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Introduction

Glutamate receptors are large multisubunit transmembrane
proteins that are vital components of the central nervous
system. Both G protein-linked (metabotropic) glutamate re-
ceptors and glutamate receptors with intrinsic cation chan-

nels (ionotropic, iGluRs) are found in vertebrate neuronal
cells. The ionotropic receptors bind glutamate (and glycine
in the case of NMDA-R1 receptors), which produces a con-
formational change in the extracellular portion of the pro-
tein (see, e.g., [1]) that results in the opening of an ion chan-
nel. These receptors mediate fast synaptic transmission and
have been implicated in a number of normal processes [2]
such as memory and learning, and in pathological processes
such as epilepsy, Parkinson’s disease, ischemic stroke and
AIDS. A number of proteins have been cloned that com-
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prise subunits of intact iGluRs. These are classified accord-
ing to the other subunits with which they associate and the
specific agonist by which they can be activated (see, e.g., [3]
for a review): (1) a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptors (GluR1 to 4), (2)
kainate receptors (GluR5 to 7 and KA1 to 2), and (3) N-
methyl-D-aspartate (NMDA) receptors (NMDA-R1 to
NMDA-R2D).

Based on homology with bacterial amino acid binding pro-
teins and bacterial and eukaryotic potassium channels, iGluRs
are proposed to have a modular structure, consisting of [4]:
(i) An extracellular domain, evolved from 2 different classes
of bacterial proteins, with the N-terminal half homologous
to the leucine, isoleucine, valine-binding protein (LIVBP)
and the C-terminal half homologous to the lysine, arginine,
ornithine-binding protein (LAOBP) and glutamine binding
protein [5,6]. The agonist binds to this C-terminal subdomain.
(ii)  A transmembrane region that consists of two membrane
spanning regions and a reentrant loop [7-9]. Based on se-
quence homologies, this region is thought to have a similar
topology to K+ channels [10,11]. (iii)  a cytoplasmic C-termi-
nal domain that is highly variable and that is involved in
cytoskeletal interactions, and may have a regulatory role [12-
14].

The work presented here focuses on NMDA receptor struc-
ture and function. In nature, the NMDA receptors exist as
heteromeric proteins, containing both NMDA-R1 and NMDA-
R2 subunits (see, e.g., [3]). NMDA-R1 receptors were origi-
nally cloned based on their ability to form homomeric func-
tional channels in Xenopus oocytes [15]. However, subse-
quent work suggests that NMDA-R1 actually forms a
heteromeric channel with an endogenous Xenopus NMDA
receptor subunit [16]. Homomeric channels of the NMDA-
R2 subfamily do not form functional channels [17]. Molecu-
lar models of both the pore forming region and agonist bind-
ing domain of homomeric NMDA-R2C and heteromeric
NMDA-R1/R2C channels have been produced. The models
provide an explanation for the lack of functional ion channel
activity for homomeric NMDA-R2 receptors and provide
insights into the differential interactions of these two subunits
with glycine and glutamate [18-20]. This study extends our
earlier work [21], performed before the crystal structures of
the agonist binding domain of GluR2 [22] and the KcsA K+

channel [23] were available.

Methods

The molecular modelling was performed using methods de-
scribed previously [21,24,25]. In brief, each subunit is di-
vided into domains, which are modelled independently. The
results are then combined to give insight into the intact re-
ceptor. Our studies are centred on modelling the transmem-
brane and agonist binding domains of NMDA-R2C (as a
homomeric channel to investigate how this non-functional
channel could be modified to become functional) and NMDA-
R1 (as a heteromeric NMDA-R1/R2C channel). NMDA-R2C

was chosen in preference to other NMDA-R2 subunits be-
cause experimental data for the exposure of residues to the
ion conduction pathway are available for heteromeric NMDA-
R1/R2C channels.

