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Abstract 

 

Synaptic inhibition is vital to brain function. GABAergic and glycinergic 

synapses, mediating fast inhibition in the mammalian central nervous system 

(CNS), balance the activity of neural circuits. At the inhibitory postsynapse, 

GABA and glycine receptors accumulate around a scaffold composed of the 

protein Gephyrin, which is recruited to sites apposed to GABA or glycine 

releasing terminals through interaction with Neuroligin 2 (NL2), a member of 

the Neuroligin family of synaptic adhesion molecules that function as powerful 

synapse organizers. Another Gephyrin-binding molecule, Collybistin, regulates 

this recruitment process, functioning as a switch that is activated at sites of NL2 

accumulation, leading to tethering of Gephyrin scaffold to the postsynaptic 

membrane and allowing the subsequent clustering of receptors at sites of 

transmitter release. Despite the well-documented studies about the critical role 

of Collybistin in the development of synaptic inhibition, the mechanism of 

Collybistin function has not yet been clearly identified. In the present study, a 

structure-function analysis on Collybistin, which was followed by protein-lipid 

interaction assays, led to the identification of two crucial molecular 

mechanisms: a conformational switch in Collybistin induced by NL2 binding 

and subsequent membrane tethering of Gephyrin-Collybistin complex via 

protein-lipid interactions. These data allow formulation of a coherent molecular 

model of the assembly of inhibitory synapses and covers a gap in our 

understanding of the development of synaptic inhibition in the mammalian 

CNS. 
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1. INTRODUCTION 
 

1.1. The Synapse 

 

Nerve cells are capable of establishing rapid communication with each other 

over large distances with high precision. The sites of neuronal communication 

are called synapses. There are hundreds of billions of neurons in the human 

brain, and a single neuron forms and receives on average 1000 synaptic 

connections. Thus, a human brain can be considered as a large neuronal 

network, composed of at least 1014 synaptic connections (Murre et al., 1995).  

According to contemporary neuroscience, structural connectivity and the 

resulting network underlie all brain functions, from simple motor tasks to 

perception and cognition (reviewed by Sporns, 2002). Therefore, deciphering 

the mechanisms that underlie synaptic function is a crucial step in unraveling 

the complex functions of the brain. 

 

1.1.1. Synaptic transmission  

 

Neurons are electrically excitable cells. Via the action of membrane-embedded 

ion channels and pumps, resting neurons can maintain a difference in charge 

across their plasma membrane, which is known as the resting potential. 

Changes in this -70 mV voltage difference towards more positive or more 

negative values are called depolarization or hyperpolarization, respectively. If 

the plasma membrane of a neuron is depolarized sufficiently, typically to about 

-55 mV, an action potential is initiated. Through the concerted action of sodium 

channels and positive feedback mechanisms, this depolarization is propagated 

throughout the neuron in the form of action potentials, causing it to “fire”. 

Alternatively, brain stimuli may lead to hyperpolarization of the neuronal 

membrane, decreasing the probability of generating an action potential and 

causing the neuron to remain in a dormant state. This transition between resting 

and excited states, which is dictated by the external stimuli that a neuron 
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receives, gives the neuron its capacity to encode information (reviewed by 

Gerstner et al., 1997).  

 

A synapse is composed of a presynaptic axon terminal and of its juxtaposed 

region in a postsynaptic cell. Based on the structure of this apposition, synapses 

can be divided into two major categories: electrical and chemical synapses. At 

electrical synapses, an action potential generated in the presynaptic neuron 

flows directly into the postsynaptic cell through channels in specialized 

structures called gap junctions. The cytoplasmic coupling of neurons through 

electrical synapses results in rapid and synchronous firing of large groups of 

cells, which has evolutionary advantages for some organisms (reviewed by 

Bennett, 1997). However, due to the lack of heterogeneity in the types of 

responses evoked by electrical synaptic transmission, it is unlikely that these 

synapses account for the major form of the synaptic connectivity in the CNS of 

higher vertebrates. 

 

In contrast, at chemical synapses, a change in membrane potential of the 

presynaptic neuron is capable of triggering a series of events that ultimately lead 

to the translation of this electrical signal into an extracellular chemical signal. 

Typically, during the firing of a presynaptic neuron, action protentials propagate 

along the axon leading to the opening of voltage-gated Ca2+ channels and to 

Ca2+-dependent release of chemical neurotransmitters from the nerve terminal 

into the synaptic cleft, a 20nm-wide gap between the pre- and postsynaptic 

neurons. Released transmitter molecules diffuse across the synaptic cleft and 

bind to ion channel-linked receptors embedded in the postsynaptic membrane. 

Binding leads to the opening of these channels, through which ions flow and 

thereby alter locally the membrane potential of the postsynaptic cell. 

 

Through the diversity in the molecular composition of such neurotransmitter-

gated receptors linked to ion channels, chemical synapses are capable of 

transmitting a great variety of signals, which may ultimately evoke excitatory or 

inhibitory (depolarizing or hyperpolarizing) responses in the receiving neuron. 
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In contrast to electrical synapses, chemical synapses are also capable of 

producing long-lasting electrical changes in the postsynaptic cell. Therefore, 

due to inherent diversity of the duration, strength and nature of the responses 

elicited in the postsynaptic neuron, chemical synapses are the major 

contributors to the complexity of the brain functuion in higher vertebrates.  

 

The effect of a chemical signal transmitted by a synapse –no matter whether it is 

excitatory or inhibitory- depends on whether the postsynaptic response is 

depolarizing or hyperpolarizing. This is determined by the type of ion channels 

stimulated by the neurotransmitter. Ion channel-linked receptors that allow for 

the influx of positively charged ions lead to depolarization of the postsynaptic 

membrane. This type of response is qualified as excitatory, and synapses that 

bear such cation-selective neurotransmitter receptor-channels are classified as 

excitatory synapses, since the signal mediated via these synapses typically 

increases the firing probability of the postsynaptic neuron. In the vertebrate 

CNS, synaptic excitation is generally mediated by the transmitter glutamate. On 

the other hand, transmission of a signal through synapses that have Cl- selective 

ligand-gated ion channels generally leads to hyperpolarization of the 

postsynaptic neuron. Since hyperpolarization hinders excitation, these synapses 

are classified as inhibitory. They are typically gated by the transmitters glycine 

and γ-aminobutyric acid (GABA) in the vertebrate brain. 

 

Each neuron in the CNS receives a large number of synaptic inputs from other 

neurons. Depending on whether they are excitatory or inhibitory, these different 

inputs either reinforce or cancel each other out. These cooperative or 

competing inputs are integrated in the somatodendritic compartment of the 

receiving neuron. To initiate a new action potential, the postsynaptic neuron 

usually requires the input of multiple excitatory postsynaptic potentials (EPSPs), 

which lead to a significant postsynaptic depolarization. When a postsynaptic 

cell receives multiple excitatory inputs simultaneously (spatial summation), or 

successive EPSPs are generated at the same synapse in a short time interval 

(temporal summation), cumulated EPSPs can reach the threshold for necessary 
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to trigger an action potential (reviewed by Magee, 2000). In turn, inhibitory 

postsynaptic potentials (IPSPs), which are generated at inhibitory synapses, 

counteract EPSPs, shift the membrane potential further away from this threshold 

and reduce the excitability of the postsynaptic neuron. Thus, the 

counterbalancing effects of excitatory and inhibitory synapses determine the 

decision of a postsynaptic neuron to fire or not to fire at a given time. 

 

1.1.2. The presynaptic active zone 

 

At chemical synapses, the conversion of the electrical signal into a chemical 

signal takes place at active zones, which are protein-rich specialized 

compartments of the presynaptic nerve terminal. Active zones are sites where 

neurotransmitter-carrying synaptic vesicles cluster, tether and fuse to the plasma 

membrane to release their content into the synaptic cleft. Active zones are very 

closely and precisely apposed to postsynaptic densities (PSDs) where 

neurotransmitter receptors are clustered.  

 

Besides being the site where synaptic vesicle fusion takes place, the plasma 

membrane at the active zone additionally accommodates voltage-gated calcium 

channels. Upon arrival of an action potential at a presynaptic nerve ending, 

voltage-dependent calcium channels allow for the influx of Ca2+ ions along a 

concentration gradient. This local increase in Ca2+ concentration very rapidly 

triggers the exocytosis of synaptic vesicles. Thus, via the action of voltage-gated 

Ca2+ channels, the excitation of a neuron is coupled to the secretion of 

neurotransmitter from its presynaptic active zone.  

 

The coupling between excitation and the sudden release of synaptic vesicles is a 

tightly regulated process that is dependent on cytosolic Ca2+ concentration. This 

process is spatially confined to active zones and driven by an array of molecules 

which regulate the positioning of synaptic vesicles at the active zones and 

mediate membrane fusion events (reviewed by Wojcik & Brose, 2007 and Rizo 

& Rosenmund, 2008). The core fusion machinery is composed of synaptic 
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SNARE proteins located on the presynaptic and vesicular membranes, which are 

capable of adjusting a metastable configuration through the action of regulatory 

proteins, such as complexins. Other active zone proteins, including Munc13 

and RIMα, facilitate SNARE complex assembly and thereby enabling the 

positioning of fusion competent vesicles at the active zones. Finally, a 

Ca2+/phospholipid binding sensor protein Synaptotagmin, intreracts with the 

SNARE complex and via the action of its lipid binding domains, it drives the 

fusion of the vesicular and the plasma membrane in response to Ca2+.  

 

The cytoskeletal matrix at the active zone is termed cytomatrix and is rich in a 

variety of proteins with roles in vesicle fusion. Apart from the regulatory proteins 

discussed above which constitute the release machinery, and the cytoskeletal 

proteins, which constitute the frameork of the active zone, the cytomatrix 

accommodates anchoring and scaffolding molecules, such as CASK, Bassoon, 

Piccolo, which link the cytoskeletal elements to ion channels and fusion 

machinery, thus ensuring the proper assembly of the active zone (reviewed by 

Schoch & Gundelfinger, 2006). This diverse set of active zone-specific proteins, 

along with presynaptic cell adhesion molecules, such as cadherins, 

protocadherins, NCAM, SynCAM, Netrins, Neurexins (reviewed by Yamagata et 

al., 2003) which are responsible for the assembly of the active zone and its 

proper alignment with the PSD via homophilic or heterophilic interactions, act 

in a concerted manner to determine synapse features and the signal that is 

transmitted to the postsynaptic cell. 

 

1.1.3. The postsynaptic density 

 

Neurotransmitter molecules released in the synaptic cleft bind to ligand-gated 

ion channels embedded in the postsynaptic membrane. The interactions 

between the neurotransmitters and the extracellular surface of the receptor 

molecules lead to allosteric changes in the channel structure, resulting in 

opening of hydrophilic pores through which ions traverse the plasma 

membrane. This gating mechanism of ion channel-linked receptors allows them 
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to respond to neurotransmitters by changing the conductance of the 

postsynaptic membrane. Depending on the biochemical characteristics of their 

pore structures, these receptors are selectively permeable to specific positively 

or negatively charged ions. Receptors that allow Na+ influx, such as glutamate 

receptors, contribute to a postsynaptic depolarization, which then plays a part 

in generating an action potential in the postsynaptic cell. The activation of Cl- 

permeable receptor channels, on the other hand, such as GABA and glycine 

receptors, results in hyperpolarization of the membrane potential, shunting 

current and suppressing excitation in the postsynaptic neuron. Thus, these 

neurotransmitter receptors are responsible for the transduction of the incoming 

presynaptic inputs. 

 

Synaptic transmission is rapid and precise, and neurotransmitter receptors are 

densely clustered at the membrane facing presynaptic release sites. They are 

part of a specialized electron-dense, protein-rich apparatus termed the 

postsynaptic density (PSD). At the PSD a large number of receptors, cell 

adhesion molecules, scaffolds, cytoskeletal elements and signaling molecules 

assemble to form a large functional entity that ensures efficient synaptic 

transmission (reviewed by Triller & Choquet, 2003). The high-density clustering 

of receptor molecules positioned in close proximity to release sites facilitates 

synaptic transmission by limiting the time required for neurotransmitter 

molecules to reach their cognate receptors. 

 

Selective neurotransmitter binding and differential permeability to anions and 

cations make neurotransmitter receptors the primary determinants of the 

characteristics of the postsynaptic response. Nevertheless, other constituents of 

the PSD also have important structural and functional features that allow them 

to regulate the transmission properties of a synapse. For instance, through their 

cytoplasmic domains, the postsynaptic components of transsynaptic cell 

adhesion complexes, such as Neuroligins (Scheiffele et al., 2000; Graf et al., 

2004), SynCAM (Biederer et al., 2002), Netrin-G ligands (NGL) (Kim et al., 

2006) and LRRTMs (Linhoff et al., 2009), recruit further proteins to the PSD with 
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specific signaling and scaffolding roles. Such scaffolding molecules harbor 

multiple protein-protein interaction modules and can oligomerize, and thereby 

link neurotransmitter receptors with the other constituents of the PSD to 

maintain structural coherence. For example, PSD-95 (postsynaptic density 

protein of 95 kDa), an excitatory synapse-specific scaffolding molecule, bridges 

NMDA (N-methyl-D-aspartate) receptors (Kornau et al., 1995) and TARP 

[transmembrane AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic 

acid) receptor regulatory protein]-associated AMPA receptors (Chen et al., 2000) 

with the other constituents of the PSD. Similarly Gephyrin, a major scaffolding 

protein found at GABAergic and glycinergic inhibitory synapses, interacts with 

both glycine (Kirsch et al., 1993a; Feng et al., 1998) and GABAA (Type A GABA 

(γ -aminobutyric acid)) receptors (Essrich et al., 1998; Sassoè-Pognetto et al., 

2000; Studler et al., 2002; § 1.3.1 & 1.3.2). Therefore, it appears that, the whole 

ensemble of receptors, scaffolds, cytoskeletal elements, cell adhesion molecules 

and other signaling molecules act in a concerted manner to drive and maintain 

the proper assembly and function of postsynaptic specializations. The 

differential trafficking, distribution, posttranslational modification and allosteric 

regulation of receptors and receptor-associated molecules may underlie the 

specific differentiation of postsynapses. 

 

1.2. Synaptogenesis 

 

The formation of synapses, termed synaptogenesis, typically involves a physical 

contact between an axonal growth-cone filopodium and a dendritic shaft or 

filopodium. Guided by their growth cones, growing axons often traverse 

considerable distances until they reach their target regions where they are 

destined to establish a contact. During this process of pathfinding, termed axon 

guidance, the growth cone constantly interacts with its surroundings and 

“decides” on which route to take based on repulsive and attractive signals 

presented by extracellular cues and intercellular contacts. The main set of 
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proteins involved in axon guidance includes Ephrins and Eph receptors, Netrins, 

Plexins and Semaphorins (reviewed by Chilton, 2006). 

 

Once a growing axon reaches its target area, axons -and sometimes also 

dendrites- extend filopodia that make initial axodendritic contacts. These 

transient contacts constitute an important step in target recognition as the axon 

selects individual target cells from a large number of candidates. Cadherins and 

protocadherins (reviewed by Takeichi, 2007), two very prominent protein 

families involved in cell adhesion, have been suggested to mediate these initial 

axodendritic contacts that underlie target recognition. 

 

After target recognition, these initial axodendritic contacts that endure a 

stringent selection procedure and undergo spatially and temporally controlled 

changes in morphology and molecular content to form mature synapses. These 

are characterized by the specific accumulation of synaptic vesicles and active 

zone components within the (presynaptic) axon, in close apposition to a 

(dendritic) postsynaptic membrane, containing a super-complex of 

neurotransmitter receptors, scaffold proteins and intracellular signal 

transduction molecules. The process of synaptic differentiation is an essential 

step in synaptogenesis. In the course of these reciprocal changes in the nascent 

pre- and postsynaptic membranes, a crosstalk between these two compartments 

ensures that coordinated differentiation takes place and compatible release and 

receptor machineries are coupled to each other. Not surprisingly, transsynaptic 

signaling mediated by cell adhesion molecules has been identified to drive this 

coordinated assembly of pre- and postsynaptic specializations (reviewed by 

Craig, Graf & Linhoff, 2006).  

 

During the past 10 years, research focusing on synaptic cell adhesion has 

proven that transsynaptic cell adhesion systems are not only required for 

maintaining a physically strong synaptic contact, but also have essential roles in 

synaptogenesis. The major evidence for the critical role of cell adhesion 

molecules were obtained from a coculture assay established by Scheiffele et al., 
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(2000); an in vitro system where neurons were cultured with non-neuronal cells 

heterologously expressing candidate adhesion molecules on their surfaces. In 

this assay, each candidate molecule was assessed for its potential roles in 

contact formation and inducing pre- and postsynaptic differentiation of axonal 

and dendritic contacts on neurons. In this study and in other subsequent studies, 

a handful of cell adhesion molecules were identified to promote pre- and 

postsynaptic differentiation, including Neuroligin 1, Neuroligin 2 (Scheiffele et 

al., 2000), SynCAM1 (Biederer et al., 2002), Neurexin 1β (Graf et al., 2004), 

Neurexin 1α (Kang et al., 2008), EphB and EphrinBs (Aoto et al., 2007; Kayser et 

al., 2006), Netrin-G ligand (Kim et al., 2006) and LRRTM1 (Linhoff et al., 2009) 

(Schema 1). 

 

 

 

 

 

 

Schema 1: Multiple adhesion molecules coexist at glutamatergic synapses: The image 
displays transsynaptic cell adhesion complexes that exhibit synaptogenic activity, identified 
via neuron-fibroblast coculture assay established by Scheiffele et al., (2000), including 
heterophilic Neuroligin-Neurexin, Netrin-G Ligand-Netrin-G, LRRTM-Neurexin, EphB-
EphrinB complexes and homophilic SynCAM complex. Among the cell adhesion systems 
identified so far, only the Neuroligin-Neurexin complex appears to be functional in both 
excitatory glutamatergic and inhibitory GABAergic and glycinergic synapses. Figure modified 
after Brose, 2009.  
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1.2.1. The neuroligin-neurexin transsynaptic cell adhesion system 

 

Among the cell adhesion molecules implicated in synaptogenesis, the 

Neuroligin-Neurexin heterophilic adhesion system was the first one to be 

identified and is currently the best characterized complex. Presynaptic 

Neurexins pair with postsynaptic Neuroligins (NLs) and each signals via its 

partner to induce the recruitment of the respective synaptic machineries on the 

two synaptic membranes. Although they are dispensable for the apposition of 

pre- and postsynaptic specializations, mouse genetic studies have shown that 

both Neuroligins (Varoqueaux et al., 2006) and α-Neurexins (Missler et al., 

2003) are essential for proper synapse function. The dysfunction of Neuroligins 

and Neurexins leads to deficits in recruitment of the components of the pre- and 

postsynaptic apparatus. 

 

In mammals, there are three neurexin genes, each of which has both an 

upstream promoter that drives the expression of the larger α-Neurexins, and a 

downstream promoter that generates the short β-Neurexins (Tabuchi & Südhof, 

2002). N- and O-glycosylation and alternative splicing confer additional 

diversity to Neurexins. β-Neurexins contain a single LNS domain (laminin, 

neurexin, sex-hormone-binding protein domain), while α-Neurexins contain six 

LNS domains organized into modules with three EGF-like domains. Neurexins 

can coordinate a Ca2+ ion with their extracellular domains and they associate 

with NLs in a Ca2+-dependent manner (Nguyen & Sudhof, 1997).  

 

In rodents, four paralogous Neuroligin (NL) genes encode the type-I 

transmembrane proteins NL1 (Ichtchenko et al., 1995), NL2, NL3 (Ichtchenko et 

al., 1996) and NL4 (Jamain et al., 2008). The extracellular domains of NLs are 

highly conserved among the four paralogues. This domain harbors a Neurexin 

binding site and is homologous to acetylcholinesterase (AChE). The cytoplasmic 

domains of NLs are more divergent in sequence, although they all share a C-

terminal PDZ-binding motif with which they associate to PDZ domain-

containing molecules, as well as a highly conserved Gephyrin binding motif. 
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Via these protein-protein interaction motifs, NLs are capable of associating with 

scaffolding molecules localized at excitatory (PSD-95; Irie et al., 1997), 

inhibitory (Gephyrin; Poulopoulos et al., 2009) and both types of synapses (S-

SCAM; Iida et al., 2004).  

 

Despite their extensive similarity and shared motifs for binding to postsynaptic 

scaffolds, Neuroligin paralogues appear to have differences in function and 

localization in vivo. NL1 is localized mainly to excitatory synapses (Song et al., 

1999) and NL1 KO mice show deficits in NMDA receptor transmission, while 

inhibitory transmission is unaffected (Chubykin et al., 2007). On the other hand, 

NL2 localizes exclusively to inhibitory synapses (Varoqueaux et al., 2004) and 

NL2 KO mice exhibit reduced inhibitory transmission in the somatosensory 

cortex (Chubykin et al., 2007) and a reduction of GABAergic transmission in the 

hippocampus and deficits in both GABAergic and glycinergic transmission in 

the brainstem (Poulopoulos et al., 2009). In contrast to the restricted distribution 

of NL1 and NL2, NL3 and NL4 were shown to be shared components of both 

types of synapses. In dissociated hippocampal cultures, NL3 was shown to 

localize to both GABAergic and glutamatergic synapses and coaggregated with 

both excitatory and inhibitory scaffolding molecules (Budreck and Scheiffele, 

2007). In a recent study, which addressed the localization of NL4 in different 

parts of the CNS, it was shown that NL4 is targeted to glycinergic postsynapses 

in various brain regions including the retina, brainstem, spinal cord and to 

Gephyrin-positive inhibitory synapses in the thalamus and the colliculi (Hoon et 

al., 2011). However there is also growing evidence that NL4 might be 

associated with excitatory synapses in other parts of the brain (Matthieu 

Hammer, Göttingen; personal communication). These observations have led to 

an hypothesis, according to which these Neuroligin paralogues are responsible 

for establishing the balance between excitation and inhibition in the CNS 

(Prange et al., 2004; Cline, 2005; Levinson & El-Husseini, 2005). 

 

The mechanisms underlying the specific localization of Neuroligins at different 

typses of synapses are still largely elusive. Studies addressing the excitatory 
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versus inhibitory synapse selectivity of Neuroligins demonstrated that 

Neuroligin localization is determined by the presynaptic component, and that 

alternative splicing of Neuroligins and Neurexins drives this process. Analysis of 

NL1 splice variants suggested that a splice site B in the NL1 extracellular 

domain contains an N-linked glycosylation site that determines specificity for 

presynaptic Neurexins. B-site-containing NL1 was shown to interact specifically 

with β-Neurexins lacking splice insert 4, while NL2 preferentially associates 

with α-Neurexins and variants of β-Neurexins lacking the splice insert 4. 

(Boucard et al., 2005; Chih et al., 2006; Graf et al., 2006; Kang et al., 2008). 

However, these findings have been functionally disputed (Chubykin et al. 

