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ABSTRACT The structural and thermodynamic factors responsible for the singly and doubly occupied saturation states of the
gramicidin channel are investigated with molecular dynamics simulations and free energy perturbation methods. The relative
free energy of binding of all of the five common cations Li+, Na+, K+, Rb+, and Cs+is calculated in the singly and doubly occupied
channel and in bulk water. The atomic system, which includes the gramicidin channel, a model membrane made of neutral
Lennard-Jones particles and 190 explicit water molecules to form the bulk region, is similar to the one used in previous work
to calculate the free energy profile of a Na+ ion along the axis of the channel. In all of the calculations, the ions are positioned
in the main binding sites located near the entrances of the channel. The calculations reveal that the doubly occupied state is
relatively more favorable for the larger ions. Thermodynamic decomposition is used to show that the origin of the trend observed
in the calculations is due to the loss of favorable interactions between the ion and the single file water molecules inside the
channel. Small ions are better solvated by the internal water molecules in the singly occupied state than in the doubly occupied
state; bigger ions are solvated almost as well in both occupation states. Water-channel interactions playa role in the channel
response. The observed trends are related to general thermodynamical properties of electrolyte solutions.

INTRODUCTION

An important aspect of ion transport in biological channels
concerns the nature of ion-ion interactions in the confined
environment of a narrow pore. The fact that biological chan
nels may contain more than one permeant ion at a given time
was first realized by Hodgkin and Keynes (Hodgkin and
Keynes, 1955). They reported unidirectional ion-flux mea
surements showing that the effective charge-carrying particle
in the electrically polarized axon of the cuttlefish Sepia of
jicinalis, a potassium-selective channel, was a multimer of a
single ion. Since these early studies, manifestations of mul
tiple occupancy have been found in several biological ion
channels, including K, Na, and Ca channels. Although the
selectivity of the Na channel was explained by rejection of
bigger ions, such a model could not describe the high se
lectivity of the Ca or K channel for calcium or potassium,
respectively. In particular, the behavior of K channels is gen
erally understood in terms ofmulti-ion single file pores (Hille
and Schwarz, 1978; Hille, 1984); the Ca-activated K channel
may hold four potassium ions simultaneously and the de
layed rectifier K channel at least three (Hille, 1984). The
existence of multiply occupied states has led to the idea that
multiple ion occupancy plays an important functional role in
the permeability and selectivity of ion channels. Detailed
analysis of the energetics of ion association with the specific
binding sites inside Ca-activated K channels indicates that
the influence of ion-ion interactions in the multiply occupied
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single file pore are an essential component of the mecha
nisms by which these channels succeed in achieving high
selectivity while maintaining a large ionic conductance
(Neyton and Miller, 1988a; Neyton and Miller, 1988b); ion
ion repulsion appears to be necessary to counterbalance the
effect of deep free energy wells. An even more dramatic
example of a very selective ion channel with a high through
put is the calcium channel. At submicromolar concentration,
calcium is a powerful blocker of the monovalent cation flux
through the Ca channel. At high concentration, calcium ion
is the only permeant ion through the Ca channel with an
apparent binding affinity reduced by 1O,OOO-fold. Here, a
model of double occupancy with electrostatic ion-ion repul
sion can explain this phenomenon (Hess and Tsien, 1984).
An understanding of the microscopic factors responsible for
the multiple ion occupancy of membrane channels is thus of
interest to physiologists as well as to biophysicists.

In a channel functioning as a multiple ion pore, the move
ment of the permeant ions is violating the independence rule
and is thus highly correlated. From a microscopic point of
view, such a mechanism requires a narrow permeation path
way imposing a single file structure and a significant prob
ability ofmultiply occupied states (Hille and Schwarz, 1978).
The channel formed by the pentadecapeptide gramicidin
molecule, one of the best characterized molecular pores
(Finkelstein and Andersen, 1981), is a useful model system
for studying the principles governing ion-ion interactions in
the confined environment of a narrow pore. The gramicidin
A is particularly well suited for structure-function studies in
view of its structural and functional simplicity. The confor
mation of the ion-conducting channel in the lipid membrane
is a N-terminus-to-N-terminus right-handed dimer formed by
two single stranded l3-helices that is 26 A long and has a 4-A
diameter (Arseniev et aI., 1985; Cornell et aI., 1988; Ketchem
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et aI., 1993; Smith et aI., 1989); the narrowness of the pore
is such that ions and water cannot pass each other, and per
meation must proceed through a single file translocation
mechanism between the two binding sites during which the
ion is interacting predominantly with the backbone carbonyls
of the channel (Finkelstein and Andersen, 1981; Roux and
Karplus, 1993). Moreover, although the gramicidin channel
is only moderately selective for the various monovalent cat
ions, ion fluxes have been shown to exhibit saturation be
havior that is indicative of multiple occupancy states similar
to those observed with more complex macromolecular struc
tures (Hladky and Haydon, 1972; Hladky and Haydon,
1984). Several lines of evidence demonstrate that gramicidin
can be occupied simultaneously by two ions: model
dependent analysis of ion fluxes based on Eyring rate theory
suggest that double ion occupancy exists for potassium and
cesium (Sandblom et aI., 1983); tracer-flux (Schagina et aI.,
1978; Schagina et aI., 1983) and bi-ionic and reversal po
tential measurements (Urban et aI., 1980) show that at least
two K+, Rb+, or Cs+ cations can occupy the channel simul
taneously. Experimental evidence in support of double oc
cupancy is not as definitive in the case of Na+(Procopio and
Andersen, 1979); there is no evidence in the case of Li+.
Interpretation of these experimental observations has led to
the view that although double occupancy of the gramicidin
channel is less favorable than single occupancy for all cat
ions, it is relatively more favorable for the large K+, Rb+, and
Cs+ cations than for the small Li+ and Na+ cations (0. S.
Andersen, personal communication).

Simple considerations cannot account for the observed
trend regarding double occupancy. A cation binding site is
located near the entrance at each end of the dimer channel
(Koeppe et aI., 1979; Olah et aI., 1991; Smith et aI., 1990;
Urry et aI., 1982a; Urry et aI., 1982b; the ion-ion distance in
the doubly occupied channel is estimated to be on the order
of 20 A (Olah et aI., 1991). At most, one of the binding sites
is occupied at low concentration of permeant ion; the two
sites may be occupied simultaneously at higher concentration
(0. S. Andersen, personal communication). Descriptions
based on continuum electrostatic approximations, which are
generally valid at large separations in bulk water (Pettitt and
Rossky, 1986), have not provided an explanation of the mi
croscopic basis of the ion size dependence of the gramicidin
double occupancy (Levitt, 1987). Arguments based on the
finite volume available in the interior of the pore also fail
because it is the larger cations, presumably occupying more
space, that have a higher relative double occupancy.

The goal of this paper, which represents the continuation
of an investigation of ion transport with detailed microscopic
models based on realistic interactions (Roux and Karplus,
1991a; Roux and Karplus, 1991b; Roux and Karplus, 1993;
Roux and Karplus, 1994; Roux and Karplus, 1995), is to
examine the microscopic factors responsible for single and
double ion occupancy in the gramicidin channel. In the
present study, free energy perturbation techniques are used
to calculate the relative free energy of all of the five common
cations Li+, Na+, K+, Rb+, and Cs+ in the singly and doubly

occupied channel, as well as in bulk water. An atomic model
of the dimer channel is used that is similar to the one used
previously to calculate the free energy profile of a single Na+
ion along the axis of the channel (Roux and Karplus, 1993).
The result of that calculation concerning the location of the
dominant binding sites and the detailed ligand structure sur
rounding the Na+ are supported by the available experimen
tal data. A deep minimum along the calculated free energy
profile was located at each extremity of the channel, corre
sponding to a cation binding site; the calculated binding site
is located at 9.3 A from the center of the channel where the
Na+ is in close contact with the carbonyl of D-LeU10

• Ex
perimentally, a pair of symmetrically located ion binding
sites are found at 9.6 ± 0.3 A for 11+ based on difference
electron density profile from x-ray diffraction on uniformly
aligned multilayer membrane samples (Olah et aI., 1991).
Also, it is observed with BC solid state NMR with site
specific labeled gramicidin that the chemical shift anisotropy
ofcarbonyl OfD-LeUIO exhibits a large change in the presence
of Na+ bound to the channel (Smith et aI., 1990). The good
agreement concerning the position of the binding site sug
gests that the present atomic model can be used to investigate
the structural and thermodynamic factors controlling the
single and double occupancy of the channel.

Details about the microscopic model, the empirical energy
function, and the computational approach are given and the
free energy perturbation technique and the simulation pro
cedure are described. Special care was given to the param
etrization of the ion-peptide potential function, which was
developed from ab initio calculations (Roux and Karplus,
1991a; Roux and Karplus, 1995), and the treatment of the
polarization energy through second order (Roux, 1993). Es
timated free energies were corrected for finite size effects by
using a continuum electrostatic reaction field approximation.
Because the ion binding sites are very distant (more than 18 A
apart), particular attention was given to the treatment of long
range electrostatic interactions. To describe the electrostatic
forces realistically at all distances it was necessary to avoid
the truncation with switching functions used in most simu
lations (Brooks et aI., 1983). Instead, a finite system with no
cutoff was chosen to model the gramicidin channel. To de
crease the computational time, the long range interactions
were evaluated with the extended electrostatics procedure
(see Theory and Methodology for details) (Brooks et aI.,
1983; Stote et aI., 1991).

