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ABSTRACT Pentameric ligand-gated ion channels are an important family of membrane proteins and play key roles in
physiological processes, including signal transduction at chemical synapses. Here, we study the conformational changes asso-
ciated with the opening and closing of the channel pore. Based on recent crystal structures of two prokaryotic members of the
family in open and closed states, respectively, mixed elastic network models are constructed for the transmembrane domain. To
explore the conformational changes in the gating transition, a coarse-grained transition path is computed that smoothly connects
the closed and open conformations of the channel. We find that the conformational transition involves no major rotations of the
transmembrane helices, and is instead characterized by a concerted tilting of helices M2 and M3. In addition, helix M2 changes

its bending state, which results in an early closure of the pore during the open-to-closed transition.

INTRODUCTION

Pentameric ligand-gated ion channels (1,2) (pLGICs) are
a family of membrane proteins that open or close in response
to ligand binding or pH change. They share a common struc-
tural scaffold of five subunits, each consisting of an extracel-
lular ligand-binding domain (ECD) and a transmembrane
channel domain (TMD). Some notable members of the
family, such as the nicotinic acetylcholine receptor, play crit-
ical physiological roles in signal transduction at neuromus-
cular synapses, and are major targets for psychoactive drugs.

Despite significant progress in the structural investigation
of pLGICs, the highest resolution structure of a complete
eukaryotic pLGIC so far is at ~4 A, obtained by electron
microscopy (3,4). In contrast, the structures of two prokary-
otic pLGICs have recently been determined by x-ray crystal
diffraction. The structures of ELIC (5) from bacterium Erwi-
nia chrysanthemi and GLIC (6,7) from Gloeobacter viola-
ceus have both been determined at high resolution by x-ray
crystallography, and seem to represent closed and open
conformations of the ion channel, respectively. Despite their
only moderate sequence similarity, the two proteins have the
same overall architecture, with close correspondence on the
structural level (6,7), in particular within their TMDs.

The structures of ELIC (5) and GLIC (6,7) in the closed
and open states thus provide an opportunity to study the
gating transition of pLGICs at an atomic level. The structural
changes associated with the opening and closing of ion
channels have been studied extensively for a number of
channels by a variety of experimental and theoretical
methods (4,8-27). Elucidating the motions associated with
the channel gating transition, and their coupling to ligand
binding, is not only of fundamental interest, but may also
aid in the design of ligands that interfere with channel activa-
tion in a controlled way.
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Here, we explore the structural changes during the open-to-
closed transition of the channel with the help of coarse-
grained representations. Coarse-grained energy functions
offer a powerful tool to study large-scale motions in proteins
(28-31). In elastic network models (ENMs) (32-36), proteins
are treated as deformable elastic bodies, permitting an almost
analytical treatment. ENMs and normal mode analyses have
been applied to study motions of the acetylcholine receptors
(19,21), ELIC (22), and GLIC (7). However, the harmonic
energy surfaces of ENMs may not fully capture large, inher-
ently nonlinear conformational changes. Also, traditional
ENMs involve only a single energy minimum, and therefore
are not immediately applicable to studies of the transition
between multiple states, such as the open and closed states
of ion channels. To extend ENMs to proteins with multiple
conformations, mixed elastic network models (MENMs)
have been developed (37), among other methods (38—41).
MENMSs can be used to construct a transition path that
smoothly connects two conformations of a protein. In this
study, we develop an MENM of the conformational transition
between the open and closed states of the ELIC and GLIC
pentameric ion channels, focusing in particular on the trans-
membrane domain. By studying a transition path between
the open and closed conformations, we can identify details
of the possibly nonmonotonic motions and the sequence of
events, which cannot be deduced from the static endpoint
structures alone.

METHODS

In this section, we will give a general introduction to the MENM method,
and then describe the specific procedures of modeling the ELIC and GLIC
systems using this method.