2007). Furthermore an extensive analysis of β-Neurexin-Neuroligin interactions 

revealed that the effect of alternative splicing on determining the strength of β-

Neurexin/Neuroligin association is rather limited. In contrast to previously 

published results, all NLs were found to bind all β-Neurexins, irrespective of the 

splice isoform of either partner (Koehnke et al., 2010). These finding indicate 

that there is no evidence for a “binary code” for Neuroligin-Neurexin cell 

adhesion systems, which would require that some pairs of NLs and β-Neurexins 

fail to bind to each other. It rather seems that multiple adhesion systems act in 

synergy to convey a more complex code that would lead to cell-type-or 

synapse-specific synaptogenesis. Clearly, further research is required to 

understand how specific Neuroligin and Neurexin pairs are capable of 

localizing to and driving the assembly of excitatory or inhibitory pre- and 

postsynapses. 

 

1.2.2. Other synaptic cell adhesion systems with synaptogenic roles 

 

In addition to Neuroligin-Neuerxin complex, SynCAM is a prominent member 

of the group of cell adhesion molecules implicated in synaptogenesis. SynCAM 

is a homophilic adhesion molecule localized on both sides of the synapse. 

Heterologous expression of SynCAM in non-neuronal cells leads to excitatory 

presynapse differentiation in hippocampal neurons (Biederer et al., 2002). 

Another recently identified molecule to have roles in synaptogenesis are 
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Leucine-Rich Repeat Neuronal Transmembrane Proteins (LRRTMs). Like 

Neuroligins, LRRTMs are located in the postsynaptic membrane, and form 

transsynaptic complexes with β-Neurexins and induce glutamatergic 

presynaptic differentiation (Linhoff et al., 2009; de Wit et al., 2009; Ko et al., 

2009; Siddiqui et al., 2010). Yet another adhesion system implicated in 

synaptogenesis involves the presynaptic EphrinB and postsynaptic EphB. EphB 

directs synaptogenesis by modulating filopodia motility. Upon stable binding of 

axonal EphrinB, EphB is able to mediate NMDA and AMPA receptor clustering 

and formation of dendritic spines (Kayser et al., 2008). 

 

The multiplicity of cell adhesion systems with similar tasks in synaptogenesis 

gives rise to overlaps and redundancies in their functions, as illustrated by only 

moderate phenotypic changes observed in Neuroligin knockouts (Varoqueaux 

et al., 2006; Chubykin et al., 2007). The members of different cell adhesion 

complexes, or even the paralogues or splice isoforms of the same cell adhesion 

proteins may exist together in the same synapse, binding to the same scaffolding 

molecules and performing the same function. However, the complexity of 

information processing in the CNS and the variations in the types of synaptic 

contacts throughout the brain indicate that these multiple cell adhesion systems 

might in fact be necessary to achieve specificity at each synapse. The 

combinations of multiple transsynaptic cell adhesion complexes might function 

synergistically to drive specific differentiation of synapses deployed with the 

constituents of a specific transmission system (reviewed by Brose, 2009). Among 

the cell adhesion systems identified until now, only the Neuroligin-Neurexin 

complex appears to be functional in both excitatory glutamatergic and 

inhibitory GABAergic and glycinergic synapses. In fact, the Neuroligin-Neurexin 

complex appears to be the only well-established adhesion system at inhibitory 

synapses. 
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 1.3. Synaptic inhibition 

 

In the CNS, almost all functions, including cognition, decision-making, sleep 

and motor control rely on a precise balancing action of synaptic inhibition on 

excitation. The critical role of synaptic inhibition is also apparent in disease, 

such as epilepsy, where impairments in inhibitory synaptic transmission lead to 

abnormal osciallatory activity in the brain (Brenner, 2004). Many of the diseases 

of the CNS, including Parkinson’s disease, autism, Tourette’s syndrome and 

schizophrenia may be caused by deficits in the balance between excitation and 

inhibition. Therefore, it is critical to understand the architecture of inhibitory 

synapses and mechanisms underlying inhibitory synapse assembly. 

 

GABA and glycine are the two major neurotransmitters that mediate synaptic 

inhibition in the CNS. GABAergic inhibition dominates in the forebrain while 

glycinergic transmission is more prominent in the spinal cord and the brainstem. 

Despite these regional differences GABA and glycine mediated inhibition 

processes are very similar. The fact that the two transmitters systems share the 

same vesicular transporter (Gasnier, 2000; Wojcik et al., 2006) and the same 

postsynaptic scaffolding molecule (Gephyrin, § 1.4.2), and the presence of 

GABA and glycine co-releasing terminals with mixed postsynaptic sites indicate 

that the two neurotransmitter systems may cooperate in determining the strength 

of inhibition.  

 

1.3.1. Glycine receptors 

 

Glycine receptors are Cl- selective ionotropic receptors belonging to the 

nicotinic receptor superfamily, which also includes GABAA, nicotinic 

acetylcholine, and serotonin type 3 receptors, all mediating fast synaptic 

transmission in the CNS. Like the other members of this group of receptors, 

GlyRs are heteropentameric oligomers (Langosch et al., 1988). A typical GlyR is 

composed of combinations of five membrane spanning proteins from two major 
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classes, α, with four possible subunits, and β, with a single subunit. The glycine 

binding pocket is formed at the interface between the α and β subunits in the 

assembled pentameric receptor. Ligand binding causes these receptors to open 

their pores and allow for Cl- flux. Detailed analysis of glycine receptor subtypes 

in the CNS indicated that most glycine receptors are composed of α and β 

subunits with a stoichiometry of α2:β3 (Grudzinska et al., 2005).  

 

Strychnine, a toxin that causes intense muscle contractions, potently blocks the 

inhibitory actions of glycine. Strychnine poisoning leads to hyperexcitability of 

motorneurons resulting in convulsions and respiratory failure. In addition, it 

produces strong pain syndromes and hyperacuity of visual and auditory 

responses via disinhibition of sensory processing areas, i.e. dorsal horn of the 

spinal cord, cochlear nucleus, inferior colliculus and retina. Due to its high 

affinity binding to endogenous GlyRs, radiolabeled strychnine was used for 

characterizing GlyR distribution in the CNS (Probst et al., 1986). In parallel to 

the specific effects of strychinine poisoning, GlyRs were shown to be highly 

prevalent in spinal cord, where they are involved in motor reflex circuits and 

provide inhibitory synaptic inputs onto pain sensory neurons. Glycinergic 

inhibition is also abundant in the retina and various parts of the brainstem, such 

as the cochlear nucleus (reviewed by Lynch, 2004). Recently GlyRs were also 

shown to be localized to various parts of the forebrain, including the bstriatum 

and parts of the midbrain (Baer et al., 2009).  

 

Synaptic clustering of GlyRs is mediated by the inhibitory synapse-specific 

scaffolding molecule Gephyrin, as illustrated by the severe deficits in 

postsynaptic GlyR clustering in its absence (Kirsch et al., 1993a; Feng et al., 

1998). Gephyrin interacts specifically with the cytosolic loop of the GlyR β 

subunit, (Meyer et al., 1995), the common and invariable component of most of 

the GlyRs in the CNS. An amphipathic helix within the intracellular domain of 

the β subunit mediates the interaction with Gephyrin. Furthermore, 

incorporation of this helix into the β1-subunit of the GABAA receptor, to the 

NMDA receptor NR1 subunit or to green fluorescent protein (GFP) induces 
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binding of these proteins to Gephyrin (Meyer et al., 1995; Kins et al., 1999; 

Kneussel et al., 1999a). In heterologous cells, the GlyR β subunit, but not α 

subunits, is recruited to intracellular Gephyrin aggregates. In neurons, laterally 

diffusing GlyRs can be captured and clustered at synaptic sites by Gephyrin 

(Meier et al., 2001). Being a molecule that can control the subcellular 

distribution of glycine receptors and with its presence at glycinergic 

postsynapses, Gephyrin is an important molecule for anchoring GlyRs to 

inhibitory postsynaptic sites. 

 

1.3.2. GABA receptors 

 

GABA receptors are a major class of neurotransmitter receptors that respond to 

GABA, the main inhibitory neurotransmitter in the CNS. The two main classes 

of GABA receptors are the ionotropic ligand gated Cl- channels termed GABAA 

and the G protein-coupled metabotropic receptors called GABAB. GABAA 

receptors belong to the family of nicotinic receptors; typically composed of a 

pentameric assembly of different subunits. GABAA receptors mediate fast 

synaptic inhibition in the CNS. Apart from GABA, the active site of GABAA 

receptors is a binding site for several drugs, including bicuculline. Furthermore 

certain typses of GABAA receptors have allosteric binding sites for anxiolytic 

drugs such as benzodiazepines and barbiturates as well as neurosteroids and 

ethanol (reviewed by Bormann, 2001). Due to the specific effects of these 

chemicals, GABAA receptors have been a focus of intense study.  

 

To date, several subunit isoforms for GABAA receptors have been identified, 

including six types of α subunits, three β, three γ and a δ, an ε, a π and a 

θ subunit. The most commonly found GABAA receptors adopt a 2α:2β:1γ 

stoichiometry (Chang et al., 1996). The roles of δ, ε, π and θ subunits are still 

largely elusive. However it is likely that they substitute for the γ subunit, forming 

alternative combinations with the α and β subunits (reviewed by Sieghart et al., 

1999).  
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Although the exact subunit composition of any of the GABAA receptor subtypes 

in the CNS is still not identified, growing evidence points towards variations of 

their composition from region to region in the brain, or even between different 

parts of the same neuron. For example, immunocytochemistry and in situ 

hybridization studies revealed that α1 subunit-containing GABAA receptors are 

equally distributed to all inhibitory synapses on somatic and dendritic segments, 

while α2 subunit containing receptors are specifically localized to axo-axonic 

synapses on the axon initial segment (Nusser et al., 1996; Fritschy et al., 1998). 

In addition, it was demonstrated that GABAA receptors containing the α6 

subunit is exclusively expressed in the cerebellum and the α5 subunit is 

specifically expressed in the hippocampus (Pirker et al., 2000). Furthermore, in 

the cerebellum, the γ2 subunit-containing GABAA receptors were shown to be 

localized to synaptic sites whereas receptors that contain the δ subunit were 

targeted to extrasynaptic sites (Nusser et al., 1998). The significance of the 

compositional variety of GABAA receptors is still largely unknown, but it is 

possible that receptors with different combinations of subunits exhibit different 

functional properties, such as affinity to GABA, channel gating, kinetics and 

pharmacological characteristics. The subunit identity may also have 

implications for the transport and subcellular localization of the individual 

GABAA receptors. 

 

One functional implication of subunit identity of GABAA receptors may involve 

the specific roles of different GABAA receptor subtypes in tonic and phasic 

inhibition. Tonic inhibition, mediated by extrasynaptic GABAA receptors, sets a 

baseline state of inhibition, which leads to steady-state hyperpolarization of a 

given neuron in the absence of synaptic activity. Deficits in tonic inhibition 

coinsides with increased epileptogenic activity, exemplifying the former’s 

critical role in modulating neuronal excitability by setting a threshold for action 

potential generation. Phasic inhibition is mediated by synaptically clustered 

GABAA receptors and is correlated with synaptic activity. The differences 

between tonic and phasic inhibition may rely on the different subunit 

composition and localization of the associated GABAA receptors. Detailed 
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morphological analysis revealed that the γ2 subunit is essential for the 

synaptically clustered GABAA receptors, while the δ subunit containing GABAA 

receptors are exclusively extrasynaptic and required for mediating tonic 

inhibition. Furthermore, among the α subunits, α1, α2 and α3 tend to be 

involved in the assembly of synaptic GABAA receptors, while α4, α5, α6 subunit 

containing GABAA receptors are preferentially localized to extrasynaptic sites 

(reviewed by Lüscher & Keller, 2004). Therefore in addition to regulating their 

functional features, the differential subunit composition may be involved in the 

mechanisms that determine the synapse type-specific targeting of GABAA 

receptors in neurons. 

 

Similar to GlyRs, GABAA receptors are also clustered via Gephyrin at inhibitory 

postsynapses, although compared to GlyR-Gephyrin association, the GABAAR–

Gephyrin relationship is less well understood. In areas of the CNS where GlyRs 

are not abundant, Gephyrin colocalizes with postsynaptic GABAA receptors 

(Essrich et al., 1998; Sassoè-Pognetto et al., 2000; Studler et al., 2002). 

Antisense depletion of Gephyrin expression in cultured neurons and Gephyrin 

deletion in mice leads to reduced postsynaptic clustering of GABAA receptors 

containing the α2 and α3 subunits (Essrich et al., 1998; Kneussel et al., 1999b; 

Kneussel et al., 2001), indicating that, similar to its role in glyinergic synapses, 

Gephyrin is additionally responsible for GABAA receptor clustering. Consistent 

with this finding, it was recently demonstrated that the α2 and α3 subunits, but 

not the α1 subunit, of GABAA receptors are capable of directly interacting with 

Gephyrin (Tretter et al., 2008; Saiepour et al., 2010). Strikingly, in cultured 

hippocampal neurons and in spinal cord sections, loss of Gephyrin does not 

affect synaptic clustering of α1 subunit-containing GABAA receptors (Kneussel et 

al., 2001; Levi et al., 2004), although Gephyrin appears to cocluster with α1 

containing GABAA receptors in vivo (Studler et al., 2002). It appears that at a 

subset of GABAergic postsynapses, particularly ones that contain the α1 

subunit, the absence of Gephyrin can be compensated for by alternative 

mechanisms. Furthermore, the subunit identity of GABAA receptors seems to 

also regulate the postsynaptic clustering characteristics of these receptors.  
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1.3.3. Comparison of synaptic clustering of glycine and GABAA 

receptors 

 

Although Gephyrin appears to be a common node for clustering both GABAA 

receptors and GlyRs, there are major differences in the role of Gephyrin during 

the assembly of GABAergic or glycinergic postsynapses. Remarkably, loss of 

Gephyrin leads to complete loss of clustered glycine receptors, while only a 

fraction of GABAA receptors (the ones containing α2 subunits) are partially 

affected. Interestingly, while synaptic clustering of GlyRs depends entirely and 

strictly on Gephyrin, GABAA receptors are capable of forming synaptic clusters 

before being detectably colocalized with Gephyrin (Danglot et al., 2003), 

indicating that GABAA receptors can assemble into initial synaptic clusters 

independent of Gephyrin. These observations show that Gephyrin has distinct 

roles in clustering glycine and GABAA receptors. Gephyrin appears to be present 

at every step of GlyR clustering at inhibitory synapses, including the 

intracellular transport of individual GlyRs to synaptic sites (Hanus et al., 2004), 

and the stabilization of GlyRs once they are insterted in the plasma membrane. 

In contrast, Gephyrin is responsible only for stabilizing previously clustered 

GABAA receptors and is not essential for the intracellular trafficking and initial 

clustering of these receptors at the plasma membrane.  

 

The differential role of Gephyrin in glycine and GABAA receptor clustering may 

involve structural variations between the Gephyrin clusters at glycinergic and 

GABAergic synapses. The expressed Gephyrin variants are highly regulated in a 

tissue-specific manner by alternative splicing (Kirsch et al., 1993). A detailed 

mass-spectroscopic analysis of Gephyrin splice variants has revealed that GlyR 

associated Gephyrin in the spinal cord clearly differs from other neuronal and 

non-neuronal Gephyrin in its splice cassette usage (Paarman et al., 2006). This 

finding indicates that Gephyrin splice variants may have distinct tissue-specific 

roles, which may underlie the differences in GABAAR and GlyR clustering. One 

such mechanism has been postulated, involving a distinct Gephyrin splice 
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variant (containing the splice cassette C5), that is highly expressed in 

hippocampus but not in spinal cord, and has a higher preference for binding to 

and clustering GABAARs, as compared to GlyRs (Meier et al., 2004). Therefore 

C5 cassette-positive splice isoforms of Gephyrin may display selectivity towards 

GABAARs, whereas GlyRs are clustered specifically by C5 cassette-negative 

Gephyrin variants. Thus, alternative splicing of Gephyrin, as well as other, yet 

unexplored mechanisms may underlie the differences in Gephyrin-mediated 

receptor clustering at GABAergic and glycinergic synapses. 

 

1.4. Assembly of the inhibitory postsynapse 

 

Due to a lack of adequate techniques that would allow for specific preparation 

of purified fractions of inhibitory synapses, our current knowledge of the 

constituents of the inhibitory postsynaptic apparatus is rather limited. Therefore, 

in contrast to excitatory synapses, which have been characterized in greater 

detail, molecular models describing the assembly of inhibitory synapses are 

rudimentary. However, efforts to identify molecules that form the inhibitory 

postsynaptic density have revealed a few molecular constituents that are 

specifically localized to inhibitory postsynapses (reviewed by Moss & Smart, 

2001). 

 

1.4.1. The Gephyrin scaffold 

 

Among the few molecules that are known to localize specifically to inhibitory 

postsynapses, Gephyrin is the most well-established scaffolding component. 

Gephyrin is localized to the vast majority of GABAergic and glycinergic 

synapses and loss of Gephyrin causes severe deficits in clustering of both 

GABAA and glycine receptors in various areas of the CNS (§ 1.3.1 and 1.3.2). 

Being a common element for both types of inhibitory synapses, and given its 

indispensability for the proper function of synaptic inhibition throughout the 
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CNS, Gephyrin is a major contributor to the mechanisms that underlie the 

assembly of inhibitory postsynapses. 

 

Gephyrin is ubiquitously expressed in various tissues. Apart from its synaptic 

role in the CNS, Gephyrin functions as an enzyme responsible for synthesizing 

molybdenum cofactor (MoCo), which is required for the activity of certain 

metallo-enzymes. In fact, evolutionarily, Gephyrin is derived from two 

prokaryotic genes, MogA and MoeA, which encode enzymes involved in the 

MoCo biosynthetic pathway. These two genes have fused during evolution, 

giving rise to the eukaryotic Gephyrin gene. Gephyrin has three domains, an N-

terminal G-domain encoded by the MogA, a C-terminal E-domain encoded by 

MoeA and a C-domain, termed the linker region (reviewed in Fritsch, Harvey & 

Schwarz, 2008). Gephyrin lacks PDZ domains that are common to excitatory 

synapse scaffolds, but is capable of forming lattices through multimerization, 

presumably by G-domain-mediated trimerization and E-domain mediated 

dimerization. Via these multimerization steps, Gephyrin is assumed to assemble 

into hexagonal lattices onto which postsynaptic receptors would be anchored 

(Kneussel & Betz, 2000; Sola et al., 2004). Consistent with this model, 

interefering with G-domain mediated trimerization and E-domain dimerization 

by introducing charged residues at the oligomerization interfaces impairs 

Gephyrin clustering (Saiyed et al., 2007). 

 

Gephyrin was initially discovered as a constituent of affinity-purified glycine 

receptor preparations (Betz et al., 1991). Gephyrin has also been suggested to 

form associations with cytoskeletal elements, particularly with microtubules. 

When expressed in cell lines, Gephyrin accumulates in large intracytoplasmic 

aggregates, termed blobs (Kirsch et al., 1995). It was proposed that these 

aggregates are nucleated around microtubule organizing centers (Maas et al., 

2006). It remains to be determined whether Gephyrin can bind to microtubules 

directly, or whether this interaction is mediated by Dynein light chain, a 

microtubule motor protein that can bind to Gephyrin. In fact, GlyRs and 

Gephyrin were cotransported back and forth between the soma and distal 
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dendrites along microtubules via kinesin and dynein motors, providing evidence 

for active intracellular transport of Gephyrin (Fuhrmann et al., 2002; Maas et al., 

2006; Maas et al., 2009). Gephyrin has also been proposed to have links to the 

actin cytoskeleton, potentially by interacting with actin-binding proteins Profilin 

and VASP (Giesemann et al., 2003).  

 

1.4.2. Collybistin, an adaptor for the Gephyrin scaffold 

 

In non-neuronal cells Gephyrin forms large cytoplasmic aggregates, which 

stands in stark contrast to its cellular distribution in neurons. It has thus been 

postulated that a neuron-specific factor allows Gephyrin to associate with the 

postsynaptic membrane. Collybistin, a brain-specific guanine nucleotide 

exchange factor, was identified as such a neuronal factor that mediates 

membrane association of Gephyrin. Upon coexpression of Gephyrin with a 

non-ubiqutiously expressed splice variant of Collybistin in non-neuronal cells, 

Gephyrin is redistributed to plasma membrane associated aggregates, much 

smaller in size (diameter of 0.2-0.5 µm) than intracytoplasmic blobs, termed 

submembrane microaggregates (Kins et al., 2000). The critical role of Collybistin 

in the development of synaptic inhibition has been demonstrated in a mouse 

genetics study where Collybistin knockout mice show deficits in targeting 

Gephyrin to the membrane in the hippocampus and amygdala, which 

consequently leads to impairments of GABAA receptor clustering, reduced 

GABAergic transmission, and altered synaptic plasticity (Papadopoulos et al., 

2007). Strikingly, loss of Collybistin does not lead to deficits in clustering of 

Gephyrin in the spinal cord, nor has it any adverse effects on GlyR clustering or 

on glycinergic transmission, indicating that compensatory mechanisms may be 

activated to substitute Collybistin at glycinergic synapses. Furthermore, a point 

mutation in the SH3 domain of Collybistin (G55A) has been identified in a 

human patient suffering from hyperekplexia and epilepsy, and overexpression of 

this Collybistin mutant in cultured neurons results in the loss of postsynaptic 

Gephyrin and GABAAR clusters (Harvey et al., 2004). Additionally, using the 

Cre-loxP strategy to specifically inactivate the Collybistin gene at different 
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developmental stages, it was demonstrated that Collybistin is essential for both 

the initial formation and the maintenance of GABAergic postsynapses in the 

mouse hippocampus (Papadopoulos et al., 2008).  

  

Collybistin is a homologue of the Dbl protein family of GDP/GTP exchange 

factors. There are four splice variants of Collybistin identified in mice (Schema 

2), all of which contain a dbl-homology (DH) domain followed by a Pleckstrin 

Homology (PH) domain. These DH/PH tandem domains are commonly found 

in all known Dbl-family GEFs. DH domains mediate the GDP/GTP exchange on 

Rho-family GTPases, and the human orthologue of Collybistin, hPEM-2, has 

been identified as a GEF specific for Cdc42 (Reid et al., 1999). Additionally, the 

DH domain has been reported to interact with the E-domain of Gephyrin 

(Grosskreutz et al., 2001). The PH domain of Dbl-family proteins has been 

implicated in localizing to specific cellular compartments by binding to 

membrane phosphoinositides (Hyvönen et al., 1995). The PH domain of 

Collybistin was shown to be critical for the translocation of Gephyrin to the 

plasma membrane in nonneuronal cells and to synaptic sites in cultured 

neurons (Harvey et al., 2004). Furthermore, the PH domain of Collybistin has 

been shown to interact with phosphatidylinositol-3-phosphate (PI3P) 

(Kalscheuer et al., 2009). 

 

 

 

 

 

Schema 2: The domain structure and the splice variants of Collybistin: The image depicts the 
four known splice variants of Collybistin in rodents as identified by Kins et al., (2000) and 
Harvey et al., (2004). Note that Collybistin CB1-2-3 differ in their C-terminal region, while 
CB2 is further divided into two separate splice variants based on the SH3 domain usage (e.g., 
CB2SH3+ and CB2SH3-). 
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In rodents, Collybistin splice variants are divided into 3 main categories based 

on their C-termini (Harvey et al., 2004; Schema 2). CB1 contains a C-terminal 

segment that is predicted to form a coiled coil structure, which may be involved 

in protein-protein interactions (Kins et al., 2000). Another variation exists in the 

N-terminal region of Collybistin. CB2 exists in two alternatively spliced variants, 

one containing (CB2SH3+) and one lacking an N-terminal SH3 domain (CB2SH3-). 

