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Summary 

Ionotropic glutamate receptors (iGluRs), like the NMDA receptor, are ligand-gated ion channels. 

These receptors make up an important part of the mammalian central nervous system (CNS) as they 

allow rapid excitatory signal transduction. NMDA receptors are built of four structurally identical 

subunits. Of the structurally identical subunits, three main types exist (GluN1, GluN2, GluN3), which 

are freely combined, with GluN1 always being incorporated twice. The transmembrane regions of 

these subunits consist of four alpha-helices named M1 – M4 domains. M1, M2 and M3 of all GluN 

subunits were identified to form the ion channel pore. Ligand binding at NMDA receptors leads to an 

opening of this pore which allows an ion flow across a membrane. The role of the M4 domain within 

the NMDA receptor is not yet clearly defined and was therefore investigated in this thesis. Herein 

approaches of M4-truncations, M4 segment coexpression and introduction of point mutations into the 

M4 domain were used to get an insight into the role of the M4 domain in functionality, assembly, and 

steroid modulation of NMDA receptors.  

It could be shown that the M4 domains of GluN1/GluN2A and GluN1/GluN3A NMDA receptors 

are not involved in receptor assembly nor in surface trafficking. However, M4-truncation lead to an 

impeded functionality of the analyzed ion channels that could be rescued by coexpression of the 

respective M4 segment indicating its importance in NMDA receptor function. Introduction of point 

mutations identified two residues in the upper part of the GluN1-M4 domain to be necessary for this 

rescue effect. These residues form interaction points of the GluN1-M4 domain with M1 or M3 domains 

of neighboring GluN2 subunits. The upper part of the M4 was thought to affect the modulation of 

NMDA receptors by neurosteroids like Pregnenolone sulfate (PS) and an involvement of this M4 part 

in neurosteroid modulation could be verified in this work. Furthermore, two further residues in 

GluN1-M4 were found to influence the affinity of PS to and the effect of PS on GluN1/GluN2 and 

GluN1/GluN3 receptors indicating these residues to build a negative allosteric modulation site for 

PS. 

All in all, this thesis gives new insights into the function of the M4 domain within GluN1/GluN2 and 

GluN1/GluN3 receptors highlighting the role in regulating receptor function. Furthermore, the 

herein obtained data allow a better understanding of NMDA receptor modulation by compounds with 

PS-like properties and therefore form a basis for further research investigating therapeutic strategies 

for selective NMDA receptor modulation. 
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Zusammenfassung 

Ionotrope Glutamatrezeptoren (iGluRs), wie der NMDA-Rezeptor, sind Liganden-gesteuerte 

Ionenkanäle. Diese Rezeptoren bilden einen wichtigen Teil des zentralen Nervensystems (ZNS) von 

Säugetieren, da sie eine schnelle exzitatorische Signaltransduktion ermöglichen. NMDA-Rezeptoren 

bestehen aus vier strukturell identischen Untereinheiten. Von diesen strukturell identischen 

Untereinheiten existieren drei Haupttypen (GluN1, GluN2, GluN3), die frei kombiniert werden, wobei 

GluN1 immer zweimal eingebaut wird. Die Transmembranregion dieser Untereinheiten bestehen aus 

vier Alpha-Helices, die als M1 – M4 Domänen bezeichnet werden. M1, M2 und M3 aller GluN-

Untereinheiten bilden die Ionenkanalpore aus. Ligandenbindung an NMDA-Rezeptoren führt zu einer 

Öffnung dieser Pore, die einen Ionenfluss durch die Membran ermöglicht. Die Rolle der M4-Domäne 

innerhalb des NMDA-Rezeptors ist nicht vollständig geklärt und wurde daher im Rahmen dieser 

Arbeit untersucht. Es wurden M4-Trunkierungen, M4 Segment Koexpressionen und M4-Domänen 

mit Punktmutationen analysiert, um Einblicke in die Rolle der M4-Domäne in der Funktionalität, 

Assemblierung und Steroidmodulation von NMDA-Rezeptoren zu erhalten.  

Es konnte gezeigt werden, dass die M4-Domänen von GluN1/GluN2A- und GluN1/GluN3A-

Rezeptoren weder an der Rezeptor-Assemblierung noch am Oberflächen-Transport beteiligt sind. 

M4-Trunkierungen führten zu einem Funktionsverlust der Ionenkanäle, der durch Koexpression des 

entsprechenden M4 Segments wiederhergestellt  werden konnte, was die Bedeutung der M4 für die 

NMDA Rezeptor Funktion hervorhebt. Durch Einführung von Punktmutationen wurden zwei 

Aminosäuren im oberen Teil der GluN1-M4-Domäne identifiziert, welche für die Wiederherstellung 

der Funktion durch M4 Koexpression ausschlaggebend sind. Diese Aminosäuren bilden 

Interaktionspunkte der GluN1-M4 mit den M1- oder M3-Domänen der benachbarten GluN2-

Untereinheit. Des Weiteren wurde vermutet, dass der obere Teil der M4-Domäne die Modulation von 

NMDA-Rezeptoren durch Neurosteroide wie Pregnenolonsulfat (PS) beeinflusst. Diese Beteiligung 

der M4-Region an der Modulation durch Neurosteroide konnte in dieser Arbeit gezeigt werden. 

Weiterhin wurde festgestellt, dass zwei Aminosäure-Positionen in der GluN1-M4 die Affinität von PS 

zu und die Wirkung von PS auf GluN1/GluN2- und GluN1/GluN3-Rezeptoren beeinflussen, was 

darauf hinweist, dass diese Positionen eine negative allosterische Modulationsstelle für PS bilden. 

Zusammengefasst gibt diese Arbeit neue Einblicke in die Funktion der M4-Domäne innerhalb von 

GluN1/GluN2- und GluN1/GluN3-Rezeptoren und hebt deren Rolle in der Regulierung der 

Rezeptorfunktion hervor. Darüber hinaus liefert sie ein besseres Verständnis der Modulation von 

NMDA-Rezeptoren durch Substanzen mit PS-ähnlichen Eigenschaften und bildet damit eine 

Grundlage für weitere Forschung hinsichtlich therapeutischer Strategien zur selektiven Modulation 

von NMDA-Rezeptoren. 
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1.  Introduction 
 

1.1. Ion channels 

Ion channels are integral membrane proteins. They enable a passive ion transport along an 

electrochemical concentration gradient, control membrane potentials and thereby are essential in 

many cell functions. These passive transport systems form the basis for the generation and regulation 

of diverse biological processes in a wide variety of organisms, such as signal transduction in the 

mammalian central nervous system (CNS).  

Ion channels can be selective for cations or anions. Cation-selective channels allow the inflow or 

outflow of Ca2+, Na+, or K+ ions in a cell, whereas anion-selective ion channels are Cl- or NO3
- 

permeable. The pore diameter determines the ion selectivity by the charge of the pore-forming amino 

acid side-chains, and the selectivity filter (Dudel et al., 1987; pp. 38-43).   

Ion channels can take an open and a closed state. The conformational change leading to the channel 

opening or closing is named gating. The gating process can be induced in three different manners: 

ligand-gated, voltage-dependent, or mechanosensitive. Voltage-dependent ion channels get activated 

by shifts of the membrane potential (Sigworth, 1993). Mechanosensitive ion channels respond to 

mechanical membrane deformation (Gustin, et al., 1988; Martinac, 2004). The conformational change 

of ligand-gated ion channels is controlled by agonists’ binding (e.g., neurotransmitters such as 

glutamate or glycine) to specific binding sites of the ion channel. The herby induced structural 

rearrangements of the ion channel allow ions to pass. Ligand-gated ion channels were found to be 

involved in synaptic signal transmission. Examples include unspecific cation- and chloride-channels 

such as nicotinic, cholinergic, glutamatergic, and GABAergic receptors (Dingledine et al., 1999; Gray 

et al., 1996; Jentsch et al., 2002). According to the quaternary structure, ligand-gated ion channels can 

be further classified into three superfamilies: pentameric ligand controlled ion channels, called “Cys-

loop receptors”, trimeric P2X receptors and tetrameric glutamate receptors (Connolly and Wafford, 

2004; Nicke et al., 1998). 

 

 

1.2. Glutamate receptors 

A large part of the excitatory activity of the CNS is mediated by glutamate, the main neurotransmitter 

for signal transduction in the mammalian brain. Glutamate is released into the synaptic cleft by 

presynaptic neurons.  At postsynaptic neurons, glutamate binds to two groups of glutamate receptors: 

metabotropic glutamate receptors (mGluRs) are G-protein-coupled receptors that influence cellular 

processes such as synaptic efficiency or gene expression via phospholipase C or adenylyl cyclase 

(Gladding et al., 2009; Levitz and Reiner, 2018).  
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Ionotropic glutamate receptors (iGluRs) are widely distributed in the CNS. They play an essential role 

in the development of the CNS, the formation of respiratory and locomotor rhythms, and in processes 

such as learning, memory, and neuroplasticity (Collingridge and Bliss, 1995; Yashiro and Philpot, 

2008). iGluRs are cation-selective ion channels that can be further divided into four main classes: 

AMPA receptors (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; subunits GluA1-

A4), kainate receptors (subunits GluK1-K5), delta receptors (subunits GluD1-D2) and NMDA 

receptors (N-methyl-D-aspartate receptors; subunits GluN1, GluN2A-D, and GluN3A-B) (Tab.1).  

 

Table 1: Human and non-human names of the ionotropic glutamate receptor subunits (Traynelis et al., 2010) 

 

 

 

1.3. NMDA receptors 

1.3.1. Conventional NMDA receptors 

NMDA receptors, named after the specific synthetic partial agonist N-methyl-D-aspartate, are 

glutamate receptors that are Ca2+-permeable and involved in neurological functions such as synaptic 

plasticity, memory formation, and learning behavior (Hansen et al., 2018; Morris, 2013). The 

dysfunction or dysregulation of these receptors is associated with a variety of neurological diseases 

such as Parkinson’s disease, Alzheimer’s disease, epilepsy, schizophrenia or West’s syndrome 

(Dingledine et al., 1999; Lemke et al., 2016, 2014). NMDA receptors, as all iGluRs, are characterized 

by a tetrameric structure build of four structural identical or at least similar subunits. Studies showed 

that the assembly of iGluRs follows a “dimer of dimers” principle (Furukawa et al., 2005; Karakas et 

al., 2015)). In contrast to AMPA and kainate receptors, which can be homomeric tetramers, NMDA 

receptors are heteromeric receptors build of two obligatory GluN1 subunits in combination with two 

GluN2 and/or GluN3 subunits (Watkins and Jane, 2006).  

The combination of GluN1 and GluN2 represents the conventional receptor which is composed 

according to an alternating GluN1-N2-N1-N2 pattern (Furukawa et al., 2005; Laube et al., 1998). The 

GluN1 subunit exists with eight variants (GluN1-1a – GluN1-4b) induced by alternative splicing of 



   Introduction 

9 

 

the same gene. The four variants of the GluN2 subunit (GluN2A-D), in contrast, are encoded by 

separate genes  (Cull-Candy et al., 2001; Dingledine et al., 1999; Monyer et al., 1994).  

Gating of iGluRs, the process of ion channel opening, desensitization, and closing, is mediated by 

agonist binding to all four subunits. The simultaneous binding of two different agonists is necessary 

to induce an opening of the conventional NMDA receptor channel pore. While GluN2 binds glutamate, 

the GluN1 subunit can be activated by glycine or D-serine binding. As glycine is constantly present 

within the synaptic cleft, conventional NMDA receptor activity is regulated mainly by glutamate 

release by presynapses (Traynelis et al., 2010; Wolosker, 2007; Laube et al., 1997). Another 

characteristic of conventional NMDA receptors is a voltage-dependent Mg2+ block. At rest potential, 

a magnesium ion can bind within the channel pore preventing an ion current despite agonist binding. 

For the complete activity of conventional NMDA receptors, depolarization of the postsynaptic 

membrane by AMPA receptors is required, leading to a release of the magnesium block. Due to the 

described double dependence on membrane potential and glutamate release, conventional NMDA 

receptors are also called coincidence detectors (Dingledine et al., 1999; Hansen et al., 2018). 

