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Abstract

In the gramicidin channel, ionic transport and water transport occur simultaneously. Gramicidin’s transport properties are
influenced by ionic interactions with both the polypeptide and the channel waters. We present results of molecular dynamics
studies on a series of alkali metal ions interacting with a water-filled gramicidinlike channel (a configurationally constrained
polyglycine analog) at the dimer junction, in mid-monomer, and near the channel entrance. We investigate details of both
short and long range ion—water and water—water correlation; these are notably dependent on the explicit consideration of
polarizability and the degree of backbone flexibility. The nature of ion—water and water—water correlations changes as ionic
size decreases and these changes may be augmented or attenuated by manipulation of the two parameters under study.
Incorporating polarizability generally shortens ion—water distances and enhances ion-induced electrostriction (decreased
water—water separations), while simultaneously reducing the long range orientational correlation of the single filing waters
within the channel. Increasing flexibility predictably results in a broadening of the distribution of water—water and
ion—water separations and contributes to the loss of long range orientational correlations. Both effects are ion specific; Cs*
and Na™ interact with the channel in distinctly different ways, while K* represents an intermediate case more closely
resembling Cs ™. Our results demonstrate that incorporation of polarizability in the potential function has significant effects
on the properties of channel water and, consequently, on the ionic transport process. While ion—water and water—water
distances are decreased due to this feature, thereby fostering longer ranged correlations within the channel, enhanced
interactions between water molecules and peptide groups tend to mitigate this effect. Possible implications for the multiple
occupancy states of gramicidin and long range information transfer via a single file water chain are considered. © 1997
Elsevier Science B.V.

Keywords: Model channel; Gramicidin; Polarizability; Membrane fluidity

1. Introduction

A number of questions are central to developing a
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ions across the lipid bilayer. Among the most chal-
lenging is the issue of how and when the channel
permits entry of certain ions and exclusion of others.
The qualitative features that must account for biolog-
ical ion channels’ exceptional ability to selectivity
facilitate translocation of ions across membranes have
often been described [1]. Narrow pore interiors, lined
with polar or charged groups, in which permeant
motion proceeds in a single file, provide an environ-
ment which stabilizes water and some charged
species. Selectivity rests upon a delicate energetic
balancing between rather large binding energies [2—
6]. The relative affinity of an ion for water and the
channel interior can not differ too much; further-
more, the energy barriers to ion entry, exit, or
translocation can not be too great. If these conditions
are not satisfied, an ion can not permeate; it will
either block the channel or not enter it at all. In
addition to facilitating ionic translocation across the
membrane, certain channels also permit signal trans-
duction either along or across membranes [7]. The
nature of the signal transduced may depend, either
directly or indirectly, on the identity of the ion
transported.

Physiologically active channels are typically com-
posed of multiple integral membrane protein sub-
units arranged around the aqueous permeation path-
way; they frequently have several thousand amino
acid residues. Despite knowledge of the primary
sequences of the constituent subunits, relatively few
high resolution structural data are available. Indced,
no internal structure of a biologically significant
channel is known to better than 9.0 A resolution [8].
Theoretical studies of ion permeation at the molecu-
lar level have of necessity focused on simpler chan-
nel forming proteins. The pentadecapeptide grami-
cidin A and its analogs are small channcl forming
peptides, readily amenable to chemical modification,
and relatively easily studied electrophysiologically
[9-11]. Questions of general applicability to the
important physiological channels notwithstanding.
gramicidin A and its various analogs arc excellent
systems for the theoretical investigation of ion
translocation [12—16,4,17]. Among its more striking
properties is the fact that, depending upon which
alkali cation is transported, it can be either doubly
(Cs*, Rb™, or K*) or singly (Na* or Li*) occupied
at high (> 1 M) permeant ion concentration [18].

This behavior is interesting since the ionic binding
sites are located near the mouths of the channel,
approximately 19 A apart [19-21]. Assuming that
both binding sites exhibit an equal intrinsic affinity
for a particular ion, the dielectric constant, £, within
the aqueous channel would have to be approximately
4 in order for electrostatic repuision alone to account
for the difference between the observed first and
second affinity constants {18]. While & ~ 4 is consis-
tent with previous theoretical estimates [22], the
actual dielectric properties of the channel interior are
unknown. Obviously, as the ion enters the mouth of
the channel, membrane and protein motions, as well
as ion—side chain interactions, alter the ionic field
[23.24]. Therefore, there remain questions as (o
whether an ion entering on one side of the channel
can distinguish between the influence of different
alkali cations bound at the opposite side. To investi-
gate these questions one must consider how the
different ions interact with the channel waters and /or
the polypeptide and how they propagate occupancy
information across the entire channel length.

The water chain has been investigated theoreti-
cally as a means by which this information may be
transmitted along the channel. Chiu and co-workers
[15.25,26] consider the single file waters, as well as
some of their hydrogen bonding peptide partners, as
a collective chain whose transitions between confor-
mations are highly correlated. Extending this concept
even further, Poxleitner et al. [27] define the external
capping water, the polypeptide, and the channel wa-
ters as the functional unit of gramicidin A. Roux et
al. [28]. building on prior studies of the energetics
and dynamics of various model channels [16,4,17,29],
conclude that the trend toward higher occupancy in
gramicidin arises from the loss of favorable long-
range ion—water chain interactions, with water-
channel interactions also playing a role. In order to
describe the many body character of the ionic trans-
port process, Elber et al. [30] define a quasi-particle
called a *‘permion’ which consists of a plug of waters
accompanied by an ion. In their model forward
motion proceeds in a highly correlated manner in-
volving a reptation mechanism whereby the permion
is nudged along the channel by helix motions. Al-
though experimental validation of conclusions based
on these models is not easily obtainable, measure-
ments of magnetic field strength dependent spin-
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lattice relaxation have established the existence of
nanosecond librational motions along the channel
axis which coincide with ionic transit times {31,32].

This paper presents a study of the effects that
cation variation, backbone flexibility, and group po-
larizability have on the properties of channel water
with special attention paid to those factors which
might account for long range information transfer
and its indirect implications for channel selectivity.
Our computations yield structural data illustrating
how cation identity, backbone rigidity or fluidity,
and polarizable groups influence the pore waters’
electrical properties, water—water, and ion—water
correlations. A detailed study of ion—helix and wa-
ter—helix interactions in the mid-monomer highlight-
ing energetics as well as structural features is cur-
rently under way and will be presented in a later

paper.

