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ABSTRACT

lon channels are highly specific membrane-spanning protein
structures which serve to facilitate the passage of selected ions
across the lipid barrier. In the past decade, molecular dynamics
simulations based on atomic models and realistic microscopic
interactions with explicit solvent and membrane lipids have been
used to gain insight into the function of these complex systems.
These calculations have considerably expanded our view of ion
permeation at the microscopic level. This Account will mainly focus
on computational studies of the gramicidin A channel, one of the
simplest and best characterized molecular pore.

[. Introduction

The gramicidin A (GA) channel is currently the best
characterized molecular pore, structurally and functionally.* 3
In a phospholipid bilayer membrane, this small penta-
decapeptide adopts a head-to-head g-helical dimer con-
formation to form an ion-conducting narrow pore of
about 4 A in diameter.*~7 The three-dimensional structure
is illustrated in Figure 1. The hydrogen-bonded carbonyls
line the pore, and the alternating p- and L-amino acid side
chains, most of them hydrophobic, extend away into the
membrane lipid. The diameter of the pore is such that
the permeation process involves the translocation in single
file of the ion and water molecules through the channel
interior, the large energetic loss due to dehydration being
compensated by coordination with the backbone carbonyl
oxygens.

The GA channel appears to be ideally selective for small
univalent cations, as it is blocked by divalent cations and
completely impermeable to anions.? Chemically modified
GA channels can be directly synthesized, the number of
possible chemical variations being virtually unlimited. GA
and its related variants exhibit functional behavior similar
to far more complex macromolecular biological structures
and for this reason have proved to be extremely useful
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model systems to study the principles governing ion
transport across lipid membranes.

Molecular dynamics (MD) simulations can contribute
greatly to our understanding of ion channels. The first MD
simulations of an ion channel based on a fully flexible
atomic model were carried out by Mackay, Berens, Wilson,
and Hagler® nearly 20 years ago, shortly after the early
development in protein simulations.® Those calculations,
which included only the GA channel, one cation, and 13
water molecules, had a lasting impact on all subsequent
computational studies of ion channels (for a review, see
ref 3). The significant increase in computational power,
and the developments in computational methodologies
of the past decade, have made it possible to extend the
approach considerably. Although this Account is focused
on simulations of the GA channel, our aim is to provide a
general overview of the computational methods used in
MD studies of ion channels.

Il. Methodologies

(&) Microscopic Potential Function. For meaningful
theoretical studies of permeation, it is necessary to have
a potential energy function providing a realistic and
accurate representation of the microscopic interactions.
This presents a difficult challenge: the conductance of the
GA channel results from a delicate balance of very strong
microscopic interactions, the large energetic loss of de-
hydration being roughly compensated by coordination
with main-chain carbonyl oxygens. Gas-phase experi-
ments®!! and ab initio calculations'?> on model systems
provide the most direct information concerning the
individual microscopic interactions. The interactions of
ions with a single water molecule or with a single isolated
N-methylacetamide (NMA) molecule, an excellent model
of the backbone carbonyl of proteins, are of particular
interest. Solvation free energies of cations in liquid water
and liquid NMA are also very important for calibrating
the potential function. In the case of water, it is possible
to reproduce both the microscopic interactions and the
solvation free energy of ions with the current potential
functions.’® In contrast, MD free energy calculations
indicate that it is very difficult to reproduce both the
cation—NMA microscopic energy and the solvation free
energy in liquid NMA with current biomolecular potential
functions. Additional problems arise from the uncertainty
in the experimental values of the free energy of solvation
of small ions.*®

Current biomolecular potential functions try to account
for many-body polarization effects in an average way using
an effective parametrization of the atomic partial charges.
Because of this approximation, the optimal parametriza-
tion is the result of a compromise between an accurate
representation of the microscopic energies and bulk
solvation properties. In principle, it is possible to repro-
duce both microscopic energies and thermodynamic free
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FIGURE 1. Gramicidin A (GA) channel in the head-to-head $-helix dimer conformation determined by solid-state NMR.56

energy accurately if nonadditive induced polarization
effects are incorporated. A number of studies of GA have
incorporated induced polarization based on some approxi-
mations,*~18 but no general treatment is yet available.

