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ABSTRACT 

  
Synaptic adhesion molecules play a key role in the regulation of synapse development and 

maintenance. Several families of leucine-rich repeat (LRR) domain containing synaptic adhesion 

molecules have been characterized, including synaptic adhesion-like molecules (SALMs), and the 

LRR transmembrane (LRRTM) proteins. These proteins localize mostly in postsynaptic neurons in 

excitatory synapses and interact with presynaptic adhesion protein families; neurexin (NRXN) and 

leukocyte common antigen-related protein tyrosine phosphatases (LAR-RPTPs). Dysfunction of the 

synaptic adhesion molecules is linked to cognitive disorders, such as autism spectrum disorders and 

schizophrenia. This thesis work comprises the structural and functional study of SALM3 and SALM5 

proteins from the SALM family, and their interaction with PTPσ from the LAR-RPTPs family. In 

addition, this thesis includes the work on the development of an inhibitory screening assay for 

synaptic adhesion molecules interactions, here targeting the LRRTM2-NRXN interaction.   

 

The SALM family proteins include five members, SALM1-5. We have solved the crystal structures 

of the mouse SALM5 LRR-Ig, and SALM3 LRR constructs at 3.1 Å and 2.8 Å resolution, 

respectively. Both the structures show the LRR domain mediating the dimerization, also verified by 

biophysical studies. We determined the binding affinity of SALM3 and SALM5 as 2-23 μM towards 

PTPσ, and solved the solution structure of the SALM3-PTPσ complex using small-angle X-ray 

scattering (SAXS), revealing a 2:2 complex formation similar to that observed for SALM5 and PTPδ. 

Based on our structure-function studies, SALM3 dimerization is vital for the SALM3-PTPσ complex 

to exert synaptogenic activity. We also developed an inhibitor screening method for the adhesion 

proteins interactions, focusing on the LRRTM2-NRXN interaction. We utilized the AlphaScreen 

technology to identify inhibitors with moderate IC50-values and established an orthogonal in-cell 

western blot assay to verify the obtained hits. This paves the way for the future development of high 

affinity compounds by further high throughput screening of larger compound libraries.  

 

The studies conducted in this thesis and the results have contributed to a better understanding of the 

role of SALM proteins in synapse formation, and possibly these structure-based studies will help to 

understand their implications in disease. The inhibitor screening assay developed can be adapted 

towards other synaptic adhesion interactions, and the inhibitors obtained could be used for functional 

studies, or towards drug discovery. 
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1. INTRODUCTION 

 
Neurons in the brain communicate with one another at junctions called synapses, and there are an 

estimated hundred billion neurons and trillions of synapses present in the human brain (Herculano-

Houzel, 2009; Colon-Ramos, 2009). Synapses are specialized structures that enable communication 

between functionally related neurons and between neurons and targeted non-neuronal cells 

(Herculano-Houzel, 2009) and guide us through our regular activities, such as how to move, 

remember, learn, feel, and think (Colon-Ramos, 2009). Synapses function in the formation of 

neuronal circuits and regulate synaptic transmission and plasticity (Ovsepian, 2017). Synaptic 

plasticity refers to the mechanism that controls the synaptic activity and also allows the brain to adapt 

to changes in response to new information (Citri & Malenka, 2008). 

 

Synapses are classified into two types: electrical synapses and chemical synapses (Radivoj, 1985). In 

chemical synapses, signal transmission occurs when the action potential reaches the axon terminal of 

presynaptic cells and depolarizes the presynaptic membrane leading to opening of the voltage-gated 

Na+ channels (Thiele et al., 2010, Kress et al., 2009). This leads to further depolarization of the 

membrane and causes the Ca2+ channels to open. Ca2+ entering the presynaptic cells initiates signaling 

cascades that cause the release of neurotransmitter molecules into the synaptic cleft (Lovinger, 2008; 

Yu et al., 2003). The neurotransmitters diffuse across the synaptic cleft and bind to the receptors in 

the postsynaptic membrane that leads to the opening of ligand-gated ion channels (Thiele et al., 2010). 

Chemical synapses are further categorized into excitatory and inhibitory synapses (Thiele et al., 2010; 

Sudhof, 2018, Yu et al., 2003 ). In the excitatory synapse, the postsynaptic membrane contains 

receptors for neurotransmitters such as glutamate (Zhou et al., 2014), and acetylcholine (Burden et 

al., 1979). The binding of the neurotransmitter causes the opening of Na+ channels in the postsynaptic 

cells, and it leads to membrane depolarization known as an excitatory postsynaptic potential (EPSP). 

An EPSP causes the postsynaptic neuron to fire an action potential (Dani & Mayer, 1995). In the 

inhibitory synapse, the postsynaptic membrane contains receptors for inhibitory neurotransmitters 

such as gamma-aminobutyric acid (GABA) (Decavel et al., 1990). The binding of GABA in 

postsynaptic neurons opens the Cl- channels and leads to membrane hyperpolarization known as 

inhibitory postsynaptic potentials (IPSPs). IPSPs make neurons less likely to fire an action potential 

(Decavel et al., 1990; Tao et al., 2018). In the electrical synapse, the presynaptic and postsynaptic 

membranes are connected by gap junctions that allows the ions and other molecules to diffuse through 
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the gap junction pores. Gap junctions are bidirectional, and signaling across electrical synapses occurs 

almost instantaneously (Pereda et al., 2013).  

 

In chemical synapses, in addition to the receptor proteins, there are synaptic adhesion molecules, 

which play an important role in synapse formation (O'Rourke et al., 2012) (Fig. 1.1). Earlier research 

has identified synaptic adhesion molecules as one of the pivotal contributors to the formation and 

regulation of precisely wired neuronal circuitry during brain development (Missler et al., 2012). The 

membrane-bound synaptic adhesion molecules are expressed both in the presynaptic and postsynaptic 

neurons. Synaptic adhesion molecules are not only involved in adhesion, but they also control synapse 

formation, determine the morphology of dendritic spines, and regulate synaptic receptor proteins 

(Bukalo et al., 2012; Kilinc, 2018; Missler et al., 2012; Washbourne et al., 2004).  

 

Figure 1.1 Schematic presentation of the synapse and the synaptic transmission in the neurons.  The figure on the 

left shows the synaptic transmission, in which signal transfers from the presynaptic cell to postsynaptic cells with the 

formation of the synapse. The figure on the right shows a close-up view of the synaptic cleft highlighting synaptic 

adhesion protein, neurotransmitter receptor proteins, vesicles containing neurotransmitters, and neurotransmitters 

indicated with a small circle inside or outside the vesicles, and the ion channels. Modified figure from 

www.lifesciences.umaryland.ed . 

 

Dysfunction of adhesion molecules in the synaptic cleft leads to impaired electrical impulses in the 

brain and contribute to neurological disorders, including autism, schizophrenia, obsessive-

compulsive disorder (OCD), and Alzheimer's disease (Schroeder et al., 2018). Hundreds of synaptic 

adhesion molecules have been identified in the synaptic cleft, with only a few of them well 

characterized. The limited information about the specific function of synaptic adhesion molecules in 
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the synaptic cleft limits our understanding of how they control the regulation and formation of 

precisely wired neuronal circuitry.  

 

This thesis work mainly focuses on the structural and functional characterization of the leucine-rich 

repeat (LRR) containing synaptic adhesion like molecule (SALM) protein family. SALM proteins 

are mostly expressed in the brain on the surface of postsynaptic cells (Ko et al., 2006; Morimura et 

al., 2006). They form synaptic complexes with the presynaptic leukocyte common antigen-related 

protein tyrosine phosphatases (LAR-RPTPs), which include LAR, PTPσ, and  PTPδ (Choi et al., 

2016; Lie et al., 2016). The SALM-LAR-RPTP complex plays an important role in the regulation and 

formation of synapses (Choi et al., 2016; Lie et al., 2016; Lauren et al., 2003; Mah et al., 2010).  

Dysfunctions of SALM proteins are implicated in different neurodevelopmental and psychiatric 

disorders, such as learning disorders, autism spectrum disorder (ASD) and schizophrenia (Gorlewicz 

et al., 2018; Lie et al., 2018; Morimura et al., 2017). Understanding the structure of SALM proteins 

and their interactions with their ligands would be highly valuable for gaining further insight into their 

detailed synaptic function, and relation to neurological disorders. In this study, I have characterized 

the crystal and solution structures of SALM1, SALM3, and SALM5, and the solution structure of 

SALM3 in complex with its PTPσ ligand. The presented research has revealed the stoichiometry, 

binding affinity, and molecular details of the interaction of SALM3 with PTPσ. 

 

Synaptic adhesion molecules are genetically linked to disease and neurological disorders, which 

also make them targets of interest for biological and therapeutic studies. Both gain-of-function and 

loss-of-function studies have been important for understanding the function of synaptic adhesion 

molecules. Loss-of-function studies using effector molecules that target a particular interaction 

would be useful in studying the importance of synaptic protein interaction. Towards this end, I 

have also developed inhibitory screening assay focusing on the interaction of neurexin (NRXN) with 

the postsynaptic leucine-rich repeat transmembrane 2 (LRRTM2) ligand. The purpose is that the 

assay can be applied in an analogous manner towards other synaptic adhesion interactions, in 

particular other neurexin-ligand interactions. The developed screening assay utilizes the AlphaScreen 

technology to screen a library of compounds, followed by identification of the IC50 values of the 

potential hits and further validation using an orthogonal cell-based binding study.



 

 

2. LITERATURE REVIEW 
 

2.1 Synaptic adhesion molecules  
 
The formation, differentiation, and plasticity of synapses require interaction between the presynaptic 

and postsynaptic cells. Synaptic adhesion molecules enable interaction between presynaptic and 

postsynaptic cells. Also, synaptic adhesion molecules play a vital role in the maintenance of the 

synapse integrity and stability, differentiation of presynaptic and postsynaptic cells, and regulation of 

synaptic strength and function (Yamagata et al., 2003). Several families of well-characterized 

synaptic adhesion molecules in synapses include, for example, cadherins, immunoglobulin-

containing cell adhesion molecules (Ig-CAMs), LRR containing synaptic adhesion molecules, 

neurexin and neuroligins, and Eph-receptors and ephrins (Missler et al., 2012).    

 

LRR containing synaptic adhesion proteins form cis- and trans-synaptic complexes through 

homomeric or heteromeric interactions in the synaptic cleft (Missler et al., 2012). These proteins 

function in the regulation and formation of synapses and are expressed mostly in postsynaptic 

neurons. The dysfunction of synaptic adhesion proteins is associated with neurodevelopmental and 

psychiatric disorders (Han et al., 2016; Reissner et al., 2013). Several mutations or deletions in genes 

of synaptic adhesion molecules are linked with neurodevelopmental disorders, for instance, deletion 

and copy number variation (CNV) mutations of NRXNs genes were identified in schizophrenia and 

Tourette syndrome patients (Huang et al., 2017; Marshall et al., 2017), and deletion of ~870 kb DNA 

fragment encompassing the SALM1 protein was identified in patients with impaired working 

memory, executive function, and auditory-verbal processes (Thevenon et al., 2016).  

2.1.1 LRR containing synaptic adhesion molecules  

Both eukaryotes and prokaryotes contain LRR containing proteins (Ng et al., 2011). LRR is a 20-30 

amino acid residues motif that contains the conserved amino acid sequence, LxxLxLxxN/CxL (Chang 

et al., 2005). LRR domain in protein has a variable number of tandem LRRs from two to several 

dozen (Matsushima et al., 2010), Fig. 2.1.  Most of the eukaryotic extracellular LRR proteins are 

flanked by cysteine-rich regions at the N-terminal (LRRNT) and C-terminal (LRRCT) ends of the 

LRR domains (Matsushima et al., 2010) (Fig. 2.1). Large LRR domains form horseshoe-like 

structures with the concave surface consisting of parallel β-sheets (Fig. 2.1a) and in the convex 

surface consisting of flexible loops and some α-helices (Bostjan et al., 1994). The LRR domains 
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function in protein-protein interactions, and the concave surface of the LRR is often important for 

ligand binding (Marino et al., 2000).  

