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ABSTRACT

The four N-methyl-p-aspartate (NMDA) receptor NR2 subunits
(NR2A-D) have different developmental, anatomical, and func-
tional profiles that allow them to serve different roles in normal
and neuropathological situations. Identification of subunit-se-
lective NMDA receptor agonists, antagonists, or modulators
could prove to be both valuable pharmacological tools as well
as potential new therapeutic agents. We evaluated the potency
and efficacy of a wide range of glutamate-like compounds at
NR1/NR2A, NR1/NR2B, NR1/NR2C, and NR1/NR2D receptors.
Twenty-five of 53 compounds examined exhibited agonist ac-
tivity at the glutamate binding site of NMDA receptors. Con-
centration-response relationships were determined for these
agonists at each NR2 subunit. We find consistently higher
potency at the NR2D subunit for a wide range of dissimilar
structures, with (2S,4R)-4-methylglutamate (SYM2081) show-
ing the greatest differential potency between NR2A- and

NR2D-containing receptors (46-fold). Analysis of chimeric
NR2A/D receptors suggests that enhanced agonist potency for
NR2D is controlled by residues in both of the domains (Do-
main1 and Domain2) that compose the bilobed agonist binding
domain. Molecular dynamics (MD) simulations comparing a
crystallography-based hydrated NR1/NR2A model with a ho-
mology-based NR1/NR2D hydrated model of the agonist bind-
ing domains suggest that glutamate exhibits a different binding
mode in NR2D compared with NR2A that accommodates a
4-methyl substitution in SYM2081. Mutagenesis of functionally
divergent residues supports the conclusions drawn based on
the modeling studies. Despite high homology and conserved
atomic contact residues within the agonist binding pocket of
NR2A and NR2D, glutamate adopts a different binding orien-
tation that could be exploited for the development of subunit
selective agonists and competitive antagonists.

NMDA receptors are ligand-gated ion channels that medi-
ate a component of excitatory synaptic transmission that can
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trigger changes in synaptic strength (Malenka and Nicoll,
1993). NMDA receptors have also been implicated in the
pathophysiology of stroke and brain injury (Wang and
Shuaib, 2005), epilepsy (Mares et al., 2004), as well as a
range of psychiatric disorders (Heresco-Levy and Javitt,
1998; MacDonald and Chafee, 2006). NMDA receptors are
tetrameric protein complexes composed of a combination of
glycine-binding NR1 subunits and glutamate-binding NR2
subunits (Dingledine et al., 1999; Chen and Wyllie, 2006).
The subunit arrangement is probably a dimer of two NR1/

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; MD, molecular dynamics; cis-ACPD, (1R,3R)-aminocyclopentane-cis-1,3-dicarboxylate; trans-
ACPD, (1R,3S)-aminocyclopentane-trans-1,3-dicarboxylic acid;; L-CCG-IV, (2S,3R,4S)-2-(carboxycyclopropyl) glycine; L-CCG-I, (2S,3S,4S)-2-
(carboxycyclopropyl) glycine; MTSEA, methanethiosulfonate ethylammonium; cis-ADA, cis-azetidine-2,4-dicarboxylic acid; SYM2081, (2S,4R)-4-
methylglutamate; ANOVA, analysis of variance; ACBD, 1-aminocyclobutane-1,3-dicarboxylic acid; RMSD, root-mean-square deviation.
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NR2 heterodimers (Furukawa et al., 2005). Four different
NR2 subunits (NR2A-D) have been identified with distinct
expression and functional profiles (Erreger et al., 2004). This
heterogeneity among NMDA receptor subunits creates an
opportunity to identify subunit selective agonists, partial
agonists, antagonists, and modulators. Among these, most
success has been achieved with the development of NR2B
selective antagonists, which have received significant atten-
tion as potential therapeutic candidates (Chazot, 2004; Borza
and Domany, 2006; Layton et al., 2006).

Although the pharmacology of the glutamate binding site
of NMDA receptors has been examined in native prepara-
tions (Patneau and Mayer, 1990; Benveniste and Mayer,
1991; Curras and Dingledine, 1992; Jane et al., 1994) as well
as in Xenopus laevis oocytes injected with whole-brain RNA
(Verdoorn and Dingledine, 1988), no systematic or complete
analysis exists that investigates structure-activity relation-
ships for NMDA glutamate-site agonists acting at all indi-
vidual NR2 subunits. To better understand structural fea-
tures of subunit selectivity of agonists for this class of
receptors, we have compared the effect of a wide range of
glutamate-like compounds at recombinant heterodimeric
NMDA receptors.

We used two-electrode voltage-clamp recordings of X. lae-
vis oocytes coexpressing the NR1 subunit together with the
NR2A, NR2B, NR2C, or NR2D subunit to characterize the
agonist properties of the glutamate-like compounds. We ex-
amined chimeric NR2A-NR2D receptors to determine the
structural basis for differences in agonist activity between
NR2D and NR2A subunits. We subsequently used molecular
dynamics (MD) simulations to compare a homology model of
the agonist binding domain complex for NR1/NR2D to a
recently released crystal structure of the agonist binding
domain complex of NR1/NR2A (Furukawa et al., 2005). From
the structural analyses, we have developed a working hy-
pothesis about differential agonist binding principles in
NR2A compared with NR2D. The ideas were tested by func-
tionally evaluating a complementary set of point mutants
made at analogous residues within the NR2A and NR2D
binding domains. The diverse methods provide insight into
the structural features of the agonist-binding site that deter-
mine agonist structure-activity profiles at NMDA receptor
NR2 subunits.

Materials and Methods

Electrophysiology. cRNA for rat NR1-1a (hereafter NR1) and
NR2A, -B, -C, and -D were synthesized in vitro and injected (5-10 ng)
into X. laevis oocytes isolated as described previously (Traynelis et
al., 1998). Rat cDNAs for NR1 and NR2 subunits [GenBank acces-
sion numbers: NR1, U11418 and U08261; NR2A, D13211; NR2B,
U11419; NR2C, M91563; NR2D, L31611 (modified according to
Monyer et al., 1994)] were provided by Drs. S. Heinemann (Salk
Institute), S. Nakanishi (Kyoto University), and P. Seeburg (Univer-
sity of Heidelberg). Two-electrode voltage-clamp current recordings
were made 24 to 72 h after injection. The recording solution con-
tained (in) 90 mM NaCl, 3 mM KCI, 10 mM HEPES, 0.5 mM BaCl,,
0.01 mM EDTA, 0.05 mM glycine (23°C); pH was adjusted to 7.3 with
NaOH. EDTA (10 uM) was added to chelate contaminant extracel-
lular divalent ions, including trace amounts of Zn?". Solution ex-
change was computer controlled through an eight-modular-valve
positioner (Digital MVP Valve; Hamilton Company, Reno, NV). Volt-
age and current electrodes were filled with 0.3 and 3.0 M KClI,

