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Abstract 

As a bifunctional protein, gephyrin is involved in molybdenum cofactor (Moco) 
biosynthesis as well as the clustering of receptors at the inhibitory synapse. Dysfunctions 
of gephyrin are linked to neurodegenerative diseases, such as encephalopathy, autism, 
epilepsy and Alzheimer’s disease. Dynamic regulation of gephyrin is further important for 
the modulation of neurotransmission,  known as synaptic plasticity. Thus, understanding 
of gephyrin function and its regulation is crucial.  
 Gephyrin is highly regulated by post-translational modifications (PTMs) targeting 
primarily its central C-domain that connects the N-terminal G- and the C-terminal E-
domain. PTMs of gephyrin have been shown to regulate synaptic clustering, localization, 
stability and receptor interaction. However, the interplay of these PTMs and the 
underlying molecular mechanisms are not fully understood. Moreover, most PTMs were 
studied in vitro and in cellulo, leaving their biological relevance in vivo unclear. 
 This work aimed to understand the interplay of several PTMs regulating gephyrin 
by S-nitrosylation, S-palmitoylation as well as the interaction with dynein light chain 
(DLC) and to generate a mouse model for the investigation of these PTMs in vivo. In 
addition, this work aimed to identify the unknown roles of surface-exposed cysteines of 
gephyrin in a redox-dependent context. 
 Using several biochemical, cellular and animal experiments, this work revealed 
new insight into gephyrin regulation through PTMs and the role of the C-domain. A novel 
dynein-independent role of DLC was identified that regulates S-nitrosylation and S-
palmityoaltion, competing for the same Cys212 and Cys284, in a reciprocal way. The 
underlying mechanism involves the formation of a ternary complex with gephyrin, 
neuronal nitric oxide synthase (nNOS) and DLC. DLC inhibits nNOS-mediated NO 
production and thus allows for S-palmitoylation. Gephyrin phosphorylation at Thr205 
inhibits DLC binding permitting nNOS-mediated S-nitrosylation.  
 Furthermore, it was found that surface-exposed cysteines of gephyrin are redox-
sensitive and important for redox-dependent synaptic clustering of gephyrin. The 
mechanism driving oxidation-mediated synaptic clustering involves oligomerization of 
gephyrin through disulfide bridges, which strengthens receptors clustering and increases 
resistance to proteolytic cleavage. A physiological source for gephyrin oxidation was 
identified as mitochondria-derived reactive oxygen species (mROS) linking neuronal and 
mitochondrial activities, important for aging and disease mechanisms.  
 Finally, a novel mouse model carrying a microdeletion of residue 199-233 (∆199-
233) was generated, allowing for the investigation of the contribution of this C-domain 
area for gephyrin function in vivo. The phenotype of homozygous mice (∆/∆) was severe, 
causing high-mortality, epileptic-like seizures and weight loss before weaning age. The 
pathogenicity mechanism was narrowed down to disturbed synaptic targeting of gephyrin 
through loss of S-palmitoylation and PTM-independent structural modulation of the 
gephyrin-receptor interaction. These combined alterations caused a reduction in 
inhibitory transmission and adaptation at excitatory synapses, resulting in a disturbed 
excitation and inhibition interplay thus manifesting the hyperexcitation and epileptogenic 
phenotype in ∆/∆ mice. 
 In summary, this work sheds light on the importance and interplay of three thiol-
based PTMs of gephyrin: S-nitrosylation, S-palmitoylation and Cys-reduction/oxidation. 
Furthermore, it extends the understanding of the C-domain beyond its role as a 
regulatory hub for the function of gephyrin through structural flexibility and PTMs, as a 
PTM-independent modulator of gephyrin-receptor interactions. The findings within this 
work extend our knowledge about gephyrin-dependent synaptic plasticity and offer 
potential for developing therapies for gephyrin-dependent neurodegenerative diseases 
and may be representative of other post-synaptic proteins. 
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Zusammenfassung 
Gephyrin ist an der Biosynthese des Molybdän-Cofaktors (Moco) und der Clusterbildung von 
Rezeptoren an der inhibitorischen Synapse beteiligt. Funktionsstörungen von Gephyrin 
stehen im Zusammenhang mit neurodegenerativen Erkrankungen wie Enzephalopathie, 
Autismus, Epilepsie und Alzheimer. Die dynamische Regulation von Gephyrin ist wichtig für 
die Modulation der Neurotransmission, bekannt als synaptische Plastizität. Daher ist das 
Verständnis der Funktion von Gephyrin und seiner Regulation von großer Bedeutung.  
 Gephyrin wird durch verschiedene post-translationale Modifikationen (PTMs) innerhalb 
seiner zentralen C-Domäne reguliert, welche die N-terminale G-Domäne und die C-terminale 
E-Domäne verbindet. Diese PTMs kontrollieren die synaptische Clusterbildung, Lokalisation, 
Stabilität und Rezeptorinteraktion von Gephyrin. Allerdings sind die zugrunde liegenden 
molekularen Mechanismen noch nicht vollständig verstanden, und die biologische Relevanz 
der meisten PTMs in vivo bleibt unklar. 
 Das Ziel dieser Arbeit war es, das Zusammenspiel mehrerer PTMs, die Gephyrin 
regulieren, zu verstehen, einschließlich S-Nitrosylierung, S-Palmitoylierung sowie die 
Interaktion mit Dynein light chain (DLC). Darüber hinaus sollte ein Mausmodell erstellt 
werden, um diese PTMs in vivo zu untersuchen. Daneben sollte die unbekannte Rolle der 
oberflächenexponierten Cysteine von Gephyrin, die nicht mit S-Palmitoylierung und 
S-Nitrosylierung in Verbindung stehen, identifiziert werden. Verschiedene biochemische, 
zelluläre und tierexperimentelle Methoden führten zu neuen Erkenntnissen über die 
Regulation von Gephyrin durch PTMs und die Rolle der C-Domäne.  
 Eine neuartige Dynein-unabhängige Rolle von DLC wurde identifiziert, die S-
Nitrosylierung und S-Palmitoylierung von Gephyrin, welche um die gleichen Cysteine 212 
und 284 konkurrieren, reguliert. Der Mechanismus umfasst die Bildung eines ternären 
Komplexes aus Gephyrin, neuronaler Stickstoffmonoxidsynthase (nNOS) und DLC. DLC 
hemmt die nNOS-abhängige NO-Produktion und ermöglicht so Gephyrin-S-Palmitoylierung. 
Phosphorylierung von Gephyrin an Thr205 inhibiert die Bindung zu DLC und ermöglicht 
nNOS-abhängige S-Nitrosylierung von Gephyrin. 
 Es wurde festgestellt, dass die oberflächenexponierten Cysteine von Gephyrin redox-
sensitiv sind und für die redox-abhängige synaptische Clusterbildung wichtig sind. Der 
Mechanismus umfasst die Verbindung von Gephyrin-Molekülen durch Disulfidbrücken, die 
die Rezeptorclusterung verstärken. Eine physiologische Quelle für die Oxidation von 
Gephyrin wurde als mitochondrial erzeugte reaktive Sauerstoffspezies (mROS) identifiziert, 
was neuronale und mitochondriale Aktivität verbindet und für alterungsbedingte sowie 
neurodegenerative Krankheitsmechanismen wichtig ist. 
 Schließlich wurde ein Mausmodell mit einer Mikrodeletion der Reste 199-233 (∆199-
233) erzeugt, das die Untersuchung des Beitrags dieses C-Domänenbereichs zur Funktion 
von Gephyrin in vivo ermöglicht. Der Phänotyp der homozygoten Mäuse (∆/∆) war 
schwerwiegend und verursachte hohe Sterblichkeit, epilepsieartige Anfälle und 
Gewichtsverlust vor dem Absetzalter. Der Pathomechanismus wurde auf eine gestörte, 
synaptische Rekrutierung von Gephyrin durch Verlust der S-Palmitoylierung und PTM-
unabhängige strukturelle Modulation der Gephyrin-Rezeptor-Interaktion eingegrenzt. Diese 
Veränderungen führten zu einer Reduktion der inhibitorischen Transmission und 
Anpassungen an exzitatorische Synapsen, was zu einem gestörten Verhältnis zwischen 
Erregung und Hemmung führte und zum hyperexzitatorischen und epileptogenen Phänotyp 
in ∆/∆-Mäusen beitrug. 
 Zusammenfassend beleuchtet diese Arbeit die Bedeutung und das Zusammenspiel 
dreier thiolbasierter PTMs von Gephyrin: S-Nitrosylierung, S-Palmitoylierung und Cystein-
Reduktion/Oxidation. Des Weiteren erweitert sie das Verständnis der C-Domäne als PTM-
unabhängigen Modulator der Gephyrin-Rezeptor-Interaktionen. Die gewonnenen 
Erkenntnisse erweitern unser Wissen über die Gephyrin-abhängige synaptische Plastizität 
und bieten Potenzial für die Entwicklung von Therapien für Gephyrin-abhängige 
neurodegenerative Erkrankungen und könnten repräsentativ für andere synaptische Proteine 
sein. 
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Chapter 1 

General introduction 

1.1. Neuronal signal transmission 

The function of the central nervous system (CNS) relies on fast and complex 

communication among neurons. Neurons are highly polarized cells, consisting of a cell 

body (soma), a signal-input site (dendrites), a signal-conducting site (axon) and a signal-

output site (terminal bouton) (Figure 1). Importantly, the human brain, as one part of the 

CNS, consists of over 80 billion neurons (Azevedo et al., 2009) each forming several 

thousand connections leading to the most complex biological structure in nature 

(Hawkins and Ahmad, 2016). The interplay of several neuronal contact/communication 

sites is the basis for the fascinating functions of our brain such as signal processing and 

memory storage.   

 Neuronal communication, known as neurotransmission, occurs primarily at 

synapses. At chemical synapses (Figure 1), neurotransmitters are released from the 

presynaptic neuron into the synaptic cleft, where they bind to receptors on the 

postsynaptic neuron (Manolov and Ovtscharoff, 1982). Activation of these receptors 

leads to various outcomes depending on the receptor type. For ligand-gated ion 

channels, receptor activation results in ion influx into the post-synaptic neuron, altering 

its membrane potential and initiating an electrochemical signal (daCosta and Baenziger, 

2013).  

 Two fundamental types of changes in membrane potential occur in the post-

synaptic neuron: Excitatory post-synaptic potentials (EPSPs), a depolarized membrane 

potential primarily caused by the influx of positively charged ions (e.g. Na+, Ca2+) and 

inhibitory post-synaptic potentials (IPSPs), hyperpolarized membrane potentials via the 

influx of negatively charged ions (Cl-). EPSPs and IPSPs are integrated at the axon initial 

segment (AIS). If their sum reaches a depolarizing cell-specific threshold, an action 

potential (AP) is triggered and propagates along the axon leading to the activation of 

voltage-gated Ca2+ channels and Ca2+ influx into the axon terminal segment (bouton) 

(Bean, 2007). This Ca2+ signaling causes the interaction of synaptotagmin and the 

soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) complex, 

resulting in the fusion of neurotransmitter-packed vesicles with the pre-synaptic 

membrane and neurotransmitter release (Sudhof and Rothman, 2009; Sudhof, 2013).  

 In summary, the interplay of EPSPs and IPSPs determines whether an AP is 

generated and the signal is propagated. The generation of an AP is crucial for signal 

propagation throughout the brain. However, the process is complex and depends on the 

type of neurotransmitter released and the type of target cell. For example, inhibition of 
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an inhibitory neuron may increase the likelihood of excitation in a downstream neuron. 

This is why, it is of great interest to understand projection networks of excitatory and 

inhibitory neurons. Furthermore, the ratio and interplay of excitation and inhibition (E/I) 

is critical for healthy neurotransmission in the CNS (Froemke, 2015).  

 The molecular mechanisms responsible for AP generation and propagation, from 

incoming signals to neurotransmitter release, have been studied extensively. These 

mechanisms include processes that modify neurotransmission and neuronal network 

communication, known as synaptic plasticity. For example, during learning  (such as 

while reading this text) synapses may form (synaptogenesis), be lost (retraction), or 

undergo fine-tuning of receptor activation/deactivation, all based on the interplay of 

EPSPs and IPSPs. 

 The nature of the membrane potential change depends on the receptor type and 

corresponding neurotransmitter. For example, excitatory synapses generating EPSPs 

involve glutamatergic synapses with N-methyl-D-aspartate receptors (NMDARs) or α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), activated by 

the neurotransmitter glutamate, causing Ca2+ and Na+ influx, respectively. In contrast, 

inhibitory synapses generating IPSPs, involve glycine receptors (GlyRs) or γ-amino-

butyric acid (GABA) type A receptors (GABAARs), activated by glycine or GABA 

respectively, causing Cl- influx (Mihic and Harris, 1997; Lynch, 2009). Moreover, 

excitatory synapses appear on dendritic spines, while inhibitory synapses are mainly 

found on dendritic shafts and the soma, but some inhibitory synapses can also be near 

excitatory ones on dendritic spines (Chen et al., 2012).  

 Although excitatory and inhibitory synapses exhibit fundamentally different protein 

content (called protein density), structure and organization (Tao et al., 2018), their 

functional composition is comparable (Figure 1). The pre-synaptic density includes Ca2+ 

channels, membrane proteins (e.g. synaptophysin), SNARE proteins, transporters (e.g. 

vesicular GABA transporter (vGAT) and vesicular glutamate transporter (vGLUT)) and 

neurotransmitter-containing vesicles. The post-synaptic density (PSD) contains 

receptors (e.g. GlyRs and NMDARs) and various other components, including adhesion 

molecules (e.g. Neuroligins), scaffolding proteins, cytoskeletal proteins, and regulatory 

proteins, which influence PSD shape and function.  

 The dynamic adaptation of PSDs (besides pre-synaptic adaptation) is crucial for 

neuronal function, as well as synaptic plasticity (Conti and Weinberg, 1999). A key to 

organize and modulate PSDs and thus neurotransmission are scaffolding proteins 

(Tretter et al., 2012; Iasevoli et al., 2013): They link post-synaptic membrane-associated 

proteins to cytosolic proteins, efficiently cluster receptors for neuro-transmission and 

build a platform for various protein-protein interactions and involved signaling pathways. 
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At inhibitory synapses, gephyrin is the main scaffolding protein, while at excitatory 

synapses post-synaptic density protein 95 (PSD95) is predominant. In the following 

sections, gephyrin function and its importance in health and disease, as well as important 

regulation mechanisms will be presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Architecture of neurons and synapses 
Schematic illustration of the compartments of a neuron. Enlargement of a chemical synapse, which contains 
several components such as receptors, small molecules and channels. 
 

1.2. Gephyrin – a bifunctional protein 

Gephyrin is a cytosolic protein with two independent functions, which is why it belongs 

to the growing family of moonlighting proteins (Feng et al., 1998) (Figure 2). On the one 

hand, it catalyzes the final two steps of the synthesis of the molybdenum co-factor (Moco) 

(Figure 2A). This co-factor is important for redox-reactions in enzymes involved in 

nitrogen, carbon and sulfur metabolism (Schwarz, 2005). On the other hand, gephyrin 

acts as a scaffolding protein at inhibitory synapses, clustering GlyRs (Kirsch et al., 1993; 

Feng et al., 1998) and a subset of GABAARs (Fritschy et al., 2008) at the post-synaptic 

membrane. Both functions are based on the molecular structure of gephyrin. A single 

gephyrin monomer consists of three domains: The N-terminal G-domain, the C-terminal 

E-domain and the C-domain that connects them (Figure 2A). The most recent 

evolutionary ‘addition’ to gephyrin is the C-domain, which allows for structural flexibility 

and connects G- and E-domains (Belaidi and Schwarz, 2013). The G-domain catalyzes 

the adenylation of molybdopterin (MPT) and forms trimers when isolated (Schwarz et al., 

2001; Sola et al., 2001) (Figure 2B). The E-domain catalyzes the insertion of 

molybdenum into MPT-AMP and the cleavage of AMP, resulting in the formation of Moco, 
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and forms dimers when isolated (Kim et al., 2006) (Figure 2B). Notably, E-domain 

dimerization and G-domain trimerization are crucial for both of gephyrin’s functions (Sola 

et al., 2004; Dejanovic et al., 2015; Grunewald et al., 2018). In addition, since G- and E-

domain are involved in Moco biosynthesis, they are highly conserved with homologues 

present in all kingdoms of life. This coupling of both domains is believed to increase 

enzymatic productivity due product-substrate-channeling (Belaidi and Schwarz, 2013).  

 Full-length gephyrin forms trimers through the G-domain as the smallest building 

block, with trimers further assembling into more complex oligomers via additional E-

domain interactions, facilitated/supported by the flexible C-domain (Saiyed et al., 2007) 

(Figure 2C). However, the exact molecular organization of gephyrin scaffolds in vivo is 

elusive, although a hexagonal lattice has been proposed (Kneussel and Betz, 2000), 

while other evidence suggests differently organized structures such as filaments 

(unpublished data from Schwarz-lab). Regardless of the exact organization, complex 

oligomerization is crucial for the synaptic function of gephyrin, resulting in a post-synaptic 

scaffold (Kim et al., 2021). These gephyrin scaffolds are necessary at post-synapses to 

cluster multiple receptors simultaneously and bridge the post-synaptic membrane with 

the cytoskeleton (Figure 2D). Clustering of gephyrin isolated from cells appears as - 

depending on the organism of origin - trimers, hexamers and high-order oligomers, also 

referred to as multimers (Herweg and Schwarz, 2012). Imaging of non-neuronal cells, 

such as HEK293 cells, shows overexpressed gephyrin as ‘blobs’ (Meyer et al., 1995). In 

cultivated neurons and brain tissue, both overexpressed and endogenous gephyrin form 

clusters, blobs or punctae (Feng et al., 1998; Waldvogel et al., 2003). Conversely, in liver, 

endogenous gephyrin exhibits a diffuse cytosolic distribution (Nawrotzki et al., 2012). 

 Gephyrin harbors 40 exons, which are spliced in various tissue- and organism-

specific manners and further contribute to its functional diversity (Figure 2A) (Fritschy et 

al., 2008). Importantly, the nomenclature of splice cassettes and isoforms changed over 

time since more transcripts have been identified. Once, gephyrin isoforms were named 

by the affected domain (G1, G2, C3, C4a, C4b, C4c, C4d, E1 and E2) (Fritschy et al., 

2008), later it was proposed to name them after their abundance and the affected exons, 

when over 277 gephyrin splice transcripts have been identified during brain development 

(Dos Reis et al., 2022). Importantly, after first nomenclature, the most abundant non-

neuronal variant of gephyrin contains the C3 cassette (exon 15) (Rees et al., 2003; 

Fritschy et al., 2008). Following the newly suggested nomenclature, the most abundant 

neuronal isoform was determined as ‘GPHN-1’ (containing exons 1, 6, 8, 10, 12-14, 17, 

25, 27-31 and 33-40) (Dos Reis et al., 2022), which was called ‘P1’ previously (Fritschy 

et al., 2008). 

 



16 

 

Figure 2: Gephyrin function and domain structure 
A) Domain structure of a gephyrin monomer (residue 
1-736): G-domain (1-165), C-domain (166-329), E-
domain (330-736). Splice cassettes (nomenclature 
based on affected domains) and their positions 
indicated with grey boxes. The G-domain catalyzes the 
adenylation of molybdopterin (MPT). MPT is 
synthesized from GTP. Gephyrin E-domain catalyzes 
the insertion of molybdenum resulting in the 
Molybdenum co-factor (Moco). B) Crystal structures of 
trimerized G-domain (upper panel) and dimerized E-
domain (lower panel). PDB identifiers given below. C) 
Schematic illustration of gephyrin trimer and 
oligomerization to nonamers via intermolecular E-
domain dimerization. D) Schematic illustration of 
gephyrin scaffolds at inhibitory post-synapses. 
Gephyrin interacts with the cytoskeleton and clusters 
GABA type A receptors (GABAARs).  
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 The diffuse cytosolic distribution of gephyrin in liver (Nawrotzki et al., 2012), is 

maybe due to the insertion of the ‘C3’ splice cassette, which is an isoform known to 

destabilize receptor binding and high-order oligomerization to emphasize gephyrin’s 

enzymatic activity (Herweg and Schwarz, 2012). Recent findings suggest that the 

insertion of the so called ‘C4c’ cassette (exon 21) leads to distal dendritic localization of 

gephyrin and modulates inhibitory signal transmission (Liebsch et al., 2023). However, 

the precise function of each exon splicing in gephyrin modulation is still under 

investigation. 

 

1.3. Inhibitory receptors and receptor models 

At inhibitory synapses, the PSD contains GlyRs and GABAARs, which are ligand-gated 

pentameric ion (Cl-) channels. Each subunit consists of four transmembrane helices, an 

N-terminal ligand-binding domain and an intracellular domain (Figure 3A). The type of 

subunit can vary. In case of GlyRs, each subunit can be made from five different genes 

(α1-4, β) (Lynch, 2004). The exact stoichiometry of GlyRs remains elusive, but besides 

homopentameric 5α (Legendre, 2001), compositions of 3α:2β (Burzomato et al., 2003), 

2α:3β (Yang et al., 2012) and recently a 4α:1β (Zhu and Gouaux, 2021) stoichiometry 
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have been identified. GlyRs are found at inhibitory synapses in the brainstem and spinal 

cord, and are responsible for sensory and motoric computation (Legendre, 2001).  

 In contrast, the subunits of the GABAARs originate from 19 different genes (α1-6, 

β1-3, γ1-3, δ, ε, θ, π, ρ1-3) (Sieghart et al., 1999), and synaptic receptors are considered 

to consist of α1-3, β2-3 and γ2 subunits in a 2α/2β/1γ ratio (Baur et al., 2006). The γ2 

subunit has been identified as most important for synaptic localization (Essrich et al., 

1998), although some GABAARs containing a γ2 subunit are also found extra-

synaptically (Luscher et al., 2011). GABAARs are the predominant receptor type among 

inhibition in the CNS and involved in many neuronal functions depending on the brain 

region (Young and Chu, 1990; Mihic and Harris, 1997). The distribution gets even more 

complex since subunits exhibit brain region specificity (Wagner et al., 2021). Importantly, 

GABAARs are the target of therapeutic drugs and involved in pathologies of neuronal 

disorders, such as epilepsy, autism, and anxiety (Griffin et al., 2013). Thus, GABAergic 

transmission is crucial in health and disease. 

A                                                                   B    

   

        

Figure 3: GlyRs and GABAARs and the interaction with gephyrin. 
A) Schematic domain structure of pentameric ligand-gated ion channels. Each of the five subunits consists 
of an N-terminal ligand-binding domain, four transmembrane helices (TM1-4) and a cytosolic loop between 
TM3 and 4 representing the intracellular domain (ICD. GlyRs and GABAARs are ligand-gated ion channels 
made of five individual subunits. Certain types of ICDs of GlyRs and GABAARs interact with gephyrin. The 
simplified illustration is used in later images in this thesis. B) Crystal structure of a peptide derived from the 
ICD of the β subunit of the GlyR in the dimer interface of gephyrin E-domain (PDB: 2FTS). The binding 
pocket is built by the III and IV subdomains of one E-domain monomer, and the IV subdomain of the other 
monomer. Picture edited (Kim et al., 2006). 
 

1.4. Receptor-gephyrin interaction and receptor models 

Post-synaptic positioning of GlyRs and GABAARs is essential to ensure efficient synaptic 

clustering and is facilitated by gephyrin. The binding of both types of receptor is mediated 

through the ICD of a receptor subunit and the dimerized E-domain of gephyrin (Kim et 

al., 2006; Maric et al., 2011) (Figure 3B). The dimerization of the E-domain is required 

since the hydrophobic binding pocket is built by subdomains III and IV of one E-domain 

monomer and subdomain IV’ of the second monomer (Sola et al., 2004; Kim et al., 2006). 

Importantly, the affinity of gephyrin for these ICDs depends on the receptor subunit type, 

but the ICD types share a few common required residues (Maric et al., 2011). For 
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instance, the core binding motif of the GlyR β-ICD was narrowed down to residue 420-

432 (FSIVGSLPRDFEL) (Meyer et al., 1995), and that of GABAAR α3-ICD to 396-406 

(FNIVGTTYPIN) (Maric et al., 2011). Through isothermal calorimetry (ITC) experiments, 

it was shown that gephyrin has a strong affinity (KD in nM-range) for the ICD of the β-

subunit of the GlyR (β-ICD) (Grunewald et al., 2018) but does not bind to GlyR α-subunits 

(Meyer et al., 1995). The gephyrin-GlyR interaction is so strong that gephyrin was 

considered a subunit of the receptor (Betz, 1991). The strongest affinity (KD in lower µM-

range) towards GABAARs was measured with the α3 subunit (Maric et al., 2011). 

Interestingly, trimeric full-length gephyrin – in contrast to isolated dimerized E-domains – 

exhibits an altered binding profile towards the GlyR β-ICD resulting in a high- and a low-

affinity binding site (Grunewald et al., 2018). As a result, it was hypothesized that the C-

domain of gephyrin might influence/modulate gephyrin-GlyR interaction. However, to 

date, the exact importance of the low-affinity binding site and the direct structural 

influence of gephyrin C-domain for receptor binding remains elusive. 

 The investigation of the receptor-gephyrin interaction required the development of 

receptor models since native receptors are difficult to solubilize and purify with standard 

biochemical techniques. Thus, more and more receptor models have been invented over 

time, ranging from minimal peptides (Grunewald et al., 2018) to complex pentameric 

models (Macha et al., 2022a). Application advantages and the level of functional 

similarity to the in vivo situation differ among these models and each off represent their 

own strength and weakness in a given experimental setup.  

 The basic gephyrin-receptor interaction can be investigated in vitro (e.g. in ITC 

experiments) using established GlyR β-ICD peptides ranging from residue 378-426 

(VGETRCKKVCTSKSDLRSNDFSIVGSLPRDFELSNYDCYGKPIEVNNGL, core motif 

underlined) (Grunewald et al., 2018). Other studies required multimeric models (Bai et 

al., 2021). Therefore, a dimeric model was generated with two GlyR β-ICD peptides from 

residue 349-474 (FSIVGSLPRDFEL) fused to the tail of a dimeric GCN4 coiled-coil 

domain for example (Bai et al., 2021). Recently, the ‘Schwarz-lab’ developed a soluble 

pentameric GlyR model consisting of five GlyR β-ICDs fused to the pentameric lumazine 

synthase (LS) (Macha et al., 2022a), which is comparable to the native GlyR, which was 

also utilized in this thesis besides the GlyR β-ICD peptide from residue 378-426. 

Additionally, more models resembling different subunit compositions, which may 

influence gephyrin-receptor interaction, are currently developed.  
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1.5. Gephyrin in diseases 

Gephyrin is crucial protein in multiple ways for the survival of vertebrates. The dual 

function of gephyrin results in two possible impairment mechanisms, when gephyrin is 

absent or dysfunctional, a defect of Moco synthesis on the one hand and loss of synaptic 

clustering on the other hand. Depending on the combination of both and the severity, 

human patients often die within early childhood, in many cases most likely undiagnosed 

due to the severity of the resulting phenotype. Consistently, a full-body gephyrin knock-

out in mice results in death within six hours after birth (Feng et al., 1998). 

 Although, both functions of gephyrin are very different from each other, both result 

in neuronal impairments independently, irrespectively, which of the two functions is 

altered. In case of a deficiency in the Moco synthesis (MoCD), early childhood death and 

severe neurological defects are triggered (Reiss and Johnson, 2003; Whitwell, 2023), 

mainly due to the deficiency of the Moco-dependent enzyme sulfite oxidase (SOX) 

(Schwarz and Belaidi, 2013). Reduction or loss of SOX activity results in the 

accumulation of toxic sulfite, forming S-sulfocysteine (SSC), a structural analogue to 

glutamate (Kumar et al., 2017). Glutamate acts as a neurotransmitter on NMDARs, thus 

excess of SSC leads to hyperexcitation and ultimately neurotoxicity. The influx of Ca2+ 

activates the protease calpain (1.6.4) as one of many Ca2+-dependent downstream 

pathways (Brini et al., 2014; Metwally et al., 2023). Calpain-mediated cleavage of 

gephyrin at inhibitory synapses results in disruption of gephyrin/receptor clusters thus 

disturbs the interplay of E/I (Kumar et al., 2017).    

 Biomarkers of MoCD are sulfite (SO3), SSC and thiosulfate (SSO3) (Johannes et 

al., 2022), which allow for early disease identification. A few treatment options for MoCD 

have been developed previously, but only efficient if early steps of the co-factor synthesis 

are affected (Veldman et al., 2010). To date, MoCD caused by gephyrin dysfunction 

(MoCD type III) cannot be treated. The only option is the dietary restriction of sulfur 

(cysteine- and methionine-poor diet) to reduce cysteine catabolism and thus sulfite 

production (Abe et al., 2021), which may be still insufficient. Thus, research is still going 

on to find new treatment options tackling different angles, for instance the protection of 

SSC-mediated neurodegeneration, or inhibition of enzymes involved in cysteine-

catabolism to reduce sulfite production. 

 If not the enzymatic, but the neuronal function of gephyrin is impaired, neuronal 

impairments are caused by a mechanism different from that of MoCD. Here, GABAergic 

and glycinergic impairments can be distinguished. Glycinergic synapses are pre-

dominantly found in the brain stem and spinal cord, CNS regions e.g. responsible for 

motion and sensation (Legendre, 2001). Impairments of gephyrin-GlyR interactions 

result in disturbed glycinergic inhibition leading to a lack of muscle inhibition and a 
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permanent tension and stiffness such as found in stiff-man syndrome (Butler et al., 2000) 

and hyperekplexia (Rees et al., 2003).  

 GABAergic impairments result in more and multiple disease facets. For instance, 

the gephyrin variant D422N was found in a patient with epileptic encephalopathy, which 

had no functional wt gephyrin allele (Macha et al., 2022b). The mutation led to an altered 

gephyrin structure resulting in reduced receptor clustering and inhibitory signal 

transmission, but interestingly enhanced Moco activity. The D422N variant had no 

dominant negative effect on wt gephyrin in heterozygous individuals. In contrast, the 

variant G375D found in a heterozygous patient with epileptic encephalopathy, had a 

dominant negative effect on the neuronal function of remaining wt gephyrin (Dejanovic 

et al., 2015). Here a spontaneous point mutation resulted in a single amino acid residue 

exchange disrupting the formation of synaptic gephyrin clusters resulting in reduced 

GABAergic signal transmission. The G375D variant showed abolished Moco activity, but 

in the heterozygous patient, this metabolic dysfunction could be rescued by the healthy 

gephyrin allele.  

 Besides missense mutations, several cases of gephyrin microdeletions have been 

found in patients suffering from autism, epilepsy and schizophrenia (Lionel et al., 2013; 

Dejanovic et al., 2014b). The microdeletions span different areas of the G-, C- and E-

domain. One microdeletion, spanning exons 5-9, was functionally characterized 

(Dejanovic et al., 2014b). Again, synaptic clustering was disturbed leading to 

impairments in GABAergic neurotransmission due to reduction of gephyrin-dependent 

synaptic GABAARs based on a dominant-negative effect of the variant on wt gephyrin. In 

some cases, the molecular role of gephyrin in diseases is not fully understood. Reasons 

could be the lack of knowledge about affected brain regions and neuronal circuits, as 

well as unknown downstream or upstream pathways. For instance, gephyrin expression 

was altered in cases of familiar AD and occurred in plaque-like accumulations, but the 

reason for this remains elusive (Hales et al., 2013). In another study, it was reported, that 

gephyrin expression and thus GABAergic neurotransmission is reduced in depression 

and social distress (Heshmati et al., 2020). 

 In summary, gephyrin-associated neuronal diseases targeting GABAergic signal 

transmission are more complex and not completely understood. Nevertheless, for some 

diseases, treatment options are available such as benzodiazepines as epileptic and 

anxiolytic drugs (Griffin et al., 2013). To develop more therapy options, it is worthy to 

investigate gephyrin functions in health and disease and get new molecular insight into 

up- and downstream effects related to gephyrin.
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1.6. Regulation of gephyrin clustering 

Gephyrin scaffolding properties are regulated by the interaction with and modification by 

many proteins (Figure 4). Crucial properties of gephyrin that are the target of regulation 

are oligomerization (gephyrin-gephyrin interaction), (re-)localization (synaptic 

trafficking), receptor binding (gephyrin-receptor interactions) and stability (turnover). 

Importantly, most PTM sites and binding motifs are located in the C-domain of gephyrin, 

likely due to the flexibility of this domain. A selection of important binding partners and 

PTMs of gephyrin are described in the following sections. 

 

 

 

 

 

 

Figure 4: Gephyrin regulation. 
The C-domain of gephyrin is the target of many PTMs and contains several motifs for the interaction with 
other proteins. The interaction/PTM influences four major properties of gephyrin: (Re-)localization, 
oligomerization, stability and receptor interaction. These properties are important for the synaptic function of 
gephyrin. 
 

1.6.1. Phosphorylation - regulation of synaptic clustering 

Over 18 residues (serines, tyrosines and threonines) - mainly in the C-domain of 

gephyrin - have been identified as phosphorylation sites (Tyagarajan et al., 2011; 

Herweg and Schwarz, 2012; Kuhse et al., 2012; Zacchi et al., 2014). Known kinases 

phosphorylating gephyrin are glycogen synthase kinase 3β (GSK3β) (Tyagarajan et al., 

2011), cyclin-dependent kinase 5 (CDK5) (Kuhse et al., 2012), extracellular signal-

regulated protein kinase1 (ERK1) (Tyagarajan et al., 2013), calmodulin-dependent 

protein kinase II (CamKII) (Flores et al., 2015) and cAMP-dependent protein kinase 

(PKA) (Battaglia et al., 2018). In functional synaptic clusters, gephyrin is expected to be 

constitutively phosphorylated at Ser270 and even a phospho-specific monoclonal 

antibody (mAb7a) is available (Kuhse et al., 2012). Interestingly, GSK3β and CDK5 

compete for Ser270 (Tyagarajan et al., 2011; Kuhse et al., 2012), which highlights that 

gephyrin is involved in different signaling pathways and that the effects and interplays 

are complex. A  phosphorylation-dependent induction of conformational changes leading 

to an interplay with other PTMs (1.6.5, 1.6.6) adds another level of complexity. 

Importantly, phosphorylation is a reversible PTM, which can be removed by 

phosphatases. One suggested gephyrin phosphatase is protein phosphatase 1 (PP1) 

(Bausen et al., 2010). Recently, additional phosphatases and kinases were identified in 

the gephyrin interactome, such as serine/threonine-protein phosphatase 2A 55 kDa 
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regulatory subunit B alpha isoform (2ABA) or mitogen-activated protein kinase 1 (MK01) 

(Campbell et al., 2022), but it is elusive whether gephyrin is a direct target. However, 

(de-)phosphorylation alters synaptic oligomerization and stability of gephyrin in a 

dynamic manner which is important for plasticity and inhibitory neurotransmission. The 

current picture of phosphorylation-dependent regulation of gephyrin is even incomplete, 

since for some phosphorylation sites the physiological relevance has not been 

investigated so far.  

 

1.6.2. Collybistin – lipid and receptor adapter 

The receptor-gephyrin interaction at GABAergic synapses is further facilitated by 

collybistin (Cb) (Kins et al., 2000), a GDP/GTP-exchange factor (GEF) that consists of 

three domains: The SRC homology 3 (SH3) domain, that interacts with neuroligin2 and 

GABAAR α2, the diffuse B-cell lymphoma homology (DH) domain that harbors the GEF 

activity and lastly, the pleckstrin homology (PH) domain, which interacts with lipids. 

Collybistin occurs in three splice variants, Cb I, II and III, which differ in the length of the 

C-terminal extension or the presence of the SH3 domain (Harvey et al., 2004). The SH3 

domain showed autoinhibitory activity, that prevents GEF activity and lipid interaction. 

The interaction with binding partners or even ‘external’ SH3 domains was shown to 

activate Cb (Imam et al., 2022). The interaction of gephyrin and Cb is mediated through 

the E-domain and the DH domain respectively. Interestingly, it was recently shown that 

gephyrin E-domain dimerization is not crucial for Cb binding, but stabilizes the interaction 

(Imam et al., 2022). Gephyrin-collybistin interaction is necessary for GABAAR clustering 

in brain regions, where GABAAR subunits are composed of α1 and α2 subunits, while 

α3-containing receptors are clustered in a Cb-independent manner (Wagner et al., 2021). 

Consequently, loss of Cb leads to a brain region-specific loss of gephyrin and GABAAR 

clusters and thus neuronal impairments (Wagner et al., 2021). 

