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Abstract Gaining a detailed understanding of the molecular
nature of the redox coupled proton transfer in cytochrome c
oxidase (COX) is one of the challenges of modern biophysics.
The present work addresses this by integrating approaches
for simulations of proton transport (PTR) and electron transfer
(ET). The resulting method converts the electrostatic energies
of different charge configurations and reorganization energies
to free-energy profiles for different PTR and ET pathways.
This approach provides for the first time a tool to study the ac-
tual activation barriers and kinetics of different feasible PTR
processes in the cycle of COX. Using this tool, we explore
the PTR through the bottleneck water molecules. It is found
that a stepwise PTR along this commonly assumed path leads
to far too high barriers and is, thus, inconsistent with the ob-
served kinetics. Furthermore, the simulated free-energy profile
does not provide a simple gating mechanism. Fortunately, we
obtain reasonable kinetics when we consider a PTR that in-
volves a concerted transfer of protons to and from E286. Final-
ly, semi-qualitative considerations of the forward and backward
barriers point toward open questions about the actual gating
process and offer a feasible pumping mechanism. Although fur-
ther studies are clearly needed, we believe that our approach of-
fers a general and effective tool for correlating the structure of
COX with its function.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Coupled electron transfer/proton transfer (ET/PT) plays a

central role in energy conversion in living systems and is con-

sidered as key elements in bioenergetics. A prominent example

is provided by cytochrome c oxidase (COX). This protein cou-

ples the four electron reduction of O2 to water and trans-mem-

brane PT, e.g. [1–3], which results in an electrochemical proton

gradient that drives ATP synthesis. The structure of COX [4,5]
Abbreviations: COX, cytochrome c oxidase; PTR, proton transport;
EVB, empirical valence bond; LRA, linear response approximation;
PDLD/S, protein dipole Langevin dipole/semi-macroscopic
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and many other studies (for recent reviews see [6,7]) provide

the opportunity to describe biological ET/PT on a molecular

level.

In trying to obtain a detailed structure–function correlation

for COX it is important to understand the energetics and the

time dependence of the pumping process. This challenge can

be addressed by computer modeling approaches and some

elements of the COX reaction have already been examined

by simulation methods [8–10]. However, the relationship be-

tween the protein structure, the PTR energetics and direction-

ality has not been established. For example, the calculations

of Olkhova et al. [9] provided important insight about the

electrostatic coupling but did not address the energetics of

the pumping process. The chemical steps were recently stud-

ied by detailed quantum mechanical calculations [11], but this

instructive study did not explore the energetics of pumping

the protons across the membrane. The insightful study of

Wikstrom et al. [8] attempted to establish a gating mechanism

by considering the orientation of the water molecules in the

hydrophobic region between heme a and heme a3, but this

study did not explore the actual PTR process. Nevertheless,

this work raised a crucial question about the nature of the

gate that controls the uphill PTR. The nature of the pumping

process was eloquently considered by Mills and Ferguson-

Miller [12] who assessed the evidences for direct and indirect

coupling mechanism, where the indirect mechanism involves

conformational and pKa changes. The details of a conforma-

tional mechanism have been considered by Brzezinski and

coworkers [7,13]. Although this proposal has appealing as-

pects, it cannot be verified without specific tools of converting

structures to pKa values.

In order to elucidate the molecular nature of the PTR in

COX it is essential to have a theoretical framework that re-

lates the actual structure of this system to its pumping action.

Such a general formulation has been developed in out early

studies of PTR [14–16] and ET [17,18] and is used here to

study the coupled ET/PT process in COX. In doing so we fo-

cus on illustrating key concepts and on examining the nature

of the PTR process and the role of E286, which is assumed to

be a key junction along the PTR paths. It is found that the

commonly assumed transient deprotonation of E286 leads

to far too high barriers when it occurs in a stepwise mecha-

nism. However, a concerted path appears to provide reason-

able barriers without requiring E286 to be deprotonated. This

path appears also to help in exploring the nature of a plausi-

ble gating mechanism.
blished by Elsevier B.V. All rights reserved.
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Fig. 2. The steps examined in the present study. The specific steps are
based on the study of Siegbahn et al. [11].
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2. Concepts and methods