respectively, and current responses recorded at a holding potential of
—40 mV. Data acquisition and voltage control were accomplished
with a two-electrode voltage-clamp amplifier (OC-725; Warner In-
struments, Hamden, CT). Responses of the wild-type receptors to
agonists were expressed as a percentage of the mean response to 100
M (=20X EC;,) glutamate applied at the beginning and end of each
protocol. Most glutamate analogs were purchased from Tocris (Ellis-
ville, MO) with the following exceptions: N-methyl-L-aspartate, L-
glutamate, L-homocysteinesulfinate, D-homocysteinesulfinate, L-ho-
mocysteate, D-homocysteate, L-cysteinesulfinate, L-cysteate, and
L-CCG-IV were purchased form Sigma (St. Louis, MO); L-aminoadi-
pic acid, D-aminoadipic acid, trans-ACPD, and (1R,3R)-homo-ACPD
were purchased from Alexis (Lausen, Switzerland); phenylglycine-o-
carboxylic acid was purchased from MP Biomedicals (Irvine, CA);
4-fluoro-glutamate was purchased from Apollo Scientific (Bredbury,
UK); and methanethiosulfonate ethylammonium (MTSEA) was pur-
chased from Toronto Research Chemicals Inc. (Toronto, Canada).
The racemic mixture of 2-(N-hydroxypyrazol-4-yl)glycine was syn-
thesized as described previously (Cali and Begtrup, 2002; Clausen et
al., 2004) and enantiomers separated with a CR(+) Crownpak col-
umn (150 X 10 mm) using 0.1% aqueous trifluoroacetic acid as
eluent. D-Cysteic acid was prepared from D-cysteine as described
previously (Darkwa et al., 1998). Recordings from at least six oocytes
from two different frogs were performed for all active compounds.
Data were pooled among oocytes and composite dose-response data
were fitted by the equation Percentage Response = 100 X Relative
Efficacy/[1 + (EC;y/Concentration)™], where EC;, is the concentra-
tion of agonist that produces a half-maximal response, Relative
Efficacy is the response at maximally effective concentration relative
to the maximal response of glutamate, and ny is the Hill slope. All
parameters were allowed to vary during the fitting procedure, with
the exception of Relative Efficacy for NR1/NR2A cis-ADA, which was
fixed to 100% because of low potency; we were unable to obtain
enough cis-ADA to test concentrations higher than 3 mM.

Mutagenesis and Expression of Chimeric NR2A/NR2D Plas-
mid Constructs. The oocyte expression plasmids containing the rat
NR2A or NR2D NMDA subunit cDNAs have been described previ-
ously; residue numbering of the mature polypeptides started at the
predicted cleavage site for the signal peptide (Chen et al., 2004,
2005). The NR2A/2D chimeras were generated using polymerase
chain reaction-based strategies. The necessary NR2D region was
amplified using Pfu turbo (Stratagene, La Jolla, CA) with primers
that incorporated the flanking NR2A subcloning sites. Chimeric
NR2A/D subunits were generated by replacing Val370 to Val518 in
the NR2A subunit with Leu385 to Val539 from the NR2D subunit
[referred to as the NR2A(2D-S1) chimera] and by replacing Glu638 to
11el795 in the NR2A subunit with Glu659 to I1e812 from the NR2D
subunit [referred to as the NR2A(2D-S2) chimera]. All chimeras
were confirmed by DNA sequencing. Site-directed mutagenesis was
performed using the QuikChange mutagenesis kit (Stratagene). For
in vitro cRNA synthesis, cDNAs were linearized with NotI or Mlul
and run-off transcripts were synthesized using T'7 or SP6 polymerase
based kits according to manufacturers’ protocols (Promega, Madison,
WI, or Ambion, Austin, TX).

Molecular Modeling. Starting from the crystal structure of the
NR1/NR2A agonist binding domain dimer (Protein Data Bank code
2A5T), a model of the NR1/NR2D agonist binding domain dimer was
constructed using the comparative modeling package in Prime
(Schrodinger, Portland, OR). The agonist binding domains of NR2A
and NR2D show 72% sequence identity and 82% homology in the
alignment. The sequence of NR2A in our model was also modified to
represent the wild-type polypeptide, which involved removal of a
short linker peptide and addition of two unresolved residues in the
crystal structure 2A5T. The NR1/NR2D interface was subjected to
multiple rounds of side chain optimization and energy minimization
using Prime to alleviate any strain introduced by homology model-
ing. Analysis with PROCHECK (Laskowski et al., 1993) reveals little
difference in the overall G factor between the crystal structure (0.34)
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and the NR1/NR2D homology model (0.21); scores above —0.5 are
considered acceptable. The glycine and glutamate ligands were left
in their crystallographic positions before unrestrained molecular
dynamics simulation in which both protein and ligand can move.
Structures with SYM2081 in the NR2 binding site used the crystal-
lographic glutamate ligand as the basis for initial SYM2081 place-
ment. These complexes were then prepared for molecular dynamics
(MD) simulation using GROMACS v. 3.2.1 (Berendsen et al., 1995;
Lindahl et al., 2001). Ligand and protein were treated using the
GROMOS96 force field, and then solvated with 26,500 water mole-
cules (SPC water model) and five or six chloride ions to neutralize
overall charge. After a 50-ps simulation with ligand and protein
restrained to allow for water equilibration, a 10-ps simulation was
performed at 50 K to remove any gross steric clashes from the
structures. The simulation was then restarted at 50 K and the
temperature was increased to 300 K over 250 ps. These simulations
were continued at 300 K for 10 ns (SYM2081 complexes were simu-
lated for 5 ns). All simulations were performed with NPT conditions
(constant number of particle, pressure, and temperature) using the
Berendsen thermostat (Berendsen et al., 1984) and a particle mesh
Ewald electrostatics treatment (Essman et al., 1995) with a cutoff of
9 A. The 10-ps simulation at 50 K used a time step of 1 fs; all other
simulations used a 2-fs time step. Average structures were prepared
from the final 2 ns of simulation. All figures from MD simulations
were produced using VMD (Humphrey et al., 1996). Analysis using
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Hingefind (Wriggers and Schulten, 1997) was performed on the
average structures. Partitioning with & of 2.5 resulted in two do-
mains that were most similar to D1 and D2 in composition. Addi-
tional hinge measurements were performed by manually selecting
D1 and D2 as the two rigid domains.

Alignment of cyclic glutamate analogs and SYM2081 to the crys-
tallographic glutamate ligand was performed using ROCS (v. 2.2;
OpenEye Scientific Software, Inc., Santa Fe, NM), after a conforma-
tional search by OMEGA (v. 2.0; OpenEye Scientific Software). De-
fault parameters were used for OMEGA, and scoring with color was
used for analysis by Rapid Overlay of Chemical Structures (ROCS).
Figures of the alignment were produced using VIDA (v 2.1.1, Open-
Eye Scientific Software).

Results

Subunit Preferences of NMDA Receptor Glutamate-
Like Compounds. A series of 52 compounds were evaluated
for agonist activity at recombinant NR1/NR2A, NR1/NR2B,
NR1/NR2C, or NR1/NR2D NMDA receptors at a test concen-
tration of 100 uM. At this concentration, compounds produc-
ing less than 20% of the current response to glutamate at all
subunit combinations were not investigated further (28 com-
pounds; Fig. 1). All other active compounds were tested on a
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Fig. 1. A list of inactive glutamate-like compounds evaluated at 100 uM (plus 50 uM glycine) at recombinant NR1/NR2A, NR1/NR2B, NR1/NR2C, and
NR1/NR2D receptors in X. laevis oocytes is shown. Compounds producing <20% of the current relative to 100 uM glutamate at all subunit
combinations were not studied further. The number of oocytes tested at each NR1/NR2 subunit combination is provided in parentheses.
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minimum of six oocytes for each subunit combination, which
included recordings from oocytes from at least two different
frogs.