CB1 and CB3 contain the SH3 domain constitutively (Schema 2).  

 

1.4.3. NL2, a neuronal factor that activates Collybistin 

 

Among the four Neuroligin paralogues expressed in rodents, NL2 appears to be 

the only paralogue that is specifically and constitutively localized to inhibitory 

synapses (Varoqueaux et al., 2004). In addition, upon clustering by Neurexins, 

NL2 is the only Neuroligin paralogue to induce GABAergic postsynaptic 

differentiation (Graf et al., 2004). Corroborating data from in vitro studies, 

specific deletion of NL2 is detrimental to inhibitory synaptic transmission and 

caused deficits in the postsynaptic targeting of Gephyrin and GABAA receptors 

at perisomatic synapses in the hippocampus (Chubykin et al., 2007; Hoon et al., 

2009; Poulopoulos et al., 2009; Jedlicka et al., 2011). NL2 was shown to 

associate with Gephyrin in vivo in crosslinked brain preparations (Poulopoulos 

et al., 2009). This interaction was further validated in fibroblasts and in yeast, 

where NL2 and Gephyrin were expressed exogeneously, and by GST 

pulldowns, where soluble forms of cytoplasmic NL2 form complexes with 

recombinant Gephyrin. These data indicate that NL2 binds to Gephyrin directly 

and independently of other synaptic proteins. NL2 was shown to interact with 

the E-domain of Gephyrin. On the NL2 side, a 15-residue stretch, which is 

highly conserved in all Neuroligins, is necessary to mediate binding to 

Gephyrin. A tyrosine residue (Y770) within the Gephyrin binding motif appears 

to be essential for the interaction (Poulopoulos et al., 2009). In addition, NL2 

cytoplasmic domain was shown to have signaling properties that lead to the 

activation of Collybistin by an as yet unknown mechanism (Poulopoulos et al., 

2009). 
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It was clearly demonstrated that the SH3 domain acts as an inhibitor of the 

membrane targeting function of Collybistin. In heterelogous cells, epitope 

tagged CB2SH3- has the capacity to redistribute Gephyrin to the submembrane 

microaggregates, while none of the SH3 domain containing variants of 

Collybistin alone (CB1SH3+, CB2SH3+, CB3SH3+) are able to mediate membrane 

clustering of Gephyrin (Kins et al., 2000; Harvey et al.; 2004). Since CB2SH3+ 

and CB3SH3+ are the two splice variants of Collybistin that are dominantly 

expressed in vivo and due to the fact that in transfected cortical neurons both 

the SH3-containing and SH3-lacking splice variants of Collybistin can 

redistribute Gephyrin into synaptic clusters (Harvey et al., 2004), it was 

proposed that a neuron-specific factor must activate Collybistin by relieving 

SH3-mediated inhibition. NL2 was suggested to function as such. This 

Neuroligin paralogue directly interacts with Gephyrin in vivo and it also has the 

capacity to activate CB2SH3+ and induce submembrane redistribution of the 

Gephyrin/Collybistin complex, while NL1 and NL3 lack this functional activity 

(Poulopoulos et al., 2009).  

 

Based on these findings, Poulopoulos et al. (2009) proposed a model for the 

assembly of inhibitory postsynapses (Schema 3). This model proposes that NL2, 

as a central organizer of inhibitory postsynapses, accumulates across 

GABAergic or glycinergic presynaptic terminals to establish nucleation sites that 

demarcate the deployment of the Gephyrin scaffold at the plasma membrane. 

Via an as of yet unknown mechanism, NL2 is able to alleviate the SH3 domain-

mediated inhibition of Collybistin and this allows for membrane tethering of the 

Gephyrin-Collybistin complex. According to this model, by defining the sites 

where Gephyrin molecules are clustered, NL2 ensures that inhibitory 

neurotransmitter receptors are locally accumulated in areas precisely apposed 

to glycine and GABA release terminals to maintain efficient synaptic 

transmission. 
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Schema 3: Current assembly model of inhibitory postsynapses: Neuroligin 2 (NL2) dimers 
are clustered on the surface of the postsynaptic neuron by in trans interaction with α- and β-
neurexins on contacting GABAergic or glycinergic axon terminals. Cytoplasmic Gephyrin-
Collybistin complexes are transiently recruited to plasma membrane sites of Neuroligin 2 
clusters via an interaction of the NL2 cytoplasmic domain and the Gephyrin E-domain. 
Collybistin (in complex with Gephyrin) is activated (yellow arrow) at these nucleation sites 
by NL2 and the Gephyrin-Collybistin complex is tethered to the plasma membrane via 
activated Collybistin. Further Gephyrin-Collybistin complexes are recruited to the plasma 
membrane by NL2, leading to establishment of a membrane tethered postsynaptic Gephyrin 
scaffold, which in turn clusters GlyRs and GABAARs in precise apposition to presynaptic 
inhibitory transmitter release terminals. 
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1.4.4. The putative roles of NL3 and NL4 at inhibitory synapses 

 

All Neuroligin paralogues harbor a highly-conserved, 5 residue consensus 

sequence that functions as a PDZ domain-binding (PDZ-BD) motif (Irie et al., 

1997). PDZ domains are typically found in proteins that are responsible for the 

assembly of cellular junctions and they are often found among multi-protein 

signaling complexes at excitatory synapses. Through the PDZ-BD motif, NLs are 

capable of binding to numerous scaffolding molecules, including PDZ domain-

containing proteins, such as PSD-95 (Irie et al., 1997; Bolliger et al., 2001), S-

SCAM (Hirao et al., 1998) and SHANK (Meyer et al., 2004). Therefore, NLs 

appear to have a shared feature of associating with the scaffolding molecules of 

excitatory synapses.  

 

In contrast to excitatory synapses, the protein network at inhibitory postsynapses 

is not prominently based on PDZ domain-mediated interactions. In fact, another 

conserved motif was identified in the ICDs of NLs, which mediates interaction 

with Gephyrin (Poulopoulos et al., 2009). The dual presence of PDZ-binding 

and Gephyrin-binding motifs indicates that all NLs have a core feature of 

binding to both excitatory and inhibitory synapse-specific scaffolding 

molecules. Thereby, in principle, all NLs have the ability to link presynaptic 

terminals to the postsynaptic scaffolds of both excitatory and inhibitory 

synapses. 

 

Since all NLs contain a well-conserved Gephyrin-binding motif at their 

intracytoplasmic domains, it is reasonable to assume that NL1, 3 and 4 may also 

associate with Gephyrin in vivo. In fact, NL3 and NL4 have been shown to be 

localized to inhibitory synapses in certain regions and layers of the CNS, while 

NL1 has been reported to be associated preferentially with excitatory synapses 

(§ 1.2.1).  

 

NL3 cannot activate Collybistin or promote synaptic clustering of the Gephyrin 

scaffold, unlike NL2 (Poulopoulos et al., 2009). Although a detailed analysis of 
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NL3 distribution in the CNS is still lacking, the currently available data indicate 

that NL3 may be associated with both excitatory and inhibitory postsynaptic 

scaffolds in a tissue specific manner (Budreck and Scheiffele, 2007). It thus 

remains to be determined whether the distribution of NL3 to excitatory versus 

inhibitory synapses is a tightly regulated process. In fact, one such mechanism 

has been proposed by Poulopoulos (2008), hypothesizing that differential 

phosphorylation of the cytoplasmic tails of Neuroligins may regulate their 

affinities for Gephyrin. It remains to be tested whether such a mechanism exists 

in vivo, which would determine specific association of NLs with excitatory 

versus inhibitory synapses. 

 

Unlike NL1, 2 and 3, NL4 has not been assessed for its potential role in the 

activation of Collybistin and its capacity to induce postsynaptic targeting of 

Gephyrin clusters. Since NL4 has recently been shown to be targeted to 

Gephyrin-positive glycinergic postsynapses in various brain regions (Hoon et 

al., 2011), it would be interesting to test whether NL4 shares the ability of NL2 

in organizing inhibitory postsynapse assembly.  

 

1.5. Aim of the study 

 

The previously proposed model for the assembly of inhibitory synapses 

(Poulopoulos et al., 2009) provided important information regarding the role of 

NL2 during the differentiation of inhibitory synapses. As a direct interaction 

partner of Gephyrin and a specific activator of Collybistin, NL2 orchestrates the 

assembly of the inhibitory postsynaptic apparatus. However, the precise 

molecular details of this process are unknown. The present study aims to 

identify the molecular mechanisms underlying the SH3 domain-mediated 

inhibition and NL2-induced activation of Collybistin. This information is 

essential for a coherent molecular model of the assembly of inhibitory synapses, 

which would eventually cover the gap in our understanding of the development 

of synaptic inhibition in the mammalian CNS.  
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2. MATERIALS & METHODS 
 

2.1 DNA Constructs 

 

2.1.1 Yeast-two-hybrid plasmids 

 

Yeast-two-hybrid bait constructs of NL1, NL2, NL3 and mouse NL4 

intracytoplasmic domains (ICDs) subcloned into the yeast expression vector 

pLexN were provided by Guido Meyer (Göttingen, Germany). The mutants of 

NL2 (P764A, P768A and P798stop) were generated and provided by Alexandros 

Poulopoulos (Göttingen, Germany). Prey constructs of rat CB2SH3+, 

CB2SH3+G62A, CB2SH3-, SH3(CB), SH3(CB)G62A subcloned into the yeast 

expression vector pACT2 were provided by Robert Harvey (London, UK). Prey 

constructs of full-length Gephyrin and S-SCAM subcloned into yeast expression 

vector pVP16-3 were retrieved from the embryonic day 18 rat brain cDNA 

library created by Masaya Okamoto (Dallas, USA) (Betz et al., 1997).  

 

2.1.2 Expression plasmids 

 

Mammalian expression constructs of HA-NL2 in pcDNA3 (Invitrogen) and HA-

NL3 in pCMV (Clontech Laboratories Inc.) were provided by Stephane Jamain 

(Göttingen, Germany). The point mutants of HA-NL3 (S799A and S799D) were 

generated and provided by Alexandros Poulopoulos (Göttingen, Germany). HA-

NL2ECD-NL1ICD and HA-NL2ECD-NL4ICD constructs were created from rat and 

mouse NLs by standard PCR amplification of mutated fragments and subcloning 

into the pcDNA3 HA-NL2 construct. They include the extracellular domain of 

rNL2 (residues 1–670), and the transmembrane and intracellular domains of 

rNL1 (residues 690–843) and mNL4 (residues 754–945), respectively. Above 

membrane protein constructs are tagged just downstream of the signal peptide 

sequence, yielding N-terminal epitope tags that are exposed on the cell surface.  
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A GFP-Gephyrin expression construct was provided by Theofilos Papadopoulos 

and Heinrich Betz (Frankfurt, Germany). The myc-CB2SH3+, myc-CB2SH3+G62A, 

myc-CB2SH3- in pRK5 vector expression constructs were provided by Robert 

Harvey (London, UK). The HA-Asef expression construct in pcDNA3.1 was 

provided by Tetsu Akiyama (Tokyo, Japan).  

 

The C-terminal human Immunoglobilin1 heavy chain (Fc) fusion-protein 

construct of the NL2 ICD in the mammalian expression vector pCMVIG9 

(Ichtchenko et al., 1995) was provided by Alexandros Poulopoulos (Göttingen, 

Germany). The Fc-fusion constructs of NL1, NL3 and NL4 ICDs were generated 

by standard PCR amplification, using the rat NL1 and NL3, and the mouse NL4 

cDNAs (all provided by Stephane Jamain, Göttingen, Germany) as template and 

subcloning into pCMVIG9 vector. The constructs NL1CDFc, NL2CDFc, NL3CDFc 

and NL4CDFc express cytoplasmic proteins in mammalian cells. 

 

The Glutathione S-transferase (GST) fused bacterial expression construct for 

Asef, encompassing the DH and PH domains, was provided by Reza Ahmadian 

(Düsseldorf, Germany). N-terminal GST fusion-protein constructs of CB2SH3+ was 

created by standard PCR sequence fragment amplification, using the myc-

CB2SH3+ expression construct as a template, and subcloning into pGEX-4T-1 

bacterial expression vector, yielding GST-CB2SH3+ construct. The GST-

CB2SH3+ΔSH3 and GST-CB2SH3+ΔPH constructs were generated by deleting the 

portions from the ORF of CB2SH3+ between the residues 20-71 and 325-440, 

respectively, by using site directed mutagenesis methods (see below). 

 

Mutant variants of the above constructs were produced by performing full 

plasmid amplification with 35-50 bp fully overlapping primers encompassing 

the site of mutagenesis and encoding the desired mutation(s). PCRs were 

performed with high fidelity pfu DNA polymerase (Stratagene) and thermocycler 

protocols with the following parameters:  
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Annealing T (°C): 68 
Elongation t (sec): 120 per kb of plasmid 

Iterations 15 
 

Sequences of the complete open reading frames (ORFs) of the products were 

verified by DNA sequencing. 

 

2.2 Antibodies and Labeling Reagents 

 

2.2.1. List of primary antibodies and working dilutions 

 

The following primary antibodies were used throughout the study. In the 

following table ‘antigen’ refers to the protein or peptide epitope that was used to 

immunize hosts. ‘Serum/clone’ refers to the serum designation number of 

polyclonal antibodies or clone designation number of monoclonal antibodies. 

‘Source’ refers to the commercial provider or creator of the antibody. ‘Host’ 

refers to the species of animal that the antiserum came from; monoclonal 

antibodies are designated as such and are derived from mouse. The last two 

columns of the table refer to the working dilutions used in immunoblotting with 

enhanced chemiluminescence readout (‘ECL blot’) or in immunocytochemistry 

labeling of cultured cells (‘ICC’). 

 
Antigen Serum/clone Source Host ECL Blot ICC 
c-myc 9E10 Sigma monoclonal  1:1000 
HA SG77 Zymed Rabbit  1:2000 
Gephyrin 3B11 Synaptic Systems monoclonal 1:3500 1:4000 
Neuroligin 2 799 F.Varoqueaux Rabbit 1:7000  
Neuroligin 3 804 F.Varoqueaux Rabbit 1:7000  
Neuroligin 4 75 S.Jamain Rabbit 1:1000  
GST GST-2 Sigma monoclonal 1:2000  
Collybistin  Transduction Labs monoclonal 1:250  
VIAAT  Synaptic Systems guinea pig  1:1000 
Human-IgG-Fc  Pierce Rabbit 1:2000  
Myc  Sigma Rabbit  1:1000 
Phospho-NL  A. Poulopoulos Rabbit 1:1000  
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2.2.2 Conjugated antibodies and reagents 

 

Goat-derived antibodies with species-specific affinities for immunoglobulins 

conjugated to horseradish peroxidase (Bio-Rad and Jackson Biochemicals) were 

used for ECL immunoblotting at a dilution of 1:10000. Alexa Fluor 488, 555 and 

Cy5 conjugated goat secondary antibodies were used for immunocytochemistry 

at a dilution of 1:1000.  

 

2.3 Yeast two hybrid assays 

 

The LexA yeast-two-hybrid system was used for small-scale assays with a 

selection of bait and prey constructs. Bait constructs are in yeast expression 

vector pLexN, fusing the DNA-binding region of LexA and a SV40 large T-

antigen nuclear localization signal to the inserted sequence. Prey constructs are 

in yeast expression vector pVP16-3 or pACT3, fusing the VP16 acidic activation 

or GAL4 activation domains to the inserted sequence, respectively. Interaction 

of prey and bait fusion constructs will lead to a functional transcription 

activation complex and to report gene expression under the control of LexA 

promoter. 

 

Assays were performed using small-scale co-transformation with the indicated 

bait and prey constructs along with Salmon sperm carrier DNA by a lithium 

acetate method, as described in Betz et al., (1997), into auxotrophic 

Saccharomyces cerevisiae strain L40, lacking metabolic genes for trpytophane, 

leucine and incubated at 30°C for 3 days. Prototropic colonies that emerged 

represented clones transformed for both bait and prey constructs.  

 

Prey-bait interaction leads to the expression of reporter genes under the control 

of LexA. Interaction was assessed in co-transfected clones by examining β-

galactosidase activity of LacZ reporter gene expression (Vojtek et al., 1993). The 
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readout is based on the catabolism of the chromogenic compound X-gal, 

making the β-galactosidase assay visible.   

 

2.4 Cell culture and transfection 

 

2.4.1. Cell-line culture and transfection 

 

The COS7 cell-line, a fibroblast line derived from African green monkey kidney 

cells, and the HEK 293T cell-line, an epithelial line derived from human 

embryonic kidney cells transformed with large T-antigen, were used in this 

study. Both cell lines were maintained in plastic tissue culture dishes with high-

glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco), supplemented 

with 10% fetal calf serum (Gibco), in a 37°C humid incubator with 5% ambient 

CO2. Passaging was performed using standard procedures of trypsin mediated 

detachment and dissociation of confluent cultures. For immunocytochemistry, 

COS7 cells were transfected with the FuGENE6 (Roche) reagent by standard 

lipofection procedures. For production of recombinant Fc fusion proteins of 

NL1-4 ICDs, HEK293T cells were transfected with linear polyethylenimine (PEI) 

MW 25,000 (Polysciences, Inc.) (Protocol provided by Anna Suska, Göttingen). 

For this purpose, 5 µg of plasmid DNA were mixed with 22.4µl of 7.5mM linear 

PEI in a 100µl of 150mM NaCl solution and this PEI-DNA solution was added 

onto a suspension of 7x106 HEK293T cells in 10ml of DMEM. The cell 

suspension was then plated on plastic cell culture plates with 10cm diameter 

and the cells were let grow for 2-3 days until 100% confluency was achieved. 

 

2.4.2. Primary neuron culture and transfection 

 

Primary neuron cultures were prepared from hippocampi of neonatal mice. The 

hippocampi were treated with 10units/ml papain (Worthington) in DMEM 

(Gibco) containing 0.2mg/ml Cystein, 1mM CaCl2 and 0.5mM EDTA, for 45 

minutes at 37°C, followed by a 15-minute incubation with the stop solution 
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containing 2.5 mg/ml Albumin, 2.5mg/ml Trypsin inhibitor and 10% FCS 

(Gibco) in DMEM (Gibco). After triturating mechanically, the cells were plated 

on an astrocyte layer at a density of 30.000 cells/cm2. Neurons were cultured in 

Neurobasal medium (Gibco) supplemented with B27 (Gibco), glutamax (Gibco) 

and Penicillin/Streptomycin (Roche).  

 

Dissociated hippocampal neurons were transfected by the Ca2+-Phosphate 

method at day-in-vitro 4 (DIV4) via the CaPhos Kit (Clontech) according to the 

manufacturer’s instructions. In order to achieve sufficient yields for transfection, 

the DNA-Ca2+-Phosphate precipitate was dissolved in HBSS with 10% CO2, as 

suggested by Jiang & Chen (2006). 

 

2.5 Recombinant Protein Binding Assays 

 

2.5.1 GST-fusion proteins 

 

To express N-terminal GST fused CB2SH3+ and its mutants, BL21DE3 strain E.coli 

were subjected to electroporation mediated plasmid transformation with the 

respective constructs in pGEX-4T-1. Luria broth cultures of transformants in the 

logarithmic growth phase were induced for recombinant protein expression 

with 0.5mM IPTG for 24h at 16°C. The cultures were subsequently harvested in 

Phosphate Buffered Saline (PBS) and cell lysates were prepared by a 

combination of enzyme treatment with Lysozyme and DNase I, and sonication 

with a Labsonic U Sonifier (Braun). A standart mix of Leupeptin (1µM), 

Aprotinin (1µg/ml) and PMSF (100µM) protease inhibitors were present in these 

and all subsequent cell homogenization or lysis procedures.  The lysate 

supernatant was prepared by centrifugation with Heraeus Varifuge 20RS in 

Heraeus Sepatech HFA1350 Centrifuge Rotor at 12.500 rpm for 45 minutes. 

 

Lysate supernatants were used as input for standard glutathione-affinity 

purification. Glutathione coupled to Sepharose beads (Amersham) was 
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incubated with the input samples according to manufacturer’s protocol. Beads 

loaded with purified protein were used directly for GST-fusion protein binding 

assays. As input, transfected HEK293T cells expressing cytoplasmic Fc-fusion 

proteins of ICDs of NL1-4 and endogenous Gephyrin were homogenized using 

rotating glass/Teflon homogenizers or a cell cracker (EMBL), with 5-10µM 

clearance, in Tris/HCl-based buffers containing 50mM NaCl at pH 7.4 without 

the use of detergent. The cell debris was removed by high-speed centrifugation 

with a table-top centrifuge. Beads were incubated under varying conditions with 

the supernatants of the homogenates above in the presence of 1% TritonX-100. 

Elution of bound proteins was performed directly in Laemmli sample buffer 

(LSB). Samples were prepared on blots by standard SDS-PAGE in Tris-Glycine 

gels and nitrocellulose electroblot methodologies (Laemmlli et al., 1970; 

Towbin et al., 1979). Blots were examined for the presence of Gephyrin and Fc-

fusion proteins of NL1-4 using anti-Gephyrin, anti-Human-IgG-Fc and anti-NL2 

immunoblotting. 

 

2.6 Protein-Lipid binding assays 

 

Recombinant GST-CB2SH3+ and its mutant variants were purified with batch 

methods as described in § 2.5.1. The proteins bound to the beads were eluted in 

Tris Buffer containing 50mM Tris-HCl, 1% 3-[(3-cholamidopropyl)-

dimethylammonio]-1-propanesulfonate (CHAPS), 1mM DTT, 150mM NaCl, 

50mM Reduced Glutathione at pH 8.0. The proteins were dialyzed against the 

same buffer without the detergent using the Slide-A-Lyzer dialysis cassettes 

(Pierce) with 10kDa cutoff.  

 

PIP-Strips (Echelon) were used to detect phosphoinositide specificity of 

Collybistin. The membranes were blocked with 1% milk in PBST (0.1% Tween-

20). 2µg of protein of interest was added in the blocking buffer and gently 

agitated for 1h at room temperature. After washing three times with the blocking 

buffer, the bound proteins were detected with standard dot-blot techniques 
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using an anti-GST antibody (§ 2.2.1). The custom made Phosphatidyl-inositol-3-

phosphate (PI3P) strips were prepared by spotting 1µl of 250, 125, 50 and 

25mM of PI3P in chloroform onto the strips of Hybond-C-extra membranes (GE 

Healthcare) and the assay is repeated as described above for PIP-strips. For 

PI3P/NL2 cospotting assay, strips of Hybond-C-extra membranes were cospotted 

with 0.5µg of PI3P and varying amounts (750, 375, 150, 0 ng) of recombinant 

NL2 cytoplasmic domain (NL2cyt) (provided by Bodo Sander and Hermann 

Schindelin, Würzburg). The bound proteins were detected as described above 

assay is repeated as described above for PIP-strips and custom-made PI3P strips. 

