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Abstract

We have studied the molecular mechanism of the ion transport in a long channel (≈ 70Å)

filled with an alternating sequence of ions and water molecules at various densities. The

molecular structure of the channel was adopted from the structure of the selectivity pore of

the KcsA potassium channel. The results from molecular dynamics simulations show that

the ion conductivity is based on a fine tuned interplay between the three constituents of the

channel : the ions, the water molecules, and the flexible carbonyl groups of the channel’s

backbone, which represent a one-dimensional fluctuating lattice portential for ions and

water. The uni-directional transport is based on hopping processes of bound ion-water

pairs mediated by the lattice potential. The cooperativity of the transport is deduced from

the observations that isolated ion-water pairs, and isolated ions in a water-free channel,

do not perform long-ranged movements. It is suggested that the water molecules cause a

rectification of the movements of ion-water pairs at high densities.

Key words : potassium channel; permeation; ion conduction; molecular dynamics sim-

ulation; incommensurability; ratchet; rectification.
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1 INTRODUCTION

Correlated motions are considered to be of a great challenge to realize and develop

because such motions require concerted displacements of multiple components within

a tightly condensed medium. One example is the transport of microscopic particles,

including atoms, ions, molecules, and colloids, through nanochannels, which is sig-

nificant for fundamental biological processes and industrial applications as well. Ex-

amples include molecular or ionic permeation in zeolites [1, 2], in carbon nanotubes

[3, 4], in aquaporins [5] and in ion channels [6–8]. In the present paper we report on

molecular dynamics studies of the microscopic nonequilibrium transport of ions and

water molecules through a nanochannel which shares structural similarities with a

known biological potassium channel [9, 10].

Potassium ion channels reside in cell membranes and they work by selecting

specific ions and by catalyzing the passive diffusion through the selectivity filter.

The selectivity filter facilitates the diffusion of ions at rates approaching 108 ions per

second under physiological electrochemical gradients [11]. Several decades ago it has

been suggested that this high throughput rate is due to the “multi-ion permeation

process”: the permeating ions line up in the narrow channel pore and move in a single

file through the channel [12], which is believed to be a universal feature of the ion

transportation process in potassium channels [11]. The multi-ion concept has been

assumed to be valid, its molecular mechanism, however, remained obscure. Recent

molecular dynamics (MD) simulations [8, 13–16] of atomic models of the KcsA ion

channel [9, 10] have contributed significantly to details of the permeation and the

selectivity processes [17, 18]. However, a clear picture of the details of the concerted

movements of ions and water remained elusive, because the simulation times were

limited to less than tens of nanoseconds, which is of the order of one exiciting ion on

the average. In addition, significant finite size effects due to the short length of the

selectivity filter (≈ 12 Å) have prohibited to develop a basic physical concept for ion

permeation. In this situation, following a common approach in statistical physics,

we have studied a model of a nanochannel, which shares the essential molecular
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details of the pore of the KcsA channel, and is a finite periodic continuation of the

original selectivity filter.

2 MODEL AND SIMULATION METHOD

2.1 The Model of the Nanochannel

FIG. 1: Structure of selectivity pore of the KcsA potassium channel [9, 10]. Only two of the

tetrameric protein are shown. The red tips represent the carbonyl oxygen atoms, the blue tips

represent the nitrogen atoms.

We have constructed an atomic model of the extended selectivity filter (’nanochan-

nel’) of the potassium channel KcsA. The atomic coordinates for this nanochannel

were taken from the crystallographic structure of the KcsA potassium channel re-

solved by X-ray diffraction method at high resolutions [9, 10]. The channel protein

is a tetramer composed of four identical monomers, and each monomer contains

160 amino residues. Only the membrane part of the channel (residue 23–119) was

resolved in the experiments. This type of model system has been used recently in

several MD simulations [14, 15, 19] where the protein was embedded in a fully hy-

drated lipid bilayer membrane. In the present work we are only interested in the
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selectivity filter of the ion channel. The selectivity filter is the central structural ele-

ment of the KcsA channel and depicted in Fig. 1. The filter consists of four strands

of the sequence Thr, Val, Gly, Tyr, and Gly (TVGYG). They are arranged with

their carbonyl oxygen atoms pointing inward towards the ion conduction pathway.

This arrangement creates four potential ion-binding sites into which a K+ can be

bound surrounded by eight oxygen atoms from the surrounding carbonyls.

The nanochannel (Fig. 2) is constructed by a finite continuation of the original

KcsA selectivity filter [20]. We used the peptide Val76-Gly77 as the basic unit and

built a nanochannel containing 25 binding sites. All residues of the nanochannel

were replaced by glycine. At each binding site an ion or a water molecules is stably

coordinated by eight carbonyl oxygens, four on each side. The width of such a

binding site along the channel axis is about 3 Å. The periodicity of the binding

sites represents a one-dimensional lattice potential provided by the carbonyl groups

of the backbone. According to experimental findings [9, 10, 21] we assume that

the nanochannel contains potassium ions and water molecules. Fig. 2 shows as

an example the alternating sequence of ions and water. For the water molecule

we employed the TIP3P model, a rigid 3-charge model [22], which has the charges

-0.834 and +0.417, for oxygen and hydrogen, respectively. The carbonyl group is

modeled as a polar group (Fig. 3) where its oxygen end is negatively charged, -0.5

electron units, and the connecting carbon atom is positively charged, 0.62 electron

units [23]. Because the total charge of a carbonyl group is slightly positive, +0.12,

the electrostatic interaction at large distances between a single potassium ion and a

carbonyl group is slightly repulsive. The backbone atoms (N,Cα, C) and the last ion

and water molecule (at top and bottom in Fig. 2) were restrained at their positions

by harmonic forces. The width of the channel, represented by the distance of the C

atoms of opposite backbones, is 7 Å. Most of the simulation parameters are listed in

Table I. The employed cutoff value is larger than the system, meaning that there is

effectively no cutoff. Other default parameters are listed in the AMBER8 manual.
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FIG. 2: Molecular model of the extended ion channel constructed as a periodically continued

KcsA selectivity filter. The channel contains an alternating sequence of ions and water molecules.

2.2 Simulation Methods

The simulation was carried out using the AMBER9.0 programs [23]. The equations

of motion were integrated using the Verlet leap-frog algorithm. The equations of
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N
-0.46

-0.50
O

C
0.62

H
0.25

FIG. 3: Charge distributions of the C (grey), O (red), N (blue), and H (white) atoms of the

backbone in electron units.

