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Abstract
N-Methyl-D-aspartate receptors (NMDARs) are glutamate-gated ion channels found in the nerve cell membranes. As a result of
overexcitation of NMDARs, neuronal death occurs and may lead to diseases such as epilepsy, stroke, Alzheimer’s disease, and
Parkinson’s disease. In this study, humanGluN1- GluN2A type NMDAR structure is modeled based on the X-ray structure of the
Xenopus laevis template and missing loops are added by ab-initio loop modeling. The final structure is chosen according to two
different model assessment scores. To be able to observe the structural changes upon ligand binding, glycine and glutamate
molecules are docked into the corresponding binding sites of the receptor. Subsequently, molecular dynamics simulations of 1.3
μs are performed for both apo and ligand-bound structures. Structural parameters, which have been considered to show func-
tionally important changes in previous NMDAR studies, are monitored as conformational rulers to understand the dynamics of
the conformational changes. Moreover, principal component analysis (PCA) is performed for the equilibrated part of the
simulations. From these analyses, the differences in between apo and ligand-bound simulations can be summarized as the
following: The girdle right at the beginning of the pore loop, which connects M2 and M3 helices of the ion channel, partially
opens. Ligands act like an adhesive for the ligand-binding domain (LBD) by keeping the bi-lobed structure together and
consequently this is reflected to the overall dynamics of the protein as an increased correlation of the LBD with especially the
amino-terminal domain (ATD) of the protein.
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Introduction

N-Methyl-D-aspartate receptors (NMDARs) belong to the
ionotropic glutamate receptor family (iGluR) along with the
AMPA (α-amino-3-hydroxyl-5-methyl-4-isoxazole-propio-
nate) and kainite receptors. They play a pivotal role in con-
sciousness and standard memory and learning functions.
iGluRs are all activated by glutamate and classified by

additional specific agonists that bind them: AMPA, kainate,
and NMDA (N-methyl-D-aspartate). Over-activation of
iGluR is the leading cause of neurodegeneration and neural
cell death, which are the causes of various types of dementia-
related diseases such as Alzheimer’s, Parkinson’s, and
Huntington’s [1].

NMDARs are assembled from a pool of three different
gene families: GluN1, GluN2 (A-D), and GluN3 (A-B) [2],
and have at least one GluN1 subunit and two or more GluN2
or GluN3 subunits [3, 4]. Depending on receptor subunit com-
position, important functional characteristics like open chan-
nel conductivity and voltage dependence can vary [5].
NMDARs require glycine binding in GluN1 subunits and glu-
tamate binding in GluN2 subunit for activation in membrane
depolarization conditions.

Structurally, NMDARs are heterotetrametric proteins that
consist of several regions: an extracellular amino-terminal do-
main (ATD), an extracellular ligand-binding site (LBD), a
transmembrane domain (TMD), and an intracellular
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carboxyl-terminal domain (CTD) [6, 7]. The clamshell-
shaped ATD is composed of two lobes: upper (R1) and lower
(R2). In the peptide chain topology, the ATD is followed by a
sequence (S1) that forms the upper lobe (D1) of the clamshell-
shaped LBD. S1 links the first (M1) of three transmembrane
helices (M1,M3, andM4) to the LBD. A short linker connects
M1 to M2 and a pore-lining reentrant loop (M2/p-loop) that
generates the selectivity filter toward the interior of the chan-
nel. S2 sequence in LBD forms D2 lobe and hinge binding D2
to D1. Another short linker connects the M2/p-loop segment
to the M3 helix of TMD (Fig. 1) [8].

Upon glutamate and glycine binding, the lower lobe (D2)
of the clamshell comes close to the upper lobe (D1) and packs
the ligand in the binding site. This motion pulls the pore-
forming M3 helices in the TMD up, which leads to the open-
ing and activation of the channel. This allows the passage of
small cations including Na+, K+, and Ca2+, but is blocked by
Mg2+, which is related to synaptic plasticity [9–11]. Other
substances which are known to interact with NMDARs and
modulate their activity include zinc cations, protons, poly-
amines such as dizocilpine (MK-801), and the psychotropic
drug phencyclidine (PCP) [12].

In 2014, two X-ray structures gave insight into receptor
structure arrangement and the inactive state of a full-length
NMDAR [10, 13]. Until then, the only intact structure re-
solved by X-ray crystallography was for AMPA-GluR2
[14]. Additionally, several lower resolution cryo-EM struc-
tures of NMDAR captured inactivated and inhibited states as
well as a triheteromeric structure, which has different subtypes
[15–18].

After the experimental structures became available, several
computational studies are reported in the literature to address
the structural transformations of the NMDAR structure. In one
such study, the authors utilized targeted molecular dynamics
(tMD), to model the open channel state of the receptor [19].
They started from the crystal structure for the inactivate state
and forced the M3 helices to move toward the open channel
model which is obtained based on correlation with SCAM,
substituted cysteine accessibility method, data. In a similar
study of Vasey et al., only the transmembrane segment of
GluN1/GluN2A is modeled and refined by molecular dynam-
ics (MD), and tMD with simulated annealing to study the
dynamic behavior of the channel in the presence of divalent
cations of Ca2+ and Mg2+ [20]. Mg2+ reduced the protein
flexibility while Ca2+ binding showed similar fluctuations to
no ion bound structure. Both studies used the AMPA receptor
open channel conformation for the end state, however that
structure is also not in open, but a pre-open state.

