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ABSTRACT: The precise nature of redox modulation ofN-methyl-D-aspartate (NMDA) receptors is still
unclear, although it is thought to be related to the formation and breaking of disulfide bonds. Recent
structural data demonstrated the way in which disulfide bonds in the ligand-binding core of the NR1
subunit are arranged. However, the structures were not able to reconcile existing experimental data that
examined the effects of mutating these cysteine residues. We have used molecular dynamics (MD)
simulations of a series of in silico mutations to try and address this in terms of the current structure of the
NR1 ligand-binding domain. A double mutation that removes the disulfide bridge between C744 and
C798 gives rise to greater interlobe mobility which was predicted from the crystal structure information
but, unexpectedly, also appears to predispose the receptor toward greater flexibility in the hinge region.
Removal of the disulfide bond between C454 and C420 did not show any appreciable difference from the
“wild-type” simulation, suggesting that removal of this would not change receptor properties, which is in
agreement with experimental findings. Furthermore, the position of the C454 side chain could be
characterized into discrete rotamers, which may reflect the observation of alternative density in the crystal
structure for this residue. Simulations in which two of the disulfide bonds are removed via mutations to
alanine (C420A and C436A) resulted in a tendency of the protein to adopt a partially closed conformation.

Glutamate is an important neurotransmitter that is required
for fast synaptic neurotransmission. The ionotropic glutamate
receptors (iGluRs)1 are ligand-gated ion channels that can
be classified into three major families according to their
pharmacology: amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA), kainate, andN-methyl-D-aspartate
(NMDA). Glutamate is, however, the relevant agonist in vivo
(1). NMDA receptors are distinct from AMPA and kainate
receptors in that they require both glutamate and glycine for
activation and membrane depolarization, with glycine acting
as a coagonist (2, 3). It has also been suggested thatD-serine
might be the endogenous coagonist (4-6). The receptor is a
heterotetrameric cation channel comprised of NR1 subunits
which contain the glycine binding site along with NR2A-D
subunits which contain glutamate-binding sites. Recent
studies have indicated that NMDA receptors are comprised
of two NR1 and two NR2 subunits arranged as a dimer of
dimers (7, 8). The heterogeneity of the complex is further
extended if the third subtype (NR3) is also taken into account

(9). Unlike AMPA and kainate receptors [where Ca2+

permeability is dictated by mRNA editing at the Q/R site
(10)], NMDA receptors are always Ca2+ permeable. This
calcium permeability is thought to underpin their role in long-
term potentiation and learning processes in the brain (11).
However, overstimulation can result in excessive Ca2+ influx
into neurons leading to excitotoxic neuronal cell death
associated with ischemia (12), head trauma (13), and other
pathological conditions such as Parkinson’s disease (14).

Each NMDA receptor subunit is comprised of an amino-
terminal binding domain (ATD) which shows homology to
the leucine-isoleucine-valine binding protein (LIVBP) protein
(15), a ligand-binding domain (LBD), three transmembrane
helices (M1, M2, and M3), a reentrant P-loop, and a carboxy-
terminal domain (CTD) for which little structural information
exists. The LBD is comprised of two discontinuous polypep-
tide chains, S1 and S2, that form two distinct lobes or
subdomains, D1 and D2 (Figure 1A,B). An isolated S1S2
ligand-binding core has been shown to bind ligands with
similar affinity as wild-type receptors (16, 17).

NMDA receptors are also modulated in a variety of
different ways including by protons (18), zinc (19), and redox
agents (20), which are thought to act on the cysteine residues
within both the ATD (21) and the LBD. Recently, crystal
structures of the ligand-binding core of the NR1 (16, 17)
and NR2A (22) have been presented. The overall fold and
structure are very similar to those observed for crystal
structures of the ligand-binding domains for the (non-
NMDA) GluR2 (23-25), GluR5 (26, 27), and GluR6
receptors (27, 28). For a recent review see ref29. The
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coupling of agonist binding to channel activation in glutamate
receptors is not well understood, but various mechanisms
have been proposed that fit the available data (30, 31).
Interestingly, despite the similarity in the ligand-binding
cores, the coupling mechanism between the ligand-binding
core and transmembrane channel domain appears to be
different for NMDA and AMPA receptors. In the case of
AMPA receptors, there is linear relationship between cleft
opening and agonist efficacy, with full agonists inducing
complete closure of the cleft and partial agonist inducing
intermediate levels of cleft closure. In contrast, partial and
full agonists for the NMDA receptor induce similar degrees
of domain closure. For a discussion of this see ref32.