Temperature T = 300K

Time constant for heat bath coupling to the system τtp = 2.0ps

Collision frequency for Langevin dynamics γln = 1.0ps−1

Dielectric constant ε = 2

Force field cutoff value 120Å

Integration time step 2fs

TABLE I: Some parameters used for the simulations.

motion were integrated with a time step of 2 fs. The atomic coordinates were saved

every 1 ps and the velocity every 10 ps. The temperature was kept at 300 K by

applying the Berendsen coupling algorithm on the temperature scaling [24]. The

SHAKE constraint algorithm was employed to remove the stretching freedom of all

bonds involving hydrogens. The 1-4 van der Waals and the 1-4 electrostatic inter-

actions (van der Waals/electrostatic interactions separated by only three covalent

bonds) were both scaled [25] by the factor 2.0. The translational and rotational

center-of-mass motion was removed every 1000 steps. This is the default value. We

chose the generalized Born implicit solvent model, employing a modified version of

the GBOBC model [26], to simulate the effect of the hydrophobic part of the mem-

brane on charge shielding by treating it as a fluid with a dielectric constant ε = 2 and

7
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a salt concentration of 0.2. The latter is the concentration of 1-1 mobile counterions

in solution, using a modified GB theory based on the Debye-Hückel limiting law for

ion screening of interactions [27]. No periodic boundary conditions were employed.

2.3 The Potentials inside the Nanochannel

We have calculated the energy, U(y), for one ion and one water molecule along the

channel axis y. We used an external dielectric constant of ε = 2 and no cutoff

distance, the same as in the simulations. The energy profiles are depicted in Figs. 4

and 5 for ions an water, respectively. The potential gradient towards the N-terminus

−110

−100

−90

−80

−70

240 250 260 270 280

U
[k

ca
l/m

ol
]

y [A]

FIG. 4: The potential for one potassium ion in the static nanochannel,

for potassium ions in the channel is a result of the electric field between C- and N-

termini. The potentials have a depth of about 1 to 5 kcal/mol for both ions and

water molecules, although the detailed form of the potentials differs in both cases.

The potential profile for a water molecule depends significantly on its orientation Ω.

The orientation of the water molecule, Ω, with respect to the channel axis (along

the y-axis) is defined as

Ω =
yO − yH1+yH2

2

|rO − rH1+rH2

2
|
. (0.1)

which is the difference of the y-coordinates of the oxygen atom, yO, and the center

of mass of the hydrogen atoms, H1 and H2, divided by the distances r.
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FIG. 5: The potentials for one water molecule in the static nanochannel for three different orien-

tations. (a) Ω=1, (b) Ω=-1, (c) Ω=0.

2.4 The Driving Force

Since the potential barriers for the ion (Fig. 4) are of the order of 2 to 8 kBT,

a driving force is needed for the conduction of the ions through the channel. This is

achieved by introducing a certain numbers of unoccupied binding sites (’vacancies’)

in the channel, which can break the symmetry between the periodicity of the lattice

potential and the inter-ionic Coulomb repulsion. Similar as in studies on the Frenkel-

Kontorova model [28–34] we will use the term ’commensurable’ for ion configurations

in which the equilibrium distance of the potassium ions coincides with the periodicity

of the lattice potential. In this case, without any other influences, the ions would

rest exactly in the energetic minima (binding sites) of the lattice potential. Fig. 6

shows three different configurations, two with a commensurable occupation and one

which is incommensurable. The commensurability can be characterized by a density

number ν, the ’ion occupation number ’, which is defined as

ν =
number of binding sites − 1

number of ions − 1
(0.2)

The relevant binding sites are those between and including the sites occupied by the

two outermost ions. For commensurable ion distributions the number is an integer.

Note that this value is only relevant for configurations holding at least three ions,

as fewer would automatically be commensurable regardless of the number of sites.

For one ion the value is not defined, while for two ions it is always an integer. For

more ions, and assuming that there always is a maximum of one ion per site, ν is

9
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always greater or equal 1.

(a) ν = 1.0 (b) ν = 4.0

(c) ν = 1.33

FIG. 6: Schematic distributions of ions with varying density in a static periodic potential. In (a)

and (b) the equilibrium distance of the ions coincides with the periodicity of the potential, so all

ions rest inside these minima. In (c) these distances differ, forcing some ions out of the minima.

Incommensurable conditions induce a driving force which causes random jumps

among the binding sites. On example is shown in Fig. 7(b) which resembles the

situation illustrated in Fig. 2. The channel in Fig. 7(b) is fully occupied by ions and

water except the fourth binding site from the right, S4. The ion next to the vacancy

at S5 experiences Coulomb forces from all other ions and water molecules in the

nanochannel. Neglecting in a first approximation the contributions from the water

molecules, then the repulsive Coulomb force on this ion at S5 is stronger from the

left side than from the right, because the main contribution comes from the nearest

neighbor ion to the left, at site S7, and the contribution of secondary importance

from the ion at site S2. Hence the ion at S5 has a tendency to move towards right

and try to occupy the vacancy.

10

Page 10 of 59

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review O
nly

(a) ν = 3

(b) ν = 2.18

FIG. 7: Schematic distributions of ions and water molecules with varying density in a static

periodic potential. In (a) the equilibrium distance of the ions coincides with the periodicity of

the potential, so all ions rest inside these minima. In (b) these distances differ in the vicinity of

the vacancy, forcing the ions nearby out of the minima. The water molecules are only shown for

illustration, as they do not see the same potential as the ions do and are not subject to the same

effects due to incommensurability.
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3 RESULTS AND DISCUSSION

We have studied the trajectories of ions and water in the channel at different condi-

tions and for different configurations. In the following two sections, 3.1 and 3.2, we

consider the two situations where the channel contains either only water molecules

or only potassium ions. The results from these simulations are then compared with

the results presented in the following sections, 3.3 and 3.4, where correlations of

ion-water pairs, at low and high densities, respectively, are presented and discussed.

3.1 Water-filled Channel

In order to understand the correlated movements of ions and water in the channel,

it is of interest to distinguish correlated movements from the intrinsic movements of

water alone. Therefore we have simulated the channel filled with only water at high

and low densities. The trajectories are shown in Fig. 8. It should be noted that

during the simulations the channel structure remains stable and no water molecules

escaped from the channel. Fig. 8(a) shows the trajectories of all water molecules

at a high density, where almost all binding sites are occupied. It is observed that

the water molecules move rather freely inside the channel and sometimes even oc-

cupy the same binding site. Obviously, the influence of the channel potential on

the water molecules is rather weak. This is a consequence of the overall neutral

charge of each water molecule. The interaction between the dipoles and the car-

bonyl groups, separating the binding sites, are not sufficient to induce significant

correlated movements. The orientations of the water dipoles are essentially parallel

after about 20 ps (see Fig. 9), all dipoles point towards the N-terminus with Ω ≈1.

