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ABSTRACT We investigated the structural and energetic determinants underlying water permeation through peptidic nano-
pores, motivated by recent experimental findings that indicate that water mobility in single-file water channels displays nonlinear
length dependence. To address the molecular mechanism determining the observed length dependence, we studied water
permeability in a series of designed gramicidin-like channels of different length using atomistic molecular dynamics simulations.
We found that within the studied range of length the osmotic water permeability is independent of pore length. This result is at
variance with textbook models, where the relationship is assumed to be linear. Energetic analysis shows that loss of solvation
rather than specific water binding sites in the pore form the main energetic barrier for water permeation, consistent with our
dynamics results. For this situation, we propose a modified expression for osmotic permeability that fully takes into account
water motion collectivity and does not depend on the pore length. Different schematic barrier profiles are discussed that explain
both experimental and computational interpretations, and we propose a set of experiments aimed at validation of the presented
results. Implications of the results for the design of peptidic channels with desired permeation characteristics are discussed.

INTRODUCTION

Pores play a fundamental role in nature as well as in nano-

technological applications. Life could not exist without

boundaries separating the inner part of the cell from the

surroundings. However, cell membranes must be permeable

to interact with the environment. Endo- and exocytosis are

mechanisms to introduce large amounts of matter into the

cell by membrane fusion. However, in some cases, fine-

tuning of the transport process is needed to maintain micro-

scopic balance or imbalance. Proton gradients, for example,

are indispensable for bioenergetics. Also, specific release

and uptake of ions by cells are crucial for keeping the desired

electrochemical properties of solutions, with intricate conse-

quences for metabolism. This precise functionality is achieved

by membrane-spanning proteic and peptidic pores. Depend-

ing on their function, pores vary in dimension, specificity,

and turnover rates. To achieve selectivity when it is required,

nature has developed a variety of mechanisms (1) to filter

desired molecules (or even atoms) without compromising effi-

ciency. In some cases, selectivity is accomplished by suitable

pore size in conjunction with electrostatic barriers (2–4).

The small antibiotic peptide gramicidin A, for example, is

known to selectively permeate monovalent cations along

with water. This selectivity makes gramicidin A channel

very interesting as a sensitive detector and has already been

used for the detection of protein-ligand interactions (5). The

small diameter of this pore (4 Å) accounts for its selectivity,

because even small molecules like urea cannot fit in its

lumen.

Confinement of water by channel geometry to a one-

dimensional file of molecules interacting with the pore alters

its physical characteristics, e.g., liquid-vapor oscillations

(6,7). Furthermore, since water ordering inside single-file

channels modulates proton conductance via a proton-wire

hydrogen-bonding network (8), possible applications of nar-

row, single-file water pores include switchable nanoscale

conductors. The theoretical machinery required for under-

standing water permeation needs to explicitly take into ac-

count the microscopic nature of transport.

Recent experimental results (9) indicated that single-file

water channels show an exponential dependence of water

mobility on the file length: reduction of pore occupancy by

one water molecule drastically enhanced water mobility.

Using gramicidin derivatives of different pore length, an

exponential increase on water permeability as the channel

shortens was reported. This dependence is at variance with

the classic result from Finkelstein (10,11), which assumes a

linear relationship.

On the basis of these experimental findings and the long

accepted linear prediction, we decided to investigate the

microscopic details of the connection between water mobil-

ity and pore length. Taking advantage of computer modeling,

we carefully designed a series of peptidic pores of different

length with directly comparable structural features embedded

in an artificial membrane of controlled width, and character-

ized them using extensive atomistic molecular dynamics

simulations. In doing so, we restricted the structural

variations among compared channels solely to the length,

making sure that secondary effects, like potential distortions

due to sequence difference, membrane thickness, and

capping groups, did not bias the results.
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The present study is discussed in the light of osmotic

permeability ( pf) and diffusion permeabilities ( pd) as a

means of quantifying water mobility inside single-file pores

(10). The value pf is related to the intrinsic water flux inside

the pore (12,13), while pd represents a net water transport

between the compartments linked by the pore. Water mobil-

ity is therefore clearly related to the osmotic permeability

coefficient, and the latter in return is related with pd via the

occupation number (10). To be able to elucidate structural

determinants, we evaluated water free-energy profiles and in-

teraction profiles along the water pathway.

