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Abstract 

NMDA-type ionotropic glutamate receptors are critically involved in excitatory 

neurotransmission and their dysfunction is implicated in many brain disorders. Allosteric 

modulators with selectivity for specific NMDA receptor subtypes are therefore attractive as 

therapeutic agents, and sustained drug discovery efforts have resulted in a wide range of new 

allosteric modulators. However, evaluation of allosteric NMDA receptor modulators is limited by 

the lack of operational ligand-receptor models to describe modulator binding dissociation 

constants (KB) and effects on agonist binding affinity (α) and efficacy (β). Here, we describe a 

pharmacological equilibrium model that encapsulates activation and modulation of NMDA 

receptors, and we apply this model to afford deeper understanding of GluN2A-selective negative 

allosteric modulators (NAMs), TCN-201, MPX-004, and MPX-007. We exploit slow NAM 

unbinding to examine receptors at hemi-equilibrium when fully occupied by agonists and 

modulators to demonstrate that TCN-201 display weaker binding and negative modulation of 

glycine binding affinity (KB = 42 nM, α = 0.0032) compared to MPX-004 (KB = 9.3 nM, α = 

0.0018) and MPX-007 (KB = 1.1 nM, α = 0.00053). MPX-004 increases agonist efficacy (β = 

1.19), whereas TCN-201 (β = 0.76) and MPX-007 (β = 0.82) reduce agonist efficacy. These 

values describing allosteric modulation of diheteromeric GluN1/2A receptors with two modulator 

binding sites are unchanged in triheteromeric GluN1/2A/2B receptors with a single binding site. 

This evaluation of NMDA receptor modulation reveals differences between ligand analogs that 

shape their utility as pharmacological tool compounds and facilitates the design of new 

modulators with therapeutic potential. 
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Significance statement 

Detailed understanding of allosteric NMDA receptor modulation requires pharmacological 

methods to quantify modulator binding affinity and the strengths of modulation of agonist 

binding and efficacy. We describe a generic ligand-receptor model for allosteric NMDA receptor 

modulation and use this model for the characterization of GluN2A-selective NAMs. The model 

enables quantitative evaluation of a broad range of NMDA receptor modulators and provides 

opportunities to optimize these modulators by embellishing the interpretation of their structure-

activity relationships.  
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Introduction 

The primary excitatory neurotransmitter in the central nervous system (CNS), glutamate, 

signals through activation of metabotropic and ionotropic glutamate receptors (Hansen et al., 

2021). N-methyl-D-aspartate (NMDA) receptors are a class of ionotropic glutamate receptors that 

are critically involved in neuronal development and many forms of synaptic plasticity relevant to 

learning and memory (Hansen et al., 2021; Nicoll and Schulman, 2023). Seven different NMDA 

receptor subunits exist (GluN1, GluN2A-D, and GluN3A-B) that are assembled as 

heterotetrameric receptor complexes, composed of two obligatory glycine- or D-serine-binding 

GluN1 subunits and two glutamate-binding GluN2 subunits or two glycine-binding GluN3 

subunits (Hansen et al., 2018; Karakas and Furukawa, 2014; Lee et al., 2014; Michalski and 

Furukawa, 2024). The four GluN2A-D subunits have distinct temporal and spatial expression 

patterns in the CNS, and the GluN2 subunit identity determines the functional and 

pharmacological properties of NMDA receptors (Erreger et al., 2007; Monyer et al., 1994; Vicini 

et al., 1998; Yuan et al., 2009). Diheteromeric NMDA receptors composed of GluN1 and one 

type of GluN2 subunit (e.g. GluN1/2A) are commonly evaluated in pharmacological studies 

using heterologous expression systems (e.g. Xenopus oocytes and HEK293T cells), albeit 

triheteromeric NMDA receptor subtypes composed of GluN1 and two different GluN2 subunits 

(e.g. GluN1/2A/2B) are highly expressed in the adult CNS (reviewed in (Gibb, 2022; Stroebel et 

al., 2018).  

Due to their central role in brain function, NMDA receptors have received considerable 

attention as therapeutic targets for a wide range of neurological and psychiatric disorders (Hansen 

et al., 2021; Hanson et al., 2024). In this regard, allosteric NMDA receptor modulators are of 
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particular interest since such agents afford the opportunity to selectively target distinct receptor 

subtypes to enhance or suppress physiological activity. The rational design of allosteric 

modulators requires quantitative determination of both modulator binding affinity and efficacy, 

facilitated by an understanding of the mechanism of action. Commonly, the ligand concentration 

that elicits half-maximally effective responses (EC50) from cell-surface receptors is used to 

describe the potency (i.e. potency is 1/EC50) of agonists or positive allosteric modulators (PAMs). 

Similarly, the concentration that elicits half-maximally effective inhibition (IC50) is generally 

used to describe the activity of competitive antagonists, negative allosteric modulators (NAMs), 

and channel blockers in the case of ion channels. The Hill equation is typically fit to 

concentration-response data to provide the EC50 or IC50 values as well as a Hill slope (nH). 

However, the parameters derived from the Hill equation do not parse the separable molecular 

properties that account for functional modulator activity (Colquhoun, 1998; Colquhoun, 2006), 

including binding affinity at the modulatory binding site and induced changes in agonist binding 

or efficacy (Ehlert, 2005; Kenakin, 2005). Thus, while EC50 or IC50 values provide important 

information that can be used to characterize the functional activity of ligands in biological 

systems, they alone are not sufficient to enable the quantitative comparisons between ligands 

required to efficiently optimize their functional activity (Colquhoun, 1998; Colquhoun, 2006). 

Here, we derive a pharmacological equilibrium model that describes agonist binding and 

activation as well as allosteric modulation of NMDA receptors. This model defines receptor open 

probability as a function of agonist and modulator concentrations using five parameters, namely 

agonist and modulator dissociation constants (KA and KB, respectively), agonist efficacy (E), 

allosteric binding interaction constant (α), and allosteric efficacy interaction constant (β). Thus, 

we describe modulator efficacy according to the strength by which modulator binding changes 
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agonist binding affinity (α) and/or agonist efficacy (β) (Gibb, 2022; Kenakin, 2017). Using this 

model, we provide new insights to inhibition of both diheteromeric and triheteromeric GluN2A-

containing NMDA receptors by the GluN2A-selective NAMs, TCN-201, MPX-004, and MPX-

007 (Bettini et al., 2010; Hansen et al., 2012; Volkmann et al., 2016; Yi et al., 2016). Our 

analysis provides a deeper understanding of allosteric modulation by GluN2A-selective 

antagonists, predicts their activity under physiological conditions, and facilitates the development 

of novel modulators with improved therapeutic potential. 
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Materials and Methods 

DNA constructs and ligands 

The cDNAs for rat GluN1-1a (GenBank accession numbers U11418 and U08261; hereafter 

GluN1), rat GluN2A (D13211), and rat GluN2B (U11419) were inserted into pCI-neo vectors for 

expression in Xenopus laevis oocytes and HEK293T cells. For expression in Xenopus oocytes, 

the rat GluN2B cDNA was modified to remove a T7 RNA polymerase termination site located in 

the C-terminal domain as previously described (Hansen et al., 2014). For estimation of open 

probability, the A652C mutation was introduced into the GluN1 subunit. For expression of 

triheteromeric NMDA receptors, previously described DNA constructs were used, in which the 

C-terminal domain for GluN2A was swapped into GluN2B (GluN2B2A) and peptide tags 

composed of GABAB receptor heterodimeric coiled-coil motifs (C1 and C2) and endoplasmic 

reticulum retention signal were spliced onto the C-terminus of GluN2A and GluN2B2A (herafter 

referred to as GluN2AC1 and GluN2BC2) (Hansen et al., 2014; Yi et al., 2017). For visualization 

of transfected HEK293T cells and titration of NMDA receptor expression levels, EGFP was 

inserted between the CMV promoter of the pCI-neo vector and the open reading frame (ORF) of 

GluN1 (i.e. GluN1 and EGFP are expressed as individual proteins), and 0-3 start codons 

encoding small upstream ORFs were placed between the open reading frames of EGFP and 

GluN1 as previously described (Yi et al., 2018). 

TCN-201 and MPX-004 were purchased from Hello Bio (Princeton, NJ) and Alomone Labs 

(Jerusalem, Israel), respectively. MPX-007 (Volkmann et al., 2016), UCM-F-8d (compound 8d 

from (Zhao et al., 2022), and Me-CCG (compound 4b from (Risgaard et al., 2013) were 

synthesized as previously described. Purities of the tested compounds were determined by 
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analytical HPLC to be >95%. Stock solutions for glutamate and glycine were prepared at 10 mM 

and 100 mM, respectively, in recording solutions. Stock solutions of all other ligands were 

prepared at 10-100 mM in DMSO. The concentration of DMSO was kept constant throughout 

recordings and never exceeded a concentration of 0.3 %. 

Two-electrode voltage-clamp recordings 

For expression in Xenopus laevis oocytes, the cDNAs were linearized using restriction 

enzymes to produce templates for in vitro cRNA synthesis (mMessage mMachine, Thermo 

Fisher Scientific, Waltham, MA). Xenopus oocytes purchased from Xenopus1 (Dexter, MI) were 

maintained and prepared for cDNA injection as previously described (Hansen et al., 2013). 

Oocytes were injected with in vitro synthesized cRNAs and stored at 17°C or 19°C for 

diheteromeric or triheteromeric NMDA receptors, respectively (Hansen et al., 2014; Yi et al., 

2017). Oocytes were maintained in modified Barth’s solution containing (in mM) 88 NaCl, 2.4 

NaHCO3, 1 KCl, 0.33 Ca(NO3)2, 0.41 CaCl2, 0.82 MgSO4, and 10 HEPES (pH 7.5 with NaOH) 

supplemented with 1 IU/ml penicillin, 1 µg/ml streptomycin (Gibco, Thermo Fisher Scientific, 

Waltham, MA), and 50 µg/ml gentamycin (Fisher Scientific, Hampton, NH). For experiments 

with diheteromeric NMDA receptors, the cRNAs encoding GluN1 and GluN2 were combined at 

variable ratios and diluted with RNase-free water to achieve a desirable expression level. For 

experiments with triheteromeric NMDA receptors, the cRNAs encoding GluN1, GluN2AC1, and 

GluN2BC2 were diluted with RNase-free water at a 1:1:1 ratio. Each oocyte was injected with a 

total volume of 50 nL cRNA. 

Two-electrode voltage clamp recordings were performed 2-4 days after injection at room 

temperature (23°C). The extracellular recording solution contained (in mM) 90 NaCl, 1 KCl, 0.5 
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BaCl2, 0.01 EDTA, and 10 HEPES (pH 7.4 with NaOH). Solution exchange was computer-

controlled through two 8-modular valve positioners (Hamilton Company, Reno, NV). Voltage 

and current electrodes were pulled using a vertical puller (PC-10, Narishige, Amityville, NY) and 

filled with 3.0 M KCl. Current responses were recorded at a holding potential of -40 mV using a 

two-electrode voltage-clamp amplifier (OC-725C; Warner Instruments, Hamden, CT). 