Compounds exhibiting agonist activity were further stud-
ied to determine the concentration-response relationship for
each agonist at each NR1/NR2 subunit combination. The
standard recording protocol and current response is illus-
trated in Fig. 2 for a representative compound, L-homocyste-
ate (compound 40). Increasing concentrations of the test com-
pound were applied and the current response was normalized
to the mean of the maximal glutamate response at the be-
ginning and end of each recording (Fig. 2A). Oocytes that
showed marked rundown (>25%) of the glutamate response
at the end of the experiment compared with the initial re-
sponse were discarded. Normalized data were pooled among
oocytes for each subunit combination and the composite con-
centration-response curve was generated (Fig. 2B). The con-
centration-response relationship was fitted with the logistic
equation (see Materials and Methods) to determine the ECj,,
and relative efficacy for each agonist at the four NR2 sub-
units. In this study, the term relative efficacy is used to
describe the current response to a saturating concentration

A

glutamate L-homocysteate glutamate
100 uM 3-1000 puM 100 uM

7] .

E&o
q 1 min L

100
Relative Efficacy

80
60
40

201 ECs,

Response (% glutamate)

1 10 100 1000
[L-homocysteate] (uM)

Fig. 2. A, a representative two-electrode voltage-clamp current recording
illustrating the standard protocol and response for analysis of the con-
centration-response curve. An oocyte expressing NR1/NR2A was exposed
to maximally effective concentrations of glutamate plus glycine, followed
by increasing concentrations of the test compound plus glycine, and
finally glutamate and glycine again. Currents were normalized to the
mean of the two glutamate responses. B, the corresponding average
composite concentration-response curve is shown (L-homocysteate for
NR1/NR2A; n = 13). Error bars are S.E.M. and are shown when larger
than symbol size. The current responses are normalized to the maximal
response to glutamate.

of the agonist relative to the maximal current response to
glutamate. Although this assigns glutamate a relative effi-
cacy of 1.0, we recognize that absolute glutamate efficacy
defined by open probability is considerably lower than 1.0 for
some receptors (Wyllie et al., 1998; Erreger et al., 2004).
Furthermore, we use the term potency to refer to ECy,, high
potency indicating low EC;, values and low potency indicat-
ing high EC;, values. The fitted EC;, values, Hill slopes, and
relative efficacy are summarized in Figs. 3 to 5 for all active
compounds. Although potency is often influenced by agonist
efficacy (Colquhoun, 1998; see below), there is no significant
correlation between agonist potency and efficacy either
within an individual subunit or across all subunits (p > 0.05
for all; Student’s ¢ test); correlation coefficients were r =
0.043 (NR2A), r = —0.051 (NR2B), » = —0.11 (NR2C), r =
0.17 (NR2D), and r = 0.046 (all subunits). For all compounds,
there was no significant difference in relative agonist efficacy
among NR1/NR2A, NR1/NR2B, NR1/NR2C, and NR1/NR2D
receptors (p = 0.18, one-factor ANOVA). There was no clear
trend relating efficacy and potency across the compounds we
studied. In addition, with the exception of 2-(N-hydroxypyra-
zol-4-ylDglycine (52; numbers in parentheses throughout the
text refer to the compound numbers in the structure columns
in Figs. 1 and 3 to 5), most agonists had relative efficacies,
compared with glutamate, between 0.5 and 1.0; virtually all
of the dicarboxylic acids or other agonists studied were highly
efficacious. This may reflect structural conservation of func-
tionality across our set of test compounds, because all but
three of the compounds are aspartate or glutamate analogs
and contain at least one strongly acidic proton from either
CO,H, SO, H, or SO H.

Homocysteate and cysteinesulfinate acid have long been
known to be agonists at the NMDA receptor (Mayer and
Westbrook, 1987; Curras and Dingledine, 1992). L-Homo-
cysteate (40) and L-cysteinesulfinate (42) are taken up by
CNS tissue (Grieve et al., 1992). Moreover, sulfur-containing
amino acids are released from brain in a Ca®"-dependent
fashion, suggesting they could serve as neurotransmitters
(Do et al., 1986, 1988). Their ability to initiate NMDA recep-
tor-dependent cell death has led to further speculation that
they may be endogenous excitotoxins (e.g., Lehmann et al.,
1993). Figure 4 summarizes the response of a series of b and
L sulfur-containing glutamate and aspartate analogs, which
were active at all NR2 subunits in the low to high micromolar
range. The rank order of potency was similar to glutamate,
with compounds being most potent at NR2D-containing re-
ceptors and least potent at NR2A-containing receptors. Of
the various compounds studied, L.-homocysteate (40) and D-
homocysteinsulfinate (39) were most potent, activating NR1/
NR2D NMDA receptors with an EC,, value of ~3 uM.

Figure 5 summarizes the potency and relative efficacy of
agonists that include conformationally restrictive rings.
From these data, it is clear that placement of carboxylic acids
on the same side of the average plane of the ring is preferred
by the NR2 binding pocket. This is best illustrated in three
sets of analogs with cyclopropyl, cyclobutyl, and cyclopentyl
derivatives (Fig. 1 and 5). When carboxylic acids are placed
on opposing sides of the ring, the molecules are either inac-
tive or potency is lower than our threshold for analysis:
L-CCG-I (8), cis-ACBD (10), trans-ACPD (16) (Fig. 1). By
contrast, placement of both carboxylic acids on the same side
of the ring creates agonists at all subunits, including L-CCG-IV
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(46), trans-ACBD (47), and cis-ACPD (49) (Fig. 5). Similar re-
sults are found for CCG analogs of D-glutamate [(2S,1'R,2'R)-
2-(carboxycyclopropyl)glycine (L-CCG-II), (2S,1'S,2'R)-2-(car-
boxycyclopropyl)glycine L-CCG-III; data not shown)].

It is noteworthy that of these conformationally restric-
tive rings, L.-CCG-IV and trans-ACBD are 200- to 400- and
20- to 25-fold more potent, respectively, than cis-ACPD,
suggesting that the conformational restrictions of the
smaller cyclic analogs hold glutamate in near optimal
positions for binding and receptor activation without in-
ducing steric conflicts. Figure 6 shows these constrained

Subunit-Specific NMDA Receptor Agonism 911

glutamate analogs superimposed on the glutamate confor-
mation extracted from the NR1/NR2A crystal structure.
Note that L-CCG-IV places the y-carboxyl in a position that
is not attained by crystallographic glutamate ligand but is
in fact closer to the polar residues at the top of helix F,
whereas the cyclopropyl ring is not placed far from the
carbons of the crystallographic agonist. We propose that
this position further stabilizes binding of L-CCG-IV, en-
hancing its potency. By contrast, whereas the amino and
carboxyl groups of cis-ACPD overlap well with the crystal-
lographic glutamate position, cis-ACPD shows consider-

Agonist Subunit Efficacy (%) EC50 (uM) Hill slope N %E%%D Structure EC50 (uM)
C ] 1 NR2D
L.g|utamate gé 188 ggg 1;(2) 296 HzN’jiH)cfH W%% Zz NRoC
2C 100 1.68 1.26 6 H H
2D 100 051 1.55 1 7 »
2A 99 249 0.87 7 copt co
D-glutamate 2B 123 156 1.01 10 Hr
9 2C 102 111 0.71 7 HQN)\/kH
2D 110 423 1.26 7 6 o
2A 72 144 119 12 co cop Fig. 3. The results of fitting concen-
(2S.4R)-4-methylglutamate 2B 89 25.1 1.58 10 HN )\/Q‘CH tration-response relationships for glu-
(SYM2081) gg ;; ;Bé }g; }g 4 RO H tamate and aspartate analogs are dis-
' ’ played. Efficacy denotes the maximal
2A 78 404 0.88 7 COH COH current response to the test agonist
(25,48)-4-methylglutamate ch: gg gg:i 12% :30 HZT*MCH relative to the maximal current re-
2D 83 31.4 152 6 13 32 ’ sponse to glutamate, determined by
1 - res fitting of the logisti
A m o w rw conation & the. data (soe Matemals
-el ro-4-fluorogliutamate . « H,N- F .

i 9 2C 63 464 1.12 12 2H>‘\33)<H — and Methods). The ratio of the EC,, at
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ably less potency than glutamate, which may reflect steric
clash between the large cyclopentyl ring and residues
within the agonist binding pocket. trans-ACBD is interme-
diate in potency potential with good overlap to crystallo-
graphic agonist features, which may indicate an interme-
diate potential for steric interference relative to L-CCG-IV
and cis-ACPD.

