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Sodium in Gramicidin: An Example of a Permion
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ABSTRACT The reaction path and free energy profile of Na* were computed in the interior of the channel protein gramicidin,
with the program MOIL. Gramicidin was represented in atomic detail, but surrounding water and lipid molecules were not
included. Thus, only short range interactions were investigated. The permeation path of the ion was an irregular spiral, far from
a straight line. Permeation cannot be described by motions of a single Na* ion. The minimal energy path includes significant
motion of water and channel atoms as well as motion of the permeating ion. We think of permeation as motion of a permion,
a quasi-particle that includes the many body character of the permeation process, comparable with quasi-particles like holes,
phonons, and electrons of solid-state physics. Na* is accompanied by a plug of water molecules, and motions of water, Na*,
and the atoms of gramicidin are highly correlated. The permion moves like a linear polymer made of waters and ion linked and
moving coherently along a zigzag line, following the reptation mechanism of polymer transport. The effective mass, free energy,
and memory kernel (of the integral describing time-dependent friction) of short range interactions were calculated. The effective
mass of the permion (properly normalized) is much less than Na*. Friction varies substantially along the path. The free energy
profile has two deep minima and several maxima. In certain regions, the dominant motions along the reaction path are those
of the channel protein, not the permeating ion: there, the ion waits while the other atoms move. At these waiting sites, the
permion’s motion along the reaction path is a displacement of the atoms of gramicidin that prepare the way for the Na* ion.

INTRODUCTION

Gramicidin is a small protein that helps ions move through
membranes. Roughly speaking, the channel enhances per-
meation through the membrane in two ways. First, it reduces
the energy barrier created by the low dielectric constant of
the lipid bilayer (compared with water). Second, the channel
tends to maintain (or to provide an alternative to) the sol-
vation shell of the ion. The channel provides interactions
(e.g., between carbonyls and the ion) that replace the hy-
drating waters present in free solution with the solvating
carbonyls of its peptide bonds. These short range strong in-
teractions of the ion with water and channel are the focus of
the present work.

The most appropriate methods to study these short range
forces are calculations with an atomic detail structure of
gramicidin. Other methods need to be used when long range
forces (e.g., polarization etfects across the entire membrane
arising chiefly from macroscopic boundary conditions) have
important effects on the molecular level, because computa-
tion limits the size and duration of simulations in atomic
detail. The size of the system is limited to tens of thousands
of atoms and the time scale of direct simulation (mo-
lecular dynamics) is limited to a few nanoseconds. There
is also a conceptual difficulty. The inclusion of short
range polarization effects in interatomic potentials, and
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macroscopic boundary conditions and flux, still poses a
significant challenge.

[t is therefore important to recognize the restrictions on
molecular dynamics (MD) and to focus on the domain in
which MD can give meaningful results, i.e., phenomena
dominated by short range interactions reasonably indepen-
dent of macroscopic boundary conditions. Others have made
progress in linking short range calculations with long range
effects (Aqvist and Warshel, 1989) known to be important
in channels (Chen and Eisenberg, 1993a; Chen and
Eisenberg, 1993b). However, even the computation of short
range effects poses significant problems because of limita-
tions in the duration of the calculations (i.e., in the time
scales). Reducing the size of the problem is one way to make
these limitations less serious.

The use of a reaction coordinate (Miiller, 1980) dramati-
cally reduces the dimensionality of the system (effectively to
one dimension) and thus the size of computations. The re-
action coordinate is usually defined as the continuous line
connecting the reactant and the product in which the energy
barrier separating the two states is minimal. The probable
path (at finite temperature) followed by an ion (or more pre-
cisely the permion) is not necessarily the lowest energy path.
Nevertheless, the reaction coordinate provides a useful
framework for thermal calculation, because it allows the ef-
ficient production of trajectories at sufficiently low energy
that they are likely to be near the minimal energy path.

The motion of the permion, the atoms of the protein, water,
and permeating ion, as they move along the (multidimen-
sional) reaction path, is much easier to understand than
thermal trajectories computed directly by MD. The permion
includes only motions relevant to the process under inves-
tigation. All other thermal processes are quenched. Atomic
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motions are therefore easier to understand in a calculation of
reaction path than in a calculation of a trajectory, which typi-
cally includes a considerable number of motions irrelevant
to the process of interest, namely permeation.

The permion’s path shows chemical interactions hidden by
the random motions of typical simulations or by the thermal
averaging used in calculations of free energy in these com-
plex (nonequilibrium) systems with coupling reaching from
atomic to macroscopic length and distance scales.

The word permion is a new concept and requires defini-
tion. It is a quasi-particle in the spirit of solid state physics
in which quasi-particles are defined to include some of their
interactions with the solid (e.g., electrons in metals), so they
better describe the system’s dynamics (e.g., phonons in sol-
ids). It is important to emphasize that although the experi-
mental observation in channel measurements is of the current
carried by an ion entering and leaving the channel, descrip-
tion of the movement of the ion alone does not allow a good
representation of the transport process. In fact, the opposite
is suggested by the strong coupling observed between atoms
of the protein, water, and permeating ion (and their motions)
during the permeation process. We shall calculate the prop-
erties of the curvilinear coordinate describing the transport
process and use it to define a quasi-particle, i.e., a permion.

The permion includes a significant number of atoms, in the
same way that a phonon (another particle) describes the co-
herent oscillations of many atoms in a solid. The permion is
completely defined by its effective mass, the effective po-
tential it moves in, and the spectrum of the noise that perturbs
its inertial motion along the effective potential. It also has a
finite lifetime. The quasi-particle maintains its integrity for
long times compared to typical other time scales in the sys-
tem. A permion lives Jonger than the vibrational time scale
of the channel protein just as a phonon lives longer than a few
of its internal oscillations, even when shortened by anhar-
monicity. Quasi-particles maintain their integrity as long as
the internal degrees of freedom of the permion are not too
highly excited. For example, the distance between the ion and
the nearest waters is essentially the same throughout the re-
action path.

The permion consists of the protein channel, the ion, and
eight water molecules, as we shall show later. The contri-
bution of different atoms to the reaction path varies very
significantly from location to location. That is, at some parts
of the reaction path, the ion moves together with the complete
water file; in other parts, the atoms of the protein move while
the ion and the water file are nearly stationary. The transport
process defines the maximal lifetime of the quasi-particle to
be in the 100-ns time scale, namely, the time scale of per-
meation of a single ion, the mean first passage time of
stochastic theory (Barcilon et al., 1993; Eisenberg et al.,
1995); 100 ns is far longer than the typical period of channel
vibrations.

The permion is a useful approximation if two physical
conditions are satisfied. One of them is the integrity of the
permion. The second is a separation of time scales, as found
in many kinetic theories. Specifically, there must be a sepa-
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ration of time scales between the movement of the permion
and the rest of the degrees of freedom of the system. We
assume that other motions (not included in the permion) are
either so fast that they are in thermal equilibrium or are so
slow that they are frozen on the time scale of the permion
motion. If the other motions are frozen, they can (nearly) be
ignored (except for effects on the values and meanings of
effective parameters). If the other motions are so fast that
they are in thermal equilibrium, the configurations of the rest
of the system can be computed either by a MD trajectory of
the system or by sampling from the spatial Boltzmann dis-
tribution (e.g., by a Monte Carlo procedure). If the system is
in fact at equilibrium, both computations should give the
same results at a given permion position. In this case, the
permion can be described as a (quasi-)particle moving in a
system otherwise at equilibrium; the permion is then de-
coupled from the rest of the system.

If the equilibrium condition is not satisfied, the permion
is mixed with other degrees of freedom, and the convenient
one-dimensional picture cannot be justified. If the mixing is
small, perturbation theory can be used, in the same way that
crystal anharmonicity is said to scatter phonons. If mixing is
large, the permion is no longer a useful concept. Without time
scale arguments, further progress cannot be made.

A simple estimate supports the separation of time scales.
Many short range molecular relaxation times that do not in-
clude large conformational changes are in the picosecond
time scale, much shorter than the hundreds of nanoseconds
required for ion permeation. But modes with considerably
longer relaxation times may exist that were not detected in
the finite time of our simulation, and so this argument is not
rigorous. Indeed, the NMR measurements of Cross’s lab,
which determine the correlation times from NMR measure-
ments of *H in gramicidin in a lipid bilayer, North and Cross
(1993) and Lee et al. (1993) show that local and global mo-
tions occur on a 10-100 ns time scale, the expected time scale
of single ion permecation (Barcilon et al., 1993; Eisenberg
et al., 1995).