Measurements were low-pass filtered at 20 Hz (Alligator Technologies, Charlottesville, VA) 

before they were passed to a digitizer (PCIe-6321, National Instruments, Austin, TX) for data 

acquisition. On the day of recordings, oocytes were injected with 30-50 nL of 50 mM BAPTA to 

prevent activity-dependent increases in the amplitude of the response (Williams, 1993). Solutions 

of methanethiosulfonate ethylammonium (MTSEA) were prepared fresh at a concentration of 0.2 

mM and used for recordings within 30 min. For experiments with triheteromeric receptors, the 

fraction of current response from “escaped” receptors compared to the total current response was 

always determined on the day of the experiment as previously described, and experiments were 

only performed if the “escape” current response was <10% of the total current response (Yi et al., 

2017). 

Whole-cell voltage-clamp recordings 

HEK293T cells were plated in 24-well plates approximately 48 hours prior to recording and 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMax-I and sodium 

pyruvate supplemented with 10% fetal bovine serum, 10 U/mL penicillin, and 10 µg/mL 

streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA). The HEK293T cells are from 

previously published studies (Elmasri et al., 2022; Rouzbeh et al., 2023) and were not 

authenticated experimentally or tested for mycoplasma contamination for this study. 
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Transfections were performed the day before recording using the calcium phosphate precipitation 

method (Chen and Okayama, 1987) with 0.5 µg of total DNA per 24-well as previously described 

(Hansen et al., 2013). For experiments with diheteromeric receptors, DNA constructs encoding 

GluN1 and GluN2 were transfected at a 1:1 ratio. For experiments with triheteromeric receptors, 

DNA constructs encoding GluN1 and the two distinct GluN2 subunits were transfected at a 1:1:1 

ratio (GluN1/GluN2C1/GluN2BC2). To prevent NMDA receptor-mediated cytotoxicity, the media 

was supplemented with 200 µM 7-chlorokynurenic acid (7CKA) and 200 µM D,L-2-amino-5-

phosphonovalerate (AP5) following transfection. On the day of recording, the transfected cells 

were mechanically triturated in DMEM using repetitive pipetting, before they were replated onto 

poly-D-lysine coated (0.1 mg/mL) glass coverslips in cell culture medium and given at least 3 

hours to re-adhere. Whole-cell patch-clamp recordings were performed at room temperature (21–

23 °C) using an Axopatch 200B amplifier (Molecular Devices, San Jose, CA) and a holding 

potential of –60 mV. The signal was low-pass filtered at 8 kHz (8-pole, –3 dB Bessel, Frequency 

Devices, Ottawa, IL), digitized at 20 kHz using Digidata 1322A (Molecular Devices), and 

recorded with pCLAMP software (Molecular Devices). Thin-wall glass micropipettes (BF150-

110-10, Sutter Instrument Company, Novato, CA) were pulled using a horizontal puller (P-1000, 

Sutter Instrument Company, Novato, CA) to produce recording electrodes with a tip resistance of 

2-4MΩ. Recording electrodes were filled with internal solution containing (in mM) 110 D-

gluconate, 110 CsOH, 30 CsCl, 4 NaCl, 0.5 CaCl2, 2 MgCl2, 5 BAPTA, 2 NaATP,  0.3 NaGTP, 

and 5 HEPES (pH 7.35 with CsOH). The extracellular recording solution consisted of (in mM) 

150 NaCl, 3 KCl, 0.5 CaCl2, 0.01 EDTA, and 10 HEPES (pH 7.4 with NaOH). Solutions were 

applied to the cells by gravity-driven perfusion through an 8-channel stepper motor (Warner 

Instruments, Hamden, CT) with 10-90% open-tip solution exchange times less than 2 ms. Cells 
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with access resistance >10 MΩ or >30% drift in response amplitudes during recordings were 

excluded from data analysis. 

Data analysis 

Maximal open probability (Popen) was estimated from the maximal current response to agonist 

in the absence (Iagonist) and presence of MTSEA (IMTSEA), where MTSEA covalently reacts with 

GluN1-A652C to lock the channel in an open conformation with Popen  1 (Jones et al., 2002; 

Yuan et al., 2005). To adjust for changes in single channel conductance following MTSEA 

exposure, maximal Popen was calculated using the following equation (Yuan et al., 2005): 

Popen
 =

𝛾𝑀𝑇𝑆𝐸𝐴

𝛾𝑎𝑔𝑜𝑛𝑖𝑠𝑡
×

Iagonist

IMTSEA
 

The values of γMTSEA/γagonist were 0.66 for GluN1A652C/2A and GluN1A652C/2AC1/2BC2 and 0.69 

for GluN1A652C/2B receptors (Yuan et al., 2005; Yuan et al., 2009). 

Concentration–response data were analyzed with GraphPad Prism (GraphPad Software, La 

Jolla, CA). Agonist concentration-response data for individual oocytes were fit by the Hill 

equation: 

I = Imin + 
Imax  −  Imin

1 + 10((log[A] − logEC50) × nH)
 

Imax and Imin are the fitted maximum and minimum responses to agonist, nH is the Hill slope, [A] 

is the agonist concentration, and EC50 is the effective agonist concentration that produces half-

maximum response. For agonists, the fitted Imin is typically negligible and close to zero. Unless 

otherwise stated, data points from individual oocytes were normalized to Imax and Imin and 

averaged for graphical representation. 

To determine agonist binding affinity Ka, agonist efficacy E, modulator binding affinity Kb, 
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allosteric binding constant α, and allosteric efficacy constant β, we derived the following 

equation according to the law of mass action and the equilibrium model shown in Figure 1 (see 

Supplemental Information for the derivation): 

Popen =
Ex2(1 + αβy)2

(1 + y)2 + 2x(1 + y + αy + αy2) + x2(1 + αy)2 + Ex2(1 + αβy)2
       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏) 

Here, x = [A]Ka and y = [B]Kb, where [A] and [B] are agonist and modulator concentrations, 

respectively. At supersaturating concentrations of agonist ([A]   and therefore also x  ) 

and modulator ([B]   and y  ), the limit of Equation 1 describes maximal Popen with 

modulatory binding sites fully occupied: 

Popen
∞ =

 β2E

1 + β2E
       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐) 

If agonist efficacy E and maximal Popen in the presence of NAM are known, then the allosteric 

efficacy constant β can be calculated: 

β = √
Popen

∞

E(1 − Popen
∞ )

        (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑) 

In the absence of modulator (y = 0), Equation 1 reduces to the following: 

Popen =
Ex2

1 + 2x + x2 + Ex2
       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒) 

At supersaturating concentrations of agonist ([A]   and x  ) the limit of Equation 3 

describes maximal Popen in the absence of modulator: 

Popen
∞ =

E

1 + E
       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟓) 
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E =
Popen

∞

1 − Popen
∞

       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟔) 

When agonist efficacy E is known, the agonist binding affinity Ka (or agonist dissociation 

constant KA = 1/Ka) can be determined by fitting a normalized version of Equation 3 to agonist 

concentration-response data: 

I = Imin + (Imax + Imin) ×
1 + E

E
×

Ex2

1 +  2x +  x2 +  Ex2
       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟕) 

When agonist binding affinity Ka, agonist efficacy E, allosteric binding constant α, and allosteric 

efficacy constant β are known, the modulator binding affinity Kb (or modulator dissociation 

constant KB = 1/Kb) can be determined by fitting a normalized version of Equation 1 using global 

non-linear regression to agonist concentration-response data in the absence and presence of 

different modulator concentrations: 

I = Imin + (Imax + Imin) ×
1 + β2E

β2E
×

Ex2(1 + αβy)2

(1 + y)2 + 2x(1 + y + αy + αy2) + x2(1 + αy)2 + Ex2(1 + αβy)2
        (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟖) 

When agonist binding affinity Ka, agonist efficacy E, and allosteric efficacy constant β are known 

at supersaturating concentrations of modulator ([B]   and y  ), the allosteric binding 

constant α can be determined by fitting agonist concentration-response data in the presence of a 

saturating modulator concentration to the following equation: 

I = Imin + (Imax + Imin) ×
1 + β2E

β2E
×

α2β2Ex2

1 + 2αx + α2x2 + α2β2Ex2
        (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟗) 

Assuming one binding site for GluN2A-selective NAMs in triheteromeric GluN1/2A/2B 

receptors, Equations 2, 3 and 9 are changed to the following: 
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Popen
∞ =

βE

1 + βE
       (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟎) 

β =
Popen

∞

E(1 − Popen
∞ )

     (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟏) 

I = Imin + (Imax + Imin) ×
1 + βE

βE
×

αβEx2

1 + αx + x + αx2 + αβEx2
        (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟐) 

Statistical analysis 

Data are expressed as mean ± SD unless otherwise stated. Experiments were not designed 

with a predetermined number of replicates. Statistical analyses were performed as described in 

figure and table legends. Experiments in this exploratory study were designed to test biological 

hypotheses and calculated p-values should be interpreted as descriptive. Significance for all tests 

was set at p < 0.05.

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on November 5, 2024 as DOI: 10.1124/molpharm.124.000975

 at A
SPE

T
 Journals on D

ecem
ber 24, 2024

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


MOLPHARM-AR-2024-000975 

16 

Results 

The majority of neuronal NMDA receptors are comprised of two GluN1 and two GluN2 

subunits, arranged as a dimer of GluN1-GluN2 dimers, that form a central ion channel pore 

(Hansen et al., 2021).  TCN-201, MPX-004 and MPX-007 are NAMs of diheteromeric and 

triheteromeric GluN2A-containing NMDA receptors, and the GluN2A selectivity derives from 

the NAM binding site in the subunit interface between the GluN1-GluN2A agonist binding 

domains. We developed a pharmacological equilibrium model to determine differences among 

the GluN2A-selective NAMs in terms of their binding affinity as well as their effects on agonist 

affinity and efficacy, that is, the molecular characteristics that contribute to the differentiable 

pharmacology of these allosteric modulators. 

Assumptions and definitions of the pharmacological equilibrium model 

The pharmacological equilibrium model describes allosteric modulation in terms of three 

parameters, namely, modulator binding affinity Kb, allosteric binding constant α, and allosteric 

efficacy constant β (Fig. 1). This model also describes the effects of allosteric modulation on 

agonist binding affinity Ka (i.e. the association equilibrium constant) and agonist efficacy E. 

Since NMDA receptors require full agonist occupancy at both coagonist binding sites (e.g. 

glutamate and glycine) for activation (Benveniste and Mayer, 1991; Clements and Westbrook, 

1991), the model considers the binding of one coagonist (e.g. glycine) and assumes full 

occupancy by the other coagonist (e.g. glutamate). The model assumes that the two agonist 

binding sites for each coagonist are equivalent and independent (Benveniste and Mayer, 1991; 

Clements and Westbrook, 1991), that the allosteric modulator has two equivalent and 

independent binding sites, consistent with a single binding site in each GluN1-GluN2 subunit 
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dimer in the tetrameric NMDA receptor subunit complex (Hackos et al., 2016; Karakas et al., 

2011; Romero-Hernandez et al., 2016; Yi et al., 2016). Agonist efficacy E represents the 

transition of the fully agonist-bound receptor to the open state from an ensemble of closed states 

(Auerbach and Zhou, 2005; Banke and Traynelis, 2003; Erreger et al., 2005; Gibb et al., 2018; 

Iacobucci and Popescu, 2017; Schorge et al., 2005) and it is assumed that receptor 

desensitization, if any, occurs only from the fully agonist-bound conformation (Fig. 1). Based on 

the model, we derived an equation using the law of mass action to describe NMDA receptor open 

probability at equilibrium as a function of agonist and modulator concentrations (Equation 1, see 

also Supplemental Information for the derivation). The equation can be fitted to experimental 

data to quantify the parameters that underlie agonist and modulator activity. 

