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Molecular Dynamics Study of Free Energy Profiles for Organic Cations in
Gramicidin A Channels

Yili Hao, Michael R. Pear, and David D. Busath
Brown University, Department of Physiology, Providence, Rhode Island 02912

ABSTRACT The free energy profiles for four organic cations in right-handed single-helix gramicidin A dimers were computed
by using umbrella sampling molecular dynamics with CHARMM. lon-water column translocations were facilitated by using a
novel “water-tunnel” approach. The overlapping pieces of free energy profile for adjacent windows were selected from three
trajectories that differed in initial ion rotation and were aligned by the method of umbrella potential differences. Neglected
long-range electrostatic energies from the bulk water and the bilayer were computed with DelPhi and added to the profile. The
approach was corroborated for the formamidinium-guanidinium pair by using perturbation dynamics at axial positions 0, 6,
12, and 15 A from the channel center. The barrier to ethylammonium entry was prohibitive at 21 kcal/mol, whereas for
methylammonium it was 5.5 kcal/mol, and the profile was quite flat through the channel, roughly consistent with conductance
measurements. The profile for formamidinium was very similar to that of methylammonium. Guanidinium had a high entry
barrier (AF = +8.6 kcal/mol) and a narrow deep central well (AF = —2.6 kcal/mol), qualitatively consistent with predictions
from voltage-dependent potassium current block measurements. Its deep central well, contrasting with the flat profile for
formamidinium, was verified with perturbation dynamics and was correlated with its high propensity to form hydrogen bonds
with the channel at the dimer junction (not shared by the other three cations). Analysis of the ensemble average radial forces
on the ions demonstrates that all four ions undergo compressive forces in the channel that are at maximum at the center of
the monomer and relieved at the dimer junction, illustrating increased flexibility of the channel walls in the center of the

channel.

INTRODUCTION

The free energy profile, equivalent to the potential of mean
force (PMF), has become a central concept in understanding
the ion transport through channels (Eyring et al., 1949;
Hille, 1992; for a brief review of the gramicidin applica-
tions, see Busath, 1993), providing a direct link with the
statistical mechanics theory of dynamical rate process in
liquids. The fact that the gramicidin channel consists of a
small peptide of known structure makes it possible to com-
pute the PMF profile for ion permeation by using an em-
pirical force field with an atomistic model. Zero-degree
(adiabatic mapping) potential energy profiles (e.g. Kim et
al., 1985; Etchebest et al., 1984; Etchebest and Pullman,
1988; Turano et al., 1992) are an approximation to the free
energy profile. Molecular dynamics studies more accurately
yield the PMF for alkali metal cation transport by implicitly
including entropy and the dynamic average potential energy
(Aqvist and Warshel, 1989; Roux, 1990; Jordan, 1990;
Roux and Karplus, 1991a,b, 1993; Dorman et al., 1996).
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Early calculations resulted in excessive energy barriers (see
Jordan, 1987, 1990), possibly because of force-field imbal-
ances between the large ion-water and ion-peptide interac-
tion energies. Aqvist and Warshel (1989) computed the free
energy of solvating Na™ by gramicidin A (simulated as a
left-handed helical dimer of polyglycine) and found that the
activation barrier for Na™ entry is less than 5 kcal/mol, in
agreement with the barriers derived from experimentally
observed permeation rates (Bamberg and Liuger, 1974;
Eisenman and Sandblom, 1983; Eisenman and Horn, 1983).
Roux and Karplus (1993) found a series of 5 kcal/mol
barriers for transport of Na* through the channel and neg-
ligible barriers for transport of K*, consistent with experi-
ment, but found a ~12 kcal/mol barrier to Na* entry
(essentially a square translocation barrier); this is larger than
would be consistent with observed permeation rates (Roux
and Karplus, 1994). Dorman et al. (1996) implemented a
semimicroscopic approach to calculating the PMF in which
they carried out free energy calculations incorporating an
exact treatment of the long-range electrostatic contributions
due to interactions with both low dielectric lipid and high
dielectric aqueous domains, and combined these with ex-
perimental hydration energy data. This approach yielded
reasonable (albeit coarse) free energy profiles for K*, Rb™,
and Cs™ and for several anions in the channel. Not only did
cation profiles correlate with experimental evidence, but
they identified the source of valence selectivity in the gram-
icidin channel.

Small organic cations have served as useful probes in the
study of ion-gramicidin channel interactions in previous
research (Myers and Haydon, 1972; Eisenman et al., 1976;
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Busath et al., 1988; Hemsley and Busath, 1991; Turano et
al., 1992; Seoh and Busath, 1993a,b, 1995). In the present
study, we use four small monovalent organic cations (Fig.
1), methylammonium, ethylammonium, guanidinium, and
formamidinium, to explore the steric selectivity mechanism
of the gramicidin A channel. They have dimensions (Fig. 1)
comparable to the internal diameter of the gramicidin chan-
nel pore. The channel diameter has been estimated variously
from plastic van der Waals models as ~4 A (Urry, 1984),
from a vacuum energy-minimized structure using hard core
atomic radii as 3.7 A minimum (Busath et al., 1988; Turano
et al., 1992), and from the channel structure in sodium
dodecyl sulfate (SDS) micelles (Arseniev et al., 1986) re-
fined with a Monte Carlo simulated annealing procedure
and using hard core radii as 2.82 A minimum (Smart et al.,
1993). In the last paper, the method revealed that for the
Arseniev conformation the channel lumen is narrowest at a
point ~11 A from the center of the channel and widens
uniformly to a hard core radius of 4.32 A at the center of the
channel. A similar trend was noticed in the model structure
developed by Turano et al. (unpublished results). Whether
the spindle-shaped pore suggested by the modeling and SDS
micelle structure occurs in bilayers is open to debate. In
fact, a structure recently determined by solid-state NMR
(Ketchum et al., 1996) has a uniform cylindrical hard core
pore of diameter 4.0-4.2 A. However, the computations
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FIGURE 1 Space-filling structures (using van der Waals radii) of the
four organic cations used in this study. Partial charges are labeled. The
approximate van der Waals lumen of the gramicidin A channel (4 A)is
provided for reference. It should be noted that the van der Waals radius
reflects the optimal contact distance rather than the hard shell atomic
radius.
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presented here were performed on the spindle-shaped SDS
micelle structure, and no attempt has yet been made to
compare results between models.

The four cations have different sizes and shapes, resulting
in different electrophysiological behavior when they pass
through gramicidin channels. In particular, the steric fit for
guanidinium and formamidinium ions in the channel is
governed by their rigid planar character. The minimum
profile hard core diameters for formamidinium and guani-
dinium are 4.5 A and 5.4 A, respectively (Hemsley and
Busath, 1991) when the hydrogen bonding potential of the
amide hydrogens is used to reduce the effective hydrogen
radius by 0.5 A. Thus one would expect both ions to be too
large to fit through the channel, but both are planar mole-
cules and, as shown by Turano et al. (1992), it is quite
feasible for formamidinium to twist through atomic crevices
to pass through the channel. Methylammonium has a min-
imum hard core profile diameter of 3.9 A, and that of
ethylammonium is 4.2 A. However, methylammonium has
flexibility about its dihedral angle, and its two heavy atoms
can align on the channel axis, whereas ethylammonium has
poor flexibility about the C-C-N angle and so is much less
able to adjust to crevices than even guanidinium. The con-
ductance properties of the four cations have been well explored
(Hemsley and Busath, 1991; Seoh and Busath, 1993a,b, 1995;
Busath, unpublished results for ethylammonium).