(b) Simulation Techniques. Theoretical studies of ion
channels present a number of specific difficulties due to
the nature and the time scale of the microscopic processes
under consideration. In particular, while typical MD
trajectories are limited to several nanoseconds, the trans-
location of a single ion across a membrane could take on
the order of a microsecond, and gating transitions are
often on the order of several milliseconds.! For this reason,
a number of computational approaches that go beyond
simple “brute force” MD simulations have become es-
sential tools in theoretical studies of ion channels.

In particular, the perturbation technique® or the
“umbrella sampling” procedure? can be used to calculate
the potential of mean force (PMF) of ions along the
channel axis;*®?! the reactive flux algorithm??> and the
generalized Langevin equation?® can be used to calculate
the transition rate of gating transitions and activated
processes occurring on very long time scales;** alchemical
MD free energy simulations (MD/FES) such as thermo-
dynamic integration (TI) or free energy perturbation (FEP)
techniques®® can be used to calculate relative solvation
free energies of ions in the channel;'"? discretized Fey-
nmann path integral representation of the density matrix?’
can be used to incorporate quantum mechanical effects
in proton exchange processes;?® continuum dielectric
methods based on the Poisson—Boltzmann (PB) equation
can be used to estimate long-range electrostatic effects.?>-31

(c) Construction of a Starting Configuration. The wide
range of sophisticated computational techniques listed in
section Il.b can be performed using a biomolecular
simulation program such as CHARMM.#? This is indicative
of the fact that MD simulations of biomolecular systems

can be applied almost routinely today. There are, however,
important additional problems in simulating protein—
membrane complexes that must be addressed specifically.
In particular, the construction of a reasonable starting
configuration to simulate a protein in a fully solvated
explicit phospholipid bilayer is challenging. Because of the
very slow configurational relaxation present in the mem-
brane environment (see Chapter 1 in ref 33), current
trajectories which are typically on the order of a few
nanoseconds can mostly explore the neighborhood of a
starting configuration. To reduce the computer time
needed for equilibration, a procedure was developed for
assembling protein—membrane complexes from pre-
equilibrated and pre-hydrated phospholipid molecules in
configurations that correspond as closely as possible to
the equilibrated state of the system.3*3%> The method is an
extension of the approach used by Pastor and co-workers
to generate pure lipid bilayers.%® To construct the config-
uration, lipid molecules taken in random conformers
analogous to those found in a fluid bilayer are disposed
around the protein as elementary building blocks. The
initial configuration is then refined and equilibrated until
no systematic changes are observed. The membrane
construction method was used to generate initial con-
figurations for the GA channel embedded in a fully
hydrated dimyristoyl phosphatidycholine (DMPC) bi-
layer.343

(d) Solid-State NMR. Measurements from solid-state
nuclear magnetic resonance (NMR) provide particularly
valuable information about membrane—protein systems.
In particular, the three-dimensional structure of GA in a
DMPC bilayer was determined using solid-state NMR
measurements such as deuterium quadrupolar splittings,
dipolar couplings, chemical shifts, and chemical shift
anisotropy.® The structure was refined using the NMR
measurements as energy restraints.® Such an approach
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FIGURE 2. Molecular graphics representation of the GA:DMPC system® (it should be noted that the neighboring images from the periodic

boundary conditions are seen in the figure).

relies on important assumptions. First, it is assumed that
the shielding tensor orientation is fixed relative to the local
molecular frame and that the magnitude of the compo-
nents is constant. In addition, it is assumed that a single
average molecular conformation is representative of the
three-dimensional channel structure. In fact, further
analysis based on ab initio density functional calculations
revealed that these assumptions are not perfectly satis-
fied.3” Furthermore, observed properties result from a time
average over rapidly fluctuating quantities because the
time scale of solid-state NMR is much slower than that of
rapid molecular motions. This implies that a time average
over instantaneous values along the trajectory must be
performed to calculate observed properties.

[Il. Results

(a) Membrane Environment. The GA channel is strongly
affected by its environment.? In particular, it can adopt
the g-helical ion-conducting conformation only when it
is embedded in detergent micelles*” or in a phospholipid
bilayer.5 To better characterize the environment provided
by the lipid bilayer, the GA channel was simulated in a
fully hydrated DMPC bilayer.34% The simulated systems,
constructed with a GA:DMPC ratio of 1:8 and 45% weight
water, were models of the oriented samples utilized in
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solid-state NMR experiments.® A typical configuration of
the system is shown in Figure 2.

