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Pores Formed by the Nicotinic Receptor M2d Peptide: A Molecular
Dynamics Simulation Study
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ABSTRACT The M2d peptide self-assembles to form a pentameric bundle of transmembrane a-helices that is a model of the
pore-lining region of the nicotinic acetylcholine receptor. Long (.15 ns) molecular dynamics simulations of a model of the M2d5
bundle in a POPC bilayer have been used to explore the conformational dynamics of the channel assembly. On the timescale of
the simulation, the bundle remains relatively stable, with the polar pore-lining side chains remaining exposed to the lumen of the
channel. Fluctuations at the helix termini, and in the helix curvature, result in closing/opening transitions at both mouths of
the channel, on a timescale of ;10 ns. On average, water within the pore lumen diffuses ;43 more slowly than water outside
the channel. Examination of pore water trajectories reveals both single-file and path-crossing regimes to occur at different times
within the simulation.

INTRODUCTION

The nicotinic acetylcholine receptor (nAChR) is one of most

intensively studied ligand gated ion channels, and thus

provides a paradigm for the molecular mechanism of fast

synaptic neurotransmission. Depolarization of the presynap-

tic membrane causes release of acetylcholine into the synaptic

cleft. Acetylcholine diffuses to the postsynaptic membrane

where it binds to the extracellular domains of the nAChR. The

overall structure of the nAChR has been studied in some

detail by cryoelectron microscopy (Unwin, 1993; Unwin,

1995; Miyazawa et al., 1999; Unwin, 2000), in addition to

which the recent x-ray structure of a homologous acetylcho-

line binding protein (Brejc et al., 2001) provides a model for

the extracellular ligand-binding domains. The nAChR is

pentameric, the five subunits arranged around a central pore.

A number of studies (Imoto et al., 1986; Imoto et al., 1988;

Giraudat et al., 1987; Galzi et al., 1992; Changeux et al.,

1992; Corringer et al., 2000; Hucho and Hilgenfeld, 1989;

Hucho et al., 1996; Leonard et al., 1988; Lester, 1992) have

indicated that the transmembrane pore is lined by the second

transmembrane helix (M2; see Fig. 1 A) of each subunit.

Binding of acetylcholine to the extracellular domains is

thought to initiate a wave of conformational change (Gros-

man et al., 2000) that is propagated through the protein into

the transmembrane domain and the M2 helices. This results in

a ‘‘twist to open’’ mechanism of channel gating (Unwin,

1995; Unwin, 2000) whereby the central pore is opened to the

permeation of cations. A leucine side chain (L119 in Fig. 1 A)

is highly conserved throughout the nAChRs and other

members of the superfamily and seems to play a central role

in the gating mechanism of these receptors (Revah et al.,

1991; Labarca et al., 1995; Corringer et al., 2000; Panicker et

al., 2002; Reeves and Lummis, 2002). From the cryoelectron

microscopy images, it seems that the pore-lining M2 helices

are kinked such that in the closed state of the channel the ring

of L119 side chains form the narrowest region of the pore

(Unwin, 1993; Unwin, 2000). However, these side chains do

not fully occlude the pore but rather appear to form a

hydrophobic barrier to ion permeation (Beckstein et al.,

2001). In the open state of the channel the M2 helices change

conformation such that the narrowest region of the channel is

lined by rings of hydroxyl-containing side chains (e.g., serine

or threonine). This assumption is supported by the studies (of

e.g., Villarroel et al., 1991; Leonard et al., 1988; Cohen et al.,

1992; Lester, 1992) on the effects of mutations of these side

chains on ion permeation and block of nAChR. Additional

rings of negatively charged residues at the termini of the M2

helices contribute to the permeation and selectivity properties

of nAChR (Imoto et al., 1988; Konno et al., 1991).

