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ABSTRACT We have studied the structure and properties of a bundle of a-helical peptides embedded in a 1,2-dimyristoyl-3-
phosphatidylcholine phospholipid bilayer by molecular dynamics simulations. The bundle of five transmembrane dM2 segments
constitutes the model for the pore region of the nicotinic acetylcholine receptor, which is the neurotransmitter-gated ion-channel
responsible for the fast propagation of electrical signals between cells at the nerve-muscle synapse. The dM2 segments were
shown to oligomerize in biomembranes resulting in ion-channel activity with characteristics similar to the native protein, and the
structure of the isolated peptides was studied in 1,2-dimyristoyl-3-phosphatidylcholine bilayers and micelles by NMR ex-
periments (Opella, S. J., et al. 1999. Nat. Struct. Biol. 6:374–379). Our analyses indicate that the structure, helix tilt, and the
overall shape of the channel are in good agreement with the NMR experiments and the proposed model for the channel, which
we show is formed by rings of functional residues. The studied geometry resulted in a closed pore state, where the channel is
partially dehydrated at the hydrophobic extracellular half and the extracellular mouth of the channel blocked by the hydrocarbon
chains of Arg1 residues. The arginine amino acids form intermolecular salt-bridges with the C-terminus, which contribute as well
to the bundle stabilization.

INTRODUCTION

The nicotinic acetylcholine receptor (nAChR) is the

neurotransmitter-gated ion-channel responsible for the rapid

communication between cells at the nerve-muscle synapse

and the brain (Changeux, 1993; Hille, 1992; Karlin and

Akabas, 1995; Montal, 1995; Toyoshima and Unwin, 1988).

At the chemical synapses, the acetylcholine neurotransmitter

molecules are released from the presynaptic membrane of an

excited cell to the synaptic cleft, where the molecules diffuse

to the postsynaptic membrane of the neighboring cell. The

postsynaptic membrane is rich in nAChRs that specifically

bind the acetylcholine neurotransmitters. The binding of two

acetylcholine molecules to the extracellular ligand-binding

domain of the receptor triggers a conformational change on

the glycoprotein complex (Grosman et al., 2000) that opens

transiently the cation-permeable ion-channel located in the

cell membrane. The flow of cations through the receptors

rapidly depolarizes the postsynaptic membrane, and the

signal is propagated along the electrically excitable mem-

brane toward the next nerve cell.

Among the family of the ligand-gated ion-channels, the

nAChR is the best characterized (Changeux, 1993; Hille,

1992; Karlin, 2002). Structurally, it is a large glycoprotein

complex (molecular mass of ;290 KDa and ;2,380 amino

acids) composed by five separate polypeptide chains with

stoichiometry a2bgd (Corringer et al., 2000; Hille, 1992;

Karlin, 2002). The two a-subunits have the same amino acid

sequence and contain the ACh binding sites at the ex-

tracellular side. The other subunits have homologous se-

quences. Each of the five subunits has four hypothesized

hydrophobic transmembrane regions (M1–M4), a large

extracellular domain formed by the N-terminal half of the

molecule, and a substantial cytoplasmic domain formed by

the loop between M3 and M4. The membrane domain has

high sequence similarity among this gene superfamily which

encompasses receptors for the major inhibitory neuro-

transmitters glycine and gamma aminobutyric acid. The

different subunits are arranged in a pentameric structure

around the channel and, at the transmembrane domain, all

the subunits are in contact with the membrane lipid (Hille,

1992; Unwin, 1993). The M2 segments of each subunit are

of particular interest since they are theorized to participate in

the inner wall of the channel-forming domain confined to the

membrane (Akabas et al., 1994).

The early structure of the Torpedo marmorata nAChR,

determined by cryo-electron microscopy (EM) at a resolution

of 9 Å together with image reconstitution (Unwin, 1993),

provided a view of the shape of the complex, the arrangement

of the subunits, some secondary structural features, and an

earlymodel inwhich the proteinwalls of the channel arranged

around the aqueous pore were formed by a bundle of five

amphipathicM2a-helices, each contributed by one subunit of
the pentamer, whereas the rest of the segments were relatively

structureless (Unwin, 1995).

In this early picture proposed by Unwin and co-workers,

the M2 a-helices were kinked in the close state of the

channel at the central Leu residues (Unwin, 1993, 1995).

This ring of five aligned Leu residues was suggested to

constitute the gate of the channel. A 15� rotation of the M2

segments from the closed state conformation is consistent

with the dimensional changes observed upon pore opening
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(Unwin, 2003). This twisting would destabilize the gate and

stabilize an open structure of the M2 bundle (Miyazawa

et al., 2003). Similar large scale motions as opening

mechanisms have been recently proposed for other ion-

channels (Jiang et al., 2002a). Another important structural

feature affecting the functioning of the nAChR are three

rings of negatively charged amino acids, namely, the ex-

tracellular, intermediate, and cytoplasmic rings. These rings

are involved in charge selectivity (Changeux, 1993; Corringer

et al., 2000; Karlin, 2002) and, interestingly, mutations

around and at the intermediate ring reducing the charge of the

amino acids in neuronal a7 AChRs convert the channel ionic
selectivity from cationic to anionic (Corringer et al., 1999;

Galzi et al., 1992). Narrow lateral openings of a central ves-

tibule in the intracellular domain have been also shown to act

as electrostatic filters for the ions (Kelley et al., 2003; Unwin,

2003). These elements constitute the structural and functional

features of the ion-channel.

Even though a variety of experimental techniques, in

addition to EM, such as spectroscopic methods, information

from chemical probes, and effects of mutagenesis (see the

excellent recent review byKarlin, 2002), have been applied to

the study the structure of the nAChR and considerable im-

provement of the understanding of the receptor has been

reached (a number of review articles have recently appeared

on the nAChR (Barrantes, 2003; Itier and Bertrand, 2001;

Karlin, 2002; Leite and Cascio, 2001; Unwin, 2003)), a high-

resolution structure of the receptor has been lacking.