The NMDA X-ray structures reveal the position of several
cysteine residues and suggest where disulfide bridges may
exist. As with all known eukaryotic iGluR ligand-binding

domain (LBD) structures, NR1 has a conserved disulfide
bridge that tethers the C-terminal strand to domain D2
(Figure 1A,B). In NR1 the contributing residues are C744,
which is located adjacent to helix I, and C798, adjacent to
helix K. In 1994, Sullivan et al. (33) showed that performing
a double mutation (C744A-C798A) leads to a 6-fold decrease
in NMDA EC50. Although the NR1 subunit binds glycine,
the fold similarity (to NR2) and the possibility of allosteric
cooperativity suggest that mutations in this region will be
important for function. In 1998 Traynelis et al. (34) showed
that the same mutation also leads to a decrease in Zn2+

voltage inhibition of NR1/NR2A receptors. Both of these
reports indicate that removal of this disulfide bridge converts
the receptor into a state that can be opened more readily. In
addition, comparison of the crystal structures of NR1 LBD
with DCKA (1PBQ) and glycine (1PB7) shows that domain
closure results in a movement of the end of helix K (adjacent
to the C744-C798 bond) toward the binding cleft. Furukawa
and Gouaux (16) suggested that removal of this disulfide
bond releases a constraint on this rearrangement, which
facilitates domain closure and agonist binding.

Two further disulfide bridges are observed in the crystal
structures, both of which occur in loop 1: C420-C454 and
C436-C455. Loop 1 has been postulated to form part of
the subunit interface in the tetrameric assembly (16), and
thus stability in this region may be crucial in receptor
modulation. The effects of these disulfide bridges, and indeed
whether they are always present, have been the subject of
several experiments. Mutation of residues C420 or C436 to
alanine, which presumably destroys either disulfide bridge,
was shown to lead to an∼15-fold reduction in relative
potentiation by glycine and glutamate for NR1/NR2B recep-
tors (35). However, it is not clear in those experiments what
the receptor composition is. It has been shown inXenopus
oocytes that removal of glycine leads to a reduced NMDA
response (36), but it is only partial and thus at odds with the
proposal that glycine is a true coagonist (37). There are a
number of suggestions for this observation including (i) the
proposal that the NR1 subunit can form a homomeric
receptor and (ii) that the NR1 subunit can form a heteromeric
receptor with other endogenousXenopus laeVis subunits
[though not apparently the XenU1 subunit (38)]. These
factors become relevant to the experiments reported by Laube
et al. (35) because the current formed by these “homomeric”
receptors is small (less than 40 nA), which is the same order
of magnitude of current reported for several mutations
(including those of C420 and C436). The issue is further
compounded by the fact that glycine contamination is a
problem with NMDA receptor studies (3, 39, 40); indeed,
responses to concentrations as low as 10 nM have been
reported (3). Thus, structural interpretation of the work of
Laube et al. (35) is not straightforward.

Interestingly, Köhr et al. (41) found that, for the same
mutations (C420 and C436), reducing agents (dithiothreitol
or glutathione) could potentiate whole cell currents as was
the case for wild-type receptors. Thus it appears that the
allostery between subunits may be separable from the
potentiating effects of reducing agents. These effects may
stem from different conformations at the interface between
subunits or differences in the dynamics of the subunits or a
combination of both. Interestingly, both groups (35, 41)
found that mutating residues C454 and C455 to alanine had

FIGURE 1: (A) shows a cartoon of the ligand-binding domain based
upon the starting structure of the open-apo simulation. The D1
domain is colored light gray with loop 1 in green. The D2 domain
is in dark gray. Cysteine residues proposed to form disulfide bridges
are shown in licorice format. (B) as in (A) but rotated about the
x-axis by approximately 90°. (C) schematically shows the disulfide
bridge arrangement found in the crystal structures for the C436,
C420, C454, and C455 residues. (D) Schematic of the mutations
for the C420A-C436A simulation. (E) Schematic of the arrangement
for the C454A-C455A simulation. (F) Schematic of the C454*
simulation setup where the C436-C454 disulfide is maintained but
the C420-C454 is not.
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no effect on the receptor. Ko¨hr et al. (41) did find, however,
that mutating these residues in the NR2A subunit engendered
a loss of channel activity, which has led to the proposition
that adjacent cysteines found at homologous positions of NR1
and NR2 subunits are not functionally equivalent. Addition-
ally, Furukawa and Gouax (16) report that there is alternate
electron density for C454 which would preclude the forma-
tion of a disulfide bond with C420.