In order to describe our methods and concepts it is useful to start by
reviewing several basic features of the system studied. Thus, we start by
a schematic description of COX (Fig. 1) and by focusing on the trans-
fer of H+ from E286 to Prd (a3) and the iron-bound oxygen (see right
panel Fig. 1).
Since we are mainly concerned with conceptual aspects here we will

only examine parts of the overall cycle of COX. These parts will, how-
ever, contain all the elements of the coupled ET/PT. More specifically,
we will study a series of reactions that can be described schematically
in Fig. 2 following a recent study of Siegbahn et al. [11]. The descrip-
tion in Fig. 2 is rather schematic and some of the details might still be
uncertain. For example, some workers, e.g. [13], favors PTR to the
iron-bound oxygen before the PTR to Prd. Nevertheless, Fig. 2 still
provides a framework for addressing the key problems. Note, however,
that the sequence of events between each step in Fig. 2 (e.g., the PTR
and ET pathways) is not established and must be explored by more de-
tailed considerations. In order to do so effectively, we introduce here a
short hand notation (Fig. 3) that relates the structure of the system to
the specific occupation of the ET chain and the PTR chain.
A coupled ET/PT processes can be described by using Marcus� type

state diagrams in the quantitative framework of the empirical valence
bond (EVB) approach [19]. In this description, we start by combining
our early picture of ET [17] and PT [14,15] and obtain a general expres-
sion for the free energy of each feasible state of the system by
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X
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h i
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where m designates the vector of the charged states of the given con-
figuration, i.e., m ¼ ðqðmÞ1 ; qðmÞ2 . . . qðmÞn Þ. ‘‘i’’ runs over the site of proton
donors and acceptors, ‘‘k’’ over the sites of electron donor and accep-
tors and ‘‘j’’ runs over both the ‘‘i’’ and ‘‘k’’ series. Here, qðmÞi is the
actual charge of the ith group at the mth configuration. This can be 0
or �1 for acids and 0 or 1 for bases (where we for simplicity restrict
our formulation to mono ions). DIwk;q is the free energy of forming the
charged form of the kth group from its uncharged group in solution
(this free energy is obtained from the corresponding reduction poten-
tial). The Wijqiqj term represents the charge–charge interaction effect.
The intrinsic pKa (pKint) is the pKa that the given ionizable group
would have if all other ionizable groups were kept at their neutral
state (the evaluation of this term is described in [20]). Eq. (1) can also
be expressed in terms of the energy of forming the given configura-
Fig. 1. A schematic description of the key elements in the COX systems. The
entry and the exit proton pathways. The pathways explored here are shown
tion in a reference state (in this case in aqueous solution) at infinite
separation of the ions and then transforming it into the protein. This
gives, see, e.g. [14,17],
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figure considers heme a, heme a3, the two sides of the membrane, the
in orange in the right side of the diagram.



Fig. 3. Illustrating the notation used in our state diagrams. The figure
depicts the groups included in the present study and the label used for
each group. The joint boxes in the lower part illustrate our shorthand
notation where we arrange our diagram according to the order of each
element and designate each state by its charged state. The upper row
depicts the electron population on the redox centers (heme a, heme a3
and CuB centers), the middle row shows the protonation state of the
vectorial pKa groups from the N-side to the P-side, and the lower row
shows the protonation state of the pKa groups to the bound oxygen.
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where ðDDGw!p
solv ðqiÞÞ0 represents formally the energy of moving qi from

water to its actual protein site when all other ionizable groups are neu-
tral. The solvation of the uncharged form of a given group is also in-
cluded in DDGsolv in the actual calculation [20].
The activation free energy for a transfer from state m to state m 0 can