Interestingly, the recently solved structure of the snail ACh-

binding protein (Brejc et al., 2001), a homologous protein, has

shed light onto the extracellular domain of the nAChR, i.e.,

the ACh binding site. In addition, the latter and more detailed

structure of the transmembrane domain of the closed receptor

from the recent EM at better 4 Å resolution confirms the

location of the gate, the arrangement of the inner ring ofM2a-
helical segments, and themiddle and outer ring ofM1 andM3

and M4 segments, respectively, and suggests their secondary

a-helical structure (Miyazawa et al., 2003). In particular, the

kink of the M2 segments proposed at the central Leu residues

from the EM experiments at 9 Å resolution (Unwin, 1993,

1995) turned out to be a slightly bent structure in this new and

closer (4 Å) look at the transmembrane domain of the nAChR

in the closed state of the channel (Miyazawa et al., 2003;

Unwin, 2003). Moreover, the 2.7 Å crystal structure of the

snail ACh-binding protein was successfully mapped into the

electron densities of the nAChR extracellular ligand-binding

domain. The advantage of the EM experiments is that they

probe the receptors in their natural environment, since they

were performed in AChR tubular crystals grown from the

postsynaptic membranes of the T. marmorata electric organ.
These samples are helical assemblies of protein and lipid

molecules. Thus, even though the latest structure of the

nAChR determined by cryo-EM has lower resolution than

that of the recent x-ray series of images from a voltage

dependent K1 channel (Doyle et al., 1998), the former are

captured in the receptor natural environment, whereas the

latter probed the Fab-KvAP complexes (parts of antibody

molecules—the so-called Fab fragments—were used as

a scaffold to help crystallization) and lack a lipid component.

The interplay between membrane proteins and, in particular,

ion-channels and their natural environment is becomingmore

evident and, thus, the importance of lipid-protein interactions

(Andersen et al., 1998; Bloom, 1998; Brown, 1994;

Hilgemann, 2004; Valiyaveetil et al., 2002).

Despite the fundamental role played by the nAChR and

other ion-channels and channel proteins, such as pore

channels, in biology (Agre and Kozono, 2003; MacKinnon,

2003; Unwin, 2003), the structural motifs associated with

function are just starting to emerge (Berneche and Roux,

2001; Changeux, 1993; Doyle et al., 1998; Hille, 1992; Oiki

et al., 1988; Unwin, 1995). Precisely because of the difficulty

of crystallizing membrane-embedded proteins, just a handful

of high-resolution, mainly x-ray, structures are available

(Bass et al., 2002; Chang et al., 1998; Doyle et al., 1998;

Dutzler et al., 2002; Jiang et al., 2002a, 2002b; Kuo et al.,

2003; Miyazawa et al., 2003).

Another approach to investigate structure-function rela-

tionships in these large and complex systems is to devise

simplified synthetic models (bio-inspired or de novo protein

design) that retain most of the functional properties of the

native system (Lear et al., 1988; Montal, 1995). These

minimalistic models have been proven to be especially

useful in experiments and modeling investigations of large

ion-channel protein complexes, such as the influenza virus

M2 proton channel protein, the Virus protein U membrane

protein encoded by the HIV-1 virus, the transmembrane

segments of the nAChR and the glutamate NMDA receptor

ion-channels (Montal, 1995). In addition, peptide assemblies

have been successfully designed from first principles (de

novo) to achieve the desired functioning, such as ion-channel

activity (Lear et al., 1988). In the case of the nAChR, for

instance, a synthetic 25-residue peptide that mimics the

sequence of the hypothesized pore-lining M2 segment of the

Torpedo californica AChR receptor d-subunit was found to

form discrete ion-channels in phosphatidylcholine bilayers

(Oiki et al., 1988; Opella et al., 1999). In contrast, peptides

following the sequences of the M1, M3, and/or M4 segments

did not result in ion-channel activity nor did peptides with

a random sequence of the M2 amino acids. The oligomer-

ization of the dM2 transmembrane a-helical domains in

model membranes resulted in ion-channel activity with

characteristics, such as conductance and selectivity, not

identical but similar to those of the native receptor (Oiki et al.,

1988; Opella et al., 1999). Solution NMR experiments on

micelle samples and solid-state NMR experiments on lipid

bilayers explored the structure of the synthetic peptides in

these membrane mimetic environments. The M2 segments

were found to be fully a-helical with no kinks and inserted in
the lipid bilayer forming a tilt angle of 12� with respect to the
membrane normal. The NMR experiments together with
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energetic considerations (Oiki et al., 1988) provided a model

for the open state of the channel of the pore-forming peptides

as a pentameric bundle of the dM2 synthetic segments. The

proposed model displayed a funnel-like architecture with the

wide opening located on the N-terminal intracellular side

(Opella et al., 1999).

The last decade has yield revolutionary advances in

computer technology that together with the development of

state-of-the-art simulation methodologies have permitted the

emergence of computer simulation as a powerful tool in

biomembrane studies (Berneche and Roux, 2001; Law et al.,

2000, 2003; Pastor et al., 2002; Roux, 2002; Saiz and Klein,

2002; Saiz et al., 2002, 2004; Tajkhorshid et al., 2002;

Zhong et al., 1998, 2000). Recent molecular dynamics (MD)

simulations have proved their ability to study membrane-

embedded proteins in their natural environment with full

atomic detail (Berneche and Roux, 2001; Tajkhorshid et al.,

2002). Minimalistic designed models of ion-channels con-

sisting of pore forming bundles of a-helical peptides, one of
the typical motifs on ion-channel pores, have been the focus

of attention of atomistic MD simulations (Law et al., 2000,

2003; Saiz et al., 2002, 2004; Zhong et al., 1998, 2000) due

to the manageable system size compared, for instance, to the

290 KDa native nAChR.

We have recently studied the properties of a model

membrane with the homopentameric bundle of the dM2

segments of the nAChR designed by Montal and co-workers

at similar conditions as those of the NMR experiments

(Opella et al., 1999) by performing fully atomistic MD

simulations (Saiz and Klein, 2002; Saiz et al., 2002, 2004).