A number of model ion channels are formed by bundles of

transmembrane a-helices. These include the antimicrobial

toxin alamethicin (Sansom, 1993; Cafiso, 1994; Tieleman

et al., 1999a), the synthetic peptide channel LS3 (Lear et al.,

1988; Åkerfeldt et al., 1993; Mitton and Sansom, 1996;

Randa et al., 1999), and the simple viral ion channel protein

M2 from influenza A (Kovacs and Cross, 1997; Song et al.,

2000; Forrest et al., 1998; Sansom et al., 1998; Forrest et al.,

2000). A synthetic peptide corresponding to the M2 helix

from the d-subunit of Torpedo nAChR (from now on

referred to as M2d) also belongs to this family. Montal and

colleagues have shown that M2d (Fig. 1 A), a 23-mer

peptide, self-assembles in lipid bilayers to form ion channels

that share several properties (apart from ligand-gating, of

course) with the parent protein (Oiki et al., 1988; Montal,

1995). NMR studies of M2d have revealed that is a-helical

and adopts a transmembrane orientation in lipid bilayers

(Bechinger et al., 1991; Opella et al., 1999). Models of

pentameric bundles of M2d helices (i.e., M2d5 bundles) have

been shown to be consistent with the properties of these self-

assembled channels (Montal et al., 1993b; Opella et al.,

1999). A recent combined NMR and computational study
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(Tang et al., 2002) suggests a similar model for a stable

pentameric bundle of M2 helices from the related glycine

receptor. Of course, one must remember that these are

models, not definitive structures, but they are consistent with

available experimental data and thus may merit evaluation

and refinement via more extended simulation studies.

Previous simulations of the M2d peptide (Law et al.,

2000) focused on its conformational dynamics as a function

of environment. In water, the M2d helix partially unfolded to

form a molecular hinge in the vicinity of the central leucine

(L119) residue. In a phospholipid bilayer, either as a single

transmembrane helix, or as part of a M2d5 helix bundle, the

helix showed less flexibility, but still exhibited a kink about

the center of the peptide.

The M2d5 helix bundle was previously shown to be

relatively stable over the duration of a short (2 ns) molecular

dynamics (MD) simulation in a POPC bilayer (Law et al.,

2000) and more recently related simulations (in a dimyr-

istoylphosphatidylcholine (DMPC) bilayer) have been

reported in which formation of a left-handed supercoiled

bundle was observed, and in which specific lipid-peptide

interactions were analyzed (Saiz and Klein, 2002b; Saiz and

Klein, 2002a). In the current study, we explore the con-

formational dynamics of the M2d5 bundle for a substantially

longer (by an order of magnitude) period of time. This has

enabled us to sample possible gating behavior of this helix

bundle, and to better characterize the behavior of the water

within the channel.

METHODS

M2d pore model

The M2d sequence used in these studies is that in Fig. 1 A. The termini were

not blocked. The model was generated as described in Law et al., 2000.

FIGURE 1 (A ) Amino acid

sequence of M2d. Three key pore-

lining residues (E19, S49, and S89)

are indicated by vertical arrows, as is

the highly conserved leucine residue

associated with channel gating

(L119). (B) Diagram of the simula-

tion system, with the pentameric

helix bundle (in ribbons format)

embedded a POPC bilayer (b) with

water molecules (w) on either side.

The phosphorus atoms of the lipid

headgroups are shown as gray

spheres.
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Briefly, the helices were oriented about the central pore axis so that the pore-

lining side chains (E19, S49, and S89) were directed toward the lumen of the

pore (as suggested by e.g., Lester, 1992), and such that the L119 side chains

were at the interface between adjacent helices. The helices were tilted by;118

so as to form a left-handed bundle. Before simulation, side-chain ionization

states were adjusted on the basis of pKA calculations (Adcock et al., 1998) as

previous studies had indicated that assumption of default ionization states for

all residues resulted in an unstable bundle during short (2 ns) simulations

(Law et al., 2000). In particular, of the ring of E19 side chains, four were

deprotonated and one was protonated. All of the C-terminal carboxylates were

protonated, and two of the N-terminal amino groups were protonated. Thus

the net charge of the M2d5 bundle used in the simulations was þ7.

