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Membrane proteins use the energy of light or high energy substrates to build a transmembrane proton
gradient through a series of reactions leading to proton release into the lower pH compartment (P-side)
and proton uptake from the higher pH compartment (N-side). This review considers how the proton affinity
of the substrates, cofactors and amino acids are modified in four proteins to drive proton transfers. Bacterial
reaction centers (RCs) and photosystem II (PSII) carry out redox chemistry with the species to be oxidized on
the P-side while reduction occurs on the N-side of the membrane. Terminal redox cofactors are used which
have pKas that are strongly dependent on their redox state, so that protons are lost on oxidation and gained
on reduction. Bacteriorhodopsin is a true proton pump. Light activation triggers trans to cis isomerization of a
bound retinal. Strong electrostatic interactions within clusters of amino acids are modified by the conforma-
tional changes initiated by retinal motion leading to changes in proton affinity, driving transmembrane
proton transfer. Cytochrome c oxidase (CcO) catalyzes the reduction of O2 to water. The protons needed
for chemistry are bound from the N-side. The reduction chemistry also drives proton pumping from N- to
P-side. Overall, in CcO the uptake of 4 electrons to reduce O2 transports 8 charges across the membrane,
with each reduction fully coupled to removal of two protons from the N-side, the delivery of one for chem-
istry and transport of the other to the P-side.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Organisms use a transmembrane electrochemical proton gradient
as a key form of stored energy [1–4]. A group of transmembrane pro-
teins generate this gradient using the energy stored in low potential
reduced substrates [5–7] or light [8]. The protons then move downhill
through other membrane embedded proteins, dissipating the proton
gradient to do work. The gradient is primarily used to support ATP
synthesis by the F1/F0 ATPase [9–12], but also fuels flagellar motors
[13,14] and plays a role in supporting active transport of metabolites
[15–17].

This review focuses on four proteins that add to the transmembrane
proton gradient: bacterial reaction centers (RCs) [18–21], photosystem
II (PSII) [22–26], bacteriorhodopsin [27–31] and cytochrome c oxidase
(CcO) [7,32–41]. RCs, PSII and bacteriorhodopsin use light as the energy
source, while CcO uses the energy liberated by the reduction of O2 to
water [42]. Proteins that generate the proton gradient can be classified
into two fundamental molecular designs (Fig. 1) [7,43]. One uses redox
reactions, arranging the sites that do chemistry vectorially with respect
to themembrane (Fig. 2) [44]. The second is the transmembrane proton
in Bioenergetics and Bio-
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pump (Fig. 3). RCs and PSII carry out vectorial redox chemistry. Bacteri-
orhodopsin is a protonpump. CcO combines bothmechanisms as vecto-
rial redox chemistry leads to the reduction of O2 and the liberated
energy drives a proton pump.
1.1. Vectorial redox chemistry

In a vectorial, redox dependent system low potential substrates
that are oxidized, releasing protons are placed in binding sites on
the low pH (P, positive) side of the membrane while the groups
that are reduced, binding protons, are near the high pH (N, negative)
side (Figs. 1b,c, 2) [44–47]. There is no proton transfer through the
protein from the N- to P-side of the membrane. Electrons tunnel,
through a series of intermediate acceptors [48], across the protein
from the electron donor on the P-side to the acceptor on the
N-side. Bacterial photosynthetic reaction centers (RCs) and green
plant photosystems PSI and PSII use light energy to build the proton
gradient in this manner.

Building a proton gradient by vectorial electron transfer reactions
requires that the reactants and products of the redox reactions have
substantially different pKas in their oxidized and reduced states
(Fig. 2). In addition, their pKas must shift across the value of the pH.
Thus, the pKa of each oxidized species must be below the pH, while
the reduced species must be above the pH on the appropriate side
of the membrane. If the pKa remains above or below the pH in both
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Fig. 1.Mechanisms proteins use for creating a proton gradient. Each protein removes protons from themore negative side of themembrane at high pH (N-side) and releases it on the low
pH, positive side (P-side) of the membrane. Dotted lines are electron transfer reactions; solid lines are proton transfers. A. The bacteriorhodopsin proton pump. Light absorption leads to
isomerization of the retinal Schiff-base (SB). Protons are transferred through the protein, but no overall chemistry is carried out. Rather, clusters of strongly interacting residues change
their proton affinity when the protein conformation changes leading to a sequence of proton binding and release. The SB, D85 and D212 (not shown)make up in the central cluster (CC)
and D194 and E204 form the exit cluster (EC). (B) Photosynthetic reaction centers (RCs) from purple, non-sulfur bacteria. Ubiquinone (UQ) is reduced in two light-initiated turnovers.
Because the pKa of the UQ is below 0 and that of the U QH2 is above 10, protons are bound upon quinone reduction. The quinone, with a long hydrocarbon tail is restricted to the mem-
brane. There is a proton pathway leading from the N-side to the quinone binding site, but no channel through the protein. The ultimate electron donor is cytochrome c, which does not
require proton release to be oxidized at physiological pH. (C) Photosystem II (PSII) reduces plastoquinone (PQ) in a reaction that is analogous to that found in RCs. Water is the ultimate
electron donor and it releases protonswhen it is oxidized to O2 in the oxygen evolving complex (OEC) on the P-side of themembrane. There are proton pathways that connect the N-side
compartment to the quinonebinding site and the P-side to theOEC but none that lead across the protein. (D) Cytochrome c oxidase (CcO) reducesO2 towater. This protein binds 4 protons
from the N-side of the protein to do chemistry. At the same time 4 additional protons are pumped across the protein. The bi-nuclear center (BNC) is made up of Heme a3, CuB and Y288.
Eight protons are taken up from the N-side via the K and D channels (only one shown). E286 is a Glu with a high pKa that sits at the top of the D channel for proton uptake.
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Fig. 2. The basic mechanism for vectorial proton transfer. The electron donor (D) is
placed on the P-side and the electron acceptor (A) is on the N-side of the membrane.
D is initially reduced and its pKa is above the pH found on the P-side so it is protonated.
When oxidized, its pKa shifts to be below the pH on the P-side and the proton is re-
leased to the P-side. The electron tunnels across the membrane and reduces A. When
A is oxidized its pKa is lower than the pH on the N-side, however the pKa of the reduced
A− is above the pH and it binds a proton from the N-side. As long as there is no proton
transfer pathway across the membrane the proton released as DredH is oxidized to the
P-side (lowering the pH) and the proton bound as Aox is reduced from the N-side
(raising the pH). The sequence here shows ET (electron transfer) preceding PT (proton
transfer) (ET PT). The mechanism can be PT ET, changing the protonation state before
electron transfer or can be by strongly proton coupled electron transfer (PCET) where
the two processes occur in a concerted manner.
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oxidized and reduced states, there will be no proton binding or re-
lease even if there is a large change in the pKa [49].

Vectorial redox chemistry relies on electron tunneling through the
protein. Tunneling steps of 8–10 Å are optimal so the transmembrane
region needs one or two intermediary cofactors to serve as stepping
stones across the membrane [48,50]. The reduction chemistry of
these bridging redox cofactors is usually not coupled to proton trans-
fer. In principle, conformational changes are not required to carry out
these long-range electron transfers and many of these reactions will
occur in frozen samples [51–53]. While these proteins do not have
transmembrane proton pathways, they will have short pathways pro-
viding access to transfer protons from the surface to the terminal
electron donors and acceptors [20,54,55].

1.2. The proton pump

The other basic protein design that generates a transmembrane
gradient is the proton pump. Here protons are moved through the
protein from the high to the low pH side of the membrane. A pump
relies on a network of proton carriers, including waters, cofactors
and protonatable amino acids to ferry the proton through the protein
[28,56,57]. During the reaction cycle the protein changes the thermo-
dynamics and kinetics of proton transfers between key residues
[58,59]. These changes ensure that the correct flow of protons is
thermodynamically favorable in each segment of the reaction cycle
and is unidirectional overall. Bacteriorhodopsin is a light driven pro-
tein that uses this mechanism [28]. Cytochrome c oxidase (CcO) is an
example of a protein that carries out vectorial proton binding driven
by the exergonic chemistry of oxygen reduction, which fuels a classic
proton pump [6,7,32].

It is easier to design a system where the gradient is built by put-
ting the electron donors and acceptors on opposite sides of the
membrane than to make a proton pump. Proton pumps need routes
to transfer protons across the protein. These pathways are not spe-
cial cofactors but simply protein side chains and internal waters
whose properties are modulated through the reaction cycle. The
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Fig. 3. A proton pump design. The simple proton pump has 2 protonable groups (n and
p) and goes through 3 steps to move a proton across the membrane from the N- to
P-side. The black filled hexagons have a proton (nh and ph) while the gray filled hexa-
gons are deprotonated (n− and p−). The ovals represent kinetic barriers for proton
transfer. Initially both sites are protonated (nh, ph). In the first step the pKa of p be-
comes lower than the pH so it releases a proton to form p−. Proton transfer across
the protein is blocked so the proton adds to the proton gradient on the P-side. In the
second step the pKa of n becomes lower than p so a proton is transferred from n to
p. The system moves from the (nh and p−) state to the (n− and ph) state. The exit
and entrance pathways are blocked so this is intra-protein proton transfer. In the last
step the pKa of n becomes higher than the pH on the N-side so n binds a proton. The
proton transfer across the protein is blocked so the proton is bound from the N-side,
resetting the system in the initial state. The order of the three steps can vary. n and p
can be acidic or basic amino acid side chains or ligands.
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protein passes through a set of reaction intermediates with different
protonation states, driven by a series of conformational or redox
shifts that change the pKa of the key residues. It is possible in
well-studied pumps such as bacteriorhodopsin to observe distinct
protonation intermediates [27,30,60]. The ability to trap these states
indicates they are metastable in a thermodynamic landscape that
changes in an ordered way through the reaction cycle. The kinetic
barriers for proton transfer must also be changing. Thus, in reaction
steps where protons are bound the pathways to the N-side are open,
while the connection to the P-side, where there are more protons,
needs to be closed. In the steps where protons are released the path-
ways to the P-side are favored. Within the reaction cycle there are
also steps where internal channels are open but those to the solution
are not.

1.3. Modifying site proton affinities through the reaction cycle

Generating a proton gradient by either vectorial chemistry or by
proton pumping requires significant changes in the proton affinity
of ligands and amino acids through their reaction cycle. The ways to
accomplish the pKa changes can be separated into three basic mecha-
nisms for discussion. One is that redox reactions substantially change
the pKa of redox cofactor serving as the electron donor or acceptor
(Fig. 2). The second mechanism relies on strongly interacting clusters
of protonatable residues in close proximity changing their conforma-
tion through the reaction cycle. In one conformation the cluster will
bind a proton, while in another the proton is released [59,61,62]. The
third mechanism is that changing the ionization states of a key group
changes the electrostatic environment throughout the protein, shifting
the protonation states of surrounding residues. In most proteins
long-range electrostatic interactions allow the effects of reactions to
propagate across the protein modifying the pKas of more distant sites.

