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ABSTRACT We present the results of 2-ns molecular dynamics (MD) simulations of a hexameric bundle of Alm helices in a
1-palmitoyl-2-oleoylphosphatidylcholine bilayer. These simulations explore the dynamic properties of a model of a helix
bundle channel in a complete phospholipid bilayer in an aqueous environment. We explore the stability and conformational
dynamics of the bundle in a phospholipid bilayer. We also investigate the effect on bundle stability of the ionization state of
the ring of Glu'® side chains. If all of the Glu'® side chains are ionised, the bundle is unstable; if none of the Glu'® side chains
are ionized, the bundle is stable. pK, calculations suggest that either zero or one ionized Glu'® is present at neutral pH,
correlating with the stable form of the helix bundle. The structural and dynamic properties of water in this model channel were
examined. As in earlier in vacuo simulations (Breed et al., 1996. Biophys. J. 70:1643-1661), the dipole moments of water
molecules within the pore were aligned antiparallel to the helix dipoles. This contributes to the stability of the helix bundle.

INTRODUCTION

Channels formed by integral membrane proteins enable ionseptor (~-500 amino acids per subunit). Given the impor-
to move passively across lipid bilayers. They are importantance of this structural motif in channel proteins, it is
in numerous cellular processes, ranging from electrical sigimportant to have a simple yet detailed model system for
naling (Hille, 1992) to facilitating the uncoating of viral channels formed by-helices.

genomes (Sansom et al., 1998b). They form transbilayer Alamethicin (Alm) is a 20-residue peptide that forms ion
pores through which selected ions may move at high rateshannels in lipid bilayers. The channel, structural, and spec-
(~10" ions s* channel). To understand the physical troscopic properties of Alm have been studied in consider-
basis of their functional properties, we need to characterizaeble detail (Woolley and Wallace, 1992; Sansom, 1993;
their structural and dynamic properties. However, this is farCafiso, 1994). It forms multiconductance channels in a
from easy. As ion channels are membrane proteins, wegoltage-dependent manner. The alamethicin molecule
know relatively little about their three-dimensional struc- adopts a largelyr-helical conformation, in the crystal, in
tures. Indeed, although membrane proteins are thought teonaqueous solvents, and in the presence of lipid bilayers.
make up~20-30% of most genomes (Boyd et al., 1998; This conformation is stabilized by the presence of a large
Wallin and von Heijne, 1998), we know the high-resolution number of Aib residues in the sequence of Alm: Ac-Aib-
three-dimensional structure of only a handful of such pro-Pro-Aib-Ala-Aib-Ala-GIn’-Aib-Val-Aib-Gly-Leu-Aib-Pro-*-
teins, including a bacterial Kchannel (Doyle et al., 1998). Val-Aib-Aib-Glu8-GIn-Phol.

Given such relative ignorance, the study of simple model The multiconductance behavior of Alm channels is gen-
membrane proteins can provide valuable information orerally explained in terms of the “barrel stave” model (Bau-
membrane protein structure and dynamics. This has proveghann and Mueller, 1974; Fox and Richards, 1982; Mathew
to be the case for ion channels, where studies of a simplgnd Balaram, 1983b; Boheim et al., 1983), in which multi-
channel-forming peptide, gramicidin A, have provided ple Aim molecules form a helix bundle surrounding a cen-
unique insights into the structural basis of channel functiontral pore. Different conductance levels correspond to differ-
However, the structural peculiarities of gramicidin are suchent numbers of helices in the bundle. This model is in
that it is useful to also examine other peptide models thahccord with a large body of experimental data (reviewed in
more closely mimic ion channel proteins. Many ion chan-Sansom, 1993) including neutron scattering studies from
nels are thought to contain a central pore lined by a bundlaim in lipid bilayers (He et al., 1995). A key feature of this
of approximately parallek-helices. Such channels range in model is that the helices are oriented parallel (rather than
complexity from the M2 protein of influenza A~<100  antiparallel) to one another, their helix dipole repulsions
amino acids per subunit) to the nicotinic acetylcholine re-heing overcome by their favorable interaction with the
electrostatic field across the bilayer, and with the water
inside the transbilayer pore (Breed et al., 1996). This is
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his colleagues (You et al., 1996; Woolley et al., 1997), whointerhelix restraints were retained during this simulation.
have shown that channels formed by covalently coupled’he Ca RMSD from the initial in vacuo model to the model
pairs of Alm helices (which are physically constrained to beat the end of 300 ps in water was0.2 nm. The resultant
parallel to one another) strongly resemble channels formethodel was then desolvated and used as the starting model
by unmodified Alm. for the bilayer simulations.

Molecular models of channels formed by Alm helix bun-
dles have been generated by restrained molecular dynamics
(MD) simulations in vacuo, and these models have beeTwo simulation systems
refined by short MD simulations with water molecules Two simulations of a hexameric Alm helix bundle were run
included within and at each mouth of the pore (Breed et al. '

10572, These models can explin e change n ity 170 1 e nzaton stte of e Otresitues B
Alm channels when the Ginside chain is replaced by a : 9 9

smaller polar residue (Molle et al., 1996; Breed et al. mouth of a model of the pore domain of the nicotinic

1997b). The pore dimensions of such models with differentacetylcmlme receptor (Adcock et al., 1998) suggest that

C oy . ’ . . i
numbers of helices per bundle correlate with the experimen- 50% of the glutamates in the C-terminal ring are proton

tally observed multiple conductances of Alm (Sansom ated at neutral pH. It was suspected that a similar suppres-