2. Model and theory

The structure of the predominant electrically ac-
tive form of gramicidin A in oriented bilayers has
been elucidated by NMR spectroscopy [33-37]. The
model employed here, however, is a more simplified
polyglycine analog of the head-to-head dimer which
incorporates major qualitative features essential to
understanding gramicidin’s electrical conductance
[38—41]. Given its narrow diameter and lack of
interior side chains, the polar groups of the grami-
cidin backbone must assume the primary responsibil-

ity for the transport of ions through the pore. Conse-
quently, a model constructed strictly of glycine will
replicate critical features of ionic translocation with a
few caveats. For example, experimental work sug-
gests that the tryptophans near the mouth of the
channel are rather important for modulation of gram-
icidin conductance, perhaps by deforming the bind-
ing sites {42]. Although the side chains do not project
into the channel lumen, their modification has been
shown to result in measurable changes in channel
conductance [43,11]. Conformational analysis pro-
vides a reasonable set of coordinates for the back-
bone atoms of the model channel [44]. This is a
left-handed structure, while gramicidin A is actually
right-handed [33-37]. However, as left and right
handed versions of the polyglycine analog are mirror
images, this choice has no energetic or structural
consequences. Moreover, the channel is idealized for
the purpose of highlighting the influence of the two
key parameters and handedness does not change the
interpretation of our results. Monomers are joined at
the N-termini via 6 interhelical hydrogen bonds. The
CHO group at the N-terminus is numbered O and the
COH of the ethanolamine tail is numbered 16. All
but six carbonyl oxygens (numbered 11, 13, 15, 11,
13, and 15’) form intra- or inter-monomer hydrogen
bonds. (See Fig. 1)

The model geometry is similar to that described
previously [45,40]. In the present study, bulk water is
approximated by hemispherical caps of radius 11.5 A
at each end of the channel; about 40 water molecules
are in each cap. Water remains within the boundary

Fig. 1. Projection of the B-helical backbone of the polyglycine analog of the dimeric gramicidin channel. The coordinates employed are
those calculated by Koeppe and Kimura [44]. The filled circles are the oxygen atoms of the CO moieties; the small circles are the hydrogen
atoms of the NH groups; the unliganded circles are C, groups. Numbers 1-15 refer to the corresponding amino acids of the first
pentadecapeptide monomer. Number 0 is the formyl CO and number 16 is the ethanolamine carbon. Numbers 0'-16" designate the
equivalent units on the second monomer. Only hydrogen atoms of the NH moieties are depicted. The dotted lines represent hydrogen bonds

between CO and NH groups. Reprinted by permission of ACS [39].
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of the hemispherical wall by damping the velocities
of escaping molecules. Particles slipping through the
sides of the caps into the lipid region are simply
reflected elastically. The H,O density in the cap
domains is variable but approximately that in bulk
water. Reducing the number of bulk water molecules
substantially reduces the computational demands
from that required in the previous studies which
included 418 water molecules. By comparison with
simulations on Cs* (Jordan, unpublished results) this
truncation has no significant effect on ion—channel-
water properties in the regions of interest. As was
done previously, the channel is embedded in a lipid-
like domain of 589 randomly distributed immobile,
non-polarizable force centers for the rigid channels
and 560 such centers for the flexible and very flexi-
ble ones. These spheres are roughly the size of CH,
groups and occupy a cylindrical region of 15 A
radius around the model gramicidin dimer. They do
not have the chain-like order found in lipid bilayers,
although the number density approximates the CH,
group density in stearic acid. The interaction be-
tween the immobile spheres and all other groups is a
Lennard—Jones potential with &=0.59 kJ mol !
and o =3.46 A, typical of a CH,—water interaction
[46].

The model and the theoretical procedures used
have been described in detail in previous work [40];
we give a summary here, omitting only a description
of the switching function used and the Lennard—Jones
parameters for our groups. The potential energy
function contains five terms: electrostatic, Lennard—
Jones, bond polarization (responsible for creating the
induced dipoles), backbone deformation (accounting
for the structural deformations due to thermal mo-
tions, i.e., bond stretching, bond bending, and amide
plane deformation), and group localization contribu-
tions [38,41,45,46). It differs from standard bio-
molecular force fields such as CHARMM [47], AM-
BER [48], or GROMOS [49] in two significant ways:
the basic units are uncharged, multipolar or dipolar
moieties (H,0, CO, NH), rather than individual
atoms and each of our groups is polarizable. We can
thus treat charge redistribution due to ion—group and
group—group interactions, which has been found to
be very important in the pore environment [50,29]. In
our calculations, pathological configurations giving
rise to ‘polarization catastrophes’ never arise; the

short range repulsion terms in the various potentials
are sufficient to keep any pair of molecules from
approaching too closely, so dipole moments never
diverge.

We use a polarizable electropole model for water
[51,52]. It has the electrical moments and the polariz-
ability of an isolated water molecule; the short range
Lennard—Jones repulsive term is parameterized to
account for properties of the water dimer. This model
adequately describes water’s second virial coeffi-
cient, many properties of small water clusters, and
the energetics of ice Th. It is less successful in
treating liquid water; the binding energy is too smail
and both X-ray and neutron pair distribution func-
tions are only qualitatively reproduced. However, for
the purpose of analyzing the influence of the polariz-
ability of channel water in a single file environment
(large water clusters can not form), it represents a
good compromise. It should be noted that currently
no single potential function accurately describes the
properties of water in a wide range of phases. Fur-
thermore, it has been suggested that the channel
contents have properties similar to supercooled bulk
water and ice [25,26]. The Barnes potential, which is
relatively better at describing the energetics of ice Th
than liquid water, provides a reasonable model for a
hybrid system such as channel H,O. The ion—water
potentials were parameterized to fit the properties of
ion—water microclusters [53,54]; again this empha-
sizes short range structural features, precisely what is
required in a channel.

