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The free energy governing K* conduction through gramicidin A
channels is characterized by using over 0.1 us of all-atom molecular
dynamics simulations with explicit solvent and membrane. The
results provide encouraging agreement with experiments and
insights into the permeation mechanism. The free energy surface
of K*, as a function of both axial and radial coordinates, is
calculated. Correcting for simulation artifacts due to periodicity
and the lack of hydrocarbon polarizability, the calculated single-
channel conductance for K+ ions is 0.8 pS, closer to experiment
than any previous calculation. In addition, the estimated single ion
dissociation constants are within the range of experimental de-
terminations. The relatively small free energy barrier to ion trans-
location arises from a balance of large opposing contributions from
protein, single-file water, bulk electrolyte, and membrane. Mean
force decomposition reveals a remarkable ability of the single-file
water molecules to stabilize K* by —40 kcal/mol, roughly half the
bulk solvation free energy. The importance of the single-file water
confirms the conjecture of Mackay et al. [Mackay, D. H. J., Berens,
P. H., Wilson, K. R. & Hagler, A. T. (1984) Biophys. J. 46, 229-248].
lon association with the channel involves gradual dehydration
from approximately six to seven water molecules in the first shell,
to just two inside the narrow pore. lon permeation is influenced by
the orientation of the single-file water column, which can present
a barrier to conduction and give rise to long-range coupling of ions
on either side of the pore. Small changes in the potential function,
including contributions from electronic polarization, are likely to
be sufficient to obtain quantitative agreement with experiments.

olecular dynamics (MD) simulation has become an essen-

tial tool for investigating a wide range of chemical and
biological systems. Greater computational resources, improve-
ments in simulation methodologies, and refinement of interac-
tion potentials have made it possible to model increasingly
complex processes that previously were intractable (1). It is
important that the approach be thoroughly tested on systems that
are small and yet possess the same ingredients and challenges as
much larger and more complex biomolecular systems. These
benchmarks serve to set standards on which studies of more
complex problems can find foundation. For example, a single key
protein secondary structure, the B hairpin, has been used as a
benchmark test in protein-folding studies (2). In the present
study, we tackle the problem of ion permeation with a similar
mindset. Ion permeation involves a seemingly straightforward
process of an ion passing across the membrane through a
molecular pore. However, this process is difficult to model
because it entails the accurate representation of intermolecular
interactions in vastly different environments (aqueous solution
and narrow protein pore) for which there is little direct exper-
imental data (3). As a rigorous examination of an all-atom force
field to model ion permeation, we combine free energy methods
with fully atomistic, dynamical simulations on a benchmark
system.

Atomic structures have been reported for many ion channels,
but none is structurally and functionally as well characterized (4),
or as amenable to computer simulation, as the gramicidin A (gA)
channel. gA channels form by transmembrane dimerization of
single-stranded, right-handed B%3-helices (5) with the sequence
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(underlined residues are D-amino acids): formyl-Val-Gly-Ala-
Leu-Ala-Val-Val-Val-Trp-Leu-Trp-Leu-Trp-Leu-Trp-ethanol-
amine (6). High resolution structures have been obtained for gA
embedded in detergent micelles by using liquid-state NMR (7, 8)
and oriented dimyristoylphosphatidylcholine bilayers by using
solid-state NMR (9), and refined with MD simulation (10). The
depth of experimental knowledge and the simplicity of this
protein also have lent it to numerous computational models (11)
and make it the system of choice for investigating ion conduction.

Since the first MD simulations on a fully flexible atomic model
of gA were carried out 20 yr ago (12), system sizes and simulation
times have grown by orders of magnitude, yet quantitative
agreement with ion-flux experimental measurements has re-
mained a difficult task (11, 13). A direct connection between the
atomic structure and the observed conductance properties can-
not easily be obtained via a “brute force” MD simulation
approach because ionic fluxes correspond to transit times of
10-100 ns, such that statistically accurate conductance measure-
ments are beyond the capabilities of present day computers. A
better computational strategy is to first determine the equilib-
rium free energy landscape, as described by the potential of
mean force (PMF), which governs the systematic forces acting on
the permeating ions in the system, and then invoke an appro-
priate macroscopic or semimicroscopic formalism to calculate
the ionic current. Successful application of this computational
strategy in calculating ion conductances in the KcsA potassium
channel (14, 15) prompts us to return to the problem of ion
permeation through the gA channel and assess how close we are
to obtaining quantitative agreement with experiment. Although
the microscopic force field still requires further refinements to
describe accurately the permeation of ions across the gA chan-
nel, the current model does a surprisingly good job of predicting
experimental conductances.

