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NMDA-type ionotropic glutamate receptors are critical for normal brain function and are implicated in central nervous system
disorders. Structure and function of NMDA receptors composed of GluN1 and GluN3 subunits are less understood compared to
those composed of GluN1 and GluN2 subunits. GluN1/3 receptors display unusual activation properties in which binding of
glycine to GluN1 elicits strong desensitization, while glycine binding to GluN3 alone is sufficient for activation. Here, we
explore mechanisms by which GluN1-selective competitive antagonists, CGP-78608 and L-689,560, potentiate GluN1/3A and
GluN1/3B receptors by preventing glycine binding to GluN1. We show that both CGP-78608 and L-689,560 prevent
desensitization of GluN1/3 receptors, but CGP-78608-bound receptors display higher glycine potency and efficacy at GluN3
subunits compared to L-689,560-bound receptors. Furthermore, we demonstrate that L-689,560 is a potent antagonist of
GluN1FA+TL/3A receptors, which are mutated to abolish glycine binding to GluN1, and that this inhibition is mediated by a non-
competitive mechanism involving binding to the mutated GluN1 agonist binding domain (ABD) to negatively modulate glycine
potency at GluN3A. Molecular dynamics simulations reveal that CGP-78608 and L-689,560 binding or mutations in the GluN1
glycine binding site promote distinct conformations of the GluN1 ABD, suggesting that the GluN1 ABD conformation
influences agonist potency and efficacy at GluN3 subunits. These results uncover the mechanism that enables activation of
native GluN1/3A receptors by application of glycine in the presence of CGP-78608, but not L-689,560, and demonstrate strong
intra-subunit allosteric interactions in GluN1/3 receptors that may be relevant to neuronal signaling in brain function and
disease.

Introduction

NMDA-type glutamate receptors mediate excitatory neuro-
transmission in the central nervous system (CNS) and are in-
volved in many neuronal functions, including synaptic plasticity
and neuronal development, but have also been implicated in
several neurological and psychiatric disorders (Hansen et al.,
2021). Seven NMDA receptor subunits have been cloned; the
glycine-binding GluN1, four glutamate-binding GluN2 (GluN2A-
D), and two glycine-binding GluN3 subunits (GluN3A-B; Pérez-
Otafio et al., 2016; Hansen et al., 2018). Most NMDA receptors in
the CNS are assembled from two GluN1 and two GluN2 subunits
(i.e., GluN1/2 receptors; Benveniste and Mayer, 1991; Clements
and Westbrook, 1991; Karakas and Furukawa, 2014; Lee et al.,
2014), and decades of studies have provided ample insights to

the structure, function, and pharmacology of GluN1/2 re-
ceptors (Dingledine et al., 1999; Traynelis et al., 2010; Paoletti
et al., 2013; Sanz-Clemente et al., 2013; Glasgow et al., 2015;
Iacobucci and Popescu, 2017; Hansen et al., 2018; Hansen et al.,
2021). By contrast, the structural and functional properties of
GluN1/3 receptors remain elusive, although recent studies
implicate GluN3-containing receptors in synapse maturation
and synaptic plasticity, as well as several behaviors and CNS
disorders (Larsen et al., 2011; Henson et al., 2012; Huang et al.,
2013; Marco et al., 2013; Yuan et al., 2013; Wesseling and
Pérez-Otafio, 2015; Creed et al., 2016; Mahfooz et al., 2016;
Huang et al., 2017; Lee et al., 2018; Otsu et al., 2019; Christian
et al., 2021; Bossi et al., 2022).
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Many properties are strikingly different between GluN1/2
and GluN1/3 receptors. GluN1/2 receptors require simultaneous
binding of glycine (or D-serine) to GluN1 and glutamate to GluN2
for activation (Johnson and Ascher, 1987; Kleckner and
Dingledine, 1988; Benveniste and Mayer, 1991; Clements
and Westbrook, 1991), while GluN1/3 receptors only require
glycine (or D-serine) for activation (Chatterton et al., 2002).
GluN1/2 receptors weakly desensitize (Monyer et al., 1992),
whereas GluN1/3 receptors strongly desensitize following glycine
exposure (Awobuluyi et al., 2007; Madry et al., 2007; Kvist et al.,
2013a; Cummings and Popescu, 2016; Grand et al., 2018). GluN1/2
receptors have high Ca?*-permeability (Wollmuth, 2018) and are
blocked by extracellular Mg?* at resting membrane potentials
(Mayer et al., 1984; Nowak et al., 1984), while GluN1/3 receptors
have low permeability to Ca** and are almost insensitive to Mg?*
block (Chatterton et al., 2002; Pifia-Crespo et al., 2010; Otsu et al.,
2019). Furthermore, GluN1/3 receptors have unusual activation
properties, since agonist binding to GluN1 triggers strong desen-
sitization, while agonist binding to GIuN3 alone is sufficient for
receptor activation (Awobuluyi et al., 2007; Madry et al., 2007;
Kvist et al., 2013a; Grand et al., 2018). GluN1/3 receptor desensi-
tization can therefore be prevented by introducing mutations in
the GluN1 agonist binding pocket (e.g., F484A+T518L; hereafter
FA+TL) to abolish agonist binding to GluN1 (Awobuluyi et al,
2007; Kvist et al., 2013a; Skrenkova et al., 2019). Alternatively,
GluN1-selective competitive antagonists, such as CGP-78608,
can prevent glycine binding to GluN1 and thereby enhance
activation of GluN1/3 receptors (Madry et al., 2007; Madry
et al., 2008; Grand et al., 2018). These unusual activation
properties have impeded studies to define the pharmacology of
GluN3-containing NMDA receptors and the development of
GluN3-selective ligands to investigate their roles in neuronal
signaling (Kvist et al., 2013a; Kvist et al., 2013b; Zhu et al., 2020;
Zeng et al., 2022).

Radioligand binding assays using soluble, isolated agonist
binding domains (ABDs) have determined dissociation binding
constants (Kj) for glycine of 40 nM at the GIuN3A ABD and
26 M at the GluN1 ABD (Furukawa and Gouaux, 2003; Yao and
Mayer, 2006). Thus, glycine binds the isolated GluN3A ABD with
650-fold higher affinity compared to the isolated GluN1 ABD.
These results are in stark contrast to the glycine potency at
GluN1 (ECso ~0.1-1 uM) measured in GluN1/2A-D receptors
(Hansen et al., 2021), and the relatively low glycine potency at
GIuN3A measured in GIUNIFA*TL/3A (ECg = 60 M) and CGP-
78608-bound GIuN1/3A receptors (ECso = 39 uM; Kvist et al.,
2013a; Grand et al., 2018). This apparent discrepancy may re-
sult from differences in experimental preparations (i.e., binding
on isolated ABDs versus function of full receptors), since ECso
values are expected to be similar or lower than Ky values, de-
pending on agonist efficacy (Colquhoun, 1998; Kenakin, 2016).
Binding studies also revealed subunit-selective competitive an-
tagonists, including CGP-78608 and L-689,560, which bind the
GluN1 ABD with 860- and 10,400-fold higher affinity, respec-
tively, compared to the isolated GluN3A ABD (Furukawa and
Gouaux, 2003; Yao and Mayer, 2006). It was later demon-
strated that the GluNl-selectivity of CGP-78608 enabled re-
markable enhancement of current responses from GluN1/3A
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receptors by preventing glycine binding to GluN1 (Grand et al., 2018).
Paradoxically, the more GluNl-selective antagonist 1-689,560 dis-
played surprisingly poor enhancement of glycine responses com-
pared to CGP-78608 (Grand et al., 2018). In this study, we investigate
the mechanisms that enable modulation of GluN1/3A and GluN1/3B
receptor responses by GluNl-selective antagonists. These results
highlight a complex structure-function relationship that have im-
portant implications for our understanding of GluN1/3 receptor
pharmacology.

Materials and methods

Animals

All procedures and experiments involving mice were approved
by the Institutional Animal Care and Use Committee at the
University of Montana. Mice were housed in breeding pairs on a
12 h light/dark cycle and allowed ad libitum access to food and
water. Sex of the mice was not considered as a biological vari-
able. Wild-type (WT) mice (C57BL/6J; strain 000664) and
Grin3a~/~ knock-out mice (B6;129x1-Grin3at™Nk/] strain
029974; Das et al., 1998) were obtained from The Jackson Lab-
oratory. Grin3a™/~ mice were backcrossed with WT C57BL/6]
mice to minimize genetic variation. Heterozygous Grin3a*/-
mice were crossed with WT mice for seven generations, after
which heterozygous Grin3a*/~ mice were crossed together to
yield homozygous Grin3a~~ mice on the C57BL/6] background
(hereafter 3A-KO mice).

Genotyping

During backcrossing, the mice were ear punched after postnatal
day 14 (P14) and the ear tissue was used for genotyping. Ear
punches were placed in individual 1.5 ml tubes and the Hot
Sodium Hydroxide and Tris (HotSHOT) method was used to
extract the genomic DNA for genotyping (Truett et al., 2000).
Briefly, 50 ul of alkaline solution (25 mM NaOH and 0.2 mM
EDTA, pH ~12 with no adjusting needed) was added to each tube
containing ear tissue, and the samples were incubated for
20-30 min at 95°C. The tubes were then briefly vortexed to
manually break up the tissue before the samples were placed on
ice and allowed to cool. Next, 50 ul of acidic solution (40 mM
Tris-HCl, pH ~5 with no adjusting needed) was added to each
tube and briefly vortexed. The tubes were centrifuged for 1 min
to pellet the remaining tissue, and the supernatant containing
the extracted genomic DNA was transferred to a new tube and
stored at -20°C until needed for PCR genotyping.

The genomic DNA samples were genotyped using a multiplex
PCR protocol with the following primers: WT_3A, 5'-TTGGGG
AGCGCCCTGCATGG-3'; KO_3A, 5'-GCCTGAAGAACGAGATCA
GC-3’; common_rev, 5-CACTCCACGCACCAGACTCC-3'. Am-
plification was performed with 1 ul of genomic DNA sample in
25 pl reactions from the KAPA2G Robust HotStart kit (Roche
Sequencing Solutions) using an initial 3 min denaturation at
95°C, followed by 25 cycles with 15 s at 95°C, 15 s at 60°C, and 15 s
at 72°C, and a final extension of 1 min at 72°C. Using this pro-
tocol, the WT Grin3a allele generates a PCR product of 434 bp and
the 3A-KO allele generates a PCR product of 457 bp, which can be
resolved on a 2% agarose gel.
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Figure 1. L-689,560 inhibits GluN1/3A-mediated responses in acute hippocampal slices. (A) Schematic depiction of whole-cell patch-clamp recordings
from CA1 pyramidal neurons in acute hippocampal slices from P8-12 mice. Responses to pressure-applied application (puffs) of 10 mM glycine were recorded
in the absence and presence of bath-applied GluN1-selective competitive antagonists. DG, dentate gyrus. (B) Representative recordings of responses to glycine
puffs (10 mM) in the absence (baseline; black trace) and presence of 1 uM L-689,560 from CA1 pyramidal neurons in acute hippocampal slices from WT (blue) or
GLuN3A knock-out (3A-KO; orange) mice. (C) Average time course of responses to glycine puffs from WT (n = 6) and 3A-KO (n = 7) neurons. L-689,560 was
bath-applied during the time indicated by the bar above graph. (D) Summary of current responses to glycine puffs in the absence (baseline) and presence of
1 UM L-689,560. Application of L-689,560 did not significantly potentiate current responses in WT (n = 6; P = 0.227; paired t test) or 3A-KO (n = 7) neurons (P =
0.522; paired t test). (E) Representative recordings of responses to glycine puffs from WT neurons in the absence (baseline; black) and presence of 1 uM CGP-
78608 (blue), as well as in the presence of 1 uM CGP-78608 + 1 pM L-689,560 (orange). (F) Average time course of responses to glycine puffs from WT
hippocampal CA1 neurons (n = 5). (G) Summary of glycine responses from WT neurons in the absence ligands (baseline), in the presence of 1 uM CGP-78608,
and in the presence of 1 uM CGP-78608 + 1 uM L-689,560. Application of CGP-78608 significantly potentiated current responses compared to baseline (P =
0.006), and the CGP-78608-mediated potentiation was inhibited by the addition of L-689,560 (P = 0.011), resulting in glycine responses that were not sig-
nificantly different from baseline (P = 0.068; paired one-way ANOVA with Tukey’s posttest). Data are mean + SEM; ns indicates not significant.

Patch-clamp recordings from acute hippocampal brain slices with tip resistance of 1.5-3 MQ were made from thin-walled
At P8-P12, WT and 3A-KO mice of both sexes were induced into  borosilicate glass micropipettes (TW150F-4; World Precision
a deep anesthetic plane with isoflurane followed by cardiac Instruments) prepared using a micropipette puller (P-1000;
perfusion with ice-cold, oxygenated sucrose solution containing  Sutter Instruments) and filled with an internal solution con-
(in mM) 3 KCl, 24 NaHCOj3, 1.25 NaH,PO,, 10 glucose, 230 su- taining (in mM) 120 Cs-methanesulfonate, 4.6 MgCl,, 10
crose, 0.5 CaCl,, and 10 MgSO,, saturated with 95% 0,/5% CO,. HEPES, 15 BAPTA, 4 Na,-ATP, 0.4 Na-GTP, 1 QX-314, and 10 K,-
A craniotomy was performed, and brains were transferred to a  creatine phosphate, pH 7.25, 280-290 mOsm. Whole-cell
beaker with the same solution. After removing the cerebellum, voltage-clamp recordings of hippocampal CAl pyramidal cells
the brains were hemisected, mounted onto a cutting stage, and  were made at a holding potential of -70 mV using a Multiclamp
transferred into a chamber containing an ice-cold, oxygenated ~700B amplifier (Molecular Devices) with filtering at 4 kHz
cutting solution containing (in mM) 130 NaCl, 3 KCl, 24 NaHCOs;,  (Bessel) and digitized at 20 kHz using Digidata 1440A with
1.25 NaH,PO,, 10 glucose, 1 CaCl,, and 3 MgSO, following an  pClamp 10 software (Molecular Devices). Series resistance was
established protocol (Bischofberger et al., 2006). Finally, trans- monitored throughout the recording with a 200 ms, 5 mV
verse slices (300 pm) containing ventral hippocampus were cut  hyperpolarizing voltage step. Recordings were excluded from
on a vibrating microtome (VT1200S; Leica Microsystems) and  analysis if the series resistance exceeded 20 MQ or changed by
incubated in cutting solution for =1 h at room temperature. 20% over the course of the experiment. To elicit glycine-

Hippocampal slices were transferred to a recording cham- induced current responses in hippocampal CAl pyramidal
ber (RC-26GLP; Warner Instruments) mounted on a SliceScope  cells, glycine (10 mM) “puffs” were pressure-applied
Pro 200 (Scientifica). Slices were continuously perfused with (100 ms duration, 5-7.5 psi) to the soma using a custom-made
an oxygenated artificial cerebral spinal fluid containing (in picospritzer (Forman et al., 2017) every 30 or 60 s through a
mM) 130 NaCl, 3 KCl, 24 NaHCO3, 1.25 NaH,PO,, 10 glucose, borosilicate capillary tube. To isolate the glycine responses,
2 CaCl,, and 1 MgSO, at a flow rate of 2-3 ml/min, maintained 10 pM gabazine, 2 pM NBQX, 100 pM APV, and 50 pM
at 32°C with a dual in-line and heated platform temperature strychnine were bath applied to block GABA,, AMPA, GluN1/
control (TC-344A; Warner Instruments). Recording electrodes  GluN2 NMDA, and glycine receptors, respectively.
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Figure 2. L-689,560 is a potent inhibitor of GluN1FA*TL/3A receptors. (A) Concentration-response data for inhibition of recombinant GluN1/2A receptors
by competitive glycine site antagonists. Responses were activated by 10 uM glycine in the continuous presence of 300 pM glutamate and measured using two-
electrode voltage-clamp recordings. ICs values for CGP-78608, L-689,560, and DCKA were 0.065 + 0.003 uM (100 + 1% inhibition; nyy = 1.5; n = 12), 0.25 + 0.01
UM (100 + 1% inhibition; ny = 1.3; n = 14),and 1.5 £ 0.1 UM (102 + 1% inhibition; ny = 1.3; n = 12), respectively. Data are mean + SEM. (B) Representative
responses from GIuN1/2A receptors inhibited by increasing concentrations of competitive glycine site antagonists. (C) Concentration-response data for in-
hibition of recombinant GlUN1FA*TL/3A receptors. Responses were activated by 30 uM glycine and measured using two-electrode voltage-clamp recordings.
CGP-78608 produced no inhibition at 30 uM (n = 16). ICsq values for L-689,560 and DCKA were 0.077 + 0.01 pM (95 + 1% inhibition; n, = 1.2; n = 16) and 29 +
1 pM (93 + 1% inhibition; nyy = 1.2; n = 12), respectively. Data are mean + SEM. (D) Representative responses from GluN1FA*TL/3A receptors inhibited by

increasing concentrations of competitive glycine site antagonists. See Table 1 for L-689,560 ICsq values.