now be evaluated by the EVB concepts and Eq. (2). This allows us to
describe any system and its dependence on the general solvent coordi-
nate. This is illustrated in Fig. 4 for a simple hypothetical coupled ET/
PT process. In this case an ET reaction between two quinone molecules
is coupled to a PT between an acidic group and an amine. The two
Fig. 4. Showing a simple example of our compact notation for a
coupled electron and proton transfer. The electron and proton
populations are, respectively, given by the upper and lower rows of
boxes. In this example, an ET between the two quinones, (I)fi (II),
and the subsequent PT, (II)fi (III), can be followed by the curved
arrows and color coding (red for ET and blue for PT).
upper boxes designate the electron population of the redox active
groups, whereas the two lower boxes depict the protonation state of
the pKa active groups. The ET/PT reaction can be followed by the ar-
rows indicating the individual transfer steps. In this example, the initial
step is an ET between the two quinone molecules from state (I) to state
(II). In a second step the proton is transferred from the carboxylic acid
to the amine giving rise to state (III). The diabatic and adiabatic sur-
faces are shown in solid and dashed lines, respectively. The same ap-
proach can be used for any general case as is illustrated in Fig. 5,
where we consider a proton being transferred from E286 to Prd a3
in COX (reaction O fi ER) via intermediate states where the proton re-
sides on intervening water molecules. The first step is also accompanied
by an ET between two redox centers. Again, the protonation state of
the system can be seen from the connected boxes and electron and
PTs can be followed by the small arrows (a more compact notation
is used in the upper configuration state where the consecutive PTR is
indicated with an arrow).
In principle, we can evaluate the free-energy functions for each

transfer by the EVB microscopic simulations and run time-dependent
simulations by using a simplified EVB/LD model [21]. Here, however,
we are mainly interested in the energetics and can thus use a semi-
quantitative estimate for each step. For example, when the transfer
from m to m 0 involves only one PT or one ET, the activation energy
is given by [21]

Dgzm;m0 ¼
ðDGmm0 þ kmm0 Þ2

4kmm0
� Hmm0 þ H 2

mm0

ðDGmm0 þ kmm0 Þ ; ð3Þ

where DGmm0 is the free-energy change for transfer between state m and
m 0, and kmm0 is the corresponding reorganization energy (that can be
evaluated as described elsewhere [19]). Hmm0 is the off-diagonal element
that mixes the states m and m 0. This term is taken as the EVB coupling
term for PT between a donor and acceptor and the relevant coupling
term (the tunneling matrix element) for an ET step. The proper cou-
pling can also be evaluated for a concerted PT and for an ET/PT
process.
The rate constant for each step is obtained by using transition state

theory (see, e.g. [19]) for adiabatic PT steps and the semi-classical treat-
ment of diabaticET theory (see, e.g. [22]) for theET steps. That is, we use
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Fig. 5. Showing a schematic description of the O fi ET step in COX
via intermediate states where the proton resides on intervening water
molecules. As previously, the electron and proton transfers are given
by the upper and lower rows of boxes, respectively. For convenience
we have grouped the charge on the water molecules before E286 in the
first second-row box. In the upper part of the figure, we have
condensed several subsequent transfers between water molecules by
representing it with an arrow with a �+� sign in a single state diagram.
Again, the diabatic and adiabatic surfaces are shown in solid and
dashed lines, respectively.
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where Dgzmm0 for PT steps can include nuclear quantum mechanical
(NQM) corrections (e.g., zero point energy and tunneling) [23]. Simi-
larly when needed we can evaluate NQM corrections for Dgzmm0 for
ET steps [24]. In case of a coupled ET/PT process we should determine
if we have an adiabatic or a diabatic process and choose the preexpo-
nential term accordingly [22]. In the present case, however, we will use
a simplified treatment (see below).
With the above picture in mind we can focus on the DGmm0 , which

determine the trend in the corresponding Dgzmm0 term. The evaluation
of this term depends, as is clear from Eq. (2), on the relevant reduction
potentials and pKa values as well as on the DDGsolv and the W jj0 terms.
The most crucial term is the DDGsolv solvation term. This term is eval-
uated by the linear response approximation (LRA) version of the semi-
macroscopic protein dipoles Langevin dipole model (PDLD/S). Since
this approach, the PDLD/S-LRA, has been used in studies of pKa val-
ues and reduction potentials in proteins and discussed extensively else-
where, e.g. [20,25,26], it will not be addressed here. The W jj0 interaction
term is evaluated using

DGjj0 ¼
332 � qj � qj0
ejj

0

effðrjj0 Þ � rjj0
; ð5Þ

where DGjj0 is given in kcal/mol, rjj0 is the distance (in Å) between
groups j and j 0 and ejj0 ðrjj0 Þ is an effective dielectric function for the
charge–charge interaction given by

ejj
0

eff ¼ 1þ e0ð1� expf�lrjj0 gÞ; ð6Þ
Table 1
Interaction energies between elements of our active spacea

ε'=40 E286 W1 W2 W3 W4 W

E286 13.9 -7.5 -3.3 -1.7 -2.8 -1.

