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Abstract 

Excitatory activity in the CNS is predominately mediated by L-glutamate through 

several families of L-glutamate neurotransmitter receptors.  Of these, the N-methyl-D-

aspartate receptor (NMDAR) family has many critical roles in CNS function and in various 

neuropathological and psychiatric conditions. Until recently, the types of compounds 

available to regulate NMDAR function have been quite limited in terms of mechanism of 

action, subtype selectivity, and biological effect. However, several new classes of NMDAR 

agents have now been identified that are positive or negative allosteric modulators (PAMs 

and NAMs, respectively) with various patterns of NMDAR subtype selectivity. These new 

agents act at several newly recognized binding sites on the NMDAR complex and offer 

significantly greater pharmacological control over NMDA receptor activity than previously 

available agents. The purpose of this review is to summarize the structure-activity 

relationships for these new NMDAR modulator drug classes and to describe the current 

understanding of their mechanisms of action.  







 

 

generally minimizes off-target activity and unwanted side effects, and allosteric modulators 

bind to regions other than the highly conserved ligand binding sites or the channel pore.  Thus, 

allosteric agents have greater potential for subtype-selectivity as has been found already.  

NAMs also have the potential of maximally inhibiting less than 100% of the agonist response, 

thus preserving some function and avoiding excessive blockade. Therefore, such partial 

NAMs should have a better safety profile than competitive antagonists and channel blockers 

that can potentially eliminate all activity.  A partial agonist at the ligand binding site also 

promotes intermediate activity levels, but unlike a NAM, a partial agonist could activate 

otherwise inactive receptors. Positive allosteric modulators (PAMs) also offer distinct 

advantages.  For the treatment of NMDAR hypofunction as in schizophrenia, or possibly in 

other cases of cognitive dysfunction, augmenting NMDAR activity would be expected to 

restore proper function by increasing the activity of weakly-activated NMDAR-mediated 

signals.   In contrast to PAMs, an NMDAR agonist would activate both appropriate and 

inappropriate receptors and thus increase system noise and potentially cause excitotoxicity. 

Given these advantages of NMDAR allosteric agents, and the recent demonstration of 

multiple new classes of allosteric agents, there has been a resurgence in NMDAR drug 

development targeting PAMs and NAMs.  This review will focus mostly on the recent studies 

regarding compounds acting at novel allosteric sites located outside of the ATD on the 

NMDAR.  Structure-activity relationship (SAR) studies used in the development of these 

allosteric modulators and mechanistic studies aimed at identifying their binding sites and 

mode of action will be discussed.  

 

2. Steroidal Based NMDAR NAMs and PAMs: Neurosteroids and Cholesterols 





 

 

a charged group at C3; PS PAM activity is dependent on a negatively charged substituent, but 

in the case of PAS, the group can be positively or negatively charged. Replacement of the 

sulfate group with uncharged groups such as hydrogen or formate eliminates PAM activity in 

PS derivatives and NAM activity in PAS derivatives, while substitution with dicarboxylic 

acid esters of varied length, from hemioxylate to hemiglutarate, generally maintains activity23. 

Replacement of the C3 sulfate of PAS with positively charged L-argininyl or 4-

(trimethylammonio)butanoyl increases inhibitory activity24. Although additions to ring D of 

PS reduced activity, some additions to ring D of PAS increased activity significantly25,26. In 

particular, compound 3, with an isobutyl chain instead of the acetyl group of PAS, has an IC50 

of 90 nM at GluN1/GluN2B receptors27a. It was concluded that the inhibitory potency was 

directly related the lipophilicity of the compounds. Some of this requirement for lipophilicity 

may be needed for access to the PAS binding site; there is evidence that PAS can enter the 

membrane to get to its binding site24. 



 

 

 

Figure 2: (a) Lead compounds 1 (PS) and 2 (PAS); (b) General SAR; (c) NAM 3. 

 

2.1.2 Neurosteroid PAM activity and mechanism of action 

PS inhibits GABA-A, glycine, AMPA and kainate receptor responses as well as those 

of NMDARs containing GluN2C and GluN2D subunits22-24. In addition to this general 

inhibitory activity, PS potentiates agonist responses at neuronal NMDARs25, 26 and NMDARs 

that have GluN2A or GluN2B subunits24, 27b. Further studies demonstrated that PS has both 

PAM and NAM activity at each of the four GluN1/GluN2A-D receptors with PAM activity 

being dominant at GluN2A and GluN2B-containing receptors and NAM activity 





 

 

there is relatively little PS potentiation of GluN2B-mediated responses. Reduced PS 

potentiation in the presence of high L-glutamate concentrations is also seen for neuronal 

NMDAR responses26.  Since synaptic responses see saturating agonist concentrations, while 

extrasynaptic receptors experience lower agonist concentrations, one might expect PS to 

preferentially potentiate extrasynaptic over synaptic GluN2B-containing receptors. Other 

than the small effect on L-glutamate potency at GluN2B-containing receptors, PS generally 

has little effect on agonist EC50 and can potentiate responses due to saturating concentrations 

of agonist23, 24, 26. Thus, PS potentiation must have additional mechanisms to increase 

NMDAR responses other than by increasing agonist potency. 