The peptides contain all the structural features related to

function important for the nAChR, such as the negatively

charged intermediate ring (selectivity) and the central leucine

residues (gate), and have been shown to form functional

pores in 1,2-dimyristoyl-3-phosphatidylcholine (DMPC)

lipid bilayers with ion-channel activity similar to that of

the native receptor (Oiki et al., 1988; Opella et al., 1999).

The peptide bundle was embedded in a fully hydrated DMPC

lipid bilayer in the biologically relevant fluid lamellar phase,

La. The previous work focused on the influence of the pore

forming bundle on the physical properties of the phospho-

lipid bilayer, and we identified important lipid-peptide in-

teractions or complexes, specifically, interactions of the

external Lys amino acids with the lipid headgroup phosphate

groups (Saiz et al., 2004). Snorkeling of Lys1 residues to

make contact with lipid headgroups is generally observed in

experiments on membrane peptides and proteins (Killian,

2003). We explore here the structure of the peptide bundle

and its functional properties and compare the results of the

analyses with the available experimental data.

METHODS

The molecular model of the pore region of the nAChR ion-channel we have

studied was designed from NMR experiments and energy considerations on

functional synthetic peptides (Oblatt-Montal et al., 1993; Oiki et al., 1988;

Opella et al., 1999; Montal, 1995). The model consists of the transmembrane

homopentameric bundle of the a-helical M2 segments of the glycoprotein.

These M2 segments correspond to the d-subunit of the native nAChR of the

Rattus norvegicus and are characterized by the following sequence:

GSEKMSTAISVLLAQAVFLLLTSQR, where residues G- and -R consti-

tute the N- and C-terminal, respectively. From the folding of the natural

protein, the two termini are assigned to the intracellular or cytoplasmic (N)

and extracellular or synaptic side of the membrane (C) (Hille, 1992). The

amino acid side chain ionizable states were chosen appropriately to the pH

used in the NMR experiments of the M2 segments in lipid bilayers (pH 7.4,

which corresponds to physiological conditions) and the N- and C-terminus

were protonated and deprotonated, respectively (Opella et al., 1999).

The peptide bundle was embedded in a fully hydrated DMPC lipid

bilayer in the biologically relevant fluid lamellar phase, La. The system

contained 23349 atoms and was constituted by 5 peptides, 47 DMPC lipid

molecules per monolayer (lipid to peptide molar ratio of 19:1), 5 chloride

(Cl�) counterions, and 3434 water molecules. The initial coordinates for the

a-helical M2 segments correspond to one of the 10 minimum energy

configurations of the 1A11 entry (Opella et al., 1999) in the PDB

(specifically, the 10th configuration). In Fig. 1, we show a snapshot of the

simulated system where only the molecules located within the simulation

cell are depicted.

FIGURE 1 Configuration of the system taken from the MD simulation

after 4.5 ns. Only the molecules within the central simulation cell are shown.

The lipid molecules are shown as sticks except for the N and P atoms of the

headgroups, which are displayed as blue and yellow spheres, respectively,

and the hydrogen atoms, which are not shown. The atoms of the water

molecules are represented as white (hydrogen) and red (oxygen) spheres.

The M2 helices are shown in blue with the backbone as ribbons and the side

chains as sticks. The radii of the spheres correspond to the atomic van der

Waals radii of the different species. The N-terminus (intracellular) is located

at the bottom of the bundle. The unit cell dimensions are Lx ¼ 55.26 0.6 Å

(1 Å¼ 10�10 m; all errors are given as standard deviations), Ly¼ 55.86 0.9

Å, and Lz ¼ 71 6 1 Å, where the x-y plane corresponds to the plane of the

interface and the z axis is parallel to the membrane normal.
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In the initial configuration, the synthetic amphipathic peptides were

arranged as a symmetric pentamer, separated by ;12 Å, and had their main

axis oriented perpendicularly to the membrane surface. The hydrophilic

residues of the helices were arranged facing the pore interior and the

hydrophobic ones facing the lipids. Specifically, residues Glu-3, Ser-6, Ser-

10, Val-17, Leu-20, and Gln-24 were initially (on average) exposed to the

pore lumen in agreement with mutagenesis, affinity labeling, and cysteine-

accessibility measurements on the heteropentameric receptor (Akabas et al.,

1994; Karlin, 2002; Opella et al., 1999). The pentameric bundle was then

inserted in a preassembled fully hydrated DMPC lipid bilayer containing

128 lipid molecules and a water to lipid ratio of 28:1. It has been shown

previously that at the same conditions, a smaller pure DMPC lipid bilayer

with a slightly reduced number of water molecules to match the hydration

used in structural experiments, gives properties, such as area per lipid,

interlamellar spacing, deuterium order parameter profiles, and average

orientation of headgroup dipole moments, in excellent agreement with ex-

periments (Bandyopadhyay et al., 2001; Saiz et al., 2004). Upon insertion,

overlapping water and lipid molecules close to the peptide bundle were

removed, giving rise to the empty cylinder occupied by the pore-forming

bundle structure. The interior of the pore was hydrated initially by a column

of water molecules. In the final system, the number of lipid molecules was

thus reduced from 128 to 94 with the same number of lipids in each

monolayer, and the number of water molecules reduced from 3584 to 3439

and further to 3434 after transforming five water molecules into counterions

to preserve electroneutrality.