Binding affinity and efficacy for glutamate and glycine site agonists  

Determination of agonist efficacy E requires that receptor responses are described in terms of 

channel open probability (Popen). According to Equation 5, agonist efficacy E can be calculated 

from the maximal Popen in response to the agonist. Previous studies have employed a modified 

soluble cysteine accessibility method to estimate maximal Popen for GluN1/2A NMDA receptors 

(Yuan et al., 2005; Yuan et al., 2009). In this approach, a cysteine residue is inserted in the 

NMDA receptor ion channel at position Ala652 in the GluN1 subunit, and maximal agonist 

responses with and without cysteine modification by MTSEA are measured. MTSEA covalently 

reacts with GluN1-A652C in the open channel pore, locking the channel in an open conformation 

with Popen  1, thereby enabling calculation of maximal Popen from the ratio of responses before 

and after MTSEA modification (Yuan et al., 2005) (see Materials and Methods). Using this 

approach, we estimated maximal Popen for five different coagonist combinations at GluN1-
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A652C/2A receptors (Fig. 2A-C, Table 1). Because all four agonist binding sites, i.e. both the 

two glycine binding sites and the two glutamate binding sites, must be occupied for channel 

opening (Benveniste and Mayer, 1991; Clements and Westbrook, 1991), the maximal Popen and 

agonist efficacy are specific to each coagonist pair. To substantiate the approach to estimate 

maximal Popen, we selected agonists that are expected to have a range of binding affinities and 

efficacies. AICP is a GluN1 agonist with an extraordinary high potency, but a maximum response 

similar to glycine (Jessen et al., 2017), while UCM-F-8d is a GluN1 agonist with a high potency 

and yet a much lower maximal response compared to glycine (Zhao et al., 2022). Maximal Popen 

values were 0.39 for glutamate/glycine, 0.36 for glutamate/AICP, and 0.044 for glutamate/UCM-

F-8d (Table 1). Thus, AICP is nearly a full agonist and UCM-F-8d is a partial agonist compared 

to glycine, consistent with functional characterization in previous studies (Jessen et al., 2017; 

Zhao et al., 2022). Me-CCG is a partial GluN2 agonists with a higher potency compared to 

glutamate (Risgaard et al., 2013). Maximal Popen values were 0.29 for NMDA/glycine and 0.29 

for Me-CCG/glycine (Table 1), demonstrating that NMDA and Me-CCG are both partial agonists 

compared to glutamate as previously shown (Erreger et al., 2007; Hansen et al., 2008; Risgaard et 

al., 2013). Agonist efficacy E values calculated from maximal Popen using Equation 4 were 0.66 

for glutamate/glycine, 0.57 for glutamate/AICP, 0.046 for glutamate/UCM-F-8d, 0.41 for 

NMDA/glycine, and 0.42 for Me-CCG/glycine (Table 1). Maximal Popen for glutamate/glycine 

estimated here using the modified soluble cysteine accessibility method are similar to previously 

published values determined using single-channel recordings from GluN1/2A receptors (Schorge 

et al., 2005; Yuan et al., 2009). 

With agonist efficacy E known, it is possible to obtain agonist binding affinity Ka by fitting 

Equation 7 to normalized concentration-response data at GluN1/2A receptors. In the presence of 
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a saturating glutamate concentration (300 µM), the binding dissociation constants KA were 0.66 

µM for glycine, 0.041 µM for AICP, and 0.033 µM for UCM-F-8d (Fig. 2D-F, Table 1). Fitting 

the same data to the Hill equation gave EC50 values of 1.03 µM for glycine, 0.064 µM for AICP, 

and 0.082 µM for UCM-F-8d (Table 1). In the presence of a saturating glycine concentration 

(100 µM), the binding dissociation constants KA were 2.2 µM for glutamate, 50 µM for NMDA, 

and 0.11 µM for Me-CCG (Fig. 2D-F, Table 1). From fitting the Hill equation, the corresponding 

EC50 values were 3.4 µM for glutamate, 88 µM for NMDA, and 0.21 µM for Me-CCG (Table 1). 

In summary, AICP and UCM-F-8d display considerable variation in agonist efficacy at the 

glycine site of GluN1/2A receptors, but have similar binding affinities that are 16- to 20-fold 

higher than glycine. NMDA and Me-CCG are both partial glutamate site agonists with similar 

agonist efficacies, but binding affinities compared to glutamate are 23-fold lower for NMDA and 

20-fold higher for Me-CCG. This quantitative determination of agonist activities at GluN1/2A 

receptors enables the evaluation of allosteric modulators to determine their effects on agonist 

binding affinity and efficacy. 

Challenges related to characterization of GluN2A-selective negative allosteric modulation 

GluN2A-selective NAMs, TCN-201, MPX-004, and MPX-007, bind the heterodimer 

interface formed between agonist binding domains of GluN1 and GluN2A subunits (Yi et al., 

2016). It has been previously demonstrated that binding of these GluN2A-selective NAMs 

inhibits NMDA receptors by reducing glycine potency, and glycine binding reciprocally reduces 

NAM binding affinity (Edman et al., 2012; Hansen et al., 2012; Yi et al., 2016). Thus, similar to 

competitive antagonists, the inhibition by GluN2A-selective NAMs can be surmounted by high 

concentrations of glycine. However, unlike competitive antagonists, GluN2A-selective NAMs 
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and agonists can simultaneously bind the NMDA receptor. Using a simplified version of the 

equilibrium model shown in Figure 1, in which modulation is described by a single agonist 

binding step, a single modulator binding step, and no modulation of agonist efficacy 

(Christopoulos and Kenakin, 2002; Ehlert, 1988), the binding dissociation constant KB and 

allosteric binding interaction constant α for TCN-210 were previously estimated to be 

approximately 27-45 nM and 0.003-0.007, respectively (Hansen et al., 2012; Yi et al., 2016). 

While KB and α have not been estimated for MPX-004 and MPX-007, previous concentration-

inhibition data obtained using electrophysiological measurements indicate that the three GluN2A-

selective NAMs display similar potencies in the presence of 3 µM glycine, but that more glycine 

is required to surmount inhibition by MPX-004 and MPX-007 compared to TCN-201 (Yi et al., 

2016). However, in a separate study, MPX-007 was reported to be 10-fold more potent than 

TCN-201 using measurements of intracellular calcium levels (Volkmann et al., 2016). It remains 

unknown whether the seemingly stronger inhibition by MPX-004 and MPX-007 compared to 

TCN-201 is mediated by improvements in binding affinity and/or allosteric interactions. 

Furthermore, variation among the GluN2A-selective NAMs in their ability to change agonist 

efficacy may also contribute to the observed differences in potency (Volkmann et al., 2016; Yi et 

al., 2016). 

Binding affinity and allosteric constants (Kb, α, and β) for TCN-201, MPX-004, and MPX-

007 can, in theory, be determined by fitting Equation 8 with fixed agonist binding affinity Ka and 

efficacy E to a series of glycine concentration-response data in the absence and presence of 

increasing modulator concentrations. To minimize ambiguity in the fitting process, 

concentration-response data at low NAM concentrations should be included to accurately 

determine the binding dissociation constant KB. Furthermore. high NAM concentrations are 
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required to obtain sufficient shifts in the concentration-response data to determine allosteric 

constants (α and β). However, poor solubility of TCN-201, MPX-004, and MPX-007 prevents 

their reliable use at concentrations higher than 5 µM, 10 µM, and 30 µM in two-electrode 

voltage-clamp recordings (Volkmann et al., 2016), which may not reveal maximal modulation of 

agonist binding affinity or efficacy. Furthermore, as demonstrated in Figure 3, MPX-004 and 

MPX-007 display remarkably slow onset and offset of inhibition, in particular at lower 

concentrations, which makes equilibrium difficult to attain in a reasonable time. These results 

highlight practical challenges that commonly occur in functional assays of receptor 

pharmacology related to insufficient time to reach agonist/modulator/receptor equilibrium and the 

omission of saturating ligand-receptor conditions due to poor ligand solubility (Charlton and 

Vauquelin, 2010; Kenakin, 2017). 

Determination of allosteric efficacy constant β at hemi-equilibrium 

In the absence of equilibrium conditions and with proper corrections to the ligand-receptor 

model, measurements at hemi-equilibrium (i.e. before full agonist/modulator/receptor equilibrium 

is observed; (Paton and Rang, 1966) can represent a useful compromise for pharmacological 

evaluation of ligands with slow unbinding kinetics (Charlton and Vauquelin, 2010; Kenakin et 

al., 2006; Riddy et al., 2015). The time constants for offset of inhibition at GluN1/2A receptors 

by TCN-201 are slow, depending on glycine and NAM concentrations (35-50 s for 3-10 µM 

TCN-201 inhibition in 10 µM glycine) (Hansen et al., 2012), and the kinetics of MPX-004 and 

MPX-007 are presumably slower (Fig. 3). We took advantage of the slow unbinding to determine 

the allosteric efficacy constant β at hemi-equilibrium when GluN1/2A receptors are fully bound 

by NAM and maximally activated by glycine.  
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We performed whole-cell patch-clamp experiments with HEK293T cells expressing 

GluN1/2A receptors to enable fast solution exchange (see Materials and Methods). Responses to 

a supersaturating concentration of glycine (30 mM) were measured before and after equilibration 

with a NAM concentration predicted to fully occupy the modulatory binding sites in the absence 

of agonist (3 µM TCN-201, 10 µM MPX-004, 10 µM MPX-007). Using this approach, maximal 

glycine responses were measured at hemi-equilibrium before substantial NAM unbinding can 

occur (Fig. 4). There was no discernable unbinding of MPX-004 and MPX-007 during the 2 

second response activated by 30 mM glycine, whereas some unbinding was observed for TCN-

201 with a time constant of 230 ± 100 ms (N = 6) from a mono-exponential decay fit (Fig. 4B). 

Thus, response amplitudes were measured at the initial peak after fast glycine application when 

the receptors are fully bound by NAM and maximally activated by glycine. 

Responses measured before NAM exposure are activated with agonist efficacy E = 0.66 (Fig. 

2, Table 1). According to the model (Fig. 1), responses measured from receptors with bound 

NAM are activated with agonist efficacy β
2
E. Because maximal Popen in the absence of NAM is 

known, maximal Popen in the presence of NAM can be estimated from the ratio of responses 

before and after NAM exposure and the allosteric efficacy constant β can be calculated using 

Equation 3. TCN-201 and MPX-007 inhibited the maximal glycine response to 71% ± 9% (N = 

10) and 80% ± 13% (n = 8), respectively, compared to control (Fig. 4C), corresponding to 

allosteric efficacy constants of β = 0.76 for TCN-201 and β = 0.82 for MPX-007 (Table 2). By 

contrast, MPX-004 increased maximal glycine responses to 124% ± 10% (N = 10) compared to 

control (Fig. 4C), corresponding to an allosteric efficacy constant of β = 1.19 (Table 2). Thus, 

while all three GluN2A NAMs inhibit NMDA receptors by reducing glycine potency, they 

display variation in their allosteric efficacy interactions with TCN-201 and MPX-007 reducing 
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agonist efficacy and MPX-004 increasing agonist efficacy. 

