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The nature of proton transduction (PTR) through a file of water molecules, along the gramicidin A (gA)
channel, has long been considered as being highly relevant to PTR in biological systems. Previous attempts
to model this process implied that the so-called Grotthuss mechanism and the corresponding orientation of
the water file plays a major role. The present work reexamines the PTR in gA by combining a fully microscopic
empirical valence bond (EVB) model and a recently developed simplified EVB-based model with Langevin
dynamics (LD) simulations. The full model is used first to evaluate the free energy profile for a stepwise
PTR process. The corresponding results are then used to construct the effective potential of the simplified
EVB. This later model is then used in Langevin dynamics simulations, taking into account the correct physics
of possible concerted motions and the effect of the solvent reorganization. The simulations reproduce the
observed experimental trend and lead to a picture that is quite different from that assumed previously. It is
found that the PTR in gA is controlled by the change in solvation energy of the transferred proton along the
channel axis. Although the time dependent electrostatic fluctuations of the channel and water dipoles play
their usual role in modulating the proton-transfer process (Proc. Natl. Acad. Sci. U.S.A.1984, 81, 444),1 the
PTR rate is mainly determined by the free energy profile. Furthermore, the energetics of the reorientation of
theunprotonatedwater file do not appear to provide a consistent way of assessing the activation barrier for
the PTR process. It seems to us that in the case of gA, and probably other systems with significant electrostatic
barriers for the transfer of the proton charge, the PTR rate is controlled by the electrostatic barrier. This
finding has clear consequences with regards to PTR processes in biological systems.

I. Introduction

Proton translocations (PTRs) play a major role in biochem-
istry in general and bioenergetics in particular.2-6 Prominent
examples are the function of ATPase,7 bacteriorhodopsin,8-11

cytochromec oxidase,12,13and other biological systems. In view
of the crucial role of biological PTR processes, it is important
to gain a quantitative molecular understanding of the factors
that control such processes.

Most attempts to describe biological PTR followed the initial
picture of Nagle and co-workers14,15 and assumed that PTR in
biological systems can be described as a concerted transfer
across a “proton wire” where the key control is provided by
the orientation of the elements that constitute the wire.
Furthermore, several influential simulation studies16-18 have
provided support to Nagle’s view and strengthen the feeling
that PTR is fundamentally different than the transport of other
ions and that the so-called Grotthuss mechanism, that controls
PTR in water, is the key to the control of biological PTR
processes. This amounts to at least the implicit assumption that
the effective barrier is controlled by water orientation (see
below).

Another view of the factors that control biological PTR19-21

has been advanced on the basis of microscopic studies of proton
transport in proteins.22,23 This view postulated that biological
PTR is controlled by the electrostatic energy of the proton in
different sites along the transport path.

The wide acceptance of the orientational control picture14,15,24-32

has been reassessed in recent studies of the water/proton

selectivity in aquaporin, which have started to recognize the
importance of the electrostatic barrier.33-35 These studies have
pointed out the important role of the electrostatic barrier and
its role in biological PTR processes. However, some controversy
remains with regard to the role of the Grotthuss mechanism
and the implication that this mechanism should be important in
other systems.33-35

A primary system where it is has been assumed that the
Grotthuss mechanism plays a major role in the PTR process is
the gramicidin A (gA) channel. Studies of this system have
implied that the PTR through a water file is controlled by
orientational effects of the water (see below). However, in view
of the paradigm shift that emerged from the studies of aquaporin,
it is important to reexamine the PTR in gA.

The present work uses the empirical valence bond (EVB)
method23,36 (which is arguably the most effective current way
of examining PTR in complex systems) and simulates the free
energy profile of the PTR in gA. The time dependence of this
process is then simulated by a recently introduced simplified
version of the EVB model. It is found that the PTR in gA is
controlled by the electrostatic energy of the transferred proton
rather than by the Grotthuss mechanism.

II. Methods

Our goal is to conduct a reliable study of the nature of PTR
through gA. In this paper we use the gramicidin A structure
obtained by Townsley et al.37 (PDB entry 1JNO). Our starting
point in choosing an effective way to simulate this system is
the empirical valence bond (EVB).36 The main points of this* Corresponding author. E-mail address: warshel@usc.edu.
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method are described below for the case ofn protonation sites
(which are considered formally as bases) and one excess proton.
In this case we describe the EVB quantum system in terms of
diabatic states

where BiH+ is the protonated form of the Bi protonation site
(e.g., an H3O+).

