
Abstract Ion channels may be formed by self-assembly
of amphipathic α-helical peptides into parallel helix bun-
dles. The transbilayer pores formed by such peptides con-
tain extended columns of water molecules, the properties
of which may differ from those of water in its bulk state.
The de novo designed peptides of DeGrado et al., which
contain only leucine and serine residues, are considered as
a simple example of such channels. Molecular dynamics
simulations of peptide helix bundles with water molecules
within and at the mouths of their pores are used to refine
such models and to investigate the properties of intra-pore
water. The translational and rotational mobility of water
molecules within the pores are reduced relative to bulk 
water. Furthermore, intra-pore waters orient themselves
with their dipoles anti-parallel to the helix dipoles, as do
the hydroxyl groups of serine residues. Comparison of ap-
proximate predictions of ionic conductances with experi-
mental values provides support for the validity of these
models.
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Introduction

Transbilayer pores are present in ion channels (Unwin
1989; Hille 1992), in bacterial porins (Cowan et al. 1992),
and in related transport proteins e. g. aquaporins (Engel
et al. 1994; Walz et al. 1995). The transmembrane seg-
ments of these integral membrane proteins are believed to
surround a central pore which contains multiple water
molecules (Kreusch and Schulz 1994; Unwin 1995). In or-
der to understand the molecular basis of transport through

transbilayer pores it is necessary to understand the physi-
cal properties of such intra-pore water (Dani and Levitt
1990; Karshikoff et al. 1994).

In several classes of ion channels the central pore is
formed by a bundle of parallel α-helices. Examples of
channels exhibiting this structural motif include the nico-
tinic acetylcholine receptor (Unwin 1993; Unwin 1995;
Sankararamakrishnan et al. 1996), phospholamban (Ad-
ams et al. 1995; Arkin et al. 1995), influenza M2 protein
(Sansom and Kerr 1993), and several channel-forming pep-
tides (CFPs) (Sansom 1991). CFPs are amphipathic α-hel-
ical peptides which self-assemble within lipid bilayers, in
response to a transbilayer voltage difference, to form ion
permeable pores. Such CFPs include antibiotics e. g. ala-
methicin (Sansom 1993a, b) and toxins e. g. Staphylococ-
cus aureus δ-toxin (Mellor et al. 1988; Kerr et al. 1995;
Kerr et al. 1996). Furthermore, certain de novo designed
synthetic peptides also act as CFPs (Lear et al. 1988; De-
Grado and Lear 1990; Chung et al. 1992; Åkerfeldt et al.
1993; Kienker et al. 1994; Lear et al. 1994). The helix bun-
dles formed by CFPs are dynamic assemblies. Channels
containing different numbers of helices per bundle may be
formed by the same peptide species. CFPs have been em-
ployed as elements of synthetic helix bundles by covalent
tethering to a rigid or semi-rigid template (Montal 1990;
Åkerfeldt et al. 1992; Montal 1995; You et al. 1996) in 
order to create channels with a restricted or fixed number
of constituent helices. In the absence of a high resolution
crystallographic structure for a helix bundle channel, mo-
lecular modelling studies have been widely employed in
order to understand the molecular basis of ion channel
function in these systems (Lear et al. 1988; Oiki et al. 1990;
Raghunathan et al. 1990; Åkerfeldt et al. 1993; Kerr 
et al. 1994; Lear et al. 1994; Adams et al. 1995; Montal
1995; Sankararamakrishnan and Sansom 1995; Sansom
et al. 1995; Kerr et al. 1996; Sankararamakrishnan et al. 
1996).

The de novo designed synthetic CFPs of DeGrado and
colleagues (Lear et al. 1988; Åkerfeldt et al. 1993) are an
attractive system for modelling and simulation studies, as
they combine relative structural simplicity with a func-
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tional complexity comparable to that observed in other
channel systems. Previous modelling studies (Lear et al.
1988; Åkerfeldt et al. 1993; Kerr et al. 1994) have shown
that helix bundles formed by these CFPs prefer to adopt a
left-handed supercoiled conformation. The internal diam-
eters of these helix bundle models are consistent with the
conductance and selectivity properties of the correspond-
ing channels. In this paper we use molecular dynamics
(MD) simulations, in the presence of explicit water mole-
cules, to refine such models. We analyze the structure and
dynamics of water molecules within the resultant pores.
Comparison of the results with those from comparable
channel simulations (Chiu et al. 1991; Roux and Karplus
1994; Engels et al. 1995; Breed et al. 1996) suggest prop-
erties of intra-pore water which may be common to many
ion channels. For the de novo CFPs in particular, it seems
that within pores formed by bundles of parallel α-helices
water molecules are significantly immobilized, and that
water and sidechain hydroxyl dipoles are preferentially
aligned relative to the pore axis.

Methods

General

Initial models were generated using XPLOR (Brünger
1992) version 3.1. MD simulations were performed using
CHARMM (Brooks et al. 1983) version 23f3. Simulations
were run on a DEC2100. All other calculations were car-
ried out on Silicon Graphics R3000 and R4000 worksta-
tions. Structures were manipulated and examined using
Quanta V4.0 (Biosym/Molecular Simulations), and dia-
grams were drawn using Quanta or Molscript (Kraulis
1991).

Generation of initial models of pores

Initial models of pores were generated using simulated an-
nealing via restrained molecular dynamics (SA/MD), as
described in previous publications (Kerr et al. 1994; San-
som and Kerr 1995). Details of individual models are pro-
vided below. From each ensemble of 25 structures gener-
ated by SA/MD, that with the highest degree of rotational
symmetry was used for solvation and MD simulations. Ex-
tended atoms were used, i. e. only polar hydrogen atoms
were explicitly represented.

