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Water-mediated conformational transitions in nicotinic receptor M2 helix
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Abstract The ion channel of the nicotinic acetylcholine receptor
is a water-filled pore formed by five M2 helix segments, one from
each subunit. Molecular dynamics simulations on bundles of five
M2a7 helices surrounding a central column of water and with
caps of water molecules at either end of the pore have been used
to explore the effects of intrapore water on helix packing. Inter-
actions of water molecules with the N-terminal polar sidechains
lead to a conformational transition from right- to left-handed
supercoils during these simulations. These studies reveal that the
pore formed by the bundle of M2 helices is flexible. A structural
role is proposed for water molecules in determining the geometry
of bundles of isolated pore-forming helices.
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dynamics; Sidechain interactions: Helix bundle geometry

1. Introduction

The nicotinic acetylcholine receptor (nAChR) is a postsynap-
tic, integral membrane protein. It contains a cation-selective
water-filled ion channel {1,2] and is the best-characterized mem-
ber of the superfamily of neurotransmitter-gated ion channels
[3]. Photolabeling experiments using open channel blockers
[4,5] and site-directed mutagenesis studies [6-8] implicate the
transmembrane segment M2 in forming the lining of the chan-
nel. Furthermore synthetic peptides corresponding to the M2
sequence form transbilayer a-helices which self-assemble in
lipid bilayers to form cation channels whose properties resem-
ble those of the parent channel protein [9]. Electron diffraction
studies of the open [10] and closed [11] states of nAChR at 9A
resolution, reveal that five M2 helices. one from each subunit.
form an approximately parallel bundle surrounding a central
pore [12]. In the open state of nAChR, the pore is shaped by
a ‘barrel’ of a-helices having a pronounced right-handed twist.
In the closed state, the M2 helices twisted around each other
in a left-handed fashion. Comparison of open and closed states
has led to the suggestion that the transition between these two
modes of packing may form the structural basis of channel
gating [13]. In the absence of atomic resolution structural data
for nAChR, the forces stabilizing the open and closed states
and the mechanism of pore opening must be elucidated by less
direct structural approaches. Recently. we have carried out
modelling studies on pentameric helix bundles of chick M2x7
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in order to investigate the packing interactions within these
bundies [14]. The results of the studies revealed the influence
of inter-helix hydrogen bonding on helix bundle geometry.

Unlike bacteriorhodopsin, in which water molecules are be-
lieved to play an important role in its function [15-17], the
significance of solvent molecules in nAChRs and in channels
formed by synthetic M2 peptides has not been fully explored.
In the present paper, we have extended our earlier studies by
performing molecular dynamics (MD) simulations on M2 helix
bundles solvated within and at the two mouths of the pore with
TIP3P waters. Helix bundies with both right- and left-handed
coiled coils were considered as the starting points for these MD
simulations. The effects of solvent-mediated interactions on
changes in helix packing during the course of these simulations
are analyzed.

2. Materials and methods

2.1. Computational details

Model building, energy minimization and molecular dynamics (MD)
simulations were carried out using XPLOR V3.1 [18] with the
CHARMm PARAMI9 parameter set [19]. Only those hydrogen atoms
attached to the polar groups were represented explicitly; apolar groups
were represented using extended atoms. The water model employed to
solvate the bundles was the TIP3P three-site model [20] with partial
charges ¢, = ~0.834 and g, = +0.417, modified as in the PARAMI19
parameter set of CHARMm so as to allow the internal flexibility of
water molecules. All calculations were performed on DEC 3000 400
computers. Display and examination of bundles were carried out using
QUANTA V4.0 (Molecular Simulations) installed on Silicon Graphics
R3000 workstations. Diagrams of the structures were drawn using
MOLSCRIPT [21].

2.2, Initial structures for MD simulations

Chicken a7 acetylcholine receptors form homopentameric assemblies
[22,23]. Simulated annealing via restrained molecular dynamics (SA/
MD) was used to generate ensembles of pentameric M2a7 helix bun-
dles. Initial structures for solvation and MD simulations were selected
from these ensembles. SA/MD has been used to study single transmem-
brane (TM) helices [24,25], simple TM helix bundles {26.27] and M2
helix bundles [12,14]. The initial helix bundle models employed in the
current MD simulations have been described in a previous paper [14]
to which the reader is referred for further details.

The sequence of M2a7 is:

EKISLGITVLLSLTVFMLLVAE
1 4 8’ 12~

The numbers below the sequence correspond to the channel-lining
sidechains shown in bold type and define the numbering scheme used
throughout the paper, in which the glutamate residue of the cytoplasmic
intermediare ring [23] of M2a7 is numbered 1’. The N-termini and
C-termini were blocked with an acetyl group and an amide group,
respectively, in order to mimic the effect of preceding and succeeding
peptide bonds.