Fast-application whole-cell voltage-clamp recordings

HEK293T cells were plated onto glass coverslips coated with
poly-D-lysine (0.1 mg/ml) ~48 h before recordings and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with
GlutaMax-I and sodium pyruvate (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific), 10 U/ml penicillin, and 10 mg/ml streptomycin
(Thermo Fisher Scientific). Cells were transfected the following
day using the calcium phosphate precipitation method (Chen
and Okayama, 1987) with a 1:1:1 ratio of plasmid cDNAs encod-
ing green fluorescent protein (EGFP), rat GluN1-4b (GenBank
accession no. U08268), and rat GluN3A (U29873).

Whole-cell voltage-clamp recordings were performed ~24 h
following transfection at a holding potential of -60 mV and at
room temperature (20°C) using an Axopatch 200B amplifier
(Molecular Devices). Data was filtered at 8 kHz (8-pole Bessel,
Frequency Devices) and digitized at 1 kHz using Digidata 1322B
with pClamp 10 software (Molecular Devices). Recording elec-
trodes with tip resistance of 2-3 MQ were made from thin-walled
borosilicate glass micropipettes (TW150F-4; World Precision In-
struments) prepared using a micropipette puller (P-1000; Sutter
Instruments) and filled with internal solution containing (in
mM) 110 D-gluconate, 110 CsOH, 30 CsCl, 5 HEPES, 4 NaCl,
0.5 CaCl,, 2 MgCl,, 5 BAPTA, 2 NaATP, and 0.3 NaGTP (pH
7.35 with CsOH). The extracellular recording solution was
composed of (in mM) 150 NaCl, 10 HEPES, 3 KCl, and 0.5
CaCl, (pH 7.4 with NaOH). Rapid solution exchange (10-90%

Rouzbeh et al.
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open-tip solution exchange times were 0.6-0.8 ms) on lifted
cells was performed with gravity-driven perfusion through a
theta-glass pipette controlled by a piezoelectric translator
(MXPZT-300; Siskiyou Corporation).

Two-electrode voltage-clamp recordings

DNA constructs encoding rat GluN1-la (GenBank accession no.
Ul1418), rat GluN1-4a (U08267), rat GluN2A (D13211), rat GluN3A
(U29873), and rat GluN3B (NM_133308) were linearized using
restriction enzymes and used as templates to synthesize cRNA
using the mMessage mMachine kit (Ambion, Life Technologies).
For some experiments, GluN1 subunits included F484A + T518L
or F484H + R523K mutations in the GIuN1 agonist binding site to
prevent desensitization of GluN1/3 receptors. Xenopus laevis
oocytes were obtained from Xenopus 1 Corporation, injected
with cRNAs encoding GluN1-1a + GluN24, GluN1-1a + GluN3A, or
GluN1-4a + GluN3B at a 1:2 ratio. Incubation of Xenopus oocytes
and two-electrode voltage-clamp recordings were performed
2-4 d following cRNA injection at a holding potential of -40 mV
and at room temperature (21-23°C) as previously described
(Hansen et al., 2013). During recordings, the oocytes were per-
fused with recording solution containing (in mM) 90 NaCl,
1 KCl, 10 HEPES, 0.5 BaCl,, and 0.01 EDTA (pH 7.4 with NaOH).
Ligand applications were prepared in recording solution from
20 to 100 mM ligand stock solutions prepared in DMSO. The
concentration of DMSO was kept constant in all applications
and never exceeded 0.6%.
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Table 1. Concentration-inhibition data for L-689,560 at NMDA receptor subtypes

[Glycine] (M) 1Cs5o (pM) % Inhibition Hill slope n
GluN1/2A 102 0.25 + 0.01 100 + 1 13 14
GluN1/3A 300 0.53 + 0.08 96 + 1 13 8
30¢ 3.8:03 92+1 0.94 6
GluN1/3B 100° 1901 87+2 12 12
100¢ 89+06 75+3 17 8
GLUNIFA*TL/3A 30 0.077 + 0.046 95+1 12 16
1004 0.15 + 0.01 75+ 4 14 5
1,000 0.30 + 0.01 44 + 1 12 5
3,000¢ 0.38 £ 0.03 41+2 1.0 4
GlUNIFH+RK/3A 100 56+ 0.2 85+1 13 5
GluNIFA+TL/3B 1004 0.14 + 0.01 29 +1 18 8
1,0004 0.20 £ 0.01 301 2.1 6
3,000¢ 0.20 £ 0.01 40 £ 2 16 6

Concentration-inhibition data for L-689,560 were recorded using two-electrode voltage-clamp electrophysiology at recombinant NMDA receptors expressed
in Xenopus oocytes. Responses were activated by glycine at the indicated concentrations. The fitted maximal inhibition is shown as percentage inhibition of the
response in the absence of antagonist. Data are presented as mean + SEM of values from individual oocytes, and n is the number of oocytes used to generate

the data.

@Measured in the continuous presence of 300 uM glutamate.
bMeasured in the continuous presence of 1 uM CGP-78608.
“Measured in the continuous presence of 10 uM CGP-78608.

dBiphasic concentration-response relationships were observed, but only data for high-potency components are listed.

Data analysis

Concentration-response data from two-electrode voltage-clamp re-
cordings were analyzed using GraphPad Prism (GraphPad Software).
Agonist data for individual oocytes were fitted to the following
Hill equation: I = Inin + (Imax = Imin)/{1 + 10(09EC50-10gIA]) « gy}
where I, and I;, are the fitted maximum and minimum
current response to the agonist (I, for agonists was typically
negligible), respectively, ECs, is the agonist concentration that
produces half-maximum response, [A] is the agonist concentration,
and ny is the Hill slope. Antagonist data for individual oocytes were
fitted to the above Hill equation, except using ICs, and antagonist
concentrations. Biphasic concentration-inhibition data were ana-
lyzed by simultaneously fitting to the following three equa-
tions: Ipign = Fhigh x (Tmax = Tmin) /(1 + 10[(logICSO,high_log[A])xﬂH,high)])'
I=(1- Fhigh)(lmax ~ Imin)/(1+10 (IOgICSO,low_IOg[A])XnH,lew)]), and
I = Inin + Ihigh + liow, Where Fpigp is the fraction of inhibition
produced by the high-potency component, and ICso hign and
ICs010w are for the high- and low-potency components, re-
spectively. Iy for antagonists was normalized to the current
response to agonist alone without antagonist in the same re-
cording and the unsigned value of ny is reported.

Inhibition was also evaluated using agonist concentration-
response data in the absence and presence of increasing con-
centrations of L-689,560 (i.e., Schild analysis). This data was
then used to determine the allosteric constant a and dissocia-
tion binding constant Ky, for L-689,560 inhibition using a global
nonlinear least-squares fitting method, in which the concentration-
response data were simultaneously fit to the Hill equation and
the following equation: ECso’ = ECso x (1 + [B]/Ky)/(1+ a[B]Ky),

Rouzbeh et al.
Modulation of GluN1/GluN3 by GluN1 antagonists

where [B] is the L-689,560 concentration, ECs, is for the
agonist in the absence of L-689,560, and ECs,’ is the for
agonist in the presence of increasing concentrations of
L-689,560. This method will perform a global fit to the data
and provide the agonist ECs, in the absence of L-689,560,
the allosteric constant o, and the dissociation binding
constant Kj, that best describes all the data as previously
described (Christopoulos and Kenakin, 2002; Hansen
et al., 2012; Yi et al., 2016). For graphical representation,
data points from individual oocytes were normalized and
the averaged data points were plotted with the fitted
concentration-response curve.

Molecular dynamics simulations

All starting structures for molecular dynamics simulations were
modeled using the GluN1 ABD with bound L-689,560 from the
GluN1/2A ABD heterodimer structure (PDB ID 6USU; Chou et al.,
2020). Briefly, the GluN2A ABD, including bound glutamate and
associated water molecules, was deleted and the DockPrep fea-
ture in UCSF Chimera software (version 1.15; Pettersen et al.,
2004) was used to complete missing GluN1 side chains and re-
move alternate side chain conformation. Missing loops and
terminal residues were built using Yasara 18.11.10 software
(YASARA Biosciences). Finally, the GluN1 ABD model composed
of residues 396-544 and 663-798 joined by a Gly-Thr dipeptide
linker was capped at the N-terminus by the addition of an
acetyl group (ACE) and the C-terminus by the addition of an
N-methyl amide group (NME). This GluN1 ABD model with
bound L-689,560 was then used to produce the glycine-bound
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Figure 3. L-689,560 is a negative allosteric modulator of GluN1A*T/3A
and GluN1FA*TL/3B receptors. (A) Concentration-response data for
L-689,560 inhibition of GluN1/3A activated by 30 pM glycine and GluN1/3B
receptors activated by 100 puM glycine. Responses were activated in the
continuous presence of either 1 or 10 uM CGP-78608. Data are mean + SEM
from 6 to 12 oocytes. (B) Inhibition of GIUNIFA*TL/3A and GluN1FA+Tt/3B
receptors by L-689,560. Responses were activated by either 100 pM, 1 mM,
or 3 mM glycine. Increased glycine concentrations resulted in a biphasic
concentration-response relationship (see Materials and methods for details
on data analysis). Data are mean + SEM from 4 to 8 oocytes. (C) Repre-
sentative two-electrode voltage-clamp recordings of responses from
GluN1FA*Tt/3A and GluN1FA*TL/3B receptors that are inhibited by increasing
concentrations of L-689,560. See Table 1 for I1Csq values.

GluN1 ABD by deleting all atoms of L-689,560, except the amino
acid moiety. CGP-78608-bound GluN1 ABD was generated by
docking CGP-78608 into the agonist binding site using Auto-
Dock (Morris et al., 2009; Trott and Olson, 2010) from the
SeamDock web interface (Murail et al., 2021). These GluN1 ABD
models with either bound glycine, CGP-78608, or L-689,560
were then mutated to F484A + T518L or F484H + R523K using
UCSF Chimera. The resulting models, which included crystal-
lographic water molecules bound to the GluN1 ABD, were fur-
ther solvated by adding ~15,200 water molecules (TIP3P;
Jorgensen and Tirado-Rives, 2005) using the tleap tool of
AMBER 20 (Case et al., 2005) and a minimum of 12 A between
the solute and the edge of a truncated octahedron box. The
system was neutralized and ionized to 150 mM NaCl by adding
Na* and Cl- ions (Machado and Pantano, 2020). Ligand pa-
rameterization was performed by adding hydrogen atoms to
ligands in UCSF Chimera and then obtaining partial charges by
calculating molecular electrostatic potentials using quantum

Rouzbeh et al.
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chemistry software (Gaussian 16) through the R.E.D. server
(Vanquelef et al., 2011). Net charges of glycine, CGP-78608, and
L-689,560 were constrained to 0, -1, and -1, respectively. Other
ligand force field parameters were taken from the improved
general AMBER force field (GAFF2; He et al., 2020).

Simulations were performed in AMBER 18 or AMBER 20
(Case et al., 2005) with the AMBER ff14SB force field for protein
and the TIP3P water model (Maier et al., 2015). The solvated
systems were minimized and heated before they were equili-
brated under constant pressure and temperature (NPT) con-
ditions. The Monte Carlo barostat method was used to achieve a
constant pressure of 1 atmosphere, and the Langevin dynamics
method was used to achieve a constant temperature at 310 K
(Feller et al., 1995). Periodic boundary conditions were applied to
all simulations with the particle mesh Ewald method (Essmann
et al., 1995) to calculate long-range electrostatic interactions
with a 10 A cutoff. To allow for integration time steps of 4 fs, the
SHAKE algorithm was used to constrain hydrogen bonds
(Ryckaert et al., 1977), and the mass of solute hydrogen atoms
was repartitioned to 3.024 D with adjustment of the mass to
which each hydrogen is bonded to the amount necessary to leave
total mass unchanged (i.e., hydrogen mass repartitioning;
Hopkins et al., 2015). All production simulations were preceded
by a 10 ns equilibrium simulation with random initial velocities
and an asymmetric harmonic potential with a force constant of 4
kcal/mol/A? to prevent ligand dissociation from the open ABD
conformation. The asymmetric harmonic potential, which was
only active when the distance exceeded 3.0 A, was applied to the
center of mass (COM) distance between guanidinium nitrogen
atoms in Arg523 (or the side chain nitrogen of Lys523 in the
GluN1 FH+RK mutant) and a-carboxylate oxygen atoms in gly-
cine and L-689,560 or the 2,3-dioxy oxygen atoms in CGP-78608.

Unrestrained production simulations to evaluate ligand
binding (500 ns each) were analyzed to determine ligand
binding states for each frame using the following three ligand-
receptor distances: distl) distance between COM of guanidinium
nitrogens in Arg523 (or nitrogen in Lys523) and COM of
a-carboxylate oxygens in glycine/L-689,560 or oxygens in CGP-
78608, dist2) distance between backbone carbonyl oxygen in
Pro518 and a-amino acid nitrogen in glycine/L-689,560 or ni-
trogen N1 in CGP-78608, and dist3) distance between Ca in
glycine, chlorine in L-689,560, or bromine CGP-78608 and the
COM of indole atoms in Trp731. Ligands were categorized as
fully bound if distl < 3.5 A, dist2 < 3.5 A, and dist3 < 6 A for
L-689,560, and dist3 < 7 A for glycine/CGP-78608. Ligands were
defined as unbound if distl > 3.5 A, dist2 > 3.5 A, and dist3 > 6 A
for 1-689,560, and dist3 > 7 A for glycine/CGP-78608. Ligands
were partially bound if they were not categorized as fully bound
or unbound.