Solvation of models and MD simulations

Pore models were solvated and MD simulations performed
using protocols based on those described in Breed et al.
(1996). The water model employed was a TIP3P three-
site model (Jorgensen et al. 1983) with partial charges
qo = –0.834 and qH = +0.417, modified as in the PARAM19
parameter set of CHARMM to allow internal flexibility of

the water molecules, as described by Venable et al. (1993).
Model pores were solvated using a pre-equilibrated cylin-
der (length = 60 Å, radius = 7 Å) of water molecules. Wa-
ter molecules from this cylinder were selected so that the
central pore and the cap regions at either mouth of the pore
were solvated, but such that no water molecules were
present on the bilayer-exposed faces of the pores.

Solvated model pores were energy minimized prior to
MD simulations. A four-stage energy minimization was
performed: (a) 1000 cycles of adopted basis Newton Raph-
son (ABNR) minimization with the protein atoms fixed;
(b) 1000 cycles of ABNR with the protein backbone atoms
restrained; (c) 1000 cycles of ABNR with weak restraints
on the protein Cα atoms only; and (d) 1000 cycles of ABNR
with no positional restraints. During MD simulations re-
straints were applied or water molecules, in order to guard
against ‘evaporation’ from the caps at either mouth of the
pore. The form of the restraining potential, applied to the
waters using the MMFP module of CHARMM, was:

(1)

or:

(2)

where F = –7.5 kcal/mol and λ = 0.25 Å, and in which
∆ = r – rWALL, i. e. the distance of the atom from the restrain-
ing “wall”. Note that Eq. (1) applies to water atoms out-
side the wall and Eq. (2) applies to water atoms inside the
wall. The restraining wall was cylindrical in shape, with
length 60 Å and radius 7 Å (models IN4 and PN4), 9 Å 
(model IN5) or 9.5 Å (model IN6).

MD simulations used a 1 fs timestep. The system was
heated from 0 to 300 K in 6 ps (5 K, 0.1 ps steps) and equi-
librated for 9 ps at 300 K by rescaling of atomic velocities
every 0.1 ps. The production stage of the simulation was
for 85 ps, giving a total simulation time of 100 ps. Dynamic
properties of water were analyzed over the 170 coordinate
set trajectories, which were saved every 0.5 ps during the
production stage of the simulations. Non-bonded inter-
actions (both electrostatic and van der Waals) between 
distant atoms were truncated using a shift function (Brooks
et al. 1983) with a cutoff of 13.0 Å, and a fixed dielectric
of ε = 1 was used for electrostatic interactions. In simu-
lation IN6* the simulation IN6 was repeated, but with 
the SHAKE option of CHARMM used to maintain fixed
bond lengths and to hold the TIP3P water molecules 
rigid.

Analysis

Two parameters characteristic the dynamic behaviour of
water molecules were estimated: the self-diffusion coeffi-
cient, D (which measures translational mobility), and the
rotational reorientation rate time, τ2

–1. The self-diffusion
coefficient for each water molecule was obtained by eval-
uation of its mean square displacement as a function of
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time:

〈r (t)2〉) = 〈(r (t) – r (0))〉2 (3)

using the relationship:

lim〈r (t)2〉 = 6 Dt + c (4)
t→∞

to fit the 〈r (t)2〉 data for t = 3 to 6 ps. Inspection of 〈r (t)2〉
vs. t curves for individual waters revealed them to approach
linearity within this region. A second order rotational cor-
relation function (Rossky and Karplus 1979) was defined
in terms of the angle, θ (t), made by the dipole of a water
molecule at time 0 and the dipole of the same water mo-
lecular at time t:

C2(t) = 〈(3 cos2 θ (t) – 1)/2〉 . (5)

For each water molecule this function was fitted (for the
regions from 0.5 to 5.0 ps) as a mono-exponential decay
with time constant τ2. Inspection of plots of C2(t) for indi-
vidual waters provided support for the fitting of a mono-
exponential to these data. A rotational reorientation rate
(τ2

–1) was calculated as the reciprocals of the fitted time
constant.

Water dipole orientations were analyzed for the final
(t = 100 ps) coordinate sets. The orientation of water mole-
cules relative to the pore (z) axis was measured in terms of
the projection onto the z axis of the dipole moment of each
water, µz. Note that for an ideal TIP3P water molecule with
its dipole exactly parallel to the z axis, µz = 2.35 Debye.
The pore axis (z) runs from the N-termini to the C-termini
of the helices. Thus, a water molecule with its O atom closer
to the N-termini and its H atoms closer to the C-termini
would have a positive value for µz.

The pore/water interaction energy of the models was
defined as ∆EPW = E (pore + water) – E (pore) – E (water).
The interaction energy between the helices making up the
pore was defined as ∆EHH = E(pore) – E(isolated helices).

Pore radius profiles were measured using HOLE (Smart
et al. 1993), which calculates the pore radius as a function
of distance along the pore (z) axis. Pore radius profiles were
used to estimate an upper bound on the ionic conductance
for a given model (Sansom and Kerr 1995). This was ob-
tained by approximating a transbilayer pore as a cylinder
of radius r(z) (given by HOLE) filled with salt solution of
resistivity ρ. If a pore runs from z = a to z = b, then its over-
all electrical resistance is R = Ra + RPORE + Rb, where Ra
and Rb are the access resistances at either mouth of the pore
(Hille 1992) and where RPORE is the resistance of the pore
per se, obtained by integrating ρ/(πr2) along the length of
the pore (Kuyucak and Chung 1994). Thus, the upper

bound on the conductance is given by the reciprocal of R,
i. e.:

Values of GUPPER were calculated using ρ = 0.13 Ωm,
equivalent to the resistivity of 0.5 M KCl.