Methylammonium and formamidinium readily permeate
the gramicidin channel with conductances of ~0.73 pS and
1.58 pS, respectively, at 10 mM and 100 mV (Seoh and
Busath, 1993a). These are comparable to the conductances
of Na* (0.83 pS) and K™ (2.18 pS) ions under the same
conditions. Ethylammonium shows no detectable conduc-
tance through the gramicidin channel (Busath et al., unpub-
lished data). Guanidinium is scantily permeant, but it causes
voltage-relieved flicker blocks of potassium-mediated cur-
rents (Hemsley and Busath, 1991). From the average block
rate and duration, guanidinium passage was estimated to be
~10° times less frequent and longer lasting than formami-
dinium passage at a given voltage. There is no block effect
in the case of ethylammonium, suggesting that ethylammo-
nium is not even able to enter the gramicidin channel, nor
does it dwell for long times (ms) at the mouth of the
channel. Formamidinium was found to induce gramicidin A
channel stabilization (i.e., the channel lifetimes in the pres-
ence of formamidinium are much longer than with K,
ammonium, methylammonium, etc.) and significant single-
channel noise (Seoh and Busath, 1993b). The noise is pre-
sumably due to fluctuations in channel structure induced by
formamidinium and involves the tryptophan side chains
near the entries, judging by the absence of these effects in
gramicidin M~ channels, in which the tryptophans are re-
placed by phenylalanines.

Potential energy computations using the adiabatic map-
ping approach suggest that there is a barrier to guanidinium
and formamidinium entry associated with the first (C-ter-
minal) turn of the channel B-helix (Turano et al., 1992). The
guanidinium potential energy barrier is ascribed to the dis-
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ruption of the intramolecular hydrogen bonding near the
C-terminus of the peptide as the cations enter the channel.
The ions are expected to tilt and twist to pass through the
channel.

In a preliminary study, Pear and Busath (1990) used the
umbrella sampling method to compute the PMF for guani-
dinium and formamidinium and found a 9 kcal/mol entry
barrier for guanidinium and 4 kcal/mol for formamidinium
lc::lied just inside the channel entry. The activation free
energy barriers reported in this work have similar heights;
however, the shape of the free energy profiles differ in that
the barrier for guanidinium in particular is much broader.
The window-overlap matching method used in that prelim-
inary study to link pieces of the free energy profile together
is expected to be less accurate than the umbrella potential
differences method employed here. In addition, the translo-
cation protocol differed in that the starting structure of each
window trajectory was taken from the end of the previous
window trajectory. This protocol rendered the channel vul-
nerable to deterioration, resulting in premature termination
of the entry barrier, evidenced when compared to the find-
ings reported here.

Gramicidin has been found to produce double-helical
channels under certain unusual conditions (Saberwal et al.,
1995; Durkin et al., 1992), but most conductance studies,
including those with organic cations, utilize the single-helix
head-to-head dimer form. Although certain variants of
gramicidin A are known to form left-handed helices (Sa-
berwal et al., 1995; Koeppe et al., 1992), most, including
gramicidin A, form right-handed helices (Arseniev et al,
1986; Tucker et al., 1992; Urry, 1992). The right-handed
head-to-head dimer of single helices was used for free
energy computations in this study.

The free energy profiles for each of four organic cations
were calculated by using umbrella sampling molecular dy-
namics utilizing a system consisting of the gramicidin
dimer, with capping water balls at each end containing
vacant pores coaxial with the channel. This system is
transected by a molecular column consisting of the ion and
a row of waters passing through the channel and the pores
in the capping water balls. This method of managing the
waters is a novel contribution of this work and allows a
consistent degree of equilibration and efficient translation of
the ion through the channel. The perturbation method al-
lows cross-checking of the free energy difference between
formamidinium and guanidinium, obtained by umbrella
sampling at several points inside and just outside of the
channel. Free energy decomposition and force analysis are
utilized to understand the source of the barriers. A common
problem in the molecular dynamics simulations, due to
limited computer power, is that few if any solvent molecules
are usually included. Although the Coulomb interaction
energy decreases as the first power of distance, the number
of polarized water molecules increases as the second power
of distance; hence the neglected long-range electrostatic
energies can play an important role in the free energy
profile. Here we use DelPhi (Klapper et al., 1986; Gilson
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and Honig, 1988; Gilson et al., 1988), a finite-differences
solution to the nonlinear Poisson-Boltzmann equation, to
estimate the neglected long-range electrostatic interaction
energies of the bulk water and lipid membrane.

Traditional approaches such as the Nernst-Planck contin-
uum diffusion equation (Levitt, 1982, 1991) or Eyring rate
theory (Lauger, 1973; Urban and Hladky, 1979; Becker et
al., 1992) provide useful phenomenological tools to account
for the electrophysiological properties of the channel; how-
ever, the phenomenological approach fails to yield a micro-
scopic picture of the mechanisms involved in ion transport.
Effective analysis of channel characteristics requires the
identification of the system components and the specific
kinds of interactions that regulate ion flow. Molecular dy-
namics simulation studies based on detailed atomic models
provide an opportunity to explore the detailed atomic inter-
actions responsible for channel selectivity. A decomposition
of the ion-channel interaction is explored here to reveal the
mesoscopic picture of the mechanism behind the free en-
ergy profiles, particularly that of steric hindrance, which
plays an important role in “tight-fit” selectivity. Steric hin-
drance can be conceptualized in terms of radial compressive
forces from the environment on the permeating solute. Pre-
liminary reports of these results were published previously
(Hao and Busath, 1996; Hao, 1996).

MODEL DESCRIPTION AND
COMPUTATIONAL DETAIL

Gramicidin model

The positions of the gramicidin A channel atoms were
computed according to the docking parameters and back-
bone dihedral angles for the right-handed 8% helix dimer
deduced from 'H NMR (Arseniev et al., 1986). There are
316 atoms in the dimer. Hydrogen atoms are explicitly
included only if they are polar, and the effects of nonpolar
hydrogen atoms are included implicitly by use of extended
carbons. Side chains and terminators were included. The
channel was initially oriented to be centered on the origin,
with the long axis oriented along the x axis. Bond and atom
parameters were from Quanta 3.2 (Molecular Simulations,
Burlington, MA) (Momany and Rone, 1992).

Organic cation models and water

The organic cation structures and partial charges are sum-
marized in Fig. 1. Methylammonium and ethylammonium
structures were built from standard parameters using Quanta
3.2, with the partial charges computed using the rules-based
algorithm (Momany and Rone, 1992). Guanidinium and
formamidinjum structures were derived from the guanidino
of the standard CHARMM arginine. Standard CHARMM
parameters were assigned to these four ions for the bond
lengths, bond angles, dihedral and improper dihedral angles,
and the associated force constants. For guanidinium and
formamidinium, improper dihedrals are used to control out-
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of-plane bending and maintain the planarity. The ions were
initially placed near the origin, i.e., near the center of the
channel.

The solvent water molecules were selected from a pre-
equilibrated droplet structure from MSI. All are CHARMM
TIP3-type waters (Jorgensen et al., 1983), with a partial
charge on oxygen of —0.834 and a partial charge on hydro-
gen of 0.417, resulting in a neutral molecule. There are,
altogether, 217 water molecules, with 187 of them forming
two water balls (~13 A in diameter) apposed to the two
channel entrances. The other 30 water molecules form a row
with oxygens on the channel axis, hydrogens randomly
oriented, separated by ~3.3 A, extending well beyond the
two water balls. At the center of the row, which was initially
located at the origin, the separation between waters was
suitably enlarged to accommodate the ion. The dipoles of
the two waters immediately adjacent to the ion, unmodified
TIP3 waters, were aligned with the negative end near the
cation charge.