Now, the ith diagonal element of the Hamiltonian of this
system is described by a force-field like function that describes
the bonding within donors, the bond of the proton to theith
base, as well as the nonbonded interactions in the system and
its interactions with the surroundings (protein or water). More
specifically, the diagonal elements are described by

where theb(i)’s andθ(i)'s are respectively the bond lengths and
bond angles in the quantum mechanical system composed of
the n bases and the excess protons.rk,k′ runs over all the
nonbonded distances in the quantum system. Ther-4 term
represents an approximation for the inductive interaction
between the solute charges.USs

(i) describes the interaction
between the quantum system (the “solute”) in itsith state and
the surrounding classical system (the “solvent”), which includes
water molecules and/or protein atoms.Ussis the solvent-solvent
classical potential surface. Finally,∆(i) is the so-called “gas-
phase shift” that determines the relative energy of the diabatic
states.36 The off-diagonal elements (theHij ’s) are described by
empirical functions that are fitted to experimental information
and ab initio calculation, and the ground-state energy,Eg, is
obtained by diagonalizing the EVB Hamiltonian.

More detail on the nature of the EVB matrix elements for
different systems is given elsewhere.23,36 In the present work
we represent the cases where the bases are water molecules by
a slightly modified version of the parameters used in ref 38.
The EVB potential surface lends itself to convenient studies of
the free energy profile for the PTR process. This is done by
using a free energy perturbation/umbrella sampling (FEP/US)
method that uses the percent of transfer between one EVB state
to another as a mapping parameter, and then uses umbrella
sampling to find the free energy of the ground-state surface
along a special reaction coordinate defined by the energy gap
between the EVB states.23,36 More specifically, the EVB
approach changes the system adiabatically from one diabatic
state to another. In the simple case of two diabatic states, this
“mapping” potential,εm, can be written as a linear combination
of the reactant and product potentials,ε1 andε2:

Whenλm is changed from 0 to 1 inn + 1 fixed increments (θm

) 0/n, 1/n, 2/n, ..., n/n), potentials with one or more of the

intermediate values ofθ will force the system to fluctuate near
the TS.

The free energy,∆Gm, associated with changingθ from 0 to
m/n is evaluated by the FEP procedure described elsewhere (see,
e.g., chapter 3.3.2 in ref 36). The free energy functional that
corresponds to the adiabatic ground-state surface,Eg (eq 3) is
then obtained by the FEP-umbrella sampling (FEP/US)
method,36,39 which can be written as

wherex is the generalized reaction coordinate, taken in the EVB
approach as the energy gap between the reactant and product
diabatic potentials (x ) εj-εi). εm in eq 5 is the mapping
potential that keepsx in the region ofx′. If the changes inεm

are sufficiently gradual, the free energy functional∆g(x′)
obtained with several values ofm overlap over a range ofx′,
and patching together the full set of∆g(x′) gives the complete
free energy curve for the reaction. The FEP/US approach may
also be used to obtain the free energy functional of the isolated
diabatic states. For example, the diabatic free energy,∆g1, of
the reactant state can be calculated as

The diabatic free energy profiles of the reactant and product
states represent microscopic equivalents of the Marcus’ parabo-
las.40,41The reorganization energy,λij, of thei f j reaction step
can be obtained directly from the plots of the diabatic curves
(as in Figure 3) or by using

The use of the energy gap as a reaction coordinate appears to
provide a very powerful tool for studies of PTR because the
electrostatic contribution to the energy gap corresponds to the
generalized solvent coordinate, which is hard to explore by other
approaches. The EVB approach also provides convenient
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Figure 1. Showing the simulation system. The figure depicts the gA
channel, the surrounding grid used to simulate the membrane region,
the SCAAS water sphere, the chain of water molecules and the proton.

∆g(x′) ) ∆Gm - â-1 ln〈δ(x - x′) exp[-â(Eg(x) -
εm(x))]〉m (5)

∆g1(x′) ) ∆Gm - â-1 ln〈δ(x - x′) exp[-â(ε1(x) -
εm(x))]〉m (6)

λifj ) 1/2(〈εj - εi〉i - 〈εj - εi〉j) (7)

584 J. Phys. Chem. B, Vol. 109, No. 1, 2005 Braun-Sand et al.



analytical first derivatives that make it easy to explore the actual
dynamics of the PTR process (being limited, however, by the
available computer time).