Results

Definition of models

The model pores used in these simulations are defined in
Table 1. As shown by DeGrado and colleagues (Lear et al.
1988; DeGrado and Lear 1990; Åkerfeldt et al. 1992;
Åkerfeldt et al. 1993; Lear et al. 1994), the peptide 
(LSSLLSL)3NH2 forms monovalent cation selective ion
channels, with a single channel conductance (G = 70 pS in
0.5 M KCl) and a cutoff radius (ca. 4 Å) consistent with
channels formed by hexameric, and possibly also penta-
meric, bundles of helices. Models IN6 and IN5 correspond
to such assemblies of this peptide. In contrast, peptide 
(LSLLLSL)3NH2 forms proton selective channels which
do not support permeation of monovalent cations larger
than H+. This suggests that the channel is formed by a tet-
rameric helix bundle, as in model PN4. Model IN4 was
generated to enable comparison of the properties of tetra-
meric assemblies of the two peptide sequences.

In all cases the bundles are formed from approximately
parallel (rather than antiparallel) helices. This is supported
by the asymmetry of channel formation in response to a cis
negative voltage applied across a bilayer (Lear et al. 1988)
and by the rectification properties of the channels thus
formed (Kienker et al. 1994). The helices within each bun-
dle are oriented such that the serine sidechains point in-
wards towards the pore lumen, and the leucine sidechains
point outwards. As expected, the number of water mole-
cules required to solvate each model, within and at the
mouths of the pore, increases as the number of helices in-
creases. Less obviously, significantly more waters were re-
quired to solvate model PN4 than model IN4 (see below).

Models IN5 and IN6

Snapshots of models IN5 and IN6, taken at the end of the
t = 100 ps MD trajectory, are shown in Fig. 1. From these
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Model Sequence Number Number Number
of helices of waters of atoms

IN4 (L-S-S-L-L-S-L)3-NH2 4 103 1049
IN5 (L-S-S-L-L-S-L)3-NH2 5 209 1552
IN6 (L-S-S-L-L-S-L)3-NH2 6 256 1875
PN4 (L-S-L-L-L-S-L)3-NH2 4 145 1187

Table 1 Definition of models
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Table 2 Geometric and energetic properties

Model 〈Ω〉 〈D〉 〈RPORE〉 RMIN ∆EHH
VDW EHH

ELEC ∆EPW
VDW ∆EPW

ELEC

(°) (Å) (Å) (Å) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

IN4 +23.5 8.3 1.5 0.97 –147 –15 –53 –972
(±7.7) (±0.6) (±0.3)

IN5 +13.2 9.3 2.5 1.6 –145 +112 –156 –1767
(±3.6) (±0.7) (±0.6)

IN6 +10.7 9.4 3.4 1.9 –179 +124 –206 –2056
(±5.0) (±0.2) (±0.9

PN4 +22.6 9.1 2.0 1.7 –133 +123 –83 –1169
(±2.0) (±0.6) (±0.3)

〈Ω〉 is the helix crossing angles, averaged over the last 10 ps of the MD trajectory, and over all adjacent helices of a bundle; 〈D〉 is the cor-
responding average of the helix-helix interaxial distance. 〈RPORE〉 is the pore radius, averaged over the length of the pore. The values of 
〈RPORE〉, RMIN, ∆EHH

VDW, etc. all refer to the final structure from the corresponding MD simulations

Fig. 1 A – D IN5 and IN6 model pores. Molscript (Kraulis 1991)
generated diagrams of models IN5 and IN6. In A and C the models
are viewed down the pore (z) axis, with the serine sidechains shown
in ball-and-stick fashion, and the polypeptide backbones as helical
ribbons. In B and D the models are viewed perpendicular to the 
z-axis, with the N-termini of the helices at the bottom and the C-ter-
mini at the top of the diagram. The water molecules within and at
the mouths of the pore are shown in bond fashion (i. e. as “V” shapes)

Fig. 2 A, B IN5 and IN6 pore radius profiles, calculated using
HOLE (Smart et al. 1993). In each case the pore radius is displayed
as a function of the position along the z (i. e. pore) axis. In A the pore
radius profiles of IN5 (broken line) and IN6 (solid line) are shown at
the start (i. e., t = 0 ps) of the MD simulations; in B the profiles for
the same two models are shown at the end (t = 100 ps) of the MD
simulations



it is evident that: (a) the overall geometry of the helix bun-
dles, with the majority of the serine sidechains pointing
into the lumen of the pore, is retained during the MD sim-
ulation; and (b) the water molecules remains as a cap at 
either mouth plus a column of waters filling the lumen of
the pore. Thus, despite the absence of an explicit lipid bi-
layer the essential features of the pore models remain in-
tact during these (relatively short) MD simulations.

However, this is not to imply that the structures of the
model pores remain static during the MD simulations.
From visual examination of the trajectories, some degree
of repacking of the helices occurs. It is therefore useful to
examine the geometry of the helix bundles, averaged over
the last 10 ps of the trajectories (Table 2). The interaxial
separation of the helices (〈D〉) is close to the average for
interacting pairs of α-helices in globular proteins
(D = 9.4 Å; (Chothia et al. 1981)). The helix-helix cross-
ing angles (〈Ω〉) are indicative of a left-handed coiled coil,
as was found in the initial models generated by in vacuo
SA/MD. Thus, the favoured ‘ridges-in-grooves’ packing
observed in earlier in vacuo studies (Kerr et al. 1994) has
been preserved during the MD simulations in the presence
of water molecules. As the same packing mode is observed
in vacuo and in the presence of water, it seems unlikely
that this would be perturbed greatly by the presence of 
a fluid lipid bilayer. A similar mode of packing has been
proposed on the basis of modelling and energy minimiza-
tion studies by DeGrado and colleagues (Åkerfeldt et al.
1993).

