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1.  ABSTRACT

  A Molecular Dynamics computer simulation
model for describing proton transport in biomolecular
systems will be reviewed. The development of the
underlying computational method which allows us to study
the structural and dynamical properties of excess protons in
these channels will first be discussed. Several applications
of the methodology to study proton transport in channel
environments will then be described. In each case, insight
will be provided into the atomistic factors which determine
the proton transport rate and the underlying mechanism(s)
for the proton hopping process. More extensive background
and results for the M2 channel in the influenza A virus will
also be presented.

2.  INTRODUCTION

  The process of proton translocation is ubiquitous
and extremely important in biology. For example, the
energy that rives vital biological processes such as flagellar
motion, active transport of ions, reduction of NAD+ and
NADP+, and ATP synthesis is stored within the
electrochemical gradient; a gradient composed of a pH
gradient (Delta pH) and a membrane potential (Delta Ψ)
(1). The force felt by the proton in this gradient is called the
proton motive force (1, 2). ATP synthesis is catalyzed by
the F1F0-ATPase complex. The F0 subunit of this complex
is a channel imbedded in a membrane, be it the plasma
membrane, the thylakoid membrane, or the inner
mitochondrial membrane, and it serves as a reversible
proton channel for the flow of protons down the membrane
potential Delta Ψ (3, 4). Other important example of proton
transport are found both in bacteriorhodopsin and in the
photosynthetic reaction center, where proton transport
through water molecules and amino acid residues is a
critical component of their overall function (5, 6).

 

For all of the above systems, and most certainly
for the ones of interest to the Voth group (described in
more detail below), it is a fascinating question whether
nature simply uses water molecules in a directed manner to
shuttle protons via Grotthuss hopping as they are needed
for key biological functions (see Figure 1), or whether the
ionizable amino acid residues of the biomolecular system
must also directly participate in the proton translocation
process (7).

  A novel, accurate, and flexible Molecular Dynamics (MD)
methodology will be reviewed below which is allowing our
group to simulate the process of proton transport for the
first time.

3.  MOLECULAR DYNAMICS SIMULATION
METHOD

In recent years our Voth group has developed an
MD capability which allows for explicit proton transport
within an atomistic and deterministic MD simulation
context. The reader is referred to the published work on
proton solvation and transport in bulk water, weak acids,
hydrophobic channels, the water/lipid bilayer interface, and
most importantly, through large transmembrane proton
channels such as the M2 channel in influenza A and the
synthetic LS2 channel (8-18)

               The atomistic MD simulation approach relies on
our Multi-State Empirical Valence Bond (MS-EVB) model
to describe the proton shuttling process (see the left panel
of Figure 2) (9, 10, 14). In this approach, the various
possible protonation configurations of the water molecules
are modeled by limiting "states", which in turn compose the
basis states in an overall Hamiltonian matrix. There are also
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Figure 1.  The Grotthuss proton shuttling process in water.

Figure 2.  Left panel.  The Grotthuss process. Right panel.
The four MS-EVB states necessary to model the Eigen
cation H9O4

+ in the gas phase. In the condensed phase,
more than 30 states are required to model the excess proton
and its solvation shells.

Figure 3.  The first four MS-EVB states required to model
histidine protonation/deprotonation in water.

off-diagonal elements in this matrix that allow for
transitions to occur between the various states as a function
of the instantaneous nuclear configurations, and hence the
chemical and hydrogen bonding topology varies along with
it as a function of time. In the right-hand panel of Figure 2,
the four MS-EVB states necessary to model the gas phase
H9O4

+ Eigen cation are shown as an example to help
illustrate the concept. It should be noted that in the bulk

phase, however, many more states are necessary (as many
as 40 in order to describe the first three solvation shells of a
hydronium ion in bulk water). Each state contains all of the
molecules of the condensed phase system, but with the
excess proton bonded to a different molecule in each state.
Then, for any given nuclear configuration and time step in
the MD simulation, the MS-EVB Hamiltonian matrix is
diagonalized and the lowest state eigenfunction determined.
The forces on the nuclei are next calculated using the
Hellmann-Feynman theorem for this state and fed into an
MD integrator such as Velocity Verlet. The procedure is
iterated and an MD trajectory is generated which includes
explicit proton shuttling through water molecules. Such
MD trajectories, when properly averaged, have been shown
to reproduce the experimental bulk water proton mobility,
spectroscopic data, and the deuterium isotope effect in bulk
water (10-12, 14, 19).

   Importantly, the MS-EVB method was developed
to be compatible with, and transferable to, molecular
mechanics (MM) force fields such as AMBER. In fact, the
MS-EVB methodology is fully implemented within a Voth
Group version of the DL_POLY MD code (and already
applied, for example, to study proton transport near
biological membranes and a large viral proton channel, as
described later). The basic MS-EVB algorithm is
parallelized in this code, so the computational overhead
associated with the EVB state structure is efficiently
distributed over processors. (Note that the vast majority of
the pair-wise interactions in a realistic application of the
MS-EVB approach do not contain the excess proton
complex and hence involve no more computational expense
that a classical biomolecular MD simulation.) Furthermore,
a systematic approach has been developed to define the
parameters of both the diagonal and off-diagonal MS-EVB
matrix elements in order to accurately reproduce various
high level ab initio results for binding energies and proton
transfer barriers, as well as bulk phase proton structural,
transport, and spectroscopic properties.