A significant influence of the periodic potential on the dipoles is not apparent. For

comparisions, we have also considered the case of a single water molecule inside the

channel. The trajectory is shown in Fig. 8(b). It is interesting to note that there

is a correlation between orientational and positional changes. Most of the time a

positive orientation, Ω >0 is preferred, but at the moment the molecule moves, its
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orientation changes transiently to Ω = −1. (Fig. 10). This seems to be a general

feature of water translocation in this type of protein channel and has been observed

also in the KcsA potassium channel during molecular dynamics simulations [19].
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FIG. 8: (a) Trajectories inside a channel that had one water molecule in each binding site except

one near the C-terminus at the beginning. The water molecules feel comparably little influence

from one another and from the channel potential, allowing them to move rather freely. (b) The

trajectory of one single water molecule in the channel.
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FIG. 9: Orientations of molecules inside a water-filled channel. n denotes the position at the n-the

binding site inside the channel, starting from the molecules nearest the N-terminus. The dipoles

tend to line up in a parallel fashion.
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FIG. 10: The orientation of one single water molecule in the channel. Transient changes in the

orientation from Ω=1 to Ω=-1 coincide with changes in positions.
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3.2 Ion-filled Channel

In the following we consider the case of a channel containing only potassium ions at

various densities. The trajectories of the ions are shown in Fig. 11 for three different

occupation numbers : a single ion, ν = 3, and ν = 2.182.

Fig. 11(a) shows the trajectory of a single ion. In this case the ion does not

perform long-range diffusion, which indicates that the potential barriers imposed

by the carbonyls are larger than the driving force exerted by the potential gradient

(Fig. 4) originating form the electric field between the N- and C-termini.

Fig. 11(b) shows the trajectories of 9 ions embedded equidistantly in 25 binding

sites (ν = 3). As expected, the Coulomb repulsion among the commensurably

distributed ions keeps the ions at rest at their binding sites. The thermal fluctuations

are too small to move the ions along the potential gradient (Fig. 4) towards the

C-terminus.

Fig. 11(c) shows an example for the incommensurable case. The 12 ions are

located in 25 binding sites (ν = 2.182). See Fig. 7(b) for an illustration of this

situation. Initially all have the same inter-ionic distance, separated by one binding

site (’vacancy’), except for the two lowest ions, which have two vacant binding sites

between, i.e., one ’additional vacancy’. Therefore, the lower ions seek to accomodate

their Coulomb repulsion with the perodicity of the carbonyl potential. Accordingly

the ions have a tendency to move towards the C-terminus because of the potential

gradient (Fig. 4). This leads to a rearrangement and hopping of the ions such that

the additional vacancy moves from the bottom towards the middle of the channel

where it performs random hoppings about its equilibrium positions in this region.

The corresponding trajectory of the additional vacancy is shown in Fig. 12. It is

important to point out that in the case of only ions inside the channel and under the

incommensurable condition ν = 2.182, there is no long-ranged unidirectional motion

of the vacancy, but rather an equilibration. This is of importance with respect to

the case where all vacancies, except of the additional one, are replaced by water

molecules. This situation is considered in section 3.4.
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FIG. 11: Trajectories of ions in a channel : (a) A single ion inside the channel;

(b) occupation number ν = 3 (25 binding sites);

(c) occupation number ν = 2.182 (25 binding sites).
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FIG. 12: Trajectories of vacancy system shown in Fig. 11(c).
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3.3 Movements of Ion-Water Pairs

In the following section we consider the situation where both ions and water

molecules occupy the binding sites of the channel. In particular, we consider situa-

tions where the initial configurations consist of ion-water pairs separated by one or

more vacancies. Two typical cases of trajectories are shown in Fig. 13. In the dilute

commensurable case with occupation number ν=8 (Fig. 13(a)), the ion-water pairs

remain in their bound state and move together with no preferred direction. Similar

behavior is observed also for the incommensurable case, ν=5.75 (Fig. 13(b)), where

the ions are forced to move. In fact, the hopping of the ion-water pairs are more

frequent as compared to the commensurable case, but the integrity of the bound

state of the ion-water pairs is not destroyed. The appearance of a stable bound

state of ion-water pairs is an important feature of this nanochannel. One reason

for the stability of the ion-water pair is their Coulomb attraction. The potential

energy U(∆z), consisting of Coulomb and van der Waals interactions, between an

ion and a water molecule as function of their distance ∆z = zwater - zion is shown

in Fig. 14. The potential exhibits energy minima at a characteristic distance ≈ 3

Å for all orientations of the water molecule (“bound states”). The absolute min-

imum (“polarized bound state”) ≈ -18 kcal/mol (30 kBT) is located at ∆z = -2.7

Å for an orientation of the water molecule which is most favorable, i.e., Ω = 1. A

second reason for the stability of an ion-water pair is the linear size of the binding

site : the minimum of the ion-water attraction at ∆z = -2.7 Å practically matches

with the periodicity, ≈ 3 Å, of the lattice potential formed by the carbonyl groups

of the nanochannel. Therefore, the bound state of an ion-water pair is provided by

the lattice potential while resting at their binding sites, and maintained during a

hopping event by their Coulomb attraction.
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FIG. 13: Trajectories of ions-water pairs : (a) dilute commensurable case, ν=8 (25 binding sites);

(b) incommensurable case, ν=5.75 (24 binding sites).
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FIG. 14: The interaction energy between a K+ion and a water molecule with different orientations

ΩW as a function of their relative position ∆z = zwater - zion. The “polarized bound state” of Ω = 1

at 2.65 Å has an energy of -18.08 kcal/mol (30 kBT).

20

Page 20 of 59

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review O
nly

3.4 Channel filled with Ion-Water Pairs

We consider the situation where the nanochannel is almost fully occupied with

potassium ions and water in an alternating sequence. Only one vacancy is intro-

duced near the C-terminus of the channel as shown in Fig. 2. Using the standard

parameters, molecular dynamics simulations were performed for 100 ps. In order to

improve the statistics, the simulations were performed 10 times, using different seed

numbers for each simulation. The trajectories of the potassium ions and the water

molecules of one example of the simulations are shown in Fig. 15. The ions and
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FIG. 15: Trajectories for ions (red) and water (blue) at ν=2.18 (25 binding sites).

water molecules exhibit a long-range unidirectional motion from the N-terminus to-

wards the C-terminus (from top to bottom) of the nanochannel. A closer inspection

of the trajectories indicates that the movements of ions and water molecules take

place as hopping events of ion-water pairs. This is more easily observed by analyzing

the trajectory of the single vacancy in the system (Fig. 16(a)). There the vacacany

exhibits hopping processes over distances equal to or larger than two binding sites

(≈ 6 Å) within a time window of 0.1 ps. This implies that the conduction of ions

in the channel takes place by the hopping of ion-water pairs. The example of simu-

lation shown in Figs. 15 and 16(a) is not an anecdotical event, however, the mean
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FIG. 16: Trajectory of the vacancy : (a) Trajectory of the vacancy corresponding to Figure 15.

(b) Average trajectory of the vacancy of 10 independent runs.

drift of the single vacancy averaged over 10 independent runs, which is depicted in

Fig. 16(b), confirms the long-range drift of the vacancy.

