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Abstract 
We have utilized recent structural advances in our understanding of the NMDA receptor 

amino terminal domain to explore the binding mode of multiple diaryl GluN2B-selective negative 

allosteric modulators at the interface between the GluN1 and GluN2B amino-terminal domains.  We 

found that interaction of the A-ring within the binding pocket appears largely invariant for a variety 

of structurally distinct ligands. In addition, a range of structurally diverse linkers between the two 

aryl rings can be accommodated by the binding site, providing a potential opportunity to tune 

interactions with the ligand binding pocket via changes in hydrogen bond donors, acceptors, as well 

as stereochemistry. The most diversity in atomic interactions between protein and ligand occur in the 

B-ring, with functional groups that contain electron donors and acceptors providing additional atomic 

contacts within the pocket. A cluster of residues distant to the binding site also control ligand 

potency, the degree of inhibition, and show ligand-induced increases in motion during molecular 

dynamics simulations. Mutations at some of these residues appear to distinguish between structurally 

distinct ligands, and raise the possibility that GluN2B-selective ligands can be divided into multiple 

classes.  These results should help facilitate the development of well-tolerated GluN2B subunit–

selective antagonists. 
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Introduction 

N-methyl-D-aspartate receptors (NMDA) are ionotropic glutamate receptors that mediate 

excitatory postsynaptic signaling in the mammalian CNS. These receptors are widely expressed, 

require binding of both glycine and glutamate for activation, and have been implicated in 

physiological processes such as neuronal development, synaptic plasticity, and learning and memory 

(Citri and Malenka, 2007; Traynelis et al., 2010).  Numerous pathological conditions have also been 

suggested to involve NMDA receptors, including ischemic damage (Hardingham and Bading, 2010), 

chronic pain (Wu and Zhuo, 2009), psychosis (Coyle et al., 2003), depression (Preskorn et al., 2008), 

and major degenerative disorders such as Parkinson’s and Alzheimer’s disease (Reisberg et al., 2003; 

Hallett and Standaert 2004; see also Mony et al., 2009a; Traynelis et al., 2010).  

NMDA receptors are tetrameric assemblies of  two glycine-binding GluN1 subunits and two 

glutamate-binding subunits, of which there are four types (GluN2A, GluN2B, GluN2C, GluN2D).  

The GluN2 subunit controls a wide range of functional properties of NMDA receptors, and is 

differentially expressed throughout the CNS (Akazawa 1994; Monyer et al., 1994).  Each NMDA 

receptor subunit is comprised of four discrete semiautonomous domains, which include the 

extracellular amino-terminal domain (ATD), the extracellular ligand-binding domain (LBD), the 

transmembrane domain (TMD), and the intracellular carboxyl-terminal domain (CTD; Fig. 1A; 

Sobolevsky et al., 2009).  The GluN2 ATD regulates the agonist potency, deactivation time course, 

open probability and mean open/shut duration of different GluN2 subunits (Gielen et al., 2009; Yuan 

et al., 2009).  

Since the discovery that the cerebral vasodilator ifenprodil has anti-ischemic actions (Carter et al., 

1988; Gotti et al., 1988) and inhibits GluN1/GluN2B receptors with a 400-fold selectivity over the 

other GluN2 subunits (Williams et al., 1993), considerable effort has been directed towards the 

development of clinically useful GluN2B-selective NMDA receptor  antagonists (Chenard et al., 

1991; Mony et al., 2009a; Hansen et al., 2010a; Koller and Urwyler, 2010).  Indeed, GluN2B 

antagonists have shown promising results in a number of clinical trials (Mony et al., 2009a; Traynelis 

et al., 2010).  Multiple lines of evidence indicate that ifenprodil acts as a negative allosteric 

modulator, which may be one reason it is better tolerated than conventional NMDA antagonists.  

Ifenprodil and related compounds inhibit receptors incompletely (e.g. 90%) at saturating 

concentrations. Inhibition shows no voltage-dependence, and cannot be surmounted by increasing the 

concentration of glutamate or glycine (Williams et al., 1993; Kew et al., 1996).  Ifenprodil and 
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analogues show use-dependence in that the binding of glutamate increases the potency (i.e. decreases 

the IC50) of ifenprodil and vice versa (Kew et al., 1996).  Ifenprodil has been proposed to show a 

higher potency for agonist-bound desensitized states than for other states (Kew et al., 1996).   

Gallagher et al. (1996) first showed that ifenprodil’s subunit-selectivity was controlled by the 

GluN2B amino terminal domain, and several subsequent mutagenesis studies have identified specific 

structural determinants of ifenprodil sensitivity in both the GluN1 and GluN2B subunits (Masuko et 

al., 1999; Perin-Dureau et al., 2002; Mony et al., 2009b). Recently, Karakas et al. (2011) used 

crystallographic methods to show that the binding site for ifenprodil lies at the interface of GluN1 

and GluN2B ATD heterodimer, rather than within a cleft of the bilobed ATD.  These structural data 

shed further light on differences between the NMDA receptor ATDs and those of kainate and AMPA 

receptors.  Whereas the ATDs of all ionotropic glutamate receptors have a bilobed architecture and 

consist of two domains (R1 and R2), NMDA receptors are unique compared to kainate and AMPA 

receptors in that the R1 and R2 lobes differ in orientation with respect to each other (Karakas et al., 

2009, 2011; Farina et al., 2011). This difference in orientation of the R1-R2 domains results in 

distinct association between the GluN1/GluN2B ATD’s that differs in molecular detail from non-

NMDA receptor ATD’s. The latter can associate as homodimers or heterodimers (Kumar et al., 

2009,2011; Zhao et al., 2012)), and show strong interactions between the R1-R1 and R2-R2 domains 

of the dimer.  By contrast, the heterodimeric arrangement of the GluN1/GluN2B receptors shape a 

unique phenylethanolamine binding cavity that allows ifenprodil to reside between the R1-R1 and 

R1-R2 protein interfaces (Karakas et al., 2011).  Here we use a combination of mutagenesis and 

computational modeling based on crystallographic data to investigate the molecular details of binding 

of several classes of GluN2B-selective inhibitors to the GluN1/GluN2B ATD heterodimers.  These 

results help elucidate the structural determinants of potency for this therapeutically-relevant class of 

compounds. 
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Materials and Methods 

Homology Modelling   

Amino acids are numbered with the initiating methionine set to 1.  A protein family alignment 

was generated for the NMDA (GluN1/GluN2A-D), AMPA (GluA1-4) and kainate (GluK1-5) 

receptors using the program Muscle (Edgar 2004). The unresolved loops of the GluN1/GluN2B 

crystal structure (PDB entry: 3QEL; 2.6Å resolution; co-crystallized with ifenprodil) were built using 

Modeller 9v7 (Sali et al., 1993). The models were subjected to quality analysis using the PDBsum 

generator (http://www.ebi.ac.uk/pdbsum; Laskowski, 2009). Both the crystal structure and the 

subsequent models were prepared for further analysis using the protein preparation wizard 

(Schrodinger). Side chain optimization and the assigning of protonation states were performed and 

subsequently followed by a short minimization run to relieve the energetically unfavorable 

constraints. The sequence analysis and MULTISEQ modules from the VMD package were used to 

compare the proposed binding sites of the different GluN2 ATDs (Roberts et al., 2006; Humphrey et 

al. 1996). 

 

Molecular Dynamics  

The heterodimer of GluN1/GluN2B was prepared for molecular dynamics (MD) simulation 

using the program Desmond (Bowers et al., 2006). Ligands and proteins were solvated using an 

orthorhombic box shape with a buffer distance of 10Å using the SPC water model. The overall 

system was neutralized at pH 7.0 using an ion concentration of 0.15 NaCl. The protonation state of 

ifenprodil used was as described by Kobayashi et al. (2006). The system was first relaxed using the 

Desmond relaxation model. The completed equilibration run was followed by a 10 ns production run 

performed under NPT conditions using the Nose-Hoover thermostat (300K) and PME electrostatics 

(Essman et al., 1995) with a cutoff of 9Å. Time step calculations were performed every 2 fs. All 

figures from MD simulations were produced using VMD (Humphrey et al., 1996). Average structures 

were used to assess domain movement and prepared from the final 2 ns of the simulation. Domain 

movements of the different simulations were determined using structural alignments (backbone) of 

the R1 domains from both GluN1 and GluN2B followed by calculation of the center of mass of the 

R2 domains. The movement of the center of masses allow representation of ligand-induced shifts in 

the position of the R2 domains for the GluN1 and GluN2B. The residues used for alignment of the R1 

were GluN1 residues 25 to 52, 58 to 95, 103 to 140, 277 to 297, 316 to 341 and GluN2 residues 33 to 
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43, 65 to 132, 142 to 147, 289 to 310, 335 to 341. The Cα atoms used for calculation of the center of 

mass of the R2 domains for GluN1 were 145 to 159, 162 to 183, 192 to 240, 245 to 250, 265 to 270; 

and for GluN2B were 150 to 163, 168 to 174, 178 to 193, 197 to 206, 214 to 222, 226 to 249, 254 to 

263, 276 to 284.  Movement of the center of mass domain was calculated from the average structure 

(last 2 ns) of the simulations performed under the different conditions. The root mean squared 

fluctions (RMSF) of the GluN1 and GluN2B subunits was calculated for the final 2 ns of the MD run 

by first aligning them to the backbone of the respective starting structures.  