With the EVB surface we can study, in principle, any PTR
process. However, this requires extremely long computer times
if one is interested in processes in the range of microseconds
or longer. Thus, it is important to simplify the simulation system
and to convert the EVB surface that treats explicitly the entire
protein to a simpler effective potential that treats explicitly only
the molecules that are involved directly in the PTR (referred to
here as the active space). This can be done by moving to a
simpler effective EVB surface using the same type of solute
surface as in eq 2, while omitting the explicit solute-solvent
and solvent-solvent terms (theUSsandUssterms) and replacing
them by implicit terms using

where theQ’s are the solvent coordinates that are given by the
electrostatic component of the energy gap (-(pωQδ)Qij ) εj

el

- εi
el), δ is the dimensionless origin shift of the solvent

coordinate,ωQ is the effective vibration of the solvent,Ehg is
the lowest eigenvalue of eq 3, and theB term represents the
coupling between the solvent coordinates. Equation 4 is written
for the case of a chain of water molecules, so that we assign a

solvent coordinate to each pair of oxygens. In this case, the
index i corresponds to a proton on theith oxygen inside the
chain, andk′(i) andk(i) correspond to the oxygens before and
after i, respectively. Wheni is the first oxygen, there is noQi,k′.
Now, using eq 9 we obtain

whereHh 0 is the solute Hamiltonian andCg is the ground-state
eigenvector of the simplified EVB Hamiltonian with the
diagonal elements of eq 8. The free energy,gj, associated with
the energy surface,Ehg (here the free energy accounts for the
average over the coordinates of the active space), is treated as
the effective free energy surface that includes implicitly the rest
of the system. That is, we use

wherer are the coordinates of the active space. In doing so, we
note that in this simplified expression we treat the environment
implicitly by adjusting the∆h (i) while imposing the requirement

where ( )eff represents the quantity obtained with the effective
EVB potential and ( )completedesignates the results obtained when
the EVB of the entire system is included explicitly. For
convenience we usually determine (∆Gifj)complete (and the
corresponding∆(i) values of the effective model) by the
semimacroscopic electrostatic calculations outlined below.

With the effective potential defined above, it is possible to
examine the time dependence of PTR processes by Langevin
dynamics (LD) simulations. That is, the time dependence of
the system is determined by a Langevin equation:42

where∆g is the effective potential of eq 11,i runs over the
ions,R runs over thex, y, andz Cartesian coordinates of each
ion, mi

/ is the effective mass of theith particle,γi is the friction
coefficient for theith ion, andAiR is a random force, which is
related toγi through the fluctuation-dissipation theorem.43

The corresponding LD equation for the solvent coordinate is
now expressed as

whereQ ) (mQωQ/p)1/2Q′, δ ) (mQωQ/p)1/2δ′, andγQ andmQ

are the effective friction and effective mass of the solvent.44

The above approach for calculations of the effective free
energy can be approximated by using the modified Marcus’
relationship23,36,45

where∆Gifj
0 is the free energy of the reaction, andHij is the

off-diagonal term that mixes the two relevant states (the average
value at the transition state,x q, and at the reactant state,x0

(i),
are designated by the correspondingHh ). The first term in this
expression is the regular Marcus’ equation,40 which corresponds

Figure 2. Schematic representation of the simulation procedure. As
illustrated in the figure, we move the center of the SCAAS water sphere
with the transferred charge. This and the corresponding bulk correction
allow us to obtain stable electrostatic energies. Note that the SCAAS
and LRF treatment treats the regions inside the sphere by a fully
microscopic approach (see Figure 1) that takes, of course, the channel
flexibility into account. The figure also depicts the notation for the
EVB water molecules.
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to the intersection of∆g1 and∆g2 at xq. The second and third
terms represent, respectively, the effect ofH12 at xq andx0