The important role of water during the hopping processes can be inferred

by the comparison of the trajectories shown in Fig. 15 and in Fig. 11(c). In both

cases the ion occupation number is ν = 2.18, but in the latter case the ions have

to move without water molecules. Comparing the corresponding trajectories of the

particular vacancy, Fig. 16(a) and Fig. 12, it clearly shows that without the support

of water molecules the ions do not perform a long-range drift along the nanochannel.

The reasons for that are not well understood. One possibility is that the long-range
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polarized state of the water molecules (Fig. 9) plays a role.

Another possibility is the hypothesis that a water molecule may act as ’pawl’

in a ratchet mechanism [37]. Let us consider this mechanism in a simple pair ap-

proximation picture where we assume that the ion-water pair hops as a stable entity

by one binding site. The initial configuration is depicted in Fig. 2 and we denote

the sequence from bottom to top by : W1, K2, W3, vacancy4, K5, W6, K7, ..... In

this situation the water W3 can be assumed to have the tendency to be polarized

by K2 with Ω ≈-1 due to the lack of a neigboring ion at site 4, and forms a stable

polarized bound state with K2 (’permon’). The interaction of the pair K2-W3 with

the ion K5 is repulsive. If solely W3 would hop to the vacant site 4, it would have

to change its orientation to Ω ≈+1, which corresponds to an energy barrier of ≈30

kBT (Fig. 14). Therefore the hopping of this pair or W3 towards the vacancy is

less probable. Since W3 is essentially responsible for this prohibition, it may be

considered as a ’pawl’ in this ratchet model. The situation for the opposing pair

K5-W6, however, is different. Due to the influence of K5 and K7 on W6, this water

molecule has orientations fluctuating around Ω ≈0 forming transiently bound pairs

of K5-W6 and W6-K7. Influenced by the gradient of the channel potential (Fig.

4), the movements of the ion K5 are biased towards the vacancy. Therefore, if the

transiently formed permon K5-W6 with Ω ≈-1 moves towards the vacancy, then its

state becomes stabilized in the same way as the preceding pair K2-W3. From this

new situation the whole process as decribed above will take place again for K7-W8,

and so on. This leads to the unidirectional movements of ions and water in the

nanochannel. It should be noted that the described hypothetical ratchet model for

the correlated movements of ions and water is different from the variety of ratchet

models discussed in the literature (see e.g., [35, 36, 38–40]). Almost all ratchet mod-

els rely on the principle that the directed motion of particles in spatially periodic

structures under the influence of a weak external (constant or periodic) force can

be induced if the periodic potential or the fluctuations are asymmetric. A typical

example of such a ratchet model is the overdamped Langevin equation of a single

23

Page 23 of 59

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review O
nly

particle at coordinate x(t)

η
dx

dt
= −

dU

dx
+ F + ξ(t), (0.3)

where ξ(t) is a Gaussian white noise of zero mean, F is a constant homgeneous

force, and U(x) a periodic asymmetric potential (e.g., an asymmetric saw-tooth

potential). This is different from the present model where the asymmetry is related

to the ’particle’ itself (ion-water pair with water acting as a pawl), rather than to

the fluctuating channel potential U(x), which is on the average spatially symmetric.

The formulation of this model corresponding to Eq.(0.3) is a formidable task.

One important aspect which differs from other one-dimensional ion conductors,

as e.g. superionic conductors [29–34], is the dynamic nature of the lattice potential.

The flexibility of the carbonyl groups, which represent a periodic one-dimensional,
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FIG. 17: Trajectories of K+ (red) and water (blue) during a simulation with rigid channel con-

straints. The potential barrier is high enough to prevent any movement.

fluctuating lattice potential for ions and water molecules, has a significant influence

on the movements of the occupants in the channel This can be demonstrated by

the particular situation where the thermal fluctuations of the whole protein are

essentially frozen in. Employing a spring constant of 100.0 kcal/mol Å2 to all atoms

of the protein, this provides approximately a static potential for ions and water.

Apart from the constraints on the channel, all other simulation parameters were kept
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the same as in the other simulations. Fig. 17 shows the corresponding trajectories of

the occupants within the channel. It is observed that the static potential prohibits

any movements of the occupants, i.e., the potential barriers imposed by the carbonyl

atoms are higher than the inter-ionic Coulomb repulsion. Even a widening of the

channel to a diameter of 8Å, in order to lower the potential barriers, do not promote a

diffusion of ions and water, but rather increases the displacements of them. A further

increase of the diameter is not useful, because higher channel diameters would change

the validity of a strict one-dimensional model by allowing the occupants to pass each

other. The effects of the dynamics of the carbonyls on the movements of ions and

water have been addressed reccently in more details [19, 20].
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4 SUMMARY and CONCLUSIONS

We have studied the molecular mechanism of ion transport in a long channel filled

with an alternating sequence of ions and water molecules at various densities by

molecular dynamics simulations. It was shown that the ion conductivity is based on

a concerted movenment of the three constituents of the channel : the ions, the water

molecules, and the flexible carbonyl groups of the channel’s backbone. The uni-

directional transport is based on cooparative hopping processes of bound ion-water

pairs mediated by the adjustable lattice potential of the carbonyls. In particular, it

was observed that isolated ion-water pairs, and isolated ions in a water-free channel,

do not perform long-ranged movements, whereas ion-water pairs exhibit a long-

ranged drift. It is suggested that the water molecules cause a rectification of the

movements of ion-water pairs at high densities.

The presented results are thought to provide the molecular basis of a math-

ematical theory of ion conduction in channels of the type presented in this paper.

This, however, has still to be done. It is still not clear whether this theory will be

based on a ratchet-type theory [35, 36] or will follow a quasi-particle concept [6].
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Abstract

We have studied the molecular mechanism of the ion transport in a long channel (≈ 70Å)

filled with an alternating sequence of ions and water molecules at various densities. The

molecular structure of the channel was adopted from the structure of the selectivity pore of

the KcsA potassium channel. The results from molecular dynamics simulations show that

the ion conductivity is based on a fine tuned interplay between the three constituents of the

channel : the ions, the water molecules, and the flexible carbonyl groups of the channel’s

backbone, which represent a one-dimensional fluctuating lattice potential for ions and

water. The uni-directional transport is based on hopping processes of bound ion-water

pairs mediated by the lattice potential. The cooperativity of the transport is deduced from

the observations that isolated ion-water pairs, and isolated ions in a water-free channel,

do not perform long-ranged movements. It is suggested that the water molecules cause a

rectification of the movements of ion-water pairs at high densities.

Key words : potassium channel; permeation; ion conduction; molecular dynamics sim-

ulation; incommensurability; ratchet; rectification.
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1 INTRODUCTION

Correlated motions are considered to be of a great challenge to realize and develop

because such motions require concerted displacements of multiple components within

a tightly condensed medium. One example is the transport of microscopic particles,

including atoms, ions, molecules, and colloids, through nanochannels, which is sig-

nificant for fundamental biological processes and industrial applications as well. Ex-

amples include molecular or ionic permeation in zeolites [1, 2], in carbon nanotubes

[3, 4], in aquaporins [5] and in ion channels [6–8]. In the present paper we report on

molecular dynamics studies of the microscopic nonequilibrium transport of ions and

water molecules through a nanochannel which shares structural similarities with a

known biological potassium channel [9, 10].