1.4. Protonation of redox active groups

Each of the proteins described here uses both amino acids as well
as non-amino acid ligands as key components in the reaction
sequence. Biology uses a small number of redox cofactors and then
modifies their function within specific binding sites so they can play
a variety of roles. Cofactors such as quinones, flavins and the Mn
based oxygen evolving complex (OEC) have protonatable groups as
part of their core and so proton transfers can be tightly coupled to
redox reactions. In contrast, the proporphyrin IX core of a heme is
not directly protonable. Hemes have two open axial ligand positions
in the first coordination shell of the metal that can be filled by side
chains, usually of His or Met [63]. Hemes that carry out substrate
redox chemistry have one side chain axial ligand and a free location
for substrate or water, which can be protonatable. All hemes have
propionic acids attached by single bonds to the porphyrin ring.
While these acids are not directly coupled to the heme redox chemis-
try their pKas are affected by the charge on the heme so they can be
the site of proton loss coupled to heme oxidation [64–68]. Other
cofactors such as chlorophylls and iron sulfur clusters, do not bind
protons themselves so their redox reactions will change their charge
state. Now long-range electrostatic interactions will modify the pKas
of nearby acidic or basic amino acids. It is these surrounding
residues that then play active roles in proton transfer reactions [64].

This review describes how RCs and PSII use vectorial redox chem-
istry to add to the proton gradient. The analysis of bacteriorhodopsin
will highlight the design features of a simple proton pump. RCs, PSII
and bacteriorhodopsin are light activated, allowing detailed descrip-
tion of their reaction mechanisms. A number of high quality crystal
structures frozen in different intermediate states of bacteriorhodop-
sin are used to highlight specific features connecting the structure
and function of this protein. The structure and mechanism of CcO,
a more complex system that combines features of both vectorial
redox chemistry and proton pumping will be described and com-
pared with the other better-understood systems. The focus is on
the reaction thermodynamics, exploring in particular how the pKas
of active cofactors and amino acids are modulated through the reac-
tion cycle in each protein. The choice of substrates and redox cofac-
tors in each protein will be considered in light of the basic chemistry
of water, quinones, hemes, Tyr and model metal complexes in
solution.

2. Analysis of pKas of protonatable groups in proteins

The goal of this review is to consider how proteins change the
free energy of proton transfer through redox or conformational
changes in transmembrane protons to generate a proton gradient.
Experimental studies of isolated cofactors and model systems will
be discussed in connection with each protein. The electrochemical
midpoint (Em,sol) and pKa (pKa,sol) in different solvents provides in-
formation about the basic chemistry of the key groups and the sensi-
tivity of reactions to the environment [69–72]. In addition structure
based simulations can be used to provide a framework to show in
detail how the protein controls the thermodynamic landscape that
leads to the observed reaction kinetics and thermodynamics. Simu-
lation methodology provides a consistent, physics based language
that can describe reactions within proteins qualitatively and quanti-
tatively. A brief review of the concepts needed to consider how pro-
teins may shift pKas and Ems in situ will be provided here. This
material has been reviewed elsewhere (see [73–79] and references
therein).

2.1. The response of the medium to charge changes

An individual proton or electron transfer reaction can modify its
environment because it changes the charge of the reactant. The pro-
tein or any condensed medium will relax in response to the change,
influencing the thermodynamics of the reaction by electronic polar-
ization, local dipole rearrangement, long-range conformational
changes, protonation shifts between nearby residues and proton
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binding or release to or from the solvent [80]. Different simulation
techniques have been developed to determine in situ pKas and Ems.
Their strengths and weakness have been contrasted in earlier re-
views [76,78]. Structure based methods differ in how they treat the
response of the protein to proton or electron transfers. First principle
quantummechanical (QM) analysis determines the reaction free en-
ergy by calculating the difference between different assigned pro-
tonation and/or redox states using density functional theory (DFT)
methods. These techniques treat only a small region of interest
that has been extracted from the protein [81–85]. QM methods gen-
erally analyze the molecule in vacuum or in a simple, homogenous
solvent using an implicit solvent model. QM/MM calculations allow
the energy of the active site to be analyzed at a high level of theory
while the influence of the rest of the protein is added via a classical,
molecular mechanics (MM) treatment [86–89]. The QM and QM/MM
methods do not rely on information about the chemistry of reference
compounds and are able to incorporate the electronic polarizability
of the molecule [90].

2.2. Classical simulation techniques to calculate shifts of Ems and pKas
in proteins

There are a variety of computational techniques that use a classical
picture of the protein [91–94]. These start with knowledge of the
chemistry of isolated groups of interest in a reference solvent obtained
bymeasurements or DFT analysis (pKa,sol or Em,sol). The aim is to calculate
how the protein modifies the free energy of protonation or redox chem-
istry using a classical treatment of the forces. One group ofmethods, such
asMCCE (Multi-Conformational Continuum Electrostatics), uses Monte
Carlo sampling of the many possible protonation and redox states of a
protein to determine their Boltzmann distribution at a given solution
pH and Eh and step in a protein reaction cycle [91–93]. Electrostatic en-
ergies are calculatedwith the equations of continuumelectrostatic (CE),
which average the effects of the dielectric response of the protein to the
changes in charge that occurs on electron or proton transfers. In addi-
tion to the averaged, implicit response of the medium that is handled
with the dielectric constant, additional, explicit, site-specific conforma-
tional changes of the system can also be included in CE/MM methods
[91,93,95].

The strength of CE methods is that they can consider the large
number of possible protonation states available to a protein, rapidly
reaching the equilibrium distribution [96–98]. However, they treat
the conformational changes that occur in response to the shifting
charges in a relatively qualitative, course-grained manner. Standard
molecular dynamics (MD) methods allow the protein to sample
space freely but reactions cannot take place within the simulations.
Thus, the protonation or redox states of the molecule are fixed.
Newer methods let the protein sample different protonation states
within a MD trajectory. These techniques still have difficulty bringing
the charge and conformational distribution to equilibrium, but they
are very promising [99–102].

2.3. Defining the free energy of electron and proton transfers

In the qualitative analysis presented in this review the underlying
assumption is that the protonation and redox equilibria in proteins
starts with the Ems and pKas in solution (Em,sol and pKa,sok). The pKa

and Em in the protein are different from that found in solution largely
because reactant and product change their electrostatic energy terms
differently when they are moved from solvent to protein [74,76,103].
The free energy of an individual electron or proton transfer at a given
pH and Eh is:

ΔG ¼ mC pKa;sol–pH
� �

þ ΔGprotein ð1aÞ
ΔG ¼ −nF Em;sol–Eh
� �

þ ΔGprotein ð1bÞ

so for groups in the protein:

pKa ¼ pKa;sol þ ΔGprotein=mC ð2aÞ

Em ¼ Em;sol−ΔGprotein=nF ð2bÞ

wherem is the number of protons gained so is−1 for an acid,which loses
a proton and 1 for a base that gains one in the reaction. n is the number
of electrons gained and F is the Faraday Constant (23 kcal/mol);
C is 1.36 kcal/mol or 58 meV at 25 ° C. ΔGprotrein is the change in the
reaction free energy due to the environment of the group in the protein.
The changes in ΔGprotein during the reaction cycle will induce the proton
transfers needed to build the proton gradient. Computational methods
provide a more complete, quantitative analysis. They consider reactions
where electron and proton transfer reactions are coupled together
so reactants and products have different numbers of both electrons and
protons [43,104,105] and the common situation where multiple groups
titrate together.

2.4. Shifting group proton affinity in proteins

In the CE worldview the factors that yield the ΔGprotein are divid-
ed into the changes in solvation energy and the introduction of
pairwise interactions [76]. In the reaction in water, the solvation en-
ergy (Eq. (3) below)will stabilize the species with a larger charge, be
it reactant or product [106,107]. When the reaction takes place in the
protein all species loose solvation energy, but the more charged spe-
cies looses the most and is thus more destabilized relative to the re-
action in water. However, a protein can fully replace the stabilization
of water that influences Em,sol and pKa,sol with specific charges and
dipoles arranged around key residues and ligands. Thus, ΔGprotein

has contributions from every protein backbone amide which has a
dipole larger than water that can be oriented to stabilize buried
charges [108] and the sizable fraction of the side chains that have
charges or dipoles [109].

2.5. The role of the solvent

The simplest way to describe how a solvent or protein will effect
redox and protonation reactions is by its dielectric constant (ε). The
dielectric constant is a single number description of the degree to
which a solvent can stabilize an introduced charge. A solvent with
dipoles or charged groups that can change position will produce
the largest dielectric constant. Water with a ε of 80 is a small mole-
cule with a large dipole moment that can rearrange to stabilize any
charged or dipolar solute. A solvent can also affect the reaction free
energy by making specific interactions, such hydrogen bonds with
the reactant or product. Em,sol and pKa,sol shifts between solvents
with different hydrogen bonding capacity can highlight their im-
portance in specific reactions. The solvent can also become
entangled in the reaction. This is particularly important for redox
reactions of protonatable substrates such as quinones. Thus, the
electrochemistry in water is very different than found in DMSO,
which also has a high dielectric constant of 47 but no protons
[110–112]. The comparison between reactions in water and in
DMSO can show how the cofactor might behave in a site where pro-
tons are not available or why proton transfer becomes rate limiting
for the reaction to occur.

2.6. The solvation energy

In the CE analysis the dielectric constant is a single value that pro-
vides a sense of how much the medium, be it a homogeneous solvent
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or a heterogeneous protein, will rearrange to stabilize a charge. The
Born model provides a simple equation that can give a back of the en-
velope estimate of the stabilization of a charge in water and in protein
[107,113]. Here the energy to transfer a sphere of radius r (in Å) and
charge of q (in units of the charge on an electron) from water to an-
other environment characterized by a different dielectric constant
(εp) is:

ΔG ¼ −332 q2
=2r

� �
1=εp–1=80

� �
kcal=mol: ð3Þ

The Born equation, with its dependence on the square of the
charge, shows that a medium with a high dielectric constant will
stabilize both anions and cations. Proteins, especially the relatively
rigid transmembrane electron and proton transfer proteins, are
considered to have a much lower dielectric constant than water.
Values ranging from 4 to 12 appear to be reasonable for the protein
interior [114–117]. Thus, in an electrostatic analysis there is a sig-
nificant destabilization of a highly charged species when it is
moved into the protein. This will always raise the pKa of an acid
and lower the pKa of a base. Since the Born, solvation energy de-
pends on the square of the charge, the desolvation penalty destabi-
lizes both positive or negative charges. In contrast, specific protein
binding sites are designed to favor either an anion or a cation, but
not both, by placing hydrogen bond and ion pair partners around
the binding site.

2.7. pH dependent pKas

The pKa for a given residue in an environment with many pro-
tonatable groups depends on the charge state of the other groups
in the protein. Thus, the pKa and Em are pH dependent [118]. A pKa

at a given pH (denoted pKa(pH)) can be defined using the energy
needed to change the charge on the group of interest at that pH.
Thus:

pKa pHð Þ ¼ ΔG pHð Þ=mCþ pH ð4Þ

where ΔG(pH) is the free energy of changing the protonation state
of the residue of interest if all other residues are held at their equi-
librium protonation states in the protein at this pH. The pKa(pH)
for key groups change through the reaction cycle because they
are participating in redox reactions, they are affected by nearby
groups changing charge or because local conformational changes
modify their environment. Site Ems are also dependent on the pH
since the thermodynamics of redox reactions depend on the pro-
tonation states of the surroundings [104]. Likewise, residue pKas
change with the Eh if groups in the protein undergo redox
chemistry.