Theory and Methods

To focus our computational effort on the calculation of the free
energy landscape governing ion conduction, we separate the
system into “pore” and “bulk” regions (16). The equilibrium
properties of the system then can be reconstructed from a
hierarchy of PMFs W(ry, ..., r,), representing the pore region
occupied by n ions. In the case of the gA channel, at moderately
low alkali metal cation concentration (<100 mM), ion conduc-
tion is governed primarily by the 1-ion PMF, W (r;), which can
be expressed in terms of the total potential energy U of the
system as a function of ionic coordinates r; (i = 1, N) and
remaining degrees of freedom X (water, protein, lipids)

’ ’
e“W»(n)/kBTocf dl‘2 e f dl‘N f dX e*U(n, rz,---rN:X)/kBT’ [1]
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where the primes indicate that ions 2 to N reside in the bulk, kg
is Boltzmann’s constant, and 7 the temperature. Normalization
is chosen such that W(r7) = 0 at any point ri far away in the bulk.
By choosing a suitable pore region, we can calculate W(r;) that
will provide a meaningful representation of single occupancy.
Analysis of trajectories indicates that a sphere of radius 14 A
(relative to the center of mass of the dimer) best defines this pore
region. During the simulations used to calculate W(r;), other
ions were excluded from this sphere.

The reaction coordinate for ion permeation is the z compo-
nent (parallel to the membrane normal) of the distance of the ion
to the center of mass of the gA dimer. A PMF also can be defined
relative to the instantaneous channel axis, but it is the absolute
lab-frame z that is the most pertinent because ion conduction
corresponds to a displacement of charge parallel to an applied
transmembrane electric field. The ion is confined in a narrow
region in the xy plane as it moves through the channel, and it may
be assumed that motions perpendicular to z reach equilibrium
rapidly and thus may be integrated away (16),

efW(z)/kBT o fdx dy e*W(x,y,z)/kBT' [2]

This 1D PMF W(z), or “free energy profile,” has limited
significance outside the channel because the lateral displace-
ment in the xy plane is unbounded. In the present calculations,
the lateral displacement of the ion was restricted to ensure good
sampling in a well defined region of configurational space by
using a flat-bottom cylindrical restraint with radius 8 A (relative
to the center of mass of the dimer). The influence of this
potential can then be removed rigorously after the simulation.

We calculated the 1D PMF W(z), as well as a 2D PMF as a
function of axial and radial coordinates, W(z, r), with umbrella
sampling (17), for a system that consists of a gA helical dimer
[Protein Data Bank, PDB ID code 1JNO (8)] embedded in a
dimyristoylphosphatidylcholine bilayer solvated by 1 M KCl (Fig.
1). The choice of starting structure is based on recent evidence
(10) that dynamical trajectories based on the PDB:1JNO struc-
ture reproduces experimental solid-state NMR measurements
(18) better than the solid-state NMR PDB:1MAG structure (9).
Specific simulation parameters are provided in Simulation De-
tails, which is published in the supporting information on the
PNAS web site.

Umbrella sampling entails simulations that generate distribu-
tions of ion position, biased by a series of window functions w;(z)
that hold the ion near regular positions along the z axis. A total
of 101 windows, defined by harmonic potential functions, posi-
tioned in 0.5-A increments from z = —20 to +30 A, were carried
out concurrently on different CPUs with initial configurations
selected from an unbiased MD trajectory. To ensure conver-
gence, 1 ns of trajectory generation was performed for each
window. Symmetrized ionic distributions were unbiased with the
weighted histogram analysis method (19). An additional 4-ns
simulation, in the absence of a window function, was used to
calculate the bulk limit Wyuk(z, r) = —ksTIn({pbuic(z, 7))/p),
where p is the K* density far from the channel. Wyyi(z, ) and
W(z,r) were then matched far from the channel to set the correct
bulk reference for the 2D PMF.