 

 
Figure 2.1 Crystal structures of the LRR domain containing synaptic adhesion molecules with a variable number 

of LRR repeats. a) Structure of a typical LRR domain containing protein, LRRTM2 (Paatero et al., 2016; PDB ID: 5a5c), 

indicating the ten LRR repeats (LRR repeats indicated with numbers). LRRNT highlighted in light green, LRR repeats 

in white and LRRCT in sky blue, the disulfides shown in yellow, LRR domain structures of synaptic adhesion molecules: 

b) Slitrk1 with six LRR repeats (Um et al., 2014; PDB ID: 4rcw), c) SALM3 with seven LRR repeats (Karki et al., 2020; 

PDB ID: 6tl8), d) TrkC with three LRR repeats (Roppongi et al., 2017; PDB ID: 4pbw), and e) NGL-1 (Song et al., 2013; 

PDB ID: 3zyj) with nine LRR repeats. LRRNT, LRR repeats, LRRCT, and disulfide bond highlighted with colors as in 

figure (a). 

 

Well-characterized families of LRR containing synaptic adhesion proteins include SALM, LRRTM, 

Slit- and Trk-like proteins (Slitrks), Netrin-G ligands (NGLs), Tropomyosin receptor kinase C 

(TrkC), and Fibronectin leucine-rich repeat transmembrane proteins (FLRT) (Fig. 2.1). These 

proteins have a vital role in the formation of excitatory and inhibitory synapses and contain from six 

to twelve LRR repeats in the LRR domain (Schroeder et al., 2018) (Table 2.1). The most common 

presynaptic ligands of these proteins are the LAR-RPTPs and neurexins (Han et al., 2016; Reissner 

et al., 2013)  (Table 2.1). Crystal structures of LRR containing synaptic adhesion proteins show that, 

in addition to the LRR concave surface, also the LRRCT region can also form interactions. The crystal 

structure of LRRTM2 shows the LRRCT interacting with NRXNβ1 (Yamagata et al., 2018), and 

similarly the structure of the SALM5-PTPδ complex shows the LRRCT and Ig-domains of SALM5 

involved in the interaction with the Ig2-3 domains of PTPδ (Goto-Ito et al., 2018; Lin et al., 2018). 
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Compelling evidence has linked LRR containing synaptic adhesion protein dysfunctions with 

different neurological disorders and diseases (Schroeder et al., 2018). Several mutations in these 

genes, such as single nucleotide polymorphisms (SNPs), and CNVs including gene deletion, 

duplications, and frameshift mutations have been detected in the patients with different neurological 

disorders and diseases, such as autism spectrum disorder, schizophrenia, Gilles de la Tourette´s 

syndrome (GTS), autism spectrum disorder (ASD) and obsessive-compulsive disorder (OCD) 

(Roppongi et al., 2017) (Table 2.1). 
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Table 2.1: Most extensively studied synaptic LRR adhesion proteins, their presynaptic partners 

and implications in different neurological disorders and diseases (Roppongi et al., 2017). 

Proteins  Presynaptic partner   Disorders/Diseases  References  Domains 

LRRTMs  

LRRTM1  NRXNs α/β 1,2,3 (-ss4) 

 

Schizophrenia (Ko et al., 2009; 

Roppongi et al., 2017; 

Siddiqui et al., 2013; 

Um et al., 2016)  

LRR domain (1-10 LRR), TM, 

cytoplasmic region  LRRTM2  Intellectual disability, 

 Bipolar disorder 

LRRTM3  NRXNs β 1 (-ss4) ASD, Alzheimer´s 

disease  

LRRTM4 Heparan sulfate  

Proteoglycans 

Autism spectrum 

disorder 

Slitrks  

Slitrk1  PTPδ, PTPσ 

 

GTS, OCD (Reissner et al., 2013; 

Roppongi et al., 2017; 

Yim et al., 2013)  

LRR domain 1 (6 LRR), LRR 

domain 2  

(6 LRR), TM, cytoplasmic region Slitrk2 Schizophrenia 

Slitrk5 OCD 

Slitrk3 PTPσ  

Slitrk4 

Slitrk6 LRR domain 1 (5 LRR), LRR 

domain 2 (6 LRR), TM, 

cytoplasmic region 

SALMs   

SALM1 Not known Learning disability, 

antisocial personality 

disorder, ASD, 

Schizophrenia 

(Choi et al., 2016; 

Goto-Ito et al., 2018; 

Karki et al., 2020; Lie et 

al., 2016; Lie et al., 

2018; Lin et al., 2018; 

Roppongi et al., 2017)  

LRR domain (7 LRR), Ig, FNIII, 

TM, cytoplasmic region 

SALM2 PTPδ  

SALM3 LAR-RPTPs. SALM4 

SALM4  SALM2, SALM3, 

SALM5 

SALM5 LAR-RPTPs, SALM4 ASD, Schizophrenia, 

Developmental delay 

and seizure, 

Depression 

Trks   

TrkC  PTPσ  (Han et al., 2016; 

Roppongi et al., 2017)  

LRR domain (3 LRR), Ig1, Ig2,  

TM, cytoplasmic region 

NGLs  

NGL-1 Netrin-G1, LAR Rett syndromes, 

Bipolar disorder 

(Nishimura-Akiyoshi et 

al., 2007; Roppongi et 

al., 2017; Song et al., 

2013; Woo et al., 2009)  

LRR domain (1-10 LRR), TM, 

cytoplasmic region  

NGL-2 Netrin-G2 Schizophrenia, 

Bipolar disorder  

NGL-3 LAR-RPTPs  
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2.2 Neuronal biology of the selected synaptic adhesion molecules  

2.2.1 The SALM protein family

The SALM protein family is also known as the LRR and fibronectin III domain containing (LRFN) 

protein family. It includes five members: SALM1 or LRFN2, SALM2 or LRFN1, SALM3 or LRFN4, 

SALM4, or LRFN3 and SALM5 or LRFN5 (Ko et al., 2006). All SALM proteins share a similar 

domain structure in the extracellular region containing an LRR domain with seven LRR repeats, an 

immunoglobulin (Ig) domain, and a fibronectin III (FNIII) domain (Fig. 2.2). In the cytosolic region, 

SALM1, SALM2 and SALM3 contain PDZ binding motifs, but this motif is absent in SALM4 and 

SALM5 (Fig. 2.2) (Ko et al., 2006; Lie et al., 2018). 

 

Figure 2.2 Schematic image showing the domain 

organization of SALM proteins. Domains indicated as Ig, 

immunoglobulin domain; Fn, fibronectin III domain; TM, 

transmembrane domain; LRR, LRR domain; N, LRRNT; 

and C, LRRCT; PDZ, PDZ binding motifs. PDZ binding 

motif absent in SALM4 and SALM5. Figure reproduced 

from study III (Karki et al., 2020). 

Expression and localization of SALM proteins 

The genes encoding human SALMs, LRFN1-5 localize on chromosomes 19, 6, 19, 11 and 14, 

respectively, and in mice, LRFN1 and LRFN3 localize in chromosome 7 and LRFN2, -4 and -5 

localize in chromosomes 17, 19 and 12, respectively (Morimura et al., 2006). The northern blot 

analysis indicated that mRNAs for SALM proteins are expressed in the brain of mice or rat, and weak 

expression of SALM3 and SALM4 are detected in other tissues including the heart, small intestine, 

and stomach (Ko et al., 2006; Morimura et al., 2006).   

 

The developmental expression profiles of the SALM proteins assessed in the mouse-whole brain 

lysates using subtype-specific antibodies against SALMs detected the expression of SALM1, 

SALM2, and SALM4 from the embryonic stage and the expression increased in the postnatal stage. 

Similarly, SALM3 expressed during the early embryonic stage but became undetectable after birth, 

and SALM5 expressed during the postnatal phase (Morimura et al., 2017). 

 

The first evidence of the localization of SALMs came from the interaction of SALMs with the 

proteins in the excitatory synapse, where SALM2 artificially clustered on neuronal dendrites by 
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antibody-coated beads recruited excitatory synapse proteins, postsynaptic density-95 (PSD-95) and 

glutamate receptor  (Ko et al., 2006). Also, co-immunoprecipitation of detergent solubilized rat brain 

proteins with anti-SALM1 antibodies identified proteins in the excitatory synapse, PSD-95 and the 

GluN2B subunit of N-Methyl-D-aspartic acid receptors (NMDARs) (Wang et al., 2006). The study 

by Mah et al (2010) showed that SALM3 and SALM5 induced presynaptic differentiation in 

contacting axons. Recent research suggests SALM1 organizes synapse development by promoting F-

actin/PIP2-dependent cis-oligomerization of presynaptic neurexin, indicating that SALM1 is 

expressed in the presynaptic neurons (Brouwer et al., 2019).  

 

SALMs function in presynaptic differentiation and neurite outgrowth 

Mah et al (2010) identified the synaptogenic activity of SALM3 and SALM5 using a heterologous 

synapse formation assay in which SALMs were expressed in nonneuronal cells, which were further 

co-cultured with neuronal cells and then further co-stained with an antibody against synapsin. The 

study identified only SALM3 and SALM5, but not other SALMs, initiated presynaptic differentiation 

in contacting axons. 

 

In addition, SALMs have been shown to regulate neurite outgrowth (Wang et al., 2006; Wang et al., 

2008). Overexpression of SALM1 in hippocampal neuron for four days in vitro (DIV4) doubled the 

dendritic length of neurons compared to the control (Wang et al., 2006). However, this effect was 

abolished when SALM1 lacked the PDZ binding motif, suggesting that SALM1 dependent neurite 

outgrowth requires interaction with PSD-95 proteins. Another study reported the comprehensive 

analysis of SALMs in the regulation of neurite outgrowth (Wang et al., 2008), and in this study, 

hippocampal neurons were transfected with SALM proteins at DIV4, after which computer-assisted 

analysis of neuronal morphology was performed (Wang et al., 2008). The study showed that all 

SALMs promote neurite outgrowth with various phenotypes, and that  SALM4 promoted more 

neurite branching than other SALMs (Wang et al., 2008).  

 

Protein-protein interaction by the SALMs 

When the SALMs were identified, the first evidence of protein-protein interaction was reported based 

on co-immunoprecipitation of detergent-based solubilized rat brain with anti-SALM1 antibodies, 

which identified the co-immunoprecipitation of PSD-95 and the GluN2B subunit of NMDARs (Wang 

et al., 2006). Another piece of evidence of possible interaction with postsynaptic proteins came from 
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the bead mediated clustering of SALM2 on the dendritic neurons that induced secondary clustering 

of PSD-95 and glutamate receptors (Ko et al., 2006).  SALM4 interacts with SALM3 in heterologous 

cells, and the interaction of SALM3-SALM4 inhibits the interaction of SALM3 with LAR-RPTPs 

(Lie et al., 2016). The same study shows SALM4 can co-immunoprecipitate with SALM2 and 

SALM5 in the mouse brain; however, the importance of the interaction of SALM4 with SALM5 and 

SALM2 is not clearly understood (Lie et al., 2016).  

The mechanism of the synaptogenic activity of SALM3 and SALM5 remained unclear until the LAR-

RPTPs were identified as their presynaptic ligands (Choi et al., 2016; Lie et al., 2016). The LAR-

RPTP family belongs to the type IIA subfamily of RPTPs, and includes three members in the 

vertebrates: LAR, PTPσ and PTPδ (Chagnon et al., 2004). SALM proteins are expressed as dimers 

(Karki et al., 2018), and the trans-synaptic interactions of SALM3 and SALM5 with LAR-RPTPs 

lead to the formation of 2:2 heterotetrameric complexes in the synaptic cleft (Goto-Ito et al., 2018; 

Lin et al., 2018), which is unique among other binding partners of LAR-RPTPs that are present in 

monomeric form. LAR-RPTP family plays a vital role in mediating axon guidance, neurite outgrowth, 

as well as synapse formation and differentiation (Ensslen-Craig et al., 2004; Missler et al., 2012; Um 

et al., 2013). In the extracellular region, the LAR-RPTP family consists of three immunoglobulin-

like (Ig) domains, four to eight fibronectin III-like (FnIII) domains, and splicing variants such as 

mini-exon A (meA) in the Ig2 domain, mini-exon  B (meB) between the Ig2 and Ig3 domain and 

mini-exon C (meC) located in the FnIII domain. In the cytoplasmic region, the LAR-RPTP family 

contains two phosphatase domains (D1 and D2) (Um et al., 2013), Fig. 2.3. SALM3 and SALM5 

interact with all members of the LAR-RPTPs, and the study highlighted that LRR and Ig domains of 

SALMs interacts with the Ig1-3 domains of LAR-RPTPs and this interaction is enhanced in the 

presence of mini-exon B in the Ig2-3 domains of LAR-RPTPs (Choi et al., 2016; Lie et al., 2016).  