Recent theoretical analysis of water orientations in a
gramicidin channel containing a single ion indicates that all
channel waters would probably be polarized by the ion
(Dorman et al., 1996); however, our equilibration runs were
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not long enough to allow derandomization of the two to five
nonoriented channel waters. This factor may affect the
overall free energy profile; however, it should have little
impact on the conclusions regarding steric hindrance, which
depend primarily on local ion-channel interactions.

The entire system
Fig. 2 shows the structure of the whole system. The gram-

[icidin dimer extends to *12.5 A along the x axis, with the

two water balls situated at the channel mouths extending
to * 25 A; these partially model the solvent environment.
The whole system is transected by the axial water column,
which extends to *+ 48 A. About eight of these water
molecules are inside the channel, four on each side of the
ion. The ion-water column was translated as a unit in the
initial channel/water balls structure to a new position to
initiate each new umbrella sampling window. This proce-
dure prevented progressive equilibration of the ion-water-
channel conformation during ion translocation, while pro-
viding a clearly defined conformation and prevented
artificial deterioration of peptide structures such as inter-

FIGURE 2 View of the molecular system used for al CHARMM calculations, including the gramicidin dimer, column, and bulk water, and a
representative cation. The water column is extended beyond the bulk water hemispheres for convenience in translation. Created with Molecular Simulations

WebLab Viewer, v. 2.0.
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monomer hydrogen bonds. For the simulation at each win-
dow, the water column extends to at least the edge of the
channel-solvent system. After translation, column water
molecules that were still outside the water balls were cut out
in the computations for methylammonium and ethylammo-
nium (and for the neutral methylamine), but not for guani-
dinium and formamidinium, because this procedure turned
out to have a negligible effect on the PMF.

Although no constraints were applied (except for the
window potential) during the dynamic simulations, the sys-
tem remained essentially intact, with no more than one or
two water molecules dissociating from the system and min-
imal changes in peptide hydrogen bonding or side-chain
conformation during the 10-ps simulation. ‘

Quanta 3.2 and 3.3 were used to construct the system
model. CHARMM (Department of Chemistry, Harvard
University, versions 22 and 23) was modified to include the
umbrella potential term,

U(x) = k(x — xo)° 1

where x is the axial distance of a reference atom in the
cation from the midpoint of the two centers of gramicidin
monomer mass and x, is the desired or “window” position,
and a supplemental harmonic potential for deviations of the
“channel axis,” defined as the line connecting the two
centers of gramicidin monomer mass, from the x axis to
hold the channel to the x axis for convenience in calculating
ion positions. The force constant k was set to 20 kcal/mol A2
for the umbrella potential holding the ion and 500 kcal/mol
A2 for the supplemental potential. The reference atoms were
the carbon in the case of methylammonium, formami-
dinium, or guanidinium and the nitrogen in the case of
ethylammonium.

All molecular dynamics computations were carried out
with the Verlet algorithm with a 1-fs time step. The non-
bonded pair list was limited to 15-A separations, which
were updated every 20 fs, and nonbonded interaction ener-
gies were modulated smoothly to zero between 11 A and 14
A with the CHARMM “switch” functions. Water O-H bond
lengths were regulated with the SHAKE algorithm (Brooks
et al., 1983).

Computations
Umbrella sampling

The umbrella sampling technique (Patey and Valeau, 1975;
Northrup et al.,, 1982; Crouzy et al., 1994) was used to
compute the ion-transport potential of mean force, W),
where { is the unidimensional reaction coordinate, which in
our case is simply defined as the x coordinate of the ion
reference atom. The unbiased PMF from the ith window is

Wi({) = —kgT In[{p * (O)] — U(Q) + Gi 2

where the constant C; is equal to —kgT In [(¢ PY"®)]. The
first term in Eq. 2 was derived from the biased probability
density, p * (*), for the ith dynamic simulation, and the
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window potential was subtracted to yield W;({) to within a
constant for each window. One window typically covered
only a very small portion of the whole reaction path, i.e.,
0.5-0.8 A along the ion translocation pathway. Except for
C;1, the constants C; were determined by using the adjacent
window differences, [C; — C;], which were computed from
the dynamics simulation trajectory (Crouzy et al., 1994),

[Ci— C'j] = —kgT In[{exp(—BLU({) — Uj(f)]»(j)] 3)
* (=ksT In[{exp(BLU(2) — Uy()Dx))

We noticed that in our calculations this series of [C; — C;_;]
generally determines the overall shape of the PMF profile.
As noted by Crouzy et al. (1994), to evaluate [C; — C;] only
one ensemble (jth or ith) is needed. The other could be used
to cross-check the results, although we have not done so
with our data. Overlapping regions of adjacent windows,
Wi({), were smoothed using the weighted average as sug-
gested by Crouzy et al. (1994), i.e.,

W) = 3 Wi(Q) % )

i

In preliminary runs, we passed the ion completely through
the channel (from —15 A to +15 A). This procedure yielded
symmetrical results as expected, so for efficiency we re-
duced the range to 0—15 A for the results reported here. The
accuracy of the result depends critically on the degree of

. overlap between adjacent umbrella ensembles, so we com-
. puted ensembles with window separations of 0.2-0.1 A,

resulting in ~90 windows for the construction of each
half-profile.

For each window, the ion-water column was translated to
position the ion reference atom at the window, and the
system was minimized with 500 steps of adopted basis
Newton-Raphson minimization (Brooks et al., 1983) with a
window force constant of k = 500 kcal/mol - Az, followed
by 3 ps of Verlet heating, 8 ps of thermal equilibration, and
10 ps of unconstrained simulation (window force constant
k = 20 kcal/mol - A2). From the latter, an ensemble of 500
configurations was generated. This usually produced a piece
of PMF covering 0.5-0.8 A (depending on the site) of the
reaction coordinate. Care was taken to ensure that the sam-
pling of the window was limited by the window potential
and not the shortness of the time scale, i.e., that the expected
diffusion distance for the 10-ps unconstrained simulation
run (x = (2D)2~2 A if D is near the usual value for
diffusion of small molecules in bulk, ~0.2 A%/ps) is greater
than the length of the reaction coordinate covered. Prelim-
inary test runs using 50-ps trajectories produced essentially
equivalent results.

To compensate for the fact that 10 ps of simulation does
not thoroughly explore the cation conformational space
(very little rotation of the cation about the channel axis took
place on this time scale), we tried up to three different ion
starting orientations for each window. The flattest piece
of PMF (which generally also corresponded to the lowest
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(G — Cy)) for each selected window was used to construct
the whole free-energy profile on two premises: the ion
would be most likely to rotate in the channel so as to take
the path of least resistance; and, in a typical sampling range
of ~0.6 A for one window, a large free-energy change (>2
kcal/mol) was usually a statistical artifact of insufficient
sampling. The first premise is tentative; it depends on the
energy barrier to rotation, which we have not explored.

As an example of the computer time involved, each
umbrella sampling half-profile, consisting of 80-90 21-ps
trajectories at each of two or three window positions, took
~1200 CPU h.