Mixed elastic network models

In an MENM of a protein, the harmonic energy surfaces of multiple ENMs
are combined to construct an overall anharmonic surface with multiple
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minima corresponding to different metastable states (here “open” and
“closed”). In an ENM, a protein is modeled as an elastic solid, described
as beads connected by harmonic springs. Each C, atom in the protein back-
bone is represented by a bead, and the protein coordinates are collectively
represented by a vector X in 3N dimensional space, where N is the
number of C, atoms in the protein. ENMs are constructed from a given
native protein structure with coordinates Xy. The energy function in an

ENM is then given by
2
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where dj; is the Euclidian distance between C,, atoms i and j in structure X,
and do is the corresponding distance in the reference structure Xy. According
to thls definition, if the distance d0 in the native protein structure is within
a given cutoff distance Rc, the pair l,] of C, atoms is connected by a harmonic
spring with force constant C and equilibrium length dg
The energy function in Eq. 1 can be expanded to second order near the
minimum Xo:
o1 Tyre =
E(X)= E(x —Xo) H(X — Xy), 2)

where H is the Hessian matrix. This expression can be more easily analyzed
by linear algebra, and is therefore adopted as the actual energy function here.
Although in principle the second-order expansion is only accurate near the
minimum Xy, Eq. 2 has been used frequently in ENM and MENM studies
of large-amplitude protein motions (32,37) to enable analytical treatments.
By construction, Eq. 2 preserves the property that the energy minimum is
located at ¥ = Xy with E(Xy) = 0, as is the case for Eq. 1.

Now we consider a scenario in which a protein has two different confor-
mations (such as open and closed), denoted by ¥; and X, respectively. Two
ENM energy functions can then be constructed for these conformations
according to Eq. 2, E;(¥) = (¥ — &) H;(¥ — %) /2 with i = 1,2. In MENMs,
a global energy function combines the two potentials (37) as

E®) = —f 'In[e”

where 8 = 1/kgT,, with kg being the Boltzmann constant. This energy func-
tion retains X; and X, as approximate local minima. The MENM energy
function E(X) involves free parameters ¢; and &, for energy offsets, and
T\, for the mixing temperature (37). The difference in energy offsets ¢, _ &,
can be considered an energetic driving force for the transition, with &; an
arbitrary constant. 7;,, determines the height of the barrier between the two
states. We note that the Boltzmann-weighted mixing of two structure-based
energy surfaces in Eq. 3, introduced by Best et al. (28) for protein conforma-
tional changes, is related to the quantum-mechanical mixing in valence bond
models, as introduced independently by Maragakis and Karplus (38) in their
plastic network model (PNM). The main practical difference between the
MENM and PNM approaches is that in the latter the anharmonic surfaces
Eq. 1 are used.

Based on the energy function Eq. 3, several methods can be used to deter-
mine a transition path between the two conformations (37). In this study, we
adopt the definition of a *“parameter-independent” transition path (37), ¥(f),

B(E1(R) +e1) 4o B(E2(3 )+£z)]7 3)

defined as a function of a weighting parameter f' € [0,1] and independent of

0, €1, and ¢, as well as the particular mixing scheme (statistical-mechanical
mixing (28), Eq. 3, or valence-bond mixing (38)). At each given f, X(f) is
determined by

[fHy + (1 =F)HX(f) =

By construction, all minima and saddle points of the MENM energy surface
Eq. 3 lie on the path X(f). Moreover, this path is the trace of the saddle points
of the energy function E(X) in Eq. 3 as the energetic driving force &, — ¢,
provided here by ligand binding to the ECD, is varied from — % (favoring
the open state) to + o (favoring the closed state) (37). This parameter-inde-

fHiX, + (1 —f)H:Xo.  (4)
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pendent transition path has been shown to agree closely with the steepest
descent and minimum free energy paths (37).

We note that the transition path X(f) defined in Eq. 4 coincides with the
minimum of the weighted energy function U(X,f) obtained by linear inter-
polation,

with U(¥,f) being a harmonic function. As fis varied from 0 to 1, U(X,f)
gradually changes from E»(X) to E;(¥X), and its minimum point X(f) traces
the transition path between ¥, and X;.