 

Molecular Docking  

Eighteen compounds were selected and prepared for docking by predicting their protonation 

states at pH 7.4 using the program epik (Schrodinger) with a range between 7.9 +/-1.5 and 10.0 +/-0.7 

for the basic nitrogen. The resulting structures were subjected to a conformational search using 

confgen (Schrodinger), and the most frequently occurring conformation was selected for further 

study. Glide (Schrodinger) was used for docking, and the docking GRID's were generated for 

GluN2B using Gln110 as the center. The grid size was set to 33 Å and the ligand diameter midpoint 

box set to 14 Å for all three axes. Grids were generated with and without the water molecule 

facilitating the binding of the hydroxyl moiety of ifenprodil for all GluN2's. The extra precision (XP) 

scoring algorithm from Glide was used to identify the best scoring compounds during docking. All 

ligands were treated as flexible during docking allowing for sampling of nitrogen inversion and ring 

conformations. Docking poses were restricted to 10 poses per ligand followed by a post-docking 

minimization (minimization was performed with the OPLS-AA force field) with a rejection threshold 

of 0.5 kcal/mol. The structure of the best scoring docked pose for each of the eighteen compounds in 

Table 1 are reported in the supplementary data.  

 

Molecular biology  

Site-directed mutagenesis was performed using the QuikChange protocol (Stratagene, La 

Jolla, CA) as described previously (Low et al., 2003).  cDNAs for GluN1-1a (NR1-1a, GenBank 

accession numbers U11418 and U08261, hereafter GluN1), GluN2A (NR2A, D13211), GluN2B 

(NR2B, U11419), and GluN2D (NR2D, L31611) were provided by Drs. S. Heinemann (Salk 

Institute), S. Nakanishi (Kyoto University) and P. Seeburg (University of Heidelberg, Heidelberg, 

Germany). 
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Two-electrode voltage-clamp recordings from Xenopus oocytes  

Preparation and injection of cRNA, as well as two-electrode voltage-clamp recordings from 

Xenopus laevis oocytes, were performed as previously described (Hansen et al., 2010b). Briefly, 

oocytes were injected with 5-10 ng cRNAs synthesized in vitro from linearized template cDNA. The 

ratio of GluN1 to GluN2-injected cRNA was 1:2.  Following injection, the oocytes were stored at 

15°C in Barth’s solution containing (in mM) 88 NaCl, 2.4 NaHCO3, 1 KCl, 0.33 Ca(NO3)2, 0.41 

CaCl2, 0.82 MgSO4, 5 Tris/HCl (pH 7.4 with NaOH).  Two-electrode voltage-clamp recordings were 

performed 2-3 days post-injection at room temperature (23°C). The recording solution contained (in 

mM) 90 NaCl, 1 KCl, 10 HEPES, 0.5 BaCl2, 0.01 EDTA (pH 7.4 with NaOH).  Solution exchange 

was computer controlled through an 8-modular valve positioner (Digital MVP Valve, Hamilton, CT). 

Voltage and current electrodes were filled with 0.3 and 3.0 M KCl, respectively, and current 

responses were recorded at a holding potential of –40 mV. Data acquisition and voltage control were 

accomplished with a two-electrode voltage-clamp amplifier (OC725, Warner Instrument, Hamilton, 

CT). Only currents greater than 50 nA were included in the analysis. 100 μM glutamate and 100 μM 

glycine were used in all oocyte experiments. Concentration-effect curves were constructed from data 

averaged from multiple oocytes, and fitted with the Hill equation 

 

Response (%) = ( 100  –  minimum ) / ( 1 – ( [concentration] / IC50 ) 
N ) + minimum 

 

where IC50 is the concentration of compound that inhibits 50% of the response, N is the Hill slope, 

and minimum is the steady state minimal response at a maximally effective concentration of 

modulator. For some analyses, the minimum was forced to be 0. 

  

Materials  

Ifenprodil hemitartrate (erythro enantiomers; Tocris, Park Ellisville, MO or Ascent Scientific, 

Princeton NJ), Ro-25-6981 (Ascent Scientific), eliprodil (Tocris) and CP-101,606 (Axon MedChem, 

Groningen, Netherlands) were made as 20-100 mM stocks in DMSO and diluted to the desired 

concentration; final DMSO content was never greater than 0.1% for all solutions. Compound 29 was 

synthesized as described in Tahirovic et al. (2008).  Compounds 15, 49, 68 were synthesized as 

described by Mosley et al., (2009).   
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Results   

Ifenprodil binding to the GluN1/GluN2B interface 

A large number of compounds have been synthesized both in industry and academia and 

tested for potential subunit-selective antagonistic effects on recombinant GluN1/GluN2B receptors 

(Chenard and Menniti 1999; Hansen et al., 2010a, Koller and Urwyler, 2011). These synthetic efforts 

overwhelmingly suggest that active GluN2B-selective modulators consist of two non-polar aromatic 

rings (an A-ring and B-ring) connected by a linker that typically contains a basic nitrogen (Fig. 1).  In 

addition, the B-ring often contains a hydrogen bond donor (Tamiz et al., 1998). Recent 

crystallographic data collected for a Xenopus GluN1 and rat GluN2B ATD heterodimer complex 

showed that the GluN2B-selective negative allosteric regulators occupy a binding site between the 

GluN1 and GluN2 protomers. Figure 1B shows the binding pocket for ifenprodil, and highlights the 

hydrophobic (cyan) and hydrogen bond donor pharmacophore features (blue) buried within the dimer 

interface, which have a shared surface accessible area of 1191 Å2 that accommodates ifenprodil 

(Karakas et al., 2011). To explore how the atomic contacts within the binding site vary for different 

ligands, we first built a hydrated model for the rat GluN1/GluN2B ATD dimer containing ifenprodil 

(1S,2S) for use in docking studies. This involved using the Rattus sequence to generate the wild-type 

rat GluN1 and GluN2B structures, building loops for regions that were not resolved, optimizing 

hydrogen bond networks and assigning protonation states of residues, followed by a short energy 

minimization. The models were used in docking studies and subsequent molecular dynamic 

simulations.  

Eighteen compounds were selected for docking to the GluN1/GluN2B structures (Table 1). 

Evaluation of their atomic interactions and potency revealed several key features for ligand action at 

the GluN2B ATD heterodimer interface, a number of which were tested by mutagenesis (Table 2). 

Below we consider the interactions of each of three sectors in the biaryl ifenprodil architecture (the 

A-ring, biaryl linker, and B-ring) with the ATD binding site. 

 

Molecular interactions of the A-ring with the GluN1/GluN2B ATD interface 

A number of studies suggest that the A-ring interactions with GluN2B (see Fig. 1B) are 

critical to activity (Chenard and Menniti 1999, Tahirovic et al., 2008).  Molecules lacking this ring 

are inactive (e.g. compound 6 in Chenard et al., 1991), and substitutions on this ring, such as dichloro 

in the case of propanolamines, strongly control potency (Tahirovic et al., 2008).  The binding 
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interface representing the hydrophobic A-ring consists of residues from the R1 domains of both the 

GluN1 (Ala75, Tyr109 and Thr110) and GluN2B subunits (Pro78, Ile82, Ile111 and Phe114; Fig. 1B 

and Fig. 2).  Among these, residues GluN1 Ala75, GluN2B Ile82, and GluN2B Phe114 are essential 

for ifenprodil sensitivity, presumably because they stabilize both the dimer interface and the pocket 

responsible for the hydrophobic character of the A-ring pharmacophore. This pocket is highly 

conserved with the exception of GluN2B Ile111 (Fig. 2), at which mutagenesis (I111S) surprisingly 

had little effect on ifenprodil potency (Karakas et al., 2011).  Moreover, residues that facilitate the 

correct formation of the binding pocket such as GluN1 His134, Ser108, Phe113, Tyr114 are known to 

control ifenprodil potency (Masuko et al., 1999); these residues are not shown in Figures 1 and 2 to 

improve clarity.  