It is also instructive to examine the potential energies
of e. g. the structures at the end of the MD simulations 
(Table 2). The helix-helix interaction energies for both IN5
and IN6 reveal favourable van der Waals interaction, re-
flecting efficient packing of sidechains at the helix-helix
interface, but have unfavourable electrostatic components.
The latter result from repulsion of the parallel helix dipoles
and of the positive charges at the unblocked N-termini of
the helices. However, for both IN5 and IN6 the marginally
favourable (ca. –50 kcal/mol) helix-helix interactions are
overshadowed by highly favourable (ca. –2000 kcal/mol)
pore-water interactions, which are in term dominated by
their electrostatic component. This reflects the water-
sidechain (ca. –1400 kcal/mol) and water-backbone (ca.
–500 kcal/mol) electrostatic interactions, both of which are
favourable.

Some changes are induced by the presence of water
molecules within the pore, as is evident if one compares
the dimensions of the pore per se at the start (t = 0 ps) and
end (t = 100 ps) of the MD simulation. Examination of pore
radius profiles reveals the nature of these changes. For
model IN5 (Fig. 2 A) the pore radius profile at the start of
the simulation shows a regular pattern of maxima and min-
ima reflecting the presence of ‘rings’ of pore-lining side-
chains. This minimum pore radius is ca. 2.3 Å and the mean
pore radius is ca. 2.8 Å over the length of the pore. At the
end of the MD simulation the pore radius profile has be-
come somewhat less regular, as might be expected. The av-
erage pore radius (Table 2) has not changed significantly,
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Table 3 Model pores: water properties

Model Zone NW D τ2
–1 µ

(Å
2 ps–1) (ps–1) (D)

Bulk water – – 0.23 [1] 0.52 [2] –
(experimental)

Bulk water all 231 0.32 (±0.12) 0.64 (±0.28) –0.02 (±1.45)
(modified TIP3P)

IN4 Cap-N 34 0.29 (±0.20) 0.15 (±0.09) –1.57 (±0.84)
Pore 23 0.02 (±0.02) 0.08 (±0.13) +1.32 (±1.33)
Cap-C 46 0.24 (±0.12) 0.37 (±0.17) –0.68 (±1.47)

IN5 Cap-N 55 0.32 (±0.27) 0.24 (±0.17) –1.05 (±1.06)
Pore 76 0.06 (±0.05) 0.07 (±0.05) +1.94 (±0.82)
Cap-C 78 0.31 (±0.14) 0.45 (±0.22) –0.48 (±1.48)

IN6 Cap-N 63 0.36 (±0.26) 0.30 (±0.19) –0.93 (±1.22)
Pore 108 0.08 (±0.06) 0.08 (±0.04) +1.74 (±0.74)
Cap-C 85 0.28 (±0.14) 0.44 (±0.27) –0.29 (±1.48)

IN6* Cap-N 68 0.17 (±0.14) 0.19 (±0.17) –0.92 (±1.22)
Pore 104 0.06 (±0.05) 0.03 (±0.03) +1.84 (±0.72)
Cap-C 84 0.20 (±0.11) 0.44 (±0.26) –0.25 (±1.46)

PN4 Cap-N 53 0.26 (±0.17) 0.25 (±0.19) –1.70 (±0.73)
Pore 35 0.05 (±0.02) 0.07 (±0.06) +1.97 (±0.55)
Cap-C 57 0.23 (±0.11) 0.36 (±0.17) –0.31 (±1.43)

Zones: Cap-N(z < – 15 Å) and Cap-C (z > + 15 Å) = N- and C-terminal caps; Pore (|z | < 15 Å) = pore. NW is the number of water molecules
in a zone; D is their self diffusion coefficient; τ2

–1 is the second order rotational reorientation rates; and µz is the projection of the water
molecule dipole onto the pore (i. e. z) axis. All values are given as mean (±SD) for all water molecules in a zone. Two sets of parameters
are given for “bulk” water: experimental values ([1] – (Eisenberg and Kauzmann 1969); [2] – (Rahman and Stillinger 1971)); and values
for a simulation of 231 modified TIP3P waters in a (19.042)3 Å3 box of water, using periodic boundaries. IN6* refers to the repeat of the
IN6 simulation using the SHAKE option in CHARMM



but the minimum pore radius has dropped to 1.6 Å, with a
constriction at either end of the pore reflecting some dy-
namic distortion of the termini of the helices. A similar pat-
tern of changes is observed for model IN6 (Fig. 2 B). Vis-
ual inspection of the trajectories suggests that the changes
in pore radius are consistent with a degree of insertion of
water from the caps into the pores. Thus at t = 0 ps the 
numbers of pore waters (defined as those for which
|z | < 15 Å) are 64 and 89 for models IN5 and IN6 respec-
tively. At t = 100 ps the corresponding numbers of waters
are 76 and 108.

One may use a pore radius profile as the basis of an ap-
proximate calculation of an upper bound on the conduc-
tance of the corresponding channel (Sansom and Kerr
1995). For IN5 and IN6 models at the end of the MD sim-

ulation this yields GUPPER = 360 pS and 570 pS (for 0.5 M
KCl) respectively. These values are compatible with the
experimentally determined conductance of 70 pS in 0.5 M
KCl for the (LSSLLSL)3NH2 channel (Lear et al. 1988).
In similar calculations on porins (Sansom and Kerr 1995)
it was noted that GUPPER was ca. 5× higher than the experi-
mental conductance. Applying a correction factor of 0.2 to
the estimates of GUPPER for IN5 and IN6 yields estimates
of 70 and 110 pS respectively for the channel conductance.
Of course, such calculations are somewhat approximate,
but they do suggest that the models are in agreement with
the experimental data. Note also that the major conductance
exhibited by this channel has been estimated to correspond
to a cutoff radius of ca. 4 Å (Lear et al. 1988), consistent
with the value of 〈RPORE〉= 3.4 (±0.9) Å for model IN6.
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Fig. 3 A, B Analysis of water dynamics for simulation IN6. A Self-
diffusion coefficient profile. The self-diffusion coefficient (D) is
plotted for each water molecule as a function of the average water
oxygen z coordinate for the trajectory. B Dipole reorientation rate
profile. The second-order water dipole reorientation rate (τ2

