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ABSTRACT Alamethicin K18 is a covalently linked alamethicin dimer in which the glutamine residue at position 18 in each helix
has been replaced by a lysine residue. As described in previous work, channels formed by this peptide show pH-dependent
selectivity. The maximum anion selectivity of the putative octameric conducting state is obtained at pH 7 or lower. Inasmuch as
no change in selectivity is seen between pH 7 and pH 3, and because protons are expected to be in equilibrium with the open
state of the channel during a selectivity measurement, the channel is believed to be fully charged (i.e., all eight lysines
protonated) at pH 7. In an effort to understand how such a highly charged channel structure is stable in membranes and why it is
not more selective for anions, we have performed a number of computer simulations of the system. Molecular dynamics
simulations of 10 ns each of the octameric bundle in a lipid bilayer environment are presented, with either zero, four, or eight
lysines charged in the absence of salt, and with eight lysines charged in the presence of 0.5 M and 1 M KCl. When no salt is
present and all lysines are charged, on average 1.9 Cl� ions are inside the channel and the channel significantly deforms. With
0.5 M KCl present, 2.9 Cl� ions are inside the channel. With 1 M KCl present, four Cl� ions are present and the channel maintains
a regular structure. Poisson-Boltzmann calculations on models of the octameric channel also predict an average of 2–4 Cl� ions
near the lysine residues as a function of ionic strength. These counterions lower the apparent charge of the channel, which may
underlie the decrease in selectivity observed experimentally with increasing salt concentrations. We suggest that to increase the
selectivity of Alm K18 channels, positive charges could be engineered in a narrower part of the channel.

INTRODUCTION

A key feature of ion channels is their ability to select among

different ions while maintaining high ion throughput. Crys-

tal structures of highly selective chloride and potassium

channels have shown that these channels provide an en-

vironment, in the form of a selectivity filter, that is exqui-

sitely tailored to the type of ion they conduct (Doyle et al.,

1998; Dutzler et al., 2002). In many other, typically less se-

lective, channels, selectivity is achieved by other means.

Such channels include porins (Phale et al., 2001; Zeth et al.,

2000), peptide channels (Sansom, 1991), mechanosensitive

channels (Chang et al., 1998), and ligand-gated channels

(Adcock et al., 1998). In a previous study on alamethicin

variants, Starostin et al. (1999) made mutations in the

antimicrobial peptide alamethicin that converted channels

formed by this peptide from mildly cation selective to mildly

anion selective. This change in selectivity was achieved

by mutating pore-lining glutamine residues to lysines. In-

terestingly, this resulted in a pH-dependent selectivity

(Borisenko et al., 2000). At high pH, where the lysines are

all thought to be uncharged, the channel has the same

selectivity as the wild-type alamethicin with glutamines. At

intermediate pH values, the selectivity decreases, and at a pH

of 7 and below, the channel is anion selective. Inasmuch as

no change in selectivity was seen between pH 7 and pH 3,

and because protons are expected to be in equilibrium with

the open state of the channel during a selectivity measure-

ment, the channel is believed to be fully charged (i.e., all

eight lysines are protonated) at pH 7.

At first glance, such a highly charged aggregate might

not be expected to be stable in the relatively low dielectric

membrane environment. In addition, if it were stable, one

might intuitively have expected such a structure to have

higher anion selectivity than that measured experimentally

(PCl
�/PK1 ¼ 4) (Borisenko et al., 2000). In an attempt to

calculate the ion selectivity to be expected for a fully charged

octameric Alm K18 channel, Borisenko et al. (2000) used the

Nernst-Planck equation and electrostatic potential profiles

obtained from numerically solving the linearized PB equa-

tion for channel models. As has been stated previously, this

approach is overly simplistic (Kuyucak et al., 2001; Roux,

2002) and, although it may capture certain aspects of channel

permeation under a limited set of conditions (Woolley et al.,

1997), we show that it is not applicable to the present case.