The A-ring usually adopts a similar position among various ligands for all docked 

compounds, consistent with crystallographic data for ifenprodil and Ro 25-6981 (Fig. 3). The 

similarity of the ring contacts suggests that this set of interactions does not distinguish among 

ligands. Among the compounds docked, several series have demonstrated strongly enhanced potency 

with dichloro-substituted A-rings (Tahirovic et al., 2008; Mosley et al., 2010). For example, a 3,4-

dichloro substitution of the benzene A-ring increased the activity within two series of compounds by 

over 100-fold (Tahirovic et al., 2008; Mosely et al., 2009). The apparent formation of a π-σ 

interaction between GluN2B Phe114 and the ligand A-ring can in part explain the increased activity 

induced by the addition of chlorine atoms in the meta and para positions of the A-ring (Matter et al., 

2009; Imai et al., 2008).  From the crystal structure of GluN1/GluN2B ATD in complex with 

ifenprodil and our docking studies we speculate that a π-σ interaction takes place between the σ-hole 

of the para-positioned chloro and GluN2B Phe114 (e.g. Fig. 4B). The meta-positioned chloro is 

thought to form a halogen bond with the hydroxyl of GluN1 Thr110 (Fig. 2B) as well (Auffinger et 

al., 2004; Clark et al., 2007). These halogen substitutions should not only facilitate the binding within 

the dimer interface, but also decrease the solubility of the A-ring, striking a good balance with respect 

to the desolvation energy, which can help to explain the observed 100-fold increase in activity after 

modification. The lower cost of desolvation by halogen substitution rather than strong hydrogen bond 

forming substituents such as a hydroxyl are further supported by the observation that the mono-

substituted hydroxyl A-rings are on average 90-fold less active than the 3,4-dichloro substituted A-

ring.  Similarly, the 3,4-dihydroxy substituted A-ring has an IC50 of greater than 100 μM (2000-fold 

lower potency than 2,3 dichloro; see Table 2 in Tahirovic et al., 2008).   
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Molecular interactions of the diaryl linker with the GluN1/GluN2B ATD interface 

The ATD interface that accommodates the linker region is conserved between GluN2A and 

GluN2B (Fig. 2), and made up of residues from both the GluN1 (Tyr109, Gly112, Phe113, Ile133 and 

Leu135) and GluN2B R1 domains (Glu106, Ala107 and Gln110).  This portion of the binding pocket 

apparently can accommodate a wide range of chemical moieties (Tamiz et al., 1998; Mony et al., 

2009a; Hansen et al 2010a).  The linkers between the A- and B-rings of GluN2B-selective 

modulators are chemically diverse and include alkyl chains, aryl chains, amides, amines, ethers, 

piperidine rings, or piperazine rings. In general, the optimal linker length is often  between 9 and 11Å 

(Chenard et al., 1991; Marinelli et al., 2007; Tahirovic et al., 2008; Mosley et al., 2009). The 

piperidine ring of Ro 25-6981 and ifenprodil, with a pKa of 9.05 (Kobayashi et al., 2006), is 

protonated under physiological pH and forms a hydrogen bond with the oxygen of Gln110 (Karakas 

et al., 2011). Mutation of GluN2B Gln110 to Ala reduced ifenprodil potency by 10-fold (Table 2), 

consistent with the idea that this interactions helps to stabilize ligand orientation in the binding site. 

The hydroxyl group on the linkers of both (R,S)-ifenprodil and (S,S)-Ro 25-6981 depicted at the 

GluN1/GluN2B subunit interface (Karakas et al., 2011) makes a hydrogen bond with the carbonyl 

group of Ser132 (GluN1). However, if the common S-stereoisomer at the hydroxylated center is 

inverted (e.g. R,R and S,R, respectively), the OH group can also make a hydrogen bond with Gln110 

(GluN2B) (Fig 4). The methyl groups of the two compounds project in opposite directions with that 

of ifenprodil protruding toward the GluN1 subunit interacting with Ile135, whereas that of Ro 25-

6981 is directed toward the GluN2B subunit and interacts with Phe176 and Pro177 (Karakas et al., 

2011).  Figure 4 illustrates that the four stereoisomers of ifenprodil (R,S; S,R; S,S; R,R) 

accommodate all variations of  inversion at the linker stereogenic centers without perturbation of the 

docking poses.  This raises the possibility for engineering different potencies and activities within the 

linker region by designing functional groups to form different atomic interactions with either GluN1 

or GluN2B residues in this region.  Evaluation of the different stereoisomers of ifenprodil further 

emphasize this point.  For example, (+) erythro-ifenprodil is 4-fold more potent in neuroprotection 

assays than its (-) enantiomer, whereas the (-) threo-ifenprodil is 4-fold more potent than its (+) 

enantiomer (Chenard et al., 1991; Hashimoto et al., 1995; Avenet et al., 1996). The 1S,2S  (+) threo 

stereoisomer of the ifenprodil analogue CP101,606 is less potent at α1 adrenergic receptor than the 
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1R,2R(–) threo compound (CP101,581), which led to further development of compounds with this 

stereochemistry (Chenard et al., 1995).   

Although the various stereoisomers of ifenprodil show differing potency (Chenard et al., 

1991), the absolute stereochemistries of (+/-) erythro and threo ifenprodil have not been determined. 

We investigated the ligand-protein interactions of (+/-) threo and (+/-) erythro ifenprodil by docking 

all possible stereoisomers.  Each of the latter could be accommodated within the binding cavity with 

similar binding scores, and with indistinguishable docking energies that fell within a -12.1 + 1.0 

kcal/mol window.  However, there are a number of distinct molecular interactions that differ among 

the stereoisomers (Fig. 4).  For example, the ifenprodil hydroxyl group with (1R,2R) absolute 

stereochemistry prefers to form a hydrogen bond with GluN1 Ser132, whereas the hydroxyl group of 

(1R,2S) ifenprodil is in close proximity to both Ser132 (GluN1) and Gln110 (GluN2B), making 

hydrogen bonding possible to either of these acceptors. Furthermore, ifenprodil with (1S,2R) or 

(1S,2S) absolute stereochemistry prefers hydrogen bond formation with GluN2B Gln110 (NH2) and 

Glu106 (Fig. 4). Moreover, docking suggested that the mutation GluN2B (Q110E) should increase 

ifenprodil potency by allowing the formation of a hydrogen bond with the carboxylate of the 

glutamate residue. Evaluation of this mutation confirmed this prediction, as GluN2B (Q110E) 

increased ifenprodil (stereoisomers) potency by 2.5-fold compared to wild type GluN2B (Table 2).  

Perin-Dureua et al. (2002) showed a significant reduction in ifenprodil potency when mutating 

GluN2B Glu106 to Ala. Our docking studies suggest the possibility that Glu106 is able to form a 

hydrogen bond with the hydroxyl of ifenprodil, and the loss of this interaction may account for the 

reduction of ifenprodil potency. In addition, Glu106 makes interactions with Ala107 (NH) as well as 

it own (NH), which may be important for the structural integrity of the GluN2B subunit.  Elimination 

of this intraprotein H-bond may also contribute to the reduction in potency for mutations at Glu106.  

Docking studies identified a number of additional locations within the binding pocket that 

make atomic contacts with the linker region of modulators of GluN1/GluN2B. The most frequently 

observed hydrogen bonds between GluN1 and the di-aryl compounds were found to be with the 

carbonyl backbones of Tyr109, Ser132, Ile133 and Gly112 (e.g. CP-101,606, compound 12a, 

eliprodil, compound 68, trifluperidol).  In addition frequent atomic interactions were observed 

between the di-aryl compounds and Arg115 (GluN1), Glu106 (GluN2B) and Gln110 (GluN2B; e.g. 

ifenprodil, Ro-25-6981, compound 52). There did not appear to be a systematic pattern to 

experimentally determined IC50 values between these various interactions. The majority of 
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compounds containing an ionizable piperidine ring (e.g. eliprodil, Ro 63-1908, CP-101,606, 

bensonprodil, compound 37a and compound 46b) adjacent to the A-ring form a hydrogen bond with 

GluN2B Glu110 and the ring nitrogen (if protonated), as observed for ifenprodil and Ro 25-6981. 

Two of these compounds (CP-101,606, compound 12a) were modeled to make a hydrogen bond 

between the carbonyl oxygen of GluN1 Tyr109 and the hydroxyl group at the C-4 position of the 

piperidine ring (Table 1). CP-101,606 is ~2.5-fold more potent than ifenprodil, and differs from 

ifenprodil by the additional hydroxyl group and shortening of the linker. The increased potency may 

reflect an increase in solubility as well as tighter binding at the GluN1/GluN2B interface. The 

presence of a piperidine ring and the shortened linker rigidifies this region, which appears to facilitate 

hydrogen bond formation with either GluN1 Ser132 or GluN2B Gln110 and GluN2B Glu106, 

depending on the stereochemistry of the compound (Table 1).  Opening of the piperidine ring (acyclic 

analogs) apparently relaxes the strain imposed on binding to the interface, which may underlie the 

25-fold reduced IC50 values (i.e. increased potency) of ifenprodil analogues (Tamiz et al., 1998; 

Marinelli et al., 2007).  The lowest IC50 value was obtained by lengthening the carbon chain from 

four carbons to six (Tamiz et al., 1998; Marinelli et al., 2007).  