On the basis of the sensitivity of open channel block by the local
anaesthetic derivative QX-222 to mutations in the sequence of M2, it
has been proposed that the QX-222 binds midway down the channel
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formed by the M2 helices [28]. Model building studies on models of M2
helix bundles, differing in their helix tiit angle (see below) and in the
exact orientation relative to the centre of the pore of their pore-lining
sidechains, have demonstrated that the individual helices have to be
tilted by at least 3° away from the pore axis in order for QX-222 to be
able to enter the pore from the C-terminal mouth {29.30). Models in
which the M2 helices were ot tilted away from the pore axis exhibited
a large steric barrier to QX-222 entrance into the pore at the C-terminal
mouth. The model in which M2 helices were tilted away from the pore
axis by 6° borh allowed QX-222 to bind within the pore and enabled
large organic cations which have been demonstrated electrophysiologi-
cally to permeate the nAChR channel (e.g. trimethylamine; isobutylam-
ine [31]) to pass through the model pore. Our earlier studies on packing
interactions of M2 helix bundles revealed the influence of inter-helix
interactions (by residues El’, K2 and S4’ residues) on the overall
bundle geometry [14]. In the present study, two types of models are
considered which differ in their angle of tilt: 3° in Type I; and 6° in Type
I1. In both the models, the polar residues facing the pore (4°, 8 and 12')
are oriented such that the N-terminal E1” and K2’ residues of the ith
helix participate in inter-helix interaction with S4’ residue of the / + /th
helix. For both models the tilted helices retain significant van der Waals
interactions with one another.

The geometry of helix packing within SA/MD-generated helix bun-
dles is described by the average crossing angle (€2: described by Chothia
et al. [32]) between adjacent helices. This parameter can be directly
related to the handedness of a coiled coil, with a positive value of @
corresponding to a left-handed coiled coil. Average £2 values for Type
I and Type II ensembles are +8.5° (£2.9) and —9.6° (£ 7.4) respec-
tively. One M2a7 helix bundle was selected from each ensemble for
solvation and further MD simulation studies. These two structures were
selected so that their crossing angles were close to the average €2 of their
respective SA/MD ensembles. Thus £ = +8.4° for the selected Type |
bundle and £ = —10.1° for the selected Type Il bundle were used as
the starting structures for the MD simulations.

2.3. Solvation and MD simulation

The lumen of and the two mouths of the pore were solvated using
pre-equilibrated TIP3P water molecules. Water molecules in close con-
tact (<1 A) with the peptide atoms were removed. The resultant
solvated structures were energy minimized using the conjugate gradient
method until the norm of the gradient of total energy was less than (.01.

The minimized structures were the starting points for MD simula-
tions. The protocol followed for the simulation is essentially same as
described in [24]. The systems were heated gradually from 0 to 300 K
in steps of 50 K and at each stage of heating 0.5 ps of dynamics was
run. Velocities were rescaled every 0.1 ps during heating and every
1 ps during the equilibration period (22 ps). At the end of equilibration.
a further 100 ps simulation was performed, with the systems maintained
at a constant temperature of 300 K by coupling to a temperature bath.
A constant dielectric (& = 1) was applied with a cut-off of 9.5 A for
non-bonded interactions. A time step of 0.001 ps was used and interme-
diate structures were saved every 0.1 ps to yield trajectories for subse-
quent analysis.

Table |
Target distances of inter-helix restraints

Restraint' Target distance A
Type 1 Type [1
H, (Co: 2-8) to H,,, (Ca: 2-8) 95 95
H, (Ca: 9-15) to H,., {Ca: 9-15) 10.4 11.8
H, (Ca: 16-22) to Hi,, (Ca: 16-22) 11.3 13.9
H, (Ca: 2-8) to H,., (Ca: 2-8) 15.2 15.2
H, (Ca: 9-15) to H,- (Ca: 9-15) 16.8 19.0
H, (Ca: 16-22) to H,» (Ca: 16-22) 18.3 22.5

“Interhelix restraints maintain the tlt of the helices relative to the
central pore axis [14] whilst allowing some movement of the helices
relative to one another. A restraint H; to H;,, is between neighbouring
helices, whereas a restraint H, to H,.. acts between next nearest neigh-
bours.