Simulation system

The setup of the bilayer system was essentially as described by Law et al.,

2000, using the approach developed by Tieleman et al., 1999a. The M2d5

bundle was embedded in a preequilibrated bilayer consisting of 128 1-

palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine (POPC) lipid mole-

cules. A hole was generated in the bilayer by superposition of the lipids

and the protein, and subsequent removal of 18 POPC lipids that overlapped

with the bundle. The protein/lipid system was solvated with 4663 SPC

(Berendsen et al., 1981) waters and seven chloride counterions (added to

maintain electroneutrality) and then energy minimized. The resultant system

contained 20,937 atoms (Fig. 1 B). After a brief molecular dynamics

equilibration stage of 100 ps, during which the protein atoms were

restrained, a 17 ns unrestrained production simulation was performed.

MD simulations

MD simulations were carried out as described in earlier papers (Forrest et al.,

1999; Tieleman et al., 1999b; Tieleman et al., 1999a; Law et al., 2000), using

NPT and periodic boundary conditions. A constant pressure of 1 bar was

applied independently in all three directions, using a coupling constant of

tP ¼ 1.0 ps (Berendsen et al., 1984). Water, lipid, and peptide were coupled

separately to a temperature bath (Berendsen et al., 1984) at 300 K using

a coupling constant tT ¼ 0.1 ps. Long-range interactions were dealt with

using a twin-range cutoff: 10 Å for van der Waals interactions, and 17 Å for

electrostatic interactions. The timestep was 2 fs using LINCS (Hess et al.,

1997) to constrain bond lengths, and the force field was based on GROMOS

87 (Hermans et al., 1984). The simple point charge (SPC) water model used

(Berendsen et al., 1981) has been shown to behave well in simple lipid/water

simulations (Tieleman and Berendsen, 1996). Also, the lipid parameters give

reasonable reproduction of experimental properties of a DPPC bilayer, and

have been used in previous MD studies of membranes and peptides (Berger

et al., 1997; Tielemanet al., 1999b; Tieleman et al., 1999a; Randa et al., 1999).

MD simulations were run on 195 MHz R10000 Origin 2000s and took;8

days per processor per 1 ns simulation. Simulations and analysis were carried

out using GROMACS v1.6 (Berendsen et al., 1995) (http://www.gromac-

s.org). Electrostatics calculations for pKA calculations employed a modified

UHBD version 5.1 (Davis et al., 1991) (http://chemcca51.ucsd.edu/uhbd.

html). Pore radius profiles were calculated using HOLE (Smart et al., 1993;

Smartet al., 1996;Smartet al., 1997).The initialbundlemodelwasconstructed

using X-PLOR (Brünger, 1992) using a simulated annealing protocol detailed

in Kerr et al., 1994. Structures were examined using Quanta and RasMol.

Molecular graphics images were prepared using VMD (Humphrey et al.,

1996), MolScript (Kraulis, 1991), and PovRay (http://www.povray.org).

RESULTS

Dynamic behavior of the bundle

The longer duration of the simulation in this study enables us

to examine some of the conformational changes that occur in

the initial bundle structure as it relaxes in the lipid bilayer.

An overall measure of the drift from the initial structure is

provided by the Ca root mean square difference (RMSD) as

a function of time relative to the initial structure (Fig. 2 A).

This is quite low for a helix bundle model simulation,

reaching a value of only ;2 Å after 15 ns, although it would

seem that a much longer simulation would be required to

reach an equilibrium. More detailed examination of the time

course of the RMSD suggests that most of the movements of

the helices within the bundle take place in the first couple of

nanoseconds, during which we presume that some degree of

optimization of helix conformation and packing occurs.

Secondary structure analysis (using DSSP; (Kabsch and

Sander, 1983)) confirms that each M2d peptide remains

largely a-helical throughout the duration of the simulation.

However, from snapshots of the structure, it is evident that

the individual helices within the bundle adopt more curved

or kinked conformations than in the initial model. The small

increase in RMSD seen in the last 2 ns of the simulation

represents the change in structure as the pore opens up (see

below).

The fluctuations of individual residues can be measured as

Ca root mean square fluctuations, averaged over time and

across all five helices of the bundle (Fig. 2 B). As expected,

the fluctuations are larger at the helix termini than at the

center. Indeed, between residues 5 and 15, the Ca root mean

square fluctuations are ,1 Å; again comparable to those seen

in simulations based on x-ray structures. The fluctuations are

somewhat higher at the C-terminus than at the N-terminus of

the helix.