 

1.6.3. Dynein light chain – Receptor transport 

Dynein light chain 1 (DLC1) is also referred to as dynein LC8 or protein inhibitor of 

neuronal nitric oxide synthase (PIN) (Jaffrey and Snyder, 1996b) and has one homologue 

(DLC2). Gephyrin co-localizes with DLC1/2 at inhibitory synapses (Fuhrmann et al., 

2002a). Here, two binding sites within the gephyrin C-domain have been identified, one 

high-affinity site spanning residue 203-212 (Fuhrmann et al., 2002b) and one low-affinity 

site spanning residue 246-258 (Bai et al., 2021). The interaction of DLC1/2 and gephyrin 

was initially thought to be required for the long retrograde transport of gephyrin-GlyRs 

via the dynein motor complex(Maas et al., 2006). So far it was revealed that disruption 
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of the DLC1/2-gephyrin interaction led to decreased synaptic GlyRs but had neglectable 

effects on GABAergic synapses indicating that the transport of GABAARs is mediated by 

other mechanisms (Fuhrmann et al., 2002b; Maas et al., 2006). Additionally, the lack of 

the DLC-binding motif had no negative influence on synaptic clustering of gephyrin in 

cultured neurons, so it was assumed that DLC-binding is of minor importance for 

gephyrin function (Fuhrmann et al., 2002b). Recently, DLC1 binding of gephyrin was 

linked to the promotion of liquid-liquid phase separation (1.6.6) of gephyrin in the 

presence of a dimeric GlyR ICD model (Bai et al., 2021). Besides that, gephyrin interacts 

with both, nitric oxide synthase (nNOS) (1.7.2) and DLC1, which may act as an inhibitor 

of nNOS at synapses, thus the formation of a ternary complex controlling gephyrin 

function was supposed (Fuhrmann et al., 2002b; Dejanovic and Schwarz, 2014; Kress, 

2016). Both new observations implicate that the importance of DLC-binding for gephyrin 

function is not yet completely understood and might be underestimated. 

 

1.6.4. Calpain – irreversible cleavage 

Calpain is a calcium-dependent protease, widely expressed in tissue-specific isoforms 

(Perrin and Huttenlocher, 2002). In contrast to most other proteases, which fully degrade 

their substrates upon activation, calpains cleave their substrates at specific and limited 

sites (duVerle and Mamitsuka, 2019; Fan et al., 2019). Accordingly, calpain targets only 

the C-domain of gephyrin (Gonzalez, 2019). Calcium-dependent activation of calpain is 

tightly regulated as it is involved in necrotic and apoptotic cell death pathways exceeding 

a critical role in cellular homeostasis (Metwally et al., 2023). Since calcium primarily 

emerges in neurons from excitatory synapses, calpain activation at inhibitory synapses 

may be the result of a cross-talk between the two synapse types. Irreversible calpain-

mediated degradation is considered important for gephyrin homeostasis but is also 

associated with neurodegenerative onsets (Kumar et al., 2017). Consequently, calpain 

influences synaptic gephyrin pools and thus the clustering of inhibitory synapses 

important for neuronal health (Costa et al., 2016; Gonzalez, 2019).  

 

1.6.5. Peptidyl-prolyl isomerase NIMA interacting protein 1 – cis-trans-

isomerization 

The proline-rich motif within gephyrin ranging from residue 88-201 

(SPPPPLSPPPTTSP), recruits a peptidyl-prolyl isomerase called ‘Pin1’ in a 

phosphorylation-dependent manner (Zita et al., 2007). Pin1 stands for: Peptidyl-prolyl 

isomerase never in mitosis gene A (NIMA) interacting protein 1. Pin1 efficiently 

recognizes phosphorylated serines and threonines and induces cis-trans-isomerization 
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of neighboring prolines and thus induces conformational changes in the polypeptide 

chain of its target. In case of gephyrin, serines 188, 194 and 200 are crucial for the Pin1 

interaction. Importantly, cis-trans-isomerization of gephyrin regulates the binding to the 

β-subunit of GlyRs. If Pin1-mediated prolyl-isomerization of gephyrin is disturbed, less 

GlyRs reach the post-synaptic site and inhibitory signal transmission is reduced. One 

molecular explanation is the influence of conformational changes on gephyrin binding to 

motor complexes and thus the transport of GlyRs. Alternatively, isomerization maybe 

needed to convert low-affinity receptor binding sites to high-affinity ones increasing the 

stability of gephyrin-GlyR clusters (Zita et al., 2007). 

 Cis-trans-isomerization is also important at GABAergic synapses. 

Phosphorylation-dependent prolyl-isomerization of NL2 negatively affects its complex 

formation with gephyrin and thus the number of synaptic GABAARs (Antonelli et al., 

2014). The conformational change of NL2 likely leads to the release of gephyrin from the 

complex. However, it is elusive, weather Pin1-NL2 interaction also leads to prolyl-

isomerization within gephyrin. In contrast to glycinergic synapses, Pin1 activity 

downregulates the number of synaptic GABAARs. 

 

1.6.6. Liquid-liquid phase separation - generation of microdomains 

Liquid-liquid phase separation (LLPS) is the formation of still soluble, but separated 

phases of macromolecules visible as droplets. Usually, the driving force for LLPS is the 

energetically favorable formation of macromolecule-macromolecule interactions over 

macromolecule-water interactions (Alberti et al., 2019). This can be influenced by the 

concentration and nature of the surrounding environment such as charged ions and the 

presence of other macromolecules.  

 Recently, it was discovered that gephyrin undergoes LLPS in vitro (Bai et al., 2021), 

which required the presence of a multimeric interaction partner. In cellulo, gephyrin forms 

condensates in an expression-dependent manner (Lee et al., 2024) (Figure 5). 

Importantly, LLPS is mediated through the E-domain and an oligomerization-deficient 

gephyrin variant (“RER” variant, G483R/R523E/A532R) (Saiyed et al., 2007) could not 

undergo LLPS indicating that gephyrin oligomerization is required for LLPS (Bai et al., 

2021). The role of the C-domain for LLPS is still discussed. On the one hand, the C-

domain is required for LLPS, since gephyrin variants lacking the C-domain (‘GE’ variants) 

are unable to undergo LLPS (Bai et al., 2021; Lee et al., 2024). Besides the connection 

of G- and E-domain to allow for oligomerization, it was shown that the C-domain harbors 

important positive charges required for LLPS (Lee et al., 2024). On the other hand, the 

C-domain acts LLPS-autoinhibitory, which was removed by DLC-interaction (1.6.3) and 
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phosphorylation at Ser305 (Bai et al., 2021). In summary, it is assumed that the C-domain 

influences LLPS in gephyrin through charged residues and may be further modulated by 

PTMs and interaction partners. 

 The discovery of LLPS of gephyrin adds a new dimension to the current picture of 

gephyrin regulation. Membraneless microdomains can be formed through LLPS, which 

may further compartmentalize synaptic components in PSDs, thus allowing for 

differences in molecule concentrations and influencing protein function within different 

phases. In case of gephyrin, receptor-interaction and consequently neurotransmission 

might be strengthened and regulated through LLPS. Moreover, it was recently suggested 

that LLPS is an important sorting mechanism, separating excitatory and inhibitory 

microdomains (Zhu et al., 2024).  

 
 

Figure 5: Liquid-liquid phase separation of gephyrin. 
Edited picture (Bai et al., 2021). Schematic illustration of LLPS of gephyrin and receptors at inhibitory post-
synapses. 
 
 
 

1.7. Regulation on thiols and redox-signaling at synapses 

1.7.1. Gephyrin S-palmitoylation 

In this thesis, especially PTMs on cysteines were investigated. Previously, S-

palmitoylation and S-nitrosylation were found to play crucial roles in localization of 

gephyrin (Dejanovic and Schwarz, 2014; Dejanovic et al., 2014a). Localization is a 

critical factor in regulating gephyrin function at synapses and consequently, inhibitory 

synaptic transmission. The current picture is, that gephyrin is S-palmitoylated at Cys212 

and Cys284, with Cys212 being considered as the more relevant target of S-

palmitoylation (Dejanovic et al., 2014a). This was demonstrated through overexpression 

of Cys-to-Ser variants in cultured hippocampal neurons: The absence of S-
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palmitoylation, either by substitution of cysteines or by treatment with a 

palmitoyltransferase inhibitor, resulted in decreased cluster sizes and reduced synaptic 

ratios of gephyrin punctae. These effects were reflected in electrophysiological 

outcomes, as the lack of S-palmitoylation led to decreased inhibitory GABAergic signal 

transmission. The family of palmitoyltransferases comprises 23 known members (Fukata 

et al., 2004), with the enzyme responsible for attaching palmitoyl residues on gephyrin’s 

cysteines identified as zinc finger DHHC domain-containing protein 12 (ZDHHC12) 

(Dejanovic et al., 2014a). In summary it was suggested that S-palmitoylation, which adds 

a fatty acid (C16) moiety on cysteines, increases the affinity of gephyrin for the post-

synaptic membrane. Cleavage of these lipid anchors would result in re-localization of 

gephyrin to the cytosolic pool leading to dynamic, S-palmitoylation-dependent shuttling 

of gephyrin (Dejanovic et al., 2014a). However, a palmitoyl protein thioesterase (PPT), 

responsible for gephyrin S-depalmitoylation, has not been identified yet.  

 Initially, S-palmitoylation was predominantly investigated in cellulo and the 

physiological importance was elusive (Dejanovic et al., 2014a). Later, gephyrin S-

palmitoylation was investigated for the first time in vivo using rats as a model system 

(Shen et al., 2019). The study provided new insight into the relation of anxiety and 

gephyrin S-palmitoylation. A reduction of gephyrin S-palmitoylation was identified in a 

cohort of rats with high-anxiety states. Additionally, the therapeutic effects of diazepam, 

an anxiolytic drug were examined (Shen et al., 2019). In the basal amygdala, the brain 

region responsible for anxiety response, diazepam enhances GABAAR activity leading 

to enhanced gephyrin S-palmitoylation recruiting more GABAARs, ultimately resulting in 

a feed-forward mechanism of synaptic pruning. GABAergic inhibition within this brain 

region leads to anxiolytic actions. With this, gephyrin S-palmitoylation could be linked to 

a specific behavioral outcome. Additional roles of gephyrin S-palmitoylation in vivo, for 

example in other brain regions or other organisms, remain to be discovered. 

 

1.7.2. Gephyrin S-nitrosylation 

Besides S-palmitoylation as a thiol-based reversible PTM, gephyrin undergoes NO-

mediated S-nitrosylation and co-localizes with neuronal nitric oxide synthase (nNOS) 

(Dejanovic and Schwarz, 2014). The precise mechanism how nNOS mediates S-

nitrosylation is still elusive. It was suggested that nNOS-produced NO either directly 

nitrosylates  selected target proteins or S-nitrosylation occurs first on reduced glutathione 

and is further transferred through trans-S-nitrosylation (Stomberski et al., 2019). 

However, due to the reactivity of NO, close proximity to the NO source increases the 

chance for a protein to be S-nitrosylation (Nakamura and Lipton, 2016). Thus, S-

nitrosylation of gephyrin is emphasized via co-localization with nNOS.  
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 Importantly, in contrast to S-palmitoylation, S-nitrosylation led to a decrease in 

cluster sizes of synaptic gephyrin and thus causes opposite effects to S-palmitoylation 

(Dejanovic and Schwarz, 2014; Dejanovic et al., 2014a). Interestingly, preliminary data 

of the Schwarz Lab suggested that S-nitrosylation appears on Cys212 and 284 similar 

to S-palmitoylation (Kress, 2016). Thus, the competition and regulation of both thiol 

modifications remains one open question in the field (Figure 6). Moreover, nNOS is a 

calcium-dependent enzyme (Marletta, 1994) and calcium can originate as one source 

from excitatory glutamatergic synapses which indicates a signaling between excitatory 

and inhibitory synapses. Interestingly, nNOS can be inhibited by interaction with DLC 

(originally named protein inhibitor of neuronal nitric oxide synthase (PIN)) (Jaffrey and 

Snyder, 1996a). Since both, DLC and nNOS interact with gephyrin, a possible formation 

of a ternary complex would be feasible for the regulation of gephyrin S-nitrosylation. 

 

 

Figure 6: S-nitrosylation and S-palmitoylation of gephyrin 
Gephyrin is S-nitrosylated possibly through interaction with neuronal nitric oxide synthase (nNOS) leading 
to smaller synaptic clusters. In contrast, gephyrin S-palmitoylation mediated by zinc finger DHHC domain-
containing protein 12 (ZDHHC12) leads to bigger synaptic clusters. The regulation whether gephyrin is S-
nitrosylated or S-palmitoylated is elusive (?). 
 
 

1.7.3. Role of additional surface-exposed cysteines 

Notably, gephyrin harbors in total 12 cysteines, four of which are internal ones, and eight 

of which are presumably surface-exposed. For the most abundant of gephyrin variant 

‘P1’ or ‘GPHN-1’, Cys26, 154, 212, 284, 293, 419, 469 and 633 are potentially surface-

exposed. Cys26 and 154 and 419, 469 and 633 in G- and E-domain, the respective 

crystal structures demonstrate their surface exposed nature in their trimeric and dimeric 
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state (Schwarz et al., 2001; Sola et al., 2001; Kim et al., 2006) (Figure 7). For Cys212, 

284 and 293 in gephyrin C-domain surface-exposure may be suggested due to the 

domain flexibility and the identification of S-palmitoylation on Cys212 and 284 (Dejanovic 

et al., 2014a). Due to the lack of any structural data on full-length gephyrin or the C-

domain, it remains open where those cysteines are localized. 

 Cysteine is a ‘special’ amino acid with the only free thiol group in the class of amino 

acids. This thiol group gives unique chemical features and is important for many 

processes in nature, such as regulation of enzymatic activity (e.g. ‘redox switches’ as in 

glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH) (Talwar et al., 2023)), catalysis 

of nucleophilic and redox reactions in active centers of enzymes (e.g. cysteine proteases 

such as calpain (Ohno et al., 1984), thiol oxidoreductases such as thioredoxin (Zhong et 

al., 2000)), metal binding (e.g. FeS clusters (Shi et al., 2021)), structural and localization 

aspects (di-sulfides (Trivedi et al., 2009), S-palmitoylation (Aicart-Ramos et al., 2011)) 

and more (Pace and Weerapana, 2013). Moreover, thiols are sensitive to reactive 

oxygen species impacting their redox-state and thus their function. Examples for different 

redox states are: Free thiol (S-H), persulfide (S-SH), di-sulfide (S-S), nitroso-thiol (S-

NO), palmitoyl-thiol (S-palm), sulfenic acid (S-OH), sulfinic acid (S-O2H) and sulfonic acid 

(S-O3H). Importantly, proteins harboring accessible, surface-exposed cysteines are 

prone to redox-changes and cysteine-exposure is linked to its conservation and function 

(Marino and Gladyshev, 2010). This indicates that surface exposure of the eight 

cysteines of gephyrin may be linked to a certain function and a potential role for redox-

regulation would be likely. For Cys212 and 284 one function has been shown, but the 

role of the other cysteines is unknown so far, which might be a redox-dependent function. 

 

Figure 7: Surface-exposed cysteines in multimerized domains of gephyrin. 
Crystal structures reveal surface-exposure of Cys26, 154, 419, 469 and 633 in gephyrin trimerized G-domain 
(1IHC (Sola et al., 2001)) and dimerized E-domain (2FU3 (Kim et al., 2006)), respectively. Cys indicated in 
yellow, binding pocket for receptor ICDs within the E-domain dimer indicated in green. 
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1.7.4. Insights into redox-regulation 

The term redox-regulation describes the interplay of reduction (red) and oxidation (ox) 

reactions in biological processes. In a redox-reaction, at least one electron is 

intermolecularly removed from one atom and transferred to another leading to altered 

chemical properties of both biomolecules. The driving force and reactivity for electron 

donation or acceptance (redox potential) is given by the chemical properties of each 

reaction partner and both partners together are called a redox-couple.  

 One group of highly active electron acceptors are reactive oxygen species (ROS), 

which react with the next available target categorizing them as ‘uncontrolled’ thus limiting 

their radius of action (Collin, 2019). Primary ROS molecules are superoxide anion (∙ O2
−), 

hydroxyl radical (HO 
·) and hydrogen peroxide (Hଶ

 Oଶ
 ). ROS quickly oxidize targets such 

as proteins (especially accessible protein thiols), lipids, DNA and small molecules, which 

is an important process in health and disease (Bardaweel et al., 2018). Thus, ROS levels 

are strictly controlled by production and clearance machineries (Figure 8).  

 ROS are mainly produced through oxidative phosphorylation during mitochondrial 

activity (Turrens, 2003) and NADPH oxidases (NOXs) (Vignais, 2002), but also several 

other enzymes such as xanthine oxidase (XO) (Schmidt et al., 2019) and D-amino acid 

oxidase (DAAO) (Pollegioni et al., 2007) contribute to ROS production under various 

physiological conditions. Due to the highly reactive and ‘uncontrolled’ nature, ROS 

require fast quenching systems. Inactivation of ROS is mediated for instance through 

small molecules such as reduced glutathione (GSH) and ascorbate (Steenvoorden and 

van Henegouwen, 1997), which need to be reduced enzymatically after their 

consumption (Khatami et al., 1986; Vogel et al., 1999).  GSH is omnipresent in the cell, 

and GSH levels are maintained on high level in the cytosol making it a stable, reductive 

environment (Lopez-Mirabal and Winther, 2008). Since the reaction of GSH with ROS is 

considered slow, GSH is above all, co-substrate of ROS inactivating enzymes, such as 

glutathione peroxidase (GPx) (Mailloux et al., 2013). Alternatively, ROS can be removed 

by GSH-independent enzymes such as superoxide dismutase (SOD) (Fridovich, 1995) 

and catalase (Cat) (Deisseroth and Dounce, 1970). Other mechanisms involve enzymes, 

such as peroxiredoxin (Prx), which can also revert ROS-mediated reactions on lipids and 

proteins (Mailloux et al., 2013). Following the reaction between several redox-couples, 

the final electron donor of regeneration is NADPH.  

 Lastly, since ROS-producing machineries are compartmentalized in mitochondria 

for instance, it is assumed that ROS levels differ subcellularly resulting in redox-

microenvironments (Buettner et al., 2013). Synapses are considered reductive 

compartments due to the connection to the reductive cytosol and the presence of 
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reductive machineries. However, measurements of precise redox-conditions are 

challenging since ROS-detection (e.g. through HyPer (Hernandez et al., 2018) and 

roGFP-fusion proteins (Schwarzlander et al., 2016)) is limited to display redox-changes 

but no absolute concentrations. Thus, specified resolution of redox-signaling at synapses 

is elusive so far. Furthermore, it is possible that LLPS (1.6.6) at synapses creates 

additional redox-microenvironments. 

 

Figure 8: Examples of  ROS sources and sinks 
Superoxide (∙ Oଶ

ି) and hydrogen peroxide (Hଶ
 Oଶ

 ) as examples of reactive oxygen species (ROS) and ROS 
targets. ROS originate e.g. from NADPH oxidase (NOX), mitochondria, the ER and peroxisomes. Clearance 
ma-chineries exist:∙ Oଶ

ି is detoxified to Hଶ
 Oଶ

  by superoxide dismutase (SOD). Hଶ
 Oଶ

  is converted to water by 
catalase (Cat) or glutathione peroxidase (GPx), which oxidizes glutathione (2xGSH ->GSSG). GSSG is 
reduced by glutathione reductase (GR) using NADPH as final electron donor. 
 
 

1.7.5. Redox-regulation at synapses - NOX2 and mROS 

In the last decades, redox-regulation emerged as an innovative field in neuroscience. 

For a long time it was believed, that ROS mainly cause cellular damage and were 

associated with aging (Harman, 1956) and diseases such as Alzheimer’s disease (AD) 

(Marcus et al., 2006) and Huntington’s disease (HD) (Olanow, 1990). But the view on 

ROS has shifted and assigned ROS a new vital role as messengers in synaptic plasticity 

(Gahtan et al., 1998; Oswald et al., 2018). It is known that two main ROS-generating 

sources exist at synapses: First, mitochondria (Turrens, 2003) and second NADPH 

oxidases (Vignais, 2002).  
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 Mitochondria as a ROS-source are comprehensive, since they exist at pre- and 

post-synapses in high density as neurotransmission demands high energy in form of ATP 

(Attwell and Laughlin, 2001), which is - with ROS as a byproduct – predominantly 

produced during oxidative phosphorylation (Turrens, 2003). On the other hand, NOX2, 

one isoform of the NOX family, was found in the post-synaptic plasma membrane 

(Tejada-Simon et al., 2005). NOX2 produces extracellular Oଶ
ି, that is converted to H2O2 

by SOD3, which can re-enter the cell through aquaporins (Bienert and Chaumont, 2014). 

Importantly, assembly and activity of the NOX2 complex requires Ca2+-signaling, which 

in turn relies on excitatory signal transmission (Wang and Swanson, 2020). Thus, both 

ROS sources, mitochondria and NOX2, are linked to neuronal activity. 

 Although, redox-regulation has been well studied for excitatory synapses (Doser 

and Hoerndli, 2021; Villegas et al., 2021; Doser et al., 2024), less is known about 

inhibitory synapses. In one study, mROS were generated in neurons by antimycin A 

treatment (inhibitor of complex III of the respiratory chain) (Accardi et al., 2014). It was 

found that mitochondria-derived ROS (mROS) led to an increase in inhibitory signal 

transmission. Interestingly, this effect was dependent on GABAARs containing the α3 

subunit. The exact molecular reason for mROS-mediated strengthening of inhibitory 

transmission was elusive. In a second study, ROS were generated through the NOX2 

pathway of glutamatergic synapses neighboring inhibitory sites (Larson et al., 2020). A 

signaling cascade between excitatory and inhibitory synapse was discovered, with the 

last step of NOX2-mediated ROS activation of protein kinase C (PKC). PKC in turn 

activated GABA type A receptor-associated protein (GABARAP) and recruited GABAARs 

containing the α3 subunit. 

 The role of gephyrin in redox-regulation is elusive so far. Evidence that gephyrin 

might be involved in synaptic redox-regulation are that, a) it is the main organizer of 

inhibitory synapses and a key player in many processes, b) contains potential redox-

sensitive surface-cysteines (1.7.3), and c) was found to interact with GPx4 (Campbell et 

al., 2022), which is an important enzyme in redox-control of membrane lipids (1.7.4). d) 

Furthermore, gephyrin has the strongest binding affinity towards the  α3 subunit of 

GABAARs (Maric et al., 2011), which was involved in the previously identified redox-

regulation mechanisms (Larson et al., 2020) and e) undergoes LLPS which potentially 

offers an oxidative microenvironment in the reductive cytosol. Thus, significant potential 

remains for the identification of redox processes at inhibitory synapses, including those 

dependent on gephyrin. 
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1.8. Aims of this thesis 

Although several regulation mechanisms of gephyrin clustering and synapse formation 

by PTMs have been reported, the picture remains still incomplete. The discovery of more 

PTMs raises the importance of understanding the interplay among diverse PTMs and 

their contribution to gephyrin function (Figure 9). This understanding is crucial for 

neuronal plasticity and signaling between excitatory and inhibitory synapses. 

Consequently, manipulating gephyrin regulation offers great potential for the treatment 

of neuronal diseases. To achieve this, it is necessary to understand regulation 

mechanisms (ideally) at spatial, temporal, and molecular levels. In this thesis, the primary 

aim was to shed more light on the importance and regulation mechanisms of thiol-based 

PTMs in gephyrin. 

Figure 9: Importance of the understanding of gephyrin regulation.  
Schematic illustration of the main goals (yellow boxes) of this thesis and the importance for understanding 
neuronal processes (green boxes). Main aims: Interplay of S-nitrosylation and S-palmitoylation (I), role of 
additional surface cysteines of gephyrin (II), relevance of PTMs in vivo by removal of PTMs (III). Global 
relevance: Role for synaptic plasticity, ratio of excitation and inhibition (E/I), role for pathology of diseases. 
 
I. How are thiol-based PTMs of gephyrin regulated? 

Both S-palmitoylation and S-nitrosylation of gephyrin occur on surface-exposed 

cysteines but lead to opposing effects (1.7.1, 1.7.2). This raises the question whether 

both modifications compete for the same cysteine residues of gephyrin, and if so, how 

this is regulated. Thus, one aim of this thesis was to further investigate the interplay of 

S-nitrosylation and S-palmitoylation and verify Cys212 and 284 as S-nitrosylation targets 

(chapter 2). The hypothesis was that gephyrin forms a ternary phosphorylation-

dependent complex with nNOS and DLC. When this complex is formed, DLC inhibits 

nNOS and S-palmitoylation is favored. If DLC is not present, S-nitrosylation is favored 

instead. The expression of recombinant gephyrin variants in cultured hippocampal 

neurons of conditional gephyrin knock out mice was used to verify the postulated S-

nitrosylation targets Cys212 and 284 and the formation of the gephyrin-DLC-nNOS 

complexes (chapter 2). 
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II. What are the functions of the surface-exposed cysteines of gephyrin? 

S-palmitoylation is a well characterized PTM of gephyrin occurring at residues Cys212 

and 284, but gephyrin also contains additional surface-exposed cysteines with unknown 

functions (1.7.3). Notably, the surface exposure of cysteines likely emphasizes their 

redox-sensitivity, and previous reports have indicated redox-dependent regulation 

mechanisms for excitatory and inhibitory synapses (1.7.5). Moreover, mitochondria, 

which are highly abundant in neurons, produce ROS, suggesting a potential ROS/redox 

signaling between mitochondrial and neuronal activity. This raises the question of which 

players (gephyrin?) are involved in such signaling mechanisms. Consequently, one aim 

of this thesis was to investigate the potential role of gephyrin's surface cysteines in redox 

regulation at synapses (chapter 3). A key experiment involved the generation of  gephyrin 

cysteine-to-serine variants and studying their biochemical, structural and cellular function 

using a combination of various in vitro and in cellulo systems of synaptic clustering in a 

redox-dependent manner. 

 

III. What is the physiological relevance of gephyrin thiol-based (and other) 
PTMs? 

One common challenge in studying regulatory mechanisms such as PTMs is the 

limitation to simplified biological systems through in vitro and in cellulo experiments. This 

also applies to the identification of many PTMs of gephyrin (1.6). S-palmitoylation at 

Cys212 and Cys284 are examples for such a limitation. However, a recent study 

demonstrated that gephyrin-S-palmitoylation-deficient rats suffered from high-anxiety in 

vivo (1.7.1), but the behavioral examination was limited to the amygdala as a specific 

brain region. In this thesis, the aim was to create a new mouse line with the full-body 

gephyrin substitution of Cys212 to Ser212 to enable additional investigation of the 

importance of gephyrin S-palmitoylation in vivo. Although this mouse line could not be 

generated, a mouse line with the microdeletion ∆199-233 was established instead. The 

microdeletion mouse model was used to investigate the importance of the C-domain, 

with a focus on the DLC binding motif, as well as Cys212 (chapter 4). Given that human 

patients with microdeletions of gephyrin have been reported to cause various types of 

neurodegeneration, the new ∆199-233 mouse model has the potential to provide new 

insight into the contribution of different domains to gephyrin function and related 

pathological mechanisms of human cases. 
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2.2. Abstract 

Gephyrin is the principal scaffolding protein at inhibitory post-synapses where it clusters 

glycine and GABA type A receptors (GABAARs). Gephyrin undergoes multiple post-

translational modifications and protein interactions that collectively regulate inhibitory 

synapse formation. Synaptic gephyrin clustering is controlled by S-palmitoylation and S-

nitrosylation, but how these reversible thiol modifications are regulated remained 

unclear. Here, we report that gephyrin forms a ternary complex with dynein light chain 

(DLC) and neuronal nitric oxide synthase (nNOS). Interaction with DLC, which is 

controlled by phosphorylation of gephyrin Thr205, enhances postsynaptic gephyrin 

clustering, whereas nNOS mediates gephyrin S-nitrosylation diminishing gephyrin 

clustering. Both, Cys212 and Cys284, which we previously identified as S-palmitoylation 

sites, were also found to be S-nitrosylated. Within the ternary complex, DLC inhibits 

nNOS activity thus reducing gephyrin S-nitrosylation, thereby augmenting gephyrin 

cluster formation. Our findings show that DLC and nNOS collectively modulate inhibitory 

synapses through a reciprocal regulation of gephyrin S-nitrosylation and 

S-palmitoylation.  
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2.3. Introduction 

Gephyrin is the master regulator of inhibitory synapses and an essential modulator of 

synaptic plasticity (Tyagarajan and Fritschy, 2014). It directly binds and clusters inhibitory 

glycine receptors (GlyRs) and subtypes of GABA type A receptors (GABAARs) at the 

postsynaptic membrane (Fritschy et al., 2008). Additionally, gephyrin interacts with a 

number of signaling and cytoskeletal proteins and maintains the molecular architecture 

of inhibitory post-synapses (Tyagarajan and Fritschy, 2014). Genetic perturbations of 

gephyrin are implicated in epilepsy (Forstera et al., 2010; Dejanovic et al., 2015), autism 

and other neurodevelopmental disorders and intellectual disability (Lionel et al., 2013). 

 Gephyrin function and localization is extensively regulated by post-translational 

modifications (PTMs) (Zita et al., 2007; Herweg and Schwarz, 2012; Ghosh et al., 2016).  

Gephyrin consists of a highly conserved N-terminal G-domain and C-terminal GlyR- and 

GABAAR-binding E-domain, both connected by an unstructured central C-domain (Fig. 

1a), which is the main target for PTMs. Phosphorylation of gephyrin was shown to impact 

GABAergic transmission by enabling synapse formation and recruitment of GABAARs to 

postsynaptic sites in an activity-dependent manner (Tyagarajan et al., 2013; Flores et 

al., 2015). Additionally, acetylation, SUMOylation and proteolytic cleavage by calpain 

regulate gephyrin scaffolding (Tyagarajan et al., 2011; Tyagarajan et al., 2013; Ghosh et 

al., 2016). Previously, we identified that S-palmitoylation and S-nitrosylation modulate 

plasticity and homeostatic assembly of GABAergic synapses (Dejanovic and Schwarz, 

2014; Dejanovic et al., 2014a). S-palmitoylation-mediated membrane anchoring 

regulates postsynaptic gephyrin localization and synaptic strength (Dejanovic et al., 

2014a). Gephyrin S-palmitoylation at Cys212 and Cys284 within its C-domain is 

reversibly and dynamically modulated by synaptic activity (Dejanovic et al., 2014a). On 

the other hand, neuronal nitric oxide synthase (nNOS) mediated S-nitrosylation of 

gephyrin negatively regulates postsynaptic gephyrin clustering and GABAAR surface 

expression (Dejanovic and Schwarz, 2014). Interestingly, gephyrin S-nitrosylation was 

identified in a proteome wide-study of a mouse model of Alzheimer’s disease 

(Seneviratne et al., 2016). 

 Besides PTMs, interaction with synaptic proteins such as collybistin (Harvey et al., 

2004) and neuroligin 2 regulates gephyrin function and postsynaptic membrane 

clustering (Poulopoulos et al., 2009; Papadopoulos and Soykan, 2011). Gephyrin also 

interacts with cytoplasmic dynein light chain (DLC) 1 and 2 (Fig. 1a) (Fuhrmann et al., 

2002b; Navarro-Lerida et al., 2004; Bai et al., 2021), a central component of the large 

dynein motor complex, which serves long distance retrograde transport of proteins 

(Kapitein et al., 2010). DLC-binding takes place within the C-domain of gephyrin 
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(Fuhrmann et al., 2002b; Bai et al., 2021). While DLC was proposed to link gephyrin-

GlyR to the dynein machinery, the mechanistic contribution of DLC to dynein function 

remains elusive as motor and cargo proteins compete for common DLC binding sites 

(Benison et al., 2007; Williams et al., 2007). For DLC, dynein-independent roles were 

reported that impact binding partner functions, e.g. by affecting oligomerization or activity 

of target proteins, which we aimed to identify for gephyrin. In addition, DLC was originally 

identified as a nNOS inhibitor and was therefore independently named as protein 

inhibitor of nNOS (PIN) (Jaffrey and Snyder, 1996a). 

 In this study we investigated the molecular significance of the gephyrin-DLC 

interaction at GABAergic synapses. We identified that the gephyrin-DLC interaction is 

regulated by gephyrin phosphorylation and tunes postsynaptic gephyrin clustering in 

neurons. Surprisingly, we found that synaptic gephyrin and DLC form a ternary complex 

with nNOS, where DLC inhibits nNOS and thereby regulates NO production and 

downstream gephyrin S-nitrosylation. We show that this gephyrin-DLC-nNOS-regulated 

S-nitrosylation reciprocally controls gephyrin S-palmitoylation and that both thiol-

modifications compete for the same cysteine residues. Thus, we describe an entirely 

novel process that impacts the physiological clustering of gephyrin at inhibitory 

synapses. 

 

2.4. Results 

2.4.1. Gephyrin binding to DLC is regulated by phosphorylation of T205  

Previous studies identified the DLC binding motif within the gephyrin C-domain spanning 

residues 203 and 212 (KQTEDKGVQC - Fig. 1a) (Navarro-Lerida et al., 2004). To 

characterize the gephyrin-DLC interaction further, we expressed and purified His-tagged 

gephyrin and DLC and analyzed their complex formation using analytical size-exclusion 

chromatography (SEC) and isothermal calorimetry (ITC) experiments (Figure 1). In SEC 

(Figure 1b), purified gephyrin eluted as a single peak at the corresponding molecular 

weight of the hydrodynamic radius of a trimer (approx. 360 kDa) (Saiyed et al., 2007), 

whereas purified DLC alone eluted mainly as a dimer (22 kDa) (Fan et al., 2001). Upon 

co-incubation of gephyrin with DLC, the resulting peak eluted at a molecular weight of 

approx. 390 kDa with a proportional increase in A280 absorption when compared to the 

gephyrin control, demonstrating gephyrin-DLC complex formation. The mass increase 

by 30 kDa suggests the binding of 1–2 DLC dimers to one gephyrin trimer.  

 Next, the binding affinity between DLC and gephyrin was determined using ITC 

(Figure 1c and d). Titration of the ligand DLC into gephyrin revealed an exothermic 

reaction and a binding affinity of KD = 2.14±0.01 µM . In line with the SEC results, the 
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binding stoichiometry of 0.58±0.04 (Fig. 1d) suggests that one DLC dimer binds to one 

gephyrin trimer (0.66 stoichiometry).  

 

 
Fig. 1. DLC binds to non-phosphorylated gephyrin.  
Size exclusion chromatography (SEC) and Isothermal titration calorimetry (ITC) experiments of 
recombinantly expressed gephyrin wt and variants and DLC derived from E. coli. (a) Schematic illustration 
or gephyrin domain structure. DLC binding site within the C-domain (K203-C212) highlighted. (b) SEC of 
gephyrin and DLC. Runs of single proteins indicated with green and blue lines, respectively. Interaction run 
of both proteins indicated with black lines. (c) ITC of DLC titration into gephyrin. Exemplary run of gephyrin 
wt. (d) Quantification of (c). One-site-fit used to calculate interaction parameters. (e) SEC of phospho-
mimicking variants gephyrin-T205D and DLC. Runs of single proteins indicated with green and blue lines, 
respectively. Interaction run indicated with black line. (f) ITC titration of DLC into gephyrin-T205D (upper 
panel) and gephyrin-Q211A (lower panel). (g) One-site-fit of ITC runs using gephyrin-T205A (grey) and 
T205S (black) as non-phosphorylatable variants 
 

 Previously, we reported that PTMs impact gephyrin structure and function and 

identified T205 as a phospho-residue which resides within the DLC-binding motif 

(Herweg and Schwarz, 2012). We wondered whether phosphorylation of this residue 

might affect the gephyrin-DLC interaction and generated a phospho-mimetic gephyrin-

T205D variant and analyzed the purified variant by SEC (Figure 1e). While gephyrin-

T205D eluted as a trimer with a size similar to wt gephyrin, no complex formation with 

DLC was detectable. In line with the SEC results, no gephyrin-T205D/DLC interaction 

was measured by ITC (Fig. 1f), while the binding affinity of the control variants gephyrin-

T205A and gephyrin-T205S were comparable to WT gephyrin (Fig. 1g). To further 

validate the specificity of the gephyrin-DLC interaction, we generated gephyrin-Q211A 

variant, which lacks the glutamine residue that is essential for various DLC-binding motifs 
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and DLC-Y65A, which is unable to bind known interaction partner (Liang et al., 1999). 

Indeed, ITC measurements with gephyrin-Q211A and DLC (Fig. 1f) or gephyrin and DLC-

Y65A (Fig. 1-1) showed no detectable interaction between the proteins. Conclusively, 

SEC and ITC results collectively suggest that one gephyrin trimer and one DLC dimer 

bind to each other and that this interaction is abolished if gephyrin is phosphorylated 

within the DLC-binding motif at Thr205. 

 

2.4.2. DLC is required for gephyrin cluster formation at inhibitory synapses 

Given gephyrin’s essential function as a regulator of inhibitory post-synapses 

(Tyagarajan and Fritschy, 2014) we wanted to probe whether the gephyrin-DLC 

interaction is important in neurons. Therefore, we expressed GFP-tagged gephyrin 

variants for 4 days in 9-days-old primary hippocampal neurons and analyzed 

postsynaptic clustering of gephyrin (Figure 2a-e).  

 First, we analyzed the phospho-mimicking variant gephyrin-T205D, two non-

phosphorylatable variants, gephyrin-T205A and -T205S, and the DLC binding-deficient 

variant gephyrin-Q211A in neurons with a gephyrin wt background following transfection 

(Figure 2a-c). Compared to gephyrin wt (ctrl), the DLC binding-deficient variant gephyrin-

Q211A formed significantly smaller (gephyrin-Q211A, 77.7±4.8% ctrl) and fewer 

(gephyrin-Q211A, 57.1±6.2% of ctrl) clusters. The phospho-mimetic gephyrin-T205D 

phenocopied gephyrin-T205D and formed significantly smaller (gephyrin-T205D, 

79.8±4.9% of ctrl) and fewer clusters (gephyrin-T205D, 62.1±5.6 % of ctrl). In contrast, 

the non-phosphorylatable variants gephyrin-T205A and gephyrin-T205S were 

indistinguishable from gephyrin wt. 

