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Abstract Structural models have been produced for the agonist binding and transmembrane domains
of two NMDA ionotropic glutamate receptors: homomeric NMDA-R2C and heteromeric NMDA-R1/
R2C. These models—produced using homology modelling techniques in conjunction with distance
restraints derived from the accessibility of substituted cysteines—have aided our understafijing of
ligand selectiity and (2) channel activity. The model of the agonist binding domain of NMDA-R2C
indicates that T691 forms an essential hydrogen bond with glutamate ligand. This interaction is absent
in the NMDA-R1 model—where a valine replaces the threonine—explaining why NMDA-R1 binds
glycine rather than glutamate. For the transmembrane region, the models suggest that a number of
positive residues, located in the cytoplasmic loop between the M1 and M2 segments, create a large
electrostatic energy barrier that could explain why homomeric NMDA-R2C channels are non-func-
tional. Introducing NMDA-R1 to form heteromeric NMDA-R1/R2C channels is predicted to rescue
channel activity because the corresponding region in NMDA-R1 contains negative residues that more
than compensate for the electrostatic energy barrier in NMDA-R2C. These studies suggest that replac-
ing the positively charged region in the M1-M2 loop of NMDA-R2C with the corresponding negatively
charged region of NMDA-R1 could transform NMDA-R2C into a functional homomeric channel.
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nels (ionotropic, iGIuRs) are found in vertebrate neuronal
cells. The ionotropic receptors bind glutamate (and glycine

. . in the case of NMDA-R1 receptors), which produces a con-
Glutamate receptors are large multisubunit transmembrang,mational change in the extracellular portion of the pro-
proteins that are vitql components of the_ central nervougsin (seee.q, [1]) that results in the opening of an ion chan-
system. Both G protein-linked (metabotropic) glutamate reyg| These receptors mediate fast synaptic transmission and
ceptors and glutamate receptors with intrinsic cation chanpgye peen 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
Correspondence tdvl. J. Sutcliffe AIDS. A number of proteins have been cloned that com-
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prise subunits of intact iGIuRs. These are classified acconks chosen in preference to other NMDA-R2 subunits be-
ing to the other subunits with which they associate and tteuse experimental data for the exposure of residues to the
specific agonist by which they can be activated (8gg,[3] ion conduction pathway are available for heteromeric NMDA-
for a review): (1) a-amino-3-hydroxy-5-methyl-4- R1/R2C channels.

isoxazolepropionate (AMPA) receptors (GIuR1 to @),

kainate receptors (GIuR5 to 7 and KA1 to 2), 483 N-

methyl-D-aspartate (NMDA) receptors (NMDA-R1 tolransmembrane domain

NMDA-R2D).

Based on homology with bacterial amino acid binding prohe amino acid sequences corresponding to the transmem-
teins and bacterial and eukaryotic potassium channels, iGllirsne domains of NMDA-R1, NMDA-R2A, NMDA-R2B,
are proposed to have a modular structure, consisting of MMDA-R2C and NMDA-R2D receptors were aligned using
(i) An extracellular domain, evolved from 2 different class€ustalW [26] (Figure 1). Given the previously suggested
of bacterial proteins, with the N-terminal half homologousomology between the M1-M2-M3 region of the channels
to the leucine, isoleucine, valine-binding protein (LIVBPand the S5-H5-S6 (or M1-P-M2) region of KKhannels
and the C-terminal half homologous to the lysine, arginiff@0,11], the crystal structure [23] of the KcsA éhannel
ornithine-binding protein (LAOBP) and glutamine bindingrom Streptomyces lividan®DB [27] accession code: 1BL8)
protein [5,6]. The agonist binds to this C-terminal subdomaimas used as the only appropriate structural template for build-
(if) A transmembrane region that consists of two membrang the models (sequence identity of 9 % and 14 % with
spanning regions and a reentrant loop [7-9]. Based on N8DA-R2C and NMDAR1/R2C, respectiwgl The amino
guence homologies, this region is thought to have a simiéid sequence of KcsA was aligned against the previously
topology to K channels [10,11]iii) a cytoplasmic C-termi- determined alignment of the NMDA receptor sequences us-
nal domain that is highly variable and that is involved ing ClustalWw, the latter being treal as a “profile” ite. the
cytoskeletal interactions, and may have a regulatory role [NAVIDA sequences were fixed with respect to each other and
14]. the KcsA sequence appended to this alignment). In doing so