An independent check of the barrier height in W(z, r) was
obtained by free energy perturbation (FEP) calculations, where
an ion at the center of the channel was interchanged alchemically
with a water in the bulk. The alchemical ion-water exchange
process carried out during the FEP calculation corresponds to
the total work required to move a K* from the bulk to the center
of the channel and, in addition, the work to move a water
molecule from the center of the channel to the bulk. The free
energy for the complete exchange process is
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Fig. 1. gA in the bilayer. (A) gA dimer (yellow); dimyristoylphosphatidyl-
choline bilayer atoms C (gray), O (red), N (blue), and P (green); K* (green
spheres) and Cl~ (gray spheres); water O (red) and H (white). Within the
channel, seven single-file water molecules are drawn as spheres adjacent to a
single K* ion at the channel entrance. (B) The 2D PMF of a single K* ion as a
function of axial (z) and radial (r) positions. Contours are drawn at 1-kcal/mol
intervals.

pw(r)>’ 31

AGex = oW‘(r) - oW‘(l'/) + kBT ln< ﬁ
W

where py is the mean water density far from the channel. The
weighted histogram analysis method was used to obtain the free

energy change AG. for the perturbation (20); the relative local
density of water is obtained from the 80-ns MD trajectory.

Results and Discussion

Potential of Mean Force. We begin with the 2D PMF, Fig. 1B,
because it offers the most complete description of the free
energy surface governing ion conduction. It reveals a flat
landscape in the bulk, the depth and position of binding sites at
the channel entrances, the scale of the free energy barrier that
must be surmounted by the permeating ion, and the extent of
lateral ion motion. The value of the 2D PMF far from the
channel is used to set the absolute reference for the free energy
surface. Because the 2D PMF is determined in the laboratory
frame, lateral movement of the ion relative to the channel, and
channel tilting (12° on average) lead to fairly broad free en-
ergy wells near the channel entrances. There is awell atz = 11.3
A (outer binding site), where the PMF drops to —3.2 kcal/mol
relative to the bulk. In the narrowest part of the channel, an ion
experiences a barrier of 10.4 kcal/mol relative to the binding site
(or 7.2 kecal/mol relative to the bulk). The independent estimate
obtained from FEP calculations resulted in a barrier height
W(r) — W(r") of Eq. 3 of 8.6 kcal/mol, consistent with the 2D
PMF.

The 1D PMF W(z) of an ion along the channel axis, is a
fundamental concept in classical models of ion permeation (21).
It is defined by integrating out the lateral motions of the ion (see
Eq. 2). This assumption is reasonable for a narrow channel,
however, the 2D PMF (Fig. 1B) shows that the ion is confined
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laterally only in the range —15 to 15 A. Outside this region, the
ion may be displaced to any extent in the xy plane, and the
concept of a free energy profile W(z) is not meaningful. To avoid
these problems, the 1D PMF was calculated with the cylindrical
restraint. The large effective width of the channel entrance near
the binding site, relative to the center of the channel, leads to a
higher barrier of ~12 kcal/mol with respect to the binding site.
There is a deep outer binding site atz = 11.3 A and a less deep
inner binding site at 9.7 A that was not obvious in the 2D PMF.
In addition there are three local free energy minima inside each
subunit of the gA dimer. It should be stressed that, by virtue of
Eq. 2, W(z) cannot be set with respect to some absolute
reference; it is incorrect to assume that W(z) is equal to zero for
large z. Consequently, the true depth of the binding sites relative
to the bulk can be defined only via the free energy surface
provide by the 2D PMF.

Maximum Conductance. To ascertain the magnitude of the current
that can pass through the channel, the net stationary flux (/) of
ions across the channel can be calculated by using a 1D Nernst—
Planck equation (22)

dP(z) D(z) dWo(2)

P(Z)k]TTT’ [4]

J=-DG)

where D(z) is the K* diffusion coefficient as a function of z, and
P(z) is the probability density per unit length of finding a K*. Wi,
can be expressed as a sum of the equilibrium PMF W, dominated
by local molecular interactions, and the interaction of atomic
charges with the transmembrane potential (23). As the potential
difference increases, contributions from the coupling to the
dipole moment of the system, dominated by the single file of
water, become significant (Supporting Text). To gauge the ability
of MD to reproduce experiment, we consider only the maximum
single channel conductance gmax. This analysis provides a rough
estimate because we ignore changes in ion conduction that could
be associated with multiple ion occupancy at high concentration.
In addition, this model assumes that only the ionic z coordinate
is a rate-determining coordinate. Later, we discuss the signifi-
cance of this assumption when we examine the role of the
flipping of the single-file water column. Under symmetric con-
centration baths and low membrane potential, the maximum
conductance is (24)