Thermodynamic perturbation method

For comparison to the umbrella sampling results, we com-
puted the difference in system energy between formami-
dinium and guanidinium at representative sites along the
translocation pathway and in a 10-A preequilibrated water
ball (Molecular Simulations) by the perturbation dynamics
technique (for reviews see McCammon and Harvey, 1987,
Straatsma and McCammon, 1992). In each case the system
was preequilibrated to 300 K, using 3 ps of heating and 5 ps
of equilibration dynamics for each simulation. As with the
gramicidin system, no boundary potential was used with the
water ball perturbation. Waters remained stable for the
duration of the simulations. Hybridization constant values
of 0.125, 0.25, 0.5, 0.75, and 0.875 were used to obtain an
accurate evaluation of the ensemble average of the pertur-
bation free energy, F = —RT In {exp(” AV/RT)); the ensem-
ble was taken from 10-ps production dynamics trajectories.
The production dynamics were unconstrained Verlet, except
that a window potential (force constant k = 500 kcal/
mol-A?%) was applied to the carbon of the hybrid ion to
prevent it from drifting. The hybrid ion contained H in the
reactant (formamidinium), NH, in the product (guani-
dinium), and C(NH,), as common atoms for the two ions.
This resulted in 10 bonds, 15 bond angles, 18 dihedral
angles, and 5 improper dihedral angles in the hybrid ion. All
atoms in the peptide dimer and solvent water were also
common atoms.

Four representative regions along the translocation path
were sampled: the center of the dimer (0 A), the center of
the monomer (6 A), the entry of the channel (12 A), and the
outside of the channel in the “bulk” water (15 A). At each
position, forward and backward mutations were computed
at three different ion starting orientations (0°, 120°, 240°
rotations around the channel axis) to improve the sampling
of conformational space. It should be pointed out that these
orientations do not necessarily correspond to both or even
either of those used for the two ions individually in the
umbrella sampling study, because here we are using a single
hybrid ion. Consequently, we deemed it most appropriate to
utilize an average AAF from the forward and backward
mutations of all three starting orientations (N = 6).
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FIGURE 3 Interaction forces acting on individual guanidinium atom j in
the gramicidin A channel (channel axis aligned along the x axis). The
components of the total force on j, Fy, ;, utilized here are the axial force,
F, ; = Fy,; * 1, and the radial force on j, F, ;, given as the component
along the radial position vector, r, ; (perpendicular from the axis to the
center of j), of the component of F,,, ; in the plane perpendicular to the axis
Fo ) Foy=—Fyor;+Fjry.

Force analysis

Force decomposition was performed for the 500-frame en-
semble derived from a 10-ps dynamics trajectory by com-
puting the interaction forces between the channel atoms and
each of the ion atoms for each frame. The net forces on each
of the atoms of the ion were calculated separately (Fig. 3).
Then the radial components F,; (perpendicular to and in-
tersecting with the channel axis) and axial components F, ;
(parallel to the channel axis) were summed over the atoms
and over the ensemble to yield the net average force on the
ion at each window position. Positive radial force was
defined as compressive force on the ion, and positive axial
force as one pushing the ion out of the channel. The channel
axis was defined as the major elliptical axis of the channel
backbone.

DelPhi computations

DelPhi (Klapper et al., 1986; Gilson et al., 1988; Gilson and
Honig, 1988) is designed to calculate the electrostatic po-
tentials in and around an irregular macromolecular structure
(e.g., protein or bilayer) that is embedded in a homogeneous
dielectric environment (e.g., water) by solving the Poisson-
Boltzmann equation with the finite-difference method. The
macromolecular structure is defined as a volume occupied
by a set of explicitly defined atoms. The electrostatic energy
of the system is given in simplest form (Gilson and Honig,
1988) as

1
Eelec = _2— E gi ¢i(€in$ €out) (5)
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where @; (€, €,,) is the potential at the location of g,
estimated from the value at nearby grid points and is a
function of the dielectric constants inside and outside of the
macromolecule, as well as all of the charges in the system
and the ionic strength outside of the macromolecule. DelPhi
is actually designed to compute the change in energy due to
perturbation of the external dielectric constant, i.e.,

1
A Eelec = 5 Z qi(¢i(€in’ eout) - ¢i(eim ein)) (6)

We used DelPhi to compute the neglected long-range
interaction energy of the ion with lipid bilayer and bulk
electrolyte for correction of the free energy profiles ob-
tained by umbrella sampling. The electrostatic potential
energy is an adequate estimate of the potential of mean
force correction for this purpose because it is the only
significant long-range force.

We verified the appropriateness of DelPhi for the current
problem by calculating the potential energy profile for an
ion crossing a lipid bilayer. Our results for the latter were

a
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essentially identical to those of Neumcke and Liuger
(1969), who calculated the same profile by integration of the
generalized Nernst-Planck equations.

Because DelPhi was limited to two dielectric regions
(defined as internal and external to the regions occupied by
atoms of the system), we computed the correction by using
two atomic systems (Gilson and Honig, 1988; Bogusz,
1995), as illustrated in Fig. 4. First the volume occupied by
the atoms used in the molecular dynamics computations
(channel, ion, and explicit waters) was defined as internal
(Fig. 4 a) and the rest of space as external (probe diameter
3.0 A), and the energy of modifying the external dielectric
from €, = 2 to €, = 1 (while holding the internal dielectric
constant at €, = 2) was computed (Fig. 4 b):

A Eelec(no bilayer? 2» 1) = % E qi((bi(z’ 1) - ¢i(29 2)) (7)

(Note that the arrow between Figs. 4 a and 4 b denotes the
opposite of the dielectric perturbation energy computed
according to Eq. 7.) Then the channel, ion, explicit water

FIGURE 4 Diagram of DelPhi correction structures. First the energy difference between the molecular system used in the molecular dynamics
calculations with the vacant surround with a dielectric constant of 1 (representing the conditions for the CHARMM calculations) and the same system with
a homogeneous dielectric constant of 2 (the inverse being the energy for going from the system in a to that in b) is computed. Then the surround is redefined
by introducing neutral atoms to occupy the desired bilayer volume, and the energy difference due to a change in the external dielectric constant from 2 to
80 is calculated (from ¢ to d). The complete perturbation is thus accomplished in two steps. The pair of energy differences can be understood as a pair of
perturbations where the perturbation energy is due to the changing interaction of the electric field with the dielectric medium. It thus includes, inherently,
the effects of the dielectric structure on the fields, as well as the dielectric’s reaction to the fields. Because the two middle structures (b and c) are
electrostatically equivalent (homogeneous dielectric of constant value 2), the inverse of the first perturbation energy summed with the second provides the
complete correction for neglected long-range electrostatic terms in the CHARMM calculations. See text concerning the usage of an interior dielectric
constant of 2 throughout. Molecular systems are exagerated in size relative to the calculation box.
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structure was embedded in a 20-A-thick set of uncharged
atoms representing the bilayer such that internal became
bilayer plus channel, ion, and explicit waters (Fig. 4 ¢), and
external became the volume occupied only by neglected
bulk waters. With this embedded structure the energy of
modifying the “external” dielectric constant from €, = 2 to
€; = 80 (while holding the internal dielectric constant at
€, = 2) was computed (Fig. 4 d):

A Eqe.(with bilayer, 2, 80) = % 2 4($i(2, 80) — &4(2,2))
| ®

Because the two reference structures (Fig. 4, b and c), due
to the homogeneous dielectric constant of €, = 2, are
mathematically equivalent despite the differences in defini-
tion of internal and external volumes, the correction energy
(i.e., the difference between the energies represented in Fig.
4, d and a) may be taken as the difference between these two
dielectric perturbation energies:

A E,.(1, 80) = A E,(no bilayer, 2, 1)
— A E,(with bilayer, 2, 80)  (9)

This was taken as the neglected energy due to the reaction
of the long-range dielectric (both bilayer and bulk water) to
the umbrella sampling structure.