In the next section, the definition of the free energy of
single and double occupancy is introduced and related to the
phenomenological Eyring rate theory models, and the mi
croscopic model, potential function, and the free energy cal
culations are described. The main results are described and
discussed and a concluding discussion of the results is given.

THEORY AND METHODOLOGY

Free energy of single and double occupancy

The ion-gramicidin channel system can be treated in terms of four states:
the unoccupied channel, the singly occupied channel with an ion in the left
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binding site, the singly occupied channel with an ion in the right binding
site, and the doubly occupied channel with ions in both binding sites. Al
though the distinction between the right and left well is not essential to
describe the equilibrium states of a symmetric dimer channel, it is closely
related to phenomenological barrier-hopping models based on rate theory
used to describe the flux going through the channel in the presence of an
applied membrane voltage (see below). To describe the thermodynamics of
single and double occupancy, we defmed the free energy of the unoccupied
channel .s4[0, OJ, the free energy of the singly occupied channel .s4[i, OJ =
.s4[0, ij, and the free energy of the doubly occupied channel .s4[i, ij. The
relative free energy of binding one ion i in the singly occupied state is

and the relative free energy of binding a second ion in the doubly occupied
state is

We do not consider the case where there are two different ions in the doubly
occupied channel. The relative free energy of the singly and doubly occupied
states can be related to the phenomenological transition rate constants used
to describe the ion fluxes in the gramicidin channel, e.g., the kinetic diagram
of the 3B2821 model of Andersen shown in Fig. 1 (the acronym 3B2821
means 3 barriers, 2 sites, and 2 ions; see the caption for details) (Becker et al.,
1992). In particular, the association constant of an ion to the left binding site
while the right site is unoccupied is (binding constant in the given singly
occupied state)

A.s4f = .s4[0, i] - .s4[0,0],

A.s4P= .s4[i, i] - .s4[i, 0].

(1)

(2)

FIGURE 1 The rate theory 3B2821 model with 3 barriers, 2 sites, and 2
ions used by Andersen to analyze voltage-flux measurements with the
gramicidin channel (Becker et al., 1992), The transition rate constants be
tween the different states are not indicated on the diagram for the sake of
clarity. In the text, they are expressed explicitly in terms of the initial and
final states, e.g., the transition rate constant between the water-filled
unoccupied channel (state [0,0]) to the singly occupied channel with one
ion i on the left site (state [i,O]) is kIO,OJ~Ii,OI'The other rates are expressed
similarly.

8traatsma and Berendsen, 1988), These computational methodologies are
now well documented. Briefly, the free energy difference between two mi
croscopic systems with potential energy U(1) and U(2) is calculated from
an ensemble average generated with system 1 (Zwanzig, 1954)

(9)

(8)

with U(A1) = U(1) and U(AJ = U(2). In the limit of a large number of very
small perturbations, Eq. 9 is equivalent to the thermodynamic integration
formula (Kirkwood, 1935)

or from an equivalent ensemble average generated with system 2. In ac
tuality, if the changes between U(1) and U(2) are not very small, it is better
to use a set of intermediate parameters, Ai' so that Eq. 8 becomes

(3)

(4)KD "ro,iHi,i] K (A.s4P). =---= oexp - -- ,
, "ri,ir[O,i] kaT

Kf = "rO,OHi,O] = Koexp(- A.s4 f ),
"ri,oHO,ol kaT

and the association constant of an ion to one site while the other site is
occupied (binding constant in the doubly occupied state) is

where Ko is a constant standard state factor involving the translational par
tition function of the ion (McQuarrie, 1976). If there were no coupling
between the two ions in the binding sites of the channel, the two binding
constants Kp and Kf would be equal. The actual free energy of binding one
ion in the doubly occupied state relative to the singly occupied state is

(5) (10)

where

= (.s4[i, i] - .s4[0, i]) - (.s4[0, i] - .s4[0, 0])

= .s4[i, i] - 2.s4[0, i] + .s4[0,0],

(6)

In the present calculations, the perturbations correspond to the charge of a
Na+ or the nonbonded van der Waals and core parameters of Li+, Na+, K+,
Rb+, and Cs+. The free energy differences were calculated stepwise, with
small perturbations, by using Eq. 9, e.g., to transfer the van der Waals
parameters of one ion into those of another (see below),

and corresponds to a measure of ion-ion interactions inside the channel. In
the variation of A.s4 fD for different type of ions i and j, the free energy of
the unoccupied channel cancels, so that

= (.s4[j,j] - .s4[j,0] - .s4[O,j]) - (.s4[i, i] - .s4[i,0] - .s4[0, i])
(7)

= (.s4[j,j] - .s4[i, i]) - 2(.s4[j,0] - .s4[i,0])

= A.s4~ - 2A.s4~,

The quantities A.s4~ and A.s4~ represent free energy differences for the al
chemical transformation from ion of type i to ion of type j in the doubly and
singly occupied states, respectively. Both free energy differences can be
calculated with standard free energy perturbation or thermodynamic inte
gration techniques from simulations in which the occupancy of the channel
does not change (Berendsen et aI., 1982; Gao et al., 1989; 8ingh et al., 1987;

Microscopic model and potential function

The gramicidin channel was constructed as a right-handed head-to-head
dimer from the coordinates determined experimentally by use of proton
proton nuclear Overhauser effect (NOE) distances (Arseniev et aI., 1985;
Arseniev et aI., 1986). The procedure used is that described in Roux and
Karplus, 1993, We briefly summarize the method here. The primary sol
vation of the channel structure was provided by building 24 water molecules
into the structure; there are 12 water molecules along the pore axis separated
by a distance of 2.8 A and 6 at each extremity of the channel. The axis of
the channel is oriented along x. Hemispherical bulk-like water regions were
constructed by overlaying water molecules taken from the coordinates of a
pure water sphere of radius 10Aequilibrated at 300 K and deleting the water
molecules overlapping with the channel or the first 24 waters, To produce
a hydrocarbon-like environment and to prevent waters from reaching the
lateral side of the dimer, a model membrane is included. A similar overlay
method is used to construct the model membrane made of Lennard-Jones
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spheres (no charge or polarizability) corresponding to the size of a CH3

group (rmin = 2.165 A, E = -0.1811 kcaVmol). All heavy atoms and a~l pol~

hydrogens (those able to form hydrogen bonds) are included. The alIphatic
hydrogens are treated as part of the carbon to which they are attached in an
extended atom model. The initial water-filled channel system consists of314
peptide atoms for the gramicidin dimer, 190 TIP3P water molecules
(Jorgensen et aI., 1983) and 85 Lennard-Jones spheres. Approximately 10
water molecules are located inside the channel, and 90 waters are in hemi
spherical caps at each mouth of the channel.

To construct the system in the singly and doubly occupied state, one
water molecule located near ±9.2 A at the position of the ion binding site
as determined from a previous calculation (Roux and Karplus, 1993) was
substituted by a Na+ ion. Six water molecules are located inside the channel
between the two ions in the doubly occupied state. This number was de
termined from the average diameter of a water molecule, 2.8 A, and the
position of the Na+ binding sites in a linear configuration. Assuming that
the water molecules nearest to the cation are 2.2 A away from the ion, at
±7.0 A, and that the water-water distance is 2.8 A, the maximum number
of internal waters is (9.4 + 9.4 - 2.2 - 2.2)/2.8 + 1 = 6, i.e., the
approximate position of the six internal waters along the channel axis is
±7.0, ±4.2, and ± 1.4 A, although the ions, the water and all the atoms of
the channel are free to move during the sinJUlation. In the present inves
tigation it is assumed that the number of water molecules between the two
ions in the doubly occupied state does not vary with ion type. There are
-1000 particles in the channel system for the three occupancy states. The
main feature of the simulation system and its dimensions are illustrated
schematically in Fig. 2.

The water-water (TlP3P) (Jorgensen et aI., 1983), peptide-peptide
(CHARMM) (Brooks et a!., 1983), water-peptide (Reiher, 1985; Reiher
and Karplus, unpublished results, 1985), and ion-peptide (Roux and
Karplus, 1991a; Roux and Karplus, 1995) potential functions used have
been described elsewhere. Special care was given to the parameteriza
tion of the interaction of the cations with the channel and water. In a
previous ab initio study (Roux and Karplus, 1995), it was found that
standard Lennard-Jones 6-12 potential functions with fixed charges
could not reproduce the energies and optimized geometry for the cations
interacting with N-methylacetamide, taken as model of the peptide back
bone; e.g., the cation-peptide interaction energy is underestimated by
approximately 10, 6, and 4 kcal/mole for Li+, Na+, and K+ ions, re-

Model Membrane

Model Membrane

24 .&.

FIGURE 2 Schematic representation of the gramicidin A dimer system. The
water-filled channel system consists of 314 peptide atoms for the gramicidin
dimer, 190 TlP3P (Jorgensen et al., 1983) water molecules (10 single file and
90 in each spherical cap) and 85 Lennard-Jones model membrane spheres; there
are 969 particles. A spherical boundary potential given by Eq. 16 is applied on
the water molecules in each cap; a similar planar potential and a cylindrical
potential given by Eq. 17 are applied to the Lennard-Jones spheres. A Na+ ion
was substituted for water number 2 to construct the singly occupied channel
system; a second Na+ ion was substituted for water number 9 to construct the
doubly occupied channel system. There are 6 water molecules located between
the two ions in the doubly occupied state.

spectively. This tendency was indicative of the increasing ion-induced
polarization energy for the smaller cations in their interactions with the
peptide group.