There are also recent MD studies on the human GluN1/
GluN2B NMDAR homology models [21, 22]. One of these
studies demonstrates that holo structure of NMDAR assumes
a more tightly packed and stable conformation than the un-
bound NMDAR [21]. However, their simulation length is
300 ns, and they did not observe a fully-open ion channel
structure. Additionally, they have different subtype model
which included N2B. In another MD study, structures, which
are determined under different experimental conditions, were
mostly transformed into a structure similar to “desensitized”
state of the channel [22].

In addition to MD studies, elastic network analysis has
been carried out on the rat NMDA receptor structure. In this
study, the activation is found to be carried out step by step
through a series of structural motions from the ATD to inter
and intrasubunit R2-D1 motions and to the LBD-M3 linkers
to TMD [11]. An additional MD study investigated the inhi-
bition mechanism of NMDAR ion channel blockers MK-801
and FDA approved drug memantine [23]. In this study, the
protein was crystallized by cutting the ATD portion, and dif-
ferent symmetrical TMD/LBD was obtained in comparison to
intact protein. This study demonstrated the importance of the
ATD in stabilizing the structure in addition to its role as reg-
ulatory domain.

Despite the significant progress in structural studies of
the NMDAR, the gating mechanism remains still elusive
due to several reasons. The intact receptor structure that is
open to ion transmission has not been experimentally re-
solved [24]. Furthermore, existing crystal structures in-
clude various mutations to reduce flexibility and enhance
the quality of X-ray diffraction, such as disulfide
crosslinks between subunits and the removal of certain
resilient regions of the receptor, especially in the ion
channel. The X-ray structures are also crystallized in the

Fig. 1 Topology of NMDAR subunits
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presence of both partial agonists in LBD and allosteric
inhibitors in ATD, which quite likely reflects the structure
of a non-functional receptor [25].

In this work, the structure of GluN1-GluN2A type human
NMDAR model was obtained via homology modeling meth-
od using X-ray structures which 4PE5 from Rattus norvegicus
[10], and 4TLM from Xenopus laevis [13]. First, the two X-
ray structures are compared in terms of loop structures and ion
channel region resolutions. After picking the template and
building the model, we performed total of 1.3 μs long MD
simulations with two homology models, one with the ligand
(holo) and the other one without ligand (apo) to see the effect
of ligand binding on the structure and dynamics of the
receptor.

Materials and methods

Homology modeling

The sequence identity of human GluN1 to frog GluN1, and
human GluN2A to frog GluN2B (Xenopus laevis ,
PDB:4TLM) [10] is 92% and 81%, respectively while rat
(Rattus norvegicus, PDB: 4PE5) NMDAR [13] showed about
98% sequence identity to human sequence for both chains. In
the rat X-ray structure 15 charged residues are neutralized and
5 CYS cross-linking mutations have been introduced.
Additionally, the M2-M1 linker region in the TMD is missing
in the structure. A comparison of hole profiles between 4PE5
and 4TLM structures reveals that the frog X-ray structure is
more detailed at the bottom of the gate area (Fig. S1).
Consequently, the frog (4TLM) structure was chosen as a
template in this work. Here, one might expect to use two
templates together however addition of template(s) does not
necessarily improve model quality [26, 27]. Here, we plan to
utilize the information from the 4PE5 structure in the loop
modeling step. Using ClustalW [28], the GluN1/GluN2A hu-
man sequences were aligned with the sequences of frog and
rat, as well as the corresponding chains from AMPA and
kainite receptors (Fig. S2 and Fig. S3). The resulting align-
ment of template sequences and human sequences were used
in homology modeling by MODELLER [29, 30]. There are
missing loop structures in both frog and rat structures. These
main loops correspond to the three regions: the linker between
the ATDs and LBDs, the linker between the LBDs and TMDs,
(red highlighted segments in Fig. S2 and Fig. S3), and an
intracellular loop (yellow highlighted in Fig. S3). In the ho-
mology modeling step by MODELLER, these segments are
left out from modeling. The human structure is modeled as a
tetramer based on the frog structure without the above-
mentioned loop segments. One hundred models were gener-
ated and the best model was chosen using the DOPE [29, 30]

scoring function. The missing loops (except for the intracellu-
lar loop) in each chain were completed with Rosetta [31] ki-
nematic closure loop modeling (red highlighted parts in Fig.
S2 and Fig. S3). One hundred models are created for each
loop, and the best loop combinations are picked by cross-
checking in MODELLER and Rosetta scoring functions.
Intracellular loop structure is not solved by any experimental
studies, and it is too long to model. That is why it is left out of
the scope of this study. Finally, the selected models are
inspected with program PROCHECK [32] for stereochemical
quality.

