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Gaining detailed understanding of the energetics of the proton-
pumping process in cytochrome c oxidase (CcO) is one of the
challenges of modern biophysics. Despite promising mechanistic
proposals, most works have not related the activation barriers of
the different assumed steps to the protein structure, and there has
not been a physically consistent model that reproduced the bar-
riers needed to create a working pump. This work reevaluates the
activation barriers for the primary proton transfer (PT) steps by
calculations that reflect all relevant free energy contributions,
including the electrostatic energies of the generated charges, the
energies of water insertion, and large structural rearrangements of
the donor and acceptor. The calculations have reproduced barriers
that account for the directionality and sequence of events in the
primary PT in CcO. It has also been found that the PT from Glu-286
(E) to the propionate of heme a3 (Prd) provides a gate for an initial
back leakage from the high pH side of the membrane. Interestingly,
the rotation of E that brings it closer to Prd appears to provide a
way for blocking competing pathways in the primary PT. Our study
elucidates and quantifies the nature of the control of the direc-
tionality in the primary PT in CcO and provides instructive insight
into the role of the water molecules in biological PT, showing that
‘‘bridges’’ of several water molecules in hydrophobic regions
present a problem (rather than a solution) that is minimized in the
primary PT.

coupled electron transfer proton transfer � proton pumps �
dielectric effects � free energy calculations � pKa in nonpolar regions

Cytochrome c oxidase (CcO) couples the four electron re-
duction of O2 to water and transmembrane proton transfer

(e.g., refs. 1–4), which results in an electrochemical proton
gradient that drives ATP synthesis. The elucidation of the
structure of CcO (5, 6) and mutational (e.g., refs. 3 and 7–9) as
well as other important studies (see refs. 3 and 4 for reviews)
provided the opportunity to analyze coupled electron transfer/
proton transfer on a molecular level in one of the most intriguing
molecular machines. Unfortunately, the exact details of the
action of CcO continue to present an extremely challenging
problem (see below).

In trying to obtain a detailed structure–function correlation
for CcO, 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 ele-
ments of the CcO reaction have already been examined by
simulation methods (10–14). However, the crucial relationship
between protein structure and proton transfer (PT) energetics
and directionality has not been established. That is, significant
progress has been made in defining the conditions that would
allow CcO to pump protons against a pH gradient (4, 15–17), in
assessing the electrostatic energy of different possible interme-
diates (11, 12, 18–20), and in examining the energetics of the key
water chains (10, 14) and of some PT steps (13). Furthermore,
the actual examinations of the energetics of the overall pumping
process have been performed by using a semimacroscopic model
(17, 19, 20). However, we are not aware of studies that have
actually generated a working pump by using the observed
structure and well defined energy considerations. More specif-

ically, theoretical evaluations of the pump features should de-
termine the barriers for the PT steps while starting from the
observed structure. At present, the only studies that explored the
rate-determining barrier heights by molecular simulation ap-
proaches are those reported by our group (17, 19, 20). These
exploratory studies, however, found that it is extremely hard to
account even for the forward barriers, and that this could only
be done by relaxing the constraint on reasonable dielectric
constants. However, even in this case the resulting barriers led
to back ‘‘leaking’’ and eventually to an unworkable pump (17).

Recent studies (see the next section) seem to strongly support
the idea that the primary PT in CcO involves a PT from Glu-286
(E) to the �-propionic group on heme a3 (Prd or P�) instead of
transfer to the iron-bound OH� (B�) of the binuclear center
(Bn) or other alternative paths. However, accounting for this
mechanism by clear molecular considerations is one of the most
serious stumbling blocks for a detailed understanding of the
action of CcO. It must be emphasized in this respect that it is
quite simple to propose a pump with ad hoc barriers or with
experimentally based barriers, but the problem is to obtain
reasonable barriers by using the protein structure and consistent
simulation approaches. Thus, it is essential to explore the gating
problem by computational models that take into account all of
the factors involved in the PT process.

This work revisits the primary PT, focusing on a systematic
quantitative analysis of the competing paths for the relevant
steps, as well as the early back reaction. This is done by more
realistic calculations than those used in our previous studies, and
considering all of the key energy contributions including the
electrostatic contributions, the cost of inserting water molecules,
and the cost of introducing significant structural deformations.
Furthermore, the present calculations include the explicit effect
of the membrane-induced dipoles. This additional effort has
finally yielded reasonable kinetic control for the primary PT
event and shed light on the control of the directionality in CcO.