 

 
Figure 2.3 Schematic image showing the domain organization of LAR-RPTPs. Domains indicated as Ig, 

immunoglobulin domain; Fn, fibronectin III domain; Tm, a transmembrane domain; D, phosphatase domain. Figure 

reproduced from study III (Karki et al., 2020). 

 

In addition to SALMs, LAR-RPTPs interact with several postsynaptic adhesion proteins and 

proteoglycans (Um et al., 2013). So far, the known postsynaptic ligands for the LAR-RPTPs include 
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heparan sulfate and chondroitin sulfate proteoglycans (HSPG and CSPG) (Aricescu et al., 2002; Shen 

et al., 2009), Slitrk1, (Yamagata et al., 2015), SALMs (Choi et al., 2016; Lie et al., 2016) and IL-1 

receptor accessory protein-like 1 (IL1RAPL1) (Yamagata et al., 2015).  

 

The intracellular signaling mechanisms of LAR-RPTPs are not extensively defined. The presence of 

the phosphatase domains in the cytoplasmic region suggests the involvement of the LAR-RPTP 

family in the tyrosine phosphorylation signaling pathway. The only known ligand of the LAR-RPTPs 

cytoplasmic region is the liprin-α proteins (Serra-Pages et al., 1998). The crystal structure of LAR-

RPTPs D1D2 in complex with the sterile α-motif (SAM) repeats of liprin-α3 shows the interaction 

occurs between the LAR- RPTPs D2 domain and SAM domains of liprin-α proteins (Xie et al., 2020; 

Wakita et al., 2020). Although the intracellular signaling mechanism of LAR-RPTPs is not well 

understood, the synaptic functions of liprin-α are well characterized. Liprin-α functions in the 

formation of the macromolecular complexes required for the trafficking of the synaptic vesicles and 

release of neurotransmitters (Olsen et al., 2005; Stryker et al., 2007). In addition to LAR-RPTPs, 

liprin-α interacts with RIM1-α proteins (Ko et al., 2003), RIM-interacting proteins of the ERC 

(ELKS-Rab6-interacting-protein-CAST) family and the MALS/Veli-Cask-Mint1 scaffolding 

complex present in the active zone of the presynaptic cells (Olsen et al., 2006).  

 

Functional studies of SALMs in knockout and knockdown mice 

Several research groups have carried out the in vivo studies for functional characterization of SALM1, 

SALM3, and SALM4 using mouse models. A recent study reported LRFN2 knockout (KO) mice 

lacking exon 2 of the SALM1 gene, which encodes most of the extracellular region from the amino-

terminus to the FnIII domain, showed structurally and functionally immature spindle-shaped 

synapses, smaller postsynaptic densities, reduced AMPA/NMDA ratio, and enhanced long-term 

potentiation (LTP) (Morimura et al., 2017). LRFN2 KO mice showed no gross defects in brain 

anatomy, but the mice did show a marked tendency to social withdrawal and avoidance, compare to 

the wild-type (WT) mice (Morimura et al., 2017).  

 

A study conducted in LRFN3 KO (LRFN3-/- ) mice that lacked LRFN3 exons 2 and 3, which encode 

the full-length SALM4 protein, detected an increase in the number of excitatory and inhibitory 

synapses in the hippocampus based on the electron microscopy and recordings of the frequency of 

miniature excitatory postsynaptic currents (mEPSC) recording (Lie et al., 2016). Further, re-

expression of the LRFN3 gene in LRFN3 KO mice normalized the number of inhibitory and excitatory 
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synapse number. A null mutation of the LRFN4 gene in mice, which encodes the SALM3 protein, 

decreased the number of excitatory synapses (Lie et al., 2016). LRFN4/LRFN3 double-KO mice 

normalized the increased excitatory synapse number detected in LRFN3-/- mice but not the number of 

inhibitory synapses, suggesting SALM4 negatively regulates inhibitory synapses independent of 

SALM3 (Lie et al., 2016). Behaviorally, LRFN3-/- mice showed reduced locomotor activity in both 

novel and familiar environments (Lie et al., 2016; Lie et al., 2018). In another study, virus-mediated 

SALM3 knockdown ameliorated the seizure activity as well as neuronal hyperexcitability, suggesting 

that SALM3 promotes epileptogenesis (Li et al., 2017).  

 

SALMs in neurological disorders 

SALM proteins have been implicated in neuronal and neurodevelopmental disorders, such as learning 

disability and developmental delay (Mikhail et al., 2011) and autism spectrum disorder (ASD)  

(Connolly et al., 2013; de Bruijn et al., 2010; Mikhail et al., 2011; Morimura et al., 2017). LRFN2, 

encoding the SALM1 protein, was associated with learning disability detected with autosomal 

dominant learning disability  (Thevenon et al., 2016). In that study, a unique family diagnosed with 

autosomal dominant learning disability had a 6p21 microdeletion (~870 kb) encompassing the brain 

expressing SALM1, and neurological assessment in these patients identified impaired working 

memory, executive function, and defect in auditory-verbal processes (Thevenon et al., 2016). Further, 

the brain imaging of these patients showed abnormal brain volume and hypometabolism of gray 

matter structures implicated in working memory (Thevenon et al., 2016). Another recent study 

associates SALM1 with autism disorders; and this study was based on the target gene sequencing of 

the individuals with ASD and identified several novels nonsynonymous SNPs that were located either 

in the LRR domain or in the FnIII domain of SALM1 (Morimura et al., 2017).  

 

Several studies link SALM5 to ASD (Connolly et al., 2013; de Bruijn et al., 2010; Farwell et al., 

2018; Lie et al., 2018). A genome-wide-study reported that LRFN5, encoding SALM5, is associated 

with the risk of ASD (Connolly et al., 2013). One case study reported that a 19-year-old girl with 

autism and intellectual disability associated with two de novo changes: 2.6-Mb 2q31.1 deletion and 

balanced t(14;21)(q21.1;p11.2) translocation, showed ~10-fold reduction in the expression of LRFN5 

(de Bruijn et al., 2010). A more recent study using family-based diagnostic exome sequencing (DES) 

detected a point mutation in LRFN5 in an individual with ASD (Farwell et al., 2018; Lie et al., 2018). 

SALM5 is also implicated in neurodevelopmental; a deletion in the LRFN5 exon was identified in a 
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girl with a learning disability and developmental delay (Mikhail et al., 2011), and a recent study also 

has identified SALM5 associated with depression (Nho et al., 2015).  

Structural studies of SALMs 

Several crystal structures of the SALM5 protein have been recently solved, which includes the mouse 

SALM5 LRR-Ig construct at 3.1 Å resolution (Karki et al., 2018; PDB ID: 6f2o) (Fig. 2.4a), and  

 

Figure 2.4 Crystal structures of SALM5, SALM5-PTPδδ complex, and SALM2- PTPδ complex . a) Crystal structure 

of mouse SALM5 LRR-Ig construct (Karki et al., 2018; PDB ID: 6f2o), LRR indicates LRR domain and Ig indicates Ig 

domain of SALM5, b) human SALM5-PTPδ complex crystal structure (PDB ID: 5xwt) (Goto-Ito et al., 2018; Lin et al., 

2018). SALM5 LRR-Ig highlighted with cyan and PTPδ in cyan, c) human SALM2-PTPδ complex crystal structure (PDB 

ID: 5xwu) (Goto-Ito et al., 2018). SALM2 LRR-Ig highlighted with grey.  

 

structures of human SALM5 LRR domain (Goto-Ito et al., 2018; PDB ID:5xws) and (Lin et al., 2018; 

PDB ID: 5xnp). Further, other groups Goto-Ito et al.(2018) and Lin et al. (2018) solved the crystal 

structures of human SALM5-PTPδ complex at 3.7 Å (PDB:5XNP) and 4.2 Å resolution (PDB 

ID:5XWT) (Fig. 2.4b). Both the structures clearly show the formation of 2:2 heterotetrameric 

complexes between SALM5 and PTPδ, and LRRCT and Ig domains of SALM5 involved in the 

interaction with Ig2-Ig3 of PTPδ in the presence of meB (Goto-Ito et al., 2018; Lin et al., 2018). Also, 

the structure of human SALM2-PTPδ (Goto-Ito et al., 2018), solved at 3.1 Å resolution (PBD 

ID:5xwu) (Fig. 2.4c), reveals a similar 2:2 heterotetrameric complex. Similar to SALM5-PTPδ 

crystal structures, SALM2-PTPδ structure shows the interaction of LRRCT and Ig domains of 

SALM2 with the Ig1-Ig3 domains of PTPδ. In this thesis work, the crystal structure of mouse SALM3 

LRR domain at 2.8 Å resolution, and low-resolution solution structure of SALM3-PTPσ that revealed 

2:2 complex formation between SALM3 and PTPσ were solved (Karki et al., 2020), and the results 

confirm the structure of SALM3 is similar to SALM5 and the interaction of SALM3 recognizes PTPσ 

with similar molecular mechanism to that observed from SALM5-PTPδ structures.  
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2.2.2 LRRTM protein family  

LRRTM protein family is a type-1 membrane postsynaptic adhesion protein family and includes four 

members: LRRTM1, LRRTM2, LRRTM3, and LRRTM4 (Lauren et al., 2003; Linhoff et al., 2009). 

LRRTM family proteins were identified in an effort to search genes with similarity to the Slit proteins 

(Lauren et al., 2003). LRRTM proteins contain in their extracellular region an LRR domain with ten 

LRRs flanked by the N-terminal LRRNT and C-terminal LRRCT capping domains, followed by a 

single transmembrane domain, and a cytoplasmic region (Fig. 2.5b, Fig. 2.6a). The C-terminus of 

the cytoplasmic region contains a PDZ binding motif, similar to the SALM proteins (Fig. 2.5b) 

(Lauren et al., 2003) presumably to enable interaction with the PSD-95 type postsynaptic organizer 

proteins (Linhoff et al., 2009). Screening for synaptogenic proteins in co-culture assay using the 

cDNA library identified all four LRRTM family proteins exhibit synaptogenic activity (Linhoff et 

al., 2009).  

 

Expression and localization   

Human LRRTM1 and LRRTM2 are located in chromosome 2 and, LRRTM3 and LRRTM4 are located 

in chromosomes 5 and 10, respectively (Lauren et al., 2003). The expression of LRRTM mRNAs in 

human tissues and mouse brain during development using RT-PCR and in situ hybridization shows 

the LRRTM family mainly expressed in the brain with LRRTM2 expression also detected in small 

intestine, stomach, testis, and uterus (Haines et al., 2007). In the brain, the expression pattern of 

mRNAs of LRRTM1 and LRRTM2 were comparable with prominent expression in the hippocampus 

and moderate expression in the cerebellum. Similarly, LRRTM3 and LRRTM4 mRNAs express 

highly in the neurons of the olfactory bulb, olfactory tubercle, and cerebral cortex (Haines et al., 2007; 

Lauren et al., 2003). During mouse development, LRRTM1 and LRRTM3 express during early 

embryonic development, and LRRTM2 and LRRTM4 during the late stage of embryonic 

development. At the postnatal stage, the expression of all LRRTM mRNAs reaches maximum and 

becomes persistent in adulthood (Lauren et al., 2003).  

 

The localization of LRRTMs initially identified using bead clustering experiments, in which, the 

study identified LRRTMs co-localizes with the excitatory postsynaptic scaffolding proteins of the 

PSD-95 family (Linhoff et al., 2009). Artificial synapse formation assay identified LRRTM2 

selectively induces excitatory synapse formation through interaction with axon of neuron, and 

overexpression of LRRTM2 increases excitatory synapse formation (Ko et al., 2009). Knockdown of 

LRRTM2 in mice using shRNA construct against LRRTM2 resulted in 40% reduction in excitatory 
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synapse density, 31% decrease in the postsynaptic AMPA receptors and reduction in glutamergenic 

synaptic transmission, supporting the earlier study of LRRTM2 localization and contribution in 

excitatory synapse development (de Wit et al., 2009). The overexpression of LRRTM3 in neurons 

increases the excitatory synapse numbers, and LRRTM3 knockdown reduces the excitatory synapse 

number and also highlights that LRRTM3 control AMPA receptor surface expression and interacts 

with presynaptic NRXNs (Um et al., 2016). A study using overexpression and genetic knockout 

approaches shows that LRRTM4 is also involved in excitatory synapse formation, and loss of 

LRRTM4 results in a reduced level of PSD-95 family proteins (Siddiqui et al., 2013). Almost two 

decades of research have identified LRRTM proteins as postsynaptic adhesion proteins involved in 

excitatory synapse formation and cell adhesion through trans-interaction with presynaptic proteins.  