Most of the properties of the permion can be extracted by
considering its motion along the reaction coordinate if the
assumptions discussed above are sound. For example,
the permion potential is the potential of mean force along the
reaction coordinate. The friction in the stochastic equation of
motion of the permion can be estimated from force fluctua-
tions (noise) along the reaction coordinate via the
fluctuation-dissipation theorem (Berne et al., 1990). The ef-
fective mass of the permion determines its response to ac-
celeration, its inertial motion. It is determined by a combi-
nation of all the masses in the permion and reflects all their
properties. Indeed, in solid state physics, the effective mass
of a quasi-particle can be negative. In our case, the effective
mass is not so mysterious. It can easily be calculated from
a Cartesian representation of its coordinate, as shown pre-
viously (Verkhivker et al., 1992).

It is essential at this point to clearly identify the scparate
steps of the calculation that are used to study the properties
of the permion. Each step is an independent calculation using



908 Biophysical Journal

different computational methods to evaluate different quan-
titics. For that reason, the approximations used in one com-
putation do not, in themselves, affect the others. On the other
hand, one calculation may use as (one of its) inputs the output
of another calculation. Then, the output of the second cal-
culation will depend on another calculation even if they use
unrelated tormulae and computer programs.

The first step is the calculation of the reaction coordinate
itself, namely ¢, the continuous curvilinear coordinate of low
energy that we call the reaction path.

In the second step, we compute the effective potential, the
potential of mean force, acting on the permion as it moves
along this reaction path. We denote the potential of mean
torce by W (g,)

; U(R)
Wiq,) = —kylog | &g — q,)exp| — T dr (1)
B

where R is a vector of all coordinates and U(R) is the full
microscopic potential. The Dirac delta function selects a spe-
cific value of the reaction coordinate ¢,,. The integral is evalu-
ated at every value of g, of interest.

It is obvious from Eq. 1 that the estimation of the po-
tential of mean force depends on the choice of reaction
coordinate; the kernel of the integral is different for dif-
ferent values of the reaction coordinate. The calculation
of W(g) uses a previously assumed or computed form of
the reaction coordinate.

A reaction coordinate ¢ for ion migration through the
gramicidin channel has been computed and reported before
(Etchbest and Pullman, 1985). However, previous investi-
gations used less detailed models than that used here. For
example, some papers did not include water explicitly. In
other studies, the channels were rigid (Pullman and Etchbest,
1977) or a reduced representation of the channel protein was
used (Jordan, 1987).

The reaction path was computed in these previous studies
by the method of adiabatic mapping. As discussed later and
in Materials and Methods, adiabatic mapping is an algorithm
likely to produce discontinuous estimates of the reaction co-
ordinate. Such discontinuities defeat one of the main pur-
poses of the calculation; potentials of mean force (and other
properties of the permion of interest) estimated along a dis-
continuous path are likely to be discontinuous as well. Dis-
continuous estimates of the (actually continuous) potential
are not very useful, particularly if the potential needs to be
differentiated when used in other calculations, as it nearly
always does, because torce is the derivative of potential (e.g.,
the potential of mean force is differentiated in the Langevin
equation). We are not aware of a single calculation of the
potential of mean force in a channel that used the reaction
coordinate in the form it is obtained from adiabatic mapping.

As stated above, the calculation of the profile of free en-
ergy, that is, the potential of mean force, uses the estimate
of the reaction coordinate as an input. To the best of our
knowledge, all previous calculations of the potential of mean
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force used an estimate of reaction coordinate that ran down
the center of the channel, assumed to be a straight line, usu-
ally identified as the 7 axis (see references in the review by
Roux and Karplus, 1994). Our calculation of the free energy

-profile is thus an extension of previous investigations, with

a curvilinear reaction coordinate calculated from the struc-
ture and microscopic interactions of the protein, not assumed
to be a straight line. As is clear from the definition of the
potential of mean force (Eq. 1), the potential of mean force
will be different along different reaction paths. A calculated
curvilinear reaction coordinate is likely to give a more re-
alistic estimate of the potential of mean force than an as-
sumed rectilinear coordinate.

We consider here only the short range properties of the
permion, although clearly they represent just a fraction of
the relevant interactions during the transport process. For
example, the permion interacts with the solvent and the mem-
brane at the permion boundaries and we do not include these
intcractions with macroscopic boundary conditions, al-
though they clearly can be important in determining the flux
of ions through channels in experimental situations. The con-
centration of permeating ions and electrical potential in the
baths surrounding the channel are two macroscopic boundary
conditions used to control flux through a channel in many
experiments. The potential of mean force that we obtained
is thus incomplete (as are, indeed, ncarly all potentials of
mean force obtained from MD simulations of this type of
system). Long range forces need to be included in later work.
For now, we are quite confident that the short range forces
calculated here determine a permion reaction path that is
qualitatively correct; we are less confident of the tree energy
profile of the permion along the path (see Discussion).

A uscful definition of the reaction (or the permion) co-
ordinate is the steepest descent path (SDP). It is continuous
and the energy barriers along it are the lowest possible. Meth-
ods have been developed to calculate the SDP in small mo-
lecular systems (Miiller, 1980) and they have proven most
helpful in understanding atomic interactions in small sys-
tems. Most of them require calculations of second derivatives
of the potential or related matrices. However helpful and
appropriate for small systems, these techniques are not suc-
cesstul for large systems with more than 100 atoms. The
inversion of the relevant matrices becomes expensive and
even unstable because a large number of low frequency
modes (with eigenvalues close to zero) enter the system as
it grows to the size of a protein. It is, therefore, essential to
design a different approach that provides a continuous mini-
mal energy path and yet is not limited to small molecules. At
this point, it should be emphasized that the widely used ap-
proach of adiabatic mapping (Miiller, 1980), in which a co-
ordinate is assumed and the energy is minimized with respect
to other coordinates, is mathematically and formally ill de-
fined. Adiabatic mapping is especially problematic when a
large number of degrees of freedom and local energy minima
are involved. Many of the torsions in large systems have
multiple minima and the paths computed by the adiabatic
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method are likely to be discontinuous. Proteins have a very
high density of local energy minima (Elber and Karplus,
1987) and so the reference coordinate used by adiabatic map-
ping is likely to produce discontinuities in the path between
alternate minima as illustrated in the simplified two-
dimensional model (Fig. 1) we now discuss in detail in re-
sponse to several requests.

In the model potential surface shown in Fig. 1 of a fic-
titious two-dimensional channel, alternating minima in en-
ergy are found to the right and to the left of the line down
the center of the channel, as in the real gramicidin. The adia-
batic calculation starts at the bottom of the figure (say), on
the (here vertical) z axis. It moves upward (i.e., forward) one
step, and then determines the location x,_. of the minimum

min

Discontinuous Paths

= >Ny
SY. Y

R NA)
v, =
I

YN
Y

Local Minima 3

== Reaction Path

VAN
\J
>

Z

FIGURE 1 Discontinuous estimates of the reaction path. The figure
shows the contours of a hypothetical, but not unrealistic, potential surface
and the estimate of the reaction path that might arise from adiabatic mapping
when alternating minima in cnergy are present, as they often are in the
potential surface of proteins. The minimum on the right extends from z, to
25 The minimum on the left extends from z, to 2,. The values of ; are in
ascending order. z; < 2, < Z; < Z,, so the minima on the left and the right
overlap in the region [2,, 2;). An adiabatic calculation (sec text) steps along
a continuous path as long as that path remains in the concave region of a
local minimum. When a further step would take the path out of the concavity
of that local minimum, the estimated path tends to jump discontinuously to
another concave region, surrounding a different local minimum. Discon-
tinuous estimates of reaction path are not useful because they produce dis-
continuous estimates of functions. e.g.. potentials, that need to be differ-
entiated, a point shown particularly clearly in Fig. 17, as well as in Fig. 7B
and Fig. 8B.
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of energy, in this figure, along its (here horizontal) x coor-
dinate. (The z coordinate is hcld fixed in the calculation
whereas the energy is minimized with respect to x.) In this
way, adiabatic mapping determines a different value of x_;,
for each value of z and so (typically) yields a curvilinear
estimate x,, = f(z) of the reaction coordinate. The estimate
of the reaction coordinate, namely the function f(z) is, how-
ever, frequently also discontinuous, as we shall now see.

Consider what happens as the adiabatic procedure is used
with successively larger values of z. At first, everything is
fine; as long as the z coordinate is within the range of at-
traction of the local minimum (the stippled area in the figure,
z > 2,3 x > 0), the adiabatic procedure produces a smooth
reasonable estimate. Consider what happens, however, when
the path reaches the contour line z, that marks the upper cdge
of the local minimum on the right, where x > 0. The minimum
on the right extends from z; to z;. The minimum on the left
extends from z, to z,. The values of z are in ascending order,
2y < 2, < 2 < Z, S0 the minima on the left and the right overlap
in the region z,, z;. When z is increased one step more, so
Z >z, it moves beyond the region of the local minimum on
the right. z moves out of the concave region of the potential
surface; the sign of the curvature of the potential surface
changes and the potential surface can no longer hold water;
zis no longer in the basin of the same local minimum. At this
new point z > z;, however, the minimization procedure of
adiabatic mapping can still find a minimum in the potential
surface, because a minimum still exists for z > z,, but it is a
different minimum now on the other side of the x axis. This
second minimum is in a different region (of concavity), and
the path found by adiabatic mapping has jumped there dis-
continuously. This example was designed to show the effects
of overlapping minima, by making the minima on the right
extend from z, to z, and the minimum on the left extend from
z, to g, with z; < z, < zy < z,. Overlapping local minima like
these are present in many proteins and so adiabatic mapping
usually yields a discontinuous estimate of the reaction path,
as it has in Fig. 1.