Transmembrane domain

The amino acid sequences corresponding to the transmem-
brane domains of NMDA-R1, NMDA-R2A, NMDA-R2B,
NMDA-R2C and NMDA-R2D receptors were aligned using
ClustalW [26] (Figure 1). Given the previously suggested
homology between the M1-M2-M3 region of the channels
and the S5-H5-S6 (or M1-P-M2) region of K+ channels
[10,11], the crystal structure [23] of the KcsA K+ channel
from Streptomyces lividans (PDB [27] accession code: 1BL8)
was used as the only appropriate structural template for build-
ing the models (sequence identity of 9 % and 14 % with
NMDA-R2C and NMDAR1/R2C, respectively). The amino
acid sequence of KcsA was aligned against the previously
determined alignment of the NMDA receptor sequences us-
ing ClustalW, the latter being treated as a “profile” (i.e. the
NMDA sequences were fixed with respect to each other and
the KcsA sequence appended to this alignment). In doing so
it was ensured that the K+ channel signature sequence (GYG
on KcsA) aligned with the corresponding regions on the
NMDA receptors (i.e. 618GIG620 and 617SVP619 [positions N+2
to N+4] for NMDA-R1 and NMDA-R2C, respectively). For
the NMDA receptors, the secondary structure was predicted
using the consensus secondary structure prediction server
Jpred [28]. The alignment was adjusted manually using
Cameleon (Oxford Molecular Ltd., Oxford, UK) to optimise
the correlation of secondary structure between all sequences,
continuing to treat the sequences of the NMDA receptors as
a “profile”. However, it should be stressed that, given the low
sequence homology between the KcsA template and the struc-
tures being modelled, there is some ambiguity in the align-
ment, particularly in those regions outside M1, M2 and M3.

The program Modeller [29] was used, in conjunction with
distance restraints derived from the accessibility of substi-
tuted cysteines and symmetry restraints (to give a tetramer),
to produce a set of 10 models for homomeric NMDA-R2C
receptors. Modeller uses simulated annealing, followed by
energy minimisation, to refine the models in conjunction with
a combination of user-defined restraints and restraints de-
rived from the structure of the template. The distance restraints
were derived from studies reporting channel block resulting
from scanning cysteine mutagenesis followed by application
of methanethiosulphonate (MTS)-based thiol reagents, from
both the extracellular and cytoplasmic side, to a heteromeric
NMDA-R1/NMDAR-2C channel [30]. If block was observed
from the extracellular or intracellular side (but not both), then
the maximum gamma atom–gamma atom (e.g. Cγ–Cγ) dis-
tance across the pore at that position was set at 20 Å for all
such residue positions (given that MTS reagents covalently
bind to the Sγ atom of cysteine, and assuming that the length
of the MTS reagents used is ~10 Å), apart from glycines,
which were set to a maximum Cα–Cα cross-pore distance of
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24 Å. If block occurred from both sides this implied that the
residue was accessible from both sides of the membrane and
therefore is part of the selectivity filter (the narrowest part of
the channel). For such positions the maximum distance across

the pore was set at 10 Å for all residues (a conservative esti-
mate of the gamma atom-gamma atom distance across the
narrowest part of the pore), apart from 14 Å for glycines.
When there was no block, no restraints were applied because
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Figure 1 Sequence alignment of the NMDA receptors and
the structural templates used for modelling. The crystallo-
graphically-determined secondary structure is shown, as are
the consensus glycosylation sites (vertical boxes), ligand bind-