Structural Determinants of Agonist Binding. Only
NR2A and NR2D show a significant difference in potency
among all agonists examined (p < 0.004; Kruskal-Wallis
one-factor rank ANOVA; Tukey test). For example, L-gluta-
mate showed a 6.5-fold decrease in EC;, (i.e., increase in
potency) at NR1/NR2D compared with NR1/NR2A. Further-
more, a 4-substituted L-glutamate analog, SYM2081 (31),
showed 46-fold higher potency at NR1/NR2D than at NR1/
NR2A (Fig. 3). It is noteworthy that the 4-stereoisomer com-
plementary to SYM2081 that places the 4-methyl group in a
different configuration [2S,4S-4-methylglutamate (32)]
shows only modest difference in potency between receptors
containing the NR2A and NR2D subunits (Fig. 3). Similar to
L-glutamate, the EC;, value of (25,4S)-4-methylglutamate is
13-fold lower for NR2D versus NR2A. These data suggest
that the agonist-binding pocket for NR2D is more tolerant of
the 4-methyl substitution in the R configuration than NR2A.

Agonist Subunit Efficacy (%) EC50 (uM) Hill slope

2A 98 1.72
RS)-(tetrazol-5-yl)glycine 2B 97 0.518
(RS yhly 2C 89 0.491
2D 78 0.0993
2A 99 0.262
(2S,3R,45)-2-(carboxycyclopropyl) 2B 123 0.0834
glycine (L-cCG-lIv) ~ 2C 90 0.110
2D 111 0.0360
2A 91 3.06
trans-1-aminocyclobutane-1,3- ch; g; (1)?25
dicarboxylate (trans-ACBD) D 81 0512
2A 100(fix) 892
cis-azetidine-2,4-dicarboxylic acid %g g? 5(1)70
is-ADA :
(ciADA) 95 136 320
2A 76 60.9
(1R,3R)-aminocyclopentane-cis- 2B 75 21.2
1,3-dicarboxylate (cis-ACPD) %8 ‘;g %g:g
2A 75 221
homoquinolinate 2B 96 16.1
2C 51 81.1
2D 88 32.3
2A 99 161
ibotenate 2B 89 26.4
2C 72 40.0
2D 78 13.0
2A 33 145
(R-NHP4G 2B 76 61.0
2C 54 117
2D 77 48.0

To identify the structural features that are responsible for
the difference in glutamate and SYM2081 potency between
NR2A and NR2D subunits, we generated chimeric NR2 sub-
units by replacing the two regions of the cDNA that give rise
to the agonist binding domain (S1 and S2) of NR2A with the
corresponding portion of NR2D (Fig. 7A). The S1 domain
gives rise to most of Domainl, whereas the S2 region of the
polypeptide chain encodes most of Domain2 (discussed be-
low). Replacement of either S1 or S2 resulted in a substantial
shift in glutamate potency between NR2A and NR2D (Table
1 and Fig. 7B). Replacement of NR2A-S1 alone with
NR2D-S1 caused a somewhat larger shift in potency for
SYM2081 than for replacement of NR2D-S2 (Fig. 7C). Re-
placement of both S1 and S2 transfers the full difference in
SYM2081 potency between NR2A and NR2D. Similar results
were obtained using cis-ADA (48), L-homocysteate (40), and
D-homocysteate (41) to activate wild-type and chimeric recep-
tors (n = 5-13, data not shown). These data suggest that
although differences in agonist potency are controlled en-
tirely by the S1-S2 ligand binding domain, multiple struc-
tural determinants seem to control the differential agonist
potency at NR2A and NR2D, and these determinants are
distributed between S1 and S2 segments of the agonist bind-
ing domain. That is, structural elements in both S1 and S2

N ZEQ:%OD Structure EC50 (uM)
137 Hog  flon NR3C
1.39 6 HND— N NR2B
1.27 6 H 45 N L1 NR2A
1.89 7 17 041 1 10 100 1000

CoH coH |
110 12 v B
1.30 12 7 01 110 100 1000
L1
1.14 7 HO,C coH T
1.25 12 \<>/ e
1.26 11 HN i H o
1.36 9 6 041 1 10 100 1000
L1
123 6 N
1.33 13 ~28 48 01 1 10 100 1000
L]
1 5160 g HOZC\Q/COZH
057 S P D I
: 041 110 100 1000
1.32 23 SOHco
1.36 13 NP _
1.19 15 g |
1.55 16 1 50 01 1 10 100 1000
0.90 1 C___1
oS O
105 20 N [ ]
1.15 10 H 51
1
1.95 14 12 on 01 1 10 100 1000
1.24 8
1.48 8 " on
115 8 OO —
[
1.41 9 3 52 04 1 10 100 1000

Fig. 5. The results of fitting concentration-response relationships for conformationally constrained glutamate and aspartate analogs are displayed.
Efficacy denotes the maximal current response to the test agonist relative to the maximal current response to glutamate, determined by least-squares
fitting of the logistic equation to the data. The ratio of the EC;, at NR2A compared with NR2D is given as an index of agonist selectivity between
subunits. The subunit-dependence of EC;, is displayed graphically for each agonist. For cis-ADA, the low potency prevented determination of the
maximal response at NR2A. We measured the concentration response relationship for 10 uM to 3 mM cis-ADA (87% response of maximal glutamate).

We then fixed the maximum response to cis-ADA as 100% that of glutamate, and fitted the curve to estimate the potency, which was 892 uM. If

cis-ADA had a higher relative efficacy than glutamate, its potency would be lower than what is reported here.
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regions underlie the NR2D subunit preference of glutamate
and SYM2081. These data also suggest that if differences in
gating between NR2A and NR2D influence the measured
EC;, values, these gating differences must either be con-
tained in or controlled by the S1-S2 ligand-binding domain.

Molecular Dynamics Simulation of Glutamate-
Bound NR1/NR2A and NR1/NR2D. NR2A and NR2D
share strong sequence identity yet show different agonist
selectivity. To better understand the structural basis of dif-
ferential agonist potency between NR2A and NR2D subunits,
we exploited recent crystallographic data on the NR1/NR2A
dimer to build a hydrated model of the NR1/NR2A dimer and
a hydrated homology model of the NR1/NR2D dimer (Fig.
8A). These two models were subject to MD simulations (see
Materials and Methods). Glutamate remained stably docked
into binding sites for both NR2A and NR2D throughout the
full 10-ns simulation, maintaining a set of contacts with
many similar residues that have been described previously
for amino acid binding in NR1 and NR2A NMDA receptor
subunits (Anson et al., 1998; Furukawa and Gouaux, 2003;

SYM2081 L-CCG-IV

trans-ACBD cis-ACPD

Fig. 6. A, the crystallographic binding site of NR2A (2A5S) with gluta-
mate ligand shown in green and neighboring residues displayed to dem-
onstrate steric constraints of the binding site. B, superposition of the
crystallographic conformation of glutamate bound to NR2A (light green)
and the best aligned structure of SYM2081 and several constrained
analogs (see Materials and Methods). Note how the two larger cyclic
analogs (trans-ACBD and cis-ACPD) present a potential for steric clash
(orange circle) with the top of helix F when superimposed onto glutamate.