Functional Constraints
The parts of CcO that are relevant to this work are described in
Fig. 1 (see also ref. 17), which also defines the notation that will
be used here. The overall operation of CcO, described in ref. 17,
goes through a four-step cyclic reaction, reducing one oxygen
molecule to two water molecules, using four electrons and four
protons. This reaction also pumps, on average, one proton per
electron across the membrane. The sequence of electron trans-
fer/proton transfer (ET/PT) events in each of the four steps can
probably be described by the steps depicted in Fig. 2. This is the
picture that emerged from an instructive recent study of the O
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to E step by Wikström and coworkers (15, 21), where some points
about the proton donor and acceptor confirm the proposal of
Brzezinski and coworkers (4) and also coincide with our recent
theoretical and conceptual analyses (17). In this picture, the
primary PT is triggered by ET to heme a, and it occurs most
probably by transferring a proton from E286 to Prd. The
problem, however, is to relate the corresponding kinetics to a
detailed PT path and to obtain the relevant energetics from the
available structural information. This challenge requires one to
explain why the back PT is blocked, despite the fact that the
proton concentration is higher at the so-called P side, and why
the primary step does not involve a PT to B�. More specifically,

it is extremely challenging to satisfy, in the aa3
�B� configuration

(oxidized heme is denoted by ‘‘�’’), the relationship

�G1
� � �G��EH P�3 E� PH� � 12.4 kcal/mol, [1]

where �G� designates an activation barrier, and the protonation
states are written explicitly (e.g., E� designates deprotonated E).
Here, the barrier (12.4 kcal/mol) is estimated according to
transition state theory, from a corresponding rate constant
(�150 �s (15)). Furthermore, the leakage reaction of PT from
the P side must be significantly slower than the forward reaction
to ensure that the transfer of a proton from the P side to the N
side is blocked. This requirement can be expressed as

�G��EH P� HP3 HN EH P�����G1
�. [2]

Similarly, it is essential to satisfy the relationship

�G2
� � �G��EH B�3 E� BH����G1

�. [3]

Otherwise, the proton will go first to B�, and the system will be
trapped with the proton at Bn site (17, 20).

Our previous works explored these conditions qualitatively by
using the semimacroscopic version of the protein dipole–
Langevin dipole (PDLD/S) method, combined with the linear
response approximation (LRA) treatment (22) and the modified
Marcus formula (17, 20), while assuming that water insertion
occurs at a small cost and treating charge–charge interaction
implicitly. This treatment identified the PT from E to P� (the
EH P� 3 E� PH step) as the most likely primary PT (17) [in
agreement with Wikström’s recent study (15), which was not
reported at that stage] but could not satisfy the above-mentioned
conditions without assuming exceptionally low dielectric for the
charge–charge interactions. This difficulty has not been widely
appreciated because most workers have not tried to evaluate the
energetics of forming protonated water molecules in the rate-
limiting PT steps (see discussion in ref. 17 below in The
Energetics of the Primary PT Paths). In particular, the use of low
dielectric in macroscopic approaches will result in inconsistent
energies in test cases for other proteins where the results are
known (22), and the use of microscopic approaches leads to
enormous convergence problems (see next section).

In this work, we apply our simulation approaches without a
priori assumptions about the energetics of inserting water mol-
ecules or the dielectric for charge–charge interaction between
the key elements of the system. This provides a less biased
opportunity to explore the energetics of CcO.

Preliminary Validations
Reliable calculations of the energetics of PT steps in CcO are
extremely challenging because they should deal with the forma-
tion of charges in protein interiors. Here, the selection of the
optimal approach must be based on careful validation studies
and on comparing microscopic and macroscopic approaches,
which is rarely done. Because a proper validation is very
important in the present case, we provide here a somewhat
technical discussion of this issue. We examine the performance
of different simulation approaches by evaluating the pKa of E286
[see supporting information (SI) Table S1] because this group is
in a relatively nonpolar environment and its pKa is experimen-
tally known (e.g., ref. 4). The results of our validation studies are
summarized in SI Text together with similar calculations of the
pKa of P�. This study demonstrates that the PDLD/S-LRA
approach (see SI Text and ref. 22) reproduces the observed pKa
values (calculated and observed pKa values are 10.3 and 9.4,
respectively). On the other hand, the free energy perturbation
adiabatic charging (FEP/AC) study (see Methods) overestimates
the observed value even with the use of the polarizable ENZY-
MIX force field (see Methods) and the insertion of water

Fig. 1. Schematic depiction of the main elements of CcO considered in this
work.