System setup

The focus here is primarily on the structural changes in the TMD during the
gating transition of the channel. We thus exclude the ECD in the MENM.
Our MENM was constructed from the closed and open conformations of
pLGICs as defined in the crystal structures of ELIC (Protein Data Bank
(PDB) code 2VLO0) (5) and GLIC (PDB code 3EHZ) (6), respectively.
Despite the relatively small sequence identity, the sequence alignment
between ELIC and GLIC is unambiguous in the core of the TMD formed
by helices M1, M2, and M3 (see below), without the presence of any gap
(5-7). We thus use the TMDs of ELIC and GLIC as reference structures
in the MENM. In contrast, gaps are present in the sequence alignment of
the two ECDs, which sense different signals (ligand binding in ELIC versus
pH change in GLIC). Moreover, the ECDs from the two independently
determined GLIC crystal structures (PDB codes 3EHZ and 3EAM) (6,7)
in the open state are structurally less consistent than their TMDs, with a
backbone C,, root mean-square deviation (RMSD) of ~1.7 A for the ECD
and ~0.5 A for the TMD. In contrast, the conformational difference between
the ECDs in the ELIC and GLIC structures is small compared to that
between their TMDs (6). Nevertheless, we caution that the removal of the
ECD may alter the collective motions of the protein, and the MENM with
only the TMD may not fully capture the transition path of the intact channel.
Therefore, we will later describe results for an ENM that incorporates the
ECD, allowing us to study the coupling between the two domains.

The TMD of each of the five subunits in ELIC or GLIC is composed of
four helices, denoted as M1-M4. The last helix, M4, is located at the
periphery of the transmembrane pore and only loosely interacts with other
helices (5). Moreover, sequence alignment between ELIC and GLIC shows
gaps in the loop connecting M3 and M4, and this loop is also highly variable
in a sequence comparison of prokaryotic and eukaryotic pLGICs. We there-
fore exclude the loop and M4 from our model. Consequently, unless explic-
itly noted otherwise, our system contains residues 200283 in ELIC (PDB
code 2VLO) (5) or equivalently 193-276 in GLIC (PDB code 3EHZ) (6),
thus including 84 C, atoms in each subunit or a total of 420 C, atoms in
the pentameric protein. These residues represent helices M1-M3 and the
two connecting loops, defining the “common core” (7) of the TMD.
A model with M4 also incorporated will be briefly discussed later.

In both ELIC and GLIC, the five subunits are identical in sequence and
highly similar in the resolved crystal structures (5-7). In constructing the
MENM, we enforced perfect fivefold symmetry on the C, backbone of
the TMD. First, the symmetry axis was identified by averaging the coordi-
nates over each quintet of corresponding C, atoms in the subunits and
then fitting a line through the averaged points. Next, one of the subunits
was set as reference, and the other four were each rotated by a multiple of
72° around the symmetry axis to overlap with the reference. Finally, the
coordinates of the five overlapping subunits were averaged and then rotated
back to reconstruct the pentamer. The resulting pentameric structure is guar-
anteed to assume a perfect fivefold symmetry. The RMSD between the
symmetrized structure and the original one is 0.14 A for ELIC (5) and
0.09 A for GLIC (6). We note that even if the symmetry is present in both
native conformations, in principle the transition path could still be asym-
metric. For the o7 nicotinic receptor with its homo-pentameric composition,
pronounced asymmetry in the apo state, in contrast to a more symmetric
ligand-bound state, has been observed in molecular dynamics simulations
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(20). Both symmetric and asymmetric motions have also been identified
among the dominant normal modes for the a7 receptor, depending on the
adopted homology model and the degree of symmetry present in the model
(21). Here, with the transition endpoints defined by the structures of ELIC
and GLIC being symmetric, and under the assumption of a harmonic energy
surface (Eq. 2) in the ENMs, all snapshots along the MENM transition
path will have the same fivefold symmetry. Asymmetric transition
paths with symmetric end conformations can only arise from anharmonic
potentials.

An RMSD alignment was first carried out to superimpose the symme-
trized structures of ELIC and GLIC. The coordinates of the two aligned
structures were then taken as the beginning and end states, X; and X,, of
the MENM. We consistently used a cutoff of Rc = 9 A, and also confirmed
that using Rc = 10 A gives similar results (not shown). To trace the transi-
tion path between the open and closed configurations, the weighting
parameter f was varied from O to 1 with a step size of 0.01, and for each
f the coordinates X(f) were calculated by solving the linear equations given
in Eq. 4. The symmetrization procedure described earlier ensures that Xy, X,
H,, and H, all exhibit a perfect fivefold symmetry, and consequently such
symmetry is also present in each calculated ¥(f). We note that although
the energy function in Eq. 1 is invariant to rigid-body rotations, the approx-
imate energy in Eq. 2 will change under finite rotations of X. As a result, the
calculated X(f) from Eq. 4 is in general not optimally aligned with the refer-
ence conformation at f = 0 or f = 1. A postprocessing step was therefore
carried out to align each X(f) with the reference.

