conditions far from
equilibrium. Whereas temperature can be thought of as spatially in-
variant at the cellular level, strong nonequilibrium conditions exist
for the concentrations of ions and molecules. This nonequilibrium is
reflected in the electrochemical potentials and concentration gradi-
ents across the membranes used by cells to compartmentalize
space. In the development of thermodynamic descriptions of such
systems, a central question is how the concentration nonequilibrium
and the membrane potential can be established and maintained. This
problem is akin to that raised by Maxwell's demon, which, in its orig-
inal formulation, spontaneously creates a temperature-difference by
sorting fast molecules from slow ones passing a microscopic door be-
tween two containers of gas. In an organism, the constant supply of
foodstuff and the removal of the metabolic products drive the cellular
machines toward steady state. To treat such an open system, we em-
ploy the tools of stochastic and network thermodynamics [34,36–
40,54–56]. In this framework, a thermodynamically “uphill” reaction
(here proton pumping) can be coupled to a “downhill” reaction
(here oxygen reduction) that provides an overall driving force in con-
ditions of controlled reactant concentrations.

3. Cytochrome c oxidase

CcO is responsible for reducing N90% of the oxygen taken up in
aerobic life. For the reduction of dioxygen, CcO takes up four electrons
from cytochrome c in the inter-membrane space of the mitochondria
(or periplasmic side in bacteria), while four protons are taken up from
the mitochondrial matrix (or the cytosol in bacteria). Fig. 1 presents
the structure of the catalytic core consisting of subunits I–III from bo-
vine CcO. The chemical reaction catalyzed by CcO results in a charge
separation (one positive charge per electron consumed) across the
membrane. In addition, four additional protons are transferred from
the N side to the P side during the reaction, resulting in a total of
two positive charges translocated across the membrane per electron
consumed. The underlying chemical reaction is shown in Eq. (1). A
wealth of details concerning CcO function has been revealed by bio-
physical and biochemical experiments. The redox chemistry of oxy-
gen takes place in the binuclear center (BNC) located about one
third from the P side of the membrane, which consists of heme a3
and CuB (see Fig. 1). Four electrons are taken up from the cytochrome
c at the P side via metal sites, CuA and heme a, and, in turn, are trans-
ferred to the BNC. Four protons for the chemical reaction are
extracted from the N side of the membrane via two proton pathways,
the D- and K-channels. The D-channel starts at a highly conserved
residue, Asp 91 (bovine numbering; subunit I) near the N side, and
continues to another highly conserved residue Glu 242 that donates
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protons to the BNC. The key residue in the K-channel is a highly con-
served lysine (K319), which has been implicated in the delivery of the
proton used in dioxygen bond-breaking [57,58]. It was suggested that
two of the four “chemical” protons per O2 consumed are delivered via
the K-channel.

It is generally believed that all four “pump” protons are delivered
via the D-channel, in which the pump protons are transferred from
Glu 242 to a pump or “loading” site above the BNC. These protons
are then delivered to the P side via a proton-exit channel. This results
in a conundrum in which Glu 242 at the end of the D-channel should
sort “pump” protons from “chemical” protons. At a first glance, this
seems to suggest that CcO acts akin to Maxwell's demon in violation
of the Second Law of Thermodynamics. Furthermore, the detailed bal-
ance condition imposes that there should be a proton leakage from
the P side along the exit channel, which, in the presence of opposing
membrane potential, will be intensified. Of course, the energy re-
leased from the reduction of oxygen powers the translocation of the
protons. But a fundamental question is: How does scalar redox chem-
istry lead to vectorial transport of protons across the membrane with-
out violating fundamental physical principles?

4. Kinetic models for redox-driven proton pumps

Master-equation approaches based on stochastic kinetics have
gained popularity in recent years as descriptions of molecular ma-
chines, single-molecule enzyme kinetics, and other biochemical reac-
tions [37,54–56,59]. In the following we review the design principles,
construction and analysis of kinetic master-equation models specifi-
cally developed for redox-coupled proton pumps [41–43]. We then
use these models to address some of the fundamental questions in
relation to the proton pumping driven by redox chemistry. We also
extend the models to examine detailed molecular mechanisms.