(i).
The EVB simulation system is described in Figure 1. It

consists of the gA channel (constructed from PDB 1JNO), an
excess proton, a chain of 15 water molecules that constitute
the EVB quantum region, and a membrane (modeled by a grid
of nonpolar atoms) that surrounds the channel in itsx and y
directions. This system is truncated to a radiusR (typically 24
Å) and surrounded by a water sphere subjected to the surface
constraint all atom solvent (SCAAS) boundary conditions (see
refs 46 and 47) and treated by the local reaction field (LRF)
long-range treatment.48 The membrane grid has a spacing of
2.5 Å (grid size is 30× 30 × 20 Å), and each membrane atom
is represented by an induced dipole with a polarizability of∼1
Å3. The center of the SCAAS sphere is taken as the midpoint
between siteR andâ when modeling PT between these sites.
The corresponding simulation boundaries are described sche-
matically in Figure 2. The effect of having a spherical rather
than correct geometry was then estimated macroscopically using
the relationship49

where the energies and distances are given in kcal/mol and Å,
respectively. Equation 16 has been derived for the case where
the simulations sphere of a radiusaj is in the center of a
membrane of lengthL when aj < L and interpolating the
correction to zero when the center approaches the membrane
boundaries. The resulting correction of about 2 kcal/mol is an
upper limit for our case, whereaj ≈ 24 Å. The above approach
gave more stable and reliable results than those obtained using
nonspherical boundaries (see ref 50 for a related treatment of
charge transfer in a membrane protein). The simulation system
was treated by the standard simulation protocol of the
MOLARIS simulation program,47,51 where the EVB mapping
of each PT step involved 30θm values with a 10 ps simulation
time for every step. The simulations were done at 300 K with
time steps of 1 fs.

The EVB QM system includes 15 water molecules and a
proton. The two end water molecules only serve to provide
proper boundaries and are not protonated in any EVB state.
This leads to a 13 state EVB Hamiltonian. These states are
designated here asa, b, ..., l, m, where statej has the proton
attached to thejth water molecule.

In constructing the simulation system for the simplified EVB
calculations, we kept the water molecules of the “active space”
near their average positions in the full model by using a
Cartesian position restraint (V′rest ) 1/2K(r i - r°i)

2) with K ) 10
kcal‚mol-1‚Å-2. We also added a distance restraint of the form
V′′rest ) 1/2K(bij - b°ij)

2 with K ) 4 kcal‚mol-1‚Å-2 between the
oxygens of nearby water molecules. The LD simulations were
done with the MOLARIS simulation program, considering the
given chain of donor and acceptors. The optimal time steps for
the underdamped LD simulations (eqs 13 and 14) were 1 fs.
The reduced masses and friction coefficients were the same as
those used in ref 44. It is important to note that ref 44 also
discusses in length the evaluation of the dynamical parameters
and demonstrates that we obtain similar dynamics in the full
EVB and the simplified EVB models. The Hamiltonian param-
eters for both the simplified and full EVB simulations were those
used in ref 44. The validity of these parameters is also
demonstrated in this work, where we compare the reorganization
energies obtained by both models.

III. Results

At the first step of our study we performed EVB-FEP/US
calculations of the free energy function for a stepwise PTR in
gA. Typical results for two steps are given in Figure 3, and the
use of these step-by-step mappings in constructing the overall
profile is described below. We also used FEP adiabatic charging
procedures (e.g., Warshel et al.52) to evaluate the free energy
of the H2O f H3O+ process, which should tell us about the
electrostatic free energy of each adiabatic state relative to the
corresponding free energy in water. The corresponding FEP
results were obtained by mutating a water molecule with one
extra nonpolar atom to H3O+, in the given site, and subtracting
from the resultant free energy the corresponding gas-phase free
energy. The calculated FEP results are summarized in Table 1.

∆∆Gsol ≈ 83[1/aj - 1/L] (16)

Figure 3. Diabatic (intersecting curves) and adiabatic (flat curve) free
energy diagrams, obtained by the full EVB treatment, for two
representative PT steps: (a) shows bf c; (b) shows cf d. The figure
also relates the reorganization energy to the diabatic curves.