Hinged movements between the two lobes (D1 and D2) of the
GluN1 ABD that form the agonist binding cleft, were described
by measuring distances between the COM for atoms N, CA, CB,
C, and O of residues 484-485 in GluN1 lobe D1 and residues
688-689 in GluN1 lobe D2 (distance &;), and between residues
405-407 in GluN1 lobe D1 and residues 714-715 in GluN1 lobe D2
(distance &,) as previously described (Yao et al., 2013). Produc-
tion simulations to evaluate conformational selection (2,500 ns
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Figure 4. L-689,560 reduces glycine binding to GluN1FA*TY/3A, but not GluN1"A*TL/3B receptors. (A) Glycine concentration-response data in continuous
presence of 300 uM glutamate at GluN1/2A receptors in the absence and presence of increasing concentrations of by L-689,560. The glycine ECsq value in the
absence L-689,560 is shown. Data are mean + SEM from 3 to 6 oocytes. (B) Glycine concentration-response data at GluN1FA*TL/3A receptors in the absence
and presence of increasing concentrations of by L-689,560. The glycine ECsq value in the absence L-689,560 is shown. Data are mean + SEM from 6 to 12
oocytes. (C) Overview of an equilibrium model for L-689,560 inhibition. A and B represent the agonist (glycine) and modulator (L-689,560), respectively.
Agonist K, is changed by the allosteric constant a upon binding of modulator and vice versa. E is the agonist efficacy that, in this model, remains unchanged
upon modulator binding. The dose ratio (DR) is the ratio of agonist ECs, values in the presence (ECso’) and absence (ECsp) of modulator as a function of
modulator concentration [B], modulator binding dissociation constant Ky, and the allosteric constant a. (D) Schild plot of data shown in A and B demonstrating
competitive antagonism of L-689,560 on GluN1/2A receptors (K, = 11 nM), and allosteric antagonism of L-689,560 on GluN1*A*T'/3A receptors (K;, = 80 nM).
(E) Concentration-response data for glycine at GluN1FA*TL/3B receptors in the absence and presence of L-689,560. The glycine ECs, value in the absence

L-689,560 is shown. Data are mean + SEM from 13 to 21 oocytes. See Table 2 for ECsq values and Materials and methods for details on data analysis.

each) included the restraint to prevent ligand dissociation by
applying an asymmetric harmonic potential, only active when the
distance exceeded 3.0 A, with a force constant of 4 kcal/mol/A2 to
the COM distance between guanidinium nitrogen atoms in Arg523
and a-carboxylate oxygen atoms in glycine and L-689,560 or the
2,3-dioxy oxygen atoms in CGP-78608. Furthermore, the pro-
duction simulations included asymmetric harmonic potentials
with force constants of 20 kcal/mol/A2 on both &, and &,, which
were only active when these distances exceeded 16 A, to pre-
vent the GluNl ABD from visiting hyper-extended con-
formations considered unrealistic in the context of published
crystal and cryo-EM structures (Karakas and Furukawa, 2014;
Lee et al., 2014; Tajima et al., 2016; Zhu et al., 2016; Zhang et al.,
2018; Chou et al., 2020; Wang et al., 2021). To determine 2D
protein conformational free energy landscapes, or potentials of
mean force (PMFs), values of (&, &,) from each frame of 8 x
2,500 ns simulation trajectories were pooled to calculate 2D
kernel probability densities using Origin software (version

Rouzbeh et al.
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2022b, OriginLab Corporation). To determine 1D PMFs, values
of (&, &) were projected onto a single coordinate using &, =
(& + &;)/2 as previously described (Yao et al., 2013). Probability
densities were converted to energies according to the Boltz-
mann distribution to provide W(&;, €,) for 2D PMFs or W(E,,) for
1D PMFs.

Block-averaging analyses of &, and &, coordinates were used
to assess convergence and sampling quality in the molecular
dynamics simulations (Grossfield and Zuckerman, 2009).
Briefly, all trajectories for each condition were combined to
produce N = M x n frames that were divided into M segments
with block length n, and averages of &; and &, coordinates were
calculated for each segment. This was performed with an initial
short block length and with gradually increasing block lengths.
For each block length n, the blocked standard error (BSE) was
calculated as BSE = o,/YM, where g, is the standard deviation
of either §; or &, averages among the blocks and M is the number
of segments with block length n. Thus, BSE values estimate the
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Table 2. Concentration-response data for glycine at NMDA
receptor subtypes

[L-689,560] (nM)  ECso (pM)  Hillslope n
GluN1/2A 02 0.87+001 13 6
0.12 W+l 17 3
0.32 27 %2 18 6
1 80 + 7 16 6
30 267 + 42 14 6
GluN1/3A ob 14 +1 19 13
0 19+1 19 18
1 714 + 71 18 8
10 802 + 60 18 14
GluN1/3B ob 19+1 18 20
0° 261 16 17
1 351+ 11 16 8
10 4109 16 14
GUNIFATL/3A 0 53+ 3 15 12
0.03 58 + 5 15 10
01 92:8 16 10
03 164 + 14 16 6
1 269 + 12 16 8
3 331+ 15 15 6
10 356 + 7 16 6
GLUNIFH+RK/3A 0 162 + 8 14 12
GlUNIFA*TL/3B 0 95 + 7 14 13
10 102 + 3 13 21
GluNIFH+RK/3B 0 270 + 3 14 16

Glycine concentration-response data were recorded using two-electrode
voltage-clamp electrophysiology at recombinant NMDA receptors expressed
in Xenopus oocytes. Responses were measured in the continuous presence
of L-689,560 at the indicated concentrations. Data are presented as mean
SEM of values from individual oocytes, and n is the number of oocytes used to
generate the data.

3Measured in the continuous presence of 300 pM glutamate.

bMeasured in the continuous presence of 1 pM CGP-78608.

“Measured in the continuous presence of 10 uM CGP-78608.

standard error of §; or &, based on trajectory segments of length
n. BSE is predicted to underestimate the true standard error for
short block lengths, which are highly correlated, but will in-
crease with larger block lengths as the blocks become statisti-
cally independent. Simulations can be considered to have
reasonable sampling quality when BSE values no longer change
(i.e., asymptotes) with increasing block lengths. These block-
averaging analyses estimated that BSE values for & and
&, from 8 x 2,500 ns trajectories used for PMF calculations
reached 95% of the asymptote after 333-2,286 ns, depending on
GluN1 mutations or the ligand bound. Statistical uncertainties in
2D and 1D PMFs were evaluated as standard deviations among
individual PMFs calculated for each of the 8 x 2,500 ns
trajectories.
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Statistical analysis and data presentation

Averaged data are presented as mean + SEM and P < 0.05 was
considered statistically significant. All sample sizes (n values)
represent independent biological replicates. Statistical compar-
isons were performed as described in figure legends using
GraphPad Prism (GraphPad Software). Normality tests were not
performed, but statistical comparisons of decay time constants
(tdecay) were performed on normally distributed rate constants
(1/Tdecay; Christopoulos, 1998) using unpaired two-way ANOVA
with Tukey’s correction for multiple comparisons. Mice and
cells used for experiments were selected randomly among mice
with the desired genotype or cells with the indicated NMDA
receptor subtype expression. Experimenters were not blinded to
genotype or NMDA receptor subtype expression used for the
experiments. Experimental data were repeated on at least two
different days as independent experiments (i.e., using new re-
cording solutions) with multiple mice for recordings from brain
slices, multiple transfections for recordings from HEK cells, and
multiple batches of oocytes for two-electrode voltage-clamp
recordings.

Online supplemental material

Fig. S1 shows block-averaging analyses for &; and &, coordinates
to assess convergence and sampling quality in trajectories used
for PMF calculations. Fig. S2 shows statistical uncertainties in 2D
PMFs for WT and mutated GluN1 ABDs in the apo state or with
bound ligands.

Results
L-689,560 inhibits GluN1/3A-mediated glycine responses in
acute hippocampal slices
Binding studies show that the competitive antagonist L-689,560
displays 10,400-fold higher affinity for the orthosteric binding
site in GluN1 over GluN3A (Yao and Mayer, 2006) suggesting
that this antagonist may enable activation of native GIuN1/3A
receptors by pressure-applied application of glycine (i.e., glycine
puffs). To test this prediction, we measured current responses to
glycine puffs onto hippocampal CAl pyramidal neurons in acute
brain slices from WT and 3A-KO mice in the absence and
presence of 1 uM L-689,560, but in the presence of bath-applied
antagonists of GABA,, AMPA, glycine, and GIuN1/2 receptors to
isolate responses from native GluN1/3A receptors (Fig. 1).
However, L-689,560 did not significantly enhance glycine re-
sponses in neurons from either WT or 3A-KO mice (Fig. 1, B-D).
Using the same experimental conditions, we evaluated potenti-
ation of native GluN1/3A receptors by CGP-78608 in hippo-
campal CAl pyramidal neurons from WT mice (Fig. 1, E-G).
Importantly, glycine-induced responses in the presence of CGP-
78608 are mediated by GluN1/3A receptors and are absent in
GluN3A knock-out mice (Grand et al., 2018; Zhu et al., 2020). In
stark contrast to L-689,560, the application of 1 uM CGP-78608
produced ~25-fold potentiation of current responses to glycine
puffs. However, the potentiation by CGP-78608 was fully re-
versed by the co-application of 1 uM L-689,560.

These results demonstrate that despite high selectivity for
GluN1, which prevents glycine binding at this subunit,
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Figure 5. L-689,560 inhibition of GluN1/3A requires unbinding of CGP-78608 from GluN1. (A) Schematic representation of fast-application whole-cell
patch-clamp electrophysiology on lifted HEK293T cells expressing recombinant GluN1/3A receptors. Rapid solution exchange is achieved by piezo-driven
translation of a theta-tube to move the lifted HEK293T cell between two distinct solutions. (B) Representative whole-cell patch-clamp recordings of responses
from recombinant GluN1/3A receptors expressed in HEK293T cells. Responses were activated by long applications (9.5 min) of 0.1 or 10 mM glycine. CGP-
78608 (1 uM) was present before and after, but not during, glycine applications. The decay of the response amplitude reflects desensitization following CGP-
78608 unbinding and subsequent glycine binding to the GluN1 subunit. Glycine binding to GIUN3A slows CGP-78608 unbinding from GluN1. (C) Representative
recordings of responses from GluN1/3A receptors activated with 1 uM L-689,560 present before and after, but not during, glycine applications. (D) Bar graph
summarizing current density of responses activated by 0.1 or 10 mM glycine from GluN1/3A receptors pre-exposed to either 1 uM CGP-78608 or 1 uM
L-689,560. Pre-exposure to CGP-78608 resulted in robust current responses to both 0.1 and 10 mM glycine, whereas pre-exposure to L-689,560 only resulted
in responses to 10 mM glycine. (E) Representative recordings of responses activated with CGP-78608 (1 uM) present before and after, but not during, glycine
applications. Responses were activated by 0.1 mM glycine in the absence (control) or presence of 10 uM L-689,560. (F) Bar graph summarizing time constants
for the decay (tgecay) Of current responses from GluN1/3A receptors pre-exposed to 1 uM CGP-78608 and activated by 0.1 mM or 10 mM glycine. Time
constants were measured in the absence (control) and presence of 1 or 10 pM L-689,560 as shown in B. The presence of high or low L-689,560 concentrations
did not change 1/Tgecay values compared to control (control 0.1 mM glycine vs. + 1 uM L-689,560, P = 0.9243; control 0.1 mM glycine vs. + 10 pM L-689,560, P =
0.6516; control 10 mM glycine vs. + 1 pM L-689,560, P >0.9999; control 10 mM glycine vs. + 10 uM L-689,560, P > 0.9999; unpaired two-way ANOVA with
Tukey's posttest; statistical test were performed on normally distributed rate constants 1/Tgecay), suggesting that CGP-78608 unbinding from GluN1 is a rate
limiting step for inhibition by L-689,560.

L-689,560 is incapable of robustly potentiating native GluN1/3A
receptors. Furthermore, L-689,560 is an inhibitor of glycine-
activated current responses mediated by native GluN1/3A re-
ceptors and potentiated by CGP-78608.

L-689,560 is a potent inhibitor of GluN1FA*TL/3A receptors

We measured responses from recombinant GluN1/2A and
GluN1FA+TL/3A receptors using two-electrode voltage-clamp re-
cordings to evaluate inhibition by L-689,560, CGP-78608, and
the competitive glycine site antagonists 5,7-dichlorokynurenic
acid (DCKA). GluN1 F484A+T518L mutations abolish glycine
binding to GluN1 and thereby enable selective glycine binding to
the GluN3A subunit (Kvist et al., 2013a). Thus, antagonist ac-
tivity at GluN1/2A receptors is mediated by binding to the gly-
cine site in GluNl, whereas inhibition of GluNIFA+TL/3A
receptors should reflect binding to the glycine site in GIuN3A,
assuming the GluN1 F484A+T518L mutations also prevent an-
tagonist binding.

Rouzbeh et al.
Modulation of GluN1/GluN3 by GluN1 antagonists

In the continuous presence of 300 uM glutamate, L-689,560
(ICs0 = 250 nM), CGP-78608 (IC50 = 65 nM), and DCKA (IC50 = 1.5
uM) completely inhibited responses to 10 uM glycine from
GIuN1/2A receptors (Fig. 2, A and B; and Table 1). Calculated
using the Cheng-Prusoff relationship (Cheng and Prusoff, 1973)
and a previously published glycine ECs, of 1.0 pM (Zhao et al.,
2022), the dissociation binding constant (K,) values for
L-689,560, CGP-78608, and DCKA at GluN1 in GluN1/2A re-
ceptors were estimated to be 23, 5.9, and 140 nM, respectively.
These K, values are similar to previously reported values de-
termined in binding studies using the isolated GluN1 ABD
(Furukawa and Gouaux, 2003; Yao and Mayer, 2006).