 Next, we repeated the study using 8-days-old hippocampal neurons with a 

conditional gephyrin knock out background (Gephyrin-FLOX) and expressed gephyrin 

variants -T205D, -T205A and -Q211A for 6 days through viral transduction, which allows 

for a low and tunable expression and high transduction efficiency (Figure 2 d-e). The 

intensity of gephyrin-T205D and -Q211A were significantly and even further reduced 

compared to that of gephyrin wt (ctrl) (gephyrin-T205D, 31.4±3.7% of ctrl; gephyrin-

Q211A, 64.4±4.0% of ctrl). In contrast, the intensity of gephyrin-T205A clusters was 

similar to that of gephyrin wt. The significant differences in cluster size of the individual 

gephyrin variants (gephyrin-T205D, 79.1±3.5% of ctrl; gephyrin-Q211A, 81.8±2.7% of 

ctrl) were also present upon depletion of endogenous Gephyrin (Figure 2d), suggesting 

that endogenous gephyrin had no apparent effect on the clustering of the chosen 

gephyrin variants. 

 Lastly, we analyzed whether expression of mCherry-DLC would influence synaptic 

clustering of endogenous gephyrin (Figure 2f). Indeed, expression of DLC significantly 
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increased the size of endogenous gephyrin clusters compared to the condition when only 

mCherry (ctrl) was overexpressed (mCherry-DLC, 125.0±6.7% of ctrl). Together, these 

results suggest that the interaction with DLC plays a vital role in postsynaptic clustering 

of gephyrin and that this interaction is tuned by phosphorylation of gephyrin Thr205. 

 

 
Fig. 2. DLC is critical for gephyrin cluster formation at inhibitory synapses.  
(a-c) Expression of recombinant GFP-gephyrin variants through transfection in primary hippocampal 
neurons of wt mice. (d-e) Expression of recombinant mEGFP-gephyrin variants through transduction in 
primary hippocampal neurons of gephyrin-FLOX mice. Gephyrin knock-out induced by moxBFP-Cre 
transfection. (f) Expression of recombinant mCherry-DLC through transfection in primary hippocampal 
neurons of wt mice. (a-f) Co-localization with the pre-synaptic marker vGAT was used to identify synaptic 
gephyrin. (a) Exemplary images of transfected neurons with GFP-gephyrin wt, -T205D, -T205A, T205S and 
Q211A. Scale bar, 20 µm. Dendritic segments shown in enlargements. (b-e) Quantification of gephyrin 
punctae properties. Normalization to the average size of gephyrin wt (ctrl). Significance tested by 1-way 
ANOVA and Bonferroni post-hoc test of each variant vs ctrl. (b) Quantification of gephyrin punctae sizes. (c) 
Quantification of gephyrin punctae density (cluster number per area). (d) Quantification of gephyrin punctae 
intensities. (e) Quantification of gephyrin punctae sizes. (f) Quantification of endogenous gephyrin punctae 
sizes in mCherry-expressing control (ctrl) or mCherry-DLC expressing neurons. Normalization to average 
size of ctrl. Significance tested by student’s t-test. 
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Fig. 3. Gephyrin, DLC and nNOS form a ternary complex.  
Co-expression of GFP-gephyrin, mCherry-DLC and nNOS-myc or nNOS-Q239A-myc in COS7 cells (a, b), 
HEK293 cells (c-e) and hippocampal neurons of wt mice (f, g). (a) Representative images of transfected 
COS7 cells. Controls: Single transfection of each individual protein. Double transfection of gephyrin and 
DLC, or gephyrin and nNOS, respectively. Triple transfection: Arrows indicate accumulations of mCherry-
DLC and nNOS-myc within GFP-gephyrin blobs. Scale bar 10 µm. (b) Relative abundance of cells with co-
localization of DLC, nNOS wt or nNOS-Q239A with gephyrin. (c) Immunoprecipitation of gephyrin, DLC and 
nNOS with the corresponding tag specific antibody. Western blot analysis of the specific tags to identify co-
precipitated interaction partners. (d) Determination of cGMP levels of cells expressing nNOS wt or nNOS-
Q239A and DLC on top of gephyrin wt (ctrl) in different combinations. L-VNIO was used to inhibited nNOS. 
Significance tested by 1-way ANOVA and Bonferroni post-hoc test. (e) Immunoprecipitation of S-nitrosylated 
proteins (S-NO-Cys). Western blot analysis of protein content in input and immunoprecipitated samples. (f, 
g) Quantification of gephyrin punctae sizes in neurons. Normalization to the average of gephyrin wt (ctrl). 
Significance tested by 1-way ANOVA and Bonferroni post-hoc test of each individual condition vs ctrl. (f) 
Analysis of punctae sizes of gephyrin wt. (g) Analysis of punctae sizes of gephyrin variants. 
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2.4.3. Gephyrin, DLC and nNOS form a ternary complex 

How does DLC regulate postsynaptic gephyrin clustering? We have previously identified 

that neuronal nitric oxide synthase (nNOS) forms a complex with gephyrin and S-

nitrosylates gephyrin, which degreases postsynaptic gephyrin clustering (Dejanovic and 

Schwarz, 2014). Since nNOS is a known interactor of DLC (Jaffrey and Snyder, 1996b), 

we wondered whether DLC, gephyrin and nNOS form a ternary complex. Thus, we co-

expressed GFP-gephyrin, mCherry-DLC and nNOS-myc in COS7 cells (Figure 3a). 

When expressed in non-neuronal cells, gephyrin forms large cytosolic aggregates so-

called ‘blobs’ (Lardi-Studler et al., 2007). Upon co-expression of gephyrin and DLC, the 

vast majority of DLC was recruited into gephyrin blobs indicating a strong interaction 

(Figure 3b), confirming our previous in vitro interaction studies using SEC and ITC. In 

contrast, the interaction of nNOS and gephyrin was found to be more transient, since in 

cells co-expressing gephyrin and nNOS, only approx. 50% of the blobs were nNOS-

enriched. Upon triple-transfection, in approx. 80% of all cells DLC and nNOS 

accumulated in gephyrin blobs, whereas in the remaining cells nNOS was diffusively 

distributed and was not enriched in gephyrin blobs. The increased percentage of blob-

accumulated nNOS in DLC-co-expressing cells suggests that DLC stabilizes the 

gephyrin-nNOS complex. Indeed, the DLC-binding-deficient nNOS variant nNOS-Q239A 

showed reduced enrichment in gephyrin blobs when additionally co-expressed with DLC. 

In line with the co-localization results, following co-expression of tagged gephyrin, DLC 

and nNOS in HEK293 cells and co-immunoprecipitation (IP) using tag-specific 

antibodies, all three proteins co-immunoprecipitated with each other regardless of which 

tag was used for the IP (Figure 3c). In summary, our interaction studies in COS7 cells 

show the formation of a ternary complex between gephyrin, DLC and nNOS. Notably, 

DLC stabilizes the gephyrin-nNOS interaction. 

 

2.4.4. Inhibition of nNOS by DLC increases gephyrin cluster size  

Since DLC was originally identified as the inhibitor of nNOS (Jaffrey and Snyder, 1996a), 

we next asked whether DLC-mediated interacting with nNOS also inhibits nNOS activity 

in this ternary complex and thereby potentially regulates gephyrin S-nitrosylation. The 

initially reported inhibition of nNOS by DLC, however, seems controversial as some 

studies found DLC binding to nNOS in the absence of nNOS inhibition (Rodriguez-

Crespo et al., 1998; Parhad et al., 2016). Thus, we first analyzed whether DLC inhibits 

nNOS in the ternary complex through measurement of the nitric oxide (NO)-dependent 

production of cyclic guanosine monophosphate (cGMP) (Denninger and Marletta, 1999) 

in HEK293 cells co-expressing gephyrin, nNOS and DLC. The expression of nNOS and 
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gephyrin solely increased NO production, as shown by significantly higher cGMP levels 

compared to cells only expressing gephyrin (ctrl) (nNOS wt: 4.1±0.6 pmol/mg, ctrl: 

1.2±0.2 pmol/mg) (Figure 3d). This effect was abolished upon application of the nNOS-

specific inhibitor N5-(1-imino-3-butenyl)-L-ornithine (L-VNIO) (nNOS wt+L-VNIO: 

1.9±0.6 pmol/mg). Interestingly, co-expression of DLC with nNOS and gephyrin also 

significantly reduced cGMP levels (nNOS wt: 4.1±0.6 pmol/mg, nNOS wt+DLC: 1.9±0.6 

pmol/mg). Although the expression of solely nNOS-Q239A, the DLC-binding-deficient 

nNOS variant, and gephyrin lead to a significant increase in cGMP production (nNOS-

Q239A: 3.9±0.3 pmol/mg, ctrl: 1.2±0.2 pmol/mg), this effect was not significantly 

reversible by additionally co-expressed DLC (nNOS-Q239A+DLC: 3.0±0.6 pmol/mg). 

These results indicate that DLC inhibits nNOS even in the ternary complex and was 

equally effective as L-VNIO.  

 After establishing that DLC inhibits nNOS activity within the ternary complex, we 

wondered whether the presence of DLC affects gephyrin S-nitrosylation by nNOS. We 

expressed gephyrin and nNOS in HEK293 cells and used an S-nitroso cysteine (SNO-

Cys) specific antibody to immunoprecipitate S-nitrosylated proteins (Dejanovic and 

Schwarz, 2014). While gephyrin was robustly S-nitrosylated in nNOS-expressing cells, 

gephyrin S-nitrosylation was greatly reduced in the presence of DLC, highlighting that 

the DLC-mediated inhibition of nNOS directly affects S-nitrosylation of gephyrin in cells 

(Figure 4e).  

 We next asked if DLC-mediated nNOS inhibition impacts postsynaptic clustering 

of gephyrin and co-expressed gephyrin with nNOS and DLC in 9-day-old hippocampal 

neurons and analyzed dendritic gephyrin clustering after 4 days of expression (Figure 

4f). Consistent with previous findings (Dejanovic and Schwarz, 2014), expression of 

nNOS wt significantly reduced gephyrin cluster sizes compared to the condition only 

expressing gephyrin (ctrl) (nNOS wt, 82.8±2.7% of ctrl), which we also observed for the 

DLC-binding-deficient variant nNOS Q239A (nNOS-Q239A, 80.9±2.4% of ctrl). The 

nNOS-dependent effect on gephyrin clustering was reversible by L-VNIO treatment 

(nNOS wt+L-VNIO, 93.5±3.2% of ctrl) and DLC overexpression with nNOS wt (nNOS 

wt+DLC, 98.8±3.3% of ctrl). In contrast, DLC did not inhibit nNOS-Q239A (nNOS-

Q239A+DLC, 78.4±2.6% of ctrl). On the other hand, expression of DLC led to a 

significant increase in gephyrin cluster size (DLC, 112.2±3.8%), as seen before with 

endogenous gephyrin (Figure 2f). This observation is compatible with the image that DLC 

inhibits endogenous nNOS and thus decreases S-nitrosylation-dependent reduction of 

gephyrin clustering.  

  Lastly, we wanted to investigate whether the phosphorylation site T205 and 

residue Q239, which we identified as crucial for gephyrin-DLC interaction (Figure 1f), 
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influence and regulate the DLC-gephyrin-nNOS complex. Thus, we co-expressed these 

T205D and Q239A variants with DLC and nNOS in hippocampal neurons at DIV8 and 

analyzed gephyrin cluster sizes after 6 days of expression (Figure 3g). Gephyrin-T205D 

and gephyrin-Q211A per se showed significantly reduced cluster sizes compared to 

gephyrin wt (ctrl) (gephyrin-T205D, 64.2±2.9% of ctrl; gephyrin-Q239A, 67.4±3.0% of 

ctrl) as previously seen (Figure 1b). But now, neither additional expression of DLC nor 

nNOS, were able to reverse variant-specific cluster size reduction. Together, the results 

suggest that DLC and nNOS act in concert via a ternary complex to regulate the 

postsynaptic clustering of gephyrin by S-nitrosylation. 

 

2.4.5. Gephyrin is inversely regulated by S-nitrosylation and S-palmitoylation  

Lastly, we wondered how S-nitrosylation affects neuronal gephyrin clustering. 

Interestingly, in two untargeted studies that profiled S-nitrosylated proteins in the brain, 

gephyrin was identified to be S-nitrosylated on Cys284 (Paige et al., 2008; Seneviratne 

et al., 2016), which we previously identified to be S-palmitoylated (together with Cys212) 

(Dejanovic et al., 2014a). Thus, we wondered whether S-nitrosylation as a negative 

regulator of gephyrin clustering and S-palmitoylation as a positive regulator compete for 

the same residues and are reciprocally regulated.  

 First, we expressed S-palmitoylation-deficient gephyrin variants gephyrin-C212S 

and gephyrin-C284S in hippocampal neurons with endogenous gephyrin wt background. 

The transfection was performed at DIV9 and expressed for 4 days. To test whether these 

residues are regulated by nNOS-mediated S-nitrosylation, we either pharmacologically 

inhibited or overexpressed nNOS and analyzed cluster sizes of wt, C212S and C284S 

gephyrin variants at DIV12 (Figure 4a). We found a significant reduction in cluster size 

of these variants when compared to GFP-gephyrin wt (ctrl) as we reported previously 

(Dejanovic et al., 2014a). Intriguingly, while L-VNIO increased and nNOS overexpression 

decreased gephyrin wt cluster size, respectively, gephyrin-C212S and gephyrin-C284S 

clusters were unaffected by both treatments, suggesting that gephyrin S-nitrosylation is 

again dependent on Cys212 and Cys284. 

 Next, we repeated nNOS inhibition by L-VNIO in hippocampal neurons derived 

from mice with a conditional gephyrin knockout. The transduction was performed at DIV8 

and expressed for 6 days. The observed effects were similar to those found in neurons 

with endogenous gephyrin present. Again, gephyrin-C212S and -C284S showed 

significantly smaller clusters compared to gephyrin wt (ctrl) (gephyrin-C212S, 72.5±1.1% 

of ctrl; gephyrin-C284S, 71.0±1.8% of ctrl). On the other hand, L-VNIO treatment at 

DIV13 significantly increased cluster sizes of gephyrin wt (ctrl+L-VNIO; 113.6±3.0% of 
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ctrl), while gephyrin-C212S and -C284S were unaffected (gephyrin-C212S+L-VNIO, 

70.2±1.3% of ctrl; gephyrin-C284S+L-VNIO, 76.8±2.0% of ctrl). 

 
Fig. 4. Reciprocal regulation of gephyrin S-nitrosylation and S-palmitoylation.  
(a) Expression of recombinant GFP-gephyrin variants through transfection in primary hippocampal neurons 
of wt mice. Quantification of gephyrin punctae sizes. Normalization to the average of gephyrin wt (ctrl). 
Significance tested by 1-way ANOVA and Bonferroni post-hoc test. (b) Expression of recombinant mEGFP-
gephyrin variants through transduction in primary hippocampal neurons of gephyrin-FLOX mice. Gephyrin 
knock-out induced by moxBFP-Cre transfection. Normalization to the average of gephyrin wt (ctrl). 
Significance tested by 1-way ANOVA and Bonferroni post-hoc test. (c) Western blot analysis of 
S-palmitoylated proteins through Acyl-to-biotin exchange assays (ABE). HA=Hydroxylamine. Neurons were 
treated with L-VNIO or DMSO. β-Tubulin served as input control for the biotin immunoprecipitation. (d) 
Quantification of S-palmitoylation levels. Normalization to average band intensity of DMSO-treated neurons. 
(e) Graphical summary: gephyrin is found in a ternary complex with DLC and nNOS. In this complex, DLC 
inhibits nNOS, which allows the cysteines of gephyrin to be S-palmitoylated leading to bigger synaptic 
gephyrin clusters. Phosphorylation of gephyrin at T205 controls the disassembly of DLC from the ternary 
complex. With this, nNOS becomes active and gephyrin is S-nitrosylated leading to smaller synaptic clusters. 
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 To biochemically evaluate whether S-nitrosylation and S-palmitoylation compete in 

cells, we measured S-palmitoylation of L-VNIO treated neurons using the acyl-to-biotin  

258 exchange assay (ABE) (Figure 4c). We observed that gephyrin S-palmitoylation was 

increased in primary hippocampal neurons upon nNOS inhibition using L-VNIO (Fig. 4d). 

In contrast, S-palmitoylation of calnexin (Lakkaraju et al., 2012) was not altered upon L-

VNIO treatment, suggesting that the regulation is restricted to a subset of S-palmitoylated 

proteins in neurons. 

 Together, these results reveal that gephyrin S-palmitoylation and S-nitrosylation 

compete for the same residues Cys212 and 284. Since S-nitrosylation negatively and S-

palmitoylation positively regulate gephyrin clustering, we propose a reciprocal 

mechanism for gephyrin clustering thus collectively regulating neuronal plasticity. 

 

2.5. Discussion 

Using a combination of biochemical and cellular studies, we describe a novel molecular  

mechanism that modulates post-synaptic gephyrin clustering in neurons, a prerequisite 

for synaptic plasticity and synapse function. We propose a model wherein gephyrin forms 

a ternary complex with synaptic DLC and nNOS which is based on a crosstalk between 

gephyrin S-nitrosylation and S-palmitoylation thus regulating post-synaptic gephyrin 

clustering. Gephyrin-nNOS association and NO formation promotes S-nitrosylation of 

gephyrin, which competes with S-palmitoylation at residues C212 and C284. Within the 

ternary complex, activity of nNOS is controlled by DLC. In turn, DLC interaction with 

gephyrin, and hence complex assembly, is abolished by phosphorylation of gephyrin 

T205 (Figure 4e). 

 We suggest that the dynamic gephyrin S-palmitoylation/de-palmitoylation cycle is 

regulated, at least in part, by the competing action of S-nitrosylation. A similar signaling 

cascade has been reported for post-synaptic density protein 95 (PSD95), a scaffolding 

protein at glutamatergic excitatory synapses, where Cys3 and Cys5 of PSD95 are 

reciprocally regulated by S-palmitoylation and S-nitrosylation (Ho et al., 2011). NMDA 

receptor activity increases intracellular calcium levels, which stimulates nNOS-mediated 

NO production and decreases PSD95 S-palmitoylation and synaptic clustering. The 

observation that S-nitrosylation and S-palmitoylation compete for the same residues on 

gephyrin and PSD95 might reflect a general mechanism and could serve as an ‘on-off’ 

switch also in other proteins. Given that proteomic studies identified hundreds of S-

palmitoylated and S-nitrosylated synaptic proteins (Kang et al., 2008; Paige et al., 2008; 

Seneviratne et al., 2016; Collins et al., 2017; Yang et al., 2022; Stykel and Ryan, 2024), 

we postulate that competitive interaction between S-nitrosylation and S-palmitoylation 
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could also regulate other neuronal proteins. Indeed, a competitive relationship between 

S-nitrosylation and S-palmitoylation has been shown for a number of neuronal proteins 

with decreased S-palmitoylation levels in the presence of NO donors (Hess et al., 1993; 

Ho et al., 2011). Notably, the interplay of S-palmitoylation, S-nitrosylation and 

phosphorylation of synaptic proteins becomes more and more disease relevant and was 

subject of several studies (Zareba-Koziol et al., 2019; Yan et al., 2022; Yucel et al., 2023). 

The identified phosphorylation-dependent interaction between gephyrin and DLC 

suggests that phosphorylation on gephyrin may regulate the strength of nNOS-mediated 

S-nitrosylation of gephyrin. 

 While our results suggest that DLC influences gephyrin clustering by inhibiting 

nNOS and NO release, it is possible that DLC binding also influences gephyrin structure 

and function. In line with that, it has been demonstrated recently, that DLC-interaction 

influences the ability of gephyrin to undergo liquid-liquid-phase separation (LLPS) in the 

presence of multimeric inhibitory GlyRs and GABAARs, a mechanism that creates 

synaptic subdomains though the formation of liquid condensates (Bai et al., 2021). 

Importantly, it was stated that two DLC- binding sites exist within gephyrin C-domain, a 

high-affinity binding site (aa203-212) and a low-affinity binding site (aa246-258) (Bai et 

al., 2021). Only the removal of both binding-sites prohibited the formation of LLPS 

indicating, that solely one DLC-binding site is sufficient to maintain effects on LLPS. 

Since DLC binds to the intrinsically unstructured and highly flexible gephyrin C-domain, 

the interaction might induce conformational changes and folding within this domain 

affecting gephyrin function, as described for other interactors upon DLC-binding (Nyarko 

et al., 2004). 

 Strikingly, it has been previously described, that the lack of the high-affinity binding 

site for DLC within gephyrin C-domain (203-KQTEDKGVQC-212) did not affect synaptic 

gephyrin clustering (Fuhrmann et al., 2002a). Considering that this motif also includes 

cysteine 212, which is an important S-palmitoylation target in gephyrin (Dejanovic et al., 

2014a), it is possible that reciprocal regulatory mechanisms were simultaneously 

removed. In our studies, we investigated the importance of the DLC-gephyrin interaction 

on synaptic clustering by manipulating only this interaction through the variants T205D 

and Q211A, which left the role of C212 untouched. Our data suggests that the DLC-

gephyrin is per se important for synaptic clustering of gephyrin and is directly involved in 

the reciprocal regulation of S-nitrosylation and S-palmitoylation. 

 Besides the physiologically relevant regulation of synaptic function, the 

S-nitrosylation/S-palmitoylation signaling cascade could also be disease relevant. 

Increased gephyrin S-nitrosylation has been identified in mouse models of autism (Amal 

et al., 2020) and during early stages of neurodegeneration in an Alzheimer’s disease 
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(AD) mouse model (Seneviratne et al., 2016). Following our hypothesis, increased S-

nitrosylation would result in decreased S-palmitoylation and reduced postsynaptic 

gephyrin clustering. Indeed, gephyrin clusters were found to be decreased in the 

hippocampus of AD mouse models (Kiss et al., 2016), which might contribute to 

hyperexcitability and reduced synaptic integrity in AD. Moreover, disturbance of gephyrin 

S-palmitoylation was identified in rats with high-anxiety (Shen et al., 2019). Analogous to 

excitatory synapses, where small molecule inhibitors of the PSD-95/nNOS interaction 

have clinical potential (Doucet et al., 2012; Lee et al., 2015), modulation of gephyrin 

PTMs, e.g. by inhibiting the interaction with nNOS might be used to further decipher the 

significance of the here identified protein complex formation and dynamic PTMs. In 

conclusion, our data advances the understanding of the molecular features of gephyrin 

regulation, specifically the role and regulation of different thiol-modifications in 

GABAergic synapse function. 

 

 

2.6. Material and methods 

DNA/expression constructs 

EGFP-tagged gephyrin and myc-tagged nNOS have been described previously 

(Dejanovic et al., 2014b; Dejanovic and Schwarz, 2014). 6His-tagged DLC was cloned 

into the pQE80 and mCherry-C3 vectors (Clontech). 6His-tagged gephyrin and 

expression vectors, as well as constructs for viral production have been introduced 

before (Schrader et al., 2004; Liebsch et al., 2023). Mutations have been generated by 

fusion-PCR and all constructs have subsequently been sequenced. 

 

Cell cultures and transfections 

Primary hippocampal neurons, HEK293 and COS7 cells were cultured as described 

previously (Dejanovic et al., 2014b). HEK293 and COS7 cells were transfected with 

polyethylenimine using standard protocols. Neurons were usually transfected after 

9 days in vitro (DIV) using Lipofectamine 2000 according to the manufacturer's protocol 

and cultured for 4 consecutive days. In case of viral transduction, we used established 

protocols (Liebsch et al., 2023) and transduced cells at DIV8 and fixed after 6 days. 

 

Expression and purification of recombinant proteins from E. coli cells 

Recombinant 6His-tagged gephyrin and DLC were expressed in E. coli and affinity-

purified using nickel-nitrilotriacetic acid resin (Ni-NTA, Quiagen) as suggested by the 

manufacturer. Cells were lysed in lysis buffer (50 mM potassium-phosphate buffer 

pH 8.0, 300 mM NaCl, 20 mM imidazole) and protease inhibitors (Roche) using an 
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EmulsiFlex C5 (Avestin) high-pressure homogenizer. After pelleting cell debris, 

supernatant was incubated with Ni-NTA beads. Unbound proteins were removed by 

using an increasing imidazole gradient eluted in PBS containing 250 mM imidazole. For 

further purification of affinity-purified proteins, Superdex 200 16/60 and 75 16/60 columns 

(120 ml column volume, GE Healthcare) were used.  

 

Size exclusion chromatography 

2 nmol purified gephyrin and/or 3 nmol purified DLC were loaded on a size-exclusion 

column (Superdex 200 10/300) connected to an ÄKTApurifier (GE Healthcare) and run 

at 0.5 ml/min with SEC buffer (20 mM Tris, pH 7.4, 250 mM NaCl). Elution was monitored 

by measuring absorbance at 280 nm. Molecular weights were calculated according to 

the elution profile of standard proteins.  

 

Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) measurements were performed with recombinant 

6His-tagged gephyrin and purified 6His-tagged DLC. Ligand and binding partner were 

present in the identical ITC-buffer (10 mM Tris/HCl, 250 mM NaCl, 1 mM β-

Mercaptoethanol). ITC experiments were performed at 37°C using a VP-ITC system with 

cell concentrations of 18-30 μM gephyrin and syringe concentrations of 270-350 μM 

purified DLC. The injection volume was set to 4-6 μl/8-12 s for each injection with 240 s 

spacing and an initial delay of 120 s. Reference power and stirring speed were set to 

5 μCal/s and 310 rpm, respectively. Raw data were analyzed with Origin 7 software. 

 

Acyl biotin exchange assay 

The ABE assay has previously been described in detail (Dejanovic et al., 2014a). Cells 

were treated with 50 μM A23187 for 1 h (to activate nNOS) or 20 μM L-VNIO for 12 h.  

 

Pharmacological treatment of hippocampal neurons 

Where indicated, cells were treated with 50 µM L-VNIO (N5-(1-imino-3-butenyl)-L-

ornithine) for 14 h. DMSO was added to the control neurons. For downstream Western 

blotting, neurons were dissolved directly in 2xSDS loading buffer. 

 

Immunostaining and image analysis 

Neurons were fixed after 11-14 DIV. Immunostaining and laser scanning microscopy of 

cultured cells have been described previously (Dejanovic and Schwarz, 2014; Liebsch 

et al., 2023). The following antibodies were used: rabbit anti-vesicular GABA transporter 

(VGAT) (1:500, Synaptic Systems, AB_887871), rabbit anti-DLC/LC8; (1:1 000, Abcam, 
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AB_51603), goat anti-rabbit Alexa Fluor 568 (1:500, Invitrogen) and goat anti-rabbit 

Alexa Fluor 647 (1:500, A11031, Thermo Fisher Scientific, A-21245). Images were taken 

with a Nikon AZ-C2+ confocal laser scanning microscope or with a Leica SP8 

LIGHTNING upright confocal microscope. As objectives we either used a Plan Apo VC 

60x/1.40/0.13 Oil PFS objective or an HC PL APO CS2 63x/1.30 glycerol objective, 

respectively. Images were acquired with a z-stack size of 0.5 or 0.33 µm with a resolution 

of 1024x1024 (212.16x212.16 µm) or 2048x2048 (144.77x144.77 µm). In case of 

transfected samples, gephyrin clusters were quantified within two 20x5 μm regions-of-

interest (ROI) per neuron. Due to the high transduction efficiency, samples derived from 

viral transduction were analyzed in an automated fashion using adapted published 

protocols (Liebsch et al., 2023). Clusters with a size of >0.05 μm2 were excluded. Cluster 

size was averaged per neuron and mean values were compared for significance tests.  

 

Western blotting and statistical analysis 

Proteins were separated by SDS-PAGE (10%-12% acrylamide) and immunoblotted 

using standard protocols. Horseradish peroxidase-signals were detected by 

chemiluminescence (Thermo Scientific) and an electrochemiluminescence- (ECL) 

system with a cooled CCD camera (Decon; Bio-Rad). Band intensities were quantified 

using ImageJ.  

 

Co-immunoprecipitation 

Transfected HEK293 cells were lysed in IP buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 

1 mM EDTA) containing protease inhibitor (Roche) by sonication. Cleared lysate was 

incubated with primary GFP- (Santa Cruz), mCherry- (Pierce), myc- (cell culture 

supernatant) or S-NO Cys-antibody (Abcam) for 1 h at room temperature (RT). Protein 

A/G Sepharose beads (Santa Cruz) were added for an additional hour at RT. Normal 

mouse IgG loaded beads were used as control. After washing three times, bound 

proteins were eluted from the beads by boiling in 2xSDS-loading buffer and analyzed via 

Western blotting.  

 

cGMP assay  

The Cayman cGMP EIA Kit was used to quantify cGMP levels. HEK293 cells were grown 

in 6-well plates and transfected with GFP-gephyrin, nNOS- myc and mCherry DLC. 

nNOS was inhibited by the application of 50 μM L-VNIO for 14 h. Cells were harvested 

after 24 h expression time and measurements were performed according to the 

manufacturer’s protocol. Results were obtained from three independent transfections 

and triplicate measurements. 
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Quantification and statistical analysis  

Number of samples and used cultures is described in the figure legends. Statistical 

analysis was performed using GraphPad Prism 8 and the used statistical tests are 

defined in the figure legend. In all instances, statistical significance was defined as 

follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data throughout the paper is 

displayed as mean ± standard deviation (SD). Outlier analysis was performed using 

GraphPad Prism 8 using default settings. Sample size was chosen according to that 

used for similar experiments in previously published literature. Experimenters were 

blinded whenever possible to experimental condition during data acquisition or 

quantification. 
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2.8. Supplementary figures 

 

 
 
Fig. 1-1. DLC-Y65A does not interact with gephyrin.  
Isothermal titration calorimetry of DLC-Y65A binding to gephyrin showed no significant heat changes except 
for the dilution heat.   
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3.2. Abstract 

Reactive oxygen species (ROS) play a central role in enhancing inhibitory signal 

transmission, thus extending their role beyond oxidative stress in disease and aging. 

However, the underlying molecular mechanisms mediating these functions have 

remained elusive. At inhibitory synapses, the scaffolding protein gephyrin clusters 

glycine and GABA type A receptors. Since gephyrin harbors multiple surface-exposed 

cysteines, we investigated the regulatory influence of ROS on gephyrin. We show that 

H2O2-induced oxidation of gephyrin cysteines triggered reversible, synaptic 

multimerization through disulfide bridge formation, which provided more receptor binding 

sites, lead to proteolytic protection and enhanced liquid-liquid phase separation. We 

identified mitochondria-derived ROS as a physiological source and observed oxidized 

gephyrin multimers in vivo, indicating that gephyrin can be regulated by the redox 

environment. Collectively, our findings suggest that cysteines in gephyrin modulate 

synaptic localization and clustering as regulatory redox-switches thereby establishing a 

link between neuronal and mitochondrial activity. 

 

3.3. Introduction 

Neuronal activity is connected to oxygen consumption and the production of reactive 

oxygen species (ROS)1, that were initially considered as neurotoxic2. However recently, 

redox signaling has emerged as an important pathway for modulating synaptic plasticity. 

For instance, mitochondria-derived ROS enhance neurotransmission at inhibitory 

synapses3, which was attributed to the recruitment of GABA type A receptors (GABAAR) 

to the synapse, but a molecular mechanism explaining this phenomenon remained 

elusive. Moreover, it is unclear, how synaptic ROS signaling would be facilitated or 

sustained in the reductive cytosol. Importantly, maintaining the proper relation of ROS 

production and clearance is crucial for healthy brain function, and disruptions in ROS 

homeostasis leading to oxidative stress have been linked to various neuronal diseases4,5. 

Consequently, unraveling the underlying molecular link between ROS production and 
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neuronal activity is of great interest for understanding synaptic plasticity and the onset of 

pathological processes. 

One key component at inhibitory synapses is the bifunctional protein gephyrin. 

Gephyrin is crucial for the activity of molybdenum cofactor (Moco)-dependent enzymes 

involved in basic metabolism. The conserved N-terminal G-domain and C-terminal E-

domain of gephyrin catalyze the last two steps of Moco biosynthesis6. In addition, in the 

CNS gephyrin serves as the main scaffolding protein at inhibitory synapses, where it 

clusters glycine receptors (GlyRs) and a subset of GABAARs to facilitate efficient 

neurotransmission7,8. The synaptic clustering requires the self-assembly of gephyrin 

through E-domain dimerization and G-domain trimerization9. The interaction between 

receptors and gephyrin takes place between the intracellular domain (ICD) of one 

receptor subunit and the gephyrin E-domain9. The gephyrin C-domain links the catalytic 

G- and E-domain, providing flexibility as well as sites for post-translational modifications 

(PTMs) that regulate receptor binding and clustering10,11. One example is the proteolytic 

cleavage of gephyrin C-domain by the calcium-dependent protease calpain12,13. This 

irreversible modification is important for gephyrin homeostasis and links excitatory 

calcium signaling to the shaping of inhibitory gephyrin scaffolds12. Moreover, gephyrin 

participates in a complex network of protein interactions crucial for signal transmission 

and neuronal plasticity14. Thus, dysfunction of gephyrin has detrimental consequences 

for both metabolic and neuronal functions, ranging from delayed development to seizures 

and early childhood death15-17.  

 Recent studies revealed that gephyrin regulation by PTMs, including those 

targeting cysteines, is essential for synaptic plasticity18,19. S-palmitoylation at Cys212 and 

Cys284 was identified to increase synaptic gephyrin clusters, while S-nitrosylation 

resulted in smaller synaptic clusters. However, not all of gephyrin’s surface cysteines 

have been assigned a specific function. Given that in the absence of specific functions 

cysteines get lost during evolution20, we investigated a potential link between redox-

signaling and surface cysteines going beyond the previously reported S-nitrosylation and 

S-palmitoylation. 

 Redox modifications on cytosolic proteins are often regulated in space and time. 

Gephyrin is a cytosolic protein that reversibly associates with the postsynaptic 

membrane forming postsynaptic clusters/microdomains. Recently, liquid-liquid phase 

separation (LLPS) has emerged as a novel mechanism for creating subcellular 

microdomains important for many pre- and post-synaptic functions21-23. LLPS has been 

proposed as a possible mechanism for gephyrin multimerization22. In addition, the ability 

of gephyrin to undergo LLPS may be influenced by redox-changes or may impact 

gephyrin’s accessibility to redox signals. Initially, it was found that interaction with an 
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artificial multimeric binding partner is necessary to enable gephyrin LLPS22. In the 

previous study, a dimeric model consisting of two ICDs of the GlyR β-subunit was utilized. 

In this study, we employed two different receptor models to study the binding and LLPS 

properties of gephyrin in relation to its redox state. One model is a newly developed 

pentameric and soluble fusion protein of yeast lumazine synthase (LS) and five ICDs of 

the GlyR β-subunit24, while the other is the established monomeric peptide of the GlyR 

β-subunit ICD25. 

 Our results demonstrate a dynamic redox-dependent regulatory mechanism for 

synaptic gephyrin clustering: Oxidation strengthened clustering, a process that was 

reversed by reduction. As result, the number of receptor binding sites increased, which 

was consistent with a previously reported redox-dependent enhancement of inhibitory 

neurotransmission26. We showed that LLPS forms the basis for creating oxidative 

microdomains, with H2O2 derived from mitochondria being a potential source for gephyrin 

oxidation. In conclusion, our study establishes a link between inhibitory neuronal and 

mitochondrial activity and offers a feedforward pathway through redox-dependent 

synaptic clustering of gephyrin. 

 

3.4. Results 

3.4.1. Surface cysteines of gephyrin are required for synaptic function 

A crucial aspect of inhibitory synaptic transmission is the ability of gephyrin to build a 

scaffold by multimerization. To test whether the oligomeric state of gephyrin is dependent 

on cysteines and if those are redox-sensitive, we tested whether gephyrin presents 

redox-sensitive behavior in native tissue. Therefore, we perfused mice with N-ethyl-

maleimide(NEM)-containing PBS to stabilize free thiols and avoid unspecific oxidation. 