Potassium ion channels reside in cell membranes and they work by select-

ing specific ions and by catalyzing the passive diffusion through the selectivity filter.

The selectivity filter facilitates the diffusion of ions at rates approaching 108 ions per

second under physiological electrochemical gradients [11]. Several decades ago it has

been suggested that this high throughput rate is due to the “multi-ion permeation

process”: the permeating ions line up in the narrow channel pore and move in a sin-

gle file through the channel [12], which is believed to be a universal feature of the ion

transportation process in potassium channels [11]. The multi-ion concept has been

assumed to be valid, its molecular mechanism, however, remained obscure. Recent

molecular dynamics (MD) simulations [7, 13–16] of atomic models of the KcsA ion

channel [9, 10] have contributed significantly to details of the permeation and the

selectivity processes [17, 18]. However, a clear picture of the details of the concerted

movements of ions and water remained elusive, because the simulation times were

limited to less than tens of nanoseconds, which is of the order of one exiciting ion on

the average. In addition, significant finite size effects due to the short length of the

selectivity filter (≈ 12 Å) have prohibited to develop a basic physical concept for ion

permeation. In this situation, following a common approach in statistical physics,

we have studied a model of a nanochannel, which shares the essential molecular

3
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details of the pore of the KcsA channel, and is a finite periodic continuation of the

original selectivity filter. Whether such a nanochannel of approximately 70Å can

be constructed under laboratory conditions, is still a matter of speculation. In par-

ticular, the question of stability in a lipid multilayer system or the embedding of the

nanochannel in a solid or soft matter matrix has not yet been addressed. Therefore,

the presented results and discussions below may be considered as predictions which

can be compared to other one-dimensional transport systems as there are superionic

conductors [19–24] and other nanotubes [3, 4, 25, 26]. Since the ion conduction of

the present peptide nanochannel is probably of the same magnitude as that of the

KcsA channel, it would not be a surprise if its transport properties would be supe-

rior to that of ceramic superionic conductors. The present study is a continuation

of previous studies on the KcsA channel [27] and a peptide nanochannel [28], where

the latter was based on a different modeling approach as employed in the present

study.

2 MODEL AND SIMULATION METHOD

2.1 The Model of the Nanochannel

We have constructed an atomic model of the extended selectivity filter (’nanochan-

nel’) of the potassium channel KcsA. The atomic coordinates for this nanochannel

were taken from the crystallographic structure of the KcsA potassium channel re-

solved by X-ray diffraction method at high resolutions [9, 10]. The channel protein

is a tetramer composed of four identical monomers, and each monomer contains

160 amino residues. Only the membrane part of the channel (residue 23–119) was

resolved in the experiments. This type of model system has been used recently in

several MD simulations [14, 15, 27] where the protein was embedded in a fully hy-

drated lipid bilayer membrane. In the present work we are only interested in the

selectivity filter of the ion channel. The selectivity filter is the central structural ele-

ment of the KcsA channel and depicted in Fig. 1. The filter consists of four strands

4
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FIG. 1: Structure of selectivity pore of the KcsA potassium channel [9, 10]. Only two of the

tetrameric protein are shown. The red tips represent the carbonyl oxygen atoms, the blue tips

represent the nitrogen atoms.

of the sequence Thr, Val, Gly, Tyr, and Gly (TVGYG). They are arranged with

their carbonyl oxygen atoms pointing inward towards the ion conduction pathway.

This arrangement creates four potential ion-binding sites into which a K+ can be

bound surrounded by eight oxygen atoms from the surrounding carbonyls.

The nanochannel (Fig. 2) is constructed by a finite continuation of the original

KcsA selectivity filter [28]. We used the peptide Val76-Gly77 as the basic unit and

built a nanochannel, made of the basic unit, containing 25 binding sites. All residues

of the nanochannel were replaced by glycine. At each binding site an ion or a water

molecules is stably coordinated by eight carbonyl oxygens, four on each side. The

width of such a binding site along the channel axis is about 3 Å. The periodicity

of the binding sites represents a one-dimensional lattice potential provided by the

carbonyl groups of the backbone. According to experimental findings [9, 10, 29] we

assume that the nanochannel contains potassium ions and water molecules. Fig.

2 shows as an example the alternating sequence of ions and water. For the water

5
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FIG. 2: Molecular model of the extended ion channel constructed as a periodically continued

KcsA selectivity filter. The channel contains an alternating sequence of ions and water molecules.

molecule we employed the TIP3P model, a rigid 3-charge model [30], which has

the charges -0.834 and +0.417, for oxygen and hydrogen, respectively. The carbonyl

group is modeled as a polar group (Fig. 3) where its oxygen end is negatively charged,

-0.5 electron units, and the connecting carbon atom is positively charged, 0.62 elec-
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N
-0.46

-0.50
O

C
0.62

H
0.25

FIG. 3: Charge distributions of the C (grey), O (red), N (blue), and H (white) atoms of the

backbone in electron units.

tron units [31]. Because the total charge of a carbonyl group is slightly positive,

+0.12, the electrostatic interaction at large distances between a single potassium ion

and a carbonyl group is slightly repulsive. The backbone atoms (N,Cα, C) and the

last ion and water molecule (at top and bottom in Fig. 2) were restrained at their

positions by harmonic forces with force constant 2.0 kcal/mol Å2. The restraints

of the backbone atoms are necessary in order to provide a certain rigidity of the

one-dimensional structure. Under experimental conditions this could be thought

to be provided by an external embedding matrix of a comparable rigidity. It has

been shown [32] that weaker restraints, which lead to higher flexibility of the pep-

tide backbone and larger tube diameter, yields a disappearance of the the concerted

ion conduction as reported below. The width of the channel, represented by the

distance of the C atoms of opposite backbones, is 7 Å. Most of the simulation pa-

rameters are listed in Table I. The employed cutoff value is larger than the system,

meaning that there is effectively no cutoff. Other default parameters are listed in

the AMBER8 manual.