Fig. 2. Schematic diagram of the primary PT from E to P and the subsequent
events. Because of space limitation, we do not draw each step separately; thus,
the charges correspond to the first step in each figure. Here, we designate a
reduced and oxidized heme by ‘‘a’’ and ‘‘a�,’’ respectively. We are not excluding
here a possibility that the proton moves from Prd to another site after step 3.
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molecules; the lowest calculated pKa was 13.6, and the pKa
without water insertion and polarizable force field was �22 (see
SI Text). Furthermore, even the use of our special approach of
artificially overcharging the ionized group (to �2 and then back
to �1) to induce water penetration (see ref. 22 for details) has
not overcome this problem. At present, this is the only approach
that reproduced by microscopic simulations the pKa of ionizable
groups that were inserted in the interior of staphylococcal
nuclease (see ref. 22 and references therein). This indicates that
obtaining full convergence for the energetics of water penetra-
tion and local unfolding is very challenging (see SI Text).

The same problems encountered in the FEP/AC calculations
also appear in most of the microscopic calculations that involve
the primary PT step. Note that free energies obtained with the
empirical valence bond (EVB) that represent the actual PT
process and those obtained with the FEP charging are fully
correlated (23). Thus, we adapted here a specialized approach
using the regular EVB umbrella sampling (EVB/US) approach
(see Methods) to generate the shape of the free energy surfaces
but adjusting the PT free energies (by changing the so-called
‘‘EVB gas-phase shifts’’ discussed in Methods) to reproduce the
PDLD/S-LRA estimates (see SI Text). At any rate, despite the
convergence problems, we found it instructive to use microscopic
calculations to estimate the lowest limit for the macroscopic
effective dielectric constant for charge–charge interactions and
for the evaluation of the energy of insertion of water molecules,
and this is done in SI Text.

In general, the evaluation of the electrostatic energies in
protein interiors is an extremely challenging task, but this issue
is underappreciated because of the frequent omission of such
interactions from critical test cases (see ref. 22). Macroscopic
approaches that work well for the protein surface groups have to
assume high and sometimes arbitrary dielectric for the internal
groups because most of them do not consider the protein
relaxation during the charging process (22) explicitly. This issue
is treated consistently in our PDLD/S-LRA approach (see more
in SI Text). On the other hand, microscopic models that are
rigorous in principle involve enormous problems starting with
major convergence difficulties and the frequent neglect of

polarizability effects. Furthermore, popular long-range treat-
ments of electrostatic effects by periodic boundary conditions
are very problematic as reflected by the absence of systematic
report of the dependence of calculated pKas on the size of the
simulation systems (22). Finally, the use of brute-force potential
of mean force (PMF) calculations suffers from major conver-
gence problems (22).

The Energetics of the Primary PT Paths
The energetics of the alternative paths were calculated by
accounting for all of the relevant energy contributions (including
water insertion and torsional deformations). The results are
summarized in Table 1 and Fig. 3, and discussed below.

PT from the N Side Through the HN
� EH P� 3 EH W1H� P� Path. The

starting point and the focus of our study is the forward PT path
to P�. This path might look readily available until one tries to
satisfy Eq. 1. Here, most of the options give extremely high
barriers. This point is best appreciated by considering the
energetics of protonating W1. If the protonation is done by a PT
from the N side in a concerted path through E, we obtain (17)

�G� � 1.38�pH � pKa�H3O��� � ��G sol
w3p � �G ins, [4]

where the first term represents the energy of protonating a water
molecule in water, the ��Gsol

w3p term represents the energy of
moving the protonated water from the bulk solvent to the protein
site, and �Gins is the free energy of inserting water molecules in
their sites. The main problem is that at pH 7, the first term
already contributes �12 kcal/mol (17). With the additional
terms, the barrier becomes much higher than the limit of Eq. 1
(see entry a in Table 1). The alternative path, considered in ref.
19 and entry b in Table 1, gives a much higher barrier.