Following standard procedures, the equilibration of the system consisted

of a short series of classical MD simulations at constant temperature (T ¼
303 K) and volume (NVT ensemble) to minimize the van der Waals

interactions between the different pieces of the constructed system. The

atoms of the peptides and water molecules inside the pore were fixed during

an additional 400 ps NVT simulation run to ensure that the lipid (and water)

molecules were able to rearrange properly around the cylindrical protein

inclusion. The system was then relaxed from the imposed constraints and the

simulation run for another 100 ps in the NVT ensemble. The equilibration

period was completed by anMD simulation of;2 ns at constant temperature

and pressure, P ¼ 1 atm (1 atm ¼ 101.3 kPa), (NPT ensemble). Classical

MD simulations were then performed at constant temperature, T ¼ 303 K,

and pressure, P ¼ 1 atm, for another 5 ns, completing a total of more than

7.5 ns. All the simulations were performed with the usual periodic boundary

conditions.

For the equilibrium simulations and the last stage of equilibration, we

used the Nosé-Hoover thermostat chain extended system isothermal-isobaric

dynamics method, as implemented in the program PINY_MD (Tuckerman

et al., 2000), with an orthorhombic simulation cell and a reversible multiple

time step algorithm (Tuckerman et al., 1992). After equilibration, different

properties were evaluated over the production run of 4.5 ns unless otherwise

stated.

The molecular and potential model used for the different components of

the biomembranes was the recent version of the all-atom CHARMM force

field (Feller and MacKerell, 2000; MacKerell et al., 1998; Schlenkrich et al.,

1996) and the rigid TIP3P model for water (Jorgensen et al., 1983). During

the simulations, all the motions involving hydrogen atoms were frozen. The

short-range forces were computed using a cutoff of ;10 Å, and the

minimum image convention and the long-range forces were properly (Patra

et al., 2003; Tobias, 2001) taken into account by means of the particle mesh

Ewald technique (Darden et al., 1993).

RESULTS AND DISCUSSION

Peptide structure

The early EM map at 9 Å resolution suggested that the M2

rods were kinked around the central Leu-251 (Leu-13 in the

sequence order used here) where the gate of the channel was

located and the loss of a-helicity was affecting both the open
and the closed conformations of the receptor (Unwin, 1993,

1995). This secondary structure contrasts with the NMR

experiments of the individual (isolated) dM2 and aM2

segments in membrane mimetic environment (Opella et al.,

1999; Pashkov et al., 1999) and the recent EM densities at

4 Å resolution where no kinks are present (Miyazawa et al.,

2003; Unwin, 2003). In the case of the synthetic dM2

peptides used in this study as the initial configuration, the

structure of the 10 lowest energy configurations determined

by solution NMR in dodecylphosphocholine micelles is

characterized by fully a-helical backbones whose structures
superimpose quite well, especially between residues Lys-4

and Gln-24 (Opella et al., 1999; Montal and Opella, 2002).

To get insights into the stability and structure of the

peptides and their secondary structure in the lipid bilayer

during the time scale of the simulations, we calculated the

standard F and C torsional angles of the peptide backbones

for the five M2 membrane spanning peptides on average and

as a function of time (Stryer, 1995). The Ramachandran plots

(data not shown) indicate that the values correspond mainly

to right-handed a-helices lying in the region of F ; �57�
and C ; �47�, except for the end residues at both N- and

C-terminus, which diverge from the a-helical conformation.

In Fig. 2, we show the average values of F (black) and C
(red) angles for the individual residues of each of the five

peptides. The backbone angles for the initial NMR

configuration are also included (solid symbols) for compar-

ison. The values for the F and C angles are approximately

uniform along the peptide, except for those residues outside

the 3–23 range. This confirms that the points lying outside

the right-handed a-helical region of the Ramachandran plot

correspond to residues located at the peptide ends. In addi-

tion, the region around Leu-13 does not show any deviation

from the standard values for a-helical secondary structure.

This was also confirmed when the hydrogen bonding (HB)

structure between N-H and C¼O pairs in n and n 6 4

FIGURE 2 Average values of F (black open symbols) and C (red open

symbols) peptide backbone angles for the five peptides as a function of the

position of the residues from Ser-2 to Gln-24. The error bars were calculated

for each M2 segment as the standard deviations (during the last 4.5 ns of the

simulations). The values for the initial NMR configuration [F (black solid

symbols) and C (red solid symbols)] used are also plotted.
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residues was evaluated. Visual inspection indicates that the

M2 segments can be slightly bent. Interestingly, it seems that

the values for the initial NMR configuration (solid symbols
in Fig. 2) heal during the simulation tending to be closer to

the expected values for a-helices.

Peptide transmembrane positioning

Our analyses show that ;21 of the 25 residues maintain the

a-helicity during the simulations. This can be understood

in terms of the position of the different residues along the

direction normal to the membrane (z) and lipid-water in-

terface.

A useful way to quantify the position along the bilayer

normal of the different membrane components is by

characterizing the density profiles normal to the bilayer

surface, which can be measured experimentally by neutron

and x-ray scattering. The electron density profiles (EDPs),

which can be computed for each atomic and/or molecular

species, are proportional to the density profiles obtained by

x-ray scattering experiments at lowangles (White andWiener,

1992). In Fig. 3, we plot the average EDPs as a function of z
obtained for the different molecular components of the

system, namely, water, lipid molecules, and peptides. Note

that the center of the membrane is located at z ¼ 0 Å, and

negative values of z correspond to the intracellular side of the
membrane. The peptides span the lipid bilayer, in particular

the hydrophobic length of the membrane, specified by the

region between the two glycerol distributions in Fig. 3 and

have their extremes located at the wide lipid-water interfaces.

