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Abstract: The nicotinic acetylcholine receptor (AChR) is the paradigm of ligand-gated ion channels, integral
membrane proteins that mediate fast intercellular communication in response to neurotransmitters. A 35-
ns molecular dynamics simulation has been performed to explore the conformational dynamics of the entire
membrane-spanning region, including the ion channel pore of the AChR. In the simulation, the 20 trans-
membrane (TM) segments that comprise the whole TM domain of the receptor were inserted into a large
dipalmitoylphosphatidylcholine (DPPC) bilayer. The dynamic behavior of individual TM segments and their
corresponding AChR subunit helix bundles was examined in order to assess the contribution of each to
the conformational transitions of the whole channel. Asymmetrical and asynchronous motions of the
M1—-M3 TM segments of each subunit were revealed. In addition, the outermost ring of five M4 TM helices
was found to convey the effects exerted by the lipid molecules to the central channel domain. Remarkably,
a closed-to-open conformational shift was found to occur in one of the channel ring positions in the time
scale of the present simulations, the possible physiological significance of which is discussed.

Introduction The four membrane-spanning segments were initially assumed
to bea-helical*® Subsequent cryoelectron microscopy studies
of the AChR at 9-A resolutiof, molecular modeling and
secondary structure predictidrled to the postulation that the
TM region of the AChR adopts a predominantly mixe

The nicotinic acetylcholine receptor (AChR) is the best-
characterized member of the ligand-gated ion channel super-
family.! In embryonic receptor in muscle or in the adult form
in electrocytes, the AChR is a hetero-pentameric protein ’ .
composed of four homologous subunits in a stoichiometry ©0POIOgY. It was also hypothesized that {fiestrands in M1,
azfyd. Each subunit contains four transmembrane (TM) seg- M3 @nd M4 formed g-barrel surrounding five M2i-helices.

ments (M1-M4), which constitute the membrane-embedded However, the first atomic structure of the whole TM domain
region of the protein. The TM segments are connected by loops.©f the AChR recently determined by cryoelectron microscopy

As shown in Figure 1A, the innermost ring of five M2 segments, at 4-A resolution s.uggests thqt all the TM segments are helical
one from each subunit, constitutes the walls of the AChR jon @Nd adopt the antiparallet-helical bundle motif _
channel poré.The other TM segments, M1 and M3, form an The function of the AChR ion channel is the permeation of
intermediate ring in contact with the five M2 segments and with cations. Binding of acetylcholine to the extracellular domain
the outermost ring of five M4 segments; the latter ring is directly F’f the receptor trlgger§ the openmg.of the ion channel located
in contact with the surrounding lipid pha3e. in the TM region, which allows cations to flow through the
The structure of the AChR ion channel has been extensively central poré. Two hydrophobic rings formed by the conserved

studied using experimental and computational approachés, ~ residues, the leucine (L-ring) and valine (V-ring) rings, ap-
proximately at the midpoint of M2, contribute to channel gating.
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Figure 1. (A) Top view of the AChR transmembrane region (TM), as seen
from the synaptic cleft, with subunits shown in different colors. To
distinguish between the twa subunits, they are labeled! and o?. (B)

Side view of the simulation system. The protein is drawn as ribbon,

phosphate atoms of lipid are shown as brown balls, and the other atoms o
the lipid are represented as sticks. Water molecules are displayed as ball

and sticks. The front half of the bilayer is not shown for the sake of clarity.

MD study extends the simulation to include both the intermedi-
ate M1—M3 ring and the outermost lipid-facing M4 rirtgThe
simulation results show asymmetrical and asynchronous struc-
tural motions of the subunits that can be considered “breathing”
motions of the TM region. The nonbonded interactions of the
outermost M4 TM ring with the rest of the TM segments on
one hand, and with lipid molecules on the other, constitute the
link between the structural dynamics of the channel and the
lipid environment. Significantly, examination of the motions
and conformational stability of the five M2 segments in the inner
ring and of the minimal pore radius near the gating positions
provides a detailed basis for analyzing the gating mechanism
of the channel.