Subunit-Specific NMDA Receptor Agonism 913

Chen et al., 2005; Furukawa et al., 2005) as well as other
glutamate receptor subunits (Mayer and Armstrong, 2004).
Comparison of the root-mean-square deviation (RMSD) of
backbone atoms throughout each of the 10-ns simulations
demonstrates that each simulation had stabilized around an
equilibrium structure by 2 ns at 300 K. Good agreement in
backbone alignment is found when comparing the 2A5T crys-
tal structure to an average of the final 2 ns of the NR1/NR2A-
glutamate simulation (Fig. 8, B and C) for most of the dimer.
Overall, the root-mean-square (RMS) deviations of a Ca
alignment of the crystal structure to the average structure of
NR2A and NR2D were 2.74 and 2.87 A, respectively. Com-
parison of crystallographic water molecules near the ligand
to the water environment around the ligand in the NR1/
NR2A simulations revealed positionally equivalent water

S1 M1 M2M3 S2 M4 C-terminus

NR2A (2D-s2) e —
NR2A (2D-5152) ] —

N-terminus

A NR2A (2D-S1)

100
S
>
S
X
©
S
X 50-
0 = NR2A
c e NR2D
S A NR2A(2D-S1)
@ v NR2A(2D-S2)
o o NR2A(2D-51S2)
0

0.01 0.1 1 10 100
[Glutamate] (uM)

C 100

50 1

NR2A
NR2D
NR2A(2D-S1)
NR2A(2D-S2)
NR2A(2D-S1S2)

0.1 1 10 100 1000 10000
[SYM2081] (uM)

Fig. 7. A, a linear map for each of the NR2A/NR2D chimeras is shown
coded for NR2A (red) and NR2D (dark blue). B, composite concentration-
response curves are shown for glutamate at wild-type NR1/NR2A, wild-
type NR1/NR2D, and each of the three chimeric receptors. Each curve
was constructed from 26 to 30 oocytes. C, composite concentration-re-
sponse curves are shown for SYM2081 at wild-type NR1/NR2A, wild-type
NR1/NR2D, and each of the three chimeric receptors. Each curve was
constructed from 8 to 13 oocytes. Error bars (S.E.M.) are shown when
larger than symbol size.

Response (% glutamate)

o4 > o nm
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molecules that were present throughout the simulation de-
spite fluctuations and movement of some binding-site resi-
dues from their crystallographic positions. That is, the mo-
lecular dynamics simulation predicted stabilized water in the
binding pocket, as is found in the crystal structure. This
suggests the simulations correctly represent atomic interac-
tions in the NR1/NR2A binding pocket.

Comparison of the average NR1/NR2A and NR1/NR2D
structures from the final 2 ns of the MD simulations further
reveals structural differences. Figure 8, D and E, shows that
the NR1 domains in the averaged structures from the simu-
lations of the two complexes align better than the NR2 do-
mains (1.98 A RMSD for NR1 versus 2.75 A RMSD for NR2

based on Ca alignment), as expected because of sequence
variation in NR2. The upper domain of the agonist binding
core (referred to as Domainl, Fig. 8A) is composed largely of
sequence from S1 region of the polypeptide chain, with a
portion of S2 region of the polypeptide chain (Fig. 8A). Like-
wise, the lower domain (referred to as Domain2) is largely
composed of residues from the S2 portion of the polypeptide
chain with a portion of S1. Average structures of NR2A and
NR2D show the greatest differences in the surface loops as
well as the Domain2 (Fig. 8, D and E). Hingefind analysis
(see Materials and Methods) reveals a modest counterclock-
wise rotation (~15°) of the outer portion of the Domain2 in
NR2D (Fig. 8D) compared with the same region in NR2A.

TABLE 1
Glutamate and SYM2081 potency at NR2A/D chimeric receptor constructs
Glutamate SYM2081
Receptor Construct EC., NR2(Chim)/ EC., NR2(Chim)/
ECso SNORZD(WT;m Hill Slope n ECj, EI’\?RZD(WT;m Hill Slope n
uM udM
Wild-type NR2A 3.3 7 1.1 26 144 46 1.2 12
Wild-type NR2D 0.49 1.5 30 3.2 1.3 13
NR2A(2D-S1) 0.68 14 1.0 27 5.9 1.9 1.6 8
NR2A(2D-S2) 0.64 1.3 1.0 26 20 6.4 1.3 8
NR2A(2D-S152) 0.50 1.0 1.0 26 3.8 1.2 1.2 6

A Domain1

$1 NR2A fWPRYKSFSDCEPDI mwxvmlnj w:nxﬁnms’mzcmv -KKCCKGFCIDILKK 447
S1 NR2D LWSRYGRFLQPVDI \TLEERPFVIVEP; GT CIDILKR 468

S1 NR2A LSRﬂKFTYDLTL\v
81 NR2D L

VETGISVMV 518
TGISVMV 539

82 NR2A
82 NR2D avn JEGLSDRKFORPOEQYPPLKFGTVENG RENY
52 NR2A YKAGHD I SIDLAL

82 NR2D v IDLALLQFLGDDET e DKI KLDI 816

WLN 717
\WLN 738

‘TGKLDAFI
JLKAGKLDAFT

Crystal Structure
NR1/NR2A Average

E

B 15° NR2D

NR1/NR2A Average
NR1/NR2D Average

Alignment

Fig. 8. A, sequence alignment between NR2A and NR2D
S1/S2 domains is shown with conserved residues in gray,
conservative substitutions in green, and divergent residues
in yellow. Right, the NR2A backbone structure colored to
show conserved residues (blue) and divergent regions (red).
Note that the atomic contact residues (denoted by *) within
the ligand binding pocket are conserved. B, the backbone
alignment between crystal structure of NR1/NR2A (2A5S,
Furukawa et al., 2005, gray) and representative structure
from the latter stage simulation of hydrated NR1/NR2A
(blue) is shown. C, an enlarged view of the NR2A gluta-
mate binding pocket shows the similar positioning (broken
red boxes) of the crystallographic (gray) and long lived
waters in simulation (blue). D, superposition of averaged
structures after 10 ns of molecular dynamics simulations
for hydrated crystallographic NR1/NR2A (blue) and hy-
drated homology model of NR1/NR2D (cyan). The outer
portion of NR2D domain2 appears to rotate counter-clock-
wise (from top) with respect to NR2A. E, backbone of NR1/
NR2A color-coded to reflect superposition of alpha carbons
for average structures after molecular dynamics of NR1/
NR2A and NR1/NR2D (blue, good superposition; red, poor
superposition; green, intermediate superposition). Apart
from loops, Domain2 of NR2 is the most divergent region in
terms of superposition.