Ligand docking

The crystal structure reported by Lee et al. (PDB: 4TLM, frog)
is in complex with the partial agonists 1-aminocyclopropane-
1-carboxylic acid (ACPC) and trans-1-aminocyclobutane-1,3-
dicarboxylic acid (t-ACBD) for GluN1 and GluN2B subunits,
respectively) [10]. The structure also has GluN2B-specific
allosteric inhibitor, Ro 25-6981, in the dimer interface be-
tween GluN1 and GluN2B ATDs. The other structure report-
ed by Karakas et al. (PDB: 4PE5, rat) was crystallized with the
GluN1 agonist, glycine, and the GluN2 agonist, L-glutamate,
in the LBD and the allosteric inhibitor, ifenprodil, in the di-
meric interface of GluN1/GluN2B ATDs [13].

When building the homology model, we used the frog
structure (4TLM) by removing all the small molecules from
the template structure. Then, the holo structure is obtained by
docking the agonists glycine and glutamate into the LBDs of
the model. Molecular docking of the glycine and glutamate to
the model was performed using AutoDock4 [33]. The coordi-
nates of ligands, glycine in GluN1 and glutamate in GluN2B
subunits, were exported from the structure 4PE5. Glycine and
glutamate molecules were positioned on the LBDs of GluN1
and GluN2A, respectively, by keeping the ligand structures
flexible. Based on the crystal structure, the center for each
ligand is selected from the LBD regions of each chain, and a
grid box dimension is determined as 50 × 50 × 50 Å. The
number of docking runs was set to 100 in order to allow each
ligand binds to the pockets in 100 different conformations.
Docking experiments were carried out using a Lamarckian
genetic algorithm with a maximum number of 2,500,000 en-
ergy evaluations for each ligand. The best 20 conformations
are selected according to energy scores [34]. AutoDock4 is
run for each chain and ligand with these parameters, and the
best scored conformation of ligands is obtained for simulation.

Molecular dynamics

During the preparation of both models for MD simulations,
the protonation states of histidine (HIS) and other charged
residues (GLU, ASP, LYS, and ARG) have been determined
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by the PROPKA [35] web server by calculating the pKa
values of these residues at pH 7.4. Ligand-binding site aspar-
tate residues are assigned to be in ionized states and all of the
disulfide bridges between the close cysteine residues in the X-
ray structure pdb files were applied to the system in VMD
[36]. Both models were inserted into an unequilibrated
palmitoyl-oleoyl phosphatidylcholine (POPC) membrane
and solvated with TIP3P water molecules. Systems were neu-
tralized by adding Na+ and Cl− ions into the system. At the
end, systems consisting of nearly 230,000 atoms are obtained.

Two picoseconds (ps) (1000 steps) minimization and
2 nanosecond (ns) (1000,000 steps) MD runs with 1 fs time
step at a constant temperature of 310 K and at constant volume
(NVT) were used for melting the lipid tails. The initial veloc-
ities were taken randomly from a Maxwellian distribution at
310 K. Then, both systems were simulated for 8 ns (four 2 ns
simulation one after another with the spring constant 1, 0.75,
0.5, and 0.25 kcal/mol.Å2, respectively) with positional con-
straints implemented on protein atoms at 310 K constant tem-
perature and 1 atm constant pressure (NPT). The positional
constraints on the protein atoms were completely removed
and run for 5 ns (NPT, lipid area not constant) with constant
system pressure (1 atm) and temperature (310 K) while all
system atoms were released. Last, the lipid area was kept
constant, and 1.3 μs in total were performed in a Langevin
piston set to 1 atm for pressure and a Langevin temperature
piston set to 310 K for temperature. All MD simulations were
performed using NAMD [37] with a nonbonded vdW cutoff
of 12 Å and the CHARMM [38] (v27 for lipid and protein)
force field. Particle mesh Ewald electrostatics settings were
applied, and the SHAKE algorithm was used for constrained
hydrogen atoms. HOLE [39] was used to calculate the mini-
mum pore radius along the ion channel. The last 1000 ns of the
simulations were used for analysis.

PCA analysis

To analyze the collective conformational change of the sys-
tems, PCA is performed on the structures taken from MD
simulations, using the PTRAJ [40] utility of AMBER [41].
Fifty thousand frames (1000 ns) were used. In the first step,
each conformation in the trajectory was superimposed into the
reference initial structure. In the second step, a variance-
covariance matrix was constructed by calculating the devia-
tions of positions from the average structure. The elements of
the covariance matrix, C was calculated as:

Cij ¼< xi− < xi >> : < x j− < x j >>

where xi and xj are the coordinates of C-alpha atoms of resi-
dues i and j, and the brackets means the ensemble average.
The covariance matrix, C, can be decomposed as:

C ¼ PΔPT

where the eigenvectors, P, represent the principal components
(PCs) and the eigenvalues are the elements of the diagonal
matrix, Δ. Each eigenvalue is directly proportional to the var-
iance it captures in its corresponding PC. Constructed matrix
has 3 N × 3 N dimension, N being the residue number. The
eigenvectors represent the intrinsic collective motions of the
protein and the corresponding eigenvalues, after removing 6
zero eigenvalues (3 for rotational and 3 for translational mo-
tions), represent the magnitudes of these motions [42]. To
collect the collective motions and its magnitudes, normalized
correlation matrices of the system are also calculated by the
eigenvectors of the covariance matrix of 1000 ns long trajec-
tory.