2

kg knTL? (D(z)~ 1o+ W(e)/kBT) =1 (o= W) kBT ~1 [5]

gmax =

where the brackets signify spatial averaging over the length L of
the pore reglon L is equal to the diameter of the sphere defining
the smgle ion region (28 A) and is within the range where the 1D
PMF is meaningful (|z| < 15 A). The diffusion coefficient D(z)
is extracted from the Laplace transform of the velocity autocor-
relation function by using an analysis based on the generalized
Langevin equation for a harmonic oscillator (25). Such an
analysis is required to separate the local dissipative forces that
give rise to random diffusional motion of the ions from the
average systematic forces arising from the PMF. D(z) thus
determined is =~2/3 of bulk diffusion coefficient within the
channel (Supporting Text). The maximum conductance, calcu-
lated by using Eq. 5, is 4.7 X 1073 pS, ~5 orders of magnitude
less than the experimental value of 21 pS [in DPhPC bilayers with
1 M KCI at 100 mV (26)], indicating that the barrier is several
kcal/mol too high.

An artifact is introduced by the periodic boundary conditions,
which cause a spurious destabilization of the ion in the mem-
brane, caused by the finite size and the periodicity of the system.
In addition, the hydrocarbon chains of the lipid molecules in the
current model are nonpolarizable, with an effective dielectric
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Fig.2. (A) One-dimensional PMF. Broken lines at |z| = 15 A indicate that the

1D PMF is not rigorously defined beyond those points. The dashed curve is the
PMF corrected for simulation artifacts. (B) Mean force decomposition. Aver-
age forces have been antisymmetrized before integration with Eq. 7.

constant of 1 (27) that, in reality, should be closer to the value
for bulk hydrocarbons of =2 (28). These artifacts can be
corrected by using a continuum electrostatic approximation (29)
using trajectories to average over protein and single-file water
configurations. Estimates, obtained from 1-ns MD trajectories
show that correcting for the spurious destabilization leads to a
—1.6 kcal/mol correction (at the channel center, relative to the
bulk). Correcting for the effect of the dielectric constant of the
hydrocarbon chains leads to a further —2.1 kcal/mol stabiliza-
tion, in accord with calculations incorporating electronic polar-
izability (Supporting Text). It is also possible to estimate the
effect of high electrolyte concentration (30) by approximating
the effect of reducing it from 1 M to a more appropriate level of
0.1 M. This result leads to a small additional stabilization of —0.2
kcal/mol. When all of these corrections are made, the barrier in
the 1D PMF is reduced to just 8.1 kcal/mol with respect to the
binding site (dashed curve, Fig. 24). This result leads to a
maximum conductance of 0.8 pS, approaching the experimental
value better than any previous MD study of gA. The agreement
is encouraging because the discrepancy can be accounted for by
only small changes to the PMF.

Equilibrium Dissociation Constants

The single ion dissociation constant, Kp, can be calculated from
the single ion equilibrium PMF W(r) (16)

KBl = f dr e*[LW(l‘) — W(x'))/ksT , [6]
site
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where r’ is a reference position in the bulk. This quantity can also
be conveniently expressed in terms of the 1D PMF calculated
with a cylindrical restraint (Supporting Text). The dissociation
constant for the entire channel (—12.5 < z < 12.5 A), obtained
from the corrected PMF, is 0.34 M. This result is within the range
of experimental values determined from NMR and conductance
studies: 0.017 M (31) and 0.019-0.73 M (32). Integrals over
individual energy wells indicate that ions will bind only to the
outer (10.2 < z < 12.5 A) and inner (6.9 < z < 10.2 A) sites with
dissociation constants of 0.83 M and 3.6 M, respectively. At 1 M,
the outer binding site is likely to be occupied whereas the inner
binding site is not. Experimentally, however, the major cation
binding site is the inner site (31, 33). The relative depth of the
inner and outer cation-binding sites near the entrance of the gA
channel is very sensitive to the details of the potential function,
previous studies finding alternatively that the inner (34, 35) or
outer (36) binding site can be the most stable position. One
important factor is clearly the choice of ion-carbonyl Lennard-
Jones parameter (3). Data for liquid amides suggest that the free
energy of solvation of K* in liquid n-methyl-acetymide (NMA)
(a quantity not known experimentally) is similar to the free
energy of hydration of K" in liquid water (37). The PARAM?27
force field gives a K™-bulk NMA free energy ~7 kcal/mol less
than the K*-bulk water free energy (3). Instead, if the parameter
was chosen to reproduce the K*-single NMA molecule interac-
tion energy in vacuum [28-32 kcal/mol experimentally (38)]
more closely, the barrier in the 1D PMF would be considerably
reduced and depths of the binding sites increased (favoring the
inner binding site due to increased solvation by protein).

