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Abstract

Alamethicin channels have been modelled as approximately parallel bundles of transbilayer helices containing between
Ž .Ns4 and 8 helices per bundle. Initial models were generated by in vacuo restrained molecular dynamics MD simulations,

and were refined by 60 ps MD simulations with water molecules present within and at the mouths of the central pore. The
helix bundles were stabilized by networks of H-bonds between intra-pore water molecules and Gln-7 side-chains. Channel
conductances were predicted on the basis of pore radius profiles, and suggested that the Ns4 bundle formed an occluded
pore, whereas pores with NG5 helices per bundle were open. Continuum electrostatics calculations suggested that the
Ns6 pore is cation-selective, whereas pores with NG7 helices per bundle were predicted to be somewhat less
ion-selective.
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1. Introduction

Channels are ion-permeable pores present in all
cell membranes, from prokaryotes to mammals and
higher plants. Consequently, there is considerable
interest in understanding the molecular basis of chan-
nel function. This is hampered by a dearth of atomic
resolution structural data for ion channel proteins.
One way around this problem is to investigate chan-

Ž w x.nel-forming peptides CFPs; 1 , for which both
X-ray and NMR data are available. Alamethicin
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Ž .Alm , a member of the peptaibol family of CFPs, is
a 20 residue peptide whose conformation, interactions
with lipid bilayers and channel-forming properties
have been intensively investigated for over a decade
w x2–4 . The sequence of Alm contains a strongly
helix-promoting amino acid, a-amino isobutyric acid
Ž .Aib . Alamethicin exists as two naturally occurring
variants, the R 30 form:f

Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln7-Aib-Val-Aib

-Gly-Leu-Aib-Pro14-Val-Aib-Aib-Glu18-Gln-Phl

and the R 50 form in which Glu-18 is replaced byf

Gln-18. The N-terminus is blocked by an acetyl
Ž .group and the C-terminus is a phenylalaninol Phl ,

i.e., the terminal -CO H of phenylalanine is replaced2

by -CH OH. The high content of Aib ensures that2

Alm adopts a largely a-helical conformation; the
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presence of Pro-14 introduces a kink into the centre
w xof the helix 5 .

Channel-formation by Alm is strongly voltage-de-
pendent. Once formed, the channels switch rapidly
between multiple conductance levels. It is thought
that the voltage-dependent step of channel formation
corresponds to voltage-induced insertion of Alm into
the bilayer coupled with a possible change in confor-

w xmation of the helix 3–9 . The resultant inserted
helices are believed to self-assemble to form parallel
bundles of Alm molecules surrounding a central

w xtransbilayer pore 10–12 . The number of helices per
bundle varies, resulting in Alm channels of different
conductances. Within a ‘burst’ of Alm channel open-
ings, switching between adjacent conductance levels
Ždue to additionrloss of Alm helices torfrom a helix

.bundle occurs on a ca. 10 ms time-scale.
Ionic current measurements from single peptaibol

channels enable direct determination of ion perme-
ation properties. Such experiments support the helix

Ž w x.bundle or ‘barrel-stave’; 6,13,14 model, and pro-
vide constraints for molecular modelling studies of
peptaibol channels. The helix bundle model is sug-
gested by the pattern of successive conductance lev-
els within a single burst of multi-level openings of an
alamethicin channel. Increasing the number of helices

Ž .in a bundle N increases the radius of the central
pore and hence increases its conductance. The pattern
of conductance levels seen upon detailed examination
of experimental data is consistent with this model
w x13,15–17 . In principle, such data may be used to
estimate numbers of helices present in an Alm bundle
corresponding to a given conductance level.

In addition to electrophysiological studies of chan-
nels formed in planar lipid bilayers by Alm there is a

w xconsiderable body of structural data. Both X-ray 5
w xand NMR studies 18 indicate that Alm forms an

extended a-helix, which is kinked in its centre via a
proline-induced break in its H-bonding pattern. NMR

w xamide exchange data 19 demonstrate that Alm is
largely a-helical when dissolved in methanol and
retains this conformation when it interacts with lipid

w xbilayers 20 . A number of NMR studies on Alm in
solution suggest that it behaves as a relatively rigid

w xhelical rod 18,19 . However, in vacuo molecular
Ž . w xdynamics MD simulations 21 , NMR relaxation

w xmeasurements on a spin-labelled Alm derivative 22
and multinuclear NMR studies combined with dis-

tance geometry and simulated annealing calculations
w x23 suggest that there may be some degree of dy-
namic flexibility about the proline-induced kink. Re-
cent simulation studies of Almrbilayer interactions
w x9 suggest that a small change in kink angle may
occur upon insertion of the Alm helix into a bilayer,
but that its overall shape is retained.

A number of models of Alm helix bundles have
been proposed, starting with that of Fox and Richards
w x5 based on their X-ray structure for the Alm helix.
The advent of more powerful computational proce-

w xdures for channel modelling 24–26 and for MD
w xsimulations of ion channel models 27–30 provides

an opportunity for a more detailed and rigorous com-
putational study of Alm helix bundle models. In this
paper we present models for Alm-R 30 helix bundlesf

with from 4 to 8 helices per bundle, and examine the
steric and electrostatic properties of the pores thus
generated. A preliminary account of some of this

w xwork has appeared in abstract form 31 .