The interactions involving the ions is given by

(11)

where Em" is the core repulsion A(S)/,B, Evdw is the van der Waals attraction
-1J<6)/~, E'I'" is a standard electrostatics interaction between the ion and
the partial charge of the peptide atoms, and El"'l is an ion-induced polar
ization interaction. The short range ion-carbonyl oxygen core repulsion
E""", represented by a -l/,B energy term, is softer than the more standard
-1/,J2 repulsion of the Lennard-Jones 6-12 potential.

All of the ion interaction parameters used in the calculation are reported
in Tables 1 and 2; polarizability coefficients and other parameters have been
given elsewhere (Roux and Karplus, 1991a). The other van der Waals
Lennard-Jones 6-12 interactions parameters (Brooks et aI., 1983) and the
electrostatic partial charges used in E'I'" have been taken from previous work
(Reiher, 1985; Reiher and Karplus, unpublished results, 1985). The param
etersA(S) and 1J<6) ofLi+, Na+, and K+ were adjusted to fit calculated ab initio
potential energy surfaces (Roux and Karplus, 1995). Equivalent ab initio
surfaces are not available for Rb+ and Cs+ and the core size and well depth
parameters of those ions were developed empirically. The relative differ
ences in ionic radii for the different cations, as defined by Pauling (Pauling,
1960) and by Gourary-Adrian (Gourary and Adrian, 1960), were used to
estimate the position of the optimal cation-ligand distance that should be
reproduced by the potential function. Such a relation of ionic radii with
optimized geometries is supported by ab initio calculations of Li+, Na+, and
K+ with N-methylacetamide and water (see Tables 1,2, and 3). On the basis
of this argument, the optimal Rb+- and Cs+-ligand distance should be ap
proximately 0.2 A and 0.4 A, respectively, greater than for K+. For example,
the optimal distance should be 2.88 A with carbonyl oxygen and 2.99 A with
water oxygen in the case of Cs+. However, the Pauling ionic radii are not
sufficient to deduce both the position and the depth of the energy minimum
of the potential function for Rb+ and Cs+. To supplement the information
available from the ionic radii, it is assumed that the free energy of an ion
inside the channel is equal to the experimental free energy of solvation of
this ion in bulk water. On the basis of the equilibrium cation binding con
stants (Hinton et al., 1986; Hinton et al., 1988), the free energy of the ions
in the channel binding site can be taken to be the free energy of solvation
in bulk water to a good approximation. For example, the final parameters
A(S) and 1J<6) for Rb+ were adjusted to yield simultaneously a free energy
difference of approximately 5 kcaVmol relative to K+ for the ion in the
channel binding site (based on the experimental solvation free energy of K+
and Rb+ in bulk water) and a carbonyl oxygen distance of 2.68 A in the
optimized complex of the ion with N-methylacetamide (based on the ionic
radii of K+ and Rb+). The parameters for Cs+ were developed in a similar
fashion.

Except for the polarization term Epol' Eq. 11 is a standard nonbonded
empirical potential energy function of the type used generally in computer
simulations of macromolecular systems (Brooks et aI., 1988). However, the
van der Waals functional form is unusual. Most theoretical studies of bi
omolecular systems are based on pairwise additive nonbonded interatomic

TABLE 1 lon-N-methylacetamide interaction energies

As B6 Distance* Energy
Ion (kcallmol) As (kcallmol)A6 (A) (kcaVmol)

Li+ 2,750 -150 1.81 -51.4
(0.29)

Na+ 6,200 -290 2.10 -37.8
(0.39)

K+ 30,000 -3600 2.49 -30.4
(0.19)

Rb+ 54,500 -6350 2.68 -27.4
(0.20)

Cs+ 100,000 -11000 2.88 -24.9

*Difference between adjacent pairs of ion-ligands are shown in parentheses
for comparison with Pauling and Gourary-Adrian radii; see text.
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TABLE 2 lon-water potential function
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A l2 B6

Distance' (A)Ion (kcal/mol)A12 (kcal/mol)N

Li+ 18,000 -270 1.88
(0.32)

Na+ 82,965 -440 2.20
(0.41)

K+ 478,002 -800 2.61
(0.17)

Rb+ 845,240 -777 2.78
(0.22)

Calculated

-36.9

-27.4

-19.6

-17.2

Energy*(kca1/mol)

Experimental

-34.0

-24.0

-17.9

-15.9

Cs+ 1,868,503 -1241 3.00 -15.1 -13.7

'Difference between adjacent pairs of ion-ligands are shown in parentheses for comparison with Pauling and Gourary-Adrian radii in Table 3.
:j:Gas phase data are taken from Dzidic and Kebarle, 1970.

(13)

TABLE 3 Empirical ionic radII (A)*

Ion Pauling* Gourary-Adrianl

Li+ 0.60 0.94
(0.35) (0.23)

Na+ 0.95 1.17
(0.38) (0.32)

K+ 1.33 1.49
(0.15) (0.14)

Rb+ 1.48 1.63
(0.21) (0.23)

Cs+ 1.69 1.86

'Difference between adjacent pairs of ion-ligands are shown in parentheses
for comparison with Tables 1 and 2.
*Taken from Pauling, 1960.
I Taken from Gourary and Adrian, 1960.

potential energy functions in which it is assumed that many-body effects are
negligible or can be accounted for by an effective pairwise additive function
(Brooks et aI., 1988). Although this assumption appears to be a good ap
proximation in systems involving neutral solutes and proteins (Goodfellow,
1982; van Belle et aI., 1987), it is violated when small ions are present
because the strong ion-ligand interactions can give rise to significant many
body effects (Clementi et aI., 1980; Dang et aI., 1991; Roux, 1993). In the
present study, a standard empirical energy function complemented by ion
induced polarization and many-body effects, was used. In a previous study,
nonadditive second order polarization energy was found necessary to obtain
the correct magnitude for the absolute free energy of Na+ in the channel;
its contribution amounts to almost 40% of the total free energy (see ap
pendix) (Roux, 1993). Because the water and peptide potential functions
have been developed as effectively pairwise additive (Brooks et aI., 1983;
Jorgensen et aI., 1983; Reiher, 1985; Reiher and Karplus, unpublished re
sults, 1985), with nonadditive many-body effects incorporated in an average
sense, only the ion-induced polarization is included. The induced dipole on
atom i by the charge qWn of the ion is

(12)

where a i is the atomic polarizability of atom i. The polarizabilities a i of the
peptide atoms were chosen to reproduce the ab initio calculations (Roux and
Karplus, 1995), and their values are similar to other atomic polarizabilities
(Brooks et aI., 1983). No polarizability was attributed to the water molecules
because the interactions of singly charged ions with water can be reasonably
well described with standard fIxed charge models (Jorgensen and Severance,
1993). In the present approximation, the polarization interaction Epo, arises
from the interaction between the point dipole induced on the peptide at
oms by the ion and all the other charges in the system (Dang et aI., 1991;
Goodfellow et aI., 1982; Lybrand and Kollman, 1985; van Belle et aI., 1987).

To first order, the dipole /l-; induced on atom i interacts with the charge of
the ion according to the expression

E(J) __ ~ ~ /l-,(r, - roo.) = _!~ a;qfon
pol - 2 £J I 13 q,o. 2 £J I r. - r. 14 '

I T.-rIOD I I JOn

To second order, the induced dipoles interact with all other charges qj in the
system

(14)

Both first and second order polarization were included in the present cal
culations. The first order polarization E~I which was included in previous
studies of the gramicidin channel (Roux and KarpIus, 1991a; Roux and
Karplus, 1991b; Roux and Karplus, 1993), results in a pairwise additive
attractive interaction. The second order term E~" representing a non
pairwise-additive contribution to the potential energy function, results in an
effective reduction of the ion affinity for the backbone carbonyl groups of
the channel (Roux, 1993). From a computational point of view the present
approximation is advantageous because the induced polarization is not cal
culated self-consistently with an iteration procedure (i.e., the electric fIeld
created by the induced dipoles does not influence other induced dipoles) in
contrast with other treatments (Dang et aI., 1991; van Belle et aI., 1987).
Although this represents an approximation, it has been shown by compari
son with ab initio calculations that the second order approximation retains
the dominant nonadditive contributions (Roux, 1993). Straatsma and
McCammon have also used such an approximate polarizability correction
in a treatment of water (Straatsma and McCammon, 1990).

To describe the microscopic forces realistically at large distances it is
necessary to avoid truncating the nonbonded electrostatic interactions in
the usual way with switching functions. As the fmite gramicidin system
contains -1000 atoms, an explicit sum over all nonbonded pairs with no
truncation at each dynamics time step would be computationally prohibi
tive. The extended electrostatics method (Brooks et aI., 1983; Stote et aI.,
1991) was used to compute the complete interaction within a normal cut
off (12 A) and to add the interaction between the given atom and dipoles
and quadrupoles of predefined groups outside this cutoff. This allows the
long range interactions to be computed in a reasonable time, it requires
-50% longer than the standard nonbonded interactions computed with a
cutoff of 12 A. This simple procedure for avoiding the need for trunca
tion is similar in spirit to the fast multipole methods developed more re
cently (Shimada et aI., 1994).