Average crossing angle (degrees)

Q 20 40 60 80 100

Time {ps)

Fig. 1. MD trajectories of the average crossing angle for Type I and
Type 11 M2a7 bundles. The points from which the structures are se-
lected for minimization are indicated along the MD trajectory of Type
I1 bundle.

2.4. Distance restraints

Intra- and inter-helix distance restraints [14,26] were imposed during
SA/MD. minimization and MD simulations. Both classes of restraints
arc implemented using a biharmonic function. Intra-helix restraints
were used to maintain an a-helical geometry and so acted between the
carbonyl O of residue / and amide H of residue i + 4. Inter-helix re-
straints were employed in order to mimic the effect of surrounding
protein and/or lipids within the intact channel protein of peptide helix
bundle. They act between pairs of virtual atoms defined as the geomet-
ric centres of two groups of Ca atoms. The inter-helix restraints em-
ployed for Type I and Type 1 bundles are defined in Table 1. Note that
in Table 1: (a) H(Ca:2-8) implies the geometric centre of Ca atoms of
residues 2 to 8 of helix 7; and (b) the pattern of restraints is cyclic, i.e.
for a pentameric helix bundle, H; to H;., implies restraints linking helix
l1to2,2t03,3to4, 4to5andS5to]l. Thus, for Type I bundles the
helices are restrained so that the helix axis to z-axis distance is ca. 9.4
A at the N-terminal mouth and ca. 11.0 A at the C-terminal mouth; for
Type 11 bundles the corresponding distances are 9.4 Aand 125 A. No
restraints were applied to the water molecules.

3. Results

Molecular Dynamics simulations were carried out for both
Type 1 and Type II bundles as described in section 2. At the
end of the simulations, there were 1000 MD simulated struc-
tures for each of the Type 1 and Type II models. Bundle geom-
etry, energy components and solvent interactions are analyzed
in detail for the MD simulated Type I and Type 1I structures.

3.1. Geometric and energetic properties

Helix crossing angles were calculated for adjacent pairs of
helices and the average €2 was calculated for each bundle. MD
trajectories of average crossing angle for both Type I and Type
11 bundles are shown in Fig. 1. It is striking that while the Type
1 bundle remained as a left-handed coiled coil (positive £2)
throughout the simulation, the Type II bundle underwent a
transition from a right-handed (negative £2) to left-handed (pos-
itive £2) coiled coil. The Type 11 bundle remained in a right-
handed coiled coil conformation only for a brief period ie about
10 ps at the beginning of the simulation. At =10 ps, a transition
occurred. For the next 40 ps or so, the average €2 was below
+5° Al =65 ps, the @ value started increasing further and at
the end of the simulation, it stabilized around +9°. In contrast,
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Fig. 2. MD trajectories of energy components due to (A) bundle- water
interactions (Egy,) (B) water-water interactions ( Ey.,) and (C) the bun-
dle alone (Ey) for the Type IT model.

the average £2 was around + 10° for the Type 1 bundle through-
out the simulation (Fig. 1).

In order to investigate whether the transition during the MD
simulation of Type II bundle is energetically driven. we ana-
lyzed various components of energies of the solvated bundles.
The total energy (Eqqr) of the systems remained approximately
constant throughout the simulation for both Type I and Type
II bundles. Ergr can be split into the potential energy of the
isolated bundle (£p) and the potential energies of bundle-water
interactions (Egy,) and of water-water interactions (Eyy). Thus
Eror = Eg + Egy, + Eyw. MD trajectories of Eg. Eqw. Eyy for
the Type II model are shown in Fig. 2. It is evident that there
is a correlation between these energy components and the tran-

sition from right- to left-handed coiled coils in the Type II
model (Fig. 1). Ey and Eyw increased abruptly after 20 ps and
the value of Ey,, decreased correspondingly coincident with the
switch from a right-handed to a left-handed coiled coil. Thus
it appears that the switch in handedness results from strength-
ening of bundle-water interactions. We further analyzed this
transition in order to discover which region of the helices con-
tributed to these strengthened interactions with water mole-
cules.