This neglected energy was computed as the cation was
moved through the channel (from 0 to 16 A in 1-A inter-
vals), primarily due to the changing position of the ion
relative to the neglected, oriented dielectrics. The computed
corrections are thus absolute energy differences at each
position and are not relative to any arbitrary position. This
correction provides a complete energy profile, and the
model can be recategorized as a semimicroscopic system

FIGURE 5 Free energy profiles for
methylammonium and ethylammonium
passage through the gramicidin channel
computed by the umbrella sampling
method. Only the right half was actu-
ally computed. The left half was added
as the mirror image to portray the com-
plete profile. For comparison, the meth-
ylammonium profile was shifted down,
so that its minimum point corresponded
to that of ethylammonium.

free energy (kcal/mol)
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(Dorman et al., 1996). However, it should be noted that the
DelPhi grid is finite in volume, so it was necessary to ensure
that it was large enough so that the neglected dielectric
reaction energy was indeed negligible. The system box,
divided into a 65 X 65 X 65 grid, was found to give stable
results when the cubic box dimensions were 100 A on each
side, and longer range effects were deemed negligible based
on similar results with a 200-A box.

It should be noted that the molecular dynamics were
calculated with € = 1 for the region occupied by the
channel, ion, and explicit water rather than € = 2, as was
assumed for the start point of our correction (Fig. 4 a).
However, the neglected energy of interaction between the
organic cation and the dielectric medium outside of the
simulated system should be reduced somewhat by shielding
of the organic cation due to atomic polarizability, which was
ignored for the molecular dynamics calculations. The use of
€ = 2 for the system as the starting point in the DelPhi
correction simulates this atomic polarizability shielding.

Complete CHARMM scripts, DelPhi scripts, and “C”
programs used to analyze umbrella sampling PMFs are
published (Hao, 1996). All computations were done on a
Sun Sparc20 Unix workstation with a quad processor or a
Silicon Graphics R4000 Indy workstation.

RESULTS

Fig. 5 shows the free energy profiles for methylammonium
and ethylammonium passage through the gramicidin chan-
nel computed by the umbrella sampling method (without
DelPhi correction). Only the right half was actually com-
puted. The left half is added as the mirror image of the right
half to make a complete profile (the channel is symmetri-
cal). (It should be noted that the two amine ions are not

........ Ethylammonium
Methylammonium
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symmetrical, so that using the mirror image of half the
profile is only an approximation. Preliminary computations
of complete PMFs for these two ions initially showed dra-
matic asymmetries in the PMF between the two gramicidin
monomer paths, but this was subsequently found to be
attributable to cumulative errors in the window-overlap
matching procedure and inadequate sampling. With the
matching procedure and degree of sampling used here, the
asymmetries in the complete PMFs were negligible, except
for a slight offset in the position of the steep entry barrier
(see below), so for the final computations reported here,
only half-windows were computed.) The C; of W({ = 0) for
ethylammonium was arbitrarily set to 0. The methylammo-
nium profile is shifted vertically so that its minimum point
corresponds to that of ethylammonium for comparison.
There is a broad, 4 kcal/mol free energy activation barrier
for methylammonium between the entry (12.5 A) and the
center of the monomer. For ethylammonium, the entry
barrier is much larger, ~18 kcal/mol. This is expected from
the ionic dimensions and is high enough to prevent this
cation from entering the channel on experimental time
scales. A decline in the barrier height occurs at the center of
the channel, which may reflect the larger flexibility of the
channel backbone at the dimer junction (see below). The
central energy well is much deeper for ethylammonium than
that of methylammonium. This makes sense if the flexibility
of the channel is more important for the larger ion.

An energy well of about —3 kcal/mol relative to the most
distant position calculated (15 A) found at the entrance of
the channel for both ions may serve as an ion-binding site.
The decrease in free energy that occurs as these two ions
approach the channel may be partly attributed to the fact
that the gramicidin channel actually attracts cations into
itself; however, this is primarily due to the neglected long-
range electrostatic interactions with bulk water and lipid

Dynamic Steric Hindrance Selectivity in Gramicidin
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bilayer, which are not yet included in the simulations (see
below).

Fig. 6 compares the free energy profiles for formami-
dinium and guanidinium in the channel. Again, only the
right half was actually computed and the formamidinium
profile is shifted vertically to align the two profiles at the
channel entry. The entry free energy barrier is found to be
4 kcal/mol for formamidinium and 6.7 kcal/mol for guani-
dinium. Both barriers are broad, spanning from channel
entry to quite near the channel center. An interesting and
important feature of the guanidinium profile is that there is
a very deep (11.5 kcal/mol below the peak barrier height)
free energy well at the center of the dimer. This free energy
well, unlike in the cases of methylammonium, ethylammo-
nium, and formamidinium, dwarfs the entry barrier at the
channel entry. It is not unique to guanidinium; there is a
similar energy well for formamidinium (~3.5 kcal/mol) and
guanidinium (~2 kcal/mol).

For all four free energy profiles shown above, fluctua-
tions of 0.2-1 kcal/mol in free energy are found within 1-A
intervals along the entire length of the reaction coordinate.
In “flat” regions, no large net force along the channel axis
is exerted on the ion because of these fluctuations. Depend-
ing on the specific positions of the ion, the net force on the
ion can be in either direction. Because of uncertainties about
axial rotations of the ion, it is not clear how reproducible
these small fluctuations would be; however, the broad fea-
tures are expected to be quite robust.

With regard to Fig. 5, it should be pointed out that the
reaction coordinate is defined as the position of the carbon
of methylammonium and the nitrogen of ethylammonium.
In each case the amine group is positioned to the right of
(i.e., at a greater distance from the channel center than) the
carbon. This accounts for the rise in the ethylammonium entry
barrier at 12 A as compared to 11 A for methylammonium.
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To examine the basis for the energy well outside the
channel, a neutral methylamine profile is compared to the
charged species (dashed line) in Fig. 7. The free energy well
is absent for the neutral molecule, indicating that it is
electrostatic in origin, but it cannot be determined from this
result whether the well is due to attraction to the channel
entry or to an artifact of neglecting distant waters.

The corrected free energy profiles shown in Figs. 8 and 9
were constructed by adding a long-range electrostatic cor-
rection profile calculated with DelPhi to the corresponding
umbrella sampling free energy profiles in Figs. 5 and 6. Fig.
8 shows the profiles for methylammonium and ethylammo-
nium. The activation barrier is increased to ~5.5 kcal/mol
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FIGURE 8 Corrected free energy
profiles for methylammonium and eth-
ylammonium in the gramicidin channel.
DelPhi estimation of the contribution
from bulk water and lipid bilayer was
added to the corresponding umbrella
sampling profiles. The entry barriers are
5.5 kcal/mol for methylammonium and
21 kcal/mol for ethylammonium.
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for methylammonium and 21 kcal/mol for ethylammonium.
For methylammonium, the central well is essentially abol-
ished, whereas the shape of the ethylammonium profile does
not change appreciably after correction. The apparent bind-
ing site outside the channel is reduced in depth to ~1
kcal/mol for methylammonium and is essentially eliminated
for ethylammonium.

In the corrected free energy profiles shown in Fig. 9, the
entry barrier increases to 6.2 kcal/mol for formamidinium
and to 8.6 kcal/mol for guanidinium. The depth of the
central well for formamidinium was nearly eliminated, as in
the case of methylammonium. For guanidinium, the well at
the channel center is still 11.2 kcal/mol in depth. The
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12
FIGURE 9 Corrected umbrella sam-

pling free energy profiles for formami-
dinium and guanidinium in the grami-
cidin channel. A DelPhi estimation of
the contribution from bulk water and
lipid bilayer was added to the corre-
sponding umbrella sampling profiles.
The entry barriers are 6.2 kcal/mol for
formamidinium and 8.6 kcal/mol for
guanidinium. The formamidinium pro-
file is essentially a single plateau inside
the channel like that of methylammo-
nium. In the guanidinium profile there
is a deep central well of 11.2 kcal/mol
at the channel center.