Modulation of glutamate potency by GluN2A-selective NAMs 

To corroborate the β values determined at hemi-equilibrium, we isolated the effects of the 

GluN2A-selective NAMs on receptor efficacy apart from interactions with glycine by using a 

receptor mutant that requires only glutamate for activation. We introduced a disulfide bond in 

GluN1 (GluN1-N499C+Q686C, hereafter GluN1-CC) that restricts the agonist binding domain in 

a closed conformation that mimics the glycine bound state to enable receptor activation by 

glutamate alone (Dai and Zhou, 2016; Kussius and Popescu, 2010; Sun et al., 2017; Yi et al., 

2016). In GluN1-CC/2A receptors, the GluN2A-selective NAMs are therefore unable to inhibit 

by reducing glycine potency, and NAM-induced changes in glutamate-activated response 

amplitudes are due to allosteric efficacy interactions described by β. 

Glutamate concentration-response data were measured for GluN1-CC/2A in the absence and 

presence of NAM (5 µM TCN-201, 10 µM MPX-004, 10 µM MPX-007). Glutamate EC50 values 

were not significantly different between vehicle (EC50 = 2.11 µM) and in the presence of TCN-

201 (EC50 = 2.53 µM) (Fig. 5, Table 3). However, MPX-004 and MPX-007 significantly 

decreased glutamate EC50 to 1.08 µM and 1.30 µM, respectively, compared to vehicle (Fig. 5, 

Table 3). Responses were normalized to a maximal glutamate response at the beginning of the 

recording before vehicle or NAM exposure (Fig. 5B). The fitted maximal glutamate response 

from the concentration-response data was not significantly different between vehicle and in the 

presence of TCN-201 (91% in 0.05% DMSO versus 88% in TCN-201) or MPX-007 (88% in 

0.1% DMSO versus 87% in MPX-007). By contrast, MPX-004 significantly increased the fitted 

maximal glutamate response (88% in 0.1% DMSO versus 104% in MPX-004) (Fig. 5, Table 3). 
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The vehicle control reveals that the response amplitudes are slightly reduced over the duration of 

the recordings. These results should be interpreted with the caveat that the GluN2A-selective 

NAMs may exhibit incomplete or no binding to GluN1-CC/2A, since the crosslinked GluN1 

agonist binding conformation represents the low affinity NAM binding site (e.g. as illustrated in 

Figure 1) (Yi et al., 2016). This caveat notwithstanding, the results are consistent with β values 

determined at hemi-equilibrium that indicate the NAMs have distinct allosteric effects on 

receptor activation. These results also are consistent with a previous conclusion that the GluN2A-

selective NAMs do not inhibit NMDA receptors by reducing glutamate potency (Bettini et al., 

2010; Hansen et al., 2012; Yi et al., 2016). 

Determination of allosteric binding constant α at hemi-equilibrium 

Like the determination of the allosteric efficacy constant β (Fig. 4, Table 2), the slow NAM 

unbinding enabled evaluation of the allosteric binding constant α at hemi-equilibrium using 

whole-cell patch-clamp with fast solution exchange (i.e. solution exchange times less than 2 ms). 

Responses from HEK293T cells expressing GluN1/2A receptors to a range of glycine 

concentrations were measured after equilibration with vehicle (0.1% DMSO) or a high NAM 

concentration (3 µM TCN-201, 10 µM MPX-004, and 10 µM MPX-007). Thus, glycine 

concentration-response data can be generated at hemi-equilibrium before NAM unbinding occurs, 

and glycine binding affinity corresponds to Ka in vehicle and αKa when the receptors a fully 

occupied by GluN2A NAM. For experiments with MPX-004 and MPX-007, the receptors were 

exposed to glycine for 1000 ms, which did not result in any discernable NAM unbinding. For 

experiments with TCN-201, the glycine exposure was limited to 15 ms to minimize NAM 

unbinding. To determine Ka (or 1/KA) under these experimental conditions, Equation 7 with 
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agonist efficacy E fixed to 0.66 was fitted to concentration-response data in vehicle (0.05% 

DMSO for TCN-201, and 0.1% DMSO for MPX-004 and MPX-007). Values for glycine KA (i.e. 

dissociation binding constants) were 0.93 µM (0.81 - 1.07 µM 95% CI, N = 9, Table 1) following 

1000 ms glycine exposures (i.e. steady-state responses) and 5.6 µM (4.0 - 7.8 µM 95% CI, N = 7) 

following 15 ms exposures (i.e. peak responses) (Fig. 6). These differences in KA values may 

reflect differences in agonist affinity and efficacy for steady-state responses (1000 ms) and peak 

responses (15 ms). To determine the allosteric binding constant α, Equation 9 with fixed Ka, E, 

and β was fitted to concentration response data in the presence of GluN2A-selective NAMs. The 

α values were 0.0032 for TCN-201, 0.0018 for MPX-004, and 0.00053 for MPX-007 (Fig. 6, 

Table 2). Thus, MPX-007 exhibits stronger allosteric modulation of glycine binding affinity 

compared to TCN-201 and MPX-004 (Table 2).  

Determination of modulator binding dissociation constant KB  

To determine modulator binding affinity Kb, we generated glycine concentration-response 

data at GluN1/2A receptors using two-electrode voltage-clamp recordings. Equilibrium responses 

were reached following long (2.5-5 min) glycine exposures in the absence of NAMs and in the 

presence of low to high TCN-201 concentration, whereas equilibrium could only be reached in 

the presence of high MPX-004 and MPX-007 concentrations (Fig. 7). For MPX-004 and MPX-

007, equilibrium could not be reached at low NAM concentrations close to the modulator binding 

dissociation constant KB (Fig. 3). The modulator binding affinity Kb was determined by fitting 

Equation 8 with fixed Ka, E, α, and β to the glycine concentration-response data using global 

nonlinear regression. The best fit KB values (i.e. binding dissociation constants) were 42 nM for 

TCN-201, 9.3 nM for MPX-004, and 1.1 nM for MPX-007 (Fig. 7, Table 2). To investigate the 
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uncertainty in the global nonlinear regression due to the lack low concentrations of MPX-004 and 

MPX-007, we calculated the sum of squared errors (SSE) of the fit of Equation 8 with fixed Ka, 

E, α, and β to the glycine concentration-response data as a function of the binding dissociation 

constant KB. These calculations reveal a single global SSE minimum for each of the GluN2A-

selective NAMs (Fig. 7C). Thus, this approach to determine KB values is relatively robust. 

However, plots of calculated SSE for the fit of Equation 8 with Kb and α or β as free parameters 

illustrate that global nonlinear regression has the potential to yield ambiguous results if multiple 

parameters are fitted simultaneously using only a few intermediate to high NAM concentrations. 

(Supplemental Fig. S1). That is, shifts in glycine concentration-response data mediated by a few 

intermediate to high NAM concentrations are influenced by the modulator binding affinity Kb as 

well as by the strength in allosteric interactions (i.e. α and β). Notwithstanding these 

considerations, this approach identifies differences in binding affinity between the GluN2A-

selective NAMs. 

Inhibition of triheteromeric GluN1/2A/2B receptors by GluN2A-selective NAMs 

Triheteromeric receptors composed of two GluN1 and two different GluN2 subunits are the 

predominant NMDA receptor subtypes in the central nervous system, with principal neurons in 

most regions of the adult forebrain mainly expressing GluN1/2A/2B receptors (Gray et al., 2011; 

Rauner and Kohr, 2011; Yi et al., 2019). The therapeutic potential of GluN2A-selective 

antagonists and their utility as pharmacological tool compounds therefore depend on their activity 

on triheteromeric GluN1/2A/2B receptors. To quantify the activity of TCN-201, MPX-004, and 

MPX-007 at GluN1/2A/2B receptors using the same approach as described for GluN1/2A, we 

assumed that the NAMs only have one binding site in GluN1/2A/2B receptors with a binding 
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affinity Kb identical to that determined for GluN1/2A receptors, and that glycine binding affinity 

is identical for the two GluN1 subunits in GluN1/2A/2B receptors. 

We used the modified soluble cysteine accessibility method and two-electrode voltage-clamp 

electrophysiology to determine maximal Popen values of 0.15 for triheteromeric GluN1-

A652C/2A/2B and 0.026 for diheteromeric GluN1-A652C/2B receptors activated by 

glutamate/glycine (Fig. 8A, Table 1). These maximal Popen values correspond to agonist efficacies 

E of 0.17 for GluN1-A652C/2A/2B and 0.026 for GluN1-A652C/2B receptors (Table 1). Using 

these agonist efficacy E values, we determined agonist binding dissociation constants KA from 

glycine concentration-response data measured using whole-cell patch-clamp recordings (Figure 

8). The glycine binding dissociation constant KA was 0.48 µM for GluN1/2A/2B and 0.27 µM for 

GluN1/2B receptors (Table 1). These values are lower (i.e. higher binding affinity Ka) compared 

to GluN1/2A (0.93 µM). 

Values for α and β were determined at hemi-equilibrium using the same approach as 

described for GluN1/2A, except Equation 12 was fitted to the concentration-response data in the 

presence of NAM (Fig. 8B-C). Values of the allosteric efficacy constant β were found to be 0.75 

for TCN-201, 1.28 for MPX-004, and 0.84 for MPX-007 (Fig. 8B, Table 2). These β values 

determined at triheteromeric GluN1/2A/2B receptors were not significantly different from their 

counterparts at diheteromeric NMDA receptors (Table 2). At triheteromeric GluN1/2A/2B 

receptors, values of the allosteric binding constant α were found to be 0.0068 for TCN-201, 

0.0021 for MPX-004, and 0.00074 for MPX-007, all of which are not significantly different from 

the values determined in diheteromeric GluN1/2A receptors (Fig. 8C,D, Table 2). These results 

are consistent with minimal allosteric effects mediated by the GluN2B subunit in triheteromeric 

NMDA receptors and a dominant allosteric influence of the GluN2A subunit as previously 
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described (Hansen et al., 2014; Lu et al., 2017; Sun et al., 2017).  

In summary, the evaluation of GluN2A NAM activity at triheteromeric GluN1/2A/2B and 

diheteromeric GluN1/2A receptors demonstrates that allosteric constants α and β remain 

unchanged irrespectively of the number of NAM binding sites, consistent with identical and 

independent binding sites at the GluN1-GluN2A subunit interface (Yi et al., 2016), and a 

dominant influence of the GluN2A subunit in triheteromeric GluN1/2A/2B receptors (Hansen et 

al., 2014; Sun et al., 2017). 