PS slows the rates of both NMDAR desensitization and deactivation.  In whole cell 

recordings of recombinant GluN1/GluN2A and GluN1/GluN2B receptors, PS slowed the 

macroscopic desensitization rate but did not change the extent of desensitization29. PS also 

slowed the deactivation time that is related to L-glutamate unbinding28, 29.  Consistent with 

these findings, PS also prolongs NMDAR synaptic currents29, 30, which are determined by 

NMDAR deactivation time31.  Several of the physiological properties of PS along with other 

allosteric modulators are summarized in Table 1.  Potencies of representative NAMs and 

PAMs are summarized in Tables 2 and 3, respectively. 

NMDAR channel properties, as expected, are also changed by neurosteroids. Using the 

rate of MK-801 channel blockade as an index of open channels, PS increases open channel 

probability of GluN1/GluN2B receptors28.  Consistent with this finding, at single channels in 

isolated patches, PS increases the frequency of channel openings, has a small, variable effect 

on neuronal NMDAR mean channel open time, and has no effect on single channel 

conductance26, 32.  Similar results are found using cell-attached patches in which the receptor 

sees a relatively intact intracellular environment, except that in this condition, PS produces a 



 

 

more robust increase in the mean open time26, 33.  Thus, the effect of PS on mean open time 

depends upon an undiluted intracellular environment, but the effect on channel opening 

frequency does not. These results are consistent with the observation that the rapid loss of PS 

potentiation of NMDAR responses in outside-out patches is slowed by protein phosphatase 

inhibitors34.  

In addition to the NMDAR PAM activity of PS, there is also evidence for direct receptor 

activation when measuring calcium mobilization or ligand-induced receptor trafficking35, 36.  

In this case, PS could possibly be acting as an agonist for mGluR-like activity of NMDARs36, 

37.  Further SAR characterization of this agonist activity of PS would be interesting as it may 

be possible to have biased signaling of mGluR-like activity.  Since the structurally related 

compound PAS can form nanoparticles38, the role of possible PS nanoparticles in this 

additional activity may need to be evaluated.  

2.1.3 Neurosteroid NAM activity and mechanism of action 

PAS, like PS, has a general inhibitory action at ionotropic glutamate receptors - 

AMPARs, KARs, and NMDARs21, 23, but without the additional NMDAR PAM activity.  The 

inhibitory activity of PAS is voltage-independent and non-competitive with glutamate and 

glycine; it reduces the maximal agonist responses at each of the four GluN1a/GluN2 subtypes 

while minimally changing agonist potency24, 39.  PAS inhibition is also use-dependent with no 

evidence of binding to the resting state of the receptor in the absence of agonist39. 

Accordingly, PAS displays less inhibition of synaptic NMDAR responses than of steady-state 

NMDAR responses.  This property could be useful in that PAS may weakly inhibit synaptic 

NMDAR currents while providing greater inhibition of tonically-activated extrasynaptic 

NMDAR currents that are thought to occur in pathological conditions.  Among structural 

variations of the PAS structure, some agents were found to display use-independent inhibition 



 

 

in contrast to the use-dependent actions of PAS.  Thus, these agents would be expected to 

differ in their actions on NMDAR responses due to phasic/synaptic or tonic/extrasynaptic 

activation40. 

In contrast to PS potentiation, PAS inhibition of GluN1/GluN2A receptors in cell-

attached patches has no effect on mean open time but instead decreases open probability by 

increasing mean closed time by specifically increasing the duration of long-lived closed states 

related to desensitization41. Interestingly, under some recording conditions, the PAM PS can 

instead inhibit GluN1a/GluN2A responses. In this case, inhibition is associated with a 

reduction in mean open time and no change in mean closed time33. Thus, the inhibitory actions 

of PS and PAS at GluN1a/GluN2A receptors appear to have distinct mechanisms. 

2.1.4 Neurosteroid NAM and PAM Binding Sites 

The neurosteroid NAM and PAM binding sites are thought to be located extracellularly 

and to be distinct from each other27b, 42; neurosteroid NAMs do not display competitive 

interactions with neurosteroid PAMs42.  Neurosteroids are able to access their modulatory 

binding site via the membrane. In cell-attached patch recordings, PS administration to the 

outside of the cell, and outside of the patch pipette, can potentiate NMDAR responses under 

the pipette26. PS is not likely to be acting at an intracellular site since intracellular injections 

of PS do not reduce potentiation to externally applied PS27b, 42. Thus, PS may be accessing the 

receptor through a membrane route as has been suggested for inhibitory neurosteroids40.  From 

this work, the neurosteroid binding sites are thought to be extracellular and may involve the 

transmembrane region of the receptor as has been suggested for GABA-A receptors43. 