 

 

1.3.2. Glycine gated GluN1/GluN3 NMDA receptors 

In addition to the conventional NMDA receptors composed of GluN1 and GluN2 subunits, receptors 

composed of GluN1 and GluN3 subunits exist. GluN3 subunits show a weak sequence identity to 

GluN1 or GluN2 (~20-30%) (Ciabarra et al., 1995). GluN1/GluN3 receptors are insensitive to Mg2+ 

and just weakly permeable for Ca2+ (Chatterton et al., 2002). Furthermore, these receptors are not 

gated by a dual agonism of glutamate and glycine but are glycine gated channels. Yao and Mayer 

showed the GluN1-agonist glycine to also bind to the GluN3 ligand-binding domains (Yao and Mayer, 

2006). In addition to agonist binding, the binding of a specific GluN1 antagonist is necessary for the 

full activity of GluN1/GluN3 (Chatterton et al., 2002; Madry et al., 2007). The reason for this is a dual 

effect of glycine for GluN1/GluN3 receptors.  Binding of glycine to GluN3 has an agonistic effect 

inducing pore opening. However, binding of glycine to the GluN1 binding pocket prohibits the 

activation of GluN1/GluN3 receptors leading the receptor into desensitisation. The contradictory 

impact of glycine on diheteromeric GluN1/GluN3 receptors impeded the prove of their existence in 

neurons in vivo (Awobuluyi et al., 2007; Madry et al., 2007). Just two years ago, in 2018, functional 

diheteromeric GluN1/GluN3A receptors could be detected in murine hippocampal brain slices using 

a highly potent GluN1 antagonist (Grand et al., 2018). 
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1.4. Structural composition of iGluRs 

iGluR subunits such as the NMDA subunits GluN1, N2, and N3, are modular structures consisting of 

an extracellular amino-terminal domain (ATD), a ligand-binding domain (LBD), a transmembrane 

domain (TMD), and an intracellular carboxy-terminal domain (CTD) (Fig. 1A).  iGluR ATDs are 

known to play a role in the assembly, trafficking, and allosteric modulation of iGluRs (Hansen et al., 

2010). The LBD region is built of two sections, the S1 domain, which starts after the ATD and ends 

at the transmembrane domain M1, and the S2 domain, which lays between the transmembrane 

domains M3 and M4 (Fig. 1A) (Dingledine et al., 1999). After agonist binding between the S1-S2 

interface, the LBD closes like a clamp-shell inducing conformational changes of the TMD region that 

lead to pore opening (Furukawa et al., 2003). iGluR TMDs mainly consist of α-helices responsible for 

anchoring ion channels in the cell membrane (Sheng and Pak, 1999). These helices predominantly 

consist of hydrophobic amino acids, which enable integration into the lipid bilayer of cellular 

membranes (Jones et al., 1994). The TMD of iGluRs consists of the transmembrane helices M1, M3, 

and M4 as well as a membrane loop M2.  The CTD, connected to the M4 domain, is located 

intracellularly and is involved in the interaction with signalling proteins and due to posttranslational 

modifications in membrane targeting (Gardoni et al., 1998; Malinow and Malenka, 2002; Traynelis et 

al., 2010). During assembly, four of the iGluR subunits form a tetrameric structure and build the 

functional receptor (Fig. 1B). The cation-selective pore of iGluRs is formed by the helices M1, M2, 

and M3 of the assembled tetrameric receptor (Traynelis et al., 2010). The pore structure composed of 

the two transmembrane helices M1 and M3 and the membrane loop M2 is found in an inverted form 

in bacterial potassium channels. This fact suggests an evolutionary connection between bacterial 

potassium channels and mammalian glutamate receptors (Wo and Oswald, 1995). 
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A. Schematic architecture of an iGluR subunit compartmentalized in its modular structures. iGluR subunits consist of four 

domains:  Two extracellular regions, the amino-terminal domain (ATD), and ligand-binding domain (LBD) connected via 

peptide linkers. In turn, the LBD is linked to all three transmembrane helices of the transmembrane domain (TMD). The M4 

is followed by the intracellular carboxy-terminal domain (CTD) (Sobolevsky, 2015). B. Structure of an assembled 

homotetrameric GluA2 receptor, with the individual subunits stained in red, green, blue, and yellow (modified from (Hansen 

et al., 2010).   

 

  

Figure 1: Structure of an ionotropic glutamate receptor Figure 1: Structure of ionotropic glutamate receptors 

A                                                B 
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1.4.1. The transmembrane domain M4 

While the function of the M1 and M3 helices in building the channel pore is well understood, the exact 

role of the M4 helix is unclear. Structurally, the M4 helix is distant from the other membrane helices 

of its own subunit and can only interact with M1 or M3 helices of neighboring subunits (Fig. 2).  

 

 

 

 

 
 
 

 

In 2003, Schorge and Colquhoun suggested a crucial role of the M4 domain for NMDA receptors’ 

functionality.  M4-truncations of GluN1 or GluN2A resulted in dysfunctional receptor variants 

(Schorge and Colquhoun, 2003). Salussolia et al. reported an involvement of the M4 domain in the 

assembly of AMPA receptors according to the “dimer of dimers” principle. Subunits lacking the M4 

domain resulted in receptors stacking in the endoplasmic reticulum (ER) due to a missing 

tetramerization. Subunit dimerization, however, was described to be independent of the M4 domain. 

Furthermore, single tryptophan substitutions at the M4 domain along an “VVLGAVE” interaction 

interface close to the M1 and M3 segments of adjacent subunits interfered with receptor assembly 

(Salussolia et al., 2013). Further studies suggested the M4 domain to be involved in the surface-

trafficking of iGluRs. Horak et al. assumed that the NMDA receptors TMD contains ER retentions 

signals, which need to get masked during receptor assembly. These signals are located at the M3 of 

GluN1/GluN2B receptors. The coexpression of M4-truncated GluN1 and GluN2B subunits resulted 

in a substantial decrease of surface expression, indicating that the M4 segment is necessary for masking 

these retention signals (Horak et al., 2008). Tryptophan screening also identified various positions that 

do not affect the expression or surface trafficking but GluN1/GluN2A receptors’ functionality.  

Mutations of residues in the interaction interface “MVVGGLE” of the GluN1 subunit in 

GluN1/GluN2A receptors significantly decreased the whole-cell currents. Overall, the extracellular 

end of the M4 domain is thought to affect receptor activation as well as the desensitization of NMDA 

receptors. The intracellular terminus of the M4 segment, on the other hand, showed a higher impact 

The membrane helices M1, M2 and M3 of the GluN1 subunit 

(yellow) are located in close proximity to each other and form the 

ion pore. The peripheral GluN1-M4 is located close to the M1 and 

M3 domain of the GluN2A subunit (red). [Crystal structure, PDB: 

5UP2] 

Figure 2: Transmembrane region of a GluN1/GluN2A dimer 
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on surface expression (Amin et al., 2017). Another common idea regarding the role of the M4 segment 

is the involvement in receptor modulation by endogenous neurosteroids, which results in changes of 

the receptor properties like agonist affinity or maximal inducible currents (Jang et al., 2004; Krausova 

et al., 2020). 

 

 

1.5. Neurosteroids 

Steroids are metabolites of cholesterol synthesized in various steroidogenic tissues such as the gonads, 

adrenal glands, or placenta (Payne and Hales, 2004). Since steroids are highly lipophilic, they can be 

synthesized in endocrine glands and are able to cross the blood-brain barrier. Furthermore, steroids 

can be expressed by brain cells (Baulieu, 1998; Grube et al., 2018). In 1990, Baulieu and Robel named 

steroids, which perform targeted modulation of brain functions by interacting with ligand-gated ion 

channels, “neurosteroids” (Baulieu and Robel, 1990). Neurosteroids can be classified into three groups: 

pregnane neurosteroids (e.g., allopregnanolone), androstane neurosteroids (e.g., androstanediol), and 

sulfated compounds (pregnenolone sulfate) (Reddy, 2010). The dysregulation of neurosteroids is 

associated with various diseases such as depression or schizophrenia (Cai et al., 2018; Zorumski et al., 

2013). 

 

 

1.5.1. Pregnenolone sulfate 

One common neurosteroid is pregnenolone sulfate (PS, 20-oxo-pregn-5-en-3β-yl sulfate). It is 

generated from pregenolone by sulfonation of the C3 atom and was described to modulate various 

neuronal receptors (Fig. 3). Experiments with various substituents on the C3 atom showed the chain 

length and the presence of a negative charge to be essential for the effect of PS (Weaver et al., 2000). 

Considering the localization and orientation of neurosteroids in the lipid bilayer, there are several 

factors, like chain length at the C17 atom, chemical modifications, or ability to form hydrogen bonds, 

that play a major role in this process. Phosphatidylcholines have choline as the headgroup and form 

the bulk of phospholipids in the membrane. Molecural dynamic (MD) simulations showed that PS is 

localized with the C3 atom and the attached sulfate group in the polar region of the lipid bilayer 

forming salt bridges with the choline. The nonpolar steroid core is orientated to the membrane center 

(Atkovska et al., 2018).  

Physiologically, modulation of synaptic receptors with PS results in enhanced memory and finds 

application in therapeutic treatments of neuropsychiatric disorders like schizophrenia (Ritsner et al., 

2014; Wong et al., 2015). PS has diverse roles in the modulation of ion channels within the mammalian 

brain. While it inhibits GABAA, AMPA, and Kainat receptors, it activates TRPM1 and TRPM3 

receptors (Transient receptor potential channel M1 and M3) (Fig. 3) (Harteneck, 2013; Mellon and 
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Griffin, 2002). For NMDA receptors, PS has a bivalent function. On the one hand, it is a positive 

modulator of NMDA receptors composed of GluN2A or GluN2B subunits. On the other hand, PS 

inhibits receptors containing GluN2C or GluN2D subunits. Both positive and negative effects are 

assumed to be mediated by two separate binding sites (Horak et al., 2004). Whereas there are 

indications that the positive modulatory binding site of PS at NMDRs is located in the transmembrane 

region of the GluN2 subunit, the inhibiting site is still unknown. The effect of PS is believed to be 

mediated by the ratio of potentiation and inhibition. (Horak et al., 2006; Wilding et al., 2016). 

 

 

Figure 3: Pregnenolone sulfate synthesis and function  

Pregnenolone sulfate is generated from pregnenolone by sulfonation of the C3 atom. PS modulates a variety of synaptic 

receptors, showing a ligand-dependent inhibition at GABAA receptors, a ligand-dependent potentiation at NMDA receptors 

(containing GluN2A/B) and an activation of TRPM1 and TRPM3 receptors (modified from (Harteneck, 2013)). 

 

Jang et al. showed that there are two obligatory regions necessary for the effect of PS on all subunit-

combinations of NMDA receptors. The “J/K helix” (region of ~45 amino acids above the M4 domain) 

and the M4 domain of the GluN2A are required for the respective modulation (Jang et al., 2004). 

Recent findings by molecular dynamic simulations and alanine screening indicated that the positive 

allosteric modulation (PAM) effect-bearing binding site indeed seems to be localized at the GluN2 

M1/M4 interface. Simulation showed that amino acids in the upper part of the GluN2B-M1 (W559) 

and GluN2B-M4 (Y823, M824) are potentially building the PAM binding site (Fig. 4). These 

simulations also hypothesized an additional binding site at the corresponding positions for the GluN1 

M1/M4-interface, which is not responsible for GluN1/GluN2B potentiation (Krausova et al., 2020).  
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Figure 4: Potential PAM site of PS in GluN1/GluN2B receptors 

MD-simulation of the TMD of GluN1(grey)/GluN2B(orange) receptors with bound PS (green) in the closed state.  Simulation 

showed that amino acids in the upper part of the GluN2B-M1 (W559) and GluN2B-M4 (Y823, M824) are potentially building 

the binding pocket which is responsible for the PAM effect of PS. Amino acids which experimentally influenced the PAM effect 

were marked in red (modified from Krausova et al., 2020). 

 

 

 

Closed with PS 
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1.6. Aim of study 

Contradictory results about the involvement of the M4 domain in receptor assembly, function, and 

modulation do not allow a clear definition of its role in ionotropic glutamate receptors. This work 

therefore aimed for a better understanding of the role of the M4 transmembrane domain within NMDA 

receptors. Using approaches of M4-truncations, M4 segment coexpression, and introduction of point 

mutations into M4 segments, the impact of M4 domains on assembly and surface targeting is 

addressed. Furthermore, residues that are essential for the interaction of the GluN1-M4 segment and 

truncated core receptor and by this responsible for the rescue effect were investigated. The last part 

of this work, addressed the involvement of the GluN1-M4 domain in neurosteroid modulation of 

NMDA receptors. 
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2. Material 
 

All chemicals used were purchased from Sigma (Taufkirchen, Germany). 

 

2.1. Devices 

Analytical AT261 DeltaRange     Mettler Toledo 

Amplifier GeneClamp 500B     Axon Instruments 

A-D converter Digidata 1322A     Axon Instruments 

Balance Universal U3600     Satorius 

Binocular Leica Wild M3Z     Leica 

Cycler Titramax 100      Heidolph Instruments 

ChemiDoc MP Imaging System    Bio-Rad 

Gene Power Supply GPS 200/400    Pharmacia 

Incubator Innova 44      New Brunswick Scientific 

PCR Life touch       Bioer 

Thermocycler TS100      PEQlab Biotechnology 

Micromanipulator MD4     Bachofer 

Overhead shaker Reax 2     Heidolph Instruments 

Photometer NanoDrop ND-1000    Thermo Scientific 

Vortexer Reax 2000      Heidolph Instruments 

Western Blot TransBlot-Turbo-Transfer System  Bio-Rad 

Centrifuge Fresco Multifuge 3SR    Heraeus 

Centrifuge Fresco 21      Heraeus 

 

 

2.2. Buffer and solutions 

Table 2: Buffer and solutions 

pH values were adjusted with NaOH or HCl. 