Simulations of allosteric modulation by GluN2A-selective antagonists 

To illustrate modulation of GluN1/2A receptors at equilibrium, we simulated glycine 

concentration-response data in the absence and presence of GluN2A-selective NAMs using the 

experimentally determined parameters listed in Tables 1 and 2 (Fig. 9A). These simulations 

highlight the benefit of determining allosteric constants α and β at hemi-equilibrium with 

receptors saturated by NAM, since full modulation at equilibrium would require NAM 

concentrations above or close to the solubility limits (8 µM, 16 µM, and 68 µM for TCN-201, 

MPX-004, and MPX-007, respectively; (Volkmann et al., 2016). While it is theoretically possible 

to evaluate MPX-004 and MPX-007 at a near-saturating concentration, the prolonged time 

required to reach agonist/modulator/receptor equilibrium further imposes practical limitations to 

the functional assays (Fig. 3). Simulations of NAM concentration-inhibition data in the presence 

of increasing glycine suggest that complete inhibition of diheteromeric GluN1/2A receptors can 

be achieved by 5 µM TCN-201 in the presence of up to 3-10 µM glycine, which is within 

physiologically relevant glycine and D-serine levels (0.5-10 µM; (Bae et al., 2021; Bergeron et 

al., 1998; Billups and Attwell, 2003; Ishiwata et al., 2015) (Fig. 9B). More robust inhibition of 
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GluN1/2A receptors is achieved by 10 µM MPX-004 and 10 µM MPX-007 that display complete 

inhibition in the presence of up to 30 µM or 100 µM glycine, respectively (Fig. 9B). At 

triheteromeric GluN1/2A/2B receptors, complete inhibition by 5 µM TCN-201 is surmounted 

already at ~1-3 µM glycine, whereas 10 µM MPX-004 or 10 µM MPX-007 can produce full 

inhibition up to ~3-10 µM or ~30 µM glycine, respectively (Fig. 9C). Thus, these simulations 

using experimentally determined binding affinities and allosteric constants demonstrate that a 

soluble concentration of MPX-007 produces more robust inhibition of physiologically relevant 

GluN2A-containing NMDA receptors compared to soluble concentrations of TCN-201 and 

MPX-004. These results also suggest that soluble concentrations of MPX-004 and MPX-007 can 

produce close to complete inhibition of GluN2A-containing NMDA receptors at physiologically 

relevant concentrations of glycine or D-serine (0.5-10 µM; (Bae et al., 2021; Bergeron et al., 

1998; Billups and Attwell, 2003; Ishiwata et al., 2015).  
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Discussion 

NMDA receptors are activated by agonists that increase the probability of the channel 

entering and staying in the open state. The NMDA receptor complex also harbors binding sites 

through which physiological and xenobiotic ligands may further allosterically modulate channel 

activity. Given the essential roles of NMDA receptors in excitatory neurotransmission and 

synaptic plasticity, pharmacological modulation of their activity has therapeutic potential across 

the spectrum of CNS disorders. The development of new NMDA receptor-targeted therapeutics 

may be facilitated by detailed investigation of modulator characteristics, including affinity for 

allosteric sites and effects resulting from binding these sites. With this in mind, we describe a 

pharmacological equilibrium model for allosteric modulation of NMDA receptors that enables 

determinations of modulator binding dissociation constants (KB) and effects on agonist binding 

affinity (α) and efficacy (β).  

Using the model, we determined binding affinities and efficacies for glutamate site agonists 

(glutamate, NMDA, and Me-CCG) and glycine site agonists (glycine, AICP, and UCM-F-8d) 

with diverse chemical structures and variation in binding affinity and efficacy, presumably by 

engaging in distinct binding pocket interactions to stabilize different agonist binding domain 

conformations (Dai and Zhou, 2015; Erreger et al., 2005; Hansen et al., 2005; Hansen et al., 

2013; Inanobe et al., 2005; Vance et al., 2011). The lack of apparent correlation between agonist 

affinity and efficacy supports this interpretation, since such correlation would be expected for 

highly similar NMDA receptor agonist structures (Hansen et al., 2013; Kalbaugh et al., 2004; 

Nayak et al., 2019). In nicotinic acetylcholine receptors, the correlation between efficacy and 

affinity, which is determined by the output/input energy ratio of the receptor, has been termed 
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agonist efficiency (Auerbach, 2016; Nayak et al., 2019). Furthermore, the agonist efficiency is 

conserved among structurally similar receptor agonists, but efficiencies vary among different 

structural classes of agonists (Auerbach, 2016; Indurthi and Auerbach, 2021; Indurthi and 

Auerbach, 2023; Nayak et al., 2019). Binding affinities and efficacies determined in this study 

enable similar analysis for NMDA receptor agonists. Thus, glycine, AICP, and UCM-F-8d have 

agonist efficiencies of 36%, 31%, and 27%, respectively (calculated as described in Indurthi and 

Auerbach (2021) with E0 = 1.68*10
-7

 from Nayak et al. (2019)). Thus, glycine displays higher 

efficiency (low affinity, high efficacy), AICP has intermediate efficiency (high affinity, high 

efficacy), and UCM-F-8d has lower efficiency (high affinity, low efficacy). This analysis can be 

readily expanded to include NMDA receptor agonists with previously reported EC50 values and 

relative maximal responses (Chen et al., 2008; Erreger et al., 2007), which can be converted to 

agonist binding dissociation constants (KA) and efficacies (E) using the following equations: 

E =
Rmax

1 + EG

EG
− Rmax

 ,             EC50 =
KA(1 + √𝐸 + 2)

E + 1
 

Rmax is the maximal response relative to glycine/glutamate and EG is the agonist efficacy for 

glycine/glutamate (e.g. as reported in Table 1). Thus, the ability to discern agonist binding 

affinity and efficacy facilitates nuanced investigations of mechanisms that correlate agonist 

binding and receptor gating, and improve interpretation of functional effects caused by receptor 

mutations (Colquhoun, 1998; Erreger et al., 2007; Hansen et al., 2005; Laube et al., 2004). 

The model was applied to investigate modulation by GluN2A-selective NAMs, TCN-201, 

MPX-004, and MPX-007, that bind the interface between the agonist binding domains of GluN1 

and GluN2A subunits (Hansen et al., 2012; Yi et al., 2016). These GluN2A-selective NAMs 

exemplify limitations of IC50 values as the single parameter for comparing allosteric modulators, 
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since the three NAMs display similar potencies in physiological glycine concentrations but differ 

in the glycine concentration required to surmount their inhibition (Volkmann et al., 2016; Yi et 

al., 2016). Here, using the model, we show that these NAMs differ both in their binding affinity 

and in their effects on agonist affinity and efficacy. For GluN1/2A receptors fully bound by 

glycine, the NAM binding dissociation constants are shifted to KB/α, corresponding to 13 µM for 

TCN-201, 5.2 µM for MPX-004, and 2.1 µM for MPX-007. Conversely, glycine potency is 

shifted from 1.05 µM in the absence of NAM to 380 µM at GluN1/2A receptors fully bound by 

TCN-201, 510 µM for MPX-004, 2200 µM for MPX-007 (KA changes to KA/α and E changes to 

β
2
E). This quantitative evaluation is consistent with descriptions from previous studies 

(Volkmann et al., 2016; Yi et al., 2016) and suggest that higher binding affinities and more 

negative interactions with glycine binding mediate stronger modulation by MPX-004 and MPX-

007 compared to TCN-201 at physiologically-relevant glycine concentrations. Despite 

similarities in the chemical structures of the MPX analogs, TCN-201 has an allosteric binding 

constant (α) comparable to MPX-004, while the allosteric efficacy constant (β) of TCN-201 is 

similar to MPX-007. The determination of which components of the chemical structures that 

mediate allosteric modulation of agonist binding affinity (α) and/or efficacy (β) would require 

similar comparisons for additional TCN and MPX analogs. Thus, the determination of KB, α, and 

β embellishes the interpretation of structure-activity relationships and enables rational design of 

novel modulators with enhanced properties. 

We also evaluated the activity of the GluN2A-selective NAMs at triheteromeric 

GluN1/2A/2B receptors. We demonstrate that KB, α, and β values are conserved between 

diheteromeric GluN1/2A and triheteromeric GluN1/2A/2B receptors irrespective of the number 

for NAM binding sites. This result is consistent with previous studies suggesting that the 
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GluN2A subunit imparts a dominant influence on functional properties related to agonist binding 

in triheteromeric GluN1/2A/2B receptors (Hansen et al., 2014; Lu et al., 2017; Sun et al., 2017). 

That is, the GluN2A-selective NAMs inhibit GluN1/2A and GluN1/2A/2B receptors with similar 

binding affinity and efficacy (α and β), and differences in concentration-inhibition data are 

mediated by the distinct agonist activity and number of NAM binding sites in two receptor 

subtypes. Further studies are required to determine if this feature of GluN2A-selective NAMs is 

also observed for other modulator binding sites, other classes of allosteric modulators (e.g. 

GluN2A-selective PAMs; (Hackos et al., 2016) or other GluN2A-containing receptor subtypes 

(e.g. GluN1/2A/2C; (Bhattacharya et al., 2018). While the notion of identical and independent 

modulator binding at subunit interfaces seems at odds with allosteric models derived in other 

receptor systems (e.g. GPCRs and pentameric receptors) where binding sites between subunits 

are not independent (Changeux, 2013; Changeux and Christopoulos, 2016), this observation 

aligns nicely with previous studies revealing independent subunit-specific conformational 

changes that influence pre-gating steps in NMDA receptors (Auerbach and Zhou, 2005; Banke 

and Traynelis, 2003; Erreger et al., 2005; Gibb et al., 2018; Schorge et al., 2005). 

Poor solubility of the GluN2A-selective NAMs and slow time to reach equilibrium 

represented challenges by limiting the range of concentrations that could be studied. To 

overcome this limitation, we conducted some experiments under “hemi-equilibrium” conditions. 

The term “hemi-equilibrium” was originally used to describe the condition that occurs when the 

agonist response, measured in the presence of a pre-equilibrated antagonist concentration, is 

mediated by the equilibrium interaction between agonist and receptor without any concomitant 

perturbation in the pre-existing antagonist equilibrium (Paton and Rang, 1966). We exploited the 

slow unbinding kinetics of the GluN2A-selective NAMs to achieve hemi-equilibrium conditions 
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by measuring the rapid response to agonist before any appreciable changes in NAM-receptor 

occupancy could occur. This “hemi-equilibrium” approach also mitigates issues related to poor 

modulator solubility that would otherwise prevent equilibrium measurements in saturated 

agonist/modulator/receptor conditions required to appreciate full modulation of agonist potency 

and efficacy (Charlton and Vauquelin, 2010; Christopoulos et al., 1999; Kenakin et al., 2006). 

In recent years, there has been a remarkable expansion in the synthetic pharmacology of 

NMDA receptors, resulting in a diverse range of new allosteric modulators (Burnell et al., 2019; 

Geoffroy et al., 2022; Hansen et al., 2021; Hanson et al., 2024; Wu et al., 2023). However, the 

study of NMDA receptors has lagged behind other surface receptors, such as GPCRs, for which 

operational ligand-receptor models have been widely applied to quantify allosteric modulation 

(Kenakin, 2017). With the exception of the GluN2A-selective NAMs, new NMDA receptor 

modulators have not been evaluated in the context of operational ligand-receptor models to 

explicitly determine KB, α, and β. For example, binding of GluN2A-selective PAMs (e.g. GNE-

6901 and GNE-8324) increases glutamate potency (α > 1) and may also increase agonist efficacy 

(β > 1) (Hackos and Hanson, 2017; Hackos et al., 2016). GluN2B-selective antagonists (e.g. 

ifenprodil) have been suggested to increase agonist potency (α > 1), while primarily reducing 

agonist efficacy (β < 1) (Amico-Ruvio et al., 2012; Bhatt et al., 2013; Kew et al., 1996; Mott et 

al., 1998). Some GluN2C/D-selective antagonists (e.g. QNZ46 and DQP-1105) require glutamate 

for binding (suggesting α > 1), but also reduce agonist efficacy (β < 1) (Acker et al., 2011; 

Hansen and Traynelis, 2011). The binding affinities for these and other NMDA receptor 

modulators are unknown due to the problem of discerning binding (KB) and effect (α and β) from 

EC50 or IC50 values. The pharmacological equilibrium model can be readily applied to these other 

classes of allosteric NMDA receptor modulators. Thus, quantitative understanding of the 
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parameters that govern potency and functional effects of allosteric modulation can improve the 

utility of pharmacological tool compounds and enable more detailed interpretation of structure-

activity relationships that facilitate structure-based design of novel modulators with improved 

therapeutic potential. 
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Figure legends 

Figure 1. Pharmacological equilibrium model for activation and allosteric modulation of NMDA 

receptors. (A) Surface representation of the GluN1/2A NMDA receptor structure (PDB ID 7EOS; 

(Wang et al., 2021). (B) Cartoon representation of N-terminal domains (NTDs), agonist binding 

domains (ABDs), and the transmembrane domain (TMD) in NMDA receptor structures. 