W1 -7.5 -10.2 9.7 3.0 4.5 1.8

W2 -3.3 9.7 -10.2 8.6 13.8 2.7

W3 -1.7 3.0 8.6 -13.1 5.8 2.3

W4 -2.8 4.5 13.8 5.8 -10.2 6.0

W5 -1.6 1.8 2.7 2.3 6.0 -8.

Prd 1.0 -1.3 -2.0 -4.4 -2.2 -1.

OH 1.0 -1.0 -1.2 -1.2 -1.8 -4.

Fe(a) -0.6 0.7 0.7 0.9 0.7 0.6

Fe(a3) -0.9 0.9 1.1 1.1 1.5 3.1

CuB -1.1 1.2 1.3 1.3 2.2 6.5

aThe table gives the interaction energies, the intrinsic pKa values
b (expressed i

reference bulk solution at pH = 0.0) and the intrinsic reduction potentialsb for
for e 0 = 40 for the case when the interacting groups are at their charged
corresponding values by a factor of two. Both the ‘‘intrinsic’’ pKa values an
region (so they are apparent values with regard to the groups outside the activ
free energy of moving the electron from Fe (a) to Fe (a3) was estimated
arbitrarily chose the free energy of moving the electron from Fe (a) to the C
selection did not change our results with regards to the free energy of the PTR
is given as off-diagonal terms in the table.
bNote that the diagonal elements are also given in kcal/mol. The pKa values a
for E286, W1, W2, W3, W4, W5, Prd and OH, while the reduction potentials
the R fi PM step is taken as �4 kcal/mol.
where we use e 0 and l values of 40 and 0.18 (we have also used other
values of e 0 to establish the upper and lower limits of our conclusions).
The physical justification of Eq. (6) and the reliability of our ejj0 have
been discussed in previous studies, e.g. [20].
The pKa values and reduction potentials of the ionizable groups in

Eq. (2) were obtained (see Table 1) with the PDLD/S-LRA approach
according to standard protocol using the MOLARIS program [27] (see
also [28] and references therein). Starting from the X-ray structure of
COX (pdb entry 1M56 in the Brookhaven protein database [29]), the
pKa values and reduction potentials were averaged over 50 protein
configurations that were obtained at each 1 ps from a 50 ps molecular
dynamics simulation. The simulations used the ENZYMIX force-field
and a step-size of 0.5 ps. The effect of the low dielectric of the mem-
brane was not considered since the distance to the membrane region
from most of the groups studied is relatively large (a more consistent
study will be used in the future).
In exploring the effect of the redox centers we held the metal centers

with strong constraints and spread the charges of the heme on the iron
and the attached nitrogen atoms (rather than over the whole heme sys-
tem). The validity of this approximation has been established in earlier
studies of redox systems, e.g. [30]. The changes in DIw + DDGsolv for
ET from heme a to heme a3 was found to be ��5 kcal/mol by
PDLD/S-LRA calculations. The corresponding value for ET from
heme a to the Cu system was chosen rather arbitrarily as �5 kcal/
mol to provide a downhill gradient. In principle we could have evalu-
ated this value more systematically as was done before [28]. We could
also obtain the relevant value from experimental studies (e.g. [31]).
5 Prd OH Fe(a) Fe(a3) CuB 