T T
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free energy (kcal/mol)
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Guanidinium
Formamidinium

external wells are also reduced to 1.6 kcal/mol for forma-
midinium and ~1 kcal/mol for guanidinium.

To evaluate the robustness of the umbrella sampling
results, we utilized the conceptually distinct free energy
perturbation method. Rather than providing the free energy
profile for a single ion, this method yields the free energy
difference at a single point along the profile for a pair of
ions. Formamidinium and guanidinium were chosen for
study because of their close similarity.

The difference in hydration energy (in the absence of a
channel) between these two ions was first computed for
reference. A water ball of radius 10 A was used to solvate
the hybrid ion (see Model Description). This hybrid ion was
originally placed at the center of the water ball without
constraint. It did not drift significantly relative to the water
ball center during the dynamics simulation. Mutations be-
tween formamidinium and guanidinium in both directions
were calculated by using the thermodynamic cycle de-
scribed above, i.e., mutations in vacuum and inside the
water ball were calculated separately and AAF was obtained
from the difference between these two perturbation energies.

The perturbation results (kcal/mol) are shown in the

TABLE 1 AF (kcal/mol) versus initial ion axial orientation*

10 15
x (A)
following cycle:
F + Solvent = F - Solvent
1700~ — 16.8 23300 — 236
G + Solvent = G - Solvent

(10)

yielding a difference in the solvation energy of AAF = 6.6
kcal/mol. We were unable to identify experimental mea-
sures for comparison.

The results of the in-channel perturbation study are
shown in Table 1, which reports the six values (three
orientations, two mutation directions) of free energy differ-
ence at each of four positions along the channel axis.
Backward mutations give results similar to the correspond-
ing forward mutations, and ion orientation produces modest
variations which, judging by the deviations between for-
ward and reverse mutations, appear to be mainly statistical.
The mean was therefore used for comparison to umbrella
sampling results.

The AF, e, for the perturbation in a 10-A water ball,
23.5 kcal/mol, is below the value obtained with the ion
outside the channel in the gramicidin/water system (Table 2,

Formamidinium = Guanidinium

Guanidinium = Formamidinium

x 0° 120° 240° 0° 120° 240° Mean * SD
0A 27.0 28.0 29.2 —26.6 —27.3 —294 27912
6 A 343 335 36.2 —354 —33.1 -329 342 *13
12A 33.0 30.5 28.8 —30.2 -31.5 —313 30914
15A 27.1 28.7 277 —25.7 —26.9 —25.6 270x12

* The angle is the axial rotation of the ion plane relative to that which bisects the line segment connecting the channel formyl carbons.
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35
30
25
FIGURE 10 Comparison of the free energy re- =
sults between umbrella sampling and perturba- g
tion dynamics. The profiles are simplified to in- ? 20
clude only representative points, 0, £6, 12, and <
*15 A. The bottom curve is the corrected for- 1)
mamidinium profile, which is arbitrarily placed E 15 +
at the x axis. The top curve is the reconstruction o
of the guanidinium profile according to the per- g

turbation result. The middle curve is the recon-
struction of the guanidinium profile at the same 10 +
level according to the umbrella sampling result.
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guanidinium (PERT)

guanidinium (USD)

formamidinium

-15

row 5, for 15 A), 27.0 kcal/mol. This may be due in part to
differences between the water ball outside the channel and
the 10-A water ball used above, or alternatively may suggest
influence of the channel on the two ions when they are still
2.5 A outside of the entrance. Because of this uncertainty,
we have chosen to compare the perturbation results to the
umbrella sampling results without reference to a pure bulk
water state, using x = 15 A in the gramicidin/water system
as a bulk water approximation instead.

Fig. 10 compares the free energy results from umbrella
sampling and perturbation dynamics. The umbrella sam-
pling profiles are simplified to include only the representa-
tive points 0, £6, *£12, =15 A. The formamidinium um-
brella sampling profile (after DelPhi correction; Fig. 9) is
arbitrarily placed so that the free energy at +15 A is zero.
The energy difference between formamidinium and the two
guanidinium profiles is 27.0 kcal/mol 15 A from the free
energy perturbation. From the perturbation results shown in
Table 1, the guanidinium profile (relative to the formami-
dinium curve obtained by umbrella sampling) is the top
curve in Fig. 10. On the other hand, the guanidinium profile
constructed according to the corrected umbrella sampling
profile (in Fig. 9), shifted to match the perturbation result at
15 A, where conditions are nearest to “bulk water,” is the
middle curve in Fig. 10. Both methods predict a deep well

x (A)

at the center for guanidinium. From the perturbation results
one would expect a higher guanidinium free energy profile
in general. The height of the activation free energy barrier
(from 12 A to 6 A) is about the same as expected from
umbrella sampling; however, the central well is somewhat
shallower.

The discrepancy between the two dynamics methods may
be related to two types of errors inherent in the methods.
Both are related to the damping of ion orientations in the
channel. In both methods the axial rotation of the ion was
limited to within 20—40° of the starting position by the short
dynamics duration, so the axial rotation was sampled only
partially by selecting from three runs with axial rotations
differing by 120°. The initial ion orientations in the selected
windows differed for the two approaches.

The free energy profile provides only a general picture of
the ion permeation through the gramicidin channel. To
further explore the ion-channel interaction in these steps, a
force decomposition was performed. As described in the
Model Description, the radial and axial forces exerted by the
system on each atom of the ion were summed over the ion
and over the ensemble to yield the net average force on the
ion at each window position.

Fig. 11 shows the radial force exerted by the channel on
each of the four ions for their trajectories in the right-hand
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ethylammonium
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FIGURE 11

105 —+
135 +
14.5
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Radial components of the forces exerted on the four ions by the channel. Fluctuations are averaged out by taking the mean of the force values

for all frames having reaction coordinates within each integer angstrom as the representative force on the midpoint of that angstrom. The standard deviation
is usually 2—4 times smaller than the magnitude of each value. Only the right half is calculated and shown.

monomer. To average out the fluctuations, values within
each integral angstrom were averaged and the mean was
taken as the representative force at the midpoint of each
angstrom. The standard deviation was 2—4 times less than
the typical magnitude. A positive value corresponds to a
compressive radial force on the ion by the channel. The
channel exerts a compressive force on each of the four ions
when they are within the channel (0 A to 10.5 A). Channel
compression drops toward zero as the ion leaves the channel
(11.5 A to 14.5 A) and is diminished at the dimer junction,
especially for ethylammonium and guanidinium. The force
was level and high (2-2.5 nN/ion) between 3.5 and 9.5 A for
the larger ions, guanidinium and ethylammonium, consis-
tent with the high entry barriers and high free energy levels
inside the channel for these two ions (Figs. 5, 6, 8, 9). The
lower compressive forces on methylammonium and forma-
midinium are in accord with the observation that these ions
readily permeate, in agreement with the lower activation
barriers and energy levels inside the channel. The drop at
the center of the channel in the radial compressive forces on

the two larger ions directly implies increased flexibility at
the dimer junction. The formamidinium curve shows an
unexpected increase in the magnitude of the compressive
force at the dimer junction of unknown origin. We therefore
propose that the radial compression of the ion by the chan-
nel is a useful quantitative measure of steric hindrance. As
Fig. 11 illustrates, steric hindrance is an important compo-
nent of the selectivity between the two larger ions and the
two smaller ones.