4.1. Construction of kinetic models

Fig. 2A presents a general N-site kinetic model of a redox-coupled
proton pump with Np proton and Ne electron sites (N=Np+Ne). Each
site can be occupied by only a single proton (blue circles) or electron
(red squares), resulting in a total of 2Nmicroscopic states that are deter-
mined by the occupancy of the sites, μ=1, 2,…,N. This binary state rep-
resentation provides a more detailed description at the molecular level
than theN “concentrations” onewould have at the ensemble level. Two
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Fig. 2. (A) Schematic of an N-site kinetic model with Np proton sites and Ne electron sites. Pro
corresponding intrinsic free energies. The light circle and square indicate active sites invo
(blue) and electron (red) transfer reactions. (B) Flux diagram with net proton up-take flux
Adapted from Fig. 1 of Ref. [42].
states i and j are kinetically connected (see arrows in Fig. 2A) if they
are related through a single proton or electron transfer between
sites, or between sites and the N (or P) side of the membrane. Note
that Fig. 2A assumes a single proton channel connecting both sides
of the membrane for demonstration purpose. However, multiple pro-
ton channels are observed in CcO, with its D and K channels, which
can be incorporated into the model without difficulty. Also, multiple
parallel proton or electron paths may be introduced between two
sites within a channel. Detailed balance ensures that for a given for-
ward reaction a backward reaction is allowed, as shown in Fig. 2A.
To mimic the redox chemistry, we introduce special “active” sites for
protons (M) and electrons (N), indicated in Fig. 2A in light colors.
These sites participate in the “chemical reaction” in which a product
is formed at a finite rate when the two sites are simultaneously occu-
pied (see black arrows in Fig. 2A). Also the reverse chemical reaction
is possible, as indicated in Fig. 2A (back arrow), with a rate deter-
mined by the redox equilibrium. Since the electron ends up reducing
oxygen at the BNC in CcO, the last electron site N is always designated
as the electron active site.

The kinetic scheme in Fig. 2A does not distinguish between the four
reduction events in the dioxygen chemistry, Eq. (1). It assumes an infi-
nite supply of electrons and protons, such that the overall concentra-
tions of electrons and protons remain constant during the whole
process. Also, it is assumed implicitly that the oxygen required for the
redox chemistry is available instantly for chemical reaction. The product
of the redox chemistry is constantly removed to avoid its build-up in the
system, which would otherwise drive the reverse reaction and eventu-
ally result in equilibration. However, this assumption is not essential as
long as the concentrations of reactants (protons, electrons, and oxygen)
and product (water) aremaintained at values far from equilibrium. This
concentration nonequilibrium drives the open system into a steady
state with nonzero electron and proton fluxes.

4.2. Rate coefficients and detailed balance

The rate coefficients between two kinetically connected states are
constructed to satisfy detailed balance, except for the product forma-
tion reaction (black arrows in Fig. 2A). Specifically, let us consider two
states i and j connected by a single proton or electron transfer be-
tween two sites or between a site and the N (or P) side of the mem-
brane. Let kji (kij) be the transition rate coefficient from state i (j) to
state j (i). Detailed balance then dictates that the ratio of forward
N side

P side
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ton and electron sites are represented as blue circles and red squares, respectively, with
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, Jup, pump flux, Jpump, electron flux, Jel, and product flux, Jprod.
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and reverse rates is consistent with by the free energy difference be-
tween the two states, i.e.,

kji=kij ¼ exp − Gj−Gi

� �
=kBT

h i
; ð2Þ

where Gi is the free energy of state i, kB is the Boltzmann constant, and
T is the absolute temperature. Without loss of generality, the two
rates can then be written as

kji ¼ κijexp −αij Gj−Gi

� �
=kBT

h i
; ð3Þ

kij ¼ κijexp þ 1−αij

� �
Gj−Gi

� �
=kBT

h i
; ð4Þ

where κij is the intrinsic rate constant of the transition between states
i and j in the absence of a thermodynamic driving force, i.e., Gi=Gj,
while αij is a constant that distributes the contribution of the
Boltzmann factor to forward and backward rates [54,56]. Note
that the “load” distribution factor αij becomes relevant in the presence
of external biases (here the membrane voltage), unless the symmetric
matrix of prefactors κij=κji is allowed to depend on the bias. Assuming
linear free energy relations, the αij are related to the location of the
respective transition state along the reaction path [55,56], as seen
by rewriting Eqs. (3) and (4) in a more familiar Arrhenius form,

kji ¼ τ−1exp − G�
ij−Gi

� �
=kBT

h i
; ð5Þ

kij ¼ τ−1exp − G�
ij−Gj

� �
=kBT

h i
; ð6Þ

where Gij* is the free energy of the transition state between states i
and j, and τ is a time constant. One can easily show that these two
rate expressions are equivalent to

κij ¼ τ−1exp αijGj þ 1−αij

� �
Gi−G�

ij

n o
=kBT

h i
: ð7Þ

Note that in our previous studies of the kinetic models [41–43], αij

was set equal to ½ independent of the states for simplicity even in the
presence of a membrane potential. However, this constraint in general
should be relaxed, or more generally κij should be allowed to vary
with voltage, despite the increase in the number of model parameters.

Product formation in the models (black arrows in Fig. 2A) is driven
by a free energy gain of the redox chemistry corresponding to one
quarter (~500 meV) of the energy released per electron consumed
in dioxygen reduction. Thus, the forward product-formation rates
contain an extra factor equal to exp(−ΔGp/kBT) with ΔGp=500 meV.
This additional factor breaks the detailed balance between the for-
ward/reverse product-formation rates, thus mimicking an open sys-
tem in which the reactant and product concentrations are held
constant. Ultimately, the broken detailed balance in the product for-
mation step is responsible for generating a nonzero steady-state
flux in the models.