In summary, highly flexible proteins have many overlap-
ping local minima, and so adiabatic mapping is likely to
produce a discontinuous (estimated) path that cannot be dif-
ferentiated or used directly in a Langevin equation. In fact,
application of adiabatic mapping to a rigid channel (Kim
et al., 1985) is probably more sound than application to a
flexible channel, because the rigid case has highly reduced
dimensionality and fewer minima.

To produce a continuous estimate of the reaction path, and
thereby avoid these problems, we use the Self-Penalty Walk
(SPW) (Czerminski and Elber, 1990a) technique developed
in Elber’s lab to compute reaction paths in large molecular
systems with multiple local minima. Umbrella sampling
(Patey and Valleau, 1973) is then used to calculate the po-
tential of mean force along that estimated path (Verkhivker
etal., 1992). The effective mass of the permion and the spec-
trum of the noise were also calculated.
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This manuscript is organized as follows: in the next section
we discuss the formulae and the numerical techniques used
to calculate the reaction (permion) coordinate; the potential
of mean force; the effective mass; and the force-force cor-
relations. The calculations are presented in Results and ana-
lyzed there and in Discussion.

MATERIALS AND METHODS

Formulae

The SPW method, described elsewhere (Czerminski and Elber, 1990b;
Nowak ct al., 1991), provides a continuous path that approximates the SDP.
The path is modeled by a hypothetical composite polymer made of many
copies of the system, each with the ion at a different location. The energy
of the polymer is called § and is given by

S=2XVi+y2(d, — ()P +p2 exp(~ )\zld)) o)
where V; is the potential energy of a single monomer of the hypothetical
polymer. It is also the energy of the system as a whole, the permcating ion,
the accompanying waters, and the channel protein itself. ;; is the distance
(rms in Cartesian space) between monomers i and j, and (d) is the mean
distance between the monomers averaged over all the monomers. The in-
dividual distance between monomers is calculated as follows: let R, be the
coordinate set of the ith copy of the system and R; be the coordinate set of
the jth copy. R; is oriented with respect to R; such that the norm of the vector
distance |R; — R;l is minimal. The minimal norm is called individual
distance ‘[i.;' The constants vy, p and, A are described in detail elsewhere
(Czerminski and Elber, 1990a).

The first term in Eq. 1 includes the sum of the physical energies of
the copies of the system. The second term forces all the intermediates
to be the same distance apart, thus forcing the intermediates Lo be
equally spaced along the path giving a quite uniform and homogeneous
distribution of samples along the reaction path. Intermediates are the
copics of the system not in the first or last position along the reaction
coordinate, in other words, the copies of the system not including the
reactant or product.

The third term is a repulsion term needed to prevent the path from ag-
gregating into a tangle (Czerminski and Elber, 1990a); the lower it is set,
the better the approximation to the SDP, provided the path is still continuous.
Of course, it the repulsion is too low, the path becomes wildly irregular and
folded back on itself, because the trajectory then tends to spend most of its
time near the minima. Proper sampling at the barriers is therefore difficult
if the repulsion is set to too small a value. As was shown in earlier work
(Czerminski and Elber, 1990a), large repulsion (i.e., large p or large A) is
equivalent to a system (the permion) moving along the rcaction path with
high kinetic energy. With very high kinetic encrgy, the permion in fact
follows a straight line path connecting reactant and product, barreling right
through a potential energy barrier. With lower repulsion, and thus kinetic
energy, the permion cannot penetrate the barrier. Rather, it climbs it. With
too low repulsion, and thus kinetic energy, the permion will climb irregularly
over the barrier. It will follow a seemingly stochastic path like Brownian
motion, doubling back on itself, eventually forming a tangle of trajectories.
The value of the repulsion is chosen as low as possible while still giving a
monotonic path with a reasonable number of intermediates near the potential
barrier, thus providing reasonable sampling of the configuration space of the
system near the top of the potential function along the reaction coordinate.
The optimized path is found by direct (numerical) minimization of the pen-
alty function defined in Eq. 2 subject to constraints on center of mass trans-
lations and rigid body rotations. These constraints eliminate irrelevant de-
grees of freedom, e.g.. those corresponding to the translations of a rigid
body. The optimized path is a minimal energy configuration of the hypo-
thetical composite polymer.

The SPW path can be viewed as a particular trajectory of low kinetic
energy (Czerminski and Elber, 1990a) mathematically defining (in the

i i
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present case) the permion. The effective mass of the permion was calculated
as described elsewhere (Verkhivker et al., 1992). Let ¢, be the slope of the
reaction coordinate at the ith position, estimated by

- R

RI +1 il
®)

ei:'Ri»l — R

where R is the coordinate vector of the whole system (protein channel,
usually eight water molecules, and an ion) at the jth position along the
reaction coordinate. The permion effective mass at the jth position, M(q,)
is the matrix element

M(q;) = (¢l Mie)) 4)

where M is the effective mass matrix in the Cartesian representation. The
effective mass of the permion helps determine its motion along the reaction
coordinate according to Newton’s laws, written here with the help of the
Lagrangian

L= Vo{vle e Mle)ev) }
&)
+ Va(vil = e 1 —e ML —e XL —elv)— UR)

Here TeXe,! is a projection operator in the direction of the permion co-
ordinate at the gth position and (1 — IeXe,!) is the complementary pro-
Jjection operator; v is the vector of velocities. The first two terms of Eq. 5
are kinetic energies: the kinetic energy of ¢ and the kinetic energy of ev-
erything else. The last term is the potential energy. The projection operator
is a function of ¢ and so an alternative notation is possible in which

(vie,) = dg/di; (eI Mie) = Mig);

©

(il —e) =] (L—eIMIT —e)=M

M’ is the (eftective) mass of the rest of the system, the system other than
the permion. With this notation, each term in the Lagrangian can be written
in two difterent ways, e.g., the velocity component along ¢ can be written
as dyfdr ot as (vle). In fact, the Lagrangian itself can be written

Lo fdg\ ot
L::;M(q) o -r—,sz*—L(R) @)

The momentum along the permion coordinate, namely P, is calculated
by standard procedure, i.c., P, = (9L/9(dg/de)) = M(q)(dg/dr). 1tis clear then
that the effective mass defined in Eq. 6 above is the conjugate mass for the
motion along the reaction coordinate ¢. We comment that the effective mass
M' also depends on ¢. If averaging is done over the other velocities in the
problem, an additional potential term appears in the equations that typically
has a weak spatial dependence (Elber, 1990).

One of the long range goals of the work initiated in this paper is to provide
a stochastic theory describing the motion of the permion in a reduced way,
with a Langevin equation or something like that, simpler and faster to com-
pute than the simulations of MD. The reduced description has advantages
that compensate for its lack of atomic detail. For example, it can incorporate
boundary conditions and coupling to the macroscopic electric tields. Most
importantly, it can directly describe the nonequilibrium systems that are
usually used experimentally, in which substantial flux tlows and is meas-
ured. The reduced description exploits the separation of time scales in chan-
nel permeation, by which the motion of the permion is much slower than
the motion of its internal degrees of freedom.

To properly reduce the number of degrees of treedom of the problem and
to formulate a systematic and rigorous theory, it is important to start from
the exact equations of motion for the permion, i.., by using the usual
Newtonian mechanics without applying any reduction. Once the exact
equations are written and analyzed in simulations, we have a better
chance of deriving the correct reduced equations and parameters for the
reduced motion.

The exact equations of motion for the permion can be written by starting
with the usual Lagrangian and rotating its coordinate system so that it will
be the curvilinear coordinate of the permion as determined in the full (non-
reduced) simulations. Eq. 5 is the exact Lagrangian in which one of the
coordinates is the permion coordinate. It is evident from the equation that
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the effective mass for motion along that coordinate (the permion coordinate)
is the mass defined in Eq. 4 and used in the exact Lagrangian (Eq. 5). The
effective mass relevant for ion permeation in the real channel will also be
averaged over thermal degrees of freedom and will include the effects of
external forces and so may differ to some extent from that defined above
in Egs. 4 and 5. Nonetheless, the definitions of Egs. 4 and 5 are the correct
starting place for later work. It is possible that the passage of a permion over
a potential barrier in the reaction path will be done in a nondiffusive way,
producing flux and other properties different from those of pure diffusive
motion. Chiu et al. (1993) report just such properties. having also found
highly coherent motion of ion and water during permecation. It is im-
portant, therefore, not to assume a diffusive behavior to start with.
Rather. one must establish the time scale on which the diffusive model
is a decent approximation.