Analysis of the simulation revealed that the dynamical
aspects of the protein—membrane complex are important.
In particular, the membrane—solution interface region is
much broader than pictured traditionally. The headgroup
and glycerol regions span a region of 15 A in width, and
the water density decreases smoothly throughout the polar
head region, reaching the edge of the hydrocarbon chains
region and the carbonyl oxygens of the ester group of the
lipids. In Figure 3, a superposition of five configurations
of the GA channel taken at a time interval of 50 ps along
the trajectory is shown. It is observed that the channel
undergoes significant structural fluctuations around an
average conformation. The root-mean-square (rms) fluc-
tuations of the channel are significant, on the order of
1.5 A for the backbone atoms. The nonpolar Val and Leu
side chains, pointing into the lipid hydrocarbon, are able
to isomerize between various conformers on a nano-
second time scale. In contrast, the Trp side chains
fluctuate around a dominant conformation, the polar
N—H group of the Trp indole side chains remaining close
to the membrane—solution interface. Hydrogen bonds
between the Trp indole ring and the ester carbonyl group
of the glycerol backbone of the DMPC were observed.
Functional studies have demonstrated that the interaction
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FIGURE 3. Superposition of five configurations of the GA channel
separated by 50 ps taken along the MD trajectory.

of the Trp with the bilayer environment is an important
factor in the stability of the GA dimer in a membrane;*®
substitutions of the Trp by Phe have an important
influence on the conductivity and on the average lifetime
of the channel. More generally, the presence of an
aromatic residue (Trp, Tyr, and Phe) at the membrane—
solution interface appears to be a recurrent feature of
membrane—protein (see ref 39 and references therein).
Calculated time-averaged solid-state NMR properties such
as >N chemical shift and *H—°N dipolar coupling have
been shown to be in excellent agreement with experi-
mental data, indicating that the trajectory is sampling a
meaningful ensemble of configurations.3*

The GA:DMPC simulations clarified conflicting inter-
pretations of the lipid acyl chain order parameters ex-
tracted from deuterium quadrupolar splittings.*° Rice and
Oldfield suggested that the irregular surface of the GA
induces a disorder along the lipid acyl chains in direct
contact with the channel, whereas the boundary lipids
surrounding the GA present a smoother surface which,
in turn, orders the next layer of lipids.*® According to this
interpretation, the observed variations in lipid order as a
function of GA concentration result from the change in
the population of boundary lipids versus free lipids. In
contradiction with this assumption, the results from the
GA:DMPC simulations showed that there is an ordering
of the lipid chains in direct contact with the GA channel.®
This ordering has also been observed in other simulations
of the GA channel.*1#4?

FIGURE 4. Side view of Na* ion in the binding site near the channel
entrance determined from the analysis of solid-state NMR data.18
For clarity, only the backbone atoms and the two nearest single-file
waters are represented.

(b) Binding Site of Na'. Detailed information about
energetically favorable binding sites along the pathway of
a permeating ion is essential to understand the function
of a transmembrane ion channel at the molecular level.
In the absence of a high-resolution structure from X-ray
crystallography, measurements from solid-state NMR
experiments provide the most direct information on the
detailed structure of the cation binding site in the GA
channel. The measurements determined the change, due
to the presence of Na*, in the 3C and *N chemical shift
anisotropy at specific GA backbone sites.**** However, a
direct structural interpretation of the NMR data is not
straightforward. The observed data result from an average
over rapidly fluctuating cation positions in fast exchange
on the time scale of NMR. For a meaningful analysis, it is
necessary to consider a dynamical average of the NMR
observables over a large number of configurations.*®

To help interpret the solid-state NMR data, a series of
MD simulations with a Na' constrained at different
positions along the channel axis were generated.*® Com-
bining all the information from the simulations showed
variations in the NMR observables as the ion moves along
the GA channel axis. To reproduce the experimental
observations, these position-dependent averages must be
be integrated with respect to the probability distribution
of the ion along the channel axis. A semiempirical ap-
proach combining the information from both the simula-
tions and the 2C experiments was used to find the most
plausible location of the main Na'® binding site. The
position of the binding site was deduced by empirically
matching the magnitude of the observed chemical shift
anisotropy of 3 C-labeled GA. The accord was found when
the ion was centered at 9.2 A from the center of the
channel. The ion in its binding site is shown in Figure 4.