The work presented here focuses on NMDA receptor stritovas ensured that the*ichannel signature sequence (GYG
ture and function. In nature, the NMDA receptors exist @s KcsA) aligned with the corresponding regions on the
heteromeric proteins, containing both NMDA-R1 and NMDANMDA receptorsi(e. 618GIG82° andf’SVP1 [positionsN+2
R2 subunits (see.g, [3]). NMDA-R1 receptors were origi- to N+4] for NMDA-R1 and NMDA-R2C, respectively). For
nally cloned based on their ability to form homomeric funthe NMDA receptors, the secondary structure was predicted
tional dhannels inXenopusoocytes [15]. However, subse-using the consensus secondary structure prediction server
guent work suggests that NMDA-R1 actually forms dpred [28]. Thealignment was adjusted manually using
heteromeric channel with an endogus XenopusNMDA  Cameleon (Oxford Molecular Ltd., Oxford, UK) to optimise
receptor subunit [16]. Homomeric channels of the NMDAhe correlation of secondary structure between all sequences,
R2 subfamily do not form functional channels [17]. Molecleontinuing to treat the sequences of the NMDA receptors as
lar models of both the pore forming region and agonist bira“profile”. However, it should be stressed that, given the low
ing domain of homomeric NMDA-R2C and heteromerisequence homology between the KcsA template and the struc-
NMDA-R1/R2C channels have been produced. The modeiges being modelled, there is some ambiguity in the align-
provide an explanation for the lack of functional ion channelent, particularly in those regions outside M1, M2 and M3.
activity for homomeric NMDA-R2 receptors and provide The program Modeller [29] was used, in conjunction with
insights into the differential interactions of these two subunifistance restraints derived from the accessibility of substi-
with glycine and glutamate [18-20]. This study extends owted cysteines and symmetry restraints (to give a tetramer),
earlier work [21], performed before the crystal structures wf produce a set of 10 models for homomeric NMDA-R2C
the agonist binding domain of GluR2 [22] and the KcsA Keceptors. Modeller uses simulated annealing, followed by
channel [23] were available. 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
M were derived from studies reporting channel block resulting
ethods . . . o
from scanning cysteine mutagenesis followed by application
. . of methanethiosulphonate (MTS)-based thiol reagents, from
Th’? moleculgr modelling was perfor'med using methpqls %‘th the extracellular and cytoplasmic side, to a heteromeric
scribed previously [21,24,25]. In brief, each subunit is digz\pa-R1/NMDAR-2C channel [30]. If block was observed
vided into domains, which are modelled independently. Thg the extracellular or intracellular side (but not both), then
results are then combined to give insight into the intact k&e maximum gamma atom-gamma ate@.(Cy-Cy) dis-
ceptor. Our studies are centred on modelling the transmefce across the pore at that position was set at 20 A for all
brane and agonist binding domains of NMDA-R2C (asg@ch residue positions (given that MTS reagents covalently
homomeric channel to investigate how thls non-functiongiq to the § atom of cysteine, and assuming that the length
channel could be modified to become functional) and NMDAz the MTS reagents used is ~10 A), apart from glycines,
R1 (as a heteromeric NMDA-R1/R2C channel). NMDA-R2¢yhich were set to a maximuna€Co cross-pore distance of
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residue was accessible from both sides of the membrane made of the gamma atom-gamma atom distance across the