2. Materials and methods

2.1. General

Simulated annealing via restrained molecular dy-
Ž . w xnamics SArMD was run using XPLOR 32 ver-

Ž .sion 3.1. Molecular dynamics MD simulations were
w xperformed using CHARMm 33 version 23f3. The

parameter set employed was version 19, with only
polar H atoms represented explicitly. Simulations
were run on a DEC 2100 4r275. Structures were

Žvisualized using Quanta V4.0 BiosymrMolecular
.Simulations , and diagrams were drawn using

w xMolscript 34 .

2.2. Generation of initial models

Initial models of Alm helix bundles were gener-
ated using SArMD, as described in previous publica-

w xtions 25,35,36 . Briefly, a Ca template is the start-
ing point for SArMD, defining the initial positions
of the Ca atoms of the Alm helices within a bundle,
and thus embodying the assumptions discussed in the
next section. The assumptions implicit in the Ca

template concerning the numbers and orientation of
the helices were discussed below. The remaining
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backbone and side-chain atoms are superimposed on
the Ca atoms of the corresponding residues. The Ca

atoms of the helices remained fixed throughout Stage
1 of SArMD. Annealing started at 1000 K, during
which weights for covalent terms were gradually
increased and a repulsive Van der Waals potential
was slowly introduced after an initial delay. The
system was cooled from 1000 K to 300K in steps of
10 K and 0.5 ps. Electrostatic terms were not in-
cluded during Stage 1. Stage 1 was repeated five
times for each C template, each resultant structure

Ž .being subjected to 5 restrained MD runs Stage 2 ,
resulting in an ensemble of 5=5s25 final struc-
tures. Harmonic positional restraints were imposed on
Ca atoms of the helices at the beginning of Stage 2,
and were gradually relaxed as the temperature was
reduced from 500 K to 300 K. The form of the
restraining potential was:

2r e fEsh ryrŽ .
y1˚ y2where hs20 kcal mol A . Distance restraints

Ž .both intra- and inter-helical – see below were also
introduced at this point. For these the form of the
restraining potential was:

2.5RT
2Esmin 20, D2ž /2c

where D s d-dTARGET. For inter-helix restraints
TARGET ˚ ˚d s9.4 A, and cs0.5 A if D)0, but cs5.0

˚ ŽA if D-0. For intra-helix restraints used to main-
.tain backbone H-bonding patterns values derived

from standard a-helical H-bonding geometry were
Ž w x.employed see Ref. 25 . On reaching 300 K, a burst

of 5 ps of constant temperature dynamics was per-
formed, followed by 1000 steps of conjugate gradient
energy minimization. During the latter burst of dy-
namics and energy minimization no positional re-
straints were imposed on the positions of Ca atoms,
but distance restraints were maintained. During Stage
2 electrostatic interactions were gradually introduced
into the potential energy function. All atoms were
assigned partial charges as defined by the PARAM19
parameter set, and a distance-dependent dielectric
Ž .esr was used, with a switching function to
smoothly truncate distant electrostatic interactions.
The cpu time for generation of an ensemble of 25
structures was ca. 12 h.

2.3. Assumptions underlying the models

ŽInitial Ca templates used as input to SArMD see
.previous section embody a number of assumptions

concerning the structure of channels formed by Alm.
The first assumption is that the constituent monomers
of a pore-forming bundle adopt an a-helical confor-

w xmation similar to that observed in the X-ray 5 and
w xsolution NMR 18 structures. This is justified by a

large body of spectroscopic data which suggests that
Alm retains its a-helical conformation when interact-

w xing with lipid bilayers 20,37,38 .
The second assumption is that the Alm molecules

form a transmembrane bundle of approximately par-
Ž .allel rather than anti-parallel helices. Evidence in

support of helix bundle formation comes from, e.g.,
w xin-plane neutron scattering data 12 . Several lines of

evidence support a parallel orientation for the con-
stituent helices of the bundle. The first is the pro-
nounced asymmetry of Alm current–voltage curves
w x3 . This is strengthened by electrophysiological stud-

w xies of Alm channel block by polycations 10 , and by
the demonstration that channels formed by cova-
lently-linked parallel dimers of Alm helices resemble
those of the parent Alm channels in their conductance

w xvalues 36 .
From single-channel measurements, it is evident

that Alm can form channels with a range of different
pore sizes, likely to correspond to bundles with dif-
ferent numbers of helices. An interpretation of single
channel conductance data in terms of electrolyte-filled
pores formed by Alm helices modelled as simple
cylinders suggested that between Ns4 and NG8

w xhelices per bundle were required 3 . Interpretation of
the concentration and voltage-dependence of the
macroscopic conductance induced by Alm yields esti-
mates of between Ns4 and Ns11 helices per

w xbundle, depending upon the lipid employed 8 . Thus
it is reasonable to model Alm channels using from
Ns4 to Ns8 helices per bundle, whilst remember-
ing that larger assemblies may also occur.

The other assumptions implicit in the Ca tem-
plates are that the hydrophilic surface of the Alm

Ž .helix defined by residue Gln-7 is directed towards
the interior of the pore, and that the kinked helices
are packed such that their N-terminal segments form
closer contacts with one another than do their C-
terminal segments. Both assumptions are reasonable
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on energetic grounds. The hydrophilic face of a helix
will prefer to face the aqueous lumen of a pore rather
than the surrounding hydrophobic fatty acyl chains
w x39 . The C-termini of the helices carry a bulky and
negatively charged Glu-18 residue, and so both steric
and electrostatic considerations suggest that they will
tend to repel one another, whereas the N-terminal
helix segments do not carry a net charge and so are
not expected to resist close packing.