Comparison with the structure of the unoccupied
channel showed that there were no large distortions of
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the channel due to the presence of the ion. In the binding
site the Nat is lying slightly off axis, making contacts with
the carbonyl oxygen of Leul0, Trp15, and two single-file
water molecules. The main channel ligand is provided by
the carbonyl group of the Leul0—Trpll peptide linkage,
which exhibits the largest deflection from the ion-free
channel structure (on the order of 10—15°). Interestingly,
in the S-helical structure, Leul0 corresponds to the first
backbone carbonyl oxygen pointing toward the bulk
solvent which is not forming a hydrogen bond with a
backbone amide. For this reason, it is able to provide a
ligand for a cation without the energetic cost of losing a
backbone hydrogen bond.

The position of the binding site determined from the
analysis is remarkably consistent with previous estimates.
In particular, the lowest minimum in the free energy
profile of Na* along the axis of the GA channel calculated
with MD and the perturbation technique was found at
9.2 A2 In addition, analysis of ion-flux data indicated that
the cation in the binding site is 14% into the transmem-
brane potential, which corresponds to about 9 A using
the constant field assumption? (but see also the next
section). Last, low-angle X-ray scattering on GA incorpo-
rated in oriented dilauroylphosphatidylcholine bilayers
showed that there is a binding site for TI* at 9.6 + 0.3 A
from the center of the dimer channel.*®

(c) Transmembrane Potential. The transmembrane
potential acts as a driving force on permeating ions. At
the microscopic level it arises from a small charge imbal-
ance distributed in the neighborhood of the membrane—
solution interface.?® MD simulations of a realistic repre-
sentation of the membrane potential at physiological
concentration, however, would require a prohibitively
large atomic system and are currently impractical. To
formulate a suitable approximation based on continuum
electrostatics, it is useful to separate the microscopic
channel system into a pore region containing n ions at
fixed positions r;j, and two bulk regions, 1 and I1. The ionic
solution on side | of the bulk region is in equilibrium with
an electrode at zero potential, and the solution on side |1
of the bulk region is in equilibrium with an electrode at
potential V.. While all the ions in the pore region are
represented explicitly, it is assumed that the ions in the
bulk regions | and Il are represented implicitly. Based on
this construct, the total free energy can be written in the
form3

AGr = AGy(ry, Iy, ...) + ztli(]ﬁmp(ri) + .. (1)

where AG, is the intrinsic free energy in the absence of
any transmembrane potential, and ¢mnp(r) is the contri-
bution from the potential difference across the membrane.
¢mp(r) is calculated from the modified PB equation?®%®

V-[e(n)Vém,(N] =0,
V-[e(r)Vomp(N] — Tcz(r)[qup(r)] =0, bulk region, side |

V'[E(r)V(bmp(r)] - ’_Cz(r)[(bmp(r) - Vmp] = 0;
bulk region, side Il

pore region
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FIGURE 5. Transmembrane field ¢m, along the GA channel axis
calculated by solving eq 2 numerically.®

where ¢(r) and k(r) are the space-dependent dielectric
constant and Debye—Huickel screening factor, and Vp, is
the equilibrium electrode potential far away on side II.
When Vn, = 0, the modified PB eq 2 is reduced to the
standard PB equation.

The transmembrane potential along the GA channel
was calculated by solving eq 2 with a finite-difference
method implemented in the PBEQ module* of CHARMM.*?
In the calculation, the channel and the membrane were
represented in full atomic detail, while the solution was
represented as a uniform dielectric constant of 80 with a
salt concentration of 150 mM. The calculated transmem-
brane potential field along the channel axis is shown in
Figure 5. The field is clearly linear, though there are small
deviations near the entrance of the channel. The cation
binding site, around 9 A at the entrance of the channel,
is roughly at 10—20% of the transmembrane potential, in
excellent agreement with ion-flux measurements? (see also
section Ill.b above).