–1) is plot-
ted for each water molecule as a function of the average water oxy-
gen z coordinate for the trajectory. In both graphs the horizontal brok-
en line indicates the corresponding average value of the parameter
for the bulk water simulation (see Table 3)

Fig. 4 A, B Analysis of orientation of water molecule dipoles in
model IN6. A Water dipole orientation profile. The points represent
µz for each water molecule, calculated from the structure at the end
of the MD simulation, plotted as a function of the z coordinate of the
water oxygen atom. In B the trajectories of the z-axis projections of
the mean dipole moments of water molecules within the pore (solid
line) and of the serine hydroxyl groups (dotted line) are shown



A major aim of our simulations is to examine the trans-
lational and rotational dynamics of water molecules within
the lumen of the model pores. If water molecules are clas-
sified, on the basis of their time-averaged O atom coordi-
nates, as being either cap (|z | < 15 Å) or pore (| z | < 15 Å)
waters then a clear difference in dynamic behaviour
emerges (Table 3). For both IN5 and IN6 the self-diffusion
coefficient, D, of the cap waters does not differ signifi-
cantly from that of bulk TIP3P water (D = 0.32 Å2 ps–1),
whereas D for the pore waters is significantly depressed
(by a factor of 0.2 for IN5 and by a factor of 0.25 for IN6)
relative to the bulk. This reduction in mobility of pore wa-
ters is also observed if one examines the rotational relax-
ation rate τ2

–1. Plots of D and of τ2
–1 as a function of the

time-averaged z-coordinate of the water molecule (Fig. 3)
reveal this difference between pore and cap very clearly.
From such graphs (that for IN5, not shown, is essentially
the same) it is evident that confinement of waters within
the pore significantly reduces their mobility. Detailed ex-
amination reveals a correlation between the mobility as a
function of z (Fig. 3) and the pore radius profiles (Fig. 2).
Thus, for IN6, the region of lowest mobility within the pore
corresponds to the constriction at its C-terminal mouth (i. e.
z ca. +10 Å).

One may also examine the structure of water within the
model pores. As in previous simulations of hydrophobic
helix bundles (Breed et al. 1996), the waters within the IN5
and IN6 pores align such that their dipoles are antiparallel
to those of the α-helix backbones, the latter running from
positive to negative z (Table 3 and Fig. 4 A). At the N-ter-
minal cap of the pore the water dipoles are additionally
aligned by the positively charged N-termini of the helices;
at the C-terminal cap the water dipoles adopt more random
orientations. If one examines the trajectory of the mean di-
pole moment of the waters within the pore (Fig. 4 B) it can
be seen that alignment relative to the pore (z) axis is estab-
lished within the first 10 ps of the simulation, and is main-
tained throughout. One may also examine the correspond-
ing trajectory of the mean dipole of the serine sidechain
OH groups. This reveals a small, but consistent, alignment
of the SerOH dipoles anti-parallel to the helix dipoles, and
thus parallel to the water dipoles. This is discussed in more
detail in relation to model PN4 (see below).

In order to examine the influence of the simulation con-
ditions upon the behaviour of the water molecules, simu-
lation IN6 was repeated (as simulation IN6*) with the
SHAKE option activated. This keeps bonds lengths fixed
and also has the effect of making the water molecules rigid,
as in the unmodified TIP3P water model. As can be seen
from Table 3, there are some changes in the absolute val-
ues of the self-diffusion coefficient and the rotational re-
orientation rate of the water, as would be expected with a
change in water parameters. However, the overall pattern
of a reduction in rotational and translational dynamics of
water within the pore relative to the caps is retained. Thus,
for IN6 D(cap)/D(pore) is ca. 4 whereas for IN6* the cor-
responding value is ca. 6. If one plots either D or τ2

–1 vs. z
for IN6* (graph not shown) then the resultant profiles along
the length of the pore are very similar to those for IN6

(Fig. 3). As is also evident from Table 3, the alignment of
the water dipole relative to the helix dipoles is the same
for IN6* as for IN6.

Model PN4 vs. Model IN4

A comparison of models PN4 and IN4 was made in 
order to investigate possible reasons why the peptide 
(LSLLLSL)3NH2 forms H+ selective channels (as opposed
to the monovalent cation selective channels formed by 
(LSSLLLSL)3NH2; (Lear et al. 1988)). DeGrado and 
colleagues, using in vacuo model building and energy 
minimization (Lear et al. 1988; Åkerfeldt et al. 1993) 
have suggested that in going from (LSLLLSL)3NH2 to 
(LSSLLSL)3NH2 the loss of one serine residue per heptad
repeat preferentially stabilizes a tetrameric helix assembly
and that, furthermore, a pore formed by a tetrameric bun-
dle is only wide enough to allow H+ to permeate. We there-
fore wished to compare the pore dimensions in the PN4
and IN4 models. It should be stressed that the IN4 model
is included for comparative purposes – the experimental
results (Lear et al. 1988) suggest that it is not a major chan-
nel species. The starting model for IN4 was generated by
SA/MD in the same way as for IN5 and IN6. The starting
model for PN4 was obtained by taking that for IN4 and us-
ing Quanta to replace the three serine sidechains by leu-
cine sidechains.