Good NR2A-NR2D Poor NR2A-NR2D

Alignment
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Differential Atomic Contacts within the NR2 Bind-
ing Pockets. Whereas the residues comprising the agonist
binding pockets of NR2A and NR2D are identical (Fig. 8A),
subtle differences in positioning of both ligand and binding
pocket residues developed over the course of the simulations.
Most contacts were preserved between the subtypes, yet our
simulations suggest that at 300 K (i.e., approximately room
temperature), each interacting region of the ligand («a-car-
boxyl, amino, and y-carboxyl) developed at least one differing
interaction between the models of NR2A and NR2D. Some of
these contacts in NR2A model differ from those described in
the crystal structure, which could reflect temperature, ther-
mal motion, or assumptions inherent in the simulations (see
Discussion). In the NR1/NR2A simulation, the y-carboxyl of
glutamate forms consistent hydrogen bonds with the back-
bone of Ser670, the backbone and side chain of Thr671 (e.g.,
Chen et al., 2005), and the backbone of Asp712 (Fig. 9A). In
simulations of NR1/NR2D, the analogous NR2D residues
Ser691 and Thr692 also make direct contacts with the y-car-
boxyl of glutamate (not shown). However, there is an addi-
tional contact with the side chain of Tyr732 (Fig. 9B). The
amino group of glutamate shares hydrogen bonding with the
side chains of Ser492, Asp712, and Tyr742 (Ser513, Asp733,
and Tyr763 in NR2D) between the subtypes (Fig. 9, A and B).
In addition, the amino group of glutamate also interacts with
the backbone of NR2D Ser513 (Fig. 9B). Simulations of both
NR1/NR2A and NR1/NR2D showed strong interactions be-
tween the a-carboxyl and the side chain of Arg499 (Arg520
NR2D), the side chain and backbone of Thr494 (Thr515
NR2D) and the side chain of Ser670 (Ser691 NR2D; data not
shown). In NR2A, a consistent hydrogen bond is also ob-
served between the backbone amide of Ser670 and the a-car-
boxyl group of glutamate. However, in NR2D, this amide
interacts exclusively with the y-carboxyl of glutamate (data
not shown). We speculate, based on the molecular dynamics
simulation, that the different atomic contacts influence the
position of glutamate within the binding pocket, which dif-
fers between NR2A and NR2D (Fig. 9C).

Differential Interdomain Atomic Contacts within
the NR2 Binding Domains. Predicted changes in the ago-
nist binding pocket discussed above occur concurrently

B NR2D

Subunit-Specific NMDA Receptor Agonism 915

throughout the simulations with alteration of some of the
interdomain contacts between Domainl and Domain2 (Fig.
10). Both NR2A and NR2D simulations show persistent hy-
drogen bonding between the side chains of Glu498 to Arg673
in NR2A (Glu519-Lys694 in NR2D) and Thr512 to Asp712 in
NR2A (Thr533-Asp733 in NR2D; Fig. 10). However, several
other interdomain contacts varied between the two NR2 sub-
units. For example, in the NR2A simulation, the hydrogen
bonding between Glu394 and Tyr711 was stable throughout
the entire simulation (Fig. 10A, bottom), but in NR2D the
equivalent interaction (Glu413 to Tyr732) was lost around 5
ns and was never reformed, with Tyr732 forming direct in-
teractions with glutamate as described above. Thus, gluta-
mate participates in interdomain bridging interactions of
Tyr732 in NR2D. In addition, simulations revealed that
NR2D had a persistent interaction between Arg414 and
Tyr739 (Fig. 10B, bottom) that does not occur in simulations
or crystal structure of NR2A because the residue in the
analogous position as the NR2D arginine is NR2A Ala395.
Finally, Lys486 formed consistent interaction with both the
side chain and backbone oxygens of Asn689 in the NR2D
simulation (Fig. 10B, bottom). The analogous Lys465 in
NR2A forms a few intermittent contacts with equivalent
residues, but no stable interaction was formed over the
course of the simulation. These simulations suggest that the
glutamate-bound NR2D subunit maintains a number of sta-
ble contacts seen in NR2A, and shows additional unique
interdomain contacts that do not appear in NR2A. These new
interdomain hydrogen bonds, each potentially contributing
stabilization of 3 to 5 kcal/mol, should provide more than
enough energy to increase glutamate potency by 10-fold.
Mutagenesis of NR2A and NR2D Agonist Binding
Domains. To probe the validity of our simulations that iden-
tified several different agonist-protein contacts for NR2A
versus NR2D, we used site-directed mutagenesis to change a
series of residues in analogous positions in NR2A and NR2D.
Table 2 summarizes the changes in glutamate EC;, values
for all of these mutations. Consistent with our simulations
and the high degree of sequence similarity, these data sug-
gest that most of the atomic determinants of agonist binding
between NR2A and NR2D are similar. Note that the ratio of

C NR2A NR2D

Fig. 9. Agonist binding site interactions are shown in these representative images from the simulations of glutamate agonist bound to NR1/NR2A (A)
and NR1/NR2D (B). Only residues divergent from known crystallographic atomic contacts (Chen et al., 2005; Furukawa et al., 2005) are shown.
Differences among atomic contacts between simulations include a change of the Tyr711 from its apparent role as an interdomain hydrogen-bonded
bridge to Glu394 in NR2A (Furukawa et al., 2005) to a hydrogen bonding partner with the y-carboxyl of the glutamate agonist for the corresponding residue
Tyr732 in NR2D. In addition, Ser513 backbone seems to participate in hydrogen bonding of the amino group of the agonist in NR2D but not in NR2A.
C, superposition of NR2A (blue) and NR2D (cyan) binding pockets shows the different position of the glutamate backbone in the binding pocket.
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EC;, values for mutant and wild type receptors is similar for
each pair of NR2A/NR2D mutations, with the exception of
NR2ATyr711/NR2DTyr732. As expected from the rearrange-
ment of NR2D Tyr732 predicted by our simulations, the
largest divergence in effect of mutations within the binding
pocket was observed for equivalent mutations NR2A Y711F
and NR2D Y732F (Table 1). We observed a 100-fold differ-
ence in the relative change in ECy, values, with a 45-fold
increase in EC;, observed for NR2A(Y711F) compared with a
2.5-fold decrease in EC;, measured for NR2D(Y732F). This
tyrosine residue showed markedly different behavior in the
simulations, with Tyr711 in NR2A forming a cross-domain
interaction, whereas the analogous Tyr732 in NR2D
switched to hydrogen bonding to the y-carboxyl of glutamate.

A NR2A B

Conserved inter-domain hydrogen bonds

TABLE 2
Effect of binding site mutations on glutamate potency

We speculate that NR2A(Y711F) mutation leads to unfavor-
able steric interactions in the binding pocket because the
interdomain contact is lost, and the phenylalanine is free to
swing into binding pocket. The different position of agonist
and the Tyr732 residue in the NR2D pocket might mitigate
this potential steric clash in NR2D(Y732F).

Mutagenesis results also support the idea that the differ-
ential interdomain contacts identified in NR2D but lacking
in NR2A contribute to the ECy, value. Maier et al. (2007)
have already shown that mutations affecting interdomain
interactions can have a strong effect on binding. We evalu-
ated in NR1/NR2A each of two interdomain contacts shared
by NR2D and NR2A (Glu498:Arg673, Thr512:Asp712). Mu-
tation of the Domain2 contributor NR2A(D712A) produced a

NR2D

Conserved inter-domain hydrogen bonds

Fig. 10. Differential interdomain hy-
drogen bonds are shown between Do-
mainl (gray) and Domain2 (bronze) in
the NR2A (A) and NR2D (B). Top,
cross-domain hydrogen bonding that
is conserved between the two sub-
units. Bottom, cross-domain hydrogen
bonds that are not conserved between
the two subunits. The surface of the
bound glutamate ligand is shown in
purple for reference.

NR indicates mutant receptor showed no response when tested at glutamate concentrations up to 30 mM. N.D. indicates that the ratio of EC5, for mutant to ECj, for wild-type
could not be determined. Shift 2A/Shift 2D is the ratio of the EC5q Mut/WT for NR2A and EC5y Mut/WT for NR2D.