6 1.0 1.0 -0.6 -0.9 -1.1

-1.3 -1.0 0.7 0.9 1.2

-2.0 -1.2 0.7 1.1 1.3

-4.4 -1.2 0.9 1.1 1.3

-2.2 -1.8 0.7 1.5 2.2

1 -1.8 -4.4 0.6 3.1 6.5

8 5.1 1.3 -0.9 -1.3 -1.3

4 1.3 2.8 -0.6 -31.5 -4.5

-0.9 -0.6 0.0 0.7 0.5

-1.3 -31.5 0.7 -5 .0 2.8

-1.3 -4.5 0.5 2.8 -5.0 

n terms of the free energies of moving a proton from the given site to a
the components of our active space. The interaction energies are given
state. The results for e 0 = 20 can be estimated by multiplying the

d the reduction potentials reflect the effect of groups out of the active
e region). The pKa value for the Fe bound to OH is taken from [11]. The
by PDLD/S calculations to be �5 kcal/mol. In these calculations we
u atom to be the same (�5 kcal/mol). This was done since the specific
process (see text). The interaction energies (the DGjj0 of equation (2))

re 10.1, �7.4, �7.4, �9.5, �7.4, �5.9, 3.7, 2.0 in pKa units, respectively,
are 0, 200 and 200 mV (see text). The chemical energy associated with
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However, since the free-energy profiles for the PTR steps were not sen-
sitive to the redox gradient we left the evaluation of the redox energies
to subsequent studies. The energy of the R fi PM ‘‘chemical’’ step was
taken as �4 kcal/mol from [11]. The Hmm0 and the kmm0 for the PT steps
were taken initially from our previous studies [14–16] but in most cases
we found that the resulting barrier does not change the profile obtained
by considering the corresponding free energy difference (the DGmm0 ) by
more than 1 kcal/mol. We will thus present our results using DGmm0 as
equivalent to Dgzmm0 .
Fig. 7. The energetics of a stepwise PTR from W7 to W�n in E0
R. The

figure demonstrates that the energetics for a proton on the P and N
side is similar so that the proton can move forward and backward. Of
course we have a barrier which is inconsistent with the observed
kinetics. The profile for the PT from W0 to W�n and from W7 to the P
side are hypothetical since the work did not examine the energetics
along the D pathway or the barrier along the exit channel.
3. Results

In order to evaluate the energy of the relevant states, we

need to start by calculating the pKa values and reduction

potentials of the relevant ionizable groups. Table 1 provides

the apparent pKa values and apparent reduction potentials

(note that the unit is kcal/mol rather than pKa units and

mV) as well as the coupling between the groups included in

the active space. We also considered the limit of e 0 = 20, which

we consider as the upper limit for the change in charge interac-

tion (the reader may estimate the results for e 0 = 20 by multi-

plying the corresponding values from Table 1 by a factor of

two). The apparent pKa values do not include the interaction

between the molecules on the active region, but is included

in the final state energy diagrams. As seen in the table, there

is significant coupling between the different sites although it

is smaller than that obtained by the discretized continuum cal-

culations of Kannt et al. [32] (as explained in [20] the use of low

dielectric constant in such studies may lead to an overestimate

of DGij). However, the main issue is the conversion of the

information in Table 1 to free-energy diagrams and the use

of this information in the examination of the pumping process

of COX. This will be considered next.

We start our analysis by considering a stepwise PTR for the

OR fi PM step and the corresponding results are described in

Fig. 6. In the diagram, we focus on the energy of the different

states rather than on the barrier between different states since

the Dgzmm0 are similar to the corresponding DGmm0 . We also note

that our diagram assumes the presence of two protons in the

D-pathway where one of them is located on W�1 (this simpli-

fied assumption will be shown to underestimate the overall

barrier). At any rate, the path depicted in Fig. 6 seems to de-

scribe a ‘‘proper’’ downhill process. Unfortunately, however,

this diagram involves several problems. First, the forward bar-
Fig. 6. The energetics obtained with a ste
rier for PTR from E286 to Prd (a3) is far too high to be con-

sistent with the kinetics of COX. That is, the activation barrier

for the OR fi ET step is more than 22 kcal/mol, which corre-

sponds to a rate constant of less than 10�3 s�1 (using transition

state theory) while the overall kinetics of COX is in the range

of 103 s�1. This problem (which will eventually become more

severe once we consider the transfer from W�n) reflects the fact

that E286 has a high pKa value (the experimental estimate is

9.4 [7]) and that it has to transfer a proton to water molecules

in a hydrophobic environment. Second, the diagram in Fig. 6

does not consider the process of moving the proton back from

the bulk water on the positive side to Prd a3, back to E286,

and finally to the negative side. This back reaction may occur

at different steps of the reaction and prevent the overall PTR

from the N to the P side. To illustrate this problem, we con-

sider in Fig. 7 the PTR from W7 to W�n for state E
0
R. We also

consider schematically a transfer from P to W�n, assuming

that the barrier from P to W7 is not very high since it involves

a PTR in polar environment (this assumption should, however,

be examined by actual calculations). The figure demonstrates

that the proton is not blocked from going backward by either

the reaction barriers or the overall energetics. This problem re-

mains despite the electrostatic effect of the charge change of
pwise PTR for the O fi PM process.