Methods

Simulation System.The cryoelectron crystallographic structure of
the whole AChR TM domain was used as a starting structure for the
simulations (PDB code, 10EDA large DPPC bilayer containing 512
lipid molecules was constructed by replicating an equilibrated block
with 128 DPPC lipids four times. More than 100 lipids were
subsequently removed from the constructed bilayer to generate a suitable
membrane system into which the TM domain of the AChR could be
embedded (Figure 1B). The protein/DPPC system was then solvated
in a bath of SPC water molecul&sThe resulting system was submitted
to energy minimization to remove unfavorable contacts and equilibrated
for 1 ns with positional restraints on the protein atoms. Oné Na
was subsequently added to compensate for the net positive charge of
the system. Finally, the total system comprised 80 287 atoms.

MD Simulation. MD simulations were carried out with a GRO-
MACS packagé??°using NPT and periodic boundary conditions. A
modification of GROMOS87 force field! was applied for protein and
the lipid parameters adopted were those used in previous MD studies
of lipid bilayers??-25 The LINCS method®was used to constrain bond
lengths, allowing an integration step of 2 fs. The structures for analysis
were saved every 500 steps (1ps). Electrostatic interactions were
calculated with the particle-mesh Ewald algorithf#® A constant

ipressure of 1 bar was applied independentl¥,rY, andZ directions

(14) Law, R. J.; Forrest, L. R.; Ranatunga, K. M.; Rocca, P. L.; Tieleman, D.
P.; Sansom, M. S. FRroteins: Struct. Funct. Gene200Q 39, 47—55.

This in turn leads to the opening and subsequent closing of the(1is) Law, R. J.; Tieleman, D. P.; Sansom, M. SBrophys. J2003 84, 14—

ion-permeation pathwad®°It has been suggested that five M2

helices bend near the L-ring and twist around the pore axis in

response to the binding of acetylcholine, which results in a
conformational transition from a closed to an open chatthel.
Additionally, mutational and labeling experiments support the
conclusion that interactions at the outermost M4 lipid-contacting
ring? and internal TM segmental motions also contribute to the
regulation of the gating mechanisim.

In the present study, the conformational dynamics of the
whole TM domain of the AChR in dipalmitoylphosphatidyl-
choline (DPPC) lipid bilayers has been investigated using
molecular dynamics (MD) simulations. Although simulations

27.
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29-37.
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lecular Forces;Pullman, B., Ed.; Reidel: Dordrecht, The Netherlands,
1981; pp 33+342.
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Commun.1995 91, 43—56.

(20) Lindahl, E.; Hess, B.; van der Spoel, D.Mol. Model.2001, 7, 306-317.
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BV: Groningen, The Netherlands, 1987. (b) van Buuren A. R.; Marrink,
S. J.; Berendsen, H. J. Q. Phys. Chem1993 97, 9206-9212. (c) van
Gunsteren, W. F.; Billeter, S. R.; Eising, A. A.; Hunenberger, P. H.; Kruger,
P.; Mark, A. E.; Scott, W. R. P.; Tironi, |. @iomolecular Simuulations:
The GROMOS96 Manual and User Guidédf Hochschulverlag AG an
der ETH Zurich: Zurich, Switzerland, 1996.
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have been performed by other groups with a view to elucidating (22) Tieleman, D. P.; Sansom, M. S. P.; Berendsen, H. Bighhys. J1999

the properties of the ion channel, these previous studies only

focus on the behavior of the pore-lining helix (M2) because of
the structural limitations of the whole TM domdiir.l” Our
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Figure 2. Secondary structure, analyzed using DSSP, as a function of time for TM segmegisM2js), M3s), and M4s). The structures were examined

every 700 ps.

of the whole system with a coupling constant of 1.Gp@/ater, lipids,

Secondary Structure Analysis.The time-dependent second-

and protein were coupled separately to a temperature bath at 323 Kary structures of M&), M2(s), M3s5), and M4s) were analyzed

using a coupling time of 0.1 @8.

MD simulations were run on a 128-CPU Silicon Graphics (Moun-
tainview, CA) Origin3800 server. Analyses were performed using
facilities within the GROMACS package. Secondary structure analysis
employed the DSSP (define secondary structure of proteins) defini-
tions° Pore radius profiles were calculated using the HOLE pro-
gram3'-33 Structural diagrams were prepared using WebLab (http://
molsim.vei.co.uk/weblab/) and PovRay (http://www.povray.org).