Two different but related classes of compounds containing a 3,4-dichloro substituted A-ring 

show that the amine is preferred at positions three and four of the linker chain (numbering from the 

A-ring; Tahirovic et al., 2008; Mosley et al., 2009). If the nitrogen forms part of an amide bond then 

position four is preferred (Mosley et al., 2009). Docking of these compounds (compounds 15, 49, 52) 

shows that the amide makes hydrogen bonds with GluN2B Gln110 (NH) and GluN1 Arg115 

(carbonyl). The propanolamines show a preference for the amine at position three with the amines 

either being secondary or tertiary (Tahirovic et al., 2008).  Moreover, the stereogenic center in this 

series does not exhibit significant enantiomeric selectivity, with an R/S ratio ranging between 1-3 

(Tahirovic et al., 2008). This phenomenon is similar to that observed for the hydroxyl stereogenic 

centers of ifenprodil and CP-101,606 (Chenard et al., 1991), which are predicted to form hydrogen 

bonds with the carbonyl of either GluN1 Ser132 or GluN2B Gln110 (see Fig. 4).  

 

Molecular interactions of the B-ring with the GluN1/GluN2B ATD interface 

The B-ring binding pocket consists of residues Arg115, Ser132 and Ile135 from GluN1 and 

Thr174, Tyr175, Phe176, Pro177, Met207, Ser208, Thr233 and Glu236 of GluN2B.  The 

hydrophobic region of this pocket is delineated by residues from the R1 domain of GluN1 (Ile135) 
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and the R2 domain of the GluN2 (Pro177, Phe176 and Thr233) (see Figs. 1-5). This region is the 

most diverse among the different GluN2 subtypes, and thus may play a role in the subunit-selectivity 

of these compounds (Fig. 2). The B-ring of more potent GluN2B-selective negative modulators often 

contains a phenol ring with the hydroxyl group in the para-position with respect to the linker region, 

which makes a hydrogen bond with GluN2B Glu236 and a water molecule anchored by Tyr175 and 

Met207 in GluN2B located between β-strands β6 and β7 (Karakas et al., 2011;  Fig. 1B and 5A).  

Three residues (Glu236, Phe176, Thr233, see Fig. 2) involved in accommodating the B-ring 

were first identified by Perin-Dureau et al. (2002) in an alanine screen of GluN2B. The mutation 

GluN2B(E236A) prevents the formation of a hydrogen bond with the hydroxyl group of the B-ring of 

ifenprodil, which significantly reduces the potency. The mutation GluN2B(F176A) creates a void 

hydrophobic cavity, which disrupts the B-ring binding pocket and breaks the π-σ interaction between 

Phe176 and the B-ring, explaining the reduction in ifenprodil potency.  We found a 42-fold reduction 

in ifenprodil activity in the mutant GluN2B (T233A) (Table 2; see also Perin-Dureau et al., 2002), 

which can be explained partially by the disruption of the hydrogen bond it forms with the backbone 

(NH) of GluN2B Glu236 at the start of α6-helix (R2-domain). Supporting this finding, mutations of 

GluN2B(E235A) and GluN2B(K234A) significantly reduce the ifenprodil sensitivity, which 

highlight the importance of this region for ifenprodil binding (Perin-Dureau et al., 2002). 

Crystallographic data also show that the methyl group of GluN2B Thr233 forms hydrophobic 

interactions with the B-ring of ifenprodil (Fig. 2B). The residue corresponding to Thr233 in GluN2A 

is Ser232, raising the possibility that this contributes to the selectivity differences between GluN2A 

and GluN2B.  Consistent with this prediction, we found that mutation of GluN2B (T233S) caused a 

35-fold increase in IC50 (i.e. reduction in potency; Table 2).  

The docking poses of the aromatic B-ring were similar for all of the compounds docked (Fig. 

3). Some of the most effective substitutions of the B-ring among ifenprodil analogues have been 5-

hydroxy-benzimidazole, para-N-phenylmethanesulfonamide, benzoxazolinone and 

benzimidazolinone (Wright et al., 2000; Nagy et al., 2003; Barta-Szalai et al., 2004; McCauley et al., 

2004; Tahirovic et al., 2008; Mony et al., 2009a; Mosley et al., 2009).  Docking compounds with 

different B-ring moieties showed that the hydroxyl-containing groups exhibited a pose similar to 

ifenprodil and Ro 25-6981, forming hydrogen bonds with Glu236 and a water molecule (Figs 1B and 

5). However the compounds with para-N-phenylmethanesulfonamide (e.g. propanolamines, 

compounds 15, 29, 49, 52, 68), benzoxazolinone (besoprodil, radiprodil, compound 3d) and 
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benzimidazolinone (compound 3a and 46b) moieties showed unfavorable binding poses when docked 

in the presence of the above-mentioned water molecule (Fig. 5). Interestingly, para-N-

phenylmethanesulfonamide, benzoxazolinone and benzimidazolinone moieties all possess a hydrogen 

bond donor similar to that of the phenolic B-ring, but additionally contain a hydrogen bond acceptor 

in the form of an oxygen atom that could replace the water molecule. Removal of the water molecule 

prior to docking yielded a hydrogen bond between the hydrogen bond donor groups (NH) and 

GluN2B Glu236, as well as hydrogen bonds between the hydrogen bond acceptors on the ligand and 

GluN2B Tyr175 and Met207 (Fig. 5). We therefore synthesized an analogue identical to compound 

29 in Tahirovic et al. (2008) except that the N-methylsulfonamide was replaced by a hydroxyl group 

(compound 93-138 in Table 1).  Consistent with this idea, the presence of the hydroxyl group 

decreased potency 10-fold for this compound (Table 1).   

We also investigated the determinants of subunit selectivity within the B-ring binding region 

by mutating residues that differ between the GluN2A and GluN2B. The loop region between the α5-

helix and 7β-strand could be important in GluN2B-selectivity by influencing the position of 

secondary structural elements even though it does not make direct atomic interactions with ifenprodil 

(Fig. 6). We mutated GluN1 Arg115 and Arg323, which interact with this loop region, to alanine 

(Table 3). Arg115 makes hydrogen bonds with GluN1 Gly112 and the backbone of GluN2B Met207 

when bound with ifenprodil.  The mutation GluN1 (R115A) caused a 3-fold increase in ifenprodil 

IC50 (i.e. reduction in potency).  GluN1 Arg323 forms hydrogen bonds with GluN2B Asp213. The 

mutation GluN2B (D213A) and the double mutant GluN2B (G212A, D213K) showed an 8- and a 24-

fold reduction in ifenprodil potency (Table 2). These data suggest that the loop region between α-

helix 5 and β-strand 7 in GluN2B facilitates the binding of ifenprodil and plays a role in stabilization 

of the GluN1/GluN2B complex interface.  

 

Molecular interactions distant to the ATD interface that impact ifenprodil sensitivity 

A number of studies have identified residues distant from the binding site that have strong 

effects on the IC50 values for ifenprodil (e.g. Gallagher et al., 1998; Perin-Dureau et al., 2002; Fig. 6).  

Among these, we focused on closely spaced acidic residues (see Table 2) at which mutations can 

impact function (Perin-Dureau et al., 2002). To obtain functional data from full length receptors on 

the role of Asp101, Asp102, and Asp104 in ifenprodil inhibition (Fig. 6), we evaluated a pair of 

GluN2B-selective ligands that either contain an ionizeable amine (compound 68 in Mosley et al., 
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2009) or a non-ionizeable amide (compound 49 in Mosley et al., 2009) within the linker connecting 

two aromatic rings.  Tables 2 and 4 summarize data showing that D101A shifts the ifenprodil 

analogue IC50 values by more than 100-fold regardless of the ionization state of the chain nitrogen, 

consistent with the idea that these acidic residues do not sense distinct conformational changes 

induced by the ionized chain nitrogen compared to unionized form in GluN2B-selective modulators. 

A GluN2B-selective modulator with all chain nitrogens converted to non-ionizable amides (e.g. 

compound 15 in Mosley et al., 2009) also remained sensitive to mutation of these aspartate residues 

(Table 4). These data suggest that disruption of a network of intra-protein interactions between 

GluN2B Asp101 and the hydroxyls of Thr103 and Ser130 as well as the main chain nitrogens of 

Gly129 and Ser130 reduces ifenprodil potency.   

In order to examine in detail the structural determinants of ifenprodil’s actions, we compared 

the effect of mutations both in the binding pocket and distant to the pocket on the potency of 

ifenprodil and five analogues, which included Ro-25,6981, eliprodil, and CP-101,606 (see Table 1), 

compound 68 (Mosley et al., 2009), and compound 15 (Mosley et al., 2009) (Table 5). We 

hypothesized that distant residues (e.g. Tyr282, Asp101, Asp102) might cause global changes in the 

conformation of the amino GluN2B terminal R1 and R2 domains that differentially alter the potency 

or nature of inhibition for different ligands if their binding poses produce different sets of long range 

intra-protein rearrangements. GluN2B Tyr282, located at the hinge region of the bilobed ATD, has a 

strong effect on the degree of inhibition that can be achieved by saturating concentrations of ligands.  