NR2A Mutation ECjq ECso Mut/WT  Hill Slope n NR2D Mutation ECyq EC59 Mut/WT Hill Slope n Shift 2A/Shift 2D
uM wM
Wild-Type NR2A 3.3 1.1 26 Wild-Type NR2D 0.49 15 30 0.7
H466A” 490 140 1.5 H487A 76 150 1.2 8 0.9
H466F“ 46.2 14 1.7 H487F 2.3 4.7 2.0 7 3.0
G467V >3000 N.D 6 G488V >3000 N.D. 6
R499A >3000 N.D 12 R520A >3000 N.D. 6
R499K >3000 N.D. 12 R520K >3000 N.D. 12
S670A 1.6 0.5 1.2 11 S691A 0.2 0.4 1.2 8 1.3
S670G 421 120 14 S691G 46 94 1.2 6 1.3
T6T1A® 2967 900 1.3 T692A° 703 1400 1.5 0.6
Y711F 143 45 1.3 6 Y732F 0.20 0.4 1.7 12 113
D712A >3000 N.D. 6 D733A NR N.D. 8
Y742F 40 12 1.3 8 Y763F 6.1 12 2.2 6 1.0

Data from previous studies are included for comparison:

¢ Chen et al. (2005).
® Anson et al. (1998).
¢ Chen et al. (2004).
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dramatic reduction in potency; EC;, could not be determined,
and was higher than 3 mM (n = 6) (Table 2). By contrast,
mutation of the Domain2 contributor to the other interdo-
main contact, NR2A(R673A), produced little effect, paradox-
ically enhancing potency 5-fold (EC;,, 0.6 uM, n = 8). Table
2 shows the importance of the other interdomain contact in
NR2A (Glu394:Tyr711), with the NR2A(Y711F) mutation
shifting EC5, by 45-fold. These data are consistent with the
idea that the interdomain hydrogen bonds can stabilize the
closed conformation and thus influence the energetics under-
lying agonist binding to the NR2A subunit. However, Tyr711
and Asp712 are both part of the glutamate binding pocket, so
their effect cannot be fully differentiated from an effect on
ligand binding.

We subsequently evaluated four pairs of identified inter-
domain contacts in NR2D (Lys486:Asn689, Arg414:Tyr739,
Glub519:Lys694, Thr533:Asp733). In each case, mutation of at
least one the pairs of residues increased EC;, (decreased
potency) (Table 3). The mutant subunits NR2D(E519A),
NR2D(R414A), and NR2D(N689A) all decreased glutamate
potency at NR1/NR2D receptors by ~4-fold or more. Two
mutations, NR2D(K694A) and NR2D(K486A), had no nega-
tive effect on potency. One mutation, NR2D(Y739A), unex-
pectedly increased potency, although the conservative sub-
stitution NR2D(Y739F) had no effect. Replacement of the
tyrosine with an alanine may be favorable because it removes
steric clash in a hydrophobic region between the two do-
mains. Together, these data all support the idea that the
interdomain contacts contribute to enhanced potency of the
NR2D subunit.

Because experimentally determined EC;, values are influ-
enced both by rate constants governing agonist binding and
channel gating, mutations that alter gating also influence
measured EC;, values (Colquhoun, 1998). To assess the po-
tential effects of the NR2A mutations studied in Table 2 on
gating, we estimated the open probability by evaluating the
reciprocal of the potentiation observed by MTSEA covalent
modification of NR1(A652C)/NR2A (Fig. 11A) (Jones et al.,
2002; Chen et al., 2005; Yuan et al., 2005). We tested the
effect of MTSEA on residues in NR2A that we probed with
mutagenesis for which a clear maximally effective concentra-
tion of glutamate could be determined. Figure 11B shows
that there was no significant alteration in the degree of
potentiation by 0.2 mM MTSEA (2.1- to 2.7-fold potentiation
of NR2A mutants compared with 2.3-fold of WT NR2A;

TABLE 3
Interdomain mutations shift glutamate potency for NR2D
. H-Bond ECs Hill
NR2D Mutation Partner ECs Mutant/ Slope n
Wild-Type P
uM
Wild-type NR2D 0.49 1.5 30
R414A Y739 1.9 3.8 1.8 6
R414K Y739 0.82 1.7 1.7 6
K486A N689 0.48 1.0 14 6
E519A K694 2.5 5.0 1.6 6
N689A K486 3.1 6.4 1.6 6
K694A E519 0.29 0.6 15 8
K694R E519 0.36 0.7 1.6 6
D733A T533 N.R. 8
Y739A R414 0.06 0.1 1.1 5
Y739F R414 0.6 1.3 1.5 6

N.R., mutant showed no response when tested at glutamate concentrations up to
30 mM.
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ANOVA), which we interpret to reflect a similar open prob-
ability for mutant and wild-type receptors. These data are
consistent with a previous report for NR2A(S670G) and
NR2A(T671A) (Anson et al., 2000; Chen et al., 2005; Wyllie et
al., 2006), as well as findings that NR2A(H466A) has little
effect on gating (Maier et al., 2007). In addition, these data
suggest that the changes observed in potency shown for
NR2A mutations in Table 2 probably reflected changes
within the binding pocket rather than gating changes. We
are unable to quantify open probability for NR2D using this
method because the small response of NR1(A652C)/NR2D
and the large potentiation when channels are locked open by
coapplication of MTSEA and glutamate makes determination
of the degree of potentiation variable (Yuan et al., 2005).
Analysis of SYM2081-Bound NR1/NR2. The glutamate
analog SYM2081 (31) has a 4-methyl substituent adjacent to
the y-carboxyl group of glutamate and activates NR2A-D
receptors with efficacy ranging between 0.71 and 0.89 that of
glutamate. Both efficacy and microscopic association and
dissociation constants governing agonist binding influence
measured EC;, values. Given the similar efficacy of
SYM2081 and glutamate, the 46-fold difference in potency
between NR2A and NR2D suggests differences in the binding
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Fig. 11. A, current recording from NR1(A652C)/NR2A in response to
application of a maximally effective concentration of glutamate before
and during application of the cysteine-labeling reagent MTSEA. We
interpret the potentiation of current as an indication of the consequence
of shifting open probability to near 1.0. Thus, the degree of potentiation
is inversely related to the open probability at rest for the receptor. B,
current recording from NR1(A652C)/NR2A(Y711F) before and during
application of MTSEA. C, summary of potentiation determined from a
representative mutation at each residue tested in Table 2 for which we
could determine a maximally effective concentration of glutamate. For
all, there was no significant difference from wild type NR2A (p > 0.05; 1
factor ANOVA, Tukey test). Recordings were made from between 6 and
17 oocytes per mutation.
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pocket rather than effects on gating. Inspection of the gluta-
mate conformations extracted from the averaged structures
of NR1/NR2A and NR1/NR2D simulations suggests that the
agonist occupies different space in NR2A compared with
NR2D (Fig. 9C). We therefore sought to explore whether the
potency differences of SYM2081 could be understood in terms
of structural predictions from our simulations. Toward this
end, we performed molecular dynamics simulations on
SYM2081 placed into the binding pocket in the position of
glutamate (Fig. 12, A and B). The results showed that the
methyl group of SYM2081 clashes with Tyr711 in NR2A,
which results in a push or rotation of the agonist in the
pocket during the simulation. The change in agonist position
leads to a loss of contact between SYM2081 and Arg499, after

A SYM2081 in NR1/NR2A
-
\

Fig. 12. Top, frame from early in the molecular dynamics simulation of
SYM2081 in NR1/NR2A (around 1.7 ns). Note the steric contact (illus-
trated by transparent red spheres) between the methyl group of
SYM2081 and Tyr711. This repeated collision seems to prevent the a-car-
boxyl of SYM2081 from contacting Arg499. Bottom, stably bound
SYM2081 in the NR1/NR2D binding pocket after approximately 5 ns of
MD simulation. The difference in binding pose for SYM2081 as well as
the transition of Tyr732 to an interaction with the y-carboxyl of SYM2081
results in little steric conflict for the 4-methyl group and a stable contact
between the a-carboxyl and Arg520.