Snapshots of the two models are shown in Fig. 5, and
details of the bundle geometries and energetics are sum-
marized in Table 2. From the latter it is evident that both
PN4 and IN4 exhibit a more positive crossing angle (Ω ca.
+23°) than either IN5 or IN6 (Ω ca. +12°). This indicates
a greater degree of supercoiling of the helices within tet-
rameric than within pentameric or hexameric assemblies.
In model IN4 the interhelix separation (〈D〉 = 8.3 Å) is sig-
nificantly lower than for PN4. This is accompanied by a
marginally favourable ∆EHH

ELEC for IN4, suggesting that in-
ter-helix H-bonds formed by interfacial serine residues just
outweigh the repulsive dipole/dipole interactions between
adjacent helices of the bundle.

Examination of snapshots of the two models (Fig. 5 A,
B) at t = 0 ps and t = 100 ps reveals significant differences
between the behaviour of PN4 and IN4. In both models, at
t = 0 ps the pore is discontinuous, i. e. the network of wa-
ter/water H-bonds is broken in several places. This is in
agreement with our earlier suggestion (Kerr et al. 1994)
that, in general, tetrameric helix bundles form a pores
which are too narrow to support ion permeation. This re-
mains the case for IN4 throughout the simulation, even
though a few (ca. 7) additional water molecules enter the
N-terminal mouth of the pore. In contrast, in PN4 at an
early stage during the simulation (t <50 ps) ca. 20 addi-
tional water molecules enter the pore. This results in for-
mation of a continuous H-bonded column of water from
end to end of the PN4 bundle. The consequences of this
difference between PN4 and IN4 in terms of pore radius
profiles are illustrated in Fig. 5 C, D. For IN4 (Fig. 5 C)
there is no significant change in the pore radius profile dur-
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ing the 100 ps simulation. In contrast, for PN4 (Fig. 5 D)
the radius increases significantly along the entire length of
the pore. Thus, for t = 90 to 100 p (Table 2), the mean pore
radius for IN4 is 1.5 Å whereas that for PN4 is 2.0 Å. More
significantly, the minimum pore radius increases from
0.97 Å to 1.7 Å. In combination with the analysis of he-
lix/helix and pore/water interaction energies that suggests
that in IN4 the additional serine residues form favourable
electrostatic interactions at the helix interfaces which re-
sist entry of additional water molecules, thus maintaining
a narrow, discontinuous pore. In contrast, in PN4 the ab-
sence of such H-bonding interactions at the helix-helix
interfaces allows the bundle to expand slightly, giving rise
to a continuous water-filled pore.

The pore radius profile may be used to calculate a value
of GUPPER = 760 pS for PN4 at t = 100 ps, estimated using
a resistivity of 0.047 Ωm for 0.5 M HCl (Hille 1992). The
experimental conductance for (LSLLLSL)3NH2 channels
is 120 pS in 0.5 M HCl (Lear et al. 1988; DeGrado and
Lear 1990; Lear et al. 1994). If one applies the correction
factor of 0.2 discussed above to the value of GUPPER, one
obtains an estimate of 150 pS for the conductance of PN4,
i. e. close to the experimental value. It must be stressed that
this is a rather approximate calculation of the conductance
expected on the basis of a model, and that the approxima-
tion is expected to be worse for H+ ions than for other ionic
species. However, the agreement between prediction and
experiment is encouraging.

The dynamics of water molecules within PN4 and IN4
are compared in Table 3. The same general pattern is seen
as for the previous two models, namely a reduction in mo-
bility of water molecules within the pore lumen. The mo-
bility of pore waters is lower within tetrameric bundles than
in pentameric and hexameric bundles, as might be antici-
pated. In the case of the discontinuous pore of IN4 the mo-
bility is almost as low as that of the single file of water
molecules observed in simulations of gramicidin A
(D = 0.0003 Å2 ps–1; (Roux and Karplus 1994)).
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Fig. 5 Comparison of the (A) IN4 and (B) PN4 models. For each
model the structure at the start (t = 0 ps) and end (t = 100 ps) of the
MD simulation is shown. The helices are shown as Cα traces (in
grey). The water molecules are shown in bonds fashion in black, with
dotted lines corresponding to water-water H-bonds. The correspond-
ing pore radius profiles for (C) IN4 and (D) PN4 are shown, with the
dotted lines representing the profiles for the t = 0 ps structures and
the solid lines the profiles for the t = 100 ps structures



The alignment of the water and SerOH dipoles relative
to the pore axis observed in IN5 and IN6 is also observed
in IN4 and PN4 (Table 4). Let us examine the situation in
PN4 in more detail. From Table 4 it is evident that the wa-
ter dipoles are aligned largely antiparallel to the helix di-
poles within the lumen of the pore. Furthermore, the de-
gree of alignment of the SerOH dipoles is greatest for PN4,
indicating a polarized network of water-water and water-
sidechain H-bonds within the pore. The trajectories of the
water and SerOH dipoles (Fig. 6 A) indicate that this align-
ment is established within less than 20 ps and is then main-
tained throughout the duration of the simulation. If one cal-
culates the total dipole moment then that of the protein
(projected on z) is –443 Debye (where a positive dipole
points from the N-termini to the C-termini). Within the
pore, the water molecules oppose this by +78 Debye and