We follow earlier work (Verkhivker et al., 1992) also in the calcu-
lation of the potential of mean force and the friction kernel along the
discrete representation of the path. Umbrella sampling (Patecy and Val-
leau, 1973) is used in the calculation of the potential of mean force with
biasing potential,

Ui(R) = kA® = k[(R = R)) - ¢, &)

where R is a coordinate set from the trajectory that is used for the
sampling and £ is the biasing force constant, restricting the trajectory
to the ncighborhood of the ith position along the reaction coordinate.
A is the deviation of the trajectory coordinate from the ith position along
the reaction path.

We consider next the metric of the reaction path, the variable ¢. Setting
the origin of the reaction coordinate to zero at the reactants, the value of the
reaction coordinate ¢, at the ith position is defined as

i
4= 2 (R — R, ¢ ()]
j=i
where R, = 0 (see also Fig. 2). For convenience we shall also use the index
of the intermediate structure to denote the location along the reaction co-
ordinate. As the structures along the path are equidistant, ¢ is proportional
to the structure index. Note that ¢ defines a single valued function. The
position of the ion in the channel, along the z axis, is not necessarily a single
valued function and it is in that sense ambiguous. We found such ambiguity
(see Results and Fig. 16).
Let P(q) be the thermal probability density of the system to be at g. This
function is related to the potential of mean force W(q) by:

Wig) = —kyT log P(q) (10)

where ky, is the Boltzmann constant and T is the absolute temperature. P(q)
is related to Py (g), the probability density generated in the presence of the

FIGURE 2 The reaction path g (dark line) and segments along it (dotted
line). The vertices of the dotted line are the locations g; of the text.
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biasing potential, by

U
i(g) +C (11)

log P(g) = log PU‘(q) + kT '

where C, is a constant that is independent of g. Hence, given all the calculated
log Py(q), all the log P(q) cun be extracted (up to a global and irrelevant
additive constant) by the window matching procedure (Pangali et al., 1979).

Finally, the friction kernel is calculated from the force-force fluctuations.
According to linear response theory,

(8F (1) + 8F(0)) = 2ak,, TT (1), (12)

where SF is the random force and I'(r) the memory kernel (Kubo et al.,
1991). The (- - -) denotes a thermal average computed here over a trajectory.
We investigated the possibility that the friction may be a function of the
position of the permion along the reaction coordinate. The random force at
g, was identified in an empirical way, as the fluctuations of the force along
the reaction coordinate for a trajectory at ;. That is, the coordinate vector
R, was sampled from a thermal distribution at a fixed ¢;. With linear con-
straints, it is easy to generate trajectories at fixed g; (Elber, 1990). Then,
dv, aw,

OF = 4+ —
F, 7R € g

(13)
where W, is the potential of mean force at ¢;. Thus, the random force along
the permion coordinate is defined as the difference between the mean force
and a projection of the full microscopic force sampled from a thermal dis-
tribution along ¢ (Straub et al., 1990). It should be noted that the above
expression is approximate and leaves out some possible effects (Straub et al.,
1990). For example, we do not allow the reaction coordinate to move in
response to the presence of the random force.

The thermodynamic average (- - -) in Eq. 12 is calculated by a time
average obtained from the trajectory:

1
(SF,(1)8F,(0)) = N > 8F,(t + T8F,(7), (14)

where N_is the number of sampling points we have for a time interval 7.
For example, a raw trajectory of 1000 points provides 500 points for the
average with an interval 7 = 2 between them. It provides only one point for
the average if the interval r is 1000; the statistics (and the accuracy) decreases
with increases in the length of the time interval considered.

Computational protocol

The potential energy parameters for the atomic interactions V, were those
of the MOIL program (Elber et al.,, 1993), a combination of OPLS
(Jorgensen and Tirado-Rives, 1988), AMBER (Weiner et al., 1984), and
CHARMM (Brooks et al., 1983) force fields. The OPLS determines all the
nonbonded parameters, excluding that of the ion; the latter are taken from
the literature (Mackay et al., 1984). The AMBER force field is used for
almost all the covalent energy terms. Only the parameters for improper
energy terms are taken from CHARMM. The water model was TIP3P (Jor-
gensen et al., 1983). The scaling parameters for the 1-4 interactions were
8 and 2 for the van der Waals and the electrostatic terms, respectively. The
dielectric constant was 1 and no cutoff for van der Waals and electrostatic
interactions was used.

The reaction path calculations used a discretized version of the action
described in the Materials and Methods. The atomic coordinates of the
gramicidin ion channel were kindly provided by B. Roux (Roux and Kar-
plus, 1991; Roux and Karplus, 1994). Initial and final structures for the ion
transport (reactant and product, the fixed monomers on the edges of the
polymer) were computed as follows: the channel’s pore was oriented along
the z axis and the ion (sodium) was placed inside the channel, with four water
molecules flanking it on either side (Fig. 3). The structure was equilibrated
and then minimized for 2000 steps with a conjugate gradient routine. The
local energy of the reactant and product found by this procedure turns out
to be quite large (see below). In the initial structure (the minimized con-
figuration we call the reactant), the fon is already quite deep into the channel,
only 6 A away from the channel center.
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FIGURE 3 The structure of the reactant. The protein channel (grami-
cidin), eight water molecules, and the sodium ion are at the path starting
point.

In this paper, we do not consider the process of ion entry and focus instead
on the permion properties inside the channel. We deliberately did not place
the reactant position of the permion closer to the end of the channel because
the file of waters would then extend signiticantly into the bath. The 8 or 12
water molecultes used in our calculation are unlikely to provide a decent
approximation to the bath, or to its diclectric effects. Such calculations will
be done in the future. We were also concerned that our approximate bound-
ary conditions do not supply suitable solvation at the edges of the channel.
We addressed this issue (in the present context) by repeating the calculation
of the reaction path with 12 water molecules instead of 8. The small changes
in the properties of the reaction coordinate (see Fig. 9 below) support our
conjecture that the permion coordinate (but not necessarily the encrgy or free
energy) is determined primarily by the short range local interactions well
described in our model.

Since the channel is symmetric, the structure of the ‘products’ was ob-
tained by rotating the structure by 180° and renaming the protein residues
and the water molecules such that the rms deviation of the rotated structure
trom the original coordinates is minimal.

The SPW algorithm requires an initial guess for the path, that is, a discrete
set of coordinates along a path connecting the two end points. We use a
straight line (Cartesian) interpolation between the reactant and the product
as an initial guess, because it is the simplest and the least biased. The straight
line is clearly the trajectory followed by the system in the limit of high
kinetic energy, already used in the past as a reaction coordinate for grami-
cidin (Roux and Karplus, 1991). The final path (the output of the algorithm)
is determined by a nonlinear optimization procedure starting from this initial
guess.

The very fact that the optimization routine finds a lower energy as
it bends the straight line initial guess into a curvilinear reaction path
shows the need for the calculation. The two calculations do not yield
identical energies; the energy along a curvilinear path is lower than
along a rectilinear path. Calculations along a rectilinear path do not
reproduce calculations along a curvilinear path, even if the position of
atoms along the rectilinear path are chosen to minimize the energy at
that location because the minimized coordinate is defined by an adia-
batic mapping procedure that, as we have argued previously (in the
[ntroduction), is likely to produce a discontinuous estimate of the path.
The two calculations do not yicld the same estimate of energy; they do
not vield the same coordinates of the atoms of the protein, water, or ion
(either relative or absolute); and they do not lead to the same estimates
of tree energy or other derived quantities.

A nonlinear optimization of the dimension performed here is large.
[t has 204,417 degrees of freedom which is 3 X (the number of particles
= 339) X (the number of grid points = 201). Optimization of such a
large system is likely to vield more than one solution. Starting from the
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above initial guess, the path calculations were repeated four times, vary-
ing the number of grid points. For computational convenience (i.e.,
having a structure exactly at the path center), the code requires an odd
number of intermediate points. We used 51, 101, 201, and 401 grid
points. The parameters for the path were y = 2000 kcal/mol A2, p =

2000 kcal/mol, and A = 2. The path was optimized for 10,000 steps of

the conjugate gradient method of Powell, resulting in a gradient of §
smaller than 0.01 kcal/mol A. The gradient is normalized for one degree
of freedom.

To caiculate the potential of mean force, the umbrella sampling protocol,
described in Materials and Methods, was used. The force constant £ was 0.6
keal/mol A%, We tried also k = 1 keal/mol A% and k = 0.3 kcal/mol A? with
similar results. The system was equilibrated for 5 ps and then run (and
sampled) for 45 ps. generating the 101 distributions (that we call Py (g;)) for
the different grid points ¢;.