 

Solution Component Amount/ Concentration 

Ringer-solution; pH 7.4 NaCl 115 mM 

 KCl 3 mM 

 CaCl2 1.8 mM 

 HEPES 10 mM 

   

ND96-solution; pH 7.4 NaCl 96 mM 

 KCl 3 mM 

 MgCl2 1 mM 

 CaCl2 1 mM 

 HEPES 5 mM 

 Gentamycine 50 mg/L 

https://www.dict.cc/?s=analytical
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Ca2+-free ND96-solution; pH 7.4 NaCl 96 mM 

 KCl 2 mM 

 MgCl2 2 mM 

 HEPES 5 mM 

   

10x TBS-T Tris 500 mM 

 NaCl 1.5 mM 

 Tween 1 % 

   

Reaction buffer; pH 7.2 Phosphate buffer 100 mM 

 NaCl 150 mM 

   

Lysis buffer; pH 8.0 Sodium phosphate 100 mM 

 DDM 0.5 % 

 Pefabloc 0.1 % 

   

Binding-/Washbuffer; pH 7.5 Tris 50 mM 

 NaCl 150 mM 

   

Cathodebuffer Tris 60 mM 

 6-Aminocapronic acid 40 mM 

 SDS 0.1 % 

   

Anodebuffer Tris 60 mM 

 6-Aminocapronic acid 40 mM 

 Methanol 20 % 

   

4x SDS-Loadingbuffer Tris/HCl (pH 6.8) 125 mM 

 Glycerol 20 % 

 SDS 6 % 

 Bromophenol blue 0.04 % 

   

10x SDS-running buffer Tris 250 mM 

 Glycine 1.92 M 

 SDS 1 % 
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2.3. Strains of bacteria  

Escherichia coli One Shot™Top10   Invitrogen 

 

 

2.4. Expression system 

Xenopus laevis oocytes 

 

 

2.5. Enzymes 

Table 3: Enzymes 

Enzyme Manufacturer 

Phusion Polymerase Thermo Fisher 

Collagenase Sigma Aldrich 

NotI (10 U/µl) Roche 

DpnI Thermo Fisher 

T4-poly nucleotide kinase (PNK) Thermo Fisher 

T4-DNA Ligase Thermo Fisher 

 

 

2.6. Antibodies 

Table 4: Antibodies 

Antibodies Manufacturer Dilution 

Anti-GluN1 CTD (mouse) Merck Millipore 1:1000 

Anti-GluN1-NTD (rabbit) Alomone Labs 1:500 

Anti-mouse HRP Abcam 1:10000 

Anti-rabbit HRP Abcam 1:10000 
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2.7. Media 

Table 5: Media 

Media Component Amount 

LB-media with ampicillin; pH 7.0 Yeast extract 0.25 % (w/v) 

 Tryptone 1 % (w/v) 

 NaCl 171.12 mM 

 Ampicillin 100 µg/ml 

   

LB-agar with ampicillin; pH 7.0 Yeast extract 0.25 % (w/v) 

 Tryptone 1 % (w/v) 

 NaCl 171.12 mM 

 Agar 1.5 % (w/v) 

 Ampicillin 100 µg/ml 

 

 

2.8. Kit systems 

Table 6: Kit systems 

Kit Manufacturer 

AmpliCap SP6 High Yield Message Maker Kit CELLSCRIPT 

GenElute™ Plasmid Miniprep Kit Sigma Aldrich 

MinElute® Gel Extraction Kit Qiagen 

MinElute® Reaction Cleanup Kit Qiagen 

 

 

2.9. Software 

Table 7: Software 

Programm Manufacturer 

Adobe Illustrator Adobe Inc. 

Clampex 9.2 Axon Instruments 

Clampfit 10.7 Axon Instruments 

ImageLab 4.0 Bio-Rad Laboratories 

Prism 7  GraphPad 

UCSF Chimera RBVI 

Snapgene 3.2.1 GSL Biotech LLC 
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2.10.  DNA constructs 

Wt GluN1 and wt GluN2A constructs were received from Dr. Seeburg (Max-Planck- Institute for 

Medical Research, Heidelberg), and the wt GluN3A construct was obtained from Dr. Woodward 

(Medical University of South Carolina, Charlston, Carolina). All constructs were subcloned in the 

oocyte vector PNKS2 by Dr. Ivana Mesic.  

 

GluN1 (Uniprot: P35439) Rattus norvegicus 

GluN2A (Uniprot: P35436) Mus musculus  

GluN3A (Uniprot: Q9R1M7) Rattus norvegicus 

 

2.11.  Plasmids 

 

Figure 5: PNKS2 vector with GluN1 gene from Rattus norvegicus and SP6 promoter 
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2.12.  Primers 

Table 8: List of generated mutants and used primer 

Construct Forward primer Reverse primer 

GluN1M4-M813A TTGAGAACGCGGCAGGGGTC GACCCCTGCCGCGTTCTCAA 

GluN1M4-F817A GCAATGCTGGTGGCTGGA GACCCCTGCCATGTTCTCAAAAG 

GluN1M813C GCAGGGGTCTTCATG ACAGTTCTCAAAAGTGA 

GluN1F817C TGCATGCTGGTGGCTGGA GACCCCTGCCATGTTCTC 

GluN1M4-M818A  GGGTCTTCGCGCTGGTGGCT AGCCACCAGCGCGAAGACCC 

GluN1M4-L819A GTCTTCATGGCGGTGGCTGGAG CTCCAGCCACCGCCATGAAGAC 

    

GluN2AΔM4 TAGGGTACGTACCGGGC CTCGTTGTGGCAGATGC 

GluN2AM4 AAGAATGAGGTGATGAGCAGC CGCCGGACCGTGCCA 

GluN2AM560A CGATGTTCGTGATGCTGC CCACCCAGACAGAGGC 

GluN2AF637A 
CAGTGTGGGCCTTCGCTGCCGTCATCTT
CC 

GGAAGATGACGGCAGCGAAGGCCCACAC
TG 

GluN2AM560C TGTATGTTCGTGATGCTGC CACCCAGACAGAGGC 

GluN2AF637C GTGCCGTCATCTTCCTTGC AGAAGGCCCACACTGAT 

    

GluN3AΔM4 TAAGCTGTGTCTCCCCCCAC TGCAAAGTCTCAGTGACGG 

GluN3AM4 GCCGTCACTGAGACTTTGCA GGGCGGCGGCAG 
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3. Methods 

 

3.1. Cloning and Site-directed mutagenesis 

All NMDA constructs used were cloned into the PNKS2 vector, encoding an ampicillin resistance 

(Gloor et al., 1995) (Fig. 5). The isolated M4-constructs kept the signal peptide of the respective GluN-

construct it was generated from. The deletion constructs GluN11-802 (GluN1ΔM4) and GluN1802-925 

(M4N1) were generated by Adriana Müller-Längle prior to this work.  For the generation of the 

deletion constructs GluN2A1-803 (GluN2ΔM4), GluN2A804-1464 (M4N2A), GluN3A1-902 (GluN3AΔM4), 

GluN3A903-1115 (M4N3A), and the mutated constructs (Tab. 8), PCR were conducted with 60-100 ng 

plasmid 10 pmol of the appropriate primers, 0.5 mM dNTPs (dATP; dCTP; dTTP; dGTP each), 1x 

HF-phusion buffer, and 1 U phusion DNA polymerase in a final volume of 20 µl filled up with water. 

The PCR program started with a 30 sec denaturation step at 98 °C followed by 25 cycles of 10 s at 98 

°C, 30 s at the primer corresponding annealing temperature and a subsequent elongation for 2 min at 

72 °C. After the last cycle of amplification, a final elongation step of 1 min at 72 °C took place. 

Subsequently, the template DNA was removed by DpnI digestion for at least 2 h at 37 °C.   

 

 

3.2.  E.coli transformation 

Transformation of competent E.coli was performed by heat shock. 10 µl of the PCR product were added 

to 90 µl of E.coli solution and incubated on ice for 3 min. This step was followed by a heat shock for 

40-50 s at 42 °C in a heating block. After another 8 min on ice, the E.coli solution was plated on 

ampicillin agar plate and incubated overnight at 37 °C. After 24 h of incubation, three colonies were 

picked and incubated shaking overnight in 20 ml LB medium containing ampicillin at 180 rpm and 37 

°C. Plasmid extraction was performed using the GenElute™ Plasmid Miniprep Kit from Sigma 

Aldrich. The obtained plasmid DNA was sent to Seqlab (Göttingen, Germany) for sequencing. 

 

 

3.3. Blunt-end ligation 

For some mutagenesis (GluN1: M813C; F817A; F817C; GluN2A: M560A; M560C; F637C), a blunt 

end ligation of the gene of interest into the PNKS2 plasmid was performed. For this purpose, the DpnI-

digested PCR product (see 3.1.) was separated on a 1 % agarose gel, and the band was cut out with a 

scalpel. Gel extraction was performed with the MinElute® Gel Extraction Kit from Qiagen (Hilden, 

Germany). The subsequent phosphorylation of the extracted linear DNA using a T4-poly nucleotide 

kinase (20 min, 37 °C followed by 10 min inactivation at 80 °C) and blunt-end ligation (10 min at RT) 
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using T4 DNA ligase (both Thermo Fisher (Waltham, Massachusetts, USA)) was performed according 

to the manufacturer’s instructions. 

 

 

3.4.  cRNA-synthesis 

For cRNA synthesis, the pNKS2 plasmid (4 µg), including the sequence of the receptor, was linearized 

using the restriction endonuclease NotI-Solution (2 µl), 5 µl Orange-buffer, filled up to 50 µl with 

water and incubated for 2 h at 37 °C. The linearized plasmid was purified using the Qiagen MinElute 

Reaction Cleanup Kit. The cRNA synthesis was performed using the AmpliCap-Max™ SP6 High Yield 

Message Maker Kit from CELLSCRIPT (Madison, Wi, USA). Subsequently, the synthesized cRNA 

concentration was determined using the Nano-Drop 2000C spectrophotometer and adjusted to 1 

µg/µl. 

 

 

3.5. Preparation of oocytes 

Oocytes were obtained from female Xenopus laevis after anesthesia with 0.2 % tricaine in water after 

the approval of the Technische Universtät Darmstadt (Agreement V54-19c20/15 DA8/No. 20). After 

receiving the surgically removed ovary of the African clawed frog Xenopus laevis, it was divided into 

small portions. The oocytes were transferred into a petri dish filled with ND96 solution and 

collagenase (0.25 mg/ml) and incubated overnight at room temperature, shaking with 40 rpm/min. 

The separated oocytes were washed three times with ND96 solution to remove the collagenase. 

Afterward, the oocytes were washed three times with calcium-free ND96 solution and incubated for 

15 min in this solution. During this process, the follicle layer was removed. After removing the follicle 

layer, the solution was aspirated, and the oocytes were washed five times with gentamycin-containing 

ND96 solution and stored in this solution. 

 

 

3.6.  Injection of cRNA in oocytes 

Selected oocytes, similar in color and size, were injected with 50.6 nl of cRNA (1000 ng/µl).  The 

cRNA used for injection always contained the NMDAR subunits in the ratio of 1:1; respectively 1:1:1 

for M4 segment coexpression. After injection, the oocytes were transferred to a petri dish filled with 

ND96 solution and incubated at 18 °C. The two-electrode voltage clamp measurements were 

performed at least one day and maximum three days after injection depending on the construct. 

Biochemical analyses were performed three days after injection. 
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3.7. Two-Electrode Voltage Clamp (TEVC) 

The borosilicate glass electrodes were generated with the aid of a two-stage vertical puller, which first 

pulls the capillary apart at heating level 70 and then at 55.  TEVC measurements were performed at 

room temperature with a GeneClamp 500B Amplifier and a Digidata 1322A as A-D-converter. 

Measurements were recorded with Clampex 10.7 (Molecular Devices, San Jose, USA) at 5 kHz after 

low-pass filtering at 200 Hz. Microelectrodes, filled with 3 M KCl, had a resistance of 0.5 – 2.3 MΩ in 

ringer solution. Oocytes were clamped at -70 mV. For application, substances were solubilized in 

Ringer solution, which also serves as the external solution, except for Pregnenolone sulfate whose 

stock solution (100 mM) was made in DMSO (in measuring solution final DMSO concentration ≤1 

%). For GluN1/GluN2A Imax current determination, glycine and glutamate were coapplicated (100 µM 

each). For Dose-response analysis, the respective coagonist was applied with 100 µM. Measurements 

of GluN1/GluN3A receptors took place with 10 mM glycine after 50 s pre-application of MDL-29951. 

