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► Unbiased MD simulations reveal the
spontaneous glutamate-binding and
cleft-closing mechanisms.

► The glutamate is attracted by ARG485
to enter the cleft from a more flexible
side without the S\S bond.

► The orientation of the glutamate upon
binding is regulated by TYR450 with
the cation–π interaction.

► A semi-open state is identified in
the free energy profile obtained by
the unbiased MD simulations.

► The so-called linear response theory is
verified in the inter-domainmotion of
the LBD of GluR2.
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The gating of ion channel of ionotropic glutamate receptors is controlled by the structural change of
the ligand-binding domain of GluR2. We examined the roles of residues in the glutamate-binding and
cleft-closing mechanisms by molecular dynamics (MD) simulations. A glutamate entered the cleft deeply
within the order of nanoseconds and the cleft locked the glutamate completely at 15 ns in an MD run.
TYR450 seemed to regulate the orientation of the glutamate upon binding by cation–π interaction. A semi-
open state was identified in the free energy profile evaluated with the structures on the spontaneously
glutamate-bound and cleft-closed pathway by the unbiased MD simulations for the first time to our knowl-
edge. In the semi-open state, the two sub-domains were bridged by two hydrogen bonds of GLU705 in the
sub-domain 2 with TYR732 in the sub-domain 1 and with the glutamate bound to the sub-domain 1 until
the transition to the closed state.
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1. Introduction

The ionotropic glutamate receptors (iGluRs) are categorized into
three subclasses by their agonists, which are α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA; GluR1-4), kainate (KA;
GluR5-7 and KA1-2), and N-methyl-D-aspartate (NMDA; NR1-3)
[1,2]. The iGluR is composed of one transmembrane domain and
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two extracellular domains, i.e., a ligand-binding domain (LBD) and an
amino-terminal domain (ATD). Four subunits of iGluRs are arranged
in a dimer of dimers form constructing an ion-channel pore at their
central region, and they are responsible for a large portion of the
fast excitatory neurotransmission in the mammalian brain [3–6].
The glutamate receptor subunit 2 (GluR2) is one of the subfamilies
of iGluRs, and it is thought to play important roles in gating the ion
channel and restraining the flow of Ca2+ [7–9].

The co-crystal structure of the LBD of GluR2 with kainate was first
solved by Armstrong et al. in 1998 [10]. The co-crystal structures of
the LBDs with the full agonists, partial agonists, and antagonists have
also been solved by X-ray analyses [11–17]. More recently, the structure
of the GluR2, including the transmembrane domain, LBD, and ATD, has
been analyzed by Sovolevsky et al [6]. They showed that the extracellu-
lar domains have a two-fold symmetry and that the transmembrane do-
main has a four-fold symmetry. They also proposed that the closure of
LBD (i.e., the cleft) by the agonist binding resulted in an increase in
the separation of the transmembrane domain linkers and activation of
the opening of the ion channel. The desensitization is thought to take
place by rupture of the interface between two sub-domains (D1–D1)
in the dimer with the agonist in the LBD.

The gating mechanism of the ion channel of GluR2 has been pro-
posed by comparing the crystal structure of the apo state with the
co-crystal structures with its full agonists (glutamate and AMPA), a
partial agonist (kainate), and an antagonist (DNQX: 6,7-dinitro-2,3-
quinoxzlinedione) [11]. When the agonist binds to the LBD, its struc-
ture is changed from the apo open state to the closed state by the in-
teraction with the residues and water molecules in the cleft as well as
by the interaction through the inter-domain hydrogen bonds. This
structural change induces the rearrangement of four iGluR subunits
in order to open the ion-channel pore. On the other hand, even if
the antagonist binds to the LBD, its structure remains in the open
state and so the ion channel cannot be opened.

The glutamate-binding process in the LBD was roughly proposed by
using the X-ray crystal structures as follows [11]. First, the glutamate
binds to the residues (ARG485, THR480, and PRO478 in the sub-
domain 1 (D1), and GLU705 in the sub-domain 2 (D2)). Then, the clo-
sure of the cleft occurs by the interaction of the gamma carboxyl
group of the glutamatewith the base of the helix F of D2 andwatermol-
ecules. It is inferred that the glutamate first binds to the binding site in
the D1 quickly, and then the cleft closes slowly, suggesting that this
closing step leads to the ion channel activation. The binding of the glu-
tamate to close the cleft is expected to be a stochastic process, but it is
almost impossible to obtain a detailed trace of the position of the gluta-
mate upon binding by means of experiments. The molecular dynamics
(MD) simulations for the LBDs of GluR2 [18–26] as well as other gluta-
mate receptors [27,28] have been performed mostly to investigate the
gating mechanism of the ion channels by the structural changes of re-
ceptors. However, these simulations, which were focused only on the
structural changes of the LBD, did not deal with the glutamate-
binding and cleft-closing processes.

On the other hand, as for other receptors, there have been theoret-
ical studies investigating the ligand-binding processes. Binding MD
simulations have been performed to clarify the binding of an aspar-
tate into its racemase from the hyperthermophilic archaeon Pyrococ-
cus horikoshii OT3, and the simulations predicted the entry process to
the active site [29]. The formation process of a stable complex of a
palmitate with a fatty acid-binding protein was also predicted using
MD simulations [30]. More recently, the pathway and the mechanism
of a drug binding to G-protein-coupled receptors were clarified by the
unbiased MD simulations [31].