Considering these data and the overall view that NMDA
receptors are modulated by redox agents (42), we were
interested to see to what extent the presence or absence of
combinations of these disulfide bridges had on the underlying
dynamics of the ligand-binding domain. We consider the
C744A-C798A double mutation (both open cleft and closed
cleft, with glycine bound), the possibility of the alternative
density at C454, and another double mutation of C420A-
C436A. We also examined the double mutation C454A-
C455A but hypothesized that mutations in these residues
could be compensated for by a new disulfide bridge formed
between C420 and C436 which we included in the simulation
(Figure 1C-F and Table 1). We have used atomistic
molecular dynamics to investigate the effects of these
mutations. MD and other theoretical methods have recently
been applied to the ligand-binding domains of both AMPA
(43-50), kainate (51, 52), and NMDA receptors (53, 54)
and provide a complementary approach to the physiological,
pharmacological, and structural methods. For a review see
ref 55.

Our molecular dynamics (MD) simulations demonstrate
(i) a potential mechanism by which the C744A-C798A
mutation may confer potentiation, (ii) that removing two
disulfide bonds in loop 1 (C420 and C436) results in a ligand-
binding domain that has a tendency to close but not induce
the change in hinge conformation associated with the
presence of full agonist, and (iii) C454 when not oxidized
appears to exist in two different states defined byø1 (side-
chain rotation about the CR-Câ bond), which is in agree-
ment with the observation of alternate electron density
observed.

METHODS

System Preparation.Coordinates for the crystal structure
of the NR1 with 5,7-dichlorokynurenic acid (DCKA) bound
(1PBQ) and glycine bound (1PB7) were downloaded from
www.rcsb.org. An open-apo state was generated from 1PBQ
by removing the ligand and used as the basis for all mutants
generated, except the glycine bound where 1PB7 was used.
We chose an open-cleft form of the protein as we expected
it to have the greatest flexibility (54) and therefore reveal

any effects due to mutations in the shortest time window.
We generated a total of six simulation systems by both
mutating key cysteine residues to alanines and in one case
removing a disulfide bond from the system setup. Two
simulations were repeated with different initial velocities,
thus providing 140 ns of simulation time. Table 1 summarizes
the simulations which were designed to explore the changes
in dynamics that may result from a change in the disulfide
bonds.

The N and C termini were acetylated and amidated,
respectively, to mimic the continuation of the peptide chain.
Missing side chains were built in using the WHATIF
“complete a structure” web service (http://swift.cmbi.kun.nl/
WIWWWI/). As the initial structure did not have part of
loop 1 (away from the cysteine residues of interest) resolved
in the crystal structure, we used Modeller v7 (56) to generate
the missing residues as described previously (54). A
comparison between our generated loop and the crystallo-
graphically resolved loop from a closed-cleft structure
[1-aminoyclopropanecarboxylic acid (ACPC), 1Y20] is
detailed in Supporting Information (supplementary Figure
1).

Simulation Parameters.The resulting structures were then
solvated in a cubic box with∼25000 simple point change
(SPC) waters (57) and counterions added to ensure overall
electrostatic neutrality. All simulations were performed with
Gromacs 3.1.4 (58, 59), with the ffgmx force field and the
NPT ensemble at 300 K using the Berendsen thermostat (60).
The influence of the force field was tested by performing a
repeat simulation of the open-apo system with the 53a6 force
field (61), and no significant changes were found on these
time scales. The pressure was coupled with the Berendsen
barostat with a coupling constant,τ, of 1.0 ps. Electrostatics
were calculated using the Particle Mesh Ewald method (62,
63) with a short-range cutoff of 10 Å. The time step for
integration was 2 fs. The LINCS algorithm (64) was used
to restrain bond lengths. Each system was subjected to a 200
ps dynamics run with the protein restrained (10 kJ mol-1

Å-2 on all heavy atoms). This was followed by 20 ns of
free simulation. The only variation in this setup was that
the C454A-C455A simulation was subjected to a 1 ns run
after the positional restraints were removed. During this time
distance restraints were placed on the sulfur atoms of C420
and C436 (using a force constant of 1000 kJ mol-1 Å-2) to
pull them to a distance of∼3 Å. A disulfide bond was then
created between the two residues, the distance restraints were
removed, and the simulation was allowed to continue in the
same manner as the others.