Results

A 35-ns simulation trajectory was used to analyze the
conformational dynamics of the whole TM domain of AChR
in DPPC bilayers. As shown in Figure S1 in the Supporting
Information, the temperature fluctuations of the whole simulation
system, the potential energy, and the main-chain root-mean-
square deviation (RMSD) of the channel all indicate that the
structure of the whole channel entered into equilibration after
~4 ns. The dynamic analyses of channel behavior are therefor
focused mainly on the simulation period of 85 ns. For reasons
of clarity, when referring to TM segments from all five sub-
units, we use the nomenclature 1M2s), M35, M4s), and
M1—M3s), whereas in the case of a TM segment from a single
subunit, e.gal, the notationre®M1 is used. All the time series
data were smoothed over 500-ps intervals.

(29) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.;
Haak, J. RJ. Chem. Phys1984 81, 3684-3690.

(30) Kabsch, W.; Sander, ®iopolymers1983 22, 25772637.

(31) Smart, O. S.; Goodfellow, J. M.; Wallace, B. Riophys. J.1993 65,
2455-2460.

(32) Smart, O. S.; Neduvelil, J. G.; Wang, X.; Wallace, B. A.; Sansom, M. S.
P.J. Mol. Graphics1996 14, 354-360.

(33) Smart, O. S.; Breed, J.; Smith, G. R.; Sansom, M. Riéphys. J1997,
72, 1109-1126.

€

first (Figure 2). Overall, the TM segments retain a largely
a-helical structure throughout the duration of the 35-ns simula-
tion, with partial losses afi-helicity at the two ends of or within
some TM segments. For example, approximately 5, 17, 3, and
16% of thea-helicity was lost at 35 ns with respect to the
starting structure for M@, M2s), M3(s), and M4s), respectively.
It was further found that the-helical structure of Mg, is not
as stable as that of Mg}, which maintains the fixed.-helical
conformation over the entire course of the simulation.
addition, the stability at a given location of the-helical
structure was found to be different for the TM segments of the
different subunits, showing for instangéM1 to be the most
stable of all M1s) TM helices. On the basis of these analyses,
it is concluded that the main secondary structure adopted by
all TM segments in a DPPC bilayer is tlhehelix, although

the detailed distribution of the-helical structure for each TM

In

segment fluctuates according to the location in the protein.
Moreover, the partial loss @f-helicity within the TM segment
increases the flexibility of the TM helix in the lipid bilayer, as
also reflected in the conformation changes ofdyldiscussed
below.

Motions of M1—M3. In the starting structure, short con-
necting loops link M+M2 and M2-M3, whereas the extended
loop between M3 and M4 is missing. This led us to take three
TM segments M1, M2, and M3 for each subunit as an integral
domain (M1-M3) for the analysis. In Figure 3 theotC(RMSDs
of M1(5), M2(5), M3(5), (Ml—M3)(5), and M1-M3 for each
subunit are plotted relative to the starting structure, and the
snapshot structures of (MIM3)s) at the beginning, 10, 20, and

J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005 1293
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Figure 3. Time dependence of € RMSD with respect to the starting
structure. Two models were fitted, one corresponding doatbms of the
M1—M3s) bundles of the five subunits (thick line) and the other corre-
sponding to @ atoms of the M+M3 bundles of each individual subunit
(thin line). (A) Co. RMSDs of Ms), M2(5), M3(s), and M1-M3s). (B—F)

Ca. RMSDs of o (M1—-M3), A(M1-M3), 6(M1—M3), a¥(M1—M3), and
y(M1—M3), respectively.

35 ns, are shown in Figure S2 in the Supporting Information.
As seen in Figure 3A, the RMSD of N} increased steadily

Figure 4. Ry for Ca atoms of (ME-M3)s) and each M+M3 relative to
the axis of the channel.

of (M1—M3)es). Figure 4 shows that th&y of (M1—M3)s)
always remained at-1.68 nm, becoming smoother as the
simulation continued. In contrast, tRg of each M:-M3, which
contributes to thdxy of (M1—M3)5), underwent a remarkable
change along the 35-ns simulation, tRg of y(M1—M3) for
instance increasing rapidly to1.84 nm during the first 5 ns

up to~0.45 nm over the first 32 ns and then decreased slightly 5 then receding gradually to approachRgef (M1—M3) ).

during the last 3 ns. A similar behavior was observed for {M1
M3)). In contrast, the RMSD for Mg and M3s, first ascended
and then reached a plateau~d.27 and~0.35 nm, respectively.
These results suggest that jj2the inner wall of the channel,
is more stable than Mg or M1s). M1, fluctuated considerably
more than Mg, throughout the entire duration of the simulation.