ing residues (grey background), the position of the conserved
disulphide bridge (black background) and the Q/R/N site (in
M2; white box). Template residues shown in lower case were
not used in the modelling. (Generated using Alscript [56])
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interpretation was ambiguous—the residue could be buried
but still relatively close to the centre of the pore. A C4 sym-
metry restraint was applied for the homomeric channels be-
cause (1) the crystal structure of the KcsA K+ channel is
tetrameric, and (2) it has been suggested that iGluRs are also
tetrameric [31-33]. However, experimental determination of
the stoichiometry remains somewhat ambiguous, and some
studies suggest that the iGluRs are pentameric [34]. Any con-
sistent stereochemical violations across the set of models were
removed by manual adjustment of the sequence alignment
within Cameleon (again treating the NMDA receptor se-
quences as a “profile”). In adjusting the alignment it was
ensured that amino acid insertions and/or deletions were not
introduced into the secondary structural elements of the
crystallographically-determined secondary structure of KcsA.
The lowest energy model was analysed using interactive
molecular graphics (InsightII; MSI, San Diego, CA), com-
pared with previous models [21], mutagenesis data [35] and
polyamine binding studies [36,37].

This modelling procedure was repeated for: (i) a NMDA-
R1/NMDA-R2C heteromeric channel (here a C2, rather than
C4, symmetry restraint was applied), and (ii) a homomeric
NMDA-R2C mutant where the residues 591KGKKPGGP598

in the loop between M1 and M2 were replaced by the corre-
sponding region 594EEEEED599 on NMDA-R1. An indication
of the stereochemical quality of the models is given in Table
1. Electrostatic calculations were performed on all models
using the program Delphi [38] (including electrostatic
focussing in which the protein occupied initially 20 %, then
40 % and finally 80 % of the box volume), and visualised
using GRASP [39]. For comparison, electrostatic calculations
were also performed on the KcsA crystal structure. Pore di-
mensions were determined using the program Hole [40]. This
also enabled a locus to be defined through the centre of the
ion conduction pathway, along which the electrostatic poten-
tial (determined using Delphi) was analysed.

Protein Residues in G-factor [a]
“most favoured” regions (%)

Transmembrane domain
KcsA (template) 75 0.1
NMDA-R2C 62 -0.5
NMDA-R1/R2C 64 -0.6
NMDA-R2C mutant [b] 61 -0.5

Agonist binding domain
GluR2 (template) 93 0.3
NMDA-R1 84 -0.2
NMDA-R2C 86 -0.1

Table 1 Stereochemical
quality of the models as de-
termined from PROCHECK

[a] Ideally values should be
> -0.5. Values < -1.0 need
further investigation.
[b] “NMDA-R2C mutant”
refers to homomeric
(591KGKKPGGP598) NMDA-
R2C (EEEEED)

a b

Figure 2 Size of, and electrostatic potential along, ion con-
duction pathway of transmembrane domain. (a) Radius of
the ion conduction pathway of the transmembrane domain as
determined by Hole [40]. The selectivity filter in all struc-
tures has been aligned. (b) Electrostatic potential along the
locus determined by Hole for the transmembrane region.

“NMDA-R2C mutant” refers to homomeric
(591KGKKPGGP598) NMDA-R2C (EEEEED). Note that the
transmembrane topology of the KcsA channel is inverted in
this Figure for comparison purposes, and 1 kBT/e ≅ 2.2
kJ·mol-1 for a monovalent cation and 4.4 kJ mol-1 for a diva-
lent cation.
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Agonist binding domain

The crystal structure of the S1S2 domain of GluR2 [22] (31%
and 32 % sequence identity with NMDA-R2C and NMDAR1/
R2C, respectively; PDB accession code 1GR2) was identi-
fied as the only suitable structural template for modelling the
agonist binding domain of NMDA-R1 and NMDA-R2C (the
bacterial periplasmic amino acid binding proteins, used pre-
viously, exhibit only ~ 20 % sequence identity with this do-
main). The amino acid sequences of the agonist binding do-
main of the NMDA receptors were aligned with that of the
S1S2 domain of GluR2 using ClustalW and Cameleon, as
before. The NMDA-R1 agonist binding domain was mod-
elled with a glycine ligand, using protein-ligand distance re-
straints derived by analogy with the GluR2–kainate complex,
and the NMDA-R2C agonist binding domain was modelled
with a glutamate ligand (again with protein-ligand distance
restraints derived by analogy with the GluR2–kainate com-
plex), using the program Modeller. It should be noted that
there is a certain degree of uncertainty in deriving these re-
straints, especially as the kainate-bound form of GluR2, un-
like complexes of the lysine, arginine, ornithine binding pro-
tein-like structures, is thought not to have undergone full
domain closure [22].