Our previous studies [14] have identified the inter-helix hy-
drogen bonds formed between sidechains E1”, K2 of ith helix
with S4” of i + Ith helix as important factors influencing the
geometry of M2a7 helix bundles. The current simulations sug-
gest that the conformational transition from a right-handed to
a left-handed coiled coil may result from interaction of water
with these sidechains. To establish this we analyzed two energy
components: (a) the interaction energy between the N-terminal
polar sidechains El’, K2" and S4’ (Eg); and (b) interaction
energy between these N-terminal sidechains and water mole-
cules (Egy). MD trajectories of Egy and Egg are shown in Fig.
3. There is indeed a direct correlation between the interaction
energies of these residues with water molecules and the helix
bundle geometry. These results provide clear evidence for a
water-driven conformational transition. Interaction energies of
water molecules with other channel-lining polar residues T8’
and S12” did not show any significant variation during the

A
-900
E ~1100
g
=
(7]
J
~1300
-1500 = -
0 20 40 60 80 100
Time (ps)
B
-150
-200
£
]
é -250
7]
7]
W 300
-350
-400 . A
[} 20 40 60 80 100

Time (ps)

Fig. 3. MD trajectories of energy components due to (A) interactions
between water and N-terminal polar (E1’, K2’ and S4") sidechains (Egy)
and (B) interactions between N-terminal sidechains (Eg) for the Type
I1 bundle.
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simulation and did not correlate with changes in bundle geom-
etry. These studies therefore suggest that the N-terminal polar
residues may play a significant role in determining the helix
bundle structure, at least in pores formed by synthetic M2
peptides [2]. However, it should be noted that in the intact
nAChR, the other (as yet unidentified) transmembrane seg-
ments and a large N-terminal domain may well exert a greater
influence in determining the M2 helix bundle geometry.

3.2. Minimization of MD simulated Type II bundies

In order to determine the relative stabilities of right- and
left-handed helix bundles, we selected three structures from the
Type 11 MD simulation, namely: structures /I-4 (§2 = —4.4°).
II-B (22 = +0.8°) and II-C (£2 = +9.5°) corresponding to a left-
handed supercoil, no supercoiling and to a right-handed super-
coil, respectively. These structures were respectively generated
after 4.6 ps, 9.2 ps and 100 ps during the simulation (Fig. 1).
These selected structures were energy minimized until the norm
of the gradient of the total energy was less than 0.01.

Average crossing angles of these minimized structures re-
mained close to those of their parent structures from the MD
trajectory (—3.0° for II-4, +0.9° for II-B and +9.9° for II-C).
The radius of the pore through these M2 helix bundles was
determined using the program HOLE [33]. The resultant pore
radius profiles (Fig. 4) indicate that the changes in the packing
within the helix bundles did not significantly alter the overall
radius profiles of the pore. The narrowest region of the pore
is at the N-termini of the helices, where the radius falls to about
2.5 A. This constriction is formed by the sidechains of residues
E1’, S4’, L5’ and T8’ in all three structures. This radius is such
that partial dehydration of Na* and K* ions would be required
in order for them to pass through the pore.

Analysis of energy components shows that the differences in
total energies between these three M2a7 helix bundles ({/-4.
1I-B and II-C) are not significant (Table 2). The interaction
energy between the water molecules (Eyy,) dominate the total
energy (Eroy) in all the minimized structures. The result that
right- and left-handed M2a7 supercoils are energetically equiv-
alent may be true only in helix bundles surrounding an aqueous
pore. The minimized structures of /I-4 and II-C, representing
right- and left-handed coiled coils, are shown in Fig. 5. Again.
comparison of various energy components between the mini-
mized structures reveals that the differences are mainly due to

Table 2

Energetics of minimized Type I bundles®

Energy components 1I-4 II-B 11-C
(kcal/mol)

Eror ~ 17069 — 17085 ~ 17051
Es —4014 —4047 —13935
Egw - 2881 - 2817 - 2926
Eyw -10174 —10221 - 10131
£qs -416 —435 -344
Eqw ~1182 ~1118 - 1292

The energy components are: (a) £y, the overall potential energy of

the solvated bundle; (b) Ej, the energy of the isolated (i.e. desolvated)
bundle; (c) Egw. the bundle/water interaction energy; (d) Eww. the
water/water interaction energy; (e) Eg. the interaction energy of the
N-terminal polar sidechains (E1’. K2 and S4°) with one another: and
(f) Esw, the interaction energy of the N-terminal polar sidechains with
water.

pore radius (A}

2 (A)

Fig. 4. Pore radius profiles of bundles /-4, II-B and II-C. The N-
termini of the helices are at z~0 A and their C-termini are at z= +35 A.

different pattern of interactions between water molecules and
the N-terminal polar sidechains. The values of energy compo-
nent Egy reveal that water molecules participate in multiple
hydrogen bonds with the N-terminal polar residues, as may be
seen in Fig. SE.F.