The relative free energy Gi of state i is given by

Gi ¼ ∑
N

μ¼1
G0
μx

ið Þ
μ þ ∑

N−1

μ¼1
∑
N

ν¼μþ1
εμνx

ið Þ
μ x ið Þ

ν þ ∑
N

μ¼1
x ið Þ
μ qμ

zμVm

L
ð8Þ

where Gμ
0 is the intrinsic relative free energy of site μ, and εμν is

the electrostatic coupling between two sites μ and ν determined by
the effective Coulomb interactions of two charges in a planar low-
dielectric membrane between two conducting media [60]. The occu-
pancy variable xμ

(i) is zero when site μ is empty in state i, and one
when it is occupied. Here Vm=VP−VN is the membrane potential,
qμ is the charge of site μ, zμ is the distance from the N side of the
membrane to site μ, and L is the membrane width taken to be 30 Å.
Note, however, that care must be taken in assigning the voltage-
dependent rate coefficients for proton and electron uptake, because
of the broken symmetry of the two sides of the membrane in the
presence of nonzero membrane voltage.

4.3. Master equation and pumping efficiency

The probability of state i, Pi(t), as a function of time t satisfies the
master equation

dPi=dt ¼ ∑
j≠i

kijPj−∑
j≠i

kjiPi; ð9Þ

where the first term on the right represents the incoming flux from all
other states to state i, which is counterbalanced by the outgoing flux
from state i to other states (second term). In the absence of the driving
force (ΔGp=0), the probabilities would approach equilibrium without
any net flux, and satisfy the Boltzmann distribution, i.e., Pieq/Pjeq=exp
[−(Gi−Gj)/kBT]. For finite driving force (ΔGp≠0), the system ap-
proaches a steady state (i.e., dPi/dt=0) with steady-state probabilities,
Pi
ss, obtained simply by solving the set of linear equations (9), with the

left hand side set to zero. The net flux from state i to state j is then
given by Jij=kjiPi

ss−kijPj
ss, which in turn results in an effective pro-

ton up-take flux, Jup, electron flux, Jel, pump flux, Jpump, and product
flux, Jprod, as illustrated in Fig. 2B. The conservation of fluxes leads to
Jel= Jup= Jpump+ Jprod. We define the proton-pumping efficiency η as

η ¼ Jpump

Jel
; ð10Þ

which measures the average number of protons pumped per electron
consumed. Note that the efficiency for separating charges across the
membrane is then 1+η. The pumping efficiency is related to the ther-
modynamic efficiency γ through

γ ¼ 1þ ηð ÞVm=ΔGp; ð11Þ

which measures the efficiency of converting the chemical energy ΔGp

into electrical energy (1+η)Vm.

5. Principles of redox-driven proton pumping

Can kinetic models reveal general principles of proton pumping
driven by the redox chemistry? Specifically, what are the basic require-
ments for a kinetic model that successfully pumps protons across the
membrane? And under which conditions can a pump such as CcO oper-
ate efficiently in the presence of an opposing potential? To answer these
questions, we explore the parameter space of the kinetic models in
search of pumping solutions (with ηN0) by solving themaster equation
and optimizing the pumping efficiency. For a model with a given num-
ber of sites and rate coefficients kij, it is straightforward to find the
steady-state solutions of Eq. (9). However, as the number of sites, N, in-
creases, the total number of states as well as the number of parameters
increases exponentially. In themost general case of a first-order kinetic
system satisfying detailed balance, the number of free parameters is
given by the sum of the states and the number of connections between
them minus one. For the three-site model of pumping in Fig. 3A with
eight states and 12+2=14 connections, we thus end up with 8+14−
1=21 free parameters at any given voltage. For the five-site model
of Fig. 3B, the number of free parameters is already N100. Thus for
large N, it is difficult to explore the vast parameter space for pumping
solutions and to analyze the solutions and extract any meaningful infor-
mation from them. To understand basic principles of the redox-driven
proton pumping, it is thus desirable to build models that are as simple
as possible, but retain essential components of the redox-driven proton
pump. On this premise, we have constructed the minimal model that is
able to pump protons, and at the same time satisfies basic physical prin-
ciples [41].
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To achieve the proton-pumping function, the kinetic model re-
quires a minimum of three sites: two proton sites and one electron
site. It is straightforward to show that N=2 kinetic models (one for
protons and the other for electrons) cannot pump protons across
the membrane even in the absence of an opposing membrane voltage
[41]. For N=3 models, two sites are necessary for protons in order to
achieve pumping, which indicates that the complexity of proton
pathways compared to electron pathways in CcO is critical for effi-
cient proton pumping. In these models we had M=1, i.e., the N side
is directly connected to the proton active site, which is separated by
a “pump” (or proton loading) site 2 from the P side. Interestingly,
when we reversed the order and placed the second proton site near
the P side as the active site (i.e., M=2), we were not able to find
any pumping solutions for a wide range of values in the parameter
space. This result suggests that both the presence and the precise
location of the pump site are essential for the efficiency of CcO.
The pump site breaks the symmetry of the proton path, such that
some of the protons taken up are pumped instead of consumed.