 

Presynaptic ligands of LRRTMs 

The first identified presynaptic ligands for LRRTMs was NRXNs (Ko et al., 2009; Siddiqui et al., 

2010). NRXNα and NRXNβ were identified as ligands for LRRTM2 using affinity purification (de 

Wit et al., 2009; Ko et al., 2009).  

 

NRXNs are major regulator of synapse development and function. Mammalian NRXNs are type-1 

membrane proteins expressed from three genes ( NRXN1, NRXN2 and NRXN3) and transcribed as 

NRXNα (NRXN1α, NRXN2α and NRXN3α) and  NRXNβ (NRXN1β, NRXN2β and NRXN3β) 

(Sterky et al., 2017; Tabuchi et al., 2002; Uchigashima et al., 2019). NRXNαs contain six 

extracellular laminin/neurexin/sex-hormone-binding globulin domains (LNS), with three 

interspersed epidermal growth factor-like (EGF) repeats, a transmembrane region, and a short 

intracellular carboxyl-terminal containing PDZ binding motif, (Fig. 2.5a). The shorter NRXNβs  

transcribed from an internal promoter in all three NRXNαs contain the sixth LNS domain of 

NRXNαs and the intracellular domain of NRXNαs, (Fig. 2.5a) (Reissner et al., 2013). NRXNαs 

have five canonical splice sites (ss1-ss5), (Fig. 2.5a), of which ss4-ss5 are present in  NRXNβs 

(Reissner et al., 2013; Tabuchi et al., 2002).  Besides LRRTMs, NRXNs interact with several 

postsynaptic adhesion molecules, which include neuroligins (Arac et al., 2007), dystroglycan, 

neurexophilins, (Reissner et al., 2014), cerebellin (Sudhof, 2018), and calsyntenins (Pettem et al., 

2013) (Table 2.2). The identified ligand binding sites of NRXNs in the extracellular region are the 

LNS2 domain that is specific for neurexophilins and the LNS6 domain, which interacts with several 
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ligands such as LRRTMs, neuroligins, cerebillins, calsyntenins, and GABA-A-receptors (Südhof, 

2017).  

 
Figure 2.5 Schematic image showing the domain organization of NRXNs and LRRTM proteins. a) Domain 

organization of NRXNα and NRXNβ. Domains indicated as  L, LNS domain; E, EGF repeats; Tm, a transmembrane 

domain; PDZ, PDZ binding motifs. Position of the ss1-ss5 indicated with an arrow, b) Domain organization of LRRTM 

proteins. Domains indicated as LRR, LRR domain; N, LRRNT; C, LRRCT; Tm, a transmembrane domain; PDZ, PDZ 

binding motifs. 

 

Table 2.2 Ligands and binding sites of NRXN 

Ligands of NRXNs NRXNs binding sites Splice site (+/-) References 

LRRTM αLNS6, βLNS -ss4  (Ko et al., 2009; Siddiqui et al., 2010)  

Neuroligins αLNS6 (-/+)ss4 (Arac et al., 2007)  

Dystroglycan αLNS6, βLNS, αLNS2 -ss4, -ss2 (Reissner et al., 2014)  

 Neurexophilins αLNS2 -  

Cerebellin αLNS6, βLNS +ss4 (Sudhof, 2018)  

Calsyntenin αLNS6, βLNS - (Pettem et al., 2013)  

 

 Interactions of NRXNs with postsynaptic partners depend on alternating splicing (Table 2.2) 

(Reissner et al., 2013; Südhof, 2017). In the case of LRRTMs, LRRTM1 and LRRTM2 interact with 

NRXNs in the absence of ss4, and this interaction is Ca2+ dependent (Ko et al., 2009). Ligand binding 

analysis by surface plasmon resonance (SPR) shows the interaction of LRRTM2 and NRXNβs with 

a micromolar affinity (Yamagata et al., 2018). In addition to neurexin, LRRTM2, LRRTM3 and 

LRRTM (de Wit et al., 2013; Roppongi et al., 2017; Karki and Kajander, unpublished) interact with 

heparin sulfate proteoglycan (HSPG) to induce synaptogenesis. HSPGs are cell surface adhesion or 

secreted proteins that consist of the domain to which heparan sulfate (HS) glycosaminoglycan chains 

are covalently attached (Zhang et al., 2018). NRXNs were recently discovered to be decorated with 

HS (Zhang et al., 2018), and the interaction of LRRTM3 and LRRTM4 with the HS chains of NRXN 

is sufficient to induce synaptogenesis (Roppongi et al., 2017).   
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LRRTMs in neuronal developmental disorders 

Studies using genome sequencing analysis identified LRRTM1 association with handedness and 

schizophrenia (Francks et al., 2007; Ludwig et al., 2009). Another study also associated LRRTM1 

with schizophrenia and showed impaired cognitive function and altered synapse morphology in mice 

lacking the LRRTM1 gene (Takashima et al., 2011). Mice with deletion of LRRTM1 and LRRTM2 

show impaired synaptic transmission and disrupted synaptic plasticity critical for learning and 

memory behavior (Bhouri et al., 2018). Also, deletion and CNV mutations of NRXNs genes have 

been shown to be associated with neuronal diseases and disorders, such as schizophrenia,  Tourette 

syndrome, intellectual disability, epilepsy and ASDs (Huang et al., 2017; Marshall et al., 2017; Moller 

et al., 2013; Yangngam et al., 2014). 

 

Structural studies of LRRTMs 

The first known structure of LRRTM proteins were the crystal structure of the extracellular region of 

engineered LRRTM2 solved with the resolution of 2.1 Å (PDB ID: 5a5c), and later the crystal 

structure of human LRRTM2 solved at 3.15 Å resolution (PDB ID: 5z8x). The structures show the 

curved LRR domain with ten LRR repeats and includes LRRCT and LRRNT regions (Fig. 2.6a) 

(Paatero et al., 2016; Yamagata et al., 2018). Recently, the crystal structure of the human 

LRRTM2H355A-NRXN1β complex structure was solved at 3.4 Å resolution (PDB: 5z8y) (Fig. 2.6b)  

(Yamagata et al., 2018). LRRTM2H355A and NRXNβ1 form a 1:1 stoichiometric complex, and the 

crystal structure shows the interaction between the LNS domain of NRXN1β with the LRRCT of 

LRRTM2, Fig. 2.6b  (Yamagata et al., 2018). A calcium ion is present at the binding interface of 

LRRTM2H355A and NRXNβ1, and the interaction is co-ordinated by NRXN1β Asp141, Asn212, 

Val158, and Ile210 and through water mediated contact by LRRTM2 Glu348 (Fig. 2.6d) (Yamagata 

et al., 2018). The binding interface of the LRRTM2 -NRXN1β interaction is quite similar to that of 

NRXN1β-neuroligin (NL) (Fig. 2.6b-e), suggesting that the  NRXN1β–LRRTM2 and NRXN1β–NL 

interactions are mutually exclusive  (Yamagata et al., 2018). Pull-down experiments and cell-surface 

binding assays have demonstrated that NL1 and LRRTM2 compete with each other for binding to 

NRXNs  (Ko et al., 2009; Siddiqui et al., 2010), this was also supported by SPR analysis that showed 

co-injection of NL1 with NRXN1β reduced the binding of NRXN1β to the immobilized LRRTM2 

in a dose-dependent manner  (Yamagata et al., 2018). 
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Figure 2.6 Crystal structure of human LRRTM2 (PDB ID: 5z8x), and the structural comparison of NRXN1ββ-

LRRTM2 (PDB ID: 5z8y) and NRXN1β-NL1 complexes (PDB ID: 3b3q). a) Structure of human LRRTM2 LRR 

domain, LRRNT highlighted in cyan, LRR repeats (LRR) in grey and LRRCT in red, b) structure of human Nrxn1β 

(hNrxn1β)-human LRRTM2H355A (hLRRTM2H355A) complex. Nrxn1β and LRRTM2 colored in cyan and grey, 

respectively, c) Structure of mouse Nrxn1β (mNrxn1β)–mouse  NL1 (hNL1) complex, Nrxn1β, and LRRTM2 colored 

in cyan and orange, respectively, d) Close-up view of the hNrxn1β– hLRRTM2H355A interface, residues are colored by the 

element, in hLRRTM2H355A; carbon: grey, nitrogen: blue and oxygen red, and in case of hNrxn1β; carbon: cyan, nitrogen: 

blue and oxygen red, e) Close-up view of the mNrxn1β–mNL1 interface, residues are colored by the element, in mNL1; 

Carbon: orange, Nitrogen: blue and oxygen red. Calcium ion indicated with red sphere and water with grey sphere. 

Modified figures (Yamagata et al., 2018), 

 

2.3 Screening of small molecules  

Small molecules are here defined as low molecular weight molecules used in drug screening (<900 

daltons) that include lipids, monosaccharides, second messengers, natural products and metabolites, 

as well as known drug molecules and other xenobiotics (Macielag, 2012; Stockwell, 2000). The 

development of drug from small molecules has played a critical role in the treatment and prevention 

of diseases. The history of screening small molecule compounds in the pharmaceutical industry and 

academic research shows a progression of discovery paradigms that began after the discovery of 

penicillin. Small molecules provide not only information on potential drug leads, but also a means to 
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better understand the biological functions through gain-of-function or loss-of-function study 

(Schreiber, 2018; Stockwell, 2000).  

 

Genetic studies with model organisms such as yeast (Saccharomyces cerevisiae), nematode  

(Caenorhabditis elegans), and fly (Drosophila melanogaster) have been a powerful method for 

understanding the biological processes in lower organisms (Fay, 2013; Stockwell, 2000). However, 

genetic approaches have limited use in higher eukaryotes or mammalian model organisms, such as 

mice,  because of the slow reproduction rate and large physical size. Also, another major drawback 

of genetic approaches is that most of them are not conditional, so they cannot be switched on or off 

(Stockwell, 2000).  The advantage of using a small molecule to study the biological function is that 

these small molecules enable kinetic analysis of the in vivo changes in organisms, and modulate the 

cellular functions that could be adapted for successful drug development (Stockwell, 2000). 

2.3.1 Small molecules targeting protein-protein interactions 

Small molecule compounds can bind to proteins and affect protein function or alter protein-protein 

interactions (PPIs) that will affect their biological function in cells or organisms (Arkin et al., 2004; 

Stockwell, 2000). PPIs are central to biological processes and often dysregulated in disease, and 

binding of a small molecule to proteins can either inhibit or activate the protein function altering the 

natural processes (Allen et al., 2009; Scott et al., 2016).  Despite this, small molecules that act directly 

by disrupting PPIs are relatively rare in comparison to the small molecules that target the catalytic 

function of protein, such as, small molecule (Suramin) that targets G protein alpha subunit and 

inhibits the production of cyclic AMP (Ayoub, 2018; Scott et al., 2016). Although the identification 

of inhibitors of PPIs is very challenging, there are small molecule PPI inhibitors that have been 

identified and reached clinical studies targeting the treatment of cancers and cardiovascular diseases, 

such as Idasanutlin for cancer treatment that inhibits the MDM2-p53 interaction (Skalniak et al., 

2018; Scott et al., 2016). 

 

In PPIs, the interactions driving the affinity of proteins are not distributed evenly across their surfaces, 

but rather specific residues or regions are responsible for the interaction, and the residues or regions 

termed “hot spots”, can be explored experimentally by alanine scanning  (Bogan et al., 1998; 

Clackson et al., 1995; Scott et al., 2016). The analysis of the alanine scanning data suggests the 

preference of Trp, Tyr, and Arg in the hot spot region, and to a lesser extent, polar residues Asp and 

His are also enriched  (Bogan et al., 1998). Protein can form homomeric or heteromeric interactions 

with affinities ranging from picomolar to high micromolar  (Smith et al., 2012). It has been shown 



Literature Review 

 

that the PPI interfaces contain a mixture of hydrophobic patches interspersed with polar interactions 

and water molecules scattered across the interface (Chothia & Janin, 1975; Larsen et al., 1998). 

Targeting PPIs with small molecules is challenging owing to the large surface area involved in PPI 

and the lack of obvious small molecule binding pockets PPI interfaces. Despite these challenges, 

interest in identifying small-molecule inhibitors against PPIs is growing (Bojadzic & Buchwald, 

2019). Based on the review study by Scott et al (2016), a wide variety of strategies have been used to 

identify inhibitors of PPIs, which includes, high-throughput screening (Allen et al., 2009; Blackburn 

et al., 2013; Kenny et al., 2003; White et al., 2003), fragment based drug screening (Hajduk et al., 

2007; Price et al., 2017), rational design and screening of peptides and peptidomimetics (de Vega et 

al., 2007; Henchey et al., 2008; Walensky et al., 2014), and computational approaches  (Bienstock, 

2012; Falchi et al., 2014).  