After the equilibration period, overlapping windows were calculated for
the most detailed path (the path with 201 points). However, in contrast to
the calculation of the minimal encrgy path, the calculation of the potential
of mean force extended only to the middle of the reaction coordinate (to
reduce both the machine and human labor involved in this lengthy calcu-
lation). By symmetry the second half must be the same. It is important that
the calculation of the path of minimal energy (i.c., the reaction coordinate)
not be confused with the calculation of free energy. In the calculation of the
path we did not assume the symmetry but rather checked for it in the results
of the calculations. In particular, we evaluated reliability of the calculation
of the (estimate of the minimal energy) reaction coordinate by looking for
the symmetry that should be there.

The torce fluctuations were computed from a 50-ps trajectory at three
fixed positions of g. The projection of the force along the reaction coordinate
was saved at each step (of the 50-ps trajectory), providing a sampling of
50,000 points for the calculation of the correlation function (Eq. 8). The
force-force correlations were calculated at the start of the reaction coordi-
nate, in the minimal free energy point, and on the barrier in the center of
the channel.

RESULTS
Minimal energy path

In Fig. 4 we show three SPW minimal energy profiles: A-C
are minimal energy paths calculated with 51, 101, and 201
points, respectively. The energy shown includes only the
physical forces within the monomers, within each copy of the
system. The energy of the repulsion term of Eq. 2 was not
included, nor was the energy of the constraining forces that
keep the samples equidistant on the reaction path. Although
the paths did not converge to the same function, they do have
common features. All the paths have a barrier in the middle
of the channel approximately 10 kcal/mol high (measured
from the lowest energy minimum).

The position of the deepest minimum inside the channel
is approximately the same in the three paths of Fig. 4. The
two symmetric pairs of barriers (in addition to the barrier
in the center) include one pair of barriers closer to the
reactant (the starting position of the permion in our cal-
culation) and another pair closer to the center. These bar-
riers are present in all paths. Nevertheless, the paths dif-
fer; the greater the resolution of the path, the more atomic
details are revealed. Clearly, the calculations have not
converged to a unique estimatc of the detailed structure
of the minimal energy paths. We shall, therefore, restrict
the investigation of path properties only to features that
are common to all three paths.
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FIGURE 4 Minimal energy paths calculated by the SPW method for ion
transport through the gramicidin channel. The paths are shown as a function
of the structure number. The only difference between the calculations is the
number of grid points. (A) A path with 51 grid points; (B) a path with 101
points, and (C) a path with 201 grid points. Path (C) was used for further
analysis of the reaction coordinate and in the free energy calculations. See
text for more details.

In Fig. 5 we show the atomic structure of the barrier in the
middle of the path overlapped with the protein configuration
at the beginning of the path. The differences between the two
protein structures are not localized. Rather, they spread
throughout the protein, suggesting that protein motions that
contribute to the reduction in the barrier heights are modes
with extended (spatial) low frequency modes. The rms de-
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FIGURE 5 The protein structure at the barrier (ion in the channel center).
The structure is overlapped with the starting. i.e.. reactant configuration.

viation between all the a-carbons of the amino acids of the
two structures 1s (0.4 A.

Complexities of motion

In the simplest possible picture of ion permeation, the re-
action path includes only the coordinate of the ion (Roux and
Karplus, 1991) and is a straight line. Fig. 6 shows that the
path we calculate is not a straight line. We shall soon see that
it contains much more than the motion of one ion.

Fig. 6 shows the calculated path of the ion and the protein
channel. For simplicity, only a single protein structure (the
reactant, namely the starting structure) is shown, and the
eight water molecules that were included in the calculations
are not shown. It is clear that the ion path is not a straight
line. Indeed, the path is not even a monotonic function of the
rectilinear coordinate z; it moves nearly at right angles to z
in some locations. Waiting sites, in which the ion waits for
other particles’ motions, are seen along the ion pathway, as
we shall soon document.

In a more refined picture of permeation, the whole water
file moves coherently with the ion, simply because the ion
cannot pass a water molecule in the channel, as has been
discussed for many years (and reviewed in Roux and
Karplus, 1994). In Fig. 7A, we show the z displacement (i.c.,
displacement perpendicular to the plane of the membrane) of
the water molecule in the first solvation shell and the 7 dis-
placement of the ion. They are clearly highly correlated. Sig-
nificant (albeit weaker) correlation exists also between the
motion of the ion and the motion of the fourth water molecule
(Fig. 7B). This result supports the previously reported highly
correlated motion of the whole file (Chiu et al., 1989: Chiu
et al., 1993; and see earlier references in Roux and Karplus,
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FIGURE 6 The paths followed by the sodium atom through the channel.
For clarity only a single protein structure is shown. Furthermore, none of
the water molecules is included in the plot. Both flexible protein and eight
waters were used in the calculations. Note that the ion motion strongly
deviates from a straight line.

1994). However, the minimal energy path we calculate is
more complex than previously reported, perhaps because our
model of gramicidin is less subject to ad hoc constraints than
those used in earlier calculations of reaction path.

Our results suggest that in addition to the coherent motion
of the ion and the waters, it is necessary to include the mo-
tions of the channel protein. One way of showing this is to
re-examine the z coordinate of the ion as a function of the
reaction path. In Fig. 7A we show that if the permion is
moved monotonically along the channel, there are places
along the reaction coordinate in which the ion waits; the
value of its z coordinate hardly changes whereas the value of
other coordinates are changing (see also Fig. 88). The visual
metaphor used here assumes the permion is dragged through
its conformations at a constant rate in time.

In addition to motion along the z axis, the ion follows a
complex trajectory in the xy plane. In Fig. 84, we show the
projection of the reaction path on the x and v coordinate of
the ion. The ion rests for a while on the channel walls at
positions of maximal coordination (to the water and to the
carbonyl oxygens). The plot of the x and y position along the
reaction coordinate shows sharp transitions from one local-
ization site to the next (Fig. 88). As the intermediate struc-
tures along the path are equally spaced (in the reaction co-
ordinate, but not in the z coordinate), other parts of the system
must move while the ion rests. This motion cannot be of the
water, because the ion and the water motion is quite coherent
(see Fig. 7 for water  coordinate) and the ion does not move.
In fact, the extra motion is found in the atoms of the channel
protein. It is clear then that consideration of the motion of
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FIGURE 7 (A) The displacement of the ion and the nearest water along
the z axis (perpendicular to the plane of the membrane) as a function of the
reaction coordinate (the number of the structure). The displacement is in
angstroms. (B) The displacement of the ion and the water molecule at the
edge of the file. Note that the motion of the water is still correlated well with
that of the ion, except near the beginning of the reaction coordinate, where
this water molecule is actually outside the channel (see also Fig. 3).

only the ion, or even of the ion and the water, neglects im-
portant motions. This is especially true at the waiting sites,
the binding sites of state theories of permeation (as reviewed
in Hille, 1992).

We were concerned with the effects of the boundary con-
ditions of our calculation on the qualitative properties ob-
served in the simulations. We therefore repeated the calcu-
lations with 12 water molecules and 51 grid points. Fig. 94
shows the motion of the ion in the xy plane and Fig. 98 shows
the 7 position of the ion as a function of the reaction coor-
dinate. The results are evidently quite similar to those ob-
tained with 8 water molecules shown in Fig. 7A and 8A.

Clearly, more needs to be done to describe the etfects of
the entry step, of dehydration and re-solvation on the per-
meation process. Despite the limitations of our calculations,
particularly with regard to the entry step, they are different
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FIGURE 8 Complex ionic motions, with a file of eight waters. (A) The

ion motion projected to the xv plane, the plane perpendicular to the channel
axis. The displacement is in angstroms. Note the highly irregular motion of
the ion in the plane that accompanies a monotonic motion along the channel
axis (Fig. 6A). (B) The ion motion in the plane perpendicular to the z axis.
Motion along the x axis is shown as a solid line decorated with diamonds
and along the y axis as a dashed-dotted line; both are plotted as a function
of the structure number (reaction coordinate). The displacement is in
angstroms.

and complementary to previous calculations made with pe-
riodic boundary conditions that severely restrict the dynam-
ics of the protein.

The complexity of motion of the permion can be further
seen in the properties of the vectors e;. These vectors describe
the slope of the path at different values of g,, different po-
sitions along the reaction coordinate. The components of e,
which we call e;, are the Cartesian elements of the atomic
displacements as the structure number moves from g; to ¢, ,.
If most of the atoms were at rest and only the ion moved
between structures i and i + 1, then the Cartesian displace-
ments of the ion e; would be finite (nonzero) but all other
values of e; would be zero. In Fig. 10 we show ¢;; (specifi-
cally, the norm of the atomic components of ;) as a function
of the atom number (i.e.. the index used to identify each atom
in the structure of gramicidin).
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FIGURE 9 Complex ionic motions of a file of 12 waters. (A) A com-
putation with a file of 12 waters directly comparable with the computation
with a file of 8 waters shown in Fig. 84. The ion motion projected to the
xv plane, the plane perpendicular to the channel axis. The displacement is
in angstroms. Note the highly irregular motion of the ion in the plane that
accompanies a monotonic motion along the channel axis (Fig. 6A). (B) A
computation with a file of 12 waters directly comparable with the compu-
tation with a file of 8 waters shown in Fig. 7A. The displacement of the ion
and the nearest water along the z axis (perpendicular to the plane of the
membrane) as a function of the reaction coordinate (the number of the
structure). The displacement is in angstroms.