Fig. 12 shows the axial components of the forces exerted
by the channel on the ions. This is expected to be related
(but not identical) to the first derivative of the free energy
profile. The same kind of ensemble average as used in Fig.
11 was performed, except in this case the standard deviation
is much larger than in the previous one, about equal to the
average magnitude. A positive value denotes that the chan-
nel pushes the ion to the right, i.e., out of the channel,
whereas a negative value denotes that the channel pulls the
ion in toward the center of the channel. It can be seen that,
except for formamidinium, the channel exerts an attractive
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force on the cations when they are external (12.5 A to 14.5
A). At the channel entry (10.5-11.5 A), there is an extruding
force on formamidinium, ethylammonium, and guani-
dinium, but an attractiion for methylammonium. This is
consistent with the fact that methylammonium has a cylin-
drical shape with length 4 A and diameter 3.1 A. The other
three ions have minimal dimensions greater than the inner
diameter of the regular 8% helix and are expected to force
the channel open as they enter. Thus the positive axial force
at the channel entry is another indication of steric hindrance.
At the center of the channel, forces on all four ions are
negative, i.e., they point to the dimer junction. This further
indicates that the dimer junction is a region of channel wall
flexibility. The attracting force on guanidinium exhibits the
largest magnitude at 2.5 A and 3.5 A because of the in-
creasing potential for hydrogen bond formation as the ion
nears the dimer junction, and accounts for the deep central
energy well in the guanidinium profile (Figs. 6 and 9).

DISCUSSION

The molecular dynamics calculations are successful in that
1. The passage barriers for methylammonium and forma-
midinium are low, consistent with permeability, whereas

14595~

35 +
45 T

55 T
NS¢
.'Z:s ——

5
105 +
12.5
13.5 +

methylammonium =

x (A)

that of the impermeant cation, ethylammonium, is high, and
that of the quasipermeable guanidinium is intermediate.

2. An expected strong guanidinium-binding site in the
center of the channel is observed and explained in terms of
steric and hydrogen-bonding factors.

3. The steric hindrance to ion passage is evaluated quan-
titatively in terms of the radial compressive force on the ion.

These qualitative results are very gratifying, and are
solidly attested in the results, despite the difficulties asso-
ciated with non-spherical ligands. For instance, umbrella
sampling and perturbation dynamics both yielded a unique
deep central well for guanidinium, and this well is approx-
imately the depth expected from the increased hydrogen
bonding observed for guanidinium at the dimer junction.

From a quantitative viewpoint, there are some weak-
nesses in the interpretation of the experimental data and
discrepancies between the computed free energy profiles
and those deduced from experiment. These can be summa-
rized as

1. The deduction that a binding site for guanidinium
exists at the center of the channel (based on indications from
voltage dependence in channel blocks and the channel sym-
metry) deserves closer experimental examination.
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2. The height of the barrier for exiting the putative central
binding site is based on an arbitrary assumption about the
transmission coefficient in Eyring rate theory (Hemsley and
Busath, 1991).

3. The computed entry barrier for guanidinium appears to
be too low, relative to that for formamidinium, by ~4
kcal/mol. These issues will be discussed next in more detail,
starting with a more detailed description of the commonality
between guanidinium transport experiment and theory.

The free energy profile for guanidinium is more compli-
cated than for methylammonium or formamidinium (Fig. 9).
There is a high activation energy barrier of 8.6 kcal/mol that
limits the guanidinium entry, and a deep energy well of 11.2
kcal/mol that prevents exit once it gets in. In experiments,
Hemsley and Busath (1991) found that guanidinium causes
flicker blocks of potassium currents in the normal gramici-
din channel. The average block duration is shortened as
membrane potential is increased. This relief of block indi-
cates that the blocking ion passes through the channel rather
than lodging in the entry. The voltage dependence of the
block rate suggests that the barrier to the blocking site is
effectively 40—-48% into the membrane field. The voltage
dependence of the block duration suggests a barrier to
blocker exit 24% down the membrane field from the block-
ing site. The entry barrier was estimated by comparison
between guanidinium block rate and formamidinium pas-
sage rate to be 8.6 kcal/mol higher for guanidinium than for
formamidinium. The exit barrier for guanidinium, based on
Eyring rate theory analysis of the block durations (using the
arbitrary value of 0.1 for the transmission coefficient), was
estimated to be 13.1 kcal/mol. These results, synthesized
into a free energy barrier pattern (reproduced as Fig. 13),
present a pattern that is similar in appearance to the one
presented in Fig. 9. In both profiles there is a large entry
barrier and a deep well at the center of the channel. Even the
amplitudes and positions of the barrier and well appear to be
similar.

However, it should be pointed out that some of these
similarities are fortuitous or even misleading. The entry
barrier height predicted from experiment in Fig. 13 is rela-
tive to the formamidinium entry barrier and therefore should
be compared to the difference between guanidinium and
formamidinium barriers from Fig. 9, which averages to

le .24

Q D)

FIGURE 13 Experimentally deduced free energy profile for guani-
dinium (relative to formamidinium) based on potassium current block data.
Reproduced with permission from Hemsley and Busath (1991).
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~2.2 kcal/mol rather than the 8.6 kcal/mol in Fig. 13. On
the other hand, this predicted entry barrier is quite similar to
one obtained with perturbation dynamics. The perturbation
energy at 6.0 A (relative to 15.0 A) is 7.2 kcal/mol (Table 1).

The position of the entry barrier in Fig. 13 is a compro-
mise between two conflicting experimental facts: the volt-
age dependence and low value of the guanidinium entry rate
suggest a large peak 48% of the way into the channel (i.e.,
near the dimer junction), but the voltage dependence and
low value of the exit rate suggest that the ion must travel
24% of the way through the channel to get from the strong
binding site to the peak of the exit barrier. Channel sym-
metry demands that the exit barrier be a mirror image of the
entry barrier, so it is logical to conclude that there must be
a large well at 50%, with entry and exit barriers located at
about 25% and 75%. The discrepancy, especially with the
positioning of the entry barrier, could be due to experimen-
tal inaccuracy (e.g., time resolution) or inadequacy of theory
(e.g., failure to account for blocks produced by incomplete
entry barrier crossings). The latter would produce an en-
hanced voltage dependence of block and would require
predictions from Brownian dynamics rather than the Eyring
rate theory that was used.

Finally, the height of the exit barrier, relative to the
formamidinium “exit barrier” (~1 kcal/mol), is seen in Fig.
9 to be ~12 kcal/mol, which is very close to the value of
11.6 kcal/mol predicted by experiment. However, this
should be viewed as a largely fortuitous agreement. The
experimental estimate was based on Eyring rate theory, with
an arbitrarily assigned transmission coefficient value of 0.1.
This value, computed with activated dynamics for the short
movement of Na™ within the channel, was considered an
upper limit for guanidinium passage over the broad barrier.
A transmission coefficient an order or two of magnitude
lower would have been as plausible, which would have
suggested a 4—8 kcal/mol lower exit barrier. Concerning the
same issue, the perturbation dynamics results reported here
in Fig. 10 yielded a somewhat lower exit barrier for guani-
dinium (relative to formamidinium), ~9 kcal/mol.

In light of the present results, these issues must be reex-
amined. In particular, improved time resolution of the ex-
periments is crucial and blocking behaviors must be more
tightly related to barrier properties by using Brownian dy-
namics and activated molecular dynamics. Furthermore,
studies of the temperature dependence of block should be
very revealing, given the tight constraints the channel im-
poses on guanidinium in the narrowest region, where the
very regular channel hydrogen-bonding pattern should re-
strain channel conformational variability, in contrast to the
relative freedom of both ion and channel expected at the
dimer junction. Nevertheless, both methods suggest that
guanidinium resides at the dimer junction during blocking
episodes.

