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N-methyl-D-aspartate receptors (NMDARs) are Ca2+-permeable ionotropic glutamate
receptors (iGluRs) in the central nervous system and play important roles in neuronal
development and synaptic plasticity. Conventional NMDARs, which typically comprise
GluN1 and GluN2 subunits, have different biophysical properties than GluN3-containing
NMDARs: GluN3-containing NMDARs have smaller unitary conductance, less Ca2+-
permeability and lower Mg2+-sensitivity than those of conventional NMDARs. However,
there are very few specific modulators for GluN3-containing NMDARs. Here, we
developed a cell-based high-throughput calcium assay and identified 3-fluoro-1,2-
phenylene bis (3-hydroxybenzoate) (WZB117) as a relatively selective inhibitor of
GluN1/GluN3 receptors. The IC50 value of WZB117 on GluN1/GluN3A receptors
expressed in HEK-293 cells was 1.15 ± 0.34 μM. Consistently, WZB117 exhibited
strong inhibitory activity against glycine-induced currents in the presence of CGP-
78608 but only slightly affected the NMDA-, KA- and AMPA-induced currents in the
acutely isolated rat hippocampal neurons. Among the four types of endogenous currents,
only the first one is primarily mediated by GluN1/GluN3 receptors. Mechanistic studies
showed that WZB117 inhibited the GluN1/GluN3A receptors in a glycine-, voltage- and
pH-independent manner, suggesting it is an allosteric modulator. Site-directed
mutagenesis and chimera construction further revealed that WZB117 may act on the
GluN3A pre-M1 region with key determinants different from those of previously identified
modulators. Together, our study developed an efficient method to discover modulators of
GluN3-containing NMDARs and characterized WZB117 as a novel allosteric inhibitor of
GluN1/GluN3 receptors.
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INTRODUCTION

N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated
ion channels that play pivotal roles in neuronal development and
synaptic plasticity in the central nervous system (Traynelis et al.,
2010; Paoletti et al., 2013; Hansen et al., 2018). Seven NMDAR
subunits have been identified, including GluN1, GluN2 (2A-2D)
and GluN3 (3A-3B) subunits. Conventional NMDARs are
heterotetramers comprising two glycine-binding GluN1
subunits and two glutamate-binding GluN2 (2A-2D) subunits,
with high Ca2+-permeability and voltage-dependent Mg2+

blockage (Ulbrich and Isacoff, 2007; Paoletti et al., 2013;
Karakas and Furukawa, 2014). Over the past 3 decades,
conventional NMDARs have been intensively studied as
potential therapeutic targets for various psychiatric or
neurological disorders (Hansen et al., 2021).

Much less is known about GluN3-containing NMDARs
(hereafter GluN3-NMDARs) than about conventional
NMDARs (Crawley et al., 2022). Coassembly with GluN3 (3A-
3B) subunits dramatically changes the biophysical properties of
NMDARs by promoting smaller unitary conductance, less Ca2+-
permeability and lower Mg2+-sensitivity. Thus, GluN3A and
GluN3B have been proposed to be dominant negative subunits
of NMDARs (Das et al., 1998; Perez-Otano et al., 2001;
Chatterton et al., 2002). Under physiological conditions,
GluN3A expression is maintained in a narrow time window in
early postnatal development and remains at a low level in adults
(Ciabarra et al., 1995; Sucher et al., 1995; Sasaki et al., 2002; Wong
et al., 2002). Multiple studies have reported that GluN3A may
regulate synaptic maturation and pruning (Perez-Otano et al.,
2006; Roberts et al., 2009; Fiuza et al., 2013; Kehoe et al., 2013;
Kehoe et al., 2014). Dysfunction of GluN3A due to failure of
downregulation or aberrant reactivation beyond the physiological
time window is implicated in multiple neurological diseases, such
as Huntington’s disease (Marco et al., 2013; Wesseling and Perez-
Otano, 2015; Mahfooz et al., 2016; Marco et al., 2018), addiction
(Yuan and Bellone, 2013; Yuan et al., 2013; Jin et al., 2014), and
schizophrenia (Glantz and Lewis, 2000; Mueller and Meador-
Woodruff, 2004; Takata et al., 2013). Different from that of
GluN3A, the expression of GluN3B increases slowly
throughout the developmental stages but appreciably in caudal
areas (Chatterton et al., 2002). Limited studies have suggested
that GluN3B may be involved in motor function, as the
expression of GluN3B is restricted to the motor neurons of
spinal cord and brainstem (Chatterton et al., 2002). The
pharmacological and physiological functions of these two
GluN3 subunits need to be further studied, especially
regarding whether they can be drug targets for the treatment
of neurological diseases, in which GluN3-specific modulators
may serve as pharmacological tools.

In contrast to conventional NMDARs, GluN1/GluN3
receptors belong to a special class of NMDARs that only
require glycine for activation, since the endogenous ligands are
glycine for both GluN1 and GluN3 (Ciabarra et al., 1995; Sucher
et al., 1995; Chatterton et al., 2002; Sasaki et al., 2002; Kehoe et al.,
2014). However, the glycine-induced currents measured with
conventional methods such as whole-cell patch-clamp