Some of the helix fluctuations are related to kinked and

curved conformations of the individual M2d helices, as

analyzed in detail in an earlier paper (Law et al., 2000). In

Fig. 3, the distributions of the kink angles are presented for

the five helices of the bundle. It can be seen that the range of

kink angles is quite broad (from ;108 to 408). Thus the

initially linear helices are considerably distorted in the

bundle. Examination of the structures shows that the helices

are kinked in a convex fashion so as to generate a central

cavity within the bundle (see below). Comparison of kink

angle distributions among the five helices reveals that

although there is some considerable degree of overlap, they

are not identical. This may be taken as evidence that

complete statistical convergence has not occurred during

a simulation of ;20 ns duration.

The orientation of the helices relative to the z axis (i.e., the

approximate bilayer normal) may also be measured, in term

of helix tilt angle. It is known from the analysis of the x-ray

structures of membrane proteins that transmembrane helices

are generally tilted with respect to the bilayer, with a mean

tilt angle of ;218 (Bowie, 1997). Furthermore, solid-state

NMR studies of M2d peptide in a DMPC bilayer have

revealed an overall tilt angle of ;128 (Opella et al., 1999).

The M2d helices in the bundle at the start of the simulation

have a tilt angle of 128. During the course of the simulation,

16 Law et al.
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the individual helices undergo major fluctuations in tilt

angles over a range of ;58–258 (Fig. 4) on a timescale of

;2–5 ns. It is also evident from the tilt angle trajectories that

there is loss of exact pentameric symmetry in the bundle.

The analyses so far indicate that the M2d5 is a dynamic

assembly, undergoing fluctuations in helix conformation

and orientation on a nanosecond timescale, while retaining

the overall structure of the bundle. From a more functional

perspective, we may examine whether such fluctuations

change the nature of the residues forming the pore lining and

the helix/helix interfaces. Three key polar residues are

thought to play an important role in forming the lining of

the N-terminal half of the pore, namely E19, S49, and S89

(Fig. 5 A). Together these form three rings of hydrophilic

side chains lining the pore, as is also the case in the parent

nAChR (Bertrand et al., 1993). We have analyzed solvent

accessible surface areas (data not shown) to demonstrate that

these side chains remain exposed to the lumen of the pore

throughout the duration of the simulation.

In addition to these polar side chains, the L119 side chain

has been examined. In the parent nAChR when in the closed

state of the channel this side chain is proposed to be located

at the interface between adjacent helices, forming a narrow

hydrophobic ring at the center of the transbilayer pore.

Interestingly, this is also the case in the M2d5 model.

Snapshots of the channel structure at e.g., 1 ns and 12 ns

(Fig. 5 B) suggest that this location of L119 is maintained

throughout the simulation, albeit with some degree of local

distortion. Similarly, the two rings of pore-lining serine

residues remain pointing into the lumen of the channel,

forming a polar environment that is expected to interact

favorably with water molecules and with permeant ions. The

FIGURE 2 (A) Ca RMSD versus the initial struc-

ture of the M2d5 bundle as a function of time. Three

snapshots of the bundle structure are shown. (B) Ca

RMSF (averaged over time and all five helices) as

a function of residue number.
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glutamates (E19) at the N-termini of the helices show slightly

more complex behavior. The additional flexibility of the

helix termini enables these side chains to switch between

a pore-lining conformation and one in which a glutamate

side chain forms an ion pair with a lysine (K29) from the

same helix. K29 residues are also seen to snorkel so as to

form contacts with lipid headgroups and interfacial water

molecules, a feature also observed in simulations of a similar

system in DMPC (Saiz and Klein, 2002a) and more generally

in membrane proteins (Killian and von Heijne, 2000).

FIGURE 4 Helix tilt angles (relative to the z axis,

i.e., the approximate bilayer normal) of the five M2d

helices as a function of time.

FIGURE 3 Helix kink angle distributions for the

five helices (H1–H5) of the M2d5 bundle.