As fis varied from O to 1, the snapshots of each ¥(f) trace the transition
path in the multidimensional configuration space. Whereas f is spaced
evenly between 0 and 1, the snapshots of X(f) are not necessarily distributed
evenly along the transition path. Therefore in some of the analyses we adop-
ted a ‘“‘progression parameter” instead of f to describe the advancement
along the path. For a given snapshot on the path, the progression parameter
is defined as the curve length between the initial state and the snapshot
normalized by the total length of the path. In practice the curve length
was approximately calculated by summing up the RMSDs between adjacent
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snapshots on the curve. The initial (open) and final (closed) states then corre-
spond to progression parameters of 0 and 1, respectively. Moreover, the
snapshot corresponding to a progression parameter of 0.5 is defined as the
midpoint conformation, with equal curve lengths to the initial and final
states.

RESULTS

The conformations of the initial, final and midpoint states in
the transition path are shown in Fig. 1, @ and b. The ion-con-
ducting pore is located at the symmetry axis of the pentamer.
The radii of the pore along its axis were calculated for these
three states, as shown in Fig. 1 ¢, using the program HOLE
(42). The radius profiles were calculated based on the coor-
dinates of the C, atoms only, each being assigned an atomic
radius of 3 A. Nevertheless, the profiles for the closed and
open conformations share similar trends with those obtained
from all-atom models (5-7). In particular, the open and
closed structures exhibit narrow constrictions near the intra-
and extracellular entrances of the pore, respectively.
However, the narrow region near the intracellular end is
formed by polar and charged residues, and is believed not
to prevent ion conduction (6,7). In contrast, the constriction
region (indicated by the arrows in Fig. 1c) near the extracel-
lular end is formed by bulky hydrophobic residues that may
completely block the pore, and therefore is believed to be the
actual gate of the channel. We note that the pore radii in the
midpoint state (Fig. 1 ¢) of the transition closely match those
in the closed state throughout the constriction region in the

FIGURE 1 Comparison of the closed, open, and
midpoint conformations in the transition path. (a) Top
view from the extracellular side. The helices in one of the
subunits are labeled. (b) Close-up view of two M2 helices
with the extracellular side up. The line represents the
symmetry axis (or the pore axis) of the protein. The arrows
indicate the tilting motion of M2 during the open-to-closed

M

M2

Pore radius (A)
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T

transition. Molecular images were rendered in VMD (49).
(c) Pore radius along its axis, calculated from the C, coor-
dinates using the program HOLE (42). The pore axis points
from the intracellular side on the left to the extracellular side
on the right. The two arrows indicate the hydrophobic
region of the pore that serves as the gate for ion blockage.
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extracellular half of the pore, which suggests that the pore is
closed halfway through the transition. The evolution of the
pore radii during the transition is closely related to the orien-
tation and the bending state of helix M2, as will be discussed
later.

Geometric characteristics of each transmembrane helix
(defined in Table 1) were analyzed using the program
TRAJELIX (43) in the Simulaid package. The axis of each
helix was identified for each snapshot along the transition
path. Fig. 2 shows the angles between the helix axes along
the transition path and their initial (open) and final (closed)
states, respectively. The orientations of helices M2 and M3
undergo a larger change (~12°) in comparison to M1 (~5°).
Remarkably, the curves for M2 and M3 closely match
each other, indicating that the axes of these two helices
move in a highly concerted manner during the transition.
The concerted motion of M2 and M3 is also shown by moni-
toring the angles formed by the two helix axes. As shown in
Fig. 3, the angle between M2 and M3 remains relatively
constant along the transition path, with a maximum variation
of less than 1.7°. In contrast, the M1-M2 or M1-M3 angle
varies by ~8° during the transition. The above data thus agree
with the proposed mechanism (6) that M2 and M3 move as
arigid body in the gating transition and that the movement of
M1 is small compared with M2 and M3.