recording of GluN1/GluN3 receptors are negligible, possibly
due to their rapid desensitization caused by the preferential
binding of glycine to the GluN1 subunit (Grand et al., 2018).
Mutagenesis of the glycine-binding sites (GluN1F484A/T518L)
(Kvist et al., 2013) or pre-incubation with CGP-78608, a
competitive antagonist of GluN1 (Grand et al., 2018), can
prevent desensitization, which has enabled the discovery of
GluN3-specific modulators, including TK series compounds
(TK13, TK30, TK80) and EU1180-438 (Kvist et al., 2013; Zhu
et al., 2020). Although TK compounds are less active and
relatively mediocre in selectivity, their discovery suggests that
the glycine-binding pocket in the GluN3A subunit could be
suitable for GluN3-specific pharmaceutical development, as
reflected in a 650-fold higher affinity of glycine for GluN3A
than for GluN1 (Yao and Mayer, 2006). EU1180-438 was
reported as a negative allosteric modulator of GluN1/GluN3
receptors with high potency and selectivity acting on the
Glu3A pre-M1 region, a linker between the ligand binding
domains (LBDs) and the first transmembrane helix (M1) (Zhu
et al., 2020). In short, pharmacological tools targeting GluN3 are
still scarce. Thus, it is important to develop a more efficient
method to identify novel and potent modulators targeting
GluN3-NMDARs.

Here, we developed a cell-based high throughput calcium
assay and identified multiple novel inhibitors of GluN3-
NMDARs from 2560 compounds. Most of the compounds
were obtained from the Approved Drug Library (originally
from Topscience, MCE, ApexBio and Selleck), and the rest
that are in clinical or preclinical stages were collected by our
lab. These compounds generally have known and well-
characterized biological activity, safety and bioavailability.
Among the identified hits, WZB117 was characterized as an
allosteric inhibitor with high selectivity for recombinant and
native GluN1/GluN3 receptors.

MATERIAL AND METHODS

Molecular Biology
To establish GluN1/GluN3A stable cell lines, the human GluN1-
1a (GenBank: NP_015566.1) and the rat GluN3A (GenBank:
NP_612555.1) genes were subcloned into the pcDNA5-FRT-To
and pcDNA3.1 vectors, respectively. An EGFP tag was added to
the C-terminus of GluN1 or GluN3A using a T2A linker for
identification of transfected cells during transient transfection.
Point mutations were introduced by site-directed mutagenesis
using PrimeSTAR (Takara). The human GluN2A (GenBank:
NP_000824.1) gene was subcloned into the pcDNA3.1 vector.
The chimeras GluN3A670-673 MWPL/LEPF and GluN2A550-553

LEPF/MWPL were generated using In-Fusion HD Cloning kits
(Takara). All constructs were confirmed by DNA sequencing
(Beijing Genomics Institute).

Cell Culture and Transfection
The Flp-in T-Rex 293 cell lines (Invitrogen), stably expressing
GluN1/GluN3A were grown in DMEM basal medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, Invitrogen),
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15 μg/ml blasticidin S (Invitrogen), 50 μg/ml hygromycin B
(Invitrogen) and 500 μg/ml G418 (Gibco). Expression in cell
lines was induced with 1 μg/ml doxycycline (Invitrogen)
24–28 h prior to the experiments. Chinese hamster ovary
(CHO) cells were grown in DMEM-F12 basal medium (Gibco)
supplemented with 10% FBS. In the study on the action sites of
WZB117, all whole-cell patch-clamp recordings were performed
on CHO cells. The transfections were carried out using
Lipofectamine 3000 transfection reagent (Thermo Fisher)
according to the manufacturer’s instructions. All cells
mentioned above were cultured in a 5% CO2 incubator at
37°C and passaged every other day at a ratio of 1:3.

qRT-PCR
Total RNA was extracted from cells using TRIzol (Invitrogen)
and reverse-transcribed into cDNA using PrimeScript RT Master
Mix (Takara) following the manufacturer’s instructions. The
quantifications were performed using the SYBR Green Master
Mix kit (Yeasen) in the Fast Real-Time PCR system (Applied
Biosystems 7500, CA, United States). The results were processed
with the mean values of delta Ct and Standard Error of Mean
(SEM). The primers used for quantification are as follows:

GluN1-F: 5′-CCAGTCAAGAAGGTGATCTGCAC-3′;
GluN1-R: 5′-TTCATGGTCCGTGCCAGCTTGA-3′;
GluN3A-F: 5′-GCATAGTGCGCCACGAGTT-3′;
GluN3A-R: 5′-GGTCAGGATTGAGACAGTGACAT-3′;
GAPDH-F: 5′-GTCAAGGCTGAGAACGGGAA-3′;
GAPDH-R: 5′-AAATGAGCCCCAGCCTTCTC-3′.

Western Blot Analysis
Total protein was extracted with strong RIPA lysis buffer
(Yeasen), quantified with the BCA protein quantification kit
(Thermo Fisher) and separated by 8% SDS-PAGE
electrophoresis, and then the membrane was incubated with
primary antibodies against GluN3A (at a working
concentration of 10 μg/ml) and GAPDH (Yeasen, at a working
concentration of 1 μg/ml). The primary antibody against GluN3A
was produced by our own lab. Briefly, GluN3A-NTD protein was
used as an antigen to immunize Balb/c mice. Seropositive
splenocytes detected by ELISA were fused with myeloma cells
(SP2/0) to obtain hybridoma cells. Total RNA was extracted from
hybridoma cells and reverse-transcribed into cDNA. The
sequence of the heavy and light chains of the antibody were
cloned and sequenced using multiple mixed primers (von
Boehmer et al., 2016), and the antibody was expressed and
purified in HEK-293T cells in vitro. The second antibody was
peroxidase AffiniPure goat anti-mouse IgG (H + L) (Yeasen).