18 Law et al.
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FIGURE 5 (A) Two views of

the M2d5 bundle. The left-hand

image is viewed perpendicular to

the pore axis, with the C-termini of

the helices at the top of the diagram.

The rings of E19 (red), S49 and

S89(green), and L119 residues are

shown in space-filling format. The

right-hand image is a space-filling

model of the bundle, viewed down

the pore axis with the N-termini

toward the viewer (red, acidic

residues; blue, basic residues;

green, polar residues; gray, hydro-

phobic residues). (B) Snapshots at

t ¼ 1 and 12 ns of the rings of pore-

lining side chains formed by resi-

dues L119 (gray), S89 (green), and

E19 (red).
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Consequences for the structure of the pore

Having examined the dynamic behavior of the M2d5 bundle,

we may analyze the consequences of this in terms of the

shape of the transbilayer pore, as this is likely to dominate

the channel properties of the assembly. The pore can be

characterized in terms of its pore radius profile (Smart et al.,

1993), which in turn has an approximate relationship to the

conductance of the channel (Smart et al., 1997; Smart et al.,

1998). The average pore radius profile over the course of the

simulation (Fig. 6 A) reveals a central cavity of radius ;3 Å,

with narrow regions (radius ;1.3 Å) at both mouths of the

pore. The central cavity is reminiscent of that seen in the

KcsA channel, although a little smaller. Its average radius is

a little less than that of the first solvation shell of

a monovalent cation (;4.5 Å), although it should be

remembered that the side chains of the serines could

substitute for water molecules in stabilizing an ion in the

cavity. The mouth radii are such that a cation would not be

able to pass through without being dehydrated. However, it

should be remembered that these are average radii, and

examination of instantaneous radius profiles shows sub-

stantial fluctuations.

The time dependence of the pore radius profile is shown in

Fig. 6 B. The pore seems to go through an overall open-

closed-open cycle during the course of the simulation. Thus,

for the first nanosecond or so of the simulation, the radius at

either mouth is at least 1.5 Å, i.e., large enough to admit

a water molecule. The two mouths of the pore then contract,

to radii of 1 Å or less from ;2 to 12 ns, before reopening for

the remainder of the simulation.

A more detailed visualization of the changes in pore

geometry is presented in Fig. 7, where snapshots of the pore

lining are color-coded relative to the radius of a water

molecule (Smart et al., 1996). It should be noted that there is

complete occlusion of both mouths of the pore from 2.5 to 3

ns, whereas one or other mouth is closed from 7.5 to 8 ns.

Both mouths of the pore are fully open at ;16 ns. Along with

the fluctuations in the radius of the central cavity, these

changes result in variation of the volume of the pore (with the

pore ends defined by the average z coordinate of Ca atoms of

the terminal residues of each helix) between 400 Å3 and 700

Å3. Note that this would correspond to a volume sufficient to

hold between 13 and 23 water molecules within the channel.

The pore radius profiles may be used to approximate the

conductance of the channel by integrating the electrical

resistance of equivalent electrolyte-filled cylinders along the

length of the pore and then applying an empirical scale factor

to take account of e.g., the reduced mobility of ions within

a narrow pore (Smart et al., 1998; Tieleman et al., 2001). The

conductance estimated in this fashion is ;40 pS (in 1M KCl)

for the last 2 ns of the simulation. This would correspond to

;20 pS in 0.5 M KCl and thus is comparable (within the

accuracy of the prediction method (Smart et al., 1997) to the

experimental conductances of 20 pS for M2d peptide and

27 pS for M2a4 peptide channels recorded in 0.5 M KCl

(Montal et al., 1993a). For reference, the conductance of

intact nAChR channels is ;60 pS in 0.1 M KCl (Imoto et al.,

1986), which (assuming linearity) would correspond to

;300 pS in 0.5 M KCl.