2.2 Simulation Methods

The simulation was carried out using the AMBER9.0 programs [31]. The equations

of motion were integrated using the Verlet leap-frog algorithm. The equations of
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Temperature T = 300K

Time constant for heat bath coupling to the system τtp = 2.0ps

Collision frequency for Langevin dynamics γln = 1.0ps−1

Dielectric constant ε = 2

Force field cutoff value 120Å

Integration time step 2fs

TABLE I: Some parameters used for the simulations.

motion were integrated with a time step of 2 fs. The atomic coordinates were saved

every 1 ps and the velocity every 10 ps. The temperature was kept at 300 K by

applying the Berendsen coupling algorithm on the temperature scaling [33]. The

SHAKE constraint algorithm was employed to remove the stretching freedom of all

bonds involving hydrogens. The 1-4 van der Waals and the 1-4 electrostatic inter-

actions (van der Waals/electrostatic interactions separated by only three covalent

bonds) were both scaled [34] by the factor 2.0. The translational and rotational

center-of-mass motion was removed every 1000 steps. This is the default value. For

the present study we employed an implicit solvent model rather than an explicit

model, as used previously [27] for the simulation of the KcsA channel, where lipid

and water molecules were included explicitly. Also, the inclusion of an implicit sol-

vent in the calculation is an improvement as compared to previous studies on the

nanochannel [28], where the nanochannel was embedded in vacuum. We chose

the generalized Born implicit solvent model, employing a modified version of the

GBOBC model [35], to simulate the effect of the hydrophobic part of the membrane

on charge shielding by treating it as a fluid with a dielectric constant ε = 2 and a

salt concentration of 0.2. The latter is the concentration of 1-1 mobile counterions

in solution, using a modified GB theory based on the Debye-Hückel limiting law for

ion screening of interactions [36]. It should be noted that the neutral state of the

system is taken into account implicitly by the GB approach. The direct Coulomb

interactions between the ions, water molecules and carbonyl groups are not screened.
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2.3 The Potentials inside the Nanochannel

We have calculated the energy, U(y), for one ion and one water molecule along the

channel axis y. We used an external dielectric constant of ε = 2 and no cutoff

distance. The energy was calculated in the same way as in the simulation protocol,

but here a single ion or a single water molecule were placed at various positions along

the static (’frozen’) channel in its initial conformation. Of course, this potential is

not exactly the same as experienced by ions and water during MD simulations, e.g.,

measured by the potential of mean force, but rather serves as a first approximation.

The energy profiles are depicted in Figs. 4 and 5 for ions an water, respectively.

The potential gradient towards the N-terminus for potassium ions in the channel is a

−110

−100

−90

−80

−70

240 250 260 270 280

U
[k

ca
l/m

ol
]

y [A]

FIG. 4: The potential for one potassium ion in the static nanochannel,

result of the electric field between C- and N-termini. The potentials have a depth of

about 1 to 5 kcal/mol for both ions and water molecules, although the detailed form

of the potentials differs in both cases. The potential profile for a water molecule

depends significantly on its orientation Ω. The orientation of the water molecule,

Ω, with respect to the channel axis (along the y-axis) is defined as

Ω =
yO − yH1+yH2

2

|rO − rH1+rH2

2
|
. (0.1)
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FIG. 5: The potentials for one water molecule in the static nanochannel for three different orien-

tations. (a) Ω=1, (b) Ω=-1, (c) Ω=0.

which is the difference of the y-coordinates of the oxygen atom, yO, and the center

of mass of the hydrogen atoms, H1 and H2, divided by the distances r.

2.4 The Driving Force

Since the potential barriers for the ion (Fig. 4) are of the order of 2 to 8

kBT, a driving force is needed for the conduction of the ions through the channel.

This is achieved by introducing a certain numbers of unoccupied binding sites (’va-

cancies’) in the channel, which can break the symmetry between the periodicity of

the lattice potential and the inter-ionic Coulomb repulsion. Similar as in studies

on the Frenkel-Kontorova model [19–24, 37] we will use the term ’commensurable’

for ion configurations in which the equilibrium distance of the potassium ions coin-

cides with the periodicity of the lattice potential. In this case, without any other

influences, the ions would rest exactly in the energetic minima (binding sites) of the

lattice potential. Fig. 6 shows three different configurations, two with a commensu-

rable occupation and one which is incommensurable. The commensurability can be

characterized by a density number ν, the ’ion occupation number ’, which is defined

as

ν =
number of binding sites − 1

number of ions − 1
(0.2)

The relevant binding sites are those between and including the sites occupied by the

two outermost ions. For commensurable ion distributions the number is an integer.
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Note that this value is only relevant for configurations holding at least three ions,

as fewer would automatically be commensurable regardless of the number of sites.

For one ion the value is not defined, while for two ions it is always an integer. For

more ions, and assuming that there always is a maximum of one ion per site, ν is

always greater or equal 1.

(a) ν = 1.0 (b) ν = 4.0

(c) ν = 1.33

FIG. 6: Schematic distributions of ions with varying density in a static periodic potential. In (a)

and (b) the equilibrium distance of the ions coincides with the periodicity of the potential, so all

ions rest inside these minima. In (c) these distances differ, forcing some ions out of the minima.

Incommensurable conditions induce a driving force which causes random

jumps among the binding sites. Examples of commensurable and incommensurable

conditions are illustrated in Fig.7(a) and Fig.7(b), respectively. The example shown

in Fig.7(b) resembles the situation illustrated in Fig.2. The channel in Fig. 7(b) is

fully occupied by ions and water except the fourth binding site from the right, S4.

The ion next to the vacancy at S5 experiences Coulomb forces from all other ions

and water molecules in the nanochannel. Neglecting in a first approximation the

contributions from the water molecules, then the repulsive Coulomb force on this ion

at S5 is stronger from the left side than from the right, because the main contribution

comes from the nearest neighbor ion to the left, at site S7, and the contribution of

secondary importance from the ion at site S2. Hence the ion at S5 has a tendency

to move towards right and try to occupy the vacancy.
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(a) ν = 3

(b) ν = 2.18

FIG. 7: Schematic distributions of ions (red) and water molecules (blue) with varying density in a

static periodic potential. In (a) the equilibrium distance of the ions coincides with the periodicity

of the potential, so all ions rest inside these minima. In (b) these distances differ in the vicinity of

the vacancy, forcing the ions nearby out of the minima. The water molecules are only shown for

illustration, as they do not see the same potential as the ions do and are not subject to the same

effects due to incommensurability.

12

Page 40 of 59

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review O
nly

3 RESULTS AND DISCUSSION

We have studied the trajectories of ions and water in the channel at different condi-

tions and for different configurations. In the following two sections, 3.1 and 3.2, we

consider the two situations where the channel contains either only water molecules

or only potassium ions. The results from these simulations are then compared with

the results presented in the following sections, 3.3 and 3.4, where correlations of

ion-water pairs, at low and high densities, respectively, are presented and discussed.

3.1 Water-filled Channel

In order to understand the correlated movements of ions and water in the channel,

it is of interest to distinguish correlated movements from the intrinsic movements of

water alone. Therefore we have simulated the channel filled with only water at high

and low densities. The trajectories are shown in Fig. 8. It should be noted that

during the simulations the channel structure remains stable and no water molecules

escaped from the channel. Fig. 8(a) shows the trajectories of all water molecules

at a high density, where almost all binding sites are occupied. It is observed that

the water molecules move rather freely inside the channel and sometimes even oc-

cupy the same binding site. Obviously, the influence of the channel potential on

the water molecules is rather weak. This is a consequence of the overall neutral

charge of each water molecule. The interaction between the dipoles and the car-

bonyl groups, separating the binding sites, are not sufficient to induce significant

correlated movements. The orientations of the water dipoles are essentially parallel

after about 20 ps (see Fig. 9), all dipoles point towards the N-terminus with Ω ≈1.