The EH P� 3 E� PH Path. Probably the only option for getting a
relatively low barrier for a PT to P� is the generation of the
(E� W1H�) ion pair after the reduction of heme a (the energetics
of this path is given by the thermodynamic cycle of Fig. S1).
However, even with this option [where P� helps in stabilizing the

Table 1. The energetics of the key transition states in the primary PT in CcO

Label State �Gw (��Gsol)np3p
w3p �G(w1)np

w3p (�G(wm)po
w3p)* ��G(EHsol)po3np

w3p �Gconf (�G�)p

(a) [PT from N, 	closed	] HN
� EH P� (W1)w

3 EH (W1H�) P�

11 5 �1 — — 2 18

(b) [PT from N, 	open	] HN
�WD EHP� (W1W2)w

3 (WDH�)E�(W1H�)W2P�

11 � 4 13 �1 3 — — 31

(c) [E to P�, 	open	] EH P� (W1W2)w

3 E� (W1H�) W2 P�

5 10 �1 3 �3 — 15

(d) [E to P�, 	closed	] EH P� (W1)w

3 E� (W1H�) P�

5 8 �1 — �3 2 12

(e) [PT from P, 	closed	]
(back)

EH P� (W1)w HP
�

3 EH (W1H�) P�

9 5 �1 — — 2 16

(f) [PT to B�, 	closed	] EH B� (W3W4)w

3 E� (W3H�) W4 B�

5 8 [6]† 0 2 �3 2 15 [13 � 3‡ 
 16]†

(g) [PT to B�, 	closed	] EH B� (W3W4)w

3 E� W3 (W4H�) B�

5 11 [7]† 0 2 �3 2 17 [13 � 3‡ 
 16]†

Energies are in kcal/mol. All calculations were performed in the aa3
�B� configuration (except the values in brackets†), where pHN 
 7 and pHP 
 5. The states

are defined in accordance with the notation of Fig.1, and WD corresponds to the water molecule in the D channel. The overall activation barrier was estimated
by using (see Fig. S1) the expression:

��G��p � 1 � �Gw � ���Gsol�np3po
w3p � ��G�EHsol�po3np

w3p � �G�w1�np
w3p � �G�w2�po

w3p � �Gconf,

where 	po	 and 	np	 designate polar and nonpolar respectively, �Gw is the free energy of the given step in water, and �Gconf is the free energy of the torsional
deformations. The extra energy term is an EVB difference between �G� and �G.
*wm designates 2 or 3 water molecules.
†The values in brackets correspond to the a� a3 B� configuration.
‡The 3 kcal/mol represents the estimate of the ET energy.
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ion pair (17)], it is hard to satisfy Eq. 1 without the use of an
arbitrarily low effective dielectric for charge–charge interaction
(low �eff). That is, starting with the x-ray structure (the open
structure of Fig. 4a), we obtained �G� � 15 kcal/mol, when P�

is included explicitly (Table 1, entry c). Assuming a low �eff for
the (W1H�) (P�) interaction can reduce this barrier, but such an
assumption must be based on microscopic analysis (see SI Text).
The solution emerged from the considerations of the structural
reorientation that brings E and P� close together. That is, a
rotation of P� and E to the ‘‘closed’’ configuration shown in Fig.
4 b and c appears to be inexpensive. The problem is that, as a
large rotation moves P� to the hydrophobic region, it involves a
major desolvation penalty (�8 kcal/mol increase in the ��Gsol

w3p

term). This is not a problem, however, for the uncharged EH.
Thus, the generation of the configuration of Fig. 4b (see entry
d in Table 1) already satisfies Eq. 1 with a reasonable ��Gsol

w3p

penalty and the insertion of just a single water molecule. Another
exciting possibility is presented by the configuration of Fig. 4c.
Here, we neither have to insert nor protonate any water mole-

cule. The only penalty is the desolvation of P� and the larger
torsional deformation.

Finally, an additional exotic possibility appears to be a PT
from Glu-286 to Met-107 or Trp-172 (see SI Text) without
inserting a water molecule. Interestingly, the E286D mutation
still has significant activity (24) and obviously involves a some-
what larger distance between D286 and P�. However, even in
this case, it was found that the distance is �7 Å, which can be
reduced to �6 Å for a small price. Nevertheless, the E286A/
I112E mutation (25) results in the shift of the primary donor
further from P� (the closest distance between the E112 and Prd
is 12 Å). This reduces the pumping and probably slows down the
rate of the PT to P�. Thus, the PT barrier in this mutant is
probably similar to that of the open configuration of the E286.
Here, it seems that our approach overestimates the increase in
the barrier for the open structure, and more careful simulation
studies are clearly needed.