The rotation angles of each helix around its own axis
during the transition were also calculated using TRAJELIX
(43). The evolution of the helix rotation with respect to the
open or closed conformation is shown in Fig. 4. We find
that the curves are nonmonotonic, indicating that the direc-
tion of the rotation changes during the transition. Neverthe-
less, the magnitude of the rotation for each helix is less than
~6°, which is small in comparison to the ~100° separation in
azimuth angle between adjacent C,, atoms in an « helix.

As mentioned in Methods, the last transmembrane helix,
M4, in each subunit is not included in our model. To
examine the possible effect of this exclusion, we built
another MENM that incorporates M4 (residues 293-316 in
ELIC or 288-311 in GLIC) (5,6) as well as M1-M3, but
not the loop between M3 and M4 due to gaps in the sequence
alignment. The new transition path (not shown) computed
from this MENM is similar to the one with M4 excluded,
confirming that M4 does not play major roles in the gating
transition.

Because the energy function defined in Eq. 1 considers the
locality of the residues only in space but not in sequence, one
might be concerned whether the local geometry of the
protein is preserved in the transition path. To investigate

TABLE 1 Residue numbers in ELIC (PDB code 2VLO0) (5) and
GLIC (PDB code 3EHZ) (6) for each transmembrane helix

Mi M2 M3
ELIC 201-219 227-250 260-282
GLIC 194-212 220-243 253-275
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FIGURE 2 Orientation of the helices (M1, M2, and M3) relative to the
open and closed structures. ¢; (solid lines) measures the angle of the helix
axis along the transition path relative to the initial open state, and ¢, (dashed
lines) relative to the closed state (see inset; note that the solid lines for M3
and M2 overlap with each other so that the latter becomes almost invisible.)

the issue, we built an MENM based on modified energy
functions in which the spring constants between nearby C,
atoms (within four residues in sequence) in each helix are
increased 10-fold. This sequence-dependent energy function
is expected to enforce stronger constraints on the local geom-
etry of the transmembrane helices. However, the transition
path (not shown) calculated from the new MENM turns
out to be very similar to the one described above, suggesting
that no large deformation of the local helical structure occurs
in either path, as is also confirmed by a visual inspection of
the transition trajectory.

Despite the well preserved local geometry of the trans-
membrane helices, some moderate bending of the helices
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FIGURE 3 Interhelix angles during the transition. At each snapshot the
helix axes for M1, M2, and M3 are identified, and the angles between
M1-M2, M1-M3, and M2-M3 are calculated and plotted in the figure.
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FIGURE 4 Rotation of each transmembrane helix (M1, M2, and M3)
around its own axis during the transition. The rotation angles calculated
with respect to the open and closed conformations are plotted as solid and
dashed lines, respectively.

can be discerned in the transition trajectory. To quantify the
degree of bending, we calculated the angle between the axes
of the top and bottom halves of each helix. The bending
angles of transmembrane helices M1-M3 along the transi-
tion path are shown in Fig. 5. Interestingly, along the transi-
tion from the open to the closed state, helix M2 first
straightens (with decreasing bending angle) and then bends
again (with increasing bending angle). By visual inspection
of the path from the open to the closed state, we found that
the conformational change in M2 proceeds in two steps.
First, the extracellular half of the helix undergoes an inward
movement toward the center of the pore, resulting in
a straightening of the helix. Then, the intracellular half of

15
210t M3 1
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& /am
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M2
O 1 1 1 1
0 0.2 04 0.6 0.8 1
(open) (closed)

Progression parameter
FIGURE 5 Bending angles for each helix (M1, M2, and M3) during the

transition, defined as the angle between the axes of the top and bottom halves
of the helix.
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M2 moves away from the center whereas the other half
undergoes very little movement, thus re-introducing a kink
in the closed conformation. Because M2 is the innermost
transmembrane helix and forms the lumen of the ion-con-
ducting pore, the bending in this helix has a nontrivial effect
on the pore radius. Particularly, at the midpoint of the transi-
tion path, the extracellular half of M2 has already moved to
its closed-state position whereas the intracellular half has
remained near its open-state position (Fig. 1 b). The pore-
radius distribution of the midpoint conformation thus
matches that of the closed state in the top part of the pore,
where the hydrophobic gate is located, and that of the open
state in the bottom part (Fig. 1 ¢).