 

High-throughput screening is often applied to find inhibitors of PPIs. However, high throughput 

screening presents several challenges that include low hit rates, weakly potent hits, and difficulties in 

removing false positives  (Skwarczynska et al., 2015). Some of the successful examples using high-

throughput screening for screening inhibitors of PPIs include; activation of the p53 suppressor by a 

small molecule that inhibits the interaction of tumor protein p53 binding with both murine double 

minute 2 (MDM2) and murine double minute X (MDMX)  (Graves et al., 2012). Another example 

includes inhibition of human papillomavirus DNA replication by a small molecule that inhibits the 

interaction of  E1 helicase with the E2 protein  (White et al., 2003). The development of cost-effective 

and robust high-throughput screening of small molecules is in demand. The successful high-

throughput screening methods that are currently in use are based on enzyme-linked immunosorbent 

assay (ELISA), bead-based assays such as AlphaScreen (Amplified Luminescent Proximity 

Homogeneous Assay Screen) technology (Prokoph et al., 2016;  Beaudet et al. , 2001),  fluorescent 

based PPIs assay (FluorIA)  (Al-Mugotir et al., 2019), cell-based high-throughput drug screening 

techniques  (Fox et al., 2012; Zhang et al., 2012), and structure-based virtual screening (SVBS) and 

ligand-based virtual screening (LBVS) (Lionta et al., 2014; Berenger et al., 2017). SVBS and LBVS 

utilizes the three-dimensional structure of the biological target, obtained from X-ray, NMR, or 

computational modeling. In SBVS, chemical compounds are screened targeting the binding site, and 

a subset of these compounds are selected based on the predicted binding scores for further biological 

evaluation (Lionta et al., 2014), and in LVBS experiments, a known active ligand is used in similarity 

searches to find putative active compounds for the same biological target (Berenger et al., 2017). 
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Fragment-based drug design (FBDD) is based on screening smaller numbers of low molecular weight 

compounds or fragments (MW < 250 Da) and in finding low-affinity fragments (Kd values in the high 

micromolar to the millimolar range(Hajduk et al., 2007).  FBDD uses the advantages of biophysical 

methods for the detection of fragments binding to the specific site on the protein (Price et al., 2017). 

The basic premise of using FBDD is that instead of screening huge collections of drug-sized 

molecules as in high-throughput screening, one could screen smaller collections of fragments, and 

further grow the fragment or combine fragments to achieve the potency one expects from drug-like 

molecules (Hajduk et al., 2007). The biophysical methods used in FBDD include thermal shift assays 

(Lo et al., 2004), surface plasmon resonance  (Navratilova et al., 2011), NMR (Kim et al., 2015), and 

X-ray crystallography  (Davies et al., 2012). There are however relatively very few reports of potent 

fragments targeting PPIs; one example is the identification of small molecule inhibitors of the lens 

epithelium derived growth factor (LEDGF) binding site to the integrase catalytic core domain of HIV 

integrase  (Peat et al., 2012).  

 

The rational design of PPI inhibitors is focused on the effort to mimic peptides using a range of 

strategies targeting three recognition motifs found in to modulate PPIs: α-helices, β-strands and 

reverse-turns  (Henchey et al., 2008; Scott et al., 2016). Peptides can be rationally designed based on 

the natural sequences that mediates PPI in the proteins, and therefore can mask a critical part of the 

binding surface (Henchey et al., 2008). Peptidomimetics are small protein-like fragments designed to 

mimic peptides. Peptidomimetics are designed to circumvent some of the problems associated with 

a natural peptide: e.g. stability against proteolysis (duration of activity) and poor bioavailability (de 

Vega et al., 2007; Cunningham et al., 2017). Computational approaches are used to identify 

compounds based on the structure of the PPI site, and if the structure is available it is possible to 

predict small-molecule binding pockets  (Bienstock, 2012; Meireles et al., 2010).  

2.3.2 Targeting protein-protein interactions in the brain 

In the brain, PPIs are required for several cellular processes, many specific for neurons, including 

neurite outgrowth  (Xu et al., 2010), synapse formation and modulation (Sudhof, 2018), signal 

transduction and neurotransmission  (Westermarck et al., 2013), and induction of apoptosis (Bredesen 

et al., 2006). Screening small molecules targeting specific PPIs in the brain may provide novel 

mechanisms to modulate neural function leading to receptor activation or to disrupt cell signals. 

Furthermore, it may be possible to more subtly and specifically tune neural functioning  (Blazer et 

al., 2009). There are limited reports of the identification of inhibitors of PPI in the brain; one of the 
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examples includes the identification of a small molecule (Semagacestat) that inhibits the interaction 

between γ-secretase and the APPs associated with the progression of Alzheimer's disease  (Imbimbo 

et al., 2009). Another example includes inhibitors of the aggregation of α-synuclein related to 

Parkinson's disease  (Conway et al., 2001; Norris et al., 2005; Skovronsky et al., 2006). Although a 

lot of small molecules already have been approved for the treatment of psychiatric or neurological 

disorders such as methylphenidate and amphetamine for ADHD (Castells et al., 2018; Storebø et al., 

2018), Tetrabenazine for Huntington´s disease (Paleacu, 2007), Ropinirole for Parkinson's disease 

(PD)  (Shill et al., 2009) benzodiazepines for anxiety disorders (Starcevic, 2012), and lamotrigine on 

epilepsy treatment (Werz, 2008). There are limited studies conducted to target PPIs in the brain. 

Substantial challenges lie in screening the potent inhibitors targeting PPIs in the CNS. There are a 

large number of potential PPI targets in the brain that could be useful in understanding in more detail 

the cellular processes and also the modulation of neuronal function (Blazer et al., 2009). In the case 

of synaptic adhesion molecules, there are no reported PPI inhibitors or screening methods. In this 

thesis work, I have developed a high-throughput screening method to screen inhibitors targeting the 

LRRTM2-NRXN interaction (Karki et al., 2019). This method is based on the AlphaScreen 

technology described below (Beaudet et al., 2001).  

2.3.3 AlphaScreen technology  

AlphaScreen technology is a high-throughput bead-based screening method developed to identify 

small molecules targeting protein function or altering PPIs (Yasgar et al., 2016). In the AlphaScreen 

technology, singlet oxygen molecules are generated by a photosensitizer in the donor beads upon 

illumination at 680 nm wavelength. Acceptor beads contain a thioxene derivative and fluorophores. 

When the donor bead is in proximity with acceptor beads, the thioxene derivative reacts with the 

singlet oxygen to generate chemiluminescence, which in turn activates fluorophores to emit light at 

615 nm (Beaudet et al. , 2001; Yasgar et al., 2016) (Fig. 2.7). AlphaScreen technology has been 

successfully developed and adapted in many assay formats with broad applications, which includes, 

G-protein coupled receptor (GPCR) functional assay for the detection of inositol-triphosphate (IP3) 

and cAMP levels following GPCR stimulation  (Zhang et al., 2012), receptor ligand binding assay 

for the detection of nuclear receptor modulators  (Rouleau et al., 2003), and also for protein-protein 

interactions, including an AlphaScreen-based high-throughput screen to identify inhibitors of heat 

shock protein-90 (Hsp90) and co-chaperone interaction  (Yi et al., 2009). The AlphaScreen 

technology is automatable and is readily adaptable to 96-, 384- and 1536-well formats. Therefore, it 

is very suitable for high-throughput screening and is highly versatile, enabling enzymes, receptor-

ligand interactions, low affinity interactions, second messenger levels, DNA, RNA, proteins, 
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peptides, carbohydrates and small molecules to be easily assayed (Yasgar et al., 2016). The high 

signal-to-background, dynamic range, and sensitivity, and the reagent stability make the AlphaScreen 

technology particularly well suited for high throughput screening applications  (Yasgar et al., 2016).  

 

 
Figure 2.7 Principle of AlphaScreen technology a) The interaction of two biological molecules (A and B) bring the 

acceptor and donor beads closer. The excitation of the donor beads at 680 nm converts the ambient oxygen to an excited 

singlet state (1O2. If an acceptor bead is within the proximity, energy is transferred from the singlet oxygen to the acceptor 

bead, subsequently generating chemiluminescence at 615 nm (AlphaScreen signal), b) Similarly, if there is no interaction 

between the biological molecules, then there is no chemiluminescence generated (AlphaScreen signal). Figure modified 

from Bosse et al (2001). 

 

 

 

 

 

 

 



 

 

3. AIMS OF THE STUDY 

 
The main aims of the study were the structural, functional, and biophysical characterizations of 

synaptic adhesion molecules of the SALM and LRRTM protein families. The following goals set in 

this study are: 

 

• Production of the recombinant proteins of the SALM family, and further biophysical and 

structural characterization to study the oligomeric state and investigate the three-dimensional 

structure of these proteins.  

 

• Study of the synaptic interaction of SALM3 with PTPσ using biophysical methods and 

mutational analysis with the cell-based binding assay. 

 

• Develop a method to screen and identify potential small molecules that inhibit the interaction 

of LRRTM2 and NRXNs using AlphaScreen technology and an orthogonal cell-based assay.  

 



 

4. MATERIALS AND METHODS 
 

A description of the experimental methods used in this Ph.D. study is available in the original 

publications included in this Ph.D. thesis. Table 4.1 lists the experimental methods used in the 

original publications, and an unpublished study described in Sections 4.1 and 4.2. 

 

Table 4.1 Methods used in this study 

Method  Study  

Cloning and mutagenesis   

Cloning using restriction enzymes  I, II, III 

Quick change® Site-Directed Mutagenesis III 

Protein expression  

Protein expression in S2 Drosophila cells  I, II, II 

Protein expression in HEK293T cells  II, III 

Protein expression in E. coli cells  II 

Protein purification   

Purification using Protein A resin  I, II, III 

Purification using Ni-NTA resin  II 

Size-exclusion chromatography  I, II, III 

Western blot  I, III 

In-cell western blot for cell-based binding study II, III 

Immunofluorescence  III 

Surface plasmon resonance  I, II, III 

Multi-angle laser spectroscopy (MALLS) I, III 

AlphaScreen technology III 

X-ray crystallography  I, III 

Small-angle x-ray scattering I, III 
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4.1 Thermofluor assay  

The protein stability of the purified SALM1 LRR-Ig, SALM3 LRR-Ig, and SALM5 LRR-Ig was 

estimated with the thermofluor method using SYPRO-Orange dye, in a temperature range from 25°C 

to 95 °C and a gradient of 1 min per degree. Purified protein at 1.5 mg/ml was mixed 1:1 with the 

fluorescent dye diluted 1:100 in water. The buffer used for the assay contained 30 mM Tris pH 7.5 

with 150 mM NaCl.  

  

4.2 Sequence analysis 

The amino acid sequences for the SALM genes of rat  (Rattus norvegicus), western clawed frog 

(Xenopus tropicalis), coelacanth (Latimeria chalumnae), wild turkey (Meleagris gallopavo),  

zebrafish (Danio rerio), chinese softshell turtle (Pelodiscus sinensis ) and sea lamprey (Petromyzon 

marinus) were obtained from Uniprot (http://www.uniprot.org/) or Ensembl genome database 

(https://www.ensembl.org/index.html)  with a BLAST search using human SALM amino acid 

sequences.  In addition, we searched the tunicates (Ciona intestinalis and Ciona savignyi), amphioxus 

(Branchiostoma floridae, genome.jgi-psf.org/Brafl1), and the elephant shark (Callorhinchus milii, 

esharkgenome.imcb.a-star.edu.sg) genomes. Sequences were aligned with MAFFT v7 

(https://mafft.cbrc.jp/) with default parameters. A phylogenetic tree was generated with the nearest 

neighbor joining method with confidence estimates derived from 100 bootstrap replicate.



 

 

5. RESULTS AND DISCUSSION 
 

5. 1. Structural and functional characterization of SALM proteins and their interaction 
with the LAR-RPTP protein family 

5.1.1 Biophysical characterization of SALMs  

Soluble ectodomains of SALM1, SALM3, and SALM5 were produced from stable Drosophila S2 

cell lines (Study I and III). The ectodomain of SALMs contains an LRR domain, an Ig domain 

followed by an unstructured region with ca. 40-50 amino acid residues and a FnIII domain. Our initial 

goal was the purification of stable proteins for structure-based functional characterization of the 

protein complexes. As the studies of SALM3 and SALM5 had identified the LRR and Ig domains 

necessary and sufficient for LAR-RPTP ligand interaction (Choi et al., 2016; Lie et al., 2016), we 

focused on SALM3 LRR-Ig and SALM5 LRR-Ig constructs towards understanding their structure 

and interactions with the ligands PTPσ at the molecular level.  