24 A. If block occurred from both sides this implied that thibe pore was set at 10 A for all residues (a conservative esti-
therefore is part of the selectivity filter (the narrowest part narrowest part of the pore), apart from 14 A for glycines.
the channel). For such positions the maximum distance achd8sn there was no block, no restraints were applied because
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graphically-determined secondary structure is shown, as a2; white box). Template residues shown in lower case were
the consensus glycosylation sites (vertical boxes), ligand bingt used in the modelling. (Generated using Alscript [56])

Figure 1 Sequence alignment of the NMDA receptors aiieg residues (grey background), the position of the conserved
the structural templates used for modelling. The crystalldisulphide bridge (black background) and the Q/R/N site (in
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Table 1 Stereochemical
quality of the models as de-
termined from PROCHECK

Protein

Residues in
“most favoured” regions (%)

G-factor [a]

Transmembrane domain

KcsA (template) 75 0.1
NMDA-R2C 62 -0.5
[a] Ideally values should be NMDA-R1/R2C 64 -0.6
> -0.5. \alues < -1.0 need NMDA-R2C mutant [b] 61 -0.5

further investigation.
[b] “NMDA-RQZC mutant” Agonist binding domain

refers to  homomeric GlUR2 (template) 93 0.3
(*’KGKKPGGP?) NMDA- NMDA-R1 84 -0.2
NMDA-R2C 86 0.1

R2C (EEEEED)

interpretation was ambiguous—the residue could be buriedThis modelling procedure was repeated for: (i) a NMDA-
but still relatively close to the centre of the pore. Asgm- R1/NMDA-R2C heteromeric channel (here g Gither than
metry restraint was applied for the homomeric channels I6&; symmetry restraint was applied), and (ii) a homomeric
cause(1) the crystal structure of the KcsAtkhannel is NMDA-R2C mutant where theesidues>KGKKPGGP98
tetrameric, and?) it has been suggested that iGIuRs are alsothe loop between M1 and M2 were replaced by the corre-
tetrameric [31-33]. However, experimental determination sponding regiof*EEEEED®° on NMDA-R1. An indication

the stoichiometry remains somewhat ambiguous, and soofi¢he stereochemical quality of the models is given in Table
studies suggest that the iGIuRs are pentameric [34]. Any can-Electrostatic calculations were performed on all models
sistent stereochemical violations across the set of models wesing the program Delphi [38] (including electrostatic
removed by manual adjustment of the sequence alignmiaiussing in which the protein occupied initially 20 %, then
within Cameleon (again treating the NMDA receptor sd0 % and finally 80 % of the box volume), and visualised
quences as a “pridd”). In adjusting the alignment it wasusing GRASP [39]. For comparison, electrostatic calculations
ensured that amino acid insertions and/or deletions were wete also performed on the KcsA crystal structure. Pore di-
introduced into the secondary structural elements of tiiensions were determined using the program Hole [40]. This
crystallographically-determined secondary structure of Kcsélso enabled a locus to be defined through the centre of the
The lowest energy model was analysed using interactiea conduction pathway, along which the electrostatic poten-
molecular graphics (Insightll; MSI, San Diego, CA), contial (determined using Delphi) was analysed.