The MENMs described so far represent the transmembrane
domain (TMD) of the protein only but not the extracellular
domain (ECD), and therefore cannot reveal conformational
changes in the ECD during the gating transition. As discussed
in the Methods section, it is more challenging to incorporate
the ECD in MENMs, due mainly to the poorer sequence simi-
larity between ELIC and GLIC in that domain. However,
single ENMs can be constructed for the entire ELIC or
GLIC protein. These ENMs can then be used to explore the
coupled motions of the ECD as the TMD undergoes the
open-to-closed transition. Specifically, in the ENM, the C,
protein coordinates X can be divided into X, and X, for the
ECD and TMD, respectively. The Hessian matrix H can be
similarly divided, and the energy function in Eq. 2 can be
expressed as

_1 =T =T Hee Het A)?e
- or a0 (3 B)(E) o

When X, is fixed, the X, that minimizes the energy satisfies
H,AX, + H,AX, = 0. ™

Then for any given X,, the coordinates X, for the ECD can
be determined from Eq. 7. In the following, we force the
TMD coordinates X; to follow the transition path X(f) of
the gating transition, and determine the ECD conformation
X, that best adapts to the given TMD coordinates according
to Eq. 7.

We constructed an ENM based on the GLIC crystal struc-
ture (6) and obtained a trajectory of the ECD that follows the
given TMD transition path, as described above. As shown in
Fig. 6 a, the most prominent change of the ECD in the
open-to-closed transition is a clockwise rotation around the
symmetry axis when viewed from the extracellular side,
which represents a quaternary twist (7,19) between the ECD
and TMD. As shown in Fig. 6 b, when the TMD is superim-
posed against the ELIC crystal structure, the RMSD for
the ECD is decreasing during the open-to-closed transition,
indicating an increasing resemblance to the closed ELIC
conformation. However, such effect is due mainly to the rota-
tion of the ECD described above, as the RMSD after superim-
posing the ECD does not change much. The largest internal
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FIGURE 6 (a) Crystal structures of GLIC (6) and ELIC (5) in open and
closed conformations, respectively, consisting of the extracellular domain
(ECD, upper part) and the transmembrane domain (TMD, lower part).
The TMDs of the two structures are aligned. Each subunit is drawn in
a unique color. The proteins are cut through by a clipping plane that passes
through the symmetry axis (dashed lines). The arrows indicate schematically
the motions involved in the closing or opening transition, revealed by the
ENM/MENM models explained in the text, including a twisting rotation
of the entire ECD, a tilting motion of some helices in the TMD, and a minor
tilt of the ECD subunits. Molecular images were rendered in VMD (49). (b)
Analysis of the open-to-closed transition in GLIC. The RMSDs of the
ECD between each snapshot in the transition path and the GLIC (6) or
ELIC (5) crystal structure are plotted. The dashed lines show the RMSD
values of the ECD when the TMD is superimposed against the crystal struc-
ture, and the solid lines represent the RMSDs after superimposing the ECD
and thus eliminating the relative motion between the ECD and TMD. Resi-
dues constituting the common core (7) of the ECD are used for calculating
the RMSD or superimposition with respect to the ELIC crystal structure.

conformational changes in the ECD occur in the interface
region next to the TMD, characterized by inward movements
of the ECD loops in that region, following similar motions of
the adjacent helices and loops in the TMD. Such inward
motions also result in a tilt of the ECD subunits that produces
a small outward movement in the distal end of the ECD (Fig. 6
a, leff). Analogously, we also constructed an ENM based on
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the ELIC crystal structure (5) and calculated a closed-to-
open transition in ELIC, which exhibits similar motions
(Fig. 6 a, right) including a counterclockwise twist of the
ECD, an outward motion of the interface loops, and a minor
tilt in the ECD with an even smaller magnitude. We note,
however, that although the overall twisting motions between
the ECD and TMD indeed appear plausible (7,19,22), the
coupling between TMD and ECD motions warrants further
examination with the help of atomically detailed models.