). . . . fel . . .
1991, 1993; Smart et al., 1997). Similar models of channelg'" of |on|z§1t|o.n OT GIa® might ocagalm. Alm hghx.bun—
formed by Alm analogs have been used as the basis G les. So the ionization states of the Glgide chains in the

Im bundle models were estimated via pkalculations, as

imple electrostatic calculations that predict with reasonable,” " =" ™ .
simple elect os.tat'c calculations that predict .t easonab pescrlbed in detail by Adcock et al. (1998). Briefly, intrinsic
accuracy the ionic-strength-dependent nonlinear current: ;

pK, values were calculated using

voltage curves observed for such channels (Woolley et al
1997). Models of Alm helix bundles have been used in MD 1
simulations to demonstrate that water within channelpK, yrrinsic = PKamober — m[AAGBORN—’_ AAGgack]
formed by parallel helix bundles is ordered and shows '

reduced translational and rotational mobility relative to bulk,, .,
water. Finally, models of Alm channels have been used t

explore.ch.anges in the translationall mobility of Neons AAGg,ck is the contribution due to the interaction of the
when within narrow pores. Thus—hehx bundle models of residue with nontitrating charges (Bashford and Karplus,
Alm channels have been studied in some detail and so seelyg1- Karshikoff et al. 1994). Absolute pKvalues were

reasqnable as Fhe bggis O,f prolonged MD simulations of agpaineq via calculation of titration curves. The latter were
a-helix bundle in a lipid bilayer. obtained via calculation of
In this paper we present the results of 2-ns MD simula-

tions of a hexameric bundle of Alm helices in a 1-palmitoyl- p[

ere pK, vopeL IS the pK, of an isolated amino acid,
AAGgorn is the solvation contribution to the pKshift, and

2-oleoylphosphatidylcholine (POPC) bilayer. We explorep(x) < ex
the stability and conformational dynamics of the bundle in

a phospholipid bilayer. We also investigate the effect on

bundle stability of the ionization state of the ring of &lu — B2 D AAG;,
side chains, and we examine the structural and dynamic L ke '
properties of water in this channel model.

—In 10 E Yi(PKa nTriINsICi — PH)

where p(x) is the probability of a residue existing in its

ionized state and is an N-element state vector whose
METHODS elements are 0 or 1, depending on whether the residue is
un-ionized or ionized, respectively, whete= —1 for a
basic residuey = +1 for an acidic residue, anlAG; , is
An initial model of a hexameric Alm helix bundle was the screened Coulombic interaction energy between pairs of
generated using restrained MD in vacuo as described bipnizable residuesandk (Bashford and Karplus, 1991; Lim
Kerr et al. (1994) and Breed et al. (1997a). During the finalet al., 1991). Results of such pkcalculations for a hex-
stage of the simulated annealing protocol used to build thameric Alm helix bundle suggest that, at pH 7, either none
model, the restraints applied were 1) intrahelix restraints, t@r just one of the six glutamate side chains will be ionized
maintain H-bonding of the backbone of each Alm mono-(Tieleman et al., 1998a). So, to investigate the effect of
mer, and 2) interhelix restraints, between the N-terminaionization of glutamate side chains on the dynamics and
segments of adjacent monomers of the bundle, to maintaistability of the Alm helix bundle, we have chosen to simu-
the integrity of the bundle. This model was then solvated]ate two limiting states of the system. In one (henceforth
within and at either mouth of the pore. Subsequently 300 pseferred to as N6), all six glutamates are ionized. In the
of in vacuo MD was run, using the protocol described byother (henceforth referred to as N6H), all six glutamates are
Breed et al. (1996), to relax polar side-chain conformationgrotonated. We anticipate that the true state of the system is
within the pore in the presence of water. The same intra- angrobably closer to N6H than to N6.

Starting model of hexameric Alm bundle
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The setup of the system will be described first for N6. An MD simulation details
equilibrated POPC bilayer with 128 lipid molecules was
used. A cylindrical hole was made in the center of the

bilayer by removing lipids whose P atoms fell within 1.55 MACS (Berendsen et al., 1995). A twin range cutoff was

nm of the central axis of the cylinder. A short MD simula- . S
. . . . ) . _used for longer-range interactions: 1.0 nm for van der Waals
tion with a radially acting repulsive force was used to drive.

- . ) . interactions and 1.8 nm for electrostatic interactions. The
any remaining atoms out of the cylinder and into the b|Iayer.time step was 2 fs, using SHAKE to constrain bond lengths,
The Alm N6 model was inserted into the cavity thus created '

hi | | 4 with We used NPT conditions (i.e., constant number of particles,
This system (N6 plus POPC) was solvated with SPC Waterf)ressure, and temperature) in the simulation. A constant

(~30 waters per lipid molecule). Six Naions replaced 1 ocsire of 1 bar in all three directions was used, with a

water molecules at the positions of lowest Coulomb potenboup”ng constant of, = 1.0 ps (Berendsen et al., 1984).

tial. This was achieved by removal of successive watefryig ajlows the bilayer/peptide area to adjust to its optimum
molecules, one at a time, and calculation of the Coulombig, e for the force field employed. Water, lipid, and protein
interaction energy of a Naion at that position with the were coupled separately to a temperature bath at 300 K,
remainder of the system. The resultant system (6 A'”Using a coupling constant = 0.1 ps.