3. Mechanism of proteins that generate the proton gradient

3.1. Proton uptake to quinones at the reducing side of bacterial
photosynthetic reaction centers

The photosynthetic reaction centers of purple bacteria (RCs) are
well studied, light activated, proteins that contribute to the proton
gradient through vectorial redox chemistry [18–20,112,119,120].
RCs and photosystem II (PSII) are Type II photosynthetic systems
that release a doubly reduced quinone as a reaction product
[121,122]. The quinones in RCs show how the proton gradient can
be built up by keeping the cofactor near one side of the membrane
in a protein without a transmembrane proton channel (Figs. 1b, 2).
Thus, the quinone, a molecule where the oxidized reactant will not
bind protons and the reduced product must bind them, is held on
the N-side of the membrane. Many experimental [120,123–130]
and computational [61,131–136] studies have shown how RCs
change the electrochemistry of the cofactor, how the surrounding
protein facilitates proton uptake from solution and how the pro-
tein kinetically traps the semiquinone without making it too stable
thermodynamically [136–138]. The reactions in bacterial RCs will
be discussed in detail here. The reactions of the quinones on the re-
ducing side of PSII are quite similar (Fig. 1c) [139–142].

The overall reaction in RCs is (Fig. 1b):

2photons860 nm þ 2cyt cred
h i

P�side
þ UQ½ �mem

þ 2Hþ
N�side→ 2cyt cox

� �
P�side þ UQH2½ �mem: ð5Þ

UQ is the oxidized ubiquinone, UQH2 is the doubly reduced, dou-
bly protonated product. As the quinone has a long isoprene tail
it is released into the membrane not to solution. Protons are
transported to the quinone binding site only from the N-side of
the membrane. As there is no pathway for transmembrane proton
transport, the protein does not need a mechanism to keep protons
from being bound from the P-side where there are more protons.
Cytochrome c (cyt c), the soluble electron donor to the RCs, is
found in the periplasmic space on the P-side of the membrane.
Cyt c reduction is not strongly pH dependent at physiological pH
so it does not release protons as it is oxidized. There are two qui-
nones, designated QA and QB, in RCs. In all light activated redox re-
actions, the photon initiates transfer of a single electron, yet the
final released product is often doubly reduced. QA is tightly
bound and is reduced only to the semiquinone, while QB is
bound, is doubly reduced to QH2 and released following absorp-
tion of two photons [112,120,143].

3.1.1. RC reaction sequence
The reaction following absorption of the first photon is:

P860HQAQB→P�
860HQAQB →

kPHPþ860H
−QAQB →

kHAPþ860HQ
−
A QB →

kABPþ860HQAQ
−
B

ð6Þ

where P860 is a dimer of bacteriochlorophylls, H is bacteropheophytin
(see [144]and references therein). In RCs QA and QB are both ubiqui-
nones. To summarize the sequence of electron transfers in RCs,
absorption of an 860 nm photon excites P860 (Eq. (6)). Within 3 ps
(kPH) an electron has transferred to the nearby H, which in turn
reduces QA, ≈25 Å from the primary donor, in ≈200 ps (kHA). The
reaction where H− reduces QA is downhill by ≈500 meV, providing
most of the driving force for the overall reaction [145]. QA is an exam-
ple of an intermediate electron acceptor, that is not protonated when
it is reduced. Nor is there significant proton binding to the protein
when QA is reduced, as seen by the pH independence of the
reaction [146–149]. There also appears to be little need for significant
conformational changes within the protein to stabilize the new
charge on QA as shown by the reaction occurring with little change
in the rate of reduction down to 4 K [51–53]. At room temperature,
the electron on QA is passed to QB within 100 μs (kAB). This reaction
is coupled to internal proton transfers and conformational changes
within the protein and so it shows significant temperature depen-
dence [150–153]. Then cyt cred reduces P860+ to allow a second photon
to initiate a second series of electron transfers (not shown in Eq. (6)).
This results in QB being doubly reduced, binding 2 protons and being
released as QH2.

3.1.2. Quinone redox reactions in water
It is the reactions involving QB that add to the proton gradient.

QB accepts two electrons sequentially in a process that is actively
modified by the protein. For any quinone going from Q to QH2

there are 9 possible, fully oxidized, singly protonated and/or
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reduced and doubly protonated and/or reduced species [110,154].1

Some of these species have pKas that are below pH 0 (e.g. QH+1,
QH2

+2, or QH2•
+). The instability of the protonated, oxidized quinone,

QH+1 or QH2
+2, is the basis of the coupling of electron and proton trans-

fers, as it ensures the oxidized quinonewill be deprotonated. Thus, 6 spe-
cies are of interest here:
(7a)
ET indicates quinone reduction, PT indicates proton binding. The pKas for
the PT reactions are associated with the appropriate arrows (Eq. 7a). In
water at physiological pH, the singly reduced or protonated species are
all unstable intermediates [110]. Thus, the quinone reduction reaction
goes directly from Q to QH2 over a wide pH range with an Em in water
at pH 7 of≈100 mV.

Q þ 2e
− þ 2H

þ→QH2: ð7bÞ
In contrast, the semiquinone species, Q•−, is ametastable intermediate in
the reactions of many proteins [155–160].

3.1.3. pKas of quinones in different redox states in solution
Measurements in mixed solvents and with analogs of the biological

quinones have established the solution Ems and pKas for important qui-
none species in solution. Knowledge of these values allowus to see how
the protein modifies the reactions in situ. In water at pH 7 the low en-
ergy path for reduction of quinone to dihydroquinone (QH2) proceeds
through two electron transfer steps to make the semiquinone Q•− and
then Q−2 and terminates with two protonation steps (the top path in
Eq. (7a)) [105,154]. Thus, the sequence is ET, ET, PT and PT. For ubiqui-
none, the semiquinone, Q•−, pKa is 4.9, while it is 12.7 for Q−2, and 10.7
for the doubly reduced QH−. Thus, protonating the semiquinone is up-
hill at physiological pH, while it is strongly favored for Q−2 or QH−. If
protons are available, the Em for reduction of the semiquinone Q•− or
QH• is much more positive than for reduction of Q, so formation of
QH2 is downhill. Water plays a role in stabilizing quinone reduction
even when the pH is higher than the semiquinone pKa. In water
above the pKa of Q−2, the Em for the reduction of Q•− (Em,2) is only
≈100 mV lower for reduction of Q (Em,1) [110,112,161]. In solvents
like DMSO with a high dielectric constant but no protons, Em,2 is
≈500 mV lower than Em,1, so it is much harder to reduce Q•− than Q
[162]. This extra stabilization of Q−2 in water cannot be credited to
the Born solvation energy (Eq. (3)), as water and DMSO both have
high dielectric constants. Rather it is the ability of the quinone to
make hydrogen bonds to water that stabilizes Q−2 [70–72,163].

3.1.4. Stability of the QB semiquinone
In contrast to what is found in water at pH 7, in the protein the

semiquinones QA•
− and QB•

− are metastable species. The half time
for the electron transfer from QA•

− back to P860+ to reform the ground
state is 100 ms, while the half time for P+QB•

− to charge recombine
to the ground state is ≈1 s (Eq. (5)) [164]. The anionic QB•

− has an
1 The qualitative discussion of quinones in solution will the same for the biologically
active ubiquinone, plastoquinone, which is used in PSII and menaquinone, which is
used in some bacterial RCs and in PSI. The specific values for Ems and pKas are given
for ubiquinone. A dot is used in this section to indicate the species is a semiquinone,
with an unpaired electron.
Em that is ≈200 mV more positive than for ubiquinone in water, in-
dicating the site stabilizes the semiquinone [154]. While the anionic
semiquinone has lost solvation energy in the protein it is stabilized
by pair-wise interactions with the protein backbone dipoles, nearby
side chains and a nearby non-heme iron [61,131–133,135,136]. With
a pKa,sol of 4.9, if the anion were destabilized in the quinone binding
site by only a few kcal/mol, the first quinone reduction would be
coupled to proton binding [165]. However, both the QA and QB binding
sites prefer the anionic semiquinone [166–168].

3.1.5. The stability of QB
−2

The Q−2 state is significantly less stable in the QB site than it is in
water [154]. A simple explanation for this can be derived from the
Born equation (Eq. (3)). The solvation energy for Q−2 is ≈ four
times that of Q•− since it depends on the square of the charge of
the species. The desolvation penalty for Q−2 is much more severe
than for Q•− when they are moved into the protein binding site, low-
ering the Em. In contrast the interactions with charges and dipoles
vary qualitatively as described by Coulomb's law so they change line-
arly with the charge. Thus, the favorable interactions of the protein
with Q−2 are only twice that of Q•−. This results in Q•− being stabi-
lized relative to solution in the QB site but Q−2 being higher in energy
than it would be in solution. The difference in stability of QH•− and
Q−2 in water and the QB site changes the sequence of electron and
proton transfers. In the protein this yields a metastable QB•

−, a tran-
sient kinetic intermediate of QHB•, reduction of the protonated
semiquinone by QA•

− to form QHB
− and rapid, downhill binding of

the second proton [169]. The sequence is thus ET, PT, ET and PT (the
lower path in Eq. (7a)). In solution Q−2 is more stable and the se-
quence is ET. ET, PT and PT (the upper sequence in Eq. (7a)).

3.1.6. The role of the protein environment around QB

The QB site is surrounded by a large group of ionizable residues,
enriched in acids [127,133]. This structure modifies both the quinone
Em and pKa and also serves as a proton reservoir and a proton path-
way to the quinone. The protein tunes QB so its Em is ≈60 mV more
positive than QA despite being identical compounds. There has been
significant computational analysis of how the protein accomplishes
this tuning [61,105,134,135,154,170,171]. Interestingly, no other
pair of quinones can substitute for ubiquinone at both QA and QB, in-
dicating the protein interacts with this specific compound in a special
way that is yet unkown [172–175].

QB
•− is stabilized by rearrangement of protons in the cluster of sur-

rounding amino acids [61,135,171]. Without the transfer of protons
amongst the acids near the QB site the reaction fails, as can be seen
by the electron transfer from QA to QB freezing out at ≈200 K
[151,176,177]. The reaction also slows with a pKa of 9.8, as a proton
from the acidic cluster of Glu L212 and Asp L 210 and 213 near QB is
lost from the protein [147,164]. Without a proton in the cluster elec-
tron transfer from QA•

− to QB is uphill and so proton binding from
solution becomes rate determining. Mutational analysis identifies
GluL212 as the key residue with a pKa near 9.8 [178,179].

3.1.7. Thermodynamic vs kinetic stabilization of the semiquinone
The quinone system in RCs also demonstrates the balance be-

tween kinetic and thermodynamic stabilization of intermediate
states in a reaction. It is important for the semiquinone in QA or QB

sites to not be released from their binding sites. This can be accom-
plished by thermodynamically stabilizing the semiquinone interme-
diate. However, a very stable QA•

− will not be a good electron donor
nor will a too stable QB•

− accept a second electron. Rather the qui-
nones have been shown experimentally and computationally to be
kinetically trapped in the binding sites [136,138]. Thus, neutral qui-
nones bind and dissociate from the protein in milliseconds, while
both the on and off rates for anionic analogs are >10,000 times
slower.
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3.1.8. Contribution of RCs to the proton gradient
Within the cell QH2 is released into the intramembrane quinone

pool. The quinone is reoxidized in the bc1 complex in the Qo site, a
binding site where protons are released into the P-side of the mem-
brane. Overall photosynthetic bacteria use cyclic electron flow in-
volving RCs and the bc1 complex to move protons across the
membrane. P860+ oxidizes cyt c as the RCs reduce ubiquinone, pulling
two protons from the N-side of the membrane onto QH2. The bc1
complex uses the electrons from QH2 to rereduce two cytochromes
c, but now the two protons from QH2 are released from a binding
site on the other side of the membrane (QO) into the P-side of the
membrane [180–183]. Thus, the overall reaction in the bc1 complex
is:

2cytcox
� �

P�side þ UQH2½ �mem→ 2cytcred
h i

P�side
þ UQ½ �mem þ 2Hþh i

P�side
:

ð8Þ

Thus, combining Eqs. (5) and (8) shows no overall chemistry is done
if the RCs and bc1 complex are considered to be one unit, but the
coupled reaction adds to the proton gradient.