In subsequent Western blot analysis, we either used the reductant dithiothreitol (DTT) or 

omitted it, allowing to compare the presence of redox-dependent gephyrin species 

(Figure 1A). In all tissues, the absence of a reductant resulted in bands corresponding 

to a molecular weight of approximately 300 kDa representing multimeric gephyrin 

species, whereas reduction of gephyrin led exclusively to monomeric gephyrin. The 

fractional abundance of multimeric gephyrin was approximately 20% (Figure 1B). Based 

on this finding, we hypothesized that gephyrin cysteines are redox-sensitive forming 

intermolecular disulfide bridges and thereby influence multimerization. Multimerization is 

a crucial parameter for the synaptic function of gephyrin27. Thus, we wondered which 

surface cysteines of gephyrin could be important for multimerization.  
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Figure 1: Role of Surface-exposed Cysteines of Gephyrin. 
A) Western Blot analysis of tissue lysates generated from mice, that have been perfused with NEM. Samples of reduced 
(DTT) or non-reduced lysates (load of 45 µg). Monomeric and multimeric gephyrin marked with arrows. Quantification of 
gephyrin multimer bands from A, including six mice samples in total. Abundance in relation (%) to complete gephyrin 
amount loaded in one sample. B) Domain structure of gephyrin. G=G-domain; C=C-domain; E=E-domain. Positions of 
the eight potential surface-exposed cysteines highlighted. C) Crystal structures of trimeric G-domain (1IHC28) and dimeric 
E-domain (2FU325). Surface cysteines highlighted in yellow. D) Genetically engineered cysteine variants used in this study. 
Cysteines were substituted with serines at indicated positions. E) Redox Shift Assay with the cysteine variants. Workflow: 
In this assay free thiols (-SH) are labelled with a maleimide-PEG-5kDa-tag (mmPEG) increasing the size in SDS-PAGE. 
Coomassie staining: Amount of labelled, free-thiols cysteines indicated with arrows. As controls mmPEG and SDS were 
left out (Minimum) and both were added to additionally label the 4 internal cys (Maximum). For the steady state redox-
status mmPEG but no SDS was used. 
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Figure 2: Role of the Surface-Exposed Cysteines for Gephyrin Function. 
A) Primary, hippocampal neurons transfected with EGFP-gephyrin (green) and tdTomato (cell filler, blue) (scale bar 30 
µm). Synaptic termini identified by vGAT staining. Dendrites enlarged (scalebar 5 µm) with increments of respective 
synaptic gephyrin clusters (scale bar 1 µm).  B) Cluster analysis of synaptic gephyrin. Significance tested by 1way ANOVA 
F(3,103)=7.240, p=0.0002. Bonferroni post-hoc test in comparison to wt: C212/284S: p=0.0033 (**); o212/284: p=0.0035 
(**), cys-free: p=0.0002 (***). Bonferroni post-hoc test of o212/284 and cys-free p=0.9368 (ns). C) Scheme of gephyrin 
clustering at GABAergic synapses. Cys-free gephyrin shows disturbed synaptic clustering 

 

 Crystal structures of G- and E-domain25,28, as well as the identification of S-

palmitoylation19, assigned cysteines at position 26, 154, 212, 284, 419, 469 and 633 as 

surface-exposed (Figure 1 B and C). Interestingly, those cysteine residues are 

conserved in orthologues harboring a central nervous system (Figure S1), while other 
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proteins such as Cnx1 in plants or bacterial orthologues lack those cysteines. In addition, 

Cys293 within the C-domain is considered as surface-exposed in the absence of 

structural information and a prediction as an intrinsically unordered sequence within the 

protein11. To investigate the potential role of exposed surface cysteines in redox 

regulation of gephyrin function, we generated cysteine variants by the substitution to 

serine  (Figure 1D). Previously, Cys212 and 284 were identified as targets of S-

palmitoylation19. In this study, each of the other eight surface cysteines was individually 

substituted with serine. These variants were expressed in cultured primary hippocampal 

neurons, and the synaptic localization of gephyrin was analyzed. Except for the S-

palmitoylated Cys212 and 284, none of the other substitutions resulted in any noticeable 

effect. This suggested that the other surface cysteines were individually dispensable. To 

test whether more than one cysteine outside the S-palmitoylation motif may have a 

functional role, we generated a gephyrin variant containing only Cys212 and 284 

(o212/284) by replacing all other surface cysteines (Cys26, 154, 293, 419, 469, 663) with 

a serine. Additionally, we generated variants with remaining Cys212 (o212) and Cys284 

(o284), respectively, and one variant without any surface-exposed cysteine, which we 

called “cys-free”. Importantly, in all variants the four internal cysteines (Cys74,133, 635, 

676) were unchanged. 

 The respective gephyrin variants were expressed and purified to homogeneity 

(Figure S2A). All variants showed similar secondary structure distribution as judged by 

CD-spectroscopy (Figure S2B). Besides that, we observed similar expression in COS7 

cells (Figure S3A and B) and functional enzymatic activity (Figure S3C).  

 With the purified variants we performed a redox-shift assay (Figure 1E) to 

determine free thiols by the attachment of a maleimide conjugate with a PEG-tag 

(mmPEG5kDa), which requires an accessible, free thiol. Each labelled cysteine increased 

the size of gephyrin by approximal 10 kDa. Note that, internal Cys74, 133, 635 and 676 

are accessible in the unfolded protein only (maximum shift).  Thus, we confirmed that 

each individual cysteine among the eight predicted ones were indeed surface exposed, 

regardless of the presence of other cysteines (Figure 1E).  

 Based on the observed redox-dependent multimerization and redox-shift data, we 

anticipated a critical role for the eight surface-exposed cysteines in gephyrin. We focused 

on the scaffolding function of gephyrin in neurons. First, we performed Western blot and 

RT-PCR analysis demonstrating equal levels of expression for all variants (Figure S4). 

Afterwards, we expressed EGFP-tagged wt gephyrin, the variant lacking the S-

palmitoylation sites (C212/284S), and our newly generated variants (o212/284 and cys-

free) in hippocampal neurons (Figure 2A). Subsequently, we assessed synaptic gephyrin 

cluster size (Figure 2B). The o212/284 variant did not exhibit a wt-like phenotype. The 
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disturbance of synaptic clustering was similar to that observed in the C212/284S variant, 

as the synaptic cluster size was significantly reduced. This finding led us to conclude that 

the other surface cysteines serve an unidentified function, distinct from that of S-

palmitoylation19. Furthermore, this unknown function appears to be dependent on 

multiple cysteines, as single substitutions that were studied before did not show any 

significant impact on synaptic function19. Moreover, the cysteine-free variant was in 

comparison to wt gephyrin significantly impaired, which was comparable to the o212/284 

variant underlying the importance of all surface-exposed cysteines.  

 In summary, our data demonstrate that at least eight cysteines in gephyrin are 

surface exposed and play an important role in synaptic clustering (Figure 2C). 

Furthermore, the underlying mechanism, responsible for the multimerization of gephyrin 

at synapses relies on the cooperative action of multiple cysteines, which is in line with 

the identification of redox-dependent multimers found in native tissue. 

 
3.4.2. Gephyrin undergoes reversible multimerization through disulfide bridge 

formations 

Given that an unidentified mechanism involves the cooperation of cysteines and 

regulates the density of gephyrin at inhibitory synapses, we proposed the possibility of 

an oxidation-induced disulfide-bridge formation in gephyrin clusters. To test this 

hypothesis, we treated recombinantly expressed gephyrin derived from E. coli with either 

the oxidant diamide or the reductant Tris-2-carboxyethyl-phosphine (TCEP) and 

analyzed the multimeric state of gephyrin using size-exclusion chromatography (SEC). 

As a negative control, we used cysteine-free gephyrin. Upon oxidation, wt gephyrin 

displayed a significant increase in high-order multimers, which was not observed in the 

cysteine-free variant (Figure 3A and B). This led us to conclude that cysteines mediate 

a mechanism triggering multimerization. To confirm that disulfide bridges are responsible 

for gephyrin multimerization, we subjected the oxidation-induced multimers to treatment 

with DTT, which effectively reversed the formation of multimers back to their initial non-

oligomeric state prior to oxidation. In addition, we collected samples of the different SEC 

peaks and prepared them for SDS-PAGE analysis under reducing or non-reducing 

conditions (Figure S4A and B). We found that reduction and denaturation of all samples 

including those of the oxidation-induced high-order multimers, resulted in monomeric 

gephyrin species at around 100 kDa. In contrast, without reductant prior to SDS-PAGE, 

monomeric gephyrin species disappeared. For the cysteine-free variant, no difference 

was observed before and after oxidation. In conclusion, we show that the mechanism 

behind redox-dependent multimerization of gephyrin is likely the induction of 

intermolecular disulfide bridges by oxidation, which can be reversed by reduction. 



68 

 

 
Figure 3: Reversible Redox-Dependent Oligomerization of Gephyrin in vitro and in vivo. 
A-B) Size exclusion chromatography (SEC) with oxidized or reduced gephyrin wildtype (wt) or cysteine-free (cys-free) 
variant. A) Chromatograms with peaks of high-order multimers (1) or hexameric gephyrin (2). Reduced runs in blue (wt) 
or black (cys-free), oxidized in white (wt) or grey (cys-free) and oxidized peak collected and subsequently re-reduced in 
black (wt). B) Quantification of the ratio of the peak heights of three different runs. Significance tested by 1way ANOVA 
F(4,10)=137.2, p<0.0001, Bonferroni post-hoc test: p<0.0001 (****); p>0.9999 (ns).  C) CD Spectroscopy. Spectra of 
oxidized or reduced gephyrin wt or cys-free variant. Vertical dotted line indicates HT threshold of 800 mV. D) Schematic 
illustration of receptor models used for binding studies. The glycine receptor (GlyR) is modelled by either a short peptide 
of the intracellular domains of the GlyRβ-subunit (βICD) or by the fusion of soluble, pentameric lumazine synthase (LS) 
with five βICDs. E) Isothermal colorimetry (ITC) experiment titrating βICD-peptide into gephyrin wt or cys-free variant. 
Experiment performed under reductive conditions. F) ITC titrating LSβICD into gephyrin wt or cys-free variant. 
Experiments were performed under non-reductive conditions with either pre-reduced or pre-oxidized gephyrin. 
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3.4.3. Gephyrin oxidation increases liquid-liquid phase separation 

We identified that gephyrin multimerization was reversible and inducible by oxidation in 

vitro and we observed redox-dependent multimers in vivo. Next, we asked whether these 

oxidized, multimerized gephyrin species retain their functionality. Given that 

multimerization is a crucial feature of gephyrin, we sought to investigate the molecular 

consequences in respect to its biochemical properties, such as structure and receptor 

binding. 

 Firstly, we examined the secondary structure and binding capability of both wt 

gephyrin and the cysteine-free variant under oxidative and reductive conditions.  Overall, 

we observed no alterations in the secondary structure, regardless of whether all 

cysteines were replaced with serines or if gephyrin underwent reduction or oxidation 

(Figure 3C). Similarly, we found no changes in the binding properties of gephyrin towards 

two glycine receptor models βICD and LS βICD24,25 using isothermal titration calorimetry 

(ITC) experiments (Figure 3D-F). For both, wt and cys-free variant, the interaction with 

the βICD peptide occurred in a two-site binding mechanism (Figure S5C). The 

stoichiometry observed indicated approximately one gephyrin trimer interacting with one 

βICD peptide. The dissociation constant KD was in the low micromolar range 

(wt = 0.041±0.010 μM; cys-free = 0.063±0.018 μM). The binding mechanism of gephyrin 

wt and cys-free variant with pentameric LS βICD followed a one-site binding model 

(Figure S5D) yielding a stoichiometry of one LS βICD pentamer to approximately two 

gephyrin trimers, which was observed for wt and cys-free variant independent of the 

redox-state. The KD was in the low molecular range as well (wtrd = 0.320±0.042 μM; 

wtox = 0.295±0.041 μM; cys-freerd = 0.373±0.041 μM; cys-freeox = 0.291±0.032 μM). 

Consequently, we concluded that the presence of disulfide bridges did not alter the 

secondary structure or binding properties of gephyrin, while it changed its oligomeric 

state.  

 It would be plausible that oxidation-induced multimerization could lead to tighter 

packing of gephyrin clusters. Importantly, the quantity of gephyrin present at synapses 

and the protein density of clusters are crucial factors determining the number of receptor 

binding sites.  Consequently, clustering can impact synaptic plasticity and neuro-

transmission. In line with this notion, we investigated in which manner oxidative 

processes would occur and be maintained, since gephyrin is a cytosolic protein and the 

cytosol represents a reductive environment. One possibility is the ability to form phase-

separated droplets in the presence of a multimeric binding partner. 
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Figure 4: Sedimentation and Calpain Cleavage Assays of oxidized and reduced Gephyrin. 
Oxidized (ox) or reduced (rd) gephyrin wt and cysteine-free were used for sedimentation (A-B) and calpain cleavage (C-
E) assays. Sum of three replicates. Error bars determined by standard deviation. A-B) Successful interaction with LSβICD 
causes droplet formation (liquid-liquid phase separation), these droplets are sedimented by centrifugation. Sedimented 
protein is found in the pellet (P) fraction, non-phase separated protein stays in the supernatant (S). A) Coomassie Staining 
of fractions. B) Quantification of gephyrin band intensities. Relative abundance (%) normalized to sum of protein in pellet 
and supernatant of the corresponding fractions. Significance tested by 1way ANOVA F3,8=1,328, p<0.0001. Bonferroni 
post-hoc test: wt: p<0.0001 (****); cys-free: p=0.9773 (ns). C-D) Exposure of gephyrin to the protease calpain for different 
times. C) Coomassie staining. Degradation products of gephyrin indicated at the different heights. fl=full-length; gephE=E-
domain; gephEC=E-domain with C-domain fragments; gephG=G-domain, gephGC=G-domain with C-domain fragments. 
In the control, calcium was absent. D) Quantification of full-length (fl) gephyrin in each sample. Relative abundance (%) 
normalized to the start point 0. Significance between rd and ox determined by t-test and significance level alpha corrected 
by Bonferroni (/3): wt t1:p=0.0001 (***); t2:p=0.0002 (***); t3:p=0.006; cys-free: t1:p=0.2535 (ns); t2:p=0.1292 (ns); 
t3:p=0.1843 (ns). E) Comparison of proteolytic resistance. Relative abundance of fl geph in the reduced samples was 
subtracted from that of the oxidized ones (Δox-rd). Significance tested by t-test and significance level alpha Bonferroni 
corrected (/3): t1:p=0.0022 (**); p=0.0031 (**); p=0.0033 (**). 
  



71 

 

 To investigate LLPS of gephyrin in relation to its redox-state, we used the 

pentameric receptor model LSβICD24 (Figure 4A). Following coincubation of a 2:1 

molarity of LSβICD to oxidized gephyrin, we found a significantly stronger sedimentation 

with nearly 100% of all protein in the sedimented fraction, while the majority of reduced 

gephyrin stayed in the soluble supernatant. In comparison, oxidized and reduced 

cysteine-free variants remained in the soluble similar to reduced wt gephyrin (Figure 4B). 

This finding supports the idea that oxidized gephyrin forms high-order oligomeric 

networks in the presence of oligomeric ligands thus resulting in sedimentation. 

 Calpain-mediated cleavage is an important mechanism for the regulation of 

gephyrin clustering at synapses12. Besides calcium levels, the access to calpain 

cleavage sites determines the rate of proteolysis, which could be altered through redox-

dependent multimerization. Therefore, the ability of calpain to cleave reduced or oxidized 

gephyrin was tested in vitro (Figure 4C-E). The sensitivity of oxidized gephyrin to calpain 

cleavage was significantly reduced by approximately two-fold, while there was no 

significant difference between reduced wt gephyrin and oxidized or reduced cysteine-

free gephyrin (Figure 4D). Analyzing the difference in remaining full-length, undigested 

gephyrin between oxidized and reduced protein (Δox-rd), showed that wt gephyrin 

exhibited significant proteolytic resistance after oxidation even after short exposure 

towards calpain (Figure 4E). In contrast, the cysteine-free variant was equally digested 

as reduced wt gephyrin, regardless of whether it was in the reduced or oxidized state. 

 In summary, our results show that structural properties of gephyrin that are 

influenced by its oligomeric state, such phase separation as well as proteolytic sensitivity, 

were redox-dependent.  

 

3.4.4. H2O2 mediates synaptic clustering of gephyrin in cellulo 

To address the question of how gephyrin wt in comparison to the cys-free variant could 

be oxidized to multimerize via disulfide-bridge formation in neurons, we investigated 

H2O2, which is a commonly known oxidant emerging from different sources in the cell. 

Therefore, we expressed a cytosolic version of a D-amino acid oxidase (DAAO) with an 

mScarlet-tag in hippocampal neurons and tested the effect on endogenous gephyrin 

clusters (Figure 5A) and afterwards on recombinant cys-free and wt gephyrin 

(Figure 5B). DAAO enzyme produces H2O2 by the conversion of D-amino acids to the 

corresponding α-keto acids (Figure 5A), thus we treated our cells with D-Met. As a 

negative control we generated a less active variant of DAAO by substituting Arg285 to 

Lysin29. Following cell treatment, we stained for the presynaptic marker vGAT and 
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analyzed its co-localization with endogenous gephyrin to identify synaptic gephyrin 

species. 

 Firstly, the ubiquitous and cytosolic localization of DAAO could be demonstrated 

(Figure 5C, full images in Figure S6A). D-Met treatment caused a significant increase of 

synaptic cluster sizes by approximately 20% (from 0.1269 to 0.1521 µm2) (Figure 5C and 

D). Additionally, the intensity of synaptic gephyrin was significantly increased by about 

14% (from 1 364 to 1 559 a.u.) (Figure 5E). The expression of DAAO R285K variant in 

combination with D-Met treatment had a significant increase on gephyrin cluster size as 

well, but the effect size was smaller (Confidence Interval [-0.011;-0.039]wt, [-0.001;-

0.030]R285K). The effect could be explained by the residual activity of the R285K mutant29. 

However, no effect of the treatment in combination with the R285K mutant on the 

intensity of gephyrin was observed. Based on this observation, we conclude that the 

effects on gephyrin resulted mainly from the enzymatic activity of DAAO, the production 

of H2O2. Since increase of cluster size and intensity are signs of gephyrin recruitment to 

the synapse, we concluded that H2O2 is able to trigger synaptic multimerization of 

gephyrin in cellulo.  

 Next, we verified that H2O2 has a direct effect on the cysteines of gephyrin to 

support the hypothesis of gephyrin oxidation-mediated multimerization via disulfide-

bridges (Figure 5B). Thus, we combined the expression of DAAO and subsequent D-Met 

treatment with the overexpression of mEGFP-tagged gephyrin (Figure 5F, full images in 

Figure S6B). As expected, overexpressed wt gephyrin showed a significant increase of 

about 25% (from 0.1393 to 0.1750 µm2) in cluster size following D-Met treatment, while 

cys-free gephyrin showed no effect (Figure 5F and G). Strikingly, the intensity of synaptic 

mEGFP-gephyrin wt upon DAAO-mediated H2O2 production was decreased by -15% 

(from 6 591 to 5 588 a.u.), but that of cys-free gephyrin was unchanged (Figure 5H). In 

this set up, oxidation extended existing gephyrin clusters in size but did not increase the 

density within clusters. 

  In conclusion, we could show that DAAO-mediated H2O2
 promotes synaptic 

gephyrin cluster formation. The mechanism involves surface cysteines of gephyrin since 

cysteine-free gephyrin did not react to cellular H2O2 formation. 
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Figure 5: H2O2  drives Gephyrin Oligomerization at Synapses. 
Expression of cytosolic mSclt-DAAO and mEGFP-Geph in primary, hippocampal neurons. Treatment at DIV14 with 5 mM 
D-MET. Analysis of cluster sizes [µm2], intensity [au] and co-localization with vGAT (=synaptic clusters) of gephyrin. A) 
Schematic description of H2O2 production of DAAO wt upon D-methionine acid treatment. DAAO mutant R285K is inactive. 
Can H2O2 oxidize gephyrin and influence its oligomerization? B) Schematic description of influence of DAAO-generated 
H2O2 on gephyrin clustering. Is cys-free gephyrin not influenced? C-D) mSclt-DAAO wt and R285K. Analysis of 
endogenous gephyrin clusters. C) Representative gephyrin clusters (Gephyrin: green, vGAT: magenta, DAAO: blue) 
(scale bar 0.5 µm). Synaptic termini identified by vGAT co-localization.  D) Sizes of synaptic gephyrin. Significance tested 
by 1way ANOVA F(3,113)=14.18, p<0.0001. Bonferroni post-hoc test: wt vs. wt+D-MET: p<0.0001 (****); R285K vs 
R285K+D-MET: p=0.0277 (*), wt+D-MET vs R285K+D-MET: p=0.0010 (***). E) Intensity of synaptic gephyrin. Significance 
tested by 1way ANOVA F(3,109)=4.431, p=0.0056. Bonferroni post-hoc test: wt vs. wt+D-MET: p=0.0204 (*); R285K vs 
R285K+D-MET: p=0.0808 (ns), wt+D-MET vs R285K+D-MET: p=0.0083 (**). F-H) mSclt-DAAO wt and mEGFP-Geph wt 
and cys-free variants. Analysis of recombinant mEGFP-gephyrin clusters.  F) Representative gephyrin clusters (Gephyrin: 
green, vGAT: magenta) (scale bar 0.5 µm). Synaptic termini identified by vGAT co-localization. G) Sizes of synaptic 
gephyrin. Significance tested by 1way ANOVA F(3,107)=31.66, p<0.0001. Bonferroni post-hoc test: wt vs. wt+D-MET: 
p<0.0001 (****); cys-free vs cys-free+D-MET: p=0.1252 (ns), wt+D-MET vs cys-free+D-MET: p<0.0001 (****). H) Intensity 
of synaptic gephyrin. Significance tested by 1way ANOVA F(3,110)=5.608, p=0.0013. Bonferroni post-hoc test: wt vs. 
wt+D-MET: p=0.0212 (*); cys-free vs cys-free+D-MET: p=0.8567 (ns), wt+D-MET vs cys-free+D-MET: p>0.9999 (ns).  
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3.4.5. Mitochondria-derived ROS are a source of gephyrin oxidation 

Lastly, we were looking for a more natural source of oxidation since the expression of 

ubiquitous DAAO is an artificial approach. Such a natural source could be ROS 

generated by mitochondria (mROS). Although there are more pathways generating ROS, 

we chose mitochondria, since neurons are mitochondria-rich cells requiring ATP and thus 

active mitochondria30-32. In turn, mitochondria with oxidative phosphorylation activity, 

likely produce ROS such as superoxide radicals, that are quickly turned over to H2O2
33. 

 ROS production was triggered by the treatment of neurons with antimycin A. 

Antimycin A inhibits complex III of the respiratory chain in mitochondria leading to the 

accumulation of electrons34. These electrons react with oxygen to ROS35. Additionally, 

we introduced DTT treatment to reverse mROS-dependent oxidative stress (Figure 6A). 

Again, we monitored first endogenous gephyrin and the presynaptic marker vGAT 

(Figure 6C, full images in Figure S7A). Comparable to the results using DAAO as an 

oxidation source, mROS production led to a significant increase of gephyrin average 

cluster size by about 13% (from 0.1808 to 0.2051 μm2) and significantly increased 

gephyrin intensity by about 25% (from 810.7 to 1 020 a.u.) at synapses (Figure 6D and 

E). This effect was reversible following DTT treatment (to 0.1851 μm2 and 890.1 a.u.). 

Previously, it was reported that antimycin A treatment enhanced inhibitory 

neurotransmission by the recruitment of synaptically active GABAA R containing γ2 and 

α3 subunits to the synapse26. Oxidation-mediated multimerization of gephyrin potentially 

leads to more available receptor binding sites, which could be an explanation for the 

recruitment of GABAA Rs (Figure 6B). To test this functional link, we again treated 

hippocampal neurons with antimycin A to produce mROS and stained for synaptic 

GABAA R γ2 subunits (synaptic = co-localization with vGAT) (Figure 6F-H, full images in 

Figure S7B). Upon antimycin A treatment, the average sizes of synaptic GABAA R γ2 

punctae significantly increased by about 11% (from 0.1421 to 0.1576  μm2) (Figure 6G). 

This effect was again reversible following DTT treatment. The intensity of γ2 punctae 

was unchanged in all conditions (Figure 6H). 

 Taken together, mROS production enhanced synaptic gephyrin clustering, which 

was reversible by reduction. This finding indicates that the underlying mechanism of 

multimerization is redox-dependent and reversible. Since cysteine-free gephyrin did not 

respond to mROS, we propose that oxidation-driven multimerization is mediated via 

disulfide-bridge formation of gephyrin surface cysteines. The multimerization of gephyrin 

at the synapse is important for the supply of receptor binding sites. We could show that 

mROS-mediated oxidation of gephyrin strengthens the recruitment of synaptically active 

GABAA Rs containing γ2 subunits. This likely finally supports inhibitory 
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neurotransmission thus linking mitochondrial to neuronal activity through redox-

dependent multimerization of gephyrin. 

Figure 6: mROS reversibly drive Gephyrin Oligomerization and the Recruitment of GABAAR γ2 Subunits   
Treatment of primary hippocampal neurons at DIV14 with 1 μM Antimycin A (AntiA) and/or 5 μM DTT. Analysis of gephyrin 
or GABAAR γ2 subunit cluster sizes [µm2], intensity [au] and co-localization with vGAT (=synaptic clusters). A) Schematic 
description of mitochondrial ROS (mROS) production through Antimycin A treatment. Do mROS oxidize gephyrin and can 
DTT reverse this by reduction? B) Schematic description of influence of H2O2 on GABAAR (containing γ2 subunits) 
clustering. Does gephyrin oxidation lead to more synaptic receptors? C-E) Analysis of endogenous gephyrin. C) 
Representative gephyrin clusters (Gephyrin: green, vGAT: magenta, DAAO: blue) (scale bar 0.5 µm). Synaptic termini 
identified by vGAT co-localization.  D) Sizes of synaptic gephyrin. Significance tested by 1way ANOVA F(3,112)=11.08, 
p<0.0001. Bonferroni post-hoc test: mock vs. AntiA: p=0.0006 (***); DTT vs DTT+AntiA: p=0.0540 (ns), AntiA vs 
AntiA+DTT: p=0.0065 (**). E) Intensity of synaptic gephyrin. Significance tested by 1way ANOVA F(3,111)=9.734, 
p<0.0001. Bonferroni post-hoc test: mock vs. AntiA: p=0.0001 (***); DTT vs. DTT+AntiA: p=0.0676 (ns), AntiA vs. 
DTT+AntiA: p=0.0341 (*). F-H) Analysis of endogenous GABAAR γ2 subunit clusters.  F) Representative γ2 clusters (γ2 : 
green, vGAT: magenta) (scale bar 0.5 µm). Synaptic termini identified by vGAT co-localization. G) Sizes of synaptic γ2 
clusters. Significance tested by 1way ANOVA F(3,87)=8.567, p<0.0001. Bonferroni post-hoc test: mock vs. AntiA: 
p=0.0037 (**); DTT vs. DTT+AntiA: p>0.9999 (ns), AntiA vs. DTT+AntiA: p<0.0001 (****). H) Intensity of synaptic γ2 
clusters. Significance tested by 1way ANOVA F(3,93)=1.432, p=0.2384. 
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3.5. Discussion 

Our study provides new insight into the mechanism of gephyrin-dependent inhibitory 

synapse formation. First, we identified surface exposed cysteines in vitro and 

demonstrated their sensitivity to redox changes. As a result, we found that the 

multimerization of gephyrin was regulated by oxidation and reduction. We identified 

redox-dependent multimers in vivo and induced synaptic multimerization in cellulo 

through DAAO-mediated H2O2 and antimycin A treatment targeting mitochondria. 

Oligomerization is a crucial aspect of gephyrin scaffolds, significantly impacting the 

plasticity of inhibitory synapses27,36. Consequently, the oligomeric state influences the 

number of available receptor binding sites and the sensitivity of gephyrin to proteolytic 

cleavage37. Changing the oligomeric state by oxidation enhanced clustering, while 

reduction reversed this process (Figure 7). In aggregate, this study provides a novel role 

of multiple surface-exposed cysteines in gephyrin, which were found to be conserved in 

orthologues with a central nervous system while other orthologs in plants, yeast, fungi 

and prokaryotes lack those residues (Figure S4).  

 Our data suggests that the molecular basis for redox-dependent multimerization of 

gephyrin is the formation of disulfide bridges. In comparison to PSD95, the excitatory 

pendant, multimerization by the formation of disulfide bridges was also detected in cellulo 

and in vivo38. Recently, the disruption of a cysteine linkage in PSD95 has been linked to 

an epileptic phenotype in rats39 highlighting the importance of redox-regulation of 

neuronal scaffold proteins. 

 Cysteine oxidation in gephyrin could be reversed by reduction, which is essential 

for enabling dynamic changes and maintaining plasticity. Importantly, cysteine oxidation 

did not influence the secondary structure of gephyrin and its binding to the receptor, but 

it altered the density of gephyrin at the synapse, manipulating the availability of receptor 

binding sites. Since the y2 subunit is considered crucial for synaptic GABAARs7, we 

provide an explanation for the increase in inhibitory neurotransmission caused by 

antimycin A in previous studies26: redox-dependent multimerization of gephyrin, which 

recruited GABAAR-containing y2 subunits. 

 Although, redox-dependent regulation of synaptic proteins has previously been 

investigated, important questions remain open such as the source of oxidation. Given 

that neurons are rich in mitochondria and mitochondria are located in close proximity to 

the synapse31, we propose that mitochondria-derived ROS could serve as a source for 

oxidation. In this sense, gephyrin could provide the functional link between mitochondrial 

and neuronal activity. Highly active neurons require ATP production mainly derived from 

mitochondrial respiration being accompanied by the formation of mROS, which is rapidly 
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converted to H2O2
40-42. H2O2 can reach the synapse and trigger gephyrin recruitment and 

network expansion, thereby recruiting additional receptors to further increase 

neurotransmission. Mitochondria are located in both pre-synaptic and post-synaptic 

regions, so it is conceivable that mROS can regulate the post-synapse from various 

angles and in reverse it can impact both sites of the synapse.  

 Besides mitochondria, there are additional origins of H2O2, such as the NADPH-

oxidase 2 (NOX2) pathway43. NOX2 is highly abundant in cells throughout the CNS44 

and produces superoxide radicals in the extracellular environment, which are 

subsequently converted to H2O2. This H2O2 can re-enter the cell through aquaporins. In 

a recent study, the effects of this pathway on inhibitory neurotransmission were 

investigated45. It was shown that communication of excitatory and inhibitory 

neurotransmission is mediated by ROS and nitric oxide, leading to the recruitment of 

GABAAR-containing γ2 and α3 subunits at inhibitory synapses. In contrast to our study, 

they identified the GABAAR-associated protein(GABARAP) as the primary mediator of 

receptor recruitment, a protein that has been found to interact with gephyrin46. Although, 

it is unclear, whether different ROS-mediated signaling mechanisms can co-exist, it 

highlights the importance of these mechanisms in regulating neuronal plasticity. 

 Another open question concerns the maintenance of oxidation processes in the 

reductive cytosol. In recent studies, LLPS has gained attention as a new principle of 

subcellular organization21,47,48. For gephyrin it was recently demonstrated that it forms 

liquid droplets in the presence of a multimeric receptor model22. Importantly, our data 

showed that oxidation of gephyrin strengthened LLPS. Assuming that gephyrin could 

form liquid droplets at synapses within the cell, these microdomains and their reactive 

cysteines may be shielded from the reductive cytosol allowing the maintenance of their 

disulfide bridges. Testing the hypothesis that gephyrin is shielded from the reducing 

cytosol to maintain its oxidized state is challenging in cellulo or in vivo. Moreover, it 

remains unclear whether oxidation leads to phase separation or vice versa. We showed 

that the multimerization of gephyrin can be controlled by oxidation and reduction, 

indicating a reversible and dynamic mechanism. Thus, it is possible that gephyrin could 

shuttle between phase-separated microdomains depending on its redox state. 

Additionally, these oxidizing microdomains are likely not a dead end, as reduction was 

able to reverse oxidation-mediated clustering of gephyrin in cellulo. This reversibility is 

essential to prevent harmful aggregation and facilitate dynamic plasticity.  

 More and more studies target a possible relation between redox state of cysteines 

and the ability to undergo LLPS. One example is synapsin 1, which harbors two cysteines 

directly affecting LLPS in a redox-dependent manner, which is also relevant in aging23. A 

study, that is mechanistically comparable to our work, was reported for oleosin, where 
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the disulfide-bridge formation of artificially added cysteine residues on the protein surface 

triggered LLPS, while reduction was able to reverse this effect49. In general, the concept 

of a reversible formation of phase-separated microdomains holds great potential and 

may be a key to understand redox-dependent processes in different cellular 

environments. 

 Oligomerization as a function of the redox state of cysteines (including S-

nitrosylation, persulfidation, sulfenylation and disulfide-formation) has been investigated 

previously23,40,50. Such modifications may lead to functional multimers or harmful 

aggregates depending on the site and degree of oxidation thus reflecting the dose of 

ROS51. Imbalance in redox signaling is linked to aging and neurodegenerative 

diseases52. Our study identifies gephyrin as mediator between mitochondrial activity and 

inhibitory synapse formation using ROS as signaling mechanism. 

 

 
Figure 7: Redox-Regulation of Synaptic Gephyrin Clustering. 
Hypothesized model of redox-dependent gephyrin oligomerization at inhibitory GABAergic post-synapses. Gephyrin 
harbors eight surface-exposed cysteines that are redox-sensitive. mROS-mediated oxidation leads to the formation of 
disulfide bridges (Enlargement highlighted with box surrounded by dotted lines) linking gephyrin molecules increasing 
gephyrin oligomerization. This oxidation is reversible by reduction and allows for dynamic shuttling of gephyrin localization. 
LLPS (highlighted in light-blue) might offer an oxidative microdomain facilitating disulfide bridge formation. Ultimately, 
gephyrin oligomerization at synapses offers binding sites for GABAARs strengthening inhibitory signal transmission.  
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3.6. Material and methods 

DNA/expression constructs 

Gephyrin P1 and cysteine variants in pQE80L (Qiagen) were cloned by Gibson assembly 

using EcoRI into pAAV_hSyn_mScarlet (a gift from Karl Deisseroth, Addgene plasmid 

#131001) and using EcoRI into pAAV_hSyn_mEGFP (generated from moxBFP, a gift 

from Erik Snapp, Addgene plasmid #68064; http://n2t.net/addgene:68064; 

RRID: Addgene_68064). Gephyrin was cloned using PCR and XhoI and KpnI into 

pEGFP-C2 (Clonetech). The template for the generation of rat Gephyrin P1 constructs 

was in pQE80L53. The cysteine to serine substitutions were generated by site-directed 

mutagenesis. DAAO was cloned into pAAV_hSyn_mScarlet through PCR and Gibson 

Assembly using EcoRV and the R285K mutation was introduced by site-directed 

mutagenesis. The plasmids pAdDeltaF6 (a gift from James M. Wilson, Addgene plasmid 

#112867; http://n2t.net/addgene:112867; RRID: Addgene_112867) and pAAV2/1 (a gift 

from James M. Wilson, Addgene plasmid #112862; http://n2t.net/addgene:112862; 

RRID: Addgene_112862) were used for virus production. The expression constructs of 

LSβICD in pQE70 and GlyRβICD in ptYB were described previously24,54. 

 

Recombinant expression and purification of gephyrin 

E. coli BL21 Rosetta star was used for the expression of His-gephyrin. Cultures were 

grown at 37°C at 110 rpm and the expression induced at an OD600 of 0.3 with 100 nM 

IPTG. After expression for 22 h at 18°C and 110 rpm, cells were harvested. To achieve 

reduced cysteines (free thiols), all solutions were supplemented with reductant until final 

storage of isolated proteins. The cell pellet was resuspended in lysis buffer (300 mM 

NaCl, 50 mM Tris/HCl, 5 mM beta-mercaptoethanol, 0.05% Tween20, 1 µg/mL 

lysozyme, 1x PI (Roche), pH 7.4) and stored at -80°C. Pellets were thawed in a water 

bath and all steps performed at 4°C. Cells were lysed through alternating ultrasound 

(3 min at 4°C, 30 s pulse, 30 s pulse, 40% amplitude) and pressure lysis (EmulsiFlex, 

1 000-1 500 bar, 4°C) twice. The homogenate was centrifuged (45 min, 16 000 rpm, 4°C, 

JLA 16.250 rotor, Beckman-Coulter Centrifuge Avanti J25-01) and the supernatant 

subjected to Ni-NTA affinity purification (HIS-Select Nickel Affinity Gel (Sigma Aldrich)). 

All buffers for washing and elution were similar to the lysis buffer, contained no lysozyme, 

but contained 20 mM, 40 mM and 300 mM Imidazole, respectively. The eluate was 

further subjected to preparative size-exclusion chromatography (Superdex 200, 120 mL, 

GE Healthcare) using SEC buffer (300 mM NaCl, 50 mM Tris/HCl, 5 mM beta-mercapto 

ethanol, 0.05% Tween20, 5% glycerol, pH 7.4). The fractions of the peaks eluting around 

60-70 mL (Trimers) and 45-60 mL (higher multimers) were collected and concentrated 
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by an Amicon filter with a Cut-off of 50 kDa. To remove reductants, the concentrated 

protein was buffer exchanged by gel filtration (PD10 column) to storage buffer (300 mM 

NaCl, 50 mM Tris/HCl, pH 7.4) and stored at -80°C. 

 

Purification of receptor models LSβICD and βICD peptide from E. coli 

E. coli BL21 Rosetta star was used for the expression of His-LSβICD. The expression 

was performed as previously described24, but instead of preparative size exclusion 

chromatography, the buffer was exchanged by gel filtration using PD10 columns. The 

final storage buffer was 300 mM NaCl, 50 mM Tris/HCl, pH 7.4. 

 For the βICD peptide we used E. coli ER2566. Cultures grew at 37°C and 110 rpm 

until the OD600 reached 0.3. Induction was induced by 250 µM IPTG and expression 

performed for 20 h at 25°C and 110 rpm. Cells were harvested and stored at -80°C in 

ICD lysis buffer (300 mM NaCl, 50 mM Tris/HCl, 1 mM EDTA, 1x Protease Inhibitor 

(Roche), pH 7.4). Lysis of the thawed cells was performed by alternation of ultrasound 

(3 min at 4°C, 30 s pulse, 30 s pulse, 40% amplitude) and pressure lysis (EmulsiFlex, 

1 000-1 500 bar, 4°C) twice. After centrifugation for 1 h at 16 000 x g (JLA 16.25 rotor) at 

4°C, the supernatant was applied on a pre-equilibrated chitin matrix (New England 

Biolabs) and incubated 1.5 h at 4°C under shaking. The column was washed with 15 CV 

ICD buffer before 2.5 CV cleavage buffer (300 mM NaCl, 50 mM Tris/HCl, 1 mM EDTA, 

50 mM DTT, pH 7.5) was applied an incubated for minimum 24 h at rt.  The eluate was 

collected and another 2.5 CV cleavage buffer used for a second elution. The combined 

eluate was concentrated and filtered by Amicon filters with a cut-off of 10 kDa and 3 kDa. 