Allosteric modulators with known binding sites are indicated in the different layers of the 

structure. Each modulator has two equivalent binding sites; a single binding site in each of the 

two GluN1-GluN2 dimers. GluN1 (e.g. glycine) and GluN2 (e.g. glutamate) agonists are depicted 

as white and orange ovals, respectively. (C) Chemical structures of GluN2A-selective negative 

allosteric modulators (NAMs). (D) Pharmacological equilibrium model describing binding of an 

agonist A and activation of the NMDA receptor R using two parameters, namely agonist binding 

affinity Ka (i.e. the inverse of the agonist binding dissociation constant KA = 1/Ka) and agonist 

efficacy E. The model also describes the binding affinity of a modulator B and the strength by 

which this modulator can change agonist binding affinity and efficacy. The allosteric modulation 

is described using three parameters, namely modulator binding affinity Kb (i.e. KB = 1/Kb), 

allosteric binding constant α, and allosteric efficacy constant β. NMDA receptors require full 

agonist occupancy at both coagonist binding sites (e.g. glutamate and glycine) for activation, but 

the model only considers binding of one coagonist (e.g. glycine) and assumes full occupancy by 

the other coagonist (e.g. glutamate). (E) Illustration of agonist binding to receptors with only a 

single modulator bound to an allosteric binding site at the interface between GluN1 and GluN2 

subunits. The agonist can bind first to the modulator-lacking GluN1-GluN2 dimer (ARB) or bind 

first to the dimer with bound modulator (ABR). (F) Agonist concentration-response data in the 
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absence and presence of increasing NAM concentrations simulated using Equation 1, which is 

derived from the equilibrium model (see Materials and Methods; see also Supplemental 

Information for the derivation of the equation). The data are normalized to the maximal agonist 

response in the absence of modulator. Agonist efficacy (E = 0.5), agonist binding dissociation 

constant (KA = 0.5 µM), and modulator binding dissociation constant (KB = 0.5 µM) were kept 

constant in the simulations, but allosteric binding constant α and allosteric efficacy constant β 

were varied. 

 

Figure 2. Determination of agonist binding affinity and agonist efficacy. (A) Chemical structures 

of NMDA receptor agonists that bind the glycine site (AICP, UCM-F-8d, and glycine) or the 

glutamate site (glutamate, NMDA, and Me-CCG). (B) Representative two-electrode voltage-

clamp recordings of responses from GluN1-A652C/2A receptors activated by saturating agonist 

concentrations. Responses to glycine, AICP, and UCM-F-8d were activated in the presence of 

300 µM glutamate and responses to NMDA and Me-CCG were activated in the presence of 100 

µM glycine. Responses in the presence of agonist (Iagonist) correspond to maximal Popen for the 

respective coagonist pair, while MTSEA-modification locks the channel in an open conformation 

with Popen  1 (IMTSEA). (C) Bar graph summarizing maximal Popen for the coagonist pairs. 

Maximal Popen values were calculated from Iagonist/IMTSEA as described in Materials and Methods. 

Data are shown as mean ± SD from 15-36 oocytes. (D) Representative two-electrode voltage-

clamp recordings of concentration-response data for glycine and glutamate at GluN1/2A 

receptors. (E-F) Concentration-response data for glycine site agonists (E) and glutamate site 

agonists (F) in the presence of 300µM glutamate or 100 µM glycine, respectively. Agonist 
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binding dissociation constants KA were determined by fitting Equation 7 to the concentration-

response data with agonist efficacy E fixed to the values from Table 1 (errors for fixed values 

were not included in the analyses). Data are shown as mean ± SD from 14-28 oocytes. See Table 

1 for fitted parameters and additional details. 

 

Figure 3. Challenges related to achieving agonist/modulator/receptor equilibrium for GluN2A-

selective NAMs. (A) Representative two-electrode voltage-clamp recordings of responses from 

GluN1/2A receptors activated by 10 µM glycine in the presence of 300 µM glutamate and vehicle 

(0.1% DMSO) or 0.3 µM MPX-007. Steady-state responses (i.e. equilibrium indicated at 100%) 

are achieved relatively quickly in vehicle compared to in the presence of MPX-007. (B) Bar 

graph summarizing the short glycine exposure needed to achieve equilibrium in vehicle 

compared to the prolonged exposure to glycine required to reach equilibrium in MPX-007. 

Responses are measured at different time points following glycine exposure and are normalized 

to the time point indicated by 100% in (A). Data are shown as mean ± SD from 6 oocytes. (C) 

Representative two-electrode voltage-clamp recordings of responses from GluN1/2A receptors 

activated by different glycine concentrations in the presence of 300 µM glutamate and in the 

absence or presence of vehicle (0.1% DMSO) or 0.1 µM NAM. Steady-state responses are 

measured in vehicle and TCN-201, whereas equilibrium is not observed in MPX-004 or MPX-

007. Thus, prolonged (>> 5 min) measurements for each glycine concentration would be required 

to achieve steady-state responses in 0.1 µM MPX-004 or MPX-007, which is not practically 

feasible. (D) Glycine concentration-response data measured in vehicle or in the presence of 0.1 

µM NAM. The shallow Hill slopes of concentration-response data measured in MPX-004 or 

MPX-007 indicate non-equilibrium conditions as illustrated in (C). Data are normalized to 
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control responses measured in the absence of vehicle or NAM. 

 

Figure 4. Determination of allosteric efficacy constant β at hemi-equilibrium. (A) Representative 

whole-cell patch-clamp recordings of responses from GluN1/2A receptors expressed in 

HEK293T cells. Maximal responses are activated by 30 mM glycine during the time indicated by 

the black bar above the recording in the continuous presence of 300 µM glutamate and vehicle 

(0.01-0.03% DMSO), 10 µM MPX-004, 10 µM MPX-007, or 3 µM TCN-201. The slow NAM 

unbinding rate enables determination of the allosteric efficacy constant β at hemi-equilibrium 

when GluN1/2A receptors are fully bound by NAM and maximally activated by glycine. 

Asterisks indicate current responses caused by artifacts related to the perfusion system and 

solution exchange. (B) Expanded view of the glycine-activated current response in the presence 

of 3 µM TCN-201. In the presence of TCN-201, the initial response amplitude is smaller than 

responses from glycine alone due to a reduction in glycine agonist efficacy mediated by TCN-

201 binding. However, the current amplitude increases with TCN-201 unbinding as agonist 

efficacy is no longer reduced. The TCN-201 unbinding time course was fitted with a mono-

exponential function to produce a time constant of 230 ± 100 ms (N = 6). (C) Bar graph 

summarizing effects of vehicle or NAM on maximal glycine responses. Data are shown as mean 

± SD from 8-19 oocytes. All data are significantly different from each other (p < 0.05; # indicates 

significantly different from vehicle), except for TCN-201 compared to MPX-007 (p > 0.05; one-

way ANOVA with Tukey-Kramer multiple comparisons). See Table 2 for allosteric efficacy 

constants β calculated from INAM/Icontrol. 

 

Figure 5. Modulation of glutamate potency and agonist efficacy by GluN2A-selective NAMs. 
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(A) Engineered disulfide bonds are introduced by N499C+Q686C mutations in each of the 

GluN1 subunits (GluN1-CC). The disulfide bonds restrict the GluN1 agonist binding domain in a 

closed conformation, which mimics the glycine bound state and enables receptor activation by 

glutamate alone. (B) Representative two-electrode voltage-clamp recordings of responses from 

GluN1-CC/2A receptors activated by glutamate in the presence of vehicle (0.1% DMSO) or 10 

µM MPX-004. (C-E) Concentration-response data for glutamate in the presence (C) 5 µM TCN-

201, (D) 10 µM MPX-004, or (E) 10 µM MPX-007 and vehicle (0.05%, 0.1%, and 0.03% 

DMSO, respectively). Responses are normalized to the control response in the absence of vehicle 

or NAM. Data are shown as mean ± SD from 7-21 oocytes. * indicates that the fitted maximal 

responses are significantly different (p < 0.05; one-way ANOVA with Tukey-Kramer multiple 

comparisons). See Table 3 for EC50 values and maximal responses, as well as statistical tests. 

 

Figure 6. Determination of allosteric binding constant α at hemi-equilibrium. (A) Representative 

whole-cell patch-clamp recordings of responses from GluN1/2A receptors to increasing 

concentrations of glycine in the continuous presence of 300 µM glutamate and 10 µM MPX-004. 

Responses are normalized to the maximal response to 10 mM glycine and overlaid. The slow 

NAM unbinding rate enables determination of glycine concentration-response data at hemi-

equilibrium before appreciable NAM unbinding occurs. (B) Glycine concentration response data 

measured at hemi-equilibrium in vehicle (0.1% DMSO) and following pre-exposure to 10 µM 

MPX-004 or 10 µM MPX-007. Agonist binding affinity Ka and allosteric binding constants α are 

determined by fitting Equation 9 to the data with fixed agonist efficacy E = 0.66 and values of 

allosteric efficacy constants β for MPX-004 and MPX-007 from Table 2 (errors for fixed values 
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were not included in the analyses). Data are shown as mean ± SD from 8-9 cells. (C) 

Representative whole-cell patch-clamp recordings of responses from GluN1/2A receptors to 

increasing concentrations of glycine in the continuous presence of 300 µM glutamate and 3 µM 

TCN-201. Glycine exposure was limited to 15 ms due to the faster unbinding of TCN-201 in the 

presence of glycine compared to MPX-004 and MPX-007. (D) Glycine concentration response 

data at hemi-equilibrium in vehicle (0.03% DMSO) and following pre-exposure to 3 µM TCN-

201. Agonist binding affinity Ka and allosteric binding constants α are determined by fitting 

Equation 9 to the data with fixed agonist efficacy E = 0.66 and allosteric efficacy constant β for 

TCN-201 from Table 2 (errors for fixed values were not included in the analyses). Data are 

shown as mean ± SD from 7-8 cells. See Tables 1 and 2 for parameters determined by fitting with 

Equation 9. 

 

Figure 7. Determination of modulator binding dissociation constant KB at equilibrium. (A) 

Representative two-electrode voltage-clamp recordings of glycine concentration-response data at 

GluN1/2A receptors in the presence 300 µM glutamate and of high NAM concentrations. (B) 

Glycine concentration-response data measured in vehicle (0.01-0.05% DMSO) and the presence 

of intermediate to high NAM concentrations, at which equilibrium could be reached in a 

reasonable time. The data are normalized to the initial control response to saturating glycine 

before exposure to vehicle or NAM and modulator binding dissociation constants KB are 

determined by fitting Equation 8 to the data with KA, E, α, and β fixed to the values listed in 

Tables 1 and 2 (errors for fixed values were not included in the analyses). Normalized minimum 

and maximum responses (Imin and Imax, respectively) were variables in the global non-linear 

regression fitting and allowed to vary for each NAM concentration. Data are shown as mean ± 
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SD from 34-75 oocytes. See Table 2 for modulator binding dissociation constants KB. (C) The 

sum of squared errors (SSE) calculated as a function of the binding dissociation constant KB from 

the fit of Equation 8 with fixed Ka, E, α, and β to the glycine concentration-response data shown 

in (B). 