  There is also an ongoing effort in the to increase
the accuracy and generality of the underlying fundamental
MS-EVB methodology. For example, the approach is being
extended to include the effects of electronic polarizability
and general acid-base ionization, all on the same dynamical
footing as the proton transport. The MS-EVB model has
also been recently extgened to treat multiple excess protons
and hence constant pH conditions (Tharrington, and
collaborators, to be published). This advance in the MS-
EVB simulation methodology will allow for a comparison
with the experimental conductance versus pH curves in
channels such as gramicidin A, especially in the cases for
which multiple proton occupancy may be important.

The extension of the MS-EVB method to include
weak acids has proven to be extremely important because it
allows for explicit dynamical protonation and
deprotonation of ionizable amino acid residues in channels
and enzymes, such as the histidine group shown
schematically in Figure 3 (this extension is important for
the simulations of M2 channel described later). In essence,
the fundamental deprotonation step (involving states “1”
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and “2”) is in turn embedded within the bulk water MS-
EVB state structure (for which two states, “3” and“4”, out
of many possible involved in the subsequent proton
shuttling, are shown). This approach allows seamless
integration of these processes into the overall MS-EVB MD
algorithm, and the final model reproduces both ab initio
(binding energy, geometry, barriers) and experimental (e.g.,
pKa in pure aqueous solution) results.

Some comments are also in order on how the
MS-EVB MD simulation methodology relates to that of
others. It must be appreciated that the original EVB method
was developed by Warshel and co-workers in order to
study proton and hydride transfer in enzymes, as well as
electron transfer reactions (20). Generally these
applications required a two-state EVB parameterization.
The MS-EVB approach represents a non-trivial
generalization of these ideas to describe proton transport
over much longer distances, involving shuttling through
many water molecules and possible ionizable groups. It
should further be noted that Vuilleumier and Borgis,
evidently taking a lead from the original 2-state EVB work
for the excess proton in water, independently developed
their own multi-state model for bulk water (21-23).
However, there are important differences between their
approach and MS-EVB, particularly in the treatment of the
off-diagonal matrix elements, the state selection algorithms,
and the energy conservation properties. It should also be
noted that the latest generation MS-EVB model (MS-
EVB2) and its underlying algorithm  has taken a significant
departure from some of the initial concepts  (14).

   In principle, one might also be able to relate the
effective EVB states in the MS-EVB model to more
explicit electronic states  although the more empirical route
has proven to be quite successful (25).  Other simulation
approaches for proton transport have also appeared in the
literature (26, 27). However, most of these do not have the
multi-state character of the MS-EVB approach and hence
do not allow for the important process of proton charge
delocalization over multiple water molecules. Yet another
model has also appeared  in which proton transport is
treated as a stochastic hopping process of the proton
overlaid on an MD trajectory (28). As computationally
efficient as such a non-deterministic approach may be, it
does not seem clear how it tells one anything decisive about
the underlying molecular interactions responsible for the
proton transport mechanism in biomolecular systems, nor
how the parameters of such a model can be developed in an
independent fashion. One interesting technique has recently
been developed that has been successful in modeling proton
transfer reactions between well-defined donor and acceptor
groups in, e.g., enzymes (29). However, the ability of this
approach to study proton transport for long time scales
(multi-ns), over long distances (10 to 40 Angstroms) and
through intervening solvent water molecules and amino
acid residues, is not clear given its large computational cost
with increasing system size.

  Within any MD simulation methodology it is also
important to consider exactly what one will calculate. Often
MD simulations are used, with good effect, to study

structural issues in proteins. In terms of kinetics, MD can
also be invaluable in calculating free energy barriers within
a transition state theory context (if done correctly) and, if
one is fortunate, the trajectories utilized in these
calculations may reveal important information about the
underlying atomistic interactions that influence the free
energy barrier. Proton transport over long length and time
scales is rather different in that it can involve numerous
free energy barriers and subtle dynamical effects such as
long time scale protein conformational changes. In some
cases such as the M2 channel described below, the first
(and perhaps most important) question is a binary one, i.e.,
is the channel open or is it closed? (It will be described how
this well-defined question will be addressed in the next
section, based largely on structural arguments.) In other
systems such as the synthetic LS2 and LS3 proton channels
(or the M2 channel when it is in an open state), one can
seek a deeper analysis, which might involve calculating the
potential of mean force (PMF) through the channel of the
excess protonic charge (which can be characterized by the
center-of-excess-charge, or CEC, coordinate, which will be
described in the next paragraph). The PMF, in essence,
provides a picture of the free energy landscape sampled by
an ensemble of excess protons as they diffuse through the
channel. More explicitly, one could then model this process
by a diffusion or Poisson-Nernst-Planck (PNP) equation
with the PMF providing the barriers to free diffusion. (The
calculation of an accurate PMF, over the full length of a
channel such as the M2 or LS2 channel, is no small feat,
requiring both novel and extensive sampling techniques.)
Ideally, for any biomolecular system, one should also
calculate the actual (dynamical) diffusive behavior of the
excess proton, because it is not clear how well
phenomenological approaches such as Eyring theory or the
PNP equation fit reality. This is especially true for proton
transport through water and ionizable amino acids inside
proteins, since transient proton “wires” can be formed for
which proton hopping dynamics are anything but diffusive
for the brief lifetime of the proton wire. As will be
described later for the M2 channel, these transient wires
can be coupled to protein fluctuations, so the picture is
quite complex, requiring an analysis of individual
trajectories beyond just the calculation of a PMF to move
the excess proton from point A to point B. If, on the other
hand, subtle dynamical events have any statistical
significance in the larger picture, their effect should
somehow be seen in the PMF because the proton is, after
all, moving from one region to another within the protein.