The precise identification of the binding site responsible for PS PAM activity remains 

unknown but is thought to involve S2 (extracellular loop between M3 and M4) and M4. PS 



 

 

displays GluN2C-like inhibitory activity at chimeras wherein the GluN2A sequence has the 

S2 domain sequence (plus most of M3 and M4) replaced by GluN2C's corresponding 

sequence27b.  Similarly, it was found that a GluN2D construct in which the 84 amino acids 

containing the C-terminal third of S2 and M4 is replaced with the corresponding sequence 

from GluN2B displays GluN2B-like PS PAM activity44.  Replacing both of the S2 and M4 

portions in GluN2D with the corresponding sequence from GluN2B is necessary for PAM 

activity in the chimeric construct. Conversely, replacing this segment in GluN2B with that 

from GluN2D eliminated PAM activity (but did not generate GluN2D-like NAM activity of 

PS or PAS).  Thus, subunit-specific PS PAM activity appears to be defined by the C-terminal 

third of the S2 domain and M4 while PS/PAS NAM activity may involve additional upstream 

regions.  This result is consistent with point mutation results; mutating D813A/D815A in 

GluN2A, which immediately precedes M4, prevents PS potentiation, but not PAS inhibition45.  

Conversely, GluN2A-A651T (the homologous site of the Lurcher mutation at the end of the 

highly conserved SYTANLAAF sequence in the M3/S2 linker region) reduces PAS inhibition 

but has no effect on PS potentiation.  Likewise, mutations in this region of GluN1 and 

GluN2B, alter PAS potency38.  Thus, the PAS NAM binding site may be at the extracellular / 

membrane interface of M3/S2 or require allosteric interactions at this location.   

2.2 Cholesterol derivatives  

2.2.1 Cholesterol derivative PAM and NAM SAR 

The endogenous compound 24(S)-hydroxycholesterol 5 (24(S)-HC) has a structure and 

PAM activity similar to that of PS but is more potent (EC50 ~ 1 µM) and thought to have a 

different binding site (Figure 3)46. Receptor chimera studies indicate that PS requires 

transmembrane domains and some of the LBD whereas 24(S)-HC primarily requires just the 

transmembrane domains47.  The concept of different binding sites is also consistent with the 



 

 

observation that 24(S)-HC preapplication occludes the activity of the 24(S)-HC derivative 

SGE-201 (6, Figure 3), but not that of PS.  While endogenous cholesterol 4, from which 24(S)-

HC is derived (Figure 3), helps to maintain baseline NMDAR responsiveness48, it does not 

have potent PAM activity.  24(S)-HC is selective for NMDARs over AMPA and GABA-A 

receptors but does not distinguish between the four GluN1/GluN2 receptors. Further 

modification of the D ring alkyl chain by adding two methyl groups at C24 together with the 

hydroxyl group (SGE-201 6) increases PAM potency nearly ten-fold over 24(S)-HC.  In 

contrast, 25-hydroxycholesterol (25-HC) (7) has very weak PAM activity and instead non-

competitively blocks the potentiation by 24(S)-HC and SGE-201, but not by PS49.  This result 

again suggests that PS and 24(S)-HC have distinct binding sites and that 24(S)-HC and 25-

HC may also have distinct binding sites. 

 

Figure 3: Structures of cholesterol (4), 24(S)-HC (5), SGE-201 (6) and 25-HC (7). 

 



 

 

2.2.2 Cholesterol PAM & NAM mechanism of action 

The mechanism of action of SGE201 and 24(S)-HC is to increase open channel 

probability, as indicated by an acceleration of the rate of MK-801 open channel blockade of 

NMDARs.  Also, like PS, SGE201 can access its binding site from the outside through the 

plasma membrane but not from the intracellular side49.  The onset and offset of PAM activity 

is very slow, which is consistent with SGE201 accessing its binding site through the 

membrane.  PAM activity is associated with a small increase in L-glutamate potency, but this 

may be due to an increase in agonist efficacy rather than an increase in agonist affinity.  

3. Non-steroidal NMDAR NAMs 

3.1 GluN2A-selective NAMs 

3.1.1 Sulfonamide series   

Bettini and colleagues50 identified the first highly selective non-competitive GluN2A 

inhibitors which were also the first ligands later reported to bind at the LBD GluN1/GluN2 

dimer interface51. The prototype is TCN-201 8 (Figure 4a).  Although the inhibitory activity 

of TCN-201 is reversed by high concentrations of glycine in a manner largely consistent with 

a competitive antagonist50, Schild analysis indicates that the compound is a non-competitive 

antagonist that reduces glycine and D-serine affinity52, 53. In the initial study, five lead 

compounds were identified in a high-throughput screen using a FLIPR®/Ca2+ assay, with all 

fully blocking human recombinant GluN2A receptors. A number of structurally similar 

analogues were identified and tested in order to gather SAR information. TCN-201 (8) was 

one of the lead compounds, and one of the more successful of the series, displaying 

submicromolar potency (IC50 ~ 100 nM) with >300-fold selectivity for GluN2A over 

GluN2B, GluN2C, and GluN2D.50, 53 



 