The length dependence of instantaneous water flux in the

length range investigated (1.4–2.5 nm) is discussed, and we

propose different underlying energetic schemes consistent

with the different observed behaviors, both experimental and

computational.

THEORY AND METHODS

Design and setup

For the design of model pores to test the relationship between water flux and

length, it is crucial to separate the effects arising from other sources, such as

linking groups with different conformations, channel symmetry, width of the

lipid bilayer, etc. We regularized a set of D,L polyalanine peptides with a

typical b-helix gramicidin A folding motif, embedded in a membrane slab of

adjustable thickness to avoid side effects due to nonmatching lipid membranes.

Seven single-file water pores have been prepared using one monomer of

gramicidin A in head-to-head helical dimer conformation as a template (Fig.

1). The template was constructed by averaging the available NMR structures

(PDB codes 1GRM, 1JNO, 1MAG, 1NRM, 1NRU (14–16)) and setting all

hydrogen-bond distance between helix planes to the mean value to remove

irregularities. All the residues were mutated to alanine to guarantee a set of

directly comparable peptides, while keeping the capping groups formyl and

ethanolamine at the N- and C-termini, respectively. Due to the alternating

D,L amino-acid sequence, the side chains point outwards from the pore

lumen and do not affect the hydrophilic environment inside the pore caused

by the amino-acid backbone. The role of the side chains is to keep the

structure stable and anchor the pore within the membrane (17–19). The

integrity of the folded structure was ensured by softly restraining the dy-

namics of the backbone and of the capping group atoms to their respective

starting conformation using harmonic restraint forces of 500 kJ/mol/nm2.

The shortest unit, p-ala15, is then a mutated version of a gramicidin A

monomer in helical dimer conformation. We generated longer pores by in-

creasing the number of amino acids in the sequence of the previous template

in steps of two. Up to p-ala21, residues were added by extending the

template from the C-terminus. To obtain longer pores (p-ala23 to p-ala27),

p-ala21 was additionally extended toward the N-terminus. After energy min-

imization with position restraints on the peptide main chain, the structures

were inserted in a membrane. Using this procedure, propagation of inho-

mogeneities in building the three-dimensional arrangement is minimized,

since all channels are directly based on the same template.

The disturbances of the pore caused by the membrane can be quite

drastic, and affect pores of varying length to different extents (12,20,21). For

a controlled environment, it is necessary to adjust the membrane according

to the pore it accommodates. To do so, we devised an artificial membrane of

octane molecules. This membrane offers the possibility to modulate its

thickness via molecular-dynamics pressure coupling, adjusting itself to the

height of the inserted pore. The simulation systems were set up as follows.

First, a simulation box filled with water was generated around the peptide.

Then, a slab of water molecules was removed to accommodate the mem-

brane. Next, octane molecules were added to the empty compartment. A

short (;150 ps) molecular dynamics equilibration was performed using pres-

sure coupling and keeping the peptide fixed by means of strong position

restraints (5000 kJ/mol/nm2 harmonic force constant to all atoms), finally

obtaining a constant density and desired width for the octane slab. To keep

the membrane stable over the course of simulations, we performed all mo-

lecular dynamics production runs using constant volume.

Interactions between all atoms in octane and peptides were described by

means of the OPLS all-atom force field (22,23) and water molecules were

described by the TIP4P model (24). A set of control simulations was carried

out using the simple-point-charge water model (25). All simulations were

performed using the GROMACS simulation software (26,27). Electrostatic

interactions were calculated with the particle-mesh Ewald method (28,29).