Fig. 9. The energetics of a concerted PTR from W7 to W�n in E0
R.

M.H.M. Olsson et al. / FEBS Letters 579 (2005) 2026–2034 2031
the redox centers and the pKa value of Prd a3 since the electro-

static effects are not significant when we approach the bulk on

the P side. The same problem also remains in state PM. With

this is mind, we may conclude that the system does not provide

a ‘‘gate’’ and cannot sustain uphill proton pumping. That is,

despite the fact that the free energy of moving from state O

to PM or from O to E is downhill, we find that in state E0
R

the proton can move from P to N with similar probability as

moving from P to N. Of course, as was also stated above,

the barrier is too high to be consistent with the observed kinet-

ics, but with a given barrier we do not have a way to create a

different energetics for the initial and final state.

The considerations of the stepwise PTR in Figs. 6 and 7 raise

a major challenge to the idea that E286 provides a crucial junc-

tion for the PTR process and the vectorial PTR. Fortunately,

we obtain a very different picture when we consider the con-

certed process. To see this point we first consider the problem

of having too high barrier in the OR fi ET step. As is shown in

Fig. 8, when we consider this step while allowing the concerted

proton motion E286fi W0 and W�1 fi E286, we obtain a

DG0 � 5 kcal/mol and Dg� � 7 kcal/mol (estimated by a 3 · 3

EVB Hamiltonian), giving a rate constant of about

5 · 107 s�1. Obviously, we are required to consider a transfer

from W�n in order to determine the larger overall forward bar-

rier, which will be done below.

As indicated by the discussion of the stepwise profile it is

important to consider the overall PTR profile for the

W�n fi W7 fi P path. This is done in Fig. 9 for the E0
R state,

where we obtain an overall reasonable barrier (about

13 ± 3 kcal/mol) with a rate constant of about 104 s�1. As sta-

ted above, this estimate is based on the assumption that the

barrier for PTR from P to W7 is not very high.

In principle, we should be able to use the profiles of the type

depicted in Figs. 8 or 9 in simplified EVB Langevin dynamics

simulations [21] or a master equation [15] and to calculate the

H+ current. However, this type of study is out of the scope of

the present paper where we consider the gating in a very qual-

itative way. Thus, we only try to approximate the forward and

backward kinetics by a Michaelis–Menten type of kinetics,

writing

vðN!PÞ
þ � kVI!IV � ½Hþ�N � ½E�

KVI!BðNÞ þ ½Hþ�N
; ð7aÞ
Fig. 8. The energetics of a concerted path in the OR fi ET step. In this
case we have only a small barrier for the forward process. The profile
for the stepwise process is given by a gray line.
vðP!NÞ
� � kIII!IV � ½Hþ�P � ½E�

KIII!BðPÞ þ ½Hþ�P
; ð7bÞ

where kIIIfiB(P) is the equilibrium constant of moving the pro-

ton from W�n to the bulk. If we have a trap at state III, as

the present calculations indicate, [H+]P can be larger than

KIIIfiB(P) while [H+]N can still be smaller than KIVfiB(N). This

will give

vþ � kVI!IV

KVI!BðNÞ

� �
� ½Hþ�N � ½E�; ð8aÞ

v� � kIII!IV � ½E�P; ð8bÞ

leading in some cases to the situation where v� < v+. This can

provide a gating mechanism since the effective barrier from III

to IV is larger than that from VI to IV. Of course, a more care-

ful analysis is required to establish this possibility including a

detailed evaluation of the proton profile in path D and eventu-

ally full master equation or Langevin dynamics kinetic

treatment.
4. Concluding remarks

In this work, we have explored key aspects of the nature of

the PTR process in COX by using a microscopically based

model with a special emphasis on the energetics of the PTR

process. Our model determines the reduction potentials and

the pKa values of the key elements of the system and uses them

to evaluate the free energies of the relevant states. The relevant

activation barriers were then estimated using a modified Mar-

cus� treatment. Our study led to several significant results.