High-Throughput Screening Assay
The HEK-293 cells stably expressing GluN1/GluN3A receptors
were seeded at a density of 10,000 cells/well in the 384-well plates,
and expression was induced with 1 μg/ml doxycycline for
24–28 h. Then the culture medium was removed, Fluo-4
(Invitrogen) was loaded and the cells were incubated in the
37°C incubator away from light for 1 h (Gee et al., 2000). The
plates were gently washed twice with Ca2+-free buffer and then
incubated with one of the 2560 compounds (from the Chinese

National Compound Library) or DMSO (1% and 0.33%) for
20 min. A fixed concentration of 30 μM and dual concentrations
of 10 μM and 30 μM were applied in the primary and secondary
screening, respectively. Two replicates were set up for each
condition. After incubating 30 μl of the tested compounds,
10 μl of CGP-78608 (Tocris, at a working concentration of
500 nM) was added and incubated for 3 min, and the cells
were subsequently stimulated by 10 μl of glycine (Amresco, at
a working concentration of 100 μM). A FDSS/μCell platform
(Hamamatsu) was used to measure the fluorescence signals. The
excitation (Ex) and emission (Em) wavelengths were set to 480
and 540 nm, respectively. The inhibitory effects of tested
compounds were compared by the ratios of fluorescence (F)
with (Fdrug) and without (Fcontrol) the compounds. The Fcontrol
value in these assays represented the value of basal Fluo-4
fluorescence plus glycine-stimulated fluorescence, and the Fdrug
indicated the total Fluo-4 fluorescence after treatment of the
drugs. Both the Fdrug and Fcontrol values were taken at the peak.
The Ca2+-free buffer used to dilute Fluo-4 and wash cell-plates
contained (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 10 glucose, 10
HEPES, and 0.5 EGTA. The pH was adjusted to 7.2 using NaOH.
To dilute the compounds, 2 mM of free Ca2+ was added in
addition to the other components of the buffer.

Acutely Isolated Hippocampal Neuron
Preparations
Hippocampal neurons were obtained from Sprague-Dawley rats
(aged P7-14). Briefly, the isolated hippocampal tissues were cut
into approximately 800 μM slices along the sagittal plane and
were digested with 3 mg/ml proteinase (Sigma-Aldrich) at 32°C
for 8 min. Then 1 mg/ml bovine serum albumin (Sangon Biotech)
and 1 mg/ml trypsin inhibitor (Sigma-Aldrich) were used to stop
the digestion. A few slices of the hippocampus were gently blown
into single cells with the dissecting solution, then transferred to a
dish and left to rest for 20 min before experiments. The dishes
were preprocessed. Essentially, the bottom of the dish was
covered with discarded cell suspension the day before the
experiment and was washed and dried the next day, which
prevented the neurons from sticking to the bottom too tightly.
The dissecting solution contained (inmM): 82 Na2SO4, 30 K2SO4,
5 MgCl2, 1 Na pyruvate, 10 HEPES, and 20 glucose. The pH was
adjusted to 7.2 using NaOH (Xie et al., 2020).

Whole-Cell Patch-Clamp Recording
Whole-cell patch-clamp recordings were performed at room
temperature (22–25°C) using an EPC-10 amplifier and Patch
Master Software (HEKA). Pipettes were pulled from borosilicate
glass capillaries (World Precision Instruments), and the
resistances were 3–5 MΩ when filled with the intracellular
solution. The extracellular solution contained (in mM): 140
NaCl, 2.8 KCl, 1 CaCl2, 10 HEPES and 20 sucrose (290–300
mOsm), pH adjusted to 7.3 using NaOH. The pipette solution
contained (in mM): 115 CsF, 10 CsCl, 10 HEPES and 10 BAPTA
(280–290 mOsm), pH adjusted to 7.2 using CsOH (Grand et al.,
2018). When recording in hippocampal neurons, the extracellular
solution contained (in mM): 140 NaCl, 5 KCl, 1 CaCl2, 1.25
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MgCl2, 10 glucose, and 10 HEPES, and the pH was adjusted to 7.4
using NaOH, and the pipette solution contained (in mM): 140
KCl, 1 MgCl2, 10 EGTA, and 10 HEPES, and the pH was adjusted
to 7.2 using KOH (Xie et al., 2020). Drug-containing solutions
were applied through an RSC-200 Rapid Solution Changer with a
9-tube head (BioLogic Co., France), in which the cell is positioned
close to the output of a capillary. The solution, containing either
one drug or a combination of different drugs, to be assayed flows
out of the capillary at a moderate flow rate by gravity. The lifted
cell, exposed to this stream, rapidly equilibrates in the perfusion
solution.Whole-cell patch-clamp recordings in heterologous cells
and hippocampal neurons were performed at a holding potential
of −60 mV. Currents were sampled at 10 kHz and low pass
filtered at 2.9 kHz. To record the native GluN1/
GluN3 receptor-mediated currents, the extracellular solution
was supplemented with 10 μM bicuculline (Sigma-Aldrich),
2 μM NBQX (Topscience), 100 μM D-APV (MCE), and 50 μM
strychnine (UHN Shanghai) to block γ-aminobutyric acid type A
(GABAA), α-amino-3-hydroxy-5-methylisoxazole-4-propionate
(AMPA), GluN1/GluN2 NMDA and glycine receptors,
respectively. To record the native GluN2-NMDARs-mediated
currents, 10 μM bicuculline and 2 μM NBQX were added into
the extracellular solution to block GABAA receptors and AMPA
receptors, respectively (Grand et al., 2018; Otsu et al., 2019; Zhu
et al., 2020).