This strongly suggests thatM1—M3) first moves outward and
then comes back again to its original positicB(M1—M3) on

the other hand followed the opposite trajectory. Finally,
B(M1—M3) adopted a unique motional mode: first it moved
outward, then inward, and finally outward again toward the end
of the simulation. These outward and inward motions of

On the basis of the same model, differences in the calculated1(\1—M3) andd(M1—M3) are slightly smaller than those of

Co. RMSD of M1-M3 from each subunit were also apparent
(Figure 3B-F). The overall RMSDs ofg(M1—-M3) and
y(M1—M3) were lower than those of the other three MlI3s.
Moreover, the noticeable difference in RMSD based on two
different fitted models reflects not only that conformational
changes have occurred but also that eack-M3 has under-

the other ME-M3 segments. It is thus evident that the translation
of each M1-M3 is asymmetrical and asynchronous during the
35-ns simulation. However, regardless of the motion adopted
by each M1-M3, after 26 ns thdy always approached that of
(M1—M3)s), causing thdzy of (M1—M3)s to become smoother
toward the end of the simulation. By the end, the five

gone translational or rotational motions, the magnitude of such \11—m3s had formed a pseudosymmetrical structure similar

motions being larger fon2(M1—M3) andd(M1—M3) than for
the others. The measurement oft RMSD thus shows that
different TM segments undergo different conformational fluc-

tuations and motions during the course of the simulation, even

to that of the starting structure, despite the fact that the
pseudosymmetry of (MiM3)s) had broken during the simula-
tion.

The backbone (€ atoms) rotation of each MAM3 around

though the sequence of each subunit is similar and the positiong, axis through its centroid and parallel to the channel pore

of the five subunits in the starting structure is pseudosymmetri-

cal.

To confirm the motions of each MAM3 inferred from the
Co. RMSD measurements, the translation of the &oms of
each MI-M3 was examined (Figure 4). The radius of gyration,
Ry, calculated on th&Y plane of the channel perpendicular to
the pore axis4 axis), was applied to measure the translation
of each ME-M3. Ry is defined as

Ry= (Zmnzlzrn)”z

I’i2 = (X1 - Xcorr)2 + (y| - )/conﬂ)2

wherem is the mass of the atony, andy; are the coordinates
of the atom, andtom andycom are the coordinates of the centroid

1294 J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005

axis was also examined. The time-dependent angle of rotation
of each MX-M3 relative to its starting orientation is depicted

in Figure S3 in the Supporting Information. The positive angle
indicates that M+ M3 rotates counterclockwise around its axis.
The exception to this i8(M1—M3) (see below). The angle of
rotation ofa?(M1—M3) andy(M1—M3) first increased to~9°,

then slightly decreased, and finally increased again to a plateau
value of ~12°. After quickly rotating within the first 10 ns,
ol(M1—-M3) and 5(M1—M3) maintained a rotating angle of
~6° throughout the rest of the simulatightM1—M3) was the
only segment to adopt a clockwise rotation during part of the
35-ns simulation: it began in a clockwise direction, reversed
to a counterclockwise direction after23 ns, and then returned

to its starting position at 35 ns. As with the translational motions,
rotations vary among different TM segments.
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Figure 5. (A—C) Ca. snapshots dt= 0, 10, and 35 ns of M2 superimposed by fitting at &oms of MZs). (D) Pore radius profiles vs position along the
pore axis. Eight curves were produced on the basiscoftoms of MZs) from the starting structure and seven averaged structures extracted from the 35-ns
trajectory.

Since M2 constitutes the inner wall of the channel and its Thus the motion oft?M2 and3M2 helices near the cytoplasm
conformational changes or motions directly affect the shape of considerably reduces the pore radius near the cytoplasmic
the pore, particular attention was paid to the dynamic behavior vestibule. The small conformational fluctuation &#2 had
of the inner ring. The time-dependeRy of M2y shows that almost no effect on the shape of the pore (Figure 5C). In the
the channel pore consisting of Mgbecame enlarged by about case ofyM2, although it bent likex'M2, the original conforma-
0.05 nm with respect to the initial structure after 7 ns (Figure tion was not restored within 35 ns. Taken together, the
S4 in the Supporting Information). Individuallg!M2 increased conformations of the innermost ring formed by the M2 TM
from ~1.02 to~1.15 nm (Figure S4), constituting the main segments show that the backbone of M2 is flexible and that
contribution to the expansion of N Though the other four  such flexibility changes the shape of the channel pore.

