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KEY WORDS Abstract The N-methyl-p-aspartate (NMDA) receptors, which belong to the ionotropic Glutamate
receptors, constitute a family of ligand-gated ion channels. Within the various subtypes of NMDA

GLRA s receptors, the GluN1/2A subtype plays a significant role in central nervous system (CNS) disorders.

Subtype-selective ligands: The present article aims to provide a comprehensive review of ligands targeting GluN2A-containing

yp gands;

SARs: NMDA receptors, encompassing negative allosteric modulators (NAMs), positive allosteric modula-

Protein ligand interactions tors (PAMs) and competitive antagonists. Moreover, the ligands’ structure—activity relationships
(SARs) and the binding models of representative ligands are also discussed, providing valuable in-
sights for the clinical rational design of effective drugs targeting CNS diseases.
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1. Introduction

L-Glutamate (L-Glu), which serves as the primary excitatory
neurotransmitter in the central nervous system (CNS), plays a
pivotal role in various brain functions. Disruptions in gluta-
matergic neurotransmission contribute to the pathogenesis of
psychiatric disorders' . The glutamate receptors can be primarily
classified into two groups, ionotropic Glu receptors (iGluRs) and
metabotropic Glu receptors (mGluRs)* ®. mGluRs belong to G
protein-coupled receptor (GPCR) superfamily, which regulate
intracellular second messengers production through G-protein
coupling and induce metabolic alterations™'’. The iGluRs regu-
late the majority of excitatory signaling in CNS''™'*, which can
be further classified into three major families: N-methyl-p-aspar-
tate  (NMDA) receptors, «-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) receptors and kainate (KA)
receptors'™'®. NMDA receptors have captivated neuroscientists
and pharmacologists since their discovery due to their prominent
roles in synaptic plasticity as well as various neurological and
psychiatric disorders such as pain, stroke, epilepsy, schizophrenia,
post-traumatic stress disorder, depression, and neurodegenerative
disease'” *'. Therefore, NMDA receptors hold great promise as
targets for studying a multitude of neurological diseases and for
drug development.

NMDA receptor channels have a unique gating mode, which is
both ligand-gated and voltage-gated, and has voltage-dependent
Mg blocking effect. When NMDA receptor is excited, it is not
only permeable to univalent ions Na* and K, but also highly
permeable to Ca®>". NMDA receptor parameters are involved in
many complex biological and pathological mechanisms. GluN2A
is a regulatory subunit of NMDA receptors and is not expressed
when it exists independently. Its insertion modifies the function
properties of the whole receptor and enhances the reaction to
excitatory amino acids (EAA)?> 3,

NMDA receptors are heterotetramers composed of four
subunits®>** (Fig. 1), including two required GluN1 subunits and
two variable GluN2 subunits (2A-2D) or GluN3 subunits (3A, 3B).
The GIuN1 and GluN3 subunits bind glycine (Gly) or p-serine
(p-Ser), while the GIuN2 subunit binds Glu** . Regardless of the
composition of the subunits, each subunit of NMDA receptors can
be divided into four domains (Fig. 1): Extracellular N-terminal
domain (NTD), which is primarily involved in subunit assembly
and regulation; Agonist binding domain (ABD), where endogenous
agonists interact; Transmembrane domain (TMD), the region
housing then ion channel, consisting of three transmembrane heli-
ces and a hairpin loop; Intracellular C-terminal domain (CTD),
mainly involved in receptor transport, anchoring and interaction
with other intracellular molecules®® .

The functional properties of different subtypes of NMDA re-
ceptors primarily rely on the expression of various GluN2 sub-
units. Distinct expression patterns of the four GIuN2 subunits are
observed in specific brain regions and cell types, leading to vari-
ations in their connection with multiple neurophysiological and
neuropathological processes as well as their correlation with
diverse diseases’® *’. GIuN2A exhibits high expression levels in
the hippocampus and cerebral cortex, while displaying moderate
expression in the midbrain, cerebellum, striatum and brainstem.
These brain areas are closely associated with depression, epilepsy,
cerebral ischemia, schizophrenia, etc.’® ®'. GIuN2B is predomi-
nantly distributed in hippocampus, cortex and striatum. It has
emerged as a therapeutic target for ischemic stroke, schizophrenia
and neuropathic pain®”°>%. GluN2C is mainly expressed in the

cerebellum and thalamus whereas GIuN2D is primarily localized
in the brainstem and forebrain. Recent reports indicate that
GIluN2C or GIuN2D subunit involvement can be observed in
cognitive function impairment, sensory motor gating deficits,
cortical excitation-inhibition imbalance, and thalamocortical
rhythm  abnormalities along with neuronal maturation
disturbances®® 7®. From a pathological perspective, Parkinson’s
disease, social cognitive impairment, ischemic stroke develop-
mental, epileptic encephalopathy and levodopa-induced motor
disorders have been linked to these two subunits’’ '

In this paper, our focus will be on the research findings of the
effective and selective GIuN2A negative allosteric modulators
(NAMs), positive allosteric modulators (PAMs) and antagonists
that have been identified in recent years. Additionally, we will
review the progress made in studying these structures, their
structure—activity relationships (SARs) and binding models of
representative ligands to pave the way for further development of
GluN2A subtype selective molecules.