The interfaces are characterized by the overlapping distribu-

tions of water and lipid molecules. At these two regions, lipid

headgroups (shown in Fig. 3 as the distributions of phosphate

and choline groups) and water molecules interact with each

other and with the peptide ends.

The average position along z of the different peptide

residues is shown in Fig. 4. The M2 peptides are capped at

both ends by polar and charged residues at positions along

the membrane normal that lie within each of the two

membrane interfaces, i.e., within and above the position of

the lipid glycerol groups. The results of our analysis indicate

that, at the membrane interface, competing interactions take

place, in contrast to what happens in the hydrophobic region

of the lipid bilayer where a-helical structures are energet-

ically more favorable. The backbone N-H and C¼O groups

of the end residues can form HBs with water, the oxygen

atoms of the lipid headgroups and interact with the choline

group (Figs. 3 and 4), which will compete with the backbone

N-H� � �O¼C HBs and thus will lead to a loss of backbone

secondary structure.

Fig. 4 evidences the presence of rings of amino acids one

contributed by each of the M2 peptides. In the natural re-

ceptor, the residues are not always identical, but the rings are

formed by homologous amino acids.

Bundle structure and pore shape

In the initial conformation, the transmembrane amphiphilic

peptides were oriented with their main axes parallel to the

bilayer normal and forming a pentamer with the residues

Glu-3, Ser-10, Val-17, Leu-20, and Gln-24 (hydrophilic side

of the helices) oriented toward the pore lumen (consistent

with self assembly concepts of amphipathic rods). The initial

pentamer was built so each segment was located at ;12 Å

from the center of mass of the bundle since the size of

a-helices is ;10 Å.

During the multinanosecond time scale investigated, the

peptide bundle adopted a left-handed coiled coil structure.

FIGURE 3 EDPs of the different molecular species (water, lipids, and

peptides) along the membrane normal (z). For the lipid molecules, the

contributions due to the phosphate (PH) and choline (CH) groups of the

headgroups and the glycerol (GLYC) backbone are also shown. Negative

z values correspond to the intracellular side of the membrane.

FIGURE 4 Average position of the Ca atoms of each residue with respect

to the center of mass of the bundle in the x-y plane as a function of the

average position of the amino acid along z (the membrane normal). Only the

residues closer to the channel axis are indicated. Negative z values

correspond to the intracellular side of the membrane. It is interesting to note

that only the residues facing the pore lumen located at the intracellular side

are hydrophilic (polar or charged), whereas the extracellular ones are

hydrophobic, except for the last residue Arg1 located at the extracellular

entrance or mouth of the channel.
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Each helix tilted with respect to the membrane normal

fluctuating during the first 3 ns and adopted afterward a

common average orientation of ;12�, which agrees well

with the NMR data (12�) at similar conditions (Opella et al.,

1999). The peptide bundle is stable during the period studied.

In Fig. 5, we plot the tilt angle of the five peptides with

respect to the membrane normal for the last 5 ns of the

simulation, and the value obtained from the NMR experi-

ments is included for comparison. After the first 500 ps

shown in Fig. 5, all the peptide orientations fluctuate around

the same mean value. During the equilibration period, the

initial distance between the peptides and the bundle center of

mass is reduced from 12 Å to ;10 Å (see Fig. 4, where the

average distance in the x-y plane of the membrane surface

with respect to the bundle center of mass is shown for each

residue) and the center of mass of near neighbor helices are

separated by ;11 Å. The initially parallel pentameric

system, in addition to the tilt, develops a left-handed twist

adopting the coiled-coil-like structure (Fig. 1) to preserve the

hydrophilic interface at the pore lumen. Due to the

amphiphilic character of the M2 segments, the hydrophilic

residues Glu-3, Ser-6, and Ser-10 maintain their orientation

facing the interior of the pore during the simulation as

evidenced in Fig. 4. These characteristics, which naturally

arise in these simulations, are in excellent agreement with the

model proposed by Montal and co-workers (Opella et al.,

1999).

In our conformation, the dipole moments of the peptides

created by the aligned backbone dipoles typical of a-helical
structures are aligned (as in the natural receptor) and thus

a considerable dipole moment for the bundle is expected.

The total dipole moment of the peptide bundle (data not

shown) is basically the component along the membrane

normal z. The initial departure from the 12� observed in the

NMR experiments for the helix orientation leads to larger

projection components of the total dipole moment in the

membrane plane (x and y), which are reduced for the last 4.5

ns of the simulation. During these periods, the z component

increases in absolute value and reaches ;�350 Debyes for

the last 4.5 ns. It is worth noting that this value is equivalent

to having for each peptide a charge of ;60.5 e, where e is
the absolute value of the electron unit of charge, separated by

;30 Å, and, in the natural channel, the dipole moment of the

M2 segments is compensated by the dipoles of the rest of the

transmembrane segments (M1, M3, and M4) in each subunit.

The observed evolution indicates that the structure of the

bundle is still evolving toward an equilibrium configuration

that is finally reached after ;3.5 ns (i.e., for the last 4.5 ns)

and, thus, helix orientation and the components of the total

dipole moment of the bundle are very useful to monitor the

stabilization of peptide bundles.

The tertiary structure of the bundle leads to a water-filled

cavity and the pore interior built by rings of equal amino

acids. These rings can be modulated by fluctuations and

a loss of symmetry. Importantly, our results indicate that of

those residues closer to the center of the bundle, and thus of

those residues forming the pore walls, only one-half of them

are hydrophilic. In particular, the channel is hydrophilic at

the intracellular side (Fig. 4). The intracellular mouth is

formed by the ring of negatively charged Glu-3 residues.