To examine the significance of including polariz-
ability (permitting dipole moment fluctuations), we
also consider a potential function modified in the
following way. In the studies with polarizability in
the potential function, electrostatic interaction in-
creases the mean dipole moments of the various
groups (CO, NH, and H,0); they are naturally sig-
nificantly larger than their bare (non-interacting) val-
ues. To carry out a comparable study excluding
polarizability requires increasing the group dipole
moments; the values chosen were the mean values
determined in simulations where « > 0 [40]. The
adjusted moments are: CO: 2.56 D; NH: 1.08 D;
bulk H,0: 2.47 D (the same as Barnes’ value [50]);
channel H,O: 2.31 D. We used different values for
the channel and bulk waters because, as shown in
earlier studies [40], the channel and bulk environ-
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ments affect water polarization in significantly dif-
ferent ways. Bulk water is far more effectively polar-
ized and this is reflected in the larger dipole moment.
The dipole moment of the channel water was as-
signed based on simulations in channels containing
only water molecules. We refer to simulations with
polarizability in the potential function as a > 0 sim-
ulations, while those with fixed dipole moments are
identified as « = 0 simulations.

Water, the groups of the gramicidin backbone,
and the ion are described as polarizable multipoles
embedded in Lennard—Jones spheres. The relevant
parameters are given elsewhere [40]. As already
indicated, the capping water is treated slightly differ-
ently from channel water in the « = 0 simulations to
account for differences in the two environments.
Within the gramicidin monomers the forces, torques,
and electric fields depend on the interaction between
all groups separated by less than a preselected cut-off
distance; however, near neighbors in a particular
monomer are not coupled via the non-bonded forces
(electrostatic and Lennard—Jones).

The group localization energy term is included to
stabilize monomer helices during dynamics to par-
tially compensate for the fact that side chains are not
included in the treatment. Cohesive forces arising
from interactions between amino acid residues or
between peptide side chains and lipid, while impor-
tant for structural stability, are ignored. As a result,
an additional constraint is needed to maintain helic-
ity near the channel entrance [40] and to insure that
all six hydrogen bonds form at the junction. As a
surrogate for membrane fluidity we consider three
degrees of helical flexibility for our study, viz. rigid,
flexible, and very flexible backbones. We achieve
the various degrees of flexibility by modification of
the force constant for the harmonic restoring force
associated with the group localization energy term
(X0.5k(r; — ry,)%, where r,, is the 0 K position of
group i). The force constant k was varied from 5 to
0.01 mdyne nm~'; the latter value corresponded to
channel closure, as groups occluded the permeation
pathway. Data are reported for all backbone flexibili-
ties where the channel remained open during the
entire simulation. Rigid channel backbone groups are
highly localized to their O K positions with an rms
displacement equal to 0.10 A. The ﬂex1ble channels
exhibit an rms displacement of 0.29 A from the 0 K

positions, while the very flexible channels are hlghly
delocalized with an rms displacement of 0.64 A. The
absolute degree of backbone flexibility for any type
of actively conducting ionic channel is still an unan-
swered question, although there is suggestive experi-
mental evidence that gramicidin is relatively more,
rather than less rigid [55-57].

As the ion is translated through the channel,
umbrella sampling is used to link neighboring re-
gions. In a single simulation we begin with a starting
configuration located near an energy minimum or
maximum and move the ion a total of 1.0-1.6 A
through the channel up to or beyond the next local
maximum or minimum, respectively. Upon comple-
tion of the calculation at one location the ion is
translated in the channel to its next location and the
process repeated. As the potential changes rather
rapidly for smaller ions like Na*, the windows are
separated by only 0.1 A for all flexible and very
flexible channels. In the case of the rigid channel,
the windows for K" and Na* are separated by 0.1
A, while those for Cs* are separated by 0.2 A.

As mentioned, a cut—off was used; particles are
fully interacting at 8.5 A and out of range at 9.5 A.
Extending this cut-off to 12 A in a selected region
did not result in significant changes in the averages
of properties studied. Future studies of ion-—helix
correlations in the mid-monomer will extend the
cut-off to examine the importance of long-range
interactions as the ion changes its coordination be-
tween a maximum and a minimum. Temperature
control is maintained by Langevin coupling with a
relaxation time of 0.1 ps [58]. A 5 point Gear
predictor—corrector method is used to solve the equa-
tions of motion [59]. Rotational coordinates are de-
scribed by Cayley—Klein parameters [60]. Moments
of inertia are increased: for the polar groups of the
helix, 10-fold and for water, 100-fold. This slows
down the rate of water, CO, and NH rotation and
facilitates rotational energy transfer, which can have
no effect on equilibrium properties but permits rela-
tively large time steps (2 fs) to be used in the
calculation, further reducing the computer time re-
quired. Each starting configuration was annealed for
at least 2.5 ps at 400 K and 2.5 ps at 350 K,
followed by at least 15 ps of equilibration at 300 K.
In each window the system was re-equilibrated for 5
ps and data collected for the subsequent 10 ps for the
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rigid channel, 40 ps for the flexibie channel, and 20
ps for the very flexible channel. Both flexible and
very flexible channels reached equilibrium by 20 ps.
We continued the simulations on the flexible chan-
nels for an additional 20 ps to reduce statistical
variation, as we expect that this degree of flexibility
most nearly approximates experimental conditions.
Channels containing only water were subjected to
the same thermalization and equilibration procedure;
however, without an ion to promote ordering, longer
annealing and equilibration times were required. The
annealing times were 5.0 ps at each elevated temper-
ature, followed by at least 60 ps equilibration. Data
were then collected for 120 ps for all degrees of
flexibility.

Two types of test were used to check that sam-
pling was adequate. Data collected in the first half of
the run were not statistically different from the re-
sults collected during the second half. Occasionally
an intermediate window configuration was re-an-
nealed and re-equilibrated before sampling; the data
collected after this procedure were not significantly
different from results found without the re-annealing.
Potassium required more careful equilibration at the
start in each region; in the very flexible channel at
the mid-monomer the system was equilibrated for at
least 20 ps before data collection. In the absence of
this extended procedure, excessively large gaps (>
3.7 A) sometimes arose in the water chain. In fact,
transiently rather large gaps (3.5 A < distance, ,, <
3.7 A) did occur, especially when the K* was near a
local energy maximum. We attribute this phe-
nomenon to potassium’s inability to either execute
large off-axis motions (like sodium) or to be fully
solvated while remaining on-axis during its trajec-
tory through the channel (like cesium). Potassium
behaves sometimes like sodium and sometimes like
cesium as it traverses the channel, influenced by its
initial configuration.