(d) Valence Selectivity. The GA channel is ideally
selective for cations while it is virtually impermeable to
anions.? Such valence specificity is one of the simplest
forms of ion selectivity. Interestingly, no obvious mech-
anism for charge discrimination is suggested on the basis
of the three-dimensional structure of the channel because
it carries no net charge and all its side chains are nonpolar.
To examine the valence specificity of GA, the free energy
difference of K* and CI~ for the interior of the channel
was calculated using MD/FES.?6 K+ and CI~ were chosen
for the sake of simplicity because their solvation free
energies are both on the order of —80 kcal/mol in liquid
water. The result of the calculation showed that the
environment of the pore interior is particularly unfavor-
able for anions relative to cations. The relative free energy,
Geai(GA) — Ge(water) — Gy(GA) + Gg(water), obtained from
MD/FES calculations is on the order of almost +60 kcal/
mol.?® Thus, CI~ has a much lower affinity for the interior
of the channel than K*, even though they have the same
solvation free energy in bulk water.

The large free energy difference could be understood
by considering the radial distribution around the ions. In
bulk water, the K* ion is surrounded by approximately
7.4 water molecules in the first solvation shell. The oxygen
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FIGURE 6. Configuration of the GA channel occupied by two Na™ ions used in the MD/FES calculations.”

of the water molecules provides the favorable electrostatic
interaction energy in solution. In the channel, the solva-
tion is provided primarily by the oxygen of the backbone
carbonyl group. Although the two environments are
significantly different, the resulting radial distributions
around K* are very similar. In contrast, the radial distribu-
tions around a CI~ in bulk water and in the channel are
markedly different. In bulk solution, the water molecules
provide a favorable electrostatic interaction energy by
forming hydrogen bonds with the anion, whereas similar
hydrogen bonds with the NH amide backbone group are
not easily formed in the channel. Thus, although the
channel is electrically neutral, the strong asymmetry in
the permanent charge distribution of the peptide back-
bone results in a significant reduction of favorable inter-
action energy in the channel for negatively charged ions.

(e) Multiple Occupancy. At moderately high concen-
tration, the GA channel can be occupied simultaneously
by two ions (see ref 17 for a review). Remarkably, double
occupancy appears to be species-dependent. Analysis of
ion-flux experiments indicates that, although double
occupancy of the GA channel is less favorable than single
occupancy for all cations, it is relatively more favorable
for the large cations (K*, Rb*, and Cs™) than for the small
ones (LiT and Na'). This can be expressed as AAGSP(Li)
> AAGSP(Na) > AAGSP(K) ~ AAGSP(Rb) ~ AAGSP(Cs), with

AAG™® = AGP — AG® (3)

where AG® and AGP are the binding free energy of a first
ion to an unoccupied channel and the binding free energy
of a second ion to a singly occupied channel, respectively.

The relative single-to-double occupancy free energy
was calculated using MD/FES for the five cations Li*, Nat,
K*, Rb*, and Cs*.1” The results are given in Table 1. The
microscopic model of the GA channel occupied with two
Na' used in the calculations is shown in Figure 6; six water
molecules separate the ions in the doubly occupied state.
The results are given in Table 1. They reveal, in agreement
with experimental observations, that the doubly occupied
state is relatively more favorable for the larger ions.
According to MD/FES, the repulsion between two Na*
ions occupying the binding sites in the GA channel is

Table 1. Relative Free Energy of Double Occupancy
in the GA Channel (kcal/mol)?

total free contribution from contribution from
ion energy single-file water carbonyl oxygens
Lit 3.6 5.9 -3.2
Na* 1.2 4.0 -3.1
K+ -0.2 1.0 -1.8
Rb* 0.3 0.3 -0.7
Cs* 0.0 0.0 0.0

2 The single/double relative free energies are calculated from
[AGP — AGS], where AGS is the binding free energy of a first ion
to an unoccupied channel, and AGP is the binding free energy of
a second ion to a singly occupied channel. All free energies are
given relative to Cs*. Details of the MD/FES simulations were
given in ref 17.

about 1.4 kcal/mol larger than the corresponding repul-
sion between two K*. The calculations showed that ion—
ion interactions are affected, in a nontrivial way, by the
environment of a narrow molecular pore. In the doubly
occupied state the two cation are separated by almost 20
A (see section IIl.b above). In liquid water, the ion—ion
interaction would be well approximated by a shielded
Coulomb law, g%/e,r (independent of the ionic radius), at
such a distance. A decomposition of the free energy, given
in Table 1, indicated that the difference in free energy
arises mostly from the properties of the six water mol-
ecules disposed in single file inside the narrow channel.
Small cations such as Li™ or Na' are relatively better
solvated in the singly occupied state than in the doubly
occupied state, while bigger cations such as K*, Rb*, or
Cs™ are almost as well solvated in both the singly and
doubly occupied states.