Two-Electrode Voltage-Clamp Recordings
Two-electrode voltage-clamp (TEVC) recordings were
performed on Xenopus oocytes expressing various subtypes of
recombinant NMDARs. Each oocyte was injected with a mixture
of 0.5–1.0 ng cDNAs or cRNAs encoding wild-type (WT) or
mutant GluN1 (GluN1-1a or GluN1-4a) and GluN2 (2A-2D) or
GluN3 (3A-3B) at a ratio of 1:1. The mutant GluN1-4a F484A/T518L

was injected together with GluN3B to boost the currents of
GluN1/GluN3B receptors, and WT GluN1-1a was used unless
otherwise stated. The cRNAs of GluN1-4a, GluN3A and GluN3B
were transcribed from corresponding DNAs using the
mMESSAGE mMACHINE T7 Ultra kit (Life Technologies)
according to the manufacturer’s instructions, and the others
not specified were cDNAs. TEVC recording was performed
24–72 h post injection in extracellular solution containing (in
mM): 100 NaCl, 0.3 BaCl2, 2.5 KCl, 0.01 DTPA and 5HEPES, and
the pH was adjusted to 7.3 using NaOH. All recordings were
carried out at a holding potential of −60 mV.

Molecular Modeling
The structural model of GluN1/GluN3A receptor was generated
using Modeller 9.24 (Webb and Sali, 2016) based on two
templates, the diheteromeric GluN1/GluN2B receptor structure
(PDB ID: 6WHS) (Chou et al., 2020) and the truncated GluN3A-
LBD structure (PDB ID: 2RC7) (Yao et al., 2008). Then, the
structure was refined using the Protein Preparation Wizard
Workflow embedded in the Maestro 9.0, and all the
parameters were set as the default. The potential binding
pockets around the pre-M1 region of GluN1/GluN3A
receptors were predicted using the Fpocket program (Le
Guilloux et al., 2009). Afterward, the program Glide (Friesner

et al., 2004) integrated in Maestro was employed to perform
molecular docking. The residues in the range of 10 Å around the
residue W671 were defined as the binding sites. The compound
WZB117 was prepared through LigPrep provided by Maestro to
generate protonation states with Epik (Shelley et al., 2007) with a
pH value of 7.0 ± 2.0. The Glide XP mode was used to dock the
prepared ligand into the defined docking grid of GluN1/GluN3A
receptors.

Statistical Analysis
Patch-clamp data were processed using Clampfit 10.4 (Molecular
Device, Sunnyvale, CA, United States) and analyzed with
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA,
United States). Concentration-response curves were fitted
using the following 3-parameter Hill equation: Y=Bottom +
(Top-Bottom)/(1 + 10̂(X-LogIC50)), where Top and Bottom,
respectively, represent the channel’s maximum and minimum
responses to the compounds, X is the value of the logarithm of the
concentration, Y is the Idrug/Icontrol value, and IC50 is the drug
concentration producing a half-maximum response. All results
are given as the mean ± SEM. Statistical analyses were performed
using Student’s t-test or two-way ANOVA. Asterisks (*) indicate
statistically significant differences from the control group (*p <
0.05, **p < 0.01 and ***p < 0.001).

RESULTS

Establishment of a HTS Method for GluN1/
GluN3A Receptors
To discover GluN3A-specific modulators, we have developed a
cell-based HTS method by measuring Ca2+ influx using Fluo-4 as
fluorescent indicator. First, a cell line stably expressing GluN1/
GluN3A receptors was established using the Flp-in T-REx system
(Figure 1A). To induce GluN1/GluN3A expression, 1 μg/ml
doxycycline was added into the culture medium 24–28 h
before the experiments. The GluN1/GluN3A Flp-in T-REx 293
stable cell lines remained healthy despite the induction. Unlike in
the host cells, qRT-PCR (Figure 1B) and Western blot assays
(Figure 1C) showed that both GluN1 and GluN3A were well
expressed in the GluN1/GluN3A stable cell lines with induction.
As illustrated in Figure 1D, after administration of CGP-78608
and glycine, only the GluN1/GluN3A stable cell line yielded
fluorescence signal, whereas neither GluN1 stable cell lines nor
host cells did. These data showed that a functional HTS method
was successfully established.

Identification of Modulators for GluN1/
GluN3A Receptors
Taking advantage of the established HTS method, we carried out two
rounds of screening (Figure 2A). The appropriate concentrations of
CGP-78608 were optimized in a preliminary experiment and we
found that the saturated concentration of CGP-78608 was
approximately 500 nM (Supplementary Figure S1). The tested
compounds were incubated for 20min before the administration
of 500 nM CGP-78608. In the first round, a total of 2560 compounds
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were tested at a fixed dose of 10 μM, and 160 compounds with Fdrug/
Fcontrol< 0.75were defined as the pre-hits (Figure 2B). To improve the
accuracy of screening, the pre-hits were further examined at 10 μM
and 30 μMin the second round. After the secondary screening, 13 hits
were obtained, which met the following criteria: 1) Fdrug/Fcontrol <
0.75 at 10 μM; 2) a dose-dependent change in the Ca2+ fluorescence
between 10 μM and 30 μM. Notably, although this relatively strict
criterion will reduce false positive ratio, it is also possible to miss some
potential hits because their effects have been saturated at 10 μM; 3)No
effect on NMDARs has been reported previously (Figures 2C,D). As
shown in Figure 2D, a substantial fluorescence increase was visible
upon CGP-78608 addition in the control condition, which appeared
to depend on the concentration of Ca2+ and expression of GluN3A
(Supplementary Figure S2). The inhibitory effects of these 13 hits
were validated at a concentration of 3 μM using whole-cell patch-
clamp recording. Among them, 2-chloro-N-[2’-(N-cyanosulfamoyl)
biphenyl-4-ylmethyl]-N-(4-methylbenzyl) benzamide (S0859), 7-
bromo-2-(4-hydroxyphenyl) benzoxazol-5-ol (WAY200070) and 3-
fluoro-1,2-phenylene bis(3-hydroxybenzoate) (WZB117) showed
relatively strong inhibitory activity, among which WZB117 was the
most potent one (Table 1; Figure 2E). Notably, both the positive
control (5,7-DCKA) and four previously reported NMDAR

modulators, including L-701324 (Priestley et al., 1996), flupirtine
maleate (Osborne et al., 1998; Kornhuber et al., 1999), riluzole
(Debono et al., 1993) and D-serine (Wolosker, 2007), were also
identified in both the primary screening and secondary screening,
suggesting that the HTS method is relatively reliable. Together, our
results showed that the HTS method enables the identification of
potential modulators targeting GluN1/GluN3A receptors.