First, it was found that the energetics of a stepwise ET/PT

leads to barriers that are inconsistent with the observed kinet-

ics. Second, it is found that a simple concerted PT (where the

energy spent in pushing a proton from a trap on an acid to a

water molecule is returned in part by a PT from another water

molecule to the same acid) leads to a reasonable kinetics. Fi-

nally, considering forward and backward barriers of the con-

certed path, we envision tentative conditions for a gating

mechanism (further considerations will be given below). Estab-

lishing these possibilities, however, requires a more detailed ki-

netic analysis and it is possible that the actual gating

mechanism still presents an open question. The main point,

however, is that our approach allows us to examine the validity
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of different proposals for the gating mechanism and equally

important provides a general tool for examining the nature

of the redox coupled PTR in COX.

It is useful to note that our general strategy, which was intro-

duced quite early [14,15] is based on examining the energetics

of a large number of charge states. A conceptually similar

strategy was used successfully in exploring permeation mecha-

nism [33] and in exploring the ion current in this channel [34].

More directly related studies that consider simulations of PTR

in proteins have also been reported [21].

The origin of the gating mechanism in COX has been the

subject of significant recent interest [7,8,12,13] but none of

the recent studies have evaluated the actual barriers for the

PTR process. For example, Wikstrom et al. [8], who consid-

ered the orientation of the water molecules in the hydropho-

bic region between heme a and heme a3, have raised the

important issue of the gating mechanism. However, the ac-

tual energetics of the PTR process was not examined. The

nature of the gating mechanism was also discussed by Nam-

slauer and Brzezinski [13], who proposed a mechanism that

couples conformational changes and pKa changes. This mech-

anism considered a transient reduction in the pKa value of

E286 coupled with an increase in the pKa value of a group

on the P side and conformational changes that lead to a

change in the hydrogen bonding connectivity and helps in

providing a gating process. Apparently, as found in this

work, there is no need for a transient reduction of the pKa

value of E286 because of the effectiveness of the concerted

PTR.

The present work identified a concerted PTR as the mecha-

nism that allows the system to transfer protons through Glu

286. Since some readers might associate this finding with the

issue of the importance of the so-called Grotthuss mechanism

in biological PTR, we would like to reclarify our view. The

Grotthus mechanism requires a proper orientation of the water

molecules, and such orientations are indeed involved in the ac-
Fig. 10. A tentative mechanism that may rationalize the gating process. The
correspond, respectively, to the transfer of the first and the second proton. Th
Changing r1 while keeping the r2 fixed moves the proton from its initial posi
protonation of the iron-bound OH and to state PM. Now, if the interacti
sufficiently large, the barrier for moving from c to d will be larger than the
vectorial process driven in part by the downhill chemical step.
tual PTR obtained by EVB simulations. However, our point is

that the energy of orienting the non-polar water molecules to a

proper arrangement is trivial compared to the changes of the

electrostatic energy of the proton in different sites (the DGmm0

of Eq. (3)). Thus PTR in proteins are determined by the elec-

trostatic energy and not by the free energy of reorienting the

unionized water molecules (see [14–16]). Now, as explained

in [21], when we have three sites, where the proton energy is

high in the central site and low in the first and last sites, we find

indeed that a concerted PTR allows the system to overcome

the electrostatic barrier in the central site. However, once the

stepwise barrier involves two or more high energy sites the

concerted transfer cannot help to overcome this barrier. At

any rate, the electrostatic energy that determines the energy

of the different states (rather than the orientation of the non-

protonated water molecules) is the key factor in the control

of PTR processes in proteins.

A very recent work [37] has used some of the concepts

introduced in our early works (Eq. (2)) but did not explore

the energetics of the proton on the internal water molecules.

This work suggested that the changes in the pKa of the Cu-

bound His 291 (due to protonation of the Fe-bound OH)

can control the pumping process. However, examining this

instructive suggestion identified several potential problems.