helices, 3528 waters, 6 Naions, giving a total of 17,000  The |ipid parameters were as in previous MD studies of
atoms in a box of dimensions 62 6.1 X 7.0 nn¥) was  dipalmitoylphosphatidylcholine bilayers (Berger et al.,
simulated for 10 ps with no restraints, with constant surface 997; Marrink et al., 1998) (with the addition of some
area, and with a constant pressure of 1 bar inzffee., GROMOS parameters for the double bond in the acyl tail),
bilayer normal) direction, followed by 5 ps with positional and as in our previous paper on MD simulations of a
restraints on the peptide atoms relative to the starting Nénonomeric Alm helix inserted in a POPC bilayer (Tieleman
structure. The N6H system was generated by taking the Nét al., 1999). These lipid parameters give good reproduction
system thus generated, protonating the six'&hesidues of the experimental properties of a dipalmitoylphosphati-
and removing the Naions. The resultant N6H system was dylcholine bilayer. The lipid-protein interactions used
then energy minimized before use in MD. A snapshot of theGROMOS parameters. The water model used was SPC
N6H system is given in Fig. 1. (Berendsen et al., 1981), which has been shown to be a

Molecular dynamics simulations were run using GRO-

A

Glu18
& GIn19

FIGURE 1 @) Starting configuration of the simulation system for an AIm hexameric helix burgle ¢olorg inserted in a POPC bilayegieen) with

water Cyar) on either side. The carbonyl oxygen atoms of the acyl chains of the lipid molecules and the Alm molecule are shown in space-filling format.
(B) Snapshot of the AIm N6H simulation showing the helix bundiei¢, in ribbon forma), the rings of GIf, Glu'®, and GIrt® side chainsdreen, in stick

formaf), and water molecules€d, in space-filling formgtwithin the pore and extending to either side of the mouths of the pore.
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reasonable choice for lipid bilayer simulations (Tieleman o.4o
and Berendsen, 1996).

Longitudinal diffusion coefficients of water molecules
within the pore were determined from their mean square
displacement along the porg) @xis over a period of 5 ps, E
as described by Tieleman and Berendsen (1998). The difS
fusion coefficient was assigned to the local region on the®

030

020 | i

pore axis corresponding to the position of the water mole-é
cule at the start of the 5-ps period. 3
0.10

Computational details

Simulations were carried out on a 195-MHz R10000 Origin

2000 and took~8 days per processor per nanosecond of  0.00

simulation time. This is somewhat faster than other MD

codes. In part, this reflects the inclusion of an efficient

method for.nelghbor sgarghmg, plus the .use ofa preproce‘lq:_IGURE 2 RMSDs versus time for theaCatoms of each simulation:

sor to aid in code optimization. Analysis was performeda, ng (black ling and Alm N6H gray line).

using facilities within GROMACS and with code written

specifically for this project. Secondary structure analysis

employed the DSSP algorithm (Kabsch and Sander, 1983yith O atoms of the lipid headgroups. The other four'Na

Essential dynamics and domain motion analysis (usingons remained in the bulk water region of the system. Thus

DYNDOM) were performed as described by Hayward andsome degree of neutralization of the charge-charge repul-

Berendsen (1998). Initial models were generated usingions of the GIt ring was obtained by inclusion of the Na

Xplor (Briinger, 1992) and Charmm (Brooks et al., 1983).ions, but this was clearly incomplete.

pK, calculations were performed using UHBD version 5.1

(Davis et al., 1991) (with some local modifications) andlntrahelix fluctuations and secondary structure

partial atomic charges from the Quanta/Charmm22 param-

eter set. Structures were examined using Quanta (Biosynih Fig. 3 the Gx RMS fluctuations (from the mean structure

MSI) and Rasmol, and diagrams were drawn using Mol-over the course of the simulation) are shown as a function of

Script (Kraulis, 1991). Pore radius profiles were determinedesidue number. The most striking general trend is that the

using HOLE (Smart et al., 1993). RMS fluctuations are greater for the C-terminal segments of
the helices than for the N-terminal segments. If one com-

0.0 500.0 1000.0 1500.0 2000.0
time (ps)

RESULTS

Progress of the simulations

The overall progress of the N6 and N6H simulations may be
compared via their € RMSDs versus time (Fig. 2). For N6
it can be seen that the RMSD increases steadily upG®5
nm over the first 1200 ps or so and then plateaus at this
value. This suggests that substantial changes in the structure
of the N6 helix bundle occur over the course of the 2-ns
simulation. In contrast, the & RMSD for the N6H model
reaches a peak 0f0.25 nm after 400 ps and then settles at
~0.23 nm for the remainder of the simulation. This suggests
that N6H shows substantially smaller structural drift than
does N6, and thus that the former protonated state of the
hexameric Alm helix bundle is a more stable structure in
this MD simulation.

The fluctuations in the dimensions of the simulation box residue
were analyzed as a function of time (data not shown). No
significant difference was seen between the N6 and NGHFIGURE 3  Residue-by-residued®MS fluctuations about their average
simulations. In both cases the maximum shift from thecoordinates: Alm N6 lflack line and Alm N6H @ray line). The vertical
L . . . broken lines delineate the extents of helices H1 (residues 0—20) to H6
m”_:lal value of any bO).( dlmgn5|on was0.2 nm. Ir? Slmu_' (residues 105-125). (Note that in our residue numbering scheme, residues
lation N6 one of the six Naions moved to associate with 0, 21, 42, 64, 84, and 105 correspond to the N-terminal acetyl groups of the
one of the GIt® side chains. A second Naion interacted  Alm molecules.)