 

3.1.1.1 Sulfonamide series NAM SAR  

Replacing ring B of TCN-201 with various cycloalkyl or heteroaryl moieties had little 

effect on activity, perhaps indicating a larger space was available than the one currently 

occupied (Figure 4a). With respect to ring C, the 3-Cl was recently shown to be essential with 

its removal drastically reducing activity54. The 4-F on the other hand, was found to be 

superfluous with its removal marginally increasing activity. The 3-Br analogue (9, 

IC50=204nM) was reportedly 2.5-fold more potent than TCN-201 (IC50=512nM) against 

GluN1/GluN2A receptors (Figure 4b).      

Although TCN-201 has been used in a small number of studies to investigate the role of 

GluN2A in physiological processes55-57, its use as a tool in native systems has been limited 

due to poor aqueous solubility. Consequently, a SAR study was initiated with the aim of 

improving potency and drug-like properties whilst maintaining GluN2A selectivity58. 

Keeping the phenylsulfonamide ring constant, it was found that replacing the phenylhydrazide 

portion of the molecule with a 2-(methylthiazol-5-yl)methanamine moiety did not 

significantly affect activity (Figure 4c). To lower lipophilicity, the central benzene ring (A in 

Figure 4a) was replaced with either a pyrazine or pyridine ring. Encouragingly, the resultant 

analogues displayed significantly improved potency and the pyrazine-containing derivatives 

had superior pharmacokinetic properties. Further observations included: (i) an improvement 

in potency on addition of a methyl group to the pyrazine ring (i.e. R4 = Me), (ii) swapping the 

3-Cl and 4-F substituents on the benzenesufonamide ring resulted in a large drop in activity, 

and (iii) alkylation of the sulfonamide nitrogen was detrimental (R5 = Me). Considering 

GluN2A potency, selectivity, solubility and other pharmacokinetic properties, MPX-004 10 

(IC50 = 79 nM) and MPX-007 11 (IC50
 = 27 nM) were selected for further investigation. 



 

 

Although MPX-004 had a lower antagonist potency at GluN2A than MPX-007, it was more 

selective over the other GluN2 subtypes of the NMDAR (Figure 4c).  

 

Figure 4: (a) Structure of lead compound 8 (TCN-201); (b) compound 9; (c) Most 

selective compound for GluN2A (9, MPX-004) and most potent compound at GluN2A (10, 

MPX-007). 

 

3.1.1.2 Sulfonamide series: LBD-interface NAM binding site and mechanism of action 

The structural basis of both glycine reversal of NAM activity and GluN2A selectivity 

of TCN-201 and MPX-004/MPX-007 are now understood51. Site-directed mutagenesis and 













 

 

3.2.2.1 The Pyrazoline series: SAR 

During SAR studies, systematic modifications were made to rings A, B, and C of 17 

(Figure 9b). With respect to ring A, electron-withdrawing groups at the para- position were 

found to bestow the best activity, with a chloro substituent (R1 = Cl) proving optimal. 

Replacement of ring A with various heterocyclic rings including furan and thiophene reduced 

activity drastically. The introduction of electron-withdrawing substituents to ring B also 

enhanced activity with meta- and para- substituted derivatives (e.g. R2 = m- or p-Cl) proving 

roughly equipotent. In contrast, the addition of substituents to ring C (R3) had a detrimental 

effect, although the resultant analogues showed variability with regard to selectivity for 

GluN2A over GluN2B containing receptors, thereby suggesting a potential for optimizing 

selectivity. Having thoroughly investigated rings A, B, and C, attention was focused on the 

acyl chain. Incorporation of a double bond had little effect on potency as did extension of the 

chain from succinic (n = 1) to glutaric acid (n = 2). Swapping the terminal acid (R4 = CO2H) 

for a hydroxymethyl (R4 = CH2OH) greatly improved selectivity for GluN2D over GluN2A 

whilst maintaining similar activity at the other NMDAR subtypes. However, replacement of 

the carboxylic acid with an amide (R4 = CONH2) reduced both potency and selectivity while 

a fluoro group (R4 = F) resulted in all activity being lost. Compound 18 (DQP-26) is 

representative of one of the more successful compounds with IC50s of 0.77 and 0.44 µM at 

GluN2C and Glu2ND respectively, with ca. 50-fold selectivity over GluN2A- and GluN2B-

containing receptors. Enantiomeric separation showed that the S-enantiomer of 18 was 11-

fold more potent at GluN2D than the R-enantiomer and had improved selectivity for GluN2C 

and GluN2D over GluN2A and GluN2B. 