               A few comments are in order here on the
calculation of the PMF for proton translocation. An
important quantity in this regard is the “center-of-excess-
charge” (CEC) coordinate, which could be readily defined
in the MS-EVB model as a way to characterize the
“location” of the excess protonic charge. This is not such
an easy thing to do because the Grotthuss shuttling involves
many protons, so there is no single “excess proton”. In the
MS-EVB model, however, the CEC can be defined as the
expectation value of the charge over the EVB state space,
hence leading to a clear definition of the excess charge
location, similar in many ways to a center-of-mass variable.
This definition is proving to be invaluable in the MS-EVB
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Figure 4.  The mean-squared displacement of the excess
proton center-of-excess-charge in bulk water. The 33-state
result is for the full MS-EVB simulation, while the 1-state
result is for the classical diffusion of the hydronium with no
Grotthuss shuttling allowed.

MD simulations of proton translocation in the biomolecular
context, i.e., the PMF of the CEC can be calculated along a
generalized reaction coordinate such as the the z-coordinate
of the CEC for a trans-membrane channel aligned along the
z-axis, or the spherical distance of the CEC from a donor or
acceptor site of an enzyme. The free energy barriers of the
PMF are often found to be more than several kcal/mol high,
thus inhibiting a direct sampling along the whole reaction
path during a normal MD run. Sampling is readily
enhanced, however, by adding an extra “umbrella”
potential to the system Hamiltonian in terms of the CEC
coordinate. As long as the umbrella potential is a function
of the reaction coordinate(s) only, the unbiased probability
distribution is related directly to the measured distribution
in the extended system. If different parts of the phase space
are sampled by separate umbrella simulations, the overall
PMF can be reconstructed by the Weighted Histogram
Analysis Method (WHAM), which has become standard
practice (30).

   In MS-EVB MD simulations of proton transport
in realistic biomolecular systems, we generally hope to
adopt the following procedure: (1) First, one must ask and
answer qualitative questions such as identifying the
conformations of the protein at hand that allow proton
transport to occur in the first place (e.g., the open and
closed states of M2). (2) One should next calculate the
PMF for proton transport process in order to reveal its
barriers and bottlenecks. In some cases, one may add
constraints to the motion of key residues and/or calculate
two-dimensional PMF’s to better understand a larger free
energy picture involving these groups. Finally, (3) one can
and should perform extensive analysis of many individual
trajectories to help reveal the origins of certain key features
of the PMF and to look for important and interesting
dynamical effects such as concerted (coherent) proton
transport motion and important conformational fluctuations
of the surrounding protein. This computational
methodology is underway for the M2 and LS2/LS3 proton
channels.

   With the MS-EVB MD approach in hand, a
rigorous and ambitious research effort to study proton
transport in key biomolecular systems is now underway.
Several applications, including bulk water, a hydrophobic
channel, the synthetic LS2 and LS3 channels, and the
influenza A M2 channel, will now be described.

4.  APPLICATIONS

4.1. Proton Transport in Bulk Water
In order to be able to accurately simulate proton

transport in biomolecular systems, one must first be able to
reliably simulate the proton transport process in bulk water.
For this reason, significant effort was first invested to finish
the development and validation of the basic MS-EVB
model  for the excess proton in liquid water (9, 10). It was
shown  that the model could reproduce the self-diffusion
properties for the hydrated proton, as well as its solvation
structure, infrared spectroscopy and observed deuterium
isotope effects (10, 12, 14, 19). A second-generation (MS-
EVB2) model was also developed that incorporates simpler
electrostatics and improved energy conservation
characteristics via a more advanced EVB state selection
algorithm (14). An MS-EVB approach for treating weak
acids and ionizable amino acid residues was further
developed (see Ref. 8, Cuma and collaborators,  2001;
Soudackov and Voth, to be published).

               Shown in Figure 4 is the mean-squared
displacement of the excess protonic charge as a function of
time in bulk water. The red line is for the full MS-EVB2
model, in which 33 MS-EVB states are required to describe
the bulk phase proton solvation and Grotthuss shuttling
process. The blue line is for the 1-state limit of the MS-
EVB2 model, in which all proton shuttling has been
artificially “turned off” so that only normal, hydrodynamic
diffusion of the hydronium ion can occur. This result is
quite interesting because it shows that the Grotthuss
shuttling only contributes about a factor of two to the
proton transport rate in bulk water, suggesting that this
factor could be significantly enhanced in a more confined
biomolecular environment. Importantly, the diffusion
constant from the classical MS-EVB MD simulation is
below the experimental result by about another factor of
two, which is to be expected because the above simulations
involved classical nuclei. Path integral Centroid Molecular
Dynamics (CMD) simulations for the MS-EVB model in
fact showed that the quantum effects on the proton
transport rate are about a factor of two consistent with the
observed deuterium isotope effect of around 1.6 (12, 31-
33).

               A few comments are also in order regarding the
efforts of others to simulate the excess proton in aqueous
environments. Perhaps the most notable of these efforts are
those of Parrinello and co-workers using the Car-Parrinello
method for ab initio MD (34, 35). In this approach, the
electronic structure at the level of gradient-corrected
density functional theory is solved simultaneously with the
nuclear dynamics. This innovative method can reduce the
uncertainties associated with empirical force fields, but it
comes at an enormous computational cost. In the case of
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Figure 5.  The diffusion constant of the excess proton in an
idealized hydrophobic channel as a function of channel
radius. The 2.0 Angstrom channel allows only a 1-
dimensional “water wire” to exist in its interior.