Avoiding the (EH B�) to (E� BH) Trap. Another critical issue is the
satisfaction of Eq. 3. Here, it is crucial to have a higher barrier
for the PT from EH to B� than to P�. As seen from Table 1
(entries f and g), the constraint of Eq. 3 is mainly satisfied by two
factors: the requirement of the insertion of more water mole-
cules on the path to B� and the higher desolvation penalty for
[E� W4H�] than that for [E� W1H�] in the aa3

�B� configura-
tion. Note that, in this case, we also have the option of PT
occurring after an ET from heme a to heme a3. The PT barrier
for such a process is lower, but the overall barrier should include
the ET energy (see Table 1).

The difference in water insertion energies was not considered
in our previous studies (17, 19, 20), and although this is a small
effect, it is sufficient to tip the balance between the two paths.
In this respect it is crucial to clarify that we are not dealing with
the water orientation effect, which is rather trivial (see refer-
ences in ref. 23) but rather with the free energy of inserting water
molecules in the given PT path.

Blocking the E� PH HP
�3 HN

� EH P� Back Reaction. The next problem
is the blockage of the back reaction involving a PT from the P
side (Eq. 2). Here, the energy for the back reaction through the
configurations of Fig. 4b is higher than the energy for the
forward transfer through this configuration. Basically the free
energy barrier is that of the [EH W1H� P�] configuration but
with 1.38(pHP-pKa(H3O�)) instead of 1.38(pHN-pKa(H3O�))
(see Table 1, entry e). Even alternative paths for the back
reaction (e.g., starting with a PT from E to the N side) lead to
higher barriers than that of �G1

�.
The importance of closing this back path has been recognized

by Siegbahn and Blomberg (16), who proposed a barrier for
moving from the P side to Prd. However, the molecular origin of
this barrier has not been identified, and here we show that the

Fig. 3. Free energy profiles for the key competing paths on the primary event
of CcO. (a) PT from E to P�. (b) PT from E to B�, where the dashed profile
corresponds to a PT after ET from a to a3. (c) A leakage from the P side.

Fig. 4. Structures that can serve in the E3 P PT process. (a) The open structure. (b) E turns in and promotes a PT through a single water molecule. (c) P� is brought
closer to E and allows for a direct PT (paying, however, for moving P� to the nonpolar region).
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[EH W1 P�] system can, by itself, provide the essential blockage
of the back leakage.

Discussion and Analysis
One of the most serious challenges to the elucidation of the
molecular mechanism of CcO is the rationalization of the
directionality of the primary PT. To appreciate the origin of this
problem, it is crucial to realize that the energy of generating an
H3O� in the bulk (pH 7) and moving it to hydrophobic sites is
too high to be involved in the primary PT (see ref. 17). Similarly,
even satisfying Eq. 1 by the more reasonable path of creating an
[E�H3O�] ion pair is very challenging. Furthermore, accounting
for the directionality and for the blockage of the back reaction
(Eqs. 2 and 3) is another major challenge that has not been
accomplished before by structure-based energy calculations
(including our own). This problem has been a major stumbling
block to any detailed analysis of the action of CcO. That is, a
molecular model must reproduce the barriers in the system
rather than assume these barriers arbitrarily. Of course, one can
deduce the barriers experimentally, but at present it is not clear
what the exact paths and configurations that correspond to the
different barriers are.

The present work reproduces the correct order of the
activation free energies (according to Eqs. 1–3) only after
considering the energetics of water insertion and exploring
different conformational states of the E and P groups. Re-
markably, it was found that the closed configuration of Fig. 4b
with one water molecule allows PT from E to P�, with a
sufficiently low barrier. Furthermore, the same configuration
blocks a PT from the P side; of course, this back reaction is not
the microscopic reversal of the forward reaction, as is clear
from Fig. 3. It was also found that the barrier for PT to the
chemical site (the Bn center) is higher than the barrier for PT
to the pump site because of the penalty of inserting water
molecules. Our calculations still have an estimated error range
of �2 kcal/mol, which may change the difference between the
calculated barriers. However, the overall order of barriers is
probably correct.