Ten models were generated for both the NMDA-R1–gly-
cine and NMDA-R2C–glutamate complexes. In each case it
was ensured that the consensus N-glycosylation sites were
exposed to the solvent (and therefore to the incoming sugar
molecule). Consistent stereochemical violations were re-
moved manually by adjusting the alignment with Cameleon.
The lowest energy model was selected and analysed, in par-
ticular verifying that those residues thought to contact ago-
nist in NMDA-R1 (D372; [41]) and NMDA-R2 (R519, S690
and T691; [20,42]) were indeed in contact with agonist. An
indication of the stereochemical quality of the models is given
in Table 1. Although residues 412–454 (a loop towards the
N-terminus of lobe 1) and 676-679 (a loop towards the N-
terminus of lobe 2) from NMDA-R1, and the corresponding
residues 420-456 and 675-680 from NMDA-R2C, were in-
cluded in the models, these were not included in the analysis
due to uncertainty in modelling these insertions.

Combining different modules

Following the construction of the models for the agonist bind-
ing domain and the channel domain, a more complete model
of the NMDA receptor was produced guided by the available
experimental data. The transmembrane domains were used
as a starting point since they were built with the correct sym-
metry. Four copies of the ligand-binding domain were added
to this using interactive molecular graphics (InsightII). The
model of the agonist-binding domain was positioned empiri-
cally with respect to both the membrane and its symmetry
related copies, so that (1) the consensus glycosylation sites
were solvent accessible, (2) the agonist binding site was ac-
cessible, (3) the distance between the end of N-terminal sec-

tion of the agonist-binding domain and M1 was in a reason-
able range to allow the gap to be bridged by the 12 residues
missing from our models in this region (corresponding to
545KEIPRSTLDSFM555 in NMDA-R1), (4) the distance be-
tween the end of M3 and the start of the C-terminal section
of the agonist-binding domain was also within a reasonable
range to allow the gap to be bridged by the approximately
seven residues missing from our models in this region (corre-
sponding to 658DRPEERI664 in NMDA-R1), and (5) the do-
main was as close to the pore as possible without overlap-
ping sterically with its symmetry related copies. In the re-
sulting orientation, the long axis of the agonist-binding do-
main was roughly parallel to the surface of the membrane.
This positioning of the agonist-binding domain, although not
a unique solution (due to the limited experimental data), is
not inconsistent with the currently available data and is, in
fact, constrained to a large extent by the experimental re-
sults.

Results and discussion

Transmembrane domain

Analysis of the size of the ion conduction pathway in the
crystal structure of KcsA (using Hole; Figure 2a) suggests
that this K+ channel is in the closed form—the carbonyl tun-
nel (selectivity filter) has a minimum pore radius of ~ 0.5 Å,
which is too small to allow K+ ions (radius 1.33 Å) to pass.
This in turn suggests that the models, which are based on
KcsA, are also in the closed form. This does indeed appear to
be the case. The minimum radius of “open” NMDA recep-
tors is slightly below 3 Å, and the contribution of NMDA-R1
and NMDA-R2 subunits to pore size is thought to be asym-
metric [43-45]. Analysis of the size of the ion conduction
pathway of the models (using Hole; Figure 2a) shows that, in
the vicinity of the selectivity filter, the size of the channels is
much lower than expected, with pore radii as small as 0.8 Å
and 0.0 Å in homomeric NMDA-R2C and heteromeric
NMDA-R1/R2C, respectively. The Cα RMSD between the
KcsA template structure and the models is 1.6 Å and 2.1 Å
for NMDA-R2C and NMDA-R1/R2C, respectively. This cor-
responds roughly to the expected RMSD based on percent-
age amino acid sequence identity [46].