 

 

 

Figure 9: (a) Lead compound 17; (b) General SAR observations; (c) Representative 

compounds 18 (DQP-26) and 19 (DQP-1105). 

3.2.2.2 The Pyrazoline series: DQP-1105 binding site and mechanism of action 

DQP-1105 (19, Figure 9) and QNZ46 partially share the same structural determinants 

in the receptor that are responsible for the GluN2C/GluN2D selectivity of these compounds62, 

63.  Thus, they may have overlapping binding sites and a similar mechanism of action.  From 

GluN2A/GluN2D chimera studies, sequences in the N-terminal third of the S2 domain are 



 

 

necessary for DQP-1105 inhibitory activity.  Of the GluN2D-specific residues in this region, 

mutating Q701 and L705 to the corresponding amino acids in GluN2A significantly reduce 

inhibition by DQP-1105 and QNZ46.  Another similarity between these two classes of 

compounds is that their binding requires L-glutamate binding and thus they act as use-

dependent inhibitors.  DQP-1105 decreases open probability by increasing the mean shut time 

without affecting mean open time and has minimal effects on channel conductance.  Thus, the 

non-competitive inhibition appears to be through reducing the probability of channel 

activation and not by reducing the stability of the open state. 

3.2.3 GluN2C/D selective NAMs: The Iminothiazolidinone series and their SAR 

A novel series of NAMs showing a slight preference for GluN2C/D containing 

NMDARs was identified from a medium-throughput screen65. The lead compound, 20, 

consisted of an iminothiazolidinone ring attached to a thiophene via an acetamide linker 

(Figure 10a). Alterations to the substituents on the thiophene ring suggested that the ethyl 

group at R3 was favorable, with its removal (R3 = H) or replacement with methyl (R3 = Me) 

proving deleterious to activity (Figure 10b). The introduction of alkyl substituents at R2 (e.g. 

Me or Et) also proved detrimental. In contrast, the methyl ester could be replaced with an 

ethyl ester (R1 = Et) without adversely affecting potency. With shortening or removal of the 

ethyl group at R3 decreasing activity, the authors hypothesized that a hydrophobic pocket may 

exist at this position. To explore this theory, the thiophene was replaced with various bicyclic 

thiophene rings. Several of these analogues (e.g. 21, Figure 10c) proved quite potent in a 

TEVC assay, with the incorporation of heteroatoms (S or O) into the ring giving potent 

inhibitors with marginal selectivity for GluN2D over GluN2A. For example, 21 displayed an 

IC50 of 0.8 µM against both GluN2C and GluN2D compared to 6.2 µM and 12.2 µM for 

GluN2A and GluN2B, respectively.  



 

 

  

Figure 10: (a) Lead compound 20; (b) General SAR observations; (c) Compounds 21 and 22. 

Changes to the aminothiazolidinone ring, namely changing the heteroatoms, were not 

well tolerated. For example, replacement of the imine with a carbonyl (i.e. Y = O) or 

methylation of both nitrogen atoms (i.e. X = Y = NMe) led to all inhibitory activity being lost. 

This suggested that hydrogen bond donor groups were essential for NAM activity. Although 

none of the compounds were particularly selective, some did show submaximal inhibition at 

saturating concentrations. Thus, as proposed for some of the naphthoic acid based NMDAR 

NAMs (section 4.1.2)66, inhibitory activity may provide neuroprotection without risking 



 

 

excessive blockade. In addition, the neuroprotective effect of another potent compound, 22, 

was demonstrated in an assay using cultured hippocampal neurons challenged with NMDA. 

 

3.2.4 GluN2C/D selective NAMs: The N-aryl benzamide series and their SAR 

A screen of 100,000 compounds, which had already resulted in the discovery of a series 

of GluN2C selective PAMs (see section 5.3.1), identified N-aryl benzamide 23 as a novel 

NAM of GluN2C/2D containing NMDARs (Figure 11a)67. When tested on recombinant 

NMDARs in Xenopus oocytes, 23 displayed IC50s of 2.6µM and 1.4µM versus GluN2C and 

GluN2D respectively, with >400-fold selectivity for these subunits over GluN2A/B. 

However, despite promising activity, 23 had poor aqueous solubility so an SAR optimization 

study was carried out. 

48 analogues of 23 were synthesized and tested leading to a number of general SAR 

observations, the most important of which are summarized in Figure 11b. Replacing the 

carbamothioate in 23 with a carbamate improved aqueous solubility but decreased both 

activity and selectivity. However, replacement of the naphthalene with an indole ring restored 

low micromolar potency whilst retaining improved solubility. Shortening or extending the 

alkyl component of the carbamate to either N,N-dimethyl or N,N-diisopropyl was found to 

reduce potency. A variety of substituents were introduced to the indole ring, but all were found 

to reduce activity or abolish it completely. Overall, NAB-14 (24) displayed the best 

combination of activity, selectivity and aqueous solubility (Figure 11c). 