Co. RMSF (nm)

-



Tieleman et al. Alamethicin Channel in Bilayer 1761
pares the magnitude of the fluctuations with those fromenvironment and in an aqueous environment. This mirrors
simulations of a single Alm helix, then they are greater forthe conclusion reached on the basis of the RMSFs (see
N6(H) than for a single helix, either inserted in a POPCabove). Looking in more detail at the secondary structure,
bilayer or in solution in MeOH, but less than the fluctua- there is some evidence for formation ofydhelix in the
tions of a single Alm helix in water. Thus the environment C-terminal half of the peptide molecule (e.g., N6, helix H1,
of an Alm helix within a helix bundle may be viewed as t ~ 1000 ps, and N6H, helix H%,= 1200—-2000 ps). There
intermediate between a hydrophobic and an aqueous envis obvious variation from helix to helix within a bundle
ronment, and the magnitude of its fluctuations is betweer{e.g., helix H4 versus H5 in N6; helix H3 versus H4 in
those found in these two environments. For a majority of theN6H), implying that the helix bundle does not exhibit exact
helices (i.e., H1, H2, H3, H4, and H5) the RMS fluctuationssixfold symmetry. Again, comparison of N6 and N6H sug-
of the C-terminal segment are significantly greater for N6gests a somewhat greater degree of structural fluctuation in
than for N6H. the former.

A similar pattern emerges from analysis of the secondary The time-averaged backbone dihedral angles (also aver-
structures of the constituent helices of the two bundles aaged over the six helices of each bundle) for the two
functions of time (Fig. 4). Overall, each peptide moleculesimulations are shown in Fig. 5. Interestingly, these show
retains a largely-helical conformation throughout the 2 ns. almost exactly the same pattern as for MD simulations of an
In all cases, there is greater deviation frenhelicity, and isolated Alm helix in MeOH or inserted in a POPC bilayer
from a fixed secondary structure, in the C-terminal seg<Tieleman et al., 1999). Thus, although the fluctuations of
ments than in the N-terminal of the constituent monomersthe C-termini of the helices are greater in the pore than in
The overall level of fluctuation in secondary structure isisolated Alm in an apolar environment, the average confor-
possibly a little lower for N6 than for N6H, but the differ-
ence is not striking. Comparison with fluctuations in the
secondary structure of an isolated Alm helix reveals that in A 30

the hexameric bundles, the fluctuations in the secondary
structure of the C-terminal segment are intermediate in
magnitude between those of the isolated helix in an apolar ot
30 F
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FIGURE 4 Secondary structure, as defined by DSSP (Kabsch and
FIGURE 5 Time-averaged values of backbehd——) and¥ (— —-)

Sander, 1983), as a function of time for Alm N&) @nd Alm N6H B). The
gray scale is as follows: blacks-helix; dark gray, 3,-helix; pale gray,
turn; white, coil. H1-H6 denote the constituent helices of the bundles.

N6H (B).

residue

angles versus residue number, for all of the helices of AiImA)&ad Alm
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mation is the same. This differs from isolated Alm in water, with the bilayer and with water, and the behavior of water
where different values of the mean dihedrals are seen. Thusithin the pore in more detail. We will focus on N6H,
Alm molecules in a water-filled bundle exhibit greater am- although some comparisons will be made with N6 to assess
plitude motions than they do in a less polar environment, buthe robustness of our conclusions.

retain the same average conformation .

Possible hinge-bending motions of AlIm molecules within
the hexameric bundles were explored in detail by combiningbundle interactions
essential dynamics (Amadei et al., 1993) with the DYN-

DOM analysis of Hayward and Berendsen (1998) to reveallhe amphipathic Alm helices in the bundle are in an aniso-
the major components of intramolecular motions. Howevertropic environment, with their apolar side chains directed
the results of this analysis were complex. Greater intramotoward the surrounding lipids and their polar side chains
lecular mobility is seen for the N6 simulation than for the toward the water within the pore. Furthermore, the polar
N6H. However, the analysis did not reveal the hinge-bendresidues at the C-termini of the helices (i.e., GIUfH)
ing-type motion that we have previously encountered withinGIn'®, and the terminal hydroxyl of Phd) are close to the
isolated Alm helices, both in MeOH and when inserted (notlipid headgroups. Comparison of the numbers of H-bonds
in bundles) in a POPC bilayer. Rather, the motion involvedformed by the Alm helix bundle (simulation N6H) with
twisting as well as bending and differed in detail betweenwater molecules (Fig. 8) and with lipid molecules (Fig. 8
the six helices of a bundle. However, in general, for examB) shows that bundle/water H-bonds predominate. How-
ple, N6H residues-1-11 and 14-20 do tend to act like ever, a number of peptide/lipid H-bonds do occur, from the
more rigid domains, with flexibility being associated mainly side chains of Gluf and GInt® and the terminal hydroxyl
with the Gly-X-X-Pro motif. Thus the environment experi- of Phof°to the phosphate, glyceryl, and acyl oxygens of the
enced by Alm molecules within a helix bundle, in which lipid. The number of these H-bonds rises during the first
they are exposed to both lipid and water, results in more~800 ps of the simulation (Fig. B) until there is about one
complex patterns of motion than those seen for isolatedd-bond to lipid for each Alm helix (a similar pattern is seen
helices. for the N6 simulation; data not shown). This is expected to
contribute to the stability of the helix bundle, by helping to
“anchor” it to the lipid bilayer.