Two polar serine rings (Ser-6 and Ser-10) provide a

hydrophilic pore interior until the center of the bilayer is

reached. The rest (extracellular half) is constituted only by

hydrophobic residues (rings of Leu-13-Ala-14, Val-17, and

Leu-21) spanning more than 10 Å. The extracellular mouth

contains the final charged ring constituted by the arginine

residue (Arg-25). Considering that the channel in the open

conformation (consistent with our structure and orientation)

would require the presence of water to be functional, the fact

that one-half of the pore is hydrophobic would lead indeed to

interesting transport phenomena.

Water and ion transport is determined not only by the

structure and composition of the amino acid rings but also by

the fluctuations of the helices. We have explored the

dynamics of the bundle by calculating its inertia tensor.

The inertia tensor has two similar large components in the

plane of the membrane and a small component correspond-

ing to the direction of the membrane normal as expected for

bundles of cylindrical shape. Fluctuations of all the com-

ponents take place during the time scale of the simulation. Of

particular interest are the fluctuations of the two larger

components which correspond to movements of the bundle

in the plane of the membrane, which can be associated with

breathing motions of the bundle. In Fig. 6, we plot the

evolution of the inertia tensor components along the

principal axes as a function of time for a 1 ns time window.

These collective oscillations on the order of 200–300 ps were

also observed in peptide bundles in membrane mimetic

environment by MD simulations (Zhong et al., 1998).

To complement this picture and get an idea of the shape of

the channel (the interior of the pore), we show in Fig. 7

the EDPs for water molecules in an appropriate scale. The
FIGURE 5 Orientation of the five M2 peptides with respect to the bilayer

normal as a function of time for the last 5 ns of the simulation.
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water-filled bundle displays a funnel-like architecture with

the narrow region located at the C-terminus (synaptic/

extracellular) in agreement with the proposed model based

on NMR experiments and energetic considerations (Opella

et al., 1999). The average density of water molecules inside

the channel during the last 4.5 ns depicted in Fig. 7 suggests

this funnel shape for the region �7 Å # z # 7 Å, where the

contribution to the electron density from water molecules

outside the channel is not important as suggested by the

comparison of the water EDPs for the pure lipid bilayer and

that containing the pore-forming peptides. This average

shape of the water-filled bundle (wide at the intracellular half

and narrow at the extracellular half) is consistent with the

hydrophilic (hydrophobic) interior associated with intracel-

lular (extracellular) side.

Water in the pore and charged rings at the
channel mouths

We have followed the evolution of the water molecules to

have an instantaneous picture of the hydration of the pore. In

Fig. 8, we show the position of the water molecules inside

the simulation cell as a function of time for four specific

instances, namely, 2.5 ns, 4.5 ns, 5.5 ns, and 7 ns. After a few

nanoseconds, the column of water molecules of the initially

fully hydrated interior of the bundle becomes thinner at the

extracellular half until it is formed by basically a single file of

water molecules that finally breaks after ;5.5 ns and leaves

the channel upper interior dehydrated (Fig. 8, right panels).
From 2.5 ns to 5.5 ns, the number of water molecules inside

the channel decreases from ;60 water molecules to 30.

During the whole simulation period, the half of the channel

corresponding to the N-terminus (intracellular) contains

water.

On the one hand, this partial dehydration is caused by the

positively charged ring of arginine residues located at

the extracellular mouth of the channel, which interact with

the negatively charged (deprotonated) C-terminus of the

neighboring helices. The formation of intermolecular

Arg1� � �COO� salt-bridges, which contributes significantly

to the stabilization of peptide-peptide interactions in the

bundle, blocks eventually the extracellular mouth due to their

bulky hydrocarbon chains. On the other hand, since the

extracellular half of the channel interior is lined by rings of

hydrophobic residues (from Leu-13–Ala-14 to Leu-21) for

more than 10 Å and the Leu-13 residues are oriented toward

the interior of the pore in the simulations, the blocking of the

channel by Arg-25 is accompanied by the dehydration of this

region.

Perfect symmetry of the pentameric bundle would imply

an intermolecular structure with formation of salt-bridges of

the Arg1� � �COO� type between each peptide and its near

neighbors. Peptide bundles with an even number of M2

segments have more possible states. In the case of

a tetrameric bundle, for instance, two states are possible:

one with associated dimers and the other with a coiled coil

tetrameric structure. Indeed, MD simulations of a synthetic

ion-channel have reported a transition between a dimer-of-

dimers and a tetrameric structure for a four helix bundle in

the nanosecond time scale (Zhong et al., 1998). In our

pentameric bundle, perfect symmetry may result in the

FIGURE 6 Evolution of the components of the inertia tensor, I(t), of the

five-helix bundle projected along the principal axes. Units are m 3 Å2,

where m is the unit of atomic mass.

FIGURE 7 EDPs of water molecules along the membrane normal (solid

lines and symbols; denoted by 5M2 DMPC). The results obtained for a pure

DMPC lipid bilayer at similar conditions (Saiz et al., 2004) are included for

comparison (dashed lines; denoted by pure DMPC).
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unblocking of the extracellular mouth of the channel.

However, due to the loss of secondary structure at the ends

of the peptides, there is an increased mobility of the

C-termini at the extracellular side of the bundle. This leads

to the formation of a salt-bridge of the Arg1� � �COO� type

between one peptide and one of its next near neighbor. The

hydrocarbon chain of the arginine residue is thus bridging

the two peptide ends and blocking the channel. The other

next near neighbor arginine amino acid does not form a salt-

bridge, and the chain remains trapped below in the pore. This

loss of perfect symmetry for the pentameric bundle is

consistent with the experimental data on the channel activity

of this system, where Opella and co-workers (1999) ob-

served heterogeneous conductances and lifetimes, suggest-

ing a number of different oligomerization states of the M2

peptides. Gating of water pores mediated by salt-bridges has

also been observed in other membrane proteins, such as

OmpA (Bond et al., 2002) and the glutamate receptor

(Arinaminpathy et al., 2003). The salt-bridges could be

slightly affected by the particular force-field used. In ad-

dition, hydration has been suggested as a possible key factor

for molecular recognition of protein-DNA complexes. There,

Arg1 interactswith the phosphate group of theDNAmolecule

(a situation similar to our case) and ab initio calculations

suggested that hydration is accompanied by significant

polarization effects (Frigyes et al., 2001), which are only

considered in an effective way in the used CHARMM

force-field (MacKerell et al., 1998).