On the basis of these assumptions, Ca templates
for Ns4 to Ns8 Alm bundles were constructed by
taking the Ca-coordinates of monomer C of the
X-ray structure, and placing copies of these at the
apices of symmetrical N-gons, with an N-terminal

˚helix-to-helix separation of 10 A. Trial runs sug-
gested that the output of the SArMD procedure was
not over-sensitive to the initial helix-to-helix separa-

w xtion employed 40 .

2.4. MD simulations of solÕated pore models

From each ensemble of 25 structures generated by
SArMD, that structure closest to the average struc-
ture, as defined by structure-to-average-structure Ca

atom RMSDs, was refined by MD simulations in the
presence of water molecules within and at the mouths
of the pore. Pore models were solvated and MD
simulations performed using protocols based on those

w xdescribed previously 41,42 . Model pores were sol-
vated in Quanta using pre-equilibrated boxes of water
molecules. Water molecules 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. The water model employed was a TIP3P

w xthree-site model 43 with partial charges q sO

y0.834 and q sq0.417, modified as in theH
w xCHARMm parameter set 44 .

The solvated model pore was energy minimized
prior to refinement by MD simulation. A four-stage

Ž .energy minimization was performed: a 1000 cycles
Ž .of adopted basis Newton Raphson ABNR mini-

Ž .mization with the protein atoms fixed; b 1000 cy-
cles of ABNR with the protein backbone atoms re-

Ž .strained; c 1000 cycles of ABNR with weak re-
Ž .straints on the protein Ca atoms only; and d 1000

cycles of ABNR with no positional restraints.
During the MD simulation a number of restraints

Ž .were applied: a a cylindrical restraining potential on
w xthe waters 41 to prevent ‘evaporation’ from the

Ž . Žmouths of the pore; b intra-helix restraints be-
w x.tween backbone NH and CO groups, 41 to main-

tain the Alm molecules in an a-helical conformation;
Ž . Žc inter-helix restraints between the geometrical
centres of the N-terminal segments of adjacent he-

.lices in a bundle to hold together the helix bundle
w x Ž .25,26 ; and d a ‘bilayer’ potential, whereby the
helices were restrained to lie between two xy-planes

˚set 33A apart, in order to mimic embedding of a helix
bundle within a membrane. Trial simulations with
different combinations of such restraints indicated
that whilst they prevented the pore model from drift-
ing too far from the initial model, they did not
substantially alter the behaviour of the water
molecules either within or at the mouths of the pore,
nor did they prevent some repacking of the helices.

MD simulations employed a 1 fs time-step. The
Žsystem was heated from 0 to 300 K in 6 ps 5 K, 0.1

.ps steps and equilibrated for 9 ps at 300 K by
rescaling of atomic velocities every 0.1 ps. The pro-
duction stage of the simulation was for 60 ps, giving
a total simulation time of 75 ps. Trajectories were
analyzed using coordinate sets saved every 1 ps
during the production stage of the simulations. Non-

Žbonded interactions both electrostatic and van der
.Waals between distant atoms were truncated using a

˚w xshift function 33 with a cut-off of 11.0 A, and a
fixed dielectric of es1 was used for electrostatic
interactions. The cpu time for each MD simulation
was between 40 and 50 h.

2.5. Analysis

Ž .Helix crossing angles V between adjacent N-
terminal segments were determined as described in

w x Ž .Ref. 45 . Inter-helix separations D were deter-
mined by calculating the distance between a pair of
virtual atoms defined, in each helix, by the geometric
centre of the Ca atoms of the N-terminal helix.
Averages of V and D were determined across all
adjacent helix pairs within an ensemble. The interac-
tion energy between the helices of a bundle was

Ž . Ž .defined as DE sE bundle -E isolated helices .HH

The porerwater interaction energy of the models was
Ž . Ž .defined as DE s E pore q water -E pore -PW

Ž .E water .
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Pore radius profiles were determined using HOLE
w x Ž .46 , which yields the pore radius, r z , as a function

Ž .of distance along the pore z axis. For each value of
z the radius of a sphere is maximized whilst its centre
Ž .i.e., xy coordinates is optimized so that the sphere
is in Van der Waals contact with the nearest atom of

the pore lining. Pore radius profiles were used to
estimate an upper bound, G , on the ionic con-UPPER

w xductance for a given model 35,47 . To achieve this a
transbilayer pore was treated as an irregular cylinder

Ž . Ž .of radius r z from HOLE filled with an electrolyte
of resistivity r. For a pore running from zsa to

Ž . Ž .Fig. 1. Alm helix bundle models generated by SArMD. A to E show five structures from the Ns4 to Ns8 ensembles respectively.
Ž .In each case the bundle is viewed down the pore z axis, looking from the C-termini towards the N-termini.
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zsb, a reasonable approximation to the electrical
resistance of the pore may be obtained by integrating

Ž 2. w xrr p r along its length 35,48,49 . Thus, G isUPPER

given by the reciprocal of this resistance, i.e.:

y1rb
G s dz .HUPPER 2p ra

Based on calculations for ion channels of known
w xstructure and conductance 47 the value of GUPPER

was used to predict the experimental conductance by
G fG rs, where the scale factor s variesPR ED UPPER

in a linear fashion dependent upon the minimum
˚radius of the pore, from ss6 at r s1 A, toMIN

˚ss1 at r s20 A.MIN

Electrostatic potentials within the Alm helix bun-
dles were calculated via numerical solution of the
Poisson-Boltzmann equation, using the program

w xUHBD 50 . The protein dielectric was set to 2 and
the water dielectric to 78. Alm helix bundles were

Ž .embedded in a low dielectric 2 slab of thickness 30
Å in order to mimic the effect of the surrounding
protein and lipid bilayer. The ionic strength was set

˚ ˚to 1.0 M, and 1 A grid and a 2 A ion exclusion
Ž . w xStern radius 51 were used. Partial atomic charges
and radii used in these calculations were the same as
in the MD simulations. All glutamate side-chains
were assumed to be in their y1e charge state. Elec-
trostatic energy profiles were obtained by calculating
the energy of a q1e probe charge at successive
positions along the centre of the pore, the latter being
defined by HOLE calculations of pore radius profiles.