WZB117 Selectively Inhibits the Activity of
GluN1/GluN3 Receptors
To fully understand the influences of WZB117 on NMDA receptors,
the inhibitory activity and subtype selectivity of WZB117 were
evaluated in HEK-293 cells stably expressing GluN1/GluN3A
receptors and Xenopus oocytes transiently expressing NMDARs,
respectively. As shown in Figure 3A, WZB117 dose-dependently
suppressed the GluN1/GluN3A receptor-mediated currents in the
presence of 100 μMglycine. The inhibitory data were fitted to the Hill
equation, revealing an IC50 value of 1.15 ± 0.34 µM (Figure 3B). The
selectivity of WZB117 against other NMDARs was examined in
Xenopus oocytes. Consistent with the inhibitory effect observed in
the GluN1/GluN3A stable cell line, 30 μM WZB117 potently

FIGURE 1 | Generation and functional verification of GluN1/GluN3A Flp-in T-REx 293 stable cell lines. (A) Schematic graph showing the generation of GluN1/
GluN3A Flp-in T-REx 293 stable cell lines. (B and C) Expression levels of GluN1 and GluN3A in the GluN1/GluN3A stable cell lines verified by qRT-PCR (B) andWestern
Blot (C). (D) GluN1/GluN3A stable cell lines formed functional ion channels. When the channels were activated by CGP-78608 and glycine, Ca2+ flowed into cells and
bound to Fluo-4, resulting in a fluorescence signal detected by a FDSS/μCell platform. The basal fluorescence value was automatically normalized to 1 in the FDSS/
μCell platform, so the real-time fluorescence response was displayed as a fluorescence ratio. Significance was tested using one-way ANOVA; pp < 0.05, ppp < 0.01 and
pppp < 0.001.
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suppressed the currents recorded in the Xenopus oocytes expressing
GluN1/GluN3A receptors (Figures 3C,D). Due to the failure to record
currents of WT GluN1/GluN3B receptors, GluN1-4aF484A/T518L/
GluN3B mutants were used here, which had been reported to
delay desensitization and amplify the currents (Kvist et al., 2013).
We found that 30 μM WZB117 showed inhibitory effects on the
GluN1-4aF484A/T518L/GluN3B receptor-mediated currents similar to
those on the GluN1/GluN3A receptors-mediated currents (Figures
3C,D). To induce the GluN1/GluN2 (2A-2D) receptors-mediated
currents, 100 μM glycine and 100 μM glutamate were coapplied.
Infusion of 30 μM WZB117 produced relatively weak inhibition on
the GluN1/GluN2 (2A-2D) receptors (Figures 3C,D). Our results
indicated that WZB117 is a relatively selective inhibitor of GluN1/
GluN3 receptors.

FIGURE 2 | HTS for GluN1/GluN3A modulators. (A) Flow chart of the HTS. (B) Overview of the first round results. The Ca2+ fluorescence signal ratio (Fdrug/Fcontrol)
of all compounds (2560) is represented by a circle. Compounds (30 μM) with a ratio less than 0.75 (the dashed line) were considered as the pre-hits and are displayed as
red circles. Data represent the mean of the duplicate results. (C) Discovery of hits. A total of 160 pre-hits were selected for the second round. Compounds (10 μM) with a
ratio less than 0.75 (the dashed line) and showing a dose-dependent inhibitory activity were considered as potent hits of GluN1/GluN3A receptors. (D)
Representative fluorescence signal of a hit in the FDSS/μCell. The well-to-well variation was 0.01 at 10 μM and 0.02 at 30 μM (calculated with standard deviation). (E)
Chemical structures of previously reported (black) and newly discovered (red) modulators.

TABLE 1 | Inhibitory effects of 13 compounds on GluN1/GluN3A receptors.

Compound I drug/I

control

n Compound I drug/I

control

n

DMSO 0.94 ± 0.01 3 Rhein 0.80 ± 0.04 4
Avasimibe 0.86 ± 0.03 3 S0859 0.48 ± 0.02 6
GSK2334470 0.84 ± 0.04 6 TAK285 0.92 ± 0.06 3
IC261 0.88 ± 0.01 3 Tirapazamine 1.03 ± 0.05 3
KN93 Phosphate 0.90 ± 0.02 6 WAY200070 0.53 ± 0.02 3
Lonafarnib 0.98 ± 0.02 3 WZB117 0.08 ± 0.02 9
NH125 0.84 ± 0.03 3 SU6668 0.89 ± 0.04 3