In these studies, the proteins and ligands formed the complexes
spontaneously, though a huge amount of computation is required to
observe a rare binding event in the MD simulations. The roles of sev-
eral residues at the pocket upon ligand binding could be speculated
by comparing the simulation results and the experimental results.
Thus, we believe that the unbiased binding simulation, which uses
no artificial external force, is a powerful tool to investigate the molec-
ular recognition at the atomic level to complement the experimental
data.

In the present study, we performed the MD calculations, without
applying any artificial external forces, to elucidate the binding process
of the glutamate into the LBD of GluR2 and that of the cleft-closing
mechanism, and thereby to clarify the roles of residues of the cleft
of GluR2 in the glutamate-binding and cleft-closing processes.

2. Materials and methods

2.1. Model preparation

The crystal structure of the LBD of GluR2 in the apo state (PDB:
1FTO) was obtained from the Protein Data Bank (PDB, http://www.
rcsb.org). We chose the chain-A in the PDB data to use for our MD
simulations (Fig. 1). The residue numbers we used correspond to
those used by Keinanen et al. [32]. A ligand binds to the cleft of the
LBD constructed between the two sub-domains called D1 and D2.
The LBD is composed of two discontinuous polypeptides called S1
and S2, which are linked between LYS506 and PRO632 with the two
artificial linker residues of GLY and THR. These artificial linker resi-
dues were added for the X-ray crystal structure analysis by Arm-
strong et al. [11]. A disulfide (S\S) bond is formed between CYS718
and CYS773. This LBD is connected to the ATD at THR394 and to the
transmembrane segments M1, M2, and M3 at LYS506, PRO632, and
GLY774, respectively [11].

There are four missing residues at the N-terminal and two at the
C-terminal in the PDB structure (PDB: 1FTO), but we did not recon-
struct any of these except for the GLY774 located at the C-terminal.
The total number of residueswas 258. Themissing atoms and hydrogen
atoms were rebuilt appropriately by using the LEaP module in the
AMBER9 program [33]. The Parm96 in AMBER force field [34] and the
TIP3P model for the explicit water molecules [35] were employed. We
used two different systems in our MD simulations: one has an LBD in
a water box without a glutamate (hereafter called SYS_1), and the
other has an LBD in a water box with four glutamates (SYS_2). SYS_1
was used for the examination of the inter-domain motions in the apo
state, and it was also used for the preparation of the initial structures
to use in SYS_2. The unbiased binding MD simulations were performed
using SYS_2 to investigate the process of the glutamate-binding into the
LBD and that of the subsequent cleft closure.

The width of the cleft of LBD in the apo state fluctuates more than
that in the glutamate-bound state [25]. In Lau's study, the free energy
profile of the opening and closing of the cleft by the two-dimensional
potential of mean force (PMF) was analyzed with the reaction coordi-
nates of ξ1 and ξ2, which will be defined later, by the steered molec-
ular dynamics (SMD) simulations [36,37] with the umbrella sampling
method [38]. The accessible range was analyzed in terms of the one-
dimensional reduced coordinate ξ12=(ξ1+ξ2)/2. Following these
results, we selected the initial LBD structures for the binding simula-
tions within the accessible range at body temperature. Because the
width of the cleft is thermally fluctuating, the structures of the LBD
with the cleft widely open are the preferable choice for the initial
conditions.

For SYS_1, the protein structure obtained by the method described
above was energy-minimized in a vacuum to avoid unfavorable atomic
contacts. Then, only the LBD without any ion was solvated in a water
box under the periodic boundary conditions. Adding ions to neutralize
the system might enhance the artifacts, because the electrostatic field
would be dramatically changed depending on the positions of the
added ions. To avoid this, we used a method included in the sander
module of AMBER9 [33] to neutralize the system by redistributing the
excessive charges to the partial charges on all atoms in the system.
This method has the merit of avoiding the collapse of the particle
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Fig. 1. Tertiary structure of the LBD of GluR2. (A) and (B) are viewed from different directions. Two discontinuous polypeptide segments designated S1 (a blue ribbon) and S2 (a red rib-
bon) form the D1 and D2 sub-domains set on light blue and pink rectangles, respectively. A ligand binds to the cleft constructed between D1 and D2. Linker residues (as shown by a gray
ball and stick model) of GLY and THR were artificially introduced between LYS506 (its alpha carbon is depicted by a light blue ball) and PRO632 (a green ball), both of which were dis-
connected from the transmembrane segments M1 andM2, respectively. The ATD and the transmembrane segment M3were disconnected from D1 at THR394 (an orange ball) and from
D2 at GLY774 (a purple ball), respectively. A disulfide (S\S) bond is formed between CYS718 and CYS773 (shown by a small yellow ball and stickmodel). Four centers of mass of groups
(large white and yellow balls), each of which is composed of two or three residues, are defined to analyze the inter-domain motions. COM_A: residues 479–481; COM_B: 654–655;
COM_C: 401–403; and COM_D: 686–687.
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mesh Ewald calculation [39] due to non-neutrality for the evaluation of
the electrostatic interaction. The total numbers of atoms andwatermol-
ecules in SYS_1 are 42,039 and 12,107, respectively.