Computational details and simulation procedure

The center of mass of the dimer was placed at the origin, and the channel
axis, defmed as the line going through the center of mass of each monomer,
is oriented along the x axis. To maintain the orientation of the channel in
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the finite system a harmonic restraining potential

where d is I r - roI - 8r, r is the oxygen position of the water molecule, ro =
(±8, 0, 0), 8r = 13. A planar potential, similar to Eq. 16 was applied in the x
direction to the Lennard-Jones model membrane spheres to prevent their dif
fusion into the bulk water region. A half-harmonic cylindrical potential was
applied to the Lennard-Jones spheres in the radial direction perpendicular from
the x axis

(18)

(19)

E = -~Q2[1-~J
rl 2 R e '

where Q1m are the electrostatic multipoles, e is the dielectric constant
of the surrounding continuum, and R is the radius of the cavity. In the
case of an ion at the center of a spherical system, all the multipoles
vanish except the monopole Qoo and Eq. 19 reduces to the Born ex
pression Eq. 18. Eq. 19 was used to obtain a finite size correction for
the free energy of the singly and doubly occupied states in the channel.

In all the simulations with the singly and doubly occupied channel sys
tems, the hydrocarbon-like Lennard-Jones spheres, the oxygens of the water
molecules in the bulk-like regions, and the side chains of the channel were
submitted to dissipative and stochastics Langevin forces corresponding to
a velocity relaxation rate of40 ps-1; this value is appropriate for the diffusion
of a water molecule (Brunger et aI., 1984). It was introduced to obtain better
convergence of the Boltzmann statistics characteristic of a canonical en
semble. In the simulations based on the spherical water system, the water
oxygens were submitted to similar dissipative forces. First and second order
polarization was included in all the calculations for the channel system. No
ion-induced polarization was included in the simulations with the water

where Q is the ion charge, e is the dielectric constant of the surrounding
continuum, and R is the radius of the sphere. Other cations were substituted
for the Na+ ion followed by similar equilibration and production trajectories.
In all the simulations the ion was kept in the center of the sphere. The relative
free energy differences in the water sphere were calculated from the tra
jectories of the five normal cations by using four ions with intermediate
parameters obtained from a linear interpolation of their van der Waals pa
rameters, as described for the calculations in the channel system. Similarly,
the charging free energy of Na+ in the water sphere was calculated by using
the free energy perturbation method with 10 windows, resulting in a 50-ps
trajectory. The simple Born charging expression Eq. 18 does not provide a
valid estimate of the finite size correction that is needed in the case of
the channel calculations because the ion sites are not located near the
center of the simulation system. A more general expression is provided
by the multipolar expansion for the reaction field acting on the charge
distribution inside a spherical region embedded in a dielectric con
tinuum derived by Kirkwood (Kirkwood, 1934)

directions, and the ions were free to move in y and z. No such constraint was
used in the relative free energy calculations in the singly and doubly oc
cupied states. As their charge is not altered during those calculations the ions
remain in the channel binding site.

To compare with the free energy of Na+ in the channel, a spherical system
containing 250 water molecules was constructed and the bulk solvation
properties of the model cations were calculated. The number of waters in
the spherical system was chosen in accord with the size of the water caps
used in the channel simulations. A spherical boundary potential, similar to
Eq. 16 was used with ro = (0,0, 0) and 8r = 12. A water sphere was
constructed around a central Na+ with an equilibrated pure water system.
The simulation system was equilibrated for 10 ps and a trajectory of 50 ps
was generated. The nonbonded interactions were treated with the extended
electrostatic method and were not truncated.

Free energy calculations in which the net charge is modified, in contrast
to those comparing two ions with the same charge, are strongly influenced
by the finite size of the simulation system. To obtain meaningful results, it
is necessary to estimate the magnitude of the free energy contribution of
distant parts of the system that are not present in the microscopic model. One
possibility is to represent the empty space around the microscopic system
by a continuum dielectric. Procedures similar in spirit have been used to
account for truncating the electrostatic interactions in calculating the chemi
cal potential of ions (Aqvist, 1990). The fmite size correction for the charg
ing free energy of Na+ inside the sphere of 250 water molecules can be
obtained by the Born charging expression (Born, 1920; Roux et aI., 1990;
Straatsma and Berendsen, 1988),

(17)

(16)

(15)

for d>O

otherwise,

for r> 11.5

otherwise,

_{(r - 11.5f
Ecy) - 0

E = {0.2 £12 (£12 - 2.25)

- °

where the coordinates em, eml, and cm2 refer to the center of mass of the dimer
and of monomers 1 and 2, respectively. A value of k = 1000 kcaVmovA was
used. Although a similar configurational restriction was achieved with holo
nomic constraints by using SHAKE (Ryckaert et al., 1977) in the previous cal
culation of the free energy profile ofNa+(Roux and Karplus, 1993), an approach
based on restraining potentials was chosen here because it is generally easier to
implement in the molecular dynamics algorithm. A hemispherical potential,
similar to that used in stochastic spherical boundary simulations (Brooks and
Karplus, 1983), was applied on the water oxygen to confine the water caps at
each mouth of the channel

where r = (I + i).
The water-filled channel was first equilibrated for 25 ps and a trajectory

of 100 ps was generated. The water molecule nearest to the binding site was
substituted by a Na+ to construct the singly occupied state and the system
was equilibrated for 10 ps followed by a production run of 50 ps including
first and second order polarization energy. The doubly occupied state was
then constructed from a similar substitution for the water molecule nearest
to the other binding site. After a short initial energy minimization, the system
was equilibrated for 10 ps followed by a second production run of 50 ps.
Other cations were substituted for the Na+ ions to obtain singly and doubly
occupied states. These were followed by similar equilibration and produc
tion trajectories. Trajectories of 50 ps were generated to calculate the free
energy of charging a Na+ in the singly and doubly occupied channel states
(see details below).

The relative free energy differences were calculated on the basis of Eq. 8
from the trajectories of the five normal cations. Four ions with intermediate
Lennard-Jones and core parameters obtained from a linear interpolation of
the parameters of the five normal cations, were used to perform the free
energy calculations by Eqs. 8 and 9. Both forward and backward simulations
were performed. A similar approach was used to calculate the relative free
energies in the doubly occupied states. In addition, the free energy associated
with the process of charging the Na+ ion in the singly and doubly occupied
states relative to the corresponding neutral van der Waals sphere was cal
culated with a similar approach by using the free energy perturbation method
(Straatsma and Berendsen, 1988). Ten trajectories were generated with a
Na+ charge of 0.95, 0.05, 0.85, .. " 0.05, and the free energy differences
were calculated by perturbating the charge by ±0.05. For each window, the
system was equilibrated for 2.5 ps and a trajectory of 2.5 ps was generated;
the complete calculation of the free energy of charging for one occupancy
state is equivalent to a single trajectory of 50 ps. For the free energy of
charging in the doubly occupied state, ten trajectories were generated with
a similar procedure with the charge of one Na+ taking values of 0.95, 0.05,
0.85, .. " 0.05 while the charge of the second Na+ remained equal to one.
During the charging calculations, the ions had a tendency to leave the chan
nel when their charge was smaller than 0.25e due to the decrease in ion
channel interactions. To maintain the Na+ in the channel binding site during
the charging free energy calculations, the ions were constrained at x = 9.4
A along the channel axis by using a harmonic potential with a strong force
constant of 500 kcaVmoVA2; no constraint was applied in the other two
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TABLE 4 Charging free energies of Na+ TABLE 7 Double occupancy free energy

Free energy (kcallmol) Free energy contributions (kcallmol)*

*The finite size correction for the water sphere is based on Eq. 18 and those
for the channel are based on Eq. 19; see text.

Perturbations

Charging
Finite size correction*
Total

Singly
occupied

-100
-7

-107

Doubly
occupied

-81
-20

-101

Water
sphere

-95
-14

-109

Ion

Lr M QO
Na+ -2.4 -1.9
K+ -3.8 -4.9
Rb+ -3.3 -5.6
Cs+ -3.6 -5.9

*All free energies are given relative to Li+.

Carbonyl oxygens

0.0
0.1
1.4
2.5
3.2

TABLE 6 Cation free energies (kcaVmol)*

TABLE 5 Relative free energies (kcaVmol)

sphere system for reasons already given. The integration time step was 0.001
ps for the dynamics. The results of all of the free energy calculations are
given in Tables 4, 5, 6, and 7.

Singly Doubly
occupied occupied Water

Perturbations gramicidin A gramicidin A sphere

Ions Singly occupied Doubly occupied

Li+ 8.44 (0.25) 9.67 (0.24)
-8.64 (0.21)

Na+ 9.45 (0.24) 9.33 (0.23)
-9.06 (0.20)

K+ 9.31 (0.17) 9.45 (0.28)
-9.15 (0.31)

Rb+ 8.92 (0.26) 9.08 (0.55)
-9.27 (0.43)

Cs+ 8.62 (0.57) 8.63 (0.27)
-8.61 (0.21)

TABLE 8 Average ion position along channel axis (A)*

*Zero is at the center of the dimer channel (see Fig. 2 for definition). The
rrns fluctuations are given in parentheses.

it was observed during the parameterization of the Rb+ and
Cs+ that the average position of those ions was sensitive to
the value of the carbonyl core A(8) and the van der Waals If.6)

parameters used in Eq. 11. In some preliminary cases, the ion
left the channel to go into the bulk water region. Neverthe
less, all of the ions were finally stable in the binding site after
the parameters were optimized with respect to the core size,
taken from the Pauling radius, and relative free energy of
solvation, taken from the free energy of solvation in bulk
water. The optimized parameters are reported in Table 1 (see
also the discussion in the previous section). The average po
sition of the binding site for the five cations are given in Table
8 for the singly and doubly occupied states (the root mean
square (rms) fluctuations are given in parentheses). The av
erages are approximately independent of ion type although
the results are not identical. Also, there is a small difference
between the two ions in the doubly occupied state with the
second distance being slightly smaller than the first in all
cases (except for Li+). Analysis of the structures suggests
that this asymmetry in the average ion position is caused by
a slightly different conformation of the backbone near the
Trp side chains. The Trp side chains are in direct contact with
the nonpolar Lennard-Jones spheres surrounding the channel
and it is likely that their average conformation is not de
scribed realistically by the present model membrane. In a real
system, the averages should be symmetric, although asym
metric results could occur at specific times. Studies based on
more realistic models of the phospholipid membrane will be
necessary to answer questions about the influence of the en
vironment on the channel. Work is currently in progress on
this subject (Woolf and Roux, 1993; Woolf and Roux, 1994).