For Pregnenolone sulfate measurements, PS (in the case of GluN1/GluN3A together with MDL-

29951) was always pre applicated for 50 s before application of the respective agonists (100 µM 

Glu/Gly for GluN1/GluN2; 10 mM Gly for GluN1/GluN3A).  

 

 

3.8. Analysis of TEVC recordings 

TEVC recordings were analyzed with Clampfit 10.7 (Axon industries). For the dose-response analysis, 

currents were normalized to the maximal inducible current (Imax) and fitted with non-linear regression 

with a variable slope in GraphPad Prism 7.0. (GraphPad Software Inc., La Jolla, USA) as described 

previously (Lynagh and Laube, 2014). 

 

 

3.9. Statistical analysis 

Statistics were performed with Graphpad Prism 7.0. For the determined values, a Gaussian 

distribution was assumed. For the determination of significances, paired or unpaired Student’s t-test 

was performed.  P < 0.05 (*), p < 0.01(**), p < 0.001 (***) and p <0.0001 (****).  Values given 

represent means ± SEM. 

 

 

3.10.  Sequence and structure analysis 

Sequence alignments were made of the human GluN1, GluN2 and GluN3 receptor sequences (taken 

from Uniprot) with the multiple sequence alignment tool from EMBL-EBI (Cambridge, UK). For 

structural analysis UCSF Chimera (Pettersen et al., 2004) was used, with the 
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GluN1/GluN2A/GluN2B structure 5UP2 (Lü et al., 2017). Distances between Cα atoms of amino 

acids were determined with the distance tool in chimera. 

 

 

3.11.  Isolation of surface receptors 

For the labelling and isolation of cell-surface presented receptors expressed on oocytes, non-membrane 

permeable Pierce™ Premium Grade Sulfo NHS-SS-Biotin (Thermo Fisher), which binds free amino 

groups of proteins, was used.  Oocytes were washed three times with ND96 solution to remove 

proteins attached to the surface. This washing step was followed by two additional washing steps with 

250 µl reaction buffer and a subsequent incubation phase with 1 mg biotin in 200 µl reaction buffer for 

40 min at room temperature. Three further washing steps with 50 mM TRIS (pH 8.0) stopped the 

biotinylation and were followed by washing with 0.1 M sodium phosphate buffer (pH 8.0).  Lysis was 

performed in 50 µl lysis buffer (0.1 % Pefabloc) by pipetting the oocytes up and down. The oocyte 

lysate was incubated on ice for 15 min and centrifuged at 4 °C, 14.800 rpm for 20 min. 30 µl supernatant 

was mixed with 170 µl wash/binding buffer, added to the with binding buffer equilibrated streptavidin 

column, and incubated for 40 min at RT in the overhead shaker. Three washing steps with 400 µl 

wash/binding buffer followed in which unbound and unspecifically bound protein was removed.  For 

the subsequent elution, 100 mM DTT containing lysis buffer was used, which breaks disulfide bridges 

between NHS (N-Hydroxysuccinimid) and biotin and thus releases the protein from the column. 

Elution was performed for 30 min at room temperature in an overhead shaker followed by 

centrifugation (2700 rpm; 2 min). For Elution without DTT, thermal elution was used (85 °C; 20 min). 

If additionally treated with DTT after elution, samples were incubated for 20 min at 56 °C with 100 

mM DTT (Stock solution 2 mM DTT in ddH2O). 

 

 

3.12. Metabolic labelling and His-Tag purification 

Metabolic labeling experiments with [35S]methionine (0.2 Mbq per oocyte; >40 TBq/mmol, 

Amersham Biosciences) were performed by Adriana Müller-Längle as previously described (Schüler 

et al., 2008). His-Tag purification was performed using a C-terminal truncated GluN2A1-929 construct 

(GluN2A*) to avoid the confounding effect of the C-terminus during purification steps (Mesic et al., 

2016). Purification of C-terminal His6-tag-labeled GluN1 and GluN1ΔM4 by Ni2+-NTA agarose 

(Qiagen) chromatography was performed as in (Madry et al., 2007). [35S]-Methionine-labeled protein 

samples were solubilized in SDS sample buffer containing 20 mM dithiothreitol and electrophoresed 

in parallel with molecular mass markers (SeeBlue® Plus2 Pre-Stained Standard, Invitrogen) on 8% 

Tricine-SDS polyacrylamide gels. Gels were blotted, fixed, dried, and exposed to BioMax MR films 

(Kodak (Stuttgart, Germany)) at -80 °C. The radioactivity of each protein band was quantified by 
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Adriana Müller-Längle using a PhosphorImager (Molecular Dynamics) and analyzed using the 

ImageQuant software package. To distinguish between mature and immature receptor complexes, 10 

µl of affinity-purified receptor was incubated in reducing sample buffer (20 mM DTT, 1 % (w/v) SDS) 

with 1 % (w/v) octylglucoside containing 5 U endoglycosidase H (EndoH) or peptide: N-glycosidase 

F (PNGase F; both NEB (Frankfurt, Germany)) at 37 °C for 1 h, and protein samples were analyzed 

by SDS-PAGE as described above. Glycosylation assay was performed by Adrian Müller-Längle. 

 

 

3.13.  SDS-PAGE 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used for the separation 

of proteins. Sodium Dodecyl Sulfate (SDS) was added to the sample material (see 3.11.), which 

denatured the proteins and induced a strong negative charge. By adding a reducing agent, 

dithiothreitol (DTT; 100 mM), disulfide bridges were broken, leading to a complete unfolding of the 

proteins. The samples were pre-treated in 1x SDS sample buffer for 15 min at 56 °C. Subsequently, 

the samples were applied to an SDS-PAGE gel containing polyacrylamide, SDS and glycerol (Tab.9 

and 10). The concentration of the polyacrylamide determines the pore size and thus influences the 

running speed of the proteins in the gel. The SDS-PAGE was initially performed at a voltage of 90 V 

for 10 min and then at 120 V.  

Table 9: Composition linear 10 % SDS-PAGE Gel 

Component 4 % Stacking gel 10 % Separation gel 

H20 5,95 ml 7,72 ml  

Acrylamid (30 %) 1,34 ml 6,68 ml 

TRIS-HCl 2,5 ml (0,5 M) 5,2 ml (1,5 M) 

10 %-SDS 100 µl 200 µl 

10 %-APS 100 µl 100 µl 

TEMED 10 µl 10 µl 

 

Table 10: Composition 6-12 % SDS-PAGE Gradient gel 

Component 4 % Stacking gel 6 % Separation gel 12 % Separation gel 

H20 5,95 ml 5,2 ml 1,6 ml 

Acrylamid (30 %) 1,34 ml 2 ml 4 ml 

TRIS-HCl 2,5 ml (0,5 M) 2,6 ml (1,5 M) 2,6 ml (1,5 M) 

10 %-SDS 100 µl 100 µl 100 µl 

10 %-APS 100 µl 50 µl 50 µl 

TEMED 10 µl 5 µl 5 µl 

Glycerol - - 1,6 ml 
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3.14.  Western-Blot 

Western blotting is a molecular biological method for the specific detection of proteins. Proteins 

separated by SDS-PAGE were transferred to a PVDF membrane due to an electric field perpendicular 

to the gel. The PVDF membrane was activated in methanol for 15 s, washed in water for 2 min, and 

then transferred into an anode buffer. The blotting process was performed with the Trans-

Blot®Turbo™Blotting system (Bio-Rad (Hercules, California, USA)) for 30 min at 25 V and max. 0.8 

A. Afterwards, the membrane was blocked in a 5% skimmed milk powder solution in TBS-T for 1 h at 

RT and after that incubated in a 1 % milk solution containing the primary antibody directed against 

the protein of interest at 4 °C overnight. Two different antibodies were used as primary antibodies, 

firstly the GluN1 CTD was addressed with an antibody from Merck Millipore (Darmstadt, Germany) 

diluted 1:1000 in TBS, and secondly the GluN1-NTD epitope was addressed with an antibody from 

Alomone Labs (Jerusalem, Israel) 1:500 in TBS. Incubation with the primary antibody was followed 

by three washing steps in TBS-T for 15 min to remove unspecifically bound and unbound antibody. 

Subsequently, incubation with a secondary antibody followed. The secondary antibody is coupled to a 

horseradish peroxidase and binds to the primary antibody. After incubation in the secondary antibody 

solution (1 % milk in TBS-T), three washing steps in TBS-T were performed. 1 min after the addition 

of Pierce™ ECL Western Blotting Substrate (Thermo Fisher), which is converted by the peroxidase 

coupled to the secondary antibody, chemiluminescence was detected with the ChemiDoc MP Imaging 

System (Bio-Rad). 
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4. Results 
 

4.1. The M4 transmembrane domain is essential for the function of glutamate-gated 

GluN1/GluN2A NMDA receptors 

To analyze the function of M4 domains in NMDA receptors, the functional properties of the glycine- 

binding GluN1 subunit truncated by the M4 domain (GluN1ΔM4; see Fig. 6A and chap. 3.1) after 

coexpression with the glutamate-binding wild-type (wt) GluN2A subunit were examined. In contrast 

to wt GluN1/GluN2A receptors (Fig. 6B), no currents could be measured in GluN1ΔM4/GluN2A 

subunit-expressing Xenopus laevis oocytes after application of saturating concentrations of glutamate 

and glycine by two-electrode voltage clamping (TEVC) (Fig. 6B). However, coexpression of 

GluN1ΔM4/GluN2A receptors in the presence of a protein fragment containing the M4 transmembrane 

domain of GluN1 (M4N1) resulted in agonist-induced currents (Fig. 6B). To investigate, whether M4 

protein fragments from other NMDAR subunits would also rescue GluN1ΔM4/GluN2A receptor 

function, homologous constructs of the M4 of GluN2A (M4N2A) and GluN3A (M4N3A) subunits were 

coexpressed. No detectable currents were obtained for either M4 fragment in GluN1ΔM4/GluN2A 

receptors after coexpression (data not shown), indicating a specific role of the M4N1 domain in the 

rescue of GluN1ΔM4/GluN2A receptors. To analyze the pharmacological properties of 

GluN1ΔM4/GluN2A receptors in the presence of the M4N1 protein fragment, the maximum inducible 

currents (Imax), and the respective EC50 values of agonists were measured in wt-GluN1/GluN2A and 

GluN1ΔM4+M4N1/GluN2A receptors. GluN1ΔM4+M4N1/GluN2A-expressing oocytes showed lower 

Imax than wt-GluN1/GluN2A receptors upon application of saturating concentrations of glutamate 

and glycine (GluN1/GluN2A: 2.81±0.4 µA vs. GluN1∆M4+M4N1/GluN2A: 0.15±0.04 µA; p<0.001; 

Fig. 6B; 6E). In contrast, EC50 values of glutamate and glycine affinities were not altered compared to 

wt GluN1/GluN2A receptor (glutamate: 2.45±0.3 µM vs. 2.3±0.3 µM; p= 0.674; glycine: 1.8±0.25 

µM vs. 2.35±0.2 µM; p= 0.1572; for GluN1/GluN2A and GluN1∆M4+M4N1/GluN2A receptors, 

respectively; Fig. 6C). In conclusion, only coexpression of the M4 protein fragment of the GluN1 

subunit rescued GluN1ΔM4/GluN2A channel function without altering glutamate and glycine 

affinities. 

 

To analyze the role of the M4 of GluN2 subunits in GluN1/GluN2 receptor function, the functional 

properties of the glutamate-binding GluN2A subunit (GluN2AΔM4) truncated by the M4 domain after 

coexpression with the wt GluN1 subunit were examined. Again, a loss of current by M4 truncation 

and a rescue by coexpression of the M4 protein fragment of GluN2A (M4N2A) were detected. Inducible 

currents in GluN1/GluN2AΔM4 receptor-expressing oocytes showed an Imax of 0.24±0.1 µA (Fig 6D; 

6E). In contrast to the results with the GluN1∆M4 construct, where only the M4 of the GluN1 subunit 

rescued channel function, coexpression of the M4 of the GluN1 subunit (M4N1) also rescued receptor 
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function of the GluN2AΔM4 construct (Imax 0.016±0.007 µA, Fig 6D; 6E). However, coexpression of the 

M4N3A fragment with GluN1/GluN2AΔM4 receptors showed no rescue effect (Fig. 6D). Thus, both the 

M4 transmembrane domains of GluN1 and of GluN2A could rescue the channel function of 

GluN1/GluN2AΔM4 receptors after coexpression. 