DISCUSSION

The gating mechanism of pLGICs has been studied exten-
sively. Based on a medium-resolution structure of the acetyl-
choline receptor solved by electron microscopy (4), it was
hypothesized that helix M2 would undergo a substantial rota-
tion during the opening of the channel, thus moving some
bulky side chains at the constriction region away from the
center of the pore. However, this hypothesis was challenged
by experiments using a novel single-channel proton-transfer
technique (44,45), which suggested that no major rotation of
the transmembrane helices is involved in the transition. The
recent crystal structures (5—7) of prokaryotic pLGICs indeed
did not suggest any significant rotation of the helices
between the open and closed states. Here we find that helix
rotation appears limited to less than ~6°. In contrast, helices
M2 and M3 undergo a more substantial tilting of the axes
(Fig. 2), which has a major effect on the pore radii (Fig. 1 ¢)
and thus determines the open/closed status of the channel.

In addition to the helix tilting, the bending (Fig. 5) of helix
M2 also plays a role in the gating transition, resulting in
a uniformly narrow pore at the midpoint of the transition
(Fig. 1). Bending of helices has been identified as a major
factor in the gating transition of potassium channels (16,46).
Here, helix M2 is bent in both the open and closed states,
but is found to straighten out at the transition midpoint.
Such transient conformational changes can be probed, for
instance, by nuclear magnetic resonance measurements
(26,47), or in single-molecule studies (27). Moreover, struc-
tural and dynamic studies with bound ligands (48) that trap
the intermediate state, or mutations that affect the packing
and bending of the helices, may offer indirect experimental
routes to probe the structural changes.

Electrophysiological recordings of single-channel currents
provide information about the activation barrier and the rate
of the transition between the two states, as well as structural
aspects of the transition state. Purohit et al. (24) and Jha et al.
(25) have reported ®-values for the closed-to-open transition
of the acetylcholine receptor (nAChR) for a number of resi-
dues in the M2 helix, obtained by measuring the effects of
mutations on the equilibrium and rate of the closed-to-open
transition. We have examined the structural changes along
the transition path for the residues with the most extreme
®-values. For residues (9’ and 12’ in éeM2 of nAChR, or
equivalently 239 and 242 in ELIC) with low &~ 0.3 (25),

Biophysical Journal 97(9) 2456—2463



2462

we plotted their distances (not shown) to the nearby residues
on other helices along the transition path, and found that
most (but not all) of these distances change predominantly
past the midpoint, as the open state is approached. This
late change appears to be consistent with the low measured
®-values. We have also examined some residues (7', 10/,
and 14 in éeM2 of nAChR, or 237, 240, and 244 in ELIC)
at the other extreme, ®~ 0.6 (25). For these residues, the
distance changes along the transition path exhibit mixed
behavior, some occurring early and others late. Clearly, these
results should not be overinterpreted. On the one hand, the
proteins are different, and some ®-values differ even
between different subunits of the nAChR (24,25). On the
other hand, the interpretation of ®-values with a relatively
narrow distribution around 0.5 is challenging, even on the
basis of a transition path.

In this study, MENMs (37) were used to construct a
transition path between two native conformations. Some
features of the path, e.g., the sequential movement of the
two halves of helix M2, are inherently nonlinear and thus
cannot be studied easily by linear methods such as normal
mode analysis based on a single ENM. Such details of the
motions (e.g., the nonmonotonic bending of helix M2) and
the sequence of events, as well as the cooperativity of the
structural changes, also cannot be gleaned directly from a
comparison of the native structures. Nevertheless, being
based on a simple energy function at a coarse-grained (back-
bone) level and without an atomistic description of side
chains, the transition path remains of an approximate nature.
In particular, side-chain atoms directly interact with the
substrates in the channel, and their motions are important
to the function of the channel. Moreover, although some
changes in the helix-helix interactions (e.g., the extracellular
ends of M2 are in closer contact with adjacent subunits
during the closing of the channel) can be seen in the
coarse-grained transition path, a complete picture of the in-
terhelical or protein-solvent interface must include the side
chains. Further refinement and additional details of the
conformational transition, in particular with regard to side-
chain motions, may come from all-atom molecular dynamics
simulations.
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