First, it is not entirely clear that a His bound to a positively

charged Cu+ or Cu2+ has a sufficiently high pKa to be a part

of a PTR chain. Second, and perhaps more importantly, add-

ing His 291 to our diagrams did not eliminate the problems

pointed out by the analysis in Figs. 8 and 9. That is, increas-

ing the proton energy on His 291 does not change the energy

of the proton on the N and P sides, in the same way that the

stabilization of the ionized Prd by a migration of proton to

the Fe-bound OH does not provide a gate. In particular, it

is hard to see how this can be accomplished with His 291,

since a concerted back transfer (W8 fi His, Hisfi Prd and

then a transfer through W3, where W8 is a water molecule
figure presents a two-dimensional free-energy diagram where r1 and r2
e blue and red represent low and high free-energy regions, respectively.
tion at N to W7 or to P. Changing r2 from point b to point c leads to
on between the binuclear center and the hydrophobic water chain is
barrier for moving from b to a (and from a to b) and we will have a
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near His291) will lead to a similar barrier to the correspond-

ing forward reaction.

Despite the above arguments it is clear that we have not ex-

plored the possibility [7,13] that conformational changes con-

tribute to the gating mechanism. Now, although this

mechanism, by itself, cannot be established (or eliminated)

without evaluating the structures of different conformational

states, the present study indicates that such changes might

not explain the pumping process. That is, the electrostatic con-

sequences of structural changes can be examined in an indirect

way since such effects follow the corresponding changes in

charge–charge interactions, e.g. [35]. For example, when a po-

sitive charge of an ion pair is neutralized, the dipoles near the

negative charge rearrange to compensate for the missing effect

of the missing positive charge. This type of conformational

change appears to be very general. Thus, the effect of electro-

static induced conformational changes can be estimated by

scaling the given change in charge–charge interactions with dif-

ferent effective dielectric constant. If the conformational

change is extremely effective, we will have to use a relatively

small eeff (i.e., e 0 � 10) in equation (6). It is important to point

out that this concept has been validated in cases of conforma-

tional switches such as the effect of GTP to GDP transition on

the Ras/RAF complex [36]. Now with the above view in mind,

we examined a wide range of eeff.
For low values of e 0 we could obtain an interesting tentative

gating mechanism that is described schematically in Fig. 10.

The figure describes the free energy of the system as a function

of the positions of the two protons. We start from state OR and

by transferring the first proton from N to Prd and to P. This

a fi b path gives a profile similar to the one obtained in Fig.

9 for the corresponding path. We then move the second proton

to the Fe-bound OH� and continue downhill to the chemical

trap (PM). At this point the disappearance of the charge on

OH� destabilizes the proton on Prd but also increases the pro-

ton energy on W3 and W2. This can lead to a vectorial process,

since the barrier for a back transfer of the first proton (from P

to N or c fi d) is now higher than what was in the first step

(b fi a). This situation did not occur with larger e 0 where the

barrier for moving back at state PM was similar to the barrier

of moving forward in state OR. This mechanism takes advan-

tage of the availability of two paths and of the resulting inter-

action between the protons on these two paths. It also exploits

the trap at the chemical step that prevents the second proton

from going backward. We note in this respect that, it is the no-

vel two dimensional diagram presented in Fig. 10, that allows

us to examine in a clear logical way these and related propos-

als. Of course, what has to be established is the validity of a

relatively strong charge–charge interaction between the binu-

clear center and W3, W2 and Prd.

Finally, it is interesting to note that we did not explore the

possibility that the free energy of penetration on non-proton-

ated water molecules is significantly different in different con-

formations states (this is, for example, the case in the

M fi N fi O steps in bacteriorhodopsin [38]). Thus, we intend

in the future to examine the feasibility that the free energy of

forming a water chain is different in different redox states.

Although we do not expect this difference to be more than a

few kcal/mol, it can help in sustaining a gating mechanism.

Of course, obtaining direct structural information about con-

formational changes (if such changes exist) would be very use-

ful. At any rate, at present our main point is that we have a
sufficiently general approach that can be used to calculate

key experimental findings, and thus can be used to validate

deferent feasible detailed models.
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