Electrostatic couplings between protons and electrons are key
to proton pumping [17]. Indeed, at least for our N=3 models, it can
be shown analytically, that electrostatic interactions between the
sites are essential for proton pumping. Turning off the electrostatic
interactions, either by introducing a high dielectric medium or by
turning off the charges, eliminates the pumping ability. In addition,
fine-tuning of the electrostatic interactions between various sites
can greatly enhance the proton pumping efficiency as will be shown
below. The importance of the electrostatic couplings in proton pump-
ing can be understood by realizing that the electron taken up from
the P side to the electron site is effectively modulating the energy
landscape of a proton along the proton path connecting the N and
P sides via electrostatic interactions. This tilting of the landscape is
similar to the Brownian ratchet model proposed to describe the uni-
directional motion of motor proteins via ATP hydrolysis, in which
the chemical reaction that leads to the conformational change in the
head domain alternates between two periodic free energy landscapes
(with at least one being asymmetric) [38,39]. However, in our models
of CcO, the “ratchet” controlling the landscape for proton transfer
(pT) is itself a fluctuating part of the model.

The earlier study of the three-site models [41] showed that elec-
trostatic couplings without any elaborate “gating” mechanism suffice
to pump protons in the presence of opposing membrane voltage.
More specifically, withαij ¼ 1

2= and intrinsic rate coefficients κij inde-
pendent of microscopic states i and j, but dependent on the sites
μ=1, 2, 3 involved in the proton or electron transfer, release, or up-
take reaction associated with the i–j transition, the restricted three-
site models were able to pump protons albeit at a low efficiency
(ηb0.2) [41]. Also the models lost the pumping ability at membrane
voltages N20 mV. In contrast, CcO can pump protons with efficiency
close to 1 even at membrane voltages of ~200 mV. We showed that
multiple redox sites present in CcO can improve the efficiency dra-
matically [41]. Furthermore, as we will show below, “kinetic gating”
is essential to achieve high efficiency at larger membrane voltage
within three-site models, which will provide insights into possible
mechanisms of proton pumping by CcO.

6. Proton pumping mechanism of CcO

To understand the molecular mechanism of proton pumping by
CcO, we aim to build a model that retains essential components of
CcO and satisfies experimental data. In the following we examine
kinetic models designed tomimic the architecture of CcOwith thermo-
dynamic constraints imposed to meet key experimental observations.

6.1. Building kinetic models for CcO

CcO contains a series of redox-active co-factors and conserved
ionizable residues along the electron and proton transfer pathways
that are crucial for its proton-pumping activity. Although it is, in prin-
ciple, straightforward to include all these sites in building a kinetic
model, the complexity of analyzing the solutions of the resulting mas-
ter equation and the lack of data needed to determine unambiguous
model parameters limit the possible gains in understanding of proton
pumping mechanisms. Here we introduce two simple kinetic models
for CcO that only retain the key redox and proton sites. The other sites
are, in effect, integrated out and appear only implicitly in the form of
effective rate coefficients. The simplest three-site model shown in
Fig. 3A has a single electron site representing heme a and two proton
sites corresponding to Glu 242 and a pump site. This model has been
extensively investigated for its pumping mechanism. The less studied
five-site model shown in Fig. 3B contains two electron sites (one for
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heme a and the other for the BNC), and three proton sites (Glu 242,
pump site and the BNC). This model, which resembles CcO more
closely, however, has a total of 25=32 states (compared to 8 states
for the three-site model) and thus requires a large number of exper-
imental data to determine its N100 transition rate coefficients. Even
though it is straightforward to solve the master equation of the five-
site model, lack of experimental data for the parameters thus makes
it difficult to uncover the underlying mechanism of proton pumping.
Therefore, in this review we will focus on the results obtained for the
simplest three-site model. However, as we gather more information
concerning the different reaction steps, as well as thermodynamic
data, we believe that the more detailed five-site model will serve to
better understand the mechanism of proton pumping by CcO.
6.2. Parameter values and experimental constraints

To make use of experimental data in the parameterization of
the rate coefficients of our models, we first need to match individual
reaction steps resolved experimentally to corresponding steps in the
kinetic model, as illustrated in Fig. 4. We then employ a Monte
Carlo (MC) search algorithm to identify regions of parameter space
that result in acceptable values for the effective proton affinities, reac-
tion rates, and equilibrium coefficients for intermediate reactions,
as shown in Fig. 4A. For models that satisfy these experimental con-
straints, the MC search then aims to optimize the proton pumping
efficiency. To prevent unrealistic values for the parameters and to
cope with experimental observations, we imposed certain constraints
on the parameters [42]. The intrinsic free energy, Gμ

0, of proton site μ
is related to its intrinsic pKa via

G0
μ ¼ 2:3kBT 7−pKint

a;μ

� �
; ð12Þ
Fig. 4. CcO reaction cycle. (A) Measured equilibrium constants and rates along a proposed r
are represented as red squares and blue circles, respectively. (B) Corresponding reaction ste
in the last reaction indicate that the reaction is a two-step process consisting of the interna
Adapted from Fig. 2 of Ref. [42].
while the midpoint potential of the electron site at the state i, ΔEmi , is
given by