Behavior of water within the pore

It is of some interest to examine the behavior of water within

the M2d5 pore, given ongoing studies of the modification of

water’s properties within channels (Chiu et al., 1991; Chiu

et al., 1999; De Groot and Grubmuller, 2001; Tajkhorshid

et al., 2002) and nanopores relative to the bulk state

(Hummer et al., 2001; Sansom and Biggin, 2001; Beckstein

et al., 2001). Also, analysis of a number of simulations

(reviewed in Tieleman et al., 2001) suggests that the overall

pattern of reduction in water diffusion coefficients within

channels mirrors that of reduction of ionic diffusion co-

efficients. An overall measure of the water behavior is pro-

vided by the diffusion coefficient of water molecules as a

function of their average position along the pore axis (Fig. 8).

The diffusion coefficients mirror the radius profile of the

pore, with a ;43 reduction in diffusion relative to bulk at

the narrow mouths of the pore. This is in general agreement

with a meta-analysis of data from a number of simulation

studies (reviewed in Tieleman et al., 2001).

It is likely that, at least in part, this effect in M2d5 is due to

H-bond interactions with pore-lining side chains. The water

molecules within the pore are nonrandomly oriented (data not

shown) as a consequence of the interaction of the water dipoles

with the parallel helix dipoles. Such behavior has been ob-

served in a number of simulations, of differing degrees of

complexity, of water molecules within pores formed by paral-

lel helixbundles (Breedet al., 1996;MittonandSansom,1996;

Sansometal.,1997;Randaetal.,1999;Tielemanetal., 1999a).

A more detailed examination of water trajectories along the

pore axis (Fig. 9) reveals complex behavior. Two types of

behavior are observed: single filing of waters and path-

crossing events within (transiently) wider regions of the pore

regimes. In addition to such changes in water trajectories,

regions devoid of water molecules can be observed, cor-

responding to closure events at the mouth of the channel. From

examination of a number of such trajectories it can be seen that

the timescale for a water molecule to move from one end of the

pore to the other is ;1 ns. This is consistent with e.g., the

observed rates of permeation of water through aquaporin

pores (Borgnia et al., 1999; Borgnia and Agre, 2001).

DISCUSSION

M2d5 channel properties

Based on the analysis presented above, we may tentatively

identify three phases in the behavior of the M2d5 channel, as

summarized in Fig. 10. At the start of the simulation (t¼ 0–2

ns) the helix bundle remains close to the initial model

20 Law et al.
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structure, such that the helices remain unkinked but the

channel is open at either mouth. The helices then kink,

increasing the volume of the central cavity but also closing

one or other mouth of the channel for the central section of

the simulation (2–15 ns). Toward the end of the simulation,

both mouths of the channel open, whereas the helices remain

kinked. Although it is clear from this description that we do

not fully sample the conformational dynamics of the helix

FIGURE 6 (A) Pore radius pro-

files over the course of the simula-

tion. The red line is the average

pore radius profile over the whole

simulation. The black vertical bars

represent 6SD. The blue points

correspond to individual radius

profiles determined every 100 ps

during the simulation. N and C

indicate the corresponding helix

termini. (B) Time evolution of the

pore radius profile shown as a con-

tour plot of pore radius (red, wide;

blue, narrow) as a function of time

(horizontal axis) and position

along the pore (vertical axis).

A Molecular Dynamics Simulation Study 21
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bundle (which is also demonstrated to be the case by a more

formal analysis of the motions of the peptides (Hess et al.,

unpublished data)), it is also clear that the M2d5 bundle

is capable of undergoing closed $ open transitions on a

timescale of ;5 ns and longer. Although this timescale

is four orders of magnitude faster than that of the fastest

gating events either in the peptide channels (Oiki et al., 1988;

Montal, 1995) or in the parent nAChR that has been resolved

experimentally (as single channel recording methods have

a deadtime of ;0.1 ms), it is suggestive of an underlying

mechanism for channel gating involving helix distortions

and/or helix bundle repacking.

Biological relevance

These simulations have provided some insights into the

conformational dynamics of a model of the M2d5 bundle on

a .10 ns timescale. To what extent are these studies of

relevance to more complex, physiologically important ion

channels whose gating is on a msec timescale?