Mean Force Decomposition. By virtue of the relationship between
the PMF and the thermodynamic reversible work, the contribu-
tion from any microscopic force F, to the total free energy
profile can be computed independently (23),

Wa(z) = Wut(ZO) - f dZ’ <th(zl)>' [7]

z0

The decomposition of the force can be accomplished in any
number of ways, yet we consider the protein and water within the
pore region (single-file) to be the most relevant to ion perme-
ation. These contributions are shown in Fig. 2B. The relatively
flat PMF arises from the cancellation of very large opposing
contributions from protein, single-file water, and the remaining
bulk electrolyte and membrane, and it is easy to understand how
the PMF can be in error by a few kcal/mol. The contribution
from the membrane and bulk electrolyte is 67.4 kcal/mol as
expected for a Born energy barrier due to a low dielectric
membrane slab (39, 40). This barrier is eliminated, almost
completely, by interactions with the protein and single-file water.
The water column provides an attractive contribution that
corresponds to a fairly constant force that vanishes near the
channel center as the water dipoles become symmetric around
the ion. Surprisingly, the single-file water itself accounts for
—39.2 kcal/mol stabilization; i.e., nearly half the —80 kcal/mol
solvation free energy of K* in bulk water (37) is obtained with
just two water molecules in contact with the ion. For comparison,
a FEP calculation (with the same potential function) shows that
the solvation free energy of K* surrounded by its first hydration
shell of eight water molecules is approximately —46 kcal/mol
(41). This result is made possible by the large gas-phase inter-
action of —18.9 kcal/mol (3) between K* and a TIP3P water
molecule, and the significantly anisotropic orientation of the
single-file water, as conjectured 20 yr ago by Wilson and
coworkers (12).

The large stabilization arising from the single-file water
molecules raises questions about the ability of a nonpolarizable
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force field to represent a strongly anisotropic system. To examine
the importance of induced polarization on the ability of single-
file water molecules to solvate a cation, we calculated the
charging free energy of a K™ at the center of a model system
comprising only eight water molecules in single file by using
nonpolarizable TIP3P (42) as well as the recently developed
polarizable SWM4-DP (43) water model based on Drude oscil-
lators (Supporting Text). For both water models, the cation
parameters were previously optimized to reproduce the exper-
imental solvation free energy of K* in bulk water. By using
nonpolarizable TIP3P, the charging free energy was —42.0
kcal/mol, similar to the contribution of the single file to the PMF
of K* in gA. The charging free energy with the polarizable water
model is —41.5 kcal/mol, essentially the same as the nonpolar-
izable result. Including the influence of a cavity reaction field
representing bulk water does not affect this conclusion; the
charging free energies become —52.2 and —52.3 kcal/mol, for
TIP3P and SWM4-DP water, respectively. We conclude that the
nonpolarizable TIP3P water model (42) adequately describes
both extremes in ion solvation, the bulk phase as well as the
strongly anisotropic single file.

The binding sites in the PMF arise from a delicate interplay
between water and protein interactions. It has in the past been
assumed that the binding sites owe their existence to a superposition
of a long-range electrostatic image repulsion (“Bulk + Membrane”
in Fig. 2B) and a short-range attractive interaction (44). In contrast,
Fig. 2B shows that the inner binding site (the dominant binding site
experimentally) arises from the mean force exerted by the protein.
There is a broad attractive free energy contribution from the
protein near the channel entrances, reaching a minimum of —34.6
kcal/mol at |z| = 8.8 A, responsible for this binding site. Atz = 11.3
A, a small dip in the single-file water contribution corresponds to
the location of the outer binding site, which, as a consequence of the
greater role of water outside of the channel, is not determined solely
by protein interactions.