 



 

 

 

Figure 11: (a) Lead compound 23; (b) General SAR observations; (c) Compound 24 (NAB-

14). 

 

4. NMDAR modulator families with NAM and PAM activity with varying 

selectivity 

4.1 Phenanthrene, Naphthalene and Coumarin Carboxylic Acids  

4.1.1 The phenanthrene series and their SAR  

The phenanthrene series of PAMs and NAMs were identified through a small in-house 

compound screen on NMDARs68. These compounds displayed several distinct, novel patterns 



 

 

of activity with NAM and/or PAM activity and varied subtype-selectivity. The lead 

compound, 9-iodophenanthrene-3-carboxylic acid, 25 (UBP512) (Figure 12a) was found to 

potentiate GluN2A, have virtually no activity at GluN2B, and inhibit GluN2C/D responses 

(IC50 ~ 50 µM). UBP512 potentiation of GluN1/GluN2A responses increased with higher 

agonist concentrations, showing that the mechanism of potentiation is not by increasing 

agonist potency.  A series of analogues were subsequently synthesized to try and exploit this 

selectivity whilst improving the activity. A SAR study was carried out investigating 

substitutions at the 9-position and modifications to the acidic group at the 3-position (Figure 

12b).  

Alkyl substituents at the 9-position appeared to promote potentiating activity; increasing 

the length or size of the alkyl chain increased NMDAR PAM activity. Introduction of a polar 

group into the side chain, however, promoted antagonism. Inserting a CH2 linker between the 

ring and carboxylic acid also promoted antagonism rather than potentiation69. Some of these 

compounds also had mixed subunit selectivity; UBP710 (26), with a cyclopropyl group at the 

9-position, potentiated GluN2A/B and weakly inhibited GluN2C/D-containing receptors at 

higher concentrations68. UBP646 (27), with a large hydrophobic iso-hexyl group, was found 

to be a pan potentiator (Figure 12c).  

 



 

 

 

Figure 12: (a) Lead compound 25; (b) General SAR observations; (c) 26 (UBP710), 27 

(UBP646). 

4.1.2 Naphthoic acid series and their SAR 

In a follow up study to the phenanthrene-based research, compounds with a naphthoic 

acid core were synthesized to probe the importance of the three rings to activity (Figure 13a). 

Although many of the compounds in this series displayed NAM activity, the addition of a 

long chain alkyl group at R4 led to potentiation. As found for the phenanthrenes, extending 

the alkyl side-chain from propyl to hexyl progressively increased PAM activity. One of the 

most effective pan PAMs in the series, UBP684 (28), had an i-hexyl substituent at the R4 

position (Figure 13b)70.  In the absence of an alkyl side-chain, the naphthoic acid derivatives 

were predominately non-selective NAMs whose potency across the GluN2 subunits was 

increased by halogen substituents at R2 and R5, a hydroxy group at R1, and a phenyl ring at 







 

 

receptor and the de-protonated, maximally responsive receptor. 

 

4.1.2.2 Naphthoic / phenanthroic acid series PAM binding site(s)  

 The binding site for the naphthoic / phenanthroic acid series of PAMs is not known 

but appears to be either at the LBD dimer interface or closer to the TMD.  Removal of both 

the GluN1 and GluN2 ATDs does not eliminate the potentiating activity of UBP51268.  These 

agents also do not compete with L-glutamate or glycine and cannot mimic either agonist; thus, 

they are not binding in the ligand-binding cleft of the LBD of GluN1 and GluN2.  They also 

do not have voltage-dependent activity and do not compete with ketamine for the channel 

binding site, thus they do not appear to bind in the central pore of the channel. In 

GluN2A/GluN2C chimeras, UBP512 PAM activity is associated with S2.  Thus, the PAM 

binding site may overlap with the PS PAM binding site that involves S2 and M4 and/or the 

LBD dimer interface site that involves S1 and S2.  Residues in M4 are critical for 

UBP512/UBP684 PAM activity (Figure 8), hence M4 may be contributing to PAM binding 

or the transduction of PAM activity.   

4.1.3 Coumarin-3-carboxylic acid series NAMs / PAMs and their SAR 

The previously described SAR studies on 2-naphthoic acid derivatives led to the 

identification of a structurally related coumarin (32, UBP608, Figure 14a) which displayed 

NAM activity with weak selectivity toward GluN2A containing NMDARs (IC50 = 19, 90, 68, 

and 426 µM at GluN2A-D, respectively)66. With respect to SAR, the 6-bromo group was 

found to be important with its removal proving detrimental to activity (Figure 14b)72. Whilst 

the 6-bromo substituent could be replaced with an iodo to afford a derivative with similar 

activity and selectivity, the introduction of a more polar 2-carboxyvinyl moiety (33, UBP656) 

significantly reduced potency across all 4 subtypes (Figure 14c). The introduction of a bromo 



 

 

group at the 8-position enhanced activity but led to reduced GluN2A selectivity. Interestingly, 

4-methyl substitution of UBP608, yielding 34 (UBP714), turned the compound from a NAM 

to a weak PAM (Figure 14c). UBP714 displayed low levels of potentiation at GluN2A, 

GluN2B and GluN2D, respectively73. UBP714 also enhanced NMDAR EPSPs evoked in 

hippocampal slices. 