M2s deviate from their starting value, they finally reach positions ~ Having examined the conformational changes, translations,
close to the initial ones. The superimposed snapshots obtainedand rotations of (M+M3)s) and MZs), we analyzed how these

by fitting all Ca. atoms of MZs) displayed in Figure 5AC structural dynamics act to shape the channel pore. The pore
reflect the conformational change of each M2 along the 35-ns can be characterized in terms of its pore radius préfifé-33
simulation. The bend at the midpoint offM2 became more Figure 5D displays the pore radius profiles based on the C
marked at 10 ns but then reverted to its original form at 35 ns atoms of MZs), revealing how the backbone of the pore changes
(Figure 5A). Then®?M2 bend was flexible, allowing half of the  during the 35-ns simulation. In the starting structure, the
02M2 helix near the synaptic cleft to deviate from the pore axis minimum radius of the channel pore-Q.4 nm) is near the
and the helix near the cytoplasmic surface of the membrane toL-ring. The average pore radius profile over the course of the
move toward the pore axis (Figure 5BJM2 held a similar initial 5 ns is similar to that of the starting structure. However,
conformation at its starting structure except for the cytoplasmic as the simulation continued, the pore radius near the cytoplasmic
end of this helix, which moved toward the pore (Figure 5B). end became smaller and smaller. The minimum radius during

J. AM. CHEM. SOC. = VOL. 127, NO. 4, 2005 1295
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the initial 20-30 ns approachee0.2 nm. According to the
snapshots in Figure 5B, this is caused by the conformational =
switch of BM2 anda?M2. During the last 5 ns of the simulation,
the minimum radius was restored+d.3 nm, i.e., close to the
value at 15-20 ns. This is the converse of the behavior at the
narrow end of the pore, located at the cytoplasmic side of the
membrane. The widest region of the pore is located at the
synaptic end. It increased in diameter during the 35-ns simula- [
tion, which explains why th&®; of M2, increased~0.05 nm 0 5 10 15 20 25 30 35
with respect to the initial structure (Figure S4). Furthermore,
the radius changed at the two ends of the pore; the average Time (ns)
profiles for the main body of the pore-0.28-5.4 nm along Figure 6. Time-dependent minimal pore radius near the L-ring and V-ring.
the pore axis) extracted from the simulation data were very ) o ) ) )
similar to the value in the starting structure. Without taking into  ¢l0S€d-to-open gating mechanism in the V-ring during the time
consideration the residue side chains, the dynamics of theWindow of the 35-ns simulation, such conformational switch
structure therefore causes the two ends of the pore to enlarge?fising from side-chain rotations af'v, fV, oV, and yl
or contract, with no distinct changes being observed in the pore 'esidues.
from ~2.8 to 5.4 nm along the pore axis. Motions of M4. The fourth segment of each subunit, M4,
Size of the Gate.The backbone size of the pore near the located at the outermost layer of the TM region, is particularly
two gate positions, the leucine-ring (L-ring) and the valine-ring i_m_portant since it establishes more interactions with ne_ighboring
(V-ring), maintained its initial value almost unaltered for the liPid molecules than any other TM segment and is totally
duration of the 35-ns simulation (Figure 5D). However, previous Secluded from contact with the AChR pore region propeor
studies have shown that side-to-side interactions bring togetherth® purpose of exploring the orientation adopted by each
the side chains of the L (or V) residues from each subunit to individual M4 segment.durlng the S|mulat'|on we consflde.red the
form a tight hydrophobic girdle around the pore, preventing the @ngle between the axis of each M4 helix and Hhexis (i.e.
ions from passing through when the channel is clo$egide- the axis perpendlcqlar to the plane of the bilayer) as the jult
chain motions at the pore axis and the minimal pore radius nearangle of the TM helix. Figure 7A shows the change in the tilt
the L-ring and V-ring were therefore analyzed next. Two angles, angle of each M4 segment in the simulation as a function of
Cy— Ca—COM for the L-ring and @ — Co—COM for the time. At time zero each M4 helix was positioned~a20°, after
V-ring, were defined to reflect the side-chain motion of each Which the tilt angle ola'M4 increased rapidly to-35° during
residue. ¢, Ca, and @ are the atoms of residues and COM is the first 3 ns, and subsequently fluctuated arot3d° for the
the centroid of @ atoms from five residues in the L-ring or ~ "émainder of the simulation. In the casgfi4 the increase in