Data are shown as the mean ± SEM. All recordings were performed on GluN1/GluN3A
Flp-in T-REx 293 stable cell lines. The order of drug application was the same as in FDSS/
μCell Ca2+ imaging, and the representative current traces are given in Supplementary
Figure S4.
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WZB117 Inhibits GluN3-NMDARs Neuronal
Responses
The potent and selective inhibition of WZB117 on GluN1/GluN3
receptors expressed in the heterologous system prompted us to study
whether WZB117 could inhibit native GluN1/GluN3 receptors in
juvenile hippocampal neurons (Grand et al., 2018; Zhu et al., 2020).
Consistent with the results obtained in HEK-293 cells stably
expressing GluN1/GluN3A receptors, after incubation with CGP-
78608, perfusion of 10 μM WZB117 produced a strong inhibition
(Idrug/Icontrol = 0.18 ± 0.03) of glycine-induced currents in neurons
(Figures 4A–C). In contrast, administration of 10 μM WZB117
showed a relatively weak inhibition (Idrug/Icontrol = 0.73 ± 0.01) on the
native currents primarily mediated by GluN2-containing NMDARs
(Figures 4D–F). However, this inhibitory effect was still larger than
that of 30 μMWZB117 on the recombinant GluN1/GluN2 receptors
on Xenopus oocytes (Figures 3C,D), suggesting that the native
currents are possibly not only derived from GluN1/GluN2

receptors, but are also partially originated from GluN1/GluN2/
GluN3 receptors. This speculation was then examined in the
HEK-293 cells transiently transfected with GluN1/GluN2/GluN3
(1:1:2 ratio) plasmids. We found that the inhibitory effect of 30 μM
WZB117 on GluN1/GluN2A/GluN3A (Idrug/Icotrol = 0.22 ± 0.04)
was indeed higher than those of GluN1/GluN2A (Idrug/Icotrol = 0.84 ±
0.01) (Supplementary Figure S3). Notably, when the three plasmids
were expressed simultaneously, there was a mixture of GluN1/
GluN2A, GluN1/GluN3A and GluN1/GluN2A/GluN3A receptors
on the plasma membranes, making it difficult to conclude the real
effects on GluN1/GluN2A/GluN3A receptors. AMPA and KA
receptors are also important iGluRs expressed in the central
nervous system. We found that, at 10 μM, WZB117 showed little
effect on the KA-induced currents (Figures 4G–I) and was almost
ineffective on theAMPA -induced currents (Figures 4J–L). Our data
revealed that WZB117 preferentially suppresses native GluN1/
GluN3 currents over those of the other iGluRs.

FIGURE 3 | Effects of WZB117 on GluN1/GluN3A receptors. (A) Representative traces of GluN1/GluN3A receptors with WZB117 application at the indicated
concentrations. Whole-cell patch-clamp recording was performed on HEK-293 cells stably expressing GluN1/GluN3A receptors. (B) Dose-response curve of WZB117
on recombinant GluN1/GluN3A receptors (IC50 = 1.15 ± 0.34 μM, n = 6-7). (C) Representative traces of indicated receptors with WZB117 application. TEVC recording
was performed on Xenopus oocyte expressing indicated receptors. Since currents were not observed for WT GluN1/GluN3B receptors, the mutant channel
GluN1-4aF484A/T518L/GluN3B was used instead (Kvist et al., 2013). GluN1-1a was always used unless otherwise stated. (D) Inhibitory effects of WZB117 on various
NMDAR subtypes in Xenopus oocytes.
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WZB117 is a Negative Allosteric Modulator
of GluN1/GluN3A Receptors
To understand how WZB117 inhibits GluN1/GluN3A receptors,
the dose-response curves of WZB117 were compared in the
presence of 10 μM and 100 μM glycine individually. The
similar IC50 values indicated that WZB117 is not a
competitive antagonist for the glycine binding sites (IC50 =
1.15 ± 0.34 μM at 100 μM glycine; IC50 = 1.08 ± 0.31 μM at
10 μM glycine) (Figure 5B). The voltage-dependence of WZB117
was also evaluated. As shown in Figure 5C, there was no
significant change of inhibition activity at +40 mV and
−60 mV. The current-voltage relationship (I-V curve) of
WZB117 also argued against the possibility that WZB117 is a
voltage-dependent pore blocker (Figure 5D). Given that
extracellular pH conditions can affect the current amplitudes
of GluN1/GluN3 receptors (Cummings and Popescu, 2016), we
generated dose-response curves for WZB117 at pH values of 6.9,

7.3, and 8.3, respectively. The comparable IC50 values under
different pH conditions indicated that WZB117 is a pH-
independent antagonist (IC50 = 1.27 ± 0.39 μM at pH 6.9; IC50

= 1.15 ± 0.34 μM at pH 7.3; IC50 = 1.09 ± 0.22 μM at pH 8.3)
(Figures 5E,F). Together, our data showed that WZB117 is a
negative allosteric modulator which inhibits GluN1/GluN3A
receptors in a glycine-, voltage- and pH-independent manner.

Molecular Determinants of WZB117
Modulation
To explore the potential action sites of WZB117, we investigated
whether the pre-M1 region, previously known to be critical for other
inhibitors such as EU1180-438 (Zhu et al., 2020), contributes to
WZB117 inhibition. Pre-M1 is a helix connecting the LBD and M1
with poor homology between GluN3 and other subunits of
NMDARs (Figure 6A). Alanine-scanning mutagenesis across the
pre-M1 region of GluN1 and GluN3A subunits was performed

FIGURE 4 | Effects of WZB117 on the native iGluRs. (A–C) WZB117 (10 μM) potently inhibited GluN1/GluN3 receptors on acutely isolated rat hippocampal
neurons. (D–L) WZB117 (10 μM) showed relatively weak inhibition of GluN2-NMDARs (D–F) and non-NMDA receptors (G–L). Significance was tested using a t-test;
pp < 0.05, ppp < 0.01 and pppp < 0.001.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 8883088