3.1.9. Conclusion
RCs add to the proton gradient by vectorial redox chemistry. Con-

trasting the reactions of quinones in protein and in solution provides
insight into how the protein tunes their proton coupled redox chem-
istry. Two turnovers of the protein are initiated by absorption of two
photons, leading to the uptake of two protons to QB from the N-side of
the membrane. The product QH2 is released into the membrane. The
QB binding site is near the N-side, needing only a relatively short
path to bring protons in from the surface. There is no transmembrane
proton pathway so protons cannot leak from the P-side of the mem-
brane to protonate the quinones. The pKa,sol for oxidized Q is below
0 so it will be deprotonated, while the pKa,sol of the doubly reduced
species are >10. These values are not much changed in the protein
ensuring two protons will be bound to the double reduced quinone
to make QH2. However the differences in how water and proteins sta-
bilize the protonation and redox intermediates leads to a different re-
action sequence in the two environments.

3.2. Proton release from the oxygen evolving complex of PSII

PSII from green plants and bacterial RCs are both classified as
type II reaction centers and so have many similarities [184].
There are differences in the cofactor choices in that PSII uses chlo-
rophyll a and pheophytin a rather than bacteriochlorophyll a and
bacteropheophytin a as core cofactors. Plastoquinone replaces
ubiquinone at the QA and QB sites [185]. PSII also has a set of tightly
bound antenna chlorophylls not found in RCs as well as a heme and
additional carotenoids that provide alternative electron transfer
pathways [186–188]. In PSII the initial electron transfer sequence
may start from the excited state of a bridging chlorophyll rather
than from the structural dimer as in RCs. However, the electron
transfers on the reducing side are very similar in PSII and RCs. As
in bacterial RCs the electron proceeds from the chlorophylls to
the pheophytin to QA and on to QB, forming a doubly reduced
quinone after two turnovers. QB reduction is expected to use the
sequence ET, PT, ET and PT as is found in RCs, leading to uptake of
two protons from the N-side of the membrane (Eq. (7a))
[189–192].

3.2.1. Contrasting how RCs and PSII add to the proton gradient
The important difference between RCs and PSII is that the primary

absorption in PSII is at 680 nm, which provides 400 meV extra energy
compared with the bacterial RCs, which uses 860 nm photons [8,121].
The extra energy is used to make P680 (E°m 1.2 V) [193] much more
oxidizing that P860 (Em 0.45 V) [194]. The difference in the oxidizing
side of the reaction in PSII and RCs allows green plant photosynthesis
to make more substantial contributions to the stored energy in the
cell [195]. Combining the overall chemistry of the RCs (Eq. (5)) and
bc1 complex (Eq. (8)), 2 photons lead to 2 protons being transferred
from the N- to P-side without any lasting chemistry being done. In
contrast, the more oxidizing, P-side of PSII removes electrons from
H2O, a cheap high potential substrate. Water releases protons on the
P-side adding to the proton gradient while cyt c does not. The evolu-
tionary innovation of using water as a terminal electron donor allows
green plant photosynthesis to create a linear electron transfer chain
composed of PSII, the cytochrome b6f complex and PSI [43]. Photons
excite the chlorophylls in P680 (in PSII) and P700 (in PSI) to low poten-
tial. The overall process moves the electrons from water up in energy
to reduce NADP (E°m,7 of −0.32 V) in the sequence known as the
Z-scheme [196–199]. Thus, green plant, oxygenic photosynthesis
can provide both a transmembrane proton gradient and reduced sub-
strates, while bacterial, anoxygenic photosynthesis primarily only
adds to the proton gradient.

3.2.2. The PSII reaction sequence
The overall reaction in PSII is (Fig. 1c):

4 photons 680 nmð Þ þ 2H2O½ �P�side þ 2PQ½ �mem þ 4Hþ
N�side

→ O2½ � þ 4Hþh i
P�side

þ 2PQH2½ �mem

ð9Þ

PQ is plastoquinone. The pKa of the oxidized plastoquinone is below
zero while it is above 10 when reduced so protons are bound from
the N-side when the quinone is reduced. Thus, the redox chemistry
of UQ and PQ are similar (Eq. (7a)). Likewise, reduced water has a
high pKa of 15.7, while it is very low for the oxidized O2, which has
a very small proton affinity. Thus, the input of four photons leads to
the oxidation of two waters to O2, with the release of 4 protons to
the P-side of the membrane.

3.2.3. The oxygen evolving complex (OEC)
The electron transfer sequence from P680 to PQB is similar to the

transfer from P860 to UQB found in RCs (Q-1) [192]. The oxidizing
side of the reaction sequence constitutes the main difference between
RCs and PSII. Water is oxidized by the oxygen evolving complex
(OEC), a Mn4O5Ca+2 cluster built with four Mn and a Ca+2 ion
bridged by five oxygens (Fig. 4) [200,201]. While redox active qui-
nones, chlorophylls and tyrosines are found in a variety of proteins
the OEC is unique to PSII [202,203]. It appears that biology learned
to remove electrons from water, the ubiquitous solvent, once and
this invention was retained [204–206].

Four electrons must be removed from two waters to generate O2.
The OEC is oxidized 4 times through 4 turnovers of P680 generating
four S states [26,207–209]. S1, which is the stable state in the dark,
has a Mn oxidation state of Mn(III,III,IV,IV) [210]. Following loss of
electrons in the S2 and S3 states the unstable S4 state has accumulated
4 holes at sufficiently high potential to oxidize water. Two waters are
oxidized in a single step to O2 without any release of damaging,
partially oxidized oxygen intermediates to form the reduced S0 state
Mn(III,III,III,IV), which will be oxidized back to S1. The reaction se-
quence that leads to refilling the hole on P680+ is:

OEC Sið ÞYZHP
•þ
680→OEC Sið ÞY•

ZP680 þHþ→OEC Siþ1
� �

YZHP680: ð10Þ

Here YZH is a Tyr in the reduced, protonated ground state. Y•Z is the
species that has been oxidized and deprotonated. OEC(Si) is the oxy-
gen evolving complex in the ith S state. P680•+ is the oxidized and P680
is the ground state of the primary chlorophyll donor in PSII. Here a
dot on Y or P680 indicates an unpaired electron.



Table 1a
The pKas of mononuclear metal complexes determined in water.

n = 2 n = 3 n = 4 ΔpKa Ref

[Mn(H2O)6]+n 10.7 0.7 10 [103]
[Fe(H2O)6]+n 10.1 2.2 7.9 [103]
[Co(H2O)6]+n 9.6 2.9 6.7 [103]
[Zn(H2O)6]+n 8.96 – – [103]
[Cu(H2O)6]+n 7.53 – – [103]
Aquo-His-c- heme 10.9 9.6 1.3 [108,112]
Fe-complex 1 6.6 5.7 0.9 [115]
Fe-complex 2 4.4 2.3 1.1 [114]
Mn-complex 1 5.8 4.1 1.7 [115]
Mn-complex 2 4.4 1.8 2.6 [114]

n represents the oxidation state of themetal. Complex I [5,10,15,20-tetrakis (2,6-dimethyl-
3-sulfonatophenyl) porphyrinato]; complex 2 [5,10,15,20-tetrakis (2,6-dichloro-3-
sulfonatophenyl) porphyrinato]; the Aquo-His-c- heme is a microperoxidase with the
heme attached to an octapeptidewith one axial His ligand and two peripheral Cys ligands.

Fig. 4. The Mn4O5Ca+2 cluster of the OEC in the S1 state and the amino acids and
waters that are the first coordination shell ligands of the Mn. Coordinates from DFT
simulations [261]. Blue spheres: Mn(IV); Magenta spheres: Mn(III). The Mn cluster is
coordinated in the protein by D170, D342, E333, E189, H332 and the terminal A344
from the D1 subunit and E354 from the CP43 subunit of the PSII [24]. In addition, to
the core complex there are two waters attached to the dangler Mn (Mn(4) and two
waters to the Ca+2.
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3.2.4. The redox active Tyr
P680+ is first reduced by YZ, a redox active tyrosine, which then ex-

tracts an electron from the OEC [26,190,211–213]. The pKa,sol of an
isolated Tyrosine is 10.9 [214], while the pKa,sol of the oxidized
Y•H+ is −2 [215], so a proton must be lost as the Tyr is oxidized.
However, YZ is only transiently deprotonated, as it must rebind a pro-
ton to oxidize the OEC [216]. The neutral His190, which is in hydro-
gen bonding distance to YZ is the hydrogen bond acceptor from the
ground state Tyr [202]. Following YZ oxidation a reassignment of pro-
ton ownership likely leads to HisH+ becoming a H bond donor to the
deprotonated, oxidized Y•. This proton rocking mechanism can keep
the proton close so when YZH is oxidized by P680•+ and Y• is reduced
by the OEC, long distance proton transfers are not needed [202,203].
It is interesting that tyrosine, which has a very large pKa shift between
ground and oxidized state requiring coupled proton and electron
transfer is chosen to be the intermediate on the electron transfer
pathway rather than a non-protonable cofactor such as a heme. The
Em,sol for Tyrosine oxidation is at least 600 mV [212] and may be
>900 meV [217]. It is likely chosen since a group with a very positive
potential is needed to be able to oxidize the OEC in each S state.

3.2.5. Complexes designed as models of the OEC
One open question is why Mn is used in the OEC. The first row tran-

sitionmetals,Mn, Fe, Co, Ni, Cu and Zn, are used as the basis of the active
site clusters in different proteins [218]. It is not always well understood
why a particular metal is chosen to catalyze different chemistry in pro-
teins [219–226]. Most types of reactions use specific metals. However,
flexibility can be seen. For example, different superoxide dismutases
(SOD) use the Mn+3/+2, Fe+3/+2, Ni+3/+2 and Cu+2/+1 redox couples
to form the core of their active sites [227–229]. Even for oxygen chemistry
different cofactors are chosen.While the OEC uses a high valentMn4O5Ca
complex to oxidize water to O2 [230–233], the Binuclear Complex (BNC)
of cytochrome c oxidase (CcO) uses a heme and a Cu to reduce O2 back to
water (Section 3.4). PSII and RCs have a non-heme iron in a structural
capacity between the quinones and can use iron within bound hemes
that function in secondary electron transfer pathways.

The key criteria for how well a given metal will work in a given site
involves a number of factors [218,220–223,225,226,234–236] including
the intrinsic electron affinity of the metal and the preferred type, num-
ber and orientation of the first shell ligands in each redox state. For the
first row transition metals the d orbital configuration is responsible for
most of the electrochemical properties of the metal and the degree to
which it can be modified by the ligands. For example, the octahedral
aqua [Mn(H2O)6]+3/+2 oxidation potential is 1.5 V while it is 0.77 for
the Fe+3/+2 redox couple [237]. Because Fe+2 has one more d orbital
electron than Mn+2, the repulsion between the electrons lowers the
oxidation potential. The behavior of the metal will then be tuned by
the ligands. For example, anionic or electron donating ligands will
lower the Em of a cluster and raise the pKa of associated protonatable
sites.

3.2.6. pKas of hexaaquo-metal complexes
An important factor that helps determine if a particular metal–

ligand cluster can carry out proton coupled electron transfer is the pKa

of the titratable ligands (Fig. 2) [50,238,239]. The simplest metal
complexes with protonatable ligands have six waters bound in an
octahedral arrangement [237]. These are models for the systems of
interest here as the oxo-manganese OEC binds terminal waters that
are deprotonated and oxidized to O2. As will be seen below CuB in
CcO binds a product oxygen atom that will change from hydroxyl to
water as the Cu is reduced (Section 3.4).