the V-ring. Side-chain atoms were taken into account for the the tilt angle was much smaller and the helix returned to its
calculation of the minimal pore radius. initial orientation at the end of the simulation. Th&4 helix

gradually tilted away from th&-axis and reached a final tilt
angle of~30°. A similar change of orientation was observed
for a®M4. For yM4, the tilt angle reached a value of27°
within 3 ns and fluctuated around this value during the rest of
the simulation. Hence, each M4 helix deviates from its initial
position within the time frame of the 35-ns simulation, although
the degree of tilt is rather different for each one. Furthermore,
the superimposition of Mg at 0 and 35 ns in Figure 7B reveals
that M4s, tilted concertedly in a clockwise direction.

Radius (nm

As shown in Figure S5 in the Supporting Information, the
angle of G— Co—COM in residuenlL quickly increased to
~100C° and then rapidly diminished again during the first 2 ns,
suggesting that the side chain of residue shifts rapidly away
from the pore axis at the beginning of the simulation and then
returns to its initial position. The angle in residge indicates
that its side chain already deviates from the pore axis in the
starting structure, a conformation which is retained over the
whole 35-ns simulation. A similar behavior was observed for
residueo?L. However, such motion induces the side chain of
residuedL to point toward the pore axis at the end of the
simulation. The side chain of residg# also pointed toward A 35-ns MD simulation was carried out on the basis of a
the pore axis, although there was a small deviation during the cryoelectron crystallographic structure (PDB code, 1G)ED
simulation. The final outcome of the side-chain motions of the explore the dynamic conformations that occur in the whole TM
five L residues is that the minimal pore radius near the L-ring domain of the AChR as it relaxes in the lipid bilayer. Since the
increases from~0.3 to ~0.4 nm during the first 2 ns and is  cryoelectron microscopy structure was constructed at 4-A
subsequently held at0.3 nm until the end of the simulation  resolution? a relatively long MD simulation is helpful to refine
(Figure 6). the structure of 10ED. Simulation of the whole TM domain of

At variance with the L-ring, the side chains of the V-ring in the AChR further enabled us to examine contributions from TM
the starting structure all pointed toward the pore axis (Figure segments other than the inner ring, channel-lining segment M2,
S6 in the Supporting Information). However, except for residue as in previous simulationi$:1> Channel opening triggered by
02V, the side chains of the other four residues deviated to ACh binding could naturally not be tested in the present study
variable extents from the pore axis during the simulation, since only the TM domain was used, and the simulation time
resulting in a gradual increase in the minimal pore radius near frame is far from the time scale required for the channel to
the V-ring, which reached-0.6 nm at~31 ns (Figure 6). It is undergo closegtopen transitions in the physiological time
therefore conjectured that the side-chain motion leads to adomain.

Discussion
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Figure 7. (A) Time-dependent tilt angle between each M4 helix and the normal of the DPPC bifageisj. The @ atom centroids of residues-10 and
26—29 are set as the top and bottom of the axis of each M4 helix, respectivelyo{Bh&bshots dt= 0 (gray) and 35 ns (black) of the five M4 segments

were superimposed by fitting alldcCatoms of M4s).

The DSSP analysis of Mdl, M2s), M3(s), and M4s structure
(Figure 2) shows the major secondary structure of all the TM
segments to be-helix, with no g-sheet being formed at any
time during the simulation. This observation validates the
rationality of the cryoelectron crystallographic structubsit
goes against the previous hypothésighat the TM region of
AChR adopts a predominantly mixedg topology. The strong
a-helical character of the TM segments reflected in the
simulation is consistent with previous biophysical and/or
biochemical studies of the individual TM segment or the intact
AChR?2441 Moreover, the partial loss of the-helicity
occurred not only at the extremities but also within some TM
segments. The-helix to bend or turn switch within the TM
segment led to the formation of flexible hinges within the helix,

tion) motion in the time scale of the simulation. Furthermore,
each individual M+-M3 rotates in different directions and to
varying extents (Figure S3). At variance with what happens in
the case of translational motions, ofli11—M3 rotates back
to the initial position at the end of the simulation; the other
four M1—M3 segments all reach new positions. The rearrange-
ment of the five MEM3 caused by the rotation of each
M1—M3 suggests the existence of incompatible interactions
among the five M+M3 domains in the starting structure.
Asymmetrical motion has also been observed for the five M2
helices, their conformational changes also being asymmetrical
and asynchronous. For example, wheefel® adopted a linear
helix structure, the kink im*M2 increased (Figure 5AC). As
a consequence, the backbone size of the pore did not change

which may be associated with conformational changes of the much except at the two ends. We thus postulate that the five