Zeng et al. WZB117 Inhibits GluN1/GluN3 NMDA Receptors

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


individually.We found that themutationsW671A and L673A of the
GluN3A subunit significantly influenced the inhibitory effect of
WZB117 (Figure 6C), while none of the mutations in the pre-M1
region of the GluN1 subunit showed a detectable influence on
WZB117 activity (Figure 6B), which preliminarily indicated that
GluN3Amight be the dominant subunit forWZB117 activity. Then,
we generated two chimeras of GluN3A670-673 MWPL/LEPF and
GluN2A550-553 LEPF/MWPL based on the distinct effects of
WZB117 between GluN1/GluN3A and GluN1/GluN2A (Figures
3C,D). Interestingly, after swapping the four amino acids in the pre-
M1 regions of GluN2A and GluN3A, the chimera GluN1/
GluN2A550-553 LEPF/MWPL acquired higher sensitivity to WZB117
(Figure 6E), while the inhibition on the chimera GluN3A670-673

MWPL/LEPF was greatly reduced (Figure 6D), which validated that
pre-M1 of GluN3A is a key region for the inhibitory effect of
WZB117.

In Silico Modeling of WZB117 Binding Sites
We have shown that the pre-M1 region in GluN3A contributes to
WZB117 inhibition. ThenWZB117 was docked into the potential
binding pocket at pre-M1 region based on the homologymodel of
GluN1/GluN3A receptors (Figure 6A). As shown in
Supplementary Figure S5A, there are two neighboring cavities
in the pre-M1 region. Cavity C1 refers to the potential binding
pocket of EU1180-438 (Zhu et al., 2020), while WZB117 might
bind to the Cavity C2 since it is surrounded by residues affecting
WZB117 inhibition, which are W671 and L673 of GluN3A. For
GluN1/GluN2A receptors, there is no obvious pocket located at
the corresponding sites (Supplementary Figure S5B), which may

account for the lower inhibitory activity of WZB117 against
GluN1/GluN2A receptors. The putative binding mode of
WZB117 suggested that the compound WZB117 may form
hydrogen bonds with W671 as well as hydrophobic
interactions with L673 (Figures 6F,G), confirming the
important roles of the two residues. As substitutions of the
two residues by glutamate, alanine or phenylalanine might
lead to conformational changes of the main chain, thereby
destroying the hydrogen bond and the hydrophobic
interactions, the reduction of the inhibitory efficacy of
WZB117 on the corresponding mutants might be ascribed to
the destruction of these original interactions. Together, the
molecular docking study supported the notion that pre-M1 is
a key region for WZB117 activity.

DISCUSSION

To date, only few GluN3 modulators have been reported
(Crawley et al., 2022). Due to the low sequence identity and
structural conservation between GluN3 and the other NMDAR
subunits, GluN3 subunits are hyposensitive to both competitive
modulators acting on GluN2 subunits and broad-spectrum
channel blockers (Chatterton et al., 2002; McClymont et al.,
2012). GluN3A seems to be an attractive target compared to
other NMDAR subunits. First, the expression level of GluN3A
was found to be abnormally elevated in pathological conditions
while low expression levels were found in healthy adults (Kehoe
et al., 2013; Wesseling and Perez-Otano, 2015; Pérez-Otaño et al.,

FIGURE 5 | Inhibition mechanism of WZB117 on GluN1/GluN3A receptors. (A) Representative traces of GluN1/GluN3A receptors in the presence of glycine at the
indicated concentrations. (B) Dose-response curves of WZB117 under agonistic conditions of 10 μM (blue) and 100 μM (red) glycine. (C) Representative traces of
GluN1/GluN3A receptors in the presence of 3 μM WZB117 at membrane potentials of −60 mV and +40 mV. (D) Effect of 3 μM WZB117 on the current-voltage
relationship of GluN1/GluN3A receptors. The I-V curves were recorded at membrane potentials ranging from −80 mV to +40 mV, and the current amplitudes were
normalized to the response of control at +40 mV. (E) Representative traces following 3 μMWZB117 inhibition of GluN1/GluN3A receptors at pH values of 6.9, 7.3, and
8.3. (F) Dose-response curves of WZB117 on GluN1/GluN3A receptors at pH of 6.9 (green), 7.3 (red) and 8.3 (blue). All data were recorded from GluN1/GluN3A Flp-in
T-REx 293 stable cell lines.
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2016). Second, inhibition of GluN3A by genetic intervention at
different developmental stages can prevent or rescue kinds of
Huntington’s disease symptoms ranging from neuronal survival
to cognitive and motor functions in mouse models (Marco et al.,
2013; Marco et al., 2018). However, the feasibility of GluN3A as a
therapeutic target has not been investigated from the perspective
of molecular blockade. Similarly, the physiological roles of
GluN3B are unclear due to limited research. Therefore, the
discovery of GluN3-specific small-molecule modulators is of
great significance.

Here, we established a cell-based calcium assay for screening
GluN1/GluN3A modulators. First, the Ca2+ fluorescence signal is

stable with good temporal resolution and sensitivity, and the
screening window can be flexibly optimized by changing the
stimulation conditions. Second, comparing to the isolated LBD of
GluN3A applied in the screening (Kvist et al., 2013), the full
length of GluN1/GluN3A receptors may greatly facilitate the
discovery of new molecules with different characteristics. In
our study, a total of 2560 compounds were tested, and finally
3 compounds (≥50% inhibition at 3 μM) were identified as
GluN1/GluN3A receptor antagonists with completely different
structures than those of the previously reported molecules
(Figure 2; Table 1). Based on both the positive experiences
and negative experiences learned from this pilot screening, a