 

Figure 8. Allosteric modulation of triheteromeric GluN1/2A/2B receptors. (A) Representative 

two-electrode voltage-clamp recordings of responses from triheteromeric GluN1-

A652C/2AC1/2BC2 and diheteromeric GluN1-A652C/2B receptors activated by saturating glycine 

(100 µM) in the presence of 300 µM glutamate. Responses in the presence of agonist correspond 

to maximal Popen for glutamate/glycine coagonists, while MTSEA-modification locks the channel 

in an open conformation with Popen  1. The bar graph summarizes maximal Popen for 

glutamate/glycine. Data for GluN1/2A are also shown in Figure 2. Data are shown as mean ± SD 

from 16-36 oocytes. (B) Representative whole-cell patch-clamp recordings of responses from 

triheteromeric GluN1/2AC1/2BC2 receptors expressed in HEK293T cells. Maximal responses are 

activated by 30 mM glycine during the time indicated by the black bar above the recording in the 

continuous presence of 300 µM glutamate and vehicle (0.03% DMSO) or 3 µM TCN-201. The 

asterisk indicates a current response caused by artifacts related to the perfusion system and 

solution exchange. The bar graph summarizes the effects of vehicle or NAM on maximal glycine 

responses. All data are significantly different from each other (p < 0.05; # indicates significantly 

different from vehicle), except for TCN-201 compared to MPX-007 (p > 0.05; one-way ANOVA 

with Tukey-Kramer multiple comparisons). Data are shown as mean ± SD from 10-12 cells. (C) 

Representative whole-cell patch-clamp recordings of responses from triheteromeric 
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GluN1/2AC1/2BC2 receptors to increasing concentrations of glycine in the continuous presence of 

300 µM glutamate and 10 µM MPX-004. Responses are normalized to the maximal response to 

10 mM glycine and overlaid. The graph summarizes glycine concentration-response data 

measured at hemi-equilibrium in vehicle (0.01% DMSO) and following pre-exposure to 10 µM 

MPX-004 or 1 µM MPX-007. Agonist binding affinity Ka and allosteric binding constants α are 

determined by fitting Equation 12 to the data with fixed agonist efficacy E = 0.17 and allosteric 

efficacy constants β from Table 2 (errors for fixed values were not included in the analyses). Data 

are shown as mean ± SD from 9-13 cells. (D) Representative whole-cell patch-clamp recordings 

of responses from triheteromeric GluN1/2AC1/2BC2 receptors to increasing concentrations of 

glycine in the continuous presence of 300 µM glutamate and 3 µM TCN-201. Glycine exposure 

was limited to 20 ms due to faster unbinding of TCN-201 in the presence of glycine compared to 

MPX-004 and MPX-007. The graph summarizes glycine concentration-response data at hemi-

equilibrium in vehicle (0.03% DMSO) and following pre-exposure to 3 µM TCN-201. Data are 

shown as mean ± SD from 9-11 cells. See Tables 1 and 2 for fitted parameters for triheteromeric 

GluN1/2A/2B receptors. 

 

Figure 9. Allosteric modulation by GluN2A-selective antagonists. (A) Glycine concentration-

response data for GluN1/2A receptors in the absence and presence of GluN2A-selective NAMs 

simulated using Equation 8 and experimentally determined parameters listed in Tables 1 and 2. 

(B-C) Simulations of NAM concentration-inhibition data for diheteromeric GluN1/2A and 

triheteromeric GluN1/2A/2B receptors activated by increasing glycine concentrations. Red 

dashed lines indicate NAM solubility limits (8 µM, 16 µM, and 68 µM for TCN-201, MPX-004, 

and MPX-007, respectively; (Volkmann et al., 2016).  
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Table 1. Parameters describing agonist activity at NMDA receptors.  

Receptor subtype Agonists 
Maximal Popen 

(95% CI) 

E 

(95% CI) 
N 

KA (µM) 

(95% CI) 

EC50 (µM) 

(95% CI) 
nH N 

GluN1/2A glycine a 0.39 

(0.38 - 0.41) 
0.66 

(0.61 - 0.70) 
36 

0.66 b 

(0.60 - 0.72) 

1.03 b 

(0.94 - 1.13) 
1.6 28 

 glycine a - - - 
0.93 c 

(0.81 - 1.07) 
1.43 c 

(1.25 - 1.64) 
1.6 9 

 UCM-F-8d a 0.044 

(0.041 - 0.048) 
0.046 

(0.043 - 0.05) 
15 

0.033 b 

(0.031 - 0.035) 

0.082 b 

(0.076 - 0.088) 
1.4 18 

 AICP a 0.36 

(0.35 - 0.38) 

0.57 

(0.53 - 0.61) 
24 

0.041 b 

(0.037 - 0.046) 

0.064 b 

(0.057 - 0.072) 
1.5 14 

 glutamate d,e 
0.39 

(0.38 - 0.41) 

0.66 

(0.61 - 0.70) 
36 

2.21 b 

(1.96 - 2.48) 

3.45 b 

(3.05 - 3.90) 
1.4 28 

 NMDA d 0.29 

(0.28 - 0.30) 

0.41 

(0.39 - 0.44) 
23 

50 b 

(48 - 53) 

88 b 

(82 - 94) 
1.3 14 

 Me-CCG d 0.29 

(0.28 - 0.31) 

0.42 

(0.39 - 0.45) 
15 

0.11 b 

(0.10 - 0.13) 

0.21 b 

(0.19 - 0.24) 
1.4 16 

GluN1/2AC1/2BC2 glycine a 
0.15 

(0.13 - 0.16) 

0.17 

(0.16 - 0.19) 
26 

0.48 c 

(0.41 - 0.57) 

0.99 c 

(0.83 - 1.18) 
1.6 9 

GluN1/2B glycine a 
0.026 

(0.021 - 0.031) 

0.026 

(0.022 - 0.032) 
16 

0.27 c 

(0.23 - 0.31) 

0.60 c 

(0.52 - 0.70) 
1.3 7 

 

Estimated maximal open probability (Popen) was determined using a modified soluble cysteine 

accessibility method for GluN1-A652C/2A, GluN1-A652C/2AC1/2BC2, and GluN1-A652C/2B 

receptors activated by a saturating concentration of the indicated agonist in the presence of 

saturating co-agonist (glutamate or glycine). Agonist efficacy E was calculated from maximal 

Popen using Equation 5. The agonist binding dissociation constant KA was determined by fitting 

Equation 7 with fixed E to concentration-response data for the indicated agonist. Agonist potency 

EC50 and Hill slope (nH) were determined by fitting the concentration-response data to the Hill 

equation. Data are shown with asymmetric 95% confidence intervals (95% CIs). - indicates same 

as values above. N is the number of oocytes used as experimental sample size. See Supplemental 

Table S1 for logarithmic mean ± SD values used to calculate 95% CIs. 
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a
 Determined in the presence of 300 µM glutamate. 

b
 Concentration-response data determined using two-electrode voltage-clamp recordings. 

c
 Concentration-response data determined using whole-cell patch-clamp recordings. 

d
 Determined in the presence of 100 µM glycine. 

e
 Maximal Popen values for glutamate and glycine were determined in the same experiment.  
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Table 2. Parameters describing allosteric modulation of GluN2A-containing NMDA receptors. 

Receptor subtype Modulator 
KB (nM) 

(95% CI) 
N 

α 

(95% CI) 
N 

β 

(95% CI) 
N 

GluN1/2A TCN-201 42 

(39 – 46) 75 
0.0032 #  

(0.0021 - 0.0048) 
7 

0.76 

(0.71 - 0.80) 
10 

 MPX-004 9.3 

(7.8 – 11.1) 
34 

0.0018 *,#  

(0.0015 - 0.0022) 
8 

1.2 *,# 

(1.1 - 1.3) 
10 

 MPX-007 
1.1  

(0.9 – 1.3) 
40 

0.00053 *  

(0.00046 - 0.00060) 
9 

0.82 

(0.75 - 0.90) 
8 

GluN1/2AC1/2BC2 TCN-201 ND a  
0.0068 #,ns 

(0.0039 - 0.012) 
11 

0.75 ns 

(0.64 - 0.88) 
11 

 MPX-004 ND a  
0.0021  *,#,ns 

(0.0012 - 0.0037) 
13 

1.3 *,#,ns 

(1.2 - 1.4) 
10 

 MPX-007 ND a  
0.00074  *,ns  

(0.00061 - 0.00090) 
9 

0.84 ns 

(0.76 - 0.92) 
12 

 

Modulator binding dissociation constants KB were determined by fitting Equation 8 with fixed 

KA, E, α and β to glycine concentration-response data measured using two-electrode voltage-

clamp recordings in the absence and presence of different NAM concentrations. KB values are 

shown with asymmetric 95% confidence intervals (95% CIs) taken directly from the best global 

nonlinear regression fit to all the data. Allosteric binding constants α and allosteric efficacy 

constants β were determined at hemi-equilibrium using whole-cell patch-clamp recordings in the 

absence and presence of NAM. Data are shown with asymmetric 95% CIs and N is the number of 

oocytes or HEK293T cells used as experimental sample size. 
*
 indicates significantly different 

from TCN-201 and 
#
 indicates significantly different from MPX-007 for the same receptor 

subtype (p < 0.05; two-way ANOVA with Tukey-Kramer multiple comparisons). 
ns

 indicates no 

significant difference from GluN1/2A for the same NAM (p > 0.05; two-way ANOVA with 

Tukey-Kramer multiple comparisons). Statistical tests were performed using log(α) and log(β) 

values (Christopoulos, 1998). See Supplemental Table S2 for logarithmic mean ± SD values used 
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to calculate 95% CIs. 

a
 Binding dissociation constants KB are assumed to be conserved between GluN1/2A and 

GluN1/2AC1/2BC2. 
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Table 3. Modulation of crosslinked GluN1-CC/2A receptors by GluN2A-selective NAMs. 