 

2.7 Crosslinking and identification of protein complexes 

 

2.7.1 Preparation of crosslinked brainstem and spinal cord material 

 

Crosslinking was performed on post-nuclear homogenates from adult mouse 

spinal cord and brainstem (mixed) in PBS. Homogenates were incubated on ice 

for 20min with 20µM of the cleavable, homobifunctionalm membrane 

permeable 12Å crosslinker Dithiobis[succinimidylpropionate] (DSP) (Pierce). 

Crosslinker was quenched in Tris 1M, pH 7.5, before the material was 

centrifuged at 21000 g for 15 min. Proteins from pelleted membranes were 

extracted from pellets with 1% SDS in TNE buffer (Tris 50mM, NaCl 150mM, 

EDTA 5mM, Leupeptin 1µM, Aprotinin 1µg/ml and PMSF 100µM). 

 

2.7.2. Immunoprecipitation of crosslinked complexes 

 

SDS extracts of crosslinked proteins were diluted with 7 volumes of TNE with 

1% TritonX-100, producing a micell system of 0.875% TritonX-100 and 0.125% 

SDS that does not denature antibodies. Neuroligin-containing crosslinked 

adducts were immunoprecipitated from mixed spinal cord and brainstem 

homogenates using paralogue specific antibodies (anti-NL2 or anti-NL4) listed 

in § 2.2.1. After overnight incubations at 4°C of the extracts with antibodies, IgG 
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containing complexes were recovered by a 5h incubation at 4°C with Protein A 

coupled to Sepharose beads. Beads were washed 6 times in 0.875% TritonX-

100 / 0.125% SDS TNE buffer and proteins were eluted in LSB with 7.5% β-

mercaptoethanol to reduce protein disulfide bonds and cleave the crosslinker. 

Samples were subjected to standard SDS-PAGE on Tris-glycine gels and 

immunoblotted on nitrocellulose membranes using antibodies from § 2.2.1 to 

detect crosslinked complex components.  

 

2.8 Immunolabeling of transfected neurons and cell lines 

 

2.8.1. Immunolabeling of transfected cell lines 

 

Transiently transfected COS7 cells were plated directly onto glass coverslips. 

Cells were fixed 12h post transfection in 4% PFA, 5.5% sucrose in 100mM 

phosphate buffer pH 7.4 (PB) for 10 min at room temperature. Samples were 

blocked with 5% normal goat serum and 0.1% gelatin in PB and incubated 

overnight at 4°C with anti-HA (§ 2.2.1) antibodies for surface labeling of 

transmembrane proteins. After permeabilization with 0.1% TritonX-100, the 

samples were further incubated for 3h at room temperature with relevant 

antibodies from § 2.2.1 to detect intracellular proteins. Secondary antibody 

staining was performed for 1h at room temperature by using anti-isotypic 

fluorophore (Alexa-555 and Cy5) conjugated antibodies. 

 

Cell line samples were imaged using an inverse Leica DMIRE2 microscope 

equipped with an HCX PL APO 63x oil-immersion objective lens and 

connected to a Leica TCS SP2 AOBS confocal laster scanning setup. Intensity 

correlation analysis was performed on the images using the ImageJ software 

(NIH). Briefly, a Gaussian blur was applied to the images using a kernel size of 

1 pixel. The HA channel was thresholded to omit pixels coming from the 

extracellular field. Standard Pearson’s correlation coefficient was evaluated in 

the thresholded fields using the Intensity Correlation Analysis plugin for ImageJ 
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from Tony Collins (Wright Cell Imaging Facility, Toronto, Canada) and Elise 

Stanley (C&MB, TWRI, Toronto, Canada).  

 

2.8.2. Immunolabeling of transfected neurons 

 

Hippocampal neurons from Collybistin KO mice as noted in § 2.4.2 were plated 

on continental astrocyte layers on gelatin coated glass coverslips at a density of 

30.000 cells/cm2. Neurons were fixed at DIV12 in 4% PFA, 5.5% sucrose in 

100mM phosphate buffer pH 7.4 (PB) for 7 min at room temperature. Samples 

were blocked with 5% normal goat serum and 0.1% gelatin in PB and 

permeabilized with 0.1% TritonX-100. Neurons were stained with primary 

antibodies in 5% normal goat serum, 0.1% gelation and 0.1% TritonX-100 in 

PB for 3h at room temperature, followed by a 1h secondary antibody incubation 

using anti-isotypic fluorophore (Alexa-488, Alexa-555 and Cy5) conjugated 

antibodies. 

 

2.9 Statistical analysis 

 

Statistical analyses were performed using unpaired, two-tailed Student’s T-test. 

Variance is expressed as standard error of the mean. 
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3. RESULTS 

 

3.1 Investigation of the roles of NL2 and NL4 at inhibitory 

synapses  

 

3.1.1 NL2 and NL4 specifically interacts with the SH3 domain of 

Collybistin 

 

In contrast to NL1 and NL3, NL2 has the capacity to activate the physiologically 

relevant isoforms of Collybistin that contain the SH3 domain. Therefore a 

protein-protein interaction assay where the different Neuroligin paralogues are 

compared with respect to their capacity to bind Collybistin could potentially 

shed light onto the distinct role of NL2 in the cell-based Collybistin activation 

assay and potentially at inhibitory synapses. For this purpose, a cross-screen was 

performed using reporter gene activation as readout of the yeast-two-hybrid 

(Y2H) system where bait constructs containing full ICDs of rat NL1, NL2 and 

NL3 were coexpressed with a prey construct containing the full-length rat 

Collybistin isoform 2 bearing the SH3 domain (CB2SH3+) (Figure 1A). LacZ 

reporter gene activation assays showed that while Gephyrin exhibits 

promiscuous binding to all three Neuroligin paralogues tested, Collybistin 

specifically interacts with NL2. This interaction between NL2 and Collybistin, a 

feature that is not shared by NL1 and NL3, could explain how NL2 can 

specifically activate Collybistin and regulate targeting of Gephyrin to 

submembranous sites in COS7 cells, and to inhibitory postsynaptic sites in 

neurons.  

 

In a parallel Y2H assay, it was observed that, similar to NL2, the NL4 

cytoplasmic tail also interacts with Collybistin (Figure 1B). The colorimetric 

readout of the Y2H assay is qualitative and is not informative of the relative 

affinities of each Neuroligin isoform for Collybistin. Additionally, the minimum 
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exposure time required to obtain a positive signal for NL4-Collybistin 

interaction was beyond the maximum amount of exposure time to avoid bait 

construct auto-activation for NL1 and NL3. Therefore, it was not possible to 

compare all four Neuroligin paralogues in a single Y2H based LacZ reporter 

gene activation assay to test their interaction with Collybistin. To obtain a 

quantitative readout, a GST-pulldown assay was performed where a 

recombinantly expressed GST- tagged full-length Collybistin construct bearing 

the SH3 domain was tested against the Fc- tagged cytoplasmic tails of NL1, 

NL2, NL3 and NL4 expressed in and extracted from HEK293T cells (Figure 1C). 

In agreement with the Y2H assay, the GST-pulldowns also indicated that NL2 

and NL4, unlike NL1 and NL3, interact with Collybistin.    

 

  
 

 

 

 

 

Figure 1: NL2 and NL4 interact with Collybistin: (A) Yeast-two-hybrid (YTH) assays with NL1-3 
ICD bait constructs against empty prey vector (top row), CB2SH3+ (middle row) and Gephyrin 
(bottom row). NL2, but not NL1 or NL3, interacts with Collybistin, while they can all 
promiscuously interact with Gephyrin. (B) YTH assays with NL2 and NL4 ICD bait constructs 
against empty prey vector (top row), CB2SH3+ (middle row) and Gephyrin (bottom row). Similar to 
NL2, NL4 interacts both with Collybistin and Gephyrin. (C) GST-pulldown assays with NL1-4 
ICD Fc- fusion proteins produced in HEK293T cells (first lane) against GST alone (middle row) 
and GST-CB2SH3+ (bottom row). NL2 and NL4, but not NL1 and NL3, interact with Collybistin. 
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3.1.2 NL4, like NL2, activates Collybistin and facilitates membrane 

recruitment of Gephyrin  

 

Despite the observed similarity of NL2 and NL4 in their capacity to interact with 

Collybistin, so far it has not been possible to test the capacity of NL4 to activate 

Figure 2: NL4ICD, like NL2ICD, activates Collybistin and induces plasma membrane 
recruitment of Gephyrin in transfected mammalian cells: (A) COS7 cells were cotransfected 
with GFP-Gephyrin (green), myc-CB2SH3+ (blue) and a Neuroligin variant (HA-NL2ECD-NL1ICD, 
HA-NL2, HA-NL3 or HA-NL2ECD-NL4ICD; red). In the presence of NL2ECD-NL1ICD or NL3, GFP-
Gephyrin remains sequestered with myc-CB2SH3+ in cytoplasmic aggregates. NL2 and NL2ECD-
NL4ICD activate Collybistin and induce plasma membrane recruitment of Gephyrin in the form 
of submembrane microaggregates where all three proteins (Collybistin, Gephyrin and NL2 or 
NL2 ECD-NL4ICD) cocluster. Scale bar: 20 µm. (B) Percentage of COS7 cells triple-transfected 
with GFP-Gephyrin, myc-CB2SH3+ and a Neuroligin variant (NL3, NL2, NL2ECD-NL4ICD , NL2ECD-
NL1ICD) where Gephyrin is clustered at submembrane microaggregates: NL3: 7.7% ± 3.4 (N=3, 
n=261), NL2: 85.6 ± 6.5 (N=3, n=285, P<0.001), NL2ECD-NL4ICD: 71.0 ± 7.8 (N=3, n=276, 
P<0.001), NL2ECD-NL1ICD: 9.3 ± 4.8 (N=3, n=225).  
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Collybistin due to the lack of a tagged NL4 construct that traffics efficiently to 

the plasma membrane of heterologous cells. To overcome this problem, 

chimeric Neuroligin constructs were cloned, where the extracellular domain of 

NL2 was fused to the transmembrane regions and ICDs of NL1 and NL4. Similar 

to NL2, coexpression of GFP-Gephyrin and myc-CB2SH3+ along with the HA-

NL2ECD-NL4ICD chimera also led to the formation of submembrane 

microaggregates where the three proteins coclustered, indicating that the NL4 

cytoplasmic tail shares the ability of the NL2 cytoplasmic tail to bind to and 

activate Collybistin (Figure 2A). HA-NL3 and HA-NL2ECD-NL1ICD constructs 

failed to redistribute Gephyrin-Collybistin complexes, which remained in 

cytoplasmic aggregates, indicating that despite the fact that all Neuroligins bind 

Gephyrin, the ability to activate Collybistin and stimulate Gephyrin 

redistribution is restricted to those NLs that can bind to Collybistin. 

 

3.1.3 The NL2-Collybistin interaction involves the proline rich 

stretch of NL2 and the SH3 domain of Collybistin 

 

The proline-rich nature of the ICDs of NL2 and NL4 indicate that binding of 

NL2 and NL4 to Collybistin might be mediated via a conventional SH3 to PXXP 

mode of interaction (Lim et al., 1994). In fact, in Y2H assays it was shown that 

the SH3 domain responsible for keeping Collybistin in an inactive state was 

sufficient to mediate the interaction with NL2 and NL4. On the other hand, the 

constitutively active Collybistin variant lacking the SH3 domain (CB2SH3-) failed 

to bind to either NL2 or NL4, indicating that the SH3 domain is necessary to 

mediate binding to both NL2 and NL4 (Figure 3A-B-C). In addition, a G62A 

substitution in the SH3 domain, corresponding to a G55A substitution in the 

human orthologue of Collybistin (hPEM-2) associated with severe drug-resistant 

seizures and hyperekplexia, disrupted NL2 and NL4 binding. It may thus be 

argued that interaction of the SH3 domain of Collybistin with NL2 or NL4 is 

involved in relieving the SH3 domain-mediated inhibition of Collybistin.  
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Multiple sequence alignment of the cytoplasmic tails of the four mouse 

Neuroligins failed to reveal a proline motif shared specifically by NL2 and NL4 

and not NL1 and NL3. However, an SH3 domain interaction site prediction 

software (SH3-Hunter; http://cbm.bio.uniroma2.it/SH3-Hunter) predicted 

multiple putative SH3 interacting sequence stretches within the cytoplasmic 

tails of both NL2 and NL4, whereas no such putative sites were predicted for 

NL1 and NL3 (Schema 4). To determine which of the predicted proline motifs is 

B A 

C 
D 

Figure 3: Binding of Collybistin to NL2 and NL4 is mediated by a classical SH3-PXXP mode of 
interaction: YTH assays with prey constructs of CB2SH3+, CB2SH3-, CB2SH3+G62A, Gephyrin and 
S-SCAM against the prey constructs of (A) NL2ICD and (B) NL4ICD. Collybistin SH3 domain is 
necessary to mediate binding to NL2 and NL4. The G62A mutation hinders binding if 
Collybistin to NL2 and NL4. (C) YTH assays with NL2ICD bait construct versus SH3 domain of 
Collybistin (SH3), SH3/G62A, and empty vector. Collybistin SH3 domain is sufficient to 
mediate binding to NL2 and G62A mutation hinders this interaction. (D) YTH assays with prey 
constructs of CB2SH3+, Gephyrin and S-SCAM against the bait construct of NL2ICD and its 
mutants P764A, P768A, P798/stop. Collybistin binding region on NL2 is located downstream 
from P798. 
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responsible for mediating the interaction with the SH3 domain of Collybistin, 

three NL2 mutants were tested with Y2H assays (Figure 3D). The single point 

mutations P764A and P768A in NL2 did not affect binding to the SH3 domain, 

while a truncation of the whole C-terminus downstream of P798, did abolish 

the interaction with Collybistin. This truncation caused the deletion of two long 

proline stretches (P798-P804 and P813-P817), as well as residues P808 and 

P811, all of which putatively participate in SH3 domain binding epitopes. The 

fact that this mutant still binds to Gephyrin indicates that truncation of a large 

portion of the C-terminal tail of NL2 does not cause expression deficits of this 

construct. The multiple alignment of Neuroligins downstream of the P798 of 

NL2 did not reveal the presence of a homologous stretch of proline residues 

which are conserved in NL4. It is thus very likely that the Collybistin binding 

region on NL4 is located at another portion of the cytoplasmic tail of this 

protein.  

 

3.1.4 Both NL2 and NL4 are capable of establishing high order 

assemblies with Gephyrin and Collybistin in vivo 

 

The interaction of NL2 and Gephyrin has been observed in vivo, examined 

using a chemical crosslinking approach, where postsynaptic NL2-Gephyrin 

complexes could be detected in mouse brain homogenates upon SDS extraction 

and immunoprecipitation of endogenous NL2. The specificity of the 

immunoprecipitation was documented using the brain homogenates of NL2 KO 

mice (Poulopoulos et al., 2009). Similar to NL2, NL4 has been detected at 

inhibitory synapses in various brain regions throughout the central nervous 

system, associated with Gephyrin and GlyRs (Hoon et al., 2011). The putative 

association of NL4 with Gephyrin was tested in mixed homogenates of mouse 

spinal cord and brainstem, where glycinergic transmission is prominent. 

Gephyrin was coimmunoprecipitated with NL4 from chemically crosslinked 

extracts of spinal cord and brainstem from WT and NL2 KO, but not from NL4 

KO mice (Figure 4A). Collybistin was also detected in coimmunoprecipitates of 
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NL2 (Figure 4B) and NL4 (Figure 4A) from crosslinked extracts of spinal cord 

and brainstem of WT mice. Collybistin was not coimmunoprecipitated from 

NL2 KO and NL4 KO mice. Overall, these findings show that both NL2 and 

NL4 can associate into higher order complexes with inhibitory postsynaptic 

proteins in vivo. Moreover, the slight increase in the detected amount of 

Gephyrin and Collybistin in the NL4 - coimmunoprecipitated material from the 

spinal cord and brainstem of NL2 KO mice compared to WT indicates that NL2 

and NL4 may have shared functions in the assembly of inhibitory synapses and 

may compensate for each other in their respective knockouts. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Both NL2 and NL4 assemble into higher order complexes with Gephyrin and 
Collybistin in vivo: (A) Immunoprecipitation (IP) of endogenous NL4 from crosslinked brainstem 
(BS) and spinal cord (SC) samples of wild-type (WT), NL2!knockout (NL2 KO) and NL4 knockout 
(NL4 KO) mice. IP was performed with an NL4-specific antibody. After linker cleavage, Western 
blot analysis for NL4 (upper row) and Gephyrin (middle row) and Collybistin (lower row) was 
performed on input extract, flow-through and immunoprecipitated material (IP). Both Gephyrin 
and Collybistin coimmunoprecipitate with NL4 from the mixed BS and SC homogenates of WT 
and NL2 KO mice. Note that a nonspecific cross-reactive band of unknown nature that runs 
below the specific Collybistin band is detected in all immunoprecipitates. (B) IP of 
endogenous NL2 from crosslinked brainstem and spinal cord samples of WT and NL2 KO mice. 
IP was performed with an NL2-specific antibody. After linker cleavage, Western blot analysis for 
NL4 (upper row) and Gephyrin (middle row) and Collybistin (lower row) was performed on input 
extract, flow-through and immunoprecipitated material (IP). Both Gephyrin and Collybistin 
coimmunoprecipitate with NL4 from the mixed BS and SC homogenates of WT mice. . Note that 
a nonspecific cross-reactive band of unknown nature that runs below the specific Collybistin 
band is detected in all immunoprecipitates. 
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3.1.5 Comparative analysis of SH3 domains reveals a putative NL2 

binding site on Collybistin  

 

Collybistin has a modular structure comprising SH3, DH and PH domains, all of 

which are found in various protein families. The DH and PH domains usually 

exist together as a tandem DH/PH module. In the human proteome there is a 

high number of guanine nucleotide exchange factors that share a similar 

domain organization with Collybistin, bearing an SH3 domain adjacent to either 

the N-terminus (βPIX, αPIX, ASEF, ARHGEF6) or the C-terminus (GEF16, 

Ephexin, TIM) of the tandem DH/PH domains. Additionally, there are other 

guanine nucleotide exchange factors with more complex domain organizations, 

which nevertheless carry multiple SH3 domains located adjacent to the DH/PH 

module (VAV1, VAV2, VAV3, Kalirin, Intersectin1, Intersectin 2) (reviewed in 

Schiller et al., 2006). Interestingly, characterization of some of these SH3 

domain-containing GEFs, including ASEF and Intersectin, indicated that it is a 

common feature of the SH3 domain to confer an inhibitory effect on the 

enzymatic activity of the DH domain (Zamanian et al., 2003; Mitin et al., 2007; 

Murayama et al., 2007). 

  

SH3 domains are protein modules that bind to proline rich peptides. The 

domain is found in a large number of intracellular proteins, many of which are 

involved in signaling and regulation. The overall structure of the domain is 

defined by a compact β sandwich consisting of five major strands, three of 

which are connected by variable loops, referred as the RT lop, the N-Src loop 

and the distal loop; the fourth and fifth strands are separated by a 310 helix 

(Mayer & Saksela et al., 2005). The Collybistin SH3 domain was aligned with 

the various SH3 domains of other signaling and scaffolding proteins (Schema 5) 

in order to highlight the structurally critical residues in Collybistin that are 

important for the proper assembly of the SH3 module such as residues forming 

the hydrophobic core (labeled in yellow) and residues defining the core ligand-

binding site (labelled in green). As seen in the alignment, most of the 
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hydrophobic core and ligand binding residues are well conserved in the SH3 

domain of Collybistin. Based on the sequence alignment, the important 

structural elements, such as the N-Src and RT-loops as well as the hydrophobic 

core and the core ligand binding site residues on the available NMR structure of 

the SH3 domain of Collybistin (PDB Code: 1YSQ) were marked (Schema 2A).  
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Schema 5: Structure of the SH3 domain: (A) Sequences of SH3 domains from various different 
proteins are aligned. At top, positions of β strands and the 310 helix are indicated, along with 
the positions of the RT, N-Src, and distal loops. Yellow shading indicates hydrophobic core 
residues, and green indicates conserved residues defining the core ligand binding site. The 
alignment is adapted from and modified after Mayer & Saksela et al., 2005. (B) Ribbon 
diagram of N-terminal SH3 domain of Collybistin (PDB code: 1YSQ). Sidechains of the core 
ligand binding-site residues shaded green in (A) are depicted. (C) Surface representation of 
Collybistin SH3 in the same orientation as in (B). Core peptide binding site residues are shaded 
in green. (D) The proline-rich peptide APTMPPPLPP of 3BP-1 (from the structure of Abl 
tyrosine kinase SH3 domain in complex with 3BP-1; PDB code: 1ABO) was superpositioned 
onto Collybistin SH3 domain. The structural representations were prepared in MacPyMOL 
software. 
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The proline rich peptides to which the SH3 domains bind can be divided into 

two standard classes based on their patterns, class I ([RKHFWY]xxPxxP) or class 

II (PxxPx[RKH]) (Mayer & Saksela et al., 2005). Neither NL2 nor NL4 contain 

patterns that precisely match one of these two classes, but they do contain 

several PXXP motifs, which correspond to the minimal consensus sequence of a 

SH3 proline-rich ligand. In order to test how the NL2 and NL4 cytoplasmic tails 

may interact with the SH3 domain of Collybistin, a model SH3 ligand structure 

(the proline-rich peptide APTMPPPLPP of 3BP-1 in complex with the Abl 

tyrosine kinase SH3 domain with 3BP-1 synthetic peptide; PDB code: 1ABO) 

was used as a structural scaffold onto which the Collybistin SH3 domain was 

superpositioned (Musacchio et al., 1994; Schema 2B). This structural alignment 

of two highly similar SH3 domains (58% homologous and 27% identical) 

allowed for the identification of residues in the Collybistin SH3 domain that are 

potentially essential for interacting with the proline-rich tails of NL2 and NL4. 

This analysis pointed to hydrophobic residues W24, W52, W63 and F68 of 

Collybistin (Schema 7). 

 

3.1.6 The SH3 domain of Collybistin may function as an 

autoinhibitory module 

 

The crystal structures of homologous guanine nucleotide exchange factors, such 

as Asef (PDB code 2PZI and 2DX1) and Intersectin-1 (PDB code 3JV3), revealed 

that in these molecules the SH3 domain is able to form an extensive interface 

with the catalytic DH and PH domains to obstruct binding to small GTPases, 

particularly to Cdc42, thus reducing the GEF activity of both proteins (Mitin et 

al., 2007; Ahmad et al., 2010). Based on the high similarity of the primary 

sequences of Asef and Collybistin, it is plausible that the SH3 domain of 

Collybistin may also form a similar extensive interface with its DH/PH domains. 

It is well documented that the SH3 domain of Collybistin imposes an inhibitory 

effect on the synaptic role of Collybistin in targeting Gephyrin to the plasma 

membrane, while binding of NL2 to the SH3 domain alleviates this inhibitory 



 61 

effect (Poulopoulos et al., 2009). However it remains to be examined whether 

the SH3 domain mediated inhibition in Collybistin affects the enzymatic GEF 

activity of the DH domain like in Asef and Intersectin-1 or whether the SH3 

domain is responsible for blocking the membrane tethering of the PH domain.  