Energetics of lon Dehydration. The importance of hydration in the
single file observed in the mean force decomposition led us to
study more closely the mechanism of ion dehydration on entry
into the channel. Sudden changes in solvation at a particular
position could cause difficulties in revealing the free energy of
ion permeation as a function of a single coordinate z (45). The
2D unbiasing of histograms (Supporting Text) leads to an ex-
pression for the free energy as a function of ion position z and
a secondary parameter #, the hydration number, such that we
may examine the role played by solvation in ion permeation
across the gA channel. The 2D PMF W(z,n) of Fig. 3 shows the
free energy of an ion at position z, hydrated by n water molecules,
relative to an ion in the bulk with 6 to 7 solvating water
molecules. This bulk hydration number is in agreement with the
number 6.46 obtained for bulk 1 M KCl in TIP3P water (46). As
noted previously (34), dehydration occurs progressively over 67
A, and this number drops to just 2 inside the single-file column
within the channel. By focusing on the entry region, Fig. 3 shows
that an ion in the inner binding site is solvated predominantly by
two water molecules whereas the outer binding site involves
solvation by three water molecules. Dehydration varies more
abruptly as the ion enters the narrow pore from the outer binding
site but seems to remain a continuous function of z and is not
opposed by a free energy barrier (34).

The Single-File Water Dipole. The single-file column of water is
particularly interesting because the pore imposes a preferred
alignment of water dipoles that can influence conduction. Fig.
44 shows the 2D histogram of the net dipole moment of the
single-file water molecules as a function of ion position. When
the ion is outside the channel, there are two possible dipole
moments for the single file, =15 D, corresponding to the water
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Fig.3. PMF W(z, n) as a function of ion z and hydration number n (Support-
ing Text).

molecule dipoles running almost parallel or antiparallel to the z
axis. As the ion enters the channel, the net dipole changes
linearly, being zero on average when the ion is at the center of
the pore, corresponding to a linear chain of dipoles with equal
numbers of waters on either side of the ion oriented in opposite
directions.

The PMF W(z, n) of Fig. 4B reveals the two possible dipole
moments when the ion is in the bulk, and also when the ion
resides in the outer binding site. When the ion occupies this site,
the preferred state has the water at the end of the single-file
column, with its oxygen pointing toward the cation. A steady
flow of ions through the channel must, at some point, require a
complete flip of the single-file water molecules. Unless the water
chain is directed correctly, an approaching ion would simply
bounce off the channel entrance. There is a 2- to 3-kcal/mol
barrier to this process, in agreement with a previous estimate of
2.2 kcal/mol (47). An alternative pathway for permeation is for
the ion to enter the outer binding site and then overcome a
smaller barrier of <1 kcal/mol to flip the single-file waters
before moving into the inner binding site. However, at moder-
ately high potential difference, the coupling of the single-file
water dipole to the transmembrane potential may lead to almost
order of magnitude changes in the conductance. Because of the
large dipole moment of the single-file water, which changes with
ion position, the effect of the applied voltage difference on the
ion will be nontrivial (Supporting Text).

Fig. 44 suggests complexities associated with multiple ion
permeation, which will be important at high concentration. As
an ion approaches from the right, it requires that the dipole
moment be —15 D before it enters the pore. Once it reaches the
left hand side of the channel, the dipole moment will be +15 D,
making it difficult for another ion to enter from the right.
Freeing the passage for a second incoming ion on the right would
require the left-hand ion to move into the left-hand outer
binding site, or further away from the channel. This finding
suggests the existence of structural long-range coupling across
the pore that would be absent in continuum solvent models.
However, because double occupancy perturbs the single-file
column significantly (35), no conclusion about the likely posi-
tions of the ions in the doubly occupied state can be conjectured
without further calculations.

The abrupt change in u at the outer binding site has impli-
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Fig.4. Histogram of single-file water dipole moment p. (A) with correspond-
ing 2D PMF W(z, ) (B).

cations for free energy calculations of ion permeation because it
reveals the presence of a free energy barrier opposing ion
permeation that is not a function of the ionic coordinate z. The
magnitude of the free energy barrier indicates that a complete
flipping of the single-file water molecules will occur on a long
time scale, requiring many ns of sampling (explaining the poor
sampling in the bulk regions of Fig. 4). Consequently, PMFs
based on a single z coordinate, with short umbrella sampling
simulations are likely to be inaccurate. From a more fundamen-
tal point of view, such a reorientation process cannot easily be
incorporated into the simple picture embodied by the Nernst—
Planck Eq. 4 theory discussed above. A more complete descrip-
tion of ion conduction should involve not only the ion position
z, but also a water dipole moment coordinate (48).