3. Results

3.1. Generating the models

Each Ca template was used to generate an ensem-
ble of 25 structures by SArMD in the absence of
solvent molecules. Samples of five structures from
each ensemble are shown in Fig. 1. It is evident that
in most structures the helices form a distorted left-
handed supercoil around the central pore. Although
some distortion of helix backbones occurs, ensemble
means of backbone f and c angles for each residue
remained close to those in the parent X-ray structure.
This is consistent with results on SArMD generation
of isolated Alm helices which suggest that the X-ray
structure represents a minimum potential energy con-

w xformation 9 . Variation between structures within a
given ensemble suggests that a single global energy
minimum for the bundle does not occur, but rather
that there is a degree of flexibility in how the Alm
helices may pack together. This is confirmed by
backbone atom RMSDs calculated across each en-

Ž .semble Table 1 .
Ž .Analysis of helix bundle geometries Table 1

reveals that the helices pack together with their N-
terminal helical segments at an inter-helical separa-

Žtion typical for close-packed helices cf. an average
˚value of 9.4 A in a survey of helixrhelix interactions

w x.45 . For Ns5 to 8, helices pack together in an
Ž .approximately parallel manner i.e., V ca. 08 . The

Ns4 helix bundle has a somewhat different geome-
try. The helices are a little further apart, and pack
with a large positive crossing angle. This may reflect

Table 1
SArMD generated models: geometry and energetics

) § § V DW EL EC˚ ˚Ž . Ž . Ž . Ž .Model RMSD A D A V 8 u 8 DE rN DE rNK INK HH HH
Ž . Ž .kcalrmol kcalrmol

Ž . Ž . Ž . Ž . Ž .Ns4 1.7 9.8 "0.5 q17 "6 15 "6 y33 "3 y5 "3
Ž . Ž . Ž . Ž . Ž .Ns5 0.9 9.4 "0.4 q4 "2 25 "7 y38 "3 q2 "2
Ž . Ž . Ž . Ž . Ž .Ns6 2.1 9.2 "0.4 q3 "6 13 "7 y26 "2 y5 "2
Ž . Ž . Ž . Ž . Ž .Ns7 2.1 9.5 "0.4 q4 "4 18 "6 y28 "2 y2 "2
Ž . Ž . Ž . Ž . Ž .Ns8 2.4 9.5 "0.5 y1 "4 18 "5 y28 "2 0 "2

) Calculated for backbone atoms only. § Calculated for the N-terminal helical segments. D is the inter-helix separation and V the
crossing angle. u is the helix kink angle, DEVDW is the Van der Waals component of the helixrhelix interaction energy, andK INK HH

DE ELEC is the electrostatic component of the helixrhelix interaction energy.HH
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the absence of a pronounced central pore from this
model. For all models, the average helix kink angle

Ž .lies within the range 128 to 348 found for the 3 Alm
monomers of the asymmetric unit in the X-ray struc-

w xture 5 . Thus no marked distortion of the Alm helix
occurs during helix bundle generation. Analysis of

Ž .the helix-helix interaction energies Table 1 does not
reveal any great differences in interaction energy per
helix between the different ensembles, although the
Ns5 bundle is possibly a little more stable.

From each ensemble a representative structure was
selected for refinement by a short MD simulation
with TIP3P waters present within and at the mouths
of the pore. The final Ca RMSD from the starting
Ž .i.e., SArMD generated coordinates was about 2.5
˚ ŽA for each model. Ca RMSD time courses not

˚.shown revealed an initial rise to ca. 2.5 A during the
15 ps heating q equilibration phase of the MD,
which then remained approximately constant during
the remaining 60 ps production phase indicating a
reasonable degree of equilibration. Two changes in
the pore structures occurred during the first 15 to 20
ps of the MD simulations. The first was a decrease in
the distances between the Glu-18 side-chains of adja-

˚ Ž .cent helices, from about 10 A Cd to Cd to about 8
Å. This reflects screening of Glu-18 side-chain repul-
sions by intervening water molecules. The other
change is a limited ‘expansion’ of the pores, allowing
a few additional water molecules to enter. This was
evident for all N-values. Snapshots of the Ns4,
Ns6 and Ns8 models at the end of the MD
simulation are shown in Fig. 2. It is evident that
whereas in the Ns6 and Ns8 models there is a
continuous water-filled pore extending all along the
centre of the bundle, there is an occlusion of the pore
in the Ns4 model. A similar occlusion, though
somewhat less pronounced, is present in the Ns5
bundle. This suggests that the channel is ‘open’ only
for NG6 helices per bundle. The number of waters
within the pore region ranges from ca. 60 for Ns4
to ca. 300 for Ns8.