To observe the binding process of the glutamate, 16 LBD structures
with a one-dimensional reduced coordinate ξ12 of 15.5 Å were
extracted from the trajectorywithwatermolecules.We placed four glu-
tamatemolecules randomly around the jaws of the cleft of the prepared
initial structures with a distance of more than 5 Å from the LBD to the
glutamates artificially in SYS_2. For all 16 structures extracted from
the trajectory, 16 different arrangements of the four glutamates were
generated to obtain 256 different initial structures for the binding MD
simulations. The water molecules within 5 Å from the glutamates
were removed. The previous quantummechanical calculations showed
that the electrostatic interaction between the LBD and glutamate be-
comes significant at about 5 Å, suggesting that diffusing glutamates
within about 5 Å from the protein are captured readily by residues via
electrostatic interaction [40]. These results indicated that the distance
of about 5 Å between the LBD and the glutamates is reasonable for the
initial arrangements of the glutamates. The total charge in SYS_2 with
one LBD and four glutamates was zero, and thus we did not have to re-
distribute the partial charges to neutralize the system. Aswe usedmany
different initial structures, the total numbers of water molecules in
SYS_2 were different from each other. The approximate total number
of atoms was 40,200 in SYS_2.

2.2. MD simulations

The conditions of MD simulations for the systems SYS_1 and
SYS_2 are explained below. The particle mesh Ewald method [39]
was used to evaluate the electrostatic interactions. The SHAKE algo-
rithm [41] was employed to apply constraints to all bonds with a hy-
drogen atom. The time step was 2 fs. The temperature was controlled
by Berendsen's method [42], and the pressure was regulated at 1 atm
by Andersen's method [43]. The temperature of SYS_1 was gradually
raised from 100 K to 310 K in 180 ps. A 20-ns MD run was performed
at 310 K to equilibrate the system and to investigate the inter-domain
motions of the LBD in the apo state. The temperature of SYS_2 was
raised from 100 K to 300 K in 120 ps, and then the temperature was
raised to 310 K for the binding MD runs for 2 ns. When the glutamate
successfully bound in the cleft of the LBD, such runs were extended to
observe the closing process of the cleft. As the binding process is a
stochastic and rare event for the time-consuming MD simulations,
we tried many runs using different initial structures of the LBD as
well as using different initial orientations and positions of glutamates
with respect to the LBD.

The previous study calculated the PMF to analyze the free energy
profile of the opening and closing of the cleft in the LBD [25]. Two-
dimensional (2D) order parameters, ξ1 and ξ2, were defined as fol-
lows: ξ1 describes the distance between the centers of mass
(COMs) of residues 479–481 (hereafter called COM_A) and 654–655
(COM_B), and ξ2 describes the distance between the COMs of resi-
dues 401–403 (COM_C) and 686–687 (COM_D) (Fig. 1A). The COMs
were located almost in the same plane in the crystal structure in the
apo state (PDB: 1FTO, chain-A) (Fig. 1B). In addition to the 2D order
parameters, a one-dimensional reduced coordinate ξ12 was used
(as defined earlier). Lau et al. estimated that 91% of the conformation-
al ensemble was included within the range of ΔG (ξ12)b1.0 kcal/mol,
corresponding to the conformational space within the range of
11.1bξ12b15.4 Å at 300 K [25]. This range of the conformational
space showed the accessible state of the LBD at 300 K. This is the rea-
son why we extracted the structures with ξ12 of 15.5 Å from the tra-
jectory of the 20-ns MD run at 310 K.

We used a Linux PC cluster composed of 4 nodes with 16 cores in
total. Visualization tools called VMD (Visual Molecular Dynamics)
[44] and DS Visualizer (Accelrys Software Inc., San Diego, CA, USA)
were used to draw the molecular models.
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2.3. Targeted MD simulations

We reproduced the closure of the LBD after the binding of the gluta-
mate into the cleft. Using the structures extracted from the trajectory, in
which the glutamate bound into the cleft and then the cleft closed spon-
taneously, we performed the targeted MD simulations with the sander
module included in AMBER9 [33] to evaluate the free energy profile of
the glutamate-binding and cleft-closing processes. The root mean
square deviation (RMSD) from the glutamate-bound X-ray crystal
structure of GluR2 (PDB: 1FTJ, chain-A) was defined as the reaction co-
ordinate. The initial structures on the reaction coordinateweremanual-
ly selected to have an RMSD interval of 0.1 Å from 1.1 to 4.8 Å.
Harmonic potentials were introduced to control the RMSD of the
alpha carbon atoms of the LBD and the atoms except for the hydrogen
in the glutamate. The RMSD fluctuated around the initial value in each
time window appropriately with a force constant of 0.01 kcal/
(mol×Å2×atom number) for all windows except four windows with
the RMSD between 1.1 and 1.4 Å, where we used 0.1 kcal/(mol×Å2×
atom number). Each window was simulated for 1.2 ns including the
first 0.2 ns equilibration run following the calculation conditions
employed by Noy et al [45]. We obtained a smooth transition and
good overlap between windows by using these conditions. The PMF
was calculated using theWHAMmethod [46] and the program provid-
ed by Alan Grossfield [47].