The M2d peptide remains relevant to studies of the intact

nAChR. Recent electron microscopy images (Unwin, 2000)

continue to support the suggestion that, at its narrowest

transmembrane region, the pore running through the center

of the nAChR is formed by a bundle of five M2 helices. This

also appears to be so in other membranes of the nAChR

superfamily, e.g., the 5HT3 receptor (Panicker et al., 2002;

Reeves and Lummis, 2002). Thus it seems likely that the

behavior of the M2d5 assembly may cast some light on the

conformational dynamics of these more complex channels.

In particular, we envisage that fluctuations in helix-helix

packing will occur on similar timescales in the simple bundle

and in the more complex protein, although the fluctuations in

the latter are likely to be damped by interactions of the M2

helices with the rest of the protein.

The behavior of M2d5 may also be of some relevance to

the bacterial mechanosensitive channel MscL. The x-ray

structure of MscL in its closed state reveals the pore to be

formed by a pentameric bundle, with two a-helices from

each subunit (Chang et al., 1998). These helices are able to

repack, when the channel-containing membrane is stretched,

to form the open conformation of the channel (Sukharev

FIGURE 8 Average diffusion coefficients for water molecules as a func-

tion of position along the z axis. The broken horizontal line indicates the

diffusion coefficient of bulk water in this simulation. Water diffusion

coefficients were derived from the mean squared deviation versus time of

single water molecules within slices along the z axis of the system.

FIGURE 7 Pore volume as a function of time.

Snapshots of the helix bundle and pore lining surfaces

are shown. The linings are color coded as follows: red,

radius ,1.4 Å; green, radius between 1.4 and 3 Å; and

blue, radius .3 Å.

22 Law et al.
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et al., 2001; Biggin and Sansom, 2001). It would be of

interest to compare the motions of the pore-lining helices of

MscL in MD simulations (Elmore and Dougherty, 2001;

Gullingsrud et al., 2001) with those of the M2d5 bundle.

It is also of interest that the M2d5 bundle seems to undergo

open $ closed transitions (albeit on a ;10 ns timescale) due

to fluctuations in helix packing at the mouths of the channel.

Both experimental (Perozo et al., 1998; Perozo et al., 1999;

Liu et al., 2001) and theoretical (Shen et al., 2002;

Shrivastava and Sansom, 2000; Shrivastava and Sansom,

2002; Biggin and Sansom, 2002) approaches indicate that

gating of the bacterial potassium channel KcsA occurs via

a change in packing of the pore-lining M2 helices at the

cytoplasmic mouth of the channel. Recent x-ray studies of

a K channel (MthK) captured in an open state indicate that

internal (hinge-bending) distortions of these helices is also

important (Jiang et al., 2002a; Jiang et al., 2002b). Of course,

the timescale of helix repacking in a complex channel protein

is likely to be significantly longer (maybe several orders of

magnitude) than in a relatively simple self-assembled helix

bundle.

The simulations of M2d5 also add to our knowledge of the

complexities of water dynamics in channels and pores. This

is of some interest in the context of recent simulation studies

of water in aquaporin (De Groot and Grubmuller, 2001) and

in the related bacterial protein GlpF (Tajkhorshid et al.,

2002), both of which indicate single file motion and a degree

of nonrandom orientation of water molecules within their

narrow pores. Furthermore, complex behavior of water has

been shown in simulations of carbon nanotubes (Hummer

et al., 2001) and in simple models of hydrophobic nanopores

(Beckstein et al., 2001). By steadily accumulating simulation

data from a range of different channel systems, it should be

possible to dissect out more general patterns and trends

(Tieleman et al., 2001).

Methodological limitations

There are a number of possible methodological limitations

that should be considered. The first of these is the use of

a cutoff, albeit quite a high cutoff (17 Å), to treat long-range

electrostatic interactions. An alternative would be to employ

particle mesh Ewald (Darden et al., 1993; Essmann et al.,

1995) to treat long-range interactions. This has been shown

to yield more realistic simulations of lipid bilayers (Tobias

et al., 1997; Tobias, 2001). There have been some concerns

FIGURE 9 Trajectories, projected onto the z axis

(which is approximately parallel to the pore axis) of

water molecules that were within the pore for at least

90% of the time for the period between 2 and 4 ns. This

provides an illustration of the different regimes of water

motion within the pore, including single-file (SF)

motion and path-crossing (PC) motion.