 

 
 

 

 

 

 

 

A close look at the crystal structure of Asef (Murayama et al., 2007; Mitin et 

al.,2007; Schema 6) reveals that the tandem DH and PH domains form an arch 

like structure, which is stabilized by the SH3 domain. W203 in the SH3 domain 

(W24 in Collybistin) is inserted into the hydrophobic pocket formed by L421 

(L247 in Collybistin) and V424 (V250 in Collybistin) of the DH domain. M208 

(M29 in Collybistin) forms hydrophobic interactions with W481 (W307 in 

Collybistin) in the DH domain as well as L500 (L326 in Collybistin) and F522 

(F348 in Collybistin) in the PH domain, stabilizing the arched conformation of 

the DH and PH domains. On the opposite side of the SH3-DH domain 

Schema 6: The crystal structure of the autoinhibited Asef: (A) Surface representation of 
autoinhibited conformation of Asef, based on the available structural information (PDB code: 
2PZ1). The residues contributing to the interface between SH3 (red) and DH (green) and PH 
(blue) domains are depicted in yellow. The structural representations were prepared in 
MacPyMOL software. 
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interface, a set of hydrogen bonds forms between the E436 (E262 in Collybistin) 

and residues R249, V252, N253 (R70, V73, N74 in Collybistin, respectively) of 

the SH3 domain. All the other residues forming the interface between the SH3 

and DH/PH domains of Asef are shown in Schema 6.  

 

Based on the available structural information deduced from Collybistin 

homologues and other SH3 domain-containing proteins, a mutagenesis screen 

was designed to elucidate the mechanism of NL2-induced activation of 

Collybistin. Two different sets of mutations were introduced into the SH3 and 

DH domains of Collybistin. The first set of mutations, including W52A and 

W63A, was chosen from the pool of residues that are potentially responsible for 

binding to the proline-rich tails of NL2 (Schema 5). These mutants were 

generated in order to abolish binding of NL2 to the SH3 domain and examine 

whether this interaction is essential for the activation of Collybistin and 

subsequent membrane targeting of the Gephyrin scaffold. The second set of 

mutations (including W24A, R70A, E262A) was chosen from the pool of 

residues responsible for the formation of a putative interface between the SH3 

domain and the DH/PH domains, as their analysis may help to explain why the 

SH3 domain inhibits Collybistin function. Examination of whether Collybistin 

can be rendered constitutively active by obstructing this putative intramolecular 

interaction will reveal its potential implication in the inhibiting effect of the SH3 

domain. Towards this end, two mutations in the SH3 domain (W24A, R70A) 

and one mutation in the DH domain (E262A) were generated.  

 

 

 

 

 

 

Schema 7: Putative intra- and intermolecular contacts established by Collybistin SH3 domain: 
Residues of the SH3 domain of Collybistin that form the putative interface with the DH/PH 
domains are marked in red, while those that are predicted to bind PXXP containing peptides are 
green. W24 and S67 (blue) are involved in both sets of interactions. The secondary structure of 
the domain is shown above the sequence. Dots indicate the residues that are substituted by 
alanines in this study. Modified after Mitin et al., 2007. 
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Both pools of mutants were tested using a cell based assay, where GFP-

Gephyrin, HA-NL2 or HA-NL3 and myc-CB2SH3+constructs were co-expressed in 

COS7 cells and the ability of each Collybistin mutant to target Gephyrin to 

plasma membrane sites was assessed in the presence of either NL2 or NL3. 

Since coexpression of HA-NL2 along with GFP-Gephyrin and myc-CB2SH3+ 

leads to activation of Collybistin and formation of submembrane 

microaggregates where all three protein components are coclustered 

(Poulopoulos et al., 2009), it would be interesting to determine whether the 

Collybistin SH3 domain mutants which are potentially deficient in binding to 

NL2 (W52A, G62A, W63A) would still show response to the presence of NL2 

and be activated. NL3 is another Neuroligin paralogue which was used in this 

assay. It is deficient in binding to and activating Collybistin, but due to the fact 

that it has the conserved Gephyrin binding region in its cytoplasmic tail, it can 

be coclustered with Gephyrin at submembrane microaggregates upon 

coexpression with CB2SH3- (Poulopoulos et al., 2009). Therefore, by determining 

the level of colocalization of plasma membrane targeted Gephyrin and NL3, it 

would be possible to obtain a readout of intrinsic activity of each Collybistin 

mutant and observe whether alanine replacement of the residues that are 

responsible for mediating the putative intramolecular interface between the SH3 

and DH/PH domains would lead to auto-activation of Collybistin. 

 

3.1.7 Interfering with the putative intramolecular interaction 

renders Collybistin constitutively active 

 

In the first set of mutagenesis assays, the myc-CB2SH3+ mutants as well as the 

non-mutated CB2SH3+ and CB2SH3- were coexpressed with GFP-Gephyrin and 

HA-NL3. As expected, coexpression of myc-CB2SH3+ and GFP-Gephyrin in 

COS7 cells leads to intracytoplasmic accumulations of Gephyrin, termed blobs 

(Figure 5, panel 1). Coexpression of NL3 is not sufficient to activate CB2SH3+ and 

rescue Gephyrin from these intracytoplasmic aggregates. However upon 

coexpression with  CB2SH3-,   autonomously    membrane    targeted    Gephyrin- 
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Collybistin complexes were coclustered with NL3, which contains an 

extracellular HA- tag that was stained without membrane permeabilization. 

Interestingly, a group of mutants of Collybistin, namely myc-CB2SH3+W24A and 

E262A, which were predicted to obstruct the putative intramolecular interaction 

between the SH3 and DH/PH domains, were able to target Gephyrin to the 

plasma membrane to higher extents as compared to CB2SH3+. The correlation 

coefficients of GFP- and surface stained HA-signals of GFP-Gephyrin and HA-

NL3, respectively, were measured to quantify the level of autoactivation of each 

Collybistin mutant. Correlation coefficient values were normalized to the 

Figure 5: The putative interface formed between SH3 and DH/PH domains is responsible for 
retaining Collybistin in an autoinhibited conformation: (A) COS7 cells were transfected with 
HA-NL3 (red), GFP-Gephyrin (Green) and myc-CB2SH3+, its point mutants or myc-CB2SH3-. 
Among the point mutants tested, myc-CB2SH3+E262 seemed to have the highest autoactivation, 
and redistributes Gephyrin to submembrane microclusters in the absence of NL2, unlike myc-
CB2SH3+, which stays intracytoplasmically associated with Gephyrin blobs. Scale bar: 20 µm. (B) 
The correlation coefficients of GFP- and surface stained HA- signals of GFP-Gephyrin and HA-
NL3, respectively, were measured to quantify the level of autoactivation of each Collybistin 
mutant. Correlation coefficient values were normalized to the constitutively active Collybistin 
variant (CB2SH3-) representing 100% activation, and baselined to samples lacking Collybistin, 
representing 0% activation. CB2SH3+ showed significantly reduced activity (10,56% ± 3.31, N=3, 
n=20) compared to mutants W24A (34.10% ± 8.95, N=3, n=15, P<0.01), E33A (25.64% ± 5.60, 
N=3, n=15, P<0.01) and E262A (51.90% ± 5.71, N=3, n=15, P<0.001). Conversely, point 
mutations generated to abolish the interaction between the SH3 domain and NL2 (W52A, G62A, 
W63A) did not lead to significant changes in the autoactivation of Collybistin.  

B 
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constitutively active Collybistin variant (CB2SH3-), representing 100% activation, 

and baselined to samples lacking Collybistin, representing 0% activation. 

CB2SH3+ showed significantly reduced activity (10,56% ± 3.31, N=3, n=20) as 

compared to mutants W24A (34.10% ± 8.95, N=3, n=15, P<0.01), E33A 

(25.64% ± 5.60, N=3, n=15, P<0.01) and E262A (51.90% ± 5.71, N=3, n=15, 

P<0.001). Conversely, point mutations generated to abolish the interaction 

between the SH3 domain and NL2 (W52A, G62A, W63A) did not lead to 

significant changes in the autoactivation of Collybistin. This set of data indicates 

that a putative intramolecular interaction between the SH3 and DH/PH domains 

might be instrumental in keeping Collybistin in a closed and inactive 

conformation.  

 

3.1.8 NL2-Collybistin interaction is necessary for NL2-mediated 

Collybistin activation 

 

In the second set of mutagenesis experiments, the myc-tagged Collybistin 

mutants were coexpressed with GFP-Gephyrin and HA-NL2 (Figure 6). Similar 

to what has been observed with NL3, coexpression of HA-NL2, GFP-Gephyrin 

and myc-CB2SH3- leads to the coclustering of NL2 with the Gephyrin/Collybistin 

complex at the plasma membrane, due to the association of NL2 with Gephyrin. 

However, in contrast to NL3, NL2 has the ability to activate CB2SH3+ and this 

activation leads to the membrane recruitment of the Gephyrin/Collybistin 

complex and coclustering of surface expressed NL2. Interestingly, Collybistin 

mutants W52A and W63A that were generated to interfere with the interaction 

between NL2 and the SH3 domain, as well as the G62A mutation, which has 

already been shown to disrupt NL2 binding to the SH3 domain, were unable to 

target Gephyrin to the plasma membrane. Similar to the autoactivation assay 

done with NL3, calculating the relative levels of colocalization between GFP- 

and HA-signals of Gephyrin and NL2, respectively, provided a quantitative 

assessment of each Collybistin mutant in their response to NL2 activation. Once 

again, values  were  normalized to those obtained with the constitutively active  
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Figure 6: NL2-mediated activation of Collybistin depends on the NL2-Collybistin interaction (A) 
COS7 cells were transfected with HA-NL2 (red), GFP-Gephyrin (Green) and myc-CB2SH3+,its 
point mutants or myc-CB2SH3-. myc-CB2SH3+ constructs bearing the W52A, G62A and W63A 
mutations were incapable of being activated by NL2 and redistributing Gephyrin to 
submembrane microclusters. Scale bar: 20 µm. (B) The correlation coefficients of GFP- and 
surface stained HA- signals of GFP-Gephyrin and HA-NL2, respectively, were measured to 
quantify the level of NL2-induced activation of each Collybistin mutant. Correlation coefficient 
values were normalized to the constitutively active Collybistin variant (CB2SH3-), representing 
100% activation, and baselined to samples lacking Collybistin, representing 0% activation. 
Compared to CB2SH3+, the mutants W52A, G62A and W63A showed a reduced responsiveness 
to NL2 activation (CB2SH3+: 55.19% ± 4.86, N=3, n=20; W52A: 10.30% ± 3.49, N=3, n=15, 
P<0.001; G62A: 3.66% ± 2.15, N=3, n=15, P<0.001; W63A: 14.88% ± 3.73, N=3, n=15, 
P<0.001). (C) Using GST-pulldown assays, Full-length GST-CB2SH3+, SH3 domain lacking mutant 
form GST-CB2SH3+ΔSH3 and the three point mutants GST-CB2SH3+G62A, GST-CB2SH3+W52A and 
GST-CB2SH3+W63A were tested for binding to endogenously expressed Gephyrin from HEK cells 
and exogenously expressed NL2 cytoplasmic domain. GST-CB2SH3+ΔSH3 and all the point 
mutants of GST-CB2SH3+ were deficient in binding to NL2, while they all retained their ability to 
interact with Gephyrin. 

B 

C 
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Collybistin variant (CB2SH3-) to the score of 100%, and the samples lacking 

Collybistin represent 0% activation. Compared to CB2SH3+, the mutants W52A, 

G62A and W63A showed a reduced responsiveness to NL2 activation (CB2SH3+: 

55.19% ± 4.86, N=3, n=20; W52A: 10.30% ± 3.49, N=3, n=15, P<0.001; 

G62A: 3.66% ± 2.15, N=3, n=15, P<0.001; W63A: 14.88% ± 3.73, N=3, n=15, 

P<0.001). This set of data indicate that altering the putative NL2-binding site on 

the SH3 domain renders Collybistin irresponsive to NL2 induced activation, and 

that the interaction between NL2 and the SH3 domain of Collybistin is essential 

for the subsequent membrane targeting of the Gephyrin/Collybistin complex. 

 

In order to obtain biochemical evidence of the effects of point mutants W52A, 

G62A and W63A on NL2 binding, a mutagenesis screen using GST-pulldown 

was performed (Figure 6C). Full-length GST-CB2SH3+, the SH3 domain lacking 

mutant form GST-CB2SH3+ΔSH3 and the three point mutants GST-CB2SH3+G62A, 

GST-CB2SH3+W52A and GST-CB2SH3+W63A were tested for binding to 

endogenously expressed Gephyrin from HEK cells and exogenously expressed 

NL2 ICD fused to an Fc-tag. All GST proteins except GST tag alone bind to 

Gephyrin to a similar extent, but the ΔSH3 mutant and all the point mutants of 

Collybistin tested in this assay entirely lost their ability to bind NL2 ICD (Figure 

6C). Correlating these biochemical data with the cell-biological readouts shown 

in Figures 5 and 6 indicates that the lack of responsiveness of mutants G62A, 

W52A and W63A to the presence of NL2 is due to the loss of affinity of 

Collybistin mutants to the NL2 cytoplasmic tail.  

 

The cell based mutagenesis assay indicates that Collybistin may act as a 

molecular switch, which undergoes transition between open and closed 

conformations. In its cytoplasmic state, through an intramolecular interface 

formed between the SH3 and the DH/PH domains, Collybistin is locked in a 

closed state where it is inactive and deficient in targeting Gephyrin to the 

plasma membrane. Binding of the NL2 cytoplasmic tail to the Collybistin SH3 

domain induces a conformational change in Collybistin towards an open state 

where the inhibiting effect of the SH3 domain on membrane targeting is 
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alleviated, resulting in the tethering of the Gephyrin scaffold to the plasma 

membrane via the interaction of the PH domain with membrane lipids. 

 

 

 

 

 

Figure 7: The PH domain of Collybistin is 
necessary for membrane recruitment of 
Gephyrin. (A) COS7 cells were transfected 
with HA-NL2 (blue), GFP-Gephyrin 
(green) and myc-CB2SH3+, myc-
CB2SH3+ΔPH, myc-CB2SH3+K358A-K359A 
or myc-CB2SH3+R363A-R364A constructs. 
ΔPH, as well as the K358A-K359A and 
R363A-R364A mutant constructs were 
deficient in redistributing Gephyrin to 
submembrane clusters. (B) Ribbon 
diagram of β3-β4 loops of Collybistin PH 
domain, displaying the side chains of the 
positively charged residues substituted by 
alanines in (A).  

A 
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How does the putative intramolecular interaction between the SH3 and the 

DH/PH domains inhibit the synaptic function of Collybistin? In close 

homologues of Collybistin, where the SH3 and DH/PH domains form an 

extensive interface, such as Asef and Intersectin, the SH3 domain is responsible 

for inhibiting the GEF activity of the respective DH domain (Murayama et al., 

2007; Mitin et al., 2007; Ahmad et al., 2010). In fact, it has been shown that 

compared to CB1SH3+, CB2SH3- is a better catalyst for guanine exchange of Cdc42 

(Xiang et al., 2006). However, a direct link between the enzymatic activity of 

the DH domain and the role of Collybistin in Gephyrin clustering still remains 

to be identified. On the contrary, it has been shown that a CB2SH3- mutant 

lacking GEF activity towards Cdc42 was still fully functional in deploying the 

Gephyrin scaffold both in neuronal and in non-neuronal cells (Reddy-Alla et al., 

2010). Given that the interface formed between SH3 and DH/PH domains 

involves a significantly large portion of the PH domain as well, it could be 

speculated that the SH3 domain might inhibit the interaction of the PH domain 

with membrane lipids (§ 3.1.10).  

 

3.1.9. An intact PH domain is necessary for NL2-induced 

membrane targeting of Collybistin  

 

The critical role of the PH domain in targeting Gephyrin to the plasma 

membrane in non-neuronal cells and formation of Gephyrin scaffold in cultured 

neurons has been well documented. Deleting the whole PH domain in 

constitutively active CB2SH3- background caused Collybistin to be retained in 

cytoplasmic blobs and drastically reduced the membrane recruitment of the 

Gephyrin/Collybistin complex (Harvey et al., 2004, Kalscheuer et al., 2009, 

Reddy-Alla et al., 2010). It would be interesting to see if deleting the PH domain 

in the CB2SH3+ background and coexpressing this construct along with Gephyrin 

and NL2 would have a similar consequence. Indeed, myc-CB2SH3+ΔPH was 

unable to target Gephyrin to the plasma membrane in the presence of NL2, 

indicating that membrane tethering of the Gephyrin scaffold requires a 
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functional PH domain to mediate membrane tethering of the 

Gephyrin/Collybistin complex (Figure 7). However, since the PH domain is a 

large unit of Collybistin that may have additional roles in the structural integrity 

of the protein, e.g. by assisting the DH domain in its enzymatic activity or by 

binding to other accessory proteins, deleting the PH domain may have caused 

pleiotropic effects on Collybistin function. Therefore, the primary sequence of 

the PH domain was screened for single amino acids that might mediate the 

interaction of the PH domain with membrane lipids. It has been shown that the 

β3/β4 loop of the PH domain contains basic amino acids that bind to 

membrane phosphoinositides (Hyvönen et al., 1995; Yu et al., 2004; DiNitto & 

Lambright, 2006). The β3/β4 loop of the Collybistin PH domain also carries 

several lysine and arginine residues, which may be responsible for mediating 

the interaction between the PH domain and the specific phosphoinositides that 

Collybistin may bind to. Replacement of two adjacent lysines (K358/K359) and 

two adjacent arginines (R363/R364) with alanines resulted in loss-of-function of 

the PH domain and intracytoplasmic accumulation of Collybistin, tightly 

attached to Gephyrin aggregates (Figure 7). These results show that 

phosphoinositide binding is an essential step for attachment of 

Gephyrin/Collybistin complex to plasma membrane sites. 

 

3.1.10. The SH3 domain inhibits binding of Collybistin to PI3P 

 

Although PH domains are found in a large variety of protein families and are 

highly conserved in sequence and structure, it is difficult to deduce information 

regarding the phosphoinositide specificity of a given PH domain by making 

sequence alignments to previously characterized PH domains. It has been 

shown that the constitutively active CB2SH3- binds specifically to phosphatidlyl-

inositol-3-phosphate (PI3P) (Kalscheuer et al., 2009; Reddy-Alla et al., 2010), a 

phosphoinositide derivative with an emerging role in membrane trafficking and 

signal transduction. In the current study, CB2SH3+ and its domain deletion 

mutants (CB2SH3+ΔSH3 and CB2SH3+ΔPH) were recombinantly expressed with a 

GST-tag and tested for phosphoinositide binding by protein lipid overlay assays, 
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using commercially available membrane strips (EchelonTM). CB2SH3+ΔSH3 

(analogous to constitutively active CB2SH3-) exhibited robust binding to PI3P and 

modest binding to PI4P (Figure 8B). Interestingly, and in contrast to GST-CB2SH3, 

GST-CB2SH3+ did not bind to PI3P; it rather showed low and promiscuous 

binding to a broad range of phosphoinositide derivates. As expected, complete 

deletion of the PH domain caused complete loss of lipid binding, as 

demonstrated by GST-CB2SH3+ΔPH.  

  
 

 

 

 

 

Figure 8: Collybistin specifically binds to 
Phosphatidylinositol-3-phosphate (PI3P) via its PH 
domain: (A) SDS-PAGE and Coomassie staining of 
glutathione affinity purified samples of bacterially 
expressed GST-CB2SH3+, GST-CB2SH3+ΔSH3 and 
GST-CB2SH3+ΔPH. (B) Protein-lipid overlay assays 
were employed using the commercially available 
PIP-Strips. Bound proteins were detected using an 
anti-GST antibody. GST-CB2SH3+ΔSH3 specifically 
interacts with phosphatidylinositol-3-phosphate 
(PI3P). GST-CB2SH3+ and GST-CB2SH3+ΔPH do not 
selectively bind to any lipid derivative. GST tagged 
PH domain of PLCδ1, which binds specifically to 
phosphatidyl-inositol-4,5-bisphosphate (PI(4,5)P2) 
was used as a positive control to determine the 
reliability of the assay. (C) Custom-made PI3P 
strips were used to compare different Collybistin 
mutants for PI3P binding. Bound proteins were 
detected using an anti-GST antibody. GST-
CB2SH3+ΔSH3 and GST-CB2SH3+E262A were 
capable of binding to PI3P, whereas GST-CB2SH3+, 
GST-CB2SH3+ΔPH and GST-CB2SH3+ ΔSH3-R363A-
R364A displayed no affinity.   

A B 

C 
PI3P 
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The clear difference between the PI3P binding capabilities of CB2SH3+ΔSH3 and 

CB2SH3+ indicated that the presence of the SH3 domain might indeed obstruct 

the membrane tethering of the PH domain, rendering CB2SH3+ an inactive 

Collybistin variant, which requires an activation step mediated by NL2 or NL4. 

In the absence of the SH3 domain, no such activation is required, as was shown 

previously, and thus CB2SH3- acts as a constitutively active Collybistin variant 

that can autonomously tether the Gephyrin scaffold to the plasma membrane.  

 

To further elucidate the mechanism of lipid binding, PI3P strips were generated 

by spotting PI3P in varying concentrations onto a nitrocellulose membrane 

(Figure 8C). Once again, it was clearly demonstrated that GST-CB2SH3+ΔSH3 has 

the highest affinity for PI3P, while GST-CB2SH3+ shows no detectable binding. 

Interestingly, a point mutation in the DH domain, E262A, showed increased 

affinity for PI3P. This mutant was previously shown to render Collybistin 

constitutively active in the cell-based assays by abolishing the putative 

intramolecular interaction between the SH3 and DH/PH domains (Figure 5). 

These data support the idea that the SH3 domain may prevent the PH domain – 

PI3P interaction through steric hindrance as it folds onto the DH/PH interface. 

Disrupting the association of the SH3 with the DH and PH domains by the 

E262A substitution disengages the SH3 domain and gives the PH domain 

unobstructed access to membrane lipids. 

 

The lipid overlay assays also served as a useful tool to study the functional 

residues in the PH domain required for binding to PI3P, and corroborate data on 

PH domain mutants in cell-based assays. The double-arginine mutation (R363A-

R364A), which caused Collybistin to be deficient in targeting Gephyrin to the 

plasma membrane in the presence of NL2 in the cell based assay, this time was 

introduced in the constitutively active GST-CB2SH3+ΔSH3 background. Indeed, 

this mutant construct does not to bind to PI3P, confirming both the critical role 

of residues R363 and R364 and the link between plasma membrane targeting of 

Collybistin complexes and PI3P binding of the Collybistin PH domain. 
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Figure 9: NL2 enhances the lipid binding capacity of CB2SH3+ (A) Varying amounts of 
recombinant NL2 cytoplasmic domain (750 - 375 - 150 - 0 ng) and constant amount of PI3P 
(1µg) were spotted on the exact same position of the membrane strips. Bound proteins were 
detected using an anti-GST antibody. Binding of GST-CB2SH3+ to PI3P was stronger on the strips 
where NL2 and PI3P were spotted together, compared to the strip where PI3P was spotted alone. 
Induction of PI3P binding by NL2 was not detected for GST-CB2SH3+ΔSH3 or for GST-
CB2SH3+ΔPH. (B) The effect of NL2 on PI3P binding of Collybistin was assessed quantitatively by 
spotting varying amounts of recombinant NL2 cytoplasmic domain (0-1.5µg) and constant 
amount of PI3P (0.5µg) on the same position of membrane strips. Bound GST-CB2SH3+ on the 
PI3P/NL2 spots was detected using an anti-GST antibody. The induction of NL2 on PI3P binding 
of Collybistin was assessed by normalizing the amount of protein bound to the spots containing 
1.5µg of NL2 to 100% and the spots lacking NL2 to 0%. Note that the amount of bound GST-
CB2SH3+ on the PI3P spots is dependent on NL2 concentration. Plotting the normalized intensity 
of bound GST-CB2SH3+ for each spot yielded a sigmoidal curve, representing allosteric effect of 
NL2 on the PI3P binding capacity of Collybistin. 