In summary, the analyses of the rescue of M4-truncated GluN1/GluN2A NMDA receptors by 

separately expressed M4 protein fragments indicate that i) specific recognition interactions must exist 

between the M4 and the nuclear receptor, since only in the presence of selected NMDAR-M4 

fragments the deleted GluN1/GluN2A receptors were functional, and ii) the basic pharmacological 

properties were not altered, since the glutamate and glycine affinities remained the same compared 

with wt GluN1/GluN2A. 
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Figure 6: Functional characterisation of M4-deleted and M4 coexpressed GluN1/GluN2A receptors 
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A. Structure of the TMD region of a GluN1(yellow)/GluN2A(red) receptor showing the peripheral localization of the M4 

domain compared to M1, M2 and M3 of its own subunit. Structure 2 and 3 show the M4-truncated receptor 

(GluN1ΔM4/GluN2A) and exemplary M4-truncated receptor with the separate M4 segment (GluN1ΔM4+M4N1/GluN2A). 

Structural analysis was performed from PDB 5UP2 using UCSF Chimera. B. Representative TEVC images of the wt 

GluN1/GluN2A receptor, the non-functional truncated GluN1ΔM4/GluN2A, and the GluN1ΔM4+M4N1/GluN2A receptor rescued 

by M4 segment coexpression. GluN1ΔM4+M4N1/GluN2A showed similar kinetic properties compared to wt but a reduced Imax 

current. C. Dose-response analysis of glutamate and glycine for wt and GluN1ΔM4+M4N1/GluN2A showed no significant 

differences in agonist affinity (EC50 glutamate: 2.45±0.3 µM (n = 3) vs. 2.3±0.2 µM (n = 4); EC50 glycine: 1.8±0.25 µM (n = 3) 

vs. 2.35±0.2 µM (n = 5) for GluN1/GluN2A and GluN1ΔM4+M4N1/GluN2A; p>0.05). D. Representative TEVC images of 

GluN1/GluN2AΔM4+M4N2A and GluN1/GluN2AΔM4+M4N1 showed rescued functionality of GluN2A-M4 truncated receptors with 

M4N1 or M4N2A. No measurable currents could be obtained for GluN1/GluN2AΔM4+M4N3A, highlighting the differences 

between the M4 domains of GluN1, GluN2A, and GluN3A. E. Rescue effect of different NMDAR M4-segments on M4-

truncated GluN1/GluN2A receptors. Imax current of GluN1/GluN2A (2.81±0.40 µA, n = 6), GluN1ΔM4/GluN2A and 

GluN1/GluN2AΔM4 with the coexpressed M4 segments of GluN1, GluN2 and GluN3. GluN1ΔM4+M4N1/GluN2A (0.15±0.04 µA, 

n = 16), GluN1/GluN2AΔM4+M4N2A (0.24±0.10 µA, n = 5) and GluN1/GluN2AΔM4+M4N1 (0.016±0.007 µA, n = 4) showed restored 

functionality after M4-coexpression. GluN1ΔM4/GluN2A could only be rescued by the M4N1 segment, whereas 

GluN1/GluN2AΔM4 showed measurable currents for M4N1 and M4N2A. Data represent mean values ±SEM. 

 

 

4.2. M4-deleted NMDAR subunits retain receptor surface expression. 

To investigate whether M4-truncated glycine-gated GluN1/GluN3 NMDARs are also rescued in 

function by M4 fragments, GluN1ΔM4 with wt GluN3A subunit in the absence and presence of M4N1 

were analyzed. As for GluN1/GluN2A, M4-truncation in the GluN1/GluN3A receptors resulted in 

nonfunctional channels. In contrast to the results with the M4-truncated GluN1/GluN2A receptors, 

neither application of the agonist glycine (1 mM) alone nor in combination with the potentiating ligand 

MDL-29951 (0.2 µM, see Madry et al., 2007a) caused detectable currents in GluN1ΔM4/GluN3A 

receptors in the presence of M4N1 (Fig. 7A). To analyze whether the GluN1ΔM4 assembles with the 

GluN3A subunit, SDS-PAGE after metal affinity chromatography with a C-terminal hexahistidyl-

tagged GluN3A subunit (GluN3A-His) after metabolic [35S]methionine labeling was performed. 

Coexpression of GluN3A-His with either the GluN1 or the GluN1ΔM4 subunit resulted in two 

[35S]methionine-labeled subunits, each with similar 1:1 intensities after autoradiographic analysis of 

the radioactive bands based on the total number of methionine residues per subunit (30 per GluN1, 25 

per GluN1ΔM4, and 33 per GluN3A; see Mesic et al,. 2016) (Fig. 7B and data not shown). This indicated 

an unchanged assembly behavior of the GluN1ΔM4/GluN3A receptor. 

To understand the differential rescue effect of the M4N1 fragment in GluN1ΔM4/GluN2A and 

GluN1ΔM4/GluN3A receptor function, the expression pattern of the GluN1ΔM4 and GluN3A-His 

subunits after coexpression with the M4N1 fragment was examined (Fig. 7C). In contrast to the result 
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with the GluN1ΔM4/GluN3A receptor in the absence of M4N1, surprisingly, both the GluN3A and 

GluN1ΔM4 subunits showed a marked reduction in total protein amount after coexpression with the 

M4N1 fragment (compare lanes 1 and 4 in Fig. 7C). Therefore, the reverse experiment was performed 

and the biochemical and functional properties of the M4-truncated GluN3A subunit (GluN3AΔM4) after 

coexpression with the wt-GluN1 subunit in the absence and presence of the M4N3A fragment analyzed. 

Similar to GluN1ΔM4/GluN3A receptors, coexpression of GluN1/GluN3AΔM4 with the M4N3A 

fragment resulted in nonfunctional channels and a comparable decrease in protein expression of 

GluN1/GluN3AΔM4 receptors (see Fig. 7D compared with 7C). These data suggest that the respective 

M4 fragments impeded protein expression of GluN1ΔM4/GluN3A and GluN1/GluN3AΔM4 receptors, 

respectively. 

Interestingly, a differential shift in the molecular masses of the GluN1ΔM4/GluN3A and 

GluN1/GluN3AΔM4 receptor proteins upon treatment with the endoglycosidases PNGase F and 

EndoH was noticed, indicating a complex N-glycosylation of the receptors (see Figs. 7C and D, lanes 

2 and 3). Since complex N-glycosylation is performed in the Golgi apparatus, it shows that the 

GluN1ΔM4/GluN3A and GluN1/GluN3AΔM4 receptor proteins are able to leave the ER. This is strong 

hint for surface expression of the receptors in the absence of M4. Therefore surface labeling 

experiments with affinity purification of GluN1ΔM4/GluN3A-His receptors from Cy5 surface-labeled 

oocytes using a Cy5-NHS ester-based protocol were performed (Schüler et al., 2008). Affinity 

purification of GluN1ΔM4/GluN3A receptors confirmed the assumption that already 

GluN1ΔM4/GluN3A, just like GluN1/GluN3A receptors are efficiently located at the cell surface (Fig. 

7E, lanes 5, 6 and lanes 8, 9). Consistent with the results of the [35S]methionine-labeled subunits (Fig. 

7C), analysis of the surface-labeled GluN1ΔM4/GluN3A receptors showed a complete loss of surface 

expression when coexpressed with the M4N1 fragment (Fig. 7E, lanes 1-3). Therefore, further surface 

labeling experiments were planned to investigate whether the difference in the rescue of 

GluN1ΔM4/GluN3A and GluN1ΔM4/GluN2A channel function in the presence of the M4N1 fragment 

could be explained by a loss of plasma membrane insertion of the GluN1ΔM4/GluN3A surface receptors. 

Thus, cell surface biotinylation of GluN1ΔM4/GluN3A- and GluN1ΔM4/GluN2A receptor-expressing 

oocytes, followed by separation of the nonbiotinylated intracellular proteins using a streptavidin 

agarose pull-down approach was performed. Western blot analysis of the bound biotinylated protein 

fraction with a primary antibody against the GluN1 extracellular epitope revealed specific bands for 

GluN1 (125 kDa) and GluN1ΔM4 (110 kDa) subunits after expression with the GluN3A and GluN2A 

subunits, respectively (Fig. 7F, G). Interestingly, GluN1ΔM4 protein was absent from the surface when 

expressed in GluN1ΔM4/GluN3A receptors in the presence of the M4N1 fragment (Fig. 7F), whereas 

surface-tagged GluN1ΔM4 protein was found when coexpressed in GluN1ΔM4/GluN2A receptors with 

the M4N1 fragment (Fig. 7G). Metabolic labeling of a GluN2A*-His construct (see 3.12) and the 

GluN1ΔM4 subunit in the absence and presence of M4N1 showed no difference in the [35S]methionine-
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labeled subunit bands and no remarkable decrease in total protein concentrations (Suppl. Fig. 1). This 

is in marked contrast to the results obtained with the expressed GluN1ΔM4/GluN3A subunits, where 

expression was abolished in the presence of M4N1 (Fig. 7C). Apparently, unlike the GluN1ΔM4/GluN3A 

receptors, the coexpressed M4N1 fragment does not interfere with the surface expression/assembly of 

the GluN1ΔM4/GluN2A receptor complex. Therefore, the hypothesis was made that 

GluN1ΔM4/GluN2A receptors are converted within the plasma membrane into functional receptors by 

interaction with M4N1 (see Fig. 6B). To prove this hypothesis, cell surface biotinylation of 

GluN1ΔM4/GluN2A receptor-expressing oocytes with M4N1 followed by Western blot analysis of the 

bound biotinylated protein fraction using a primary antibody against the C-terminal (CTD) epitope of 

GluN1 was performed. By using this specific CTD antibody, a protein band of 15 kDa representing 

the M4N1 fragment was detected (Fig. 7H). Surface expression of this M4N1 protein was indeed seen 

not only in coexpression with GluN1ΔM4/GluN2A-expressing oocytes but also upon expression of M4 

only (Fig. 7H). This suggest that the M4N1 construct is efficiently transported to the cell surface in the 

absence of the core receptor and can interact directly with the nuclear receptor in the cell membrane, 

which could restore M4-deleted GluN1ΔM4/GluN2A receptors functionality. 

 

The analyses of surface-labeled M4-deleted NMDA receptors demonstrated that both M4-deleted 

glutamate-gated GluN1/GluN2A and glycine-gated GluN1/GluN3A receptors, although non-

functional, are efficiently localized to the cell surface. The restoration of channel function for 

GluN1ΔM4/GluN2A- or GluN1/GluN2AΔM4 receptors by selected M4 fragments and the surface 

localization of singly expressed M4 domains further suggest that the M4 constructs may lead to 

functional channels through interaction with the receptor at the surface. In GluN1/GluN3A receptors 

lacking the M4 domain, the expression of the respective M4 lead to a loss of expression of M4-

truncated GluN1/GluN3A receptors, preventing a possible rescue.  

In summary, this leads to the hypothesis that M4-deleted GluN1/GluN2A receptors are correctly 

aligned at the plasma membrane but are nonfunctional and that coexpression of the corresponding M4 

could rescue channel function by interacting with the core receptor in the plasma membrane. 
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Figure 7: Effect of M4 domain on surface expression of NMDA receptors 

A. Representative images of GluN1/GluN3A, nonfunctional GluN1ΔM4/GluN3A, and GluN1ΔM4+M4N1/GluN3A receptor 

combinations. M4N1 failed to rescue functionality in M4-truncated GluN1/GluN3A receptors. B. SDS-PAGE of metabolic 

[35S]methionine-tagged GluN1/GluN3A and GluN1ΔM4/GluN3A receptors with simultaneous purification of C-terminal His-

tagged receptor subunit constructs by metal affinity chromatography (His-tag purification applies to B-E.). Both the 

GluN1/GluN3A and GluN1ΔM4/GluN3A receptors were correctly expressed. C. and D. SDS-PAGE of metabolic [35S]methionine-
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labeled GluN1/GluN3A receptor combinations. Glycosylation status was determined by PNGase F or EndoH treatment and 

showed that GluN1ΔM4/GluN3A and GluN1/GluN3AΔM4 were complex N-glycosylated, indicating cell surface localization. 

Coexpression of the respective M4 segment resulted in impaired receptor expression or biogenesis in the ER. E. SDS-PAGE of 

Cy5-stained surface proteins and GluN1/GluN3A and GluN1ΔM4/GluN3A and GluN1ΔM4+M4N1/GluN3A receptors purified via 

His-tag with/without PNGase F or EndoH treatment. GluN1/GluN3A and GluN1ΔM4/GluN3A were complex N-glycosylated and 

presented well at the surface. Coexpression of the M4 segment resulted in complete loss of surface expression. F. SDS-PAGE 

was performed with the surface proteins isolated based on biotin affinity purification. (Valid for F-H.). Western blot 

performed with a primary antibody against the GluN1-NTD showed well surface-expressed GluN1/GluN3A and 

GluN1ΔM4/GluN3A receptors and a complete loss of surface expression for M4 segment coexpressed in 

GluN1ΔM4+M4N1/GluN3A. G. Western blot performed with a primary antibody against the GluN1-NTD showed correct surface 

expression for GluN1/GluN2A, GluN1ΔM4/GluN2A, and GluN1ΔM4+M4N1/GluN2A. M4 segment coexpression had no effect on 

the expression level. H. Western blot analysis using a primary antibody against the GluN1 CTD showed that for 

GluN1ΔM4+M4N1/GluN2A and M4N1 expression alone, the M4 segment was well expressed at the cell surface. The 

GluN1/GluN2ΔM4 was also well expressed at the surface. SDS-PAGES B-E were generated by Adriana Müller-Längle. 