 

 
Figure 5.1 Biophysical characterization of purified SALM proteins. Characterization of SALM proteins 

oligomerization by analytical size-exclusion chromatography and static light scattering; a) SALM1ecto construct, b) 

SALM3ecto construct, c) SALM3 LRR-Ig construct, d) SALM5 LRR-Ig construct, e) SALM3 LRR construct, and f) 

molecular weights of SALM constructs based on amino acid sequence and SEC-MALS. Figures a-e were reproduced 

from study II and III (Karki et al., 2018; Karki et al., 2020). 

 

The SEC-MALS analysis of the purified SALM3 LRR-Ig and SALM5 LRR-Ig revealed the dimeric 

nature of SALM3 and SALM5 (Fig. 5.1c, d, and f). The full ectodomain constructs of SALM1 

(SALM1ecto) and SALM3 (SALM3ecto) also revealed the conserved dimeric nature of SALM 

proteins (Fig. 5.1a, b, and f). Moreover, the SEC-MALS analysis of the SALM3 LRR domain 
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construct (Fig. 5.1e and f) indicated a clear dimeric species, which suggests that the dimerization in 

the SALM protein family occurs through the LRR domain. 

 

 

Fig 5.2 Thermofluor analysis on the of SALM1 

LRR-Ig, SALM3 LRR-Ig, and SALM5 LRR-Ig 

constructs. Melting curves represent triplicates of 

each measurement with error bars given for 

SALM1 LRR-Ig (solid line), SALM3 LRR-Ig 

(dotted line), and SALM5 LRR-Ig constructs 

(dash-dotted line).  The numbers given in the plots 

indicate the Tm values of the respective 

constructs. 

 

The thermofluor assay was conducted to estimate the thermostability of the SALM1 LRR-Ig, SALM3 

LRR-Ig, and SALM5 LRR-Ig constructs. The result shows similar thermostability in all three 

constructs; SALM3 LRR-Ig (Tm = 54°C), SALM3 LRR-Ig (Tm= 56°C) and SALM5 LRR-Ig (Tm= 

52°C (Fig. 5.2). 

5.1.2 Crystal structures of SALM3 and SALM5  

The structures of mouse SALM5 LRR-Ig, PDB ID :6f2o (Fig. 5.3) and mouse SALM3 LRR, PDB 

ID: 6tl8 (Study III, Fig. 1) were solved by X-ray crystallography (Study I and III). Also, two crystal 

structures of human SALM5 were solved while this study was ongoing (Goto-Ito et al., 2018; PDB 

ID:5xws) (Lin et al., 2018; PDB ID: 5xnp). 

 

The mouse SALM5 crystal structure, includes LRR and Ig domains, while the human SALM5 

structures reveal only the LRR domain (Lin et al., 2018) (Fig.  5.3a). The extracellular regions of 

human and mouse SALM5 are highly conserved with a 99% sequence identity. The structural 

comparison also reveals a highly similar structure with r.m.s.d. values of 0.50 and 0.54 Å of all atoms 

for the LRR domain of mouse SALM5 with the two human SALM5 LRR domain structures (Lin et 

al., 2018; Goto-Ito et al., 2018)  (Fig. 5.3c). In SALM5, the N-terminal capping region (residues 17- 

52) in the LRR domain consists of the typical eukaryotic LRRNT motif with two disulfide bonds 

(Fig. 5.3b) and contains two β-strands. The LRR region contains seven LRR repeats with a parallel 

β-strand in the concave surface (Fig. 5.3b). Each SALM5 LRR repeat includes 21 amino acid residues 
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with a consensus motif of L1xxL4xL6xxN/9xL11xxL14, with residue Leu and Asn occupying the 

positions 4 and 9 respectively, Leu is highly conserved in positions 1, 6 and 11 with some replacement 

by other hydrophobic residues (Table 5.1). Overall, the LRR region is stabilized by hydrophobic 

interactions between the repeats of conserved residues, resulting in the repeats stacking against each 

other and the conserved Asn11 on each repeat forming a hydrogen bond to the previous LRR repeat. 

The C-terminal LRRCT capping region of the SALM5 LRR domain contains two disulfide bonds 

with the last Cys263 as the last residue of the LRR domain (Fig. 5.3a). Between the 7th LRR and 

LRRCT, there is an unusual large insertion (residues 216-233) with unknown function, which is 

disordered in the crystal structure. 

 

The SALM5 crystal structure shows dimerization through the LRR domain, and the dimer interface 

with a surface area of 1046 Å2. The dimer interface is partly formed by hydrophobic interactions at 

the LRRCT and LRRNT regions involving residues Phe62 and Leu43 on one monomer and Leu260, 

Ala264 and Thr262 on the other monomer (Fig. 5.4a). In the middle of the dimer interface, hydrogen-

bonding interactions are formed through side chains of Arg110 and Asn158 and the backbone 

carbonyl of Asn157 from opposing monomers (Fig. 5.4a).  

 

 

Figure 5.3 SALM5 crystal structure and the dimer assembly through the LRR domain. a) mouse SALM5 showing 

the LRR domain highlighted with LRRCT in grey, LRR repeats (labeled 1-7) in blue and LRRCT in red. The Ig domain 

highlighted with cyan and the disulfide bonds shown in yellow, and b) shows the dimer assembly through the LRR 

domain, and one of the subunits of the dimer assembly highlighted with a transparent surface, c) superimposition of the 

structures of LRR domain of SALM5 (PDB ID: 5xnq) in green, SALM5 (PDB ID:5xws) in red, and SALM5 (PDB ID: 

6f2o) in blue. 

 

Similarly, the structure of mouse SALM3 includes an extracellular LRR domain solved at the 

resolution of 2.8 Å. We tried crystallization of the SALM3 LRR-Ig construct was unsuccessful. The 

mouse SALM3 LRR crystal structure clearly shows the LRR domain involved in dimerization similar 

to SALM5 structures (Study III, Fig. 1). The LRR domain contains N-terminal (LRRNT), followed 
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by seven LRR and the C-terminal end (LRRCT). The LRRNT subdomain (residues 17-48) is 

stabilized by disulfide bridge present between Cys17-Cys2 and contains two β-sheets with the first 

β-sheet anti-parallel to the rest of the β-sheets of LRR (Study III, Fig. 1b). LRRNT includes N-

glycosylation sites but is disordered in the crystal structure, and in the case of mouse SALM5, there 

is one N-glycosylation site predicted in the 1st LRR motif, but it is disordered in the crystal structure 

(Study III, Fig.1b). Similar to SALM5 structures, the SALM3 structure contains seven LRRs with a 

consensus motif with aliphatic Leu or Ile residues forming the hydrophobic core of each repeat and 

the conserved Asn in position 9 (Table 5.1). Similarly, an α-helical C-terminal LRRCT (residues 

228-278) subdomain is stabilized by two disulfide bridges between Cys238-Cys257 and Cys240-

Cys278. Between the 7th LRR and LRRCT, there is a flexible loop (residues 216-227), which is 

disordered in the crystal structure, similar to SALM5 (Study III, Fig.1b). 

 

The SALM3 structure, similar to SALM5, dimerizes through the LRR domain with the dimer 

interface area of 1001 Å2. In SALM3, the dimer interface is partly formed by a hydrogen-bonding 

interaction present between Gln131 and Arg107 of one monomer with Asn156 of the other monomer 

and vice versa (Fig. 5.4b). The hydrophobic interactions in the dimer interfaces are similar to that of 

SALM5 and are present in the LRRNT and LRRCT regions (Fig. 5.4a and b). The multiple sequence 

alignment of human SALM family proteins shows that the dimer interface residues involved in 

hydrogen-bonding and hydrophobic interactions in SALM3 and SALM5 are highly conserved in all 

SALM family proteins, except SALM3 Thr256 is replaced by Ala271 in SALM4 (Study III). 

Overall, the sequence conservation together with experimental data strongly suggests that 

dimerization is conserved in all SALM family proteins, and dimerization occurs through the LRR 

domain. 
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Table 5.1 Amino acid sequence and the consensus sequence present in the LRR motifs of 

SALM3 and SALM5 LRR domains. The conserved residues present in the each LRR repeats, 

residues 1, 4, 6, 9, 11 and 14, are highlighted in red color. 

 

 

 

 

Figure 5.4 SALMs dimer interface formed by the LRR domain. a) SALM5 dimer interface showing the dimer 

interface residues contributing to the hydrogen bonding between the two monomers, b) SALM3 dimer interface and the 

interface residues contributing to the hydrogen bonding, figures reproduced from study II and III  (Karki et al., 2018; 

Karki et al., 2020). 

5.1.3 Solution structures of SALM3 and SALM5  

SAXS experiments were further performed in SALM3 LRR-Ig, SALM5 LRR-Ig, and SALM3ecto 

constructs to confirm the oligomeric state (Study I). The scattering profiles show few features for 

SALM3 LRR-Ig and SALM5 LRR-Ig constructs, and an almost featureless curve in the case of the 

whole SALM3ecto construct. Rigid body modeling further supported the dimeric nature of SALMs, 

similar to the crystal structures, which fit quite well in the scattering profiles (Study I, Fig. 5a). A 

dimensionless Kratky (dKratky) plot reveals two peaks for SALM3 LRR-Ig and SALM5 LRR-Ig, 

 SALM5 (LRR 1-LRR7) SALM3 (LRR 1-LRR7) 

LRR1  TVELRLADNFVTNIKRKDFAN TVELRLADNFIQALGPPDFRN 

LRR2  LVDLTLSRNTISFITPHAFAD LVDLTLSRNAITRIGARSFGD 

LRR3  LRALHLNSNRLTKITNDMFSG LRSLHLDGNRLVELGSSSLRG 

LRR4  LHHLILNNNQLTLISSTAFDD LQHLILSGNQLGRIAPGAFDD 

LRR5  LEELDLSYNNLETIPWDAVEK LEDLDVSYNNLRQVPWAGIGS 

LRR6  LHTLSLDHNMIDNIPKGTFSH LHTLNLDHNLIDALPPGVFAQ 

LRR7 MTRLDVTSNKLQKLPPDPLFQ LSRLDLTSNRLATLAPDPLFS 

Consensus sequence  L1XXL4XL6XXN9XL11 XXL14    L1XXL4XL6XXN9XL11 XXL14   
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which are almost absent for the SALM3ecto construct, indicating that the ectodomain construct is the 

most flexible (Study I, Fig. 5b).  

 

Further, the SAXS scattering profiles were described using an ensemble approach (Study I, Fig. 5d), 

in which, the Rg distribution of the selected ensembles of the SALM3 LRR-Ig construct shifted to the 

left that suggesting a compact structure of the construct. In SALM5 LRR -Ig construct, the additional 

small peak was observed that indicates the presence of extended confirmations (Study I, Fig. 5d). 

The SALM3ecto construct shows a rather broad Rg distribution of the selected ensemble that indicates 

higher flexibility as compared to SALM3 LRR-Ig and SALM5 LRR -Ig constructs (Study I, Fig. 5d).  

5.1.4 Binding studies SALM3 and SALM5 with PTPσσ 

We measured the binding affinity of the recombinant SALM3 and SALM5 to the Ig1-Ig3 construct 

of PTPσ using surface plasmon resonance (SPR) method. The soluble protein of PTPσ Ig1-Ig3 

constructs with and without meB splice insert were produced from stable Drosophila S2 cell lines. 

The SPR analysis detected a slightly higher binding affinity of SALM3 (2.2 μM) than SALM5 (5.4 

μM) with PTPσ Ig1-Ig3 in the presence of meB. SALM3 clearly showed that meB enhances the 

interaction of SALM3 with PTPσ by ten-fold, the binding affinity of SALM3 with PTPσ was 23.3 

μM (Study I, Fig. 4). In addition to the SPR, we have tested the interaction of SALM3 with PTPσ in 

the presence of meB using the in-cell western blot method (Study III). SALM3 was expressed in 

mammalian cells (HEK293T), and the cell surface binding of SALM3 was measured with the purified 

surface coupled PTPσ-Fc fusion protein. The apparent binding affinity of soluble dimeric PTPσ-Fc 

for dimeric SALM3 on cell surface binding experiments was 22.32 ±5 nM (Study III, Fig. 4d). In 

the cell surface binding study, the detected affinity values are overestimated due to the avidity effects 

arising from the use of a dimeric Fc-fusion construct.  