M2 and M4 helices (Figures 5 and 7). The flexibility of the
TM helix induced by the secondary structure switch, in particular
for the M2 helix, may be directly related to the ion-permeation

M1—-M3s, and in particular the five M2 helices in the inner
ring, only undergo symmetrical and synchronous motiems
conformational fluctuationssuch as the bending occurring in

function of the channel. Secondary structure examination of the all five M2 helices, so that the backbone of the channel pore

channel during the simulation therefore brings out potentially
functional conformations of the channel.

In addition, the results of the 35-ns simulation show an
asymmetrical and asynchronous motion for #3s) from the
five subunits. During the translation of MM3s), yYM1—M3,
and o0M1—M3 move away from the pore axis aM1—M3
and a®M1—M3 move toward it, temporarily resulting in an
asymmetrical structure of MiM3s) (Figure 4). Remarkably,
after about 30-ns MD simulation, the relative location of each
M1—-M3 in M1—-M3, is very similar to the starting structure
and a pseudosymmetrical structure is again formed (Figure 4)
It is thus postulated that the MIM3s) transmembrane segments
undergo some kind of “breathing” (local expansion or contrac-

(34) Methot, N.; Ritchie, B. D.; Blanton, M. P.; Baenziger, JJEBiol. Chem.
2001, 276, 23726-23732.

(35) Blanton, M. P.; Cohen, J. BBiochemistry1994 33, 2859-2872.

(36) Tamamizu, S.; Guzman, G. R.; Santiago, J.; Rojas, L. V.; McNamee, M.
G.; Lasalde-Dominicci, J. ABiochemistry200Q 39, 4666-4673.

(37) Methot, N.; Baenziger, J. Biochemistry1l998 37, 14815-14822.

(38) Corbin, J.; Methot, N.; Wang, H. H.; Baenziger, J. E.; Blanton, MJ.P.
Biol. Chem.1998 273 771-777.

(39) Opella, S. J.; Marassi, F. M.; Gesell, J. J.; Valente, A. P.; Kim, Y.; Oblatt-
Montal, M.; Montal, M.Nat. Struct. Biol.1999 6, 374-379.

(40) Lugovskoy,A A Maslennlkov I. V.; Utkin, Y. N.; Tsetlin, V. I.; Cohen,

B.; Arseniev, A SEur. J. Blochem1998 255 455—461

(41) Pashkov V. S.; Maslennikov, I. V.; Tchikin, L. D.; Efremov, R. G.; Ivanov,

V. T, Arseniev, A. SFEBS Lett.1999 457, 117—121.

subsequently expands or contracts with relatively larger motions.
Obviously, the 35-ns simulation period is not long enough to
catch the full structural transitions of closed-to-open confor-
mational changes associated with ion permeation through the
pore, which occur in the microsecond time scale, but the V-ring
conformational switch already apparent in the time window of
the MD simulation may be related to the preceding, much faster,
gating mechanism. Although no significantly large changes were
observed in the backbone of the pore within the 35-ns duration,
the motions and the flexibility of the five M2 helices made

.apparent by the simulation partially support the previous

hypothesis that they are able to bend near the L-ring and twist
around the pore axis to open the charidel.