 

 

4.3. Mapping of functional M4 interfaces of the GluN1 subunit in GluN1/GluN2A receptors. 

The previous data underscore the specificity of M4 transmembrane segment interactions for restoring 

receptor function rather than receptor assembly. Since coexpression of the M4N3A fragment, in contrast 

to the M4N1 and M4N2A fragments, failed to restore M4-deleted GluN1/GluN2A NMDA receptor 

function, this result was interpreted as strong evidence that specific interactions with the M4 domain 

are present, mediated by residues that are not conserved in the GluN3-M4 domain. Therefore, a single 

alanine substitution at the methionine 813 position in M4N1, which is highly conserved in the GluN1 

and GluN2 subunits but is a phenylalanine in GluN3, was analyzed (Fig. 8A). Coexpression of the 

M4N1-M813A fragment with GluN1ΔM4/GluN2A receptors showed a complete loss of rescue effect (Fig. 

8B). Substitution of phenylalanine 817 (conserved in all NMDAR subunits; Fig. 8A) by alanine in 

M4N1-F817A still resulted in reduced rescue of channel function when coexpressed with the 

GluN1ΔM4/GluN2A receptor. Substitution of methionine 818 (tyrosine in GluN2 and valine in GluN3) 

in M4N1-M818A and leucine 819 (methionine in GluN2) in M4N1-L819A showed a similar rescue effect as 

wt M4N1 (Fig. 8F). To exclude the possibility that differences in surface expression of the M4N1, M4N1-

M813A, and M4N1-F817A fragments cause the differential rescue of GluN1ΔM4/GluN2A channel function, 

cell surface biotinylation followed by Western blot analysis was performed. For all three M4N1 

constructs, protein bands of 15 kDa with similar intensities were detected (Fig. 8C). This showed that 

all the M4N1 mutants are efficiently expressed and transported to the cell surface, suggesting that 

substitution of methionine 813 and phenylalanine 817 specifically affects M4 interaction with the core 

receptor. Based on the crystal structures of GluN1/GluN2 NMDA receptors, the ability of the M4N1 

fragments to rescue the channel function of M4-truncated GluN1ΔM4/GluN2A NMDA receptors is 
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consistent with a highly specific interaction between M4N1-M813 and the transmembrane segments of 

each adjacent GluN2A subunit. To identify the molecular basis of M4N1-M813 interactions in 

GluN1/GluN2A receptors, residues were mutated in the TMs of GluN2A that were identified as 

possible candidates based on i) an analysis of published structures of the transmembrane domains of 

GluN1/GluN2 receptors (Lü et al., 2017) and ii) a sequence alignment of the TMs of GluN2 NMDA 

receptor subunits (Fig. 8A; 8D). Visual inspection of the transmembrane interactions of methionine 

813 of GluN1 with residues of the TMs of the GluN2A subunit based on the crystal structure of the 

transmembrane domains of the tetrameric GluN1/GluN2A/GluN2B receptor (PDB: 5UP2) was made. 

Phenylalanine 637 in M3 of GluN2A (conserved in all GluN2 subunits), located in the M4/M3 

interface of adjacent GluN1 and GluN2 subunits with a Cα-distance in the range of 6 Å, was revealed 

as a potential interaction partner (Fig. 8E). Coexpression of M4N1 in GluN1ΔM4/GluN2AF637A receptors 

resulted in impaired functional rescue (Fig. 8F). In contrast, M4N1 coexpression with 

GluN1ΔM4/GluN2AF641A receptors with a mutation of phenylalanine 641 in M3, which is not located 

near M813 according to structural analysis, resulted in complete functional rescue (Fig. 8F). This 

indicates a specific GluN1-M4-M813-GluN2A-M3-F637 interaction. 

To test whether in GluN1/GluN2A receptors the GluN1-M813 position is indeed close to the amino 

acid GluN2A-F637, these residues were replaced with cysteines in M4N1-M813C and GluN2AF637C 

constructs. To analyze the M4N1-M813C-GluN2AF637C interactions, cell surface biotinylation of 

GluN1ΔM4/GluN2AF637C with M4N1-M813C-expressing oocytes and Western blot analysis with the 

primary antibody against the C-terminal epitope of GluN1 under denaturing conditions in the absence 

of dithiothreitol (DTT) was performed. This revealed both a ∼180- and a 15-kDa band, indicating the 

disulfide-linked M4N1-M813C and GluN2AF637C and individual M4N1-M813C fragments expressed at the cell 

surface, respectively (Fig. 8G). The 180-kDa band decreased in the presence of DTT, whereas the 

intensity of the 15-kDa band was increased (Fig. 8G). This suggests that in GluN1ΔM4+M4N1-

M813C/GluN2AF637C receptors the introduced cysteines form a disulfide bond that can be released in the 

presence of DTT, resulting in the loss of the 180-kDa band which represented the M4N1-M813C fragment 

disulfide-bonded to GluN2AF637C.  

The M4N1-F817A fragment also showed reduced recovery of functionality when coexpressed with 

GluN1ΔM4/GluN2A receptors (Fig. 8B) and is also localized at the TMD interface of GluN1/GluN2A 

receptors (see PDB: 5UP2). GluN2A-M560, a residue located at the M4/M1 interface of the GluN1 

and GluN2A subunits, with a Cα-distance of 6Å from F817, was identified as a possible interaction 

partner (Fig. 8E).  Thus, surface receptors were isolated from oocytes expressing GluN1ΔM4, M4N1-

F817C and GluN2AM560C mutants. Similar to the GluN1ΔM4+M4N1-M813C/GluN2AF637C receptors, a ∼180 

kDa band decreased in the presence of DTT, whereas the intensity of the 15 kDa band increased (Fig. 

8G). As a control, coexpression of M4N1-F817C with GluN1ΔM4/GluN2AF637C did not result in disulfide 

bond formation (Figs. 8G lanes 6, 7). Thus, the GluN1-M813/GluN2A-F637 and GluN1-
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F817/GluN2A-M560 positions are capable of forming specific disulfide bonds. However, coexpression 

of both GluN1ΔM4/GluN2AF637C with M4N1-M813C and GluN1ΔM4/GluN2AM560C with M4N1-F817C showed 

no current responses to saturating concentrations of agonists in both the absence and presence of DTT 

(n =10) (data not shown)). This suggests that the disulfide bonds between transmembrane domains 

may not be resolved in native cell surface-anchored receptors and that the Cα atoms of positions 

GluN1-M813 and GluN2A-F637 or GluN1-F817 and GluN2A-M560 in GluN1/GluN2A receptors 

are separated by only about 6 Å.  

To gain insight into the functional role of the identified interdomain residues in the untruncated 

GluN1/GluN2A receptor, residues M813, F817, and M818 in the M4 of GluN1, F637 and F641 in 

the M3, and M560 in the M1 of GluN2A were mutated to alanine. Analysis of the functional properties 

of the mutants GluN1M813A, GluN1F817A, GluN1M818A, GluN2AM560A, GluN2AF637A, and GluN2AF641A 

after coexpression with the respective wt subunit was performed. Interestingly, all mutants showed 

Imax currents and glutamate EC50 values comparable to wt-GluN1/GluN2A receptors (mean Imax 

ranging from 2.0 to 2.7 µA; Fig. 8H and data not shown).  

In conclusion, the interface mutants of the GluN1-M4 with the M1 or M3 of GluN2A identified a 

remarkable role in the association or interaction of the GluN1-M4 expressed as an isolated peptide 

with the adjacent GluN2A subunit, whereas little effect of the point mutations on the function within 

the complete subunits was detected. 
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Figure 8: Examination of the possible interaction residues of GluN1-M4 and GluN2A-M1/M3 

A. Sequence alignment of the human GluN1, GluN2 and GluN3 M4 domains. Sequences were taken from Uniprot and 

sequence alignment was performed using the Multiple Sequence Alignment Tool from EMBL-EBI. The residues identified as 
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possible attachment sites, M813 and F817, are highlighted in yellow. B. Representative TEVC images of 

GluN1ΔM4+M4N1/GluN2A, GluN1ΔM4+M4N1-M813A/GluN2A, and GluN1ΔM4+M4N1-F817A/GluN2A show the impaired rescue effect 

of the two point mutations. M4N1-M813A resulted in a complete loss of rescue effect, while M4N1-F817A resulted in a ~90 % 

decrease in rescued current. C. Western blot of surface proteins isolated by biotinylation, with a primary antibody against 

the GluN1 CTD, showing that M4N1, M4N1-M813A, and M4N1-F817A are all well expressed at the cell surface, ruling out that 

impaired expression is responsible for the loss of the rescue effect. D. Sequence alignment of the M1 and M3 domain of 

GluN1, GluN2 and GluN3 receptors. GluN2A-M560, the possible Interaction partner of GluN1-F817 and GluN2A-F637, the 

possible interaction partner of GluN1-M813, are marked in yellow. Sequences were taken from Uniprot and sequence 

alignment was performed using the Multiple Sequence Alignment Tool from EMBL-EBI. E. Representation of GluN1-M4 

(yellow) and GluN2A-M1/M3 (gray). Structural analysis was performed using UCSF Chimera with the GluN1/GluN2A structure 

5UP2. Amino acids M813 and F817 are colored green, and potential interaction partners M1-M560 (partner of F817) and M3-

F637 (partner of M813) are highlighted in red. F. Quantification of the rescue effect of alanine substitutions normalized to 

the unmutated M4 segment in coexpressed M4N1 showed that for M4 mutations M818A and L819A, in contrast to M4N1-M813A 

and M4N1-F817A, there was no effect on the rescued currents. The GluN2AM560A mutation also showed no effect on the rescue 

effect, suggesting a stronger impact of F817 to the F817-M560 interaction. GluN2AF637A showed a strong decrease in rescued 

Imax currents by ~50 %, highlighting the importance of the M813-F637 interaction for M4 binding to the truncated nuclear 

receptor. Statistics by unpaired t-test. G. Western blot of isolated surface proteins, with a primary antibody against the GluN1 

CTD. Samples were equally divided and loaded untreated and DTT-treated. The potential interaction partners M813 – F637 

and F817 – M560 were mutated to cysteines to confirm close proximity in the GluN1/GluN2A receptor. GluN1ΔM4+M4N1-

M813C/GluN2AF637C and GluN1ΔM4+M4N1-F817C/GluN2AM560C both showed both a ~180 kDa and a ~15 kDa band under denaturing 

conditions without DTT. In both cases, the 180 kDa band disappeared after DTT treatment with an increase in the 15 kDa 

band, indicating a disulfide bond between the M4M813C (or F817C) with the GluN2AF637C (or M560C). The GluN1ΔM4+M4N1-

F817C/GluN2AF637C sample loaded as a control did not result in a band around the 180 kDa mark, indicating that no disulfide 

bond was formed here. H. Quantification of Imax currents of wt and alanine-substituted full-length GluN1/GluN2A receptors 

showing no significant decrease, indicating that the M813A, F817A, and M818A mutations do not affect receptor activity in 

the full-length receptor. Statistics by unpaired t-test. Data represent mean ±SEM values. 