Table 1: Summary of Simulations

simulation duration (ns) description

open-apo 20 ligand removed from 1PBQ (antagonist-bound structure)
C744A-C798A 20 as open-apo but with C744 and C798 mutated to alanine to destroy the SS bond
C744A-C798A-Gly 20 as glycine bound (1PB7) but with C744 and C798 mutated to alanine to destroy the SS bond
C454* 20, 10 as open-apo with no mutations but no SS bond between C454 and C420a

C454A-C455A 20 as open-apo but with C454 and C455 mutated to alanine to destroy the two SS bonds
(between C454-C420 and C455-C436)b

C420A-C436A 20, 10 as open-apo but with C420 and C436 mutated to alanine to destroy the two SS bonds
(between C454-C420 and C455-C436)a

a Two 10 ns runs were also performed but with different initial velocities.b A new disulfide bond was created between C420 and C436. See the
Methods section of the main text for details.
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Hydrogen bonds were calculated using the g_hbond
program from Gromacs with a 30° angle and a 3.5 Å radius.
All calculations were performed on a Linux cluster. In the
case of the C454A-C455A simulation, analysis is compared
back to the structure at the end of the pulling phase rather
than the crystal structure.

RESULTS

Protein Motion. Figure 2 shows the root mean square
fluctuation (RMSF) of each CR atom. This is a measure of
residue flexibility with peaks representing more mobile
regions of the protein. In nearly all of the simulations there
are peaks that correspond to the location of the loops in D1;
415-419, 425-428, and 439-451 are in loop 1 and residues
486-497 are located in loop 2. In general, it can be said
that residues have the highest fluctuation for the C454A-
C455A mutation and the lowest fluctuation for the C420A-
C436A mutation. These results confirm that the mutations
do not drastically alter the general behavior of the protein
compared to the wild type (open-apo) on these time scales.
Results for both sets of simulations with different initial
velocities for the C454* and C420A-C436A simulations were
similar, and thus only analysis from one trajectory in each
case is presented for clarity unless otherwise stated.

In order to examine the motion further, we analyzed the
root mean square deviations (RMSD) of the individual
domains, D1 and D2. The RMSD of CR atoms relative to
an initial structure is a standard measure of structural drift
over time. Figure 3A shows the CR RMSD of the D1
domains fitted onto the D1 domain. All except the C744A-
C798A simulation plateau off at levels between 3 and 5 Å.
The C744A-C798A simulation plateaus off at∼2.5 Å. Closer
inspection of this trajectory revealed that residues from loop
1 were able to make strong interactions with residues located
in helix K thus stabilizing D1 (discussed below). We
speculated that the large drift for D1 CR atoms might be
predominantly attributable to the two large loops (loop 1 and

loop 2) in the D1 domain and so performed an RMSD
calculation on the D1 CR but this time omitting CR that form
these loops. The results are shown in Figure 3B and
demonstrate that this indeed appears to be the case with all
of the plateaus being less than 3 Å and generally closer to 2
Å.

We also calculated the RMSD of the CR atoms of D2
(with respect to D2). Figure 3C shows that the drift in this
domain is lower than D1 and is more consistent with all of
the simulations converging to∼1.75 Å. From Figure 3A we
note that the highest drift generally appears in the two
simulations with loop 1 mutations (C420A-C436A and
C454A-C455A). This could be attributable to the fact that
these simulations have removed two of the original disulfide
bonds, thus creating a more flexible structure.

We examined the behavior of loop 1 in all simulations.
There are number of common interactions (listed in Table
2) that predominate in all simulations. Most of these are

FIGURE 2: Root mean square fluctuations (RMSF) for the simula-
tions calculated from 2 to 20 ns. Data from only one simulation
for the C454* and the C420A-C436A simulations are shown for
clarity. The results from the second simulations are similar. The
large peaks correspond to the positions of loops 1 and 2, which
are conformationally flexible.

FIGURE 3: RMSD plots for the simulations (one simulation from
the C454* and C420A-C436A trajectories for clarity; results are
similar from the second runs) of (A) D1 CR fitted onto D1 CR,
(B) D1 CR fitted onto D1 CR excluding loops 1 and 2, and (C) CR
from D2 fitted onto the CR of D2.