Cij ¼
∑10
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UilU jl

Ωll

∑10
m¼1
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2

where U is the matrix of eigenvectors, and Ω is the diagonal
matrix of eigenvalues. The cross-correlations maps indicate
correlation of motion between different parts of the protein.

Results

Model evaluation and docking

The percentage of amino acids present in the allowed “dihe-
dral” angle combinations in the Ramachandran plots was 90%
for the model and 94% for the template structure. The reason
for rechecking the template structure, in addition to the ho-
mology models, is that the initial homology model quality is
directly affected by the template quality. The models are con-
structed without loops, and were moved to a separate loop
modeling step. There is a long intracellular loop structure
which is missing in all X-ray structures and we also did not
model that part.

ROSETTA [31] and MODELLER [29, 30] are used to
reconstruct remaining missing loops and to compare the qual-
ity of results obtained. One such missing loop is between
transmembrane helices M1 andM2while the other is between
ATD and LBD (Fig. S4A). From both programs, 100 different
loop structures were collected for each missing loop. The rea-
son why we built 100 loops in 2 different programs is to
achieve better sampling for the loops, the two programs uses
different algorithms for loop modeling. Then, all the loop
structures were evaluated by using MODELLER’s and
ROSETTA’s scoring functions (In Fig. S4B, the loops in
N11 are displayed as an example). Both scoring functions
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demonstrated better scores for loops modeled in ROSETTA.
Then, the loops that have the highest Z-DOPE score were
selected for the final homology model. Again, this cross-
checking for the loop evaluation with two different programs
provided us better sampling for the initial loop structures.

Before the simulation, the poses of the ligand molecules
sorted by AutoDock results were also examined. For chain A,
B, and C, the best scored pose of the ligand resembled the
poses of glutamate and glycine in 4PE5 X-ray structure.
However, in chain D, the best scored pose of the glutamate
is rotated 180° in the binding pocket with respect to the pose in
the X-ray structure. For that chain, we picked the second-best
scored pose which is closer to the X-ray structure pose. The
poses of initial glutamate and glycine in the holo structure and
corresponding poses in the X-ray structure are provided in
Supporting Fig. 5 (only chain C and D is shown for represen-
tative purposes).

MD simulation

The RMSD of the apo and holo simulations shows that the apo
simulation seems to reach a plateau faster than the holo sim-
ulation, and both simulations reached a value of ~ 6 Å (Fig. 2).
When individual domain RMSD values are checked, we ob-
served ATD domain and ATD-LBD linkers have highest
RMSD values while TMD is least mobile part of the complex.
For both simulations, the first 300 ns is discarded and the
remaining 1000 ns trajectory is used for the analysis.

The frog X-ray structure pore profile obtained in HOLE
displays two restricted regions along the ion channel axis
(Fig. S1C). The first girdle is across Thr 646 of GluN1 and
Ala 645 of GluN2B, within the ‘SYTANLAAF’ motif. This
girdle is considered the main gate of the channel at the bound-
ary of M3 helices, also around TTTT gate [43]. The second
girdle is close to the intracellular domain at the beginning of
the pore loop which connects the M2 and M3 helices of the

TMD. These two girdle regions are called top and bottom
girdle consecutively in this work. The top girdle consists of
the GluN1 of T648 and GluN2A of A647 and the bottom
narrow region consists of the GluN1 of N616 and GluN2A
of N614. The distances between the successive residues are
measured and summed up for both top and bottom girdles
during the production runs (Fig. 3a and Fig. 3b
respectively). The top girdle distance (Fig. 3a) remained
smaller in the apo simulation with a value around 31 Å while
it is around 35 Å for the holo simulation (Fig. 3c). This 4 Å
difference comes from the increase in one of the subunit pairs,
distance between GluN2A2 and GluN11. In Fig. 3e, the same
distance is shown as distribution. The top girdle is sampling a
more open structure in the holo simulation.

For the bottom girdle, the distance is 31 Å in apo simula-
tion and 28 Å in holo simulation in the beginning (Fig. 3d).
The distance remained almost constant for the apo simulation
along the trajectory. However, a jump is observed for the holo
simulation at around 220 ns to 38 Å. For the same distance,
the holo simulation is sampling a wider range of values also
(Fig. 3f). To investigate this brief opening at the bottom girdle,
cross distance between the same residue pairs is also mea-
sured. The cross distance between GluN11/GluN12 stays larg-
er (red lines in Fig. 4a), while GluN2A1/GluN2A2 decreases
in holo when compared to apo simulations (green lines in Fig.
4a). In the bottom girdle, mainly GluN1 subunits move away
from each other expand the channel. The conformational
change of the bottom girdle is also inspected visually by
selecting two frames from the trajectory (Fig. 4b and Fig.
4c). Tilt of M2 helix of GluN11 (Fig. 4b and Fig. 4c) pulls
the pore-lining reentrant loop connected to M2 away from the
pore. The M2 helix of GluN2A2 rotates counterclockwise
(Fig. 4b and Fig. 4c). These two subunits next to each other
move away from the pore. Also, the M4 helices of the same
subunits (GluN11 and GluN2A2) slide to the left (Fig. 4c). In
general, the brief opening in the bottom girdle is caused by
neighboring subunits GluN11 and GluN2A2 subunits.