3. Results

We contrast properties of Na*, K*, and Cs™
occupied channels. From the structure of the grami-
cidin molecule, four distinct binding regions can be
identified in each half of the channel (See Fig. 1):
the mouth, in which the ion binds with CO number

11 and the ethanolamine COH and still maintains
most of its hydration shell; the entrance to the single
file, in which the ion associates most strongly with
CO’s number 9 and 14; the interior (mid-monomer),
in which the ion moves successively among pairs of
CO’s 7 and 12, 5 and 10, 3 and 8, 1 and 6; and the
junction, where it associates with carbonyls num-
bered 0, 2', 2, and 4. Within the channel ions are
solvated by two waters of hydration and by carbonyl
groups forming the channel interior. We describe
general properties of the non-exchangeable, single
file waters as the ion traverses the membrane within
the model gramicidin channel, highlighting stretches
of 1.0 to 1.6 A along the main channel axis in
regions designated as the junction, mid-monomer,
and exit (entrance to the single file and mouth, as
above). Non-exchangeable waters are defined as
those molecules which remain in the channel for the
entire duration of the simulation. At extremities of
the channel (ca. 10.5 A from the junction), the last
water molecule occasionally switches places with a
bulk H,O; these exchangeable molecules are not
included in our analysis.

3.1. Water dipole moments

Table 1 presents mean water dipole moments in
the unoccupied channel ( ug..) and for those water
molecules which are first and second nearest neigh-
bors (i, and p,, ) of the ion in various regions of
the occupied channel. Some general patterns are
apparent. In each model channel there is no statisti-
cally significant difference between ., in the dif-
ferent channel regions; however, when taken as a
whole, the trends in the more flexible channels sug-
gest that p, is smaller when the ion is near the
channel exit. Similarly, in the most flexible channel,
there appears to be regional variation of u,, , with
., being smallest when the ion is near the channel
exit. It is again unclear if this is statistically signifi-
cant.

The influence of backbone flexibility is self-evi-
dent. For the smallest ion, Na*, H,,, is unmistakably
lower when the channel is made more flexible;
moreover, there is a fairly large and statistically
significant difference between w,, and water’s mean
dipole moment in ion-free channels. K* behaves in a
similar fashion, but the dependence of w on channel
flexibility is less pronounced. The dipole moment of
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Table 1
Mean channel water dipole moments *

Na* K* Cs*

M, Mo, Mo, M, M, Mo,
Rigid channels, a > 0 ( pge. = 2.30 £ 0.03)
Junction 2.93+0.03 2.49 £+ 0.03 2.64 +0.03 2.41+£0.03 2.53+£0.02 2.40 £+ 0.04
Monomer 2.93 +£0.03 2.49 £+ 0.05 2.64 £ 0.06 2.39 £ 0.07 2.54+0.04 2.39 £ 0.04
Exit 2.90 + 0.04 2.50 + 0.07 2.66 + 0.05 2.40 £ 0.07 2.49 +0.03 2.32 £0.05
Flexible channels, a > 0 ( pq.. = 2.32 4 0.02)
Junction 2.84 +£0.03 248 +0.03 2.56 +0.03 2.3710.03 2.48 +£0.03 2.3240.04
Monomer 2.85+0.04 2.46 + 0.05 2.54 + 0.06 2.37 £ 0.03 2,48 £ 0.02 2.35+0.02
Exit 2.79 +£ 0.02 2.40 4+ 0.02 2.53 +0.04 2.344+0.04 2.48 £ 0.03 2.33+0.03
Very flexible channels, a> 0 ( pg,.. = 2.33 £ 0.02)
Junction 2.73 £ 0.03 2.46 £ 0.06 2.58 +£0.02 2.38 £0.07 2.52 +£0.04 2431 0.05
Monomer 2.73 £ 0.05 2.41 4 0.07 2.54 £ 0.06 239 +0.07 2.474+0.03 2.3340.02
Exit 2.74 £ 0.03 2.42 +0.05 2.50 £ 0.04 233 £0.05 248 +0.04 2.33+0.03
Cation—water clusters
MW, 2.84 2.68 2.53
MW, 2.58 247 2.39
MW} 2.43 2.36

* The dipole moments (in Debye) for the first ( ., ) and second ( ,, ) nearest neighbor water molecules were averaged for Cs™, K™, and
Na* occupied channels. pg,, is the mean channel water dipole moment in the unoccupied channel. Dipole moment values computed for

gaseous cation—water microclusters [54] are given for comparison.

the second nearest neighbor is still somewhat larger
than p... By the time the ionic radius equals that of
Cs™, both i, and u, are independent of channel
flexibility; furthermore, u,, differs little from pug.,.
With Na* in the channel the water dipole moment is
markedly sensitive to the degree of channel flexibil-
ity, but this effect disappears as ionic radius in-
creases. In contrast, in the water only simulations
M. 18 little affected by the degree of flexibility of
the channel and increased flexibility serves, if any-
thing, to increase g,

Parallels can be drawn between these u values
and those computed for water in gaseous cation—
water (MW.") microclusters. In the case of u,, for
rigid channels occupied by sodium, the MW, water
dipole moments are actually lower than those found
in the model channel. For the flexible channels they
are approximately the same and for the very flexible
channels they are higher. In the case of the potas-
sium occupied channel the MW, water dipole mo-
ments are equal to u, in the rigid channel and

slightly higher than those of the flexible and very
flexible channels. For cesium the u, values are
approximately the same as those of the gaseous
cation—water dimer for all flexibilities. A drop in
water dipole moments is not surprising as a conse-
quence of increasing flexibility, reflecting the fact
that water molecules are less constrained. It is curi-
ous that the u,, for the rigid sodium-occupied chan-
nel is higher than the water dipole moment in MW,
and this may suggest that within the rigid channels
water is very highly constrained indeed, enhancing
its polarization. This interpretation is consistent with
MD simulations of water-filled gramicidin channels
by Chiu et al. [15], where H,O molecules became
‘frozen’ in rigid channels. The values of u,,, are all
noticeably smaller than u, , indicating that these
waters are part of a second hydration shell.