ΔEim ¼ −25:6 G0
3 þ ∑

2

μ¼1
x ið Þ
μ x ið Þ

3 εμ3

 !
½mV�: ð13Þ

Based on experimental data of the apparent pKa of Glu 242
[58,61,62], we restricted the pKa of site 1 in the oxidized state to
vary between 9 and 12, such that its intrinsic free energy is bounded
by −2.8bG1

0b−6.9 kcal/mol. The apparent pKa of the pump site in
the oxidized enzyme has been estimated to be 5.3 [9]. In our models,
we limited the intrinsic free energy of site 2 to 1.4bG2

0b4.1 kcal/mol,
corresponding to pKa values of the pump site between 4 and 6 in the
oxidized state. Differences in the measured midpoint potentials of
heme a (270 mV), CuA (250 mV), and cytochrome c (~270 mV) [9]
were used only for model validation, not in model construction [42].

The electrostatic couplings, εμν, between the charge sites are de-
termined by Coulomb interactions, qμqν/Drμν, where D is the dielectric
constant of the medium and rμν is the Euclidean distance between
the sites μ and ν, augmented by the conducting boundary conditions
on both ends of the membrane [60]. The geometry of the charge sites
in the three-site model is presented in Fig. 3A, in which the electron
site is fixed, while the two proton sites are allowed to move perpen-
dicular to the membrane plane, with constraints that sites 1 and 2
remain below and above the electron site, respectively. The thermo-
dynamic data indicate strong coupling between heme a and the
pump site, while there is evidence for the presence of water mole-
cules between heme a and the BNC as well as along the proton chan-
nels. Accordingly, we used variable dielectric constants by setting
D=4 for ε23 and D=20 for the other couplings.With these geometric
constraints (see Fig. 3A) and dielectric constants, one obtains ε12≤
2.2 kcal/mol, ε13≥−1.1 kcal/mol, and ε23≥−18.5 kcal/mol.
eaction sequence in the absence of membrane potential [25]. Electron and proton sites
ps of the three-site model with experimental equilibrium constants. The dashed arrows
l pT followed by the uptake of a proton from the N side.



532 Y.C. Kim, G. Hummer / Biochimica et Biophysica Acta 1817 (2012) 526–536
Equilibrium constants of key reaction steps have been measured
as shown in Fig. 4A [25]. We identified corresponding reaction steps
in our three-site kinetic model as presented in Fig. 4B, and imposed
the equilibrium constants in optimizing the pumping efficiency in
the model parameter space. As more experimental values become
available and complex kinetic models, such as a five-state model,
can reasonably be adopted, constraining some of the parameter
values remains a straightforward procedure.

6.3. Proton pumping solutions and pump cycles

We found that even in the presence of experimental thermody-
namic constraints on the parameter values it was relatively easy to
find pumping solutions with high efficiency [42]. Fig. 5 shows the
pumping efficiency as a function of the opposing membrane potential
for a set of randomly picked solutions found by MC optimization in
the parameter space. All thermodynamic constraints imposed above
are satisfied by these solutions. The physical characteristics of the
pumping solutions are diverse, in which some of them lose the pump-
ing ability at membrane voltages of 100 mV, while others can pump
protons at voltages as high as 200 mV, close to the mitochondrial
membrane potential. It is remarkable that, in contrast to the original
restricted three-site model [41], three-site models with kinetic gating
are able to maintain a pumping efficiency of nearly 100% at voltages
of N100 mV for a broad range of parameter values.

Fig. 5B presents the thermodynamic efficiency γ as a function of
the membrane potential from the same solutions as in Fig. 5A. The
thermodynamic efficiency lies between 20% and 60% in the range of
membrane voltages from 100 mV to 200 mV, with peak efficiencies
of ~60% at ~200 mV. The thermodynamic efficiency becomes negative
at higher voltages, indicating that proton leakage from the P side to
the N side overpowers the pumping flux as well as the product flux
(i.e., ηb−1; see below). Interestingly, a couple of models yield almost
constant thermodynamic efficiency at VmN200 mV.

The pumping solutions can be further characterized by identifying
dominant reaction cycles. Only some of the cycles are coupled to
pumping, with a majority of futile cycles resulting in product forma-
tion without proton pumping. For efficient pumping, the flux through
these futile cycles must be suppressed. Within the three-site model,
one can draw seven possible pump cycles that contain pumping
steps. Fluxes are calculated for each pump cycle, and the cycle that
yields the maximum flux is designated as dominant for a particular
model [40]. Among the seven pump cycles, we observed that only
five pump cycles are dominant in at least one model [42]. After com-
paring the electron up-take rates among the five cycles with experi-
mental observations [25,63,64], we concluded that the two cycles
shown in Fig. 6 are consistent with what is observed experimentally
Fig. 5. (A) Pumping efficiency η and (B) thermodynamic efficiency γ as a function of the
obtained via MC optimization. These solutions satisfy the thermodynamic equilibrium cons
in CcO [42]. The major difference in the two cycles is the mechanism
of the pumping step from site 2 to the P side. In cycle 5, a proton taken
up from the N side to site 1 repels the proton in the site 2 to the P
side; in contrast, there is no such repulsion that drives the proton in
site 2 to the P side in cycle 4.