Additionally, we checked the packing of the ATD and
LBD domains during the trajectory. The distance between
the center of masses of the ATD of each chain and the cross
distances between the chains of LBD are displayed in Fig. 5a
and Fig. 5b, respectively. The distances between the ATDs are
~ 203 Å in the apo simulation and ~ 194 Å in holo simulation
(Fig. 5c). Thus, in the ligand-bound structure, the ATDs re-
main closer. This is consistent with a previous study by
Tajima and coworkers in which they observed R2-R2 lobes
of ATD are getting closer when the receptor is activated [15].
The LBD cross distances are ~ 65Å and 75Å for apo and holo
simulation, respectively (Fig. 5d). Moreover, this distance
fluctuates more in the holo simulation. The LBD ring stays
more extended in the holo simulation, while the ATD subunits
gets a more compact structure.

Fig. 2 The RMSD plot of apo and holo simulations. Apo (ligand-free) is
represented by the red line, holo (ligand-bound) is represented by the
green line
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The LBD of each subunit contains two lobes (D1 and D2)
connected via a hinge, and forms the agonist-binding cleft. The
degree of closure of the two lobes is dependent on the agonist-
binding affinity [10, 16]. The angle between the centroids of
D1, D2, and the hinge point is displayed in Fig. 6a. The X-ray
structure has partial agonists bound in the LBD. We removed
those partial agonists and replace them with glycine and gluta-
mate in our simulations. The initial angle in the X-ray structure
is ~ 101° for GluN1 and ~ 143° for GluN2 subunits. This angle
stays around the same value for the GluN11, GluN12, and
GluN2A1 subunits. The angle in the GluN2A2 subunit is larger
(~ 115°) in both simulations when compared with the rest of the
subunits. Additionally, in GluN2A2, the holo simulation has a
hinge angle ~ 5° smaller with respect to apo.

The distances between the center of mass (COM) of
the R2 lobe of the ATD and the COM of the D1 lobe
of the LBD are monitored to observe the inter-domain
separation (Fig. 6b). The distances between ATD/LBD
of the both GluN1 subunits are larger in the apo simu-
lation with respect holo. For GluN2A subunits, a lower
distance is observed in the apo simulation relative to

holo. Also, for the second GluN2A subunit, the distance
gets as small as 28 Å. The two subunits distances be-
haved differently.

The lengths of linkers connecting the LBD to the TMD
are displayed in Fig. 7. The M3/S2 linker is the connection
between D2 of the LBD and M3 of the TMD. The M3/S2
linker of GluN1 is vertical to the membrane, and the M3/
S2 linker of GluN2A is parallel to membrane (Fig. 7a).
This linker is almost 12 Å longer for GluN2A subunits in
holo simulation. No significant difference was observed
for the GluN1 M3/S2 loops (Fig. 7b). In the study by
Twomey et al. 2017 [44], the M3/S2 linker was measured
to determine the differences of chains in ion channel open-
ing behavior and it has been shown that only M3/S2 linkers
parallel to the membrane play a central role in gating. Also,
in the cryo-EM structures of the triheteromeric NMDA
receptor, the N2A subunit ATD resides on top of LBD,
and participates in extensive interactions with LBD when
compared with the N2B subunits [17]. In our simulations
also, N2A displayed a different behavior in terms of the
linker region.

a) b)

c) d)

e) f)

Fig. 3 a TMD top girdle.
Selected residues are shown as
red beads. b TMD bottom girdle.
Selected residues are shown as
green beads. c TMD Top girdle
distances, shown in a, along the
simulation. d TMDbottom girdle,
shown in b, distances along the
simulation. e TMD top girdle
distance, shown in a, distribution.
f TMD bottom girdle, shown in b,
distance distribution
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Effect of agonist and co-agonist binding on intrinsic
dynamics

PCA is performed for the 1000 ns (50,000 frames) equilibrat-
ed trajectory of apo and holo simulations. Previous studies
have shown that the first 10 eigenvalues are sufficient to cap-
ture most of the fluctuations in the protein [45, 46]. In this
study, the first 10 eigenvalues cover 65% of total fluctuations
in the apo simulation and 77% of total fluctuations in the holo
simulation. The largest amplitude motion of the protein is
represented by the first eigenvalue. Fluctuations of the first
mode of the holo simulation are almost two times higher than
apo. The first mode of the holo covers 48.1% of the total
movement of the protein, while in the apo simulation, the
same mode covers 28.8%.

Figure 8 displays the mode with the largest variance value
(first eigenvector) for different subunits. The ATD and the
LBD are more mobile in both simulations compared to the
TMD. This mode exhibits similar motions for apo and holo
simulation but with very different amplitudes.