Additional evidence that the models are in the closed form
comes from the conformation in the N-terminal region of
what is denoted M1 in Figure 1. Experiments [47] suggest
that, in the agonist free form, this region is α-helical, and
changes conformation (i.e. the NMDA-R1 mutant Q556C
becomes inaccessible to MTS reagents) when agonist is
bound. Thus, the region around Gln 556 could form part of
the M1 helix. Therefore the α-helix in M1, previously thought
to start at Leu 562 (NMDA-R1) [21], now starts at Gln 556
(NMDA-R1). Other experiments [48] suggest that this region
is involved in the desensitisation of NMDA receptors, serv-
ing as a dynamic link between ligand binding and channel
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gating. Experiments [47] also suggest that the C-terminal
portion of M3, contrary to our models, is not α-helical but
that all the residues in this highly conserved region
(648TANLAAFLVLDR 659 in NMDA-R1) are accessible to
MTS reagents when mutated to cysteine. This suggests that
either the symmetry has broken down in this region, or that

there could be conformational dynamics that expose differ-
ent residues at different instants of time, even with an α-
helix. In turn, this could explain why we were unable to pro-
duce a conformation consistent with the simultaneous acces-
sibility to the ion conduction pathway of so many continuous
residues. Consequently, we (1) modelled M1 (as defined in

Figure 3 Electrostatic potential surfaces for the transmem-
brane domain of (a) homomeric NMDA-R2C, (b) homomeric
(591KGKKPGGP598) NMDA-R2C (EEEEED), and (c)
heteromeric NMDA-R1/NMDA-R2C. Red corresponds to an
electrostatic potential of ≤ -5 kBT/e, white an electrostatic

potential of 0 kBT/e and blue an electrostatic potential of =
+5 kBT/e. In addition to mapping the electrostatic potential
onto the molecular surface, solid isopotential contours are
shown at -5 kBT/e (red) and +5 kBT/e (blue). (Produced us-
ing GRASP [39])

a b

Arg 523

Ser 688

Phe 484

Thr 518

Pro 516

Asp 732

GLY

GLUSer 512

Asp 732

Ser 690
Thr 691

His 486

Arg 519

Thr 514

Figure 4 Schematic repre-
sentation of the modelled lig-
and binding site. (a) The gly-
cine binding site in NMDA-
R1. (b) The glutamate bind-
ing site in NMDA-R2C. Hy-
drogen bonds and charge—
charge interactions are
shown as green lines, hydro-
phobic interactions as red
spoked arcs, carbon atoms as
black balls, oxygen atoms as
light red balls and nitrogen
atoms as blue balls. (Pro-
duced using Ligplot [57])
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Figure 1) as completely α-helical, (2) modelled M3 as com-
pletely α-helical (as in the KcsA template), (3) excluded from
our models those residues N-terminal of M1—552DSFM555

(NMDA-R1) and 548SAFL551 (NMDA-R2C), and (4) excluded
from our models those residues C-terminal of M3—
658DRPEERI664 (NMDA-R1) and 657EQYIDTV663 (NMDA-
R2C).

Electrostatic calculations on homomeric NMDA-R2C and
heteromeric NMDA-R1/R2C suggest that charged residues
in the loop between the M1 and M2 segments could be im-
portant in channel activity. Determining the electrostatic po-
tential along a locus that passes along the centre of the ion
conduction pathway of the transmembrane domain reveals a
significant difference at the cytoplasmic end of the channels—
an electrostatic barrier, height ~ +20 kBT/e (Figures 2a and
3a; where kB is the Boltzmann constant, T the temperature in
Kelvin and e the charge on an electron; for a monovalent
cation 1 kBT/e ≅ 2.2 kJ mol-1 and for a divalent cation 1 kBT/
e ≅ 4.4 kJ mol-1) is present in NMDA-R2C. In contrast, the
equivalent barrier height for NMDA-R1/R2C corresponds to
a favourable interaction of ~ -50 kBT/e (Figures 2a and 3c).