21.6
24.9

9.2
6.4

46.4
27.2
12.9
12.4

24.4
14.4
6.2
6.3

Singly occupied
Bulk water gramicidin A

Ions Experimental* Calculated' Calculated

Li+ -123.5 -130 -131
(25.2) (21.6) (24.4)

Na+ -98.3 -109 -107
(17.5) (24.9) (14.4)

K+ -80.8 -84 -92
(4.2) (9.2) (6.2)

Rb+ -76.6 -75 -86
(5.6) (6.4) (6.3)

Cs+ -71.0 -68 -80

*All of the calculated values were deduced from the charging free energy
of Table 5 and the relative free energies of Table 6 obtained for Na+ in the
water sphere and in the singly occupied channel.
*Experimental values are taken from Friedman and Krishnan, 1973.
, Calculated from the sphere of 250 TIP3P water molecules; see text.

RESULTS AND DISCUSSION

Structural aspects

In all the molecular dynamics trajectories the channel struc
ture remains very close to the initial right-handed confor
mation; the average difference with the initial structure is on
the order of 1.0 A and fluctuations of the backbone atoms
around the mean structure are on the order of 0.5 A. The
water molecules located inside the channel maintained a
single file arrangement with an average linear spacing of
-2.8 ± 0.15 Aas observed in a simulation of the left-handed
helical dimer with a similar model membrane (Roux, 1995).
The cations remained in their binding sites in both the tra
jectories of the singly and doubly occupied states. However,

Li+ to Na+
Na+ to K+
K+ to Rb+
Rb+ to Cs+
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Although the present calculations, which are based on a sim
plified model membrane, cannot provide more quantitative
information about this, they do indicate that the positions of
the binding sites are sensitive to the conformation of the side
chains.

Charging free energy for Na+ in the channel and
in water

Details of the various contributions to the charging free
energies of Na+ in the bulk water and in the singly and doubly
occupied gramicidin channel are given in Table 4. The cal
culated charging free energy for Na+ is -95 kcallmol in the
bulk water sphere and -100 and -81 kcallmol in the singly
and doubly occupied channel states, respectively. With a
radius of 12 A and a dielectric constant of 78.4, a correction
of -14 kcallmol is obtained on the basis of Eq. 18. This
results in a total charging free energy of -109 kcallmol for
Na+ in bulk water. Nonadditive second order polarization
energy was included in the channel calculations, as described
in Theory and Methodology. It is essential to obtain the cor
rect magnitude for the absolute free energy of Na+ in the
channel. Free energy calculations described in the Appendix
show that the contribution of the second order interactions
between the ion-induced dipoles on the peptide and the fIxed
partial charges in the system is 4Q-45 kcallmol for Na+.
However, approximations based on first order polarization
are expected to remain valid in the calculation of the relative
free energy profile along the channel axis (potential of mean
force) due to a cancellation of the large contribution of the
second order term (Roux and Karplus, 1991a; Roux and
Karplus, 1991b; Roux and Karplus, 1993; Watanabe et aI.,
in preparation).

The finite size correction to the charging free energy for
the singly and doubly occupied states was calculated on the
basis of Eq. 19 with a radius of 22 A for the spherical cavity,
obtained from the distance of the farthest water, and a value
of E of 78.4, corresponding to bulk water. The multipoles
from 1 = Q-40 were included in the sum. The finite size
corrections to the charging free energy of one Na+ in the
channel are -7 and -20 kcallmol for the singly and doubly
occupied channel states, respectively. The resulting total free
energies of Na+ are -107 and -101 kcallmol. The magni
tude of the finite size correction for the doubly occupied
channel ( - 20 kcallmol) is approximately equal to three times
the value for the singly occupied channel (-7 kcal/mol). This
is due to the fact that the correction depends quadratically on
the magnitude of the multipoles and that the sum in Eq. 19
is dominated by the contribution of the monopole (l = 0
corresponds to the total charge); i.e., the correction varies
approximately as 22

- 12 in going from a singly to a doubly
charged system.

Use of a spherical cavity and the neglect of the low di
electric constant medium (the electrostatic reaction field ex
pression based on Eq. 19 ignores the difference in the di
electric constants of the bulk water and bilayer membrane
that are outside a radius of 22 A) is clearly an approximation.

Nevertheless, the spherical cavity is related to a possible
physical situation. In effect, the microscopic model with the
finite size correction based on Eq. 19 treats the system as if
the channel was embedded in a hydrophobic spherical
micelle of 22 A radius (the region of space occupied by the
neutral membrane-like Lennard-Jones spheres in the atomic
model corresponding to a low dielectric, where E = 1).
To incorporate the influence of the planar dielectric dis
continuity arising from the membrane, a treatment based
on a numerical solution of the Poisson-Boltzmann equa
tion with a discrete grid would be necessary (Gilson and
Honig, 1988). The spherical cavity approximation was
chosen because it leads to an analytic expression for the
finite size correction.

The purpose of calculating the charging free energies here
is not to obtain quantitative results but rather to determine
whether the empirical energy function gives qualitatively
correct values. The calculated free energy in bulk water
(-109 kcal/mol) is slightly larger in magnitude than the ex
perimental estimate of the chemical potential of Na+in water
(Friedman and Krishnan, 1973) (-98.3 kcallmol). The
charging free energy reported here does not include the re
versible work needed to create the cavity to insert a neutral
Na+in the system. Although these contributions are expected
to be small (on the order of +2 to +3 kcallmol) (Jorgensen
et aI., 1989), their evaluations would require very long simu
lations to account properly for the relaxation of the water
molecules. This is particularly important for the single file
water molecules inside the channel that have very long re
laxation times (Chiu et aI., 1991; Roux, 1995). An alternate
approach consists of calculating the relative free energy dif
ference between a water molecule and the neutral Na+ in the
channel binding site and in the bulk water region (Aqvist and
Warshel, 1989).

The charging free energy of a second Na+ in the doubly
occupied channel is -101 kcallmol, slightly less negative
than the charging free energy of the Na+ in the singly oc
cupied channel (-107 kcal/mol) due to the effective ion-ion
repulsion. It should be stressed that the bare ion-ion repulsive
interaction is on the order of + 18 kcallmol in vacuum. In the
channel environment, this repulsion is reduced to +6 kcall
mol due to the polarization of the surrounding environment.
The calculation includes only the ion repulsion due to the
charging free energy and the free energy for cavity formation
has been neglected. According to experimental estimates, the
value of 6 kcallmol is of the correct order but somewhat too
large (Becker et aI., 1992). The residual repulsion corre
sponds to an effective dielectric constant of 2.6. This is due
to the fact that the water molecules between the ions do not
have the motional freedom of bulk water. The relative free
energy of repulsion, estimated according to Eq. 5, Llst~~, is
larger than the experimental estimate (on the order of + 1.7
kcal/mol) (Becker et aI., 1992). This experimental value cor
responds to an effective dielectric constant of 10, which sug
gests that the electrostatic ion repulsion is more shielded in
the real system. However, the experimental estimate of the
ion repulsion is based on an analysis of ion flux data in terms
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As aU/aA = aujaA, where uarepresents the Eoore and EvdW in
teractions of type a atoms of the solvent and the channel with
the ion, we have:

Karplus, 1991a). To a first approximation, such minor changes
in the interaction energies are expected to affect equivalently the
free energy differences in the singly and doubly occupied states,
which is the primary concem of this paper.

Relative free energy of double occupancy

The free energy differences, Ll.sll~ and Ll.sll~ reported in Table
6 were used with Eq. 7 to estimate the relative single-to
double occupancy factor LlLl.sll~D. The results are given in
Table 7. The calculations show a clear tendency for the larger
cations to be bound more favorably in doubly occupied chan
nels, in agreement with experiment. To understand the origin of
this behavior, the relative free energy differences, LlLl.sll~D were
decomposed into various contributions by using the thermody
namic integration formula (Gao et al., 1989)

LlLl.sll~D = fl.; dA[/a~)D - 2/a~)S J. (20)
Ai \ (A) \ (A)

(21)

(23)

(22)

jaua)(D) _ f (aUa(r;A») D •

\ aA (Al - dr aA Pa(r, A),

jau )(S) f (au (r A) )\ a; (A) = dr A a~ p~(r; A),

and

where Ai and \ correspond to the thermodynamic integration
parameter related to ions of type i and j. The decomposition is
path dependent, and the present path has been chosen to dem
onstrate the origin of the free energy difference in the presence
of the full electrostatic interactions of the charged ions. This is
analogous to the Cl- to Br- alchemical transformation that has
been considered recently to make clear the utility of the path
dependence in free energy decomposition (Boresch et al., 1994).
The decomposition of LlLl.sll~D into its dominant contributions is
given in Table 7. It shows that the single file water inside the
channel is primarily responsible for the observed trend; the car
bonyl oxygens contributions are smaller and in the opposite di
rection. As the perturbations involve a change in the short range
function u/r), the contributions from atoms that are not in direct
contact with the ion are negligible. The sum of the water and
carbonyl contribution does not yield the exact free energy in
crements because the latter were calculated with the free energy
perturbation expression, Eq. 8, whereas the former were calcu
lated with a discretized form of the thermodynamic integration
formula, Eq. 21.