In Silico Cysteine Mutations of NR1 Biochemistry, Vol. 46, No. 8, 20072139



backbone-backbone interactions reflecting the sheet struc-
ture of the loop. Backbone-backbone interactions were not
affected in the simulations where a cysteine had been mutated
to alanine. We did note one interesting side-chain-side-chain
interaction between K432 in loop 1 and D461 on helix B.
This aspartic acid at position 461 is conserved in glutamate
receptors. Position 432 is either a lysine or proline in NR1
subunits, arginine or glutamine in NR2 subunits, and leucine
in NR3 subunits. This residue is part of the extended loop 1
that is not present in non-NMDA receptors. It may be that
this serves as an anchor for loop 1 in most NR1 and NR2
subunits.

Throughout the simulations, loop 1 interacts with helix K
(and residues C-terminal to this helix). The exact nature and
number of contacts differ in the simulations, but there are a
couple of general observations that can be made. The residues
involved are typically V426, N427, and D429 from loop 1
and residues T791, R794, Q796, and E797 from helix K
onward. The polar nature of most of these residues combined
with exposure of backbone groups of residues subsequent
to helix K means that there is a mixture of side-chain to
backbone hydrogen bonds from both regions of the protein.
Once the hydrogen bonds were established, loop 1 tended
to remain in that position for the duration of the simulation.
The only simulation where this was not observed was the
C454A-C455A. In this simulation, loop 1 was held in
approximately the same conformational space as the other
simulations, but by the forming of a hydrogen bond between
the side-chain carboxylic acid group of D429 and the OH
group of Y795. Another interaction that was observed in all
but the C794A-C798A-Gly and C454A-C455A simulations
was the D429 side-chain carboxylic acid group interacting
with the OH group of T791.

In the C744A-C798A mutants, the exposure of polar
backbone groups from helix K through to the C terminus
(which enables them to form hydrogen bonds with residues
in loop 1) is facilitated by the absence of the disulfide bond.
Indeed, there is an increase in the fraction of coil structure
in this region, as defined by DSSP (65) in these simulations
compared to the simulations where this disulfide is main-
tained. This allows backbone-backbone interactions to form
as shown in Figure 4A,B. Q796 and E797 form hydrogen
bonds to the backbone carbonyl groups of V426 and N427
(in loop 1). The displacement required to form these
interactions is not large. The difference in the distance
between the CR of residues in 744 and 798 for the mutant
and wild type is shown in Figure 4C and shows an
approximate movement of 3 Å.

The intersubdomain distance is used to measure changes
in the extent of domain closure as a function of time. The
distance is defined as the distance between the center of mass
between the D1 and D2 subdomains. Figure 5A shows this
distance as a function of time for the simulations. The open-

apo, C454*, and C454A-C455A simulations all maintain
separations consistent with an open-cleft form of the protein,
while the C744A-C798A-Gly simulation clearly stays closed
(actually a little more closed than the crystal structure) as
would be expected for a subunit with ligand bound. In the
case of the open-apo and the C454* simulations there are
significant periods of “hyperextension”, between 5 and 7 ns
and 6 and 11 ns, respectively. Recent crystal structures of
GluR5 in complex with antagonists suggested that the ligand-
binding domain of glutamate receptors may be able to open
more than previously first thought on the basis of earlier
crystal structures (66). By contrast, recent fluorescence
resonance energy transfer (FRET) studies on the GluR2
ligand-binding domain suggest that changes in the extent of
cleft closure between apo and agonist-bound states is smaller
than that observed in the crystal structures (67). Clearly, this
issue is complicated and not yet fully understood. C420A-
C436A undergoes an initial closing of the domains to a level
seen in the glycine-bound crystal structure (represented by

Table 2: Summary of Conserved Interactions between Loop 1 and
the Rest of the Protein

residue residue residue residue

T414 P452 T437 H477
K432 D461 T437 L478
V434 C455 G438 V451
C436 Q453 T442 A480
T437 V476 T442 D481

FIGURE 4: (A) shows the region responsible in the C744A-C798A
simulation that stabilized the D1 domain. There are interactions
between the backbone groups of helix K and loop 1. (B) shows
the evolution of these interactions (which are not present in the
starting configuration based on open-apo), and (C) shows the
distance between CR atoms of these residues in the C744A-C798A
simulation (black) compared to open-apo (gray line).
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the lower dashed gray line in Figure 5A) and remains
approximately there for the rest of the 20 ns simulation.