Given the preponderance of peptide/water H-bonds and
the crucial role these must play in stabilizing a pore (as
It seems that the C-terminal segments of the componerdpposed to a “closed” bundle of helices), it is important to
helices show greater intramolecular fluctuations for N6 tharexamine these in more detail to identify the relative contri-
for N6H. Together with the difference seen in thex C butions of the polar residues of the Alm helix to the lining
RMSDs, this suggests that the stability of the bundle per sef the pore. Let us first look at the H-bonds to water
might also differ between N6 and N6H. This is supported bymolecules of the Glhside chains (Fig. €). GIn’ was first
visual examination of @ trace snapshots of the N6 and suggested to play a role in stabilizing the Alm helix bundle
N6H bundles taken at 500-ps intervals along each trajectorwhen the x-ray structure of Alm was determined (Fox and
(Fig. 6 A-D). The N6 bundle appears to expand somewhaRichards, 1982; Mathew and Balaram, 1983a). More re-
as time progresses. This is confirmed by comparison of theently, combined experimental and computational studies
radius of gyration as a function of time for the two systemshave supported a role for this side chain in pore stabilization
(Fig. 7). Changes are particularly evident for the C-terminal(Molle et al., 1996; Breed et al., 1997b). Counting the
segments of the helices, the packing of which is considernumber of H-bonds to water made by this side chain reveals
ably disrupted (relative to the starting model), to allow thethat between 20 and 25 H-bonds per hexameric bundle (i.e.,
charged GIt® side chains to move away from one another.about four H-bonds per side chain) are maintained through-
In particular, as a consequence of such changes in packingut the N6H simulation. Similar behavior is seen for N6 (not
one helix (helix H4) no longer seems to have its N-terminalshown). Thus the Glhside chains maximize their H-bond-
segment packed with those of its neighbors. In contrast, ifng to water within the pore. Moving along the Alm helix,
simulation N6H, the N-terminal segments of the helicesit has been suggested (Sansom, 1992) that the proline-
remain packed with one another, much as in the initialinduced helix kink exposes the backbone carbonyl oxygen
model. The differences in the interactions can also beeatoms of AiB° and Gly*!, thus enabling these backbone
seen in the orientations of the Gfiside chains (Fig. 6E  groups to contribute to the polar lining of the pore. Enu-
andF). In N6H these continue to point toward the lumen of meration of H-bonds reveals that this is indeed the case,
the channel, whereas in N6 a number of the (charged)®Glu although it seems that the Aibcarbonyl (Fig. ) is rather
side chains are pointing away from the channel lumen at thenore solvent-exposed than is that of 8iyFig. 8 E).
end of the simulation. The (protonated) GRY side chains maximize their H-

Overall, the N6H helix bundle is more stable than the N6bonding to pore water (Fig. B). The side chains of Gif
bundle over the duration of the simulation. We will now (Fig. 8 G) also form a significant humber of H-bonds to
examine the nature of the H-bonding interactions of the porevater. Taken together, these two rings of side chains con-

Bundle fluctuations
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FIGURE 6 @A-D) Ca traces of
snapshots (at 0, 500, 1000, 1500, and
2000 ps) from the Alm N64,C) and
Alm N6H (B,D) simulations. InA and

B the helix bundles are viewed down
a perpendicular to the bilayer normal,
with the C-termini of the helices up-
permost. InC andD the view is from
the C-terminal mouth of the pore,
down the bilayer normal §,F) Struc-
tures of the Alm N6 E) and Alm
N6H (F) simulations at = 2000 ps.

tribute ~30 H-bonds to water throughout the simulation. and there are also some peptide/lipid H-bonds in the “inter-

Finally, the C-terminal hydroxyl group of PH8I(Fig. 8H)  facial” region.

forms about two H-bonds to water per Alm monomer.

Interestingly, the numbers of side chain/water H-bonds for

the N6H bundle do not vary greatly with respect to time, .

whereas the corresponding numbers for the less stable N-'E-She pore and its water

bundle (data not shown) show significant drift as the helicesAs seen in previous simulation studies (in the absence of a

move apart. bilayer (Breed et al., 1996)) there is a well-defined column
The overall view that emerges is that the amphipathicof water within the lumen of the Alm helix bundle (Fig. 9).

nature of the Alm helix bundle is ideal for an ion channel. At its narrowest region, in the vicinity of the Gliming, this

The polar interior interacts strongly with water within the accommodates only four or five water molecules. As the

pore, the apolar exterior interacts favorably with the lipid, water within a pore is crucial to the permeation of ions



1764 Biophysical Journal Volume 76  April 1999

andz =~ 5 nm (Marrink and Berendsen, 1994; Tieleman and
Berendsen, 1996).

The dipoles of the water molecules within the pore are
oriented by the helix dipoles (Fig. 8). Thus, within the
pore the meamcomponent of the water dipoles is nearly 2.0
Debye, which should be compared with a dipole moment of
2.3 Debye for a single SPC water. Much the same orienta-
tion of water dipoles within the pore is seen whether one
analyses N6H (no ionized side chains) or N6 (six ionized
side chains). However, in the latter case there is some local
orientational polarization of the water dipoles in the vicinity
of the GIU*® ring superimposed upon the overall orienta-
tional polarization due to the helix dipoles. Given the dif-
ferences in helix packing (less ordered) in the N6 simula-
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1.35 : : : i i i ix di
S 5000 1000.0 1500.0 20000 tion, thls suggests that thIS. effect of the helix dipoles on the
) water is robust to the details of the model and so might be

time (pe) expected to be a general feature of those ion channels whose
pores are formed by bundles of approximately parallel

FIGURE 7 Radius of gyration as a function of time for the Alm N6

(black line and Alm N6H @ray line) simulations. a-helices.