 

 

4.4. Role of the GluN1-M4 interfaces in the action of pregnenolone sulfate. 

To investigate the importance of the identified interactions of the M4 domains with the M1 and M3 

domains of the neighboring subunit for the functional modulation of GluN1/GluN2A receptors, Imax 

measurements were performed in the absence and presence of the neurosteroid pregnenolone sulfate 

(20-oxo-5-pregnen-3β-yl sulfate, abbreviated PS; (Horak et al., 2006; Jang et al., 2004; Krausova et al., 

2020; Wilding et al., 2016)). Measurements were performed after expression of the wt-

GluN1/GluN2A receptor, the GluN1ΔM4+M4N1/GluN2A and GluN1/GluN2AΔM4+M4N2A constructs 

at saturating agonist concentrations. Remarkably, when Imax values were compared in the absence and 

presence of PS for the different constructs, a difference in the modulation of whole-cell currents was 

immediately apparent. In contrast to the GluN1/GluN2A and GluN1/GluN2AΔM4+M4N2A receptors, 

in which PS at a concentration of 100 µM only changed the maximal agonist-inducible whole-cell 
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currents by a maximum of 1.1-fold (Fig. 9A, B), the Imax values of GluN1ΔM4+M4N1/GluN2A receptors 

were extremely increased by 2.89±0.20-fold in the presence of PS (p <0.0001; Fig. 9A, B). Analysis of 

M4N1 mutants M813A, F817A, M818A, and L819A in the presence of PS revealed an increase in Imax 

for M4N1-F817A by 2.67±0.12-fold, for M4N1-M818A by 5.93±1.21-fold, and for M4N1-L819A by 2.60±0.21-

fold after coexpression with GluN1ΔM4/GluN2A (Fig. 9B). For GluN1ΔM4+M4N1-M813A/GluN2A, again 

no current could be measured even after PS addition (data not shown), highlighting the particular 

importance of the M813 position for binding of the M4 domain to the GluN1ΔM4/GluN2A nuclear 

receptor. To decipher possible differences in the mechanism of PS modulation of GluN1/GluN2A- and 

GluN1ΔM4+M4N1/GluN2A-mediated currents, glutamate dose-response curves in the presence of 

potentiating PS concentrations were analyzed. This revealed that PS induced a similar 2-fold increase 

in apparent glutamate affinity for both GluN1/GluN2A and GluN1ΔM4+M4N1/GluN2A receptors 

(Fig. 9C). Thus, a shift in glutamate EC50 value from 4.2±0.47 µM to 1.87±0.29 µM and from 2.3±0.2 

µM to 1.31±0.2µM was observed for GluN1/GluN2A and GluN1ΔM4+M4N1/GluN2A receptors, 

respectively. Similarly, analysis of PS potentiation affinity for the GluN1/GluN2A and 

GluN1ΔM4+M4N1/GluN2A receptors revealed nearly similar EC50 values of 12.4±1.3 µM and 15±1.1 

µM with a small but significant decrease in PS affinity for GluN1ΔM4+M4N1/GluN2A (Fig. 9D; 

p=0.0283). Interestingly, the M4N1 mutant M818A, which showed the strongest increase in Imax of 

5.93±1.21-fold in the presence of PS (Fig. 9B), caused a significant decrease in PS affinity to 23.2±1.4 

µM (p<0.0001). Analysis of GluN1M813A/GluN2A and GluN1M818A/GluN2A full-length constructs 

also showed significantly increased Imax potentiation for both compared to wt (1.40±0.09-fold; 

p=0.0242 and 1.72±019-fold, p=0.0092; Fig. 9E). Since there is evidence for a balance of positive- and 

negative-modulatory (PAM and NAM) neurosteroid recognition sites leading to PS potentiation in 

GluN1/GluN2A and GluN1/GluN2B receptors and PS inhibition in GluN1/GluN2C and 

GluN1/GluN2D receptors (Horak et al., 2006), the effect of PS on the modulation of GluN1/GluN2D 

and GluN1ΔM4+M4N1/GluN2D receptors was examined. Significantly, the inhibitory effect of PS at 

GluN1/GluN2D was converted to a potentiating one at GluN1ΔM4+M4N1/GluN2D receptors (Fig. 

9E). These data imply two possibilities; That either i) the NAM effect of PS in 

GluN1ΔM4+M4N1/GluN2 receptors is attenuated by a change in the interactions of the M4 of GluN1 

with the TMs of neighboring GluN2, and consequently, there is enhanced potentiation by PS at the 

PAM-binding site, or ii) the PAM effect of PS in GluN1ΔM4+M4N1/GluN2 receptors is enhanced by a 

change in the interactions of the M4 of GluN1 with the TMs of the neighboring GluN2, resulting in 

potentiation.  

To obtain evidence for a possible NAM- or PAM-binding site for PS in the M4 region of GluN1, the 

effect of PS at glycine-gated GluN1/GluN3 receptors was examined. Hence, Imax measurements in the 

absence and presence of PS, after expression of the wt GluN1/GluN3A receptor, following application 

of the agonist glycine (10 mM) in combination with the potentiating ligand MDL-29951 (0.2 µM) were 
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performed. When comparing Imax values in the absence and presence of 100 µM PS for the different 

constructs, a difference in the modulation of whole-cell currents of GluN1/GluN2A and 

GluN1/GluN3A receptors was immediately apparent. In contrast to GluN1/GluN2A receptors, 

where PS at a concentration of 100 µM potentiated maximal agonist-inducible whole-cell currents 

(Fig. 9A), Imax values of GluN1/GluN3A receptors were extremely decreased in the presence of PS 

(Fig. 9F). Affinity analysis of PS inhibition for GluN1/GluN3A receptors revealed an IC50 value of 

8.5±0.9 µM, remarkably a similar value to the EC50 value of 12.4±1.3 µM for GluN1/GluN2A 

receptors. Interestingly, GluN1M813A and GluN1M818A mutants showed a strong increase in the IC50 

value of PS to 111±11 µM and 19.5±1.7 µM, respectively (p<0.0001 and p<0.0001; Fig. 9F). In 

contrast, expression of GluN1F817A/GluN3A receptors resulted in an unchanged IC50 value for PS of 

6.73±1.73 µM (p=0.061). Thus, the analysis of GluN1M813A/GluN3A and GluN1M818A/GluN3A 

receptors revealed strong evidence for a NAM binding site for PS at the interface of the M4 of the 

GluN1 subunit with the adjacent GluN3A subunit. Considering the assumption of a PAM and NAM 

neurosteroid recognition site in GluN1/GluN2 receptors, the increase in PS potentiation of the 

GluN1-M4 mutations in GluN1/GluN2A receptors implies impairment of inhibition by the NAM-PS 

binding-site at the interface of the M4 of the GluN1 subunit to the neighboring GluN2A subunit. 

Consequently, impairment of inhibition by PS leads to an increase in potentiation by PS at the 

corresponding PAM-binding site. Thus, these results suggest a specific role of amino acid residues in 

GluN1-M4 for the binding of the M4 domain to the nuclear receptor, which are involved both in 

stabilizing the interactions of the isolated M4 to the nuclear receptor and in the negative modulatory 

effect of the neurosteroid PS. 
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Figure 9: Identification of a NAM recognition site of pregnenolone sulfate at GluN1-M4 

A. Representative TEVC images of Imax potentiation of PS at GluN1/GluN2A and GluN1ΔM4+M4N1/GluN2A receptors showing a 

strong increase in potentiating effect for M4 segment coexpression. B. Quantification of Imax potentiation of PS at 

GluN1/GluN2A, GluN1ΔM4+M4N1/GluN2A, M4 segment mutants F817A, M818A, and L819A, and GluN1/GluN2AΔM4+M4N2A. 

Coexpression of M4N1-F817A and M4N1-L819A showed no effect on the potentiating effect compared with unmutated M4N1. 

Coexpression of M4N1-M818A showed a strong increase in Imax potentiation compared to GluN1ΔM4+M4N1/GluN2A (p= 0.0095), 

indicating an impaired NAM recognition site. GluN1/GluN2AΔM4+M4N2A was not different from the wt full-length receptor. 
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Statistical analysis was performed using paired t-tests between Imax [-PS] and Imax [+PS]. Potentiation of the different mutants 

was analyzed by unpaired t-test. C. Impact of PS on the glutamate Affinity. PS modulation of both GluN1/GluN2A and 

GluN1ΔM4+M4N1/GluN2A resulted in an increase of agonist affinity (GluN1/GluN2A EC50: 4.2±0.47 µM [-PS] to 1.87±0.29 µM 

[+PS]; p= 0.0006; and GluN1ΔM4+M4N1/GluN2A EC50: 2.3±0.2 µM [-PS] to 1.31±0.2 µM [+PS]; p <0.0001). The results show a 

similar shift of the agonist affinity for both wt and M4 segment coexpression. D. Dose-response analysis of PS for wt 

GluN1/GluN2A, GluN1ΔM4+M4N1/GluN2A, and GluN1ΔM4+M4N1-M818A/GluN2A showing nearly equal EC50 values of 

GluN1/GluN2A and GluN1ΔM4+M4N1/GluN2A (12.4± 1.3 µM, n = 5 and 15.0± 1.1 µM, n = 3; P<0.05).  The M4N1-M818A mutation 

resulted in a significant decrease in PS affinity (EC50: 23.2± 1.4 µM; n = 4; p<0.001) compared to the non-mutated M4N1. E. 

Quantification of Imax potentiation of PS for GluN1/GluN2A, GluN1M813A/GluN2A and GluN1M818A/GluN2A showed significantly 

increased potentiation for both mutants compared to wt (M813A 1.40± 0.09-fold; n = 9; p<0.05 and for M818A 1.72± 0.19-

fold; n = 12; p<0.01 compared to wt 1.10± 0.09-fold; n = 8). Comparison of GluN1ΔM4+M4N1/GluN2A and 

GluN1ΔM4+M4N1/GluN2D showed a significant difference in PS potentiation (2.89± 0.2-fold, n = 8 compared to 1.45± 0.19-

fold, n = 11; p <0.0001). The normally inhibitory overall effect of PS on GluN1/GluN2D was converted to a potentiating one 

for GluN1ΔM4+M4N1/GluN2D. F. Representative TEVC uptake of the inhibition of GluN1/GluN3A by PS. Dose-response curves 

of PS at GluN1/GluN3A, GluN1M813A/GluN3A, GluN1F817A/GluN3A, GluN1M818A/GluN3A showing no differences between wt 

and the F817A mutant, but a strong decrease in PS affinity at the M813A and M818A mutants (111± 11 µM, n = 4; p<0.0001 

and 19.5± 1.7 µM; n = 4; p<0.0001 compared to 8.5± 0.9 µM; n = 7 for wt). Data represent mean values ±SEM. 
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5. Discussion 
 

Due to partially contradictory results, the importance of the transmembrane domain M4 in ionotropic 

glutamate receptor function and assembly was always discussed controversial. In the present study of 

the role of M4 in NMDA receptor functionality, it was shown that deletion of M4 in the GluN1, 

GluN2A, and GluN3A subunits, despite retained receptor assembly and surface expression, resulted 

in nonfunctional membrane receptors. Remarkably, coexpression of the corresponding M4 domains of 

GluN1 and GluN2A, but not of the GluN3A subunit, as an isolated peptide in M4-deleted 

GluN1/GluN2A receptors rescued receptor function without altering agonist affinities. The 

substitution of non-conserved residues within the putative interfaces of M4 of GluN1 with neighboring 

GluN subunits suggest a specific role of these residues in i) the coupling of isolated-expressed M4 

fragments to the core receptor and ii) the negative modulatory effect of the neurosteroid pregnenolone 

sulfate, highlighting the importance of M4 and its interactions in the regulation of NMDA receptor 

function. 

 

 

5.1. The role of M4 in NMDAR assembly and function 

Although there are numerous reports on the involvement of M4 in the assembly of iGluRs, its role 

remained controversial. In all iGluRs, the M4 domain of one subunit is structurally linked to the pore-

forming M1 and M3 helices of the neighboring subunit (Karakas and Furukawa, 2014; Sobolevsky et 

al., 2009). Based on this exclusive interaction of the peripheral M4 domain with the central M1 and 

M3 of the neighboring subunit, a strong interaction of residues of the M4 domain with these 

transmembrane domains has been proposed to mediate receptor assembly or at least surface targeting 

of iGluRs (Amin et al., 2017). Indeed, some results showed that the peripheral M4 helix is involved in 

subunit association or at least confers additional stability to the tetrameric receptor, ideas based mainly 

on AMPA receptor assembly studies (Amin et al., 2017; Gan et al., 2016; Salussolia et al., 2013, 2011). 

In contrast, studies on conventional GluN1/GluN2 NMDA receptors led to the view that the M4 

domain is more required for the formation of GluN1/GluN2 heterodimers and, in the case of the 

GluN2B subunit, also for masking ER retention signals in GluN1 (Cao et al., 2011; Horak et al., 2008). 

This study showed that M4 deletion do not affect the assembly and surface expression of the 

conventional GluN1/GluN2A NMDA receptor. This supports the view that the M4 of glutamate-

gated NMDARs are primarily structural determinants that are more involved in the allosteric 

regulation of ion channel opening by modulatory compounds (Krausova et al., 2020). The absence of 

M4 in prokaryotic GluR0 also supports the idea that this transmembrane region may not be essential 

for iGluR assembly and that its presence in eukaryotic iGluRs is predominantly required for 

modulating or fine-tuning the kinetic properties of the channel. Consistent with this conclusion, the 
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current study also showed for the less studied glycine-gated GluN1/GluN3A NMDA receptor that 

deletion of M4 does not affect assembly or cell surface expression. In summary, the data strengthen 

the view that the M4 domain is not required for oligomerization of glutamate- or glycine-gated 

NMDA receptors. 