2. Selective GluN2A-containing NMDA receptors NAMs
2.1.  Benzenesulfonamide analogues

In a high-throughput screening, Bettini et al. identified a series of
sulfonamide derivatives, exemplified by derivative 1, TCN-201
(ICsp = 109 nmol/L) and 2 (ICsq = 3.98 pumol/L), as well as
thiodiazole derivative 3 (ICsy = 3.8 umol/L), which were novel
NMDA receptor ligands (Fig. 2). These compounds were the first
selective antagonists at GIuN1/2A over GluN1/2B in 2010%. The
inhibitory activity of TCN-201 was disrupted by high concentra-
tion of Gly and its mode of action resembled that of a competitive
antagonist; however, further analysis revealed that it acted as
NAM s and could reduce the affinity of Gly and p-Ser®**. These
compounds serve as valuable tools for investigating the specific
role played by the GluN2A subunit under both physiological and
pathological conditions.

The X-ray co-crystal structure of TCN-201 with GluN1/2A
ABD (PDB code: 5156) demonstrated that the binding site of
TCN-201 is located at the interface between the ABDs of the
GluN1 and GIuN2A subunits, resulting in a conformational
change of the receptor and ultimately preventing Gly from binding
to the orthosteric binding site on GIuN1 subunit. Additionally, as
shown in Fig. 3, TCN-201 exhibited an unconventional binding
conformation characterized by a U-shaped or hairpin-like 7—m
stacking motif formed by its two benzene rings. The halogenated
aromatic A ring of TCN-201 formed a sandwich structure with the
aromatic benzene ring in its middle (B ring), leading to a parallel
orientation stabilized by m—m interactions. The results indicated
that Gly binding stabilizes the closed conformation of GluNI1
ABD, promoting contact between GIuN2A Val783 and GluN1
Phe754, which results in low-affinity NAM binding. Conversely,
when bound to glycine-cleavage sites, an open conformation of
GluN1 ABD disrupts contact between GluN2A Val783 and GIluN1
Phe754, leading to high-affinity NAM binding. This inhibition
mechanism and selectivity are attributed to Val783 in the GIluN2A
subunit and Phe754 in the GluN1 subunit®>®*. According to
computer modeling studies depicted in Fig. 3, Arg755 and Tyr535
residues within the GluN1 subunit participate in cation—7 and
m— interactions during ligand binding (Fig. 3).

As TCN-201 was discovered through high-throughput
screening, systematic SARs were not initially reported. Further-
more, its applicability in biological studies proved challenging due
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Figure 1

low solubility. Therefore, the Bernhard group conducted various
modifications based on TCN-201 to develop novel NAMs for
GIuN2A subunit-containing NMDA receptors with high activity®”.
The systematic variations included modifications to the halogen
substituted phenyl ring A, middle phenyl ring B, right phenyl ring
C and dihydrazide part (Fig. 4).

2.1.1.  Modifications on phenyl ring A

The SARs (Fig. 5) demonstrated that substitutions of phenyl ring A
at the ortho- or para-position resulted in a loss of activity, while
motifs at the meta-position showed potential for enhancing GluN1/
2A inhibition activity. Introducing a single halogen atom (-Cl, -Br
or -I) at the meta-position generally led to a significant increase in
potency of the analogue. Among them, analogue 4 with
3-bromobenzenesulfonamide (Inorm = 1.273) exhibited remark-
able enhancement in inhibitory efficacy by achieving 127.3%
compared to TCN-201 (Inorm = 1). However, replacing of the
meta-halogen atom by methyl, nitro, methoxy or cyano moieties
resulted in decreased activity. Furthermore, the high GluN1/2A
activity observed for analogue 5 with 3-chlorobenzenesulfonamide

Gly

Gly \

GluN3,

N-terminal domain
(NTD)

Agonist binding domain
(ABD)

Transmembrane domain
(TMD)

T C-terminal domain
X (CTD)

The architecture of NMDA receptors (PDB code: 4PES). Color code: GluN1, grey; GIuN2, blue; GluN3, orange36.

(Inorm = 1.214) indicated that the presence of 4-fluoro atom of
TCN-201 was not essential for obtaining high GluN1/2A inhibition
among analogues. These findings suggest distinct properties asso-
ciated with different halogen atoms as supported by in silico studies
and imply that halogen atoms, particularly bromine substituent,
may form halogen bonds with receptors and enhance the ligand
binding affinity®.

Replacement of the phenyl ring A with electron-deficient het-
erocycles resulted in a significant reduction in channel inhibition,
as observed with 2-pyridiyl analogue 6 (Inorm = 0.151).
Conversely, the introduction of an electron-rich ring, such as the
2-thienyl analogue 7 (Inorm = 0.529), enhanced antagonistic
activity. Analogues substituted with heteroaryl, alkyl and allylic
residues exhibited similar profiles. However, all benzene ring
substitution analogues demonstrated weaker activities compared
to TCN-201.