3.2. Structures of the bundles

The geometries of the Alm helix bundles yielded
by MD refinement are summarized in Table 2. All
five models exhibit limited left-handed supercoiling

Žof the Alm helices revealed as a positive value of

Fig. 2. Alm helix bundle models at the end of MD refinement in
Ž . Ž . Ž .the presence of pore water molecules. A , C and E show the

Ž . Ž . Ž .Ns4, Ns6 and Ns8 models respectively; B , D and E
show the corresponding water molecules. All models are viewed

Ž .perpendicular to the pore z axis, with the C-termini of the
helices at the top of the diagram.

.V , this being most pronounced for the Ns6 bun-
dle. The constituent helices retain kink angles similar
to those of the corresponding SArMD ensembles.
Inter-helix separations are, on average, a little higher
than for the SArMD ensembles, reflecting the small
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degree of expansion of the pores in the presence of
water. However, overall these analyses suggest that
the MD simulations in the presence of water did not
result in major changes to the helix packing gener-
ated by the in vacuo simulation. The only possible
change is a small decrease in the tilt of the N-termi-

Žnal helix relative to the pore axis which is presumed
.to be parallel to the bilayer normal , as can be seen

in, e.g., Fig. 2E. This is consistent with solid state
w xNMR data 38 which suggest that the helix axis is

parallel to the bilayer normal.
The Ns6 pore is illustrated in Fig. 3. This re-

veals the two main polar side-chains which contribute
to the pore lining, namely the Gln-7 and Glu-18
rings. The Glu-18 ring extends further into the chan-
nel lumen following MD refinement, as a result of
solvent screening enabling closer approach of the
acidic side-chains. Overall, visual inspection of the
pore models reveals that the main pore-lining residues
are Aib-3, Gln-7, Aib-10, Pro-14 and Glu-18. Note
that in addition to the two polar residues, the car-
bonyl oxygen of Aib-10 is solvent exposed as a result
of the disruption of H-bonding in the centre of the
Alm helix by Pro-14. Thus, the channel lining may
be considered as having three polar ‘rings’ along its
length – the Gln-7 ring, the Aib-10 carbonyl ring,
and the Glu-18 ring. Note that the band of aromatic
Phl side-chains on the exterior surface of the bundles
is located at the level of the presumed bilayerrwater
interface. This is consistent with the observation that
aromatic residues are found in this location in mem-

w xbrane proteins in general 52 .

3.3. Stabilization of the bundles

It is informative to examine the interactions stabi-
lizing Alm helix bundles. In earlier molecular models

Fig. 3. The Alm Ns6 model. For clarity, only four helices are
shown. The Gln-7 and Glu-18 sidechain are shown in ball-and-
stick format.

w xof Alm channels 5,7 it was suggested that the Gln-7
side-chains might play a role in bundle stabilization
via formation of inter-helix H-bonds, either directly
or mediated by water molecules. Our simulations
provide an opportunity to examine this proposal in
more detail. Snapshots of the pore structures in the

Ž .vicinity of Gln-7 Fig. 4 reveal that a network of
Gln-7 to water H-bonds exists. This will contribute to
bundle stabilization. Detailed examination of the H-
bonding patterns for different values of N reveals the
situation to be rather more complex than in earlier,
simpler models. For example, if one examines the
total number of Gln-7 to Gln-7 plus Gln-7 to water to
Gln-7 H-bonded interactions per helix interface, this
declines from ca. 1 for Ns4 to ca. 0.25 for Ns8
Ž .see Fig. 5B . However, this loss of direct and single

Table 2
MD refined models: geometry and energetics

§ § V DW V DW EL EC˚Ž . Ž . Ž .Model D A V 8 u 8 DE rN DE rN DE rNK INK HH PW PW
Ž . Ž . Ž .kcalrmol kcalrmol kcalrmol

Ns4 9.8 q8 17 y21 y47 y255
Ns5 9.4 q5 19 y24 y60 y276
Ns6 9.6 q18 19 y25 y59 y265
Ns7 9.8 q3 18 y21 y65 y303
Ns8 9.6 q2 19 y25 y63 y303

§ Calculated for the N-terminal helical segments. DEVDW and DE ELEC are the Van der Waals and electrostatic components of thePW PW

porerwater interaction energy. Other quantities are as defined in Table 1.
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water bridged H-bonding interactions between Gln-7
residues as N increases is more than compensated for
by a increase in the total number of Gln-7 to water

ŽH-bonds as one progresses from Ns4 and Ns5,
. Ž .which is very similar to NG6 Fig. 5A . This

suggests that the main contribution to stabilization of
the ‘open’ forms of the Alm channel at the level of
Gln-7 is by less direct Gln-7 to water interactions. It
is possible that this introduces an element of ‘flexibil-
ity’ into Alm channels whereby they can accommo-
date different numbers of helices per bundle.