FIGURE 10 Schematic diagram showing the time evolution of the

channel. The system begins with straight helices set up with a 58 tilt and

the pore open (t ¼ 0–2 ns). The pore then enters a predominantly closed

state, in which the helices kink and the mouths of the pore open only

transiently (t ¼ 2–15 ns). Toward the end of the simulation (t ¼ 15–17 ns)

the pore enters a predominantly open state in which the helices remain

kinked.
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that use of particle mesh Ewald may artifactually stabilize

peptide structures (Weber et al., 2000), although recent sim-

ulations of alamethicin helix bundles in a lipid bilayer

(Tieleman et al., 2002) did not indicate this to be a problem.

Other possible limitations in the simulation protocol that

might merit consideration are the use of NPT rather than

NVT, and the forcefield employed. However, comparisons

of the results of simulations from different laboratories

(using different protocols) on the same peptide channel

(Zhong et al., 1998a; Zhong et al., 1998b; Randa et al., 1999)

or the same protein channel (Guidoni et al., 1999; Guidoni

et al., 2000; Bernèche and Roux, 2000; Shrivastava and

Sansom, 2000) do not reveal large differences, suggesting

that changes in M2d5 simulation behavior as a result of

changes in simulation protocol might be expected to be

relatively minor.

There are two further limitations, which are to some extent

coupled. One is the presence of only a very small number of

ions (7 Cl�) in the simulation system and the other is the

duration of the simulation. It would perhaps be interesting to

run an extended simulation with Naþ and Cl� ions present in

numbers equivalent to a bulk concentration of 1 M.

It must be remembered that the initial structure of M2d5 is

a model, albeit one that has received some support from e.g.,

solid-state NMR studies (Montal, 1995; Opella et al., 1999).

On the basis of the simulation results presented above we

would suggest that this model is relatively stable, at least on

a multinanosecond timescale. However, if recent develop-

ments in solid-state NMR methods (Marassi and Opella,

1998) could yield a more model-free structure, it would be

interesting to see how this behaves in simulations.

Finally we should recall that the simulations are conducted

in the absence of a transbilayer voltage difference. Im-

position of the latter, which might be possible in future

simulations (Roux, 1997), could be expected to stabilize the

transbilayer orientation of the M2d helices, and might there-

fore affect the dynamics of the helix bundle. Indeed, this has

already been seen for a related helix bundle system (Zhong

et al., 1998b). Of course, for the intact nAChR (which shows

very weak voltage dependence), this is less critical. It is also

noted that there is no permeating ion present in the pore and

that this may affect the structural dynamics by e.g., inter-

acting with anion side chains at the mouth of the pore.

CONCLUSIONS

What are the more general conclusions we may draw from

this and related (Tieleman et al., 2002) studies? The first is

that longer (�1 ns) MD simulations of simple ion channels

can start to reveal some aspects of the conformational

dynamics of such pores. Although MD simulations clearly

cannot reach the timescale of channel gating (;1 ms) they

can already (just) address the timescale of individual per-

meation events (;10 ns) and in the near future may be able

to extend to the timescales thought to be associated with

open channel noise (1 ms ¼ 1000 ns). This in itself will be

a useful stage in bridging the gap between (static) structures

and (dynamic) physiological processes.

It is significant that meaningful simulation results may be

obtained from a relatively simple channel-forming peptide,

made up of a fragment of a more complex channel. This

helps to reinforce the initial suggestion that such ‘‘minimal-

ist’’ channels (Montal, 1995) may be of biological relevance.

It is also conceivable that such assemblies may be of

relevance to bionanotechnology, in which case the ability to

understand their dynamic properties via simulation is likely

to play an important role in the design cycle.

There are two main directions for future studies of M2d5,

already alluded to above. The first is to obtain better

structural models, possibly via the application of novel solid-

state NMR techniques (Marassi and Opella, 1998; Opella

et al., 2001). The second major direction will be to greatly

extend the duration of simulations. We estimate that a 1 ms

simulation, of a system of this size, would now take ;24,000

CPU hours. With recent advances in commodity cluster

computing, this is not an impossible task.
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