Although the connecting loop between M3 and M4 in each
AChR subunit is missing in the AChR TM domain used in the
simulations, the calculated Lennard-Jones potential energies
(Figure 8) as a function of simulation time indicate that some
van der Waals interactions exist between-MM3 ) and M4s).
These interactions are strongest near 10 ns, which corresponds
to the largest translational motions in MM3s). Subsequently,
as the structure of MtM3s) gradually reverts to its previous
pseudosymmetrical structure, the van der Waals interactions
between MEM3i and M4s) also return to their initial
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-1100

-4500 be thatalL, oL, and yL residues are located in a triangular
disposition (Figure 1A) and their side chains all point to the
pore axis, still effectively occluding the channel lumen. It is
thus suggested that each of the five L residues participates
independently and symmetrically in the structural transition
between the closed and open states, a possibility that appears
7000 to bg validated by independent mutagenesis experinieiits.
0 5 10 15 20 25 30 35 obtain the absolute values for the opening of the L-ring, the
Time (ns) side-chain deviations from the pore axis of all the five L residues
Figure 8. Time-dependent Lennard-Jones potential betweer-M3s, are required. We observed that the backbone size near the V-ring
and M4s) (A) and between M@, and DPPC lipid molecules (B). The values  is larger than the L-ring (Figure 5D), and the side chains of
of curves A and B correspond to the left and rigkaxes, respectively. four residues simultaneously rotate away from the pore axis
when the minimal pore radius near the V-ring reaches its
state. This suggests that the nonbonded interactions betweemmaximal value. This might make it easier for the V-ring to act
M1—M3) and M4s) are related to the motions of MIM3s). as the closed-to-open conformational switch than is the case
Furthermore, the tilt angle of each M4 helix relative to the with the L-ring.
normal of the lipid bilayer shows that the M#segments
increase their hydrophobic interactions with the surrounding
DPPC molecules by burying themselves deeper into the The dynamic structural behavior of the whole TM domain
hydrophobic region of the bilayer. In concordance with the of the AChR and a possible gating mechanism of the channel
transition of the tilt angles, the van der Waals interactions have been studied on the basis of a 35-ns MD simulation. The
between M4, and the DPPC lipids reflected by the Lennard- fixed a-helical structures of the 20 TM segments throughout
Jones interaction energy tend to be stronger along the simulationthe entire 35-ns simulation validate the overall rationality of
time and fluctuate slightly aroung6500 kJ/mol after~30 ns the starting structure obtained from cryoelectron microscopy
(Figure 8). Moreover, the equilibration process for thedyt4 data and disprove previous hypotheses about the noixeelix/
lipid interaction is slow. Therefore, the interactions of ¢§4  fB-sheet topology of this region. The asymmetrical and asyn-
with M1—M3s and lipid molecules, respectively, suggest that chronous motions of the MAM3 segments from each subunit
the outer ring of M4, acts as the vehicle to transfer the have been explored, and from the motion of the five M4 TM
influences of the lipid surroundings to the conformation changes helices one can infer that the latter play a unique role, probably
of the whole channel. This may explain why mutations in the transmitting signals from the membrane environment to the
outer ring residues ottM4, M4, and yM4 affect channel relatively distant M2 inner-ring (pore) region. The availability
functior®4243and how the lipid environment affects the stability ~of isolated AChR TM peptides and larger proteolytic fragments
of the functional states of the ACHRas well as providing a  containing the AChR TM region, together with site-directed
rational explanation as to how several pharmacologically fluorescence labeling techniques, should provide the time and
relevant ligands that partition in the lipid bilayer affect AChR spatial resolution required to explore the conformational transi-
channel functior. tions predicted in the present MD simulations. Finally, a gating
The pore radius profile calculated on the basis of taea®m mechanism is postulated whereby the side-chain arrangement
of M2 showed that the backbone size of the two “gating” of residues leads to the gating of the channel in a time scale of
positions, i.e., the L-ring and the V-ring, is close to that of the nanoseconds, whereas the subsequent motions of the backbone

starting structure. However, considering the rearrangement ofin the closed-to-open conformational transitions, occurring in
side chains of residues forming the L-ring and V-ring, the the microsecond time domaln_, depend on the symmetrical and
recalculated minimal pore radius near these two gating rings Synchronous motions of the five subunits.
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Supporting Information Available: Temperature of the whole  relative to the center axis of the channel pore (Figure S4), and
simulation system, the potential energy, and the main-chain side-chain motions of each residue in the L-ring and V-ring
RMSD of the channel along the 35-ns simulation (Figure S1), gating positions, respectively (Figures S5 and S6) (PDF). This
four snapshots of MtM3 s along the 35-ns simulation (Figure  material is available free of charge via the Internet at
S2), rotation of each M2M3 (Ca. atoms only) around its own  http://pubs.acs.org.
axis during the entire 35-ns simulation (Figure S3), time-
dependen®, for Ca atoms of MZsy and each individual M2~ JA044577I
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