The buffer was exchanged to ITC buffer (300 mM NaCl, 50 mM Tris/HCl, pH 7.4) by 

dialysis over night at 4°C. The purified protein was stored at -80°C. 

 

Redox shift assay 

Typically, 10 μg protein were prepared in a total volume of 20 μL RSA buffer (50 mM 

Tris/HCl, 5 mM EDTA, pH 7.5) or denaturing RSA buffer (50 mM Tris/HCl, 5 mM EDTA, 

2% SDS pH 7.5) and supplemented with 1 mM mmPEG5kDa or buffer as minimum 

controls. After incubation for 1 h in the dark at rt, samples were used for SDS PAGE. The 

expected shift size per labeled thiol is about 10 kDa. In denaturing conditions, internal 

cysteines are exposed to PEGylation additionally. 

 

In vitro redox-modification 

Purified proteins were oxidized by incubation over night at 4°C with 1 mM Diamide. 

Reduction was performed with 1 mM TCEP or DTT. In case the reagent would disturb in 

further assays, the chemical was removed by gel filtration using PD10 columns. 
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Co-sedimentation assay 

Recombinant protein was pre-cleared at 17 000 x g for 3 min at rt. We mixed gephyrin 

and LSβICD 5:10 μM in a final volume of 50 μL of assay buffer (150 mM NaCl and 25 mM 

Tris/HCl pH 7.5). After incubation of 10 min at rt, samples were centrifuged 10 min at 4°C 

and 17 000 x g. The supernatant was added in a new tube, supplemented with 15 μL 5x 

SDS sample buffer. The pellet was supplemented with 50 μL assay buffer and 15 μL 5x 

SDS sample buffer. Before performing SDS PAGE and Coomassie staining, samples 

were incubated 5 min at 95°C. 

 

ITC 

Isothermal titration Calorimetry (ITC) experiments were performed by using MicroCal 

Auto-ITC200 (Malvern) at 25 °C in ITC buffer (300 mM NaCl, 50 mM Tris/HCl, pH 7.4). 

We used an injection volume of 1-2 μL, a spacing of 150 sec between injections and an 

initial delay of 60 sec. The reference power was 5 μCal/sec and the stirring speed 

1 000 rpm. The concentrations of LSβICD and GlyRβICD in the syringe were about 

200-215 μM and 300-310 μM, respectively and the concentration of gephyrin in the 

sample cell was 31–35 μM. Parameters and curves were fitted and calculated by the 

software MicroCal Analysis and Origin7. 

 

Size exclusion chromatography 

Molecular masses of purified gephyrin and variants were detected by analytical size 

exclusion chromatography (SEC) using a Superose 6 increase 5/10 (GE Healthcare). 

Typically, 4 nmol pre-cleared protein in 50 μL total sample volume were applied. Proteins 

were separated at 4°C and a flow rate of 0.1 mL/min in SEC buffer (50 mM Tris/HCl, 

300 mM NaCl pH 7.4). If desired, fractions of 100 µL were collected and those of 

corresponding peaks combined and concentrated using Amicon filters with a 50 kDa cut-

off. The combined protein was then further subjected to redox-modifications, cleared by 

centrifugation and re-applied on the column. 

 

Calpain cleavage assay 

A mastermix of 50 μL contained 850 pmol redox-modified protein, 10 mM Ca2+Cl2, 

1/2 U/mL calpain. The volume was adjusted using calpain buffer (300 mM NaCl, 50 mM 

Tris/HCl, pH 7.4). As a control, a calcium-free control was included because calpain is a 

calcium-dependent protease. At timepoints of 0, 5, 15, 30 min and overnight, 15 µL 

samples were taken out and the digestion stopped by addition of SDS sample buffer and 

incubation for 5 min at 96°C. Cleavage products were afterwards analyzed by SDS-

PAGE. 
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Circular dichroism spectroscopy 

Determination of the secondary structure was performed by circular dichroism 

spectroscopy (CD spec). Typically, 0.3 mg/mL pre-cleared protein in CD buffer (10 mM 

K2HPO4/KH2PO4, pH 7.5) was used and Far-UV spectra recorded with J-715 CD 

spectropolarimeter (Jasco) at 20°C in the range of 180-250 nm using quartz cuvette with 

0.1 cm path length. The spectra were processed by the software Spectra Analysis 

version 1.53.07 of Spectra Manage version 1.54.0. We subtracted the buffer baseline 

and smoothed three-times by the Savitzky-Golay algorithm with a convolution width of 

21.  

 

Virus preparation 

Recombinant virus particles (AAV2/1) were produced in HEK293 cells and isolated by 

PEG/NaCl precipitation followed by chloroform extraction according to the previously 

established protocol55. The titers were determined by a Gel green® (Biotium) protocol56 

and the fluorescence was detected (507ௗ±ௗ5 nm excitation and 528ௗ±ௗ5 nm emission) 

using a plate reader equipped with monochromators (Tecan Spark). 

 

Culture of hippocampal neurons and expression of recombinant gephyrin 

At E17.5, dissociated primary hippocampal cultures were prepared from C57BL/6NRj 

embryos. 90 000 cells were seeded on Poly-L-lysine coated 13-mm cover slips in 24-

well plates. Neurons grew in neurobasal medium supplemented with B-27, N-2, and L-

glutamine (Thermo Fisher Scientific). At 8 days in vitro (DIV), cells were transfected with 

0.4 µg plasmid DNA per construct using lipofectamine 2000 (Life Technologies) 

according to the manufacturer’s manual. Expression was performed for 5 days. 

Alternatively, at DIV10, cells were transduced with 2.5 x 108 viral genome copies (GC). 

The virus particles were directly added to each individual well. At DIV14 the cells were 

either fixed or subjected to treatment. Antimycin A treatments were performed over night 

at 37°C. Antimycin A (f.c. 1 µM) was directly added to each well, which contained 400 µL 

medium. D-Methionine (D-Met) treatment was performed 1 h at 37°C. The medium of 

neurons was removed and replaced by minimal NB medium, supplemented with 5 mM 

D-Met. Mock samples were treated with the same volume of solvent solution (PBS). After 

treatments neurons were fixed and used for ICC. 

 

Immunocytochemistry (ICC) 

Fixation was performed by replacing culture medium by 4% PFA in PBS. After incubation 

for 20 min at room temperature (rt), PFA was removed and cells washed twice with 

50 mM NH4Cl in PBS, each time 10 min at rt. Subsequently, cells were blocked for 1 h 
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at rt with blocking solution (10% goat serum, 1% BSA, 0.2% TritonX100, in PBS). After 

washing cells with PBS for 5 min at rt, antibody incubation was performed for 1 h at rt. 

Antibodies were diluted in PBS. Afterwards, three washing steps with PBS were 

performed, each 10 min at rt. Lastly, coverslips were mounted with Mowiol/Dabco and 

dried over night at rt. We used the following antibodies: anti-vesicular GABA transporter 

(vGAT) (1:1 000, #131003, SYSY); anti-GABAARγ2 (1:500, #224004, SYSY); anti-

GephyrinE (3B11; 1:10, self-made); goat anti-mouse AlexaFluor 488 (1:500, #A-11029, 

Invitrogen), goat anti-rabbit AlexaFluor 647 (1:500, #A-21245, Invitrogen), goat anti-

rabbit AlexaFluor 488 (1:500, #A-11075, Invitrogen).  

 

Confocal microscopy and image analysis 

Pictures were tacking using the Leica TCS SP8 LIGHNING upright confocal microscope 

with an HC PL APO CS2 63x/1.30 glycerol objective. The microscope was equipped with 

hybrid Leica HyD detectors and diode lasers with 405, 488, 522 and 638 nm. The 

LIGHTNING adaptive deconvolution of the mounting medium “Mowiol” was used, which 

is capable of theoretical resolutions down to 120 nm and 200 nm lateral and axial, 

respectively. Images were acquired with stacks of 3 µm z-step size, 2048 x 2048 

(144.77 x 144.77 µm) and segmented and analyzed in an automated fashion using 

ImageJ/FIJI 1.53t. Therefore, the previously described macros57 were used as a blueprint 

and adapted. 

 

Perfusion of mice and sample preparation 

Mice were anesthetized with Ketamine/Xylazine through intra-peritoneal injection. After 

surgical tolerance was achieved, the abdomen was opened and liver and heart 

uncovered. A canula was pricked into the bottom of the left heart chamber to inject PBS 

containing 50 mM NEM into the cardiovascular system. A drain was given by a cut above 

the liver. PBS was injected until the liver lost the red color and turned pale. After 

decapitation, liver, brain and spinal cord were removed and added to RIPA buffer (50 mM 

Tris/HCl pH 8.0, 150 mM NaCl, 0.1% SDS, 1% IGEPAL CA-630, 0.5% Na deoxycholate, 

1 mM EDTA, freshly added protease inhibitor (Roche)) containing 50 mM NEM. The 

tissue was dounce homogenized with 1 200 rpm 20 times, sonicated 10 s at 4°C and 

30% amplitude and subsequently centrifuged for 10 min at 4°C and 4 000 x g. The 

supernatant was transferred into a new tube and incubated for 1 h to let free thiols react 

with NEM. Afterwards, protein concentration was determined using BCA. Typically, 45 µg 

protein were used for SDS-PAGE for WB analysis. 
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SDS-PAGE, Coomassie and Western Blot 

Samples were supplemented with 1x sample buffer (5x: 250 mM Tris/HCl pH 6.8, 30% 

glycerol, 0.1% Bromophenol blue, 10% SDS) and incubated for 5 min at 95-98°C. We 

used either 5 mM β-ME for recombinant protein samples or 5 mM DTT for tissue samples 

or omitted it. Separation was performed with 5-12% SDS acrylamide gels using running 

buffer (3.029 g/L Tris, 14.4 g/L glycine, 0.1% SDS). Afterwards gels were either stained 

with Coomassie (30% EtOH, 10% acetic acid, 0.25% Coomassie brilliant blue R250) or 

used for western blot. Therefore, the transfer was performed semi-dry using PVDF 

membranes and transfer buffer (3 g/L Tris, 24.15 g/L glycine pH 8.8, 10% MeOH). 

Blocking was performed for 1 h at rt under shaking in blocking solution (10% BSA in 

TBST). Primary and secondary antibodies (diluted in 1% BSA in TBST) were applied for 

1 h at rt under shaking, with a wash step of 3 x 5 min with TBST (6.5 g/L Tris, 8.75 g/L 

NaCl pH 7.4, 0.05% Tween20) between primary and secondary antibody. After additional 

washing 3 x 5 min with TBST, detection was performed using ECL and the ChemiDocTM 

Imaging System (BioRad). The following antibodies were used: anti-GephyrinE (3B11; 

1:10, self-made); anti-GAPDH (1:1 000, G9545, Sigma), anti-mouse HRP-coupled 

(1:10 000, AP181P, Sigma), anti-rabbit HRP-coupled (1:10 000, AP187P, Sigma) 

 

Statistics 

The visualization and statistical analysis were performed with GraphPad Prism6 and R 

vers. 4.2.1. Standard deviation, individual data points and used tests are shown in the 

individual graph and in the captions respectively. Data points were identified as outliers 

when a two-fold standard deviation was exceeded. If data was normalized, student’s t-

test was performed, and the significance level alpha corrected by the number of tests. 

Otherwise, we performed 1-way ANOVA and Bonferroni post-hoc tests. We analyzed: N 

= 6 individual mice for redox-dependent multimers; N = 3 technical replicates in the Moco 

activity assay, and N = 3 biological replicates; N = 3 biological replicates in SEC 

experiments; N = 3 biological replicates of gephyrin in ITC experiments; N = 3 biological 

replicates of gephyrin in co-sedimentation assays, N = 3 biological replicates of gephyrin 

in calpain cleavage assays; N = 10 cells per condition from 3 individual embryos of one 

neuron preparation in all experiments using hippocampal neurons. 
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3.8. Supplementary figures 

 
Figure S1: Alignment of Gephyrin and Homologues.  
Alignment of protein sequence of different species. Areas around the chosen cysteines of gephyrin depicted with boxes. 
Cys 212 and 284 have assigned functions (targets of S-palmitoylation), while the function of the others is unknown (?). 

 

 
Figure S2: His6-Gephyrin derived from E. coli.  
His6-Gephyrin variants recombinantly expressed and purified from E. coli. A) Coomassie gel of purified proteins. B) 
Analysis of secondary structure by CD Spec. Vertical, dotted line indicates data points with HT values above 800 mV 
(machine threshold). 
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Figure S3: Expression of EGFP-Geph in COS7 and HEK293 Cells.  
EGFP-Gephyrin variants were recombinantly expressed in COS7 and HEK293 cells for 48 h. A) Images of COS7 cells. 
Blue: DAPI, green: EGFP-Geph, scale bar of 30 μm. B) Expression in HEK293 cells. Protein amounts analyzed by 
Western blot. EGFP-Geph and endogenous gephyrin marked with arrows. C) Moco assay with cysteine variants. Moco 
activity normalized to wt. Significance towards wt tested by student’s t-test, alpha level corrected by three. C212/284S: 
p=0.3288 (ns); o212/284: p=0.1026 (ns); cys-free: p<0.0001 (****).  
 

 
 
Figure S4: Expression of recombinant Gephyrin in Hippocampal Neurons.  
Expression of mScarlet-gephyrin via transduction in primary hippocampal neurons. A) mRNA level determination. Isolated 
mRNA of mSclt-Geph was used for PCR. Primers were designed to exclusively bind to recombinant gephyrin. GAPDH 
used as a ctrl. B) Western Blot of neuronal lysates. Endogenous and recombinant gephyrin species indicated by arrows. 
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Figure S5: Analysis of SEC fractions and ITC Data 
A and B: Fractions taken of Peak 1 (high-order multimers) and Peak 2 (hexamers) of the respective runs using reduced 
(rd) or oxidized gephyrin wt or cys-free variant. The samples have been prepared for SDS-PAGE with a reducing or a 
non-reducing buffer. A) Coomassie Gel. Unspecific band marked with a star (*). B) Western blot using antibody against 
Gephyrin E-domain. C and D: Interaction parameters of gephyrin wt or cys-free variant towards different ligands 
determined by mathematical fitting of ITC runs. A) ITC experiment titrating GlyRβICD peptide into gephyrin under reductive 
conditions. Data of two-site fit. B) ITC experiment titrating LSβICD into pre-reduced or -oxidized gephyrin. Data of one-
site fit.  
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Figure S6:H2O2  drives Gephyrin Oligomerization at Synapses. 
Expression of cytosolic mSclt-DAAO and mEGFP-Geph in primary, hippocampal neurons. Treatment at DIV14 with 5 mM 
D-MET. Analysis of cluster sizes [µm2], intensity [au] and co-localization with vGAT (=synaptic clusters) of gephyrin. A) 
mSclt-DAAO wt and R285K. Analysis of endogenous gephyrin clusters. Gephyrin: green, vGAT: magenta, DAAO: blue; 
scale bar 30 and 0.5 µm. B) mSclt-DAAO wt and mEGFP-Geph wt and cys-free variants. Analysis of recombinant mEGFP-
gephyrin clusters.  Gephyrin: green, vGAT: magenta; scale bar 30 and 0.5 µm.  
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Figure S7: mROS reversibly drive Gephyrin Oligomerization and the Recruitment of GABAAR γ2 Subunits   
Treatment of primary hippocampal neurons at DIV14 with 1 μM Antimycin A (AntiA) and/or 5 μM DTT. Analysis of gephyrin 
or GABAAR γ2 subunit cluster sizes [µm2], intensity [au] and co-localization with vGAT (=synaptic clusters). A) Analysis of 
endogenous gephyrin. Gephyrin: green, vGAT: magenta, DAAO: blue; scale bar 50 and 0.5 µm. B) Analysis of endogenous 
GABAAR γ2 subunit clusters.  γ2: green, vGAT: magenta; scale bar 50 and 0.5 µm.
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4.2. Abstract 

Gephyrin, as the main organizer of inhibitory synapses, is crucial for inhibitory signal 

transmission, and implicated in various neurological disorders. Various studies have 

identified gephyrin microdeletions in conditions of autism, schizophrenia, and epilepsy. 

Those deletions affected the N-terminal G-domain and/or the central C-domain of 

gephyrin while the receptor binding C-terminal E-domain was not affected. Here, we 

investigated the importance of a specific microdeletion (∆199-233) within the C-domain 

using a full-body knock-in mouse model. Homozygous mice displayed a severe 

phenotype characterized by reduced fertility, increased mortality, and neurological 

deficits at early developmental stages. Analyses in dissociated hippocampal neurons 

demonstrated disrupted synaptic targeting of gephyrin ∆199-233 that harbors the 

functionally important S-palmitoylation site at Cys212. Simultaneously, we found 

adaptations at the excitatory synapse, with smaller, but more numerous clusters of the 

excitatory scaffolding protein PSD95. Although, gephyrin ∆199-233 showed 

unexpectedly a facilitated receptor interaction, inhibitory signal transmission was 

reduced. We hypothesize, that the gephyrin ∆199-233-mediated reduction of inhibition 

triggers compensatory excitation, which possibly fails and/or disrupts the 

excitation/inhibition ratio in our mouse model. These findings highlight the critical role of 

the gephyrin C-domain and its post-translational modifications in synaptic function and 

neuronal health, offering a novel mouse model for the development of potential 

therapeutic targets addressing gephyrin-associated neurological disorders. 
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4.3. Introduction 

Neuronal signal transmission depends on the precise localization of receptors at the 

post-synaptic site. Inhibitory glycine receptors (GlyRs) and a subset of GABA type A 

receptors (GABAARs) are clustered by the scaffolding protein gephyrin (geph, GPHN) at 

the post-synapse [1]. Gephyrin is a trimeric, cytosolic protein and consists of three 

domains, the E-, C- and G-domain. Dimerization of the E-domain and trimerization of the 

G-domain allow gephyrin to self-assemble in complex multimers [2, 3]. Moreover, the 

dimer interface of the E-domain builds the binding pocket for the intracellular domains 

(ICDs) of the receptors, which are both pentameric ion channels[4]. Although the 

composition of receptor types varies, the interaction with gephyrin appears via the β-

subunit ICD in case of GlyRs [3], and the α1-3 and β1-2 subunit ICDs in case of 

GABAARs [5-7]. Notably, the ICDs of both receptor types share essential structural 

elements required for gephyrin interaction [8, 9]. Moreover, the γ2 subunit of GABAARs 

was identified as important for synaptically functional receptors and the interaction 

towards gephyrin even though indirectly [10, 11].  

 Dysfunctions of gephyrin are associated with different neuronal impairments, such 

as epilepsy [12, 13], anxiety [14], schizophrenia [15], autism [15] and hyperekplexia [16]. 

Besides its function at inhibitory post-synapses, gephyrin is also expressed in peripheral 

tissue where it catalyzes the final steps of molybdenum cofactor (Moco) biosynthesis 

[17]. Defects in Moco biosynthesis led to the loss of four different Moco-dependent 

enzymes of which the deficiency in sulfite oxidase is the primary contributor to a severe 

neurodegenerative phenotype. Due to the accumulation of toxic sulfite the amino acid 

derivative S-sulfocysteine (SSC) [18-20] is formed causing hyperexcitation and calcium-

dependent calpain-mediated cleavage a various neuronal proteins including gephyrin 

[20].  

 Besides proteolytic cleavage, clustering, localization and receptor binding of 

gephyrin are regulated by a large variety of post-translational modifications (PTMs), 

which are mostly targeting gephyrin C-domain. Among the reversible PTMs are several 

phosphorylation sites, involved in complex signaling cascades [21-23]. S-palmitoylation 

of gephyrin at cysteine 212 and 284 was found to be crucial for synaptic targeting [24]. 

Additionally, cis-trans-isomerization of a proline-rich region is catalyzed by the interaction 

with peptidyl-prolyl cis-trans isomerase 1 (Pin1) and was shown to be important for GlyR 

clustering [25]. Furthermore, the nucleotide exchange factor collybistin and the dynein-

light chain 1/2 (DLC1/2) [26] bind to the C-domain of gephyrin, the latter may influence 

the transport of gephyrin and GlyRs and thus glycinergic signal transmission [27], while 

the importance of this interaction for GABAergic synapses is less clear. Importantly, the 
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majority of gephyrin’s PTMs have been investigated in vitro [28], and only a few were 

linked to physiological outcomes in vivo [29]. Besides that, studies of human cases 

focused on the G-and E-domain due to their importance for receptor binding and self-

assembly [12, 15, 30] while the role of the regulatory C-domain remained largely 

unknown. Thus, our goal was to investigate the role of the C-domain in vivo. 

 We generated a full-body knock-in mouse model causing a truncation in gephyrin 

C-domain spanning residues 199-233 (Δ199-233). The deleted sequence included the 

proposed DLC1/2 binding motif, S-palmitoylation site Cys212 and the last three residues 

of the cis-trans-isomerization motif. Characterization of homozygous GPHNΔ199-233 

mice revealed that the deleted region was important for murine neuronal development 

and survival. We found alterations of gephyrin-receptor binding towards a tighter 

interaction, but reduced synaptic targeting of gephyrin due to reduced S-palmitoylation, 

which lead to decreased inhibitory synaptic transmission. Assumably, to overcome 

altered inhibition, we found adaptions at excitatory synapses and hypothesize that an 

altered ratio of excitation and inhibition contributes to the neuronal impairments of our 

mouse model.   

 

 
Figure 1: Generation of mice with microdeletion gephΔ199-233 
A) Schematic description of S-palmitoylation of gephyrin influencing synaptic plasticity at GABAergic 
synapses. S-palmitoylation leads to gephyrin synaptic targeting and cluster size increase. B) Domain 
structure of a gephyrin monomer: S-palmitoylation targets are cysteines 212 and 284 in the C-domain. C212 
(bold and underlined) was shown to be more relevant than C284. C) CRISPR/Cas9 strategy to obtain C212S 
KI mice visualized on the protein level. The potential cutting site of CAS is indicated by a scissor. Inefficient 
repair results in a truncated gephyrin species (Δ). Successful repair results in C212S substitution. D) Specific 
microdeletion of gephyrin Δ199-233 enlarged highlighting deleted PTM sites (e.g. S-palm=S-palmitoylation) 
and protein interaction motifs (Pin1=peptidyl-prolyl cis-trans isomerase 1; DLC1/2=dynein-light chain 1/2). 
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4.4. Results 

4.4.1. Severe phenotype of homozygous gephyrin ∆199-233 mice 

Previously, S-palmitoylation has been identified as one important PTM to regulate 

synaptic plasticity of gephyrin [24]. S-palmitoylation was assigned to cysteines 212 and 

284, while Cys212 being the primary site [24] (Figure 1A and B). Originally, our aim was 

the introduction of single amino acid substitution (C212S) allowing us to investigate 

solely the physiological importance of S-palmitoylation on that Cys212 residue in vivo. 

Consequently, the CRISPR/Cas9 strategy was designed to achieve the Cys212 to Ser 

substitution (Figure 1C). Unexpectedly, using the designed guide RNA (gRNA) and repair 

template in CRISPR/Cas9 system resulted in a genetic variety. In the founder generation, 

we identified the desired substitution C212S, but also a set of INDELs (Figure S1A). The 

survival rate of the founder litter was low with 25% at P20 (Figure S1C), and one mouse 

had to be sacrificed at P20 due to a severe seizures. Considering the high mortality, we 

concluded that the area we aimed to modify is important for gephyrin function. However, 

no mouse with a single C212S variant survived and only one mouse with a larger deletion 

produced offsprings, which was sufficient to establish a new line. In the second 

heterozygous generation we verified that the gephyrin deletion was spanning residues 

199-233 (∆199-233) and off-targets could be excluded (Figure S1C). We decided to 

investigate the deletion (∆199-233) further, since several microdeletions were observed 

in human patients causing neuronal disorders of different kind and severity [12, 15] 

(Figure S1D).  

 The truncated C-domain part is with 35 aa only a small part of the whole C-domain 

(residue 166-329) and includes a few PTM sites with assigned but also yet unassigned 

functions, which have been investigated mainly in vitro [24-26, 28, 31, 32].  Among the 

PTMs are the last three amino acids (residue 199-201) of the Pin1 interaction site, the 

interaction site of DLC (residue 203-212), and the S-palmitoylation site C212 (Figure 1D). 

Abolishing those PTMs could give new insights into their importance for synaptic 

plasticity in vivo. This would highlight the importance of regulation through gephyrin’s C-

domain beside oligomerization and receptor binding abilities of G- and E-domain, 

respectively. Thus, we started to characterize the phenotype of ∆199-233 mice. 

We found a genotype distribution of 56.3% wt/wt, 27.3% wt/∆, but only 16.4% ∆/∆ (Figure 

2A). Considering mendelian rules of crossing wt/∆ mice, we expected 25% ∆/∆ mice, 

thus it might be that approx. half of ∆/∆ embryos were absorbed in the uterus . Moreover, 

∆/∆ pups born had a lower survival rate and often died within the first 1-4 days (Figure 

2B). Following those days, 50% of ∆/∆ reached an age of P16, while 75% wt/∆ and wt/wt 

litter mates reached P16. In addition, approximately every third litter with at least one 
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Figure 2: Phenotype of mice with microdeletion gephΔ199-233 
A) Abundance of each genotype obtained from crossing wt/Δ x wt/Δ animals. Analysis of 164 animals. B) 
Survival rate of the different genotypes. Dashed line indicates analyzed animals with natural deaths and 
without intervention due to high stress levels (wt/wt n=35, wt/Δ n=65, Δ/Δ n=27). C) Survival rate at P2 of 
pups when the litter contained no Δ/Δ animal (ctrl litter, n=7) or at least one Δ/Δ animal (Δ/Δ litter, n=15). D) 
Images taken during a seizure episode of a homozygous GephΔ199-233 animal at P17: Rapid extension 
and contraction of limbs within a few milliseconds. E) Weight development of the different genotypes. 
Significance tested by 1way ANOVA F(2,14)=8.118; p=0.0046. Bonferroni post-hoc test: wt/wt vs. wt/Δ : 
p>0.9999 (ns, grey); wt/wt vs. Δ/Δ: p=0.0077 (**, red). Error bars determined by standard deviation. F) Litter 
mates of different genotypes at P17. G) Western Blot of brain lysates at P17 (n=3 per genotype). Upper 
panel: Gephyrin wt (fl) and truncated Δ199-233 species. Middel panel: PSD95. Lower panel: Loading ctrl 
GAPDH. H) Quantification of band intensities of G. Intensities of geph or PSD95 corrected by intensity of 
GAPDH and normalized to the average of wt/wt samples. Significance tested with student‘s t-test: geph 
p=0.5984 (ns); PSD95 p=0.0492 (*). Error bars determined by standard deviation. I) Analysis of Moco 
deficiency (MoCD) biomarkers (SO3 and SSO3) in plasma (n=4 mice per genotype). Values normalized to 
protein content in plasma. Error bars determined by standard deviation. 
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homozygous ∆199-233 mouse (∆/∆ litter) completely died after P2 (Figure 2C). In 

comparison, in litters containing no ∆/∆ mouse (ctrl litter), approx. 90% of the pups 

survived P2 and no litter completely died before P2. This observation might be due to 

enhanced stress on maternal care induced by the sensation of impaired offspring. 

However, ∆/∆ mice surviving P2 did not reach weaning age P21 either. We observed that 

five individual mice suffered either from sudden death (P19) or had to be sacrificed in 

order to reduce stress levels given by their epileptic-like seizures (P17) (Figure 2D), 

impaired locomotion (P14-19), apathetic behavior (P18) or severe weight loss (P16). 

Thus, we decided to reduce animal harm and sacrificed ∆/∆ mice for experimental use 

before severe impairments manifested regularly. As a result, we could use only 12 ∆/∆ 

mice out of 164 born mice from wt/∆ x wt/∆ mating for organ harvest. In general, ∆/∆ mice 

were significantly lighter and thus smaller in comparison to heterozygous or wt litter 

mates (Figure  2E and F). Heterozygous mice were indistinguishable from wt littermates, 

a dominant negative effect of truncated ∆199-233 on wt gephyrin was rather unlikely and 

we determined heterozygous mice as wt-like.  

 Next, we checked protein levels of gephyrin in comparison to PSD95 in total brain 

lysates (Figure 2G). We found that in ∆/∆ mice the levels of gephyrin were unchanged in 

comparison to wt/wt mice, but the levels of PSD95 were slightly but significantly 

increased by approx. 20% (Figure 2H). Lastly, since weight loss, neuronal impairments 

and early mortality can be signs of MoCD, we tested whether ∆199-233 mice showed 

elevated levels of MoCD biomarkers sulfite (SO3) and thiosulfate (SSO3). The levels of 

these markers in blood plasma of animals at P16 (Figure 2I) were normal in all 

genotypes. Thus, we excluded a contribution of MoCD to this phenotype.  

 In summary, the phenotype of ∆/∆ mice was lethal and appeared at early 

developmental stages. Mostly, at an age of P16-P18 mice showed different signs of 

severe impairments (seizures, sudden death), most obvious a reduced body weight. The 

reason for sudden death and weight loss was not obvious, but we assumed that neuronal 

dysfunctions were the cause. 

 

4.4.2. Altered post-synaptic scaffolds in gephyrin ∆199-233-expressing neurons 

Breeding success to gain homozygous gephyrin Δ199-233 mice to analyze gephyrin 

clustering was limited, so we decided to overexpress recombinant mScarlet-tagged 

gephyrin wt and Δ199-233 in hippocampal cell cultures derived from conditional gephyrin 

knockout (GephyrinFlox) mice. We used adeno-associated viral transduction for efficient 

expression of the transgene. Identification of GABAergic synapses was performed by 

staining of vGAT and GABAAR γ2 (Figure 3A). For excitatory synapses we used PSD95 
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and vGLUT (Figure 4A). Via automated image analysis [33], scaffold cluster sizes, 

intensities and number of synaptic and non-synaptic punctae were determined 

(Figure 3B-G and Figure 4B-E). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Inhibitory synapses in gephΔ199-233-expressing neurons. 
Expression of mScltGeph wt and Δ199-233 in primary hippocampal 
neurons of GephFlox mice. Endogenous Geph KO induced by 
moxBFP-P2A-Cre. Images were processed with equal brightness 
thresholds and DOGs in all channels except of moxBFP. Cluster 
analysis: Significance tested by student‘s t-test. Error bars 
determined by standard deviation. Analysis of inhibitory GABAergic 
synapses. Analysis of n=30 cells per condition. A) Images of 
representative neurons. Synaptic GABAergic gephyrin identified by 
co-localization with vGAT and GABAAR γ2. B) Sizes of synaptic 
gephyrin punctae normalized to average size of wt. p=0.3136 (ns). C) Intensity of synaptic gephyrin punctae 
normalized to average intensity of wt. p=0.0004 (***). D) Number of synaptic gephyrin punctae per 100 μm2 
cell area. p=0.0488 (*). E) Number of non-synaptic gephyrin punctae per 100 μm2 cell area. p=0.0066 (**). 
F) Sizes of synaptic GABAAR γ2 punctae normalized to average size in wt condition. p=0.0099 (**). G) 
Number of synaptic GABAAR γ2 punctae  per 100 μm2 cell area. p=0.0022 (**). H) Schematic illustration of 
synaptic clustering Δ199-233 gephyrin in comparison to wt: Cluster sizes are maintained, but intensity 
increases, less synaptic clusters occur, while non-synaptic clusters accumulate.  
 

 At GABAergic synapses, we observed that the average fluorescence of gephyrin 

Δ199-233 punctae was significantly more intense in comparison to gephyrin wt (Figure 

3C), but the sizes of punctae stayed comparable (Figure 3B)). The number of non-

synaptic gephyrin Δ199-233 punctae increased significantly (Figure 3E), while the 

number of corresponding synaptic punctae significantly decreased (Figure 3D). This 

indicated that synaptic targeting of gephyrin Δ199-233 is likely disturbed, which fits to 

the lack of S-palmitoylation at C212 in gephyrin Δ199-233 [24]. Furthermore, we 
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observed that the sizes of GABAAR γ2 punctae at synapses increased significantly 

(Figure 3F), but significantly less synaptic GABAAR γ2 punctae could be found per area. 

This indicated that the interaction of receptor and gephyrin could be tighter, while 

synaptic targeting was disturbed, which could affect synaptic transmission in summary.  

 At excitatory synapses, we observed in gephyrin Δ199-233 expressing cells that 

PSD95 punctae were significantly smaller (Figure 4B) than those of gephyrin wt 

expressing cells. The average intensity stayed comparable (Figure 4C). Remarkably, the 

number of synaptic as well as of non-synaptic PSD95 punctae significantly increased 

(Figure 4D and E) in gephyrin Δ199-233 expressing neurons. These findings suggested 

that PSD95 scaffolds were split in smaller fractions, leading to overall more punctae 

(Figure 4F). Assumably, neurons aim to “balance” excitation and inhibition, which might 

be triggered though the observed changes at the inhibitory synapse. 

 

 
Figure 4: Excitatory synapses in gephΔ199-233-expressing neurons 
Expression of mScltGeph wt and Δ199-233 in primary hippocampal neurons of GephFlox mice. Endogenous 
Geph KO induced by moxBFP-P2A-Cre. Images were processed with equal brightness thresholds and 
DOGs in all channels except of moxBFP. Cluster analysis: Significance tested by student‘s t-test. Error bars 
determined by standard deviation. Analysis of excitatory synapses. Analysis of n=30 cells per condition. A) 
Images of representative neurons. Synaptic PSD95 punctae identified by co-localization with vGLUT. B) 
Sizes of synaptic PSD95 punctae normalized to average size of wt. p<0.0001 (****). C) Intensity of synaptic 
PSD95 punctae normalized to average intensity of wt. p=0.7221 (ns). D) Number of synaptic PSD95 punctae 
per 100 μm2 cell area. p<0.0001 (****). E) Number of non-synaptic PSD95 punctae per 100 μm2 cell area. 
p<0.0001 (****). F) Schematic illustration of synaptic clustering of PSD95 in Δ199-233 gephyrin expressing 
neurons in comparison to wt expressing cells: Cluster intensities are maintained, but sizes decreased, more 
synaptic and non-synaptic clusters occur. 
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Figure 5: Inhibitory signaltransmission in gephΔ199-233-expressing neurons 
Measurements and analysis of miniature inhibitory post-synaptic currents (mIPSCs) in in primary 
hippocampal neurons of GephFlox mice. Expression of mScltGeph wt and Δ199-233. Endogenous Geph 
KO induced by moxBFP-P2A-Cre. Analysis pf 16 cells per condition. Statistical analysis by mean difference 
of the confidence interval and p-value permutation test. Error bars determined by standard deviation. A) 
Representative mIPSCs of wt and Δ199-233 cells. B) Average mIPSCs. C) Quantification of the area under 
the mIPSC curve (AUC). D) Quantification of mIPSC decay time. E) Quantification of mIPSC amplitude. 
 
 
 
 To investigate the effects on inhibitory transmission, we performed 

electrophysiology experiments with the same experimental set up of neurons. We 

observed a tendency of alterations of miniature inhibitory post-synaptic currents 

(mIPSCs) (Figure 5). Surprisingly, the frequency of mIPSCs in gephyrinΔ199-233 

expressing cells was comparable to gephyrin wt expressing neurons indicating an 

unchanged number of receptors present at the post-synapse. First, this seems contra-

intuitive to the previous imaging analysis of reduced numbers of synaptic GABAAR γ2 

punctae. But considering the increase of sizes of synaptic GABAAR γ2 punctae, it is 

possible, that still the same “amount” of GABAARs was present to generate mIPSCs. 

Consequently, both parameters, number and size, are decisive for inhibitory signal 

transmission. Additionally, we observed a slight decrease of amplitude (Figure 5E), but 

surprisingly an increase of decay time (Figure 5D). The integration of mIPSCs displays 

the presence of negative charges at the post-synapse, which was decreased for 

gephyrinΔ199-233 expressing cells (Figure 5C). Assumably, the gephyrinΔ199-233-

receptor-interaction might be changed as previously assumed resulting in decreased 

inhibitory neurotransmission.  
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 In summary, both types of synapses were affected in gephyrin Δ199-233 

expressing neurons. On the one hand, GABAergic synapses contained less synaptically 

localized but bigger gephyrin and GABAAR γ2 punctae combined resulting in reduced 

inhibitory signal transmission. On the other hand, excitatory synapses contained more 

synaptically localized, but smaller PSD95 punctae. These changes at both synapses 

might resemble a disturbance of E/I ratio in Δ/Δ mice, which is a possible explanation for 

a neuronal impaired phenotype. 

 
Figure 6: Characterization of selected PTMs and interaction partners of gephΔ199-233 
A) Analysis of gephyrin S-palmitoylation via acyl-to-biotin exchange assay. S-palmitoylated gephyrin species 
(lower panel; Palm-Geph). Analysis of brain lysates (n=3 mice per condition). B) Quantification of band 
intensities of A. Palm-Geph normalized to input signal. Significance tested by student‘s t-test p=0.0030 (**). 
Error bars determined by standard deviation. C) Pull-down of endogenous gephyrin from brain lysates. 
Analysis of co-pulled binding partners. D) Representative images of COS7 cells expressing mCherry-DLC1 
and EGFP-gephyrin wt and Δ199-233 respectively. Nuclei stained with DAPI. E) Quantification of  co-
localization of gephyrin and DLC using Mander’s co-localization coefficient (MCC). M1: Gephyrin 
overlapping DLC; M2: DLC overlapping gephyrin. Significance tested by student’s t-test, significance level 
alpha corrected by the number of tests (2). M1 wt vs M1 199-233: p<0.00005 (****); M2 wt vs M2 199-233: 
p<0.00005 (####). Analysis of n=15 cells per condition. 
 