2.1.2.  Modifications on phenyl ring B
As previously mentioned, TCN-201 displayed a U-shaped binding
conformation, which resulted from the intermolecular 7—m
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Chemical structure of representative compounds as GluN1/2A NAM:s.
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Glu792

Binding mode of TCN-201 (GluN1: white cartoon; GluN2A: cyan cartoon; TCN-201: green stick; representative residues: blue stick;

hydrogen bond: yellow dashed line; 7— stacking: orange dashed line; cation— stacking: red dashed line. PDB code: 5156)%°.

stacking of benzene rings A and B (Fig. 3)*°. To enhance the
accumulation with ring A and the interaction with surrounding
residues, various electron-rich five-membered heterocyclic rings
(thiazoles, oxazoles, isoxazoles, etc., Fig. 6) were substituted for
the electron-deficient phenyl ring B. Regrettably, all compounds
exhibited diminished activity compared to TCN-201, indicating
that the benzene ring played a crucial role in maintaining potency.

2.1.3.  Modifications on phenyl rings A and B

In order to enhance the m— interactions between the aromatic
rings, thereby aligning them in a parallel manner, the substitution of
aromatic rings A and B of TCN-201 was accomplished by a [2.2]
paracyclophane system (Fig. 7). Three different types of TCN-201
analogues based on [2.2]paracyclophane-based were designed to
validate the unique U-shaped conformation of NAMs within the
binding pocket of GluN1/2A NMDA receptors®’*®. Although
docking studies demonstrated that the conformationally constrained
[2.2]paracyclophane system was tolerated by the NMDA receptor,
none of these analogues exhibited desirable inhibitory potencies.
The most potent analogue 8 (Inorm = 0.36) in this series only

achieved 36% inhibitory efficacy compared to TCN-201
(Inorm = 1). Neither compound 9 (Inorm = 0.02) or compound
10 (Inorm = 0.01) displayed significant inhibitory activity.
Consequently, it can be speculated that TCN-201 is able to easily
access the binding pocket due to its flexible connection between its
aromatic components, resulting in superior inhibitory activity.

2.1.4.  Modifications on phenyl ring C

Unlike the dominant effects of phenyl ring B, substitution of
phenyl ring C with different groups led to analogues exhibiting
diverse potency profiles (Fig. 8)*. When electron-rich five-
membered heterocyclic rings were used as replacements for
phenyl ring C, generally improved potencies compared to TCN-
201 could be achieved. Specifically, moderate potency enhance-
ment was observed for furan and pyrrole derivatives, while thio-
phene derivative 11 (Inorm = 1.35) displayed significantly
superior activity than TCN-201. The SARs suggested that inhib-
itory activity was correlated to the aromaticity of five-membered
rings; furan-substituted analogues with lower aromaticity

1, TCN-201
IC50 =109 nmol/L, Inorm = 1

Figure 4

o Modification on ring A,B,C o o
o E H and dihydrazide part J E H
N. I > N.
B N
(6]

1, TCN-201
IC50 = 109 nmol/L, Inorm = 1

Modifications of TCN-201, Inorm (the normalization of the inhibition was related to the inhibition of TCN-201).
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Figure 5

exhibited weaker activity, whereas thiophene-substituted ana-
logues demonstrated higher activity due to their greater
aromaticity.

Additionally, the substitution of phenyl ring C with an
electron-deficient six-membered pyrimidin-4 ring and the pres-
ence of a short alkyl chain containing carboxylic acid or mor-
pholine led to a reduction in activity. These observations are
consistent with the hypothesis of cation—7 interaction between
the ligands and Arg755 (Fig. 3).

Furthermore, bulky fusion heteroaromatic ring substitutions
were also investigated at this position. The introduction of indole-2-
or indole-3-substitution significantly enhanced antagonistic activity
(12, Inorm = 1.28). However, naphthalene or benzothiophene an-
alogues exhibited weaker inhibitory activity, suggesting steric hin-
drance from surrounding residues with these ligands.

2.1.5. Modifications on dihydrazide part

Any modifications made to dihydrazide part could result in a
decrease in potency profiles®, clearly indicating the significant
contribution of the dihydrazide part to the inhibitory activity of
TCN-201 (Fig. 9). The introduction of methylene spacer (13,
Inorm = 0.64) between the carbonyl group and phenyl ring C,

0
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Lead compound TCN-201 and general SAR observations of ring A%,

replacement of the carbonyl group with sulfonyl bioisometry (14,
Inorm = 0.58), or substitution of the dihydrazide part by bio-
isometric 1,3,4-oxadiazole ring (15, Inorm = 0.31) would lead to
a notable reduction in activity. The decline in activity may be
attributed to weakening cation—7 interaction between the aro-
matic system and Arg755 guanidine group (GluN1A, Fig. 3)".