More “collective and concerted” movements are observed
in the holo simulation, and the amplitudes of motion are larg-
er. In the holo simulation, the rotation of the LBD region as a
rigid body upon ligand binding promotes the upward motion
of the helices along the membrane axis. This motion is most
obvious for GluN2A1 subunit (purple subunits in Fig. 8b).
The ATD subunit is rotating as a rigid body, while the
LBDs and TMD seems rotating in opposite direction to the
ATD. This motion is similar to the proposed AMPA gating
mechanism [44] in which LBD cleft closure pulls the linkers
to open the channel pore. In GluN2A subunits, R2 of ATD
moves away from the center of ATD, and R1 of ATD gets
close to channel tunnel. While for dimers of GluN1, R2 of
ATD rotates counterclockwise and approaches the LBD. In
both systems, TMD mobility was lower compared to the ex-
tracellular part of the protein.

Moreover, the relative rotation of the different domains is
calculated by the hingefind algorithm [47] (Fig. 9). First, we
checked the differences only in ATD domain. This domain is
observed to show bending along this axis in previous cryo-

GluN11

GluN12

GluN11

GluN2A1
GluN2A2

90o

GluN2A2

GluN2APore lining loop

a)

M2

M4

M4

M2

M4

M2

M2

M3

M3

M3 M3
M2

M2

b) c)

Fig. 4 a TMD bottom girdle
cross distances. b, c Alignment of
the narrowest (Hologray) and
widest (Holo-light gray) states of
the bottom gate. bBottom view of
the channel. M3 and M2 helices
displayed opaque, M4 and M1
helices are transparent. c Side
view of the channel. M2 and M4
helices materialized as opaque
and M1 and M3 helices did not
showed
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EM structures [16]. To observe the rotation of ATD only, the
TMD and LBDs are kept as a rigid body. The rotation angles
are displayed in Table 1. In general, the ATD rotation angle
for each subunit is larger in the ligand-bound structure (5° to
17° more rotation), and the ATD of GluN2A1 show the largest
rotation angle. When only TMD subunit is taken as a rigid
body to observe the rotation movement of extracellular do-
main (LBDs and ATDs) as a single unit, again the holo struc-
ture shows larger rotation values. Again, one of the GluN2A
subunits, GluN2A2 displays the biggest difference from apo
structure with an increase in angle of 9°.

Cross-correlation graphs are obtained from normalized co-
variance matrix values based on C atoms (Fig. 10). In the
correlation graphs, the diagonal regions are for spatially prox-
imal parts of the protein, while the off-diagonal regions indi-
cate the correlation between the distal parts.

According to the cross-correlation map of GluN11
(Fig. 10a), S2 and S1 domains in the LBD display higher
correlatedmotionwith R2 lobe of ATD in the holo simulation.
S1 is the sequence connecting the LBD to M1 helix of the
TMD, and S2 is the sequence connecting M3 to M4 helix in
the TMD. Also, these R1 and R2 parts of the cross-correlation
map indicate that the R2 lobe of the ATD and the D1 lobe of
the LBD move together. The S1 and S2 domains include D1

and D2 lobes and hinge regions in LBD. Another significant
change is that the R1 lobe of the ATD displays correlated
motion with the M1/M3 helices upon ligand binding. Hence,
M4 and M3 helices of GluN11 display greater correlation in
the holo simulation. So, in this subunit, the lower ATD lobe
R2 shows correlated motions with the LBD and TMD, the R1
upper lobe of ATD shows anti-correlated behavior.

The major differences in the correlated motions for
GluN2A1 (Fig. 10b) are observed as the following: S1 with
S2 regions in the LBD, R2 lobe of ATD with S1 of LBD, M1/
M3 helices of TMDwith R1 of ATD, and the M4 helices with
M1/M3 helices. In these regions, the correlation is greater in
the holo simulations. Additionally, there is anti-correlated mo-
tion between ATD and LBD in holo simulation (blue regions).

For GluN12 and GluN2A2 (Fig. 10c and Fig. 10d) again the
S1 and S2 regions of the LBDs showed a higher correlation in
the holo simulation compared to apo, similarly to the
GluN2A1 chain. Upon ligand binding, R1 of the ATD and
the LBDs show anti-correlated motion in GluN12, while in
GluN2A2, the same regions show correlated motions
(Fig. 10d). There are correlated movements between M1/M3
helices and the ATD for both GluN12 and GluN2A2.

In summary, the S1 and S2 regions of the LBD show a
higher correlation in the holo simulation, indicating that ligand

GluN1

GluN1

GluN2B

GluN2B

R684

D769 D769

R684

GluN1

GluN1

GluN2B

GluN2Ba)

c)

b)

d)

Fig. 5 a ATDs are shown as surface representation in orange for GluN1
and purple for GluN2A. Circles show the center of masses of each
domain in same color codes and the black rods represent the measured
distances. b LBDs are shown as cartoon representation with the color

codes yellow and red for GluN1, cyan and purple for GluN2A.
Residues selected are shown as black spheres and dashed lines show
the distances measured. Distance graphs for the apo and ligand-bound
trajectories are shown under each of the corresponding parameters
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molecules bring these two segments together and then they
move in more correlated fashion in holo simulations. Another
observation is that the correlation between the distant domain
ATD and the M1/M3 helices of TMD increases upon ligand
binding. In all chains, the correlation between the LBD and
the ATD is increased when the ligand is bound in the LBD
region. Lastly, increased correlations are occurred between the
M4 helix and the M1/M3 helices for each subunit. Ligand
binding induces a conformational change that increases both
the intra- and inter-domain coupling.