Conclusion

One objective of present-day computer simulations of biological
systems is to obtain an accurate quantitative description of
function from structure. Ion permeation presents a challenge
because of the need to accurately model the strong interactions
of ion with bulk water, and with protein in a state of almost
complete dehydration. Recent calculations of the PMF of K*
permeation through the gA channel (13) suggested that modern
MD force fields fall short of describing the interactions of the ion
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with the protein and confined water adequately for studies of ion
permeation. We show here that improved free energy tech-
niques, and accounting for spurious simulation artifacts, lead to
encouraging semiquantitative agreement with experiment and
new insights into the permeation mechanism. For the first time,
a 2D PMF that is a function of both axial and radial coordinates
was calculated to characterize the complete free energy surface
governing the permeation of K* across the gA channel embed-
ded in a phospholipid bilayer membrane. Analysis of the 2D
PMF reveals that the classical concept of free energy profile W(z)
is meaningful only when the ion is <15 A away from the center
of the channel where its lateral displacements are bounded.
The process of ion association with the channel has been
observed to be one of gradual dehydration from approximately
seven water molecules in the first hydration shell, to three at the
outer binding site and two at the inner binding site. Mean force
decomposition demonstrates the striking ability of the single-file
water to stabilize an ion by almost half the bulk free energy of
solvation in the center of the channel. Although the hydration
number of the ion varies monotonically as the ion moves into the
single-file region (Fig. 3), the dipole of the single-file water
column experiences a transition when 11 <z < 12 (Fig. 4B). The
process of flipping the water chain represents a rate-limiting
process to ion permeation that is not a function of ion position,
suggesting that the dynamics of the ion, together with the
orientation of the single-file water, should be considered to describe
the mechanism of ion permeation. More generally, this finding
reveals a fundamental limitation in permeation models that are
based on the assumption that the ion position is the only “relevant”
variable. In future studies, it will be important to use computational
techniques, such as the Transition Path Sampling (TPS) algorithm
(45), to seek a more complete description of ion permeation.
From a technical point of view, vast improvements in PMF
calculations have arisen from the availability of inexpensive
computer clusters. To exploit this architecture, uncorrelated
starting configurations were constructed for each biased window
simulation, required in the umbrella sampling calculation, by
placing the ion at regular positions along the reaction coordi-
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nate. These initial configurations were then equilibrated and
simulated concurrently until good convergence of the PMF was
achieved. One important advantage of this “placing” procedure
is to avoid the inaccuracies observed in previous PMF calcula-
tions where the ion was dragged through the different simulation
windows sequentially (13, 34). Those errors are caused mainly by
slow configurational relaxations in the system, which give rise to
nonequilibrium hysteresis growing systematically through the
sequential window simulations. In particular, the orientation of
the single-file water molecules inside the long and narrow gA
channel may be difficult to sample accurately because its tran-
sitions are opposed by a significant free energy barrier.

Although gA is the simplest channel, the calculated conduc-
tance displays a larger discrepancy with experiment than previ-
ous calculations for KcsA (15). A comparison reveals that the
B-helical backbone hydrogen bonds must be perturbed for the
carbonyl groups to stabilize a permeating cation in gA whereas
the carbonyl groups of the selectivity filter point toward the
center of the pore and are readily available to coordinate a
permeating K* in KcsA. Modeling this process requires a very
accurate representation of not only intermolecular ion—channel
and ion-water interactions, but also intramolecular channel
interactions. Furthermore, neglect of induced electronic polar-
izability for those molecular moieties that do not carry a
permanent dipole, such as lipid acyl chains and nonpolar side
chains, becomes all of the more important. Nonetheless, the
agreement with experimental dissociation and conductance
measurements is promising and indicative of the overall correct-
ness of the computational method. Beyond these encouraging
numerical results, we emphasize that an important strength of
the present PMF strategy is to help provide a rigorous concep-
tual framework to characterize the mechanism of ion conduction
at the microscopic level.
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