A significant influence of the periodic potential on the dipoles is not apparent. For

comparisons, we have also considered the case of a single water molecule inside the

channel. The trajectory is shown in Fig. 8(b). It is interesting to note that there

is a correlation between orientational and positional changes. Most of the time a

positive orientation, Ω >0 is preferred, but at the moment the molecule moves, its
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orientation changes transiently to Ω = −1. (Fig. 10). This seems to be a general

feature of water translocation in this type of protein channel and has been observed

also in the KcsA potassium channel during molecular dynamics simulations [27].
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FIG. 8: (a) Trajectories inside a channel that had one water molecule in each binding site except

one near the C-terminus at the beginning. The water molecules feel comparably little influence

from one another and from the channel potential, allowing them to move rather freely. (b) The

trajectory of one single water molecule in the channel.
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FIG. 9: Orientations of molecules inside a water-filled channel. n denotes the position at the n-the

binding site inside the channel, starting from the molecules nearest the N-terminus. The dipoles

tend to line up in a parallel fashion.
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FIG. 10: The orientation of one single water molecule in the channel. Transient changes in the

orientation from Ω=1 to Ω=-1 coincide with changes in positions.

15

Page 43 of 59

http://mc.manuscriptcentral.com/tandf/jenmol

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review O
nly

3.2 Ion-filled Channel

In the following we consider the case of a channel containing only potassium ions at

various densities. The trajectories of the ions are shown in Fig. 11 for three different

occupation numbers : a single ion, ν = 3, and ν = 2.182.

Fig. 11(a) shows the trajectory of a single ion. In this case the ion does not

perform long-range diffusion, which indicates that the potential barriers imposed

by the carbonyls are larger than the driving force exerted by the potential gradient

(Fig. 4) originating form the electric field between the N- and C-termini.

Fig. 11(b) shows the trajectories of 9 ions embedded equidistantly in 25 binding

sites (ν = 3). As expected, the Coulomb repulsion among the commensurably

distributed ions keeps the ions at rest at their binding sites. The thermal fluctuations

are too small to move the ions along the potential gradient (Fig. 4) towards the

C-terminus.

Fig. 11(c) shows an example for the incommensurable case. The 12 ions are

located in 25 binding sites (ν = 2.182). See Fig. 7(b) for an illustration of this

situation. Initially all have the same inter-ionic distance, separated by one binding

site (’vacancy’), except for the two lowest ions, which have two vacant binding sites

between, i.e., one ’additional vacancy’. Therefore, the lower ions seek to accomodate

their Coulomb repulsion with the perodicity of the carbonyl potential. Accordingly

the ions have a tendency to move towards the C-terminus because of the potential

gradient (Fig. 4). This leads to a rearrangement and hopping of the ions such that

the additional vacancy moves from the bottom towards the middle of the channel

where it performs random hoppings about its equilibrium positions in this region.

The corresponding trajectory of the additional vacancy is shown in Fig. 12. It is

important to point out that in the case of only ions inside the channel and under the

incommensurable condition ν = 2.182, there is no long-ranged unidirectional motion

of the vacancy, but rather an equilibration. This is of importance with respect to

the case where all vacancies, except of the additional one, are replaced by water

molecules. This situation is considered in section 3.4.
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FIG. 11: Trajectories of ions in a channel : (a) A single ion inside the channel;

(b) occupation number ν = 3 (25 binding sites);

(c) occupation number ν = 2.182 (25 binding sites).
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FIG. 12: Trajectories of vacancy system shown in Fig. 11(c).
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3.3 Movements of Ion-Water Pairs

In the following section we consider the situation where both ions and water

molecules occupy the binding sites of the channel. In particular, we consider situa-

tions where the initial configurations consist of ion-water pairs separated by one or

more vacancies. Two typical cases of trajectories are shown in Fig. 13. In the dilute

commensurable case with occupation number ν=8 (Fig. 13(a)), the ion-water pairs

remain in their bound state and move together with no preferred direction. Similar

behavior is observed also for the incommensurable case, ν=5.75 (Fig. 13(b)), where

the ions are forced to move. In fact, the hopping of the ion-water pairs are more

frequent as compared to the commensurable case, but the integrity of the bound

state of the ion-water pairs is not destroyed. The appearance of a stable bound

state of ion-water pairs is an important feature of this nanochannel. One reason

for the stability of the ion-water pair is their Coulomb attraction. The potential

energy U(∆z), consisting of Coulomb and van der Waals interactions, between an

ion and a water molecule as function of their distance ∆z = zwater - zion is shown

in Fig. 14. The potential exhibits energy minima at a characteristic distance ≈ 3

Å for all orientations of the water molecule (“bound states”). The absolute min-

imum (“polarized bound state”) ≈ -18 kcal/mol (30 kBT) is located at ∆z = -2.7

Å for an orientation of the water molecule which is most favorable, i.e., Ω = 1. A

second reason for the stability of an ion-water pair is the linear size of the binding

site : the minimum of the ion-water attraction at ∆z = -2.7 Å practically matches

with the periodicity, ≈ 3 Å, of the lattice potential formed by the carbonyl groups

of the nanochannel. Therefore, the bound state of an ion-water pair is provided by

the lattice potential while resting at their binding sites, and maintained during a

hopping event by their Coulomb attraction.
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FIG. 13: Trajectories of ions-water pairs : (a) dilute commensurable case, ν=8 (25 binding sites);

(b) incommensurable case, ν=5.75 (24 binding sites).
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FIG. 14: The interaction energy between a K+ion and a water molecule with different orientations

ΩW as a function of their relative position ∆z = zwater - zion. The “polarized bound state” of Ω = 1

at 2.65 Å has an energy of -18.08 kcal/mol (30 kBT).
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3.4 Channel filled with Ion-Water Pairs

We consider the situation where the nanochannel is almost fully occupied with

potassium ions and water in an alternating sequence. Only one vacancy is intro-

duced near the C-terminus of the channel as shown in Fig. 2. Using the standard

parameters, molecular dynamics simulations were performed for 100 ps. In order to

improve the statistics, the simulations were performed 10 times, using different seed

numbers for each simulation. The trajectories of the potassium ions and the water

molecules of one example of the simulations are shown in Fig. 15. The ions and
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n

[A
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FIG. 15: Trajectories for ions (red) and water (blue) at ν=2.18 (25 binding sites).

water molecules exhibit a long-range unidirectional motion from the N-terminus to-

wards the C-terminus (from top to bottom) of the nanochannel. A closer inspection

of the trajectories indicates that the movements of ions and water molecules take

place as hopping events of ion-water pairs. This is more easily observed by analyzing

the trajectory of the single vacancy in the system (Fig. 16(a)). There the vacacany

exhibits hopping processes over distances equal to or larger than two binding sites

(≈ 6 Å) within a time window of 0.1 ps. This implies that the conduction of ions

in the channel takes place by the hopping of ion-water pairs. The example of sim-

ulation shown in Figs.15 and 16(a) is not an anecdotical event, however, the mean
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FIG. 16: Trajectory of the vacancy : (a) Trajectory of the vacancy corresponding to Figure 15.