In this paper we use extended MD simulations as well

as PB calculations to investigate the properties of models

of Alm K18 octameric channels in lipid membranes. Effects

of different protonation states of the lysines and of different

salt concentrations on the channel structure and the charge

distribution inside the channel lead us to the conclusion that

Cl� counterions loosely associated with the ring of lysine
residues may play a major role in stabilizing the channel. In
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addition, these counterions presumably play a primary role in

determining the anion selectivity of the system.

METHODS

MD simulations

The construction of molecular models of the Alm K18 octameric channel has

been described before by Borisenko et al. (2000). Alm K18 is a dimer,

consisting of two alamethicin peptides in which Gln-18 has been replaced by

Lys, which are covalently tethered together (You et al., 1996). A charge state

of14 was created by deprotonating the first lysine of each dimeric Alm K18.
A charge state of 0 was created by deprotonating all lysine residues. Starting

structures for MD simulations were created as described before for other

alamethicin channels (Tieleman et al., 2002). The starting model of the helix

bundle and an overview snapshot of the whole system are given in Fig. 1.

The force field used and most of the simulation parameters were also the

same as in Tieleman et al. (2002), except as specified below. A 1.0-nm

cutoff for Lennard-Jones and short-range Coulomb interactions was used,

combined with particle-particle-particle-mesh (Hockney and Eastwood,

1988; Berendsen et al., 1995) for long-range Coulomb interactions in the

position restraint simulations and the first 3 ns of K18-plus4 and K18-plus8.

Because the use of particle-particle-particle-mesh causes technical difficul-

ties with pressure scaling, simulations were run under constant volume

conditions. Particle mesh Ewald was used in the remainder of the simulations

with a short-range Coulomb cutoff of 0.85 nm, with constant volume to be

consistent with the previous simulations (Sagui andDarden, 1999). Our more

recent simulations use particle mesh Ewald with constant area or constant

pressure, but the differences should be modest on the 10-ns timescale of the

present simulations. In three simulations of 10-ns each, the effect of having

0 charge on the lysines (high pH),14 charge (intermediate pH), and18 (low
pH) was studied, with only counter ions present. Two additional simulations

of the18 charge state examined the effect of the presence of salt. First, 2-ns
simulations were performed with the protein nonhydrogen atoms restrained

to their original positions in the model using harmonic restraints with a force

constant of 1000 kJ mol�1 nm�1 to allow the added salt solution to equi-
librate. These simulations were followed by 10-ns simulations without posi-

tion restraints. A summary of all simulations is given in Table 1.

PB calculations

The electrostatics calculations were made using UHBD version 5.1 (Davis

et al., 1991) (with some local modifications, Adcock et al. (1998)) and partial

atomic charges from the Quanta/Charmm22 parameter set. Themodel system

consisted of a low dielectric slab of thickness 40 Å, into which an Alm K18

channel structurewas inserted. The slabwas generated fromdummyatoms on

a simple cubic lattice with a 2.5-Å spacing. The boundary of the protein and

low dielectric slab were defined by the solvent-accessible surface, and the

dielectric constant for the protein was set at 4. Both the dielectric inside the

model pore (representing solvent) and the bulk solvent dielectric were set at

78. To calculate electrostatic potential profiles for permeating ions, a trajec-

tory through the channel was defined using the program HOLE (Smart et al.,

1997). Because the channel is relatively wide and straight, this trajectory

corresponded roughly to the channel’s z axis. The electrostatic energy of a11
e probe charge at successive positions along the pore trajectory was then

calculated using the UHBD program for different values of the Stern radius

and the ionic strength, both with the linearized and the nonlinear PB equation.

Single-channel measurements

Single-channel current-voltage relationships were obtained exactly as de-

scribed in Borisenko et al. (2000) using KCl gradients of 1.3 M/0.1 M; 1.3

M/0.01 M, and 0.2 M/0.01 M (pH 3.0). Selectivities were calculated from

reversal potentials using Eq. 1 of Borisenko et al. (2000).