2.2.  Pyrazinamide analogues

The compound TCN-201 exhibited a high level of selectivity for
inhibiting GluN1/2A-containing NMDA receptor subunits. How-
ever, its inherent properties limited its potential for studying the
pharmacology of GluN1/2A subunits in native systems. Therefore,
Volkmann et al. conducted a medicinal chemistry optimization
campaign to overcome these liabilities and create new tools for
investigating GluN1/2A physiology’’. They designed more potent
and soluble antagonists based on the general skeleton of TCN-201
(Fig. 10). By eliminating the hydrazide moiety, reducing the
number of H-bond donors, and decreasing lipophilicity, they
identified more drug-like molecules such as analogue 18, MPX-
004 (ICso = 79 nmol/L) and analogue 21, MPX-007
(ICso = 27 nmol/L, Fig. 11).

F R
N S 0
/O H n ‘
S/ N /
cl SN o HN-R'
O H “
N
N —>
o R
1, TCN-201 N HYO 0
1Csy = 109 nmol/L, Inorm = 1 Howly
50 > N HN-R'
Phenyl ring B was necessary;
Electron-rich five membered rings (thiazoles, R~N 0
. . . H n -
oxazoles and isoxazoles) decreased the activity. /)
O-N" HN-R'

Figure 6 Lead compound TCN-201 and general SAR observations of ring B**.
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After careful examination of residues surrounding the MPX
binding site, it was observed that the GIuN2A side chains un-
derwent a conformation change to accommodate NAM binding.
The most notable difference was observed in the repositioning of
Val783 at the tip of the J-helix in GluN2A. It is known from
literature®® that the incremental displacement of GluN2A Val783
side chains, similar to NAMs (i.e., TCN-201 < MPX004 < MPX-
007), has significant potency and efficacy. The largest shift in
GIuN2A Val783 occurs when bound with MPX-007 (Fig. 11). The
presence of GluN2A Val783 side chain prevents rotation of pyr-
azine ring B in MPX-007. At higher glycine concentrations, wider
displacement of GIuN2A Val783 and concurrent interaction with
GluN1 Phe754 in MPX-007 compared to TCN-201 and MPX004
may account for the increased efficacy of MPX-007"°.

The dihydrazide moiety of TCN-201 played a crucial role
in the inhibitory activity of GluN1/2A. However, Robert et al.
initially substituted the phenyl hydrazide portion with
2-(methylthiazole-5-yl)methane amine, resulting in analogue
16 (ICso = 398 nmol/L), which exhibited selective GluN1/2A
NAM activity comparable to that of TCN-201. Subsequently,
they replaced the carbon atom at different positions within the
aromatic benzene ring with a nitrogen atom. Pyridine analogue
17 (ICsy = 75 nmol/L) containing a single nitrogen atom,
displayed stronger inhibitory activity against GluN1/2A, while
pyrazine analogue 18 (ICs9 = 79 nmol/L) and 19
(ICs9p = 166 nmol/L), incorporating two nitrogen atoms,

1, TCN-201
IC5o = 109 nmol/L, Inorm = 1

Lead compound TCN-201 and representative [2.2]paracyclophanes compounds

Inorm = 0.01

87,88

maintained higher inhibitory activity and improved ADME
characteristics. Introduction of a methyl group into the pyr-
azine nucleus resulted in compounds 20 (ICsq, = 18 nmol/L)
and 21 (ICso = 29 nmol/L), furtherly enhancing efficacy
compared to TCN-201. MPX-007 demonstrated superior
effectiveness over MPX-004 due to the presence of a methyl
group on its pyrazine nucleus. Further evaluation indicated
that improvements in physicochemical and ADME properties
for these compounds compared to TCN-201.

Moreover, they utilized high concentrations of Gly in the
experimental exogenous expression system and observed that
pyrazinamide analogues effectively and completely inhibited the
activity of GIuN1/2A. MPX-004 also inhibited the GIluN1/2A
component in NMDA receptor response in brain slices. Hence,
even at elevated physiological Gly concentration, these analogues
exhibited significant potency and selectivity in their interaction
with receptor molecules. It is noteworthy that there was a slight
difference in selectivity between MPX-004 and MPX-007 as
observed in the oocyte test. These two compounds had no impact
on GluN2C and GIuN2D activities when completely inhibiting
GluN1/2A activity. However, MPX-007 displayed weak but
concentration-dependent inhibition on GluN2B activity, while
MPX-004 did not exhibit obvious inhibition on GIuN2B activity.
The disparity between two compounds can be attributed to the
halogen substituent on the phenylsulfonamide aromatic ring of
MPX-007 and the methyl on the pyrazine nucleus. The SARs

Cl
e
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/77N (6]
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N \\
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Inorm = 1.35

Electron-rich five membered rings (furan, pyrrole and

thiophene) and indole-2- or indole-3-substitution benefited

the potency; Electron-deficient six-membered pyrimidin
ring and the short alkyl chain reduced the activity.
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Figure 8

Inorm = 1.28

Lead compound TCN-201 and general SAR observations of ring C*’.
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decreased the potency

| |

Figure 9

effect of GIluN1/2A within these two regions is highly sensitive to
various substitutions. Future research should focus more on
recognizing additional binding sites for MPX and understand its
mechanism of action along with regulatory Gly binding sites’”.
3. Selective GluN2A-containing NMDA receptors PAMs

In recent years, selective GluN1/2A PAMs have been discovered
with reasonable efficacy and drug-like characteristics. These
PAMs specifically bind to the dimer interface of GluN1/GluN2
ABD, thereby stabilizing the closed conformation and facilitating
ligand binding”' ™~ *°.