However, switching residues 591KGKKPGGP598 (i.e. a posi-
tively charged region) in the loop between M1 and M2 in
NMDA-R2C for the corresponding residues from NMDA-
R1, 594EEEEED599 (i.e. a negatively charged region) changes
what in wildtype NMDA-R2 is an electrostatic barrier into a
favourable interaction (Figures 2b & 3b). Therefore, these
electrostatic calculations suggest that a major reason why
homomeric wildtype NMDA-R2C channels are non-func-
tional is because the residues in the cytoplasmic M1–M2 loop
are positively charged and therefore give rise to a large (elec-
trostatic) energy barrier for cation to surmount. The
homomeric NMDA-R2C mutant form is predicted to over-
come the electrostatic barrier due to the introduction of a
negative charge into the M1–M2 loop. This predicted pivotal
role of electrostatics in channel function is consistent with
the findings of other authors, e.g. [49,50].

It has been shown experimentally that mutating W606 to
leucine in NMDA-R1 did not affect Mg2+ permeation [35],
implying that this residue is not exposed to the ion conduc-
tion pathway. This is consistent with our NMDA-R1 model
as this residue is buried in the protein, forming part of the

Figure 5 Schematic representation of the tetrameric struc-
ture. The heteromeric NMDA-R1–glycine/NMDA-R2C–gluta-
mate complex viewed from (a) outside the membrane and (b)
along the membrane. NMDA-R1 subunits are shaded in or-
ange and NMDA-R2C subunits in green, glycine ligand
(NMDA-R1) and glutamate ligand (NMDA-R2C) are in yel-
low and magenta space filling representation, respectively,

and the conserved acidic amino acid D669/D668 (NMDA-
R1/NMDA-R2C, respectively) and the adjacent conserved
acidic/polar residue N668/S667 are in red space filling rep-
resentation. Residues 412–454 and 676-679 (NMDA-R1), and
420-456 (NMDA-R2C) and 675-680 are not shown due to
uncertainty in modelling these insertions. (Figure produced
using Molscript [58])
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inter-subunit interface. When the equivalent mutation was
carried out on NMDA-R2A and NMDA-R2B, permeation of
extracellular magnesium increased, suggesting that this resi-
due may line the pore. Since the NMDA-R2C is homologous
to NMDA-R2A and NMDA-R2B, W607 in NMDA-R2C is
perhaps expected to line the pore. This is inconsistent with
our models—W607 does not line the pore, but lies behind
the selectivity filter. However, the models suggest an alterna-
tive explanation—W607 appears to act as a “spacer” for the
selectivity filter, and when this is mutated to a smaller resi-
due it could allow the diameter of the selectivity filter to
increase, thereby allowing the relatively large hydrated mag-
nesium to permeate the channel.

Thus, despite the low sequence homology between the
KcsA template and the NMDA receptors being modelled,
the models for the transmembrane domain can be reconciled
with experimental data. This supports the suggested similar-
ity between the transmembrane domain of potassium chan-
nels and NMDA receptors [4,11].