A 

B 
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3.1.11. NL2 leads to enhanced PI3P binding of Collybistin  

 

Data from the cell-based structure-function analysis (Figures 5-6) and the 

protein lipid overlay assays (Figure 8) point towards a molecular switch 

mechanism. In its free state, Collybistin is in a closed conformation where the 

SH3 domain obstructs PH domain access to membrane phosphoinositides. In its 

NL2-bound state, a conformational change towards a more extended 

conformation takes place, alleviating the inhibitory effect of the SH3 domain by 

pulling it away from the DH/PH domains so that the PH domain may gain 

access to membrane PI3P. To test the validity of this model, the effect of NL2 on 

the capacity of Collybistin to bind lipids was examined in vitro (Figure 9A). 

NL2-PI3P strips were prepared according to the following plan: For each protein 

to be tested (GST-CB2SH3+, GST-CB2SH3+ΔSH3, GST-CB2SH3+ΔPH), three different 

strips were prepared. The first set of strips was spotted only with varying 

amounts of recombinant NL2 cytoplasmic tail (750, 375, 150, 0 ng). The second 

strip contained constant amounts of PI3P (1 µg on each spot). The third strip 

contained a mixture of PI3P and NL2 spotted together, with a constant amount 

of PI3P (1 µg) and varying amounts of NL2. Each strip was incubated with 2 µg 

of GST- fusion protein. It should be noted that the binding of GST-CB2SH3+ or 

GST-CB2SH3+ΔPH to NL2 alone was negligible. In line with previous 

observations, GST-CB2SH3+ binds to PI3P with relatively lower affinity than GST-

CB2SH3+ΔSH3. However binding of GST-CB2SH3+ to PI3P was stronger on the 

strips where NL2 and PI3P were spotted together, compared to the strip where 

PI3P was spotted alone. Induction of PI3P binding by NL2 was not detected for 

GST-CB2SH3+ΔSH3 or for GST-CB2SH3+ΔPH.  

 

To determine the effect of NL2 on the PI3P binding of Collybistin quantitatively, 

a new NL2 / PI3P strip was prepared where 500 ng of PI3P spotted together with 

varying amounts of recombinant NL2 cytoplasmic tail, ranging from 1.5 µg to 0 

µg (Figure 9B). By measuring the intensity of bound GST-CB2SH3+ on each spot, 

a titration curve was obtained, where the spot with 1.5µg of NL2 and the spot 

where no NL2 is present were normalized to 100% and 0%, respectively. It 
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could be noted that the effect of NL2 on the PI3P binding of Collybistin is dose-

dependent and saturable, resulting in a sigmoidal curve, demonstrating the 

allosteric nature of the NL2 induced PI3P binding of Collybistin. 
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3.1.12. Expression of exogenous CB2SH3+ in Collybistin KO neurons 

rescues Gephyrin clustering  

 

In order to elucidate the mechanism of NL2 induced activation of Collybistin in 

a neuronal context, a mutagenesis approach, similar to the cell based assays, 

was performed in hippocampal neurons prepared from Collybistin KO P0 mice 

(Figure 10). As shown before, the loss of Collybistin causes drastic deficits in 

synaptic clustering of Gephyrin in various brain regions both in the perisomatic 

and in the dendritic areas of the neurons (Papadopoulos et al., 2007). The 

neurons prepared from Collybistin KO animals were transfected at DIV4 with 

myc-tagged CB2SH3+ and point mutants of this construct. The neurons were fixed 

at DIV12 and stained for endogenous Gephyrin and Vesicular Inhibitory Amino 

Acid Transporter (VIAAT). The neurons transfected with myc-CB2SH3+ displayed 

rescued Gephyrin clusters, in good apposition to VIAAT signals, both in the 

somatic (upper inset) and dendritic (lower inset) compartments. The epilepsy-

causing G62A mutant of Collybistin gets coclustered with Gephyrin in large, 

mostly somatic, but occasionally also dendritic, non-synaptic aggregates and 

displays only extremely low levels of rescue of Gephyrin deposition at the sites 

marked by VIAAT. Unexpectedly, both of the NL2 binding deficient mutants of 

Collybistin, W52A and W63A, were able to rescue Gephyrin clustering equally 

well compared to the WT, both in the perisomatic and also in the dendritic 

parts. The effects of these mutations might be concealed due to the excessive 

overexpression and constitutive activation of these constructs, a phenomenon 

that was also observed in the mammalian cells after around 16 h of 

overexpression. In contrast, the PI3P binding deficient R363A/R364A double 

point mutant of Collybistin displayed inadequate rescue of Gephyrin 

redistribution to inhibitory synapses, demonstrating that PI3P binding is 

necessary for tethering Gephyrin scaffold to the plasma membrane in neurons.  
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3.1.13 Gephyrin-Collybistin interaction revisited: Gephyrin binds 

to CB2SH3+ on multiple sites 

 

It was shown long ago that both CB2SH3+ and CB2SH3- bind to Gephyrin, 

mediated by a short peptide stretch located N-terminally to the DH domain. A 

quadruple alanine replacement of the four charged residues located within this 

sequence (R107, D108, R111 and E117) resulted in total loss of interaction with 

Gephyrin (Grosskreutz et al., 2001). However, this finding was disputed later, 

based on the crystal structure of the DH/PH domains of Collybistin. It was 

claimed that only three out of these four residues are solvent exposed and when 

these three residues are replaced by alanines in the constitutively active variant 

of Collybistin lacking the SH3 domain, (CB2SH3- R47A / D48A / E57A), there 

were no deficits in Gephyrin binding (Xiang et al., 2006). Therefore, the exact 

Gephyrin binding region on Collybistin still remains elusive.  

 

Since there is no other guanine exchange factor or a close homologue of 

Collybistin that has been identified as an interaction partner of Gephyrin, it 

could be claimed that the DH domain of Collybistin must have a specific 

Gephyrin binding motif that is not conserved in other GEFs. Asef, another GEF 

belonging to the same family of Cdc42-specific guanine exchange factors as 

Collybistin, could serve as a useful tool to study the Gephyrin-Collybistin 

interaction. Asef is the closest homologue of Collybistin in the whole mouse 

proteome, sharing a similar domain organization and 81% sequence homology 

with Collybistin. The major difference between Collybistin and Asef is the 

Adenomatous polyposis coli (APC) binding region (ABR) of Asef that is upstream 

of the SH3 domain and absent in Collybistin. By binding to ABR, APC can 

induce a conformational change in Asef where the SH3 domain is pulled away 

from the DH/PH interface, followed by the disinhibition of the enzymatic 

activity of Asef. Due to such high structural and mechanistic similarities 

between Collybistin and Asef, it was very important to test whether Asef might 

also be responsible for targeting Gephyrin to  the  plasma  membrane.   The cell  
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based assays showed that full length HA-tagged Asef, as well as the Asef mutant 

lacking the N-terminal ABR (HA-Asef ΔABR; analogous to CB2SH3+) or both the 

ABR and the SH3 domains (HA-Asef ΔABR-ΔSH3; analogous to CB2SH3-) were 

unable to cocluster with Gephyrin, in contrast to Collybistin (Figure 11A). GST-

Figure 11: Gephyrin binds to the linker region between SH3 and DH domains of Collybistin 
(A) COS7 cells were cotransfected with HA-Asef and its mutants (HA-Asef ΔABR and HA-Asef 
ΔABR-SH3) (red in overlay frame) and GFP-Gephyrin (green in overlay frame). Asef is not 
recruited to intracytoplasmic Gephyrin aggregates. (B) GST-pulldowns using GST-CB2SH3+ and 
GST-Asef (DH/PH) constructs to test binding to endogenous Gephyrin produced in HEK293T 
cells. Asef is unable to bind Gephyrin. (C) Schematic representation of the two chimeric 
Collybistin-Asef constructs generated by replacing parts of Collybistin (residues between 30-
130 and 130-243) with homologous parts from Asef, leading to generation of constructs Swap 
1 and Swap 2. (D) GST-pulldowns using GST-CB2SH3+ and GST-tagged Swap 1 and Swap 2 
chimeric constructs. Swap 1 construct is unable to bind Gephyrin, indicating that Gephyrin 
binding surface on Collybistin resides between residues 30 and 130. (E) GST-pulldowns using 
GST-CB2SH3+ and GST-SH3 constructs to test binding to endogenous Gephyrin produced in 
HEK293T cells. SH3 domain of Collybistin contains at least one binding site for Gephyrin. (F) 
Sequence alignment of Collybistin residues between 19 and 130 and homologous portion of 
Asef. The non-conserved residues are shaded in red.  
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pulldown assays using a GST-tagged Asef construct that contains the DH/PH 

domains of Asef (GST-Asef-DH/PH) showed that Asef does not bind to Gephyrin 

in vitro, unlike Collybistin, which can bind to Gephyrin, both in the absence 

and in the presence of the SH3 domain (Figure 11B). These observations 

indicate that despite their structural similarity, Asef cannot replace the synaptic 

function of Collybistin. Therefore, the Gephyrin binding site on Collybistin is 

not expected to be conserved in Asef.  

 

To identify the Collybistin-specific region responsible for its specific affinity to 

Gephyrin, two chimeric constructs were cloned, in which Asef sequences 

progressively replace respective Collybistin sequences. The first construct covers 

a large portion of the SH3 domain and the N-terminal part of the DH domain 

(A30-K130; Swap I), and the second one covers the rest of the DH domain 

(D131-D243; Swap II) as schematized in Figure 11. These chimeric constructs 

were GST-tagged and used to examine Gephyrin binding. Interestingly, the 

Swap I chimeric protein was deficient in Gephyrin binding, while Swap II 

displayed a similar affinity to Gephyrin as GST-CB2SH3+, indicating that the 

Gephyrin binding motifs on Collybistin lie within the 100-residue region 

covering the SH3 domain, the linker region and the DH domain (Figure 11D).  

 

3.2 Investigation of the effects of serine phosphorylation of 

Neuroligins on the Gephyrin binding motif  

 

A stretch of 15 residues in the ICDs of all Neuroligin paralogues has been 

identified as the Gephyrin binding motif (Poulopoulos et al., 2009; see also 

Schema 4). This stretch of 15-residues is highly conserved in all paralogues of 

NLs, however there are minor variations at positions 4, 6 and 10, where serine 

or threonine residues are replaced by alanines in different paralogues (Fig 12). 

The phosphorylation profiles of Neuroligin ICDs based on NetPhos 2.0 Server (a 

server that produces neural network predictions for serine, threonine and 

tyrosine phosphorylation sites, available at: 
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http://www.cbs.dtu.dk/services/NetPhos/) indicates that these serine and 

threonine residues might be targets of kinases. A serine residue that is conserved 

among NL1 (S802), NL3 (S799) and NL4 (S880), is particularly interesting 

because it is replaced by an alanine in NL2 (A777), the only Neuroligin 

paralogue that is consistently found to be associated with Gephyrin. Therefore, 

it was postulated that potential phosphorylation of this serine residue in NL1, 

NL3 and NL4 might negatively affect the Neuroligin-Gephyrin interaction. In 

fact, the phosphomimetic mutation of the corresponding serine residue in NL1 

(S802D) resulted in disruption of the interaction with Gephyrin (A. Poulopoulos, 

personal communication). A collaborative approach has been conveyed to test 

whether any of the serine or the threonine residues is phosphorylated in vivo. A 

mass-spectrometry based proteomics approach revealed that NL3 undergoes 

phosphorylation at S799 (Box. 1). 

 

To test whether phosphorylation of NL3 at S799 leads to reduced association of 

NL3 with Gephyrin, a cell based coclustering assay was carried out. COS7 cells 

were transfected with GFP-Gephyrin and constitutively active myc-CB2SH3- 

along with HA-NL3 and its phosphodeficient (HA-NL3 S799A) and 

phosphomimetic (HA-NL3 S799D) mutants. myc-CB2SH3- is capable of targeting 

Gephyrin autonomously to the plasma membrane where microaggregates of 

Gephyrin/Collybistin cocluster with NL3 (Figure 12). The level of coclustering of 

each surface stained NL3 variant with the Gephyrin signal was assessed. 

Compared to HA-NL3 and the phosphodeficient HA-NL3 S799A, the 

phosphomimetic S799D mutant displayed reduced coclustering with membrane 

targeted Gephyrin (Pearson’s correlation coefficient for HA-NL3: 0.595±0.112; 

HA-NL3 S799A: 0.571±0.68; HA-NL3 S799D: 0.398±0.092, N=2 n=10). This 

result indicates that phosphorylation of S799 (or the corresponding S802 in NL1 

and S880 in NL4) might in fact negatively regulate the association of Gephyrin 

with the Neuroligin paralogues that are not consistently localized to inhibitory 

synapses. 
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Figure 12: Phosphorylation of Gephyrin-binding motif of NL3 might hinder its association 
with Gephyrin. (A) COS7 cells were transfected with GFP-Gephyrin (green in overlay image), 
myc-CB2SH3- (blue in overlay image) and HA-NL3, HA-NL3 S799A (phosphodeficient mutant) 
or HA-NL3 S799D (phosphomimetic mutant) constructs (red in overlay image). The insets 
taken from each image display strong colocalization of immunostaining signals for NL3 and 
S799A mutant with Gephyrin, while the S799D mutation clearly interfered with the 
association of Gephyrin and NL3. Scale bar: 20 µm. (B) Pearson’s correlation coefficients 
between HA- and GFP- signals were calculated. HA-NL3: 0.595±0.112; HA-NL3 S799A: 
0.571±0.68; HA-NL3 S799D: 0.398±0.092, N=2 n=10 for each construct; P<0.005). 
Compared to WT and S799A constructs, HA-NL3 S799D signals exhibited reduced 
correlation with GFP-Gephyrin signal, indicating that in vivo phosphorylation of NL3 may 
hinder the association of Gephyrin and NL3.  
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To further investigate the functional implications of the serine phosphorylation 

of Gephyrin-binding motif on NL3 (and potentially on NL1 and NL4) a 

phosphospecific antibody was raised against a peptide that covers the 15 

residue long Gephyrin binding motif with a phosphorylated serine at position 10 

(provided by A. Poulopoulos). This antibody was shown to have around ~20 

fold preference for the phosphorylated peptide as compared to its non-

phosphorylated variant (A. Poulopoulos, personal communication). Using this 

antibody to analyse the immunoprecipitated material from the mouse brain, it 

was possible to show that a significant fraction of NL3 is phosphorylated at 

S799 (Liam Tuffy, personal communication). It remains to be identified whether 

NL1 and NL4 are also phosphorylated in vivo. 
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4.DISCUSSION 
 

In this study, I explored the assembly mechanisms of the postsynaptic apparatus 

during the formation of inhibitory synapses. There is growing morphological, 

cell biological, biochemical and genetic evidence that the Neuroligin family of 

postsynaptic adhesion molecules have substantial roles in synapse assembly, 

differentiation and maturation (Ichtchenko et al., 1995; Irie et al., 1997; Chih et 

al., 2005; Varoqueaux et al., 2006; Chubykin et al., 2007; Poulopoulos et al., 

2009; Hoon et al., 2011). Characterization of NL2, a Neuroligin paralogue 

exclusively localized to inhibitory synapses (Varoqueaux et al., 2004) and 

responsible for inhibitory synapse differentiation (Graf et al., 2004; Poulopoulos 

et al., 2009), stimulated further research in this field. Subsequent NL2 KO 

studies substantiated the critical role of NL2 for the maintenance of inhibitory 

synaptic signaling in different parts of the CNS (Chubykin et al., 2007; Hoon, et 

al. 2009, Jedlicka et al., 2011). Furthermore, biochemical and cell biological 

data indicated that NL2 associates with and controls the synaptic accumulation 

of Gephyrin and subsequent clustering of GABAergic and glycinergic receptors 

(Poulopoulos et al., 2009). Altogether these studies opened the way for 

investigating the molecular mechanisms underlying Neuroligin function in the 

assembly of inhibitory synapses. 

 

4.1. NL2 as a functional organizer of inhibitory synapse 

assembly 

 

According to the current model of inhibitory postsynapse differentiation, NL2 

functions as a major molecular determinant of the events that underlie the 

assembly of the inhibitory postsynaptse apparatus. By directly interacting with 

Gephyrin and by activating Collybistin, NL2 is capable of demarcating the sites 

on the plasma membrane where the postsynaptic scaffold is constructed and to 

which inhibitory neurotransmitter receptors are recruited, in precise apposition 
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to inhibitory presynaptic release terminals (Poulopoulos et al., 2009). The 

mechanistic details of the NL2 mediated signal that allows for Collybistin 

activation are addressed in the present study. 

 

4.1.1. Collybistin is a target of NL2 mediated signaling  

 

Collybistin is a neuron-specific dbl-family guanine nucleotide exchange factor 

that drives the postsynaptic accumulation of the Gephyrin scaffold. It has been 

clearly demonstrated that the N-terminal part of Collybistin, which harbors a 

SH3 domain, is inhibitory to the membrane targeting activity of this protein. 

NL2, by an hitherto unknown mechanism, is capable of alleviating the 

inhibition mediated by the SH3 domain. In fact, SH3 domains are widely found 

protein modules that convey autoinhibitory effects to the proteins bearing them 

(Pufall & Graves, 2002). It was therefore very plausible to infer that a direct 

interaction between NL2 and Collybistin might be responsible for the NL2 

mediated activation of CB2SH3+. This is consistent with my Y2H data indicating 

that NL2 is an interaction partner of Collybistin, a feature not shared by NL1 or 

NL3, despite the fact that all three NLs are capable of binding to Gephyrin 

(Figure 1).  

 

SH3 domains bind to proline rich ligands (Mayer & Saksela et al., 2005), and 

the cytoplasmic tail of NL2 contains several prolines. It is conceivable that NL2 

binds to the SH3 domain directly and subsequently alleviates the inhibition. 

Indeed, I show in the Y2H assays that an intact SH3 domain is necessary and 

sufficient to mediate binding of Collybistin to NL2 (Figure 1). Interestingly, an 

alanine substitution of a glycine residue in the SH3 domain (G62A in CB2SH3+) 

leads to loss of binding to NL2. This point mutation was first identified in the 

human orthologue of Collybistin (hPEM-2; analogous to CB3SH3+) and was 

reported to be associated with drug-resistant seizures and hyperekplexia 

(Harvey et al., 2004). In transfected neurons, it was shown that CB3SH3+G55A 

tends to form large somatic and dendritic aggregates and leads to deficits in 

Gephyrin and GABAA receptor clustering (Harvey et al., 2004). A close look at 
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the structure of the SH3 domain (PDB Code: 2YSQ) reveals that this glycine 

residue is partially buried and lies in close proximity to putative proline-rich 

ligand-binding sites. Since the inhibitory effect of the SH3 domain does not 

change upon G55A substitution (§ 3.1.8), I propose that this mutation causes a 

global effect on the folding of the SH3 domain, contrary to what has been 

suggested previously (Harvey et al., 2004). Yet, it might cause a local misfolding 

of the SH3 domain and cause deficits in ligand binding, including interactions 

with NL2 and NL4 (Figure 3). 

 

All NLs have ICDs that are rich in proline; yet it is striking to observe that 

among the first three paralogues, only NL2 can bind to and activate Collybistin. 

A close look at the sequence alignment of the ICDs of Neuroligins reveals that 

NL2 has multiple PXXP motifs and two polyproline stretches of 5 to 8 adjacent 

proline residues, which are absent in NL1 and NL3. These two proline streches 

are located downstream of the Gephyrin binding region. A truncation mutant of 

NL2, bearing a stop codon just upstream of the first polyproline stretch loses 

binding to Collybistin, while retaining Gephyrin binding (Figure 3). Although 

the proline residues responsible for direct binding to the SH3 domain of 

Collybistin are not yet well defined, I propose that the presence of these proline 

stretches is a feature of NL2, which distinguishes it from NL1 and NL3 and 

defines it as a Neuroligin paralogue that is specifically functional at inhibitory 

synapses.  

 

Interestingly, the NL4 ICD also has a PXXP motif and a stretch of 4 adjacent 

proline residues, which are upstream of the Gephyrin binding region and are 

not conserved in other Neuroligin paralogues. This makes NL4 another 

candidate molecule that can bind to and activate Collybistin. In fact, my 

colleagues and I found that NL4 is yet another Neuroligin paralogue with a 

critical role in the assembly of inhibitory synapses (Figure 2; § 4.1.7). 
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4.1.2 SH3 domain-mediated autoinhibiton of Collybistin  

 

Although the inhibitory role of the SH3 domain of Collybistin has been well 

documented (Kins et al., 2000; Harvey et al.; 2004), the mechanisms underlying 

this inhibition have been a mystery. One potential mechanism could involve an 

accessory protein, which binds to the SH3 domain and blocks the enzymatic 

functions of Collybistin as a GEF or its PH domain-mediated membrane 

recruitment. However, to date, there has been no protein identified as an 

interaction partner of Collybistin other than Gephyrin and Cdc42. Another 

mechanism could involve an intramolecular interaction between the SH3 

domain and the downstream DH and PH domains, which could cause steric 

hindrance to interactions mediated by the latter. Such an intramolecular 

interaction could be responsible for hiding the binding surface from small 

GTPases and thereby leading to inhibition of the GEF activity; alternatively, it 

could limit the accessibility of the PH domain for binding to membrane 

phosphoinositides, an essential feature of Collybistin for recruiting Gephyrin to 

the plasma membrane. In fact, many of the Dbl-family proteins were shown to 

possess a regulatory domain or short stretch of amino acids that inhibit GEF 

activity via an intramolecular interaction. This was established in a variety of 

studies on Dbl-family GEFs, where deletion of these inhibitory domains or 

sequences, which were found mostly located N-terminally (but in a few cases 

also C-terminally) of the DH/PH tandem domains, results in constitutive 

activation of the GEF. Dbl-family proteins that are regulated by autoinhibition 

include Vav (Aghazadeh et al., 2000; Yu et al., 2010), Tim (Yohe et al., 2007), 

ASEF (Kawasaki, et al., 2000), Dbl (Ron et al., 1989), Tiam1 (van Leeuwen, 

1995), Ect2 (Miki et al., 1993), Net1 (Chan et al., 1996) (autoinhibition 

mediated by a N-terminal element), p115RhoGEF (Wells et al., 2001), 

p63RhoGEF (Rojas et al., 2007) and Lbc (Sterpetti et al., 1999) (autoinhibition 

mediated by a C-terminal element). Therefore the use of intramolecular 

inhibitory interactions seems to be a common mechanism in GEF regulation.  
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A wide range of proteins, including Tec-family tyrosine kinases (Andreotti et al., 

1997; Pursglove et al., 2002), Src-family tyrosine kinases (Moarefi et al., 1997; 

Lerner et al., 2002), nuclear protein tyrosine kinase c-Abl (Barila et al., 1998, 

Pluk et al., 2002), the synaptic scaffolding molecules PSD-95 (Tavares et al., 

2001) and SAP102 (Seabold et al., 2003) and a NADPH oxidase p47phox (Ago et 

al., 2003; Yuzawa et al., 2004), are regulated by intramolecular SH3 

domain/PXXP interactions, indicating that the SH3 domain is a widely used 

autoinhibitory module. Interestingly, among the whole family of Dbl-family 

proteins, 22 of them, including Collybistin, contain an SH3 domain, yet only 

eight out of these contain a polyproline motif. Among those, Kalirin (Schiller et 

al., 2006), Tim and NGEF (Yohe et al., 2008) are inhibited by intramolecular 

SH3/PXXP interactions. Some other SH3 domain containing Dbl-family proteins, 

including Asef and Intersectin, are inhibited by the SH3 domain through direct 

binding to the DH/PH tandem domain interface, independently of proline motif-

mediated interactions (Zamanian et al., 2003; Mitin et al., 2007; Murayama et 

al., 2007). Altogether, this implies that SH3 domains can regulate Dbl-family 

proteins in a polyproline-dependent or -independent manner. The isoform of 

Collybistin that was studied here, CB2SH3+, does not contain any proline motif, 

therefore it is likely that Collybistin is regulated by a non-polyproline mediated 

autoinhibition. However, another splice isoform of Collybistin, CB3SH3+, which 

is equally abundant in vivo and is equivalent to the human orthologue of 

Collybistin (hPEM-2) (Harvey et al., 2004), contains a proline rich motif 

(PPSYPPP) at its C-terminal coiled coil region, which is alternatively spliced in 

CB2SH3+. Whether this proline stretch is involved in an intramolecular 

interaction with the SH3 domain and can thus account for a splice isoform 

specific mode of autoinhibition remains to be identified. 