 

4.1.4 Coumarin 3-carboxylic acid / naphthoic / phenanthroic NAM binding site(s) and 

mechanisms of action. 

NAM activity of the naphthoic acid and phenanthroic acid derivatives is voltage-

independent, and use-independent66, 68.  The IC50 of UBP552 (31, Figure 13) is increased only 

3-fold in the presence of 150-fold higher L-glutamate concentration and 30-fold higher 

glycine concentration, thus the NAM activity is non-competitive and unlike TCN-201 which 

behaves largely as a competitive glycine antagonist. Channel analysis indicates that 2-

naphthoic acid decreases mean open time and increases mean closed time74. This action 

appears to be due to stabilizing closed states and making it more difficult to open the channel.  

The NAM binding site is unknown, but NAM activity remains after removal of the ATD of 

both GluN1 and GluN268.  These agents also cannot substitute for, or compete with, either L-

glutamate or glycine, so they do not appear to bind within the LBD cleft. GluN2A/2C 

selectivity of UBP618 requires residues in the S1 domain. 

 

 



 

 

  

Figure 14: (a) Lead compound 32 (UBP608); (b) General SAR observations; (c) 

Representative coumarin derivatives from the series: 33 (UBP656) and 34 (UBP714). 

5. Non-steroidal NMDAR PAMs 

5.1 Non-selective PAMs  

5.1.1 Benzenesulfonamide 

The non-selective PAM GNE-9278 (35), which potentiates each of the GluN1/GluN2 

NMDARs in the low micromolar range, was recently reported by Wang and colleagues 

(Figure 15)75. This compound potentiates by increasing the potency of both L-glutamate and 

glycine and by increasing the peak response in the presence of saturating concentrations of 

agonists.  At higher concentrations, GNE-9278 slows deactivation upon L-glutamate removal.  

Consistent with a strong allosteric interaction between the agonist binding site and the PAM 

binding site, GNE-9278 binding is thought to be dependent upon agonist binding. The effect 

on channel properties is unknown.  The structural determinants for activity of this compound 

include residues T550 and D552 in the GluN1 pre-M1 helix at a site near to where residues 



 

 

on GluN2C/D are important for CIQ activity (Figure 8).  Binding at this site can then influence 

gating at the nearby extracellular end of M3. 

  

Figure 15: Structure of GNE-9278 (35). 

5.2. GluN2A selective PAMS 

5.2.1 Thiazole series 

Recent studies have now provided selective GluN2A PAMs with reasonable potency 

and drug-like properties.  These agents bind at the same GluN1/GluN2 LBD dimer interface 

as the TCN-201 family of NAMS59, 76.  The research involved hit identification via high-

throughput screening for GluN2A PAM activity, followed by lead optimization using a 

combination of X-ray crystallography, structure-based design and SAR studies. The lead 

compound, designated GNE-3476 (36)76, displayed low micromolar potency at GluN2A, 

some activity as an AMPAR PAM, and weak activity at GluN2B-containing receptors (Figure 

16a). Further studies confirmed that the compound was acting as an allosteric modulator and 

identified several structurally-related compounds that display 10-fold to 100-fold selectivity 

for GluN2A over GluN2B and still greater selectivity over GluN2C/D containing NMDARs59.  

5.2.1.1 Thiazole series GluN2A PAM SAR 

Compounds were tested for their ability to potentiate either NMDARs or AMPARs 

using a calcium imaging assay and evaluated for their P-glycoprotein efflux ratio (P-gp ER) 



 

 

to identify favorable CNS properties. Initial attempts to optimize the GluN2A PAM activity 

indicated that shortening the butyl chain and adding a fluoro group at the para- position of 

the aniline ring enhanced PAM activity at GluN2A. A crystal structure of one of these 

optimized analogues bound to the receptor was obtained and showed the binding site to be 

located at the dimer interface of the GluN1-GluN2A LBD76. This turned out to be the same 

site where PAM binding is observed in AMPARs77, explaining the poor selectivity over 

AMPARs for the initial lead. This binding site also has significant overlap with the TCN-201 

NAM binding site discussed above. Thus, ligands at this site can either be NAMs or PAMs 

depending upon the specific interactions within the binding pocket. 

The pharmacokinetic properties of these lead compounds were generally favorable for 

use in the CNS; moderate log D (<3) and low topographical polar surface area (<90 Å2) values 

were recorded, however, poor metabolic stability was observed, in particular as a result of N-

dealkylation. Consequently, one aim of the optimization study was to replace the N-ethyl 

aniline with a more metabolically stable group (Figure 16b). Although various aryl and 

heteroaryl moieties were explored, a 3-trifluoromethyl pyrazole was identified as a good 

candidate. Modelling studies suggested that substituents at the 5-position of this heterocycle 

could occupy the same binding pocket as the N-ethyl group in the lead compounds. Various 

groups were subsequently investigated with a 5-chloro moiety proving optimal for GluN2A 

activity and selectivity. 