Short-range repulsive and attractive dispersion interactions were simulta-

neously described by a Lennard-Jones potential, using a cutoff length of 1.0

nm. The SETTLE (30) algorithm was used to constrain bond lengths and

angles of water molecules, and LINCS (31) was used for all other bonds and

angles, allowing a time step of 2 fs. The temperature in the simulations was

kept constant by weakly coupling the peptide, octane, and water molecules

to an external heat bath at 300 K (32). When constant pressure simulations

were required, a weak coupling to a pressure bath of 1 atm was used.

FIGURE 1 Top and side view of the seven modeled polyalanine pores, of increasing number of residues, used for the study.
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All simulations were run for 100 ns. The simulations with TIP4P water

model were repeated twice, using different starting velocities to enhance

statistics. The total simulation time amounted to 2.1 ms.

Single-file water transport coefficients

To describe the mobility of water molecules inside single-file water pores we

used the osmotic permeation coefficient (pf) and the diffusion permeation

coefficient (pd).

The value pf relates the total water flux (jw) through a channel to the

osmotic gradient DCs, according to jw ¼ pfDCs. Although we perform our

molecular dynamics runs in absence of an osmotic gradient, it is possible to

compute nonequilibrium water permeabilities like pf from these equilibrium

simulations (12,33). The average water column mobility is an intrinsic prop-

erty of the pore, which can be rationalized in thermodynamic equilibrium as

a one-dimensional unbiased random walk (33). In presence of an osmotic

gradient, an imbalance of the water chemical potential will bias the water

displacements according to the concentration gradient. In this situation a net

flux of water molecules is established, jw, proportional to the diffusion con-

stant of the water column along a collective coordinate computed from the

equilibrium simulations (33). If we assume that the water molecules in the

single file exhibit perfectly correlated motions, rate theory can be applied on

the collective coordinate defined by the water chain. In this case, one water

molecule is effectively displaced from one compartment to the other when

the column travels a water-water distance, corresponding to one pf-event. It

is possible to calculate the permeation coefficient in a perfectly correlated

water column as pf ¼ ½F0nw; where F0 is the intrinsic flux and nw the

molar water volume (12,13). The intrinsic flux is here defined as the number

of bidirectional collective jumps of the water column about a water-water

distance (taken as 2.75 Å). The validity of this approximation is subject to

the condition that the pore is always completely occupied. For water trans-

port in pores featuring vacancies, other models (34,35) should be con-

sidered. We tested the above collective approach by comparing to the pf

obtained by counting events that corresponded to entry and exit of water

molecules from opposite sides. Such motions, not necessarily correlated,

contribute to the measured pf in the presence of an osmotic gradient. We

found quantitative agreement between the two measurements for pf and

chose the method of counting bidirectional collective jumps for calculating

pf in the rest of this work.

The textbook analytical expression

pf ¼
pr

2
Dw

L
; (1)

as collected from Finkelstein and Rosenberg (11), shows a linear relation-

ship between osmotic permeability coefficient and pore length L via Dw, the

average diffusivity a water molecule would have if it would be alone in the

pore. The value r is the radius of the pore. The value Dw is assumed to be

independent of L. The arguments used for the derivations are grounded on

the thermodynamic work driven by the osmotic pressure and the frictional

force opposing the water transport. Since every molecule of the water

column was assumed to experience the same additive frictional force, the

velocity of the column was suggested to decrease linearly with L. It is im-

portant to note that the assumptions that lead to Eq. 1 implies that the pore is

fully occupied with noninteracting water molecules, so that the collectivity

of water motion is not taken into account. In this work, we will study the

validity of this result.