The observed degree of orientation of the water dipoles

may be employed to calculate the local field experienced by

] water molecules within the pore. (Note that we anticipate

through that pore, we have examined the nature of the porgt this field will not be as strong outside the helix bundle,
and its water in some detail. The pore radius profile hagynere the reinforcing effects of the multiple helix dipoles
been determined every 50 ps. The resultant time-averaggg not be experienced as strongly.) Thus the maximum
radius profiles for N6 and N6H are compared in FIgAg value Osz =19 Debye in the middle of the pore (Flg 9

Despite the lesser stability of the N6 bundle, the profiles arec) should be compared with, = 2.3 Debye for SPC water

relgtively similar. That of N6H' has a smaller. minimum where 1, is the dipole moment of water and, is its
radius, as might be expected, given the expansion of the N rojection along thez (pore) axis). Using the Langevin
bundle noted above. There are two constrictions, the naréquation

rower one being in the vicinity of the Girring and the
slightly wider one in the vicinity of the Glu(H¥ ring. At its £ kT
narrowest point the pore has a radius-69.25 nm, and so = p«o[COt Mo z) 3 ( )]
partial dehydration of, e.g., a*ion (ionic radius 0.13 nm) keT Mo,

may occur in this region during permeation, although it

should be remembered that the Géide chains may exhibit whereE, is thez component of the electrostatic field due to

flexibility. On the basis of this pore radius one may obtainthe helix dipoles, anétz andT are the Boltzmann constant
an approximate prediction of the pore conductance using th@nd temperature, respectively, this yields a figjd= 3.4 X
methods of Smart et al. (1997). Fb M KCl this yields a  10° Vm ™. (See (Sansom et al., 1997b) for a more detailed
predicted single-channel conductance of 260 pS, which is iflescription of the theory of interaction af-helix bundle
agreement with the corresponding experimental value oflipoles with pore water molecules.) This “observed” field
280 pS (Hanke and Boheim, 1980; Smart et al., 1997). must be compared with an approximate prediction of the
We have examined the longitudinal (i.e., along the pore electrostatic field generated by the bundle of alignetelix
axis) diffusion coefficient of water molecules in the systemdipoles. An estimate of the latter field was obtained by
as a function of theiz coordinate (see Fig. B). Note that numerical differentiation of the electrostatic potential en-
those waters within the pore are located between 1.5  ergy along the pore axis of an Alm helix bundle in vacuo.
andz = 4.5 nm. The diffusion coefficients of waters within To obtain the electrostatic potential along the pore axis, just
the pore are markedly reduced relative to those of waters ithe backbone atoms (with Charmm partial atomic charges)
the “bulk” region. Note that the “bulk” diffusion coefficient were used, although inclusion of side-chain atoms did not
of SPC water is~5 X 10" m?s™*. In the narrowest region make a significant difference as long as the negative charges
of the pore £ ~ 2.8 nm, corresponding to the Glring), the  on the carboxylates of the glutamate residues were omitted.
water diffusion coefficient falls to-0.4 X 10°°m?s %, i.e.,  Note that this approximate prediction is a simple Coulombic
~1/12 of its bulk value. Thus the substantial reduction infield and does not take into account the environment sur-
the translational motion of water within narrow pores seerrounding the helix bundle. The field estimated in this fash-
in simpler simulations (Breed et al., 1996) is reproduced inon had a maximum value in the center of the pore of
the current, more realistic study. The motion of water is also~1.5 X 10° Vm~*. This is in good agreement with the
reduced close to the surface of the bilayer, i.ezatl.0 nm  “observed” field calculated from the Langevin equation
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(given the approximations involved). This agreement con-helix electrostatic interaction energy within the N6H bundle
firms that there is indeed a strong interaction between watef~ +140 kJ/mol) with the corresponding bundle-water elec-

dipoles and aligned helix dipoles, which will contribute to trostatic interaction energy~<(—2950 kJ/mol). From this it

the stability of the pore. The importance of this interactioncan be seen that the water-bundle interactions more than
may be evaluated by comparing the time-averaged helixcompensate for the unfavorable helix-helix interactions, as
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was suggested by previous in vacuo simulations (Breed et
al., 1996).

DISCUSSION
Scope of simulations

This is the first MD simulation of an ion channel formed by
a bundle ofe-helices to be conducted in a full lipid bilayer.
Zhong et al. (1998a,b) have conducted simulations on bun-
dles of the de novo designedhelices of Lear et al. (1988)
and Akerfeldt et al. (1993), but these were conducted using
a bilayer mimic made up of a slab of octane between two
aqueous phases. The experimental properties of Alm and its
channels are well known (Sansom, 1993). This facilitates
comparison with the properties emergent from the simula-
tions. For example, the single-channel conductance pre-
dicted on the basis of the simulated Alm N6H structure is in
good agreement with that determined experimentally. In-
deed, the agreement is slightly better than that obtained with
the earlier, in vacuo model of the Alm hexameric helix
bundle. The current simulations are of a reasonable duration
(by MD standards). Furthermore, continuum electrostatic
calculations have allowed us to pay attention to the likely
ionization states of the Gld side chains. In particular, the
stability of the AIm N6H bundle during the simulations
provides further evidence that this model may be a reason-
able approximation to the true structure of (this conductance
level of) the alamethicin channel.