4.4.3. Disturbed S-palmitoylation and DLC interaction of gephyrin ∆199-233 

Since several PTMs are affected by the microdeletion in gephyrin Δ199-233, we 

investigated the contribution of distinct PTMs. First, we co-expressed EGFP-gephyrin 

and mCherry-DLC1 in COS7 cells (Figure 6) according to the study, when the DLC 
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binding region of gephyrin was originally identified [26]. DLC is recruited into gephyrin 

clusters when gephyrin wt was expressed. In contrast co-expression with gephyrin 

Δ199-233 led to a diffusely distribution of DLC (Figure 6A). Quantification of the co-

localization with Mander’s co-localization coefficient (MCC) resulted in significantly less 

gephyrin Δ199-233 overlapping DLC (M1) and DLC overlapping gephyrin Δ199-233 (M2) 

in comparison to gephyrin wt (Figure 6B). The low affinity binding site of gephyrin for 

DLC is left in gephyrin Δ199-233, but this is not sufficient to enable an interaction. This 

is line with the first study of the gephyrin-DLC interaction, when only the high-affinity 

binding site was missing resulting in no interaction in several experiments [26]. Here, we 

verified that the binding of gephyrin Δ199-233 and DLC1 is disturbed due to the lack of 

the high affinity binding motif. 

 Furthermore, we analyzed the S-palmitoylation levels of gephyrin in full brain 

lysates of ∆/∆ mice in comparison to wt/wt and wt-like mice (Figure 6C and D). The biotin-

to-acyl exchange assay revealed, that the S-palmitoylation level of gephyrin Δ199-233 

was significantly reduced to half of that of gephyrin wt (Figure 6D). With this we verified 

our expectation that the impairment of synaptic trafficking observed in previous in cellulo 

experiments could be explained by the lack of S-palmitoylation [24]. 

 

4.4.4. Gephyrin ∆199-233 shows facilitated receptor interaction 

 Next, we characterized the microdeletion in vitro using recombinantly expressed 

gephyrin from E. coli. First, we examined secondary structure by circular dichroism 

spectroscopy (Figure 7A). We found the dominance of α-helices with minima around 210 

and 220 nm for both geph∆199-233 and wt. Second, oligomerization was investigated 

by size exclusion chromatography (Figure 7B and C). As expected, Gephyrin ∆199-233 

eluted later than gephyrin wt, due to the deletion of 34 aa per monomer. Since, gephyrin 

appears at minimum in a trimeric state (Figure 7B) when derived from E.coli [28], the 

deletion adds up to 102 aa, which mirrors a difference in the hydrodynamic radius of 

approx. 80 kDa. The more complex and higher the oligomeric state becomes, the bigger 

gets the apparent weight difference between gephyrin ∆199-233 and wt (Figure 7C). 

However, gephyrin ∆199-233 was still able to self-assemble and form networks. 

 Lastly, we tested the gephyrin-receptor interaction in binding studies and observed, 

that this interaction seems to be facilitated for gephyrin ∆199-233. This was revealed by 

two different approaches: a) ITC experiments using the established GlyR β-subunit 

peptide [3] (Figure 7E) and b) in a sedimentation assay (adapted after Bai et al [34]) in 

which we used a fusion protein of the lumazine synthase (LS) and five GlyR β-subunit 

ICDs (LSβ) as a pentameric GlyR model [35] (Figure 5D and F). In ITC experiments 



105 

 

Figure 7: Characterization of GephΔ199-233 in vitro  

Experiments performed with recombinantly expressed gephyrin wt and Δ199-233 from E.coli. 
Representative data from three individual experiments using proteins from three independent purifications 
(n=3). A) Secondary structure measured by circular dichroism spectroscopy. B-C) Oligomeric state detected 
by analytical size exclusion chromatography (SEC). B) Trimers of gephyrin eluted around 1.8 mL. Apparent 
weight determined to 364 kDa for wt gephyrin and 284 kDa for Δ199-233. C) Oligomers of gephyrin eluted 
around 1.6 mL and high-order oligomers at 1 mL. Apparent weight determined to 1 367 kDa for wt gephyrin 
and 982 kDa for Δ199-233. D) Sedimentation assay using LS βICD as a pentameric GlyR model. E) 
Quantification of F. Sedimented gephyrin in pellet determined and normalized to total protein. Significance 
tested by student‘s t-test: p=0.0007 (***). F) Isothermal calorimetry titration experiment using GlyRβICD 
peptide as a model for the GlyR. The peptide was titrated into gephyrin. Exemplary overlay of fitted curves 
of wt and Δ199-233 gephyrin. Find full plots in supplementary figure S2. 
 
 
gephyrin shows a two-sided interaction with the peptide resulting in a low and a high 

affinity binding site [3]. The dissociation constants for wt and Δ199-233 gephyrin were 

comparable for both binding sites (KD
high : wt=0.063±0.017 μm; 

Δ199-233=0.050±0.023 μm, KD
low : wt=1.83±0.059 μm; Δ199 233=1.54±0.7 μm). But the 

shape of the ITC run reveals a more prominent low affinity binding site (Figure 5E, 

Figure S2). Interestingly, when exposing gephyrin to the pentameric GlyR model LSβ in 

the sedimentation assay (Figure 5D), we found twice as much gephΔ199-233 in the 

pelleted fraction compared to gephyrin wt (Figure 5E). The interaction towards the 

multimeric receptor is responsible for gephyrin sedimentation [34], which indicates that 

this interaction is facilitated for gephΔ199-233. Although, we used model systems for the 

GlyR, the required structural elements of both, gephyrin-GlyR β and gephyrin-GABAAR 

α3 interaction for instance, are comparable [8]. Additionally, gephyrin does not directly 
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bind to GABAAR γ2 subunits and requires additional α1-3 subunits. Thus, the results of 

the binding studies can be used as an explanation for the cluster analysis of expressed 

gephΔ199-233 at GABAergic synapses in neurons previously: Due to the facilitated 

gephyrin-receptor interaction, the intensity of gephΔ199-233 co-localizing with vGAT and 

GABAAR γ2 punctae was increased, while simultaneously the sizes of synaptic GABAAR 

γ2 punctae were increased. 

 

 

4.5. Discussion 

We identified gephyrin with the microdeletion ∆199-233 as a new pathogenic variant in 

mice. This pathogenicity is evident through reduced fertility and increased mortality, 

characterized by weight loss, sudden death, and epileptic-like seizures. The phenotype 

emerged in the early developmental stage (P16-P19) and was not related to MoCD. In 

comparison, human patients with larger exonic microdeletions in gephyrin suffer from 

complex neuronal disorders such as autism, schizophrenia, and seizures, which typically 

manifest in early childhood [12, 15]. Our mouse model thus appears suitable for 

investigating similar conditions in humans and might be valuable for developing 

treatment strategies. However, human cases often involve deletions in the G- and E-

domains of gephyrin, [12, 15] which are critical for clustering and receptor binding [2]. 

These domains are believed to be major contributors to these disorders, whereas the C-

domain has received less attention.  

 Our study highlights the crucial role of the C-domain of gephyrin, which includes 

several PTM sites [24, 28, 36], in the onset of neuronal diseases. We investigated these 

PTMs to understand their physiological relevance and their contribution to the phenotype 

in our mouse model. The absence of PTMs in gephyrin ∆199-233 could be attributed to 

the lack of S-palmitoylation and DLC interaction. The significance of missing 

phosphorylation (T199, T205, S222, S226, and T227) remains unclear as their roles in 

synaptic functions of gephyrin have not been fully defined [28]. However, phosphorylation 

site S200 is crucial for gephyrin-Pin1 interaction. A substitution significantly reduces this 

interaction, although some binding activity remains [25]. Cis-trans isomerization of 

gephyrin, facilitated by Pin1, is important for recruiting synaptic GlyRs [25], which 

mediate inhibition in the brain stem and spinal cord [37]. This impairment would typically 

manifest as stiffness [38, 39], contrary to the seizures observed in our model. Therefore, 

we hypothesize that a residual gephyrin-Pin1 interaction in gephyrin ∆199-233, is likely 

maintained and does not contribute to the phenotype. 
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 In contrast, the interaction with DLC was completely abolished in ∆/∆ mice, as 

demonstrated in cellulo. This aligns with previous studies, where gephyrin variants 

lacking the high affinity DLC binding motif (residue 203-212) fail to interact with DLC [26]. 

Interestingly, it was previously stated that the ‘DLC binding is not essential for synaptic 

localization of gephyrin’ although the S-palmitoylation site Cys212 was also absent in 

those studies, possibly affecting the results. The absence of Cys212 alone reduces 

synaptic gephyrin due to lack of S-palmitoylation [24]. Thus, the combined absence of 

both PTMs may balance each other out through an unknown mechanism.  

 Furthermore, a new role of DLC-gephyrin binding was recently proposed with 

regard to liquid-liquid-phase separation (LLPS). LLPS might contribute to the complexity 

of synaptic structures by the formation of microdomains [34, 40]. It was shown, that 

gephyrin undergoes LLPS, proposed as a key mechanism for regulating synaptic 

clustering [34, 40, 41]. The interaction with DLC further strengthened LLPS formation of 

gephyrin [34]. Thus, while the synaptic function of gephyrin might not be heavily 

dependent on DLC-binding, the disrupted DLC-gephyrin interaction in ∆199-233 is likely 

not the primary cause of neuronal impairments observed in ∆/∆ mice. 

 The strongest contribution of PTMs was found for S-palmitoylation. S-

palmitoylation levels of gephyrin ∆199-233 were significantly reduced to 50% in vivo, due 

to the missing residue Cys212. The second S-palmitoylation site Cys284 was unable to 

fully compensate, which is in line with previous reports [24]. Lack of S-palmitoylation 

resulted previously in reduced synaptic targeting and cluster sizes of gephyrin, impairing 

GABAergic neurotransmission [24]. Although gephyrin ∆199-233 showed reduced 

synaptic localization, cluster sizes were not reduced, suggesting an interplay of opposing 

PTM effects or another mechanism. In vitro binding studies indicated that the gephyrin-

receptor interaction via the low affinity binding site was facilitated for gephyrin ∆199-233, 

possibly because the shorter C-domain no longer masked this site. This hypothesis is 

supported by previous studies, which suggested a direct modulation of the C-domain for 

gephyrin-receptor interaction independent on further PTMs [3, 42]. 

 In conclusion, while gephyrin ∆199-233 was impaired in synaptic recruited likely 

due to reduced S-palmitoylation, a robust proportion still reached the synapse and 

interacted more strongly with receptors. Still, this proportion was not sufficient to maintain 

normal inhibition, since we observed reduced GABAergic transmission in 

electrophysiology experiments. This suggests that PTM-driven synaptic targeting, such 

as S-palmitoylation, may be crucial for gephyrin’s function over mere receptor interaction.  
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Figure 8: Hypothesized E/I 
imbalance in gephyrin 
Δ199-233 expressing 
neuronal networks 
Schematic illustration of the 
phenotype of homozygous 
gephyrin Δ199-233 mice 
caused by an imbalance of 
excitation and inhibition 
(E/I): At GABAergic 
inhibitory synapses, 
gephyrin Δ199-233 leads to 
a reduced signal 
transmission (Cl- influx). 
Although, the gephyrin-
receptor interaction is 
facilitated, the recruitment 
by S-palmitoylation is 
disturbed for gephyrin 
Δ199-233 (indicated by a 
dashed arrow) leading to 
an accumulation of non-
synaptic gephyrin. At the 
excitatory synapses, 
PSD95 shows smaller but 
more numerous clusters, 
likely an adaptation to the 
changes at the inhibitory 
synapse. 

 

 However, this hypothesis would lead to a reduction of the frequency of mIPSCs, 

which we did not observe. Instead, we observed a longer decay time. Consequently, we 

postulate that enough GABAARs are clustered at the synapse, but their kinetics might be 

altered. Previous studies support this hypothesis, since it was suggested, that the 

receptor ICD contacts gephyrin C-domain [3]. Thus, it is possible, that the flexible C-

domain not only masks the low-affinity receptor binding site, but also interferes with the  

chloride influx of GABAARs. Regardless of the underlying molecular reason, a reduced 

GABAergic transmission alone is only one explanation for the observed phenotype in 

∆/∆mice.  

 To further understand the phenotype of ∆/∆ mice, we considered the interplay of 

excitation and inhibition (E/I) and examined excitatory synapses. We observed equal 

expression of truncated and wt gephyrin in vivo, but slightly increased levels of the 

excitatory scaffolding protein PSD95 suggesting an alteration of E/I. Increased synaptic 

and non-synaptic PSD95 punctae with reduced sizes were also noted in cell culture 

experiments, supporting potential adaptations in E/I [43, 44]. As a result, complex 

neuronal impairments due to morphological changes of neuronal architectures could 

appear in ∆/∆ mice [45, 46], especially when the adaptions on one site cannot be 

mediated accordingly. Interestingly, the phenotype became visible after approx. 14 days, 
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which is the time window when mice develop full sensory receptivity and show increased 

sensitivity to extrinsic provocation [47]. In this period, the functional interplay of excitation 

and inhibition is even more challenged [48].  

 In summary, we propose that the phenotype observed in ∆/∆ was caused by a 

reduction of inhibition due to disturbed PTM-driven synaptic targeting, which leads to 

adaptations at excitatory synapses (Figure 8). This adaption might work till a certain 

point, until it became insufficient and caused hyperexcitation, visible as epileptic-like 

seizures for instance. However, the exact cellular changes in further neuronal networks 

in vivo, the disturbed E/I ratio and its adaption mechanisms in ∆/∆ mice are still under 

our research. 

 

 

4.6. Material and Methods 

CRISPR CAS  

One step generation by electroporation in zygotes for C212S in the Gphn gene was used 

(DOI 10.3390/cells9051088; DOI 10.1038/s41598-017-08496-8). Used components: 

gRNA_1: TTATGTGGGCTAGTTGTAGG (AGG); gRNA2: TGCTGCAGTTATATGTGATG 

(AGG); ssODN repair template (Ultramer): A*A*GATTTACCTTCC 

CCACCACCTCCTCTCTCTCCACCTCCcACtACTAGCCCACATAAACAGACAGAAGA

CAAAGGAGTTCAGTccGAgGAAGGGAAGAAGAAAAGAAAGACAGTGGTGTAGCTTC

AACAGAAGATAGTTCaTCATCACATATAACTGCAGCAGCTCTTGCTGCAAAGGTAAG

T*C*T (* = phosphorothioate bonds to increase nuclease resistance). 

 

Genotyping and sequencing 

DNA was isolated from ear punches or tail cuts using QuickExtractTM (Lucigen). The F0 

generation was typed by using PCR (KAPA2G Fast Genotyping Mix (KAPA Biosystems)) 

(fw_TCAGTTCATACTGCCAGCTCTAC; rv_AGGCAATGACACATCATTAGTGC) 

followed by BsaJI digestion. The next generations were screened by PCR using 

fw_CCTCA TGCCATTGACCTTTTACG and rv_ATCATTAGTGCCTCAGAGCTCAA. Off-

targets were screened by PCR using Chr1_fw_TGTCACGACAAAAGACAAAGATCA, 

Chr1_rv_CCCCACTTCTCTGGTCCCTA, Chr12_fw_CCAGATGGACCACACTAATG, 

Chr12_rv_TCTCCTAGGCCTACAAGACAA, Chr15_fw_AAGAAGCCTCCTTCCTCA 

CAAG and Chr15_rv_TGCTACATCAGACATGCCTTCTC. After agarose gel 

electrophoresis amplicons were extracted by the E.Z.N.A. Gel extraction Kit and sent for 

sanger sequencing (Eurofins). 

 



110 

 

Sacrifice of mice and sample preparation 

Mice were anesthetized with Ketamine/Xylazine through intra-peritoneal injection until 

decapitation could be safely done. Blood samples were collected by a Pasteur pipette, 

flashed with 100 mM EDTA (pH 7.5) and centrifuged for 10 min at 17 000 x g and 4°C. 

The supernatant (blood serum) was collected, snap frozen with liquid nitrogen and stored 

at -80°C. 

 The brain was removed and used for lysates. Therefore, RIPA buffer (50 mM 

Tris/HCl pH 8.0, 150 mM NaCl, 0.1% SDS, 1% IGEPAL CA-630, 0.5% Na deoxycholate, 

1 mM EDTA, freshly added protease inhibitor (Roche)) was added. The tissue was 

dounce homogenized with 1 200 rpm 20 times, sonicated 10 sec at 4°C and 30% 

amplitude and subsequently centrifuged for 10 min at 4°C and 4 000 x g. The 

supernatant was transferred into a new tube, snap frozen with liquid nitrogen and stored 

at -80°C. Protein concentration was determined using BCA. Typically, 100 µg protein 

were used for SDS-PAGE for WB analysis, 2 mg for acyl-to-biotin exchange assays and 

2 mg for pull-down assays. 

 

Ethics statement 

We complied with all relevant ethical regulations for animal testing and research. 

Experiments were approved by the local research ethics committees (Germany, 

Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, reference 

2021.A089, 2019.A077 and 2021.A450). 

 

Determination of MoCD markers in blood serum 

Blood serum samples were thaw and cleared for 10 min at 17 000 x g and 4°C. 30 μL of 

the supernatant were supplemented with 30 µL 100% methanol and centrifuged at 

17 000 x g for 15 min at 4°C. 15 µL of the supernatant were mixed with 15 µL reaction 

buffer (160 mM HEPES pH 8.0, 16 mM EDTA), 15 µL 100% acetonitrile, and 3 µL 46 mM 

mBBr in 10% acetonitrile. The reaction was incubated for 30 min at rt (room temperature) 

in the dark. 30 µL methanesulfonic acid were added and the sample diluted with 312 µL 

running buffer A (0.25% acetic acid, pH 4). The sample was centrifuged at 17 000 x g for 

15 min at 4°C and 200 µL supernatant were used for HPCL analysis. Fluorescence was 

measured at 380 nm, emission at 480 nm. The run was performed following the protocol 

in the scheme below, using a 250 x 3 mm Nucleodur HTec C18 RP column, 5 µm particle 

size, buffer A and B (100% methanol), an injection volume of 10 µL and a column 

temperature of 40°C. 
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Acyl-to-biotin exchange assay 

The previously described assay23 was changed as followed: Acetone precipitation was 

used to remove chemicals; 2 mg brain lysate were used and the sample after blocking 

(reaction with methyl methanethiosulfonate) divided in two equal samples (-HA and + 

HA); 100 mM hydroxylamine (HA) were used. 

 

cDNA Synthesis 

100 mg mouse brain tissue were homogenized in 1 mL TRI Reagent (Sigma). After 5 min 

at rt, 100 μL 1-Brom-3-chlorpropane were added. The reaction was vortexed for 15 sec, 

incubated 10 min at rt, and centrifuged for 15 min at 12 000 x g and 4°C. 500 μL 

2-Propanol were added to the aqueous top layer in a separate tube. The mixture was 

vortexed, incubated 5 min at rt and centrifuged for 10 min at 12 000 x g and 4°C. The 

RNA pellet was washed with 1 mL 75% ethanol and subsequently centrifuged at 

7 500 x g for 5 min at 4°C. The pellet was dried at rt and resolved in 100 µL RNAse-free 

water. Typically, 5 μg RNA were used for cDNA synthesis and mixed with 1 μL 10 mM 

dNTPs, 1 μL of oligo(dT) primer, and filled up with water to 13 µL. The reaction was 

incubated at 65°C for 5 min and followed by 1 min on ice. 4 μL 5x First-Strand Buffer, 

1 μL 0.1 M DTT and 1 μL SuperScriptTM III RT were added. After 60 min at 50°C, the 

reaction was inactivated for 15 min at 70°C. Isolated cDNA was stored at -20°C. 

 

DNA/expression constructs 

Gephyrin ∆199-233 was generated by overlap-extension PCR (OEP) using subcloned 

isolated cDNA from ∆/∆ mice and gephyrin P1 wt in pQE80L48 as templates. The PCR 

product (primers: 5’ CCTCATGCCATTGACCTTTTACG 3’ and 5’ 

ATCATTAGTGCCTCAGAGCTCAA 3’) from the cDNA was subcloned into pJET2.1 

following the CloneJET PCR Cloning Kit (Thermo Fisher Scientific). For OEP, three 

fragments (aa1-162, aa153-243, aa234-736) generated and fused by PCR by 

combination of the following primer pairs: 5’CCAT 

CACGGATCCGCATGCGAGCTCGGTACCCCAATGGCGACCGAGGGAA3’ and 5’GAA 

TTCTGCAGTCGACGGTACCGCGGGCCCATGGCGACCGAGGGAATGATCCTCA3’; 

5’GAATGCTTTCAGTTCATACTGCCAGCTCTA3’ and 5’TTTGCAGCAAGAGCTGCTG 

CAGTTATAT3’; 5’AGCTAATTAAGCTTGGCTGCAGGTCGACCCTCATAGC 

CGTCCGATGACCA3’ and 5’ATGATCAGTTATCTAGATCCGGTGGATCCCTCATAGC 

CGTCCGATGACCATGACGT3’; 5’CCATCACGGATCCGCATGCGAGCTCGGTACCC 

CAATGGCGACCGAGGGAA3’ and 5’ATGATCAGTTATCTAGATCCGGTGGA 

TCCCTCATAGCCGTCCGATGACCATGACGT3’. The final, fused fragment was cloned 

into pQE80L by Gibson assembly using SmaI. Gephyrin P1 wt and ∆199-233 from 
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pQE80L constructs were cloned by Gibson assembly into pAAV_hSyn_mScarlet (a gift 

from Karl Deisseroth, Addgene plasmid #131001) using EcoRI. Gephyrin was cloned 

using PCR and XhoI and KpnI into pEGFP-C2 (Clontech). 

 Furthermore, DLC1 was cloned into pmCherry-C3 (Clontech) by PCR and ligation 

using restriction sites XhoI and HindIII. 

 For virus production the plasmids pAdDeltaF6 (a gift from James M. Wilson, 

Addgene plasmid #112867; http://n2t.net/addgene:112867; RRID: Addgene_112867) 

and pAAV2/1 (a gift from James M. Wilson, Addgene plasmid #112862; 

http://n2t.net/addgene:112862; RRID: Addgene_112862) were used. The expression 

constructs of LSβ in pQE70 and GlyRβICD in ptYB were described previously2,34. 

 

Purification of recombinant gephyrin, LSβ and βICD peptide 

Gephyrin P1 wt and ∆199-233 in pQE80L were transformed into E. coli BL21. Bacterial 

cultures grew o/n at 37°C under shaking at 110 rpm. At an OD600 of approx. 0.3., 

expression was induced by supplementation with 250 nM IPTG. Cells were harvested 

by centrifugation for 10 min at 5 000 rpm (JLA 8.1 rotor) at 4°C after incubation for 21 h 

at 18°C and 90 rpm. Cell pellets were resuspended in 100 mL ME lysis buffer (300 mM 

NaCl, 50 mM Tris/HCl, 5 mM β-Mercaptoethanol, 0.05% Tween20, pH 7.4) with the 

addition of 1 tablet of EDTA-free protease inhibitor (Roche) and a spatula of lysozyme 

and stored at -80°C until use. Thawed pellets were lysed by alternating twice sonification 

(3 min at 4°C with 40% amplitude, 30 sec pulse, and 30 sec pause) and pressure lysis 

(1 000 to 1 500 bar, EmulsiFlex). All subsequent steps were performed at 4°C. The 

homogenate was centrifuged for 1 h at 16 000 rpm (JLA 16.250 rotor). The supernatant 

was applied twice on 20 mL Ni-NTA beads (pre-equilibrated with ME lysis buffer). The 

column was washed three times each, with 5 column volumes (CV) ME lysis buffer, then 

with 5 CV ME wash buffer 1 (300 mM NaCl, 50 mM Tris/HCl, 5 mM β Mercaptoethanol, 

0.05% Tween20, 20 mM Imidazole, pH 7.4), and lastly with 5 CV ME wash buffer 2 

(300 mM NaCl, 50 mM Tris/HCl, 5 mM β Mercaptoethanol, 0.05% Tween20, 40 mM 

Imidazole, pH 7.4). Elution was performed with 2 CV ME elution buffer (300 mM NaCl, 

50 mM Tris/HCl, 5 mM β-Mercaptoethanol, 0.05% Tween20, 300 mM Imidazole, pH 7.4). 

The eluate was concentrated with an Amicon filter (50 kDa cut off) at 3 220 x g and pre-

cleared for gel filtration at 17 000 x g. Preparative gel filtration was performed with an 

ÄKTApurifier (SuperdexTM 200 or SuperdexTM 200 HiLoad 16/60 prep grade, GE 

Healthcare) using SEC buffer (300 mM NaCl, 50 mM Tris/HCl, 5 mM β Mercaptoethanol, 

5% glycerol, pH 7.4). Fractions of gephyrin trimers and oligomers were collected and 

concentrated by Amicon filters (50 kDa cut off) at 3 220 x g. Final proteins were snap 

frozen with liquid nitrogen, and stored at -80°C. 
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 E. coli BL21 Rosetta star was used for the expression of His-LSβICD. The 

expression was performed as previously described34. Proteins were stored in 300 mM 

NaCl, 50 mM Tris/HCl, pH 7.4. 

 For the βICD peptide E. coli ER2566 (New England Biolabs) was used. Cultures 

grew at 37°C and 110 rpm until the OD600 reached 0.3. Induction was induced by 

250 µM IPTG and expression performed for 20 h at 25°C and 110 rpm. Cells were 

harvested and stored at -80°C in ICD lysis buffer (300 mM NaCl, 50 mM Tris/HCl, 1 mM 

EDTA, 1x Protease Inhibitor (Roche), pH 7.4). Lysis of the thawed cells was performed 

by alternation of ultrasound (3 min at 4°C, 30 sec pulse, 30 sec pulse, 40% amplitude) 

and pressure lysis (EmulsiFlex, 1 000-1 500 bar, 4°C) twice. After centrifugation for 1 h 

at 16 000 x g (JLA 16.25 rotor) at 4°C, the supernatant was applied on a pre-equilibrated 

chitin matrix (New England Biolabs) and incubated 1.5 h at 4°C under shaking. The 

column was washed with 15 CV ICD buffer before 2.5 CV cleavage buffer (300 mM NaCl, 

50 mM Tris/HCl, 1 mM EDTA, 50 mM DTT, pH 7.5) was applied an incubated for 

minimum 24 h at rt.  The eluate was collected and another 2.5 CV cleavage buffer used 

for a second elution. The combined eluate was concentrated and filtered by Amicon filters 

with a cut-off of 10 kDa and 3 kDa. The buffer was exchanged to ITC buffer (300 mM 

NaCl, 50 mM Tris/HCl, pH 7.4) by dialysis over night at 4°C. The purified protein was 

stored at -80°C. 

 

Circular dichroism (CD) spectroscopy 

Recombinant gephyrin was buffer exchanged to CD buffer (10 mM K2HPO4/KH2PO4, 

pH 7.5) and centrifuged for 10 min at 17 000 x g at 4°C. The concentration was adjusted 

to 0.2 mg/mL. Measurements were obtained using the JASCO J-715 CD 

Spectropolarimeter and data evaluated using Spectra Manager Version 2. 

 

Co-sedimentation assay 

The previously described sedimentation assay33 was adapted as followed. Recombinant 

gephyrin and LSβ were pre-cleared by centrifugation at 17 000 x g for 3 min at rt. 

Gephyrin and LSβ were mixed 10:10 μM in a final volume of 50 μL of assay buffer 

(150 mM NaCl and 50 mM Tris/HCl, 5 mM TCEP, pH 7.5). After incubation of 10 min at 

rt, samples were centrifuged 10 min and 17 000 x g. The supernatant was added into a 

new tube and supplemented with 15 μL 5x SDS sample buffer. The pellet was 

supplemented with 50 μL assay buffer and 15 μL 5x SDS sample buffer.  
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Isothermal titration calorimetry (ITC) 

Gephyrin wt and ∆199-233 were buffer exchanged to ITC buffer (250 mM NaCl, 20 mM 

Tris/HCl, 5 mM β-mercaptoethanol, 5% glycerol, pH 7.5). Samples were pre-cleared by 

centrifugation for 10 min at 17 000 x g and the concentrations adjusted to 300 µM (βICD) 

and 30 µM (gephyrin). The ITC runs were performed with the MicroCal Auto-iTC200 

(Malvern Panalytical) at 37°C with 40 individual injections (first injection: 0.5 µL in 1 sec; 

following injections: 1.25 µL in 2.5 sec), spacing in between injections of 2 min, and 

stirring speed of 750 rpm. βICD was titrated into gephyrin. Thermodynamic parameters 

were determined using the software Microcal analysis Origin 7. 

 

Analytical size exclusion chromatography (SEC) 

Typically, 1 nmol of recombinant protein was supplemented with SEC buffer (300 mM 

NaCl, 50 mM Tris/HCl, 5 mM β-Mercaptoethanol, 5% glycerol, pH 7.4) in a final volume 

of 30 μL. Samples were centrifuged for 10 min at 17 000 x g and 4°C before injection. 

Runs were performed with Superose 6 Increase 5/150 GL in SEC buffer. The calibration 

curve was obtained using a protein standard containing thyroglobulin (669 kDa), ferritin 

(440 kDa), aldolose (158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa). 

 

Expression of EGFP-gephyrin and mCherry-DLC1 in COS7 cells 

Coverslips were placed into 12-well plates and coated with collagen (0.2 mg/mL in 

DPBS) for 4 h at 37°C and afterwards washed with PBS twice. 40 000 COS7 cells 

(cultured in DMEM (+/+; Panexin Mix/Gln)) were seeded per well. Cells grew o/n at 37°C 

and were subsequently transfected using PEI with EGFP-gephyrin (pEGFPC2) and 

mCherry-DLC1 (pmCherry-C3). On the next day, the medium was replaced with fresh 

medium and expression was performed for another day (in total 48 h). Afterwards, cells 

were used for ICC.  

 

Culture of hippocampal neurons and expression of recombinant gephyrin 

At E17.5, dissociated primary hippocampal cultures were prepared from C57BL/6NRj 

embryos. 90 000 cells were seeded on Poly-L-lysine coated 13 mm cover slips in 24-well 

plates. Neurons grew in neurobasal medium supplemented with B-27, N-2, and 

L-glutamine (Thermo Fisher Scientific). At 10 days in vitro (DIV), cells were transduced 

with 2.5 x 108 viral genome copies (GC) by exchanging a third of the medium to virus-

containing medium. The virus was prepared and detected according to previous 

protocols [33]. At DIV14 the cells were either fixed or at DIV13-15 used for 

electrophysiology experiments. In case of electrophysiology measurements, 50 mM 

NaCl were added at DIV11 to maintain osmolarity. If cells should be used for Western 



115 

 

blot analysis, cells were seeded Poly-L-lysine 24-well plates without cover slips. At 

DIV14, the medium was exchanged to 100 µL RIPA buffer (50 mM Tris/HCl, pH 7.5, 

150 mM NaCl, 0.1% SDS, 1% IGEPAL CA360, 0.5% Sodium deoxycholate, 5 mM EDTA, 

1x protease inhibitor (Roche)) and incubated for 10 min at rt under mild shaking. The 

detached cells were lysed by sonification (10 sec, 30%, 4°C) and centrifuged for 10 min 

at 4 000 x g. Approx. 30 µg of protein in the supernatant was used for SDS-PAGE. 

 

Immunocytochemistry (ICC) 

Fixation was performed by replacing culture medium by 4% PFA in PBS. After incubation 

for 20 min at rt, PFA was removed and cells washed twice with 50 mM NH4Cl in PBS, 

each time 10 min at rt. Subsequently, cells were blocked for 1 h at rt with blocking solution 

(10% goat serum, 1% BSA, 0.2% TritonX100, in PBS). After washing cells with PBS for 

5 min at rt, antibody incubation was performed for 1 h at rt. Antibodies were diluted in 

PBS. Afterwards, three washing steps with PBS were performed, each 10 min at rt. 

Treatment with secondary antibody and subsequent washing was performed in the same 

manner. In case of COS7 cells, staining with 300 nM DAPI in PBS was performed for 

5 min at rt and an additional washing step of 10 min with PBS. Lastly, coverslips were 

mounted with Mowiol/Dabco and dried over night at rt. We used the following antibodies: 

rabbit anti-vesicular GABA transporter (vGAT) (1:1 000, #131003, SYSY), guinea-pig 

anti-GABAARγ2 (1:500, #224004, SYSY), rabbit anti-PSD95 (1:500; #ab18258; Abcam), 

guinea-pig anti-vesicular glutamate transporter (vGLUT) (1:1 000; #AB5905; Millipore), 

goat anti-rabbit AlexaFluor 647 (1:500, #A-21245, Invitrogen), goat anti-rabbit AlexaFluor 

488 (1:500, #A-11075, Invitrogen), goat anti-guinea-pig AlexaFlour 647 (1:500; 

#ab150187; Abcam).  

 

Confocal microscopy and image analysis 

Image stacks [0.33 μm z-step size, 10 stacks (=3 µm), 2048 × 2048 

(144.77 × 144.77 μm)] were acquired on a Leica TCS SP8 LIGHTNING upright confocal 

microscope with an HC PL APO CS2 63×/1.30 glycerol objective, equipped with hybrid 

detectors (Leica HyD) and the following diode lasers: 405, 488, 552, and 638 nm. 

LIGHTNING adaptive deconvolution using “Mowiol” setting was applied. This form of 

adaptive image reconstruction is capable of theoretical resolutions down to 120 nm 

(lateral) and 200 nm (axial). Images were segmented and analyzed in an automated 

fashion using ImageJ/FIJI 1.53t. Therefore, the macros described by Liebsch et al.32 

were used as a blueprint and adapted. Furthermore, we used the plugin JaCoP to 

determine Mander’s co-localization coefficients (MCCs). 
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Electrophysiology experiments 

Whole-cell patch-clamp recordings under current clamp and voltage clamp were 

conducted on primary cultures of murine hippocampal mScarlet- and Cre-moxBFP-

tagged neurons between DIV13 and DIV15 at 30°C. Neurons were visualized with a 

fixed-stage upright microscope (Axio Examiner.D1, Carl Zeiss GmbH) using a water-

immersion objective (Plan-Apochromat, 40×, 1 numerical aperture, 2.5 mm working 

distance, Carl Zeiss GmbH). The microscope was equipped with fluorescence and 

infrared differential interference contrast optics [50]. Red fluorescing gephyrin-positive 

cells were visualized with an X-Cite 120 illumination system (EXFO Photonic Solutions).  

Recordings were performed with an EPC9 patch-clamp amplifier (HEKA) controlled by 

the program PatchMaster (version 2ௗ×ௗ90.5, HEKA running on Windows 10). Data were 

recorded using a Micro1401 data acquisition interface (Cambridge Electronic Design 

Limited) and Spike 2 (version 7.08, Cambridge Electronic Design Limited). Data were 

sampled at 20 kHz and low-pass filtered at 10 kHz with a four-pole Bessel filter. Offline, 

the signal was smoothed by averaging the values in a ±0.001 s interval around any given 

datapoint . Electrodes with tip resistances between 4 and 6 MΩ were made from 

borosilicate glass (0.86 mm inner diameter; 1.5 mm outer diameter; GB150-8P, Science 

Products) with a vertical pipette puller (PP-830, Narishige). 

 During the recording, neurons were continuously superfused at a flow rate of 

∼2.5 ml min−1 with a carbonated (95% O2 and 5% CO2) extracellular saline containing 

(in mM): 125 NaCl, 21 NaHCO3, 2.5 KCl, 2 MgCl2, 1.2 NaH2PO4, 10 HEPES, 5 glucose, 

adjusted to pH 7.2 with NaOH. For the voltage clamp recordings, glutamatergic input 

was blocked with 5ௗ×ௗ10−5 m DL-2-amino-5-phosphonopentanoic acid (DL-AP5; 

BN0086, Biotrend Chemikalien GmbH) and 10−5 M 6-cyano-7-nitroquinoxaline-2,3-

dione (CNQX; C127, Sigma-Aldrich). Na+ mediated action potentials were blocked by 

10−7 M tetrodotoxin (TTX; T-550, Alomone, Jerusalem BioPark). Current-clamp 

recordings were performed with a pipette solution containing (in mM): 140 K-gluconate, 

10 KCl, 2 MgCl2, 10 HEPES, 0.1 EGTA, adjusted to pH 7.2 with KOH.  

 For voltage clamp recordings of miniature IPSCs (mIPSCs), the patch pipette 

solution contained (in mM): 133 CsCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10 EGTA, adjusted 

with CsOH to pH 7.2. The liquid junction potential between intracellular and extracellular 

solution for current-clamp (14.6 mV) and voltage-clamp (6.3 mV) recordings were 

calculated using the LJPcalc software (https://swharden.com/LJPcalc; 

arXiv:1403.3640v2; https://doi.org/10.48550/ arXiv.1403.3640) and compensated 

accordingly. 