As found for the quinone reduction and water oxidation, tight
coupling between redox and protonation chemistry requires that
the pKa in the oxidized state be below the ambient pH while it shifts
to be above it when the cluster is reduced. The initial deprotonation
of many transition metal aqua complexes behave in this manner
(Tables 1a and 1b). Large shifts in pKa of 7–10 pH units are seen on
reduction of the metal. Each of these complexes has a pKa for depro-
tonation to M+3(H2O)5(OH−) between 0.7 and 2.9, while in the M+2

state the pKa ranges from 7.5 to 10.7. In the oxidized state they will
have at least one water deprotonated at pH 7, while with the excep-
tion of Cu all 6 waters will be fully protonated in the reduced state.
Thus, these simple complexes will all participate in robust proton
coupled redox reactions in water at neutral pH. In these hexaaquo
complexes there are 6 pKas, one for each water. The pKa of each
succeeding water is higher because of the interactions amongst the
hydroxyls in the cluster [237].

3.2.7. pKas of oxo-manganese complexes
The dependence of pKa,sol on Mn oxidation has been investigated in

a number of compounds such as aMn-bpy complex (1) (complex num-
bers refer labels in to Table 1b) and severalMn-salpn complexes (2 to 7)
thatwere designed asmodels for theMn4O5Ca+2 cluster that is the core
of the OEC (Table 1b) [240–242]. These are di-μ-oxo bridged complexes.



Table 1b
The measured pKa of the μ-oxo and terminal waters in di-Mn complexes.

Complex no. Solvent Mn(III,III) Mn(III,IV) Mn(IV,IV) ΔpK III2 → III,IV ΔpK III,IV → IV2 Ref

The pKa of the μ-oxo-bridges
Bpy 1 Water 11 2.3 – 8.7 [117]
H-salpn 2 ACN – 24.5 13.4 11.1 [122]
3,5-Di(Cl)-salpn 3 ACN – 20.0 10.8 9.2 [122]
3,5-Di(NO2)-salpn 4 ACN – 13.3 5.0 8.3 [122]
5-(OCH3)-salpn 5 ACN – – 14.1 [123]
5-(Cl)-salpn 6 ACN – – 11.5 [123]
5-(NO2)-salpn 7 ACN – – 6.8 [123]

The pKa of the terminal waters
Terpy 8 Water – 4b 1.8 [124]
L(3,5-Cl) 9 Mix – 10 b0 [119]
L(3,5-H) 10 Mix 19 11 b0 8 [119]
L(3,5-t-Bu) 11 Mix 20 10 b0 10 [119]

(bpy = 2,2′-bipyridyl), (salpn = N,N′-bis(salicylidene)-1,3-propanediamine), (terpy = 2,2′:6′,2″-terpyridine), (L = 2-hydroxy-1,3-bis(3,5-X-salicylideneamino)propane), (X = Cl, H,
di-2tert-butyl), and Mix = 16 M water/ACN.
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The bridging oxygens can be in the μ-oxo−2 or μ-hydroxy−1 state. The
di-Mn-terpy complex (8) and Mn2L2 (9 to 11) complexes add terminal
waters, which are an important feature of the OEC. The Mn-salpn com-
plexes have anionic ligandswith a net charge of−2 on eachMn,model-
ing the Asp and Glu ligands that bind the OEC to PSII. In all of these
complexes the ligand pKa,sol shifts on Mn oxidation by 8 to 11 pH unit
when the di-Mn core is oxidized from Mn(III,IV) to Mn(IV,IV) (Mn
salpn complexes) or from Mn(III,III) to Mn(III,IV) (Mn-bpy complex)
[241,243]. The terminal water ligand to a Mn experiences a pKa,sol

shift of ~9 pH units on reduction of the Mn2L2 complex [244], similar
to that found for the hexaaqua Mn complex.

The pKa,sol of the oxo-manganese complexes in Table 1b in the
same redox state differ by over 20 pH units. One reason is the differ-
ence in the solvent that was used for the measurements. The pKa,sol

for the hexaaqua complexes (Table 1a) as well as the measurements
for the bridging oxygens in the bpy complex and terminal water in
the terpy complex were determined in water (Table 1b). The salpn
complexes were measured in acetonitrile and dichloromethane.
There are rather regular shifts when experiments allow comparison
of the pKa,sol for the same complexes in acetonitrile and water. Shifts
of 7.5 ± 1 pH units [245] to 6.7 ± 0.9 pKa units have been found. The
latter value was derived from recent computational studies of the bpy
and salpn complexes [246]. If a pKa,sol shifts by 7 pH units because of
the solvent, the pKa,sol of the Mn(III,IV) H-salpn structures are still
≈13 pH units higher than that found for the bpy complex in the
same redox state. This difference in proton affinity shows the influ-
ence of replacing the neutral bpy ligands with negatively charged
salpn ligands. The pKas in the modified salpn complexes show how
the presence of electron donating NO2 or withdrawing Cl, modifies
the pKa of the bridging oxygens. However, the substantial pKa shift
of 8-11 pH units on oxidation is remarkably independent of the effect
of the solvent, the addition of electron donating orwithdrawing groups
or the starting redox state in all of these oxo-manganese complexes.
3.2.8. pKa shifts accompanying oxidation of the OEC
The overall OEC reaction oxidizes two waters leading to the release

of four protons. As the OEC is oxidized through the four S states, protons
are lost along with electrons to keep a large positive charge from build-
ing up on the cluster [213,232,247]. These protonsmay be released from
the bridging oxygens in the cluster core, from the terminal waters or
liganding amino acids or from amino acids surrounding the cluster
(Fig. 4). Oxidation of the Mn lowers the pKas of both bridging oxygens
and terminal waters by at least 8 pHunits inmodel complexes designed
to study the chemistry of the OEC (Table 1b). However, this large pKa
shift does not ensure proton loss. The metal oxidation will be coupled
to proton loss only if the pKas of the ligands shift from a value higher
than the physiological pH when reduced to one lower than the pH
when oxidized (Fig. 2). The OEC can be viewed as a set of three
oxomanganeses dimers for comparison with the model complexes
(Table 1b) [248]. The S1 state would be made up of one Mn(III,III)
dimer and 2 Mn(III,IV) dimers. The oxygen bridging a Mn(III,III) dimer
should have a pKa higher than the physiological pH in complexes with
either neutral, bpy or anionic, salpn ligands. The oxidation of one
Mn(III) center in the next catalytic step to form a Mn(III,IV) unit will
shift the pKa of the μ-oxo by 9 pH units, which is likely to initiate proton
loss. In the more advanced catalytic intermediates the proton release is
expected to be from the terminal waters.

3.2.9. Theoretical analysis of the OEC
Theoretical models based on density functional theory (DFT) sim-

ulations have been used to explore potential mechanisms for how the
OEC oxidizes water. There are a variety of DFT studies of the proton-
ation states of the bridging and terminal oxygens in different S states
[249–260]. For example, the Batista group has studied S1 [261], Neese
has studied S2 [262] and Siegbahn S2, S3 and S4 [263]. The S1 model
[261] has Mn(2) and Mn(3) in the (IV) oxidation state, while Mn(1)
and the dangler Mn (Mn(4)) are in the (III) oxidation state (see
Fig. 4 for position of the four Mn in the OCE). This S1 model has all
the μ-oxo bridges deprotonated and all terminal waters protonated.
Comparing this structure with the S2 model [262] predicts that the
dangler Mn is oxidized forming S2 and one of the waters attached to
this Mn loses a proton to become a hydroxyl. This assignment for
the Mn oxidation agrees with recent HYSCORE experiments [264].
Consistent with the S1 structure, all of the bridging oxygens are
deprotonated. However, isotope-edited infrared spectroscopy shows
that the S1 to S2 transition in intact PSII does not involve proton re-
lease [265]. If a proton is released from the OEC it would need to be
bound by amino acids in the protein. A model with proton release
from the OEC on each oxidation step is supported by the compari-
son of the catalytic cycle with fewer protein subunits, which has a
proton release pattern (1,1,1,1) rather than (1,0,1,2) in the intact
PSII [266].

3.2.10. Proton transfer pathways
The protons released from the OEC must find their way to the sur-

face 35 Å away. Recent work shows a potential role for essential Cl
ions in this transfer. A Cl is found in the structure near D2–K317 and
D1–D61, which is on a putative proton channel leading from the OEC



Fig. 5. Proton transfers in bacteriorhodopsin. (A) The structure with the trans-retinal
found in the ground and O states. The protonation pattern shown with the central clus-
ter (CC): ((SBH+)(D85−)(D212−)), exit cluster (EC): ((E204H)(E194−) and D96 pro-
tonated represents the ground state (the protons to be transferred are shown as white
spheres). Proton transfer 1 occurs in the initial stages after retinol isomerization and 5
occurs in the O state with a trans retinal. (B) The structure with the cis-retinal found in
the M1 and M2, and N and N′ states. The protonation pattern shown with
((SB)(D85H)(D212−)), ((E204−)(E194−) and D96 protonated would be found in the
N′ state. The key changes in the structure that modify the equilibrated proton distribu-
tion are the rotation of the Schiff Base away from the acids in the CC, the separation of
E194 and E204 in the EC moving E204 out of plane here and the rotation of R82 away
from the CC towards the EC. Proton transfers 2, 3 and 4 happen in the protein with
a cis-retinal. The proton transfer sequence is shown by the labeled arrows. (1) The
early M state is formed by proton transfer within the CC, from the retinal-Schiff base
(SB) to D85 4 Å away. (2) The late M state is formed by the EC cluster releasing a
proton to the N-side of the membrane. (3) The N state is formed by proton transfer
from D96 to the SB ≈ 12 Å away. (4) D96− is rapidly reprotonated from the N-side
to form the N′ state. In the states prior to N the CC has one proton. In the N and N′
states the CC binds two protons. The N′ to O transition involves retinal isomerization
back to the all-trans state without any proton transfers. (5) The transition from the O
to the ground state transfers the second proton in the CC to the EC ≈ 15 Å away.
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[24]. MD and Monte Carlo simulations show that this Asp–Lys pair can
form a stable salt-bridge in the absence of the Cl. Cl thus appears to be
essential to allow protons to exit from the OEC [267].

3.2.11. Conclusion
PSII adds to the proton gradient by vectorial redox chemistry. Pro-

tons are released to the P-side of themembranewhenwater is oxidized
to O2. In addition, as in RCs, quinone reduction on the N-side leads to
proton uptake and release of QH2 into the membrane. The pKa,sol of O2

and plastoquinone shift by more than 10 pH units when they are
reduced, so redox chemistry is tightly coupled to proton binding and
release. Model compounds have been used to gain insight into the
chemistry of the OEC, a Mn4O5Ca cluster that is the catalyst for water
oxidation in PSII. The OEC will be oxidized four times in the S state
cycle so it can to oxidize water in a single step without generating par-
tially oxidized, reactive oxygen species. Protons are released from the
OEC and/or the protein during the S state cycle, keeping the cluster
from becoming so positive that it cannot advance to higher oxidation
states. If the OEC behaves like oxomanganese model complexes, the
pKas of the bridging oxygens and terminal waters should shift substan-
tially as eachMn is oxidized leading to strong coupling between the loss
of electrons and protons.