pared with previous models [21], mutagenesis data [35] and

polyamine binding studies [36,37].
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Figure 2 Size of, and electrostatic potential along, ion colNMDA-R2C  mutant” refers to homomeric
duction pathway of transmembrane domam). Radius of (**)KGKKPGGP*®% NMDA-R2C (EEEEED). Note that the
the ion conduction pathway of the transmembrane domaint@nsmembrane topology of the KcsA channel is inverted in
determined byHole [40]. Theselectivity filter in all struc- this Figure for comparison purposeand 1 k;T/e [J2.2
tures has been aligned)(Electrostatic potential along the kJ-moi* for a monovalent cation and 4.4 kJ mdbr a diva-
locus determined by Hole for the transmembrane regidant cation.
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Agonist binding domain 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
The crystal structure of the S1S2 domain of GIuR2 [22] (319tissing from our models in this region (corresponding to
and 32 % sequence identity with NMDA-R2C and NMDARPAKEIPRSTLDSFM®® in NMDA-R1), (4) the distance be-
R2C, respectively; PDB accession code 1GR2) was ideftieen the end of M3 and the start of the C-terminal section
fied as the only suitable structural template for modelling tbéthe agonist-binding domain was also withineasonable
agonist binding domain of NMDA-R1 and NMDA-R2C (the¢ange to allow the gap to be bridged by the approximately
bacterial periplasmic amino acid binding proteins, used pgeven residues missing from our models in this region (corre-
viously, exhibit only ~ 20 % sequence identity with this dsponding to5*®DRPEERf54 in NMDA-R1), and (5) the do-
main). The amino acid sequences of the agonist binding dwin was as close to the pore as possible without overlap-
main of the NMDA receptors were aligned with that of thging sterically with its symmetry related copies. In the re-
S1S2 domain of GIuR2 using ClustalW and Cameleon, sadting orientation, the long axis of the agonist-binding do-
before. The NMDA-R1 agonist binding domain was modnain was roughly parallel to the surface of the membrane.
elled with a glycine ligand, using protein-ligand distance ré&his positioning of the agonist-binding domain, although not
straints derived by analogy with the GluR2—kainate complexunique solution (due to the limited experimental data), is
and the NMDA-R2C agonist binding domain was modellewt inconsistent with the currently available data and is, in
with a glutamate ligand (again with protein-ligand distandact, constrained to a large extent by the experimental re-
restraints derived by analogy with the GluR2—kainate cosults.
plex), using the program Modeller. It should be noted that
there is a certain degree of uncertainty in deriving these re-
straints, especially as thg kalnat'efbound _for.m of_GIyRZ, Wsults and discussion
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-Rl—gI;/r-ransmembrane domain

cine and NMDA-R2C—glutamate complexes. In each case, . . . . .
was ensured that the consensus N-glycosylation sites V‘;Aerﬁgly&s of the size of the ion conduction pathway in the

exposed to the solvent (and therefore to the incoming Sur@:grstal structure of KcsA (using Hole; Figure 2a) suggests
e

molecule). Consistent stereochemical violations were at this K channel is in the closed form—the carbony! tun-

moved manually by adjusting the alignment with Cameleorr11el (selectivity filter) has a minimum pore radius of ~ 0.5 A,

The lowest energy model was selected and analysed, in WhrI_Ch is too small to allow Kions (radius 1.33 A) to pass.

) o . is in turn suggests that the models, which are based on
ticular verifying that those residues thought to contact ago- ) X :

o CsSA, are also in the closed form. This does indeed appear to
nist in NMDA-R1 (D372; [41]) and NMDA-R?2 (R519, S690e the case. The minimuradius of “open” NMDA recgg-
an T6.91' [20,42]) were lndged In cpntact withoatst. .An' tors is slightly below 3 A, and the contribution of NMDA-R1
indication of the stereochemical quality of the models is giv N4 NMDA-R2 subunits to pore size is thought to be asym-
in Table 1. Although residues 412-454 (a loop towards the b 9 y

N-terminus of lobe 1) and 676-679 (a loop towards the metric [43-45]. Analysis of the size of the ion conduction

terminus of lobe 2) from NMDA-R1, and the correspondi athway of the models (using Hole; Figure 2a) shows that, in

residues 420-456 and 675-680 from NMDA-R2C. were e vicinity of the selectivity fll'Fer, the S|ze"of the channels is
much lower than expected, with pore radii as small as 0.8 A

| in the model i i . . )
e s el L lucec 1 he i 0.0 A 1 nomomeric NMDA-R2C and neteromer
' NMDA-R1/R2C, respectively. The  RMSD between the