Interestingly, mutation of Tyr282 showed different effects on various ligands, increasing the IC50 

value for ifenprodil and CP101,606 by over 15-fold, compared to more modest effects on the IC50 

values for other ligands (Table 5).  By contrast, the potency of compound 68 was minimally impacted 

by GluN2B(Y282A).  Interestingly, the Hill slope was uniformly shallow for concentration-effect 

curves for GluN2B(Y282A), suggesting the reduction in steady-state inhibition coupled with 

decreased potency at the interface may reveal a lower affinity inhibitory site, such as a channel block 

site with an IC50 value that is similar to that for block of the mutant ATD dimer interface site (Perin-

Dureau et al., 2002).  It is noteworthy that mutation of another residue distant to the interface binding 

site (Asp101) also shows variable effects on IC50 values for this set of ligands.  GluN2B (D101A) 

exhibits an 800-fold reduction in potency for Ro-25,6981, but has a smaller effect on eliprodil (89-

fold shift in potency; Table 5).  These results suggest that this region of the protein may sense either 

different ligand conformations or the variable elements within the binding site that interact with 
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substiuents on the ligand. We also evaluated whether mutations at residues that contact the B-ring of 

ifenprodil could distinguish between various ligands, since docking shows that differential atomic 

contacts exist for the diaryl linker and B-ring for various ligands.  Mutations of residues in contact 

with the B-ring (Thr233, Tyr231) also reduced IC50 values in a manner that was ligand-dependent 

(Table 5).  For example, T233A had a larger effect on eliprodil potency than Ro-25,2981.  In 

addition, T233A is 6-8 fold more effective at disrupting eliprodil inhibition than ligands with a 

sulfonamide-substituted B-ring (e.g. 15, 68), consistent with idea that additional interactions provided 

by the sulfonamide moiety further stabilize binding.  Y231A similarly had a larger effect on B-rings 

lacking the sulfonamide substituents. Table 5 summarizes the shift in potency and steady-state 

inhibition by all mutations tested for this set of ligands.  We interpret these data to suggest that both 

contact residues as well as more distant determinants of actions can distinguish between different 

ligands.  Mutations in this and other regions may be a useful way to categorize ligands in a manner 

that can be predictive of their properties  

 

Molecular dynamics of the GluN1/GluN2B ATD dimer and domain movement 

We compared the results of molecular dynamics simulations at 300K on hydrated models of 

the ATD dimer of GluN1/GluN2B (see Methods) in the apo-state to the ifenprodil-bound state (Fig. 

7A). The goal of these simulations was to explore the conformational rearrangements within the 

amino terminal domains induced by negative allosteric modulators and thereby obtain insight into the 

mechanisms by which di-aryl compounds inhibit receptor function. Molecular dynamics simulations 

were performed for 10 ns from which the average position of Cα over the last 2 ns was calculated 

(see Methods). We initially focused on the changes in domain orientation between the R1 and R2 

domains produced by ifenprodil binding for both GluN1 and GluN2 subunits. To do this we aligned 

the dimer structure first on the R1 domain of GluN1 and determined the center of mass movement for 

the R2 domain of GluN1. The center of mass was analyzed because it captures overall domain 

movement better than evaluating motion of individual residues. We subsequently aligned the 

structures on the R1 domain of GluN2B, calculated the center of mass movement and vector 

displacement of the R2 domain of the GluN2B apo-state simulations and compared these quantities 

to those of the ifenprodil-bound GluN2B simulations. The R2 domain of the GluN1 ATD in the 

simulated ifenprodil-bound complex moved relative to the R1 domain in the apo-state simulation, 

raising the possibility that ifenprodil binding to the ATD heterodimer interface could trigger modest 
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rearrangement in the relative orientation of the R1 to R2 domain. The net displacements of the R2 

domain of GluN1 for the ifenprodil simulations compared to the apo-state were 4.9 Å (Fig. 7). When 

this analysis was performed for the GluN2B R2 domain, the net displacement was found to be 2.8 Å 

compared to the apo-state (Fig. 7).  A comparison between the apo state simulations and Ro-25,6981 

simulations showed a similar net displacement to that of the ifenprodil-bound simulation for both 

subunits (Fig. 8,9). Moreover, these simulations suggest that both ligands have a similar impact on 

R1-R2 domain orientation within the wild type GluN1/GluN2B ATD (Fig. 7B).  

 We also investigated the effects on ligand-induced conformational rearrangements within 

simulations run on GluN1/GluN2B ATD heterodimers in which a GluN2B mutation distant to the 

ligand binding site were present (Y282A).  These mutations differentially impact ifenprodil and Ro-

25,6981 sensitivity; the GluN2B(Y282A) mutant produced a 17-fold reduction in potency of 

ifenprodil and a 2-fold reduction in potency of Ro-25,6981 (Table 5). For these simulations we 

assumed similar overall folding of the ifenprodil-bound mutant and the wild-type ATD, which allows 

us to investigate the conformational rearrangement predicted from these simulations for ligand 

binding. A comparison of the molecular dynamics simulations of the apo GluN1/GluN2B(Y282A) 

heterodimer and the apo wild type GluN1/GluN2B showed that the Y282A mutation altered the 

position of the R2 domains of GluN1 subunit relative to the R1 domain (green symbols in Fig. 8C).  

By contrast, the position for R2 domain in GluN2B of apo GluN1/GluN2B(Y282A) ATD was similar 

to that for the apo wild type GluN1/GluN2B ATD (green symbols in Fig. 9C; Table 6).  Interestingly, 

the GluN1 R2 domain of the ifenprodil-bound GluN1/GluN2B(Y282A) mutant simulation showed a 

pronounced domain movement of similar magnitude as ifenprodil-bound wild type GluN1/GluN2B 

simulation (Table 6). However, the trajectory of this motion for mutant GluN2B(Y282A) ATD  was 

distinctly different than wild type ATD (blue symbols in Figs. 8B and 8C), suggesting that this 

mutation could alter the manner by which ifenprodil influences domain orientation.  As observed 

with apo configuration, there was little change (0.4 Å) in the final center of mass position of the 

GluN2B R2 domain displacement between the wild-type GluN1/GluN2B ATD and mutant 

GluN1/GluN2B(Y282A) ATD simulations in the presence of ifenprodil (blue symbols in Figs. 9B 

and 9C; Table 6). That is, ifenprodil seems to stabilize the GluN2B(Y282A) R2 domain in a similar 

conformation to that of the wild-type (Table 6).  These data suggest that residues such as GluN2B 

Tyr282 that are distant to the dimer interface can impact ifenprodil-induced changes in the orientation 
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of R2 domain of GluN1, but have little effect on R2 domain of GluN2B in either the absence or 

presence of ifenprodil.  

We also performed these analyses for mutant and wild-type simulations of Ro-25,6981-bound 

ATD. The GluN1 R2 domain for the Ro-25,6981-bound GluN1/GluN2B(Y282A) mutant ATD 

simulation showed somewhat similar movement compared to wild type Ro-25,6981 simulation (red 

symbols in Figs 8B and 8C; Table 6). The R2 GluN2B domain for both the wild type and mutant 

GluN1/GluN2B(Y282A) ATD simulations showed displacement with a similar magnitude but 

different trajectory (red symbols in Figs. 9B and 9C; Table 6). The different direction in which the R2 

domains moves for the ifenprodil compared to Ro-25,6981 in GluN2B(Y282A) simulation is 

consistent with the general idea that these ligands may induce unique conformational changes, and 

therefore are differentially sensitive to mutations that are made distant to their binding site. The fact 

that Ro-25,6981 possesses one additional easily rotated bond near the center of the molecule relative 

to ifenprodil implies a considerably more complex conformational energy surface compatible with an 

attenuated structural impact. 