The diffusion permeation coefficient, pd, describes the equilibrium flux

between two compartments of equal concentration. The relation is assumed

to be jd ¼ pdDCd (10), where jd is the net diffusive flux, and DCd indicates a

concentration gradient of labeled water molecules with identical interaction

properties with the pore and the rest of the solvent. In this regime, a per-

meation event consists of the transport of a given water molecule from one

side of the channel to the other. Similar to pf, the diffusion permeation

coefficient is computed as pd ¼ ½Fcnw (13), where Fc is the number of

bidirectional complete water translocations. Because complete permeation

events are rare compared to water-water distance movements, we make use

of the symmetry of the pore and count the number of water molecules

crossing half of the pore to increase the statistical accuracy. Considering that

it is four times more probable to travel half a distance than completing a full

translocation passage, the number of complete permeations is one-fourth of

the half-permeation events. We validated our approach by comparing the

results obtained from both counting methods, with excellent agreement.

Within the single-file framework, the ratio between the two permeation

coefficients in a fully occupied pore is assumed to be equal to N11 or N

(11,13,36), where N is the number of single-file water molecules that fit into

the channel. The exact relationship depends on the analytical model used to

derive expressions for both permeation coefficients. Despite the different

results proposed for the ratio between pf and pd, the expression linearly re-

lates the number of permeation events that completely cross the channel to

the number of positions a water molecule has to travel. The result naturally

follows from casting the transport process as a continuous time random walk

(37), implying memoryless jumps of the water column. For the rest of this

work we used N11 as the proportionality factor, following the literature

(13,37). The pore occupancy can be directly estimated from the simulations

by averaging the number of water molecules within the pore over the sim-

ulation time. Cylindrical pore boundaries were used, defined by the radial

cutoff imposed by the pore backbone and the averaged position of the first

and last peptide’s residue at every time step.

Thermodynamic properties

Free energy profiles F(z) of water molecules moving along the pore axis

(defined as the z axis) have been calculated using two different approaches.

Since the production simulations were run at constant volume, we can di-

rectly access the Helmholtz free energy F(z) via the water number density

r(z) as F(z) ¼ �kBT ln r(z), with kB the Boltzmann’s constant and T the

temperature. The number density was evaluated in 0.1 Å bins over the

simulation time. This approach yields the total contribution of the whole

system to each single water molecule as it permeates the pore. To achieve a

better understanding of the determinants affecting the transported molecules,

we also calculated the potential energy surface along the pore axis by inte-

gration of the average forces acting on the single water molecule FðzÞ ¼R z

z1 ;Æfzðz1Þæ¼0
Æ fzðz9Þædz9; with z1 the reference position where the average

force vanishes. Hence, we use the term of potential of mean force (PMF) for

these profiles. This allows us to qualitatively assess contributions of the

peptide and those imposed by the rest of water molecules by independently

integrating the averaged forces involved in their interactions. Note that

profiles of individual components do not necessarily reflect free energies,

and can only be interpreted qualitatively.

It is worth stressing here that the picture obtained from such a free energy

profile corresponds to the combined effects of water collectivity and inter-

actions with the pore as well as the rest of the water. We validated the PMF

procedure by comparing the profiles with the number-density result (see Fig. 5).

Monte Carlo simulation on PMF

Water mobility in single-file pores is highly correlated. Therefore, water

permeation can be treated as a collective motion of the single-file along the

pore (Fig. 2). To characterize the relationship between the behavior and

energetics of individual water molecules, we used Metropolis’ Monte Carlo

algorithm to move a chain of water molecules over a schematic potential

energy surface. By considering the chain of water molecules as rigid, we

introduced collectivity to the system. The step size was fixed, and adjusted to

produce ;70% accepted moves for barrier heights comparable to those ex-

tracted from our simulations. In this framework, a pf-event is counted every

time the water chain has crossed a water-water distance, and a pd-event is

computed when a water molecule has traveled the whole channel length.

Although no true rates can be computed by this approach, it provides

useful relative information of the transport coefficients. If the step size is
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kept constant for all channel lengths, a series of pores can be compared to

obtain qualitative dynamic trends. This method is particularly useful to

probe different underlying potentials by allowing us to screen various en-

ergetic scenarios for their compatibility with the MD results. It fully takes

into account collectivity, and allows us to decompose obtained free energy

profiles into contributions due to channel-water interaction and water-water

correlation.