The idea that the conformational change of E plays an
important role has been explored before (e.g., ref. 26), and it was
found that such changes have a very small free energy cost.
However, this idea was brought up in conjunction with the
connectivity of EH to unprotonated water molecules. Here, in
contrast, we explored the actual PT process, where the energet-
ics of orienting water chains play only a minor part (27). In fact,
the role of the conformational change appeared to be associated
with minimizing the need for connecting water molecules. It is
also interesting to point out that the present study concludes that
the torsion of an uncharged P can be accomplished with a very
small investment in torsional energy and that the main cost is
associated with the movement of the charge of P� to the
hydrophobic region. Thus, it would be interesting to use modified
heme a3 with a shorter acidic chain instead of Prd.

Our finding that the barrier for the actual PT process becomes
significantly smaller when E moves to the configuration of Fig.
4b is a major finding. This finding can be phenomenologically
modeled by using a low dielectric for the P� WH� interaction in
the original open conformation. However, the origin of this low
dielectric is far from obvious. That is, our previous studies (17,
19, 20) were forced to use smaller values of �eff than those found
experimentally in most test cases (see ref. 22). Thus, the vali-
dation of these assumptions can provide a major guide in a
qualitative assessment of the selection of different mechanisms.
While exploring this issue, we found [by turning the explicit
interaction between (P�) and (E� H3O�) on and off] that the
dielectric for this interaction is in the range of 8–10 for the con-
figuration of Fig. 4b (see Table S2). However, because the
present study treats the torsional deformations of E and P�

explicitly, the �eff that converts the electrostatic free energy in
the [E� H3O� P�] transition state in the original ‘‘open’’ x-ray
structure to the actual free energy of this transition state in the
‘‘closed’’ configuration of Fig. 4b is quite low. In general, the
effective dielectric cannot be used as a free parameter but should
be deduced from explicit simulations of the relevant interactions
and the response of the protein to these interactions. Here, the
explicit considerations of torsional deformation and water
insertion reduce the arbitrariness in the selection of �eff.

A very recent work (28), which appeared after the tentative
acceptance of this article, reported calculations of the proton
‘‘translocations’’ from E to P. Although this treatment used
basically our EVB method (29), it has not included E and P
groups in the EVB calculations. This produced an almost
barrierless PMF profile, but this PMF does not correspond to
the E to P transfer (which should include the very large energy
of deprotonating E) or to a transfer from the bulk water
(17), because the energy of this process (�12 kcal/mol) is not
included. A similar problem appears in the study described in
ref. 13.

The nature of the energetics elucidated in this work provides
instructive clues about the design of a pumping system. That is,
an arrangement with a group with a high pKa value in the
location of E and a low pKa at the pump site satisfies the
requirement for the initial directionality because the proton can
only move from EH to P� to form the [E� H3O� P�] configu-
ration, whereas the motion of a proton from the P side to the N
side leads to a [EH H3O� P�] configuration with a higher energy
(see Table 1).

It should be clarified here that the energetics of the PT steps
is not determined directly by the connectivity of the water
molecules or by the hydrogen-bonding between the unproto-
nated water molecules as implied by many works. When a water
molecule serves as a site for the proton on the way between a
donor and acceptor, the key issue is the energetics of placing this
water at the specific site and, much more importantly, the energy
of protonating it. These energy contributions cannot be deter-
mined by running long MD simulations (e.g., ref. 30) but can be
evaluated by free energy calculations (see SI Text).

It is also important to note that the motions of the various
structural elements (e.g., the loop motion mentioned in ref. 3) do
not, by themselves, provide a gate for the PT process. The same
is true for the various proposals that a large rearrangement of the
water chain can provide a gate (e.g., see ref. 3). That is, any
structural change during a PT process is completely defined by
a free energy profile (the profile which describes the average of
all structural f luctuations that occur along the reaction path),
where the forward and backward barriers should satisfy the
microscopic reversibility principle. For example, the energetics
of the EH WºE� WH� process is fully reversible, and it cannot
provide a gate by itself; a gate must couple a given barrier with
another process that will change this barrier (e.g., see refs. 17 and
19). The problem is, of course, to obtain the gating effect from
actual molecular simulations that evaluate the forward and
backward barriers in different states.