6.4. Kinetic gating for efficient proton pumping

What makes such simple models efficient proton pumps? A care-
ful examination of the two dominant cycles presented in Fig. 6
shows that they compete with possible “slip” cycles in which product
is formed without pumping. For example, in cycle 4 product forma-
tion at microstate V (i.e., the step V→0; dashed arrow) can lead to
a slip cycle (0→ I→V→0) in which product is formed before a pro-
ton is transferred to the pump site. Similarly, in cycle 5 the step
II→ I (proton back-flow from site 2 to site 1; dashed arrow) leads to
a slip cycle (I→V→VI→VII→ II→ I) without pumping. The same
slip cycle can be observed in cycle 4. Efficiency of pumping thus re-
quires that such slip cycles are suppressed.

One of the key contributors to the improved pumping efficiency
compared to the earlier models [41] is the ratio of intrinsic rates
of the internal pT between sites 1 and 2 in the reduced state, κpTr ,
(site 3 occupied) and oxidized state, κpTo , (site 3 empty). Specifically,
models with cycles 4 and 5 as dominant pump cycles were found to
have κpTr 106 times larger than κpTo [42], as schematically illustrated
in Fig. 7. Note that the dependence of the intrinsic pT rates on the mi-
crostates does not violate the detailed balance condition. In the earlier
study the intrinsic rates were constrained, resulting in low efficiency
[41]. The control of the intrinsic pT rates by an electron thus emerged
as one of the contributors to the higher pumping efficiency [42]. The
enhancement of the intrinsic pT rate in the reduced state accelerates
the internal pT from site 1 to site 2 (step V→VI), but in comparison
reduces the proton back-flow from site 2 to site 1 in the oxidized
state (step II→ I) to prevent proton leakage. Similarly, intrinsic prod-
uct formation rates were shown to depend strongly on the proton-
ation state of the pump site [42]. The intrinsic product formation
rate in the presence of a proton in the pump site, κPR+, was found to
be much faster (~104 times) than that in the absence of a proton,
κPR0 , as illustrated in Fig. 7 (bottom panel). Such “kinetic gating” is
crucial to prevent any slip cycles or proton leakage from dominating
in the models.

A combination of kinetic gating and a strong energetic bias
(through pKa's and mid-point potentials) ensure that a proton in
site 1 is transferred to the pump site upon reduction of the electron
site before forming a product. A fast proton up-take from the N side,
combined with the strong electrostatic coupling between an electron
and a proton in the pump site, blocks the pump proton from being
opposing membrane potential for proton-pumping solutions of the three-site model
tants shown in Fig. 4 at zero membrane potential.
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transferred back to site 1. Upon product formation, the absence of an
electron in the electron site then reduces the intrinsic pT rate so that
the pump proton can be transferred to the P side without (cycle 4) or
with (cycle 5) the repulsive interaction from a proton at site 1.

Does CcO employ such kinetic gating to boost the pumping effi-
ciency? And if so, what is the molecular origin of such gating? One
should note that the analysis of master-equation models does not ad-
dress the underlying microscopic mechanism. But the observed gat-
ing mechanism matches the predictions of the water-gated model
of proton pumping by CcO [21] and more recent analyses of the
pump mechanism [9,65,66]. In the water-gated model, a branched
chain of water molecules inside a hydrophobic cavity next to the
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Fig. 7. Schematic drawing of kinetic gating. (A) and (B) illustrate the rate enhancement
of the internal pT by the electron in site 3, while (C) and (D) depict the enhancement in
the product formation rate by the proton in the pump site.
BNC [19,67,68] is thought to serve as an efficient proton conducting
wire [69]. With heme a reduced, in molecular dynamics (MD) simula-
tions the water-chain was found to be oriented from Glu 242 to the
pump site [21], so that a proton from Glu 242 is easily transferred
to the pump site. In contrast, reduction of the BNC orientated the
water hydrogen bonds from Glu 242 to the BNC, thus facilitating pT
to the active site for product formation. Moreover, the magnitude of
the gating effect observed in the models, with a rate enhancement
by a factor of ~106, corresponds to a drop in the barrier for pT by
~8.3 kcal/mol, a value close to the 7.1 kcal/mol predicted by Siegbahn
and Blomberg [65]. The kinetic gating predicted by the master-
equation models thus appears to be realizable microscopically.