In addition to solvation of the Gln-7 and Glu-18
rings there are significant numbers of H-bonds from

water molecules to peptide backbone atoms. Count-
ing H-bonds to backbone atoms as a function of

Ž .residue number data not shown reveals that H-bonds
are formed to the backbone at the two termini and in
the vicinity of the proline-induced kink. The latter
reinforces the suggestion that Aib-10 behaves as a
hydrophilic component of the pore lining. Examina-
tion of the energetics of the helixrhelix and

Ž .porerwater interactions Table 2 reveals that the
electrostatic component of the porerwater interac-

Žtions H-bonds, and helix dipolerwater dipole inter-
.actions is about 10= larger than the helixrhelix

interactions. This emphasizes that when attempting to

Fig. 4. The Gln-7 rings and associated water molecules of the Alm Ns5, Ns6 and Ns8 models. In each case the Gln-7 side-chains
Ž . Ž . Ž .thick bonds and those water molecules forming H-bonds to them thin bonds are shown, viewed down the pore z axis.
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Ž .Fig. 5. H-bonding by Gln-7. A shows the number of H-bonds
per helix between Gln-7 and a water molecule, as a function of

Ž .time during the MD simulation. B shows the number of Gln-7
Ž .to Gln-7 interactions both direct and indirect per helix. In both

Ž .graphs the three lines correspond to the Ns4 bold , Ns6
Ž . Ž .thin and Ns8 broken models.

understand the forces stabilizing Alm helix bundles
w x53 , it is essential to take into account intra-pore
water.

3.4. Properties of the bundles

The predicted properties of the pores can be used
to test the Alm bundle models against the available
experimental data. Three properties have been evalu-

Ž . Ž .ated: i pore radius profiles; ii pore conductances;
Ž .and iii pore electrostatic profiles. Pore radius pro-

w xfiles were calculated using HOLE 46 . Comparison
Ž .of the profiles for different values of N Fig. 6

confirms the suggestion that the Ns4 pore is
‘closed’. Thus, the minimum pore radius for Ns4 is

˚ca. 0.5 A, i.e., considerably less than, for example,
q ˚Ž .the ionic radius of K 1.3 A . The constriction of

the pore corresponds to the Gln-7 ring. A similar pore
radius profile is seen for the Ns5 bundle. The
Gln-7 side-chains also constrict the pore in the Ns6
and Ns8 models, but to a much lesser extent. Thus
not only does Gln-7 appear to stabilize the bundle,
but also influences the dimensions of the pore. This is
in agreement with recent work on synthetic Alm

w xanalogues 53 which shows that changes to the
residue at position 7 result in changes both in channel

Ž .kinetics cf. bundle stability and in channel conduc-
Ž .tance cf. pore radius .

Pore radius profiles allow one to predict approxi-
mate channel conductances, which may be compared

Ž .with those obtained experimentally Table 3 . The
first level of approximation provides an upper bound

Ž .on the channel conductance G , by assumingUPPER

Fig. 6. Pore radius profiles, showing the pore radius as a function
Ž .of distance along the pore z axis. The profiles for the Alm

Ž . Ž . Ž .Ns4 e , Ns6 q and Ns8 I models are shown. The
profiles are averages across multiple snapshots from the MD
trajectories, with standard deviations shown as error bars. The

˚N-termini of the helices are at z ca. y15 A; the C-termini are at
˚ ˚z ca. q10 A, and the Gln-7 ring is at z ca. y7 A.
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that the pore is filled with an electrolyte solution with
the same resistivity as the electrolyte solution in its
bulk state. The values of G thus obtained areUPPER

all greater than the corresponding experimental con-
ductance. By applying a scale factor obtained by
comparing G estimates for pores of knownUPPER

three dimensional structure with the corresponding
w xexperimental conductances 47 , it is possible to ob-

tain a prediction of the Alm channel conductances,
G . The Ns4 bundle appears to correspond to aPR ED

closed channel, on the basis of the exclusion of water
molecules from the middle of the pore, resulting from
its low value of r . Thus it seems likely that theMIN

Ns5 bundle, which has a somewhat higher value of
r and is less occluded, may correspond to theMIN

Žlowest conductance level of Alm 19 pS in 1 M KCl;
w x.17 . This conductance is somewhat over-predicted.
The agreement between G and the observedPR ED

conductance values is very good for Ns6, and is
within a factor of 2 to 3 for Ns7 and Ns8. This
level of agreement is within the range expected and is
reasonable given the considerable approximations im-
plicit in this simple continuum model of channel

w xconductance 47 . Thus, it seems reasonable to iden-
tify the Ns6 bundle with the first major conduc-

Ž .tance level ca. 300 pS in 1 M KCl of the Alm
channel.

A first approximation to the potential energy of an
ion as it moves through an Alm channel may be
obtained by solution of the Poisson-Boltzmann equa-
tion for the channel plus pore water embedded in a
low dielectric slab. This approach has yielded qualita-
tive agreement between model and experimental data

w xfor, e.g., the nicotinic acetylcholine receptor 54 . The

Table 3
Pore properties

) § †Model r G G GMIN EXPTL UPPER PR ED

˚Ž . Ž . Ž . Ž .A pS pS pS

Ns4 0.5 – – –
Ns5 0.8 19 1200 200
Ns6 1.7 280 1700 320
Ns7 3.7 1300 3000 600
Ns8 5.5 2700 4300 930

r : minimum pore radius. ) G : experimentally deter-MIN EXPTL
w x §mined conductance in 1 M KCl, from 17 . G : upperUPPER

Žbound on conductance, determined from pore radius profile see
. †Section 2 . G : predicted conductance, using the scalingPR ED
w xfactor of 47 .