which the methylated glutamate became progressively less
stably bound in NR2A. By contrast, SYM2081 docking in the
NR2D pocket is very stable throughout the simulation, per-
sisting with all of the same atomic contacts acquired by
glutamate in the binding pocket (e.g., Fig. 9B). This stability
reflects differences in the binding pocket and ligand position-
ing in NR2D, which directs the 4-methyl group toward a part
of the pocket without steric crowding. These simulations
support the experimental results showing SYM2081 to be
more potent at NR2D than NR2A. To further test this possi-
bility, we evaluated the effects of the mutations
NR2A(Y711F) and NR2D(Y732F). It is noteworthy that these
mutations now have the opposite effect on the potency of
SYM2081 by comparison with glutamate. NR2A(Y711F)
shows a smaller shift in potency on NR2A (ECj, increased
7-fold, n = 11) compared with NR2D(Y732F), which causes a
large shift in potency on NR2D (EC;, increased 29-fold; n =
10). These data are again consistent with the predicted dif-
ferential atomic contacts of this residue in NR2A and NR2D.
They also are consistent with a different interaction of
SYM2081 in each pocket relative to L-glutamate.

Discussion

In this study, we report the subunit-specific agonist po-
tency and relative efficacy for a wide range of compounds at
all four NR1/NR2 heterodimeric NMDA receptors. Four no-
table features emerge from the comprehensive comparison of
NMDA receptor agonists. First, compounds with ring sys-
tems that place conformational constraints on agonist flexi-
bility show strong stereoselectivity. For example, L.-CCG-IV
(46) was the agonist with the highest potency in the data set,
but the stereoisomer L-CCG-I (8) (differing at one stereogenic
site) is inactive. Second, the general rank order of potency for
agonists across the NR2 subunits is NR2D > NR2C ~
NR2B > NR2A, with a notable exception being homoquino-
linate, which was more potent at NR2A and NR2B (Buller
and Monaghan, 1997). This order of potency correlates well
with the deactivation time of current responses after a brief
synaptic-like pulse of glutamate (Monyer et al., 1994; Vicini
et al., 1998), presumably because the relatively slow unbind-
ing rate of agonist from receptors contributes to (but does not
solely control) the deactivation time course. The ratio of
potency for each agonist at NR2D relative to NR2A provides
an index of subunit selectivity.

Third, 4-methyl substituted glutamate, (2S,4R)-4-methyl-
glutamate or SYM2081 (31), shows a 46-fold higher potency
for NR2D over NR2A, suggesting that different steric con-
straints between NR2A and NR2D may exist within the
binding pocket. Use of SYM2081 to evaluate structural de-
terminants of selectivity suggests that both domains of the
bilobed agonist binding site appear to control SYM2081 and
glutamate potency at NR2A and NR2D. Molecular dynamics
simulations suggest that the 4-methyl substituent clashes in
NR2A with Tyr711, leading to a rotation of the glutamate
backbone that compromises interactions with Arg499. By
contrast, the 4-methyl substituent fits into a crevice in
NR2D, allowing stable docking. One enantiomer of
SYM2081, (2S,4S)-4-methylglutamate (32), that places the
4-methyl substituent on the other side of glutamate relieves
steric clash with Tyr711 in NR2A during MD simulation.
This compound showed less difference in potency between
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NR2A and NR2D (13- versus 46-fold), supporting our inter-
pretation. One additionally important implication of the data
are that the EC;, for SYM2081 at NR2D (3 uM) is in the
same concentration range as that shown to interact with
some kainate receptors (Bleakman, 1999). Thus, the ability
of SYM2081 to activate NR2D-containing NMDA receptors
raises a caveat to the use of SYM2081 as a selective kainate
receptor probe in neurons that might also express NR2D
subunits.

Fourth, there is no correlation across all agonists tested
between EC;, and efficacy, suggesting that some of the mo-
lecular determinants of agonist binding differ from the de-
terminants coupling agonist binding to gating. This is not
surprising because efficacy is likely to be strongly (but not
exclusively) controlled by gating elements that lie closer to
the ion conducting pore, whereas potency will be strongly
(but not exclusively) influenced by structural elements such
as atomic and interdomain contacts within the binding
pocket. However, recent findings suggest that certain regions
of the agonist binding domain can influence gating (Hansen
et al., 2005; Maier et al., 2007). Chimeric NR2A with the
S1-S2 regions of NR2D inserted has almost identical agonist
potency to the NR2D wild-type, supporting the idea that the
agonist potency is determined predominantly by the ligand
binding domain independent of the ion channel-forming por-
tion of the receptor or the amino- or carboxyl-terminal do-
mains. Results with chimeric receptors show that residues on
both sides of the bilobed agonist binding domain contribute to
agonist preferences, a finding that is consistent with known
agonist contact residues. It is noteworthy that most agonists
have lowest efficacy relative to glutamate at NR2C, suggest-
ing that further studies with NR2C may provide insight into
the structural basis for partial agonism at NMDA receptors.

Structural Determinants of Agonist Potency at NR2
Subunits. We have used molecular dynamics simulations to
gain insight into the molecular basis of subunit preferences
for NR2D over NR2A subunits. In this endeavor, we em-
ployed the dimeric NR1/NR2A crystal structure, and built a
hydrated model from this coordinate set for molecular dy-
namics simulations. A homology model of NR2D was con-
structed from the NR2A structure, and the hydrated version
of this model was subjected to molecular dynamics at 300 K.
Modeling of the NR2A and NR2D agonist binding domains
demonstrate that despite the overall similarity between the
subtypes, structural differences exist that may play impor-
tant roles in the distinct pharmacological phenotypes. The
average structure from the molecular dynamics simulations
suggest that the Domain2 of NR2D shows the largest dis-
placement from NR2A. Although most atomic contacts with
the ligand are maintained between NR2A and NR2D, we
found that NR2D Tyr732 (Tyr711 in NR2A) can switch its
interactions. Tyr711 forms an important interdomain hydro-
gen bond in NR2A in both our model and the NR2A crystal
structure, which shifts to an agonist contact for the analo-
gous residue (Tyr732) in NR2D.

Small changes in the ligand orientation, how it interacts
with the binding site, and subtle differences in the contacts
between the two domains contribute to alteration of the rel-
ative positioning of the ligand binding core Domain2. For
example, simulations predict that the carbon backbone of
glutamate adopts a different orientation in NR2A compared
with NR2D. This implies that substituents on agonists for
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NR2D are placed in a different position than in NR2A. It
likewise creates opportunities for the development of sub-
type-selective agonists or antagonists. SYM2081 (discussed
above), which shows a 46-fold increase in potency at NR2D
receptors, is one example of a molecule that apparently ex-
ploits the different position of the ligand to place a substitu-
ent in a position that is favorable in NR2D but not NR2A.

In addition to changes among the contact residues for
glutamate in the pocket, there is also an increase in the
number of interdomain hydrogen-bonded contacts between
the upper and lower domains. Recent structural and func-
tional studies of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid and kainate receptors have raised the idea that
interdomain contacts can stabilize the cleft-closed conforma-
tion and thus both enhance agonist affinity and slow deacti-
vation time course (Robert et al., 2005; Weston et al., 2006;
Hansen et al., 2007). Our data are consistent with these
observations. We find that the NR2D subunit, at which glu-
tamate has a higher potency than NR2A, has more interdo-
main contacts than NR2A. Moreover, mutagenesis studies
show that interruption of these interdomain contacts can
decrease potency, suggesting that they do provide some sta-
bilization of the closed-cleft conformation, which we interpret
to be necessary for channel activation.
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