RESULTS AND DISCUSSION

Fig. 3 shows the cumulative count of water-water displace-

ments of the water column inside the pore as function of the

simulation time. The slope of the curve is directly propor-

tional to pf. In all seven cases, the water flux displays a

steady converged behavior and shows no clear dependence

on pore length. In contrast, the cumulative number of com-

plete water translocations from one side of the pore to the

other (inset, Fig. 3) exhibits an overall decreasing slope with

growing peptide length. The slope of the curve is in this case

proportional to pd.

Fig. 4 presents the osmotic permeability coefficient (Fig. 4

a) and the diffusion permeability coefficient (Fig. 4 b) as a

function of the number of amino acids in the sequence, aver-

aged over two independent sets of simulations. The osmotic

permeability coefficient pf, which is related to the intrinsic

water mobility in the channel, is found to be independent on

the length of the channel, within the simulation accuracy.

Very low sensitivity of water flux and pore length was pre-

viously reported (38) for the osmotic water flow through

carbon nanotubes.

As expected, the diffusion permeability coefficient dis-

plays an inverse relationship with the length. In Fig. 4 c, we

represent the water occupancy for each channel as a function

of the number of residues. This can be directly estimated

from the simulations (red) or computed via the relationship

pf/pd¼ N11 (black). Remarkably good agreement with both

independent measurements is found. This is a strong indi-

cation that the assumptions of memoryless water jumps, com-

pletely filled pore, and water motion collectivity are indeed

fulfilled.

The calculation of the free energy for permeating water

(Fig. 5) reveals a main access barrier of ;3.6 6 0.2 kBT for

both pore entrances. Compared to this barrier, the energy

required to move from one binding site to the next within the

pore is small, in the order of kBT. Similar behavior was also

observed in carbon nanotubes (38). Results obtained via force

integration or water density are nearly identical, as shown in

the comparison panel for p-ala25 in Fig. 5.

Decomposition of free energy in water-water and water-

protein interactions shows that both profiles are generally

complementary, and loss of energy due to desolvation is

partially counteracted by the attractive interaction with the

peptide. Altogether, barriers due to solvent interaction are

predominant. As the peptide grows in length, the fragment of

the curve describing the inner part of the channel becomes

flatter. Presumably the smoothening in the central channel

region indicates that there is room for a noninteger number of

water molecules in the channel. This would result in a de-

viation from the full correlation depicted in an idealized way

in Fig. 2.

In a situation in which the barriers near the channel entry

form the rate-limiting step for water permeation, the picture

derived from decomposition of the interactions is consistent

FIGURE 2 Effect of water collectivity on the underlying potential for mo-

tion along a single-file pore. The upper panel depicts a situation where two

barriers are found at the entry/exit regions. The water molecules are sketched

on top of the potential energy surface for illustration. Using the Monte Carlo

method to sample the motion of a chain of water molecules, we can derive a

free energy profile from the number density (lower panel). As a consequence

of the imposed correlation between water positions, the emerging energetics

seems to indicate the presence of local binding sites, whereas the true inner

potential surface is actually flat.

FIGURE 3 Cumulative water-water displacements (taken as 2.75 Å, main

frame) and complete water translocation (after correcting for half-permeation

counting, inset) for all seven pores studied, averaged over two independent

simulations.
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with the dynamic result that the osmotic permeability

coefficient is independent of the length of the single file.

To study the observed behavior in terms of the underly-

ing free energy profile, we designed a number of schematic

topologies for the potential of mean force. On these con-

structed profiles we characterized the behavior of the two

transport coefficients, pf and pd, as a function of the single-

file length via Monte Carlo sampling. In the first scenario,

each water position was separated from the next one by a

constant height barrier (Fig. 6, two upper panels). The barrier

height represents the ‘‘binding’’ free energy of water in each

mean occupation site, and no extra activation energy is re-

quired to access the pore. Increasing the number of water

positions means adding new barriers. Depending on the

barrier height, two different regimes can be discerned. If the

binding free energy is below thermal energy kBT (Fig. 6, first
from the top), the emerging picture corresponds to the

textbook hypothesis of pf ; 1/N and therefore pd ; 1/N2.