 

Molecular dynamics of the GluN1/GluN2B ATD dimer and main chain flexibility 

We analyzed ATD Cα chain flexibility during the molecular dynamics simulations to identify 

regions of the protein through which intra-protein rearrangements might occur following ligand 

binding.  To do this we measured the root mean square fluctuations (RMSF) for the Cα backbone 

atoms within the protein over the last 2 ns by aligning the GluN1 and GluN2B subunit individually to 

quantify the degree to which individual residues undergo movement within the simulated time frame 

(Fig. 10). Interestingly, two regions showed enhanced RMSF values compared to the average RMS 

over the entire ATD ligand-bound compared to the apo-state, suggesting that ligand binding to the 

dimer interface can alter the manner in which these regions interact within the protein. As a control 

we compared the B-factor values of these regions (Cα atoms) to the average values of the crystal 

structures and found them to range between 41-61 (GluN1 residues 126-135) and 50-68 (GluN2 

residues 261-271), just below the average values for the entire GluN1 (48-79) and GluN2 (64-80) 

ATD domains (3QEL, 3QEM), suggesting that these regions are not disordered loops and may play a 

role in domain movement. Both of these regions are distant to the residues lining the binding pocket, 

yet close to residues at which mutations are known to impact ifenprodil sensitivity.  Specifically, 

residues 126-135 of GluN1, which include the η2 310-helix, showed strongly elevated RMSF values 
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for the wild-type GluN1/GluN2B ATD bound to either ifenprodil or Ro-25,6981 compared to the 

apo-state simulation (Fig. 10C). These simulated data suggest that this region may play a role in 

conformational rearrangement of the GluN1/GluN2B interface. Consistent with the idea that this 

region is a critical determinant of ifenprodil’s action, mutations at three residues within this sector 

(GluN1 Y128A, D130A, H134S) are known to reduce ifenprodil potency by 10-500-fold (Masuko et 

al., 1999).  A second region (GluN2B residues 261-275) also showed strong ligand-induced 

movement within the simulation compared to the apo state (Fig. 10AB).  Again, mutagenesis 

suggests multiple residues within this region (e.g. GluN2B Leu261 and Gly264) can control 

ifenprodil potency (Perin-Dureau et al., 2002). Furthermore, mutagenesis has also implicated Lys234, 

a residue that forms hydrogen bonds with Asp265 and Thr268 within this region, as a key 

determinant of ifenprodil sensitivity (Perin-Dureau et al., 2002). Whereas the molecular mechanism 

by which these two regions impact ifenprodil sensitivity remains unclear, we speculate that this zone 

stabilizes the GluN2B ATD clamshell allowing for conformational changes of the R2 domain to 

influence other regions of the receptor . Similar results were obtained for simulated binding of 

ifenprodil and Ro-25,6981 to wild type ATD (Fig. 10C). 

We also investigated simulated motion of the Cα chain in mutant ATD heterodimers to 

determine whether function-blocking mutations could also block the ligand-induced movement of the 

two regions of the polypeptide chains described above. Evaluation of residues GluN1 126-135 

showed little or no change in RMSF for simulations with heterodimer ATD for GluN1(D130A), 

GluN2B(D101A), or GluN2B(Y282A) (Fig 11) compared to wild type (Fig 10).  That is, none of 

these mutations markedly altered the ifenprodil-induced changes GluN1 main chain motility for 

residues 126-135 (Fig. 11C).  By contrast, each of these three mutations reduced ifenprodil-induced 

changes in mobility of GluN2B residues 261-275 substantially (Fig. 11C).  A similar result was 

found for Ro25,6981 (Fig 11,C Supplemental Figure S1).   

Given the caveats and methodological limitations of molecular dynamics, these simulations of 

the NMDA heterodimer amino terminal domain in the presence of different negative modulators and 

various mutants showed conformational rearrangements consistent with in vitro experimental results.  

Moreover, these simulated data independently highlight two regions distant to the binding site that 

have previously been identified as determinants of di-aryl compound sensitivity. These data are 

suggestive that protein rearrangement in these regions plays an important role in the negative 

allosteric modulation exerted by the di-aryl compounds investigated.  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78568 
 

 21

 

Structural determinants of subunit selectivity 

We also evaluated potential structural determinants of subunit selectivity of regions identified 

as important for ifenprodil potency. We first assessed the loop region between α-helix 5 and β-strand 

7 (residues 207-218 of GluN2B and residues 208-217 of GluN2A), which facilitates the binding of 

ifenprodil and stabilizes the GluN1/GluN2B interface.  Chimeric GluN2A receptors  containing this 

loop from GluN2B did not display enhanced ifenprodil sensitivity (Table 7). This GluN2A chimera 

was also subjected to three point mutations (S232T, I176Y and L238Y) designed to eliminate 

additional differences between the GluN2A and GluN2B B-ring binding pocket. None of these 

mutations had detectable effects on ifenprodil potency of the mutant chimeric receptor, suggesting 

that this loop within the B-ring binding pocket is not sufficient to endow GluN2A with ifenprodil 

sensitivity (Table 7).   

Previous studies have shown that the 15-16 residue linker region between the ATD and the 

ligand binding domain is highly divergent, and can impact a wide range of NMDA receptor 

properties (Gielen et al., 2009; Yuan et al., 2009).  The potential role of this divergent region in 

controlling ifenprodil sensitivity has not been previously evaluated.  To examine whether the ATD-

LBD linker can impact ifenprodil inhibition, we first transferred the 15 residue ATD – LBD linker 

from GluN2B (390-VWPRMCPETEEQEDD-404) into GluN2A.  This mutation did not enhance the 

sensitivity of GluN2A to ifenprodil (Table 7).  Similarly, transferring the ATD-LBD linker from 

GluN2B to GluN2D yielded chimeric receptors that remain largely insensitive to ifenprodil.  We also 

transferred the ATD-LBD linker from GluN2A to GluN2B, which yielded chimeric receptors that 

showed similar sensitivity to ifenprodil as wild type receptors, suggesting that this linker region has 

minimal impact on ifenprodil binding to the GluN2B ATD (Table 7).   Together these data suggest 

that the linker is not a critical determinant of ifenprodil subunit selectivity. 

 

Discussion 

We have evaluated the determinants of binding for multiple structurally diverse GluN2B-

selective diaryl ligands to the subunit interface within the GluN1/GluN2B ATD heterodimer.  

Without exception, these ligands appear capable of binding within the pocket formed by the 

heterodimers interface between the GluN1 and GluN2B amino terminal domains with each of the two 

aromatic rings adopting similar positions regardless of their structure.  However, docking studies 
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supported by mutagenesis suggest multiple atomic contacts that can vary depending on ligand 

structure, and these provide opportunities to alter binding and perhaps allosteric function of GluN2B 

ligands.  These variations suggest that ligand structure can be optimized by rational drug design to 

either enhance potency or alternatively circumvent off-target binding.  In addition, these studies show 

that there is more variation in terms of atomic contacts for one aromatic ring (referred to as the B-

ring) than the other ring (A-ring).   

From the perspective of protein structure, our results provide insight into mutagenesis work 

previously published by multiple groups (e.g. Masuko et al., 1999; Perin-Dureau et al., 2002; Mony 

et al., 2009b).  By providing explanations for the effects of function-changing mutations at the atomic 

level, our data suggest atomic interpretations of what were previously complex data, particularly for 

residues distant to the binding site.  Furthermore, co-varying ligand structure and amino acid identity 

at critical regions has suggested potential heterogeneity in the way ligand binding to the ATD dimer 

interface induces downstream functional effects.  That is, some ligands that adopt similar binding 

poses are differentially sensitive to function-blocking mutations distant to the ligand binding site.  

The differential sensitivity of structurally distinct ligands to these mutations raises the possibility that 

the GluN2B-selective negative allosteric modulators could be sub-categorized according to the 

manner in which they trigger downstream intra-protein conformational changes distant to the ligand 

binding pocket.  Furthermore, the differential sensitivity of these ligands provides a rationale for 

more detailed study of how these compounds interact within the binding cleft.  Understanding in 

detail how different ligands interact with the GluN2B receptor could allow the design of compounds 

with the best set of therapeutically relevant properties. 

We have also explored protein motion using molecular dynamics simulations run for the 

hydrated ATD heterodimers both in the presence and absence of ligand. Whereas multiple caveats 

need to be associated with the relatively short (10 ns) simulations performed with only a portion of 

the protein, which are unlikely to fully sample all available conformations. Nevertheless, the data 

reinforce several important concepts suggested from mutagenesis and docking studies. First, there 

appear to be consistent ligand-induced changes in the orientation of the individual domains of the 

bilobed clamshell ATDs for both GluN1 and GluN2B.  We interpret the changes in the center of mass 

displacement to suggest that ifenprodil binding at the interface can alter the orientation of the R2 

subdomains within the ATD.  This may be important for the overall mechanism of inhibition.  