Figure 6.  A trajectory of an excess proton inside the
gramicidin A channel.

the excess proton in bulk water, important information
could be obtained on its solvation structure and a few
Grotthuss hopping events could be observed.  However,
these simulations are severely limited in their duration
(generally ten or less ps) and in their size (usually no more
than about 64 water molecules, periodically replicated). By
contrast, the MS-EVB simulations necessary to accurately
calculate the bulk diffusion rate of the hydrated proton
required an averaging over numerous (ten or more) very
long (ns) trajectories, each of which exhibited 100 or more
Grotthuss hopping events. The scale of the simulations
needed to adequately simulation proton translocation in
biomolecular environments is even greater still. Another
approach to proton translocation has been taken by Pomès
and Roux in which they have studied proton translocation
in water wires and simplified models of the gramicidin A
system using the PM6 model for dissociable water (36-40).
This latter approach may be questioned given that the PM6
model does not yield accurate results for the excess proton
in water and it gives anomalously low barriers to proton
transfer in protonated water clusters.

              With the MS-EVB model development in hand,
the focus next turned to the biomolecular context as will be
described in the following subsections. It should be noted,
however, that the evolution of the fundamental MS-EVB
approach continues in a complementary and synergistic
fashion. This include the development of an electronically
polarizable MS-EVB model, an autoionizable MS-EVB
model for water, and various simulation studies of proton
solvation and transport in water clusters, water-alcohol
mixtures, and at the water-vapor interface.

4.2.  Proton Transport in Hydrophobic Channels
               One of the first applications of our MS-EVB
model was to study the transport of protons through narrow
hydrophobic channels filled with water (15). In some ways,
this modelistic study defines the theoretical limit of proton
transport behavior through water in confined channel
geometries. This work, in fact, revealed a dramatic
enhancement of the proton transport rate when a
hydrophobic channel is so narrow that only a single file
chain of water can be supported (i.e., a "water wire").
Plotted in Figure 5 is the diffusion constant of the excess
proton as a function of hydrophobic channel radius, with
the narrowest channel giving a large enhancement of about
a factor of 20 in the diffusion constant over that of the
wider channels. (The latter channels having values similar
to the bulk water proton diffusion value.) This result, which
was the first of its kind using a realistic interaction model
for protons shuttling through water molecules, suggests that
stable water wires in narrow hydrophobic channel domains
such as in cytochrome c oxidase can indeed yield
significant proton translocation rates. Interestingly, at the
same time this work was published, Hummer and co-
workers discovered that water could spontaneously fill
solvated narrow carbon nanotubes in realistic MD
simulations, thus proving our study to not be so modelistic
after all (41). Subsequently, the MS-EVB MD approach has
been used, along with ab initio MD, to study proton
transport through these water-filled tubes, and a proton
transport rate of a factor of 40 greater than that in bulk
water was observed–a value very close to that which was
predicted from the model hydrophobic channel two years
earlier (42).

  By contrast, a very different MS-EVB MD result
shown in Figure 6 is the proton hopping dynamics in the
single file water wire of the gramicidin A  (gA) channel
(the latter being embedded in a hydrated DMPC lipid
bilayer). Depicted is a single trajectory of the CEC which
describes the location of the excess protonic charge in the
gA channel water wire. This trajectory, which is similar to
numerous others we have found for gA, reveals quite
different dynamics than the rapid CEC diffusion seen in the
ideal narrow hydrophobic channel. Instead, one sees long
period of relative stability in the channel (little diffusion
along the channel axis) interrupted infrequently by
significant hopping events. These hopping events are seen
in Figure 6 around 75 and 275 ps in the trajectory, and they
last for only 5-10 ps in duration. The individual trajectory
result shown here suggests that it is the transient formation
of the water wires involving the excess proton and at least
three water molecules that defines the rate of proton
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Figure 7.  The synthetic LS2 proton channel in POPC
bilayer.

translocation through the gA channel. The relatively long
periods of stability of the CEC in gA reflect the hydrophilic
nature of the channel, i.e., the microsolvation of the excess
proton and the overall water wire by the channel residues
(especially carbonyl groups). The above dynamical result is
also in contrast to the concept of the “turning defect” of
water dipoles in the channel as providing the origin of the
free energy barrier to proton translocation (39). In the
simulations based on the more accurate MS-EVB model,
the individual water dipoles in the channel distant from the
protonic charge, while it is in the channel, already seem to
rotate considerably due to their thermal motion, so it seems
unrealistic to envision a collective dipole turning process in
the channel (i.e., the “turning defect”) being distinct from
the process of proton translocation through the channel.
From these results, it can be anticipated that proton
transport in most realistic biomolecular hydrophilic
domains may occur via shuttling through transient water
wires, which live only for short durations in time. This also
suggests it is critical to have a simulation methodology
such as MS-EVB in which the proton and its hopping
through the transient water wires is treated explicitly.