The result can be rationalized as follows: since the thermal

energy of the system is above the binding free energy, the

exponential dependence of the transition probability as func-

tion of the activation energy can be approximated linearly.

Hence, the decay can be described as an inverse function of the

activation energy, linearly dependent on the number of water

molecules. Alternatively, if the activation energy for a water-

water displacement is above the thermal energy (Fig. 6,

second from the top), including more water molecules in the

single file leads to an exponential dependence of both

FIGURE 4 Averaged (a) osmotic per-

meability coefficient (pf) and (b) diffu-

sive permeability coefficient (pd) from

two independent simulations as func-

tion of the number of residues forming

the channel. Panel c displays the rela-

tionship between residue number and

water occupancy as computed via N ¼
pf/pd � 1 (black) and estimated from

the simulation (red). Panel d illustrates

water occupancy for p-ala15, p-ala21,

and p-ala27.

FIGURE 5 Free energy profiles and their decomposition

for the series of peptidic pores as obtained from force

integration (see text). Total interaction (black), water-pore

interaction (red), and water-water interaction (green) are

plotted against the main pore axis. The panel on the lower

right shows a comparison of free energy profiles as com-

puted via water number density (orange) with force

integration (black) for p-ala25.
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transport properties, similar to the experimental observations

(9).

In the case of a single access barrier, such as in the last

three profiles of Fig. 6, water mobility becomes dependent

on the length of the single pore if the height of the barrier is

variable. In such a situation, illustrated in Fig. 6 c, an ex-

ponential or linear dependence of water permeability is ex-

pected depending on the range of barrier heights, analogous

to the situation in Fig. 6 b.

On the contrary, an access barrier with a fixed height

displays water mobility independent of the single file length.

The value pd shows a characteristic inverse dependence,

simply explained by a linear relationship between step size

and coordinate length. As long as there is an access barrier,

relative energies between inside/outside do not lead to formal

differences in the expected dynamics of a highly correlated

water file along a flat inner potential. This situation is con-

sistent with the simulation results, and, in conjunction with

the observed permeability behavior, suggests that the motion

of the water column is governed by two or more access bar-

riers or a central barrier of constant height. This hypothesis is

further supported by the drastically altered water permeabil-

ity found in gramicidin derivatives with mutated termini, as

shown in desformyl gramicidin (12,39), or modified residues

at the channel entry, such as lysin gramicidin (unpublished

data).

In light of the obtained results, water permeability of

gramicidin-like single-file peptidic water pores is length-

independent. Hence, the simulation results suggest that, for

the design of new channels, length is not a critical factor.

Corrections to Eq. 1 are mandatory to describe the

observed behavior. A key assumption made in Eq. 1 is the

independence of water molecules in the pore, i.e., interac-

tions between water molecules are not taken into account.

If we consider the collective nature of the water single-file

column, every water-water displacement contributes one water

molecule to the observed osmotic flux. Using the same

procedure as in Finkelstein and Rosenberg (11) but identi-

fying the water-water distance dww as the effective distance

the water chain needs to travel to observe a flux of one water

molecule, we arrive at

pf ¼
pr2Dc

dww

; (2)

where we use Dc as the effective diffusivity of chain of water

molecules and r is the radius of the pore. Note that the ob-

tained expression is indeed independent of the length of the

pore or the number of water molecules.

The apparent discrepancy from the recent experimental

findings (9) may be caused by simulation artifacts, like force-

field inaccuracies. In a set of control simulations where we

used the simple-point-charge water model instead of TIP4P,

however, we saw qualitatively consistent results. Also, we

cannot exclude the possibility that the osmotic pressure caused

by the osmotic gradient induces conformational changes in the

channel, an effect not captured by the present approach to

obtain osmotic permeabilities from equilibrium simulations.