3.2. Ion—water correlations

The average number of waters that are co-trans-
ported with an ion through the channel depends on
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channel flexibility, group polarizability, and ionic
size. Co-transported waters are those waters which
the ion is able to restrain within the channel for the
duration of a simulation, i.e., non-exchangeable wa-
ters. There are more non-exchangeable waters found
in all channel regions when the backbone remains
rigid. In this case, sodium and potassium transport
eight waters, while cesium transports seven. For the
more flexible channels, a > 0 tends to favor reten-
tion of water, but only for the smallest ion. Sodium
carries seven waters through the channel when a =0
and eight when « > 0. Potassium transports 6.7 and
cesium, 6.3, independent of polarizability. By the
time the channel reaches the very flexible state all
three ions exhibit only small differences between the
a =0 and a > 0 cases. Sodium occupied channels in
a = 0 simulations contain an average of 6.6 waters.
Equivalent channels with a > 0 contain about seven
waters. To summarize, increasing backbone flexibil-
ity or ionic size reduces the number of waters that
remain in the channel with an ion. Dynamical polar-

izability only increases the number of waters when
the channel is flexible and the ion is small.

These results are consistent with both the experi-
mentally derived values and theoretical results re-
ported by other groups. At low permeant ion concen-
tration (< 1 M), seven to nine waters accompany the
larger ions through the channel [61-63] and this
number drops to five at high ionic concentration.
Sodium, however, always transports nine waters,
independent of concentration. In earlier simulations
[12,64,3] the occupancy numbers are similar to our
rigid, a > 0 type observations. The channel model
employed by Skerra and Brickman [3] is most like
the one used here, while that of McKay is most
different. Skerra and Brickman represent gramicidin
by a hexagonal arrangement of CO group like-di-
poles possessing three vibrational modes (in- and
out-of-plane bending and bond stretching). The car-
bon atoms are fixed on a rigid helix, making their
model similar to our rigid backbone. Water—water
interactions are described by the TIP4P model. They

Table 2
Mean ion—water separations (in A) for nearest water neighbors

Na™* K* Cs*

a=0 a>0 a=0 a>0 a=0 a>0
Rigid
Junction 2.53 +£0.03 248 +0.03 2.92 +0.03 2.88 +£0.03 3.19 £0.03 3.17 £ 0.05
Monomer 2,524 0.02 247 £0.03 2.90 +£0.03 2.87 +0.03 3.15+£0.02 3.14+0.03
Exit 2.52 £ 0.04 2.48 £0.02 2.88 +0.03 2.86 £ 0.03 3.17£0.03 3.18 £ 0.04
Flexible
Junction 2.56 +£0.05 2.48 £ 0.03 294 £ 0.03 2.91+0.03 3.18 £ 0.04 3.17 £ 0.03
Monomer 2.56 +0.03 248 +0.03 2.92 +0.03 2.88 +0.03 3.16 + 0.03 3.16 £ 0.03
Exit 2.53 +£0.04 247 £0.04 291 +£0.02 2.90 +0.04 3.18 £0.04 3.15£0.03
Very flexible
Junction 2.59 +0.04 2.49 £ 0.05 2.95+0.05 2.88 £ 0.06 3.20 £ 0.04 3.18 £ 0.05
Monomer 2,61 + 0.04 2.53 £ 0.05 2.92 +£0.03 2.90 £ 0.05 319 £ 0.06 3.17 £ 0.06
Exit 2.59 1 0.02 2.52+0.04 2.92+0.03 293 +0.06 3.16 £ 0.04 3.14 £ 0.04
Cation—water clusters
MW, 2.52 2.78 311
MW, 2.57 2.83 3.18
MW" 2.62 2.87

* Jon—water distances computed for gaseous cation—-water microclusters [54] are given for comparison.
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find that the sodium channel is occupied by eight
water molecules, while potassium contains only
seven, which is, not unexpectedly, identical to our
rigid simulations. McKay et al. [12] use a full atomic
representation of the gramicidin backbone but owing
to the short simulation times (5 ps), it is possible that
their system did not reach equilibrium.

Table 2 illustrates the ion—water separations in
different regions of the channel. Na* differs dis-
tinctly from both Cs* and K*. In the rigid channel,
the water’s mean distance from the ion is compara-
ble to (and in the case of a > 0, somewhat shorter
than) that calculated for the gas phase MW, complex
(2.52 A). The short Na*-water separations correlate
with the high dipole moments observed for the rigid
channel. For Cs* and K™, the separations are much
greater than those in the MW, complex (3.11 and
2.78 A respectively); they are closer to values repre-
sentative of gaseous ion—water tetramer and ion—
water hexamer microclusters [54]. The main determi-
nant of the ion—water distance within our channel is
naturally the ionic size. There are however, minor
differences as we vary the two parameters under
study. First of all, as the channel is made increas-
ingly flexible in the absence of polarizability the
ion—water distance tends to increase, and more
clearly for Na™ than either of the other two ions.
This tendency towards longer ion—water distances is
less clearly evident when polarizability is turned on
and may even be reversed for Cs*. Any polarizabil-
ity dependent differences are only marginally statisti-
cally significant when observed from the point of
view of regional average values, but there are shifts
in the ion—first water distance distributions when
seen from the perspective of the entire channel (See
Fig. 2). There is a definite polarizability dependent
ion—water distance shortening due to switching on
polarizability for sodium which is still noted, but less
marked, in the case of potassium. For cesium occu-
pancy this effect nearly vanishes; there is really no
polarizability dependence on the ion—water distances
for the rigid and flexible backbones, but there is a
slight shift to shorter distances for the very flexible
backbones. Unlike the influence of polarizability,
varying channel flexibility leads to only slight shifts
in the distribution of ion—water separations, basically
only noticeable for sodium.

To summarize, ion—water separations are domi-
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Fig. 2. Comparison of Na*, K*, and Cs* ion-first water dis-
tances. Average ion—water, distances from each window in all
three regions of a given channel type were pooled and binned. The
x-axis represents the ion—water distances in A (left bin edge) and
the y-axis indicates the fraction of the total found within that bin
(bin size =0.02 A). The flexible and rigid channels are offset
along the y-axis for easier viewing. Solid lines represent a > 0,
while the dashed lines depict the a = 0 case. It is clear that for
sodium switching on polarizability results in shorter ion—water
distances for all degrees of backbone flexibility. The effect is still
noted, but to a much lesser degree for potassium, and is not
exhibited by cesium.

nated by the size of the ion. Flexibility tends to
expand the average distances somewhat, while dy-
namical polarizability shortens the distances. The
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effects are most distinct for sodium, less so for
potassium, and virtually absent for cesium.