Surprisingly, L-689,560 potently inhibited responses to
30 pM glycine from GIuNIFA*TL/3A receptors (ICso = 77 nM;
Fig. 2, C and D; and Table 1). This result is seemingly inconsistent
with the previously reported 10,400-fold higher affinity of L-689,560
for GluN1 over GIuN3A ABDs (Yao and Mayer, 2006), but
supports a mechanism by which inhibition of native GluN1/3A
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Figure 6. Antagonist binding to GluN1 influences glycine potency and efficacy at the GluN3 subunit. (A) Glycine concentration-response data for
recombinant GluN1/3 receptors measured using two-electrode voltage-clamp recordings in the presence of either 10 uM CGP-78608 or 10 pM L-689,560. Data
are shown as mean + SEM from 14 to 18 oocytes. (B) Representative two-electrode voltage-clamp recordings of glycine concentration-response data from
GluN1/3B receptors in the presence of either 10 uM CGP-78608 or 10 UM L-689,560. (C) Representative recordings to measure the relative agonist efficacy of
glycine in the presence of GluN1-selective antagonists. Responses in the presence of CGP-78608 or L-659,560 were normalized to a control response in the
presence of CGP-78608 at the beginning of the recording. Responses in CGP-78608 were 105 + 3% (n = 10) at GluN1/3A and 96 + 3% (n = 8) at GluN1/3B, and
responses in L-689,560 were 46 + 2% (n = 10) at GluN1/3A and 21 + 1% (n = 10) at GluN1/3B. (D) Bar graph summarizing data using the recording protocols
shown in C. Responses measured in L-689,560 were significantly smaller than responses in CGP-78608 (GluN1/3A, P < 0.0001; GluN1/3B, P < 0.0001; unpaired
two-way ANOVA with Tukey’s posttest), demonstrating that binding of L-689,560 reduces glycine agonist efficacy at GluN1/3 receptors compared to binding of

CGP-78608.

receptors in hippocampal CAl pyramidal neurons is mediated
by binding of L-689,560 to the GluN1/3A receptor. Concen-
trations of CGP-78608 up to 30 pM did not produce inhibition,
whereas DCKA inhibited GluN1FA*Tt/3A responses (ICso =
29 uM), presumably by competing with glycine binding to the
GIuN3A subunit as previously suggested (Kvist et al., 2013b).
These results demonstrate that CGP-78608 is a highly GluN1-
selective antagonist and that DCKA is a non-selective GluN1 and
GluN3A glycine site antagonist. The activity of L-689,560 at
GluN1/3A receptors is puzzling, since this ligand is highly se-
lective for the orthosteric binding site in GluN1 (Yao and
Mayer, 2006), yet L-689,560 is a strong antagonist of both
native GluN1/3A and recombinant GluN1FA+TL/3A receptors.

L-689,560 is a negative allosteric modulator of GluN1/3A and
GluN1/3B receptors

To further evaluate the mechanism of L-689,560 antagonism, we
measured inhibition of recombinant GluN1/3A and GluN1/3B
receptors potentiated by CGP-78608 (Fig. 3 A and Table 1).
L-689,560 produced robust inhibition with ICs, values of 0.53
and 1.9 pM at GluN1/3A and GluN1/3B receptors, respectively, in the
presence of 1 uM CGP-78608. In the presence of 10 uM CGP-
78608, the ICs, values for L-689,560 inhibition were reduced 7.2- and
4.7-fold to 3.8 and 8.9 uM at GluN1/3A and GluN1/3B receptors, re-
spectively. These results indicate that increased CGP-78608 concen-
trations reduce the potency of L-689,560 inhibition.

Rouzbeh et al.
Modulation of GluN1/GluN3 by GluN1 antagonists

We then evaluated L-689,560 inhibition at GluN1FA+TL/3A
receptors activated by 100 uM, 1 mM, or 3 mM glycine in the
absence of CGP-78608 (Fig. 3, B and C; and Table 1). L-689,560
inhibition of GluN1FA*TL/3A receptors displayed a biphasic
concentration-response relationship containing high-potency
and low-potency components with ICs, values of 0.15-0.38
and 33-160 puM, respectively. Moreover, efficacy of the high-
potency component was dependent on the glycine concentra-
tion with the highest efficacy at 100 pM glycine (75% inhibition)
and similar efficacy at 1 and 3 mM glycine (44 and 41% inhibi-
tion, respectively). Concentration-response relationships for
L-689,560 at GluN1¥A*TL/3B receptors were qualitatively similar
to those observed for GluN3A-containing receptors, except
L-689,560 inhibition did not display any discernable glycine
dependency (Fig. 3 B and Table 1). That is, inhibitory efficacies of
the high-potency component were similar at 100 puM, 1 and
3 mM glycine (29, 30, and 40% inhibition, respectively). These
observations are inconsistent with a competitive mechanism of
L-689,560 binding to agonist binding sites in GluN3 subunits.
Rather, the experiments suggest that L-689,560 is a negative
allosteric modulator of both GluN1/3A and GluN1/3B receptors.

L-689,560 reduces glycine binding to GluN1/3A, but not
GluN1/3B receptors

We performed Schild analyses by measuring glycine
concentration-response data in the absence and presence of
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Figure 7. GluN1 mutations influence glycine potency at the GluN3
subunit and modulation by L-689,560. (A) Glycine concentration-response
data for GLuN1™*Tt/3 and GluN1FH+RK/3 receptors. F484A+T518L and
F484H+R523K mutations both abolish glycine binding to GluN1 and prevent
receptor desensitization. Data are shown as mean + SEM from 12 to 16 oo-
cytes. (B) Concentration-response data for L-689,560 inhibition of
GIuNI™*TL/3A activated by 30 pM glycine and GluN1™*RK/3A receptors acti-
vated by 100 uM glycine. Data for GluN1¥A+T/3A was reproduced from Fig. 2 C.
Data are shown as mean + SEM from 5 to 16 oocytes. (C) Representative two-
electrode voltage-clamp recordings of responses from GlUN1"*Tt/3A and
GluN1PH+RK/3A receptors activated by 30 and 100 pM glycine, respectively, and
inhibited by L-689,560. See Tables 1 and 2 for ICso and ECsq values.

increasing concentrations of L-689,560 (Fig. 4). The
concentration-response data were analyzed by fitting to
equations derived from an equilibrium model for allosteric
modulation of agonist binding to obtain the glycine ECso in the
absence of 1L-689,560, the allosteric constant a, and the disso-
ciation binding constant K;, for L-689,560 in the absence of
glycine (Fig. 4 C; see Materials and methods). According to this
model, the association constant for agonist binding (K,) is
changed by the allosteric constant o upon binding of the allo-
steric modulator (Ehlert, 1988; Christopoulos and Kenakin,
2002; Hansen et al., 2012; Yi et al., 2016). Similarly, the asso-
ciation constant for modulator binding (Kg) is also changed by
the allosteric constant a upon binding of agonist. This model
assumes that agonist efficacy E is unchanged by the allosteric
modulator, although this is likely oversimplified. In this model,
competitive antagonists have an allosteric constant a = 0,
neutral ligands have a = 1, positive modulators have a > 1, and
negative modulators have 0 < a < 1.

As expected, L-689,560 displayed a competitive mechanism
of inhibition at GluN1/2A receptors with allosteric constant o = 0
and K, = 11 nM (Fig. 4 D). However, L-689,560 displayed a
noncompetitive mechanism on GluN1¥4*TL/3A receptors with
allosteric constant a = 0.117 and K}, = 80 nM (Fig. 4 D). By con-
trast, L-689,560 did not change glycine potency at GluN1¥A+TL/3B
receptors (Fig. 4 E and Table 2), consistent with data shown in
Fig. 3 B. Thus, negative modulation of glycine binding is saturable
at GluN1FA*TL/3A with glycine ECso of ~50 pM in the absence of
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L-689,560 and glycine ECs,’ of ~430 pM (i.e., ECso/a) when
L-689,560 is fully bound to the receptor. The shift in glycine ECso
upon L-689,560 binding to GluNI1FA*TL/3A can explain the
glycine-dependent reduction in the efficacy of the high-potency
component shown in Fig. 3 B. That is, the highest efficacy (75%
inhibition) was observed at 100 uM glycine, which is below the
ECso of ~400 uM when L-689,560 is bound. Efficacy for the
high-potency component was saturated at 1 and 3 mM glycine (44
and 41% inhibition, respectively) since these glycine concen-
trations are above the ECso of ~400 uM when L-689,560 is
bound. Moreover, the ~40% inhibition at 3 mM glycine shown in
Fig. 3 B suggests that L-689,560 also reduces agonist efficacy in
addition to reducing glycine potency. The results further cor-
roborate that L-689,560 is a negative allosteric modulator of
GluN1/3A and GluN1/3B receptors.

L-689,560 inhibition of GluN1/3A requires CGP-78608
unbinding from GluN1
L-689,560 was developed to bind the GluN1 orthosteric site with
high affinity (Foster et al., 1992). We therefore hypothesized that
allosteric modulation of GluN1/3 receptors by L-689,560 is me-
diated by binding to the GIluN1 glycine site. If allosteric inhibi-
tion by L-689,560 requires binding to the GluN1 orthosteric site,
then occupancy at this site with another ligand, such as CGP-
78608, would prevent inhibition, consistent with data shown in
Fig. 3 A. According to this mechanism, the rate of L-689,560
inhibition at GluN1/3 receptors would be limited by the un-
binding rate of CGP-78608 bound to the GluN1 orthosteric site.

To test our hypothesis, we examined kinetic relationships
between CGP-78608 and L-689,560 binding to recombinant
GluN1/3A receptors using fast-application whole-cell voltage-
clamp recordings (Fig. 5 A). We first measured CGP-78608 un-
binding rate from GIuN1. In this experiment, the receptors were
pre-exposed to 1 uM CGP-78608 at baseline and then switched
into a solution of either low (0.1 mM) or high (10 mM) glycine
without CGP-78608 (Fig. 5 B). Given that glycine binding to
GluN1 results in fast and strong desensitization of GluN1/3A
receptors, CGP-78608 unbinding from GluN1 would result in a
decay of the response back to baseline levels with a time con-
stant (Tgecay) that is mainly governed by the time constant for
CGP-78608 unbinding. CGP-78608 Tgecay Values were relatively
slowat45+1s (n=7) in 0.1 mM glycine, and even slower at 114 +
2's (n=7) in 10 mM glycine (Fig. 5, B and F), suggesting positive
cooperation between glycine binding to GluN3A and CGP-78608
binding to GluN1. We repeated the same experimental protocol
except with pre-exposure to 1 pM L-689,560 and found that
10 mM glycine, but not 0.1 mM glycine, activated robust re-
sponses (Fig. 5, C and D). L-689,560 Tgecay Was slow at 136 + 10 s
(n = 6) in 10 mM glycine (Fig. 5 C). Thus, binding of L.-689,560 to
GluN1/3A results in the complete inhibition of responses to
0.1 mM glycine but not to 10 mM glycine.

In the next experiment, we pre-exposed GluN1/3A receptors
to 1 M CGP-78608 and then switched into a solution of 0.1 mM
glycine + 1 or 10 uM L-689,560 (Fig. 5 E). Values for Tgecay did not
change by co-application of 1 uM (50 + 3 s; n = 8) or 10 pM
L-689,560 (43 + 5 s; n = 4) compared t0 Tgecay int the absence of
L-689,560 (45 + 1's; n = 7; Fig. 5 F). Similarly, Tgecay values for
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Figure 8. Binding to the GluN1 orthosteric site mediates L-689,560 inhibition of GluN1FA*Tt/3A receptors. (A-C) GluN1 agonist binding pockets with
bound (A) glycine, (B) CGP-78608, or (C) L-689,560 in starting structures for molecular dynamics simulations modeled from the GluN1 ABD in the GluN1/2A
ABD heterodimer structure in complex with L-689,560 (PDB ID: 6USU; Chou et al., 2020). The GluN2A ABD was omitted from simulations. Dashed lines indicate
interactions that define the ligands as fully bound, partially bound, or unbound (see Materials and methods for details). Simulations with CGP-78608 and
L-689,560 started from the fully bound pose, whereas simulations with glycine started from a partially bound pose. Each trajectory frame was analyzed to
determine if the ligand was fully bound (light grey), partially bound (orange), or unbound from the ABD (red). (D-I) Time series from 10 molecular dynamics
simulations (500 ns each) with glycine (D), CGP-78608 (F), or L-689,560 (H) bound to the isolated GluN1, GIuN1IFA*T', and GluN1*"+RK ABDs. The bar graphs
summarize the percentage of time glycine (E), CGP-78608 (G), or L-689,560 (I) spent in the fully and partially bound pose (percent occupancy) for all sim-
ulations with GluN1 (WT), GluN1FA*T- (FA+TL), and GluN1F*+RK (FH+RK) ABDs. Data are mean + SEM from 10 simulations.
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Figure 9. Glycine binding promotes closed GluN1 agonist binding domain conformations. (A) Conformations of the GluN1 ABD are described by
measuring §1 and &2 distances between center of mass of atoms (shown as spheres) in the two lobes (D1 and D2) of the GluN1 ABD on each site of the agonist
binding cleft. (B) Molecular dynamics trajectories were produced with the isolated GluN1 ABD in the absence of ligand binding (apo), and values of (&5, €,) from
each frame of 8 x 2,500 ns simulation trajectories were pooled to calculate the 2D protein conformational free energy landscape (i.e., 2D PMF). X markings
indicate local free energy minima. Yellow dots indicate values of (£3, £,) measured in crystal structures of the isolated DCKA-bound GluN1 ABD (PDB ID: 1PBQ;
Furukawa and Gouaux, 2003), the isolated GluN1/2A ABD heterodimer with bound DCKA and glutamate (PDB ID: 4NF4; Jespersen et al,, 2014), and the isolated
apo GluN1 ABD (PDB ID: 4KCG; Yao et al., 2013). (C) The 1D PMF for the apo GluN1 ABD was calculated by projecting values of (€1, €) onto a single coordinate
using &, = (& + &)/2. Red shade indicates standard deviations. (D) Contour plot of the 2D PMF for the glycine-bound GluN1 ABD. The X marking indicates the
global free energy minimum. Yellow dots indicate values of (£, &,) measured in crystal structures of the isolated glycine-bound GluN1 ABD (PDB ID: 1PB7;
Furukawa and Gouaux, 2003), the isolated GluN1/2A ABD heterodimer with bound glycine and glutamate (PDB ID: 5I57; Yi et al., 2016), and the glycine- and
glutamate-bound GluN1/2B receptor (PDB ID: 4PES5; Karakas and Furukawa, 2014), as well as in the cryo-EM structure of the glycine- and glutamate-bound
GluN1/2B receptor (PDB ID: 6WHT; Chou et al., 2020). (E) Graph of the 1D PMF for the glycine-bound GluN1 ABD. Red shade indicates standard deviations.

responses pre-exposed to 1 pM CGP-78608 and activated by
10 mM glycine did not change by co-application of 1 uM (117 + 10 s;
n="7) or 10 pM L-689,560 (115 + 7 5; . = 4) compared tO Tgecay int the
absence of L-689,560 (114 + 2 s; n = 7; Fig. 5 F). These results
demonstrate that the rate of L-689,560 inhibition is limited by the
unbinding rate of CGP-78608 from the GluN1 orthosteric site.
These results support a mechanism in which positive allosteric
interactions exist between binding of CGP-78608 to GluN1 and
glycine to GIuN3A, whereas negative allosteric interactions exist
between binding of L-689,560 to GluN1 and glycine to GIuN3A.
L-689,560 enabled activation of GluN1/3A receptors by 10 mM
glycine, but not 0.1 mM glycine (Fig. 5, C and D), suggesting low
glycine potency at GluN1/3 receptors pre-exposed to L-689,560
compared to receptors pre-exposed to CGP-78608. To test this
prediction, we measured glycine concentration-response data at
GluN1/3A and GluN1/3B receptors in the presence of either CGP-
78608 or L-689,560 (Fig. 6, A and B). CGP-78608 binding to GluN1
resulted in a glycine ECs; of 14-19 uM, whereas L-689,560 binding
to GluN1 yielded a glycine ECs of 714-802 uM (Table 2). Thus,
glycine potency was 38- to 57-fold higher at GluN1/3A receptors
with bound CGP-78608 compared to receptors with bound
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L-689,560. The difference was less pronounced for GluN1/3B re-
ceptors that displayed 14- to 22-fold higher glycine potency with
bound CGP-78608 compared to L-689,560 (Table 2).