In Fig. 11, RMSF are plotted for each subunit. Region 1 is a
loop in R1 lobe of ATD while.

Region 2 is the linker region that connects R2 lobe of
ATD to LBD. These loops showed higher deviations over

course of holo simulation (Fig. 10a). Region 3, the hinge
region in ATD in GluN2A1, showed higher fluctuation in
holo compared apo. Also, S1 and S2 sequences in LBD
display higher flexibility (Region 4 and Region 6) in
GluN2A1. Another increase in deviation is observed at
the TMD part (Region 5) (Fig. 11b). In GluN12, there
are two region that showed higher fluctuations in holo
simulation. Region 7 is a loop that located at D1 lobe of
LBD. Region 8 is the linker that connects to LBD to M4
helix which showed a noticeable flexibility (Fig. 11c). R2
lobe of ATD and linker that connect to ATD to LBD
demonstrate higher mobility for GluN2A2 (Fig. 11d).
Overall, the loops and the linkers that connect the lobes
or the domains displayed large peaks in both structures.

a)

b)

ATD 

LBD 

D1 

D2

Fig. 6 Intra/inter-domain movement analysis of LBD. a Visual
representation of LBD clamshell. Blue color represents D1 lobe and
yellow color represents D2 lobe of LBD. Red balls are COM of D1, D2
and hinge part. Red line are the vectors that connects to COMs. Graphs:
This angle is plotted for each subunit along the trajectory (Red line apo,
green line holo simulations). b Visual representation of ATD/LBD. R1
and D2 lobes are shown with transparent and R2 and D1 lobes are shown

with opaque colors. Black spheres are the COMs of R2 and D1 lobes and
black line shows the measured distance. ATD is represented with blue
color while LBD is represented with orange color. Darker color represents
GluN1 subunits and lighter colors represent GluN2A subunits. Graphs:
The distance is plotted for each subunit along the trajectory (Red line apo,
green line holo simulations)
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Discussion

First, we analyzed structural changes of the receptor with pa-
rameters that are adopted from X-ray structural studies [10,
13]. The ATD becomes more compact after ligand binding,
and R1/R2 lobe opening is observed for GluN2A2 subunits.
Previous studies suggest that R1 and R2 rearrange themselves
to open after ligand binding. In addition, in the holo structure,
the LBD ring expanded through the GluN1 subunits. We also
observed a larger distance between the ATD and LBD in
GluN2A subunits upon ligand binding.

The main difference in the D1/D2 angle is also observed
for GluN2A subunit. Consecutively, the linker region between
the LBD and TMD becomes longer in the holo simulation.

Mainly the change in angle between the D1/D2 lobes pulls the
LBD and ATD closer, and this results as longer loops in the
TMD/LBD interface. This mechanism is similar to the current
view of activation in this receptor, in which the conformation-
al change of the LBD and ATD cleft closure is propagated to
the transmembrane segments by pulling M3 helices by the
M3/S2 linker, thereby leading to receptor activation and sub-
sequent desensitization [48].

Overall GluN2A subunits displayed a more significant
conformational change with respect to GluN1 subunits in this
study. Especially the linker M3/S2 is almost 12 Å longer for
GluN2A subunits in holo simulation while there is no signif-
icant difference in GluN1. This type of conformational differ-
ence in between different subunits or chains is also detected in

GluN1

GluN2A

b) a)Fig. 7 Distance change of M3/S2
linker between subunits. M3/S2
link connects the M3 helix to D2
of LBD. a The cartoon
representation of linkers. b The
distance change of linker between
subunits is plotted. Dashed line
represents GluN1 subunit and
straight line represents GluN2A
subunits. Apo simulation is
represented with red, holo
simulation represented with green

HOLO HOLOAPO APO

TMD

LBD

ATD

45o

45o

a)

b)

Fig. 8 First mode representations
of both simulation. a GluN11
were represented with an orange
color and GluN12 were
represented with blue. b
GluN2A1 were represented with
purple color and GluN2A2 were
represented with green
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previous studies [19, 49–55]. Namely GluN1 and GluN2A are
responding to ligand binding differently.

In the TMD region, both top and bottom girdle remained
wider in the holo simulation. For a brief 100 ns, the bottom
girdle was opened. During this opening, the M2 helices of
GluN11 and GluN2A2 move outwards from channel. These
subunits are adjacent, so the opening is not from symmetric
subunits. In the original X-ray structures, the TMD had seg-
ments missing in the electron density [10, 13]. Namely, the rat
structure does not have the bottom girdle fully resolved. Thus,
it is possible that in the simulations, wemight be observing the
effect of these regions coming to an equilibrium state in addi-
tion to the effect of the ligand.