3. Results

3.1. Inter-domain motion of the ligand-binding domain in the apo state

3.1.1. Root mean square deviations of the ligand-binding domain from
the apo crystal structure

Inter-domain motion in the apo state was examined using the
RMSDs from the apo crystal structure (PDB: 1FTO, chain-A). The
time evolution of the RMSD of the whole protein (Fig. 2A) was calcu-
lated using the coordinates of the alpha carbon atoms in the whole
protein at 310 K for 20 ns. The time evolutions of the RMSDs of D1
(Fig. 2B) and D2 (Fig. 2C) were calculated using the trajectories of
the alpha carbon atoms of D1 and D2, respectively, at 310 K for
20 ns. The RMSD of the whole protein fluctuates between 1.0 and
Fig. 2. Time evolutions of RMSD from the crystal structure in the apo state (PDB: 1FTO,
chain-A) calculated using the alpha carbon atoms. (A) Time evolution for the whole
protein for 20 ns. (B) That for D1; and (C) that for D2. The arrow in (A) shows a
large change in the RMSD.
2.0 Å during the first 7 ns and between 1.5 and 3.0 Å for most of the
remaining 13 ns with some sporadic increases to more than 3.0 Å.
We used the part of the trajectory between 7 and 20 ns for the ana-
lyses of inter-domain motion in the apo state, because the fluctuation
of the LBD in the apo state reported by Arinaminpathy et al. [19] was
in the same range of 1.5–3.0 Å. The RMSDs of the D1 and D2 fluctuate
between 1.0 and 1.5 Å for the first 7 ns and between 1.5 and 2.0 Å for
the remaining 13 ns.

3.1.2. Changes in distances and angles of the centers of mass of residues
for examination of molecular motions

The inter-domain motion was examined directly by the changes in
distances and angles defined by the COMs that were composed of two
or three residues (Fig. 3A). The fluctuations of the distances during
the first 7 ns were also smaller than those during the remaining
13 ns, showing that the trends of the fluctuations in terms of time
are similar to those of the RMSDs as mentioned above. The probability
density was investigated by the distribution of ξ1 and ξ2 (Fig. 3B). We
found that the shape of the distribution was oval and that there was a
positive correlation between ξ1 and ξ2 with a correlation coefficient
of 0.56. Such an oval shape indicates that the biased fluctuation
took place between two sub-domains.

We evaluated the distances of the other pairs of COMs of residues
in the different sub-domains. We defined the distances between
COM_A and COM_D and between COM_B and COM_C as ξ3 and ξ4,
respectively. We calculated the time evolutions and the distributions
of ξ3 and ξ4 (Fig. 3C,D). There seemed to be no correlation between
ξ3 and ξ4 based on the correlation coefficient of −0.13.

To investigate the twist motion, we evaluated the distributions of
the angles composed of the COMs as explained below. We calculated
the distribution of the pair of angles, COM_A-COM_B-COM_D
(angle_1) and COM_C-COM_A-COM_B (angle_3) (Fig. 3E). There was
a negative correlationwith a correlation coefficient of−0.65. The distri-
bution of the pair of angles, COM_B-COM_D-COM_C (angle_2) and
angle_3, showed a positive correlation with a correlation coefficient of
0.74 (Fig. 3F). These results showed that twist motion took place be-
tween the two sub-domains D1 and D2.

3.1.3. Large-scale motion of the ligand-binding domain in the apo state
by principal component analysis

The large-scale motion of the backbone of the protein can be ana-
lyzed by principal component analysis (PCA) [48–50] using the tra-
jectories obtained by the MD simulations. In PCA, after the
translational and rotational motions are removed from the trajectory,
a variance-covariance matrix is calculated using the coordinates of
the alpha carbon atoms and then diagonalized to obtain the eigen-
values and eigenvectors. The first principal mode with the smallest ei-
genvalue represents the largest motion, which is generally thought to
be of great importance for the function of the protein. In the first prin-
cipal mode in our MD simulations, the hinge-like motion was clearly
observed, suggesting that the opening and closing motion of the cleft
of GluR2 took place (Fig. 4A). The second principal mode clearly indi-
cated a twist motion between D1 and D2 (Fig. 4B).

3.1.4. Conformational change clarified by comparison of the X-ray crystal
structures of the apo and glutamate-bound states

The structural change was investigated by HINGEFIND [51] using
two X-ray crystal structures in the apo (PDB: 1FTO, chain-A) and
the glutamate-bound (PDB: 1FTJ, chain-A) states. These structures
were superposed with respect to the alpha carbon atoms in D1
(Fig. 4C,D; these two panels present views from different directions).
The hinge-like structural change in the first principal mode was
obtained in the superposed structures by HINGEFIND (Fig. 4D), and
the twist structural change was also recognized in the superposed
structures (Fig. 4C). These hinge-like and twist structural changes
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Fig. 3. Time evolutions and distributions of the distances and angles defined by the COMs in the apo equilibrium state. The distributions are plotted using the trajectory of the atoms be-
tween 7 and 20 ns for every 1 ps. (A) Time evolutions of ξ1 (blue) and ξ2 (red). (B) Distribution of ξ1 and ξ2. (C) Time evolutions of ξ3 (blue) and ξ4 (red). (D) Distribution of ξ3 and ξ4.
(E) Distribution of angle_1 and angle_3. (F) Distribution of angle_2 and angle_3. The green rectangles in the distributions (B, D, E, F) represent the initial pairs of distances and angles used
in the binding simulation,where the glutamate-bound and the cleft-closure structureswere observed. In (B), (D), (E), and (F), the pairs of the distances and angles in the apo crystal struc-
ture (PDB: 1FTO, chain-A) and in the glutamate-bound structure (PDB: 1FTJ, chain-A) are plotted by yellow and red rectangles, respectively. The insets in (B), (D), (E), and (F) are the
schematics of the distances and angles defined by COMs.
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are thought to be related to the opening and closing of the ion chan-
nel pore formed by the four iGluRs [11].

The results of RMSDs, the distributions of the distances, and the
first and second principal modes obtained by our MD calculations in
the equilibrium apo state agree well with the reported results
[19,25,28]. These results convinced us to use our MD system for the
binding MD simulations as explained below.