To gain more insight on the structural origin of the free
energy contribution of the single file water molecule, the
averages (aua/aA)~~l and <aua/aA)~~; in Eq. 21 are expressed
in terms of distribution functions, that is,

Relative free energies of single occupancy and
in water

The free energy differences Ll.sll~ are reported in Table 6.
Combining the relative free energies with the estimate of the
free energy of Na+ in bulk water and in the singly occupied
channel (Table 6), we obtain estimates of the absolute free
energies of the five cations. Finite size corrections were not
included for the calculated relative free energies because the
total charge in the simulation system remains constant. In the
present approximation, atomic polarizability coefficients
were assigned only to the peptide atoms and not to the water.
Polarization effects could be more important for the smaller
ions (Corongiu and Clementi, 1989; Dang et aI., 1991), al
though it is possible to parameterize fixed charge models that
yield correct thermodynamical and structural results (Aqvist,
1990; Jorgensen and Severance, 1993).

The agreement between the calculated free energies and
the experimental chemical potential is satisfactory. For Li+
and Na+ in bulk water, the calculated values given in Table
6 are somewhat more negative than the experimental values
whereas the interactions of these ions with a single water
molecule are close to the experimental values (see Table 2).
Although it would be possible to reproduce exactly the ex
perimental free energies with small modifications of the ion
nonbonded parameters (Aqvist, 1990), this approach was not
taken. For example, a change of 0.5 kcal/mol in the cation
N-methylacetamide interaction energy can result in a change
of several kcal/mol in the free energy (see also Roux and

of a barrier-hopping model (see Fig. 1). It is possible that the
binding free energy of the singly and doubly occupied chan
nel states deduced from such analysis is not a true equilib
rium value.

Despite the approximations involved, the calculations
serve as an illustration of the various factors that must be
taken into account for a meaningful study of the thermody
namics of multiple occupancy in ion channels. In particular,
for detailed free energy simulations involving charged spe
cies, it is essential to account properly for finite size effects
(see the above calculations). In addition, the calculations
show the importance of the second order polarization energy
in obtaining the correct magnitude for the free energy of
cations in the channel (see the Appendix). Moreover, the
calculations make clear that an approach based on the com
plete free energy of charging is not sufficiently accurate for
a study of the influence of ion size on the thermodynamic
factors involved in double ion occupancy. Generally, the cal
culation of small free energy differences between ions with
similar radii are more accurate than the calculation of overall
charging free energies. Furthermore, those free energy dif
ferences are expected to be much less sensitive to the finite
size of the simulation system. In the simplest approximation,
there are no finite size corrections because the charge of the ion
does not change. This is the approach that was taken here to study
the relative free energy between the various ions in bulk water
and in the singly and doubly occupied gramicidin channel.
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FIGURE 3 Illustration of the influence of ion size on the relative free
energy of double occupancy. (top) Radial density distribution function p'(r)
and pD(r) of Na+ with the oxygen of the nearest internal single file water
molecules (waters 3 to 8 on Fig. 2) in the singly (solid curve) and doubly
(dashed curve) occupied channel states. The singly occupied case is mul
tiplied by 2 as in Eq. 24. (middle) The difference between the two curves,
.:lpSD(r), is shown for Na+. (bottom) The perturbation in the ion-water oxy
gen potential, [ua(r;ANa) - Ua(r;Ax)] where X represents an intermediate
cation between Na+ and K+. The function is large and positive at short
distances because the ion size is increasing.

aaslij = ~ fAidAf drCU~~) )[p~(r; A) - 2p~(r; A)]

A, (24)

-"fA! f (oua(r») SD.
-:- A; dA dr oA aPa (r, A),

where ap~D(r; A) = [p~(r; A) - 2p~(r; A)] is the difference
between the distribution functions of the singly and doubly
occupied state evaluated with thermodynamic integration pa
rameter A. The ion-ion van der Waals interaction (although
its magnitude is negligible) is included implicitly in this
expression.

The radial distribution function ofNa+ with the oxygen of
the single file water molecules inside the channel are shown
in Fig. 3A for the singly and doubly occupied states (the
singly occupied case has been multiplied by 2 as in Eq. 24).
It is observed that the maximum in the radial distribution
function between the ion and the oxygen of the nearest single
filed water molecule inside the channel is slightly smaller in
the singly occupied channel. The difference in average radial
distribution functions, ap~D(r; ANa)' shown in Fig. 3B, is
negative at small r. Choosing the thermodynamic parameter
A to represent ions of progressively increasing size, i.e., Ai
corresponds to the smaller cation and \ corresponds to the
larger cation, the partial derivative oua(r; A)/oA (evaluated
for A corresponding to Na+), shown in Fig. 3C, has a very
large positive value at small r. Thus, it follows that the in
tegral in Eq. 24 gives rise to a negative relative free energy
of double occupancy aasl~D. As shown in Fig. 4, the func
tion ap~D(r; A) is also negative at small r for Li\ K+ Rb\
and Cs+. The size dependence arises from the fact that the
ion-water core repulsion varies less abruptly in the case of
larger ions, e.g., for a standard ion-water Lennard-Jones 6-12
potential with core size Aa, the partial derivative involved in
Eq. 24 is:

where pS (r; A) is the radial distribution function for a given
value of Aas a function of the distance r between the ion and
an atom of type a in the singly occupied state and pD(r; A)
is the corresponding distribution function for the doubly oc
cupied state. The relative free energy difference is thus

Thus, the relative stability of the doubly occupied channel
increases with the ion size, from Li+ to Cs+, although the
effect is more important for Li+ and Na+.

The origin of the free energy may be described even more
simply from the average distance between the ion and its
nearest single file water neighbor (water numbers 3 and 8 in
Fig. 2). The average distance of the ions from the oxygen of
the closest single file water molecule is given in Table 9. The
distance between the ions and the nearest water oxygen is
slightly shorter on average in the singly occupied state than
in the doubly occupied state. This observation is consistent
with the results of the free energy calculations of Table 7,

o I 24e
0

' (uu(r; Aa» (r~u) = - .
Il. (A~I) a

(25)

which indicate that the solvation of the small cations is rela
tively more favorable in the singly occupied channel.

The free energy difference from singly to doubly occupied
state of the channel arises from a very small perturbation of
the ion-water distribution function; i.e., the average distance
with the nearest neighbor is increased by only 0.04 A on
average in going from the singly to the doubly occupied state
(see Table 9). This small perturbation of the average ion
water distance suggests that the configuration of the water
molecules inside the channel differs in the presence of one
or two ions. To analyze the spatial arrangement of the water
molecules, the linear density of the oxygen, p(x), was cal
culated for the water-filled channel with no ion, and for the
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Li+ 1.92 (0.05) 1.95 (0.07)
1.93 (0.06)

Na+ 2.24 (0.08) 2.28 (0.10)
2.27 (0.09)

K+ 2.65 (0.10) 2.76 (0.17)
2.68 (0.12)

Rb+ 2.86 (0.14) 2.85 (0.14)
2.87 (0.17)

Cs+ 3.02 (0.14) 3.07 (0.15)
3.09 (0.16)

TABLE 9 Average distance with single file water (A)*

FIGURE 4 Difference in ion-water oxygen radial distribution function
between the singly and doubly occupied channel states for Li\ K\ Rb\
and Cs+.

*The rrns fluctuations are given in parentheses.

singly and doubly occupied channel with Na+. The results are
shown in Fig. 5. The single file waters are sensitive to the
presence or absence of ions. In the absence of ions the water
molecules are distributed rather uniformly throughout the
channel, with slightly higher densities for specific sites
around ±5 and ±7.5 Anear the C-termini of the monomers.
The small asymmetry in the average density is due to the
statistical fluctuations. The potential of mean force of the
water molecules along the axis of the channel can be ex
pressed as w(x) - -kBTln[p(x)) (Roux and Karplus, 1991b).
Thus, according to the variations in the linear density, there
are no large free energy barriers opposing the movements of
water molecules along the channel axis. The presence of one
or two ions has a marked ordering effect on the water mol
ecules. It is observed that the linear density has pronounced
maxima for the waters in direct contact with the ions and all
the other maxima are also increased. Moreover, the single file
water chain is slightly displaced towards the ion in the singly
occupied case; the maximal density for the Na+ is at -9.30
A and the nearest water peaks are at -7.79, -5.25, and
-3.62 A whereas the maximal density for the Na+ is at
-9.26 A and the nearest water peaks are at -7.89, -5.10,
and -2.48 A in the doubly occupied case (see Fig. 5).