Alternatively, the great experimental variance of single-

channel water permeabilities, which cover three orders of

magnitude (40), is most probably not due to length changes.

FIGURE 6 Different PMF schemes for a chain of water

molecules permeating a single file pore (left, shaded) lead

to a different length dependence (right), expressed in per-

meability coefficients pf (dash-dotted) and pd (solid). Only

panels d and e are consistent with the simulation results,

suggesting that no binding sites for individual water mole-

cules are present within the pore, and that the main barrier

is independent of pore length.
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Although the experimentally studied channels might have

similar folding motifs, additional factors like unequal cap-

ping groups, differences in channel hydrophobicity, channel

ability to form hydrogen bonds with permeating water mole-

cules, membrane mismatch, or cross-link effects could lead

to changes of the access barriers, and thus of permeability.

Especially, interactions with the membrane are expected to

play a major role in determining water permeability. Simu-

lation studies have identified a strong influence on water per-

meability caused by interactions of lipid headgroups with the

pore entrance (12,21). It would therefore be interesting to

systematically study effects of the surrounding membrane or

to modify membrane-channel interactions in the entry re-

gions. A promising approach to investigate water permea-

tion, recently applied in the design of ion channels (41), is

the possibility to funnel the permeating molecules into the

channel by means of ether coronas or similar derivatives.

This way one could also partially diminish the effect of mem-

brane mismatch and disturbances due to lipid headgroups.

Additional experiments will therefore be required to re-

solve this issue. Different assays on systems with varying

bilayer width and constant gramicidin length would quantify

the role of the external barriers on water permeability. Lon-

ger gramicidin-like channels should be experimentally mea-

sured for the validation of the different predictions based on

the obtained results.

CONCLUSIONS

To understand the main determinants of water permeation

through single-file peptidic pores the influence of the channel

length has been addressed. We designed a series of reg-

ularized D,L polyalanine peptides in a b-helix folding with

increasing number of residues to isolate the effect of the

channel length on the dynamics of water transport. The anal-

ysis of water mobility in terms of osmotic permeability (pf) re-

veals no dependence on the length of the pore. Accordingly,

the diffusion permeability (pd) displays an inverse relation-

ship with the length of the pore: at constant hopping rate, the

longer the channel, the more time is needed for a complete

translocation. This result is at variance with the classical

view of a linear length dependence (10,11,42) and also with

a recent experimental study that indicated an exponential

length dependence (9). Inconsistencies of the proposed linear

relationship can be corrected by identifying the displacement

of the water column by a water-water distance as the ef-

fective transport step. The resulting expression becomes pore

length-independent. To resolve the discrepancy with the ex-

ponential prediction, additional experiments are required.

The potential of mean force for a water moving along the

channel main axis shows that the main barriers for water

permeation are located at the channel entries. The main ac-

cess barrier is ;3.6 kBT, independent of the channel length.

The water binding energies inside the pore are more than

three times lower, ;1 kBT. Decomposition of free energy in

water-water and water-peptide contributions identifies de-

solvation as the main origin of the access barrier.

Monte Carlo simulations on PMF allowed us to test dif-

ferent underlying energetic profiles and their consequences on

the mobility depending on coordinate length. We identified

three different types of behavior for pf and pd depending on

the nature and position of the barriers. The simulation results

are consistent with a situation where fixed height barriers

are located in the channel entries: in this case, no correlation

between channel length and water mobility is found.

Our results suggest that modifications, especially at the

channel entry and exit, as well as controlled interactions of

the channel with lipid headgroups, are critical determinants

for water permeation. For the design of nanopores with de-

sired permeation characteristics, this implies that channel hy-

drophobicity in the entry/exit region, and compatibility to the

surrounding membrane, rather than channel length, are the

major determinants underlying water permeability.
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