3.1.  Thiazole pyrimidinone analogues

In 2016, Hackos et al. identified a series of thiazole pyrimidinone
analogues as selective PAMs for GluN2A-containing NMDA

F
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Replacement of phenyl ring C and hydrazide
portion by 2-(methylthiazole-5-yl) methane amine
improved the physical and chemical properties;

Replacement of phenyl ring B by pyridine or
pyrazine increased the activity obviously;
Addition of Me to the pyrazine core further
enhanced its activity;
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Lead compound TCN-201 and general SAR observations of dihydrazide part’®.

receptors (Fig. 13)'°. To screen compounds that enhance the
activation of NMDA receptors on Glu application in the presence
of saturated Gly, they established a cell-based Ca®" influx assay
using HEK293 cells stably expressing GluN1 and GIuN2A. A
library containing 1.4 million compounds were tested, and ana-
logues represented by compound 22 (GNE-3476, Fig. 13) were
identified as effective PAMs for GluN1/2A. Further modification
by Volgraf et al. resulted in compounds with this scaffold
possessed good selectivity to GIluN1/2A, and compound 23
(ECsp = 0.9 pmol/L) showed the best activity”.

The structural biology investigation revealed that these mole-
cules bind the dimer interface of GluN1/2A ABD, which exhibits
significant structural similarity to the corresponding binding site
of AMPA receptors. Consequently, thiazole pyrimidinone ana-
logues also exhibit moderate activity towards AMPA re-
ceptors'”"'9? As depicted in Fig. 12, the binding pockets of
AMPA receptors are relatively smaller compared to those of

17
1C50 =75 nmol/L

o
S// N N
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21, MPX-007
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Lead compound TCN-201, representative compounds MPX-004, MPX-007 and general SAR observations.
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Figure 11

Glu792

Binding mode of MPX-007 (GluN1: white cartoon; GluN2A: cyan cartoon; MPX-007: green stick; representative residues: blue

stick; hydrogen bond: yellow dashed line; 7— stacking: orange dashed line; cation—= stacking: red dashed line. PDB code: 5159)"°.

NMDA receptor. The residues of GIuN2A possess smaller side
chain when compared to those in AMPA receptor. Therefore, a
substantial substitution at this binding site has the potential to
determine selectivity between NMDA and AMPA receptors”*

The cocrystal structure of compound 23 is depicted in Fig. 12,
revealing its presence in both the NMDA receptor and AMPA
receptor with distinct cavity sizes.

In order to achieve desirable selectivity, thiazole was employed
as a substitution for the core of thiadiazole, with the substituent
replacing the C’ terminus (Fig. 13). Biological evaluation revealed a
slight improvement in overall efficiency upon replacing thiadiazole

GIuN1/2A

Figure 12  Binding mode of the difference of spatial position of the
same ligand in NMDA receptor and AMPA receptors (PDB code:
5H8H, 5H8S)90. GluN2A, and key residues are color coded green,
while GluA2 and key residues are color coded cyan.

with thiazole (Fig. 13). Substituting the C’-subunit of thiazole with
heteroaryl rings, such as pyridine and pyrimidine, led to enhanced
efficacy observed in compound 24 (ECsqg = 0.168 pmol/L).
Conversely, saturated heteroarenes like morpholine exhibited poor
tolerance as demonstrated by compound 25 (ECsy = 2.2 umol/L).
The introduction of polar groups such as nitriles (compound 26,
ECsop = 0.129 pmol/L) and various aliphatic alcohols improved
GluN1/2A effectiveness through substitution and interaction with
the water network of the C'-subunit. Additionally, isopropene
compound 27 (ECso = 0.060 pmol/L) and methyl ketone were
found to enhance GluN1/2A selectivity due to their w-character
induced by the double bond.

The P-gp efflux ratio (<3) is a fundamental property shared by
all CNS drugs”™*'. It was observed that, with the exception of
compound 28 (ECsy = 0.093 pumol/L, P-gp efflux ratio = 5.1),
the P-gp efflux ratio of all analogues was below 3. Considering the
enhanced potency and selectivity but poor P-gp efflux ratio of
compound 29, further optimization was conducted on the aniline
position. The co-crystal structure of GluN1/2A ABD and ligands
were explored (PDB code: SKDT), respectively. Various aryl and
heteroaryl groups were investigated, leading to the identification
of 3-trifluoromethylpyrazole analogue 30 (ECsy = 0.436 pmol/L)
as a promising candidate. Simulation results indicate that the
N-ethyl motif of the lead compound binds to the same pocket as
the C’-subsite group.