The C744A-C798A simulation is more flexible, opening
and closing slightly several times as would be expected from
the hypothesis put forward by Furukawa and Gouaux (16)
which postulated that removal of this disulfide would allow
greater flexibility of this region which would facilitate
domain movement. Over 20 ns of simulation the C744A-
C798A simulation closes to a degree consistent with an
agonist-bound LBD more than once, with degrees of closure
similar to the glycine-bound crystal structure occurring
between 5 and 7 ns and again between 17 and 20 ns.

Movement of iGluR LBDs between closed-cleft and open-
cleft conformations in the absence of agonist is not without
precedent; small-angle X-ray scattering (SAXS) experiments
on GluR2 indicated that the time-averaged conformation of
the ligand-free LBD in solution is intermediate between the
open, antagonist-bound state and the closed, agonist-bound
state, suggesting a conformational equilibrium (68). Fur-
thermore, a closed-cleft apo form of the bacterial glutamate
receptor, GluR0, has been observed crystallographically (69).
We have previously reported domain closure in the absence
of ligand for the GluR2 subunit (50) and the NR1 subunit
(54) in simulation studies.

The apparent tendency of the protein from the C744A-
C798A simulation to move more readily between open and
closed forms prompted us to examine the hinge region of
the LBD. It has been suggested that the conformation of the
hinge region between D1 and D2 can be an indicator of a
full agonist bound and thus an indicator of channel potentia-
tion (16, 54). We found that during the first period of closure
between 5 and 7 ns the hinge was in a conformation that
was indicative of an antagonist being present (Figure 5B,C).
However, in the second period of closure we found that the
ψ of F753 and theφ of F754 rotated into conformations
more consistent with an agonist-bound conformation. Inter-
estingly in the C744A-C798A-Gly simulation, we found that
the hinge can flip into a conformation consistent with an
antagonist-bound conformation. As we do not see any change
in hinge conformation in any of the other six simulations,
this suggests that removal of this disulfide bond appears to
influence the dynamics of the hinge region. Although we
observe that the C420A-C436A simulation adopts a more
closed-cleft structure during this period, there was no change
in the conformation in the hinge region.

C454* Simulation.The C454* simulation in which no
mutations were made, but the disulfide bond to C420 is
absent, was performed to test the effect of omitting one
disulfide bond. Furthermore, it was reported that there was
alternative electron density for this residue in the recent
crystallographic study (16). The omission of this disulfide
bond means that there is only the C455-C436 disulfide bond
in loop 1. It appears from the RMSD analysis (Figure 3)
and the interlobe separation (Figure 5A) that this simulation
behaves similarly to the wild-type open-apo simulation. The
RMSF data (Figure 2), however, indicate that there is less
fluctuation in loop 1 compared to the other simulations.
Closer examination of the C454* simulation revealed that
this residue can spend a considerable amount of time with
the side chain in an alternate position, which would preclude
the formation of the disulfide bond with C420. Figure 6A
shows a histogram analysis of theø1 torsion (N-CR-Câ-
Sγ). There are two main peaks centered around 60° and
-60°. There is a very small peak at-165° which corre-
sponds to the orientation ofø1 found in the open-apo (and
other) simulations. The time course of distance between the
sulfur atoms of residues C420 and C454 is shown in Figure
6B. Consistent with the histogram data, there appear to be
two major conformational states, one of which places these
atoms less than 3.5 Å from each other, which would
presumably be close enough to allow a disulfide bond to
form if conditions allow. We suggest that if a disulfide bond
is formed, it pulls theø1 torsion to-165°. Our results show
little difference in the behavior of the LBD whether this

FIGURE 5: (A) shows the interlobe separation for each of the
simulations calculated by taking the distance between the center
of mass for each subdomain (D1 or D2). The dashed gray lines
indicate the extremes that have been observed by X-ray crystal-
lography (24.7 Å for the closed state from 1PB7 and 27.2 Å for an
antagonist-bound state from 1PBQ). It can be seen that removal of
the disulfide bond between C744 and C798 allows the two lobes
to move between the open and closed states more readily than in
the other proteins. Data from only one trajectory for the C454*
and C420A-C436A were used for clarity. Results are similar in
both cases. (B) Snapshots of the C774A-C798A simulation showing
the reorientation of the hinge residues that has been proposed to
be indicative of a full-agonist binding. (C) Change in hinge residue
backbone torsion angles with time; 753φ (black) and 754ψ (gray).
Although there is a cleft closure at 5 ns, as indicated in (A), there
is no corresponding change in the hinge torsions. However, during
the second cleft closure event at 17 ns, a change in the hinge residue
torsion angles is observed.
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disulfide bond is present or not, in agreement with the
experimental observations of Ko¨hr et al. (41), who reported
that mutating just one of the loop 1 cysteines had no effect
on the potentiation (by reducing agents) of the NMDA
receptor.