TABLE 1: Calculated Charging Free Energies for the H2O
f H3O+ Process for Different Sites in the GA Channela

site 〈∆G(i)
sol〉

bulk -99.8
a -97.1
b -99.2
c -97.6
d -95.0
e -93.2
f -94.1
g -92.7
h -94.1

a The calculations of the charging free energies (the∆Gsol) were done
by the FEP approach described in the text. The reported values (in
kcal/mol) correspond to an average over calculations with six different
initial conditions. The results from h to m are taken to be equal to
those in f to a, due to the symmetry of the system.
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The calculations appear to give quite stable results with a relative
error of about 1.5 kcal/mol, as was judged by repeating the
calculations with different initial configurations. Much larger
errors and larger size dependence were obtained when we did
not use the LRF long-range treatment, or when we did not follow
the SCAAS procedure. Now the EVB-FEP/US calculations
gave a somewhat larger error (about 3 kcal/mol) due to the steep
dependence of the intramolecular terms (the electrostatic
contributions appeared to be very stable). In view of this
problem, we adjusted the gas-phase shifts (the∆(i) values of eq
2) so that the∆Gij obtained by the EVB-FEP/US will coincide
with the corresponding values obtained by the FEP charging
calculations. In this way we adopted a philosophy where the
shape of the surface is determined by the EVB mapping, but
the energy of each step is determined by a FEP approach. It
seems to us that this may provide, at present, the most reliable
option in heterogeneous environments where the electrostatic
calculations are challenging. We would like to point out,
however, that the present EVB mapping results are very
encouraging (despite the 3 kcal/mol error range) in view of the
major difficulties encountered in our PMF studies of ion
transport, which involves thez coordinate as a mapping
parameter (see discussion in ref 53 and also in refs 54 and 55).
The difference is that in the case of PT reactions or other charge
transfer processes, the EVB mapping uses a physically correct
solvent coordinate and thus provides a much better sampling
than that obtained by using the ion position as the mapping
parameter. Of course, it would be useful to couple the solvent
coordinate to the mapping of the solute position in studies of
ion transport (rather than PT) processes, and this is currently
under progress in our lab.

The EVB approach allowed us to examine the nature of the
solvent reorganization effect by considering the diabatic free
energy functions of eq 6. As seen from Figure 3, the calculated
reorganization energy in each PT step is quite significant. A
large part of the reorganization energy is due to the solute
coordinate itself, and this part is somewhat arbitrary, because
we can reduce bothHij and the solute reorganization energy
while retaining the same ground state surface. However, the
“outer sphere” reorganization (Figures 3 and 4) is also quite
significant, this contribution reflects the reorganization of the
channel dipoles and the reorganization of the water molecules
around the donor and acceptor. Interestingly, the effect of the
contribution of the channel reorganization is as large as that of
the water file (see Table 2). This point is important in view of
studies that focus only on the reorientation of the water file
and consider this effect to represent the main solvent coordinate.
It is also useful to consider the EVB free energy surface in terms
of its solute and solvent coordinates. This is done in Figure 5
for a typical PT step, where it appears that the solvent coordinate
plays a major role in controlling the PT process. This effect is
retained in our simplified model.

To establish the similarity of the simplified and the full EVB
treatments, we compare in Figure 6 the corresponding surfaces.
As seen from the figure, the surfaces for the stepwise PT are
quite similar. Because both the simplified and the full EVB
models have similar treatment of the mixing between the
different states, they should also provide a similar trend for
concerted PTR processes.

It is also important to compare the dynamics of the full model
and the simplified model. This is done in Figure 7, where we
compare the autocorrelation of the time dependent energy gap
(εj - εi) for a trajectory that is forced to stay onε by using the
εm of eq 4. For a formal discussion, see ref 56. The figure

indicates that the simplified model captures the dynamics of
the full model. Here we note that the similarity of the
autocorrelation function is encouraging, considering the fact hat
the simplified and full models are quite different.

Considering the stability of our FEP/US calculations of the
stepwise PT processes, we used the calculations to construct
the overall surface for a stepwise PTR (the effect of concerted
motion will also be discussed). The resultant piecewise mapping
is shown in Figure 8. As seen from the figure, the PTR adiabatic
profile is quite flat, reflecting the effect of the off-diagonal
coupling. Now, despite the flatness of the profile along the
channel, the highest points in the profile are raised by about
5-6 kcal/mol relative to the corresponding energy in water.
This reflects the loss of solvation moving from the bulk solvent
to the center of the channel. This effect is similar to the
corresponding effect in the profile for ion transport,57 except
that the effect ofHij reduces the barrier between adjacent sites.

Figure 4. Analysis of the contribution to the reorganization energy
from the solute, the protein, and the water file (the calculations are
done for the cf b transfer). The reorganization energy can be obtained
approximately by multiplying by four the energy of intersection of the
diabatic state (the intrinsic barrier). (a) shows the total reorganization
energy; (b) shows the electrostatic reorganization energy.