Modulator 
EC50 (µM) 

(95% CI) 
nH 

Imax 

(mean ± SD) 

Relative Imax 

(% of vehicle) 
N 

vehicle 2.1 

(1.7 - 2.6) 1.6 88 ± 10 100 21 

TCN-201 2.5 

(1.7 - 3.8) 1.5 91 ± 9 103 7 

MPX-004 1.1 * 

(0.9 - 1.3) 
1.4 110 ± 10 * 118 * 8 

MPX-007 
1.3 * 

(1.0 - 1.7) 
1.5 87 ± 11 99 7 

 

Concentration-response data for glutamate activation of GluN1-CC/2A receptors measured in the 

absence (vehicle; 0.05 - 0.1% DMSO) or presence of 5 µM TCN-201, 10 µM MPX-004, or 10 

µM MPX-007 using two-electrode voltage-clamp recordings. Engineered disulfide bonds are 

introduced by N499C+Q686C mutations in each of the GluN1 subunits (GluN1-CC) to restrict 

the GluN1 agonist binding domain in a closed conformation, which mimics the glycine bound 

state and enables receptor activation by glutamate alone. Imax is the fitted maximal glutamate 

response normalized to a maximal glutamate response at the beginning of the recording before 

vehicle or NAM exposure. The vehicle control reveals that the response amplitudes are slightly 

reduced over the duration of the recordings. Data are shown with asymmetric 95% confidence 

intervals (95% CIs) or as mean ± SD. N is the number of oocytes used as experimental sample 

size. 
*
 indicates significantly different from vehicle (p < 0.05; one-way ANOVA with Tukey-

Kramer multiple comparisons). Statistical test were performed using log(EC50) values 

(Christopoulos, 1998). See Supplemental Table S3 for logarithmic mean ± SD values used to 

calculate 95% CIs. 
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Figure S1. Sum of squared errors (SSE) calculated from global nonlinear regression fitting of 

Equation 8 to glycine concentration-response data shown in Figure 7 with fixed Ka and E. The 

SSE values are calculated by varying the modulator binding dissociation constant KB and the 

allosteric efficacy constant β (A) or the allosteric binding constant α (B). Red and blue contours 

indicate high and low SSE values, respectively. Black X marks experimentally determined KB 

and α or β values listed in Table 2, and yellow X marks the SSE minima. 
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Table S1. Parameters describing agonist activity at GluN1/2A NMDA receptors. 

Receptor subtype Agonist Log(Popen) Log(E) N Log(KA) (M) Log(EC50) (M) nH N 

GluN1/2A glycine a -0.404 ± 0.051 -0.183 ± 0.084 36 -6.183 ± 0.106 b -5.988 ± 0.104 b 1.6 28 

 glycine a - - - -6.031 ± 0.081 c -5.844 ± 0.076 c 1.6 9 

 UCM-F-8d a -1.355 ± 0.062 -1.335 ± 0.065 15 -7.482 ± 0.054 b -7.088 ± 0.063 b 1.4 18 

 AICP a -0.441 ± 0.042 -0.243 ± 0.068 24 -7.383 ± 0.078 b -7.193 ± 0.085 b 1.5 14 

 glutamate d,e -0.404 ± 0.051 -0.183 ± 0.084 36 -5.656 ± 0.130 b -5.463 ± 0.138 b 1.4 28 

 NMDA d -0.536 ± 0.043 -0.386 ± 0.060 23 -4.298 ± 0.038 b -4.056 ± 0.051 b 1.3 14 

 Me-CCG d -0.532 ± 0.039 -0.379 ± 0.056 15 -6.94 ± 0.099 b -6.672 ± 0.084 b 1.4 16 

GluN1/2AC1/2BC2 glycine a -0.837 ± 0.086 -0.767 ± 0.100 26 -6.318 ± 0.094 c -6.005 ± 0.101 c 1.6 9 

GluN1/2B glycine a -1.590 ± 0.146 -1.578 ± 0.151 16 -6.574 ± 0.068 c -6.222 ± 0.071 c 1.3 7 

 

Estimated maximal open probability (Popen) was determined using a modified soluble cysteine 

accessibility method for GluN1-A652C/2A, GluN1-A652C/2AC1/2BC2, and GluN1-A652C/2B 

receptors activated by a saturating concentration of the indicated agonist in the presence of 

saturating co-agonist (glutamate or glycine). Agonist efficacy E was calculated from maximal 

Popen values using Equation 5. The agonist binding dissociation constant KA was determined by 

fitting Equation 7 with fixed E to full concentration-response data for the indicated agonist. 

Agonist potency EC50 and Hill slope (nH) were determined by fitting the concentration-response 

data to the Hill equation. Data are shown as logarithmic mean ± SD. - indicates same as values 

above. N is the number of oocytes used as experimental sample size. 

a Determined in the presence of 300 µM glutamate. 

b Concentration-response data determined using two-electrode voltage-clamp recordings. 

c Concentration-response data determined using whole-cell patch-clamp recordings. 
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d Determined in the presence of 100 µM glycine. 

e Maximal Popen values for glutamate and glycine were determined in the same experiment. 
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Table S2. Parameters describing allosteric modulation of GluN2A-containing NMDA receptors. 

Receptor subtype Modulator KB (nM) N Log(α) N Log(β) N 

GluN1/2A TCN-201 42 ± 15 75 -2.495 ± 0.192 # 7 -0.121 ± 0.037 10 

 MPX-004 9.3 ± 4.7 34 -2.746 ± 0.097 *,# 8 0.077 ± 0.034 *,# 10 

 MPX-007 1.1 ± 0.5 40 -3.277 ± 0.076 * 9 -0.085 ± 0.049 8 

GluN1/2AC1/2BC2 TCN-201 ND a  -2.167 ± 0.368 #,ns 11 -0.123 ± 0.104 ns 11 

 MPX-004 ND a  -2.668 ± 0.392 *,#,ns 13 0.108 ± 0.064 *,#,ns 10 

 MPX-007 ND a  -3.179 ± 0.110 *,ns 9 -0.076 ± 0.065 ns 12 

 

Modulator binding dissociation constants KB were determined by fitting Equation 8 with fixed 

KA, E, α and β to glycine concentration-response data measured using two-electrode voltage-

clamp recordings in the absence and presence of different NAM concentrations. KB values are 

shown with 95% confidence intervals (95% CIs) taken directly from the best global nonlinear 

regression fit to all data. Allosteric binding constants α and allosteric efficacy constants β were 

determined at hemi-equilibrium using whole-cell patch-clamp recordings in the absence and 

presence of NAM. Data, except KB values, are shown as logarithmic mean ± SD. N is the 

number of oocytes or HEK293T used as experimental sample size. * indicates significantly 

different from TCN-201 and # indicates significantly different from MPX-007 for the same 

receptor subtype (p < 0.05; two-way ANOVA with Tukey-Kramer multiple comparisons). ns 

indicates no significant difference from GluN1/2A for the same NAM (p > 0.05; two-way 

ANOVA with Tukey-Kramer multiple comparisons). 

a Binding dissociation constants KB are assumed to be conserved between GluN1/2A and 

GluN1/2AC1/2BC2.  



MOLPHARM-AR-2024-000975 

Page 6 of 8 

 

Table S3. Modulation of crosslinked GluN1-CC/2A receptors by GluN2A-selective NAMs. 

Modulator Log(EC50) (M) nH Imax N 

vehicle -5.676 ± 0.181 1.6 88 ± 10 21 

TCN-201 -5.598 ± 0.187 1.5 91 ± 9 7 

MPX-004 -5.965 ± 0.085 * 1.4 104 ± 15* 8 

MPX-007 -5.886 ± 0.122 * 1.5 87 ± 11 7 

 

Concentration-response data for glutamate activation of GluN1-CC/2A receptors measured in the 

absence (vehicle; 0.05 - 0.1% DMSO) or presence of 5 µM TCN-201, 10 µM MPX-004, or 10 

µM MPX-007 using two-electrode voltage-clamp recordings. Engineered disulfide bonds are 

introduced by N499C+Q686C mutations in each of the GluN1 subunits (GluN1-CC) to restrict 

the GluN1 agonist binding domain in a closed conformation, which mimics the glycine bound 

state and enables receptor activation by glutamate alone. Imax is the fitted maximal glutamate 

response normalized to a maximal glutamate response at the beginning of the recording before 

vehicle or NAM exposure. The vehicle control reveals that the response amplitudes are slightly 

reduced over the duration of the recordings. Data are shown as logarithmic mean ± SD and N is 

the number of oocytes as experimental sample size. * indicates significantly different from 

vehicle (p < 0.05; one-way ANOVA with Tukey-Kramer multiple comparisons). 
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Supplemental Information for the derivation of Equation 1 

 

 

 

Ka and Kb, agonist and modulator binding affinity, respectively; E, agonist efficacy; α, allosteric 

binding constant; β, allosteric efficacy constant. 

 

Each state is defined as a variable: 

cR ൌ ሾRሿ 

cAR ൌ ሾARሿ  

cA2R ൌ ሾA2Rሿ   

cA2R* ൌ ሾA2R*ሿ 

 

cRB ൌ ሾRBሿ 

cARB ൌ ሾARBሿ  

cABR ൌ ሾABRሿ  

cA2RB ൌ ሾA2RBሿ  

cA2RB* ൌ ሾA2RB*ሿ  

cRB2 ൌ ሾRB2ሿ  

cARB2 ൌ ሾARB2ሿ  

cA2RB2 ൌ ሾA2RB2ሿ  

cA2RB2* ൌ ሾA2RB2

 

Each state is described in terms of cR with x=[A]/KA and y=[B]/KB. [A] and [B] are agonist and 

modulator concentrations, respectively. KA and KB are agonist and modulator dissociation 

binding constants (KA = 1/Ka and KB = 1/Kb), respectively: 

cAR ൌ cR*2x 

cA2R ൌ cAR*0.5x ൌ cR*x2 

cA2R* ൌ cA2R*E ൌ cAR*0.5x*E ൌ cR*Ex2 

2Kb
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Kb
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2Ka 0.5Ka
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cBR ൌ cR*2y 

cARB ൌ cBR*x ൌ cR*2xy 

cABR ൌ cBR*αx ൌ cR*2αxy 

cA2RB ൌ cARB*αxൌ cBR*αx2 ൌ cR*2αx2y 

cA2RB* ൌ cA2RB*βE ൌ cARB*αx*βEൌ cBR*x*βE ൌ cR*2αx2y*βE 

cRB2 ൌ cBR*0.5yൌ cR*y2 

cARB2 ൌ cRB2*2αxൌ cBR*αxyൌ cR*2αxy2 

cA2RB2 ൌ cARB2*0.5αxൌ cRB2*α2x2ൌ cBR*0.5α2x2yൌ cR*α2x2y2 

cA2RB2* ൌ cA2RB2*β2Eൌ cARB2*2αxβ2E ൌ cRB2*α2x2β2E ൌ cBR*0.5α2x2yβ2E ൌ cR*α2x2y2β2E 

 

Open probability at equilibrium is defined as the fraction of all receptors in the open states:  

P୭୮ୣ୬ ൌ  େఽమ∗ାେఽమా∗ାେఽమామ∗
ୋେఽାେఽమାେఽమ∗ାେాାେఽాାେఽాାେఽమాାେఽమా∗ାେామାେఽామାେఽమామାେఽమామ∗

  

 

All states are described in terms cR: 

P୭୮ୣ୬ ൌ  
୶మୋଶஒ୷୶మୋஒమమ୶మ୷మେ

ୋଶ୶ୋ୶మୋ୶మୋଶ୷ୋଶ୷୶ୋଶ୷୶ୋଶ୷୶మୋଶஒ୷୶మୋ୷మୋଶ୶୷మୋమ୶మ୷మୋஒమమ୶మ୷మେ
  

 

cR is cancelled out: 

P୭୮ୣ୬ ൌ  ୶మାଶஒ୷୶మାஒమమ୶మ୷మ

ଵାଶ୶ା୶మା୶మାଶ୷ାଶ୷୶ାଶ୷୶ାଶ୷୶మାଶஒ୷୶మା୷మାଶ୶୷మାమ୶మ୷మାஒమమ୶మ୷మ
  

 

The equation is simplified: 

P୭୮ୣ୬ ൌ
Exଶሺ1  αβyሻଶ

ሺ1  yሻଶ  2xሺ1  y  αy  αyଶሻ  xଶሺ1  αyሻଶ  Exଶሺ1  αβyሻଶ
       ሺ𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏ሻ 
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