3.2. Glutamate-binding and cleft-closing processes

3.2.1. Binding of glutamate to the ligand-binding domain
We performed the MD calculations without employing any artifi-

cial constraints in order to observe the glutamate-binding and cleft-
closing processes. In 6 out of 256 MD runs for 2 ns at 310 K, 1 of the
4 glutamates in SYS_2 bound to the cleft of the LBD spontaneously.
We observed the spontaneous closure of the cleft in only 1 out of
the 6 runs in 20 ns. The LBDs in the other 5 runs did not reach the
closed state in 20 ns, because the time required to close the cleft de-
pends on the initial arrangements and motions of the molecules in
the system used in the MD simulations. To avoid the possibility that
the closure of the cleft occurred by chance in the relatively short pe-
riod of time in our simulation, we continued to analyze the precise
glutamate-binding and cleft-closing processes by extending our cal-
culations using the cleft-closed run up to 40 ns. The initial distances
of ξ1, ξ2, ξ3, and ξ4 were 15.9, 15.1, 21.5, and 19.9 Å, respectively.
The initial values of angle_1, _2, and _3 were 94.6, 92.9, and 78.6 de-
grees, respectively. All of the initial distances and angles ranged with-
in the distributions in the apo equilibrium state (Fig. 3B,D,E,F).
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Fig. 4. Conformational changes of the LBD of GluR2. (A and B). The first (A) and second
(B) principal modes corresponding to the two largest motions obtained by PCA are
depicted by cones on the alpha carbon atoms. The color and length of the cones repre-
sent the magnitude of the motion. Warm colors indicate the magnitude of a large mo-
tion, and cold colors indicate the magnitude of a small motion. (C and D) The apo open
(PDB: 1FTO, chain-A, D1: blue; D2: red) and glutamate-bound closed (PDB: 1FTJ,
chain-A, yellow) structures were superposed with respect to the alpha carbon atoms
in D1 that were analyzed by HINGEFIND. (C) and (D) present views from different di-
rections to enable us to see the structural changes clearly. The long black arrow repre-
sents the rotation axis. The centers of mass of D2s in the apo and glutamate-bound
states are connected perpendicularly to the rotation axis by the two small black sticks.
The angle between the two sticks is 19°.

Fig. 5. Glutamate-binding paths in the cleft. (A and B) Electrostatic field on the surface of
LBD calculated by eF-surf. These two panels present views from different directions. The
color varies from red (−0.1 V) to blue (+0.1 V). The positions of the glutamate bound
to the cleft followed by the cleft-closure are shown by different colors with respect to
time at 0 ps (blue), 70 ps (green), 150 ps (yellow), and 300 ps (red). (C and D) Six differ-
ent sets of binding paths in which one glutamate was calculated in anMD run. The differ-
ence among these six sets refers to the different initial positions shown by the different
colors. The balls express the positions of the beta carbon atoms of the glutamates, because
the beta carbon atom locates near the center of the glutamate.
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3.2.2. Binding path of glutamate into the ligand-binding domain
The binding path of the glutamate was analyzed using the trajec-

tories obtained from the MD simulations (see Supplementary
movies). In the cleft-closed trajectory, the glutamate initially under-
went a slight change in orientation at the jaws of the cleft and within
300 ps it advanced deeply into the cleft (Fig. 5A,B). In the other five
MD trajectories starting from the different initial structures, the glu-
tamate bound to the cleft successfully but the cleft did not close with-
in 20 ns. In all these trajectories, the glutamate bound to the cleft
through the left side of the LBD (see Fig. 5C,D) within 1 ns from the
outside of the cleft. The initial distances between the LBD and the glu-
tamates were more than 5 Å.

The electrostatic field at the surface of the atoms of LBD was
obtained with eF-surf [52] (Fig. 5A,B; the two panels present views
from different directions). The glutamate seemed to enter into the
cleft due to the strong attractive force of the positive electrostatic
field originating from the atoms of the cleft of LBD.

3.2.3. Closure of the cleft by glutamate binding
The time evolution of RMSD of the alpha carbon atoms in the LBD

from the glutamate-bound crystal structure (PDB: 1FTJ, chain-A) was
examined for clarification of the closure mechanism of the cleft
(Fig. 6A). The RMSD decreased from 5.0 to 2.3 Å in 1 ns, and then it
fluctuated up to 15 ns in another state that was expected to exist
between the open and closed states. This state is referred to as a
“semi-open” state. Finally, at 15 ns, the RMSD reached 1.5 Å, indicat-
ing that the structure of LBD at this time point was similar to that of
the glutamate-bound X-ray crystal structure in the closed state
(Fig. 6A). Similar to the time evolutions of the RMSD, both the dis-
tances ξ1 and ξ2 decreased rapidly in 1 ns after the entry of the glu-
tamate into the cleft at 300 ps. Both distances maintained constant
values of 12 Å up to 15 ns in this semi-open state, before they de-
creased to 9.6 Å (ξ1) and 9.0 Å (ξ2) to induce the closed state.
These distances agree with the reported distances of 9.4 Å (ξ1) and
8.4 Å (ξ2) at the most stable state of the glutamate-bound structure
in the free energy profile calculated by the previous MD simulation
at 300 K [25] and with those of 9.5 Å (ξ1) and 7.8 (ξ2) Å in the
glutamate-bound X-ray crystal structure (PDB: 1FTJ, chain-A) that
was measured at 110 K.