TABLE 2: Contributions to the Outer Shell Reorganization
Energy from the Channel Dipoles and the Water Dipolesa

step λqµ λqw

bulk 0 30
c f d 34 2
d f e 29 1

a The reorganization energy contribution (in kcal/mol) of the channel
dipoles (λqµ) and of the water molecules (λqw) are given in kcal/mol.
These contributions were evaluated using eq 7.
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It is interesting to note that the calculated activation free
energy for the stepwise adiabatic transfer is about 5 kcal/mol
when measured, respectively, relative to the minimum at the
entrance to the channel. This seems reasonable, as can be judged
from the effective activation free energy of about 6.4 and 4.8
kcal/mol measured in glycerylmonooleatedecane (GMO) and
in a phospholipid membrane, respectively, by Chernyshev and
Cukierman.58 However, because it is hard to assess the relation-
ship between the calculated barrier and the observed properties
of the channel without simulating the relevant proton current,
we will try to obtain a more direct estimate. Interestingly, the
barrier relative to the bulk is about 6 kcal/mol, but we are not
sure if this is significant in view of the estimated error range
(∼1-2 kcal/mol).

With a calculated free energy profile (whose stepwise section
is shown in Figure 8), our next task is to examine the time
dependence of the PTR process. The first option is to use direct
MD simulations with the full EVB model. This approach is,

however, impractical when the barrier is higher than a few kcal/
mol. Thus, we examined the PTR process by the simplified EVB
model and the result of a typical LD trajectory is presented in
Figure 9. The calculated average transfer time was found to be
about 4× 10-8 s. To relate this finding to the experimental
finding, it is useful to examine the transfer time and the
corresponding current under the influence of an external
potential. This is done by adding the effect of the external
potential to the∆h i of eq 8. This is done by using

where Zi is the position of the proton on theith site andL is
the length of the membrane. The same approach has been
basically used in our previous work59 and in earlier works of
Chang and co-workers.60 Using the above approach, we obtained
a transfer time of∼20 ns and∼40 ns forV ) 200 mV and 100
mV, respectively, corresponding to a single ion current of 4.0
and 2.0 pA at these potentials (see below).

To obtain a qualitative estimate of the corresponding observed
value, we represented the conductance process at low [H+] by
Michaelis-Menton type kinetics, writing

where B and B′ designate the bulk at both sides of the
membrane, and [gAH+]b designates the concentration of [H+]
at site a. Now at the limit of low [H+] and assumed quasi-
equilibrium, we can write for the forward current,I+, associated
with the bf l transfer, the expression

where e- is the electron charge andkbl andKD are defined in
eq 18. EstimatingKD from reference 61 as 10 mM, we obtain
for [H+] ) 5 mM,

whereτbl is the average time of transfer from b to l. Now with
the experimental estimate of a current between 1 pA to 0.5 pA
at 5 mM [H+] and 100 mV and with the approximation ofI+ =
I for sufficiently large potentials we obtain

Figure 5. Illustrating the nature of the free energy landscape for the
b f c step in the solute-solvent coordinate space.

Figure 6. Comparing the EVB profile for the full (a) and simplified
(b) models for the bf c step. The figure demonstrates that both models
give similar reorganization energies.

Figure 7. Autocorrelation of the energy gap for the full (black line)
and simplified (dashed line) model.

∆i(Zi) ) -V(Zi/L) + ∆(i)(V)0) (17)

[H+]B + gA y\z
KD

-1

[gAH+]b y\z
kbl

klb
[gAH+]l y\z

KD
[H+]B′ + gA

(18)

I+ = (e-)kbl[gAH +]a = (e-)kbl[H
+]B[gA]/KD (19)

I+ ) (e-/τbl)0.5 (20)

I(pA) ) (1.6× 105) × 0.5/τbl(ps)≈ 0.5 pA (21)

588 J. Phys. Chem. B, Vol. 109, No. 1, 2005 Braun-Sand et al.



where, as indicated, I andτ are given in picoamperes and
picoseconds, respectively. This gives an upper limit ofτbl )
1.6× 105 ps) 160 ns. Of course, it would be useful to perform
a more detailed current voltage analysis, and this will be done
in the future. However, our main point is the establishment of
the fact that the calculated transfer time of∼40 ns is consistent
with the experimental studies of PTR in gA.