 

Although it was found that the M4 domain is not involved in NMDA receptor assembly and surface 

trafficking, it is essential for receptor function. This could be impressively demonstrated by the rescue 

of channel function of M4-deleted GluN1/GluN2A receptors with unaltered agonist affinity after 

coexpression with the corresponding M4 domain as an isolated peptide. Surprisingly, coexpression of 

M4 in GluN1/GluN3A M4-deleted constructs resulted in a complete loss of receptor subunit 

expression, although all M4 segments tested were expressed and incorporated into the cell surface 

with equal efficiency. This was interpreted as a pronounced instability of M4-deleted GluN1/GluN3A 

receptor proteins in the presence of the corresponding M4 domain as indicating rapid degradation of 

these receptors in the ER by quality control mechanisms. In contrast, the M4-deleted GluN1/GluN2A 

receptors retained surface expression after coexpression with the corresponding M4 domain which 

was accompanied by a decrease in maximal inducible whole-cell currents, a finding already described 

in a previous study on M4-deleted NMDARs (Schorge and Colquhoun, 2003). This may be due to a 

reduced likelihood of selective interaction of surface-expressed nuclear receptors and isolated M4 

fragments. This was also supported by the finding that coexpression of the M4 of GluN1 could also 

rescue GluN1/GluN2AΔM4 receptors, whereas the less conserved M4 segment of the GluN3A subunit 

in GluN1ΔM4/GluN2A or GluN1/GluN2AΔM4 could not restore receptor function.  

The ability of M4 segments to differentially rescue the functionality of M4-deleted GluN1/GluN2 

receptors could be determined by the individual exchange of amino acid residues in the interface of M4 

with neighboring TMs. Thus, exchange of residue M813 in GluN1-M4 (conserved in GluN1 and 

GluN2), a methionine associated with refractory seizures and global developmental delay when 

exchanged for valine in the GluN2A subunit (Chen et al., 2017; Venkateswaran et al., 2014), specifically 

decreased Imax upon coexpression with M4-deleted receptors. M813 mutation had no impact in full-

length mutant GluN1/GluN2A receptors, again suggesting a specific role of interactions in the 

likelihood of functional coupling of the M4 segment to the nuclear receptor. This is also supported by 

the finding that the nearby residue F637 in M3 of the neighboring GluN2 subunit also decreased the 

Imax of M4-deleted receptors. Consistent with these findings, the insertion of large residues in a 2017 

study by Amin and colleagues in a tryptophan scan of the M4 interface of the GluN1 and GluN2A 

subunits also confirmed decreased functionality of the M4 interfaces. 

Overall, pairs of amino acid residues were identified which are important for the interactions of M4 

with the core receptor and are involved in the restoration of receptor function by isolated M4 peptides. 

Phenylalanine 637 of M3 of the GluN2A subunit was confirmed as an interaction partner of methionine 

813 by forming a disulfide bond after cysteine substitution (GluN1-M813C and GluN2A-F637C). The 
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second close interaction was found between GluN1-F817 of M4 and position M560 at M1 of the 

GluN2A subunit. GluN1ΔM4+M4N1-F817A/GluN2A showed a strong reduction in rescue effect (~90 %), 

although not a complete loss of function as shown for M4N1-M813A. Moreover, GluN1-F817 with a 

phenylalanine to leucine exchange is known to be disease-associated, leading to intellectual and mental 

disability, highlighting its importance for NMDAR functionality (Lemke et al., 2016). Cysteine 

substitution at the two residues (M4N1-F817C and GluN2AM560C) also allowed insertion of a disulfide 

bond. Steric restriction of the TM interface by oxidative cross-linking in the GluN1ΔM4+M4N1-

M813C/GluN2AF637C and GluN1ΔM4+M4N1-F817C/GluN2AM560C receptors resulted in a loss of function in 

both cases, suggesting that the receptor interface requires some degree of flexibility. These 

assumptions are consistent with i) X-ray crystal structure analyses of GluN1/GluN2 receptor 

complexes showing a unique arrangement of M4 domains with distinct intersubunit interactions (Lee 

et al., 2014) and ii) molecular dynamics simulations showing that the top of the M4 helix must move 

to stabilize the open state of the NMDA receptor (Amin et al., 2021, 2018). Based on the results 

presented in this work, the proposal was made that the main role of M4 in NMDA receptors is to 

ensure the functionality of agonist-induced channel opening. Potentially the M4 domain could be 

shielding the Core receptor from membrane components which could disturb the pore opening.  

The results of this study clearly showed that M4 is not involved in the efficiency of assembly. In 

contrast, M4 with its interactions rather represents an important domain for conformational changes 

within TMs for channel opening and their modulation after ligand binding at the interface of TMs. 

 

 

5.2. The role of M4-TM interfaces in determining the efficiency of pregnenolone sulfate 

modulation on NMDARs 

The importance of interactions at TM interfaces in the binding and modulation of compounds to 

NMDARs is poorly understood. As mentioned above, M4 interfaces are thought to alter the kinetic 

properties of conventional NMDARs by rearranging the M1 and M4 helices, thereby stabilizing the 

open-state position of the M3 helices (Amin et al., 2021, 2018, 2017). In addition, NMDAR channel 

function is likely to be strongly modulated by repositioning of peripheral M4 segments through 

interactions with lipids or through binding sites for positive and negative modulators (Casado and 

Ascher, 1998; Korinek et al., 2015; Ren et al., 2012; Traynelis et al.., 2010; Wilding et al., 2016). This 

study showed that the M813A interface mutation in M4 of GluN1 specifically decreases inhibition of 

GluN1/GluN2A, and particularly pronounced, at GluN1/GluN3A receptors by PS. The results 

further clearly demonstrated that the M4 of GluN1 and the M4 of GluN2 may not be equally involved 

in determining neurosteroid efficiency; rather, the M4 of GluN1 represents an important domain for 

the negative effect of PS. Consequently, the complete lack of a positive-modulatory effect of PS in 

GluN1/GluN3A receptors was attributed to the unique design of the M4 interface of the GluN3 
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subunit. The results of this work are consistent with other studies of conventional GluN1/GluN2 

NMDA receptors, in which it has been shown that the M4 and its linker region of GluN2 subunits, in 

particular, control the subunit-specific PS action by determining the positive-modulatory effect of PS 

(Jang et al., 2004; Krausova et al., 2020). However, the exact mechanism that couples the modulatory 

properties of the M4 domain to channel activation and the importance of these TM interfaces in 

subunit-specific PS regulation is still unknown. In the absence of detailed information on the structure 

and conformation of the M4 interface upon binding of a modulator within TMs, the hypothesis was 

made that specific side-chain interactions within the M4/TM regions are important for positive- or 

negative-regulatory interactions. Possibly, the proposed negative-modulatory steroid interaction site, 

formed by the M4-GluN1 and M1/M3- GluN2 or GluN3 helices, undergoes a structural 

rearrangement after binding of PS and thus negatively-allosterically affects channel conformation. 

A second mode of action for PS at the NAM site would be possible. Modulation of receptor function 

by neurosteroids can occur through several pathways. On one hand, via direct interaction with amino 

acids that are directed into the lipid environment and, on the other hand by influencing helix-helix 

interactions and/or receptor conformations. In GABAA receptors the neurosteroid allopreganolone 

potentiates receptor function by creating hydrogen bonds within the α1-subunit with Gln241 (M1) on 

one side and Asn407 (M4) on the other side. The space between these two helices increases during 

channel activation and the neurosteroid acts as a stabilizing bridge in the open confirmation (Hosie et 

al., 2006). It would also be possible that negative modulation of NMDA receptors by PS occurs in a 

similar manner. Binding of PS to the GluN1-M4 on one site and on the other side GluN2-M1/M3 

could immobilize the M4 helix. Recent studies showed that the GluN1-M4 helix must detach from the 

GluN2-M3 during the gating process to create space for efficient M3-rotation and pore opening (Amin 

et al., 2021). The theory of an inhibitory effect of PS by fixating the GluN1-M4 would fit to MD 

simulations that have been done regarding a possible binding of PS to the GluN1-M4. Krausova et al, 

showed that the possible GluN1-M4/GluN2-M1 binding site does not move during receptor opening 

with bound PS. Simulations of the GluN2B-M4/GluN1-M1 PS binding site, which is believed to act 

potentiating, in turn, showed the expected movement due to detachment of the M4 helix during the 

channel opening (Krausova et al., 2020). Taken together, the inhibitory effect of PS would be caused 

by a disturbance of the helical movements leading to an inefficient opening of the channel.  

Ultimately, this negative-modulatory effect would also reduce the potentiating effect of the second, 

distinct steroid-binding site. In future experiments, amino acids of the GluN2-M1/M3 helix that 

influence the negative-modulatory effect of PS could be investigated to get a better idea of the steroid 

binding at the receptor. In addition, with the knowledge of individual amino acids involved in PS 

binding at the M4/TM interface, MD simulations could provide a more accurate picture of the 

movement at the potential binding site. 

Based on the results presented in this study, the proposal was made that i) the flexibility and 

positioning of the M4 of GluN1 is important for the inhibitory effect of PS, and ii) that the ratio of the 
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effects of the positive- and negative-modulatory steroid-binding site determines the subunit-dependent 

modulation of GluN1/GluN2/3 receptors by PS. 
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6. Conclusion 
 

This thesis demonstrated that the M4 of neither GluN1, GluN2, nor GluN3 is involved in assembly 

or surface trafficking of NMDA receptors but is indispensable for receptor function. Further two amino 

acids at the GluN1-M4 were identified building an attachment site between the GluN1-M4 and the 

GluN2-M1/M3, and by this are responsible for restoring receptor function of M4-truncated 

GluN1/GluN2A receptors after M4 coexpression. The present study also demonstrated a prominent 

role of the M4 of GluN1 in determining PS efficiency at NMDA receptors. Mutations within the TM 

interfaces resulted in a strong loss of PS-induced inhibition in GluN1/GluN3A receptors.  

Taken together, the results of this study implicate distinct roles of M4 domains in different NMDA 

receptor subunits and highlight their importance in the regulation of NMDA receptor function by 

neurosteroids. Compounds with PS-like properties targeting the GluN1-M4 interfaces may represent 

powerful tools for selective modulation of glutamate- and glycine-activated NMDA receptors in vivo. 
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7. Supplement 
 

 
Suppl. Fig. 1: Impact of M4-truncation and M4 segment coexpression on GluN1/GluN2A receptor expression. 

SDS-PAGE of metabolic [35S]methionine-tagged GluN1/GluN2A, GluN1ΔM4/GluN2A and GluN1ΔM4+M4N1/GluN2A receptors 

with purification of C-terminal His-tagged receptor subunit constructs by metal affinity chromatography. All constructs were 

properly expressed, M4 segement coexpression did not alter GluN1ΔM4+M4N1/GluN2A expression level. SDS-PAGE generated 

by Adriana Müller-Längle. 
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8. List of Abbreviations 
 

- °C  degree Celsius 

- µL  micro liter 

- AA  amino acids 

- AMPA 2-Amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid 

- ATD  amino terminal domain 

- Ca  calcium 

- CaCl2  calcium dichloride 

- CNS  central nervous system 

- CTD  carboxy terminal domain 

- dATP  deoxyadenosine triphosphate 

- dCTP  deoxycytidine triphosphate 

- DDM  dodecyl-ß-maltopyranosid 

- dGTP  deoxygenizing triphosphate 

- dNTP  deoxynucleosid triphosphate 

- DNA   deoxyribonucleic acid 

- dTTP  deoxythymidine triphosphate  

- Glu  glutamate 

- Gly  glycine 

- ER  endoplasmic reticulum  

- GABA gamma-aminobutyric acid 

- HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

- HRP  Horseradish Peroxidase 

- I  current 

- iGluR  ionotropic glutamate receptor 

- Imax  maximal current 

- K  potassium 

- LBD  ligand binding domain 

- LB  lysogeny broth 

- Mg  magnesium 

- mGluR metabotropic glutamate receptor 

- min  minute 

- ml  milli liter 

- mM  milli molar 

- ms  milli second 

- mV  milli voltage 

https://www.genaxxon.com/shop-all-products/biochemikalien/nichtionische-detergenzien/1345/n-dodecyl-ss-maltopyranosid-ddm-gt-99-1-g-s5150.0001?c=137
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- Na  sodium 

- NaCl  sodium chloride 

- NAM  negative allosteric modulation 

- ng  nano gram 

- NHS  N-hydroxysuccinimid 

- nl  nano liter 

- NMDA  (2R)-2-(Methylamino)butanedioic acid 

- NMDAR (2R)-2-(Methylamino)butanedioic acid receptor 

- PAGE polyacrylamide gel electrophoresis 

- PAM  positive allosteric modulation 

- PCR  polymerase chain reaction 

- PDB  protein data bank 

- PNK  poly nucleotide kinase 

- PS  pregnenolone sulfate 

- PVDF Polyvinylidendifluorid 

- rpm   rounds per minute 

- RT  room temperature 

- s  second 

- SDS  sodium dodecyl sulfate 

- SEM   standard error of the mean 

- TBS  tris-buffered saline 

- TBS-T tris-buffered saline with tween 

- TM/TMD transmembrane domain 

- TRPM Transient Receptor Potential Cation Channel Subfamily M 

- V  voltage 

- Ω  Ohm 
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