To determine if agonist efficacy of glycine at GluN1/3 receptors
is affected by binding of GluN1-selective antagonists, we compared
responses to saturating concentrations of glycine in the presence of
CGP-78608 to responses in the presence of L-689,560. Response
amplitudes measured in L-689,560 were 46 + 2% (n = 10) at
GluN1/3A and 21 + 1% (n = 10) at GluN1/3B relative to responses in
CGP-78608 (Fig. 6, C and D). These results demonstrate that glycine
agonist efficacy is reduced at GluN1/3 receptors bound to L-689,560
compared to receptors bound to CGP-78608. Desensitization of
GluN1/3 receptors can therefore be blocked by binding of L-689,560
to the GluNI subunit, but this will markedly reduce glycine potency
and efficacy at the GluN3 subunit and thereby limit activation of
GluN1/3 receptors at lower glycine concentrations.

L-689,560 binds the mutated GluN1 orthosteric site to mediate
inhibition of GluN1A*Tt/3A receptors

In order to explain inhibition of GluN1FA*TL/3A receptors by
L-689,560, we hypothesized that L-689,560 binds the GluN1
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Figure 10. CGP-78608, L-689,560, and mu-
tations select distinct GluN1 agonist binding
domain conformations. (A, C, E, and G) Con-
tour plots of 2D PMFs for GluN1 ABDs with
bound CGP-78608 (A) or L-689,560 (C), as well
as apo GIuNIFA*Tt (E) and GLuN1FH+RK (G) ABDs.
X markings indicate global or local free energy
minima. Yellow dots indicate values of (£, &)
measured in crystal structures of the GluN1/2A
ABD heterodimer with bound L-689,560 and
glutamate (PDB ID: 6USU; Chou et al,, 2020), and
the isolated apo GluN1 ABD (PDB ID: 4KCC; Yao
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et al, 2013), as well as in cryo-EM structures of
the glycine- and glutamate-bound GluN1/2B re-
ceptor (PDB ID: 6WHT; Chou et al,, 2020), the
L-689,560- and glutamate-bound GluN1/2B re-
ceptor (PDB ID: 6WHT; Chou et al., 2020), and
the CGP-78608- and glutamate-bound GluN1/2A
receptor (PDB ID: 7EOT; Wang et al, 2021). (B. D, F,
and H) Graphs show 1D PMFs for GluN1 ABDs with
bound CGP-78608 (B) or L-689,560 (D), as well as
apo GUNI*T (F) and GIUN1FHRK (H) ABDs. Red
shades indicate standard deviations.
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orthosteric site despite the modification by F484A+T518L mu-
tations (FA+TL). Consistent with this hypothesis, we predicted
that the potency of L-689,560 inhibition must be influenced by
mutations in the GluN1 agonist binding site. To evaluate this
hypothesis, we introduced F484H+R523K mutations (FH+RK) in
the GluN1 orthosteric site in order to both abolish glycine
binding and interfere with L-689,560 binding. Glycine displayed
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Modulation of GluN1/GluN3 by GluN1 antagonists

9 10 11 12 13 14 15 16

&;12 (A)

a sigmoidal concentration-response relationship at GluN1FH+RK/
3A and GluN1¥H+R¥/3B receptors, indicating that FH+RK abolish
glycine binding to GluN1 and thereby prevent desensitization
(Fig. 7 A). Glycine potency was modestly reduced by 3.1-fold for
GIUNIFH+RK/3A (ECso = 165 wM) compared to GluNIFA+TL/3A
receptors (ECso = 53 M) and by 2.4-fold at GluN1FH+RK/3B (EC5,
= 270 uM) compared to GluN14*TL/3B receptors (ECso =
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113 uM), indicating that glycine potency at the GluN3 subunit is
influenced by GluN1 orthosteric site mutations (Fig. 7 A and
Table 2). However, the potency of L-689,560 inhibition was
markedly reduced by 73-fold in GluN1FH*RK/3A (ICs0 = 5.6 uM)
activated by 100 uM glycine compared to GluNI1FA*TL/3A re-
ceptors (ICso = 77 nM) activated by 30 uM glycine (Fig. 7, B and
C; and Table 1). These results are consistent with our hypothesis
and demonstrate that the potency of L-689,560 inhibition is
influenced by mutations in the GluN1 agonist binding site.

We performed molecular dynamics simulations to further
corroborate that L-689,560 can bind the mutated GluN1FA+TL
orthosteric site. We produced 10 simulations of 500 ns for each
of three ligands (glycine, CGP-78608, and L-689,560) bound to
isolated GluN1WT, GluN1F4+TL, and GluN1FH+RK ABDs (Fig. 8, A-C;
see Materials and methods). Each trajectory frame was analyzed
to determine if the ligand was fully bound or if the ligand had
unbound the orthosteric site. Ligand binding poses that were not
fully bound or unbound were defined as partially bound. Glycine
remained stably bound to the GluNIWT ABD, but readily un-
bound from GluNIFA*TL and GluN1FH*RK ABDs (Fig. 8, D and E).
Interestingly, CGP-78608 remained stably bound to both
GluN1"T and GluN1FH+*RK ABDs but was unstably bound in the
GIuN1FATL ABD (Fig. 8, F and G). As predicted, L-689,560 re-
mained stably bound to both GluN1¥T and GluN1¥A*Tt ABDs but
was less stably bound in the GluN1FH*RK ABD compared to the
GIuN1FA*TL ABD (Fig. 8, H and I). These results are consistent
with the reduced L-689,560 potency at GluN1FH*RK/3A receptors
(Fig. 7) and support a mechanism in which L-689,560 binds the
GluN1 orthosteric site to mediate allosteric inhibition of GluN1/3
receptors. Furthermore, L-689,560 binding is preserved in the
mutated GluN1FA*TL orthosteric site, thereby enabling inhibition
of GluN1F4+*TL/3 receptors.

CGP-78608 and L-689,560 promote distinct GluN1 agonist
binding domain conformations

CGP-78608 and L-689,560 both bind the GluN1 orthosteric site to
prevent desensitization of GluN1/3 receptors. However, L-689,560
occupancy at the GluN1 orthosteric site results in lower glycine
potency and efficacy at the GluN3 subunit compared to CGP-
78608 occupancy. Furthermore, mutations in the GluN1 orthos-
teric site to abolish glycine binding influence glycine potency at
the GluN3 subunit. These results suggest that GluNl-selective
antagonists or mutations promote distinct conformations of the
GluN1 ABD that influence intra-subunit interactions between
GluN1 and GluN3 subunits. To investigate conformational selec-
tion, we used molecular dynamics simulations to observe hinged
movements between the two lobes of the GluN1 ABD, D1 and D2,
that together form the agonist binding pocket. Specifically, we
produced trajectories for each ligand or mutation and measured
two center-of-mass distances (£, &) between DI and D2 as
previously described (Yao et al., 2013; Fig. 9 A; see Materials
and methods for details). Values of (£, &,) from each frame of
8 x 2,500 ns simulation trajectories were pooled to calculate 2D
protein conformational free energy landscapes W(E;, &5; i.e., PMFs).
1D protein conformational free energy landscapes W(&y,) were cal-
culated by projecting values of (§;, §,) onto a single coordinate using
Ep = (§ +&)/2. The simulations included a restraint to prevent
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ligand dissociation and asymmetric harmonic potentials to dis-
courage &; and &, from exceeding 16 A and visit hyper-extended ABD
conformations during long simulations (see Materials and methods
for details).

We initially determined 2D PMFs for the ligand-free (apo)
and the glycine-bound GIuN1 ABD (Fig. 9; see also Figs. S1and S2
for estimation of convergences and statistical uncertainties).
GluN1 apo 2D and 1D PMFs displayed a relatively broad and flat
free energy basin, consistent with conformational flexibility in
the absence of bound ligand (Fig. 9, B and C). By contrast, GluN1
glycine PMFs revealed clear selection of a closed ABD confor-
mation, albeit with some flexibility along &, (Fig. 9, D and E). The
apo 2D PMF had local free energy minima at (&, &) = (11.6, 12.2
A) and (16.0, 15.4 A), while the glycine 2D PMF had a global free
energy minimum at (£, ,) = (9.6, 10.4 A). Global free energy
minima for apo and glycine 1D PMFs were located at §;, = 11.9
and 10.2 A, respectively. The PMFs and global free energy
minima are consistent with previous estimates of conforma-
tional free energy landscapes of GluN1 ABDs (Yao et al., 2013; Dai
and Zhou, 2015) and crystal and cryo-EM structures of apo and
glycine-bound GluN1 ABDs (Furukawa and Gouaux, 2003; Yao
et al., 2013; Karakas and Furukawa, 2014; Yi et al., 2016; Chou
et al., 2020; Fig. 9).

For the isolated GluN1 ABD with bound antagonists, the 2D
PMFs displayed local free energy minima at (€, ;) = (11.8,13.2 A)
and (15.8, 15.4 A) for CGP-78608 and (£, &,) = (9.4, 12.2 A) and
(12.0, 12.2 A) for L-689,560 (Fig. 10, A and C). Global free energy
minima for CGP-78608 and L-689,560 1D PMFs were located at
%, = 15.2 A and 12.1 A, respectively (Fig. 10, B and D). The mu-
tated GIuNIFA*TL ABD without bound ligand (apo) showed a
global free energy minimum at (&, &) = (16.0, 15.6 A) and the
mutated apo GluNIFH+RK ABD displayed local free energy min-
ima at (€, &,) = (16.0, 15.8 A) and (9.8, 13.2 A; Fig. 10, E and G).
For 1D PMFs, the global free energy minima were located at &), =
15.4 A and 11.5 A for GluNIFA*TL and GluNIFH*RK respectively
(Fig. 10, F and H). The shape of energy basins for these apo GluN1
ABDs indicate that F484A + T518L mutations select more open
GluN1 ABD conformations compared to F484H + R523K muta-
tions, which produced a broad and flat free energy basin (Fig. 10,
E-H), similar to the WT apo GluN1 ABD (Fig. 9, A and B). In
summary, molecular dynamics simulations support a mecha-
nism in which CGP-78608 binding promotes distinct and more
open GluN1 ABD conformations compared to L-689,560 binding.
Furthermore, GluN1 orthosteric site mutations promote distinct
conformations of the GluN1 ABD, which may influence glycine
potency at the GIuN3 subunit. Together, the functional data and
the molecular dynamics simulations suggest that more open
conformations of the GluN1 ABD promote glycine binding to
GluN3A, whereas more closed GluN1 ABD conformations nega-
tively modulate glycine binding, consistent with glycine ECs
values determined in Fig. 6 and shown in Table 2.

Discussion

We demonstrate that the GluNl-selective antagonists, CGP-
78608 and L-689,560, both prevent desensitization of GluN1/3
receptors by occluding glycine binding to GluN1, but that
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CGP-78608 increases glycine potency and efficacy at the GluN3
subunit, whereas L-689,560 reduces glycine potency and effi-
cacy (Fig. 6 and Table 2). These findings provide a mechanism
to explain the observation that pre-exposure to CGP-78608, but
not L-689,560, robustly potentiate current responses from
native GluN1/3A receptors in hippocampal CAl pyramidal
neurons (Fig. 1). Similarly, we demonstrate that both F484A +
T518L and F484H + R523K mutations in the GluNI1 glycine
binding site prevent desensitization, but that glycine potency is
higher at GluN1FA*TL/3A compared to at GluNIFH+RK/3A re-
ceptors (Fig. 7 and Table 2). We performed molecular dynamics
simulations with the GluN1 ABD in complex with CGP-78608
or L-689,560 (Fig. 10). In these simulations, CGP-78608 selected
more open conformations of the GluN1 ABD, whereas L-689,560
selected more closed ABD conformations. Similar results were
observed in molecular dynamics simulations with mutated
GluN1 ABDs, where F484A + T518L mutations select more open
GluN1 ABD conformations compared to F484H + R523K muta-
tions (Fig. 10). In concert, the simulations and functional data
indicate that more open conformations of the GluN1 ABD pro-
mote glycine binding to GluN3A, whereas more closed GluN1
ABD conformations negatively modulate glycine binding. We
also show that L-689,560 is a negative allosteric modulator of
glycine potency at the GIuN3A subunit in GluNIFA*TL/3A re-
ceptors via a mechanism that involves binding to the mutated
GluN1 agonist binding pocket (Figs. 3 and 8). This mechanism
underscores the complexity of defining GluN1/3 pharmacology
and reveals that ligands capable of binding the mutated GluN1
glycine binding site may allosterically modulate GluN1/3 re-
ceptors. Previous studies have utilized mutations in the GluN1
glycine binding site to prevent desensitization in pharmacolog-
ical assays (Awobuluyi et al., 2007; Madry et al., 2007; Kvist
et al., 2013a; Kvist et al., 2013b; Kaniakova et al., 2018;
Skrenkova et al., 2019; Zeng et al., 2022), but our results
suggest that this approach to potentiate GluN1/3 receptors
should be deployed with caution to avoid the potential issue of
studying modulation specific to a mutated GIuN1 agonist site.
GluN1-selective competitive antagonists can enhance activa-
tion of GluN1/3 receptors by preventing glycine binding to
GluN1 (Awobuluyi et al., 2007; Madry et al., 2007; Madry et al.,
2008, 2010; Kvist et al., 2013b; Mesic et al., 2016; Grand et al.,
2018; Otsu et al., 2019; Zhu et al., 2020; Bossi et al., 2022; Zeng
et al., 2022). However, CGP-78608 appears unique among the
GluN1-selective competitive antagonists by producing remark-
ably strong potentiation of GluN1/3 receptors. In this study, we
uncover important features of competitive antagonists that are
essential to their efficacy as GluN1/3 receptor potentiators. First,
high selectivity for the GluN1 orthosteric site is required to en-
able potentiation at higher GluN1 antagonist concentrations
and/or low glycine concentrations. The relatively non-selective
antagonist DCKA is therefore ineffective at potentiating GluN1/3
receptors (Awobuluyi et al., 2007). Second, GluN1 antagonists
should preferably have a slow rate of unbinding from the GluN1
orthosteric site. We measured remarkably slow unbinding of
CGP-78608 and 1-689,560 with time constants at 114 and 136 s,
respectively, in the presence of 10 mM glycine (Fig. 5). When
CGP-78608 or L-689,560 are bound to GluN1 in GIluN1/3A
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receptors, the slow unbinding rates minimize desensitization
accompanied by glycine binding to GluN1 during activation by
brief exposures to a high glycine concentration. Finally, our
findings suggest that the robust potentiation of GIuN1/3A re-
ceptors by CGP-78608 is further facilitated by positive intra-
subunit allosteric interactions that increase glycine potency
and efficacy at the GIuN3A subunit and slows CGP-78608 un-
binding from the GluN1 subunit (Fig. 5).