Recent studies of water conduction through the hydropho-

bic channel of a nanotube (Hummer et al., 2001) or other

nanometer-sized cylindrical channels (Allen et al., 2002) have

observed intermittent water transport tunned by changes in

local channel polarity. Nanosecond fluctuations of water

density in short hydrophobic pores of varying radii was also

reportedwithwater flowoccurring in bursts aswell (Beckstein

and Sansom, 2003). More importantly, when a hydrophobic

nanopore impermeable to water under equilibrium conditions

was placed connecting two reservoirs with different Na1

concentrations, the strong electric field created drives water

molecules into the channel. Cation passages through the pore

reduced the electric field, until the pore empties of water and

closes (Dzubiella et al., 2004). These studies in simplemodels

indicate that even if the channel were not blocked at the

extracellular mouth by the intermolecular salt-bridges, the

hydrophobic half of the channel may be dehydrated and thus

effectively closed, at least for transient periods if the pore

dimensions and local channel polarity are consistent with the

intermittent water transport.

The results of our analyses indicate that the simulated

structure corresponds to a closed state of the pore forming

peptides. However, experimental measurements show chan-

nel activity of the associated M2 helices in DMPC lipid

bilayers. There are two possibilities for the channel to be

open. On the one hand, there could be an equilibrium

between a structure of the M2 oligomers where the Arg1

residues interact with the COO� terminus via salt-bridges,

which would correspond mostly to a closed state of the

channel model as seen from our simulations, and another

situation where Arg1 residues (and the COO� groups) are

fully solvated by water molecules and thus the extracellular

mouth is free, which would possibly correspond to an open

structure of the M2 oligomers. Interestingly, this situation

would be closer to the native channel, since the different

segments M1–M4 are covalently linked and, thus, the Arg1

residues are not at the free ends of the helices. On the other

hand, one should notice that the single-channel currents were

recorded under voltage clamp conditions for symmetric salt

concentrations. Therefore, there is an electric field acting on

the lipid bilayer and, thus, on the Arg1 residues, which could

orient the charges at the end of the long (and thus mobile)

Arg1 and open the channel (Bezanilla and Perozo, 2002).

The location of the Arg1 residues at the mouth of the channel

is ideal for the charges to be oriented by the electric field.

Indeed, Lys1 and Arg1 amino acids are usually associated

with voltage sensors (Bass et al., 2002; Jiang et al., 2003a,b).

Simulations of the peptide bundle under an electric field

could be carried out to confirm this as a possible mechanism

for opening of the channel. In addition, the presence of the

electric field could drive water inside the hydrophobic

(extracellular) half of the channel as observed in model

systems with the electric field driving the system from a dry

to a hydrated pore (Dzubiella et al., 2004).

Concerning ion charge selectivity, some insights can be

obtained from the analysis of the Cl� counterion density

FIGURE 8 Evolution of the water

molecules inside the unit cell as

a function of time. The snapshots cor-

respond to (from left to right) 2.5 ns,

4.5 ns, 5.5 ns, and 7 ns. The atoms of

the water molecules are represented as

white (hydrogen) and red (oxygen)

spheres with radii corresponding to

the atomic van der Waals radii of the

different species. The M2 helices are

shown as sticks. The N-terminus (in-

tracellular) is located at the bottom of

the bundles.
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distribution. In our previous study, we explored the effects

of the peptide bundle on the properties of the phospholipid

bilayer. In particular, we observed a shift of the average

orientation of the lipid headgroup dipole moments from 70�
for the pure lipid bilayer to 60� with respect to the membrane

normal (Saiz et al., 2004). This trend could be understood

because, after incorporating the peptide bundle, the in-

tracellular side of the membrane has a net positive charge

evident in the charge density profiles (data not shown).

Therefore, the positively charged choline groups tend to be

expelled from the lipid-water interface decreasing in this way

the average dipole orientation angle with respect to the

membrane normal. The net positive charge of the intracellular

side of the membrane causes an effective attraction of the

chloride counterions for this interface. This is evident in the

EDP of the Cl ions, which displays a maximum at ;�26 Å,

close to the lipid headgroup choline group density (Fig. 9). A

shoulder in the Cl� EDP distribution is apparent at the

(neutral) extracellular side at a similar position but slightly

shifted away from the interface. The density distribution of Cl

ions at the extracellular surface is in good agreement with that

observed in neutral phosphatidylcholine lipid bilayers with

NaCl salts, where Cl ions interacted with the choline groups

but mostly conserved their hydration water (Pandit et al.,

2003). In this system, the role of the negatively charged ring of

Glu-3 residues at the extracellular mouth of the channel seems

to be crucial for charge selectivity of the channel since the Cl�

ions are most probably located close to that membrane

surface. Interestingly, the COO� groups of the glutamic acid

residues are mostly oriented in the direction of the membrane

normal pointing toward the exterior of the pore (Fig. 9, bottom
panel). In this orientation, they are ready to prevent Cl� ion

penetration into the channel, controlling the charge selectivity

of the channel observed in the experiments (Opella et al.,

1999).