The subsequent investigation of different groups revealed that
compound 31, with the ethylamide substitution at the C’-subsite
and a 5-chloro part, exhibited improved activity and selectivity
towards GluN1/2A. However, it also resulted in an increased
P-gp efflux ratio. Achieving a balance between activity,
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selectivity, metabolic stability and blood—brain barrier (BBB)
penetration has proven to be challenging. Nevertheless, this
equilibrium was attained by introducing cyclopropyl nitrile
substituents at the 3-position of the thiazole ring (32,
ECso = 0.0295 pmol/L, P-gp efflux ratio = 5.3). However,
there still remained a high P-gp efflux ratio. Subsequently, a
trifluoromethyl group was added to the 2-position of the thiazole
nucleus (33, GNE-0723, ECso = 0.021 pmol/L, P-gp efflux
ratio = 2.1). This modification enhanced the metabolic function
while increasing selectivity towards AMPA receptors without
affecting efficiency. GNE-0723 was identified as a potent PAM
selective for GluN1/2A with BBB penetrability for further
in vivo characterization.

The cocrystal structure of GNE-0723 with GluN1/2A ABD
illustrated that the unique binding conformation of trans-
cyclopropyl enabled the nitrile group entering the distal water-
filled pocket of C’-subunit. The pyrimidinone and pyridine sub-
stitution formed w—m stacking interaction with Tyr535 and
His780, respectively. Additionally, the chlorine atom formed a
halogen bond with co-crystal water. The hydrophobic interaction
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/N N= /N N=
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P-gp efflux ratio = 2.1

EC50=0.0295 pmol/L
P-gp efflux ratio = 5.3

Lead compound 23, representative compounds and general SAR observations”.

between the transcyclopropyl and Val783 plays a crucial role in its
selectivity for GluN1/2A over GluN1/2B (Phe), GluN1/2C (Leu),
and GIluN1/2D (Leu) residues (Fig. 14).

Although GNE-0723 exhibited high potency and subtype pref-
erence for the GIuN1/2A, it possessed unfavorable pharmacokinetic
properties (clearance rate in mice, CL = 26 mL/(min-kg); oral
bioavailability, F = 24%). In 2016, Villemure et al. developed a
series of analogues with a pyrido[1,2-a]pyrimidin-4-one scaffold
(Fig. 15)'%. The substitutions on the pyrimidine moiety were
further investigated. Analogue 35 lacking the Me motif demon-
strated approximately twofold improvement in activity compared to
analogue 34 (GNE-3500, ECsy, = 0.024 and 0.041 pmol/L,
respectively). Small substituents such as fluorine atom displayed
similar GluN1/2A potency. Moreover, the methoxy-substituted
analogue (compound 36, ECsy = 0.080 umol/L) was three times
less potent than GNE-0723. The chlorine substituent compound
GNE-5729 (37, EC5o = 0.037 umol/L) exhibited comparable po-
tency to analogue 35 while significantly enhancing stability in
human liver microsomes. In addition, compound 37 showed lower
the efflux ratio (clearance rate in mice, CL = 10 mL/(min-kg);



1996

Liyang Jiang et al.

Figure 14

Binding mode of GNE-0723 with GIuN1/2A ABD (GluN1: white cartoon; GluN2A: cyan cartoon; GNE-0723: green stick;

Representative residues: blue stick; hydrogen bond: yellow dashed line; m— stacking: orange dashed line; halogen bond: pink dashed line. PDB

code: 5KDT)%.

bioavailability, F = 37%), thereby increasing its potential to ach-
ieve biologically relevant free brain concentration in vivo. The
neighboring site R4 was also explored. However, no improvements
in potency were observed for any decorations (methyl, methoxy or
triffuoromethyl, etc.) analogues when R3=H.

The pyridine pyrimidine ring and Tyr535, as well as pyrazole
ring and His783, form m—m stacking contacts, as depicted in
Fig. 15B. Additionally, the chlorine atom forms a water bridge
with Tyr535.

3.2.  Pyrazolo[1,5-a]pyrazin-4-one analogues

In 2021, Sakurai et al. developed a series of analogues featuring
the pyrazolo[1,5-a]pyrazin-4-one scaffold as GIuN1/2A PAMs
without exhibiting any binding affinity towards AMPA receptors
(Fig. 16)'%,

The initial high-throughput screening, based on Ca*" influx
assay, identified a compound exhibiting internal AMPA receptors
activity and also demonstrating moderate activity towards NMDA
receptors (270% activation at 30 pmol/L). To minimize the
binding activity to AMPA receptors and enhance GIuN1/2A ac-
tivity, a rational computer-aided drug design (CADD) method was
employed.