4.3.  Synthetic Leucine-Serine Channels
               Natural channels often have complex structures
that may make the analysis of proton transport processes
through the pore difficult. Synthetic ion channels having a
minimalist design can avoid some unimportant, but
complicating, factors while still preserving the essential
features of a channel. The leucine-serine (LS) system is an
example of such a minimalist approach.  This system
includes two ion channels, having the amino acid
sequences as follows: Ac-(LSLLLSL)3-CONH2 (LS2) and
Ac-(LSSLLSL)3-CONH2 (LS3). Experiments have shown
these two channels can form ion channels in a lipid bilayer
that can conduct protons in a voltage-gated manner (43-46).
Despite its similarity in amino acid sequence, the LS3
channel exhibits much larger ion conductance than the LS2.
While, the LS3 channel also displays greater proton
conductance than the LS2 channel under experimental

conditions (900 pS vs. 120 pS), it can readily conduct other
monovalent cations, such as Li+, Na+, K+, Cs+, and
Guanidinium+, unlike the LS2 (44). The molecular origins
of these important differences are largely unknown and
very interesting.

       Based on the assumption that the LS channels
have symmetric oligomeric structures in the active state, it
has been suggested that the LS2 channel tends to form a
parallel homo-tetramer structure while the LS3 channel
favors a hexamer (44). The oligomeric structures are
actually bundles of the amphiphilic α-helices, in which the
serine side chains form the hydrophilic face while the
leucine side chains form the hydrophobic face. This kind of
α-helix bundle is a typical ion channel architecture. The
reason the LS3 helix favors a hexamer is thought to be
related to the fact that its hydrophilic face is larger, making
it more stable to surround a wider water column (46).

               The LS ion channels have also been the subject of
several simulations), including from the present project
(47-51). The dynamics of the helices, overall channel
stability, and pore waters have been the main targets of
analysis. The detailed process of proton transport inside
these channels remains poorly understood and, until now,
could not be explicitly simulated by MD methods.
Research on the explicit proton transport in these channels
will be highly valuable in understanding their important
similarities and differences. Moreover, while synthetic
channels such as the LS system are not found in nature,
their relative simplicity is useful in answering many
fundamental questions about proton transport in channels.
Perspectives concerning water dipole orientation in the
pore, reorganization energy of intra-pore water, and
lipid/protein interaction effects on proton transport are all
important topics of which our understanding is minimal, at
best. In addition, these peptides have been synthesized and
studied in the laboratory, so they are not purely computer
models as are many channels in idealized computational
studies.

   Preliminary classical MD simulations of the two
leucine-serine synthetic proton channels embedded in a
fully-solvated lipid bilayer revealed a significant difference
in the dynamics of the pore water molecules (50). While
both channels were in a presumed open state in the
simulations, the pore water in the narrower channel (LS2)
exhibited a much lower diffusion constant. This finding
may account at least in part for the much smaller proton
conductance and proton selectivity of the LS2 channel.
However, MD simulations of explicit proton solvation and
transport in these channels are essential, so in this spirit the
first such MS-EVB study was carried out recently for LS2
(51). In the first part of these studies, a fully equilibrated
LS2 system was obtained in POPC bilayer, including full
Ewald treatment of the long range electrostatics (see Figure
7). Because it was desired to run many, very long MS-EVB
simulations to study the proton solvation behavior in the
channel, the subsequent simulations were performed on a
reduced LS2 channel system, in which only the protein and
the water molecules near or inside the channel were
included. The channel structure was further stabilized by
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relatively loose position restraints on the backbone atoms.
This system reduces the computational expense while
preserving many essential features of the channel, such as
its geometry and the diffusion constants of the pore water.
Analysis of the solvation states of the excess proton in
different channel regions along the z-axis discovered a non-
uniform association of the proton as a function of the local
channel pore size. In the wider channel regions (roughly
2.1 Å in radius), the excess proton tended to adopt the
Eigen solvation structure (H9O4

+), while in the narrow
channel regions (roughly 1.6 Å in radius), the stability of
the Zundel solvation structure (H5O2

+) with respect to the
Eigen structure was increased (or even surpassed that of the
Eigen in some cases). The same trend was also observed in
the MS-EVB simulations of the excess proton in idealized
hydrophobic channel environments discussed earlier (15).

               The LS2 MS-EVB study also revealed that the
proton solvation structure in this channel is very sensitive
to its local micro-environment. For example, even in the
channel regions with similar pore radii, the excess proton
exhibits quite different solvation structures. In particular, in
three of the five wider channel regions, the excess proton
was found to display high preference for the Eigen
solvation structure, which suggests these regions may
behave like barriers preventing the excess proton from
more efficient transport via the Grotthuss mechanism. It
was also found that removing the partial charges of the
serine side chains has a dramatic effect on the excess
proton’s solvation structure, which suggests the intimate
involvement of the channel walls in the solvation of the
excess proton. Structural analysis further showed that the
Zundel solvation structure can be stabilized by forming
hydrogen bonds between the pore water and the serine side
chains symmetrically on both the proton donor and
acceptor sides. Within a larger picture concerning proton
transport in biological systems, these LS2 results may
imply that the excess proton’s solvation inside a
hydrophilic protein environment can be tightly-controlled
by the side chain conformational dynamics, through
complicated interactions among the excess proton, the
channel water molecules, and the channel side chains. This
perspective is certainly consistent with our results on the
more complicated M2 system (discussed below),
illustrating both the importance of the synthetic channel
studies and the need for more extensive simulations of
these systems in the future.