 

Asef and Collybistin are not only close homologues sharing over 80% sequence 

homology; they also share an almost identical domain organization. A close 

look at the crystal structure of Asef reveals the presence of an extensive interface 

formed between the SH3 domain and the DH/PH tandem domains (Mitin et al., 

2007; Murayama et al., 2007). In this autoinhibited conformation, Cdc42 
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binding and activation is hindered. Interestingly, binding of the armadillo 

repeats of the tumor suppressor protein Adenomatous Polyposis Coli (APC) to an 

APC binding motif located N-terminally to the SH3 domain, or truncation of the 

SH3 domain of Asef, relieves autoinhibition and leads to specific activation of 

Cdc42 (Mitin et al., 2007). It was suggested that upon binding to APC, Asef 

undergoes a conformational switch towards a more open state in which the SH3 

domain can no longer mask the Cdc42-binding surface of the DH domain and 

thereby is capable of performing its enzymatic activity. 

 

In the present study, I investigated whether the ability of Collybistin in targeting 

Gephyrin to the plasma membrane is autoinhibited by the SH3 domain in a 

similar way, and whether NL2-mediated activation of Collybistin happens in an 

analogous mode to APC-mediated Asef activation. Using a cell-based 

mutagenesis assay, I found that Collybistin indeed shares similarities with Asef 

in the mechanism of autoinhibition and activation. To examine both 

mechanisms, two different sets of mutations were incorporated into Collybistin. 

 

The first set of mutations, which were selected on the basis of Asef structure, 

included alanine substitutions of some of the residues from the SH3 and DH 

domains of Collybistin, which are crucial for the formation of the SH3-DH/PH 

interface in Asef. These point mutations were expected to abolish the potential 

intramolecular interaction in Collybistin and result in loss of the inhibiting 

impact of the SH3 domain on Gephyrin recruitment to the plasma membrane. 

My data clearly indicate that one of these point mutations, E262A, renders 

Collybistin constitutively active (Figure 5). According to the Asef structure (Mitin 

et al., 2007) the glutamic acid residue that belongs to the fifth helix of the DH 

domain (α5), is capable of forming an electrostatic bridge with R249 (R70 in 

CB2SH3+) and E291 (E117 in CB2SH3+). It is also capable of forming hydrogen 

bonds to the backbone atoms of V252 (V73 in CB2SH3+) and N253 (N74 in 

CB2SH3+). This network of polar interactions seems to be responsible for sealing 

the SH3 to the DH/PH interface. Therefore, alanine substitution of E262 might 
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have drastic consequences, leading to unfastening of the remainder of the 

interface and constitutive activation of Collybistin.  

 

The second set of point mutations were generated on the residues that form the 

core PXXP binding surface of the SH3 domain, in order to test whether it is 

possible to render Collybistin irresponsive to NL2 mediated activation by 

interfering with the putative NL2 binding residues. Alignment of SH3 domains 

from a vast variety of proteins reveals the presence of an essential conserved 

tryptophan residue (W52 in CB2SH3+). This tryptophan residue has been shown 

to mediate proline-rich ligand binding (Macias et al., 2002). An aromatic 

residue that also contributes to PXXP binding usually occupies the β4 loop of 

the SH3 domain. This residue is another tryptophan in CB2SH3+ (W63). 

Interestingly, both of these tryptophan residues lie in close vicinity of G62, the 

residue responsible for triggering hyperekplexia in human when substituted to 

alanine, and which we show also to negatively affect NL2 binding. In fact, 

comparison of CB2SH3-, CB2SH3+ and its point mutants in pulldowns indicated 

that similar to G62A, W52A and W63A are also deficient in binding to NL2, 

although they all have preserved Gephyrin binding. The cell-based mutagenesis 

assay revealed that all three point mutants appear to have deficits in being 

activated by NL2 and tethering Gephyrin to the plasma membrane (Figure 6). 

Altogether, I show that interfering with the NL2/SH3 domain interaction causes 

Collybistin to stay tightly associated with Gephyrin aggregates in the cytoplasm, 

indicating that NL2 binding is indispensable for Collybistin activation. 

 

In order to validate the dependence of Collybistin activation on the NL2-

Collybistin interaction, the NL2 binding deficient mutants of Collybistin were 

transfected in dissociated hippocampal cultures from Collybistin KO mice 

(Figure 10). Among the three mutants tested in this context, G62A caused the 

most severe impairments in the rescue of Gephyrin clustering. This mutation 

caused the formation of large somatic and dendritic aggregates of Collybistin 

where Gephyrin was also sequestered, not allowing for redistribution of 

Gephyrin to postsynaptic puncta. Since the effect of this mutation was not 
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confined to somatic areas where NL2 is required for Gephyrin clustering, but 

rather spread over to dendritic areas as well, it can be stated that alanine 

substitution of the G62 leads to more severe defects in the SH3 domain 

structure, which does not only prevent NL2 binding. In fact, in a recent study it 

was shown that GABAAR α2 subunit is also capable of binding to the SH3 

domain in a non-canonical manner, independent of PXXP-SH3 binding, which 

is also impaired by the G62A mutation (Saiepour et al., 2010), indicating that 

this mutation may interfere with other, yet unknown mechanisms that involve 

Collybistin. Unexpectedly, and in contrast to heterologous cell-based assays, 

upon expression in Collybistin KO neurons, except for G62A, the other NL2 

binding-deficient point mutants of Collybistin were sufficient to rescue Gephyrin 

clustering both in somatic and in dendritic compartments. This unexpected 

effect might be due to the strong overexpression of the exogeneous Collybistin 

constructs, which may become constitutively active upon expression in very 

high densities. In fact, it was anecdotally observed in COS7 cells that expression 

of exogeneous Collybistin constructs for longer than 16h leads to autoactivation 

of CB2SH3+ and emergence of submembrane Gephyrin microaggregates even in 

the absence of NL2. Therefore, to validate the effect of the W52A and W63A 

mutations in a neuronal context, a more controlled and moderate expression of 

the transfected constructs might be necessary, e.g. using lentiviral constructs.   

 

4.1.3. PH domain-mediated membrane tethering of Collybistin 

 

Dbl-family proteins consistently contain a PH domain in tandem with their DH 

domain. PH domains are protein modules of around 120 residues and are 

present in a vast variety of proteins with roles in cell signaling and cytoskeletal 

rearrangements (Haslam et al., 1993). DH domains are sufficient to catalyze 

nucleotide exchange, but inclusion of the adjacent PH domain enhances the 

exchange activity (Rossman et al., 2000). Although PH domains share low 

sequence homology, they all contain a β-sandwich fold supported by a C-

terminal helix. Studies on many other proteins demonstrated that PH domains 

interact with membrane phosphoinositides with a wide degree of affinities and 
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specificities via basic residues within loops located between the β1/β2 and 

β3/β4 strands (Lemmon et al., 1995). The PH domains of many of the Dbl-

family proteins have varying affinities for different phosphoinositide derivatives. 

However, except for Asef and Dbs (Muroya et al., 2007; Kawasaki et al., 2009; 

Baumeister et al., 2006) no other member of this family was shown to be 

localized to distinct cellular compartments via phosphoinositide binding.  

 

The significant role of the PH domain of Collybistin in membrane recruitment 

and synaptic targeting of Gephyrin has been demonstrated, as the deletion of 

this domain from the constitutively active Collybistin variant, CB2SH3- ΔPH, 

results in accumulation of cytoplasmic Gephyrin-Collybistin coaggregates in 

heterologous cells, and loss of synaptic Gephyrin clusters upon expressing this 

truncation construct in rat cortical neurons (Harvey et al., 2004). Furthermore, a 

patient presenting epileptic seizures, increased anxiety and mental retardation 

was identified to carry a balanced chromosomal translocation, which leads to 

the disruption of the Collybistin gene and expression of a truncated version of 

Collybistin lacking the PH domain (Kalscheuer et al., 2009). In the current 

study, the critical role of the PH domain in membrane recruitment of 

Gephyrin/Collybistin complexes was validated (Figure 7). A construct where the 

entire PH domain was deleted in the CB2SH3+ backbone is deficient in targeting 

Gephyrin to the plasma membrane and is irresponsive to activation by NL2, 

indicating that an intact PH domain is essential for the formation of 

submembraneous Gephyrin microaggregates and NL2 itself is not capable of 

tethering Gephyrin/Collybistin complex to the plasma membrane in the absence 

of the PH domain. However, since the PH domain is a functional module of 

Collybistin, which may bind to other adaptor proteins as well as to membrane 

phosphoinositides, the PH domain was screened for point mutations to abolish 

membrane tethering. The cell-based assays demonstrated that the positively 

charged residues from the β3/β4 loop of the PH domain are essential for 

membrane targeting of Collybistin.  
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Previous studies showed that Collybistin specifically interacts with 

phosphatidylinositol-3-phosphate (PI3P) (Kalscheuer et al., 2009; Reddy-Alla et 

al., 2010), which has been validated in the current study. Strikingly, compared 

to full length CB2SH3+, the ΔSH3 mutant of Collybistin shows significantly 

stronger binding to PI3P, as indicated by protein-lipid overlay assays (Figure 8). 

This observation is the first indication that the SH3 domain-mediated 

autoinhibition in Collybistin may lead to the reduced affinity of the PH domain 

to membrane phosphoinositides due to steric interference imposed by the SH3 

domain. In fact, in the autoinhibited Asef structure, the β3/β4 loop of the PH 

domain is not too far away from the occluded surface of the SH3 – DH/PH 

interface, while one of the lysine residues that is essential for targeting 

Collybistin to the plasma membrane (K533 in Asef, K358 in CB2SH3+; § 3.1.6) is 

actually involved in an intramolecular interaction, where it forms a salt bridge 

with an aspartic acid residue of the SH3 domain (Mitin et al., 2007). Although 

this aspartic acid is replaced by an asparagine in Collybistin (N31 in CB2SH3+), it 

is conceivable that the SH3 – DH/PH interface may interfere with the 

electrostatic interactions of the positively charged β3/β4 loop residues of the PH 

domain with membrane phosphoinositides, leading to inhibition of the 

membrane tethering of Collybistin and restricting it to the cytoplasm. A point 

mutant of Collybistin, CB2SH3+ E262A, which was identified to be constitutively 

active in cell-based assays, showed increased binding to PI3P in the protein-

lipid overlay assays compared to CB2SH3+. This observation provides an 

additional line of evidence that SH3 domain-mediated autoinhibition is directed 

towards the PH domain binding to membrane phoshphoinositides.  

 

In the present study, I have shown that NL2 binding is necessary for alleviating 

SH3 domain-mediated autoinhibition in Collybistin. Analogous to Asef 

activation by APC (Mitin et al., 2007), binding of the proline-rich ICD of NL2 

might induce a conformational change in Collybistin that results in detachment 

of the SH3 and DH/PH domain interface and thus increase membrane 

accessibility of the PH domain. The positive effect of NL2 binding on the PI3P 

binding of Collybistin is demonstrated by the PI3P-NL2 cospotting assays (Figure 



 97 

9). The dual presence of PI3P and recombinant NL2cyt in a restricted 

environment leads to enhanced binding of CB2SH3+ to the PI3P/NL2 spots, in 

contrast to individual PI3P or NL2 containing spots. The ΔPH mutant of CB2SH3+ 

did not respond to NL2 activation in this assay, indicating that an intact PH 

domain is essential for Collybistin to be attached to PI3P/NL2 spots, and binding 

to NL2 alone is not sufficient for improved interaction with these spots. On the 

other hand, attachment of the ΔSH3 mutant to PI3P/NL2 spots was not 

significantly increased compared to the PI3P spots, indicating that the presence 

of NL2 stimulates PI3P binding of Collybistin only in the presence of an intact 

SH3 domain. Interestingly, transfection of the GFP-fused ICD of NL2 in 

mammalian cells did not lead to activation of Collybistin and membrane 

tethering of Gephyrin (data not shown). Similar to this observation, 

preincubating the recombinant NL2cyt with CB2SH3+ was also not effective in 

stimulating phosphoinositide binding (not shown). It thus appears that in order 

to mediate its allosteric effect, NL2 needs to be attached to a fixed surface, in 

close proximity to membrane phosphoinositides. In the cell based assay, NL2 is 

presented on the cell surface as a transmembrane protein, where it can locally 

activate Collybistin and initiate PI3P binding. In the PI3P/NL2 cospotting assay, 

along with PI3P molecules, recombinant NL2 cytoplasmic tail is fixed on a 

nitrocellulose membrane surface, where it can induce an allosteric effect on 

Collybistin that would lead to the attachment of Collybistin to the PI3P 

molecules that are adjacent to NL2 molecules.  

 

Upon further investigation of this in vitro PI3P binding assay, I could show that 

NL2 mediated activation of Collybistin is dependent on NL2 concentration, 

leading to a sigmoidal curve, which is characteristic for cooperative binding. It 

can thus be postulated that NL2 binding to the SH3 domain leads to an 

allosteric effect on Collybistin, which enhances the affinity of the PH domain for 

PI3P. This steep curve implies that the inactive and active states of Collybistin 

may represent a binary condition between “on” and “off” states. By binding to 

the SH3 domain, NL2 can switch Collybistin to a PI3P bound “on” state, which 

leads to nucleation of the Gephyrin scaffold in vivo. In this PI3P/NL2 cospotting 
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assay, the kinetics of Collybistin activation implies that the density of NL2 on 

the 2D surface might determine whether this mechanism is on or off. This dose 

dependence may have parallels with the synaptic clustering of NL2. It has been 

shown that in neurons, surface clustering of exogeneous NL2 by antibody-

coated beads induces Gephyrin recruitment (Graf et al., 2004). Additionally, it 

has recently been shown that two forms of Neurexin, α and β, act synergistically 

during the formation of perisomatic inhibitory synapses in cortical neurons, 

where α-neurexins establish initial contacts with postsynaptic adhesion 

molecules, and β-neurexins strengthen these connections by binding to and 

clustering NL2 (Fu et al., 2010). These studies indicated that the validation and 

maturation of synaptic contacts require Neurexin-dependent accumulation and 

dense clustering of Neuroligins at the postsynaptic membrane. Reminiscent of 

the local synaptic accumulation of NL2 via transsynaptic interactions in vivo, in 

the PI3P/NL2 cospotting assay the local density of NL2 is observed to be an 

important factor for switching Collybistin to an PI3P-bound “on” state.  

 

Phosphoinositides function as second messengers, which have roles in cell 

signaling, vesicle trafficking and cytoskeletal dynamics. PI3P, a product of PI3-

Kinase, is a phosphoinositide derivative that is responsible for regulating 

endosomal trafficking. The constitutive pool of PI3P, which is produced by class 

III phosphotidylinositol-3-kinase (PI3K), is specifically localized to endosomal 

vesicles (Gillooly et al., 2000). In addition, more dynamic pools of PI3P 

molecules can be generated by cellular stimulation in other cellular 

compartments, and these PI3P molecules are involved in other signaling 

pathways (reviewed in Falasca & Maffucci, 2006 and Falasca & Maffucci, 

2009).  It has been demonstrated that dynamic pools of PI3P are generated in 

the plasma membrane upon activation and membrane recruitment of PI3K-C2α 

in response to insulin stimulation (Maffucci et al., 2003; Falasca et al., 2007).  

This kinase belongs to the class II PI3Ks, different from class III PI3Ks that are 

responsible for generating the constitutive pool of PI3P in endosomal 

compartments. Following this rationale, it is plausible that a specific signaling 

event at inhibitory synapses might be responsible for activating a specifc, yet 
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unknown, class II PI3K that leads to local generation of PI3P confined to the 

inhibitory postsynaptic membrane where the Gephyrin scaffold can be tethered 

via the NL2-activated Collybistin. It remains to be tested whether this potential 

mechanism of dynamic PI3P production at the synaptic membrane involves 

signaling events initiated by NL2 or Collybistin and whether it is regulated by 

synaptic activity. 

 

4.1.4. The putative catalytic role of the DH domain  

 

Collybistin stands out as an adaptor molecule for establishing a physical link 

between the plasma membrane and the Gephyrin scaffold. In the present study, 

it is proposed that the NL2-induced conformational switch in Collybistin allows 

for binding to phosphoinositides and membrane tethering via the PH domain, 

which is otherwise occluded by the SH3 domain. However, the possibility that 

NL2 binding also increases the GEF activity of Collybistin cannot be excluded. 

Since it was shown for other Dbl-family proteins that the SH3 domain is capable 

of blocking the GTPase binding to the DH domain (Mitin et al., 2007) and due 

to the fact that CB2SH3-, compared to CB1SH3+, is a more potent activator of 

Cdc42 (Xiang et al., 2006), an NL2 induced conformational switch in 

Collybistin may also allow for better binding of GTPases to the DH domain. 

According to a previously proposed model, activated Collybistin may initiate 

signaling events via its GEF activity, which may regulate the deposition of the 

Gephyrin scaffold at inhibitory synapses (Kneussel & Betz, 2000). 

 

Cdc42 is thought to be the only small G-protein that Collybistin can selectively 

bind to and activate (Reid et al., 1999; Xiang et al., 2006). To examine whether 

Cdc42 signaling is involved in Gephyrin clustering, a wide variety of 

approaches have been carried out. An alanine substitution of the Glu117 of 

CB2SH3+, equivalent to Glu57 of CB2SH3-, a residue that establishes hydrogen 

bonds with three independent residues of Cdc42 (Xiang et al., 2006), did not 

lead to perturbations in membrane targeting of Gephyrin upon activation of 

Collybistin via NL2 (data not shown). Parallel to this observation, expression of 
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the dominant negative mutant of Cdc42 (T17N) along with CB2SH3+, Gephyrin 

and NL2 did not lead to any observable changes in the membrane coclustering 

of NL2 and Gephyrin at the plasma membrane, while the constitutively active 

Cdc42 mutant (Q61L) was deficient in replacing Collybistin for mediating the 

membrane recruitment of Gephyrin and its association with NL2 (Poulopoulos, 

unpublished observation). More recently, it was shown that a CB2SH3- mutant 

that lacks GEF activity towards Cdc42 was still functional in the membrane 

recruitment of Gephyrin in heterologous and cultured neuronal cells. Moreover, 

deletion of the Cdc42 gene in the mouse forebrain did not lead to deficits in the 

assembly of the Gephyrin scaffold and GABAAR clustering (Reddy-Alla, et al., 

2010). These observations indicate that membrane tethering of the Gephyrin 

scaffold via NL2-activated Collybistin does not involve the putative GEF activity 

of Collybistin on Cdc42.  

 

The Dbl-family of proteins appears to have evolved towards specificity for Rho-

family GTPases (Schmidt and Hall, 2002). However among the over 20 GTPases 

identified in the eukaryotic genome so far (Bustelo et al., 2007), only Rho, Rac 

and Cdc42 have been tested for activation by Dbl-family GEFs. Therefore, even 

though its putative GEF activity for Cdc42 is dispensable for the synaptic 

function of Collybistin, there may be other candidate GTPases that Collybistin 

could act upon, leading to signaling events that are important for the proper 

assembly of the inhibitory postsynaptic apparatus. It remains to be tested 

whether Collybistin is capable of facilitating nucleotide exchange on other Rho-

family GTPases, which may lead to initiation of signaling cascades necessary for 

inhibitory postsynapse organization. 

 

4.1.5. Completing the puzzle: The tripartite complex of NL2-

Gephyrin-Collybistin 

 

The tripartite complex of NL2, Gephyrin and Collybistin constitutes the basic 

unit of the protein-protein interaction network required to initiate the assembly 
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of inhibitory postsynapses (Poulopoulos et al., 2009). All the members of this 

tripartite complex appear to interact with each other. In order to elucidate the 

mechanism of the assembly of the tripartite complex of NL2, Gephyrin and 

Collybistin and to further understand the NL2 induced activation of Collybistin, 

followed by the tethering of the Gephyrin scaffold to the plasma membrane, it is 

of great interest to identify the interaction sites on each protein. 

 

4.1.5.1. NL2 – Gephyrin interaction: NL2 interacts with the E-domain of 

Gephyrin. This domain is responsible for mediating interactions of Gephyrin 

with various other postsynaptic proteins including Collybistin. It is also essential 

for the homodimerization of the monomeric Gephyrin units. The exact binding 

site for NL2 on Gephyrin E-domain remains to be identified. On the NL2 side, a 

15-amino acid long Gephyrin binding motif was identified, which is necessary 

and sufficient for interaction with Gephyrin (Poulopoulos et al., 2009).  

 

4.1.5.2. NL2 – Collybistin interaction: I showed here that NL2 and NL4 can 

specifically interact with the SH3 domain of Collybistin, an ability that is not 

shared by NL1 or NL3. These data provide evidence for the specific roles of 

NL2 and NL4 at the inhibitory synapse. Due to the proline-rich nature of the 

cytoplasmic tails of NL2 and NL4, I postulate that the interaction of Collybistin 

with NL2 and NL4 might occur in a conventional SH3-PXXP interaction mode. 

Indeed, replacement of surface exposed hydrophobic residues in the SH3 

domain (W52 and W63) by alanines resulted in the loss of interaction with NL2, 

showing that these residues are partly responsible for binding to NL2. 

Additionally, truncation mutation of the proline rich C-terminal tail of NL2 

downstream of the P798 leads to the loss of interaction with the SH3 domain. 