We consider the path slope (i.e., norm of the displacement
of all atoms as the structure number changes from ¢, to g, ;)
at three different positions ¢;: (A ) at the beginning of the path,
(B) at the free energy minimum, and (C) at the barrier in the
center of the protein channel. Note that the atom number of
the sodium atom is 315 and the atom numbers of the water
molecules are 316-339. It is clear from Fig. 10A that a very
significant number of atoms contribute to the reaction co-
ordinate, at least at this position at the beginning of the path.
The motion of the ion or the waters does not dominate. In-
deed, most of the water molecules are at rest. Most of the
motion is in the protein. The motions within the protein at
this reactant site are initial displacements that prepare the
way for the permion migration. For example, the displace-
ment of an atom (index number 156) at the COOH terminus
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FIGURE 10 The norm of the atomic components of ¢;.. €; is the path slope
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of gramicidin is guiding the motion of the water molecule in
the channel. This atom (number 156) is the highest peak in
Fig. 10A.

It is interesting to contrast the components of motion at this
initial site with the motion when the permion is at a different
location, namely at the free energy minimum (see Fig. 105).
There, the largest displacement within the permion is of a
hydrogen atom of a water molecule. There, the water mol-
ecule simply rotates (around one of the O-H bonds), thus
preserving the position of one oxygen and one hydrogen
atom, while displacing the second hydrogen to form a new
hydrogen bond with a carbonyl oxygen. The displaced hy-
drogen of the water is the largest peak in Fig. 108, and the
carbonyl oxygen is the second largest peak.

The motions we observe are really quite complex and far
from linear (Fig. 6). Furthermore, the motion is never the
motion of just the ion. At the reactant position (i.e., the start
in Fig. 10A) and at the free energy minimum (Fig. 108),
significant protein movements are observed. Only at the cen-
tral barrier is the movement along the reaction path domi-
nated by the ion and the water file (Fig. 10C).

Previous investigations of reaction path and
dynamics of permeation

The reaction path for ion permeation through the gramicidin
ion channel has been investigated many times in the past
(Fornili et al., 1984; Kim et al., 1985; Pullman, 1987; Jordan,
1987; Jordan, 1990; Chiu et al., 1989; Chiu et al., 1993).
Nevertheless, motions on the level of complexity suggested
here have not been observed, either because the models were
simplified or the channel protein was restrained. Our calcu-
lation, despite its admitted (and evident) limitations is more
realistic than many earlier calculations. For example, we did
not use a reduced representation of the channel protein (e.g.,
as a periodic gramicidin with only alanine side chains) or
periodic boundary conditions. Correlated motions of the at-
oms of the protein are probably larger in unrestrained
channels. These motions are seen more clearly in the re-
action path than in individual trajectories, because tra-
jectories are not computed for long enough durations to
observe significant displacement of the atoms. They are
seen more clearly in the reaction path than in the potential
of mean force because that is thermally averaged and so
some atomic details are lost.

The correlations we observe when an ion follows a cur-
vilinear (lowest energy continuous) reaction path suggest a
clear mechanistic picture of transport. Indeed, that is why
paths are so widely used to help understand the mechanism
of chemical reactions; they provide chemical insights hard to
develop from stochastic simulations or smoothed estimates
of potential of mean force.

Determinants of the energy barriers

It is worthwhile to try to partition the energy along the re-
action path into its different components to see how much of
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the permeation energy is determined by the channel protein
itself and how much is determined by the protein plus water
and ion. Fig. 11 shows the energy profile of the reaction path
excluding the interactions of the sodium atom. Fig. 12 shows
the interactions within the protein only, excluding both
the ion and the water. Interestingly enough, the shape of the
energy profile (that is, the location of the minima and the bar-
riers) for the waters only path (Fig. 11) is similar to that of
the path with ion present, although, of course, the absolute
values of the energy and the height of the barriers are modi-
fied by the absence of the ion. This is not surprising, because
many of the stabilizing interactions with water are lost when
the ion is removed. It seems that the essential features of the
path are not determined by interactions with the ion but by
other forces, say, those between the atoms of the protein and
between the atoms of the protein and the water of the channel.
Comparisons with the permions of other species of ions,
H,0", OH™, K*, Li*, Rb*, Cs™, and TI*, would be particu-
larly interesting and might reveal much about the mechanism
of selectivity in channels (at zero flow, of course), a subject
of speculation for more than a century because of its great
biological importance (Hille, 1992).

We also calculated the internal energy of just the channel
protein excluding both ion and water(s) along the path (Fig.
12). The very different shape of the internal energy profile
in this calculation indicates that the protein itself does not
determine the positions of the critical barriers for permeation.
To be sure, the protein makes a significant contribution to the
energy profile (most notably when the water molecules enter
or exit the channel at the path edges), but the barriers found
in the intact permion are not found in the protein calculated
without water or ion. The location of barriers and the per-
meation properties of the system are properties of the per-
mion, not just the channel protein. It is the location of the
whole file—both the waters and the ion—that determines the
position of the minima and the barriers along the permion
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FIGURE 11 The energy along the minimal energy path excluding the

interactions of the sodium. That is, the van der Waals parameters and the
charge of the sodium were set to zero and the energy of the path was re-
calculated by using the coordinates of the previously determined SPW path.
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coordinate. The energy profile of the protein cannot itself
determine even the location of the relevant barriers or waiting
sites. The energy profile of the protein plus water (without
ion) contains, however, the relevant barriers and waiting
states. Note that the channel is completely stuffed in our
model of 8 waters only when the ion is halfway across the
channel. With 12 waters, it is stuffed all the way, which is
why we did that calculation, to be sure that the number of
waters did not change our qualitative conclusions.

Motion of the permion

The single file movement of the ion and accompanying wa-
ters deserves further consideration. Fig. 13 shows the trans-
location of the ion. Ideally, the ion is solvated by four car-
bonyls of the channel protein and two nearest waters. For the
ion to move, it must lose part of this solvation shell; the
carbonyls are fixed in place and cannot migrate with the ion
as the waters do. In Fig. 13, A and B, we show a typical trans-
location. The ion maintains two of the original four carbonyls
while leaning forward towards the two new carbonyls.

The ion motion is of considerable interest, but, as we ar-
gued above, it is the motion of the whole file, the permion,
if one includes the protein motions, that determines the shape
of the energy profile.

How does the permion, the water file plus protein, move?
Pictorially, one may think of the file of ion and waters as a
polymer, with bonds, angles, and torsions. The bonds are
defined as the distances between the oxygen of nearby waters
or between the ion and the nearest water molecules. The file
may, therefore, move through the channel gliding as a rigid
body that preserves its internal structure. Alternatively, the
file may use some internal relaxation of (internal) bonds or
torsions to help it move through the channel; the permion
may worm its way across the membrane. It may employ the
stretching and squeezing of bonds, or even the bending of
angles like the flapping of the (relatively rigid) wings of a
bird.
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FIGURE 13 lon translocation. The sodium ion (the dark small sphere)
remains hydrated by four carbonyls (large stippled spheres) even as it re-
places two hydrating carbonyls (A) with two others.

In Fig. 14 we show two of the internal coordinates of the
file, namely the nearest and the next nearest waters to the ion,
as a function of the reaction coordinate. In Fig. 144 we show
the angle between the sodium and the nearest waters’ oxy-
gens. In Fig. 14B we show the torsion defined by the four
oxygens of the nearest and the next nearest waters. The
changes of the angle are not small (they are 40°); however,
they do not correlate with the minimal energy profile. Only
at the central barrier does this angle flatten allowing the per-
mion to glide. Another interesting feature are the large
changes (the spikes of 120°) in the torsion in Fig. 14B. These
correlate well with the position of the energy barriers in Fig.
4C, suggesting that the permion is a flexible file, a polymer
with internal torsional excitation, resembling a worm wig-
gling its way through the channel. It is not a rigid plug (made
of waters and an ion) that pushes through the channel. The
permion moves like a linear polymer made of waters and ion,
following the reptation mechanism of polymer transport
(de-Gennes, 1971). lons and water move coherently along a
zigzag path dominated by local interactions with neighbors,
constrained in their wiggles by the channel protein.
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Permion effective mass

In Fig. 15 we show the effective mass of the permion as a
function of position (i.e., of the structure number). Note that
our definition of the effective mass (and the metric of the
coordinate) implies that the effective mass of the permion is
a weighted average of the masses of all the atoms that con-
tribute to this quasi-particle. The variation in the permion
effective mass is self-evident and is maximal at the position
of the maximum of the free energy profile. Two points are
worth emphasizing. First, the permion effective mass is never
even close to that of the sodium (23 amu) or potassium ion
(39 amu). They are in fact both below 11.7 amu, which is less
than the mass of the carbon. Second, the changes in the ef-
fective mass are not small; the changes are ~5 amu. So,
whatever the permion is, and it is definitely not a sodium or
potassium atom, its effective mass changes significantly with
position.
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Free energy profile

The free energy profile is shown in Fig. 16. Note that the
abcissa only shows the 100 structures actually calculated.
The other symmetrical part of the free energy profile is not
shown. It is reassuring that the size of the barrier in the
channel is similar to that found in experiments (Andersen and
Koeppe I, 1992). In our present calculation, the free energy
profile has a significant barrier at the center of the channel.
There are three barriers around structures 10, 30, and 45.
Deep minima are at structure 40 and at structure 77.