3.3. Water—water correlations and electrostriction

Several comparisons have been made with respect
to inter-water distances among non-exchangeable
waters, including full channel and regional compar-
isons as functions of ion occupancy, flexibility, and
polarizability. From Table 3, we first note that in
ion-free channels the mean water—water distances
depend slightly on polarizability and backbone flexi-
bility, decreasing as the channel becomes more rigid
and increasing when polarizability is considered. Fig.
3 presents a general overview of adjacent water—
water distances throughout entire ion occupied chan-
nels. Mean water—water separations from all win-
dows at the junction, mid-monomer, and exit were
pooled and binned for each of the three ions and the
distributions normalized and examined. Some overall
trends emerge. As the ion gets smaller, the number
of very short (<3.0 A) water—water separations
increases (See Figs. 3 and 4). Making any channel
more flexible, not surprisingly, leads to a broadening
of the distribution of water—water distances. (See
Fig. 4). Shortening of the water—water distances
throughout an ion-occupied channel (electrostriction)
with respect to water—water distances in an ion free
channel is most definitely noted in the case of sodium
(See Fig. 3), but only in simulations where a > 0. It
is weakly observed in the case of potassium. The
effect does not occur for cesium under any condi-
tions. Increasing channel flexibility basically tends to
negate the ion-induced electrostriction observed when
polarizability is switched on. When «a = 0, the wa-
ter—water distance distributions for all three ions at
each respective flexibility are almost superimposable
(See Fig. 4), however the distances are still slightly
shorter than those in the corresponding ion free
channels, most notably in the rigid and flexible ones.
When a > 0, however, the Na* and K* distribu-
tions are sharply displaced to shorter water—water
distances when the channel is rigid (See Fig. 4). In
the flexible model channel, Cs™ and K* water—water
distances become approximately the same, with the
Na™ distribution still significantly skewed to shorter
separations. With the channels very flexible, all wa-
ter—water distance distributions are once again nearly
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Fig. 3. Comparison of Na*, K", and Cs™ induced electrostric-
tion. Average water—water distances from each window in all
three regions of a given channel type were pooled and binned. The
x-axis represents the water—water distances in A (left bin edge)
and the y-axis indicates the fraction of the total found within that
bin (bin size = 0.02 A). The flexible channels are offset along the
y-axis by 0.15, and the rigid by 0.30. Solid lines represent « > 0,
while the dashed lines depict the o = 0 case. Electrostriction is
very noticeable for rigid and flexible Na* channels in the a > 0
simulations and absent under identical conditions when Cs*
occupies the model pore. Some minor electrostriction is evident in
the rigid K* channel. Not unexpectedly, increasing flexibility
broadens the distribution of water—water distances. The dashed
lines with open circles refer to a = 0 simulations, the solid lines
with closed circles, & > 0 simulations. Every other bin is marked
with a circle.
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superposable, as in the « = 0 case. In all instances, nounced in each part of the channel, i.e., are the
the water—water distances are distinctly shorter than differences in the overall channel pictures comprised
in the equivalent ion free channel. of dramatic effects from primarily one channel re-

The question could be posed as to whether the gion with minimal contribution from the others. Fig.
phenomenon of electrostriction is equally pro- 5 addresses this question with a breakdown of results
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Fig. 4. Effect of backbone flexibility on ion induced electrostriction. The left panels illustrate that in the absence of polarizability, the
distributions of the water—water separations for all three ions are virtually indistinguishable; flexibility of the backbone plays no role. When
a>0, however this pattern changes For the rigid channel, the peak of the sodium distribution is located at 3.00 A, followed by potassium
at 3.02 A, and cesium at 3.08 A. All three distributions are broader with respect to a = 0. As the channel is made flexible, the K* and Cs*
distributions become superposable, peaking around 3.10 A, with the sodium channel distribution still skewed to shorter water—water
separations. In very flexible channels, all three distributions effectively become superposable again, albeit with some minor skewing of the

+ distribution to shorter distances. The vertical line indicates the position of the mean water—water distance in the comparable, ion-free
channel. Every other bin is marked with a symbol.
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by region for potassium and sodium occupied chan-
nels. For both ions, electrostriction is marginally
more prominent at the junction and the exit. While it
is still noted in the mid-monomer, the distribution is
broad and the effect is less clear. Overall it is fair to
conclude that no region contributes disproportion-
ately to the shortening of the water—water distances
when « > 0.

135

Table 3 focuses more specifically on the water,—
water, and water,—water, distances of pairs immedi-
ately adjacent to the ion. In comparing these num-
bers to the average water—water distance in the
comparable ion free channel, it is clear that the
water,—water, separations are greatly reduced. The
effect is strongest for Na*, more pronounced when
a >0 and little dependent on channel flexibility.
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particular region. Each bin is indicated with a symbol. Vertical line indicates the average water—water distance in rigid, ion-free channels.
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When a # 0, the water,—water; distances are also
noticeably smaller than in the comparable ion-free
system. Only when a = 0 is there no clear pattern of
electrostriction in the water,—water, separations. Al-
though the statistical variation in channel average
values is large, taken together, ion-induced elec-
trostriction is unmistakably apparent when a > 0.
Considering the mean water,—water, distances in
Na* occupied channels, 100% of the values are
smaller when polarization is switched on, for K7
that number falis 1o two thirds, and for Cs™, it is just
under half. For the water,—water, distances. all of
the values for Na* and Cs* are smaller when « > 0,
and for K* three-quarters of them are smaller. The
rms fluctuations for any particular comparison might
make it appear as if there is little difference between
a=0 and a> 0, especially for the more flexible
channels. When viewed as a whole, however, the
differences are clearly evident. Binning was per-
formed on the first and second waters only in the
same manner as was done for the whole channel and
the same overall shifts towards smaller water—water
distances were observed as the averages suggest
(data not shown).