the serine sidechains by +32 Debye. Thus the effect of the
orientation of the serine sidechains is about 50% that of
the pore waters. The alignment of the serine sidechains
may be characterized in terms of their χ1 and χ2 torsion an-
gles. As discussed by Gray and Matthews (1984) a value
of χ1 = –60° allows a serine sidechain to H-bond back to 
the mainchain carbonyl oxygen of residue i–4 within an 
α-helix. Examination of the trajectories reveals that χ1 ca.
–60° is maintained throughout, with only occasional brief
(less than 5 ps) transitions, which are mainly to χ1 ca. +60°,
which also allows such sidechain/mainchain H-bonds to
be formed. Examination of the initial, in vacuo, model 
revealed that nearly all possible SerOH-carbonyl O(i–4) 
H-bonds were formed. However, examination of the χ2 val-
ues reveals rather subtle behaviour in the presence of 
water. By construction of idealized models one may read-
ily demonstrate that conformation (χ1, χ2) = (–60°, +60°)
allows formation of a SerOH to mainchain CO H-bond (as
discussed above), whereas conformation (χ1, χ2) = (–60°,
–60°) breaks this H-bond and aligns the SerOH dipole in
the positive direction along z, as seen in the MD simula-
tion. In Fig. 6 B the distribution of (χ1, χ2) values for all
serine residues during the latter half of the simulation is
shown. It clear that (χ1, χ2) = (–60°, –60°) is the most pop-
ulated conformation. The relationship between this side-
chain conformation and the alignment of the water and 
SerOH dipoles relative to the helix dipoles is summarized
in Fig. 7.

Discussion

Evaluation of methology

Three main aspects of the methodology require evaluation:
(a) the assumptions underlying the models; (b) initial gen-
eration of the models via in vacuo SA/MD; and (c) MD
simulations in the presence of water within and at the
mouths of the model pores.

The assumptions embodied in the models presented are
that: (a) the peptides adopt an α-helical conformation; 
(b) the resultant α-helices associate within lipid bilayers
as approximately parallel transbilayer bundles; and (c)
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Fig. 6 A, B Analysis of orientation of water molecule and serine hy-
droxyl dipoles in model PN4. In A the trajectories of the z-axis pro-
jections of the mean dipole moments of water molecules within the
pore (solid line) and of the serine hydroxyl groups (dotted line) are
shown. In B the distribution of (χ1, χ2) values, defining the serine
sidechain conformations, is shown. Each point represents a single
serine sidechain, with snapshots taken every 1 ps from t = 50 ps to
100 ps during the trajectory

Table 4 Polarization of water and hydroxyls

Model 〈µz (water, pore)〉 〈µz (SerOH)〉
(Debye) (Debye)

IN4 +1.49 (±0.12) +0.06 (±0.08)
IN5 +1.87 (±0.06) +0.26 (±0.09)
IN6 +1.84 (±0.07) ±0.11 (±0.07)
PN4 +1.79 (±0.13) +0.36 (±0.13)

〈µz(water, pore)〉 is the average z-projection of the dipoles of water
molecules within the pore; 〈µz(SerOH)〉 is the average z-projection
of the dipoles of serine hydroxyl groups. In both cases the average
is across structures saved every 1 ps from t = 50 to 100 ps of the sim-
ulations. 〈µz(SerOH, t = 0)〉 is the average z-projection of the dipoles
of serine hydroxyl groups at the start of the MD simulation



within bundles the helices are oriented such that the serine
siedechains line the pore. DeGrado and colleagues (De-
Grado and Lear 1990) have presented CD which support
the α-helical conformation of these peptides. The main ev-
idence in favour of a parallel packing mode for the helices
arises from the voltage asymmetry of channel formation
(Lear et al. 1988) and from the rectification properties of
the resultant channels (Kienker et al. 1994). The assump-
tion that the serine sidechains form the pore lining is pri-
marily on energetic grounds. It is highly unlikely that a
bundle of amphipathic helices spanning a lipid bilayer
would form with the serine sidechains facing outward. This
would form an assembly with hydrophilic exterior exposed
to the acyl chains of the lipid molecules.

Initial pore models were generated by in vacuo SA/MD
calculations. This method has been previously demon-
strated to yield plausible models of pores formed by par-
allel α-helix bundles (Kerr et al. 1994), and has also been
applied to models of seven transmembrane helix bundles
(Sansom et al. 1995) and to pores formed by anti-parallel
β-barrels (Sansom and Kerr 1995). In the absence of high
resolution structures for trans-bilayer pores formed by syn-
thetic CFPs one remains uncertain of the extent to which
such models are correct. However, the models presented
for amphipathic helix bundles are supported by a spectro-
scopic evidence for their secondary structure (see above)
plus indirect evidence for the overall architecture of the
bundles (Sansom 1991; Sansom 1993). The other limita-
tion of the models is the absence of a lipid bilayer. Inclu-

sion of an all-atom model for a bilayer would have ren-
dered the computations somewhat lengthy, and may not be
justified at this stage. However, as the direct interactions
of the water molecules are with one another and with the
protein atoms lining the pore, omission of a lipid bilayer
is an acceptable first approximation.

MD simulations in the presence of pore water molecules
were carried out using a similar protocol to that employed
in other studies of water in ion channels, both by us (Breed
et al. 1996) and by other investigators (Chiu et al. 1991;
Roux and Karplus 1994; Engels et al. 1995). Two aspects
require consideration: the water model employed, and the
effect of the restraints applied during the MD simulations.
We used the modified TIP3P model in CHARMM, similar
to that which has been used in a number of other simula-
tion studies (Roux and Karplus 1991; Knapp and Muegge
1993; Komeiji et al. 1993; Venable et al. 1993). Although
the values of D and τ2

–1 for a bulk TIP3P simulation do not
agree exactly with the experimental values for these pa-
rameters (Table 3) the disagreement is not so great as to
invalidate the current study. It seems unlikely that an al-
ternative water model would radically transform the over-
all patterns in dynamic behaviour and structure of pore 
water which are observed. This is supported by the results
of simulation IN6*, with SHAKE applied during the sim-
ulations, which yielded similar water behaviour to the cor-
responding simulation IN6.

During the MD simulations weak cylindrical restraints
were imposed on the water molecules, coming into play
mainly at the cap regions, and intended to prevent “evap-
oration” at the ends of the pore. It was wondered whether
such restraints might not be responsible for the greater mo-
bility of the water molecules in those regions. That this is
not the case was supported by simulations of water mole-
cules in the presence of such restraints but in the absence
of any protein (Sansom et al. 1995) which do not increase
the mobility of the cap waters.