Another aim of the study was to explore a water-filled pocket proximal to the 

thiadiazole-core nitrogen which had been identified from the crystal structure. While 

AMPARs have a similar pocket in their equivalent site it is relatively small, meaning a large 

group could potentially enhance selectivity for NMDARs over AMPARs. To investigate this, 

the thiadiazole core was replaced with a thiazole thereby allowing substituents to be 



 

 

introduced to the 3-position of the ring (Figure 16b). This change was found to moderately 

improve GluN2A PAM activity on its own. The introduction of polar  

   

Figure 16: (a) Lead compound GNE 3476 (36); (b) Summary of SAR study; (c) Structures of 

GNE-0723 (37), GNE-5729 (38), GNE-6901 (39) and GNE-8324 (40). 









 

 

  

Figure 17: (a) Lead compound 41; (b) General structure for SAR studies; (c) Compounds 42 

(PYD-111) and 43 (PYD-106). 



 

 

indole hydrogen (Figure 17b). Combining these observations gave compound 42 (PYD-111), 

which was the most potent of the series, selectively potentiating GluN2C-containing receptors 

up to 219% with an EC50 of 4.3 ± 0.3 µM. On separation of the enantiomers for a 

representative analogue from the series, it was found that the activity of the compounds 

originates solely from one enantiomer. Although relatively few alterations were made to the 

original molecule the activity was significantly enhanced. 

 

5.3.1.2 The pyrrolidinone series: PYD-106 binding site and mechanism of action 

The mechanism of action of an analogue from the series, PYD-106 (43, Figure 17c), has 

been proposed. PYD-106 potentiation of GluN1/GluN2C NMDAR responses appears to be 

predominately through increasing agonist efficacy rather than a change in agonist potency79.  

Thus, under saturating agonist concentrations, PYD-106 can increase the maximal receptor 

response.  There is, however, some effect on agonist potency; PYD-106 causes a small 

increase in glycine potency and a small reduction in L-glutamate potency.  Single channel 

analysis indicates that PYD-106 does not change channel conductance, and instead potentiates 

GluN1/GluN2C receptor responses by increasing mean open time and may also increase 

opening frequency.  Thus, PYD-106 stabilizes an open channel state of the receptor complex. 

The activity of PYD-106 is notable because it is unusual to identify compounds that can 

distinguish GluN2C from GluN2D.  This suggests that PYD-106 binds to site with greater 

GluN2 sequence variability.  By using a series of GluN2A/GluN2C chimeras, the ATD, S1 

and the ATD-S1 linker were identified as being important for PYD-106 activity79.  

Subsequent evaluation of an extensive panel of point mutations then lead to the proposal of a 

binding pocket between the ATD and S1 that could accommodate PYD-106 (Figure 18).  



 

 

Further point mutations based on the docking in a homology model provided additional 

support for this GluN2 ATD/S1 binding pocket being the PYD-106 binding site.  This binding 

site is likely to influence communication between the ATD and the LBD and thus appears to 

represent a novel mechanism of NMDAR potentiation. Structural studies are needed to 

confirm the PYD-106 binding site and to determine how binding influences receptor 

conformation. 

5.3.2. GluN2C/D PAMs: The tetrahydroisoquinoline series (CIQ) 

A series of tetrahydroisoquinoline derivatives has been reported as selective potentiators 

of GluN2C and GluN2D containing NMDARs81. The lead compound for this series was CIQ 

(44, Figure 19a), which displayed an EC50 of 3 µM and enhanced receptor responses ~2-

fold82. To gather SAR information and improve activity, a number of structural analogues of 

CIQ were synthesized and tested. Evaluation of the ability of these compounds to potentiate 

GluN2 subunits was carried out using both calcium imaging assays and TEVC recordings. 

5.3.2.1 GluN2C/D PAMs: The tetrahydroisoquinoline series: SAR 

The main skeleton of the structure was found to be essential with removal of ring B and 

the ether linker abolishing activity (Figure 19b)81. Shortening the linker to a single methylene 

carbon or replacing it with either a thioether or ethyl linker led to a similar outcome. Altering 

the position and substituents on ring B established that a p-OMe group was optimal for PAM 

activity. Replacing ring A with a variety of aromatic and heteroaromatic systems was 

detrimental, although a 2-thiophene replacement showed some potential as a starting point for 

gaining selectivity for GluN2C- over GluN2D-containing NMDARs. The amide between ring 

A and the tetrahydroisoquinoline core was also important with its replacement with various 

other linkers (e.g. urea or sulfonamide) either  






















