The SH3 binding region on the NL4 cytoplasmic tail remains to be identified. 

 

4.1.5.3. Gephyrin-Collybistin interaction: Gephyrin interacts with Collybistin 

via a stretch of residues that span the border between the linker region and the 

E-domain (Harvey et al., 2004). The significance of these residues for binding to 

Gephyrin was validated in the present study, and it was shown that the triple 
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alanine substitution of the residues P320, F321 and P322 leads to lack of 

Collybistin-Gephyrin coclustering in COS7 cells and cause deficits in 

membrane targeting of Gephyrin (data not shown). On the Collybistin side, it 

has been proposed that a group of charged residues (R107, D108, R111 and 

E117) at the N-terminal part of the DH domain are responsible for mediating the 

interaction with Gephyrin. A quadruple alanine substitution of these residues 

was shown to affect coclustering of Gephyrin and Collybistin in transfected HEK 

293 cells (Grosskreutz et al., 2001). However, this finding was later contested; a 

triple R107A-D108A-E117A mutant of Collybistin retains its ability to bind to 

Gephyrin and a single R111A mutation leads to descreased solubility, probably 

due to structural perturbations (Xiang et al., 2006). Therefore, it was suggested 

that the quadruple alanine substitutions in Collybistin actually lead to local 

structural rearrangements, rather than to specific loss of binding to Gephyrin. In 

order to clearly identify the Gephyrin binding surface, a more detailed 

biochemical analysis needs to be performed. I have taken here significant steps 

toward the dissection of the Gephyrin-Collybistin interaction. 

 

The Collybistin residues that were proposed by Grosskreutz et al., (2001) to be 

responsible for Gephyrin binding raised the possibility that Asef, the closest 

homologue of Collybistin, may also share the Gephyrin binding characteristics 

of Collybistin, since these two proteins share above 60% identity in their 

primary sequences. Interestingly, three out of these four candidate residues 

(D108, R111, E117) for Gephyrin binding are conserved in Asef, while R107 is 

conservatively replaced by a lysine. Despite the high sequence homology and 

structural similarity, a recombinant Asef construct, covering the DH and PH 

domains (analogous to CB2SH3-) was not able to bind to Gephyrin in vitro (Figure 

11). Additionally, neither full-length Asef, nor its domain deletion constructs 

(Asef ΔABR, equivalent to CB2SH3+ and Asef ΔABR-ΔSH3, equivalent to CB2SH3-) 

were able to cocluster with Gephyrin in transfected COS7 cells. This finding 

indicates that even if the proposed residues (R107, D108, R111, E117) 

contribute to the Collybistin-Gephyrin interaction, they do not constitute a 

sufficient Gephyrin binding motif.  
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Even though it does not appear to function as an alternative GEF for membrane 

clustering of Gephyrin, Asef, with its structural similarity to Collybistin, provided 

essential hints about the mechanisms of Collybistin function (see above). Based 

on the observation that Asef can neither bind to nor induce membrane targeting 

of Gephyrin, I speculate that the minor differences in the primary structures of 

Asef and Collybistin may underlie the specific postsynaptic functions of 

Collybistin. In order to study the Gephyrin-Collybistin interaction in more detail 

and to identify the domains and motifs on Collybistin responsible for mediating 

Gephyrin binding, sequence patches of Collybistin were replaced by the 

homologous regions of Asef. The interaction data with the chimeric Collybistin-

Asef constructs indicate that the Gephyrin binding sequence on Collybistin lies 

between the residues A30 and K130. Interestingly, within this 100-residue 

segment, the major differences between Asef and Collybistin are located in the 

linker region between the SH3 and the DH domains. Since CB2SH3- is also 

capable of binding to Gephyrin, it can be inferred that at least one binding site 

for Gephyrin lies between the residues L71 and K130. This putative binding 

region is most likely responsible for binding to the E-domain of Gephyrin on 

residues P320, F321 and P322, since neither CB2SH3- nor CB2SH3+ were able to 

bind to a P320A-F321A-P322A mutant of Gephyrin.  

 

Although both CB2SH3- and CB2SH3+ have the capacity to bind to Gephyrin, the 

possibility of an additional Gephyrin binding site on the SH3 domain cannot be 

excluded. In fact, the SH3 domain alone was shown to be sufficient to bind to 

Gephyrin (Figure 11F). It is not yet precisely known whether the SH3 domain 

has the capacity to bind to parts of Gephyrin other than the E-domain. It is also 

unknown whether this interaction follows a canonical SH3 to PXXP mode of 

binding, which is plausible due to the presence of multiple polyproline stretches 

on the G- and linker domains of Gephyrin. Regardless of its nature, it is 

conceivable that this interaction is not responsible for releasing the SH3 

domain-mediated autoinhibition of Collybistin, since the Gephyrin-Collybistin 

complex is retained in the cytoplasm in transfected mammalian cells. On the 

contrary, the Gephyrin-SH3 domain interaction might be responsible for 
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potentiating the inhibiting effect of the SH3 domain, and Gephyrin binding on 

the SH3 domain may partially attenuate NL2 binding. Such a mechanism could 

guarantee that Collybistin is retained in a closed and inactive conformation and 

can be activated only when NL2 is present to compete out Gephyrin for binding 

to the SH3 domain. The significance of the Gephyrin-SH3 domain interaction 

remains to be clarified. 

 

4.1.6. A mechanistic model underlying the assembly of perisomatic 

inhibitory synapses 

 

Based on the recent findings on the role of NL2 in inhibitory postsynaptic 

assembly (Poulopoulos et al., 2009), together with the protein-protein, protein-

lipid interactions and the cell based mutagenesis assays presented in this study, 

a molecular model for the assembly of the Gephyrin scaffold and the 

subsequent clustering of inhibitory neurotransmitter receptors at perisomatic 

inhibitory postsynapses can be proposed (Schema 8). According to this model, 

the trimeric Gephyrin units are transported to synaptic sites together with 

Collybistin. During this transport process Collybistin adopts a closed 

conformation that hinders the phosphoinositide binding capacity of its PH 

domain. At postsynaptic sites, NL2 molecules, clustered by Neurexins at the 

surface of the plasma membrane, initially bind to cytoplasmic Gephyrin-

Collybistin complexes via the Gephyrin binding motif, bringing the scaffolding 

complex in transient interaction with NL2. Subsequently, the NL2 ICD binds to 

the SH3 domain of Collybistin and the assembly of this tripartite complex 

between NL2, Gephyrin and Collybistin leads to the activation of Collybistin by 

a conformational switch mechanism. The NL2-induced removal of the SH3 

domain from the arch-like structure formed by the tandem  DH/PH  domains 

alleviates the autoinhibiting  effect of this domain and allows for the PH domain 
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Schema 8:  Assembly model for the perisomatic inhibitory synapses. (A) Gephyrin trimers 
associated with Collybistin are transported to subsynaptic sites along the microtubules. During 
transport, Collybistin adopts a closed conformation, in which the SH3 domain folds back onto 
the tandem DH/PH domains, similar to what is known for the autoinhibited form of Asef, the 
closest homologue of Collybistin (Mitin et al., 2007; Kawasaki et al., 2007). In this closed 
inactive conformation, both the catalytic activity of the DH domain and binding of the PH 
domain to membrane phosphoinositides are suppressed due to the hindrance imposed by the 
SH3 domain. (B) At postsynaptic sites, NL2 molecules, clustered by presynaptically expressed 
Neurexins, interact transiently with the cytoplasmic Gephyrin-Collybistin complex. This 
interaction brings the proline-rich cytoplasmic domain of NL2 into close vicinity of the SH3 
domain of Collybistin. (C) A typical SH3 domain-ligand interaction mediated by a PXXP motif in 
the cytoplasmic domain of NL2 leads to a structural rearrangement in Collybistin, resulting in a 
more open conformation of this GEF. Similar to the APC mediated activation of Asef (Mitin et al., 
2007), binding of NL2 is thought to interfere with the intramolecular interactions between the 
SH3 and the DH/PH domains. This conformational switch towards an open state now allows the 
PH domain to associate with plasma membrane-bound PI3P, which might be generated at the 
inhibitory postsynaptic membrane as a product of a yet unknown signaling mechanism (see text) 
initiated either by NL2, Collybistin or another inhibitory synaptic molecule. Once attached to 
PI3P, Collybistin preserves its membrane bound open conformation and tethers Gephyrin to the 
plasma membrane. (D) GABAARs are recruited via potential links to Gephyrin-Cb-NL2 
complexes. 



 106 

to have an increased binding capacity for membrane associated PI3P, which is 

probably locally generated as a product of a signaling mechanism initiated by 

NL2, Collybistin or another inhibitory synaptic molecule. During this molecular 

switch mechanism, rearrangements in the Collybistin structure may lead to 

detachment of the SH3 domain from DH/PH domains, enabling the positively 

charged residues of the β3/β4 loop of the PH domain to establish electrostatic 

connections to PI3P molecules. Once attached to PI3P, Collybistin probably 

retains its membrane bound open conformation and the tethering of the 

Gephyrin scaffold indirectly via the PH domain of Collybistin to the plasma 

membrane allows for additional Gephyrin-Collybistin complexes to be recruited 

to these sites, which were initially nucleated by the NL2-Gephyrin interaction. 

Deployment of the Gephyrin scaffold allows for the recruitment and 

accumulation of the γ2 and α2 subunit containing GABAA receptors, which are 

dependent on Gephyrin clustering, in apposition to presynaptic terminals of 

GABA release. 

 

In the proposed model, the SH3 domain of Collybistin functions as trigger for a 

switch mechanism, which is turned on specifically by the ICDs of NL2 and NL4. 

Thus, autoinhibition of Collybistin via the SH3 domain ensures that the synaptic 

features of Collybistin are not effective ectopically at extrasynaptic sites. 

Additionally, the inability of NL1 and NL3 to bind or activate Collybistin 

explains why these Neuroligin isoforms lack the signaling properties to initiate 

inhibitory synaptic assembly.  

 

This model holds true for the assembly of perisomatic inhibitory synapses, since 

deletion of both NL2 and Collybistin leads to deficits in somatic Gephyrin and 

GABAA receptor clustering (Papadopoulos et al., 2007; Poulopoulos et al. 

2009). Further investigation is needed to determine whether a similar 

mechanism underlies the assembly of inhibitory synapses on dendrites. The fact 

that the Gephyrin and consequentially, of GABAA receptor at dendritic synapses 

is affected in the Collybistin KO, but not in the NL2 KO, indicates that NL2-

independent mechanisms may compensate for or participate in the assembly of 
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these inhibitory synapses. Such an alternative mechanism may involve NL4, 

another Neuroligin paralogue that is capable of activating Collybistin (see 

below). Additionally, the GABAA receptor α2 subunit was shown to bind to and 

activate Collybistin in cell based assays, leading to the generation of 

submembrane Gephyrin clusters upon coexpression with CB2SH3+ (Saiepour et 

al., 2010). Although these findings are preliminary and in conflict with the 

general understanding of the concept of synaptic assembly - which assumes that 

specific localization of the scaffolding molecules determine the recruitment of 

neurotransmitter receptors - it provides hints towards the existence of additional 

mechanisms for the assembly of the Gephyrin scaffold that do not involve NL2 

mediated Collybistin activation. Whether these alternative mechanisms are 

functioning constitutively in vivo, or whether they are merely switched on in the 

absence of NL2 remains to be clarified. 

 

In contrast to NL2, deletion of Collybistin leads to severe deficits in both 

perisomatic and dendritic inhibition in the hippocampus (Papadopoulos et al., 

2007; Jedlicka et al., 2009). However, unlike NL2 KO, Collybistin KO mice 

display no alteration of the membrane recruitment of Gephyrin and GlyRs in the 

brainstem. Additionally, these mice exhibit severe impairments in GABAergic 

but not in glycinergic transmission (Papadapoulos et al., 2007). Thus, it appears 

that, in contrast to somata specific effect of NL2 KO, deletion of Collybistin 

leads to tissue specific effects, giving rise to deficits in Gephyrin and GABAAR 

clustering in the hippocampus and amygdala, but displaying no effects on 

Gephyrin or Gephyrin-associated GlyR clustering in the brainstem. A more 

detailed analysis of Collybistin function will be required to determine whether 

the loss of Collybistin in areas like the brainstem and the spinal cord is 

compensated by alternative molecules or whether Collybistin is simply not 

involved in synaptic clustering of Gephyrin in these areas. A recent study using 

a novel polyclonal Collybistin antibody raised against CB3SH3+ has shown that 

this isoform of Collybistin specifically colocalizes with α2 subunit containing 

GABAA receptors, but not with GlyRs in the retina (Sailepour et al., 2010), 

where the glycinergic and GABAergic synapses are largely separated (Wässle et 
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al., 2009). These observations are in line with the assumption that Collybistin is 

not required for Gephyrin-dependent GlyR clustering. However, in contrast, it 

was also shown in the present study that Collybistin is coimmunoprecipitated 

with NL2 and NL4 after crosslinking the mixed brainstem and spinal cord post-

nuclear homogenates, indicating that in these regions Collybistin can assemble 

into higher order complexes with NL2, NL4 and Gephyrin. Hence, Collybistin 

might be present at synaptic sites in the brainstem and spinal cord; nevertheless 

it might be redundant for Gephyrin clustering and may perform other -yet 

unknown- tasks at the postsynaptic membrane. A detailed 

immunohistochemical study using a specific antibody is expected to solve the 

enigma about the region-specific functions of Collybistin.  

 

4.1.7. The role of NL4 at the inhibitory synapses 

 

The fact that NL2 specifically interacts with the SH3 domain of Collybistin is in 

line with the previous observations that NL2, but not NL1 or NL3, has the 

capacity to activate Collybistin (Poulopoulos et al., 2009). The role of NL4 in 

regulating the assembly of excitatory or inhibitory synapses had so far remained 

elusive. We have recently identified NL4 at Gephyrin-positive inhibitory 

synapses at least in some parts of the CNS (Hoon et al., 2011), and I show here 

by Y2H and GST-pulldown assays that NL4 also has the capacity to bind 

Collybistin (Figure 1B-C), probably in a mode analogous to the NL2-SH3 

domain interaction. As in the NL2-Collybistin interaction, the G62A mutation in 

the SH3 domain of Collybistin leads to loss of interaction with NL4 (Figure 3). 

 

Since NL4 shares the ability with NL2 to interact with Collybistin, it is 

reasonable to speculate that NL4, as NL2, has the capacity to activate 

Collybistin. Due to the absence of a NL4 expression plasmid which yields high 

expression of NL4 in fibroblast cell lines and the deficits in surface trafficking of 

NL4 in these cells (not shown), chimeric Neuroligin constructs were cloned and 

tested in cell based Collybistin activation assays. Neither HA-NL3, nor a 

chimeric HA-NL2ecd-NL1icd protein, which is composed of extracellular and 
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transmembrane/intracytoplasmic domains of NL2 and NL1, respectively, were 

able to activate Collybistin and induce submembrane recruitment of 

Gephyrin/Collybistin complex, parallel to what has been observed previously 

with myc-NL1 and HA-NL3 constructs (Poulopoulos et al., 2009). Interestingly, 

another chimeric Neuroligin construct, HA-NL2ECD-NL4ICD made up of 

extracellular and transmembrane/intracytoplasmic domains of NL2 and NL4, 

respectively, can activate Collybistin and leads to formation of submembrane 

microaggregates of Gephyrin, to the same extent as HA-NL2, which has been 

reported as the first NL2 paralogue to act on Collybistin (Figure 2). Based on 

these observations, I can state that the ICDs of NL2 and NL4 are both capable of 

mediating a signal that leads to membrane recruitment of Gephyrin/Collybistin 

complexes. Since replacing the ICD of NL2 with that of NL1 led to a non-

functional chimeric construct, I assume that the extracellular domain of NL2 

does not contribute directly to the role of NL2 in Collybistin activation. Thus, 

the ICD of NL4 meets the requirements of a functional module that can initiate 

events leading to inhibitory postsynapse assembly.  

 

The capacity of NL4 to bind to and activate Collybistin defines it as a promising 

candidate for compensating for the loss of NL2 at the dendritic synapses. In fact, 

in the retina of NL2 KO mice, a clear upregulation of NL4 has been observed 

(Hoon et al., 2011), indicating that NL4 may replace NL2 at a subset of 

synapses throughout the brain and that these two Neuroligin paralogues are 

functionally related. In the hippocampus, the association of NL4 with excitatory 

versus inhibitory synapses remains to be identified. A detailed investigation of 

Gephyrin and GABAAR clustering in the hippocampus of NL4 KO and NL2-4 

double KO mice may provide valuable data regarding the role of NL4 at 

GABAergic inhibitory synapses. Furthermore, the observation that NL4 forms in 

vivo complexes with Gephyrin and Collybistin in spinal cord and brainstem is in 

contradiction with the mouse genetic studies, which postulated a functional 

redundancy of Collybistin at the glycinergic synapses (Papadopoulos et al., 

2007).  In order to reconcile these diverging observations, a detailed 
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investigation of inhibitory synapse assembly of glycinergic synapses of the 

brainstem and spinal cord would be essential.  

 

4.2. Regulated Association of Neuroligins with Scaffolding 

Molecules  

 

Due to the fact that all Neuroligins contain highly conserved PDZ- and 

Gephyrin-binding motifs, Neuroligins, in principle, could associate 

promiscuously with the scaffolds of excitatory and inhibitory postsynapses. 

However, the current evidence indicates that throughout the CNS, NLs have 

differential patterns of association with excitatory and inhibitory synapse 

specific scaffolding proteins (§ 1.2.1). Therefore, a molecular mechanism that 

regulates the association of NLs with the scaffolding molecules may exist in 

vivo. Here, I propose that such a mechanism may involve phosphorylation of a 

serine residue located within the Gephyrin-binding motifs of NL1, -3 and -4, the 

Neuroligin paralogues that are not constitutively localized to inhibitory 

synapses. We have found that NL3 is phosphorylated at S799 (Box 1). 

Furthermore, we have observed that in heterologous cells, a point mutation of 

NL3 that mimicks this serine phosphorylation (S799D) causes deficits in 

coclustering of NL3 with Gephyrin and CB2SH3-, while a phosphorylation 

deficient mutant (S799A) of NL3 does not seem to obstruct association with 

Gephyrin microaggregates (Figure 12). These data indicate that phosphorylation 

of the Gephyrin binding motifs of NL1, NL3 and NL4 may regulate the 

association of these NLs with Gephyrin in vivo, while NL2 is capable of 

escaping from such a regulatory mechanisms due to the absence of the serine 

residue that constitutes the target of phosphorylation.  

 

Since it is preferentially localized to excitatory postsynapses that are comprised 

of PDZ-domain containing scaffolds and mostly absent from Gephyrin-positive 

postsynapses, I would expect NL1 to be constitutively phosphorylated. In fact, 

in neuron cultures, NMDA receptor mediated activation of CaMKII was shown 
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to mediate the synapse-boosting activity of NL1 (Chubykin et al., 2007). CaMKII 

may be responsible for phosphorylating NL1 and thereby restricting it to 

excitatory postsynapses. The other Neuroligin paralogues, NL3 and NL4, appear 

to be partitioned to excitatory and inhibitory synapses in different parts of the 

CNS. NL3 seems to be localized to excitatory synapses in the hippocampus, 

cerebral cortex and cerebellum, whereas in the brainstem and striatum it is 

mostly localized to inhibitory synapses (Annarita Patrizi, Torino; personal 

communication). NL4, on the other hand, is localized to inhibitory synapses in 

the forebrain, thalamus, brainstem and spinal cord and is specifically localized 

to excitatory synapses in the barrel cortex (Hoon et al., 2011; Matthieu 

Hammer; personal communication). The phosphorylation-based mechanism 

that I propose may underlie the differential distribution of NL3 and NL4 to PSD-

95 or Gephyrin-positive postsynapses in different brain regions. 

 

A phosphospecific antibody raised against the phoshphorylated peptide that 

encompasses the 15-residue long Gephyrin binding motif of NL1, NL3 and NL4 

is a useful tool to study the tissue-specific phosphorylation of Neuroligins in 

various parts of the brain. Using this antibody, it was possible to confirm that 

NL3 is phosphorylated in the brain. In the future, by comparing the 

phosphorylation levels of specific Neuroligin paralogues in different brain 

tissues, I am planning to test whether phosphorylation levels of individual 

Neuroligins in different brain regions display any correlation to their degree of 

preference for excitatory postsynapses.  
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5. SUMMARY and CONCLUSIONS 
 

Synaptic inhibition is important for shaping neuronal communication and 

balancing the activity of brain networks. Understanding the architecture and the 

mechanisms underlying the formation of inhibitory synapses is essential for 

unraveling the mysteries about the brain function and to shedding light onto 

some of the neurological disease conditions. Neuroligin 2 (NL2), a synaptic cell 

adhesion molecule, is a central organizer of inhibitory postsynapses. NL2 

accumulates across GABAergic or glycinergic presynaptic terminals to establish 

nucleation sites that demarcate the deployment of the Gephyrin scaffold at the 

plasma membrane, which in turn leads to recruitment and stabilization of 

GABA and glycine receptors at the postsynaptic sites. NL2 is able to activate 

Collybistin, an adaptor molecule that links Gephyrin to the plasma membrane. 

This work has focused on identifying the molecular mechanisms underlying the 

NL2 function for driving the inhibitory postsynaptic differentiation and 

investigating the potential roles of the other Neuroligin paralogues at inhibitory 

postsynapses. 

 

Evidence presented in this study indicates that the N-terminal SH3 domain of 

Collybistin inhibits the membrane recruitment of this protein via an 

intramolecular interaction, which hinders binding of its PH domain to a specific 

membrane phosphoinositide. NL2, but not NL1 or NL3, binds directy to the 

SH3 domain of Collybistin and alleviates the SH3 domain-mediated inhibition 

by inducing a conformational change towards a more open state in Collybistin 

structure. This NL2-induced allosteric rearrangement in Collybistin structure 

leads to membrane tethering of the Collybistin/Gephyrin complex, which then 

allows for postsynaptic recruitment and stabilization of inhibitory 

neurotransmitter receptors. Further investigation of Neuroligin function at the 

inhibitory synapses indicated that NL4 is yet another Neuroligin isoform that 

binds to and activates Collybistin and mediates membrane clustering of 

Gephyrin, suggesting that NL4 may also function as an organizer of inhibitory 
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postsynapses. Finally, an additional mechanism is proposed which involves 

phosphorylation of Gephyrin-binding motifs of the Neuroligin paralogues that 

are not strictly confined to inhibitory synapses. According to this model, a 

serine-phosphorylation in the ICD of NL3 may hamper its association with the 

Gephyrin scaffold. By regulating the association of Neuroligin paralogues with 

different types of postsynaptic scaffolding molecules, this phosphorylation-based 

mechanism may underlie the diverse roles of Neuroligin paralogues at 

excitatory and inhibitory synapses.  

 

This study describes how the tripartite complex formed between an adhesion 

(NL2), a scaffold (Gephyrin) and an adaptor (Collybistin) protein drives the 

inhibitory postsynaptic differentiation. The molecular models presented in this 

study will help formulating a coherent model for the assembly of inhibitory 

synapses and development of synaptic inhibition in the mammalian CNS.  
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