4. Discussion

4.1. M2 helix bundle models and ion channels

To what extent do the M2a7 helix bundle models used in the
MD simulations described in this paper resemble genuine ion
channels? Cryo-electron microscopy studies on open [10] and
on closed [11] nAChR show that the M2 helices within the
intact protein are kinked near the central leucine (L11") residue.
In contrast, on the basis of the MD simulations described
above, and those in previous papers [12,14,24] it appears that
isolated M2 helices and helices in isolated M2 bundles do not
adopt a kinked conformation. This suggests that in the intact
channel interactions of the M2 helix bundle with the surround-
ing regions of the protein may be the cause of helix kinking.
Thus the M2a7 models described in this paper are at best rather
approximate representations of helix/helix interactions within
the intact channel protein.

Our M2a7 helix bundle models may be somewhat more real-
1stic representations of channels formed by synthetic M2 pep-
tides. Montal and colleagues have synthesized and extensively
characterized [9,34] a 23-residue peptide, M24, whose sequence
is similar to that of M2a7. The M2d peptide is a-helical and
self-assembles in lipid bilayers to form ion channels [9]. Fur-
thermore, template assembled bundles of parallel M2§ helices
form ion channels whose properties closely resemble those of
the parent nAChR [34-36]. Thus isolated M2 helices are capa-
ble of forming bilayer spanning a-helix bundles. Solid-state
NMR studies reveal that the helix axis of membrane reconsti-
tuted M2§ peptide is parallel to the bilayer normal [37]. In the
present studies, the tilt angles of the individual helices relative
to the bilayer normal (3° for Type I and 6° for Type I} do not
differ significantly from that observed experimentally. Thus the
M2a7 structures in the current simulations are plausible models
of such simplified ion channels.
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Fig. 5. Structures of bundles II-4 (A.C.E) and I/-C (B,D,F) after minimization. In all diagrams, drawn using Molscript [21], the helices are shown
as ribbons, the E1” sidechains are in mid-grey, the K2’ sidechains are in dark grey, and the S4’, T8 and S12’ sidechains are in white. (A,B) A view
down the pore (z) axis, with the C-termini of the helices towards the viewer. (C,D)} A view of two adjacent helices of the bundle, perpendicular to
z, looking from the centre of the pore outwards. (E.F) A closeup of the region from residue 1” to residue 8. The water molecules in this region of

the pore are shown in ‘bonds only” format.

4.2. Influence of water on helix bundle geometry

Possible roles for water molecules in 1on transport {38.39]
have been studied in simulations of gramicidin A ion channels.
The current studies suggest a structural role for intrapore water
molecules in modulating the geometry of packing of pore-form-
ing helices. Water-mediated structural transitions were ob-
served only for Type I bundles. This is thought to be because
the weaker van der Waals interactions between the helices

(tilted by 6°) facilitated the water-mediated conformational
transition. In the Type I model, when the lower tilt angle (3°)
results in stronger van der Waals interactions, left-handed
coiled coil is maintained throughout the simulation.

Analysis of water dynamics in pores formed by hydrophobic
helices, amphipathic peptides and M2a7 helix bundles, shows
that water molecules at the mouths of the pore show greater
mobility than those inside the pore [40]. Water molecules in-
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volved in the interactions with the polar sidechains are near the
N-terminal mouth of the pore. The greater mobility of solvent
molecules in this region may facilitate the breaking and re-
forming of sidechain-sidechain and water—sidechain interac-
tions in the N-terminal mouth. Hence conformational transi-
tions additional to those described are possible. This is sup-
ported by the minimization results which showed that both
left-and right-handed supercoils of M2 helix bundles are of
approximately equivalent energy. Overall our simulation stud-
ies have demonstrated that a wider hydrophobic C-terminal
mouth and the interactions of water molecules with the polar
residues in the N-terminal mouth fogether contribute an ion
channel with considerable flexibility of helix packing. Such
flexibility may underlie the heterogenous conductance levels
and life-times observed in channels formed by M2§ peptide
helices [9]. In particular, fluctuations in helix packing and in
helix/water interactions are expected to modify the electrostatic
and steric environment in the N-terminal mouth of the pore and
hence the conductance properties of the corresponding chan-
nels. However, it is less likely that such flexibility will be present
in the intact nAChR protein, which does not exhibit the con-
ductance heterogeneity observed with the isolated peptides.
Interestingly, covalent ’tethering’ of the C-termini of synthetic
M2 helices also results in a reduction of conductance heteroge-
neity [35].

As discussed above, the M2 bundles considered in this study
are approximate models of the pores formed by the M2 syn-
thetic helices and helix bundles in lipid bilayers. We are cur-
rently endeavouring to extend this approach to analyze possible
roles of water molecules in mediating the transitions be-
tween the open and closed states of the intact channel, using
models of the latter based upon low-resolution structural data
[12].
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