RESULTS

MD simulations

First we examined the stability of the channel structures by

comparing backbone RMSD. Fig. 2 shows the RMSD of the

FIGURE 1 Snapshots of the initial model (A and B), and the model in the

lipid bilayer environment used in the simulations (C). The alamethicin

(Alm) variant used is a covalently linked dimer, colored by Alm molecule in

A. The linker is attached to the C-terminus of two helices and is shown in

blue. Also shown are the modified C-terminal phenylalanine residues and

the critical Lys-18 residues. In B, in addition to these residues, Gln-7, which

forms the narrowest part of the pore, is also highlighted. Panels A and B

were made with MolScript (Kraulis, 1991) and Render (Merritt and Bacon,

1997); panel C was made with VMD (Humphrey et al., 1996).

FIGURE 2 RMSD from the starting model for all five simulations,

calculated for the backbone atoms only after fitting on the Ca carbons.

TABLE 1 Summary of the simulations

Position restraint Run System

K18-plus0 25 ps 10 ns 95 lipids, 3532 water, Alm

unprotonated

K18-plus4 25 ps 10 ns 95 lipids, 3528 water, 4 Cl�,
Alm 4 Lys protonated

K18-plus8 25 ps 10 ns 95 lipids, 3524 water, 8 Cl�,
Alm 8 Lys protonated

K18-0.5 M 2 ns 10 ns 95 lipids, 3460 water, 32 K1,

40 Cl�, Alm 8 Lys protonated

K18-1 M 2 ns 10 ns 95 lipids, 3396 water, 64 K1,

72 Cl�, Alm 8 Lys protonated
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backbone, after fitting on the Ca atoms, relative to the

starting structure for all five simulations. Interestingly, the

lowest RMSD is found in the K18-plus8 simulation, despite

the high charge density near the lysines. In all cases, the

peptides remain mostly helical (details not shown). How-

ever, the structure of the bundles after 10 ns is more different

than perhaps the RMSDs suggest. In Fig. 3, snapshots are

shown after 10 ns of simulation of the pore and the lysine

region from K18-plus0 (Fig. 3 A), K18-plus8 (Fig. 3 B), and
K18-1 M (Fig. 3 C). In Fig. 3 A, the lysine side chains point
toward the middle of the channel and in some cases form

hydrogen bonds with one another. In Fig. 3 B, some of
the lysine side chains point almost out of the channel,

minimizing the interactions between the eight charges in

a relatively small volume. Also shown are the chloride ions.

The channel has deformed compared to its initial, almost

symmetrical structure. In Fig. 3 C, the channel is more reg-
ular, and despite the high charge density, all but one of the

side chains still point at the center of the channel. Ions are not

shown in Fig. 3 C as they would obscure the Lys residues,
but Fig. 3 D shows the same system at the same time from

the side with the ions included.

Fig. 4 shows the average charge distribution in the

channel, calculated by dividing the channel into 100 slices

along the z axis (the channel axis). In the force field used, the
NZ atom of lysine has a charge of �0.83 e in the neutral
version of lysine (with 10.415 for HZ1 and HZ2), and a
charge of 0.129 e for the protonated version (with 10.248
for HZ1, HZ2, and HZ3). Thus, in the case of K18-plus0, the

NZ graph mainly shows where the NZ atoms are located with

respect to the ions, but the average charge density due to the

lysine side chains is zero. The graphs of K18-plus8 show the

total charge density due to the lysine side chains, counting

NZ as having a 11 e charge. In both K18-plus8 and K18-1
M graphs, the lysines form two separate distributions,

roughly separated by 1 nm. When integrating the charge

density over 3–5 nm, the total charge of NZ (including the

attached hydrogens) in K18-plus8 and K18-1 M is 8 e, as
expected. The total chloride charge inside the channel be-

tween 3 and 5 nm is�4 e in K18-1 M,�2.9 e for K18-0.5 M,
and �2.1 e for K18-plus8. Note that after integration of
Fig. 4, the results must be multiplied by the x,y area (the
plane parallel to the membrane interface, with an area of 34.4

nm2) of the system to get absolute charges.