DISCUSSION

The NMDA receptor has a wide variety of ways in which
it can “tune” its response to environmental conditions. One
of these is the influence of redox conditions on the formation
of disulfide bridges, and indeed this has been investigated
by site-directed mutagenesis by several groups (20, 35, 41,
42). The redox modulation of proteins may be a quite general
mechanism of regulation (70). In this work we have used
molecular dynamics to try to address the role of the disulfide
bridges that can occur within the ligand-binding domain of
NR1. It should be remembered that the overall time scale of
gating in the full-length receptor is of the order of mil-
liseconds and our time scale here is 20 ns. However, it has
been demonstrated that relevant motions for these receptors
can be discerned on these time scales (50, 54). The
simulations thus provide insight into the way in which the
formation of disulfide bridges controls the behavior of the
receptor. Our simulations behave in a manner similar to those
observed in wild type and to those observed previously for
this receptor (54), to GluR2 (50), and to the related
periplasmic binding proteins (71). Thus the mutations do not
affect the overall behavior of the protein dynamics. The
behavior of the two lobes is quite distinct and directly reflects
the positions of the cysteines in D1. The D2 behavior is
similar in all of the simulations on this time scale and
suggests that D2 may simply behave as a rigid body through

which the modulatory effects are transmitted. NMR experi-
ments on the GluR2 ligand-binding domain, however,
indicate that there are conformational dynamics in D2 on a
microsecond to millisecond time scale that show agonist
dependencies (72) and that also might allow ligand dissocia-
tion without the need for cleft opening (73).

Experiments whereby the disulfide between C744 and
C798 is removed are consistent in their interpretation with
Sullivan and colleagues (33) reporting a 6-fold decrease in
the EC50 and Traynelis and colleagues (34) reporting a
decrease in the voltage-independent Zn2+ inhibition of NR1/
NR2A receptors. It has been proposed that removal of this
disulfide allows helix K to move more readily and facilitates
domain closure and agonist binding (16). Our analysis of
the interlobe movement appears to support this proposal, even
on this time scale. This suggests that the relative motions of
two semirigid bodies (D1 and D2) can be influenced by one
flexible tether (the disulfide bond). Our results suggest that
the lack of a disulfide bond in this region allows this subunit
greater flexibility which consequently will affect the allosteric
interaction with the NR2 subunits. These allosteric interac-
tions presumably manifest themselves with a change in the
EC50 value for agonists that act both at NR1 and at NR2.
The EC50 value, although a useful value, encompasses a wide
range of mechanisms and effects into one number (74). Our
results suggest that there may indeed be other important
effects that need to be considered including, for example,
the influence of these dynamics on the conformation of the
hinge region. It has been suggested (16, 54) that the
conformation of the hinge region can be an indicator of
whether a full agonist is bound or not and hence indirectly
reflects the state of the receptor. Our simulations suggest
that in the C744A-C798A mutants helix K may be allowed
to unwind enough to more readily promote interactions with
part of loop 1 and with hinge residue K534. We therefore
suggest that the C744A-C798A mutant not only exhibits
greater interdomain flexibility but can also induce increased
flexibility to the hinge region and, thus, can play a role in
determining the EC50 for agonists that act at the NR2 subunit
via allosteric interactions.