CONCLUSIONS

We have explored the structure and properties of a pore

forming homopentameric peptide bundle of synthetic dM2

segments in a DMPC phospholipid bilayer by MD sim-

ulations. The amphipathic dM2 peptides were designed by

Montal and co-workers (Opella et al., 1999) as a minimal-

istic model for the pore region (with five-fold symmetry) of

the nAChR ion-channel, which is the neurotransmitter-gated

ion-channel responsible for the fast propagation of electrical

signals between cells at the nerve-muscle synapse and the

brain (Hille, 1992). Indeed, the peptides were shown to

oligomerize in lipid bilayers forming functional pores with

characteristics similar to those of the natural receptor, and the

structure of the isolated peptides was studied by solid-state

and solution NMR experiments in membrane mimetic

environments (Opella et al., 1999). The results of our

analyses show that the peptide bundle is stable for the

multinanosecond time scale investigated. The secondary

structure of the peptides remains mostly a-helical except for
those residues at the end of the segments, which are located

at the lipid-water interface. During the early stages of the

simulations, the peptides deviate from the initial orientation

parallel to the membrane normal, and the average tilt angle of

12� is in excellent agreement with the NMR experiments in

DMPC lipid bilayers. In addition to the tilt, the oligomerized

peptides develop a left-handed twist adopting a coiled-coil-

like structure to preserve the hydrophilic interface at the pore

lumen.

We have shown that this tertiary structure results in a pore

formed by rings of functional residues. Rings of hydrophilic

residues (Glu-3, Ser-6, and Ser-10) maintain their orientation

toward the bundle center and face the interior of the pore at

the intracellular (cytoplasmic) side of the channel. The rest of

the pore interior is constituted by three rings of hydrophobic

residues (Leu-13–Ala-14, Val-17, and Leu-21) and a charged

ring of Arg1-25 at the extracellular (synaptic) mouth of the

channel.

FIGURE 9 (Top) EDPs of counterions (augmented by a factor of 50)

showing the tendency of the Cl� atoms to remain closer to one of the

membrane interfaces, the positively charged intracellular side. The negative

z values correspond to the intracellular leaflet. The EDP corresponding to the

peptides, the phosphate (PH) and choline (CH) groups of the lipid

headgroups, and the glycerol (GL) backbone of the lipid molecules are

included for clarity. (Bottom) Peptide bundle shown with the residues as

sticks and the backbones as purplish ribbons. The ring of Glu-3 residues

located at the intracellular side is highlighted by displaying the residues as

thick sticks and the COO� group as spheres in gray (C atom) and red (O

atoms). The orientation of the peptide bundle is appropriate to the scale

shown in the top panel. Note that the COO� groups of the Glu-3 residues are

oriented pointing toward the water phase.
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The in-plane collective fluctuations of the components

along the principal axis of the inertia tensor of the bundle,

which represent breathing modes of the bundle, have been

observed and are expected to be important for water and ion

conduction through the rings of amino acids. The initially

hydrated interior of the channel becomes dehydrated at the

extracellular half due to the presence of the hydrophobic

rings, and the pore is effectively closed at the extracellular

channel mouth. At this mouth, interhelical salt-bridges of

Arg1 with the deprotonated COO� terminus stabilize the

peptide bundle. The lack of perfect five-fold symmetry of

these interactions, which is consistent with the observed he-

terogeneous conductances and lifetimes of the channels in-

dicating a number of different oligomerization states, leads

to the effective closing of the channel by the bulky hy-

drocarbon chains of Arg1 residues.

The conformational transition between open and closed

states of the channels may be understood in terms of the

experimental conditions of the channel conductance meas-

urements. These were performed under voltage clamp

conditions for symmetric salt concentrations. Therefore,

there was an electric field acting on lipid bilayer, and thus on

the Arg1 residues, which could orient the charges at the end

of the long (and thus mobile) Arg1 and open the channel

(Bezanilla and Perozo, 2002). Indeed, Lys1 and Arg1 amino

acids are usually associated with voltage sensors (Bass et al.,

2002; Jiang et al., 2003b). Simulations of the peptide bundle

under an electric field could be carried out to confirm this as

a possible mechanism for opening of the channel. In addition,

the presence of the electric field could drive water inside the

hydrophobic (extracellular) half of the channel as observed

in model systems (Dzubiella et al., 2004).

Interestingly, the use of Cl� counterions for charge

neutralization permitted us to study their behavior close to

the neutral (extracellular) and the positively charged (in-

tracellular) membrane surfaces. The role of the negatively

charged Glu�-3 ring located at the intracellular mouth of the

channel is thus crucial in this system for ion charge

selectivity since the Cl� atoms are on average more attracted

to the positively charged intracellular side.

It is still not clear whether the M2 helices of the natural

nAChR are kinked in the open state of the channel since

a high-resolution structure is still lacking (Unwin, 2003).

Even though the M2 segments remain a-helical during the

time scale of our simulations, one cannot rule out that

a kinked conformation could be developed under tension

(caused by the conformational change in the protein

complex upon binding of ACh). Recently, a similar

mechanism has been proposed for the K1 ion-channels

(Jiang et al., 2002a). The pore helices, which are straight in

the apparently relaxed closed state of the pore, can bend in

the open conformation, causing the bundle to splay open.

However, usually, proline residues have a prominent role in

creating kinked structures in transmembrane peptides

(Sansom and Weinstein, 2000).

The results of our analysis confirm the importance of

studying minimalistic protein models to get insights into

structure-function relationships in large protein complexes,

such as the nAChR ion-channel. Further computational

studies will follow to include the rest of the transmembrane

domain of the nAChR protein complex constituted by 20

a-helical TM segments, i.e., four (M1–M4) for each of the

five (a2bgd) subunits (Miyazawa et al., 2003), and possibly

the extracellular ligand-binding domain of the receptor in the

different states of the channel as the corresponding structures

are made available from experiments.

This work has been supported by the National Institutes of Health. Com-

puter facilities were provided by the National Center for Supercomputing

Applications. Figs. 1 and 9 (bottom) were drawn using VMD (Humphrey

et al., 1996).
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