This study provides insights to the apparent discrepancy
between the high glycine affinity measured at the isolated
GIuN3A ABD (K4 = 40 nM; Yao and Mayer, 2006) and the rela-
tively low glycine potency at GluN3A in GluNIFA*TL/3A (ECso =
53 uM) and CGP-78608-bound GluN1/3A receptors (ECso =
19 pM; Table 2). Binding assays performed using the soluble
GluN3A ABD lack the intra-subunit allosteric interactions by
which the GluN1 subunit influence glycine affinity at the GluN3A
subunit. Thus, pharmacology at the GIuN3A orthosteric site is
dependent on the GluN1 conformation, which is influenced by
the mechanism used to prevent GluN1/3A desensitization (e.g.,
GluN1-selective antagonist or GluN1 mutations). In this regard,
binding affinities for competitive antagonists may have been
under-estimated at the isolated GluN3A ABD, since these values
were determined using displacement of [*H]glycine binding (Yao
and Mayer, 2006). That is, CGP-78608 and L-689,560 may have
higher affinity for the GIuN3A subunit in GluN1/3A receptors
than previously suggested from binding assays using the isolated
GluN3A ABD. We therefore speculate that competitive binding of
L-689,560 to GluN3A mediates the low-potency component of
inhibition in the biphasic concentration-response relationships
shown in Fig. 3 B. This also raises the possibility that binding
affinities for the GluN1 orthosteric site may be influenced by
GluN3 subunits. For example, binding experiments to rat brain
membranes indicated two binding sites for L-689,560 with
similar binding affinities, but distinct association and dissocia-
tion kinetics (Grimwood et al., 1992). These two binding sites for
L-689,560 may reflect distinct populations of GluNl subunits
located in GluN1/2 or GluN1/3 receptors.

Glycine potencies and effects of GluNl-selective antagonist
binding are qualitatively similar for WT GluN1/3A and GluN1/3B
receptors (Table 2). By contrast, L-689,560 binding produced
distinct effects in the context of the mutated GluNI1FA+TE
subunit; L-689,560 reduced glycine potency up to sevenfold at
GluNI1FA+TL/3A receptors, but did not affect glycine potency at
GluN1FA+TL/3B receptors (Fig. 4 and Table 2). We speculate
that the mutated GluNI*A*TL subunit promotes GluN1 ABD
conformations that may engage differently with GluN3A and
GluN3B subunits and thereby accentuate variation in intra-
subunit allosteric interactions among the two GluN1/3 recep-
tor subtypes. Although crystal structures of the isolated
GluN3A and GluN3B homomers have been described (Yao et al.,
2008; Yao et al., 2013), there is currently a dearth of structural
information for full-length GluN3-containing NMDA receptors.
Future structural studies on GluN1/3 receptors may point to
the specific receptor elements that undergo conformational
changes following ligand binding and thereby reveal context to
establish the structural mechanisms that mediate intra-subunit
allosteric interactions between GluN1 and GluN3 subunits.
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In conclusion, we demonstrate that the robust potentiation
of GluN1/3 receptors observed for CGP-78608 is facilitated by
positive intra-subunit allosteric interactions that increase
glycine potency and efficacy at the GluN3 subunit and slows
antagonist unbinding from the GluN1 subunit. We suggest
that more open conformations of the GluN1 ABD, such as those
selected by CGP-78608, promote glycine binding to GluN3A,
whereas more closed GluN1 ABD conformations, like those
selected by L-689,560, negatively modulate glycine binding.
Thus, the pharmacology of GluN1/3 receptors evaluated in
functional assays is highly dependent on the GluNl-selective
competitive antagonists or GluN1 agonist binding site muta-
tions that are utilized to prevent receptor desensitization.
This conclusion may explain, at least in part, the wide range of
potencies previously reported for glycine at GluN3 subunits in
functional assays (Awobuluyi et al., 2007; Madry et al., 2007;
Smothers and Woodward, 2007; Madry et al., 2008; Smothers
and Woodward, 2009; Kvist et al., 2013a; Grand et al., 2018;
Skrenkova et al., 2019; Zhu et al., 2020) and ligand binding
experiments (Nilsson et al., 2007; Yao et al., 2008; Yao et al.,
2013). The intra-subunit allosteric interactions described here
therefore highlight a complex structure-function relationship
that impact the development of potential therapeutic agents
and pharmacological tool compounds for native GluN1/3
NMDA receptors.

Data availability

The data underlying figures are available in the published article
and its online supplemental material. DNA constructs, molecular
dynamics simulation inputs, and analysis scripts are available
from the corresponding author upon reasonable request.

Acknowledgments
Christopher J. Lingle served as editor.

We thank the Molecular Computation Core Facility in the
Center for Biomolecular Structure and Dynamics at the Uni-
versity of Montana for providing access to GPU workstations.
We are also thankful for computational resources and support
from the University of Montana’s Griz Shared Computing
Cluster (GSCC) that contributed to this research.

The study was supported by the National Institute of Neu-
rological Disorders and Stroke (grants NS116055 and NS097536)
and the National Institute of General Medical Sciences (grant
GM140963).

Author contributions: N. Rouzbeh directed experimental
design, data analysis and interpretation, and performed elec-
trophysiological recordings; N. Rouzbeh and L. Jensen per-
formed backcrossing and genotyping of 3A-KO mice; A.R. Rau
performed brain slice electrophysiology and data analysis;
AJ. Benton performed molecular dynamics simulations and data
analysis; F. Yi, C.M. Anderson, M.R. Johns, and ].S. Lotti per-
formed electrophysiological recordings and data analysis; D.C.
Holley designed and supervised molecular dynamics simu-
lations; K.B. Hansen directed experimental design, data analysis
and interpretation, performed molecular dynamics simulations
and electrophysiological recordings, and supervised all aspects

Rouzbeh et al.
Modulation of GluN1/GluN3 by GluN1 antagonists

JGP

of the study. N. Rouzbeh and K.B. Hansen wrote the manuscript
with help from all co-authors.

Disclosures: The authors declare no competing interests exist.

Submitted: 19 January 2023
Revised: 7 March 2023
Accepted: 29 March 2023

References

Awobuluyi, M., J. Yang, Y. Ye, ].E. Chatterton, A. Godzik, S.A. Lipton, and D.
Zhang. 2007. Subunit-specific roles of glycine-binding domains in ac-
tivation of NR1/NR3 N-methyl-D-aspartate receptors. Mol. Pharmacol.
71:112-122. https://doi.org/10.1124/mol.106.030700

Benveniste, M., and M.L. Mayer. 1991. Kinetic analysis of antagonist action at
N-methyl-D-aspartic acid receptors. Two binding sites each for gluta-
mate and glycine. Biophys. J. 59:560-573. https://doi.org/10.1016/S0006
-3495(91)82272-X

Bischofberger, J., D. Engel, L. Li, ].R. Geiger, and P. Jonas. 2006. Patch-clamp
recording from mossy fiber terminals in hippocampal slices. Nat. Protoc.
1:2075-2081. https://doi.org/10.1038/nprot.2006.312

Bossi, S., D. Dhanasobhon, G.C.R. Ellis-Davies, ]J. Frontera, M. de Brito Van
Velze, J. Lourengo, A. Murillo, R. Lujan, M. Casado, I. Perez-Otafio, et al.
2022. GluN3A excitatory glycine receptors control adult cortical and
amygdalar circuits. Neuron. 110:2438-2454.e8. https://doi.org/10.1016/j
.neuron.2022.05.016

Case, D.A., T.E. Cheatham III, T. Darden, H. Gohlke, R. Luo, K.M. Merz Jr, A.
Onufriev, C. Simmerling, B. Wang, and R.J. Woods. 2005. The Amber
biomolecular simulation programs. J. Comput. Chem. 26:1668-1688.
https://doi.org/10.1002/jcc.20290

Chatterton, J.E., M. Awobuluyi, L.S. Premkumar, H. Takahashi, M. Talantova,
Y. Shin, J. Cui, S. Tu, K.A. Sevarino, N. Nakanishi, et al. 2002. Excitatory
glycine receptors containing the NR3 family of NMDA receptor sub-
units. Nature. 415:793-798. https://doi.org/10.1038/nature715

Chen, C., and H. Okayama. 1987. High-efficiency transformation of mam-
malian cells by plasmid DNA. Mol. Cell. Biol. 7:2745-2752. https://doi
.org/10.1128/mcb.7.8.2745-2752.1987

Cheng, Y., and W.H. Prusoff. 1973. Relationship between the inhibition
constant (K;) and the concentration of inhibitor which causes 50 per
cent inhibition (I5o) of an enzymatic reaction. Biochem. Pharmacol. 22:
3099-3108. https://doi.org/10.1016/0006-2952(73)90196-2

Chou, T.H., N. Tajima, A. Romero-Hernandez, and H. Furukawa. 2020.
Structural basis of functional transitions in mammalian NMDA re-
ceptors. Cell. 182:357-371.e13. https://doi.org/10.1016/j.cell.2020.05.052

Christian, D.T., M.T. Stefanik, L.A. Bean, J.A. Loweth, A.M. Wunsch, J.R.
Funke, C.A. Briggs, ]. Lyons, D. Neal, M. Milovanovic, et al. 2021. GluN3-
Containing NMDA receptors in the rat nucleus accumbens core con-
tribute to incubation of cocaine craving. J. Neurosci. 41:8262-8277.
https://doi.org/10.1523/J]NEUROSCI.0406-21.2021

Christopoulos, A. 1998. Assessing the distribution of parameters in models of
ligand-receptor interaction: To log or not to log. Trends Pharmacol. Sci.
19:351-357. https://doi.org/10.1016/S0165-6147(98) 01240-1

Christopoulos, A., and T. Kenakin. 2002. G protein-coupled receptor allo-
sterism and complexing. Pharmacol. Rev. 54:323-374. https://doi.org/10
.1124/pr.54.2.323

Clements, J.D., and G.L. Westbrook. 1991. Activation kinetics reveal the
number of glutamate and glycine binding sites on the N-methyl-D-
aspartate receptor. Neuron. 7:605-613. https://doi.org/10.1016/0896
-6273(91)90373-8

Colquhoun, D. 1998. Binding, gating, affinity and efficacy: The interpretation
of structure-activity relationships for agonists and of the effects of
mutating receptors. Br. J. Pharmacol. 125:924-947. https://doi.org/10
.1038/sj.bjp.0702164

Creed, M., J. Kaufling, G.R. Fois, M. Jalabert, T. Yuan, C. Liischer, F. Georges,
and C. Bellone. 2016. Cocaine exposure enhances the activity of ventral
tegmental area dopamine neurons via calcium-impermeable NMDARs.
J. Neurosci. 36:10759-10768. https://doi.org/10.1523/J]NEUROSCI.1703-16
.2016

Cummings, K.A., and G.K. Popescu. 2016. Protons potentiate GluN1/GluN3A
currents by attenuating their desensitisation. Sci. Rep. 6:23344. https://
doi.org/10.1038/srep23344

Journal of General Physiology
https://doi.org/10.1085/jgp.202313340

9z0z AInc vT uo 3senb Aq jpd "oveeTeZ0Z dB [/20€TSHT /OVEETEZ0ZD /9 /SST /4Pd -8 [0 13 4e /dB [ /B 10 "ssaudniy//:d 13y wo iy pspeo jumog

17 of 19


https://doi.org/10.1124/mol.106.030700
https://doi.org/10.1016/S0006-3495(91)82272-X
https://doi.org/10.1016/S0006-3495(91)82272-X
https://doi.org/10.1038/nprot.2006.312
https://doi.org/10.1016/j.neuron.2022.05.016
https://doi.org/10.1016/j.neuron.2022.05.016
https://doi.org/10.1002/jcc.20290
https://doi.org/10.1038/nature715
https://doi.org/10.1128/mcb.7.8.2745-2752.1987
https://doi.org/10.1128/mcb.7.8.2745-2752.1987
https://doi.org/10.1016/0006-2952(73)90196-2
https://doi.org/10.1016/j.cell.2020.05.052
https://doi.org/10.1523/JNEUROSCI.0406-21.2021
https://doi.org/10.1016/S0165-6147(98)01240-1
https://doi.org/10.1124/pr.54.2.323
https://doi.org/10.1124/pr.54.2.323
https://doi.org/10.1016/0896-6273(91)90373-8
https://doi.org/10.1016/0896-6273(91)90373-8
https://doi.org/10.1038/sj.bjp.0702164
https://doi.org/10.1038/sj.bjp.0702164
https://doi.org/10.1523/JNEUROSCI.1703-16.2016
https://doi.org/10.1523/JNEUROSCI.1703-16.2016
https://doi.org/10.1038/srep23344
https://doi.org/10.1038/srep23344
https://doi.org/10.1085/jgp.202313340

Dai, J., and H.X. Zhou. 2015. Reduced curvature of ligand-binding domain
free-energy surface underlies partial agonism at NMDA receptors.
Structure. 23:228-236. https://doi.org/10.1016/j.str.2014.11.012

Das, S., Y.F. Sasaki, T. Rothe, L.S. Premkumar, M. Takasu, J.E. Crandall, P.
Dikkes, D.A. Conner, P.V. Rayudu, W. Cheung, et al. 1998. Increased
NMDA current and spine density in mice lacking the NMDA receptor
subunit NR3A. Nature. 393:377-381. https://doi.org/10.1038/30748

Dingledine, R., K. Borges, D. Bowie, and S.F. Traynelis. 1999. The glutamate
receptor ion channels. Pharmacol. Rev. 51:7-61.

Ehlert, F.J. 1988. Estimation of the affinities of allosteric ligands using radi-
oligand binding and pharmacological null methods. Mol. Pharmacol. 33:
187-194.

Essmann, U, L. Perera, M.L. Berkowitz, T. Darden, H. Lee, and L.G. Pedersen.
1995. A smooth particle mesh Ewald method. ]. Chem. Phys. 103:
8577-8593. https://doi.org/10.1063/1.470117

Feller, S.E., Y. Zhang, R.W. Pastor, and B.R. Brooks. 1995. Constant pressure
molecular dynamics simulation: The Langevin piston method. J. Chem.
Phys. 103:4613-4621. https://doi.org/10.1063/1.470648

Forman, C.J., H. Tomes, B. Mbobo, R.]. Burman, M. Jacobs, T. Baden, and ].V.
Raimondo. 2017. Openspritzer: An open hardware pressure ejection
system for reliably delivering picolitre volumes. Sci. Rep. 7:2188. https://
doi.org/10.1038/541598-017-02301-2

Foster, A.C.,].A. Kemp, P.D. Leeson, S. Grimwood, A.E. Donald, G.R. Marshall,
T. Priestley, J.D. Smith, and R.W. Carling. 1992. Kynurenic acid ana-
logues with improved affinity and selectivity for the glycine site on the
N-methyl-D-aspartate receptor from rat brain. Mol. Pharmacol. 41:
914-922.