In all cases, ions are quite mobile on the 10-ns timescale of

the simulations. Even when only counterions are present

they interact with the channel. Fig. 5 shows the trajectories of

the ions in each of the simulations in the z direction. The ions
exchange rapidly between bulk and channel, especially at

higher salt concentrations.

PB calculations

Using the same set of channel models generated in previous

work (Borisenko et al., 2000), we performed a new set of PB

calculations to systematically test the effect of the choice of

Stern exclusion radius and the difference between the

linearized and the nonlinear PB equation. The electrostatic

potentials were calculated along a trajectory through the pore

as calculated using the program HOLE (Smart et al., 1997).

The pore radius profiles are shown in Fig. 6 for five different

K18 models. The electrostatic potentials, averaged over all

five structures, are shown in Fig. 7 for three different values

of the ionic strength and the Stern exclusion radius, for both

the linearized and nonlinear PB equation. Clearly, there is

a large difference between the results from the linear and

nonlinear PB equation. The linearized version predicts

a much higher barrier than the nonlinear PB equation. Near

the ring of lysine residues the local potential becomes much

greater than kT so that average ion-ion distances become

FIGURE 4 Charge density along an axis parallel to the channel pore for

K18-plus0, K18-plus8, and K18-1 M. NZ refers to the NZ atom in the lysine

side chain. In K18-1 M and K18-plus8, the charge of the attached hydrogens

has been summed into the NZ atom, so that its charge is 11. In K18-plus0,
the total charge of NZ plus its two attached hydrogens is 0.

FIGURE 3 Snapshots after 10 ns for (A) K18-plus0, (B)

K18-plus8, (C) K18-1 M, and (D) K18-1 M seen from the side.

In all four snapshots, the Lys-18 residues are shown as space

filling. Chloride ions are yellow, potassium ions pink. Note that

A has no ions, B has eight chloride ions as counterions for the

eight charged lysines, and C and D are the same system, with 1

M KCl in addition to counterions. Ions are present but not

shown in C. Figures were made with VMD.
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small and the linearized form of the PB equation is not

applicable (Berry et al., 2000). In Fig. 8 the integrated

number of chloride ions in the channels, obtained from the

Boltzmann factor at the calculated potentials, is shown. The

Lys-18 residues are found at a z coordinate of ;10–14 Å.
The total number of chlorides in the channel depends on the

Stern exclusion radius used, although the difference between

1 and 2 Å is not very large. A radius of 3 Å approaches the

channel radius and has a large effect. The total number of

chlorides in the channel increases with increasing ion

strength. At 1 M, the total number is ;4.3–4.6, depending
on Stern radius of 1 or 2 Å at z ¼ 15 Å, at 100 mM the total

number is 2.5–3.2, and at 10 mM 2.0–2.6 ions. The numbers

become unrealistically high for a Stern radius of 3 Å (;10,

12, and 15 respectively for 10 mM, 100 mM, and 1 M).

Because the calculated potentials are much higher in the case

of the linear PB equation, the resulting ion numbers are

completely unrealistic.

Single-channel measurements

Previous experimental measurements of cation versus anion

selectivity were extended to include measurements of re-

versal potentials at lower ionic strengths. The (PCl
�/PK

1)

selectivity calculated from these data are collected in Table 2.

As overall ionic strength increases, selectivity is observed to

decrease.

DISCUSSION

The central results of the present simulations are that fully

charged K18 channels appear to be stable in membranes and

that significant counterion binding to Lys-18 residues occurs

depending on the charge state of the channel and the salt

concentration. In particular, the effective charge in the

channel is greatly reduced, by 4 e, due to the permanent
presence of four Cl� ions near the eight charged lysines in
K18-1 M. This feature stabilizes the channels as observed by

comparing the extent of channel deformation in the K18-

plus8 and K18-1 M cases (Fig. 3). Although counterion

binding is implicitly included in PB calculations, the radius

of the channel is narrow so that this effect may not be reliably

described (Corry et al., 2000; Moy et al., 2000). Neverthe-

less, use of the nonlinear PB equation leads to estimates for

the number of Cl� counterions in reasonable agreement with

FIGURE 6 Pore radius profile of the five models used for the PB

calculations (thin lines) plus their average radius profile, calculated with

HOLE (Smart et al., 1997).