 Neurons were voltage clamped at −70 mV. Because of the high intracellular 

chloride concentration, GABAA R-mediated currents were detected as inward currents. 
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Data were analyzed at 50 s intervals after the recording stabilized (∼10 min after 

obtaining whole-cell configuration). Data analysis was performed with Spike 2 (version 

7.08, Cambridge Electronic Design Limited), Igor Pro 6 (version 6.37, Wavemetrics), and 

GraphPad Prism (version 10.2.3, GraphPad Software Inc.). mIPSC frequency, 

amplitude, and decay were determined offline. Events in voltage clamp traces were 

automatically detected by Easy Electrophysiology (developer pre-release version: 

v2.7.0, Joseph J Ziminski, www.easyelectrophysiology.com ), when the signal crossed a 

threshold that was set and adjusted manually depending on the noise level of the signal. 

Events were classified as mIPSCs by template matching (correlation cutoff: 0.80; decay 

search period: 50 ms; baseline search period: 5 ms). The recording-specific template 

was calculated by fitting the average of prior threshold-detected and visually reviewed 

events. Parameters including frequency, amplitude, rise, and decay were determined. 

Statistical analysis between the genotypes was performed using a two-sided permutation 

test. 

 

SDS-PAGE, Coomassie and Western Blot 

Samples were supplemented with 1-2.5x sample buffer (5 x: 250 mM Tris/HCl pH 6.8, 

30% glycerol, 0.1% bromophenol-blue, 5% β-mercaptoethanol, 10% SDS) and 

incubated for 5 min at 95-98°C. SDS PAGE was performed with running buffer (25 mM 

Tris/HCl, 190 mM glycine, 0.1% SDS). As markers, the PageRulerTM Plus Prestained 

Protein Ladder or the unstained Protein Molecular Weight Marker were used. 

 For Coomassie staining, the SDS gel was stained with Coomassie stainer (30% 

EtOH, 10% acetic acid, 0.25% Coomassie brilliant blue R250) and destained first in 

destainer solution (30% EtOH, 10% acetic acid) and afterwards with water. Gel pictures 

were obtained using the ChemiDocTM MP Imaging System by BioRad.  

 For Western blot analysis, SDS gels were blotted semi-dry on PVDF membranes 

using transfer buffer (25 mM Tris/HCl, 320 mM glycine, 10% MeOH, pH 8.8) o/n at rt 

(25 mA). Blocking was performed for 1 h in blocking solution (10% milk powder in TBST 

buffer (50 mM Tris/HCl, 150 mM NaCl, 0.05% Tween20, pH 7.4)). Incubation in primary 

(antibody diluted in antibody solution (1% milk powder in TBST buffer)) was done for 1 h 

at rt. After washing three times for 5 min with TBST, incubation with the secondary 

antibody (diluted in antibody solution) was done for 1 h at rt. Afterwards blots were 

washed twice for 5 min with TBST, and once for 5 min with water. The membrane was 

developed using ECL and the ChemiDocTM MP Imaging System (BioRad).  

 When subsequent antibodies were used, membranes were incubated twice for 

10 min each with stripping buffer (15 g/L glycine, 1 g/L SDS, 10 mL/L Tween20, pH 2.2), 
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PBS, and lastly TBST. Then, antibody staining was performed as described in the 

previous section.  

 The following antibodies were used: mouse anti-GephyrinE (3B11; 1:10, self-

made); rabbit anti-GAPDH (1:1 000, #G9545, Sigma), rabbit anti-PSD95 (1:1 000, 

#ab18258, Abcam); goat anti-mouse HRP-coupled (1:10 000, #AP181P, Sigma), goat 

anti-rabbit HRP-coupled (1:10 000, #AP187P, Sigma). 

 

Statistics 

Statistical tests and methods used to determine significance and error bars are described 

in each figure legend. Data points exceeding two-fold standard deviation were 

determined as outliers. Numbers of replicates (N) are indicated in each figure legend. 

Note, that in case of neuro cell culture experiments, 10 cells per condition (technical 

N=10) from 3 individually prepared pups (biological N=3) were analyzed (total N=30). In 

case of COS7 cells, 5 cells per condition (technical N=5) from 3 individual seedings 

(biological N=3) were analyzed (total N=15). For electrophysiology experiments (voltage 

clamp recordings), we used cell cultures from 3 individual pups (biological N=3) and 

analyzed 7-9 individual cells (technical Nௗ=ௗ9 for wt and Nௗ=ௗ7 for gephΔ199-233).  
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4.8. Supplementary figures 

 

 

 

Figure S1: Generation of gephyrin C212S and gephyrin Δ199-233 KI mice 
A) Genotyping of founder mice. PCR was designed to obtain amplicons around the area of the gRNA binding 
site. C212S point mutation identified, but several mice showed also insertions and deletions. Amplicons of 
expected wt-size can still carry single base alterations. Only mouse CSY1 was able to produce offspring. 
Mouse 7 had to be sacrificed after seizures.  B) Survival rate [%] of the founder generation (F0). 25% mice 
reached weaning age. C) Alignment of off-target regions of the CRISPR/Cas guide RNA. Homozygous wt 
and Δ199-233 and heterozygous mice in comparison. D) Comparison of gephyrin deletion Δ199-233 in the 
new mice line with human patient deletions showing corresponding neuronal impairments. Deletions 
assigned to the different exons of the GPHN gene structure. Common exons shadowed in light grey. Specific 
region of gephyrin Δ199-233 enlarged. 
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Figure S2: Receptor interaction study of gephyrin Δ199-233 
A) Isothermal calorimetry titration experiment using GlyRβICD peptide as a model for the GlyR. The peptide 
was titrated into gephyrin. Data has been fitted with a two-binding site model giving a high and a low affinity 
dissociation constant (KD

high; KD
low). 
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Chapter 5 

General Discussion 

Gephyrin, as the central scaffolding protein at inhibitory GABA- and glycinergic post-

synapses, determines the presence of synaptically clustered receptors and consequently 

inhibitory signal transmission (Kirsch et al., 1993; Fritschy et al., 2008). Clustering of 

gephyrin-receptor complexes is required for maintaining the interplay of excitation and 

inhibition (E/I) in the CNS, which is crucial for normal brain function and plasticity. 

Importantly, gephyrin function depends on three major biochemical properties: 

Localization (Dejanovic et al., 2014a), receptor interaction (Kim et al., 2006), and 

oligomerization (Kim et al., 2021). Understanding processes that control these features 

is of great interest, not only for understanding the onset of diseases and aging, but also 

for comprehending brain adaptation and plasticity in learning and memory. One type of 

mechanism controlling gephyrin function requires PTMs (Zita et al., 2007; Dejanovic et 

al., 2014a; Zacchi et al., 2014), of which thiol-based PTMs were the focus of this thesis. 

 This thesis sheds new light on the interplay of previously identified PTMs (S-

palmitoylation, S-nitrosylation, phosphorylation and DLC-interaction) (chapter 2), 

presents a new redox-dependent regulation mechanism of gephyrin (chapter 3) and 

provides insight into the physiological importance  of gephyrin C-domain and related 

specific PTM sites (chapter 4). The following sections will further discuss these key 

findings, their importance and interplay as well as their unexplored potential. 

 

5.1 Reciprocal regulation of gephyrin S-nitrosylation and S-

palmitoylation controls GABAergic synapses 

5.1.1 Gephyrin regulation by the interplay of several PTMs 

Gephyrin is crucial for controlling neurotransmission, making the investigation of its 

regulatory mechanisms essential for understanding processes influencing synaptic 

plasticity. One regulatory mechanism requires PTMs and gephyrin is subject to various 

PTMs such as phosphorylation (Zacchi et al., 2014), acetylation (Tyagarajan and 

Fritschy, 2014), SUMOylation (Ghosh et al., 2016) and cysteine modifications (Dejanovic 

and Schwarz, 2014; Dejanovic et al., 2014a). Importantly, the reversible nature of certain 

PTMs, such as phosphorylation, allows dynamic modulation of synaptic gephyrin 

function but also complicates spatial and temporal investigations. 

 Most PTMs occur in gephyrin’s C-domain (Herweg and Schwarz, 2012; Dejanovic 

et al., 2014a; Ghosh et al., 2016). This may be due to the domain's accessibility to 
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modifying enzymes facilitated by its structural flexibility. However, the role of the C-

domain may extend beyond structural connectivity to modulate gephyrin function. 

Various evidence suggests that the C-domain modulates receptor binding (Herweg and 

Schwarz, 2012; Grunewald et al., 2018). For instance, splice cassettes such as 'C3' alter 

the C-domain length and reduce gephyrin-receptor interaction (Herweg and Schwarz, 

2012). Other findings indicate that the C-domain interacts with the low-affinity receptor 

binding site within the E-domain, influencing receptor binding (Grunewald et al., 2018; 

Macha, 2021). This might indicate that also PTM-independent influences of the C-

domain on gephyrin function is possible. However, C-domain-mediated modulation of 

gephyrin function is not fully understood. 

 In non-neuronal tissue, gephyrin PTMs are less characterized and knowledge 

about its metabolic regulation is limited (Herweg and Schwarz, 2012). In contrast, at 

inhibitory synapses, gephyrin PTMs are well-studied and generally affect clustering, 

localization, stability, and receptor interaction. The large number of identified PTMs, 

sometimes with competitive (Tyagarajan et al., 2011; Kuhse et al., 2012) or reciprocal 

effects (Dejanovic and Schwarz, 2014; Dejanovic et al., 2014a), makes the 

understanding of a complex ‘PTM-interplayome’ challenging. Nonetheless, a few cross-

talk mechanisms have been uncovered, such as the interplay of phosphorylation-

dependent prolyl-isomerization (Zita et al., 2007) and the combined effects of 

phosphorylation, acetylation and SUMOylation (Ghosh et al., 2016). 

 This thesis explored the interplay of phosphorylation-dependent DLC interaction 

with S-nitrosylation and S-palmitoylation of gephyrin (chapter 2). Key findings include 

Thr205 in gephyrin C-domain as a phosphorylation site, potentially modified by Casein 

kinase I (CKI) (Kress, 2016) and Cys212 and Cys284 as S-nitrosylation targets, of which 

Cys284 was also confirmed by independent studies (Seneviratne et al., 2016). 

Additionally, a ternary complex involving nNOS, gephyrin, and DLC was identified, where 

gephyrin Thr205 phosphorylation inhibits DLC interaction. Since DLC is a known inhibitor 

of nNOS, Thr205 phosphorylation of gephyrin governs nNOS-mediated S-nitrosylation. 

Lack of S-nitrosylation enables S-palmitoylation at the same cysteines, indicating a 

competitive interplay between these modifications.  

 Evidence suggests that DLC has additional dynein-independent functions (Rayala 

et al., 2006; Morthorst and Olsen, 2013; He et al., 2018), supported by findings in this 

work. It was demonstrated recently that DLC interaction modulates the ability of gephyrin 

to undergo LLPS (1.6.6) (Bai et al., 2021). Since LLPS is suggested to be important for 

synaptic microdomain formation and contributes to diversity and complexity of PSDs (Bai 

et al., 2021; Lee et al., 2024; Zhu et al., 2024), the DLC-gephyrin interaction becomes 

important for the understanding of gephyrin LLPS regulation. 



126 

 

 In summary, this work extends the role of DLC in synaptic transmission beyond 

acting as a transport adaptor. It highlights the role of DLC in regulating gephyrin S-

palmitoylation and S-nitrosylation phosphorylation-dependent manner, with reciprocal 

effects on gephyrin synaptic clustering. With this an additional piece of the ‘PTM-

interplayome’ of gephyrin was uncovered. But since another thiol-based PTM 

mechanism, a redox-dependent mechanism, has been discovered in this work (chapter 

3), the interplay of S-palmitoylation, S-nitrosylation and redox-modifications on 

gephyrin’s cysteines has to be investigated in future research. 

 

5.1.2 Competition between S-palmitoylation and S-nitrosylation 

S-palmitoylation and S-nitrosylation are reversible modifications on accessible cysteine 

residues with distinct mechanisms. S-palmitoylation is catalyzed by the family of 

palmitoyl-transferases (PATs) sharing a common catalytic zinc finger DHHC motive 

(ZDHHC) (Salaun et al., 2010). The specificity for targets and the subcellular distribution 

of each family member varies and the importance of this diversity is still under 

investigation (Cho and Park, 2016). Even more variety exists of de-palmitoylating 

enzymes, known as thioesterases, with the family of TE20 palmitoyl-protein 

thioesterases (PPT) (Swarbrick et al., 2020).  

 In contrast, the mechanism of S-nitrosylation is not fully understood. It is suggested 

that the likelihood of S-nitrosylation is a matter of exposure with local nitric oxide (NO), 

which is a ubiquitous signaling molecule and generated by nitric oxide synthases (NOS) 

or nitrate reductases (NR) (Tejada-Jimenez et al., 2019). Two mechanisms have been 

suggested: NO may either directly nitrosylate targets or S-nitrosylation occurs first on 

glutathione and is further transferred through trans-S-nitrosylation (Hess et al., 2005; 

Stomberski et al., 2019). Since the direction of trans-S-nitrosylation is determined by the 

redox-potential (Hess et al., 2005), it represents a dynamic mechanism to remove S-

nitrosylation from cysteines. Additionally, enzymatic removal by Trx is one other 

possibilities (Chatterji and Sengupta, 2021b).  

 With regard to gephyrin, this study demonstrates a competitive relationship of S-

nitrosylation and S-palmitoylation targeting the same Cys212 and 284 (chapter 2). The 

modifying enzymes were previously identified as DHHC12 (Dejanovic et al., 2014a) and 

nNOS (Dejanovic and Schwarz, 2014). In this work, a key element in the decision which 

thiol-PTM occurs, was the interaction of gephyrin and DLC, regulated by gephyrin 

phosphorylation. The interaction with DLC then determines the activity of nNOS and 

downstream NO production. 
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 However, it is still unclear how S-nitrosylation prevents S-palmitoylation and vice 

versa. One aspect involves a concentration-dependent competition. For example, a 

certain NO level could prevent S-palmitoylation by blocking the same target thiol, since 

an already modified thiol cannot be further S-palmitoylated. Besides that, concentration-

dependent S-nitrosylation could occur on the thiol residues of coenzyme A or DHHC 

enzymes, thus preventing S-palmitoylation (Hess and Stamler, 2012), but this requires 

the local proximity of both, the NO source and the S-palmitoylation machinery. Another 

aspect addresses the stability of each thiol-PTM. For instance, the question remains, 

whether S-palmitoylation is so stable, that it cannot be replaced by S-nitrosylation. With 

other words, it is unclear whether one type of thiol-PTM is a dead-end for other types of 

thiol-PTMs until removed. One fact supporting the stable nature of S-palmitoylation 

preventing further S-nitrosylation is the need of enzymatic removal (Swarbrick et al., 

2020). In contrast, S-nitrosylation can be displaced through trans-S-nitrosylation by other 

thiols, such as omnipresent GSH (Hess et al., 2005). Moreover, NO is a better leaving 

group than palmitic acid. This indicates that the dose of bioavailable NO and nearby S-

nitrosylated thiols is decisive for the occurrence and maintenance of S-nitrosylation of 

gephyrin and crucial for the competition with S-palmitoylation. Besides that, the 

substitution of Cys212 and Cys284, which means the absence of both thiol PTM types 

in gephyrin, resulted in S-palmitoylation-deficient-like reduction of cluster size, indicating 

that S-palmitoylation determines the growth of synaptic gephyrin clusters and is inhibited 

through S-nitrosylation. Thus, either removal of Cys or blockage through other PTMs 

prevents cluster growth inducing S-palmitoylation. In conclusion, nNOS-dependent NO 

concentration is a key step in inhibiting gephyrin synaptic clustering by S-palmitoylation 

(Figure 10). 

 However, since enzymatic and non-enzymatic mechanisms responsible for the 

removal of S-nitrosylation and S-palmitoylation of gephyrin have not been identified so 

far, the mechanistic decision whether gephyrin undergoes one or the other thiol-PTM 

cannot be precisely answered yet. The identification of additional regulatory steps, down- 

and upstream of S-palmitoylation and S-nitrosylation, offers potential to manipulate the 

competition between S-palmitoylation and S-nitrosylation, which might be disease 

relevant. This includes the identification of potential PPTs or kinases and phosphates 

regulating the phospho-dependent DLC interaction. 
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Figure 10: Postulated competition of S-nitrosylation and S-palmitoylation of gephyrin. 
Gephyrin forms a ternary complex with dynein light chain (DLC) and neuronal  nitric oxide synthase (nNOS). 
In this complex nNOS is inhibited by DLC. The inhibition of nNOS enables gephyrin S-palmitoylation through 
the protein palmitoyltransferase ZDHHC12 which triggers synaptic clustering of gephyrin. DLC-interaction of 
gephyrin can be prevented through gephyrin phosphorylation (green dot), possibly (‘?’) mediated by Casein 
kinase I (CKI). Leaving of DLC from the ternary complex activated nNOS-mediated NO production, which 
leads to S-nitrosylation of gephyrin. S-nitrosylation inhibits S-palmitoylation and thus synaptic clustering. 
Enzymes (protein palmitoyl thioesterase, PPT) and compounds (reduced glutathione, GSH) responsible for 
the removal of S-nitrosylation and S-palmitoylation of gephyrin have not been identified yet (indicated by ‘?’). 
 
 

5.1.3 Relevance of S-palmitoylation and S-nitrosylation 

S-nitrosylation and S-palmitoylation are important PTMs influencing protein stability, 

localization and function (Stomberski et al., 2019; Yuan et al., 2024). Especially, S-

nitrosylation and S-palmitoylation of synaptic proteins are involved in the regulation of 

neurotransmission (Dejanovic et al., 2014a; Nakamura and Lipton, 2016; Zareba-Koziol 

et al., 2019). Dysfunctions of these PTMs are linked to neuronal impairments (Nakamura 

and Lipton, 2016; Shen et al., 2019; Stykel and Ryan, 2024). For instance, it was reported 

that chronic stress in a mouse model altered the pattern of S-nitrosylated and S-

palmitoylated synaptic proteins (Zareba-Koziol et al., 2019). Besides that, an increase of 

S-nitrosylation on the one hand and a decrease of S-palmitoylation of synaptic proteins 

on the other hand, was found in Huntington’s, Parkinson’s and Alzheimer’s diseases 

(Cho and Park, 2016; Stykel and Ryan, 2024).  
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 Interestingly, both PTMs target surface-exposed cysteines and thus, can have a 

competitive character when addressing the same residues. Thus, more studies 

addressed the investigation of the interplay of S-palmitoylation and S-nitrosylation and 

developed methods to monitor their cross-talk (PANIMoni = Palmitoylation and 

Nitrosylation Interplay Monitoring) (Zareba-Koziol et al., 2019). An interplay of S-

nitrosylation and S-palmitoylation was identified for 122 synaptic proteins including 

receptors, scaffolding proteins, cytoskeletal components and more (Zareba-Koziol et al., 

2019). PSD95 represents an established example of a synaptic protein that is 

reciprocally regulated through S-nitrosylation and S-palmitoylation on the same 

cysteines (Ho et al., 2011), which was demonstrated now through this work for gephyrin 

as well representing the other major class of post-synaptic proteins at inhibitory 

synapses. In both cases, S-nitrosylation leads to reduced synaptic targeting, while S-

palmitoylation causes the opposite. 

 The mechanism why S-nitrosylation is causing smaller but more frequent gephyrin 

clusters (Dejanovic and Schwarz, 2014) might be relevant for understanding disease and 

aging processes. In AD, a general increase of S-nitrosylated synaptic proteins (Stykel 

and Ryan, 2024) as well as a reduction of gephyrin cluster sizes was observed (Kiss et 

al., 2016), indicating that gephyrin might be more frequently S-nitrosylated in AD. 

Considering the postulated competition mechanism between S-nitrosylation and S-

palmitoylation (Figure 10), it might be possible that constitutive and abnormal gephyrin 

S-nitrosylation prevents S-palmitoylation-mediated cluster fusion and growth resulting in 

reduced synaptic plasticity. 

 However, the precise molecular effects of S-nitrosylation and S-palmitoylation on 

protein structure and function are not fully understood. So far it is known, that S-

palmitoylation increases hydrophobicity and affinity for membranes (Tortosa and 

Hoogenraad, 2018). But the investigation of S-palmitoylated proteins is challenging, 

since methods are limited to so called ‘switch methods’, in which the palmitoyl-residue is 

exchanged to a label, used for indirect detection.  

 The recent development of an intrabody specific for PSD95 S-palmitoylation 

enabled deeper insight into the S-palmitoylation-driven molecular changes. With this, it 

was demonstrated that S-palmitoylation caused a conformational change in PSD95 

(Fukata et al., 2013). Likely, more specific and direct S-palmitoylation detection systems 

will be invented. For gephyrin, the further characterization of S-palmitoylated species is 

limited to its low abundance with approximately 4% (Dejanovic et al., 2014a). Preliminary 

data based on circular dichroism (CD) analysis suggested that the secondary structure 

was unchanged for S-palmitoylated gephyrin (Dejanović, 2012). But in this experiment, 

protein with a low proportion of S-palmitoylated gephyrin species derived from insect 
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cells was used. Moreover, S-palmitoylation might affect the structural organization of the 

C-domain, which is often not visible in CD experiments due to the dominance of 

structured G- and E-domain. 

 Compared to S-palmitoylation, the investigation of S-nitrosylation is difficult due to 

another challenge. Although, S-nitrosylation is also a covalent attachment of a nitric oxide 

group on a cysteine,  trans-S-nitrosylation represents one challenge to catch temporary 

targets, while also the stability was controversy discussed. Recently, evidence is given, 

that S-nitrosylation is more stable than initially believed (Chatterji and Sengupta, 2021a). 

In contrast to S-palmitoylation, antibodies against S-nitrosylated proteins as well as other 

kinds of detection methods exist (Chen et al., 2013). 

 To investigate the effects of S-palmitoylation and S-nitrosylation of gephyrin in 

more detail, one strategy performed in this work was the development of a non-

enzymatic modification method for specific cysteine residues in vitro (supplementary 

data, 6.2). This included the substitution of specific residues to serines and the exposure 

to modifying reagents, such as S-nitroso glutathione (GSNO) and palmitoyl-Coenzyme 

A (palmCoA). Importantly, the secondary structure of gephyrin was unchanged upon 

substitution (chapter 3, S2). The success of gephyrin modification was optimized with 

pre-reduction and monitored through redox shift assays (supplementary data, 6.2). With 

this, it was possible to generate nearly 100% double-S-nitrosylated and to 50% single-

S-palmitoylated gephyrin solely at Cys212 and Cys284 (supplementary data, 6.2).  

 The characterization of these S-nitrosylated and -palmitoylated species leaves 

great potential to understand the precise PTM-dependent molecular modulations on 

gephyrin in future research. For instance, the competitive character of both thiol-PTMs 

could be investigated by the additional trial to modify already modified gephyrin species. 

Besides that, the effects of modified gephyrin on receptor interaction, stability and lipid 

affinity can be investigated through diverse biochemical experiments such as isothermal 

titration calorimetry (ITC), CD spectroscopy and surface plasmon resonance (SPR) 

experiments. Uncovering the molecular changes induced by S-palmitoylation and S-

nitrosylation holds great potential to understand the influence of these PTMs on 

neurotransmission and might also enable the development of antibodies targeting the 

modified species or the development of compounds inducing equal structural changes 

of the gephyrin backbone. 
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5.2 Redox-dependent synaptic clustering of gephyrin 

5.2.1 Identification of redox-dependent synaptic regulation 

Gephyrin contains eight surface-exposed cysteines (1.7.3), with Cys212 and Cys284 in 

the C-domain known to be targets of S-palmitoylation (Dejanovic et al., 2014a). In 

previous unpublished work, these cysteines were also suggested as targets for S-

nitrosylation, a finding verified in this work (chapter 2). The roles of the other six surface-

exposed cysteines 26, 154, 293, 419, 469 and 633 were previously unclear. Given the 

surface exposure of these cysteines and the identification of redox-signaling 

mechanisms at inhibitory synapses (Accardi et al., 2014), a redox-dependent regulation 

of gephyrin function was hypothesized (Marino and Gladyshev, 2010) (1.7.5).  

 Through various biochemical experiments, this work discovered that gephyrin’s 

surface-exposed cysteines are redox-sensitive and can be oxidized in vitro, in cellulo, 

and in vivo (chapter 2). For example, manipulating the redox state of gephyrin, either 

chemically or enzymatically, revealed changes on gephyrin oligomerization and synaptic 

modulation. A key experiment involved isolation of gephyrin non-reductively from native 

murine brain tissue, showing clear multimers, that could be disrupted by chemical 

reduction. This demonstrated that gephyrin oxidation occurs through intermolecular 

disulfide bridges - a reversible process that covalently links gephyrin molecules within 

existing clusters. Consequently, upon oxidation, synaptic gephyrin clusters expand, 

become less sensitive towards proteolytic cleavage (1.6.4), and offer more GABAAR 

binding sites, thus enhancing inhibitory signal transmission.  

 Redox-dependent oligomerization through disulfide bridges has also been 

described for PSD95, chapsyn110 (PSD93) (Hsueh et al., 1997) and other synaptic 

proteins at excitatory synapses. Recent studies linked the reduction of disulfide bridges 

of PSD95 to chronic seizures in rats (Lee and Kim, 2020). Additionally, the interplay 

between PSD95 disulfide bridge formation and PSD95 S-nitrosylation was investigated, 

showing an independent relationship. However, the disease-association of gephyrin’s 

redox-dependency and its interplay with S-nitrosylation (and S-palmitoylation and other 

PTMs) requires further investigation. It is possible, that other thiol-modifications must 

precede before oxidation occurs, likely on different cysteines. For example, S-

palmitoylation could facilitate the recruitment of gephyrin to a sub-membranous synaptic 

localization (Dejanovic et al., 2014a), which might be rather oxidative than reductive 

(Lopez-Mirabal and Winther, 2008) to enable cysteine oxidation. In contrast, S-

nitrosylation negatively regulates synaptic, sub-membranous localization of gephyrin 

(Dejanovic and Schwarz, 2014). Together, S-palmitoylation and S-nitrosylation may 

modulate gephyrin shuttling between different redox environments. 
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5.2.2 Relevance of redox-dependent synaptic regulation 

Despite the unclear interplay of several thiol-PTMs, oxidation-mediated assembly and 

reduction-mediated disassembly of synaptic gephyrin clusters offer a dynamic 

mechanism for synaptic plasticity. Interestingly, around 20% of gephyrin in neuronal and 

non-neuronal murine tissue was found oxidized. Other modifications on gephyrin are 

also found only within a substoichiometric saturation of gephyrin, such as S-

palmitoylation with 4% (Dejanovic et al., 2014a). This supports the hypothesis that 

gephyrin primarily exists in a cytosolic pool requiring specific signaling events such as 

PTMs for recruitment to the post-synapse. Identifying new regulatory principles, such as 

redox-dependent clustering, contributes to our understanding of the complexity and 

diversity of synapse formation and its plasticity, which also allows for therapeutic 

research. Redox-dependent clustering of gephyrin might offer an opportunity for 

therapies of imbalances of E/I (e.g. in aging and disease) (1.5) by the use of small 

molecule-driven manipulation of redox-states, for instance. The use of reductants could 

counteract hyper-inhibition, while oxidants could counteract hypo-inhibition.  

 To fully understand redox-signaling aspects and define therapeutic potentials, 

identifying the sources and precise targets of the underlying redox mechanisms is 

crucial. This thesis found that oxidation directly affected gephyrin’s cysteines and is 

mediated by mitochondria as one possible ROS source, shedding light on the connection 

of mitochondria and synapses. But the hypothesized model of dynamic redox-dependent 

clustering of gephyrin requires, besides an oxidation source, also a reductive branch. In 

this work, chemical treatment with strong, non-physiological reductants such as DTT 

reversed oxidation-dependent oligomerization of gephyrin. More physiological reduction 

could be provided by the classic cytosolic reduction machineries, including enzymatic 

reduction by glutaredoxin (Grx) and thioredoxin (Trx) systems (Mailloux et al., 2013) 

(1.7.4). In case of PSD95, it was shown that the interaction with protein disulfide 

isomerase (PDI) was one possibility to reduce disulfide bridges of PSD95 (Lee and Kim, 

2020). Although PDI becomes relevant for neurodegenerative diseases (Lee and Kim, 

2020), it pre-dominantly localizes to the ER, thus a possible interaction with gephyrin 

might be unlikely (Matsusaki et al., 2020). 

 Interestingly, gephyrin co-localizes with GPx4 (Campbell et al., 2022), a GSH-

dependent peroxidase enzyme, which converts lipids into their hydroxylated species. 

Importantly, lipid peroxidation is a key step in ferroptosis, an iron- and/or ROS-dependent 

form of regulated cell death being involved in neurodegeneration (Benarroch, 2023). 

GPx4 could use gephyrin as a substrate for its regeneration indicating that gephyrin 

might be part of an important redox system involved in neurodegeneration. 
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5.2.3 Synaptic ROS sources 

For over a century, the relationship between mitochondrial and synaptic functions has 

fascinated scientists. Previous discoveries highlight the crucial role of mitochondria in 

maintaining neuronal health (Nicholls and Budd, 2000), particularly through their 

presence at synaptic sites. These synaptic mitochondria, distinct from their non-synaptic 

counterparts, are vital for calcium storage and buffering and essential for maintaining 

neuronal polarity, axon differentiation, and the rapid recovery required for effective 

neurotransmission (Faitg et al., 2021; Duarte et al., 2023). Additionally, ATP produced by 

these mitochondria is fundamental for numerous neuronal processes, including ion 

gradient and membrane potential maintenance, vesicle fusion, and neurotransmitter 

uptake (Nicholls and Budd, 2000). 

 A critical aspect of ATP production via OXPHOS is the inevitable generation of ROS 

as a byproduct (Turrens, 2003). This led to extensive research about the relationship 

between oxidative stress, neurodegeneration, and aging. Studies have shown that ROS-

mediated hyperoxidation and mitochondrial dysfunction play significant roles in the onset 

of various diseases and aging processes (Moren et al., 2022). As a result, a wide range 

of antioxidants and ROS-preventing drugs, such as N-acetyl-cysteine (NAC) (Wu et al., 

2019), melatonin (Sharif et al., 2017), and vitamins C and E (Wu et al., 2019), have been 

investigated for their potential in neuroprotection and treating conditions such as 

Alzheimer’s, Parkinson’s, and Huntington’s diseases (Moren et al., 2022). 

 While some antioxidative treatments have shown promise, the role of ROS in 

neurotransmission is still being unraveled. The perception of ROS has shifted from being 

purely toxic to also being recognized as important signaling molecules modulating 

synaptic plasticity (Massaad and Klann, 2011). Understanding the delicate balance 

between beneficial and harmful ROS effects is crucial and requires further research to 

identify the molecular mechanisms involved. Most studies on redox manipulation in 

clinical contexts have so far mainly focused on the effects at excitatory synapses (Moren 

et al., 2022). This concentration is often due to the role of oxidative stress in 

neurodegenerative diseases and neurological injuries, where excessive activation of 

excitatory neurotransmitter systems and the associated cellular damage are 

predominant concerns. However, there is also research that highlights the effects of 

redox manipulation on inhibitory synapses, particularly regarding the regulation of 

neuroplasticity (Dejanovic and Schwarz, 2014). The regulated interplay between 

excitatory and inhibitory neurotransmission systems is crucial for neuronal activity and 

maintaining healthy brain function. 

 This thesis presents a novel gephyrin-dependent mechanism where mROS oxidize 

gephyrin’s cysteines, triggering synaptic gephyrin-receptor clustering. This discovery 



134 

 

provides valuable insight into the interplay between neuronal and mitochondrial activity 

through gephyrin-dependent mROS signaling. The proposed hypothesis suggests a 

feed-forward mechanism where neuronal activity enhances mROS-mediated oxidation 

of gephyrin, leading to synaptic receptor recruitment. Additionally, it is hypothesized that 

initial neuronal activity, boosting mitochondrial activity and ROS production, may 

originate from neighboring excitatory synapse activity, supported by studies on NOX2-

related ROS production (Larson et al., 2020) (1.7.5). 

 Previous research has shown that NOX2-dependent ROS production through 

excitatory synapse activity initiates a signaling cascade activating kinases at inhibitory 

synapses rather than directly oxidizing final targets (Larson et al., 2020). This NOX2-

mediated ROS signaling is gephyrin-independent, contrasting with the mitochondria-

mediated ROS signaling directly affecting gephyrin identified in this study. These findings 

suggest that various ROS-signaling mechanisms exist which may interact in a spatially 

organized way, presenting exciting avenues for future research into the redox-dependent 

modulation of synaptic plasticity. 

 In conclusion, this work sheds light on the sophisticated mechanisms by which 

ROS influence neuronal activity and synaptic function. Understanding these processes 

is essential for developing new therapeutic strategies for neurodegenerative diseases, 

highlighting the significant potential of this field for future discoveries. 

 

5.2.4 Redox microenvironments 

So far, it has been established that redox-signaling has emerged as an important 

mechanism for modulating synaptic activity. An additional aspect that needs 

consideration, is the assumption of different redox microenvironments (or microdomains) 

which drive further complexity and plasticity in redox processes. The existence of diverse 

compartmentalized redox-sources, machineries and the radius of action of ROS 

contribute to the formation of different cellular redox environments (Sies et al., 2024). 

The specific redox microenvironments of pre- and post-synapse are still unclear. To date, 

it has been assumed that the synapse is a reductive environment due to the connection 

to the reductive cytosol. This means that while oxidative processes can occur, they are 

usually rapidly reversed. But the finding of stable, mROS-mediated oxidized gephyrin 

multimers in this study supports to the hypothesis that microdomains exist which allow 

for not only the occurrence of oxidation, but also its maintenance. This hypothesis is 

further supported by the discovery of LLPS formation at inhibitory post-synapses creating 

such restricted microenvironments (Bai et al., 2021; Lee et al., 2024; Zhu et al., 2024) 

(1.6.6).  
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 Cellular gephyrin LLPS is driven by the interaction with receptors and is further 

facilitated upon specific PTMs (Bai et al., 2021; Lee et al., 2024). This work has shown 

that gephyrin oxidation strengthens LLPS in vitro. However, the question remains, 

whether phase-separated gephyrin would leave condensates upon reduction or whether 

these condensates are reduction-resistant. In cell culture experiments, it was 

demonstrated that gephyrin’s synaptic oligomerization is reversible by reduction (chapter 

3). Thus, it is likely that gephyrin reduction is still possible in oxidative condensates, 

which is an important mechanism to prevent the formation of hyperoxidized, harmful 

aggregates.  

 To investigate this issue, unveil redox-microenvironments and decipher spatial  and 

temporal redox-signaling, measurements of synaptic redox potentials would be 

desirable. Although, several well-established redox-sensors exist, no specific synaptic 

redox-sensor has been generated so far. One reason might be that so far, no universal 

synapse-targeting-motif has been discovered and distinct targeting to different synapses 

(e.g. excitatory vs inhibitory post-synapses) is not fully explored. To overcome this issue, 

one possibility is the fusion of a redox-sensor to a specific synaptic protein such as 

gephyrin. Assuming normal gephyrin clustering is maintained following such a fusion 

(similar to GFP), changes in the synaptic redox-potential upon synaptic and 

mitochondrial activity might be detectable. This approach holds great potential to track 

the delicate balance between beneficial and harmful ROS effects important for 

neurodegenerative and aging processes. Moreover, it might enable the investigation of 

redox-dependent cross-talk between organelles, neighboring synapses and many other 

research questions. 

 In a preliminary study within this work (supplementary data, 6.3), the redox-sensor 

Hyper7 (Jacobs et al., 2022) was expressed in primary, hippocampal neurons. The 

sensor was expressed in two fashions: one fused to the translocase of the outer 

membrane 20 (TOM20) to achieve an outer mitochondrial membrane localization,  and 

one with a nucleus-export-sequence (NES) to achieve a global, cytosolic localization. 

Both sensor types were successfully expressed in neurons and showed signals 

corresponding to strong hyperoxidation. Although this hyperoxidation was reversible by 

DTT treatment, it is unclear whether under standard growth conditions of neurons such 

an oxidative environment was detected, or whether this was due to the chosen 

experimental condition. However, further optimization using different expression 

conditions, redox-sensors and fusion to different synapse-targeting-proteins could lead 

to the development of a suitable redox sensor to investigate synaptic redox 

environments. 
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 In conclusion, this work might open the door to understand the relevance of 

synaptic redox microenvironments, potentially changing our current view on synaptic 

redox processes. This adds a new level to the role of ROS-signaling and extends the 

potential for future research further. 

 

5.2.5 Potential gephyrin redox-regulation in a non-neuronal context 

In this study, the redox-sensitivity of gephyrin was examined, alongside its enzymatic 

activity under redox-dependent conditions. Notably, the enzymatic activity of gephyrin 

was maintained after oxidation (supplementary data, 6.2) and Cys-to-Ser substitution of 

all surface-exposed cysteines (chapter 3, S3), although it was significantly reduced. The 

specific surface cysteines oxidized by H₂O₂ were not identified, but the reduction in 

enzymatic activity might be linked to the G-domain of gephyrin.  

 The G-domain is crucial for the adenylylation of MPT to AMP-MPT (Schwarz et al., 

2001) (1.2). Interestingly, in the binding pocket, two cysteines (Cys26 and Cys154) align 

perfectly with nitrogen atoms of the substrates, as shown by the crystal structure 

alignment of MPT-bound G-domain plant homolog (cnx1 G-domain, PDB: 1UUY (Kuper 

et al., 2004)) and rat gephyrin G-domain (PDB: 1IHC (Sola et al., 2001)). This suggests 

that these cysteines may facilitate substrate interaction and enhance enzymatic activity. 