Second, evaluation of motion within the molecular dynamics simulations (following steady state 
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equilibrium) shows increased mobility of two regions of the heterodimers.  We found increased 

motion for GluN1 residues 126-135 and GluN2B residues 261-275.  Separate experimental lines of 

evidence previously implicated these regions as important determinants of ifenprodil-induced 

inhibition (Masuko et al., 1999; Perin-Dureau et al., 2002; Mony et al., 2009b).  Thus, our 

independent finding that ligand binding induces increased motion of the Cα chain in these specific 

regions suggests that our simulations have correctly captured some features of ifenprodil-induced 

effects.  Furthermore, our simulations with function-blocking mutations show an uncoupling of 

motion in this sector from ifenprodil binding, consistent with this protein sub-section being critical 

for ifenprodil’s action.  From these simulations we speculate that ligand binding can induce sufficient 

intraprotein rearrangement to alter the associated atomic contacts in these regions, which leads to 

increased mobility as side chains and main chain hydrogen bonds undergo increased moment-to-

moment breakage and restoration.  While we cannot extract the nature of the long range 

conformational changes with this form of analysis, these data nonetheless cast a spotlight on this 

protein environment as a critical downstream element for ifenprodil’s actions. 
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Figure legends 

Figure 1 A ligand-based pharmacophore model was derived by SAR studies mapped to the 

GluN1/GluN2B structure. A. A homology model representing the full length NMDA receptor is 

shown with ifenprodil bound. B. A detailed representation of ifenprodil within the binding cleft 

interface between the GluN1 and GluN2B ATD is shown. The features of the general pharmacophore 

model for GluN2B antagonists are highlighted; the cyan spheres represent the hydrophobic features 

of rings A and B. The hydrogen bond donors are shown in blue (amine of the linker region and 

hydroxyl of ring B) where as the hydrogen bond acceptor is shown as a red sphere. C. A 

representation of the ligand-based pharmacophore model derived for ifenprodil and related 

compounds with the same color scheme for pharmacophore features as (B).    

 

Figure 2  Residues that are homologous to known determinants of ifenprodil binding. A.  Color-

coded model of the conservation found between the GluN2A-D subunits. Blue represents identical 

residues whereas red show similar residues.  Note the high conservation in the LBD-TM region 

compared to the lower conservation within the ATD region. B. 2-dimensional illustration of the most 

important interactions formed between the GluN1/GluN2B interface and ifenprodil. A table gives the 

GluN2B residues that interact with ifenprodil and corresponding residues within the other GluN2 

subtypes.  C. Summary of the sequence similarity between the different GluN2 subunits.   

 

Figure 3 An illustration of superimposed docking poses for ligands in Table 1 for both the A-ring 

and the B-ring of the GluN1/GluN2B diaryl  negative allosteric modulators. The cyan spheres 

represent the pharmacophore features previously identified for the A and B-ring.    

 

Figure 4  Docking results of the various stereoisomers of ifenprodil. A. The docking poses of 

ifenprodil with stereochemistry of 1S,2S (grey) and 1S,2R (green) are shown. B. The docking poses 

of ifenprodil with stereochemistry of 1R,2R (grey) and 1R,2S (green) are shown.   

 

Figure 5  Binding modes of two GluN2B-selective negative allosteric modulators (ifenprodil and 

compound 52) with the general pharmacophore model superimposed to highlight specific features of 

the binding pocket. A. The binding pose of ifenprodil within the GluN1/GluN2B interface is shown; 

cyan spheres represent hydrophobic features, blue spheres the hydrogen bond donors, and red sphere 
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the hydrogen bond acceptors. B.  The binding pose (from docking) of a N-methylsulfonamide 

substituted B ring (compound 68) is shown. The simulations suggest that the N-methylsulfonamide 

can displace the water molecule that interacts with the phenol substituted B-ring of ifenprodil. The 

water molecule that gets displaced is shown in (A) and is represented as a transparent water molecule 

in (B; see arrow).  

 

Figure 6  GluN2B structural determinants of ifenprodil sensitivity are  mapped onto the 

GluN1/GluN2B dimer. The GluN1 backbone is represented in blue whereas the GluN2B backbone is 

represented in orange with residues in close proximity to ifenprodil (cyan) in grey. Residues 

represented in red are thought influence ifenprodil sensitivity due to structural alteration. Residues in 

green are thought to play a role in stabilizing the GluN1/GluN2B dimer interface.   

 

Figure 7  A schematic representation of the structural rearrangement observed for the R2 domain 

with respect to the R1 domain of the GluN1/GluN2B dimers simulated under different conditions.  

A. Structural rearrangement of the R2 domain of GluN1/GluN2B simulations with ifenprodil shown 

in blue/orange and the apo-state shown in gray. An expanded view of the R2 domains superimposed 

for the apo and ifenprodil-bound structures are shown below with GluN1 on the left and GluN2B on 

the right. B. A table containing the domain displacement (Å) (see Methods) of the structural 

rearrangement of the R2 domains for different GluN1/GluN2B simulations with ifenprodil and Ro-

25,6981 compared to the apo-state.  

 

Figure 8 A schematic representation of structural rearrangement of the GluN1 R2 domains of the 

GluN1/GluN2B ATD dimer. A. An expanded view of GluN1 shows the net displacement of the R2 

domain in simulations performed on the wild-type GluN1/GluN2B dimer in the presence (blue) and 

absence (green, apo) of ifenprodil. B. The relative 3-dimensional movement of the GluN1 R2 domain 

center of mass is plotted in the presence and absence of ifenprodil or Ro-25,6981; wild type apo 

position indexed to coordinates 0,0,0 Angstroms. The net domain displacement can be found in Table 

6. C.  The relative 3-dimensional movement of the GluN1 R2 domain in GluN1/GluN2B(Y282A) 

mutant receptors is plotted in Angstroms in the presence and absence of ifenprodil or Ro-25,6981; 

wild type apo position indexed to coordinates 0,0,0 Angstroms. The domain displacement can be 

found in Table 6. 
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Figure 9 A schematic representation of structural rearrangement of the GluN2 R2 domains of the 

GluN1/GluN2B ATD dimer. A An expanded view of GluN2B shows the net displacement of the R2 

domain in simulations performed on the wild-type GluN1/GluN2B dimer in the presence (blue) and 

absence (green, apo) of ifenprodil. B. The relative 3-dimensional movement of the GluN2B R2 

domain center of mass is plotted in the presence and absence of ifenprodil or Ro-25,6981; the wild 

type apo position is indexed to coordinates 0,0,0 Angstroms. The domain displacement can be found 

in Table 6. C.  The relative 3-dimensional movement of the GluN2B R2 domain center of mass in 

GluN1/GluN2B(Y282A) mutant receptors is plotted in the presence and absence of ifenprodil or Ro-

25,6981; wild type apo position indexed to coordinates 0,0,0 Angstroms. The domain displacement 

can be found in Table 6. 

 

Figure 10 The root mean square flucutation (RMSF) calculated from molecular dynamic simulations 

performed on wild type ATD heterodimers. The RMSF observed for the wild type GluN1/GluN2B 

ATD heterodimers simulated in the (A) apo-state or (B) ifenprodil-bound state are graphically 

illustrated. A thicker ribbon with warmer colors (yellow and red) represents regions with more 

fluctuation compared to overall average. The two boxes highlight regions of interest that showed 

increase fluctuation for ligand-bound ATD. In GluN1 this box encompasses residues 126-135 and in 

GluN2B the box indicates residues 261-275.  C. The average RMSF over all ATD Cα carbons was 

1.7-1.8 Å for GluN1 and 1.7-1.9 Å for GluN2B ATD residues in wild type apo and ligand-bound 

simulations.  C. The table summarizes the average and range of RMSF for residues within the two 

highlighted regions in (A) and (B).  

 

Figure 11 The root mean square flucutation (RMSF) reported for molecular dynamic simulations 

performed for mutant ATD heterodimers. A The RMSF is illustrated pictorially for the 

GluN1/GluN2B(Y282A) ATD simulated in the apo-state.  B.  The RMSF is similarly shown for the 

GluN1/GluN2B(Y282A) ATD simulated with ifenprodil bound. A thicker ribbon with warmer colors 

(yellow and red) represents regions with enhanced Cα fluctuations compared to average of all 

residues. The two boxes highlight regions of interest that showed regions for which there were 

increased fluctuation in wild type ATD.  The boxes represent GluN1 residues 126-135 and GluN2B 

residues 261-275.  C. The average RMSF over all GluN1 ATD Cα carbons was 1.6-2.7 Å and 1.6-2.1 
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for all GluN2B ATD residues across all simulations with mutant ATD.  The table summarizes the 

average and range of RMSF for residues within the two highlighted regions in (A) and (B).  
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Table 1: The structures of ligands docked to the hydrated model of GluN1/GluN2B 
 

Compound Structure   IC50 
(μM) 

Compound Structure   IC50 
(μM) 

Pharmacophore 
model 

 

 Pharmacophore 
model 

 

 

Ifenprodila  0.040 Compound 68h 

 

0.065 

Ro-25,6981b  0.009 Compound 49h 

 

0.051 

Ro-63,1908c  0.003 Compound 15h 

 

0.028 

CP101,606d  0.0039 Bensonprodili 

 

0.008 

Eliprodile  1.0 Compound 3aj 

 

0.002 

Compound 37af  0.0097 Compound 3dj 

 

0.003 

Compound 29g 

 

0.051 Compound 
46bk 

 0.005 

Compound 52h 
 

 

0.054 Radiprodill  0.003 

Compound 93-
138 
 

 0.501 Compound 
12am 

 0.018 

 

 GluN2B-selective negative allosteric modulators that were used in docking studies to better 

understand the mechanism of action and their interactions within the GluN1/GluN2B interface are 

shown. The compounds are aligned with the general pharmacophore model (top) to illustrate how 

they interact with the binding interface. Published IC50 values were obtained from following 

references:  a Chenard et al., 1991, b Fischer et al., 1997, c Gill et al., 2002, d Mott et al., 1998, e Avenet et al., 
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1996, f McCauley et al., 2004, g Tahirovic et al., 2008, h Mosley et al., 2009,i Nagy et al., 2003, j Barta-Szalai et 

al., 2004, k Wright et al., 2000, l Mony et al., 2009, mButler et al., 1998; for compound 93-138 the IC50 (0.384 

μM) was determined from 20 oocytes as described in the Methods. 
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Table 2: The structural determinants of ifenprodil inhibition. 