(f) Channel Gating. Direct observation of the electric
current flow through individual ion channels with the
patch-clamp method reveals characteristic abrupt transi-
tions between discrete unitary conductance levels. These
“gating” transitions correspond to the opening and closing
of single ion channel macromolecules. It is believed that
the open and closed states of biological channels cor-
respond to different allosteric conformations of the struc-
ture (see ref 1). One family of chemical analogues of the
GA channel synthesized by Stankovic et al.,*” in which the
two monomers were linked at their N-termini with a
dioxolane ring, exhibits a similar phenomenon. The two
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FIGURE 7. View of the RR-linked dioxolane GA channel along the pore axis (the side-chain atoms are omitted for the sake of clarity). The
closed conformation, with the ring inside the pore (left), and the open conformation, with the ring outside the pore (right), are shown.?

stereospecific isomers of the dioxolane-linked GA that
were produced, the SS and RR forms, have strikingly
different properties. Frequent and rapid interruptions of
a K* current (“flickers™) were observed in single channel
recordings with the RR-linked channels, but not with the
SS-linked channels; the measured blocking rate was 100
s, and the average lifetime of blocking was around 0.1
ms. Such flickers, which are not usually observed with
channels formed by naturally occurring GA, were inter-
preted as evidence for conformational transitions of the
dioxolane ring from the outside to the inside of the
channel, acting as a gate to block the pore. This is
illustrated in Figure 7. The two isomers provide a simple
molecular model to study gating mechanisms at the
microscopic level.

Atomic models of the RR- and SS-linked GA channels
were constructed, and the PMFs along two reaction
coordinates were calculated using umbrella sampling.?*
The transition rates were estimated from the PMF in the
high friction limit. In the case of the SS isomer, the
calculated blocking rate and average duration of block are
1 x 1072 s7* and 0.06 us, respectively. Such short flickers,
which could occur once every 100 s, would not be easily
detected under normal experimental conditions. The
calculation clearly demonstrated that the SS isomer can-
not easily flip inside the channel to block the conducting
pathway, in qualitative agreement with the experimental
results.

In the case of the RR isomer, the calculated blocking
rate and average duration of block are 280 s~ and 9 ns,
respectively. Although the blocking rate has approximately
the correct magnitude, the lifetime of the blocked channel
is much too short and disagrees sharply with the experi-
mental observations. Since the measurements involved
detecting flickers in K* current, it might be possible that
a K* ion in the channel could have a large influence on
the lifetime of the blocked channel. To verify this hypoth-
esis, the PMF was recalculated in the case of the RR form
with a K* ion near the center of the dimer channel. The
result showed that that the presence of a K* ion near the
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center of the channel stabilizes significantly the dioxolane
ring in the blocked channel conformation; the activation
energy barrier changes from 5.9 kcal/mol in the water-
filled channel to 12.2 kcal/mol when a K* ion is present.
The calculated lifetime of the blocked state in the presence
of a permeating K* inside the channel is 0.04 ms, much
closer to the experimental value of 0.1 ms.

(g) Proton Wire. Proton transport through GA displays
unique properties, implying that the mechanism underly-
ing the conduction of protons is radically different from
that of other ions. The diffusion constants inside the pore
deduced from experimental ion-flux data indicate that
protons move almost 8 times as fast as water molecules
themselves.?® This suggests that the translocation of
protons across the GA channel occurs through a succes-
sion of hops along the single file of hydrogen-bonded
water molecules, which acts effectively as a proton wire.*
It has been demonstrated, by simulating model pores of
different width, that mobility of an excess proton is
considerably enhanced in the single-file structure relative
to bulk water.® It is believed that such proton wires play
an essential role in several bioenergetic systems.%°