5.1.5 Structural studies SALM3 in complex with PTPσ 

We aimed to understand the molecular details behind the interaction of SALMs with LAR-RPTPs, 

and further understand its role in the synapse formation. Since the binding affinity of SALM3 with 

PTPσ is higher, we crystallized SALM3 in complex with PTPσ using a 1:1.2 molar ratio of SALM3 

to PTPσ. Initially, within one day of crystallization setup, thin needle-shaped SALM3-PTPσ crystals 

were obtained in condition containing 0.1 M sodium acetate pH 4.5, 0.1 M magnesium acetate, and 

8 % polyethylene glycol (PEG) 8000 (Fig. 5.5a) at 22°C. These crystals diffracted with a resolution 

of around 20-25 Å. We tried crystal optimization considering different pH, salt concentration, buffer 
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concentration, and PEG concentration and different PEGs, but no improvement was detected 

regarding the quality of the protein crystal. Further, we screened for effects of additives using the 

initial crystallization condition of the thin needle-shaped SALM3-PTPσ complex protein crystal, and 

we were able to obtain bigger rectangular-shaped protein crystals (Fig. 5.5b) by adding 30 % 

methanol or 40 % 2,5-hexanediol. However, the crystals still looked two dimensional, and no 

improvement was detected with the resolution after diffraction. 

 

Further, we tested for the crystal optimization at 4°C in 24 well plates. The nucleation was slower 

compared to the room temperature crystals and took three days for the crystals to appear. The crystals 

looked better and were three dimensional but diffracted at the best resolution of 10-15 Å. In order to 

improve the crystals, we further tested crystallization with the deglycosylated protein complex, 

crystal seeding, and crystallization with selected complex peak fractions after gel-filtration. Yet, these 

optimization methods did not help to obtain higher resolution diffracting protein crystals. 

 

The initial needle-shaped crystal contained magnesium salt, so we tried replacing Mg2+ with divalent 

metal ions, including Zn2+, Mn2+, and Ca2+, and monovalent metal ions as Na+, NH4+, and Li+. Bigger 

and better looking crystals were obtained with salts of 0.05 M manganese acetate, 0.05 M zinc acetate, 

and 0.05 M calcium acetate, and these crystals diffracted with 8-9 Å resolution. We also optimized 

different salt concentrations and tried with deglycosylation, but it did not improve the resolution. 

Further, we worked with replacing the acetate anion with anions such as Cl-, NO3
-, SO4²-, and citrate 

(C6H8O7
3-) based on the different salts of the selected metal ions that were available in the laboratory. 

We were able to obtain several bigger crystals (0.2x0.2x0.2 μm) using salts of LiNO3,  Li2SO4, ZnSO4, 

MgSO4, and CaCl2. We also tried different concentrations of cryoprotectants such as ethylene glycol, 

glycerol  and glucose. Finally, best crystal was obtained with 0.1 M sodium acetate pH 4.5, 0.05  M 

magnesium sulfate, and 4 % PEG 8000 that diffracted with the highest resolution of 6.5 Å (Fig. 5.5c, 

Table 5.2), 15% glycerol was used as cryoprotectant. At this resolution, however, the overall I/σ(I) 

is quite low (<1). Overall, crystals diffracted too weakly for us to be able to use the data. 
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Figure 5.5 SALM3-PTPσσ complex crystallization. a) Thin needle-shaped SALM-PTPσ complex protein crystals were 

obtained with 0.1 M sodium acetate pH 4.5, 0.1 M magnesium acetate and 8 % PEG 8000 at room temperature (left), and 

protein crystal imaged with ultraviolet light (right), b) complex crystals obtained after optimization with additive screens, 

crystals looked rectangular, but were still two-dimensional (indicated with the arrow), c) X-ray diffraction image of 

SALM3- PTPσ crystal with diffraction ca. 7.4Å resolution.  

 

Table 5.2 Summary of the X-ray crystallography of SALM3- PTPσ data 

Crystal  SALM3- PTPσ 

Beamline  ESRF 1D23 

Wavelength (Å) 0.87 

Space group  C121 

Cell parameters (Å) 

(a, b, c, α, β, γ) 

(210.57, 122.16, 133.85, 90, 126.64, 90) 

Resolution (Å) 49.49- 6.51 (6.75-6.51) 

Rmerge (%) 0.063 (3.08) 

CC1/2 0.75 (0.24) 

Observed reflections 16832 (1732) 

Unique reflections  5366 (535) 

Redundancy 3.10 (3.24) 

Average I/σ(I) 7.20 (0.5) 

Completeness (%) 99.84% (97.63%) 

* The numbers in the parenthesis are for highest cell resolution shell 

 

Further, we used SEC-SAXS to obtain the low-resolution structure of the SALM3-PTPσ complex in 

the solution. SAXS analysis revealed a 2:2 complex formation between SALM3  and PTPσ, which 

is similar to that of the recently solved structures of SALM5 and PTPδ  (Choi et al., 2016; Lin et al., 

2018) (Fig 5.6, Study III, Fig. 3). The SALM3-PTPσ complex structure was modeled by rigid-body  
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Figure 5.6 Solution structures of the SALM3-PTPσσ complex. a) The SEC-SAXS profile of the SALM3-PTPσ complex 

with a solid line and BSA with a dashed line, and the frames 350-365 (shaded regions) were selected for SAXS analysis. 

In the plot, the Rg-values (left Y-axis) are plotted over averaged scattering intensities (right R-axis), b) SALM3-PTPσ 

complex models with different stoichiometry and their fit to the X-ray scattering intensities. Surface structures of the 

LRR domain in red and PTPσ in blue, and  χ2 values indicated in the plot shows the discrepancy between the experimental 

data and the scattering intensity calculated with the respective SALM3-PTPσ model. Experimental SAXS profiles 

displaced along the logarithmic axis and overlaid with corresponding fits, c) and d) SALM3-PTPσ complex model with  

P2 and P1 symmetry based on X-ray scattering and rigid body modeling. Figures reproduced from study III  (Karki et al., 

2020). 

 

fitting against the obtained solution scattering data obtained from the SALM3-PTPσ complex (Study 

III, Fig. 3c). The input SALM3-PTPσ complex model was based on the SALM5-PTPδ complex 

crystal structure  (Lin et al., 2018). The rigid body refinement against the SAXS data demonstrates 
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that two 2:2 complex SALM3-PTPσ in P1 and P2 symmetry fit the data with χ2-values of 1.7 and 

2.5 respectively, and  1:1 and 2:1 complexes do not fit to the data well with  χ2-values of 1079.2 and 

116.7, respectively (Fig. 5.6a-c). Finally, we show that SALM3 forms a complex with the presynaptic 

PTPσ receptor with a mechanism similar to SALM5 binding to presynaptic PTPδ (Fig. 5.7). 

 

Also, to crystallize SALM5 with LAR-RPTPs, we tried co-crystallization of the mouse SALM5 LRR-

Ig construct with PTPσ in the molar ratio of 1:1.2, but it was not successful. The other two groups  

(Choi et al., 2016; Lin et al., 2018) were able to crystallize and solve the crystal structure of SALM5 

and PTPδ. In these cases, the proteins were purified using a mammalian protein expression system, 

and also they used a different ligand, PTPδ.  

 

With a closer look at the multiple sequence alignment of the SALM2, SALM3, and SALM5 proteins, 

it is clear that PTPδ interacting residues in SALM2, SALM3, and SALM5 are highly conserved 

(Study III, Fig. S2 and S7). Based on the solution structures of SALM3-PTPσ, the crystal structure 

of SALM3 LRR, and multiple sequence alignment of SALMs and LAR-RPTPs protein families, we 

have proposed a model of the SALM3-PTPσ complex (Fig. 5.7a), and later the binding interfaces 

(site I, II, and III, Fig. 5.7b) were further verified with a mutational study, described in the next 

section and Study III. 

 

Figure 5.7 SALM3-PTPσσ complex model, and the SALM3-PTPσ interaction sites. a) The SALM3-PTPσ complex 

model shows the conserved residues in the SALM3 LRR-Ig model and the binding interface to PTPσ in the dimeric 

complex. The complex model developed based on the multiple sequence alignment of SALM3 and SALM5, and the 

crystal structure of SALM5-PTPδ (PDB: 5xnp) (Detail study I). The red color in SALM3 LRR-Ig indicates the most 

conserved residues as calculated by CONSURF (Ashkenazy et al., 2016), PTPσ is colored in teal. b) Interaction sites 

between SALM3 and PTPσ based on the crystal structure of SALM5-PTPδ shown as labeled in the figure. Figures 

reproduced from study III  (Karki et al., 2020). 
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5.1.6 Predicting the effect of mutations on SALM3 and PTPσσ interaction through structure-

based interface profiles 

The SALM5-PTPδ crystal structures and SALM2-PTPδ crystal structure  (Choi et al., 2016; Lin et 

al., 2018) clearly show that the LRRCT region of SALMs interacts with the Ig2 domain and meB of 

PTPδ, and the Ig domain of SALMs interacts with the Ig2 and Ig3 domains of PTPδ. The SALM2 

and SALM5 residues and their interactions with PTPδ at the interface of the SALM2 and SALM5 

complexes are listed in Study III, Table S2.  Point mutations in the SALM5-PTPδ interface residues 

interfere with the interaction of SALM5 with PTPδ (Choi et al., 2016; Goto-Ito et al., 2018)  (Table 

3). Based on the proposed model of the SALM3-PTPσ complex, several point and deletion mutants 

were developed and expressed on the surface of  HEK293T cells (Study III, Fig. S10). SALM3 

deletion mutants ΔLRR, ΔLRR+ΔFn and ΔIg-Fn showed no interaction with PTPσ, and the wild-type 

construct (SALM3 LRR-Ig) clearly shows interaction with PTPσ (Study III, Fig. 4e). Cell-based 

binding studies on SALM3 deletion mutants show that the LRR and Ig-domains of SALM3 are 

necessary for the PTPσ interaction. Similarly, the SALM3-PTPσ interface mutants in sites I, II, and 

III interfered with the PTPσ interaction (Study III, Fig. 4e), which indicates that the overall binding 

interfaces for SALM5 appear to be functionally equivalent in SALM3.  

The SALM3 point mutant Arg107Ser-Gln131Ala interfered with the dimerization of SALM3, and 

this was verified using SEC-MALS analysis (Study III, Fig. S8). The binding studies show that the 

SALM3 Arg107Ser-Gln131Ala mutant interferes directly with PTPσ binding (Study III, Fig. 4e) 

(Goto-Ito et al., 2018), suggesting that the SALM3  dimerization is a pre-requirement for SALM3- 

PTPσ interaction.  

SALM3 induces presynaptic differentiation through binding to presynaptic LAR-RPTPs, and the 

effect of the SALM3 mutants on presynaptic differentiation activity was tested using heterologous 

synapse-formation assays. All the SALM3 mutant variants abolished the synapse formation activity 

(Table 3, Study III, Fig. 5), indicating that the dimerization of SALM3 and its interaction with LAR-

RPTPs (Fig. 5.8) are required for the formation of the synapse. Studies conducted by other research 

groups (Lin et al., 2018; Choi et al., 2016; Goto-Ito et al., 2018) show that the mutations in the 

interface of the SALM5 and LAR-RPTPs interaction also abolishes synapse formation (Table 3), 

indicating that synapse formation in both SALM3 and SALM5 is mediated by interaction with LAR-

RPTPs. 
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Figure 5.8 Schematic model of 2:2 interaction of SALM3 and PTPσ at the synaptic cleft. The SALM LRR and Ig 

domains are shown in blue, orange ellipses indicate the PTPσ Ig domains, additional structures absent in the SAXS 

SALM3- PTPσ complex model are shown in grey. Grey rectangles = FNIII-domains, and grey squares = phosphatase 

domains, “N” an “C” denote N-terminus and C-terminus, respectively. For clarity, proteins and domains of the second 

SALM3 and PTPσ complex are marked as SALM3  and PTPσ’, figures reproduced from study III  (Karki et al., 2018). 