Because the water molecules also possess orientational
degrees of freedom, the changes caused by the presence of

the ions cannot be fully understood in terms of the linear
distribution function of the oxygens. For example, one im
portant aspect of the spatial arrangement of the single file
waters results from the fact that their dipoles have to take a
favorable orientation to interact with the ions. The close re
lationship between the position of the water molecules and
their orientation is better described by the joint distribution
function, p(x, cos fJ), where cos fJ is the cosine of the angle
between the channel axis and the director of the single file
waters, defined as the unit vector pointing from the midpoint
between the two hydrogens to the oxygen. The joint distri
bution function p(x, cos fJ) in the cases of the unoccupied
water-filled channel and the Na+ singly and doubly occupied
states are shown in Fig. 6. In the absence of ions the water
distribution takes on a bimodal distribution in accord with the
symmetry of the dimer channel. On average, the 10 water
molecules located inside the channel are oriented in single
file along the axis, with their oxygens pointing outward to
ward the bulk region. At the center of the dimer their ori
entation is more disordered where the symmetry is inverted.
In the presence ofone or two ions the distribution is modified
markedly. In the singly occupied channel, all of the internal
water molecules along the axis of the channel are oriented
with their oxygens pointing towards the ion. The orientation
of the six nearest single file waters is maintained whereas the
seventh water has more freedom to reorient. In the doubly
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Double

Water-Filled

o

channel and for the channel with Na+ in the singly and dou
bly occupied states, The distribution functions are shown in
Fig. 8. In the unoccupied channel the average oxygen-oxygen
distance between nearest neighbors is approximately 2.73 A
whereas it is reduced to 2.71 Ain the singly occupied channel
and increased to 2.79 A in the doubly occupied channel.
Similarly, the average water-water hydrogen bonds are af
fected. In the unoccupied channel the average oxygen
hydrogen distance between nearest neighbors is approxi
mately 1.83 A, reduced to 1.79 A in the singly occupied
channel and increased to 1.91 Ain the doubly occupied chan
nel. These observations suggest that the response of the in
ternal single file water molecules to the presence of ions in
the binding sites may be described qualitatively in terms of
an elastic spring relative to the unoccupied channel, taken as
the reference relaxed state. In the singly occupied channel the
water molecules are strongly attracted toward the ion, due to
the long range electrostatic interactions, and the single file
is slightly compressed. In the doubly occupied channel the
two ions are competing for the internal water molecules and
the single file is stretched. Association of the internal single
file waters with the channel backbone also contributes to the
response in the presence of one or two ions. The water
hydrogen carbonyl-oxygen radial distribution function, is
shown in Fig. 9 for the two occupancy states of the channel.
The height of the first peak in the radial distribution function
is significantly reduced in the doubly occupied channel rela
tive to the singly occupied channel. The distribution function
of the water-filled channel is almost identical to that of the

FIGURE 7 Configurations of the single file water taken from the simu
lation of the water-filled channel (A), and the simulation of the singly and
doubly occupied channel with Na+ (B and C).
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FIGURE 6 Joint distribution function of the water-oxygen position x
along the channel axis and the projection of the water director onto the x
axis p(x, cos), where cos = e . i. The director of a water molecule, e, is
defined as the unit vector pointing from the midpoint between the two
hydrogens to the oxygen. The cases of unoccupied (water-filled channel)
and single and double occupancy by Na+ ion are shown. The distributions
were not symmetrized.

occupied channel the picture is very different due to the frus
tration imposed upon the single file waters by the presence
of two ions. The orientational distribution is strongly per
turbed and no specific direction seems to be favored, al
though the nearest neighbor waters have their oxygens closer
to the ion than their hydrogens. Typical configurations of the
single-file waters are shown in Fig. 7 for the singly and dou
bly occupied states with Na+, as well as for the water-filled
channel.

To gain more insight on the solvation structure in the chan
nel, the oxygen-oxygen and oxygen-hydrogen pair distribu
tion functions of the six internal single file water molecules
(numbers 3 to 8 in Fig, 2) were calculated for the water-filled



FIGURE 9 Carbonyl-oxygen water-hydrogen radial distribution function
for the six water molecules located inside the channel (water numbers 3 to
8 in Fig. 2). The cases of unoccupied channel and double occupancy by Na+
are shown. For the sake of clarity, the radial distribution function is not
shown for the singly occupied channel because it is superimposed on that
of the unoccupied channel.
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bulk solution. The radial distribution function of the ion
water oxygen, calculated in bulk solvent (with the spherical
system of 250 waters), is shown in Fig. 10. Comparison of
Rmax, the position of the first peak in the radial distribution
function in single file and in bulk solution, given in Table 10,
shows that the single filing of the water imposed by the
gramicidin channel leads to a closer contact with the nearest
water. For all of the ions, the Rmax for the singly occupied
channel is smaller than the Rmax for the doubly occupied
channel, which is itself smaller or equal to the Rmax in bulk
solution. In the doubly occupied channel, the ion-water con
tact with the nearest single file water is perturbed relative to
the singly occupied channel; e.g., for Li+ the distance with
the nearest water molecule is 1.90 A in the singly occupied
channel, whereas it is 1.93 A in the doubly occupied channel
and in bulk water (the position of the maximum is consistent
with the average distances given in Table 9). In fact, the Rmax

for the singly occupied channel is close to the optimal dis
tance for an isolated water molecule in vacuum (e.g., 1.88 A
for Li+, see Table 2). Such a close contact with water mol
ecules is prevented by water-water repulsion around an ion
in bulk solution but is possible in single file solvation. In
general, the distance to the nearest waters located in the
mouth of the channel (in the direction of the bulk water) is
slightly larger than in the channel direction; e.g., the average
distance of the ion with the oxygen of the closest water mol
ecule (water numbers 1 and 10 in Fig. 2) are 2.31 and 2.34
A for Na+; the latter is similar to that observed in bulk so
lution (see Table 10). Although the tendency toward closer
contact with the nearest water in a singly occupied channel
relative to the doubly occupied channel is observed in the
case of both the small and large cations, the change in the
single file solvation structure does not result in similar free
energy difference, A~D (see Table 7). The single file of water
is relatively ordered and makes a tight contact with the ion
in the singly occupied channel; it is less ordered and makes
a looser contact with the ions in the doubly occupied channel.
It follows from the average hydration structure in the pore

FIGURE 10 Na+-water-oxygen radial density distribution function in
bulk water calculated in a sphere of 120 TIP3 molecules. The distribution
function was normalized by the bulk solvent density.
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FIGURE 8 (A) Water-oxygen water oxygen radial distribution function
for the six water molecules located inside the channel (water numbers 3 to
8 in Fig. 2). The cases of unoccupied channel and single and double oc
cupancy by Na+ are shown. (B) Water-oxygen water-hydrogen radial dis
tribution function for the six water molecules located inside the channel. The
cases of unoccupied channel and single and double occupancy by Na+ are
shown.

singly occupied channel and is not shown. This indicates that
water-carbonyl hydrogen bonding interactions are reduced in
the doubly occupied channel relative to the singly occupied
channel.

The peculiar structural properties of single file solvation
may be responsible for the response to the presence of a
second ion in the channel. It is suggestive to compare the
solvation structure of the ions in the single file with that in
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TABLE 10 lon-Water radial distribution function, Rm•• (A)*

Singly occupied Doubly occupied
Ions Bulk water' gramicidin A gramicidin A

Li+ 1.93 (4.3) 1.90 1.93
Na+ 2.27 (5.8) 2.22 2.25
K+ 2.71 (7.0) 2.60 2.62
Rb+ 2.89 (8.5) 2.77 2.77
Cs+ 3.11 (10.5) 2.99 3.00

•Rmox is defined as the position of the maximum in the cation-water oxygen
radial distribution function.
, The hydration numbers, given in parentheses, are the average number of
water molecules in the first shell defined from the position of the minimum
in the radial distribution function.

that the reversible work needed to increase the radius of an
ion is slightly larger in the singly occupied channel than in
the doubly occupied channel. This observation may be re
lated to a simplified description of ion solvation. In an analy
sis of the molecular basis of the Born model of solvation, it
was shown that the first peak in the ion-water radial distri
bution function can be interpreted as the classical ionic radius
of hydration that determines the dominant contribution to the
solvation free energy of a charged solute (Roux et aI., 1990).
In the present case, a simple way to express the observed
trend might be to say that the effective ionic size in a single
file is affected by the channel occupancy. As the ionic radius
is slightly smaller in a singly occupied channel relative to a
doubly occupied channel and bulk water, this is expected to
lead to a small, channel occupancy-dependent variation of
the relative binding free energies of cations. Consequently,
the singly occupied state is more favorable for the smaller
ions. However, the trend is a relative effect that is indepen
dent of the absolute free energy of ions in the channel binding
site (see Table 6). Thus, an equivalent statement would be
that the doubly occupied state is less unfavorable in the case
of the larger ions.

CONCLUDING DISCUSSION

The structural and thermodynamic factors responsible for the
properties of the single and double occupancy states of the
gramicidin channel were investigated with molecular dy
namics simulations and free energy perturbation methods.
An ion-peptide potential function including first and second
order polarization was developed for the five common cat
ions. The parameters for Li+, Na+, and K+ were primarily
based on calculated ab initio energy surfaces with the
N-methylacetamide molecule (Roux and Karplus, 1995); the
parameters of the larger cations Rb+ and Cs+ were obtained
empirically on the basis of experimental solvation data in
bulk water and on ionic radii.