To summarize, ion induced electrostriction Is
prominent when the ion is small, polarizability is on,
and the channel is rigid. Increasing flexibility attenu-
ates the enhanced electrostriction that is observed
when a > 0. For K* and Na®, electrostriction oc-
curs both close to and further (3 or more waters
away) from the ion. For the largest ion, Cs¥, it is
only observed for the first pair of waters adjacent to
the ion, not throughout the channel.

3.4. Wuter—water orientational correlations

Fig. 6 illustrates other significant effects that
cation variation has on the properties of water in
various channel regions. In fact, orientational corre-
lation is conceivably a significant means by which
occupancy information is communicated across the
channel. For these panels the x-axis refers to the
position of the water with respect to the ion in the
single file along the channel axis. Zero indicates the
location of the ion, with the positive values being the
water neighbors ahead of the ion, and the negative
numbers, those waters trailing the ion. One is the

nearest neighbor, two the next nearest, etc. The
y-axis represents the angle of the u vector with the
channel axis. A 0° orientation indicates perfect align-
ment, while 90° indicates complete loss of orienta-
tional correlation. Uncertainties are in the range of
5-10° with the lower value referring to those waters
closest to the ion. Uncertainties increase as distance
from the ion increases.

The first panel of each column shows orientations
when the ion is located near the junction. Correlation
is lost most readily in the very flexible case. The loss
occurs slightly more slowly when « = 0 in the cases
of Cs* and K", but this effect is not an important
factor for Na*. Overali, for the Na* occupied chan-
nel the water remains most aligned, both close to and
far from the ion, at all flexibilities and with polariz-
ability on or off. Water’s behavior in the K* and
Cs* occupied channel is very similar in terms of loss
of correlation and is distinct from that in the Na™*
occupied channel. With an ion at mid-monomer,
depicted in the center panels, the same basic pattern
is seen as at the junction, with only minor differ-
ences. Here, again, long range correlation is more
persistent when « = 0. The effect is more notable
for the Cs* and K occupied channels than for
those occupied by Na*; with Na* present water
again remains more correlated than when the larger
ions are the permeating species. At the exit, illus-
trated in the bottom panels, the same pattern is
noted. As expected, correlation is minimal four wa-
ters removed from the ion (a cut-off of 9.5 A was
used). Channels occupied by Cs™ and K show
greater loss of correlation than with Na™ present in a
rigid channei. Effectively, this means that an ion
about to enter a channel at the left mouth would see
a water environment more similar to an empty chan-
nel with a Cs* or K¥ ion in the right hand mouth
than it would with Na™* in that same position.

To summarize, increasing channel flexibility cor-
relates negatively with the propagation of dipolar
correlations as measured by water dipole orienta-
tions. The effect is noted for all three alkali cations.
The water chain is most highly correlated for any
degree of flexibility with Na™ as permeant and the
least highly correlated with Cs™ present; K™ is
roughly intermediate. Setting « =0 weakly pro-
motes retention of long range orientational correla-
tion, especially for the larger ions.
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Fig. 6. Long-range orientational correlation persists for Na* and is rapidly lost for Cs*, with K* being intermediate to them. The x-axis
designates the position of water molecules with respect to the ion. The zero position indicates the location of the ion, with negative values
representing consecutive waters to the left of the ion within one gramicidin monomer, and positive values, consecutive waters to the right of
the ion in the channel. The y-axis is the angle (8 in degrees) that the z component of the water dipole moment makes with the channel axis.
Each point represents the channel average of all cos@ for the particular location relative to the ion; for waters to the right of the ion,
6= cos ™ '{[Ccos6,]/n} in order to keep the scale the same for both sides of the ion. A 0° orientation indicates perfect alignment; 90° denotes
complete loss of correlation. For all three ions rigidity of the backbone favors retention of long range correlation. Not allowing the dipole
moments to fluctuate about their mean values slightly enhances retention of long range correlation, especially for the larger ions. The top
panels refer to an ion at the junction; middle, mid-monomer; and bottom, exit.
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4. Discussion

Conventional biomolecular force fields assign
channel and bulk water the same mean monomer
behavior, despite vastly different surroundings. Wa-
ter within the channel is strongly polarized by the
field of an ion, yet the requirement of single filing
imposed by gramicidin’s small diameter greatly al-
ters its orientational response to the field of an ion
[65]. Likewise polar channel groups are influenced
by the ionic field, albeit less strongly. We have
pursued an approach incorporating non-additivity so
that mean monomer properties of water can differ
depending on environment. We consider the conse-
quences of instantaneously polarizable groups on the
pore waters’ electrical properties, water—water, and
ion—water correlations with special emphasis on long
range correlations capable of propagating occupancy
information.

The specific question we examined was whether
allowing instantaneous readjustment of the magni-
tude of the waters’ and the channel groups’ dipole
moment vectors would substantially alter the channel
waters’ behavior relative to the scenario where these
quantities were fixed at average values. Some early
simulations of MacKay et al. [12}, Skerra and Brick-
man [3], and Chiu et al. [15] which focussed particu-
larly on the nature of the water structure within the
channel employed potential functions where channel
water possessed ‘average’ properties. In such simula-
tions, water tends to maintain rather long range
correlations, despite the possibility of occasional gaps
which transiently emerge in the chain. In such chan-
nels a clear means exists for the transmission of
information, namely the orientation of the water
molecules’ dipoles. Our results show that this mech-
anism generally does not exist unless the backbone
remains extremely rigid.

We demonstrate three features resulting from the
incorporation of polarizability into the potential func-
tion that have significant implications for intra-chan-
nel information transfer: (1) ion—water distances tend
to shorten, especially for smaller ions and in a
region-specific manner; (2) electrostriction (shorter
water—water distances) is observed, notably for the
smaller ions; and (3) loss of orientational correlation
occurs more rapidly when a > 0, for all three ions,
but most notably for cesium. This last result is

especially important as part of a potential mechanism
for cation-specific induced changes in water struc-
ture. A scrambling of water—dipole correlations is
much more pronounced for the cesium ion than for
the sodium ion. Roux et al. [28] using a full atomic
representation of gramicidin incorporating polariz-
able peptide groups and TIP3P waters in a molecular
dynamics simulation have studied the basis for dou-
ble vs. single occupancy of the gramicidin channel.
Although their system did not include fully polariz-
able water, they find that loss of favorable water—ion
interactions within the channel is responsible for the
greater tendency of the larger ions to doubly occupy
gramicidin. This observation is certainly consistent
with our result concerning ion—induced water order-
ing. Sodium polarizes its nearest neighbor water
molecules more strongly than do the other ions and
this effect propagates throughout the entire length of
the channel. Water molecules are better oriented both
close to and far from the sodium than with either of
the two larger cognates. The net result is that a water
molecule in the left hand mouth of the channel is
much more sensitive to the presence of a sodium ion
on the other side of the channel than it is to the
presence of either cesium or potassium, especially if
the channel is rigid. With sodium anywhere in the
channel, the water molecules are well aligned and it
must be harder to effect the water reorientation
needed to bind a second sodium (or any other cation).