To gain more confidence about the validity of the simplified
EVB model, we studied the time dependence of past processes
where both the full and the simplified models can be used. In
particular, we examined the transfer from site d to site b in both
models, and the corresponding results are depicted in Figure
10. As seen from the figure, both models give a similar
dynamical description. This finding, and the additional analysis
provided in ref 44 indicates that the simplified EVB model can
be used with confidence to explore the PTR in gA.

IV. Concluding Remarks

This work examined the molecular basis of proton conduc-
tance through the gA channel by using a full EVB model to
obtain the free energy profile and then using a simplified EVB
model to obtain the time dependence of the PTR process. It
was found that the barrier associated with the electrostatic energy
of the transferred proton determines the rate of the PTR process.
This indicates that once the electrostatic barrier is significant,
the PTR process is controlled by this barrier rather than by the
water orientational effects of the Grotthuss mechanism.

Previous studies of the dynamics of PTR in the gA channel
have followed the picture of Nagle and co-workers14,15 and
separate the PTR process to a step that involves the reorientation
of the water file in the absence of the proton (the “Turn” step)
and a transfer of the proton along the perfectly oriented file
(the “Hop” step). For example, this seems to be the case in
studies of PTR in nonpolar channels that were thought to be
relevant to the gA system.17 Such studies led to the assumption
that the water reorientation step is rate limiting and that the
Hop step is very fast. Although some elements of the previous
studies are instructive, we believe that the overall conclusion
is problematic. First, the assumption that the orientation of the
unprotonated water file is rate limiting does not reflect the proper
solvent reaction coordinate. This can be seen, for example, in
the case of a very long channel where it is obvious that the
very large energy of rotating the long water file is not related
to the proper reorganization energy, which usually reflects the
polarization of the channel and water dipoles around the pair
of water molecules involved in each transfer step. This point is
particularly crucial when the electrostatic energy of the trans-
ferred proton increases along the PTR path. Here the use of the
EVB method allows us to explore in a consistent way the effect
of the polar fluctuations and the role of the overall electrostatic
energy of the transferred proton. Second, the finding that the
actual proton transfer is not rate limiting, and the free energy
profile for transferring the proton along the oriented water file
has a minimum at the center of the channel, seems to be
inconsistent with the expected stabilization of the proton in the

Figure 8. Overall free energy profile for stepwise PTR. The relative energy of the bulk is designated to the left of point a.

Figure 9. Showing a typical LD trajectory for a PTR across the gA channel under the influence of a 100 mV potential. The figure describes the
probability amplitudes of being in the different EVB states (the (Cg

i )2) as a function of time. The colors that correspond to each state are indicated
on the right side of the figure. The trajectory stays at the a-c region until about 39 ps, so that we only depict the time dependence of the system
after 37 ps.
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bulk water. Further discussion of this important issue is given
in ref 44 where we consider the validity of different studies
that overlooked the importance of the electrostatic barrier.

It is useful to realize that the charging free energies obtained
by the FEP approach reflect the reorganization and rearrange-
ment of the water file and the channel that leads to configura-
tions that give the lowest potential energies for the given position
of the proton (these potential energies give the largest contribu-
tions to the corresponding free energy). Thus, the EVB mapping
that moves the proton from site i to site j does lead the proton
along the least energy path for diabatic transfer. Of course, one
has to take into account the delocalization effects, but this is
accomplished quite effectively by the EVB mixing procedure.

It is also important to clarify a point that is frequently
misunderstood. That is, our EVB approach uses as zero order
diabatic states the localized H3O+ states and then mixes them
to obtain the proton delocalization. This procedure adds the
solvation of the localized H3O+ states by the environment (in
its given polarization) to the diagonal EVB Hamiltonian. Now
this approach is much more consistent than the option of
solvating the mixed states (e.g., H5O2

+ states) because solvating
adiabatic states is equivalent to solvating gas-phase QM systems
in an uncoupled QM/MM treatment that has been shown to be

very problematic62,63(see also a discussion in ref 44 of a related
problem in the so-called MS-EVB approach,64,65 which is
otherwise very similar to our EVB treatment). Now, in the EVB
treatment we do obtain, of course, delocalized H5O2