Agonist-binding domain

Modelling of the agonist binding domain builds on the body
of evidence that suggests the ligand binding domains of all
glutamate subunits have a similar folding pattern, with lig-
and specificities probably accounted for by differences in
amino acids (e.g. [1,3,21]). This may explain, at least in part,
why the Cα RMSD between the GluR2 template structure
and the models is 0.9 Å and 0.7 Å for NMDA-R2C and
NMDA-R1, respectively—i.e. lower than that expected based
on percentage amino acid sequence identity [46]. NMDA-
R1 subunits are thought to bind glycine whereas the NMDA-
R2 subfamily are thought to bind glutamate [18-20]. It has
been suggested [20] that this difference in binding may arise
from the presence of bulky aromatic sidechains in the α-amino
binding region of NMDA-R1 subunits. Inspection of our
models suggests that this is unlikely because these residues
do not sterically hinder glutamate binding. An alternative
suggestion [21] that a two amino acid insertion on NMDA-
R1 (486TQ487, which is absent from NMDA-R2C) reduces the
size of the NMDA-R1 binding site sufficiently to prevent
glutamate from binding also appears unlikely because this
proposed steric hindrance is absent from our current models.
However, the NMDA-R1 and NMDA-R2C models do have

three positions within the binding site that contain different
amino acid residues (Table 2).

Phe 484 and His 486, in NMDA-R1 and NMDA-R2C re-
spectively, are a similar distance (~3 Å) away from the gluta-
mate ligand, and therefore not likely to affect ligand specificity
(sterically). The sidechains of Pro 516 (NMDA-R1) and Ser
512 (NMDA-R2C) point away from the binding site and are
therefore unlikely to explain any differences in ligand selec-
tivity. However, ligand specificity is most likely explained
by the sidechain hydroxyl of Thr 691 (NMDA-R2C) which
forms an interaction (hydrogen bond) with the sidechain car-
boxyl group of glutamate ligand (Figure 4b). This hydroxyl-
containing residue is conserved in other iGluRs (either Thr
or Ser), but is absent on NMDA-R1 which contains a valine
instead (Figure 4a). Furthermore, mutating the equivalent
residue (T247) in GFKARβ [51] and chick kainate binding
protein [52] abolished kainate binding, implying that this
threonine is important in kainate binding. In our model of
the GFKARβ–kainate complex [51], T247 forms an essen-
tial interaction with the carboxymethyl group of kainate,
which is equivalent to Thr 691 (NMDA-R2C) interacting with
the sidechain carboxyl of the glutamate. This is also sug-
gested by the crystal structure of GluR2 [22]. As in our ear-
lier studies [21,24,25], our models suggest that two amino
acid positions (668ND669 and 667SD668 in NMDA-R1 and
NMDA-R2C, respectively) may contribute charged residues
to the outer opening of the channel (Figure 5). This is sup-
ported by the implication of these residues in voltage-de-
pendent spermine block [53].

Experimental studies, e.g. [47,48,54], reinforce the belief
that glutamate receptors are designed on a modular basis with
the structural regions that link them serving as critical deter-
minants of the coupling between ligand binding and channel
gating. While in our models the ligand-binding domain cor-
responds to the agonist-bound form of the channel, the trans-
membrane domain on the whole apparently corresponds to
the channel in a non-conducting form. Because of the diffi-
culties in modelling the linkers between the extracellular
domain and the channel domain, and the uncertainty con-
cerning the orientation of the channel domain, insight into
the structural basis of the propagation of the energy of ago-
nist binding to channel opening and desensitisation will re-
quire further experimental evidence.

Conclusion

Our structural models of the pore-region of NMDA receptors
suggest that electrostatics play an important part in channel
activity. Positively charged residues in the cytoplasmic M1–
M2 loop are suggested to be a major reason why NMDA-
R2C subunits form a non-functional homomeric channel.
Moreover, modelling suggests that changing the electrostatic
properties of this loop changes the activity of the channel. In
terms of ligand specificity, a single residue difference—re-
moving the capacity to hydrogen bond—likely explains why
NMDA-R1, unlike other iGluRs, is thought to bind glycine

Table 2 The three positions within the binding site that con-
tain different amino acid residues in NMDA-R1 and NMDA-
R2C

NMDA-R1 NMDA-R2C

Phe 484 His 486
Pro 516 Ser 512
Val 689 Thr 691
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in preference to glutamate. Thus, these new models have pro-
vided hypotheses that will be verified experimentally.
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