The crystal structure suggested that there are two additional
disulfide bonds: C420-C454 and C436-C455. Their role
in the behavior of the receptor is, however, still unclear. Our
observation that the C420A-C436A simulation adopted a
more closed cleft might lead one to conclude that access to
the binding site is somehow hindered in this mutant.
However, Laube et al. (35) found that mutant EC50s were
similar to wild-type receptors, implying that low current
responses were not caused by a reduction in binding
affinities. The experiments of Ko¨hr et al. showed that
potentiation by reducing agents is similar in these mutants
to wild-type receptors (41). Both groups, however, reported
that mutation of C454 or C455 resulted in very little effect.
Thus, these data do not provide a straightforward picture of
how redox conditions might control the protein. Even where
there is agreement from both Laube and Ko¨hr (i.e., that
mutation of both C454 or C455 results in little difference in
the behavior of the receptor), it is not readily explained by
the crystal structure, which suggests that this would destroy
at least one disulfide bridge. There are a number of ways in
which the redox-related changes in receptor behavior might
be explained. For example, it might be that the subunit

FIGURE 6: (A) shows the distribution of the N-CR-Câ-Sγ torsion
(ø1) for the open-apo (gray) and the C454* simulation (black).
Although there are two major populations for the C454*, there is
also a very small population located at the same position as the
open-apo. (B) shows the variation of the distance between the sulfur
atoms of C420 and C454 with time.
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interface is changed by these mutations and thus changes
the allosteric coupling between subunits.

Support for this comes from experiments which showed
that loop 1 of NR2A allosterically couples the binding of
glutamate on an NR2A subunit to the binding of glycine on
an NR1 subunit (75). Furthermore, on the basis of the crystal
structure and a comparison with GluR2 crystal structures, it
was proposed that some residues in loop 1, including V426,
might interact with residues of an adjacent subunit (16).
Another explanation might be that the underlying dynamics
of the LBD are altered in the mutants which also affects the
manner in which the subunits are coupled. Our simulations
were designed in such a way as to explore this latter point.
We considered three possibilities that we thought would
manifest changes in as short a time as possible: (i) removal
of one disulfide bridge, (ii) removal of both disulfide bridges,
and (iii) the possibility of an alternative disulfide bridge. We
reasoned that mutating C454 or C455 might not result in a
drastic change in function if a different disulfide bridge was
allowed to form between C420 and C436.

In the case where neither of the crystallographically located
disulfide bridges were present (C420A-C436A), we found
that the domain closed up with respect to wild type but was
never in a fully closed conformation. Loop 1 is large (38
residues), and we suggest from this that removal of these
disulfides could render this segment more flexible, and thus
this could result in conformations that hinder agonist binding
either by inducing a more closed state or by physical
occlusion of the binding pocket. As our results from C454*
(where only one disulfide bridge is broken) are similar to
the “wild type” (open-apo), we suggest that both disulfide
bridges would have to removed to observe a change in the
behavior of the receptor. Interestingly, where we introduced
an alternative disulfide arrangement, the behavior of the
protein is very similar to that of the wild type (open-apo).

We believe these simulations help to rationalize some of
the conflicting data, but we should also note two limitations
to this work. The first is that these simulations only consider
the monomeric form of the ligand-binding domain. Currently,
we do not fully understand the relationship of the dynamics
between each subunit in the full-length receptor. Furthermore,
we are not able to examine cross-subunit disulfide bridges.
Although we have focused here on the intrasubunit dynamic
contribution, it is likely that this forms part of the broader
intersubunit interaction that is likely to underpin the coupling
between subunits. In the case of NMDA receptors, a lack of
detectable concentration dependence suggested that channel
opening cannot occur with less than all four binding sites
occupied (30), thus demonstrating that the coupling between
the ligand-binding domains is essential. Another limitation
is the time scale of these simulations; more subtle or
equilibrium-based observations would require much longer
simulation times than those which have been performed here.
Despite these limitations, the simulations do provide insight
into the manner in which these proteins may be regulated
by redox conditions.

CONCLUSIONS

The redox properties of NMDA receptors are complex and
intricate. Some of the experiments concerning the effects of
the cysteine residues in the protein are difficult to reconcile

with each other in light of the current structural data. Our
simulations, while not able to fully resolve all of the
differences, have allowed us to offer some explanations for
these effects. We have provided a plausible explanation as
to why C454 or C455 can be mutated to alanine with
apparently no effect on the behavior of the receptor.
However, the clearest result appears to be the C744A-C798A
mutation for which we are able to observe an increase in
interdomain flexibility and an apparent increase in the
flexibility of the hinge region. Both of these observations
suggest that the lower NMDA EC50 observed experimentally
is a result of allosteric interactions. An NR1 subunit that
undergoes ligand-binding domain transitions more readily
will also promote NR2 ligand-binding domain transitions.
An understanding of these allosteric mechanisms and how
they are influenced by endogenous ligands in vivo is essential
if we are to identify function-specific ligands (76).
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