KcsA template structure and the models is 1.6 A and 2.1 A
for NMDA-R2C and NMDA-R1/R2C, respectively. This cor-
responds roughly to the expected RMSD based on percent-
amino acid sequence identity [46].

dditional evidence that the models are in the closed form
es from the conformation in the N-terminal region of
at is denoted M1 in Figure 1. Experiments [47] suggest
at, in the agonist free form, this feg is a-helical, and

Combining different modules

Following the construction of the models for the agonist bindoe,
ing domain and the channel domain, a more complete mo
of the NMDA receptor was produced guided by the availa
experimental da. The tansmembrane domains were us

as a starting point since they were built with the correct sy ranges conformatiori.¢. the NMDA-RL mutant Q556C
metry. Four copies of the ligand-binding domain were addB comes inaccessiblé t'o MTS reagents) when agonist is
to this using interactive molecular graphics (Insightll). TrE:O

S ; s .gound. Thus, the region around GIn 556 could form part of
model (.)f the agonist-binding domain was positioned empi Ke M1 helix. Therefore the-helix in M1 previously thought

cally with respect to both the membrane and its Symmegystart at Leu 562 (NMDA-R1) [21], now starts at GIn 556
related copies, so th.él) the consensus glycosylation Sitef'NMDA-Rl). Other experiments [48]’suggest that this region
were solvent aCC.eSS'bIéZ) the agonist binding site Was aCis involved in the desensitisation of NMDA receptors, serv-
cessible(3) the distance between the end of N-terminal selﬁ-g as a dynamic link between ligand binding and channel
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Figure 3 Electrostatic potential surfaces for the transmenpotential of Ok;T/e and blue an electrostatic potential of =
brane domain ofd) homomeric NMDA-R2Cbf homomeric +5 k;T/e. In addition to mapping the electrostatic potential
(°9IKGKKPGGP?%) NMDA-R2C (EEEEED), andc] onto the molecular surface, solid isopotential contours are
heteromeric NMDA-R1/NMDA-R2C. Red corresponds to ahown at -5;T/e (red) and +5k,T/e (blue). (Produced us-
electrostatic potential ok -5 k;T/e, white an electrostatic ing GRASP [39])

gating. Experiments [47] also suggest that the C-termitlaére could be conformational dynamics that expose differ-
portion of M3, contrary to our models, m®t a-helical but ent residues at different instants of time, ewéth an a-

that all the residues in this highly conserved regidrelix. In turn, this could explain why we were unable to pro-
(6*|TANLAAFLVLDR % in NMDA-R1) are accessible toduce a conformation consistent with the simultaneous acces-
MTS reagents when mutated to cysteine. This suggests #iliity to the ion conduction pathway of so many continuous
either the symmetry has broken down in this region, or thiesidues. Consequently, W&) modelled M1 (as defined in

Figure 4 Schematic repre-
sentation of the modelled lig-
and binding site.q) The gly-
cine binding site in NMDA-
R1. p) 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]) Ser 688