 

GluN2B mutation IC50 (μM) IC50 mutant / IC50 wild type n 

Wild type 0.10 -- 41 

D101A * 47 246 8 

D102A * 0.34 1.8 8 

Q110A 0.90 9.0 11 

Q110E 0.039 0.39 25 

L205A 0.28 2.8 14 

G212A,D213K 2.1 21 20 

D213A 0.79 7.9 14 

Y231A 60 598 18 

T233A * 8.1 43 9 

T233S 3.3 33 15 

S281A 0.22 2.2 14 

Y282A 12 121 23 

I299A 0.28 2.8 14 

 

Fitted IC50 values are shown to two significant figures, and were determined from composite 

concentration-effect curves constructed from recordings in 8-41 oocytes as described in the Methods; 

the steady-state response was fixed as 0 for all conditions except GluN2B wild type.  The following 

GluN2B mutations had less than 1.5-fold effect on the ifenprodil IC50 value: I50A, K51A, H127A, 

Q153A, Q180R, C232A, V258A, W285A, R328P  (n=4-20 oocytes per mutant).  The ratio of IC50 

values compared to control run during the same experiment.  * Data are from mouse GluN2B 

coexpressed with rat GluN1, and IC50 values for ifenprodil were compared to IC50 from wild type 

mouse GluN2B (0.19 μM). All other data are from rat GluN1/GluN2B receptors.  n is the number of 

oocytes.  
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Table 3:  Mutation studies of GluN1 and GluN2A.  

 

 IC50 

(μM) 
Hill 

slope 
IC50mut/ 
IC50 WT 

n 

 

GluN1/GluN2B 0.10 1.0 -- 41 

GluN1(R115A)/GluN2B 0.28 0.9 2.9 10 

GluN1(R323A)/GluN2B 0.26 1.0 2.6 12 

 

GluN1/GluN2A 47 1.2 -- 9 

GluN1/GluN2A(R181E) 43 1.4 0.91 9 

GluN1/GluN2A(T208S) 74 1.3 1.6 8 

GluN1/GluN2A(Q336R) 58 1.1 1.2 14 

GluN1/GluN2A(S232T) 44 1.0 0.93 10 

 

Fitted IC50 values were determined from composite concentration-effect curves constructed from 

recordings in 8-41 oocytes as described in the Methods at a holding potential of -40 mV; steady-state 

response was fixed as 0 for all conditions except GluN2B wild type.  n is the number of oocytes. Data 

for wild type GluN2B from Table 2 are included here for comparison.  
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Table 4: Role of Asp 101, Asp 102, and Asp104 in GluN1/GluN2B antagonism. 
 
Compound  Structure wild type 

IC50 (μM) 

IC50 D101A* 

 IC50 wild type 

IC50 D102A* 

IC50 wild type  

IC50 D104A 

IC50 wild type  

68  0.017 177 2.3 9.8 

49  0.054 102 1.8 31 

15  0.069 51 1.9 -- 

 

Fitted IC50 values are shown to two significant figures, and were determined from composite 

concentration-effect curves constructed from recordings in 6-36 oocytes as described in the Methods; 

steady-state response was fixed as 0 for all conditions.   * These data are from mouse GluN2B 

coexpressed with rat GluN1; all other data are from rat GluN1/GluN2B receptors.    
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Table 5: Distant residues of GluN2B differentially respond to binding of ifenprodil analogues. 

 

  IC50 mutant  /  IC50 wild type (fitted steady-state response, %) 
  compound 

15  
compound 

68  
Ifenprodil Ro-25,6981 Eliprodil CP-101,606 

Distant residues  

D101A*  53 (0) 372 (1) 247 (0) 815 (5) 89 (0)  200 (8) 

D102A*  1.9 (5) 2.0 (20) 1.8 (20) 1.2 (13) 1.8 (14) 1.6  (17) 

Y282A  3.2 (20) 1.2 (64) 17.2 (28) 2.3 (38) 4.2 (36) 23  (53) 

        

Contact residues  

L205A  2.1 (7) 1.9 (10) 3.0 (9) 1.4 (14) 2.4(21) 1.9 (10) 

Y231A  108 (8) 433 (0) 745 (0) 648 (0) 1361 (0) ND 

T233A*  16 (18) 24 (9) 43 (4) 18 (11) 120 (0) 4.0  (22) 

 

Recombinant GluN1/GluN2B expressed in Xenopus oocytes were recorded using two electrode 

voltage clamp.  Fitted IC50 values for mutant receptors were determined from composite 

concentration-effect curves in 6-46 oocytes from 2 frogs as described in the Methods; the steady-state 

response was allowed to float as a free parameter for all conditions.  The fold-change in IC50 values is 

shown for 7 compounds at 6 different mutant receptors; the steady state response in saturating ligand 

estimated from fitting is given in parentheses as percent control.  * values were determined from wild 

type rat GluN1 plus mutant mouse GluN2B, and compared to wild type rat GluN1 plus wild type 

mouse GluN2B. IC50 values at rat receptors  were 25 nM (compound 15, Mosley et al., 2009; n=46), 

9 nM (compound 68, Mosley et al., 2009; n=42), 100 nM (ifenprodil, n=12), 54 nM (Ro-25,6981; 

n=37), 930 nM (eliprodil; n=26), 23 nM (CP-101,606; n=4); similar values were obtained from 

mouse GluN2B (n=4-21). ND indicates an IC50 value could not be determined. 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #78568 
 

 42

 
Table 6: The net displacement and effective rotation for the R2 domains of the ATD GluN1/GluN2B 

heterodimer determined after 10 ns of molecular dynamic simulations. The simulations were 

performed after introducing site-directed mutations as well as in the presence of different ATD 

modulators.  

 

Simulation comparison Net R2 Displacement (Å) 

 GluN1 GluN2B 
GluN2B-wild type   
Ifenprodil(wt) – Apo(wt) 4.9 2.8 
Ro-25,6981(wt) – Apo(wt) 4.4 3.1 
   
GluN2B Y282A mutants   
Apo(wt) - Apo(Y282A) 3.7 0.5 
   
Ifenprodil(Y282A) – Apo(Y282A) 3.8 3.1 
Ifenprodil(wt) – Ifenprodil(Y282A) 7.4 0.4 
   
Ro-25,6981(Y282A) – Apo(Y282A) 2.7 3.2 
Ro-25,6981(wt) – Ro-25,6981(Y282A) 0.3 3.2 
   
Ro-25,6981(Y282A) - Ifenprodil(Y282A) 6.2 3.0 
   
GluN1 D130A mutants   
Apo(wt) – Apo(D130) 2.9 1.1 
Ifenprodil(D130A) – Apo(D130A) 4.0 2.0 
Ifenprodil(wt) – Ifenprodil(D130A) 3.2 1.7 
   
GluN2B D101A mutants    
Apo(wt) – Apo(D101A) 2.0 2.5 
Ifenprodil(D101A) – Apo(D101A) 1.5 5.5 
Ifenprodil(wt) – Ifenprodil(D101A) 3.0 1.6 
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Table 7: Structural determinants of subunit selectivity.  

 

 IC50 (μM) IC50 mutant / IC50 wild type * n 

  

GluN1/GluN2A-(2B-loop) 48 1.03 20 

GluN1/GluN2A-(2B-loop,S232T) 53 1.14 8 

GluN1/GluN2A-(2B-loop,I176Y) 36 0.77 9 

GluN1/GluN2A-(2B-loop,L238Y) 50 1.06 8 

 

GluN2A (wild type) 47 -- 9 

GluN2A (2B linker) 49 1.1 11 

GluN2B (wild type) 0.10 -- 41 

GluN2B (2A linker) 0.14 1.4 4 

GluN2D (wild type) 205 -- 9 

GluN2D (2B linker) 155 0.75 14 

 

Fitted IC50 values were determined from composite concentration-effect curves constructed from 

recordings in 4-41 oocytes as described in the Methods at a holding potential of -40 mV; the steady-

state response was fixed as 0 for all conditions except GluN2B wild type.  n is the number of oocytes. 

Data for wild type GluN2B from Table 2 are included here for comparison.  

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on May 17, 2012 as DOI: 10.1124/mol.112.078568

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