FIGURE 6 | Critical residues for WZB117 inhibition. (A) Homology model of the GluN1/GluN3A structure based on the structures of GluN1/GluN2B receptor (PDB
ID: 6WHS) and the LBD of GluN3A subunit (PDB ID: 2RC7). GluN1 andGluN3A subunits are shown in gray and cyan, respectively (NTD: the N-terminal domain; LBD: the
ligand binding domain; TMD: the transmembrane domain). The black box indicates the pre-M1 region. The bottom panel shows the sequence alignment of pre-M1 in all
NMDAR subunits. Residues marked with an asterisk were selected for mutagenesis and whole-cell patch-clamp recordings. (B and C) Scanning mutagenesis
across the pre-M1 region of GluN1 (B) and GluN3A (C) subunits. (D and E) Inhibition of WZB117 after amino acid substitutions in the pre-M1 regions between GluN3A
(D) and GluN2A (E) subunits. (F) Putative binding mode of WZB117. The compound is shown as magenta sticks, and key residues are shown as cyan sticks. Hydrogen
bonds are shown as a red dashed line. (G) 2D diagram of the interactions between compoundsWZB117 andGluN1/GluN3A receptors. All recordings were carried out in
transiently transfected CHO cells. Significance was tested using one-way ANOVA; pp < 0.05, ppp < 0.01 and pppp < 0.001.
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large-scale HTS would accelerate the identification of more
GluN3 modulators.

Among the three identified hits in the pilot screening, WZB117
showed strong inhibitory potency with an IC50 value of 1.15 ±
0.34 μM (Figure 3), which is similar to that of EU1180-438 (IC50 =
1.80 ± 0.30 μM) (Zhu et al., 2020) and much higher than that of TK
compounds (Kvist et al., 2013). Due to the desensitization of the
GluN1/GluN3 receptors (Grand et al., 2018), the inhibitory effect of
WZB117 could be overestimated in the TEVC and whole-cell patch
clamp experiments. In addition, WZB117 exhibited a good subtype
selectivity for GluN1/GluN3 receptors relative to GluN1/GluN2
receptors and other iGluRs in acutely isolated rat hippocampal
neurons (Figure 3; Figure 4). However, to define WZB117 as a
good pharmacological tool, a more comprehensive evaluation of
selectivity is needed. For example,WZB117 has been reported to be a
glucose transporter (GluT) inhibitor with antitumor activity. Besides,
S0859 is a high-affinity inhibitor of Na+/HCO3

− cotransporter
(NBC) with potential activity in the regulation of cardiac
function, and WAY-200070 is an agonist of estrogen receptor
beta (ERRβ) with potential anxiolytic and antidepressant activity
(Ch’en et al., 2008; Hughes et al., 2008; Liu et al., 2012;
Xintaropoulou et al., 2015; Wei et al., 2018). Accordingly, it
appears difficult to identify an ideal probe with potent activity
and excellent selectivity for GluN3A or GluN3B simply through
HTS. Further structural modifications would help to improve both
potency and selectivity and eliminate potential side effects of these
lead compounds.

In the past 30 years, clinical studies have shown that
competitive antagonists and channel blockers of NMDARs
commonly display severe side effects, possibly due to their
broad-spectrum inhibitory effects, and thereby greatly limiting
their clinical development (Kalia et al., 2008; Hardingham and
Bading, 2010; Traynelis et al., 2010; Hansen et al., 2012).
Allosteric modulators generally show strong subunit-selectivity
and better clinical development prospects as they bind to less
conserved pockets (Hansen et al., 2012; Zhu and Paoletti, 2015;
Burnell et al., 2019; Strong et al., 2021). Our data indicated that
WZB117 is a negative allosteric modulator inhibiting GluN1/
GluN3A receptors in a glycine-, voltage- and pH-independent
manner (Figure 5). We further demonstrated that GluN3A pre-
M1 is a potential binding pocket for WZB117, which was
profoundly implicated by the significant changes in the
activity of WZB117 against the chimeras GluN1/GluN3A670-673

MWPL/LEPF and GluN1/GluN2A550-553 LEPF/MWPL. Particularly, the
chimera GluN1/GluN2A550-553 LEPF/MWPL, owning a short motif
containing only four amino acids from the GluN3A pre-M1
region, gained sensitivity towards WZB117 inhibition, which
further confirmed the importance of the pre-M1 region
(Figure 6). Recent structural pharmacological studies of
NMDARs have provided cogent evidence for the important
contribution of the linkers between the LBDs and the
transmembrane domains (TMDs) to channel gating (Wang
et al., 2021). In addition, many de novo mutations related to
neurological diseases, such as epilepsy and developmental delay,
are associated with the pre-M1 regions of both GluN1 and GluN2
subunits, which also appear to affect the kinetics of the channels
(Sobolevsky et al., 2007; Ogden et al., 2017; Vyklicky et al., 2018;

XiangWei et al., 2019; McDaniel et al., 2020). Although no studies
about GluN3A pre-M1 related structures or pathogenic
mutations have been reported, our work provides insights
from a pharmacological perspective that GluN3A pre-M1 is a
potential target for drug development. Considering that the
critical residues of WZB117 are different from those of
EU1180-438, there may be different drug binding pockets near
to each other (Supplementary Figure S5A).

In conclusion, we have established a cell-based high-
throughput screening and identified WZB117 as a novel and
potent allosteric modulator against GluN1/GluN3 receptors.
WZB117 exhibited relative selectivity for GluN1/GluN3
inhibition over other iGluRs. A mechanistic study revealed
that multiple residues located at pre-M1 region of the GluN3A
subunit are critical for the activity of WZB117. Our study
provided new active molecules for channel function research
and drug development targeting GluN3-NMDARs.
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