3.3. The bacteriorhodopsin proton pump

Bacteriorhodopsin is the simplest and best studied classical proton
pump [27,31,76,268,269]. Absorption of a photon initiates a reaction
cycle that removes a proton from the cell interior (N-side) and re-
leases one to the outside (P-side) adding to the proton gradient. The
overall reaction is simply (Fig. 1a):

photon 568 nmð Þ þHþ
N�side→Hþ

P�side: ð11Þ

3.3.1. Requirements for a proton pump
While bacteriorhodopsin is like PSII and RCs in that light provides

the energy to increase the proton gradient, the reaction mechanism is
fundamentally different. The photosynthetic systems use redox reac-
tions occurring on opposite sides of the membrane with no proton
transfer through the protein (Sections 3.1 and 3.2). Stable products
such as reduced quinone, oxidized cytochrome and O2 are formed by
the reactions (Eqs. (5) and (9)). In contrast, in bacteriorhodopsin a pro-
ton pathway traverses the protein. The path consists of acidic and basic
amino acids, whichwill change ionization states inmetastable interme-
diates, linked bywaters and polar groups that can transiently hold or re-
lease a proton. A successful pump must take a proton from the N-side
and release it to the P-side, even though it is thermodynamically favor-
able for them tomove in the opposite direction (Fig. 3). Therefore an ef-
ficient pump must have a gate that controls the access of the protein
interior to the outside. The gate ensures that when a proton is bound
the access to the N-side is open, while in the step where a proton is re-
leased there is only an open path to the P-side. In other steps protons
are retained within the protein and transferred internally. The driving
force for individual proton transfer steps is modulated by changes in
the proton affinity of key residues or of cluster of residues caused by
small structural rearrangements. The affinity changes are described by
shifts in residue pKas (Eq. (3)).

3.3.2. Key residues in bacteriorhodopsin
Studies of bacteriorhodopsin have revealed a great deal about

how this protein structure supports proton pumping. It is a 7-helix
bundle with a retinal group covalently attached to the protein via
a Schiff base (SB) at Lys 216 [30,270,271]. The reaction sequence is
triggered by the retinal cofactor absorbing light causing it to change
from the all-trans to the 13-cis, 15-anti configuration. The other key
players in the pump are protein side chains found in three well,
separated locations (Fig. 5). The central cluster (CC) consists of
the SB, D85 and D212. The exit cluster (EC) is made up of E194
and E204 near the P-side side of the protein. D96 is a relatively iso-
lated residue near the N-side. Metastable intermediates showing
changes in protonation states in bacteriorhodopsin have been char-
acterized by FTIR and Raman measurements [27,272–277]. A num-
ber of intermediates have been trapped by mutation and freezing,
generating a remarkable series of X-ray crystal structures [278,279].
The structures show small conformational changes that modulate
the pKas of key residues in the CC and EC to drive proton transfers
[27].

3.3.3. The bacteriorhodopsin reaction cycle
The description of the reaction cycle focuses on the intermediates

that show changes in protonation state. The early, short lived states
(denoted K and L) will not be discussed. In the ground state all
three residues of the CC are ionized and one proton bound (Table
2). Retinal isomerization then moves the SB towards the N-side

image of Fig.�5
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further from the two acids, raising the pKa of D85 relative to the SB
(Fig. 5). The proton transfers from the SB to D85, generating the
early M state (M1). In the ground and M states the net charge on
the CC is −1, with only a proton shift within the CC yielding the M1
state. When ionizable groups interact strongly it can be better to
view the proton affinity of the cluster than the individual residues.
Thus, the CC with the SB, D212 and D85 has 8 possible protonation
states (23, where each of the 3 residues can be in one of 2 proton-
ation states) ranging in charge from +1 to −2. Each transition be-
tween cluster protonation states can be described by a pKa. The
pKa for the CC to bind a second proton to have a net charge of zero
is higher in the M1 state, but remains below 7 so no additional pro-
tons are bound [59]. Changes in exit cluster (EC) protonation yield
the M1 to M2 transition. From the BR until M1 state the EC binds
one proton with a cluster pKa of ≈10. In M2 the EC pKa shifts to
≈5 releasing a proton to the nearby P-side of the membrane [27].
Two small conformational changes modify the thermodynamic
landscape for EC protonation (Fig. 5). The most critical is that in
the protonated state the two EC acids are within hydrogen bonding
distance keeping a proton bound in the cluster. The shift in the
structure allows the acids to move apart and the proton to be re-
leased. Additional stabilization of the doubly deprotonated EC is
added by R82, which has moved 1.6 Å away from the CC towards
the EC on retinal isomerization [270].

The net proton affinity of the CC changes in the M states to move
the cluster pKa above 7 so it now binds another proton. The doubly
protonated CC is stabilized by the changes in position of the resi-
dues within the CC and by motion of the positively charged R82
away from D85 towards the EC [268]. Although the CC and EC are
separated by ≈8 Å, in the membrane embedded protein the elec-
trostatic interactions are quite long-range. Thus, proton release
from the EC in M2 stabilizes proton binding to the CC in the N
state. The key to proton pumping is that the proton comes from
D96 rather than from the P-side via the EC. D96 has a pKa > 11 in
the ground state [280]. D96− is unstable and is rapidly reprotonated
from the P-side forming the N′ state. In the N′ state the SB returns to
the trans configuration without any proton shifts, moving the SB ni-
trogen to the N-side close to D85. D85, which is protonated in the N
and O states now releases its proton to the EC, returning the protein
to the ground state.

The intermediate protonation states described here are shown to
be in a metastable equilibrium in the isomerized, trans struc-
ture [31,60,270,278,281]. They can be seen by optical measurements
and are found to last for microseconds to milliseconds. They can be
trapped by freezing or by single mutations that slow the next steps
in the proton transfer in a crystal. Simulations that evaluate the
Boltzmann distribution of protonation states generally show the low
energy protonation states do shift appropriately between different
Table 2
The intermediates in BR reaction cycle.

State Ionization state of key groups Retinal D96

bR D96H:SBH+D85−D212−:ECH Trans H
M1 D96H:SB D85H D212−:ECH Cis H
M2 D96H:SB D85H D212−:EC− Cis H
N D96:SBH+D85H D212−:EC− Cis →
N′ D96H:SBH+D85H D212−:EC− Cis →HN

O D96H:SBH+D85HD212−:EC− Trans H
BR D96H:SBH+D85−D212−:ECH Trans H

The intermediates in the bacteriorhodopsin photocycle discussed here start with M1, the sta
cluster is composed of E194 and E204 and is found near the P-side of the protein. In the table
has a proton on one of the glutamic acids or on a nearby water. SB, D85 and D212 make up th
N-side of the membrane and HP→: proton released to the P-side of the membrane. Other a
intermediates. For example the arrow in the SB column in the M1 state indicates the proto
trapped structures. Other proton distributions required in the reac-
tion pathway are unstable intermediates. This includes states with
the deprotonated D96− (N state) [280] and a system where the
charge on the central cluster is−1 and the exit cluster has a−2 charge
(M2).
3.3.4. The role of hydronium
Protonated water species are generally considered to play an im-

portant role in proton transport reactions [282]. Within bacteriorho-
dopsin FTIR measurements show the EC proton is shared between
at least one water and the two acids in the ground state, indicating
a hydronium with unusual stability [277,283]. However, the hydroni-
um may not be a critical part of the mechanism. Changing either EC
Glu to Asp localizes the proton on either E204 (in the E194D mutant)
or D204 (in the E204Dmutant). Thus, when mutation destabilizes the
hydronium the system continues to pump protons utilizing the EC
acids as the proton storage site [283].
3.3.5. Proton pathways and the gating mechanism
The structures of bacteriorhodopsin trapped in different intermedi-

ates have provided the information to show how small changes can
modify the thermodynamic landscape leading to a series of metastable
intermediates in different protonation states [59,284]. The remaining
questions concern the gatingmechanism to control the direction of pro-
ton transfer. The proton must be released from the EC into the low pH,
P-side, and rebound via D96 from the high pH, N-side of themembrane.
The proton transfer path can be divided into 4 steps: from the P-side to
the CC via D96 (in the late M to N transition); the internal transfer from
the SB to D85 (to form M1 after retinal isomerization); the internal
transfer from D85 to the EC (O to ground state); and the release to the
P-side from the ECM1 toM2 The temporal sequence of proton transfers
from the N-side to the P-side is thus not a series of physically sequential
transfers (Fig. 5, Table 2). Rather, there is a short internal transferwithin
the CC, then proton output to the P side followed by input from the N
side to restore a state with a total of 2 protons bound to the CC and
EC. Lastly proton transfer from the CC to EC resets the system in the
ground state.

Proton transfer pathways must contain waters or polar groups
that can be transiently protonated. Comparison of the different struc-
tures provides some qualitative suggestions for how each segment of
the pathway can facilitate or slow transfer in different stages of the
reaction cycle. On isomerization of the retinal, a proton is transferred
from the SB to the nearby D85, which is 4 Å away to form the M1
state. Nearby residues T89 and D212 and a crystallographic water
are in a position to mediate the proton transfer [285]. With the cis ret-
inal moving the SB nitrogen away from D85, the pathway within the
CCmay break, blocking the transfer back fromD85 to the SB, forcing the
SB D85 EC Access State formed by

H H Ground state
→ H H Inside H transfer within CC

H HP→ P-side H release from EC
H H Inside H transfer D96 → SB
H H N-side H binding to D96
H H Retinol isomerization
H → H Inside H transfer CC → EC

te formed after the first proton transfer from the SB to D85 [27,31]. EC: The extracellular
EC− indicates both E194 and E204 are deprotonated; ECH indicates that the exit cluster
e central cluster (CC). D96 is on the N-side of the protein.→HN: proton bound from the
rrows indicate the direction of the internal proton transfers that lead to the changes in
n that is first found on D85 in the M1 state comes from the SB.



2 The amino acid numbering for the Rps. sphaeroides CcO will be used here. The key
residues are Y288 and E286. These are numbered as Y280 and E278 in Bovine CcO and
Y244 and E242 in Paracoccus denitrificans CcO.
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proton to come to the SB from the N-side via D96 rather from the P-side
via the EC and D85.

Upon protonation of D85 in the M1 state, a proton is released from
the EC, 8 Å away to the P-side extracellular surface [277,284,286]. The
EC does not get protonated until the O to bR transition when the SB
has returned to its trans conformation. The EC must be protonated
by internal proton transfer from the protonated D85 rather than
by binding from solution on the P-side. The crystal structures sug-
gest that the connection between the EC and CC may be stronger
in the states with the trans retinal such as the bR and O states. In
crystal structures of the bR ground state, a three-dimensional net-
work of hydrogen-bonded side chains and waters is seen [270].
One continuous chain can be formed through 2 waters that connect
D85 to R82, and another 2 waters that connect R82 to E194. In the
M2 state crystal structures, E194 has a better connection to R82,
in its downward position. However, the loss of crystallographic
water and the downward shift of R82 breaks the connection be-
tween D85 and R82 [287]. This change in connectivity could help
to close the proton transfer pathway between the CC and the EC
in the M and N states.

In the M2 to N′ transition a proton is transferred from the cyto-
plasm to the SB via D96. In the ground state there is no pathway for
proton transfer between D96 and the CC. After the retinal is isomer-
ized, the Schiff base nitrogen is displaced toward the N-side of the
protein, facilitating its protonation from D96. By the M intermediates
there are changes in the C, F, and G helices on the N-side of the pro-
tein, allowing formation of a water chain for the proton conduction
from the N-side via D96 to the SB [277,281,288].