A further possible concern of these simulations is that
100 ps is a relatively short simulation time. Although this
is true, it seems to be sufficient to capture the difference
in dynamics between pore and cap water. For example, in
a previous study of simple hydrophobic helix bundles 
(Breed et al. 1996) comparison of water dynamics for a
100 ps and a 500 ps simulation did not reveal any signifi-
cant difference. Similar results have been obtained by com-
paring 100 ps and 500 ps simulations of water within mod-
els of the pore formed by the simple Ca2+ permeable chan-
nel phospholamban (Sansom et al., unpublished results).
Overall, these and other test simulations suggest that whilst
the current simulations doubtless represent only a first ap-
proximation to the behaviour of channels formed by these
amphiphatic helical peptides, they are sufficiently accurate
to merit further analysis.

Implications of results

The simulations of models IN5 an IN6 are in agreement
with simulations of other channel systems in suggesting
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Fig. 7 A, B Cartoon of the factors influencing the conformation of
a serine sidechain within a helix bundle. For clarity only a single he-
lix is shown (as an elongated box). The two alternative conforma-
tions possible in the MD simulations with water is present are shown,
with H-bonding either A “back” to the mainchain carbonyl or B “for-
ward” to an intra-pore water molecule, the latter being oriented by
the α-helix dipoles forming the lining of the pore. In the latter case
extended networks of water-SerOH-water may be formed



that water within the pore region differs in its structural a
dynamic properties from bulk water. This has now been
suggested to be the case in simulations of simple hydro-
phobic pores (Breed et al. 1996), in gramicidin (Chiu et al.
1991; Roux and Karplus 1994), in peptide nanotubes 
(Engels et al. 1995), in alamethicin helix bundles (Breed
et al. 1996) and, here, in de novo designed peptide chan-
nels. This suggests that this may be a general result appli-
cable to a wide range of ion channels. Indeed, preliminary
simulation results (Smith and Sansom, unpublished re-
sults) suggests that such perturbations of water properties
within pores may also apply to the transmembrane chan-
nel domain of the nicotinic acetylcholine receptor (San-
som et al. 1995; Sankararamakrishnan et al. 1996). A novel
feature of the channels discussed in the current paper is
that in addition to alignment of the water dipoles within
the pore, a degree of alignment of the sidechain dipoles
also occurs. This is discussed in more detail below.

The comparison of models IN4 and PN4 is quite illumi-
nating. It had previously been suggested that the additional
serine sidechain at the helix/helix interface in model IN4
destabilized the tetrameric bundle at the expense of higher
order bundles of (LSSLLSL)3NH2 (Lear et al. 1988; Lear
et al. 1994). Our simulations suggest that the situation is
more complex than this. Comparing models IN4, IN5 and
IN6, calculations of the potential energies of helix/helix
interactions (Table 2) suggest that in vacuo one would ex-
pect IN4 to form the most stable assembly. However, in the
presence of water the greater degree of exposure of serines
within the pore makes the pentameric and hexameric
assemblies more favoured, as may be seen from the
pore/water interaction energies. This explains the forma-
tion of higher conductance channels, enabling permeation
of a range of monovalent cations, being formed by 
(LSSLLSL)3NH2 (Lear et al. 1988; Åkerfeldt et al. 1993).

The formation of exclusively H+ selective channels by
(LSLLLSL)3NH2 (Lear et al. 1988; DeGrado and Lear
1990; Åkerfeldt et al. 1993) is more difficult to explain.
Analysis of model PN4 indicates that upon hydration the
pore is wide enough to permit water molecules, and pos-
sibly partially dehydrated metal cations, to pass. It may be
a more subtle explanation than simply the dimensions of
the pore must be sought. To understand why model PN4
does not allow eg. K+ ions (ionic radius 1.3 Å) to permeate
it may be necessary to consider in detail the free energy
profile of an ion as it passes through the model pore. When
such calculations have been performed for e. g. gramicidin
(Roux and Karplus 1994; Dorman et al. 1996) they reveal
quite subtle energetic effects which must be taken into ac-
count if one is to understand ion selectivity. In particular,
it is possible that alignment of the water and serine OH di-
poles within the pore, which is pronounced in PN4, may
play a role in the observed high H+ conductance. Figure 7
suggests how the cooperative water/serine interactions
might prime the channel for H+ ‘hopping’.

In addition to their importance for channels formed by
peptides, these simulations may have broader implications
for more complex membrane transport proteins. In partic-
ular, the reduced mobility and ‘structuring’ of water within

narrow pores (as exemplified by PN4) may, on the basis
e. g. of studies of gramicidin (Roux and Karplus 1994), be
relevant to H+ transport proteins, such as bacteriorhodop-
sin (Fischer et al. 1994; Kandori et al. 1995), cytochrome
oxidase (Iwata et al. 1995), and the mitochondrial 
F-ATPase (Abrahams et al. 1994). Our studies reinforce
this proposal, and also suggest that one should take into
account the coupled interactions of pore water and pore-
lining sidechain conformation in order to understand pos-
sible H+ transport pathways. In particular, our studies sug-
gest that one should consider the effects of strong local
electrostatic fields, whether generated by backbone dipoles
(as here) or by charged sidechains, on the orientation of
water and polar sidechains which may form ‘wires’ for con-
duction of protons.

These simulations are currently being extended in two
directions. Models of CFPs are being employed in simu-
lations of the energetics of ion permeation in order to bet-
ter understand the nature of ion selectivity. In parallel, the
MD procedures employed in the current study are being
used to investigate models of ‘simple’ proton channels pro-
teins, such as the M2 protein of influenza A virus (Sansom
and Kerr 1993).
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