6.5. Mechanism of Glu valve

On the basis of the structure [12], modeling [67,68], and MD sim-
ulations [26], it has been suggested that the sidechain of Glu 242
shuttles between a state protonically connected to the D channel,
and a state connected to the BNC and the pump site. Recent MD sim-
ulations [44] showed that this Glu motion depends on the proton-
ation state, suggesting a possible functional role as a proton valve.
The unprotonated Glu 242 remains predominantly in a “down” con-
formation in which its side chain points toward the N side, facilitating
the uptake of a proton. Upon protonation, the “up” conformation,
in which the side chain of Glu 242 is swung toward the P side by ap-
proximately 4 Å, is populated. This enables the internal pT to the
pump site. Such a protonation-dependent conformational change
helps block proton leakage from the pump site to Glu 242, where
the unprotonated Glu 242 remains in the “safe” down conformation,
ready for reprotonation.

To see if the Glu valve mechanism is thermodynamically allowed,
and if it indeed improves the efficiency, we introduce a protonation-
dependent conformation at the proton site 1 of our three-site model.
The resulting additional kinetic reactions are presented in Fig. 8A, in
which site 1 has two conformational states, down (1d) and up (1u).
Proton uptake from the N side is possible only to the down conforma-
tion, whereas the internal pT can occur only between the up confor-
mation of site 1 and site 2. Product can be formed only when the up
conformation of site 1 and electron site 3 are simultaneously occupied.
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Geometrically, the up conformation lies above the down conformation
by 4 Å in accordance with the MD data, making their equilibrium sen-
sitive to membrane potentials. Note that the Glu valve model differs
from a four-site model with an extra proton site, since in the latter
the down and up sites could be occupied simultaneously by protons.

As above, the thermodynamic constraints are applied to the model
during the MC optimization for finding pumping solutions. We ob-
serve that the Glu valve improves the pumping efficiency from the
original three-site model. In particular, as shown in Fig. 8B, the ther-
modynamic efficiency approaches 80% even at membrane voltages
N200 mV. In models that show pumping, the down conformation
has a 1–6 kcal/mol lower intrinsic free energy than the up conforma-
tion, preferring the down conformation when site 1 is unprotonated.
The range of free energy differences between up and down con-
formers is also consistent with the MD results [44,70]. The Glu valve
improves the pumping efficiency by further blocking the proton-leak
current through the pump site and site 1, with site 1 preferentially
in a down conformation that is protonically disconnected from site 2.

6.6. Leak currents

The prevention of leak currents is indeed essential for the efficien-
cy of a proton pump. So far, we have only considered the case of steady
turnover, with an unlimited supply of electrons, protons, and oxygen
as reactants. However, the pump should also prevent leak currents
in the absence of turnover, where the pump function is completely
lost. In Fig. 9, we compare the pump and leak currents with and with-
out product formation. Results are shown for an optimized 3-site
model that pumps up to a voltage of ~155 mV. We find that under
conditions of normal load of membrane potentials between 0 and
200 mV, the leak currents remain small even in the absence of turn-
over compared to pump currents at ~100 mV. Interestingly, the partic-
ular model is also well sealed against leakage at negative membrane
potentials in the absence of turnover.

6.7. Effects of D-channel mutations

Kinetic models can provide insight into the effects of mutations on
the pumping efficiency. Experimentally, the N98Dmutation introduc-
ing an aspartic acid into the D-channel between Glu 242 and the N
side of the membrane resulted in an interesting phenotype in which
the enzymatic activity of the WT is retained but the proton-pumping
ability is lost [71,72]. This D-channel mutation can be easily incorpo-
rated into the optimized three-site models by introducing an addi-
tional proton site between the N side and proton site 1. By changing
the intrinsic free energy of this extra site, but leaving the parameters
associated with all other sites unchanged, one can qualitatively mimic
the introduction of the ionizable residue N98D into the D channel
[42]. We found that the majority of the models dominated by cycle
4 pump protons nearly as efficiently as the original three-site models,
but those dominated by cycle 5 lose their pumping ability, while
retaining about half the enzymatic activity of the original model.
This behavior of models dominated by cycle 5 is qualitatively consis-
tent with the experimental observations. The main cause for the lack
of pumping in the N98D mutants seems to be an effective shutdown
of the internal pT from site 1 to site 2 [42].

7. Concluding remarks

The kinetic master-equation approach provides a powerful tool to
studymolecularmachines operating far from equilibrium. By carefully
designing models and assigning appropriate rates, one can gain rele-
vant insight into themolecularmechanisms underlying their function.
In particular, we developed kinetic models to elucidate the mecha-
nism of proton pumping by CcO driven by redox chemistry. Experi-
mental thermodynamic and kinetic data as well as mutagenesis
results can easily be incorporated into the models. Similarly, results
of electrostatics and quantum-chemical calculations, and of MD simu-
lations can be used in the design and parameterization of the model
[18,19,26,27,29,44,65–70,73–78]. Studies of the simplest three-site
models revealed basic principles of the redox-coupled proton pump
[41–43]. These master-equation models showed in particular that
kinetic gating is critical to achieving high pumping efficiency. The
required rate enhancement of the internal pT from Glu 242 to the
pump site, mediated by the electron in heme a, is consistent with
the concept of the water-gate model [21].