Fig. 7. Pore electrostatic potential energy profiles, for the Alm
Ž . Ž .Ns6 solid line and Ns8 broken line models. The curves

show the electrostatic potential energy, calculated via solution of
Ž .the Poisson Boltzmann equation see Section 2 , of a monovalent

cation moved along the centre of the pore, as defined by HOLE.

results of such calculations are shown in Fig. 7,
which depicts the electrostatic potential energy of a
monovalent cation translated along z, following the
centre of the pore as defined by HOLE. For the
Ns6 Alm pore there are two distinct energy wells,
each of depth ca. y2 kcalrmol. One well is associ-
ated with the Gln-7 ring, the other with the C-termi-
nal Glu-18 ring. The increased radius of the Ns8
pore means that the depths of C-terminal well is
reduced to ca. y1 kcalrmol, whilst the Gln-7 well
has virtually disappeared. This correlates with the
cation selectivity of the lower conductance levels of
Alm channels, whereas higher conductance levels are

w xconsiderably less selective 8,16,17 .

4. Discussion

4.1. Validity of the assumptions underlying the Alm
pore models

Ž .Two key assumptions require examination: i Alm
pores are formed by bundles of Alm molecules in an

Ž .a-helical conformation; and ii the constituent he-
lices of a bundle adopt a parallel, rather than an
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anti-parallel orientation, relative to one another. A
large body of spectroscopic evidence demonstrates
that Alm retains its a-helical conformation both when

w xdissolved in membrane mimetic solvents 18,19 and
w xwhen in the presence of lipid bilayers 20,38 . Evi-

dence for pore formation by bundles of Alm
molecules comes from interpretation of single chan-

w xnel conductance level data 3 and from neutron
w xin-plane scattering experiments 12 . In the light of

this evidence, it is difficult to conclude other than
that Alm channels are formed by a-helix bundles
Ž w x.i.e., the barrel-stave model 6,13,14 , although alter-
native models invoking multiple parallel pores have

w xbeen discussed 55 .
It has proved rather more difficult to prove that

Alm channels are formed by bundles of parallel
helices. On simple energetic grounds one might ex-
pect an anti-parallel helix bundle, in which adjacent
helix dipoles are aligned anti-parallel to one another,
to be more stable than a parallel bundle. Such an
anti-parallel helix bundle would be symmetrical with

Ž .respect to rotation about a normal to the pore z
axis, at least for even values of N. This is inconsis-
tent with the well documented asymmetry of the
electrophysiological properties of Alm. Thus, the
macroscopic current–voltage relationship of Alm is
highly asymmetrical, channels only being activated at

w x Žcis-positive potentials 8 where the cis face of a
membrane is that exposed to an aqueous Alm solu-

.tion . Polycations will only block Alm channels when
the former are present in the cis compartment and the

w xvoltage difference is cis-positive 10 . Finally, cross-
linked dimers of Alm, in which two Alm helices are
covalently constrained to pack parallel to one an-
other, form ion channels whose conductance proper-

w xties strongly resemble those of unmodified Alm 36 .
This is again strongly indicative that a parallel helix
bundle model is correct.

4.2. Critique of the modelling methodology

Initial pore models were generated by in vacuo
SArMD calculations. This method has been demon-
strated to yield plausible models of pores formed by

w xparallel a-helix bundles 25,26,42 , and has also been
applied to models of seven transmembrane helix bun-

w xdles 56 and to pores formed by anti-parallel b-bar-
w xrels 35 . The SArMD procedure is related to a

method for modelling parallel dimers of helices,
which was used to successfully predict the structure
of the GCN4 leucine zipper dimerization domain in
advance of the subsequent X-ray and NMR structure

w xdeterminations 57,58 . In the context of membrane
proteins, techniques related to SArMD have been
used to model dimers of the glycophorin transmem-

w xbrane helix 59 , and to model the transbilayer pore
formed by a pentameric bundle of phospholamban

w xhelices 60 . Thus, whilst remaining aware of the
limitations of any modelling procedure, we are confi-
dent that our models merit further examination and
analysis of their predicted channel properties.

A number of more technical aspects of the SArMD
procedure have been addressed. An ensemble size of
25 structures was chosen as a compromise between
exhaustive sampling and low cpu times. Previous
simulations on hydrophobic and Alm helix dimers
w x40 suggested that increasing the ensemble size to
100 would not have a marked effect on the distribu-
tions of helix bundle parameters. Ca template for the
bundle models were based on monomer C from the
X-ray structure of Alm. The X-ray structure was
selected as being at a higher resolution than the
corresponding NMR structure. However, studies of

w xAlm helix monomers 9 indicate that the structures
yielded by SArMD are to some a large independent
of the exact Ca template, provided that an a-helical

Ž .template either idealized or X-ray-derived is used.
We are therefore reasonably confident that our choice
of template has not resulted in undue bias in the
simulated structures.

Refinement of the initial models via MD simula-
tions with water molecules present within and at the
mouths of the pore employed procedures similar to
those in previous studies of simple channel models

w xand channel-forming peptides 26,41,42 , and in stud-
w xies of water within the pores of gramicidin A 28,29

w xand cyclic peptide nanotubes 61 . In the case of
gramicidin A, for which more extensive experimental
data are available, such simulations have yielded,
e.g., water self-diffusion coefficients in good agree-

w xment with experimental measurements 29 . It is
therefore reasonable to assume that the MD proce-
dure yields physically meaningful results.