A model was constructed to study the single file of
water molecules of the GA channel and its ability to
function as a proton wire.?® The model included the dimer
channel with 22 water molecules and 1 excess proton. The
microscopic potential energy surface governing the mo-
tion of the water oxygen and hydrogen nuclei was
represented with the polarization model (PM®6) of Stillinger
and co-workers.5! The basic structural elements of PM6
are H* and O?~ atoms, which makes it possible to account
for the full dissociation of water molecules into ionic
fragments. Quantum effects due to the light mass of the
hydrogen nuclei were incorporated by exploiting the
isomorphism of the discretized Feynman path integral
representation of the density matrix with an effective
classical system obeying Boltzmann statistics.?” Following
the path integral approach, each proton was replaced in
the effective classical system by a ring polymer, or
necklace, of P = 32 fictitious particles with a harmonic
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FIGURE 8. Instantaneous configuration of the single-file hydrogen-bonded water chain in the GA channel with one excess proton.2 On
average, each water molecule forms two hydrogen bonds with its neighbors in the single file, and one with a carbonyl oxygen atom on the
backbone. The average dispersion of the Feynman path integral ring polymers is about 0.3 A.

spring between nearest neighbors along the ring. MD
simulations of such effective classical system are valid for
obtaining ensemble averages, although they do not pro-
vide information on the time-dependent quantum
dynamics of the system.

The simulation showed that the presence of an excess
proton in the pore affects the orientation of the single-
file water molecules and water—water hydrogen-bonding
interactions. A typical configuration is shown in Figure 8.
It is observed that, rather than a well-defined hydronium
ion OH3", the protonated species is characterized by a
strong hydrogen bond resembling that of O,Hs™. This was
also observed in simulations of simple model systems.5?
The quantum dispersion of protons has a small but
significant effect on the equilibrium structure of the
hydrogen-bonded water chain.

During classical trajectories (P = 1), proton transfer
between consecutive water molecules was a very fast
spontaneous process, taking place in the subpicosecond
time scale. The translocation along extended distances
resulted from the interplay of the rapid hydrogen bond
length fluctuations. Ultimately, it is the slow reorganiza-
tion of hydrogen bonds between single-file water mol-
ecules and channel backbone carbonyl groups that, by
affecting the connectivity and the dynamics of the single-
file water chain, also limits the translocation of the proton
across the pore.

A kinetic model was formulated to calculate the trans-
port properties of the proton wire and to provide a
conceptual framework for incorporating the information
extracted from the MD simulations.®%* In the kinetic
model, the proton wire is represented in terms of two
distinct steps involving the propagation of the ionic and
hydrogen-bonding defects along the single-file water
chain, respectively. The free energy barriers for the
propagation of ionic and hydrogen-bonding defects cal-

culated from MD simulations were used as input in the
framework model.%®

IV. Concluding Remarks

Following the rapid evolution in computational method-
ologies, studies of the GA channel have grown significantly
in complexity during the past decade, going from simula-
tions of relatively small systems with a few water mol-
ecules®?! to sophisticated simulations of large macro-
molecular assemblies with explicit lipids.18354142 |t is now
almost routinely possible to simulate very realistic atomic
models of important biological channels such as OmpF
porin from Escherichia coli porin,3®% the mechanosensi-
tive channel MscL,5"%8 or the KcsA Kt channel from
Streptomyces lividans.59-63

As shown by the current overview, one can address
important questions about ion channels function such as
ion binding, ion selectivity, multiple occupancy, and
gating using atomistic simulations. However, despite the
rapid progress in computational methodologies, MD
simulations of ion channels remain very challenging. In
this context, it is particularly encouraging to note that
several of the early results about the GA channel are
entirely consistent with more recent studies. For example,
independent simulations at different levels of complexity
revealed that the location of the binding sites of Na* is
near the channel entrance,?*8 in excellent accord with
experimental data.**~* This suggests that specific ques-
tions can be addressed in a meaningful way on the basis
of relatively small calculations and that computationally
inexpensive approximations should be expected to play
an important role. Continuum electrostatics calculations,
in particular, can serve to elucidate fundamental prin-
ciples about the function of ion channels,% though it must
be applied to narrow pores with caution.3! Similarly,
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kinetic rate models,>35465 continuum electrodiffusion
theory,%¢ and stochastic Brownian dynamics (BD)% 70
represent alternative approaches to calculate ion-flux
phenomena at very long time scales. Adopting a hierarchy
of approaches might be a powerful computational strat-

egy,

though further work will be needed to clarify the

inter-relation between the different level of approxima-
tions.
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