The GIluN1/2A activity can be enhanced by strengthening the
m— interaction with Tyr144 and filling the space around the
thiophene ring of the hit. Therefore, a series of analogues with
thienopyridone and pyrazolopyrazinone scaffolds were designed,
resulting in compounds 38 (ECs, = 2.3 pmol/L) and 39
(ECs0 = 5.2 pmol/L) with improved activity towards NMDA
receptors. Furthermore, introducing a methyl group on the
central core analogues 40 (ECso = 0.18 pmol/L) and 7
(ECs0 = 0.16 umol/L) not only increased their activity towards
NMDA receptors but also significantly enhanced selectivity
against AMPA receptors. Unfortunately, none of them exhibited

acceptable metabolic stability. In addition, in vitro metabolite
identification revealed that n-ethylaniline motif of compound 41
was partially oxidized and metabolized by rat liver microsomes.
Moreover, it was found that the cyanoethyl side chain could only
enhance GluN1/2A PAM activity in the presence of small sub-
stituents. Therefore, to address these issues, a methyl group was
introduced on cyanoethyl side chain and replaced the phenyl
ring with a 5-chloropyrazole ring which is known for its meta-
bolic stability and wide application in previous analogues. These
rational medicinal chemistry designs led to promising compound
42 (ECsp = 0.51 pmol/L), which demonstrated desirable
GluN1/2A subtype selectivity, minimal off-target spectrum
binding to AMPA receptors, as well as excellent brain
permeability.

3.3.  Benzofuran analogues

Coaviche-Yoval et al. discovered that compound 43 (trans-2,3-
dihydrobenzofuran) and its derivatives exhibit protective effects
against epileptic seizures, indicating their potential as NAMs of
NMDA receptors' . Conversely, previous research has suggested
that compound 44 and its racemic derivative 46 (cis-2,3-
dihydrobenzofuran) act as the PAMs of the NMDA receptors.
The authors furtherly proposed that 43 and derivative 45 are
NAMs specific to Glu2A-containing NMDA receptors, while their
regional isomers function as PAMs (Fig. 17). However, additional
studies are required to elucidate the precise biological mechanism
and selectivity of PAMs and NAMs.

3.4. Furan-2-carboxamide analogues

In 2021, Li et al. identified a series of NMDA PAMs with a
furan-2-carboxamide scaffold by virtual screening. Notably,
compound 47, FS2921 (ECsq = 8.8 umol/L, Al/lympa = 3.2)
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yellow dashed line; m—m stacking: orange dashed line; halogen bond: pink dashed line. PDB code: STPA) .

and compound 48, FS2915 (Al/lnmpa = 3.5, Fig. 18) were
representative compounds discovered in this study'’®. Subse-
quent structure investigation focused on these two hits revealed
that the removal of the pyrazol ring led to a loss of potentiating
activity. SAR studies demonstrated the crucial role of the 3,5-
dimethyl-1-pyrazol-1-yl group and p-substitution on phenyl
ring for maintaining activity; moreover, larger decorations were
also tolerated as seen in compounds 50 (Al/Inyvpa = 4.7) and 51
(Alllympa = 6.7). Replacement of the methyl group with a
trifluoromethyl group resulted in improved potentiating activity
observed in compounds 52 (Al/Iyvpa 6.7) and 53
(ECsg 12.5 pmol/L, Al/lnypa = 6.7). Furthermore, by

transforming the furan ring of FS2921 into a thiophene ring, a
series of novel analogues with a thiophene-carboxylamide
scaffold was developed. These analogues exhibited higher
stability and lower toxicity, and were represented by 54
(ECsp 24 umol/L, Al/lyvpa 6.7) and 55
(ECso = 3.6 umol/L, Al/Iympa = 14.3). Notably, the compound
54 demonstrated desirable PK/PD characteristics including
moderate drug exposure, good brain penetration, low cytotox-
icity, low hERG inhibition and suitability for long-term admin-
istration. Furthermore, it showed similar profile to Duloxetine in
forced swimming test, suggesting its potential as a promising
candidate for treating depression.
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3.5.  Benzohydrazide analogues

The compound 56, Npam 43 (ECsy = 0.27 pmol/L) was identified
as GluN1/2A PAM through virtual screening targeting the GIuN1/
2A ABD interface (Fig. 19)'%’. Importantly, Npam 43 demon-
strated the ability to attenuate neuronal damage and enhance
behavioral performance in rats with arterial occlusion after stroke.
It might be worth noting that the compound contains a photo-
switchable moiety (the cyan part of Fig. 19).

Generally, the GIluN1/2A allosteric modulators can be
divided into NAMs and PAMs (Fig. 20). TCN-201 and

ECs50=0.18 pmol/L EC50=10.16 pmol/L

Introduce methyl group cyanoethyl side chain;
Replace the phenyl ring by 5-chloropyrazole ring;
To improve the metabolic stability.

EC59=0.51 umol/L

Lead compound, representative compounds and general SAR observations’”.