Pro 516

Thr 518

ﬁﬁﬁe 484

Thr 514
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Figure 1) as completelg-helical, (2) modelled M3 as com- However, switching esidues"®’KGKKPGGP (i.e. a posi-
pletelya-helical (as in the KcsA templat€R) excluded from tively charged region) in the loop between M1 and M2 in
our models those residues N-terminal of M®P2DSFMPS  NMDA-R2C for the corresponding residues from NMDA-
(NMDA-R1) andP*8SAFL551 (NMDA-R2C),and(4) excluded R1,5*EEEEED® (i.e. a negatively charged region) changes
from our models those residues C-terminal of M3-what in wildtype NMDA-R2 is an electrostatic barrier into a
658DRPEERf%* (NMDA-R1) and 55"EQYIDTV®63 (NMDA- favourable interaction (Figures 2b & 3b). Therefore, these
R2C). electrostatic calculations suggest that a major reason why
Electrostatic calculations on homomeric NMDA-R2C andomomeric wildtype NMDA-R2C channels are non-func-
heteromeric NMDA-R1/R2C suggest that charged residuamal is because the residues in the cytoplasmic M1-M2 loop
in the loop between the M1 and M2 segments could be iame positively charged and therefore give rise to a large (elec-
portant in channel activity. Determining the electrostatic ptrostatic) energy barrier for cation to smount. The
tential along a locus that passes along the centre of thetiomomeric NMDA-R2C mutant form is predicted to over-
conduction pathway of the transmembrane domain revealsome the electrostatic barrier due to the introduction of a
significant difference at the cytoplasmic end of the channelsregative charge into the M1-M2 loop. This predicted pivotal
an electrostatic barrier, height ~ +RgT/e (Figures 2a and role of electrostatics in channel function is consistent with
3a; wherek; is the Boltzmann constari,the temperature in the findings of other authors,g.[49,50].
Kelvin and e the charge on an electron; for a monovalent It has been shown experimentally that ningpW606 to
cation 1k;T/e 02.2 kJ mot and for a divalent cation KT/ leucine in NMDA-R1 did not affect Mg permeation [35],
e [04.4 kJ mol) is present in NMDA-R2C. In contrast, themplying that this residue is not exposed to the ion conduc-
equivalent barrier height for NMDA-R1/R2C corresponds ton pathway. This is consistent with our NMDA-R1 model
a favourable interaction of ~ -3QT/e (Figures 2a and 3c). as this residue is buried in the protein, forming part of the

Figure 5 Schematic representation of the tetrameric struend the conserved acidic amino acid D669/D668 (NMDA-
ture. The heteromeric NMDA-R1—glycine/NMDA-R2C—glut&®1/NMDA-R2C, respectively) and the adjacent conserved
mate complex viewed frora) (outside the membrane aflo) acidic/polar residue N668/S667 are in red space filling rep-
along the membrane. NMDA-R1 subunits are shaded in tgsentation. Residues 412—-454 and 676-679 (NMDA-R1), and
ange and NMDA-R2C subunits in green, glycine ligarft20-456 (NMDA-R2C) and 675-680 are not shown due to
(NMDA-R1) and glutamate ligand (NMDA-R2C) are in yelincertainty in modelling these insertions. (Figure produced
low and magenta space filling representation, respectiveliging Molscript [58])
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Table 2 The three positions within the binding site that cotthree positions within the binding site that contain different
tain different amino acid residues in NMDA-R1 and NMDAsmino acid residues (Table 2).

R2C Phe 484 and His 486, in NMDA-R1 and NMDA-R2C re-
spectively, are a similar distance (~3 A) away from the gluta-
mate ligand, and therefore not likely to affect ligand specificity

NMDA-R1 NMDA-R2C (sterically). Thesidechains of Pro 516 (NMDA-R1) and Ser
Phe 484 His 486 512 (NMDA-R2C) point away from the binding site and are
Pro 516 Ser 512 therefore unlikely to explain any differences in ligand selec-
val 689 Thr 691 tivity. However, ligand specificity is most likely explained