Furukawa, H., and E. Gouaux. 2003. Mechanisms of activation, inhibition
and specificity: Crystal structures of the NMDA receptor NRI ligand-
binding core. EMBO ]. 22:2873-2885. https://doi.org/10.1093/emboj/
cdg303

Glasgow, N.G., B. Siegler Retchless, and J.W. Johnson. 2015. Molecular bases
of NMDA receptor subtype-dependent properties. J. Physiol. 593:83-95.
https://doi.org/10.1113/jphysiol.2014.273763

Grand, T., S. Abi Gerges, M. David, M.A. Diana, and P. Paoletti. 2018. Un-
masking GIluN1/GluN3A excitatory glycine NMDA receptors. Nat.
Commun. 9:4769. https://doi.org/10.1038/s41467-018-07236-4

Grimwood, S., A.M. Moseley, R.W. Carling, P.D. Leeson, and A.C. Foster. 1992.
Characterization of the binding of [3H]L-689,560, an antagonist for the
glycine site on the N-methyl-D-aspartate receptor, to rat brain mem-
branes. Mol. Pharmacol. 41:923-930.

Grossfield, A., and D.M. Zuckerman. 2009. Quantifying uncertainty and
sampling quality in biomolecular simulations. Annu. Rep. Comput. Chem.
5:23-48. https://doi.org/10.1016/S1574-1400(09) 00502-7

Hansen, K.B., K.K. Ogden, and S.F. Traynelis. 2012. Subunit-selective allo-
steric inhibition of glycine binding to NMDA receptors. J. Neurosci. 32:
6197-6208. https://doi.org/10.1523/JNEUROSCI.5757-11.2012

Hansen, K.B., N. Tajima, R. Risgaard, R.E. Perszyk, L. Jorgensen, K.M. Vance,
KK. Ogden, R.P. Clausen, H. Furukawa, and S.F. Traynelis. 2013.
Structural determinants of agonist efficacy at the glutamate binding site
of N-methyl-D-aspartate receptors. Mol. Pharmacol. 84:114-127. https://
doi.org/10.1124/mol.113.085803

Hansen, K.B., L.P. Wollmuth, D. Bowie, H. Furukawa, F.S. Menniti, A.I. So-
bolevsky, G.T. Swanson, S.A. Swanger, LH. Greger, T. Nakagawa, et al.
2021. Structure, function, and pharmacology of glutamate receptor ion
channels. Pharmacol. Rev. 73:298-487. https://doi.org/10.1124/pharmrev
.120.000131

Hansen, K.B,, F. Yi, R.E. Perszyk, H. Furukawa, L.P. Wollmuth, A.J. Gibb, and
S.F. Traynelis. 2018. Structure, function, and allosteric modulation of
NMDA receptors. J. Gen. Physiol. 150:1081-1105. https://doi.org/10.1085/
jgp.201812032

He, X., V.H. Man, W. Yang, T.S. Lee, and J. Wang. 2020. A fast and
high-quality charge model for the next generation general AM-
BER force field. J. Chem. Phys. 153:114502. https://doi.org/10
.1063/5.0019056

Henson, M.A.,, R.S. Larsen, S.N. Lawson, I. Pérez-Otafio, N. Nakanishi, S.A.
Lipton, and B.D. Philpot. 2012. Genetic deletion of NR3A accelerates
glutamatergic synapse maturation. PLoS One. 7:¢42327. https://doi.org/
10.1371/journal.pone.0042327

Hopkins, C.W., S. Le Grand, R.C. Walker, and A.E. Roitberg. 2015. Long-time-
step molecular dynamics through hydrogen mass repartitioning.
J. Chem. Theor. Comput. 11:1864-1874. https://doi.org/10.1021/ct5010406

Huang, X., W. Ni, and C. Zhang. 2017. Calcium-impermeable NMDA receptor:
A novel target for addiction. Neurosci. Bull. 33:357-358. https://doi.org/
10.1007/512264-017-0121-6

Rouzbeh et al.
Modulation of GluN1/GluN3 by GluN1 antagonists

JGP

Huang, Y.H., 0.M. Schliiter, and Y. Dong. 2013. An unusual suspect in cocaine
addiction. Neuron. 80:835-836. https://doi.org/10.1016/j.neuron.2013.11
.001

Tacobucci, GJ., and G.K. Popescu. 2017. NMDA receptors: Linking physio-
logical output to biophysical operation. Nat. Rev. Neurosci. 18:236-249.
https://doi.org/10.1038/nrn.2017.24

Jespersen, A., N. Tajima, G. Fernandez-Cuervo, E.C. Garnier-Amblard, and H.
Furukawa. 2014. Structural insights into competitive antagonism in
NMDA receptors. Neuron. 81:366-378. https://doi.org/10.1016/j.neuron
.2013.11.033

Johnson, J.W., and P. Ascher. 1987. Glycine potentiates the NMDA response in
cultured mouse brain neurons. Nature. 325:529-531. https://doi.org/10
.1038/325529a0

Jorgensen, W.L., and J. Tirado-Rives. 2005. Potential energy functions for
atomic-level simulations of water and organic and biomolecular sys-
tems. Proc. Natl. Acad. Sci. USA. 102:6665-6670. https://doi.org/10.1073/
pnas.0408037102

Kaniakova, M., L. Kleteckova, K. Lichnerova, K. Holubova, K. Skrenkova, M.
Korinek, J. Krusek, T. Smejkalova, ]. Korabecny, K. Vales, et al. 2018. 7-
Methoxyderivative of tacrine is a ‘foot-in-the-door’ open-channel
blocker of GluN1/GluN2 and GluN1/GluN3 NMDA receptors with neu-
roprotective activity in vivo. Neuropharmacology. 140:217-232. https://
doi.org/10.1016/j.neuropharm.2018.08.010

Karakas, E., and H. Furukawa. 2014. Crystal structure of a heterotetrameric
NMDA receptor ion channel. Science. 344:992-997. https://doi.org/10
.1126/science.1251915

Kenakin, T. 2016. The mass action equation in pharmacology. Br. J. Clin.
Pharmacol. 81:41-51. https://doi.org/10.1111/bcp.12810

Kleckner, N.W., and R. Dingledine. 1988. Requirement for glycine in activa-
tion of NMDA-receptors expressed in Xenopus oocytes. Science. 241:
835-837. https://doi.org/10.1126/science.2841759

Kvist, T., J.R. Greenwood, K.B. Hansen, S.F. Traynelis, and H. Brauner-Os-
borne. 2013a. Structure-based discovery of antagonists for GluN3-
containing N-methyl-D-aspartate receptors. Neuropharmacology. 75:
324-336. https://doi.org/10.1016/j.neuropharm.2013.08.003

Kvist, T., T.B. Steffensen, J.R. Greenwood, F. Mehrzad Tabrizi, K.B. Hansen,
M. Gajhede, D.S. Pickering, S.F. Traynelis, ].S. Kastrup, and H. Brauner-
Osborne. 2013b. Crystal structure and pharmacological characterization
of a novel N-methyl-D-aspartate (NMDA) receptor antagonist at the
GluN1 glycine binding site. J. Biol. Chem. 288:33124-33135. https://doi
.org/10.1074/jbc.M113.480210

Larsen, R.S., R.J. Corlew, M.A. Henson, A.C. Roberts, M. Mishina, M. Wata-
nabe, S.A. Lipton, N. Nakanishi, I. Pérez-Otafio, R.]. Weinberg, and B.D.
Philpot. 2011. NR3A-containing NMDARs promote neurotransmitter
release and spike timing-dependent plasticity. Nat. Neurosci. 14:
338-344. https://doi.org/10.1038/nn.2750

Lee, C.H., W. Li, J.C. Michel, A. Goehring, J. Du, X. Song, and E. Gouaux. 2014.
NMDA receptor structures reveal subunit arrangement and pore ar-
chitecture. Nature. 511:191-197. https://doi.org/10.1038/naturel3548

Lee, J.H., ].Y. Zhang, Z.Z. Wei, and S.P. Yu. 2018. Impaired social behaviors
and minimized oxytocin signaling of the adult mice deficient in the
N-methyl-d-aspartate receptor GIuN3A subunit. Exp. Neurol. 305:1-12.
https://doi.org/10.1016/j.expneurol.2018.02.015

Machado, M.R., and S. Pantano. 2020. Split the charge difference in two! A
rule of thumb for adding proper amounts of ions in MD simulations.
J. Chem. Theor. Comput. 16:1367-1372. https://doi.org/10.1021/acs.jctc
.9b00953

Madry, C., H. Betz, J.R. Geiger, and B. Laube. 2008. Supralinear potentiation
of NR1/NR3A excitatory glycine receptors by Zn** and NRI1 antagonist.
Proc. Natl. Acad. Sci. USA. 105:12563-12568. https://doi.org/10.1073/pnas
.0805624105

Madry, C., H. Betz, J.R. Geiger, and B. Laube. 2010. Potentiation of glycine-
gated NR1/NR3A NMDA receptors relieves Ca-dependent outward
rectification. Front. Mol. Neurosci. 3:6. https://doi.org/10.3389/fnmol
.2010.00006

Madry, C., I. Mesic, I. Bartholoméus, A. Nicke, H. Betz, and B. Laube. 2007.
Principal role of NR3 subunits in NR1/NR3 excitatory glycine receptor
function. Biochem. Biophys. Res. Commun. 354:102-108. https://doi.org/
10.1016/j.bbrc.2006.12.153

Mabhfooz, K., S. Marco, R. Martinez-Turrillas, M.K. Raja, I. Pérez-Otafio, and
J.F. Wesseling. 2016. GluN3A promotes NMDA spiking by enhancing
synaptic transmission in Huntington’s disease models. Neurobiol. Dis.
93:47-56. https://doi.org/10.1016/j.nbd.2016.04.001

Maier, J.A., C. Martinez, K. Kasavajhala, L. Wickstrom, K.E. Hauser, and C.
Simmerling. 2015. ff14SB: Improving the accuracy of protein side chain

Journal of General Physiology
https://doi.org/10.1085/jgp.202313340

9z0z AInc vT uo 3senb Aq jpd "oveeTeZ0Z dB [/20€TSHT /OVEETEZ0ZD /9 /SST /4Pd -8 [0 13 4e /dB [ /B 10 "ssaudniy//:d 13y wo iy pspeo jumog

18 of 19


https://doi.org/10.1016/j.str.2014.11.012
https://doi.org/10.1038/30748
https://doi.org/10.1063/1.470117
https://doi.org/10.1063/1.470648
https://doi.org/10.1038/s41598-017-02301-2
https://doi.org/10.1038/s41598-017-02301-2
https://doi.org/10.1093/emboj/cdg303
https://doi.org/10.1093/emboj/cdg303
https://doi.org/10.1113/jphysiol.2014.273763
https://doi.org/10.1038/s41467-018-07236-4
https://doi.org/10.1016/S1574-1400(09)00502-7
https://doi.org/10.1523/JNEUROSCI.5757-11.2012
https://doi.org/10.1124/mol.113.085803
https://doi.org/10.1124/mol.113.085803
https://doi.org/10.1124/pharmrev.120.000131
https://doi.org/10.1124/pharmrev.120.000131
https://doi.org/10.1085/jgp.201812032
https://doi.org/10.1085/jgp.201812032
https://doi.org/10.1063/5.0019056
https://doi.org/10.1063/5.0019056
https://doi.org/10.1371/journal.pone.0042327
https://doi.org/10.1371/journal.pone.0042327
https://doi.org/10.1021/ct5010406
https://doi.org/10.1007/s12264-017-0121-6
https://doi.org/10.1007/s12264-017-0121-6
https://doi.org/10.1016/j.neuron.2013.11.001
https://doi.org/10.1016/j.neuron.2013.11.001
https://doi.org/10.1038/nrn.2017.24
https://doi.org/10.1016/j.neuron.2013.11.033
https://doi.org/10.1016/j.neuron.2013.11.033
https://doi.org/10.1038/325529a0
https://doi.org/10.1038/325529a0
https://doi.org/10.1073/pnas.0408037102
https://doi.org/10.1073/pnas.0408037102
https://doi.org/10.1016/j.neuropharm.2018.08.010
https://doi.org/10.1016/j.neuropharm.2018.08.010
https://doi.org/10.1126/science.1251915
https://doi.org/10.1126/science.1251915
https://doi.org/10.1111/bcp.12810
https://doi.org/10.1126/science.2841759
https://doi.org/10.1016/j.neuropharm.2013.08.003
https://doi.org/10.1074/jbc.M113.480210
https://doi.org/10.1074/jbc.M113.480210
https://doi.org/10.1038/nn.2750
https://doi.org/10.1038/nature13548
https://doi.org/10.1016/j.expneurol.2018.02.015
https://doi.org/10.1021/acs.jctc.9b00953
https://doi.org/10.1021/acs.jctc.9b00953
https://doi.org/10.1073/pnas.0805624105
https://doi.org/10.1073/pnas.0805624105
https://doi.org/10.3389/fnmol.2010.00006
https://doi.org/10.3389/fnmol.2010.00006
https://doi.org/10.1016/j.bbrc.2006.12.153
https://doi.org/10.1016/j.bbrc.2006.12.153
https://doi.org/10.1016/j.nbd.2016.04.001
https://doi.org/10.1085/jgp.202313340

and backbone parameters from ff99SB. J. Chem. Theor. Comput. 11:
3696-3713. https://doi.org/10.1021/acs.jctc.5b00255

Marco, S., A. Giralt, M.M. Petrovic, M.A. Pouladi, R. Martinez-Turrillas, J.
Martinez-Hernindez, L.S. Kaltenbach, J. Torres-Peraza, R.K. Graham,
M. Watanabe, et al. 2013. Suppressing aberrant GluN3A expression
rescues synaptic and behavioral impairments in Huntington’s disease
models. Nat. Med. 19:1030-1038. https://doi.org/10.1038/nm.3246

Mayer, M.L., G.L. Westbrook, and P.B. Guthrie. 1984. Voltage-dependent
block by Mg?* of NMDA responses in spinal cord neurones. Nature.
309:261-263. https://doi.org/10.1038/309261a0

Mesic, I., C. Madry, K. Geider, M. Bernhard, H. Betz, and B. Laube. 2016. The
N-terminal domain of the GIuN3A subunit determines the efficacy of
glycine-activated NMDA receptors. Neuropharmacology. 105:133-141.
https://doi.org/10.1016/j.neuropharm.2016.01.014

Monyer, H., R. Sprengel, R. Schoepfer, A. Herb, M. Higuchi, H. Lomeli, N.
Burnashev, B. Sakmann, and P.H. Seeburg. 1992. Heteromeric NMDA
receptors: Molecular and functional distinction of subtypes. Science.
256:1217-1221. https://doi.org/10.1126/science.256.5060.1217

Morris, G.M., R. Huey, W. Lindstrom, M.F. Sanner, R.K. Belew, D.S. Goodsell,
and AJ. Olson. 2009. AutoDock4 and AutoDockTools4: Automated
docking with selective receptor flexibility. J. Comput. Chem. 30:
2785-2791. https://doi.org/10.1002/jcc.21256

Murail, S., SJ. de Vries, J. Rey, G. Moroy, and P. Tufféry. 2021. SeamDock: An
interactive and collaborative online docking resource to assist small
compound molecular docking. Front. Mol. Biosci. 8:716466. https://doi
.org/10.3389/fmolb.2021.716466

Nilsson, A., J. Duan, L.L. Mo-Boquist, E. Benedikz, and E. Sundstrém. 2007.
Characterisation of the human NMDA receptor subunit NR3A glycine
binding site. Neuropharmacology. 52:1151-1159. https://doi.org/10.1016/j
.neuropharm.2006.12.002