The parameterization of the microscopic model was vali
dated by calculating the absolute free energy of Na+ in bulk
water and in the channel. The charging free energy of Na+
was estimated in a bulk water sphere and in the singly and
doubly occupied gramicidin channel; the free energy of the
other ions was deduced from the result obtained for Na+ by
using the calculated free energy differences. For all the cat-

ions the free energies calculated in a bulk water sphere are
close in magnitude to the corresponding experimental value
of the chemical potential in bulk water; for the smaller ions
(Li+ and Na+) the calculation overestimates the solvation
free energy. Nonadditive second order polarization energy,
in addition to the first order energy, is necessary to obtain the
correct magnitude for the free energy of Na+ in the channel;
its contribution amounts to almost 40% of the total free en
ergy (see Appendix) (Roux, 1993). The contribution of cor
rections for the finite size of the system to the free energy of
charging is significant and must be included for meaningful
results. In the present study a correction based on continuum
electrostatics derived from a multiple expansion for a spheri
cal cavity was used although other approaches, such as the
numerical solution of the Poisson-Boltzmann on a discrete
grid (Gilson and Honig, 1988), are also possible.

The relative single-to-double occupancy free energy was
calculated for the five ions. The calculations reveal, in agree
ment with experimental observations (O.S. Andersen, per
sonal communication, 1994), that the doubly occupied state
is relatively more favorable for the larger ions. The origin of
the trend observed in the calculations is found by thermo
dynamic decomposition to be due to the loss of favorable
interactions between an ion and the water molecules arranged
in single file inside the channel. Analysis of the radial dis
tribution function between the ion and the oxygen of the
nearest single file water molecule inside the channel shows
that the maximum is systematically closer to the ion in the
singly occupied channel. This observation is supported by
the comparison of the average ion-oxygen distances, given
in Table 9, and the position of the maximum in the radial
distribution functions, given in Table 10. Small ions are bet
ter solvated in the singly occupied state than in the doubly
occupied state by the single file waters; bigger ions are al
most as well solvated in both occupation states. Analysis of
the distribution functions related to hydrogen bonding indi
cates that water-water and water-channel interactions play an
important role in the double occupancy response. In the sin
gly occupied channel, the linear chain of single file waters
is well ordered and the water-water hydrogen bonds between
nearest neighbors are shortened relative to the water-filled
channel. In the doubly occupied channel, the linear chain of
single file waters is more disordered and the water-water
hydrogen bonds between nearest neighbors are longer.

The number of single file waters separating the two ions
in the doubly occupied channel was set to six, independent
of ion type. This choice was based on the available space
between the two binding sites located at each end of the
channel (see above). No experimental data about the number
of single file waters in the singly and doubly occupied chan
nel are available. The present calculations demonstrate that
the stability of long narrow single file pores, such as the
gramicidin channel, is sensitive to the ion type involved in
multiple occupancy. This is a significant result as the two
ions are separated by approximately 18 A in the doubly oc
cupied channel.
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In the doubly occupied channel, two cations are closely
associated with eight water molecules (see Fig. 2). The single
file corresponds to a one-dimensional ionic solution with a
molarity of almost 10 M (assuming that the volume of the
pore is given by a length of 25 Aand a cross section of 12.5
Az corresponding to a radius of 2 A). A comparison of the
ion size dependence of double occupancy with the thermo
dynamic properties of concentrated ionic solutions is sug
gestive. The activity coefficient of cations in solution have
a complex dependence on the ionic concentration. At very
low concentrations, the activity coefficients decrease as the
concentration is raised due to the long range favorable elec
trostatic interactions with the ionic atmosphere (this is the
Debye-Hiickel limiting law) (McQuarrie, 1976); at higher
concentration, the activity coefficients start to increase due
to unfavorable energetic factors (this is related to the salting
out effects that ions exert by raising the activity coefficients
of the other solutes present in the solution, (see Ch. 7 of Hille,
1984, and the monograph by Stokes, 1979). Interestingly, a
well known property ofconcentrated solutions of strong elec
trolytes is the existence of an inverse relation between the
activity coefficient and the size of the cation (Robinson and
Stokes, 1965); e.g., at 25°C for a 2 M solution of the salt with
0-, the molal activities of Li\ Na\ K+, Rb\ and Cs+ are
0.921, 0.668, 0.658, 0.546, and 0.496, respectively. The
variation of the activity coefficients in concentrated solutions
has been traditionally attributed to a modification of the ion
solvent interactions due to the presence of the other nearby
ions (Conway, 1979). Such interpretation is supported by
computer simulations. It was observed in molecular dynam
ics of NaCI aqueous solutions that the intensity of the first
and second maxima in the ion-solvent radial pair correlation
function are lower at higher salt concentrations; which cor
responds to a less definite first and second hydration shell in
the more concentrated solution (Heinzinger, 1985). The de
crease in cation-solvent association in concentrated solution
has been also observed in neutron scattering experiments
(Enderby, 1983). In the present study, the microscopic fac
tors favoring double occupancy by larger ions were related
to the change in the pair correlation function of the ion rela
tive to the single file waters. Thus, it may be that the mecha
nism favoring the double occupancy of larger over smaller
cations in the gramicidin channel can be related to a more
general property of cation solvation by water.

On a speculative note, the thermodynamic trend found
here could be an explanation for the existence of a large
number of biological K channels that function on the basis
of multiple occupancy (Hille and Schwarz, 1978; Hodgkin
and Keynes, 1955; Pallota and Wagoner, 1992), whereas
most of the data about Na channels can be explained by a
single ion model (Begenisich, 1987; French et aI., 1994;
Hille, 1975; Naranjo and Latorre, 1993). As mentioned in the
Introduction, it has been suggested that the influence of ion
ion interactions in multiply occupied single file is an essential
component of the mechanisms by which the K channels suc
ceed in achieving high selectivity while maintaining a large
ionic conductance (Neyton and Miller, 1988a; Neyton and

Miller, 1988b). It may not be as easy for nature to make a
similar highly selective single file Na channel functioning on
the basis of multiple occupancy. Based on the present free
energy calculations, double occupancy by K+ in a single file
pore is not thermodynamically very unfavorable relative to
single occupancy. This factor may have contributed to the
evolution of the biological K channels that are very selective
and highly conductive single file pores functioning on the
basis of multiple ion occupancy. Although biological Na
channels are thought to derive from Ca channels (Hille,
1984), they may have evolved to function predominantly as
single ion pores, because a larger free energy cost is attached
to multiple occupancy by the smaller ions in single file sol
vation. It is interesting to note that double occupancy of the
Na channel is much more evident with NH: as the permeant
ion (Begenisich and Cahalan, 1980; Begenisich, 1987) as it
is a cation with an ionic radius (1.4 A) closer to that of K+
(1.33 A) (Hille, 1984).

The discrete nature of the water molecules in the single file
channel is another factor that may playa role in the relative
likelihood of single versus double occupancy. In the grami
cidin channel the distance between the two binding sites is
nearly commensurate with the diameter of the water mol
ecules; Le., the binding sites are separated by approximately
18 A and there is room for six water molecules after sub
tracting the diameter of the cations. It is possible that the
observed trend in single and double occupancy can be af
fected by chemical modifications of the gramicidin channel.
The simulations show that the factors controlling double oc
cupancy in the gramicidin channel result from the single file
solvation and are a function of its structure. This suggests the
use of chemically modified gramicidin channels of different
lengths to gain more insight into the thermodynamics of
single and double ion occupancy. For example, by addition
or deletion of one (L,D) unit near the NHz terminus of the
gramicidin monomer, it is possible to synthesize slightly
longer or shorter dimer channels without causing large con
formational changes at the binding sites. Because one (L,D)
unit corresponds to a length of 1.55 A (Roux and Karplus,
1991a), the distance between the binding sites could be var
ied from -3.10 A (one deletion per monomer in ho
modimers) to ±1.55 A (one deletion or insertion in hybrid
dimers) and +3.10 (one insertion per monomer in ho
modimers). As the diameter of one water molecule is ap
proximately 2.8 A, such modifications would influence the
properties of the water molecules inside the channel and
could, thereby, modulate the relative thermodynamics of
single and double ion occupancy.

APPENDIX

Importance of polarization energy

To illustrate the importance of the second order polarization energy E:;II' the
free energy of charging of Na+ in the channel was also calculated by in
cluding only the fIrst order polarization E~ (see Eqs.·13 and 14). With a
slow growth procedure, a forward trajectory of 50 ps, in which the charge
was varied from 0 to 1, yielded a free energy of -142 kcallmol, and a
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backward trajectory of 50 ps, in which the charge varied from 1 to 0, yielded
a free energy of + 136 kca1lmol, for an average of -139 kca1/mol. This result
contrasts sharply with the value of -100 kca1lmol obtained by including
both the fIrst and second order polarization (see Table 5). The large dif
ference implies that the free energy contribution of second order polariza
tion, .sd~I' corresponds to approximately + 39 kca1lmol. It can be shown that
this result is consistent with an estimate obtained by the free energy per
turbation method. The contribution of second order polarization energy was
calculated in a single perturbation step with Eq. 8 from two trajectories of
15 ps. The fIrst trajectory was generated with only fIrst order polarization,
and the second trajectory was generated with both fIrst and second order
polarization (the results of the two one-step perturbations are combined
together for better convergence). This yields:

.sd~ = V>[ -kBTln(e-E',;,l/kBT)(I) + kBTln(e+E:;,\/kBT)(2)]. (26)

The result is +45 kca1lmol for Na+. These calculations show the importance
of the second order polarization energy in obtaining the correct value for the
free energy of Na+ in the channel.
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