It is well established experimentally that altering
membrane fluidity has a dramatic effect on many
single channel properties, among them conductances
and open channel lifetimes [66,56]. By modulation of
the degree of backbone flexibility, we are attempting
to mimic the range of lipid environments that the
gramicidin dimer experiences. Backbone motions
have implications for cross channel information
transfer as well. It has been shown experimentally
that there is a time scale coincidence between ionic
transport and gramicidin backbone motions [32]. Cer-
tainly factors that would contribute to the destabiliza-
tion of the B-helices would disrupt ionic transloca-
tion. On the other hand, locking the backbone into an
absolutely rigid state would tend to underestimate
the protein—water interactions that contribute signifi-
cantly to the transport process.

As the absolute degree of motion the entire chan-
nel enjoys when embedded in a lipid matrix is
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unknown, we have taken the approach of examining
the backbone with three degrees of motional re-
straint, viz. rigid, flexible, and very flexible. Both
native and modified gramicidin has been embedded
in a variety of membrane environments of variable
fluidity. Gramicidin groups must have some flexibil-
ity in order to facilitate transport, yet enough struc-
tural stability to present an open permeation pathway
to diffusing species. The experimental record sug-
gests that gramicidin may fall somewhere between
the rigid and flexible scenarios we present [56].

There are several features we note as the channel
is made more flexible: (1) water—dipole moments
tend to drop in an ion-specific way; (2) the number
of non-exchangeable waters in the single file regime
drops, as exchange with the bulk becomes rapid; (3)
ion—water distances expand slightly; (4) water—water
distance distributions tend to broaden and shift to-
wards larger separations, again in an ion specific
way; and (5) long range orientational correlation is
rapidly lost. The effects of flexibility are most pro-
nounced on cesium and least so on sodium, with
potassium representing an intermediate case.

Our work differs from a number of previous
studies with respect to the manner in which mem-
brane fluidity is approximated. In the present model
all groups are tethered to the O K positions, but none
is fixed. By reducing the value of the tethering force
constant we obtain a range of backbone flexibilities,
while many early simulations simply localized the
C,s to their O K positions. This particular feature
alone was probably sufficient to suggest much longer
orientational correlations that we have found in our
present study. Chiu et al. [25] have examined the
effects of backbone flexibility in molecular dynamics
simulations where the helical form was maintained
by artificial restraints on the peptide’s helical form.
By varying the characteristic time constant of the
restraints they were able to mimic a wide range of
backbone flexibilities. However, they were using a
standard biomolecular force field for their calcula-
tions (GROMOS) and an ion-free channel. They
found that even in flexible channels a fairly long
range water correlation could be observed, although
transient breaks in the single file chain emerged.
Their rigid channels, however, seemed to ‘trap’ wa-
ter and freeze further motion.

The effects of increasing flexibility are quite as

would be expected and monotonic in the tendency
toward loss of long range correlation, from the point
of view of both increased ion—water and water—water
distances and of loss of ordering of water dipole
moment vectors. The effects that incorporating polar-
izability in the potential function have on long range
correlation are more complex. Viewed from the per-
spective of shortened ion—water and water—water
distances, a # 0 indeed tends to foster longer ranged
correlations within channels. On the other hand,
presumably due to enhanced ion-water—peptide
group interactions, the orientation of the water dipole
moments becomes more random thereby reducing
long range correlation. These two effects appear
contradictory, but in fact are really not when one
considers the degree to which each occurs and in
which channels. The loss of orientation of the water
dipole moments is most pronounced when the ionic
radius is large and, in these cases, the ion—water and
water—water distances are larger at the outset. Given
that the larger ions are less able to polarize water,
especially when relatively more highly co-ordinated
with channel carbonyls, H,O molecules are more
available for interaction with the backbone groups.
In each case, the effect is more dramatic as the
distance from the ion increases; once again, as ionic
ability to polarize water wanes, opportunities for
interaction with the gramicidin channel increases.
Finally, loss of orientation is relatively greater at the
exit than in either of the other two regions. Greater
ionic coordination to available carbonyls reduces the
ion’s ability to orient the distant water molecules.
The conclusion to be drawn from these results is
simply that the incorporation of polarizability has
dramatic effects on the electrical properties of water,
the relative degree of water—ion vs. water—peptide
interaction, and the capacity of the water chain to
serve as an information conduit. The implications of
channel flexibility are much more straightforward
and predictable; the challenge is in identifying the
appropriate degree of flexibility corresponding to
any given membrane environment.

5. Summary

Some clear patterns emerge from the results just
presented. Smaller ions, rigid channel backbones,
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and polarizability generally contribute to stronger
ion—water and water—water interactions in our model
system. Specifically, as the channel becomes more
rigid both ion—water and water—water correlations
are affected: in the « > 0 simulations water dipole
moments are larger and ion—water distances de-
crease; there is electrostriction (water—water dis-
tances decrease); long range orientational correlation
of the water molecules is more persistent. Incorporat-
ing polarizability affects ion—water and water—water
correlations differently: ion—water distances shorten
and electrostriction is observed; long range orienta-
tional correlation of the waters is, however, weak-
ened. As the ionic radius decreases, there is greater
electrostriction and more persistent water—water ori-
entational correlation. Both group polarizability and
backbone flexibility have an effect on channel water
properties. The effect of flexibility is global, mono-
tonic in nature, and independent of ionic identity,
whereas that of polarizability is more complex and a
function of several variables, i.e., ionic identity,
location of ion in the channel, and location of the
water with respect to the ion.
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