To evaluate the atomic mechanism of guanidinium bind-
ing at the dimer junction, we computed the radial density
histogram for distances between ionic charged hydrogens
and channel or water oxygens by using the ensemble of
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configurations generated by the umbrella sampling dynam-
ics trajectories for each of the four ions. From these histo-
grams, the average number (per ion) of separations between
0 and 2.5 A (i.e., the ensemble average number of hydrogen
bonds formed between the ion and all neighboring oxygens)
was extracted and is shown in Table 2 for each of two
representative positions on the reaction pathway, the center
of the channel (0 A) and the center of one monomer (6 A).
In the center of the monomer the number of hydrogen bonds
correlates with the number of cation hydrogen bond donors,
i.e,, 3, 3, 4, and 6 for the four ions, respectively. However,
at the dimer junction (0 A) there is a reduction by ~1 in the
number of hydrogen bonds formed by the first three ions
and an increase by 1.5 in the number formed by guani-
dinium. At the center of a monomer (6 A), all four ions are
in close contact with the channel wall on all sides. Judging
from the free energy profiles, radial forces, and axial forces
for the larger two cations, guanidinium and ethylammo-
nium, the channel center (0 A) is more spacious, consistent
with the measurements of Smart et al. (1993). Methylam-
monium, ethylammonium, and formamidinium have fairly
compact polar hydrogens that tend to hug one wall in this
region and actually decrease their hydrogen bonding to the
carbonyls. On the other hand, the three polar NH, groups in
guanidinium project away from the central carbon in a
trigonal planar conformation such that the ion cannot hug
one wall, but continues, even at the center of the channel, to
contact the channel walls on all sides. The extra space at the
dimer junction apparently provides guanidinium greater
than usual hydrogen bonding potential, explaining the in-
creased number of observed hydrogen bonds in Table 2.
Guanidinium acts like an octopus at the dimer junction,
using all six donors and taking advantage of the junctional
flexibility to extensively engage the channel acceptors. The
increase by 1.5 hydrogen bonds over the number at x = 6 A
could reasonably be expected to yield up to 7.5 kcal/mol of
well depth. The remainder of the dimer junction well depth
could be due to reduced compression by the channel. An
alternative comparison is to compare the 7.3 hydrogen
bonds formed by guanidinium at the dimer junction to the
4.3 formed by formamidinium: the difference of 3 easily
explains the guanidinium central well depth relative to
formamidinium.

Weak ion-binding sites for all four cations are found
outside the channel (~12 A from the channel center). Be-
fore long-range electrostatic corrections, apparent binding
affinity is very high for all four ions (3-3.5 kcal/mol, Figs.
S and 6). This is consistent with the deep binding sites
computed for Na™ in the same region (Roux and Karplus,

TABLE 2 Average hydrogen bond count (Ry.o < 2.5 A)

x=0A x=6A
Methylammonium 34 43
Ethylammonium 4.5 5.4
Formamidinium 43 5.6
Guanidinium 73 5.8
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1993; Aqvist and Warshel, 1989), which reflected an attrac-
tive field for cations from the ethanolamine and carbonyl
oxygens positioned at the channel entry. A neutral methyl-
amine was therefore constructed to test this assumption. As
shown in Fig. 7, the binding site disappears when the charge
on methylammonium is removed. This confirms that the
apparent binding affinity for organic cations is indeed elec-
trostatic in nature. However, further analysis of neglected
long-range factors demonstrates that the neglected long-
range solvent and lipid bilayer, which are also electrostatic
in origin, contribute most to the apparent external binding
affinity. We cannot assess how much of the apparent sites
for Na* in the prior studies mentioned above might be an
artifact of neglect of distant waters. Both of the above-
mentioned studies used slabs of thickness comparable to our
explicit water balls.

The free energy perturbation calculations yield a PMF
difference similar to that seen with umbrella sampling. The
latter could suffer from cumulative errors because we al-
ways picked the shallowest profile from the different start-
ing ion orientations to include in the pieced-together free
energy profile. This may especially affect the height of the
entry barrier to guanidinium, where each section was gen-
erally quite steep. For instance, before implementing this
selection procedure (based on a single rotational orienta-
tion), we had estimated the entry barrier for guanidinium to
be higher than that of formamidinium by 2.6 kcal/mol (Pear
and Busath, 1990) and 6 kcal/mol (Hao and Busath, 1995)
in two preliminary computations, with the total height of the
entry barrier to guanidinium being >18 kcal/mol in the
latter computation. The selection criteria used here were
based on the rationale that the ion would follow the course
of least resistance, rotating to adapt to the channel at each
position. This introduces an uncertainty that we cannot
assess.

The perturbation dynamics model is not susceptible to
cumulative errors; however, the positions of equivalent at-
oms in the two compounds were constrained by the method
to be at the same sites, whereas the atoms that differed
between the compounds moved independently of each
other. This has the effect of requiring the formamidinium
ion to assume the same axial rotation in the channel as the
guanidinium, which may be an overly restrictive assump-
tion. Furthermore, preliminary tests suggest that more ex-
tensive dynamics runs may yield somewhat greater free
energy differences, indicating that the perturbation results
reported here may not reflect a completely equilibrated
system; rather they should be viewed as an initial estimate.

We have not directly analyzed the differences in dehy-
dration energy for the four ions (i.e., the ion-water interac-
tion energy, corrected for long-range interactions, outside
versus inside the channel). Hence it can reasonably be
supposed that these would decrease in the sequence guani-
dinium > formamidinium > methylammonium > ethylam-
monium, based on examination of the structures with re-
spect to polarity and hydrogen bond donors. Guanidinium
has the most donors; ethylammonium is the most hydropho-
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bic, with both a methylene and a methyl group. That dehy-
dration forces make an important contribution is evident,
however, when the axial force plot is compared to the free
energy profile. According to the free energy profiles, meth-
ylammonium is under a net outward force (negative free
energy gradient) in the region of the entry (9—12 A). The
total free energy profile must include an outward potential
of mean force from the waters that exceeds the inward force
exerted by the channel to yield an entry barrier for methyl-
ammonium. Therefore we conclude that the entry barrier for
methylammonium is mainly due to dehydration, whereas
size exclusion plays a more significant role for formami-
dinium, guanidinium, and ethylammonium entry.

In addition to confirming the main features of guani-
dinium and formamidinium transport reported preliminarily
(Pear and Busath, 1990), we have evaluated the profiles for
methylammonium and ethylammonium, computed pertur-
bation energies to cross-check the umbrella sampling re-
sults, corrected for long-range electrostatic contributions of
neglected solvent, analyzed radial and axial forces of the
channel on the ions, and examined hydrogen bond forma-
tion between channel and ions. Our results show that the
long-range bulk water is very important. The force and
hydrogen bond analyses indicate a steric barrier to entry of
all but methylammonium, compression of all of the ions
within the channel by the channel walls, increased flexibil-
ity at the dimer junction, and an increase in hydrogen bond
formation for guanidinium (but not the other three ions) at
the dimer junction. It is interesting to note that the current
experimentally derived structures for the gramicidin chan-
nel differ considerably in pore diameter and that guani-
dinium block behavior, in conjunction with computations
such as these, may provide an alternative method of distin-
guishing between such models and/or assessing the dynamic
backbone flexibility in the gramicidin channel.

We thank Andrea Dorigo and Jim Fukuda for preliminary analyses, James
Ricks for graphics rendering and text editing, Donald Marsh for use of his
Sun workstation, and Peter Jordan for helpful discussions. CHARMM was
licensed from Martin Karplus at Harvard University, and DelPhi from
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