3.3.6. Conclusion
The crystal structures of bacteriorhodopsin trapped in metasta-

ble, protonated states combined with extensive spectroscopic and
computational studies shows how a proton pump can transfer pro-
tons across a protein. The sequence of proton transfers is driven by
small structural changes triggered by retinal isomerization leading
to a shift in the backbone of helix by ≈0.5–0.7 Å [30,270,271]. The
CC and EC put protonatable residues very close together so they
have strong electrostatic interactions. These interactions change
significantly with small changes in structure. Pulling the SB away
from the two acids in the CC stabilizes proton transfer from the
SBH+ to D85−. Separating the E204 from E194− in the EC releases
the proton on E204 or a hydronium to form the M2 state. The inter-
action between the EC and CC stabilize a state where the two clus-
ters hold two protons. One proton is always in the CC. The second is
in the EC in the ground state with a trans retinal or in the CC in the N
′ state with the cis retinal [59,289]. The shift of the proton in the N′

state is stabilized by the cationic R82 moving from the CC, which
now has two protons bound, to the EC, which has lost a proton. In
bacteriorhodopsin the key to pumping is that the proton does not
transfer a proton from the EC to the CC in the M1 to M2 state tran-
sition with the cis retinal but releases it from the EC to the low pH
side of the membrane. It is only in the O state, which has a trans ret-
inal while retaining the N′ state protonation pattern, that the path-
way between the CC and EC is used to return the proton from D85
to the EC cluster.

3.4. Vectorial proton transfers and proton pumping in cytochrome c
oxidase (CcO)

When plants began to carry out oxygenic photosynthesis, life on
earth changed. Now atmospheric oxygen could be used as the termi-
nal electron acceptor in aerobic respiration, producing significantly
more energy than the anaerobic metabolic chains. Cytochrome c ox-
idase (CcO) is the protein that reverses the OEC reaction in many or-
ganisms, reducing oxygen to water using electrons from cytochrome
c [7,32–41,45,290–292]. CcO combines the functions of a true
transmembrane proton pump such as bacteriorhodopsin
(Section 3.3) and systems, such as RCs and PSII (Sections 3.1 and
3.2), where the proton gradient is increased by vectorial redox reac-
tions occurring on different sides of the protein. The result is that CcO
moves 8 charges across the membrane coupled to the reduction of
O2, which requires 4 electrons.

RCs, PSII and bacteriorhodopsin all use a photon to initiate the re-
action cycle. This makes it possible to synchronize the reaction for
study, and can provide remarkable insights into the metastable reac-
tion intermediates. In special cases it has been possible to trap and
crystallize structures in different metastable protonation [278,279]
or redox [293–296] states. CcO is a more conventional protein
where the reaction is started by diffusion of the reactants. It is there-
fore harder to monitor the individual intermediates through the
whole reaction cycle, thus there are still more consequential ques-
tions that remain unanswered.

Combining information about the reaction intermediates with the
structures of RCs, PSII and bacteriorhodopsin, reveals motifs that lead
to proton transfers. These basic mechanisms are: (1) The use of redox
reactants such as quinones and O2 where the pKa of reduced species is
above the pH, while the pKa is below the pH when it is oxidized
(Section 3.1–3.2, Fig. 2). The active sites are arranged with respect
to the membrane so that reduction occurs on the N-side of the mem-
brane and oxidation on the P-side. (2) The use of amino acids nearby
the redox sites that will bind and release protons in response to the
charge change on a redox cofactor. The acids surrounding the quinone
binding sites provide an example. (3) The use of clusters of amino
acids whose group pKa can be shifted significantly by small changes
in structure as found in bacteriorhodopsin (Section 3.3, Fig. 5). CcO
reactions will be described here to consider how the reaction cycle
leads to binding of the chemical protons needed for O2 reduction
from the N-side as well as the translocation of pumped protons
from N- to P-side of the protein.

3.4.1. The CcO reaction sequence
The overall CcO reaction is (Fig. 1d):

4cytcred þ 8Hþ
N�side þ O2→4cytcox þ 4Hþ

P�side þ 2H2O: ð12Þ

The desired product is not water, but rather the transfer of protons
that add to the transmembrane gradient. The reaction takes place in
the Binuclear Center (BNC) which consists of Heme a3, an a-type
heme with one His ligand and one position that is free to bind
oxygen, hydroxyl or water; CuB, a Cu with 3 His ligands and a
position to bind a hydroxyl or water, and Y288,2 which is a redox
active tyrosine [297]. On average each of the four electron transfers
to the BNC needed to reduce one O2 results in two charges trans-
ferred across the membrane. One electron from cyt c is imported
from the P-side to meet a proton coming from the N-side in the
BNC, which is deeply buried in the protein. CcO differs from the
RCs and PSII that use vectorial redox chemistry to add to the proton
gradient (Fig. 2) in that the protons travel a long pathway from the
N-side to the redox cofactors in CcO. Thus, a proton is taken up from
the N-side and delivered to the BNC as part of the oxygen reduction
chemistry. In addition, each time CcO is reduced a second proton is
taken up on the N-side and pumped to the P-side.

In CcO four electrons are accumulated in the BNC before O2 binds
[7,291]. This pre-reduction of the active site allows the O_O bond
to be broken without forming any high-energy oxygen redox



Fig. 6. The key groups in cytochrome c oxidase (CcO). The gray pentagon represents
the Proton Loading Site (PLS) that transiently holds the proton that is being pumped.
Electron transfers are shown by red arrows, proton transfers by blue arrows. The over-
all reaction sequence: the protein is reduced by cytochrome c on the P-side of the
membrane. Electrons are passed from CuA to Heme A to the Binuclear Center (BNC)
consisting of Heme A3, CuB and Y288. Rb. sphaeroides residue numbers are used
here. Each time CcO is reduced two protons are bound from the N-side of the mem-
brane. One proton is taken up either via the D (Left) or K (right) channel and passed
to the BNC via E286 or K362. These protons are used for the chemistry that produces
H2O. In addition, 4 pumped protons are taken up through the D channel. These are
passed to the P-side of the membrane via the PLS, which is located on the P-side of
the protein near the BNC.
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intermediates. This strategy is similar to that used in PSII where 4
holes are accumulated before water oxidation commences
[42,298–300]. In each CcO reduction step cyt c reduces CuA, a two
copper cluster, which in turn reduces Heme a (Fig. 6). Heme a
then passes electrons to the BNC. CcO is primed in the R state
(Fe+2CuB+1YOH) to bind and reduce O2. Four electrons are donat-
ed to O2, two from Heme a3, one from CuB and one from Y288 to
generate the BNC in its most oxidized form with Fe+4_O−2,
CuB+2OH− and YO•, denoted the PM state. Addition of 4 electrons
to rereduce the BNC leads the protein through a sequence of meta-
stable states designated F, O, E and R.

There is good evidence that protons are pumped across the
membrane each time the protein is reduced, not only in the step
where electrons are transferred to O2 [301–303]. The formally exo-
thermic reaction that breaks the O_O bond occurs in the R to PM
transition. Somehow each of the next 4 reductions of the BNC by
cyt c produces enough energy to pump two charges across the
membrane against an electrochemical potential of ≈220 mV
[304]. Estimates are that in the mitochondria each electron transfer
from cytochrome c to the BNC could liberate 500 meV [7]. As two
charges are transferred across the membrane this would give an ef-
ficiency of over 80%. The current assumption is that the sequence of
proton transfers in the pumping mechanism is the same for each
stage of BNC reduction and so it is insensitive to which group is
being reduced or protonated in the BNC [37,305,306]. However,
each of the 4 reductions of the BNC has a different driving force
since, while the electron donor is always Heme a, the acceptor is
CuB+2, ferryl or ferric Heme a3, or radical Y288 (YO•). In addition, the
driving force for proton binding will change in each step as the pKa

shift on cofactor reduction is different for each group. These pKa shifts
will be discussed here.

3.4.2. The pKa shifts coupled to reduction of the groups in the binuclear
center (BNC)

As found in RCs and PSII, one mechanism to bind protons is to
have the redox reaction induce large pKa shifts within the cofactor
and its first coordination shell ligands. The OEC is an oxo-
manganese complex, where each oxidation shifts the pKa of the
bridging oxygens or terminal waters by 8-10 pH units
(Section 3.2, Table 1b). Its four bridging oxygens and two terminal
waters thus provide a reliable source for protons to be lost into the
P-side of the membrane as the system moves through the four ox-
idation states in the S-state cycle. A similar mechanism is seen in
the reducing side of RCs (Section 3.1) and PSII, which takes place
on the N-side of the protein where the oxidized quinone reactant
has a pKa b 0 while it is >10 in the doubly reduced product.

In CcO the chemical protons are bound into the BNC from the
N-side as the various constituents are reduced by electron transfer
from cyt cred, through Heme a into the BNC. In the PM state, formed
after O2 reduction, the BNC redox and protonation state is:
Fe+4_O−2, Cu+2OH− and YO•. The oxygens on the ferryl Heme a3
and CuB are the products of bond breaking chemistry. The proton
on the CuB-hydroxyl is likely donated by Y288 along with an elec-
tron [297,307]. The R state, formed after 4 reductions of the BNC is:
Fe+2–H2O, CuB+1–H2O, and YOH, indicating 2 protons have been
bound by the ligand to heme a3, one to the ligand to CuB and one
to Y288. The waters on Heme a3 and CuB must be released before
the next O2 is bound in the R state. The increase in pKa as each ele-
ment is reduced will provide a measure of the driving force for pro-
ton binding.

The first question is what is the intrinsic chemistry in solution of
the three groups that make up the BNC. The protein, especially
within the confines of the BNC, can modify these values but the
choice of these groups in the active site sets the initial parameters
for proton uptake (Eqs. (2a) and (2b)). Thus, if the pKa is not above
the pH in the reduced state and below it in the oxidized state there
will be no chemical protons involved with that reduction step
(Fig. 2) [49]. The question is what is the shift in the pKa going from
the Fe+4_O−2 to aquo-Fe+3 to aquo-Fe+2 Heme a3, from oxidized
to reduced aquo-CuB and from oxidized, deprotonated YO• to the
ground state, YOH.

3.4.3. The pKa of oxygen species on hemes
Hemes are a common and well studied redox cofactors found in

many proteins. Within proteins the heme electrochemistry is modi-
fied to span >800 mV [66,308]. For example, in strains of bacterial
RCs with an attached cytochrome subunit such as Bl. viridis the
heme Ems range over 450 mV [309]. With a titratable axial ligand
such as water, hemes are able to participate in redox coupled proton
transfers. Heme a3 binds an axial oxygen ligand derived from the

image of Fig.�6
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substrate O2 that will be protonated to form the product water as the
reaction progresses.

To understand the basic chemistry of aquo-hemes, the pKa,sol for
hemes in water have been measured in microperoxidases, which
are c-type hemes retaining a short peptide with two peripheral
Cys ligands and one axial His ligand. A second axial ligand can be
water or a tighter binding added solute such as imidazole
[310–316]. The pKas in the aquo-heme complexes behave quite dif-
ferently than the hexa-aquo-metal complexes (Table 1a). The
water/hydroxyl pKa,sol for both reduced, Fe+2, and oxidized, Fe+3,
states are above 7. Thus, in solution the heme water ligand will al-
ready be protonated in the oxidized, ferric state and so will not
bind a proton when the heme is reduced. In addition, the change
in pKa,sol for the bound water is only 1.3 pH units so the protonation
reaction is almost independent of the heme redox state. A small
pKa,sol shift on reduction is a feature of porphyrin based complexes.
Adding an electron withdrawing chloride or donating methyl
group on the ring or changing the central metal to Mn will shift
the pKa,sol. However, all of the porphyrin based complexes shift
the pKa of an axial water ligand on metal oxidation by only 0.9 to
2.6 pH [317,318]. Changes in the other axial ligand to the metal
will also change the pKa,sol without greatly influencing the pKa

shift on oxidation. For example the aqua-His-c-type heme pKa is
higher than found in the Fe based form of complex 2, which has
two axial water ligands (Table 1a). The His ligand is more electron
donating than is the water, raising the proton affinity of the titrat-
ing water.