TCN-213, originally identified as the GIuN1/2A antagonist,
showed desirable subtype selectivity, but the poor pharmaco-
logical profiles prevent their application. MPX-007 improved the
potency with better pharmacological profiles. GNE-0723 and
GNE-5729 are the representative analogues of GluN1/2A PAMS
and GME-5279 showed better clearance rate and oral
bioavailability.

4. GIluN1/2A subtype selective antagonists

4.1.  Dihydroxyquinoxaline analogues

In 2002, Auberson et al. discovered compound 57 as a potent, non-
chiral, and oral active NMDA antagonist with a preference for
GIuN1/2A (Fig. 21)'%"'° Further optimization efforts focused
on the meta-position of phenyl ring, revealing that this position’s
activity was not sensitive to improvement. The introduction of
larger groups such as benzylamine or cyclohexyl methyl resulted
in lower nanomolar binding affinity. Ultimately, compound 58,
NVP-AAMO77 (ICso = 68.4 nmol/L), an antagonist known as
NVP-AAMO77 with an additional methyl group, was identified to
exhibit a 100-fold selectivity for GluN1/2A. However, further
investigation revealed a 12-fold preference for GluN1/2A over
GluN2B and no concentration range allowed complete inhibition
of the GIuN1/2A receptor without affecting the GluN2B receptor.
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The inhibitory effect of NVP-AMO77 largely depends on the
effective Glu concentration which is typically unknown in phys-
iological experiments and likely varies under different stimulus
regimens.

As shown in Fig. 22, NVP-AAMO077 bound the Glu binding
sitte of GluN2A. The phosphate group establishes multiple
hydrogen bonds and water bridges with neighboring residues.
Additionally, the extra Br-phenyl motif aligns towards the inter-
face of GluN1 and GluN2A'"".
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4.2.  Dihydroisoxazole analogues

In 2004, Conti et al. reported the synthesis and pharmacological
characterization of compound 59, F94b and compound 60, F94c
(Fig. 23)'""1'2 " which exhibited potent antagonistic effects on
NMDA receptors. In 2010, further modification was performed
based on these two antagonists by replacing the original iso-
xazoline ring with a pyrazoline ring and introducing a phenyl ring
with or without substitution. These new analogues displayed
preference for GluN1/2A and GIluN1/2B subtypes over GluN1/2C
and GluN1/2D. Among them, compound 61 (ICsq = 320 nmol/L)
demonstrated nanomolar affinity to NMDA receptors. In 2017,
Tamborini et al. also incorporated p-halogen onto the phenyl ring
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resulting in analogues that showed preference for the GluN1/2A,
exemplified by compound 62, 4C (ICs5o = 91 nmol/L). Further-
more, Lind et al. explored longer chain on p-position, and led
to a specific antagonist compound 63, ST-3 (K; = 51.8 and
782 nmol/L to GluN1/2A and GluN1/2B, respectively) with
15-fold preference to GluN1/2A over GluN1/2B'%.

The binding of ST-3 to the GluN1/2A, similar to NVP-
AAMO77'%°, was observed at the Glu binding site (Fig. 24). The
amino acid group formed multiple hydrogen bonds and water
bridges with surrounding residues, while the other carboxyl motifs
also established several hydrogen bonds and water bridges with
neighboring residues. Additionally, the phenyl ring oriented to-
wards the interface between GluN1 and GIuN2A.
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5. Conclusions and perspectives

In recent years, significant advancements have been made in the
investigation of newly discovered site binding on NMDARs.
These novel binding sites have demonstrated immense potential as
therapeutic targets and tools. The presence of multiple binding
pockets suggests that identification of several subtypes of selective
ligands with both enhancing and inhibiting activities. Although
there are numerous compounds exhibiting sufficient pharmaco-
logical properties and serving as potential starting points for
therapeutic research, further development of new compounds still
necessary. Future research should prioritize (1) expanding the
structural diversity of lead compounds, (2) enhancing pharmaco-
dynamic properties by optimizing the balance between water
solubility and lipophilicity (which has posed challenging in some
SAR studies discussed in this paper) to improve bioavailability,
(3) improving selectivity towards individual GluN2 subunits'"?.

In this paper, we conducted a comprehensive review on the
structure, development and SARs of GluN1/2A subtype selective
ligands. Despite the discovery of several novel GluN1/2A subtype
selective analogues, their efficacy in clinical trials has been
limited. The main challenge lies in achieving clinically feasible
and effective small molecules that specifically target the
GluN1/2A subtype. Therefore, it remains challenging to discover
selective GluN1/2A small molecules and successfully translate
them into clinical practice.

The advancement of computer-aided design device''?,
encompassing molecular and pharmacophore modeling, 3D-
quantitative structure—activity relationship (3D-QSAR), absorp-
tion, distribution, metabolism, excretion, and toxicity (ADMET)
prediction and artificial intelligence-based drug design, can pro-
vide enhanced impetus for the design and development of selec-
tive GluN1/2A ligands and may offer novel insights for future
advancements in GluN1/2A-based small molecules research.
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