However, these simulations remain an approximation to
the true properties of the system. In particular, 2 ns is still a
relatively short period of time, in the context of both lipid
motions (Tieleman et al., 1997) and the mean time it takes
an ion to move through a channet{0-100 ns). Further-
more, the simulations have been conducted in the absence of
a transbilayer voltage difference. This is not too serious a
problem, as the work of, e.g., He et al. (1995) suggests that
Alm helix bundles may form in the absence of such a
voltage difference, even though Alm pore formation is
voltage dependent at the low peptide:lipid ratios employed
in electrophysiological studies. However, a number of re-
cent simulations (Biggin and Sansom, 1996; Biggin et al.,
1997; Zhong et al., 1998b) and theoretical (Roux, 1997)
studies have explored the modeling of a transbilayer voltage
difference, and it will be important to conduct simulations
similar to those described in this paper in the presence of
such an external electrostatic field. The other major simpli-
fication is that only a hexameric bundle of Alm molecules
has been considered. Models of smallér=€ 4 and 5) and
larger N = 7 and 8) Alm helix bundles have been generated
in earlier, in vacuo MD studies (Breed et al., 1997a) and will
form the basis of future MD simulations in an explicit
Bilayer plus water environment. There are further limita-
tions to the simulations, such as the absence of electrolyte.
Typically, experimental studies of AlIm channels are con-
ducted using at least 0.5 M electrolyte, corresponding to
~50 ions in the system used in this simulation. This is an
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area that future studies will have to address. Long simulaproperties. As discussed by Sansom et al. (1997b), align-
tion runs will be required to allow efficient equilibration of ment of the water dipoles by the helix dipoles means that if
such a system. A further limitation is the relatively simple the water within the pore is modeled as a continuum, a
treatment of long-range electrostatic interactions. The simsomewhat lower dielectric than that of bulk water should be
ulation protocol we have used has been shown to giveised. (However, there may be other, rather more fundamen-
reasonable agreement with experimental results for pureal problems in treating nearly dielectrically saturated water
bilayer simulations (Tieleman et al., 1997) and to yieldas a simple dielectric continuum.) Furthermore, as discussed
stable simulations for the porin OmpF in a POPE bilayerabove, helix/water dipolar interactions contribute to the
(Tieleman and Berendsen, 1998). However, a number oftabilization of a paralle-helix bundle.
studies have been concerned with the effects of different A further way in which the Alm helix bundle may be of
treatments of long-range electrostatic interactions (Tobias g&levance to other ion channels is in the flexibility conferred
al., 1997; Tieleman et al., 1997). It is likely that in the on the helices by the proline residues at position 14. From
presence of explicit charges long-range interactions shoulghe pSSP analysis and from visualization of superimposed
be included by proper lattice sums so as to avoid artefactgyyctures, it is evident that even in the Alm N6H simulation
the C-terminal segments of the Alm molecules undergo
dynamic conformational changes. Comparison with simula-
Biological significance tions of an isolated Alm molecule in water, in MeOH, and
_ o ) ) _ spanning a POPC bilayer (Tieleman et al., 1999) suggests
Despite the limitations of the simulations, the properties ofi5t in N6H the degree of conformation flexibility is greater
the AlIm N6H bundle and of its interactions with water and y,on that of the isolated Alm molecule in a transbilayer
lipids are of some significance. In particular, the Alm helix (POPC) or bilayer-mimetic (MeOH) environment, but is

bundle may be though.t of as a Pafadigm of other i0Mggq than that of Alm in water. This is presumably because
cha}nnels formed by helix bundlgs, including the pore do“m N6H the Alm helices are exposed to water only on the
mains of the influenza M2 protein proton pore (Sansom ebore-lining surface. Thus the Alm channel is a dynamic
al., 1997a; Forrest et al., 1998) and of the nicotinic acetyl-

holl tor (Unwin. 1995 Sank krish ¢ Iassembly, with rapid structural fluctuations around its C-
choline receptor (Unwin,  Sankararamaxrishnan €t &y ina) mouth. This is also of interest in the context of K
1996; Sansom et al., 1998a). Furthermore, the recentl

) . ¢hannels. The recent bacterial KcsA channel structure has a
determined x-ray structure of a bacterial Khannel (Doyle . : . :
. bundle of four inner helices that appear to restrict the size of
et al., 1998) reveals a pore based uporneamelix bundle : . .
o ) L o the intracellular channel mouth. The equivalent S6 helices
motif, into which the pore-lining P-domain is inserted to of voltage-gated K channels (e.gShake} contain a Pro
confer greater ion selectivity. As it seems likely that this 9¢-g -9

basic architecture will be found in voltage-gated KNa" Val-Pro motif, which in vacuo MD simulations suggested

d C3* ch Is (S 1098). th llel helix b _might act asahin_ge—bgnding motif.. Recent M_D simulations
an channels (Sansom ). the parallel helix bun f isolated S6 helices in a POPC bilayer (Shrivastava et al.,

dle motif may prove to be widespread among a wide rang€
of ion chann)élg P ¢ g unpublished results) suggest that hinge-bending motion oc-

o ; . +
One property that clearly emerges from the current stud§urS within a bilayer environment. Thus'Kchannels may

is the altered dynamics of water molecules within the IOoreexhibit fluctuations in their pore dimensions similar to those

This has also been seen in comparable simulations of thg€€n in Alm channels.