+ and other
delocalized states in solutions and proteins, but this is obtained
after we diagonalize the solvated EVB Hamiltonian. Here it is
useful to realize that the diabatic basis functions are just
mathematical constructs rather than a physical reality. Only the
adiabatic ground state represents a physical reality (it is the
actual observable). Thus, although the EVB considers the
solvation of the H3O+ states, it reproduces the correct and
consistent amount of delocalization when this exists. To illustrate
this point, we show in Figure 11 the charge distribution of the
water file during the transfer process. Clearly we have a
delocalized proton as explained above. However, the correct
profile that generates this charge distribution is obtained from
the ground state that mixes the localized H3O+ diabatic states.

Our EVB mapping procedure indicated clearly that the free
energy profile for a stepwise transfer is strongly affected by
the electrostatic effect of the channel, and that such a profile
involves sections where the proton is less stable than in the
bulk solvent. Now, as demonstrated in our recent works,44,66

the adiabatic PTR does follow the diabatic profile, especially

Figure 10. Comparing the time dependence of the full and simplified model for a PTR from d to b in gA in the (a) full and (b) simplified models.
Notation as in Figure 9. Although the detailed dynamical behavior is not identical, the approximate transfer time is similar.
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when the profile has a significant barrier and when the barrier
involves more than two sites. When the barrier involves a single
site, the proton can move in a concerted way, and thus has a
lower barrier (see discussion in ref 44). Now, as seen from
Figure 9, we have some cases with a single site barrier (e.g., d
f e f f) so that the df f barrier can be lower than∆Gdfe

due to a concerted motion, but it cannot be lower than∆Gdff.
Thus, even with the possibility of a concerted effect (which is
fully captured by the simplified model) the overall barrier is
determined by∆Gbfh, which is not negligible. With this in
mind, we conclude that the PTR in gA is indeed determined by
the diabatic electrostatic barrier, reflecting, of course, the
adiabatic mixing effects (see below).

The careful considerations of the present study help to account
for the difference between H+ and Na+ transfer. Here we have
to consider two effects. First, we have the obvious effect of the
EVB off-diagonal mixing term. This term flattens the diabatic
barrier of the PT process and thus smooths down the electrostatic
barrier so that∆Gifj

q = ∆gifj. This gives a lower profile than
that obtained for transport of an ion of a similar size. Second,
single site barriers such as the df f transfer can be reduced.
Thus, the overall barrier for the PTR process is smaller than
that for Na+. Now in the limit of zero solvation barrier, the
effect of the off-diagonal term will lead to a barrierless PTR,
but in gA and other channels the energy price of moving the
charge from water to the channel is the key factor. With this
view in mind, we conclude that PTR and ion transfer share
usually a common rate determining factor, namely, the elec-
trostatic barrier.

The present conclusions depend of course on the validity of
our FEP profile for the H3O+ ion. Here we would like to point
out that our study reflects the state of the art free energy
calculations with optimal boundary conditions and long-range
treatment. Furthermore, despite concerns expressed about the
ability of current simulation approaches to produce reliable
profiles for ion transport in gA,54,55 we find that at least with

the EVB treatment, we obtain very stable results (which is much
more stable than the results we obtained before for Na+ or K+).
These results are not drastically sensitive to the van der Waals’
parameters, because small changes in these parameters lead to
similar changes in the solvation of the ion in the protein and in
solution. We also would like to clarify that our FEP calculations
capture the full flexibility of the channel, and the effect of the
membrane induced dipoles. Finally, our current simulations are
not drastically dependent on the friction constant used (decreas-
ing γ by a factor of 2 increases the current by a factor of 2).

In judging the general validity of our proposals, that the
electrostatic energy of the proton rather than the orientation of
the unprotonated water determines PTR rates, it may be
instructive to think about the observed current/voltage relation-
ship.58 That is, the observed linear relationship seems to be more
consistent with the effect of the external field on the proton
charge than any alternative model, such as the effect of the
external field on the dipole moment of the neutral file. More
systematic studies of this issue will clearly be useful.

In summary, the present work established that PTR processes
are still controlled by the electrostatic barrier, even in channels
with a relatively low electrostatic barrier. Of course, in the case
of no electrostatic barrier (e.g., PTR in water) the Grotthuss
orientational effect is the rate-limiting factor.
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