(b) Average trajectory of the vacancy of 10 independent runs.

drift of the single vacancy averaged over 10 independent runs, which is depicted in

Fig. 16(b), confirms the long-range drift of the vacancy. It should be noted that the

effects of the energy barriers at the mouth regions and the outer bath has not been

particularly addressed in the present studies. However, it can be expected that the

ion-water transport, as observed in Figs.16, is effected to a small extent only by the

boundary conditions at the beginning and at the end of the trajectories.

The important role of water during the hopping processes can be inferred

by the comparison of the trajectories shown in Fig. 15 and in Fig. 11(c). In both

cases the ion occupation number is ν = 2.18, but in the latter case the ions have
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to move without water molecules. Comparing the corresponding trajectories of the

particular vacancy, Fig. 16(a) and Fig. 12, it clearly shows that without the support

of water molecules the ions do not perform a long-range drift along the nanochannel.

The reasons for that are not well understood. One possibility is that the long-range

polarized state of the water molecules (Fig. 9) plays a role.

Another possibility is the hypothesis that a water molecule may act as ’pawl’

in a ratchet mechanism [38]. Let us consider this mechanism in a simple pair ap-

proximation picture where we assume that the ion-water pair hops as a stable entity

by one binding site. The initial configuration is depicted in Fig. 2 and we denote

the sequence from bottom to top by : W1, K2, W3, vacancy4, K5, W6, K7, ..... In

this situation the water W3 can be assumed to have the tendency to be polarized

by K2 with Ω ≈-1 due to the lack of a neigboring ion at site 4, and forms a stable

polarized bound state with K2 (’permon’). The interaction of the pair K2-W3 with

the ion K5 is repulsive. If solely W3 would hop to the vacant site 4, it would have

to change its orientation to Ω ≈+1, which corresponds to an energy barrier of ≈30

kBT (Fig. 14). Therefore the hopping of this pair or W3 towards the vacancy is

less probable. Since W3 is essentially responsible for this prohibition, it may be

considered as a ’pawl’ in this ratchet model. The situation for the opposing pair

K5-W6, however, is different. Due to the influence of K5 and K7 on W6, this water

molecule has orientations fluctuating around Ω ≈0 forming transiently bound pairs

of K5-W6 and W6-K7. Influenced by the gradient of the channel potential (Fig.

4), the movements of the ion K5 are biased towards the vacancy. Therefore, if the

transiently formed permon K5-W6 with Ω ≈-1 moves towards the vacancy, then its

state becomes stabilized in the same way as the preceding pair K2-W3. From this

new situation the whole process as decribed above will take place again for K7-W8,

and so on. This leads to the unidirectional movements of ions and water in the

nanochannel. It should be noted that the described hypothetical ratchet model for

the correlated movements of ions and water is different from the variety of ratchet

models discussed in the literature (see e.g., [39–43]). Almost all ratchet models rely

on the principle that the directed motion of particles in spatially periodic structures
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under the influence of a weak external (constant or periodic) force can be induced

if the periodic potential or the fluctuations are asymmetric. A typical example of

such a ratchet model is the overdamped Langevin equation of a single particle at

coordinate x(t)

η
dx

dt
= −

dU

dx
+ F + ξ(t), (0.3)

where ξ(t) is a Gaussian white noise of zero mean, F is a constant homgeneous

force, and U(x) a periodic asymmetric potential (e.g., an asymmetric saw-tooth

potential). This is different from the present model where the asymmetry is related

to the ’particle’ itself (ion-water pair with water acting as a pawl), rather than to

the fluctuating channel potential U(x), which is on the average spatially symmetric.

The formulation of this model corresponding to Eq.(0.3) is a formidable task.

One important aspect which differs from other one-dimensional ion conductors,

as e.g. superionic conductors [19–24], is the dynamic nature of the lattice potential.

The flexibility of the carbonyl groups, which represent a periodic one-dimensional,
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FIG. 17: Trajectories of K+ (red) and water (blue) during a simulation with rigid channel con-

straints. The potential barrier is high enough to prevent any movement.

fluctuating lattice potential for ions and water molecules, has a significant influence

on the movements of the occupants in the channel This can be demonstrated by

the particular situation where the thermal fluctuations of the whole protein are
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essentially frozen in. Employing a spring constant of 100.0 kcal/mol Å2 to all atoms

of the protein, this provides approximately a static potential for ions and water.

Apart from the constraints on the channel, all other simulation parameters were kept

the same as in the other simulations. Fig. 17 shows the corresponding trajectories of

the occupants within the channel. It is observed that the static potential prohibits

any movements of the occupants, i.e., the potential barriers imposed by the carbonyl

atoms are higher than the inter-ionic Coulomb repulsion. Even a widening of the

channel to a diameter of 8Å, in order to lower the potential barriers, do not promote a

diffusion of ions and water, but rather increases the displacements of them. A further

increase of the diameter is not useful, because higher channel diameters would change

the validity of a strict one-dimensional model by allowing the occupants to pass each

other. The effects of the dynamics of the carbonyls on the movements of ions and

water have been addressed reccently in more details [27, 28].
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4 SUMMARY and CONCLUSIONS

We have studied the molecular mechanism of ion transport in a long channel filled

with an alternating sequence of ions and water molecules at various densities by

molecular dynamics simulations. It was shown that the ion conductivity is based

on a concerted movement of the three constituents of the channel : the ions, the

water molecules, and the flexible carbonyl groups of the channel’s backbone. Previ-

ous predictions [28] are confirmed and support the theory that the uni-directional

transport is based on cooperative hopping processes of bound ion-water pairs medi-

ated by the adjustable lattice potential of the carbonyls (’permons’). It was shown

that isolated ion-water pairs do not perform long-ranged movements, but perform

localized hopping as quasi-entities. At higher densities, ion-water pairs exhibit a

long-ranged drift. It is argued that the water molecules cause a rectification of the

movements of ion-water pairs at high densities.

The presented results are thought to provide the molecular basis of a math-

ematical theory of ion conduction in channels of the type presented in this paper,

and for ion conduction in biological potassium channels [27]. This, however, has still

to be done. It is still not clear whether this theory will be based on a ratchet-type

theory [41, 43], or it will follow a quasi-particle concept as it is common in solid

state physics [44] and which has been suggested recently for ion channels [8].
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