Thus, if the aquo-Heme a in CcO behaves like it would in solu-
tion, the pKa of Fe+4_O−2 is likely to be b4 [319,320] while the
pKa,sol for protonation of Fe+3OH− is >9 so oxidation of the ferryl
Heme a3 should be coupled to binding of 2 protons (Tables 1a and
1b). The next step of heme reduction only increases the pKa,sol for
proton binding to Fe+2OH− to 10.9 [311,314]. This weak coupling
between the reduction of ferrous Heme a3 and proton binding
poses a challenge for our understanding a mechanism where each
reduction of the BNC should be coupled to a large pKa shift to
provide the energy needed to pull protons out of the N-side of the
membrane.

3.4.4. Redox active amino acids
Tyr is used as a redox active cofactor in both PSII and CcO as well

as in other proteins. The chemistry of redox active amino acids such
as Tyr and Trp are well characterized [211,214,321,322]. For Tyr the
pKa,sol of the ground state is 10.9 [323]. When it is oxidized the
pKa,sol shifts to be b0 [215]. Thus, Tyr is a species that will need to
lose a proton when an electron is lost [217]. In solution, Y288 is a
Tyr covalently attached to His284, one of the ligands to CuB [307].
The His–Tyr bond moves the Tyr pKa,sol from 10.8 for the unmodified
residue to 8.9 stabilizing the YO− state and reducing the strong cou-
pling between electron and proton binding when YO• is reduced
[324]. However, the pKa shift between an oxidized and reduced
Y288 should be sufficient so that reduction of YO• should be coupled
to proton uptake.

CuB is bound to three His and one oxygen derived from the O2.
If it behaves like an aquo Cu species described in Table 1a,
than CuB+2 is likely to bind a hydroxyl while CuB+1 should
have a pKa as much as 9 pH units higher and so would bind a
water. Thus, CuB is expected to show proton binding coupled to
reduction.

The pKa shifts that bind chemical protons will be different for
each step in the reduction of CcO. A mechanism where the same
number of protons are taken into the BNC despite changes in the un-
derlying chemistry of the individual groups can also be seen in a
comparison of the PM and PR states. The PR state is formed when
Heme a is reduced at the time of O2 reduction so that Heme a, not
Y288, becomes the donor of the 4th electron. The proton needed
for the CuB hydroxyl is still donated by Y288. The PR state of the
BNC is: Fe+4_O−2, Cu+2OH− and YO− [37]. The pumping stoichi-
ometry is the same no matter if the protein goes through the PM
or the PR states [38,325–327], despite the stability of the
deprotonated YO− with a pKa,sol of 8.9 being much smaller than that
of the oxidized YO• with a pKa,sol b 0.

3.4.5. CcO proton pathways
CcO has two well studied proton uptake channels (Fig. 6)

[328–332]. If the cycle starts in the oxidized CcO (O state), with
Fe+3, CuB+2 and YOH, the K channel takes up 2 protons coupled
to the first two electrons added to the protein. These protons are
used for chemistry [5]. The D channel is the pathway for the
other 6 protons, two that will be used for chemistry and the other
4 that will be pumped. D132 is at the beginning of the D channel
and E286 at the end. The K channel is named for the required
K362 inside the protein near the BNC. In each proton pathway
there are a few polar residues and in the D channel, a fairly contin-
uous chain of waters [333,334]. Thus, the proton intake paths are
narrow, well-defined, water filled channels. The proton outlet is a
more complex region towards the P-side, above the BNC and
Heme a. For example, on the P side of Rps. sphaeroides CcO there
are ≈18 acidic and basic residues and 4 propionic acids within
the 10 Å centered around the D-propionic acid of Heme a3, provid-
ing competing pathways for proton release [335]. The pumped
proton is assumed to be transiently bound within this region at a
Proton Loading Site (PLS) on the P-side of the BNC and then re-
leased to that side of the membrane [305,306,336–338]. The com-
plexity of the outlet channel makes it difficult to see how protons
are blocked from entering from the P-side when they are needed
for O2 reduction chemistry.

3.4.6. The shifting thermodynamic landscape for proton transfers in CcO
In the other proteins described in this review the reaction se-

quence goes through proton transfer intermediates that are suffi-
ciently stable to be seen and characterized. This indicates the
conformation or redox changes shift the thermodynamic landscape
sufficiently that the metastable pKas for the groups in question
have moved from being below physiological pH in one state to
above it in another. It has been more difficult to get experimental in-
formation about the sequence of changes that occur in CcO, as it
lacks the inherent advantages of proteins such as bacteriorhodopsin,
RCs and PSII where the reaction is initiated by light and so can be
synchronized and intermediates followed through a natural reaction
cycle. Computer simulations have provided some possible explana-
tions for how the equilibrium pKas are modified in possible CcO in-
termediates [36,49,291,338–349].

There are several methods that have been designed to initiate a
portion of the CcO reaction cycle with a flash of light. In one method
photoactive ruthenium complexes are attached to oxidized cyt c. The
light activated Ru complex reduces the cyt c, which in turn initiates
the electron transfer to CuA [350]. Another method uses CcO in the
R state with CO bound in the BNC [351]. A flash of light dissociates
the CO and allows O2 to bind and move from the R to PM to F states
if CuA and Heme a are oxidized or from R to PR to F states if they
are reduced [37]. Spectroscopic measurements show that protons
are transferred to the BNC prior to the electron transfer from Heme
a to the BNC. It is assumed that the chemical proton enters the BNC
after the pumped proton is passed to the PLS [326]. The approximate
position of the PLS within the protein is becoming better defined, but
there is still uncertainty about which group or groups contribute
[305,306,336].

The choreography posited for the CcO reaction cycle requires
that, synchronized with each reduction of the BNC by Heme a, a
proton is taken from the N-side. This is transferred via the K
channel into the BNC (in the O to E and E to R transitions) or from
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the D channel (in the P to F and F to O transitions). In addition, a
proton is transported through the D channel to the PLS and then re-
leased into the P-side of the membrane. Current mechanisms thus
assume a number of intermediates that the protein passes through
four times during a full O2 reduction cycle. K362, which appears
to have an abnormally low pKa b 7 [49,328], would need to be
protonated transiently during proton transfer to the BNC. E286,
with a pKa ≈ 10 in the PR to F transition state [37,352,353], is
deprotonated transiently as it serves as the conduit for proton
transfer via the D channel. In the P and O states some mechanism
is needed to determine if the proton on E286 will be released to
the BNC or pushed on to the PLS [347,354–359]. A residue or cluster
of residues serving as the PLS on the P-side of the protein needs to
bind and release a proton coupled to electron and proton transfers
to the BNC. A sequence with these transitions must be incorporated
into the reaction for all steps of the BNC reduction cycle
[291,349,360,361]. The question that remains is how the free ener-
gy of these intermediate states and the kinetics of transfer between
them are controlled within the CcO structure.

3.4.7. Structural information about conformational changes in CcO
There are now several structures of reduced and oxidized bovine

[40,362] and Rb. sphaeroides [41,334] CcO. The CcO structures show
only modest changes. For example, the dominant change in the Rb.
sphaeroides structures are in the K channel, appearing to keep it
open in the oxidized protein, and cause it to be closed by a hydrogen
bond in the reduced protein. This structural change may determine if
the K or D channel is used for the chemical protons, but does not af-
fect the structure near E286, the BNC or the PLS as would be needed
to shift their proton affinities through the pumping cycle.

The lack of clear conformational changes in the crystal structures
that would affect the proton affinity of key sites may be a result of
CcO undergoing the same pumping steps in each BNC redox state.
Thus, the oxidized and reduced crystal structures may be stopped
at the same, lowest energy protonation states. Likewise simulations
that simply interrogate the equilibrium protonation states in CcO in
different BNC redox states show surprisingly little protonation
changes coupled to BNC chemistry [49]. Thus, the lack of changes
in structures and simulations support a model where the proton
transfer intermediates are not controlled by the redox state of the
BNC.

3.4.8. Modulating group pKas in the proton loading site (PLS)
The pumping model assumes that a proton, released from E286 will

be transiently bound within the group of residues on the P-side of the
BNC denoted the PLS. The best candidates are the propionic acids at-
tached to Heme a or a3 or His 334, a ligand to CuB [348,363–365]. If
the His binds a proton in the R state where CuB is reduced and releases
it in the PM state where it is oxidized then CcO would be using the pKa

shift of a first coordination shell ligand to couple electron and proton
transfer. However, since a proton is pumped in each stage of BNC reduc-
tion, the His would need to bind and release a proton in steps that do not
change the CuB redox state. The shift in the pKa of the His to below phys-
iological pH would thus need to be controlled by long-range electrostat-
ics rather than by strong coupling of electron and proton affinity in a
metal complex [363].

The propionic acids, are attached to the heme by single bounds
so are affected by the heme redox state via long-range electrostat-
ics. The oxygens on the propionic acids are ≈8 Å from the center
of the heme as they are in most hemes [366]. The separation
between the CC and EC in bacteriorhodopsin is 8 Å and these
groups retain sufficient interaction to mutually perturb each
others pKa by ≈2 pH units (Section 3.3) [59]. In addition, both
the His 334 and the propionic acids exist in a cluster of ionizable
residues so they are susceptible to small conformational changes
leading to significant changes in protonation such as found in
bacteriorhodopsin.

3.4.9. Changing the pKas of E286, the likely proximal proton donor to the
BNC and the PLS

E286 and K362 on the D and K proton pathways have shifted pKas
so they are neutral in their low energy states [49]. Neither E286 or
K362 are surrounded by other ionizable groups as would be needed
for a mechanism where small change in conformation would change
their pKas sufficiently to change the equilibrium ionization state as
found in the CC and EC clusters in bacteriorhodopsin. Thus, without
a surrounding cluster that helps to stabilize the binding and release
of protons these residues are more likely to behave like D96 in bacte-
riorhodopsin being deprotonated only transiently in a short-lived
state.

3.4.10. Conclusion
The BNC active site of CcO is deeply buried in the protein, but it

carries out redox chemistry using only protons from the N-side of
the membrane. The reaction cycle is driven by the O2 reduction re-
action, which is sufficiently endergonic to support additional pro-
ton transfers via a proton pumping mechanism. There remain
many open questions about CcO. Each of the four electron and pro-
ton transfers into the active site is to a different cofactor and so has a
different driving force. Cofactors such as aquo-heme are used in the
BNC that have very small shifts in pKa,sol when they undergo redox
chemistry. Yet all steps of BNC reduction appear to be coupled to
proton pumping and to the uptake of protons used for chemistry
from the N-side. In addition, as CcO has added a pump to a system
with vectorial redox chemistry a mechanism is now needed to
keep protons for O2 reduction from coming from the P-side of the
protein, while the pumped protons must exit to this side. The mech-
anism to control access is unknown. The key residues in the pump
are not found in clusters of ionizable residues as found in bacterio-
rhodopsin so are less likely to use small conformational changes to
modify their proton affinity. Thus, the investigation of these four
well-studied proteins shows that analysis of the structures can pro-
vide insight into the underlying mechanisms but does not solve all
problems.
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