The free energy profile was the most difficult of all the
permion properties to calculate. It is also the result with
the largest error bars. There are two sources of estimation
errors. The first source is statistical and human, namely, er-
rors in doing the window matching. We estimate this error
to be approximately 1 kcal/mol, uniform throughout the re-
action path. The second source of errors is systematic and is

Sodium in Gramicidin: An Example of a Permion

919

5.0 T
A
!
o
= 0.0 1 \ 4 2l
g ‘ w, \ ./ ‘T / \'
3 \ /n.f [ /'/ | /
< A R /
2 iy x FWA r
5 f \ _Jf\ /
§ 4 \ * /(
- -5.0 // v \ /’f
] '
\ 4 /
\V b /
Y
\f
-
-10.0 : ‘ . . .
0.0 20.0 40.0 60.0 80.0 100.0

structure number

FIGURE 16 The free energy profile calculated along the curvilinear re-
action (i.e., minimal energy) path, shown as a function of location along that
path. The free energy was calculated at 101 intermediate points, reaching
only to the center of the (symmetric) path. The graph shows only the points
calculated and so extends halfway through the channel, unlike the other

graphs in this paper.

harder to estimate. As discussed in the Introduction, our cal-
culation did not include long range forces or the effects of
boundary conditions in the bath that determine potential and
concentration there. Such effects need to be included in simu-
lations if they are to predict actual (nonequilibrium) experi-
mental results, and we shall try to include them in the future,
along with the short range forces calculated here.

Our present calculations lead to the following expectations
of qualitative properties of a complete calculation. It is ex-
pected that the closer the ion is to the channel mouth, the
stronger is the dielectric screening provided by the long range
solvent forces. Hence, the present free energy profile will sit
on a broad potential with a central barrier that monotonically
decreases towards the channel edges (when the transmem-
brane potential is zero) (see references to the substantial lit-
erature on this subject in, for example, Roux and Karplus,
1994). This is consistent with the calculations previousty
reported (Aqvist and Warshel, 1989). The magnitude of the
corrections due to the long range forces is not clear and it is
likely that these will depend on experimental conditions. We
finally comment that other permion properties calculated in
this section are expected to be significantly more accurate
than the free energy profile.

The rectilinear reaction coordinate

We must comment here on the common representation in the
literature of the channel as a profile of free energy along
the z axis, i.e., along an assumed rectilinear coordinate. In the
absence of a better estimate of the reaction coordinate, such
graphs have a role. But once a reaction coordinate is calcu-
lated and shown to be highly curved and not even single
valued in z, the assumption of a straight line coordinate is
difficult to defend.
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Fig. 17 shows what happens if free energy is plotted as a
tunction of z. The free energy is hard to understand in such
a plot because it is a multiple valued function of the straight
line coordinate. A multiple valued function cannot be dif-
terentiated or then used in equations involving spatial de-
rivatives, such as in a Langevin or Fokker-Planck equation.
A multiple valued representation of free energy is inappro-
priate and quite inferior to a single valued representation
(Figure 16).

Other properties of the permion

To complete the description of the permion as a one-
dimensional particle moving stochastically along the reac-
tion path, we need to calculate one more function, the friction
or the memory function that describes the response of the rest
of the system to the motion along the reaction path. Simple
stochastic models assume that the memory is very short, giv-
ing an effective friction constant in time (see Discussion). In
more sophisticated models the friction is assumed to be a
function of time and the time dependence gives rise to an
integral over time history.

Interestingly, we find that the friction varies substantially
with location. It is a strong function of location as well as
time. We are not aware of previous investigations in channels
in which the memory function was found to depend strongly
on position, although strong dependence has been seen in
another biomolecule (Verkhivker et al., 1992).

Fig. 18 shows the force-force correlation function (that is
proportional to the memory function (Berne et al., 1990)), at
different locations. In Fig. 184 the memory function at the
reactant (i.e., the starting position) is plotted. The friction at
the reactant position decays rapidly from a high initial value
of 90 to much less than 10 in 1 ps, indeed nearly in 0.1 ps.
There are very fast oscillations (but with small amplitude)
superimposed on a slower oscillation with a period of 0.5 ps.
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FIGURE 17 The free energy profile shown as a function of the rectilinear
coordinate z, not the reaction coordinate. The free energy is hard to un-
derstand in such a plot because it is a multivalued function of the straight
line coordinate. Such a multivalued function cannot be differentiated or used
in derivative calculations, such as in a Langevin or Fokker-Planck equation.
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The major decay takes place in the first 100 fs. Although all
50,000 points (sampling an interval of 50 ps) were used to
calculate the force-force correlation time, each point of du-
ration | X 1075 s, the correlation time is less than 1 X 1071
s, 1 ps, 2% of the interval.

The friction is strikingly different at the free energy mini-
mum (Fig. 18B) and at the top of the free energy barrier (Fig.
18C). On the top of the barrier (Fig. 18C), fast decay of the
memory function is evident, which primarily reflects the mo-
tion of the file of waters. Fig. 18D shows the two memory
functions (at the free energy minimum and maximum) at a
shorter time scale of just 100 fs. The force-force correlation
function on the top of the barrier has a smaller initial value.
[t further oscillates between positive and negative values
even after 10 fs, suggesting that the integral (from z = 0 to
t = ) over the correlation function (that finally yields an
estimate for the total friction) will be smaller at the barrier
than at the free energy minimum. The integral over the
memory function (which we call I') provides an estimate of
the static friction to be used in a suitably reduced Langevin
equation. Hence, on the barrier it seems that the permion feels
considerably less friction than at the minimal free energy
position.

The effect of the reduced friction on the rate of permeation
is unfortunately hard to predict. It will tend to enhance the
rate because the diffusion constant D = kzT/ml’ for crossing
the barrier is larger. However, it will also tend to slow down
the rate because recrossing is more likely to occur. A com-
plete calculation of stochastic permeation is necessary
(Eisenberg et al., 1995) to evaluate the overall effect.

To summarize, we obtain a complex behavior for the
memory function, similar to the complex behavior of the
slope of the reaction coordinate that varies significantly
along the path.

DISCUSSION

This section is divided into two main parts: the first, the more
philosophical, explains our view of ion transport in models
with atomic detail and the second addresses a number of
physical results obtained from the present calculations.
Significant progress has been made in understanding the
microscopic structure of the gramicidin channel. However,
connecting the structural information to properties of ion
transport, i.e., experimental measurements of current, still
poses a significant challenge to theory. Straightforward cal-
culations in atomic detail are restricted to times (1 ns) that
are too short to describe transport across the channel (160 ns
per ion per picoamp of current). Methods that do not include
straightforward integration of equations of motion (e.g., tran-
sition state theory and reduced stochastic equations; more
details are provided below) are approximate. Care must be
used when translating the microscopic properties of atomic
detail models to the stochastic or statistical parameters of the
approximate models. The translation to statistical parameters
is usually associated with time scale arguments, and a priori
assessment of time scale separations is difficult.
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For example, in transition state theory, which has been
used to describe ion transport, there are two main assump-
tions. First, a dividing surface of no return separates the re-
actant and product part of the potential energy. That is, it the
molecule crosses the dividing surface once, it never returns.
Second, the motion in the direction perpendicular to the di-
viding surface is assumed to be much slower than the motion
within the dividing surface. A substantial separation of time
scales is assumed.

It is possible to correct for the no return assumption of the
transition state theory if the flux through the system (in-
cluding any number of recrossings) is calculated and com-
pared with the tlux of transition state theory, the ratio being
called the transmission coefficient. It is not clear, however,
that the transmission coefficient can be calculated (except in
a formal way) without solving the entire flux problem (the
problem of the full Langevin equation, with boundary con-
ditions and potential barriers of any shape (as in Eisenberg
et al., 1995).

Just as significant is the second point, the assumed sepa-
ration of time scales, even though it is sometimes ignored.
[f the time scale of motion in the dividing surface is not
different from the time scale of crossing it, the calculation of
the transmission coefficient becomes as difficult as a cal-
culation of MD in atomic detail. In this case, the whole con-
cept of a transition state is not useful. Ignoring the second

point may lead to the misconception that the transition state
theory can be made exact (in a useful and general way) by
calculating the transmission coefficient or solving a one-
dimensional projection of the full flux problem.