4.4.  Influenza A Virus M2 Channel
              The influenza A virus M2 channel is a proton
selective channel that has been found to play essential roles
in the viral life cycle. During the viral uncoating process,
when the virion is internalized into the endosome, the M2
protein can acidify the virion interior, promoting the
dissociation of the viral matrix protein (M1) from the
ribonucleoprotein (RNP), which is a crucial step for the
transport of the RNP from the virion into the cell’s nucleus
(52-56). For some influenza virus subtypes, it has been
found that the M2 channel can elevate the intravesicular pH
of the trans-Golgi network, preventing a viral protein
haemagglutinin (HA), which is transported to the cell
surface through the trans-Golgi network, from incorrect

maturation in an otherwise low pH environment (57-60).
Blocking the M2 channel by the anti-flu drug amantadine
(1-aminoadamantine hydrochloride, AMT) has been shown
to interrupt both parts of the viral life cycle (58, 59, 61, 89)
critical roles of the M2 channel in the viral life cycle, study
of its structure and function at various levels of molecular
detail is of great interest to anti-flu drug design,
pharmacology and medicine.

               The 19-residue trans-membrane (TM) domain of
the M2 protein is the main channel-forming structure which
is directly responsible for multiple molecular functions: the
selective filter, the channel gate, and the interaction sites of
the AMT inhibitor. This domain can form one α-helix
strand that is able to span the hydrocarbon region of the
membrane (63, 64). A considerable amount of experimental
evidence has indicated that the structure of the M2 channel
is a parallel homotetramer in the TM domain (54, 63-69).

               A synthetic 25-residue peptide (M2-TMP) with
the amino acid sequence corresponding to residues 22-46
(encompassing the segment for the TM domain, residues
25-43) of the M2 protein has been found to form an AMT-
sensitive proton-selective channel in lipid bilayers with
similar specificity and efficiency to the full M2 protein (68,
70). It has been shown to form tetramers in lipid micelles
(66, 68). Spectroscopy experiments have determined the
helix tilt angle with respect to the membrane normal (30–
40°) and the rotational angle around the helix axis (roughly
-50°) (71-75). These tilt angles suggest that the M2-TMP
channel should be left-handed so that the hydrophilic
residues can be oriented towards the pore lumen (71).
Recently, the tilt angle for the TM domain of the full M2
protein in liposomes was also determined, revealing a
smaller value of 25°±3 (69). The reduced tilt angle could be
due to stronger inter-subunit interactions in the whole
protein.

               The M2 channel is highly proton-selective — at
least 106-fold more proton conductive than for other
cations, and it is low-pH gated, undergoing a 50-fold
conductance increase from pH 8.2 to pH 4.5 (76-78).
Strong evidence has suggested that His37, which is highly
conserved in all strains of influenza virus and is the only
ionizable residue in the TM domain (around pH 6), plays a
crucial role (78-80). Several recent experimental studies
have also suggested the involvement of the Trp41 residue
in channel gating (81-83). Though the actual structure
responsible for these functions remains unclear, two
possible proton conductance mechanisms, namely the
gating mechanism and the shuttle mechanism, have been
proposed.

                In the postulated gating mechanism, one or more
of the histidine imidazole moieties can be protonated and
become positively charged when the channel is activated
(see Ref. 84, Sansom and collaborators, 1997). The
protons are not immediately released back to the pore
water; instead, the histidine residues bind them (for a
relatively long time). Then, due to the electrostatic
repulsion between the positive charges, the imidazole side
chains swing away from each other, thus opening the



Computer Simulation of Proton Transport

1391

        
Figure 8.  The M2 transmembrane proton channel from the
influenza A virus. The green ball is the excess proton
moving through a transient water wire in the gating region,
as shown from an MS-EVB MD simulation of the channel.

Figure 9.  Two trajectories of the excess proton location in
the axial direction of the M2 channel versus time. The
frozen channel has constraints on the M2 helices, and the
proton transport is seen to shut down in this case, reflecting
the importance of the channel fluctuations.

otherwise occluded pore to let the pore water penetrate
through, forming a continuous proton-conductive water
wire. In the next section, our MD results will be described
which have shown a mechanism similar to this conductance
mechanism explicitly in operation for the first time.

In contrast to the gating mechanism, the histidine
residues in the proposed shuttle mechanism are proposed to
be directly involved in a proton relay (63). In this
mechanism, when the channel is activated, an imidazole
side chain accepts the excess proton to form a bi-protonated
intermediate, which is presumed to be short-lived and tends
to release either the ε- or δ-hydrogen back to the pore water
to become neutral again (proton shuttling). Transport of a
single proton through the gate is accomplished when the
hydrogen at the opposite side is released to the pore water.
Then to transport the next proton, the initial state needs to
be regenerated, which is hypothesized to occur through
tautomerization or a simple flipping of the imidazole ring.
   Perhaps the most important result obtained to date using
the MS-EVB method is the MD simulation of explicit

proton translocation through the M2 channel (17). The
simulation was carried out on the TM domain of M2 in a
fully-solvated DMPC bilayer with the assumption that one
stable bi-protonated His37 might lead to the opening of the
channel for protons. Seven MD simulation trajectories were
obtained with different starting configurations, in all of
which the excess proton was placed inside the channel at
different positions near the extracellular N-terminus of the
M2 channel. Indeed, within the time scales reached by the
simulations (1 ns for each trajectory), the proton was
observed to pass through the channel in three of the seven
trajectories. In addition, a temporary opening of the pore at
the constrictive region formed by the His37 residues was
observed when the excess proton approached this region.
These results lend direct support to a variant of the gating
mechanism; however, as opposed to the picture of the
gating mechanism described previously, our MD study
suggests that one (or maybe two) bi-protonated histidines
may be sufficient for opening the channel for protons while
still keeping it closed for other ions. Moreover, the
presence of one positive charge near the constrictive region
formed by the His37 residues seems to not lead to a barrier
too high for protons to pass through.