Consequently, the substitution of these cysteines with serine, or their modification 

through oxidation, could disrupt this thiol-dependent coordination, although the latter 

would be expected to prohibit substrate binding.  

 In other organisms, such as E. coli, the corresponding positions within the gephyrin 

G-domain ortholog (MogA, identifier: P0AF03 (Stallmeyer et al., 1999)) lack cysteines 

(Ala at Cys26, Thr at Cys154). If the hypothesized cysteine-dependent coordination of 

substrates holds true, the enzymatic activity of isolated MogA compared to the gephyrin 

G-domain should be reduced, a hypothesis that future research can explore. Additionally, 

the influence of cysteines within the E-domain and C-domain on gephyrin Moco activity 

remains unknown. 

 The question arises whether redox-regulation of gephyrin’s Moco activity is 

feasible and if any evidence supports this hypothesis. This study found approximately 

20% of gephyrin as oxidized multimers in vivo - in murine liver tissue, a key organ for 

Moco synthesis. Since the co-factor is redox-sensitive (Mendel, 2013), it is reasonable 

to down-regulate its synthesis under redox stress. Moco synthesis occurs partly in 

mitochondria, with intermediates transported into the cytosol. Stress-induced mROS 

production could downregulate gephyrin-dependent Moco synthesis near mitochondria, 

reducing mitochondrial energy demands by down-regulating this ATP-dependent 
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process. Additionally, MPT accumulation might downregulate upstream Moco synthesis 

(MOCS) enzymes (Mayr et al., 2021)  in a feedback loop, further reducing mitochondrial 

energy challenges under stress. However, gephyrin shows diffuse cytosolic distribution 

in non-neuronal, Moco-productive tissue (Nawrotzki et al., 2012), suggesting specific 

subcellular localization near mitochondria is unlikely. Thus, only a portion of gephyrin 

might undergo mROS-dependent redox-regulation, ensuring partial and reversible 

downregulation of Moco production. 

 Although speculative, the potential regulation of gephyrin’s Moco activity is 

intriguing and unexplored. For gephyrin-dependent MoCD (MoCD type III), no 

therapeutic treatment exists. Understanding regulation mechanisms that enhance Moco 

activity could aid in developing treatment options. For instance, antioxidant treatment 

might prevent gephyrin oxidation, thereby increasing the activity of residual functional 

gephyrin species in MoCD type III patients.   

 

5.3 GephyrinΔ199-233 - an epileptogenic microdeletion 

5.3.1 Lethality of gephyrin ∆199-233 

Several PTMs of gephyrin regulating its synaptic function have been previously 

investigated, primarily through in vitro and in cellulo experiments (Herweg and Schwarz, 

2012; Kuhse et al., 2012; Dejanovic and Schwarz, 2014; Dejanovic et al., 2014a). This 

work adds new insight into the interplay of thiol-based PTMs such as S-palmitoylation 

and S-nitrosylation (chapter 2) and has discovered a new redox-dependent regulation 

mechanism (chapter 3) of gephyrin. However, the majority of experiments was performed 

in vitro and in cellulo. To further understand the importance of PTM-based gephyrin 

regulation, in vivo models addressing specific PTMs are desirable. This work aimed to 

substitute Cys212 of gephyrin to Ser in a mouse model to investigate the absence of S-

nitrosylation and S-palmitoylation at this specific residue in vivo (chapter 4). 

CRISPR/Cas9 gene editing resulted in several microdeletions in addition to the intended 

Cys212-to-Ser substitution. Importantly, a high mortality was observed in the founder 

generation, with only one mouse producing offspring, indicating the crucial nature of the 

targeted region. The offspring carried the microdeletion ∆199-233, which was 

established and investigated further (chapter 4). Off-targets of gene editing could be 

excluded. 

 Compared to known microdeletions in human patients of epilepsy, schizophrenia 

and autism (Lionel et al., 2013; Dejanovic et al., 2014b), the microdeletion investigated 

in this work is smaller and targets only the C-domain of gephyrin. This new variant, 
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gephyrin ∆199-233, holds great potential for understanding the importance of the C-

domain and its corresponding PTMs and binding motifs for gephyrin’s synaptic function.  

 Crossing of heterozygous mice resulted in only half of the expected number of 

homozygous ∆199-233 mice (∆/∆), according to Mendelian rules, thus complicating the 

generation of enough animals for all experiments. Alternatives in vitro and in cellulo had 

to be considered still. The embryonic mortality might indicate prenatal absorbance in the 

uterus (Papaioannou and Behringer, 2012). This hypothesis is supported by the fact, that 

born litters were usually found immediately after birth due to tight control windows and 

even dead pups provided sufficient material for genotyping. To further test for prenatal 

mortality, it will be necessary to prepare and genotype embryos at key steps of gestation 

(Papaioannou and Behringer, 2012). For example, at E12.5, it can be distinguished 

whether embryonic implantation is disturbed (Papaioannou and Behringer, 2012). 

However, since this process results in the sacrifice of the mother and the whole litter, 

additional uses for the sacrificed animals, such as IHC or electrophysiology experiments, 

are justified. Importantly, dysfunctions of gephyrin are associated with postnatal lethality 

(Feng et al., 1998). The generation of a gephyrin knock-out resulted in the expected 

distribution of genotypes (Feng et al., 1998). Since the phenotype of gephyrin ∆199-233 

is less severe than that of gephyrin knock out, a role of gephyrin for embryogenesis might 

be unlikely. 

 High-mortality was apparent within the first five days after birth, especially in litters 

containing at least one ∆/∆ pup. Possible explanations include either stillbirth, sudden 

death or maternal neglect. Previous studies suggest that laboratory mice do not actively 

kill their litters (Weber et al., 2013) but rather remove already dead ones. Thus, the 

observed high-mortality of pups was likely not initially caused by the mother. Stress 

caused by dead ∆/∆ pups might still impair maternal care, resulting in neglect of the litter.  

 The phenotype of homozygous ∆199-233 mice included epileptic-like seizures, 

sudden death and reduced body weight manifesting after 16-19 days of life. Reduced 

body weight is also present in mouse models of MoCD type I and II and sulfite oxidase 

deficiency (SOXD) (Lee et al., 2002; Jakubiczka-Smorag et al., 2016; Fu et al., 2024). 

Thus, MoCD type III caused by the gephyrin microdeletion 199-233 was considered 

(1.5). Investigation of MoCD biomarkers showed no indication of MoCD and gephyrin 

∆199-233 exhibited normal Moco activity in vitro. Human patients with MoCD and SOXD 

suffer from neuronal impairments (Reiss and Johnson, 2003), but mice models do not 

develop these phenotypes, as they die earlier (Lee et al., 2002; Fu et al., 2024). 

Therefore, weight reduction and neuronal impairments in ∆/∆ mice are likely due to 

altered neuronal function of gephyrin. 
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 In summary, the phenotype of homozygous gephyrin ∆199-233 mice appeared 

lethal likely due to impaired neuronal function of gephyrin. Notably, only 7% mice from 

wt/∆ x wt/∆ crossings resulted in ∆/∆ mice (equals 12 animals) usable for follow up 

experiments. This finding is surprising, since G- and E-domains of gephyrin are not 

directly affected, highlighting the so far less important function of gephyrin’s C-domain. 

This work presents – to my knowledge – for the first time, that a small deletion of the C-

domain causes a severe phenotype in an in vivo model. 

 

5.3.2 Pathogenicity of gephyrin ∆199-233 

To understand the lethality caused by gephyrin ∆199-233, it is necessary to define its 

pathogenicity on a molecular level. The microdeletion ∆199-233 targets Cys212 (the 

target of S-palmitoylation (Dejanovic et al., 2014a) and S-nitrosylation (chapter 2)), the 

high-affinity binding motif of DLC (residue 203-212) (Fuhrmann et al., 2002; Bai et al., 

2021), the last three amino acid residues (residue 199-201) of the Pin1 interaction motif 

(residues 188-201) (Zita et al., 2007) and phosphorylation sites Thr199, Ser200, Thr205, 

Ser222, Ser226 and Thr227 (Zita et al., 2007; Herweg and Schwarz, 2012). Thus, a 

pathogenicity could potentially be caused by the absence of PTMs and/or loss of 

interaction with the respective binding partners. 

 Starting with well-characterized PTMs, S-palmitoylation of gephyrin ∆199-233 was 

explored. In brain tissue of ∆/∆ mice, a 50% reduction of S-palmitoylated gephyrin was 

observed, consistent with previous studies suggesting that Cys212 is the predominant 

S-palmitoylation site and Cys284 could not compensate (Dejanovic et al., 2014a). 

Accordingly, synaptic targeting of gephyrin ∆199-233 was reduced in cell culture 

experiments. Strikingly, lack of S-palmitoylation caused reduced sizes of synaptic 

gephyrin clusters previously (Dejanovic et al., 2014a), but was neither observed for 

gephyrin ∆199-233 in this work, nor in studies using gephyrin species (∆181-243) lacking 

more than Cys212 (Fuhrmann et al., 2002). This suggests that additional mechanisms 

influence synaptic function of gephyrin and might counteract the lack of S-palmitoylation 

in gephyrin ∆199-233. 

 One possible mechanism is the absence of the high-affinity binding site for DLC. 

Considering the here reported ternary complex of gephyrin, nNOS and DLC and the role 

of DLC for gephyrin S-palmitoylation and S-nitrosylation presented in this work (chapter 

2), an even stronger reduction in cluster sizes would be expected. In the ternary complex 

with gephyrin ∆199-233, DLC is absent, allowing activation of nNOS and S-nitrosylation 

of gephyrin, inhibiting S-palmitoylation. This dual disturbance of S-palmitoylation, 

through the absence of the main target Cys212 and through nNOS-mediated S-
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nitrosylation at Cys284, is expected to result in reduction of gephyrin cluster sizes. Thus, 

a DLC-dependent mechanism explaining sufficient clustering of gephyrin ∆199-233 can 

be excluded and other causes need to be considered. 

 Another mechanism of altered synaptic gephyrin clustering could involve 

phosphorylation sites within the ∆199-233 region. Most of these were detected in vitro 

and their physiological importance has not been fully defined yet (1.6.1) (Herweg and 

Schwarz, 2012). Thus, a comparative analysis of their effects was not addressed in this 

work and is left for future research. The only characterized phosphorylation site, Ser200, 

regulates the interaction of gephyrin with Pin1 (Zita et al., 2007) (1.6.5). Previous work 

demonstrated that the absence of Ser200 led to residual gephyrin-Pin1 interaction (Zita 

et al., 2007), suggesting that Pin1-mediated cis-trans-isomerization, required for synaptic 

GlyR recruitment, is likely maintained for gephyrin ∆199-233. This hypothesis is further 

supported by the observed type of neuronal impairment in ∆/∆ mice, which do not show 

the typical phenotype of impaired glycinergic transmission such as stiffness (Shiang et 

al., 1993; Butler et al., 2000). 

 In conclusion, no addressed PTM fully explains the observed synaptic clustering 

behavior of gephyrin ∆199-233. An alternative pathogenicity mechanism of gephyrin 

∆199-233 could be an altered structure. Analysis of the secondary structure revealed no 

difference of wt and gephyrin ∆199-233, but it needs to be considered that the C-domain 

is flexible and structural changes might occur only in the presence of binding partners. 

Indeed, binding studies with receptor models (Grunewald et al., 2018; Macha et al., 

2022) showed an unexpected, facilitated binding property for gephyrin ∆199-233 derived 

from E. coli. Considering that gephyrin’s PTMs are absent when expressed in E. coli, it 

is likely that the effects on receptor binding are potentially induced by PTM-independent 

structural properties of the C-domain.  

 The full-length C-domain could interact with dimerized E-domains, masking parts 

of the low-affinity binding site for the receptor (1.4) (Figure 11). In gephyrin ∆199-233 this 

masking could be absent, facilitating receptor binding. This hypothesis is supported by 

previous studies, observing cross-linking between gephyrin C- and E-domains (Macha, 

2021) (unpublished data). But the C-domain could also interact with receptor ICDs, 

modulating gephyrin-receptor interaction. Previously, it was shown that the C-domain 

indeed interacted with the peptide of the GlyR β-ICD (Grunewald et al., 2018). Thus, it is 

possible that the C-domain modulates ICD structures, either influencing gephyrin binding 

or - directly or through neighboring  lipids - affecting the gating mechanism of receptors 

(Figure 11). Interestingly, the microdeletion ∆199-233 contains a negatively charged 

glutamate hexa-repeat sequence (residue 213-218), which could modulate the gephyrin-

receptor interaction based on non-covalent interactions (Grunewald et al., 2018). 
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Charged residues can influence protein folding and stability, solubility and the ability to 

undergo LLPS (Zhou and Pang, 2018). Charged residues can also influence lipid 

interactions (Machin et al., 2023), which was not demonstrated for gephyrin in an S-

palmitoylation-independent manner yet.  

 Due to the flexibility of the C-domain, the structure of full-length gephyrin and the 

structural arrangement caused by receptor interaction have not been solved yet. Solving 

the structure offers potential to uncover the precise influence of the C-domain, including 

the glutamate hexa-repeat motif and complete microdeletion ∆199-233, on gephyrin 

structure and function and could answer the question, whether and how the C-domain 

possibly influences the receptor. 

 To further decipher the importance and contribution of the different deleted PTMs 

for the synaptic function of gephyrin ∆199-233, additional gephyrin variants should be 

generated and characterized. Comparative analysis of S-palmitoylation-deficient 

gephyrin Cys212Ser, DLC-binding-deficient variants (T205E, ∆203-211; still allowing for 

S-palmitoylation), a variant lacking the glutamate motif (∆213-218) and lastly, a variant 

lacking the last residues of the Pin1-interaction motif (∆199-201) could help to 

understand the contribution of each PTM for the phenotype of gephyrin ∆199-233. 

Furthermore, each phosphorylation site could be characterized by the generation of 

phosphor-mimetic and phospho-deficient variants using glutamate/aspartate and 

alanine/glycine substitutions, respectively.  

 In summary, this work suggests an interplay of different mechanisms affecting 

synaptic targeting of gephyrin ∆199-233 through disturbed S-palmitoylation for instance 

on the one hand and potentially facilitated receptor interaction through structural 

changes on the other hand. The combined result is manifested as reduced inhibitory 

transmission which also caused adaptations on excitatory synapses, a possible sign of 

an E/I balancing/regulating mechanism (Froemke, 2015; He et al., 2016). Impaired 

interplay of E/I may result in hyperexcitation in ∆/∆ mice causing neuronal impairments 

such as epileptic-like seizures and sudden death (Smolarz et al., 2021; Vlachou, 2022). 

The observed changes at the excitatory synapse might represent a trial to balance 

increased inhibition in ∆/∆ mice, which might work until a certain time window in early 

development, until the system collapses. This hypothesis fits to the appearance of 

neuronal impairments after the first two weeks of life (P14), when mice develop complete 

sensory receptivity and experience more excitation (Williams and Scott, 1953). 
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Figure 11: Postulated modes of loss of 
function in gephyrin ∆199-233 
influencing receptor binding. 
The region 199-233 (red) could 
modulate the gephyrin-receptor 
interaction through three mechanisms: 
A) the region masks the low-affinity 
binding site within the dimerized 
gephyrin E-domain (light blue), B) the 
region interacts with the receptor ICD, 
or C) the region interacts with 
neighboring lipids. Each mechanism 
could affect inhibitory neurotrans-
mission. 
 

 

5.3.3 Mouse with gephyrin ∆199-233 as disease model 

Few mouse models exist that allow the investigation of gephyrin function in vivo. One 

early mouse model was a full-body knock out of gephyrin, which was lethal within the 

first day after birth (Feng et al., 1998), leading to the generation of conditional knock out 

mice (O'Sullivan et al., 2016). These conditional knock out models allow for preparation 

of neuronal cell culture and stereotactic injections to apply desired gephyrin variants in 

specific brain regions and drive knock out in chosen manners. Previously, gephyrin 

variants associated with diseases were typically investigated in cell culture experiments 

using neurons with an endogenous gephyrin background (Dejanovic et al., 2015). 

 To judge whether the mouse model generated in this work is a suitable disease 

model, the precise phenotype of ∆/∆ mice needs to be fully characterized in future 

research. One challenge is the diversity of individual neurological symptoms per mouse, 

a manifestation of disturbed GABAergic transmission in several manners. This diversity 

of symptoms could be further influenced by epigenetic factors, increasing biological 

diversity. Although off-target effects have been excluded, gephyrin-dependent (but 

MoCD unrelated) effects from the periphery may enhance the difficulty of clearly defining 

the neuronal phenotype of ∆/∆ mice. Generation of conditionally modifiable mice, for 

instance targeting specific brain regions, would be an alternative approach. However, 

since human patients also suffer from ‘full-body’ gephyrin impairments, the gephyrin 

∆199-233 mouse model remains suitable and periphery-induced effects should not be 

excluded from the investigation of diseases. 

 A possible hypothesis explaining the phenotype, is that ∆/∆ mice suffer from 

epilepsy causing several symptoms (Batterman et al., 2019). Epilepsy could be 

monitored via brain activity in EEGs (Engel, 1984) or through specific detection of 
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epilepsy markers in IHC experiments (Pitkanen et al., 2019). The latter method might be 

more suitable with regard to ∆/∆ mice, since these mice develop the phenotype before 

weaning age and cannot be separated from their mother. Another challenge in IHC is the 

staining for gephyrin itself. Although different detection methods for gephyrin exist, 

staining in tissue is still in the process of optimization (Khayenko et al., 2022). 

 Under the premise that gephyrin ∆199-233 is indeed causing epilepsy, the mouse 

model generated in this work complements already existing epilepsy models 

(Kandratavicius et al., 2014). To my knowledge, it is the first in vivo model that allows for 

the specific investigation of gephyrin dependency in epileptogenesis. This opens the 

door for investigating the age-dependency and onset of epileptogenesis. Additionally, the 

gephyrin ∆199-233 mouse model could be used for the investigation of treatment options 

(Griffin et al., 2013), which could prolong the life-span of mice suffering from severe 

epilepsy and thus allow for methods that require adult mice such as behavioral studies. 

 It is still possible, that the pathogenic mechanism and the neuronal disease are 

different than expected in gephyrin ∆199-233 mice. Nevertheless, this mouse model 

holds great potential to further examine the role of gephyrin in epileptogenesis, other 

disease onsets or the development and characterization of treatment options. 

 

5.3.4 Effects of gephyrin on the action potential 

Preliminary examinations of APs in cell culture experiments suggested that the mouse 

model generated in this work holds great potential to uncover new gephyrin-dependent 

functions in neurotransmission. To my knowledge, this is the first time the effect of a 

gephyrin variant on the AP has been investigated, besides the classical measurements 

of mIPSCs. 

 Surprisingly, a significant alteration of the AP was observed in gephyrin ∆199-233 

expressing neuronal cell cultures (chapter 6, 6.4). The AP shape was sharper, with higher 

depolarization and lower repolarization rates. This alteration is likely due to changes in 

ion influx through Na+ and K+ channels, respectively. An altered AP likely also affects the 

target pre-synapse (Bischofberger et al., 2006), influencing neurotransmitter release and 

thus neurotransmission. This finding indicates a novel role of gephyrin for AP generation, 

beyond its known and classical role at inhibitory sites. To which extend alterations in AP 

were the result of gephyrin-dependent changes in mIPSCs or there are gephyrin-

dependent functions in the axons will be the subject of future studies. 

 In conclusion, it is possible that gephyrin either directly or indirectly influences Na+ 

and K+ channels which extends gephyrin’s known neuronal function. Previous analysis 

of the gephyrin interactome indicates no direct interaction with Na+ and K+ channels 
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(Campbell et al., 2022), suggesting an indirect influence is more likely. Nevertheless, the 

question remains, whether this effect on the AP is limited to the gephyrin variant ∆199-

233, or if it also applies for other gephyrin variants. Future studies should examine 

whether other disease-associated gephyrin variants, such as G375D (Dejanovic et al., 

2015), could also affect APs.  

 Investigating this new role of gephyrin could enhance its importance and change 

the current view on its role in the pathogenesis of neuronal diseases, potentially 

extending therapeutic strategies. 

 

 

5.4 Closing remarks 

This work provided novel insight about the ‘interplayome’ (interplay of PTMs) by 

demonstrating the formation of a ternary complex involving gephyrin, DLC and nNOS, 

which regulates the competition between S-palmitoylation and S-nitrosylation. This 

competition is based on a postulated dose-dependency of nNOS-mediated NO 

production promoting S-nitrosylation and thus preventing S-palmitoylation-induced 

synaptic cluster growth. Initially, DLC acts as an inhibitor of nNOS activity within the 

ternary complex and its release upon gephyrin phosphorylation at Thr205, reveals a 

dynein-independent function. 

 Additionally, a novel redox-dependent mechanism involving eight surface exposed 

cysteines was identified. This mechanism involves mROS-mediated oxidation, leading 

to disulfide bridge formation among gephyrin molecules, which enhances receptor 

recruitment and strengthens inhibitory transmission. This finding underscores the critical 

link between mitochondrial function and neuronal activity, crucial in the context of disease 

and aging. 

 In summary, this work elucidated how three types of thiol-based PTMs (S-

palmitoylation, S-nitrosylation, redox) dynamically influence synaptic function of 

gephyrin, crucial for synaptic plasticity (Figure 12, Figure 13). However, the interplay of 

S-palmitoylation/S-nitrosylation and redox-dependent Cys modifications and the 

pathways responsible for their removal remain unclear, presenting fertile ground for 

future research. Thiol-PTMs are also relevant for the regulation of other synaptic proteins 

and are related to neuronal diseases. Insight into molecular mechanisms affecting the 

modification status of Cys is necessary to develop therapy strategies. The presented, 

specific mechanisms of gephyrin thiol-based regulation might represent an important 

example for other synaptic proteins and could offer future therapy approaches. 
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 Besides that, this work established a new mouse model expressing gephyrin with 

a microdeletion (∆199-233). The phenotype was unexpectatly severe, marked by 

neuronal impairments. Beyond disrupted PTMs (predominantly S-palmitoylation) 

impairing synaptic targeting, this variant revealed PTM-independent structural influences 

on receptor binding (Figure 13). Different mechanisms are possible, ranging from direct 

to indirect influences on the receptor-gephyrin-interaction. Further studies are needed to 

elucidate the precise mechanisms involved, including the contribution of each PTM. 

Given its observed embryonic lethality, exploring gephyrin's role in embryogenesis is 

imperative for future research. 

 

  
Figure 12: Thiol-based PTMs regulating gephyrin synaptic clustering. 
Gephyrin undergoes S-palmitoylation (-S-palm), S-nitrosylation (-S-NO) and redox modifications (-S-S-/-SH 
HS-) on surface cysteines. S-nitrosylation and reduction reduce gephyrin cluster sizes, while S-
palmitoylation and oxidation cause an increase. S-palmitoylation and S-nitrosylation are regulated through 
the ternary complex of gephyrin, nNOS and DLC. DLC inhibits nNOS and allows for ZDHHC12-mediated S-
palmitoylation. Gephyrin phosphorylation releases DLC from the complex leading to nNOS activation and 
NO production leading to S-nitrosylation of gephyrin. Oxidation is mediated by mROS. Interplay of redox-
modifications with either S-nitrosylation or S-palmitoylation are unknown, as well as pathways removing the 
respective modifications (indicated by ‘?’). Possible involved molecules and enzymes are marked with ‘?’ 
and highlighted in grey. 
 

 However, the findings in this work strongly suggest an epileptogenic mechanisms 

of gephyrin ∆199-233 in homozygous mice due to reduced inhibitory neurotransmission. 

This in vivo model allows for further investigation of gephyrin’s role in epilepsy to extend 

knowledge about disease onsets, mechanisms and mode of action of therapeutic 

compounds. Notably, analysis of the action potential revealed alterations caused by the 

gephyrin variant. A function of gephyrin relevant for the direct modulation of action 

potentials has not been demonstrated yet and would open a new door for the judgement 

of gephyrin-dependent neuronal impairments. 
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 Overall, this study expands current understanding of synaptic gephyrin regulation, 

which is pivotal for comprehending associated diseases. It underscores the newfound 

importance of the gephyrin C-domain, traditionally viewed as a structural connector 

between G- and E-domains, now recognized as a crucial regulatory region through PTMs 

and interactions, as well as PTM-independent structural modulations (Figure 13). These 

findings are possibly important in epileptogenesis and other neurodegenerative 

diseases. 

 

 

 

Figure 13: Role of the C-domain for the regulation of gephyrin at synapses. 
Gephyrin harbors eight surface-exposed cysteines in G-, C- and E-domain. Three regulation mechanisms 
(redox, S-palm and S-NO) could be assigned to these Cys. Moreover, the region 199-233 (indicated in dark 
red) might be associated with the modulation of the gephyrin-receptor interaction and the generation of an 
action potential. The region and all modifications contribute to the regulation of receptor interaction, 
oligomerization and (re-)localization of synaptic gephyrin. These processes might be important in 
epileptogenesis.  
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Chapter 6 (Supplementary Data) 

6.1. Information to supplementary data 

During this work, a few site projects have been investigated, which did not necessarily 

serve the complementation of the previously presented manuscripts. However, the 

preliminary findings will be provided in a comprehensive way, since they may hold 

potential for future research and inspiration. 

 

6.2. In vitro modification of specific cysteines of gephyrin 

Pre-reduction of gephyrin to obtain reduced cysteines 

Note, that the generated Cys to Ser variants were introduced earlier (chapter 4, 

Figure 1D). The aim of this experiment was the generation of reduced, free-thiols prior 

to S-palmitoylation and S-nitrosylation attempts to ensure optimal reaction conditions 

and yields. The reduced status of cysteines was monitored by alkylation with size-

increasing tags (mmPEG5kDa or mmPEG10kDa) in a redox shift assay (RSA).  

 Importantly, reductants (such as TCEP, DTT and β-ME) interfere with alkylating 

reagents compounds and disturb correct monitoring of three thiols (Kantner et al., 2017). 

Thus, it was necessary to test for the best removal strategy. In this work, the removal of 

the reductant TCEP was tested by precipitation, gel-filtration or gel-filtration in 

combination with evaporation via SpeedVac (Figure 14). The quantification of free thiols 

via the RSA revealed, that the best pre-reduction condition is given by the use of 5-

10 mM TCEP and subsequent removal through gel-filtration. Further concentration, e.g. 

through SpeedVac or concentrators (data not shown) is not recommended since the 

concentration of residual reductant again disturbs alkylation labeling. 

 

Material and Method 

10 µg protein was incubated in a 20 µL reaction in reaction buffer (50 mM Tris/HCl, 5 mM 

EDTA, pH 7.5) for 30 min at 45°C. The reaction contained either no TCEP or 1-50 mM 

TCEP. A positive control containing 2% SDS was included. Afterwards, samples were 

either acetone-precipitated or subjected to gel filtration using PD10 columns or subjected 

to gel filtration using PD10 columns with subsequent evaporation (SpeedVac, 40°C, 

30°min) or directly used for the alkylation reaction. If precipitated or evaporated, the pellet 

was dissolved in 20 µL reaction buffer containing no or 1 mM mmPEG5kDa. All other 

samples were supplemented with 1 mM mmPEG5kDa. The alkylation reaction was 

performed for 1 h in the dark. Samples were prepared for SDS-PAGE followed by 

Coomassie staining. Quantification was done with ImageJ. 
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Figure 14: Pre-reduction tests to obtain reduced gephyrin cysteines. 
The gephyrin variant ‘o212/284’ harboring two surface-exposed cysteines was used to establish optimal 
conditions for the reduction of gephyrin. Different amounts of TCEP and removal strategies were tested and 
the redox-state of cysteines analyzed through redox shift assay. 
 

S-palmitoylation and S-nitrosylation of Cys212 and Cys284 

Based on the previous experiment, best reduction of gephyrin cysteines was obtained 

by purifying gephyrin form E. coli in the presence of 5 mM TCEP and removal of TCEP 

by gel filtration right before storing the protein (chapter 3, Figure 1E). Importantly, with 

this it was verified that Cys212 and 284 in gephyrin C-domain were reduced and 

accessible for further modification. 

 The gephyrin variant o212/284 was exposed to S-nitroso glutathione (GSNO) and 

palmitoyl-Coenzyme A (palmCoA) to obtain S-palmitoylation and S-nitrosylation 

specifically at Cys212 and 284 (Figure 15). As a negative control the cys-free gephyrin 

variant was used. The RSA revealed that the untreated gephyrin was not fully reduced, 

instead approximately 75% of gephyrin contained two free thiols, and approximately 22% 

of gephyrin contained one reduced thiol. However, the treatment with palmCoA resulted 
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in gephyrin species with one or two free thiols in a ratio of 76% and 23% respectively. In 

conclusion,  50% of gephyrin was at least S-palmitoylated at one cysteines, but no 

double S-palmitoylated species was obtained. In contrast, the treatment with GSNO 

resulted in no remaining free thiol, indicating 100% S-nitrosylation of gephyrin, likely at 

both Cys. 

 Since, S-palmitoylation is performed by enzymes (Salaun et al., 2010), it is likely 

that a non-enzymatic reaction is slow and the here chosen reaction time was too short. 

In comparison, although the mechanism is not fully understood, S-nitrosylation is 

believed to appear rapidly and only depends on a NO-donor (Hess et al., 2005). Thus, 

full double-S-nitrosylation of gephyrin in this set-up is reasonable.  

 100% double-S-nitrosylation and 50% single-S-palmitoylation are good yields to 

start the characterization of the modified species in other experiments. In case of S-

palmitoylation, it is elusive which Cys (212 or 284) is modified, which can be investigated 

in future work. Using additional generated gephyrin variants harboring only Cys212 OR 

Cys284 (chapter 3, Figure 1D) might reveal or exclude a special preferred residue for S-

palmitoylation. 

 
Figure 15: In vitro S-nitrosylation and S-palmitoylation of gephyrin at Cys212 and 284. 
Redox shift assay after exposure of pre-reduced gephyrin with S-nitroso glutathione (GSNO) or palmitoyl-
Coenzyme A (palmCoA). Quantification of free thiols through profile plot. Gephyrin variant o212/284 used 
for thiol modification, cys-free variant as negative control. 
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Material and Method 

0.5 µg pre-reduced, buffer-exchanged gephyrin was prepared in a 30 µL reaction in MOD 

buffer (50 mM Tris/HCl, 5 mM EDTA, pH 7.5) containing no modifying reagent, or 10 mM 

GSNO, or 10 mM palmCoA. The reaction was performed for 1 h at 45°C. Afterwards, the 

volume was filled up with MOD buffer to 40 µL and supplemented with 1 mM mmPEG5kDa. 

Alkylation was performed for 1 h in the dark and samples prepared with std SDS sample 

buffer for std western blot analysis. Gephyrin species were detected with anti-GephyrinE 

(3B11; 1:10, self-made) and anti-mouse HRP-coupled (1:10 000, AP181P, Sigma). 

Quantification of band intensities was done with ImageJ. 

 

Moco activity after gephyrin oxidation 

Redox-sensitivity of gephyrin for Moco activity was addressed in this experiment. 

Therefore, gephyrin was chemically oxidized via H2O2. As a control the cysteine-free 

variant was used. Afterwards, excess H2O2 was removed by catalase and a standard 

Moco activity assay performed (e.g. chapter 3). Interestingly, the enzymatic activity of 

oxidized gephyrin wt was reduced significantly to the level of cys-free gephyrin. The 

activity of cys-free gephyrin was unaltered regardless of the redox condition.  

 This finding suggests a redox-dependency of the enzymatic function of gephyrin 

and could be further investigated in the future. 

 

 

 
 
 
 
Figure 16: Moco activity using redox-modified gephyrin. 
Moco assay using redox-modified gephyrin wt or the cys-free 
variant. Moco activity normalized to reduced wt (wt rd). Significance 
towards wt rd tested by student’s t-test, alpha level corrected by 
three. 
 

 

 

Material and Method 

1.2 nmol gephyrin was prepared in 50 µL assay buffer (100 mM HEPES/NaOH, pH 7.5). 

Samples were either supplemented with assay buffer or assay buffer containing f.c. 5 µM 

H2O2 and incubated for 2 h at rt. Afterwards samples were incubated with 1.25 ng/mL 

catalase (f.c.) for 30 min at rt. Samples were then used for the standard Moco activity 

assay (e.g. chapter 4). 
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6.3. Generation of a redox-sensor for synapses 

The ratiometric redox sensor Hyper7 was genetically modified by NES (nucleus export 

sequence) and Tom20 (Mitochondrial import receptor subunit TOM20 homolog) tags, 

leading to cytosolic localization or to the attachment to the outer mitochondrial membrane 

(Figure 13A). The redox-sensitive domain of the sensor (OxyRD) can be reduced or 

oxidized by H2O2 causing a change in two excitation peaks of cpYFP at 469 and 390 nm 

(Figure 13B) (Jacobs et al., 2022). Expression of both sensor types was successful in 

neuron cell cultures expressing a cytosolic GFP-tagged version of D-amino oxidase 

(DAAO) (Figure 13C). The redox status of the respective sensor was measured during 

sequential treatment with D-methionine (D-Met), antimycin A (AntiA), H2O2 and DTT. The 

ration of 469/390 nm revealed that the redox sensor is in a fully oxidized status, which 

could not be further oxidized through DAAO-mediated or mitochondrial ROS after D-Met 

or AntiA treatment, respectively. DTT treatment was able to reduce the sensor, displaying 

the integrity of the sensor. In summary, this experiment might point in the direction, that 

the redox environment could be more oxidative than expected considering reductive 

GSH as omnipresent in the cell. 

 To optimize the set-up, it is recommended to test different expression durations 

and avoid the co-expression with other construct to reduce cellular stress. Moreover, 

Hyper7 could be too sensitive, thus other types of redox-sensors might be tested as well. 

Lastly, the generation of a synaptically localized sensor requires an alternative tag, which 

could be gephyrin or the GlyR β-ICD peptide. 

 

Material and Method 

Primary, hippocampal neurons were prepared as earlier introduced (e.g. chapter 2 and 3) 

and 30,000 cells were seeded in coated 96-well plates. At DIV8 neurons were transduced 

with mScarlet-tagged DAAO as previously mentioned (chapter 4). At DIV9 neurons were 

transfected with pcDNA5_tom20-Hyper7 or pcS2_NES-Hyper7 according to previously 

introduced protocols (e.g. chapter 2 and 3). At DIV12 the media was exchanged to 

minimal medium (HBBS) and incubated for 10 min at 37°C and 5% CO2. Afterwards 

excitation was recorded using the Cytation 3 (Agilent, BioTek). At different timepoints 

reagents were added prepared in minimal medium. The final concentration was D-

Met=5 mM, Antimycin A=1 µM, DTT=5 mM, H2O2=20 µM. 
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Figure 17: Redox sensors in hippocampal neurons. 
Expression and analysis of redox-sensors HyPer7-NES and Tom20-Hyper7 in hippocampal neurons co-
expressed with cytosolic GFP-D-amino oxidase (DAAO) after 3 days. A) Each redox sensor displays specific 
cellular localization due to the attached transport sequence. B) Excitation changes of the redox sensor at 
469 ad 390 nm dependent on the redox state; cpYFP subunit in black, OxyRD subunit in red. C) 
Fluorescence images of each sensor subunit. Scalebar=50 µm. D) and E) Measurements of the ratio of 469 
to 390 nm for 90 mins using the respective sensor. Treatment points indicated with red line. D-Met=5 mM, 
Antimycin A=1 µM, DTT=5 mM, H2O2=20 µM. 
 
 
 
 

6.4. Electrophysiology studies of gephyrin ∆199-233 

Electrophysiology measurements of mIPSCs were done with neuron cell cultures 

expressing gephyrin wt or the ∆199-233 variant (chapter 4). The investigation of the AP 

with regard to gephyrin variants has not been performed previously. Interestingly, the AP 

measurement revealed differences in shape of gephyrin ∆199-233 compared to wt 

gephyrin manifesting as a sharper AP with increased depolarization and decreased 

repolarization rate (Figure 13). So far, this data suggests a new role of gephyrin for the 

generation of Aps. This could either be through direct or indirect effects most likely 

targeting Na+ and K+ channels. 

 This data is promising to discover a novel synaptic function of gephyrin and it is 

highly recommended to repeat the experiment with several known gephyrin variants to 

answer the question whether this effect is only mediated by gephyrin ∆199-233 or also 

appeals for others. 
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Material and Method 

Primary hippocampal cultures were prepared and seeded and grown according to 

standard protocols (e.g. chapter 4). At 10 days in vitro (DIV), cells were transduced with 

2.5 x 108 viral genome copies (GC) by exchanging a third of the medium to virus-

containing medium. At DIV11, 50 mM NaCl were added to maintain osmolarity. The cell 

were used at DIV13-15 for electrophysiology experiments. Electrophysiology 

measurement was performed by Fynn Eggersmann of the ‘Kloppenburg lab’. 

 

 

Figure 18: Measurement of the action potential in gephΔ199-233-expressing neurons. 
Measurements and analysis of action potentials (APs) in in primary hippocampal neurons of GephFlox mice. 
Expression of mScltGeph wt and Δ199-233. Endogenous Geph KO induced by moxBFP-P2A-Cre. Analysis 
of 16 cells per condition. Statistical analysis by mean difference of the confidence interval and p-value 
permutation test. Error bars determined by standard deviation. A) Representative APs of wt and Δ199-233 
cells. B) Average AP. C) Phase plot of APs. D) Quantification of AP Half-Width. E) Quantification of AP 
depolarization rate. F) Quantification of AP repolarization rate. 
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