Because three pairs of residues, (GLU402, THR686), (GLY451,
SER652), and (GLU705, TYR732), have been expected to play impor-
tant roles in the closure of the cleft based on the previous MD simu-
lation [53], the structure at 35 ns of our binding MD simulation and
the glutamate-bound crystal structure (PDB: 1FTJ, chain-A) were su-
perposed by minimizing the RMSD of the alpha carbon atoms in the
cleft between these two structures (Fig. 7A). The whole structure
obtained by our MD simulation was similar to the glutamate-bound
X-ray crystal structure, but only the (GLY451 and SER652) pair of res-
idues failed to form a complete hydrogen bond with the average dis-
tance of 6.0 Å. In particular, the glutamate-bound structure of the cleft
in our MD simulation was in excellent agreement with the X-ray co-
crystal structure (PDB: 1FTJ, chain-A) (Fig. 7B). Most of the hydrogen
bonds observed in the X-ray co-crystal structure were reproduced in
the structure obtained by our MD simulations.
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Fig. 6. Time evolutions of RMSD and distances of the two sub-domains. (A) Time evo-
lution of the RMSD of the alpha carbon atoms from the glutamate-bound crystal struc-
ture (PDB: 1FTJ, chain-A) in the glutamate-bound and cleft-closed MD simulation.
(B and C) Time evolutions of the distances ξ1 (B) and ξ2 (C) in the glutamate-bound
and cleft-closed MD simulation. The arrow shows that there was a transition from
the semi-open state to the closed state.
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3.2.4. Hydrogen bonds in the glutamate-bound structure
We analyzed the roles of the residues of GluR2 in the detailed pro-

cesses of the glutamate binding and the cleft closure. The time evolu-
tions of the distances were examined over a period of 40 ns between
the atoms of the glutamate and those of ARG485, THR480, and
PRO478 in D1, and GLU705, SER654, and THR655 inD2 (Supplementary
Fig. 1A). The atoms of these amino acids are known to form the hydro-
gen bonds in the glutamate-bound X-ray crystal structure (PDB: 1FTJ).
The glutamate formed the hydrogen bonds with ARG485, THR480,
PRO478, and GLU705 within 1 ns. However, it took about 15 ns to
form both the hydrogen bond between the glutamate and SER654 and
that between the glutamate and THR655.Whenwe noted the time evo-
lutions of the distances between the glutamate and the residues
ARG485, THR480, PRO478, TYR450, and GLU705 for 1.5 ns (Supplemen-
tary Fig. 1B), the alpha carboxyl group of the glutamate was attracted to
the distance 5.0 Å at 150 ps from the guanidine of ARG485 by the elec-
trostatic interaction. Then, the glutamate formed the hydrogen bonds
with ARG485, THR480, and PRO478 at 300 ps simultaneously.

At 1 ns, the amino group of glutamate was attracted to the carboxyl
group of GLU705 by the electrostatic interaction, and they formed a hy-
drogen bond. ARG485, THR480, PRO478, and GLU705 are in the
glutamate-binding site, and they are conserved in many iGluRs [25].
These facts suggest that one of the roles of these residues is to attract
the glutamate into the cleft. At this time point, the distances of ξ1 and
ξ2 were both about 12 Å (Fig. 6B,C), and the RMSD from the
glutamate-bound X-ray crystal structure (PDB: 1FTJ, chain-A) was
more than 2 Å (Fig. 6A). These results strongly support that there is a
“semi-open” state between the open and closed states. The time evolu-
tions of the distances were examined between the pairs of residues that
are thought to be important for the cleft closure (Supplementary Fig. 2).
The hydrogen bond between TYR732 and GLU705 was formed at 1 ns,
and that between THR686 and GLU402 was formed at 15 ns. However,
no hydrogen bond was formed between GLY451 and SER652 within
40 ns.
3.2.5. Distance change between TYR450 and glutamate in the glutamate-
binding process

The distance change was examined between the nitrogen atom of
the glutamate and the gamma carbon atom of TYR450 (Supplementa-
ry Fig. 1B). The protonated amino group of the glutamate with a pos-
itive charge was positioned near the benzene ring of TYR450 with a
distance of 3.0 Å at 250 ps. However, the distance increased to 5 Å
after 300 ps due to the deeper binding of the glutamate into the bind-
ing site. The orientation of the glutamate seemed to be controlled by
the space molded by the benzene ring of TYR450 and also controlled
by a so-called cation–π attractive interaction between the amino
group of the glutamate and the benzene ring of TYR450.

3.2.6. Hydrogen bonds between LYS730 and GLU705 and between
LYS730 and ASP728

LYS730 has been proposed to switch its hydrogen-bond partner
from GLU705 to ASP728 based on a comparison of the crystal struc-
tures in the apo and glutamate-bound states [11]. The time evolutions
of the distances were examined between the amine nitrogen in
LYS730 and the carboxyl oxygen in GLU705 and also between the
amine nitrogen in LYS730 and the carboxyl oxygen in ASP728 for
the deformation and formation of the hydrogen bonds (Supplementa-
ry Fig. 2). LYS730 formed a hydrogen bond with GLU705 in the initial
structure. Then, LYS730 cut this hydrogen bond but formed a new hy-
drogen bond with ASP728 at about 250 ps upon glutamate binding.
The hydrogen bond between LYS730 and ASP728 was maintained
until at least 40 ns. The distance between the amine nitrogen in
LYS730 and the carboxyl oxygen in GLU705 became constant after
GLU705 formed the hydrogen bond with the glutamate at 1 ns (Sup-
plementary Fig. 1B).