               A snapshot taken from one of the MS-EVB MD
simulation trajectories of the M2 proton channel is shown
in Figure 8. The channel backbone helices are shown as
coiled tubes, while the side chains of the His37 residues,
which form the constrictive gate region, are shown in stick
mode. The excess proton is represented as a green ball, near
which the pore water molecules are shown as sticks. The
two water molecules directly involved in the first solvation
shell of the excess proton are highlighted with thicker
sticks. Note the transient single file water wire formed in
the gate region that the excess proton shuttles through. A
movie of one of these MS-EVB proton transport
trajectories may be viewed at the URL
www.hec.utah.edu/~gazz/nmovie.mov. (Note that the
orientation of the channel is inverted in this movie so the
intracellular side is at the top.)

               The MS-EVB MD study of the M2 channel also
provides critical information on the factors affecting the
explicit proton transport in the channel for the first time.
For example, it was confirmed that, as in bulk water, the
excess proton in the channel is actually shuttled via the
structural diffusion mechanism, where the excess proton’s
solvation structure rather than the hydronium ion is
propagated in space (13, 34). It was also found that the
excess proton favors an Eigen-like solvation structure in the
channel similar to that in bulk water; however, its overall
diffusion constant is reduced in the channel by up to a
factor of three, or it may even be immobilized in some
situations for long periods of time. Importantly, the MS-
EVB simulations also illustrate the important influence of
the channel dynamics on proton’s motion in the channel.
By placing artificial constraints on the channel helices, the
proton transport through the channel was seen to be
completely “turned off.”  This behavior can be seen from a
comparison of the two CEC trajectories in Figure 9. Plotted
is the progress of the CEC through the channel as a
function of time. The blue trajectory is for the fully
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Figure 10.  The M2 channel viewed from above. The red
helices are from the MD simulation while the green are
inferred from NMR experiments.

unconstrained case, while the red trajectory is for the case
when the channel helices are constrained. Clearly, the
dynamical fluctuations of the helices in the lipid bilayer
environment have a significant qualitative effect on the
proton transport dynamics. This finding is especially
interesting because it confirms that proton transport
through water regions in proteins can depend on the
dynamical environment of the entire protein, not just the
structure and dynamics of the water through which the
proton is shuttling. The MD results also again confirm that
transient water wire configurations are critical for the
proton transport process. In this case, a brief 50 ps or so of
the blue (unconstrained) trajectory, beginning around t =
370 ps, represents the onset of proton transport through the
His37 bottleneck region via a proton wire.
  
               The proton conductance mechanism will continue
to be a goal of future MS-EVB MD studies of the influenza
A M2 channel. One goal must be to calculate a converged
PMF for the proton transport through the channel. A
considerable amount of experimental evidence has also
suggested that the highly conserved residue His37 plays a
crucial role in the channel’s selectivity and the channel gate
(78-80, 84). As previously mentioned earlier, in one
proposed mechanism for proton conductance in the channel
the His37 residue is directly involved in the proton relay
system (the shuttle mechanism) (63). In another proposed
mechanism, protonation of this residue structurally
transforms the channel from a closed to an open state (the
gating mechanism), as was seen in our MD study of
explicit proton transport in the channel (17, 84).

               Clearly, however, not all of the important aspects
of the proton transport process were addressed in our first
MS-EVB study of M2. For example, a non-ionizable
histidine model was used with the assumption that a singly-

protonated His37 residue is stable and does not release a
proton to solvent for at least the time scale the simulation
(nanoseconds). This assumption can will be explored in the
future and explicitly removed with the development of our
ionizable histidine MS-EVB model as described in Sec. B
(Soudackov and Voth, to be published). Furthermore, the
current MS-EVB MD simulation capability will enable
more than one excess proton to be simulated in the system,
which means the proton conductance mechanism can be
analyzed in terms of multiple protons in the channel, thus
facilitating the study of the relationship between proton
transport of the de/protonation of the His37 residue in
greater detail. One can also explore the following features
of the system: (i) The pKa and the free energy of
de/protonation of the His37 residue can be calculated from
the MS-EVB MD simulations. An experimental value for
the pKa is known (68) and can be used to validate these
results; (ii) The dynamics of this amino acid upon
de/protonation as well as its influence on the other residues
can be characterized, which will provide a more detailed
view of the molecular motions when the channel’s
open/close state changes; (iii) The effects of mutations of
amino acids will be explored, such as the H37G mutation
(Pinto, unpublished) (iv). The effects of all of these features
can be related to the behavior of the PMF of an excess
proton transporting through the channel.

  We have also compared the M2 channel model
used in our MD simulation work with an NMR backbone
structure of the M2-TMP channel determined by Cross and
coworkers (75). The average tilt angles for each helix in
our MD simulations are 47°, 42°, 39°, 38° with standard
errors around 10°, placing them in good agreement with the
experimental value of 38°. The averaged rotational angles
for each helix are 12°, 1°, -22°, -20°, deviating somewhat
from the reported experimental value (-62 – -43°).
However, our model is perhaps the best example achieved
yet for the M2 system using computer modeling without
using any previous knowledge of experimental structural
data. A superimposed picture of the averaged backbone
structure from the simulation (red) on the NMR structure
(green) is shown in Figure 10. Some comparisons between
other computer models and the NMR structure may be
found in the literature, and generally these exhibit
significantly worse agreement (75). We are currently
refining the underlying MD model using the most recent
OPLS force field and the preliminary results are very
encouraging regarding the rotational angles. It should also
be noted that there are important differences between the
experimental conditions and the lipid bilayer environment
in our MD simulations (86).