bacterial porin OmpF (Tieleman and Berendsen, 1998). Taken together, these results give some indication of the
Significantly, an almost identical effect on dynamics of level of approximation necessary in simulation to study ion

water with Alm and other model pores was observed inchannel function. Water properties appear to bg relat.ively
previous simulations of a pore plus water system in the!nperturbed by the presence/absence of a lipid bilayer in the
absence of a bilayer model, i.e., essentially in vacuo (Breegimulation. Thus, if one wishes to study the interactions of
et al., 1996). This is important in that it suggests suchvater (and possibly those of ions) with a pore, it may be
simpler simulations may capture the essence of the dynangtfficient to run simulations in which the pore model is
ics of water (and, by extension, of ions; Smith and Sansomgently restrained (e.g.,dcharmonic restraints), but which
1997; Smith and Sansom, 1998) in models of transbilayePmit the lipid environment. However, if one is interested in
pores. The other unusual property of water within Almmore dynamic aspects of channel function (e.g., channel
channels is the alignment of the water dipoles along the porgating), it will almost certainly be necessary to include the
axis. This was also observed in the earlier simulationdilayer environment of the channel. Of course, if ion per-
(Breed et al., 1996; Mitton and Sansom, 1996), and currenmeation per se involves local conformational change of the
calculations demonstrate rather conclusively that the wateghannel (as appears to be the case for gramicidin (Roux and
dipoles are aligned by the electrostatic field created by th&arplus, 1991) and may be the case for KcsA (Shrivastava
parallel dipoles of the constituenthelices of the bundle. and Sansom, unpublished results)), then there is a danger
Such alignment of intrapore water dipoles has an importanthat Cx harmonic restraints may damp such motions. Hence
consequence for more mesoscopic treatments of channtlll bilayer-embedded simulations will be needed.
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Future directions Berger, O., O. Edholm, and F. Jahnig. 1997. Molecular dynamics simula-
tions of a fluid bilayer of dipalmitoylphosphatidycholine at full hydra-
This work has demonstrated that MD simulations of Alm tion, constant pressure and constant temperatBiephys. J.72:

including a lipid bilayer plus water enable unrestrained 2002-2013.

imulati ; h I-f ing helix bundle to b . dBiggin, P., J. Breed, H. S. Son, and M. S. P. Sansom. 1997. Simulation
Simulations or a channel-forming nelix bundie 1o be carried g gies of alamethicin-bilayer interactior&iophys. J.72:627—636.

out in a realistic model of its natu'ral environment. In the Biggin, P. C., and M. S. P. Sansom. 1996. Simulation of voltage-dependent
context of the large body of experimental data concerning interactions ofa-helical peptides with lipid bilayersBiophys. Chem.
Alm channels (Sansom, 1993), there are a number of ways 60:99-110.

in which this work may be extended. First, to better under-Boheim. G., W. Hanke, and G. Jung. 1983. Alamethicin pore formation:
. . . . voltage-dependent flip-flop o&-helix dipoles.Biophys. Struct. Mech.
stand the energetics of pore/ion interactions, free energy g:181-191.

profiles (Roux and Karplus, 1991, 1994; Roux, 1996; Dor-goyd, D., C. Schierle, and J. Beckwith. 1998. How many membrane
man et al., 1996) for the ion as it moves along the pore proteins are thereProtein Sci.7:201-205.
should be calculated. In this context, the result in the papepreed, J., P. C. Biggin, I. D. Kerr, O. S. Smart, and M. S. P. Sansom.

. . . . . 1997a. Alamethicin channels—molecular modelling via restrained mo-
suggesting that water dynamlcs and orientation in the full lecular dynamics simulation&iochim. Biophys. Actal325:235-249.

b"aYer SlmUIa.tlon are V?ry Slmllar to those in earlier, re- Breed, J., I. D. Kerr, G. Molle, H. Duclohier, and M. S. P. Sansom. 1997b.
strained, and in vacuo simulations may be helpful. Second, lon channel stability and hydrogen bonding. Molecular modelling of

simulations should be extended to models of other values of channels formed by synthetic alamethicin derivati®iechim. Biophys.
N helices per bundle to see whether the agreement betwe ff \cta. 1330:103-109.
P 9 PBreed, J., R. Sankararamakrishnan, I. D. Kerr, and M. S. P. Sansom. 1996.

predicted and .exper.ime'ntal pore conductance found in the yglecular dynamics simulations of water within models of transbilayer
current study is maintained (Tieleman et al., 1998a). Fur- pores.Biophys. J.70:1643-1661.
thermore, it will be interesting to run longer (e.g., 20 ns;Brooks, B. R., R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swami-

Tieleman and Sansom, unpublished results) simulations to "athan, and M. Karplus. 1983. CHARMM: a program for macromolec-
. . ular energy, minimisation, and dynamics calculatichsComp. Chem.
see whether, for example, differences in the structural dy- 4:187-217.

namics between individual helices of the bundle as observegringer, A. T. 1992. X-PLOR Version 3.1. A System for X-Ray Crystal-
in the current study average out over time. Such extended lography and NMR. Yale University Press, New Haven, CT.
simulations will also provide better statistics for the analysisCafiso, D. S. 1994. Alamethicin—a peptide model for voltage gating and

of how peptide/lipid interactions may influence the stability gra?tl‘il”l‘_rlnggbrane interaction&innu. Rev. Biophys. Biomol. Struct.

of the helix bundle (Tieleman et al., 1998b). Finally, the pis M. E. J D. Madura. B. A. Luty, and J. A. McCammon. 1991.
effects of varying the helix bundle environment, by includ- Electrostatics and diffusion of molecules in solution: simulations with
ing a transbilayer voltage term (Biggin et al., 1997; Zhong the University of Houston Brownian dynamics progrademput. Phys.

: . - Comm.62:187-197.

et al.,, 1998b) and by exploring different phospholipids, ; o .

. . . . dDorman, V., M. B. Partenskii, and P. C. Jordan. 1996. A semi-microscopic
should be explorgd. In this way it Shql'”d be pOSSIb|e.tO build™ Monte Carlo study of permeation energetics in a gramicidin-like
up a complete picture of the dynamics and energetics of an channel: the origin of cation selectivit@iophys. J.70:121-134.
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