Mutational studies are essential for the elucidation of the
action of CcO, but the interpretation of the corresponding
results is not unique. For example, the finding that the N139D
mutation blocks the [EH P�3 E� PH] path was reproduced by
the mechanism of ref. 19, where it was found that the barrier for
a concerted PT increases by �1–2 kcal/mol because of the
stabilization of the proton at a site before E. The same effect is
also consistent with the current mechanism (see SI Text).
Another example is provided by the W172F mutation (see SI
Text). That is, interesting studies explored the role of Trp-172 by
MD simulations that reproduced significant structural f lexibility
(3, 30, 31). However, the role of Trp-172 cannot be assessed
without actual simulations of the energetics of the PT process.
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Our preliminary study indicated that the motion of Trp-172
brings its C�3 near EH, but a proton transfer to this site has a
significant activation barrier. In contrast, a transfer to W2 and
then to N�1 (whose position is relatively fixed) may provide a
viable path in the open structure.

The present work provides an instructive insight on the role of
water molecules in biological PT processes. That is, there is a
general tendency to assume that water molecules provide an
excellent way for PT in proteins. However, this work demon-
strates that the use of several water molecules to transfer a
proton between acidic groups can be very expensive and that, in
many cases, it may be better to avoid or reduce the number of
bridging water molecules. This finding may have general impli-
cations in terms of the design of biological proton pumps.

Methods
The present work used models that were verified in previous studies of PT in
proteins. These include the EVB and the FEP/AC microscopic models (both with
a polarizable force field) and the PDLD/S-LRA semimacroscopic model, all of
them described extensively elsewhere (e.g., refs. 29 and 32) and briefly in SI
Text. The main twist of the present work is the adjustment of the EVB
gas-phase shift to reproduce the PDLD/S-LRA free energies (see SI Text).

The simulation system was constructed by starting from the x-ray structure
of CcO [Protein Data Bank entry 1M56 (33)]. The protein was surrounded by a
simplified polarizable membrane, as was done in ref. 23. Ionizable groups
were kept at their ionization states in water, except for groups near the main
simulation region, where we determined the relevant pKas by the PDLD/S-LRA
approach.

The PDLD/S-LRA calculations involved two steps (e.g., references in ref. 22):
first running MD to generate protein configurations for the charged and
uncharged states, and then averaging the PDLD/S results for the generated
configurations. The MD runs were performed with the polarizable ENZYMIX

force field (34). All of the PDLD/S-LRA calculations were performed by the
automated procedure of the MOLARIS program (34) where we generated 40
configurations for the charged and uncharged states using MD simulations of
1 ps, with a 1-fs time step for each configuration. The microscopic FEP and
EVB/US calculations were performed by using the ENZYMIX force field (34),
with the solute parameters described in refs. 19 and 23. The simulation
included the use of 22 Å of the SCAAS spherical constraints and the local
reaction field (LRF) long-range treatment (see ref. 34). The simulation system
represented the membrane by a grid of induced dipoles (e.g., see ref. 23) that
were treated explicitly in our polarizable model. The FEP/AC simulations were
performed with 51 frames to transform the system between different charged
states, where each frame included 80 ps of simulation with 1-fs time steps. The
EVB/US simulations of some proton transfer steps were done with 31 frames,
each with 30-ps forward and 30-ps backward runs. The results of the EVB
calculations for PT between two acid groups ‘‘bridged’’ by a water molecule
were also verified by quantum mechanical calculations (see SI Text and Fig. S2).

The free energies of inserting water molecules were evaluated as follows.
In the first step, we placed a set of water molecules between the given
donor/acceptor pair with weak distance constraints. Next, we mutated the
water molecules (sequentially) to dummy atoms. The same procedure was
then repeated for a water molecule in water. The thermodynamic cycle that
is shown in Fig. S3 was then used to evaluate the water penetration free
energy (including the restraint release energies).

The free energy of rotating E286 and P� groups was evaluated by creating
a replica of the given side chain at the target geometry with dummy atoms
instead of real atoms and then mutating the set of real atoms in the original
position to dummy atoms and the dummy atoms in the new structure to real
atoms. These calculations were done with FEP runs (�1 ns) in both the forward
and backward directions.
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