It is also useful to consider possible effects of the
restraints imposed during the simulations. Restraints
acting on water molecules consisted of a restraining
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cavity of cylindrical geometry lying outside the pore
formed by the protein. Thus, within the pore water
molecules do not experience the restraining cavity
potential. At either cap of the pore, water molecules
experience a restraining potential preventing their
‘evaporation’ from the system. Previous simulations
w x62 have suggested that such a cavity potential does
not substantially modify the dynamic behaviour of
waters within the pore or the caps. Restraints were
also applied to the Alm helices. Intra-helix distance
restraints were used to maintain the a-helical geome-
try of Alm. Inter-helix restraints have been evaluated

w xin a number of previous simulations 26,41 . Whilst
necessary to maintain the integrity of the helix bun-
dle, in previous simulations they did not effect the
water behaviour and also did not ‘force’ the packing
of the helices. For example, despite such restraints

w xchanges in helix crossing angle may occur 26,63 .
The major omission from our simulations is that of

an explicit bilayer. Inclusion of this would result in a
considerable increase in cpu time, and may not be
justified at this stage, i.e., for first generation models
of Alm pores. As major interactions of water
molecules are with one another and with the protein
atoms lining the pore, omission of a lipid bilayer
seems to be an acceptable first approximation. How-

w xever, it is known that changes in lipid acyl tail 64
w xand head-group 8 can modulate Alm channel prop-

erties and so an explicit bilayer model will be re-
quired in the future.

4.3. Interpretation of results

The results of these simulation and modelling stud-
ies can be related to two main aspects of Alm

Ž .channel function: i stability of channels formed by
Ž . ŽAlm; and ii open channel properties i.e., conduc-

.tance and selectivity of the Alm pore. Since the
w xX-ray structure determination 5 , it has been sug-

gested that H-bonds between adjacent helices could
result in Gln-7 and water forming a ‘hydrated Gln-7
annulus’ responsible for stabilization of Alm helix
bundles. This is supported by the models presented
above, with the modification that interactions be-
tween adjacent helices may be bridged by more than
one water molecule. Experimental support for the
involvement of Gln-7 in helix bundle stabilization

w xcomes from the work of Molle et al. 53 , who

showed that substitution of polar side-chains smaller
than glutamine at position 7 resulted in decreased
channel stability, as revealed by more rapid switching
between conductance levels. Molecular modelling
studies on the synthetic Alm analogues employed by
Molle et al. suggest that the loss of channel stability
correlates with changes in H-bonding pattern between

Ž .helices Breed et al., ms. in preparation .
We have estimated pore radii for different numbers

of Alm helices per bundle. Estimates of the Alm pore
Žradius albeit in the absence of a transbilayer voltage

.difference by neutron in-plane scattering suggest a
˚ w xmean value of ca. 9 A 12 . This is comparable with

˚Žthose estimated herein cf. mean radius ca. 7 A for
.the Ns8 bundle . Our values for the radii of Alm

pores are somewhat lower than those estimated on
w xthe basis of polymer exclusion studies 55 . However,

the interpretation of such exclusion data in terms of
effective pore radii is rather complex, and it is diffi-
cult to ascertain what factors might contribute to the
apparent discrepancy.

Pore radius profiles may be used to estimate ap-
proximate upper limits for channel conductances, by
treating the channel as an irregular cylinder filled
with electrolyte of the same resistivity as in the bulk

w xstate 35,49 . Clearly this is a major approximation,
as it ignores the microscopic properties of the chan-
nel and of the solvent molecules within it, as well as
failing to consider possible specific channelrion in-
teractions. However, we have previously shown that
if one uses this approach to calculate G forUPPER

porins, then the resultant conductance estimates are
about 5= greater than the corresponding experimen-

w xtal values 35 . The scale factor is presumed to encap-
sulate the neglected microscopic properties of the

w xchannel. A more detailed study 47 suggests that the
conductance may be predicted with reasonable accu-
racy by G sG rs, where the empiricalPR ED UPPER

scale factor s ranges from 5 to 6 for most channels,
and its exact value depends upon the minimum radius
of the pore. Application of this approach to Alm
gives reasonable predictions of conductances if one

Žassumes that the first major conductance level 280
.pS in 1 M KCl, Hanke 1983 corresponds to an

Ns6 bundle. The agreement between data for the
Ž .lowest conductance level 19 pS and the prediction

Ž .for the Ns5 bundle 200 pS is less impressive.
This is presumably because this macroscopic model
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of ionic conductance breaks down for low conduc-
Ž .tance and more ion-selective channel states. The

electrostatic properties of Alm channels can also be
analyzed in an essentially macroscopic fashion, by
solving the Poisson-Boltzmann equation in and around
the channel. The results of such calculations are in
general agreement with the observed weak cationic

w xselectivity of Alm channels 8,17 , and predict that
such selectivity will decrease as N increases, again in
agreement with the experiment. Overall, the level of
agreement, for both conductance and selectivity, is
perhaps surprising given the relative simplicity of
these analytical approaches. It should be remembered
that the properties of Alm channels may also be
modulated by factors not included in our simulations,
such as the nature of the lipid head-group and the
lipid chain length. So, one should not over-emphasize
the agreement between model and experiment until
more inclusive simulations have been performed.

Alamethicin, for which extensive experimental data
are available, demonstrates that simulation studies are
valuable in allowing development of plausible mod-
els of channel structure at atomic resolution. This
suggests that this approach is valid for more complex
channel systems, either for channels formed by rela-

Ž w xtively simple proteins e.g., phospholamban 65 or
w x.influenza M2 protein 66 or for the more complex

channels of excitable cell membranes, such as the
w xnicotinic acetylcholine receptor 54 . By applying

atomic resolution simulation approaches to a number
of different channels, a genuinely molecular picture
of the structural basis of channel function may
emerge.
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