by the sidechain hydrgl of Thr 691 (NMDA-R2C) which
forms an interaction (hydrogen bond) with the sidechain car-
) o ) ) boxyl group of glutamate ligand (Figure 4b). This hydroxyl-
inter-subunit interface. When the equivalent mutation wagntaining residue is conserved in other iGIuRs (either Thr
carried out on NMDA-R2A and NMDA-R2B, permeation opr Ser), but is absent on NMDA-R1 which contains a valine
extracellular magnesium increased, suggesting that this r@gdtead (Figure 4a). Furthermore, mutating the equivalent
due may line the pore. Since the NMDA-R2C is homologopssidue (T247) in GFKAR [51] and chick kainate binding
to NMDA-R2A and NMDA-R2B, W607 in NMDA-R2C is protein [52] abolished kainate binding, implying that this
perhaps expected to line the pore. This is inconsistent Wikeonine is important in kainate binding. In our model of
our models—W607 does not line the pore, but lies behift GFKAR3—kainate complex [51], T247 forms an essen-
the selectivity filter. However, the models suggest an alterigy interaction with the carboxymethyl group of kainate,
tive explanation—W607 appears to act as a “spacer” for (yfiich is equivalent to Thr 691 (NMDA-R2C) interacting with
SE|eCtiViW filter, and when this is mutated to a smaller re%he sidechain Carboxy| of the g|utamate_ This is also sug-
due it could allow the diameter of the selectivity filter tgested by the crystal structure of GIuR2 [22]. As in our ear-
increase, thereby allowing the relatively large hydrated magsr studies [21,24,25], our models suggest that two amino
nesium to permeate the channel. acid positions END®® and 667SDs8 in NMDA-R1 and
Thus, despite the low sequence homology between IDA-R2C, respectively) may contribute charged residues
KcsA template and the NMDA receptors being mOdeue'd) the outer Opening of the channel (F|gE)eTh|S is sup-
the models for the transmembrane domain can be reconcﬁgﬂed by the implication of these residues in voltage-de-
with experimental da. This supports the suggested similamendent spermine block [53].
ity between the transmembrane domain of potassium ChanExperimental studie®.g.[47,48,54], reinforce the belief
nels and NMDA receptors [4,11]. 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
Agonist-binding domain gating. While in our models the ligand-binding domain cor-
responds to the agonist-bound form of the channel, the trans-
Modelling of the agonist binding domain builds on the bodyiembrane domain on the whole apparently corresponds to
of evidence that suggests the ligand binding domains of tak channel in a non-conducting form. Because of the diffi-
glutamate subunits have a similar folding pattern, with ligulties in modelling the linkers between the extracellular
and specificities probably accounted for by differences d#idmain and the channel domain, and the uncertainty con-
amino acidsé.g.[1,3,21]). This may explain, at least in parigerning the orientation of the channel domain, insight into
why the @ RMSD between the GIuR2 template structurge structural basis of the propagation of the energy of ago-
and the models is 0.9 A and 0.7 A for NMDA-R2C anist binding to channel opening and desensitisation will re-
NMDA-R1, respectively—-e.lower than that expected baseduire further experimental evidence.
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 hgs
been suggested [20] that this difference in binding may ar
from the presence of bulky aromatic sidechains iatbmino
binding region of NMDA-R1 subunits. Inspection of ouPur structural modelsf the pore-region of NMDA receptors
models suggests that this is unlikely because these residuggest that electrostatics play an important part in channel
do not sterically hinder glutamate binding. An alternati&ctivity. Positively charged residues in the cytoplasmic M1-
suggestion [21] that a two amino acid insertion on NMDAM?2 loop are suggested to be a major reason why NMDA-
R1 (*85TQ%*87, which is absent from NMDA-R2C) reduces th&2C subunits form a non-functional homomeric channel.
size of the NMDA-R1 binding site sufficiently to prevenMoreover, modelling suggests that changing the electrostatic
glutamate from binding also appears unlikely because throperties of this loop changes the activity of the channel. In
proposed steric hindrance is absent from our current modtggns of ligand specificity, a single residue difference—re-
However, the NMDA-R1 and NMDA-R2C models do haveoving the capacity to hydrogen bond—likely explains why
NMDA-R1, unlike other iGluRs, is thought to bind glycine

clusion
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in preference to glutamate. Thus, these new models have gio-Sutcliffe, M. J.; Smeeton, Al.; Wo, Z. G.; Oswald, R.
vided hypotheses that will be verified experimentally. E. J. Chem. Soc., Far. Dis¢998 111, 259-272.
22.Armstrong, N.; Sun, Y.; Chen, G. Q.; GouauxSEience
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