The thermodynamic efficiency of most three-site models lies be-
tween 20% and 60%, well below the efficiency of CcO operating at
physiological condition. As seen in the analysis of a four-site model
with an additional electron site [41], increasing the complexity of
the kinetic models improved the efficiency. This result suggests that
the complexity of the electron and proton pathways in CcO is crucial
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in its operation at such a high efficiency. We showed here that the
inclusion of a Glu-valve, in which Glu 242 switches between a
high-population down conformer and a low-population up conformer,
indeed resulted in an increased thermodynamic efficiency of almost
80%. Thus the analysis of kinetic models with greater complexity by
including additional redox centers as well as proton sites may well
be justified. Although the development of such complex kinetic
models requires additional efforts, not least on the experimental
side, they should prove useful in identifying the general principles
of CcO function and in creating blueprints for artificial redox-driven
molecular machines.

Our study addresses a question central to proton pumping: how
can gating of the proton flow be achieved when all microscopic pro-
cesses are fully reversible. The modulation of the barriers governing
the rates of microscopic transitions is often presumed to be essential
for gating [78,79]. However, in ref. [41] we used a simple 3-site model
to show that proton pumping is possible even without any barrier
modulation, as long as reactant and product concentrations are out
of equilibrium. We could show that already a modest-sized network
model with two proton sites and one electron site, resulting in eight
microscopic states, provides sufficient complexity that an exergonic
reaction (the reduction of oxygen to water) can be coupled to an end-
ergonic reaction (the pumping of protons against an electrochemical
potential). In this simplest 3-site model, gating was achieved entirely
by modulating the proton and electron affinities of the microscopic
states, and without state-dependent modulation of the kinetic prefac-
tors. The analysis of kinetic master-equation models thus shows that
barrier modulation is not essential for gating, as long as the micro-
scopic system has sufficient chemical complexity.

Nevertheless, the kinetic gating associated with barrier modula-
tion can greatly increase the efficiency of pumping [41,42]. Ref. [41]
showed that the pumping efficiency of a master-equation model can
be improved either by increasing the number of electron and proton
sites, and thus its chemical complexity, or by modulating the kinetic
prefactors κij of key microscopic transitions. Ref. [42] subsequently
showed that kinetic gating of the proton transfers from Glu 242 to
the pump site and into the BNC for chemistry is key to the high pump-
ing efficiency of CcO, consistent with the water-gated mechanism of
pumping [21]. Here we showed that the Glu valve of ref. [44] further
improves the efficiency by preventing proton leakage. In our model of
the Glu valve, detailed balance is satisfied, i.e., the up-down shuttling
and the pT reactions are microscopically reversible and satisfy Eq. (2).
This analysis thus addresses a concern raised in Ref. [79] that “an
isomerization of a side chain by itself cannot establish a gate (because
of microscopic reversibility).” In an open system of sufficient com-
plexity (of the underlying network of chemical reaction steps), a de-
vice such as the Glu valve can serve effectively as a gate that
increases the overall efficiency. So, while proton pumping can be
achieved even in a simple model without barrier modulation [41], in-
creased complexity, kinetic gating, and the Glu valve all help improve
the efficiency of the pump.

Nevertheless, one must keep in mind that the master equation
approach employed here does, by itself, not address the question
how a particular element is realized atomistically. Based on their re-
cent MD simulations of CcO [80], Yang and Cui questioned both the
water-gate and Glu valve mechanisms as gating elements. They
argue that with their refined dielectric model the orientational prefer-
ences of both the active site water and of the conserved glutamic acid
are substantially altered. Clearly, this is a serious concern that de-
serves further investigation by simulation and, ultimately, by experi-
ment. Interestingly, though, their finding that the Glu-242 side chain
(bovine numbering) is strongly biased to pointing up into the BNC
(counter to what is seen in the crystal structures) could also result in
a gate functioning similar to the one studied in Fig. 8, by breaking
the connectivity between the active site region and the D channel in
a way that depends on the charge state of the active site region.
So while the barrier modulation involved in kinetic gating im-
proves the pumping efficiency dramatically within our simplified
kinetic models, uncovering the underlying molecular mechanisms
requires further experimental investigations. Furthermore, it is still
an open question whether such barrier-modulating mechanisms
are necessary to achieve the high pumping efficiency of actual oxi-
dase. Earlier studies using a more complex four-site model showed
substantially improved pumping efficiency [41]. Preliminary studies
using a five-site model that includes a more detailed rendering of
the BNC (Fig. 3B) indicate that even higher efficiencies are possible
in principle. Overall, by expanding the number of states in more
complex kinetic networks, “gates” become regular parts of the sys-
tem without the need of explicit barrier modulation.

The kinetic master-equation approach employed here can readily
be applied also to other molecular machines, e.g., motor proteins.
Similar approaches were already taken in studying the motion of
motor proteins [59], but our approach differs from these with respect
to the explicit inclusion of the chemical reaction step that effectively
breaks detailed balance in an open system with given reactant con-
centrations. Following a similar route, models designed to couple
ATP hydrolysis and the unidirectional motion of motor proteins
may reveal important substeps as well as the mechanisms of motor-
protein motion.
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