Similar discussion applies to the construction of stochastic
equations from microscopic models (e.g., the generalized
Langevin equation). Choice of irrelevant coordinates to be
integrated out is not arbitrary. The irrelevant coordinates
must approach equilibrium faster than the slower ones; oth-
erwise, they are relevant.

It is therefore crucial, when a statistical or stochastic
model is proposed, to choose as carefully as possible the
relevant and irrelevant coordinates, satistying the require-
ment of separation of time scales. Although a rigorous ap-
proach or solution to the above problem is not known, at least
to us, one must still address the problem and provide the
curvilinear reaction coordinate, that of the permion, not
the ion, appropriate for subsequent calculations (e.g., using
the Langevin equation).

In this manuscript, we attempt to address this problem. We
try to identify relevant and irrelevant coordinates for ion
permeation. We base our analysis on the following obser-
vations or assumptions. First, at temperatures that are not too
high, molecular systems tend to follow the minimal energy
paths. Therefore, we pick the minimal energy path as the
most likely coordinate to be followed by the permion. Sec-
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ond, motions on the length scale of a few angstroms or less
are considerably faster than large scale motions (of tens of
angstroms or more). [t is therefore possible that some of the
slower time relaxation processes of the lipid membrane or of
the solvent will occur on time scales comparable with ion
transport. Approximations that are based on time scale sepa-
ration are not necessarily appropriate for the simultancous
treatment of short range and long range coordinates. Alter-
natives, e.g., continuum theories, are necessary when long
scale phenomena are present because long range forces
(arising for example from macroscopic boundary condi-
tions determining in part the local potential gradient) can
be important at all time scales. Pure time scale arguments
are not necessarily applicable; spatial scales must also be
considered.

We therefore break the problem of permeation into two
parts and consider in this manuscript only the short range
interactions (under equilibrium conditions, i.e., no trans-
membrane potential) for which time separation is more likely
to occur. This leads us to the permion picture. The coordinate
that defines the permion is the lowest energy path that takes
into account short range interactions only. The permion is the
one-dimensional coordinate that approximately accounts for
all short range interactions. It allows a significant reduction
in the complexity of the system.

Once the permion picture is established, we can continue
to construct our stochastic model, a generalized Langevin
equation of the form:

t
dU dg(r')
= - — — L 4 +
& ﬁ I -1 ar dtr’ + oF

where U, includes both the potential of mean force and the
long range forces. 8F is the random force. M(q) is the ef-
fective mass as discussed and defined earlier, e.g., in Eq. 6
in the discussion of the Lagrangian of the system.

The effective mass of a permeating ion has not been con-
sidered betore (to the best of our knowledge) and so needs
further discussion. The effective mass of a quasi-particle may
be quite different (or even have a different sign) than that of
a closely related real particle. For example, the electron
quasti-particle of semiconductor physics has thousands of
times the mass of a real electron and (in some situations) can
have a negative sign. The reason is, of course, that the ef-
fective mass depends on the properties of the entire system,
the permion in our case; the effective mass of the Lagrangian
(Eq. 6) is the natural and appropriate estimate we use for the
effective mass in the generalized Langevin equation but it
need not be even approximately equal to the actual mass of
the permeating ion.

All the functions in the above equation were computed.
However, the model is clearly incomplete because long range
forces were not included. The long range torces are likely to
change the effective potential and part of them must be
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solved setf-consistently with the permion motion (because
both have similar time scales). Nevertheless, we expect the
coordinate of the permion that is determined by short range
interaction to remain the same even after long range forces
are included. The long range forces see the permion as an
average and are not likely to change the permion shape (co-
ordinate). This is the reason we focus below on results di-
rectly related to the coordinate. The results are significant
because the reaction coordinate we extract is quite different
from that used in the past.

We also tried to establish a scparation of the time scales,
at lcast approximately, by calculating the memory function
along the reaction coordinate. As is clear from Fig. 18, the
memory function decays rapidly, suggesting that the motion
in the plane perpendicular to the permion coordinate is in
equilibrium. However, it is important to emphasize that
memory functions extend over many many orders of mag-
nitude of time so they can have long tails containing large
areas even if they appear to vanish in some plots. Indeed, it
is not clear that memory functions must (at all times) be
decreasing functions of time, although obviously they must
eventually decrease fast enough (asymptotically to zero, at
a rate faster than r at long times) to be integrable (over an
infinite interval of time) if the generalized Langevin equation
is to be useful. So the equilibration in our calculation is un-
certain; the memory calculation was done over a finite time,
by using the approximations of a frozen coordinate and of
linear response theory.

Another interesting result of the present calculations is the
cooperativity of the motion of the ion, water, and the channel.
Channel permeation is not a process in which a bare ion is
transported through a pipe. Rather, a complete water file,
coupled to the channel motion, is moved (Figs. 7 and 14) as
seen in previous simulations (Chiu et al., 1993). Sequential
motion is also evident in our calculation. First, the water file
and the ion move and then the file waits for protein move-
ment to reduce the barrier to the next binding site (see Figs.
7 and 9).

A reaction coordinate that includes large contributions of
other atoms (besides the permeating ions) may explain why
different ions have similar transport properties (Andersen
and Koeppe 11, 1992) in gramicidin. We described in Results
that the ion must be partially desolvated from the carbonyls
as it propagates through the channel. The process of carbonyl
solvation and de-solvation is expected to depend strongly on
ion properties such as size. Smaller size means stronger local
solvation and therefore slower transport rate. An inverse
trend is expected from size arguments. For example, the ra-
dius of K* and Na" determined from ionic crystals is 1.33
and 0.97 A, respectively (Lide, 1990). Thus, there is a 30%
change in radius and therefore a very large difference in the
energy of the first solvation shell. To estimate the electro-
static energy, we set the distance between the carbonyl oxy-
gen and the ion to be o, the usual van der Waals radius. Using
the combination rule of the OPLS force field (Jorgensen and
Tirado-Rives, 1988) in which o = m, the energy
difference A is ~14 kcal/mol, ~24 kT. And transport rates
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tend to vary as exp(A/kT), which here is some exp(24) =~
3.0 X 10", not a small number. The tact that standard chemi-
aﬂmmkhimmymmhwnﬁmMyoﬁmmwmmnma036A
change in diamcter came as a surprise, to at least some of us,
and seems to raise important questions for traditional theories
of selectivity in channels (reviewed in Hille, 1992). Bio-
logical selectivity is rarely more than a factor of 10 = exp
2.3 and 10 <« 3 X 10", Biological (equilibrium) selectivity
might arise from very small differences in the average
location.

The above estimate suggests that very large differences in
transport should be observed for different ions, due to the
large changes in the interactions with the channel. Never-
theless, the transport properties of different ions are found to
be quite similar in experiments on gramicidin (Andersen and
Koeppe 11, 1992). This result is easy to explain in terms of
the movement of a permion. Once the ion properties are
averaged with the properties of many more particles (waters
and protein atoms) to make the permion quasi-particle, the
difference between permions containing different types of
ions is much reduced. To further demonstrate this point, we
also calculated the reaction coordinate for the K* cation.
Fig. 158 shows the effective mass of the permion for this
system, K* in gramicidin. The similarity between Na™ in
gramicidin and K* in gramicidin is evident (Fig. 15, A and
B, respectively).

[t is important to point out that comparing ion transport in
water and in a channel can be misleading. In water the ion
moves with a solvation shell, forming a quasi-particle that
apparently has not yet been given the name it deserves. The
size of the quasi-particle depends on the strength of the elec-
tric field at the ion’s surface. The smaller the ion, the larger
the solvation shell in free solution. Thus, different ions look
more alike in water than their crystal radii (or energetic cal-
culations based on those radii) would suggest. However, in-
side the channel the ion is separated from most of the waters
that solvate it in free solution. In gramicidin, these are mostly
replaced with carbonyls. In other words, the permion has
quite different structure from the ion-water complex in free
solution. It also has quite different dynamics as the ion
moves. The hydrating groups in free solution move along
with the ion (for the most part), but inside the channel the
solvating carbonyls are (more or less) static and need to be
replaced as the ion moves from site to site. Thus, the sol-
vation of the ion in the channel is very different from its
solvation in free solution. lon transport in free solution must
be expected to be quite different from ion transport inside
protein channels, although based on the same principles, just
as it is in polymers (Nitzan and Ratner, 1994). The permion
is different from the ion hydration quasi-particle of diffusion
in free solution.

To summarize, in this paper we suggest a new view of ion
transport. We suggest that the transport is done along co-
ordinates more complex than a straight line path of one ion.
We extract properties of this coordinate and name it as a new
quasi-particle, a permion. Defining a permion helps contrast
the properties of ions in channels with those in water.
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