Nowak, L., P. Bregestovski, P. Ascher, A. Herbet, and A. Prochiantz. 1984.
Magnesium gates glutamate-activated channels in mouse central neu-
rones. Nature. 307:462-465. https://doi.org/10.1038/307462a0

Otsu, Y., E. Darcq, K. Pietrajtis, F. Matyas, E. Schwartz, T. Bessaih, S. Abi Gerges,
C.V. Rousseau, T. Grand, S. Dieudonné, et al. 2019. Control of aversion by
glycine-gated GluN1/GluN3A NMDA receptors in the adult medial ha-
benula. Science. 366:250-254. https://doi.org/10.1126/science.aax1522

Paoletti, P., C. Bellone, and Q. Zhou. 2013. NMDA receptor subunit diversity:
Impact on receptor properties, synaptic plasticity and disease. Nat. Rev.
Neurosci. 14:383-400. https://doi.org/10.1038/nrn3504

Pérez-Otaflo, 1., R.S. Larsen, and J.F. Wesseling. 2016. Emerging roles of
GluN3-containing NMDA receptors in the CNS. Nat. Rev. Neurosci. 17:
623-635. https://doi.org/10.1038/nrn.2016.92

Pettersen, E.F., T.D. Goddard, C.C. Huang, G.S. Couch, D.M. Greenblatt, E.C.
Meng, and T.E. Ferrin. 2004. UCSF Chimera--a visualization system for
exploratory research and analysis. J. Comput. Chem. 25:1605-1612.
https://doi.org/10.1002/jcc.20084

Pifia-Crespo, ].C., M. Talantova, I. Micu, B. States, H.S. Chen, S. Tu, N. Na-
kanishi, G. Tong, D. Zhang, S.F. Heinemann, et al. 2010. Excitatory
glycine responses of CNS myelin mediated by NR1/NR3 “NMDA” re-
ceptor subunits. J. Neurosci. 30:11501-11505. https://doi.org/10.1523/
JNEUROSCI.1593-10.2010

Ryckaert, J.-P., G. Ciccotti, and H.].C. Berendsen. 1977. Numerical integration
of the cartesian equations of motion of a system with constraints:
Molecular dynamics of n-alkanes. J. Comput. Phys. 23:327-341. https://
doi.org/10.1016/0021-9991(77)90098-5

Sanz-Clemente, A., R.A. Nicoll, and K.W. Roche. 2013. Diversity in NMDA
receptor composition: Many regulators, many consequences. Neurosci-
entist. 19:62-75. https://doi.org/10.1177/1073858411435129

Skrenkova, K., K. Hemelikova, M. Kolcheva, S. Kortus, M. Kaniakova, B.
Krausova, and M. Horak. 2019. Structural features in the glycine-
binding sites of the GluN1 and GluN3A subunits regulate the surface
delivery of NMDA receptors. Sci. Rep. 9:12303. https://doi.org/10.1038/
541598-019-48845-3

Smothers, C.T., and J.J. Woodward. 2007. Pharmacological characterization of
glycine-activated currents in HEK 293 cells expressing N-methyl-D-
aspartate NR1 and NR3 subunits. ]. Pharmacol. Exp. Ther. 322:739-748.
https://doi.org/10.1124/jpet.107.123836

Smothers, C.T., and ].J. Woodward. 2009. Expression of glycine-activated
diheteromeric NR1/NR3 receptors in human embryonic kidney 293
cells is NRI splice variant-dependent. J. Pharmacol. Exp. Ther. 331:
975-984. https://doi.org/10.1124/jpet.109.158493

Rouzbeh et al.
Modulation of GluN1/GluN3 by GluN1 antagonists

JGP

Tajima, N., E. Karakas, T. Grant, N. Simorowski, R. Diaz-Avalos, N. Grigorieff,
and H. Furukawa. 2016. Activation of NMDA receptors and the mech-
anism of inhibition by ifenprodil. Nature. 534:63-68. https://doi.org/10
.1038/naturel7679

Traynelis, S.F., L.P. Wollmuth, C.J. McBain, F.S. Menniti, K.M. Vance, K.K.
Ogden, K.B. Hansen, H. Yuan, S.J. Myers, and R. Dingledine. 2010.
Glutamate receptor ion channels: Structure, regulation, and function.
Pharmacol. Rev. 62:405-496. https://doi.org/10.1124/pr.109.002451

Trott, O., and A.J. Olson. 2010. AutoDock vina: Improving the speed and ac-
curacy of docking with a new scoring function, efficient optimization,
and multithreading. J. Comput. Chem. 31:455-461. https://doi.org/10
.1002/jcc.21334

Truett, G.E., P. Heeger, R.L. Mynatt, A.A. Truett, ].A. Walker, and M.L.
Warman. 2000. Preparation of PCR-quality mouse genomic DNA with
hot sodium hydroxide and tris (HotSHOT). Biotechniques. 29:52-54.
https://doi.org/10.2144/00291bm09

Vanquelef, E., S. Simon, G. Marquant, E. Garcia, G. Klimerak, ].C. Delepine, P.
Cieplak, and F.Y. Dupradeau. 2011. R.E.D. Server: A web service for
deriving RESP and ESP charges and building force field libraries for
new molecules and molecular fragments. Nucleic Acids Res. 39:W511-7.
https://doi.org/10.1093/nar/gkr288

Wang, H., S. Lv, D. Stroebel, J. Zhang, Y. Pan, X. Huang, X. Zhang, P. Paoletti,
and S. Zhu. 2021. Gating mechanism and a modulatory niche of human
GluN1-GluN2A NMDA receptors. Neuron. 109:2443-2456.e5. https://doi
.org/10.1016/j.neuron.2021.05.031

Wesseling, ].F., and I. Pérez-Otafio. 2015. Modulation of GluN3A expression
in Huntington disease: A new N-methyl-D-aspartate receptor-based
therapeutic approach? JAMA Neurol. 72:468-473. https://doi.org/10
.1001/jamaneurol.2014.3953

Wollmuth, L.P. 2018. Ion permeation in ionotropic glutamate receptors: Still
dynamic after all these years. Curr. Opin. Physiol. 2:36-41. https://doi
.org/10.1016/j.cophys.2017.12.003

Yao, Y., J. Belcher, AJ. Berger, M.L. Mayer, and A.Y. Lau. 2013. Conforma-
tional analysis of NMDA receptor GluN1, GluN2, and GluN3 ligand-
binding domains reveals subtype-specific characteristics. Structure. 21:
1788-1799. https://doi.org/10.1016/j.5tr.2013.07.011

Yao, Y., C.B. Harrison, P.L. Freddolino, K. Schulten, and M.L. Mayer. 2008.
Molecular mechanism of ligand recognition by NR3 subtype glutamate
receptors. EMBO J. 27:2158-2170. https://doi.org/10.1038/emboj.2008
140

Yao, Y., and M.L. Mayer. 2006. Characterization of a soluble ligand binding
domain of the NMDA receptor regulatory subunit NR3A. J. Neurosci. 26:
4559-4566. https://doi.org/10.1523/JNEUROSCI.0560-06.2006

Yi, F.,, T.C. Mou, K.N. Dorsett, R.A. Volkmann, F.S. Menniti, S.R. Sprang, and
K.B. Hansen. 2016. Structural basis for negative allosteric modulation of
GluN2A-containing NMDA receptors. Neuron. 91:1316-1329. https://doi
.org/10.1016/j.neuron.2016.08.014

Yuan, T., M. Mameli, E.C. O’Connor, P.N. Dey, C. Verpelli, C. Sala, I. Perez-
Otano, C. Liischer, and C. Bellone. 2013. Expression of cocaine-evoked
synaptic plasticity by GluN3A-containing NMDA receptors. Neuron. 80:
1025-1038. https://doi.org/10.1016/j.neuron.2013.07.050

Zeng, Y., Y. Zheng, T. Zhang, F. Ye, L. Zhan, Z. Kou, S. Zhu, and Z. Gao. 2022.
Identification of a subtype-selective allosteric inhibitor of GluN1/GluN3
NMDA receptors. Front. Pharmacol. 13:888308. https://doi.org/10.3389/
fphar.2022.888308

Zhang, ].B., S. Chang, P. Xu, M. Miao, H. Wu, Y. Zhang, T. Zhang, H. Wang, ].
Zhang, C. Xie, et al. 2018. Structural basis of the proton sensitivity of
human GluN1-GluN2A NMDA receptors. Cell Rep. 25:3582-3590.e4.
https://doi.org/10.1016/j.celrep.2018.11.071

Zhao, F., U. Atxabal, S. Mariottini, F. Yi, J.S. Lotti, N. Rouzbeh, N. Liu, L.
Bunch, K.B. Hansen, and R.P. Clausen. 2022. Derivatives of (R)-3-(5-
Furanyl)carboxamido-2-aminopropanoic acid as potent NMDA re-
ceptor glycine site agonists with GluN2 subunit-specific activity.
J. Med. Chem. 65:734-746. https://doi.org/10.1021/acs.jmedchem
.1c01810

Zhu, S., R.A. Stein, C. Yoshioka, C.H. Lee, A. Goehring, H.S. Mchaourab, and
E. Gouaux. 2016. Mechanism of NMDA receptor inhibition and acti-
vation. Cell. 165:704-714. https://doi.org/10.1016/j.cell.2016.03.028

Zhu, Z., F. Yi, M.P. Epplin, D. Liu, S.L. Summer, R. Mizu, G. Shaulsky, W.
XiangWei, W. Tang, P.B. Burger, et al. 2020. Negative allosteric mod-
ulation of GluN1/GluN3 NMDA receptors. Neuropharmacology. 176:
108117. https://doi.org/10.1016/j.neuropharm.2020.108117

Journal of General Physiology
https://doi.org/10.1085/jgp.202313340

9z0z AInc vT uo 3senb Aq jpd "oveeTeZ0Z dB [/20€TSHT /OVEETEZ0ZD /9 /SST /4Pd -8 [0 13 4e /dB [ /B 10 "ssaudniy//:d 13y wo iy pspeo jumog

19 of 19


https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1038/nm.3246
https://doi.org/10.1038/309261a0
https://doi.org/10.1016/j.neuropharm.2016.01.014
https://doi.org/10.1126/science.256.5060.1217
https://doi.org/10.1002/jcc.21256
https://doi.org/10.3389/fmolb.2021.716466
https://doi.org/10.3389/fmolb.2021.716466
https://doi.org/10.1016/j.neuropharm.2006.12.002
https://doi.org/10.1016/j.neuropharm.2006.12.002
https://doi.org/10.1038/307462a0
https://doi.org/10.1126/science.aax1522
https://doi.org/10.1038/nrn3504
https://doi.org/10.1038/nrn.2016.92
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1523/JNEUROSCI.1593-10.2010
https://doi.org/10.1523/JNEUROSCI.1593-10.2010
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1177/1073858411435129
https://doi.org/10.1038/s41598-019-48845-3
https://doi.org/10.1038/s41598-019-48845-3
https://doi.org/10.1124/jpet.107.123836
https://doi.org/10.1124/jpet.109.158493
https://doi.org/10.1038/nature17679
https://doi.org/10.1038/nature17679
https://doi.org/10.1124/pr.109.002451
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.2144/00291bm09
https://doi.org/10.1093/nar/gkr288
https://doi.org/10.1016/j.neuron.2021.05.031
https://doi.org/10.1016/j.neuron.2021.05.031
https://doi.org/10.1001/jamaneurol.2014.3953
https://doi.org/10.1001/jamaneurol.2014.3953
https://doi.org/10.1016/j.cophys.2017.12.003
https://doi.org/10.1016/j.cophys.2017.12.003
https://doi.org/10.1016/j.str.2013.07.011
https://doi.org/10.1038/emboj.2008.140
https://doi.org/10.1038/emboj.2008.140
https://doi.org/10.1523/JNEUROSCI.0560-06.2006
https://doi.org/10.1016/j.neuron.2016.08.014
https://doi.org/10.1016/j.neuron.2016.08.014
https://doi.org/10.1016/j.neuron.2013.07.050
https://doi.org/10.3389/fphar.2022.888308
https://doi.org/10.3389/fphar.2022.888308
https://doi.org/10.1016/j.celrep.2018.11.071
https://doi.org/10.1021/acs.jmedchem.1c01810
https://doi.org/10.1021/acs.jmedchem.1c01810
https://doi.org/10.1016/j.cell.2016.03.028
https://doi.org/10.1016/j.neuropharm.2020.108117
https://doi.org/10.1085/jgp.202313340

JGP

Supplemental material

>
()
(@)

apo GluN1

apo GluN1 FATL apo GluN1FH-RK

0.4 0.4 0.4 (]

- g - g

0.3

0.2 Emy

Blocked Standard Error (A)
Blocked Standard Error (A)
Blocked Standard Error (A)

0.1 1, =434 ns
1, =527 ns
0.0 - 0.0 - 00—
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Block length (ns) Block length (ns) Block length (ns)
D glycine GIuN1 E CGP-78608 GIuN1 F L689,560 GIuN1
AOA_ o & AOA - & - _ - &
< A < = <
= = & T - & ns > - & 11 =629 ns
g 0.3 803 o® g
w w w °
B ] 1, =420 ns B 2
3 3 3 m
g 02 - g 02 g
7] 1 7] [ ] n
el el o
% 0.14 oo % 0.1 % 1, =763 ns
o o g
o o o

y=111ns T, =490 ns

T T T T 1 r T T T T 1 T T T T 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Block length (ns) Block length (ns) Block length (ns)

Figure S1. Block-averaging analyses for &; and &, coordinates to assess convergence and sampling quality in molecular dynamics trajectories used
for PMF calculations. All trajectories for each condition were combined to produce N = M x n frames that were divided into M segments with block length n,
and averages of &; and &, coordinates were calculated for each segment. This was performed with an initial short block length and with gradually increasing
block lengths. For each block length n, the BSE was calculated as BSE = 6,/4M, where o, is the standard deviation of either &; or &, averages among the blocks
and M is the number of segments with block length n. Thus, BSE values estimate the standard error of &; or €, based on trajectory segments of length n. BSE is
predicted to underestimate the true standard error for short block lengths, which are highly correlated, but will increase with larger block lengths as the blocks
become statistically independent. Simulations can be considered to have reasonable sampling quality when BSE values no longer change (i.e., asymptotes) with
increasing block lengths. BSE values for &; and &, from combined 8 x 2,500 ns trajectories (i.e., 2 s simulation total) were fit to a mono-exponential function to
determine the time constant for each coordinate (t; and 1,). This analysis suggests that BSE values for &; and &, reached 95% of the asymptote after 333-2,286
ns, depending on GluN1 mutations or the ligand bound (A-F).
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Figure S2. Statistical uncertainties in 2D PMFs from molecular dynamics simulations with WT and mutated GluN1 ABDs in the apo state or with
bound ligands. (A-F) For each condition, 2D PMFs (A-F, left) were calculated by combining 8 x 2,500 ns trajectories (also shown in Figs. 9 and 10). For each
condition, the error ranges (A-F, right) were estimated as the standard deviation of 2D PMFs calculated for each of the eight individual molecular dynamics

simulations. X markings indicate local free energy minima.
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