The TMD of the NMDARs is similar in structure to the
voltage gated K+ channel. However, in the voltage gated the
potassium channels such as KscA, there is a highly charged
intracellular region of channels which contribute to the chan-
nel opening by the changes in the local electrostatic changes.
NMDARs are like upside down of these voltage gated K+
channels with the same conserved helix bundle crossing.
However, they lack this highly charged voltage sensor re-
gions. Thus, instead of these voltage sensors, the changes in
the conformation of LBD upon ligand binding cause a pulling

action on the TMD through the M3/S2 linkers [56]. We also
observe the same pulling from this linker region on the top of
TMD.

Correlation map analyses showed that there is an increase
in correlation between the ATD and the TMDM1/M3 helices
after ligand binding. Also, R1 of the ATD showed anti-
correlation with the LBD for every subunit except GluN2A2

chain. Correlation increased between the M4 helix and M1/
M3 of the TMD for every subunit after ligand binding.Mainly
ligand binding holds the D1 and D2 lobes of the LBD together
and results in a higher correlation between the ATD and
TMD.

The PCA analysis displayed results in which the whole
ECD or ATD rotation is larger in the holo simulation.
Again, the largest rotation angles are observed for GluN2A
subunits. This whole ECD rotation is detected in the cryo-EM
structures of six distinct classes of density maps of the GluN1-
GluN2B NMDAR [16].

Overall, the X-ray structures that are used in this analysis
had partial agonist in the LBD, and allosteric inhibitors in
ATD, which quite likely reflects the structure of a non-
functional receptor. Additionally, due to the introduction of
cross-linking and mutations into these structures may result in

Table 1 Rotation angles
ATD rotation (°) Extracellular domain rotation (ATD and LBD

together) (°)

GluN11 GluN2A1 GluN12 GluN2A2 GluN11 GluN2A1 GluN12 GluN2A2

Apo 7 6 8 1 3 2 5 5

Holo 12 23 13 11 5 5 7 14

a) b)

APO HOLO APO HOLO

Fig. 9 The rotation angles in the PCA first mode. a The representation of
ATD rotation between two conformations from first mode of PCA. Black
rods show the rotation axis. Green represent holo red represent apo

structure modes. b The representation of ATD/LBD rotation rotation
between two conformations from first mode of PCA. Black rods show
the rotation axis. Green represent holo red represent apo structure modes
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M1/M3-R2

M1/M3-R1

S1-R2 S2-R2

M1/M3-M4

M1/M3-M4

S1-S2

S1-S2

M1/M3-M4

M1/M3-M4

c)

S1-S2

b)

M1/M3-R1

M1/M3-R1

S1-R2

S1-R2

S1-S2

M1/M3-M4

M1/M3-M4

S1-S2

S1-S2

M1/M3-M4

M1/M3-M4

d)

Fig. 10 Correlation plots of apo
(lower right half-matrix) and holo
(upper left half-matrix) for
different subunits

Region 1

Region 2

Region 4
Region 5

Region 6

Region 7 Region 8

a)

c)

Region 3

b)

d)

Fig. 11 Root-mean-square fluctuations (RMSF) graphs of (a) GluN11, (b) GluN2A1; (c) GluN12, and (d) GluN2A2 subunits of apo (red) and holo
(green) simulations
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a non-functional state. All these corrections are introduced
into the modeling step very carefully and equilibrated through
1300 ns simulations only when glycine and glutamate are
bound in LBD. Thus, we did not expect to see a full change
in the functional state of the protein that would not be realistic
with these many uncertainties in the initial structure although
the simulation length is relatively long. In this study, our aim
is to study the differences in the equilibrium dynamics of the
receptor when ligand is bound in LBD site and presenting as
simple picture as possible without too many contradicting
effects such as having both agonist in LBD and inhibitor in
ATD at the same time. As a result, we mainly observed more
correlated dynamics of LBD with the other two domains.
Also, more rigid body rotations in LBD are reflected to ion
channel helices with the elongation of linker regions in holo
simulations. The mobility of LBD and ATD with respect to
TMD region is much more visible in the holo simulations.
This type of mobility of the extracellular domain is also ob-
served in cryo-EM images [16]. The correlation of the mo-
tions of ATD and LBD are also found to be significantly
increased when ligand is present. This finding is along the line
of the regulatory behavior of ATD characteristic to only
NMDA type receptors in the iGluR family.

Last but not least, negative cooperativity of glycine and
glutamate is also well known with NMDAR, i.e., recep-
tor’s affinity for glycine being lowered upon binding glu-
tamate [48]. Here, we have both type of ligands bound on
LBD simultaneously, but still GluN2A chains which have
glutamate in the binding site displayed higher correlations
and larger amplitude motions compared to GluN1 which
has glycine in the binding site. We hope the findings of this
study especially the different behavior of subtypes in the
allosteric mechanism will be further tested when full-
length structures of NMDARs with only one type of ago-
nist bound becomes available.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00894-021-04755-8.
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