3.2.7. Potential of the mean force in the glutamate-binding and cleft-
closing processes

We evaluated the PMF along the reaction coordinates defined by
the RMSD of the LBD from the glutamate-bound X-ray crystal struc-
ture (PDB: 1FTJ, chain-A) (Fig. 8). We used the 38 structures from
1.1 to 4.8 Å in the RMSD with an interval of 0.1 Å obtained by the
MD run, in which the glutamate bound to the cleft, resulting in the
closure of the cleft. The RMSD value at the minimum PMF obtained
by the MD simulations at 310 K was not 0.0 Å but 1.5 Å probably
due to the thermal fluctuation and the differences in temperature,
when the X-ray experiment was done at 110 K (PDB: 1FTJ). That is,
the RMSD with the lowest PMF was shifted from 0.0 to 1.5 Å by the
thermal fluctuation to have a low probability density in the range
smaller than 1.5 Å. The sharp rise occurring at 4.8 Å was an artifact
that came from the upper termination range of 4.8 Å for the umbrella
sampling, where the region beyond the upper limit was not sampled
(Fig. 8). The two large peaks were obtained at 1.7 and 3.1 Å with the
free energy barriers of 1 and 0.6 kcal/mol, respectively towards the
direction to close the cleft. The peak at 1.7 Å corresponded to the de-
crease of the RMSD from 2.0 to 1.5 Å at 15 ns as shown in Fig. 6A. The
other large peak at 3.1 Å corresponded to the initial decrease of the
RMSD.

4. Discussion

We succeeded in observing the spontaneous glutamate-binding
and cleft-closing processes in our MD simulations. We identified the
“semi-open” state between the open state and the closed state in
the calculated free energy profile. TYR450 seems to guide the gluta-
mate to bind to the cleft appropriately by the cation–π attractive in-
teraction formed by its benzene ring. The inter-domain hydrogen
bond between GLU705 and TYR732 reinforces the structure in the
semi-open state for the transition occurring before the closed state.
The two hydrogen bonds of the glutamate with SER654 and THR655
as well as the inter-domain hydrogen bond between GLU402 and
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Fig. 7. Glutamate-bound structures superposed to the co-crystal structure in the closed state (PDB: 1FTJ, chain-A) calculated with respect to the alpha carbon atoms in the cleft.
(A) The backbone structures of the LBDs depicted with orange (MD) and black (PDB: 1FTJ, chain-A) lines. The glutamate and three pairs of residues obtained by the MD calculation
at 35 ns are represented with ball and stick models. Their carbon atoms are colored orange (glutamate), blue (GLY451 and SER652), green (TYR732 and GLU705), and pink (GLU402
and THR686). (B) The structures around the glutamate in the cleft with the hydrogen bonds. The blue and green dashed lines indicate the hydrogen bonds observed in the MD and
the co-crystal structure, respectively. The carbon atoms obtained by the MD simulation at 35 ns are colored orange and those of the co-crystal structure (PDB: 1FTJ, chain-A) are
colored gray.

42 O. Okada et al. / Biophysical Chemistry 162 (2012) 35–44
THR686 are crucial for the transition from the semi-open state to the
closed state.

4.1. Inter-domain motions of the ligand-binding domain in the apo state

The ranges of fluctuations of the RMSDs of D1 and D2 (Fig. 2B,C)
were small, and they did not shift between 7 and 20 ns, indicating
that the tertiary structures of both D1 and D2 were stable and rela-
tively rigid. This suggests that the larger fluctuation of the RMSD of
the whole protein is attributable to the inter-domain motion, which
is crucial for the opening and closing of the iGluR ion channel. The
stability during the first 7 ns of the MD simulation appeared to reflect
the stability of the crystal structure.

The directions of the changes in the distributions of the distances
and angles between the apo state (PDB: 1FTO, chain-A) and the
glutamate-bound state (PDB: 1FTJ, chain-A) are similar to the direc-
tions in the biased fluctuation (Fig. 3B,E,F). This phenomenon sup-
ports the general relationship between fluctuations and a response to a
Fig. 8. Potential of mean force in terms of the RMSD of the alpha carbon atoms from the
glutamate-bound crystal structure (PDB: 1FTJ, chain-A). The open, semi-open, and
closed states are identified by the two transition states between them.
stimulus [54,55], where the stimulus is the binding of the glutamate
to the LBD in the present study.

The inter-domainmotions obtained by the PCA (Fig. 4A,B)were also
in accordance with the reported first-principal mode evaluated using
many crystal structures of LBD of the GluR2 with a variety of ligands
by Bjerrum et al. [26], as well as with the results of the PCA of the LBD
of the NMDA receptor by Kaye et al. [28]. The structural changes by
the inter-domain motion also agreed with those analyzed using the
static X-ray crystal structures by HINGEFIND [51] (Fig. 4C,D).
4.2. Glutamate-binding process

As this tyrosine is conserved in the LBD of many iGluRs [24], we
speculate that one of the roles of the tyrosine at the center of the
binding site is to guide the glutamate to enter the cleft appropriately.

The position of TYR450 is fixed by the hydrogen bond with
GLU402, and its bulky benzene ring seems to mold the space for the
glutamate to bind in the appropriate direction with the support of
the cation–π attractive interaction. Although the accurate cation–π
interaction has to be evaluated by quantum mechanical calculations,
the standard force fields, especially their electrostatic components,
can correctly reproduce trends of binding energies [56,57]. For this
reason, we believe that the effect by the cation–π interaction is par-
tially included in the MD calculations.