FIGURE 5 Ion trajectories in the z dimen-

sion during 10-ns simulations. The middle of

the channel/bilayer is at z ¼ 0 Å. Points in the
trajectory are separated by 10 ps.
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the MD simulations so long as an appropriate choice is made

for the Stern radius.

The presence of counterions, the number of which varies

with changes in ionic strength, is also presumably connected

with the degree of anion selectivity of the channel. Ex-

perimentally, anion selectivity is observed to decrease as

ionic strength increases (Table 2) consistent with a screening

effect of counterions on the field created by the lysine

residues

This effect helps to explain why Alm K18 channels are

only mildly selective for anions over cations. Other factors

may also contribute to the experimentally observed selec-

tivity, however. For instance, we observe significant con-

formational changes of the lysine side chains, increasing at

high charge and low salt concentration. K18-plus0 forms

a regular channel and might be a reasonable model for

the high pH regime. K18-1 M and K18-0.5 M might be

reasonable models for pH 7 or lower, whereas K18-plus4

with salt (which we did not consider) could be a reasonable

model at intermediate pH. Conformational changes of the

whole channel are possible, but the overall structure of the

channel except in K18-plus8 is fairly stable over 10 ns. As

this timescale approaches the timescale of ion permeation, it

seems less likely that major conformational changes of the

channel with changes in solution pH play an important role.

Also, it seems unnecessary to invoke protonation or de-

protonation during permeation as a mechanism to explain

the selectivity (Borisenko et al., 2000).

Of course, our supposition that such a highly positively

charged channel should be highly anion selective may

simply be flawed. Selectivity estimates based on the simple

use of the electrostatic potential from PB calculations (linear

or nonlinear) are inaccurate in this situation. Although it

is not yet possible to directly link MD simulations to ex-

perimental I/V curves (Tieleman et al., 2001; Kuyucak

et al., 2001), a Brownian dynamics approach for estimating

selectivity (Corry et al., 2000) may be useful for this system.

Finally, we can address the key question: how can K18 or

a channel of comparable complexity be made more anion

selective? All our models of alamethicin channels, including

Alm K18, contain a narrow part near the Gln-7 side chain

(Fig. 1 B). It will be interesting to attempt to incorporate

FIGURE 8 Number of chloride ions in the channel calculated from the

nonlinear PB equation for different ion strengths. (A) 10 mM; (B) 100 mM;

(C) 1 M. In each panel, solid lines are for a Stern radius of 1 Å, dotted for

2 Å, and dashed for 3 Å.

TABLE 2 Measured selectivities

Condition

Selectivity calculated from

reversal potential (Cl�/K1)

1.3 M/0.1 M KCl gradient 2

1.3 M/0.01 M KCl gradient 4

0.2 M/0.01 M KCl gradient 8

FIGURE 7 Electrostatic potential profiles

calculated from the linear PB equation (A–C)

and the nonlinear PB equation (D–F) for three

different values of the ionic strengths and

different Stern radius values (solid line, 1 Å;

dotted, 2 Å; long dashed, 3 Å). Linear: (A) 10

mM; (B) 100 mM; (C) 1 M; nonlinear: (D) 10

mM; (E) 100 mM; (F) 1 M.
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a significant amount of positive charge in a narrow part of

K18, or to introduce a modification that constricts the

channel to limit counterion binding.

CONCLUSIONS

Increasing the charge density in Alm K18 only has a limited

effect on selectivity because the salt distribution compen-

sates for much of the increased charge density in the

relatively wide part of the channel. The MD simulations and

PB calculations predict increased counterion binding so that

we expect a decreased selectivity with increasing salt con-

centration, which was also found experimentally. It seems

that to make a highly selective anion peptide channel, it

would be of interest to design a channel with a localized

positive charge in a narrower part of the channel. Ultimately,

a more complex architecture mimicking the chemistry of

a selectivity filter from highly selective natural channels

might be required.
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