   One of the most critical issues for the M2 channel
research is to identify the actual closed state of the channel
and to observe it remaining closed even in the presence of
explicit excess protons in the MS-EVB MD simulations.
Along these lines, several recent experimental studies have
suggested the involvement of the Trp41 residues in channel
gating. For example, a UVRR spectroscopy study has
suggested that Trp41 may have cation-π interaction with
the bi-protonated histidine residue in the open state (82).
Through mutagenesis and electrophysiological



Computer Simulation of Proton Transport

1393

Figure 11.  Possible closed (left panel) and open (right
panel) states of the M2 channel identified from a search of
the rotamer library and electronic structure calculations.
Note the hydrogen bonding structure in the closed state
which would presumably prohibit proton shuttling.

experiments, Pinto and coworkers have proposed the Trp41
residue may be the actual channel gate (83). Cross and
coworkers have recently determined that the distance
between the Nδ-His37 and C�-Trp41 should be less than
3.9 Å for the closed channel further implying the
involvement of Trp41 in channel gate. Based on this
information and the previously determined NMR backbone
structure, the (t-160, t-105) conformation was proposed by
them for His37 and Trp41. [The notation – (t-160, t-105) –
means that the conformations of His37 and Trp41 are the t-
160 and t-105 rotamers, respectively (81).  The
nomenclature for rotamers here follows the Penultimate
Rotamer Library (87). When the mono-protonation state of
the histidine is taken into account, the symbol δ or ε is
added – for example, (t-160, t-105, δ) – to indicate the
histidine is δ- or ε-mono-protonated, respectively].

               The conformation of these residues is tightly
coupled with the proton transport mechanism, and we have
recently carried out preliminary investigations on this issue.
Based on the same experimental structural information, our
preliminary computational results support an alternative
conformation – (t60, t90, δ) – for the closed state of the M2
channel (81). This result was obtained by cross-checking
energetically-favorable conformations (from ab initio
calculations) with those found to agree functionally with
experiment. The conformations for which these analyses
were performed were determined using a thorough scan
over the conformational space. A representative structure of
this conformation is seen in the left panel (a) in Figure 11
and shows that a constrictive region is formed by both
His37 and Trp41. This model seems consistent with almost
all of the experimentally observed phenomena regarding
His37 and Trp41. For example, the pore waters have an
opposing hydrogen-bonding orientation near His37,
explaining why the channel does not conduct protons in
this closed state if the histidine residues are neutral. The
conformation of Trp41 prevents His37 from being exposed
to the bulk water at the C-end, suggesting why protons
cannot be transported outward. The four ε-nitrogen atoms
from His37 can form a Cu2+ chelating site, explaining the
inhibition of the channel by Cu2+. Interestingly enough, the
opposing orientation of the water molecules near His37 is
similar to the orientation found in an MD simulation of
aquaporin a channel that conducts water but is impermeable
to protons. It is fascinating that this hydrogen bonding
motif, apparently designed by Nature to block proton
transport through a channel such as aquaporin, seems to
have appeared again in the M2 channel (88).

               The orientation of His37 in the above proposed
closed structure is also not consistent with the shuttle
mechanism proposed by others. It was therefore necessary
to find an open structure into which the closed structure can
evolve upon protonation. This structure was found by a
rotation of the histidine’s χ2 angle from 60° to 0°, which
leads to a pore wide enough to let water penetrate through
it (see panel (b) of Figure 11). The close contact between
His37 and Trp41 in this open structure favors a cation–π
interaction between these two residues. An MD simulation
with this open structure was also performed in which all
histidine residues were in a bi-protonated state in order to
examine a previously proposed gating mechanism (82, 85).
It was found that the fully bi-protonated state leads to a
highly ordered pore water structure whose orientation
would likely preclude proton transport from the N-terminus
to the histidine residues.

               Combining these preliminary results and our
previous MS-EVB simulation results, an alternative gating
mechanism can be suggested as follows: The closed
structure has the (t60, t90, δ) conformation. When the pHout
goes down, one (or maybe two) histidine residue becomes
bi-protonated, at which point it undergoes a small
conformational change by rotating its χ2 angle from 60° to
0° so that it can be stabilized by its nearest tryptophan
residue via a cation-π interaction. This change and other
conformational adjustments triggered by it opens the pore
to let pore water penetrate, forming a proton-conductive
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water wire through the gate region as we have witnessed in
our MS-EVB MD simulations (17). Protons can then
diffuse through channel by hopping through the pore water
molecules via the Grotthuss shuttle mechanism. Clearly,
one important target for our future research will be to
explicitly verify our proposed gating mechanism through
MS-EVB MD simulations in both the open and closed
states, including the calculation of the PMF for both states
and analysis of explicit proton transport trajectories, as well
as dynamical protonation/deprotonation of one or more of
the His37 residues. The influence of mutations studies on
our proposed gating mechanism will also be explored.

5. CONCLUDING REMARKS

    In this paper, a unique and ongoing MD
simulation methodology has been outlined which  allows
for the study of explicit proton translocation in a variety of
biomolecular contexts. Key results have been summarized
for bulk water, a model hydrophobic channel, synthetic
leucine-serine proton channels, and the M2 proton channel
in the influenza A virus. In all cases, important insights
have been revealed on the underlying structural and
dynamical features which affect the proton transport
process in these interesting systems. It is anticipated that
many new and more comprehensive studies of proton
translocation in biomolecular systems will be undertaken in
the future.
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