We believe that the electrostatic field originating from the LBD is the
primary driving force for the binding of the glutamate to the cleft via the
path on the left side of the LBD (Fig. 5A). Taking into account the fact
that one side of the jaws is tightened by the disulfide bond at the edge
of the cleft and the rigid transdomain β strand functions as a hinge by
connecting the two sub-domains at the center of the LBD, the other
sidewould be facilitated to openwidely. These structural characteristics
are also inferred from the superposed X-ray crystal structures in the
open and closed states (Fig. 4C). Mamonova et al. showed that the
helix I, which is in D2 and contains CYS718 at the edge, forming the di-
sulfide bond with CYS773 in D1, is less mobile than other helices in D2
[52]. Their results suggest that the structure of the right side of the LBD
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(Fig. 1A) is stiffer and harder to open than the other side, supporting the
binding path clarified by our MD simulations.

4.3. Cleft-closing process

The formation of a hydrogen bond between TYR732 in D1 and
GLU705 in D2 initiates the conformational change from the open state
to the semi-open state, and the formation of a hydrogen bond between
GLU402 and THR686 is related to the conformational change from the
semi-open state to the closed state. The glutamate-bound crystal struc-
ture (PDB: 1FTJ) has three independent chains of the LBD in a unit cell,
and the structures are slightly different from each other. The pairs of the
residues (GLU705 and TYR732) and (GLU402 and THR686) formhydro-
gen bonds in all three chains. However, the distances between the nitro-
gen atom in GLY451 and the oxygen atom of the carbonyl group in
SER652 are 5.35, 3.82, and 3.19 Å in the chain-A, -B, and -C, respectively,
although they all exist in the closed states. That is, the hydrogen bonds
are not formed in chain-A and -B completely. This suggests that the hy-
drogen bond between GLY451 and SER652 is not crucial for the LBD to
form the closed state, and thus we have not obtained the hydrogen
bond between these residues in the 40-ns MD run. Mamonova et al.
pointed out that this hydrogen bond may play a role in rigidifying the
structure of the complex for the tighter cleft closure [53].

We infer that one of the roles of GLU705 and TYR732,which are con-
served in the LBD ofmany iGluRs, is to reinforce the semi-open state for
the transition occurring before the closed state. We speculate that one
of the roles of the residues SER654, THR655, THR686, and GLU402 is
to transform the LBD from the semi-open state to the closed state.

Abele et al. have shown that the glutamate binds to D1 of the LBD
rapidly followed by slower conformational change of the LBD by stop-
flow experiment [58]. Cheng et al. have investigated the glutamate-
binding and cleft-closing processes of GluR2 using time-resolved vibra-
tional spectroscopy [59]. They showed that there is a partial cleft closure
state after the binding of the alpha carboxyl group of the glutamatewith
ARG485 of D1, followed by the establishment of the interactions be-
tween the gamma carboxyl group of the glutamate and the residues
in D2 tomake a large conformational change. In ourMD simulation glu-
tamate bound to the cleft within 1 ns in sixMD runs and the cleft closed
within 20 ns in only one run among the six runs. We do not have to
compare this cleft-closure time with the data observed by the experi-
ments, because the present experimental techniques do not have an
enough resolution of time, such as nanoseconds. That is, it is a future
issue that opening and closing of ‘one subunit cleft’ can be detected by
experiments. The multiple conformational states were reported to in-
clude glutamate-binding, domain-isomerization, and lobe-locking
steps by hydrogen-deuterium exchange experiments [60]. The identifi-
cation of the semi-open state in the present study agreedwith these ex-
perimental results.

4.4. Potential of mean force in the glutamate-binding and cleft-closing
processes

We assigned the structure between the two transition states at
1.7 Å and 3.1 Å as the semi-open state (Fig. 8). The transition from
the open state to the semi-open state was faster than that from the
semi-open state to the closed state, probably because the barrier at
3.1 Å in the RMSD in the PMF was lower than that at 1.7 Å. Although
Noy et al. pointed out that the current target MD simulations cannot
be used to determine precisely the free energy barrier at the large
conformation of DNA [44], the barriers of 1 and 0.6 kcal/mol were
clearly observed in the present study. The existence of the semi-
open state can also be speculated from the constant values of the
RMSD at 2.2 Å from 2 to 15 ns (Fig. 6A). The semi-open state was
also identified by targeted and multi canonical MD calculations, al-
though the existence of the glutamate was not considered [61]. For
this reason the minimum energy of the PMF in their results is not in
the closed state but in the open state. However, the overall PMF pro-
file obtained in their studies agrees well with our results. This sup-
ports the existence of the semi-open state in glutamate-binding and
cleft-closing processes. Because we obtained the results with only
one trajectory, further investigations are needed to discuss this
issue precisely.
5. Conclusion

The accordance observed between the direction of the biased fluc-
tuation in the apo equilibrium state and that of the cleft-closure state
supports the notion of a general relationship between the fluctuation
and a response to a stimulus. We speculated that one of the roles of
TYR450 is to guide the regulation of the orientation of the glutamate
upon binding by its benzene ring to induce the cation–π attractive in-
teraction. To our knowledge, this is the first successful calculation of
the potential of mean force based on the structures on the spontane-
ously ligand-bound and cleft-closed pathway by the unbiased MD
simulations. We identified the semi-open state between the open
state and the closed state. GLU705 in D2 forms a hydrogen-bond
bridge with TYR732 in D1, presumably reinforcing the semi-open
structure for the transition occurring before the closed state.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bpc.2011.12.004.
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