 

5.1.7 Evolution and conservation of the SALM protein family  

The SALM gene family is present only in vertebrates, one copy of the SALM gene is found in the 

lamprey genome, and none in lower vertebrates. The shark genome has four copies of the gene and it 

is missing the SALM4 homolog, while bony fish and Latimeria have all five copies, but Xenopus has 

lost SALM3, possibly because of the redundant function with SALM5 (Fig 5.9). Curiously, in birds, 

both SALM2 and SALM3 are missing (Fig 5.9). Thus, some of the SALM genes have been lost 

during the vertebrate evolution in some classes, while mammals have all five genes (SALM1-5), like 

the fish and reptiles (Fig 5.9). It appears that the genes might have partly overlapping functions that 

can be rescued by other homologs in the family in certain species. We also noticed that previously 

reported SALM1-3 C-terminal PDZ-binding motifs ((Ko et al., 2006)  expand to SALM5 in lower 

vertebrates: a PDZ binding motif is present in Xenopus SALM5, which can perhaps compensate for 

the loss of SALM3. The PDZ-binding motif is also present in in the shark, Latimeria, and Zebrafish 

SALM5. SALM4 appears not to have the PDZ binding motif in any species, suggesting a possible 

inability to compensate the other SALMs functionally. Overall, it is clear that SALMs are specific to 

chordates and the development of the vertebrate brain, similar to other neuronal LRR adhesion 

molecules such as the LRRTMs (Uvarov et al., 2014). Moreover, SALM3 and SALM5 proteins show 

strongly conserved features on the LRR domain concave surface, suggesting this to be the 

evolutionary conserved functional site.  
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Figure 5.9 Phylogenetic tree of SALM in selected vertebrates. Rh = R. norvegicus (Rat),  Hs = H. sapiens (human ), 

Xt = X. tropicalis (western clawed frog), Lc = L. chalumnae (coelacanth), Mg = M. gallopavo (turkey),  Dr = D. rerio 

(zebrafish), Ps = P. sinensis (chinese softshell turtle), Cm = C. milii and Pm = P. marinus (sea lamprey). The number at 

the branch point indicates the bootstrapping value for that branch. 
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Table 5.3 Summary of the binding study and the synapse formation study of SALM3 and 

SALM5 mutants. 

SALM mutants  SALMs-LAR-RPTPs interaction  
 

Synapse 
formation 
study 

Mutation 
site  

   Reference  

SALM5 mutants PTPδδ LAR
R

PTPσσ  

Ser329Ala/ 
Ser360Ala 

Reduced in binding compared to WT by 
70-80% 

 Site III (Choi et al., 
2016) 

Arg110Asn/ 
Glu160Ser 

- - No synapse 
formation 
detected  

LRR dimer 
interface  

(Lin et al., 
2018)  

Leu327Asn Higher affinity 
compared to WT  

- Site III 

Lys309Asn/ 
Arg311Thr 

No interaction Less than 50% 
compared to 
WT 

Site II 

Glu365Asn No interaction  - Site III 
Arg253Ala Eight  fold 

decrease in 
binding intensity 
compared to WT 

Less than 10 % 
synapse 
formation 
compared to 
WT 
  

Site I 
 

(Goto-Ito et 
al., 2018)  

Leu249Ala Ten fold decrease 
in binding 
intensity 
compared to WT 

Ile321Ala Two fold 
decrease in 
binding intensity 
compare to WT 
 

Site III 
 Ile358Ala 

Leu288Ala  Ten fold decrease 
in binding 
intensity 
compared to WT 

Less than 20% 
synapse 
formation 
compared to 
WT 

Site II 

Asn158Ala  <10 % synapse 
formation 

LRR dimer 
interface 
 

Gln134Asn  

SALM3 mutants  RPTPδδ LAR RPTPσσ  
Arg107Ser - No 

interaction  
No synapse 
formation 
detected 

LRR dimer 
interface  

Study III 
Arg107Ser/ 
Gln131Ala 
Arg247Ala Site I 

Leu282Arg/ 
Arg285Ala 

Site II 

Arg285Ala/ 
Leu305Al 
His313Ala/ 
Leu321Ala 

Site III 

Thr354Arg/ 
Glu359Ala 

Two fold 
decrease in 
binding 
intensity 
compare to 
WT  

ΔLRR No 
interaction 

- 

ΔIg-FnIII 
ΔLRR/ΔFnIII 
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5.2 Development of inhibitor screening assay for LRRTM-NRXN adhesion protein 
interaction involved in synaptic maintenance and neurological disorders 

We have developed an optimized method to screen the inhibitors of the LRRTM2-NRXN1β 

interaction using AlphaScreen technology, and further validated the hits obtained using an 

orthogonal cell-based binding assay (Fig. 5.10). No previous study has reported the 

development of a high-throughput small-molecule screening method targeting the synaptic 

adhesion molecules. 

5.2.1 Assay development and optimization 

For the development of the activity assay of the LRRTM2 and NRXN interaction using 

AlphaScreen technology, we used the purified recombinant proteins LRRTM2-Fc and His6-

NRXN1β lacking the ss4, and protein A donor beads and nickel-chelate acceptor beads. The  

LRRTM2-Fc construct was bound to protein A donor beads and a His6-NRXN1β construct to 

the nickel-chelate acceptor beads. The interaction of the LRRCT region of LRRTM2 with the 

LNS domain of NRXN brings the protein donor beads close to the acceptor beads, and the 

proximity of the beads lead to the transfer of energy due to excitation of donor beads at 680 nm 

and resulting in luminescence emission by acceptor beads at 515 nm (Fig. 5.10a). 

 

We aimed to achieve a robust screening assay with a high signal-to-noise ratio and low running 

costs. Therefore, we optimized the concentrations of LRRTM2-Fc and His6-NRXN1β, the 

incubation time of LRRTM2-Fc and His6-NRXN1β, the order of addition of donor and acceptor 

beads, bead incubation time and bead concentrations to get optimum AlphaScreen signals 

required for the assay (Study II, Fig. 2). Finally, we developed a robust and cost-effective 

protocol, in which, 15 μl of a reaction solution containing 50 nM each of  LRRTM2-Fc and 

His6-NRXN1β incubated at room temperature for 5 min, followed by addition of 10 μl of 

5 μg/ml nickel-chelate acceptor and Protein A donor bead mixture and incubation at room 

temperature for three hours before AlphaScreen signal detection.  

 

The LRRTM2-NRXN interaction is Ca2+ dependent, and the binding affinity of LRRTM2 with 

NRXN1β tested by SPR in the presence of Ca2+ was 6.6 μM, and in the presence of Ca2 chelator 

EGTA the affinity was lost, and no interaction was detected (Suppl. Fig. 1, Study II). 

Therefore, we developed a control experiment using EGTA as a control for inhibition of the 

LRRTM2-NRXN1β interaction and the AlphaScreen assay clearly showed that the addition of 

0.5 mM EGTA decreased the AlphaScreen signal down by 95% (Study II, Fig 2). We also 
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measured the DMSO tolerance of the assay as most of the compounds are soluble in DMSO, 

and the assay found to be tolerant up to a DMSO concentration of 10% (Study II, Fig. 2). To 

validate the quality of the assay for screening, we tested the assay performance in the plate-to-

plate and day-to-day minimal and maximal signals with five different plates. The average Z’ 

value for all the plates was 0.82, with a high signal-to-noise ratio, indicating that the screening 

assay was robust (Study II, Table 1). 

5.2.2 Screening of the compound library  

We screened 2000 compounds using the MicroSource Spectrum compound library obtained 

from FIMM, University of Helsinki, and each compound was screened at a single concentration 

of 100 μM.  The MicroSource Spectrum compound library includes drugs, natural products, 

and bioactive compounds. With the initial screening, we obtained 92 initial hits (4.6% hit-rate), 

all of which decreased the AlphaScreen signal similar to that of EGTA (Study II), indicating 

potential inhibition of the LRRTM2-NRXN1β interaction.  

 

The obtained hit-rate was high due to the high compound concentration used, which could be 

due to the nature of the compounds in the library used to quenching of singlet oxygen and 

interfered with the AlphaScreen signal, or the compounds could bind to the acceptor or donor 

beads. For this reason, to further screen the false positives, we performed a counter screen with 

the initial 92 hits, at the concentration of 100 μM. For the counter screening experiment, a His-

tagged Fc-fragment binding both the donor and acceptor beads in the absence of the actual 

target interactor proteins used to monitor for the AlphaScreen signal. From the counter screen 

experiment, we obtained 12 hits that did not interfere with the output signal (Study II). Hence, 

the final hit-rate after the counter screening was thus 0.6%. 

 

We further measured the concentration dependent response of each compound in quadruplicates 

from 300 μM to 1 μM using quarter-logarithmic dilutions, intending to determine the  dose-

response curves and IC50-values of each compound. The IC50-value gives the concentration of 

the inhibitor that inhibits the interaction of LRRTM2 and NRXN by 50%. Four compounds 

(solasodine, meta-cresyl acetate and harmaline, and penicillin)  were revealed as actual false 

positives with no IC50 values determined, and the IC50 values for the remaining eight hit 

compounds detected were between 30-76 μM (Table 5.4). Further, cetylpyridinium chloride 

was excluded from further assays as it was unlikely to be a specific protein binder based on the 

detergent-like structure.  
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Figure 5.10: Flowchart of the overall approach used in an inhibitor screening assay for the LRRTM-NRXNs 

adhesion protein interaction. a) Schematic representation of the inhibitor screening assay for the LRRTM-

NRXNs adhesion protein interaction using an Alpha Screen assay. The interaction of the LRRTM2-LRR domain 

(grey) with the NRXNβ1-LNS domain (blue) brings the protein A donor in proximity to nickel chelate acceptor 

beads. The excitation of protein A donor beads at 680 nm converts the ambient oxygen to an excited singlet state, 

then energy is transferred from the singlet oxygen to the Acceptor bead, subsequently emitting light at 518 nm, 

b)AlphaPlate384 containing 100 μM concentration of each compound from the MicroSource Spectrum compound 

library, c) Primary screening results for the identification of hit compounds. The hit limit set to >88% inhibition ( 

red dashed line), based on the EGTA control, d) AlphaPlate 384 containing 100 μM concentration of each 92 hit 

compounds obtained from primary screening, e) Schematic representation of the counter screening experiment 

with an Fc-His6 protein using an AlphaScreen assay, f) hits obtained from the counter-screen test. Compounds that 

showed less than 30% inhibition (dashed line) were selected, g) Dose-response measurements to determine IC50-

values of the hit compounds. Just one of the eight compounds has been included this figure for visual clarity, for 

details see Study II, Fig.4.  

The hit compounds were further checked for pan-assay interference compounds (PAINS) 

patterns to recognize possible frequent false hits, and from these early hit compounds only 

iodoquinol and pyrvinium pamoate (Fig. 5.11) contained recognizable PAINS and aggregation 

patterns when analyzed with the ZINC server (http://zinc15.docking.org/patterns/home/) 
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(Sterling et al., 2015). Hence, the results in these two compounds should be further validated in 

case these compounds are used and developed further.  

Figure 5.11 Structures of the hit compounds inhibiting LRRTM2 and NRXN interaction. a) iodoquinol b) 

pyrithione zinc c) benzoquinone d) pyrvinium pamoate e)indole-3-carbinol f) econazole nitrate g) 6-

methoxyharmalan. Molecular weight of each compound in Daltons (Da) included in brackets, and Figures 

reproduced from study II  (Karki et al., 2019). 

 

5.2.3 Orthogonal cell binding assay 

We performed an in-cell western blot assay to detect the binding affinity of NRXNα1-Fc to 

LRRTM2 expressed on the surface of HEK293T cells, and further used this assay as an 

orthogonal assay for inhibition of LRRTM2 and NRXN1α-Fc. The apparent binding affinity of 

soluble dimeric NRXNα1-Fc to LRRTM2 on the cell surface was 154 ± 18 nM (Study II, Fig. 

6).  
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Table 5.4: IC50 values of the hit compounds, and the percentage inhibition of LRRTM2 

and NXRN interaction with 300 μM of the compounds 

Compounds IC50 values Inhibition (%), orthogonal cell-based 

binding study 

Iodoquinol 51 μM 54% 

Pyrithione zinc 31 μM 60% 

Benzoquinone 45 μM 47% 

Pyrvinium pamoate 76 μM 46% 

Indole-3-carbinol 69 μM 77% 

Econazole nitrate 64 μM 82% 

6-methoxyharmalan 49 μM 54% 

 

For the in-cell western assay for inhibitor hit validation, we used 0.8 μM the NRXNα1-Fc as a 

ligand for LRRTM2 interaction. We tested the inhibition of LRRTM2 and NRXNα1-Fc 

interaction using 300 μM of the AlphaScreen hit compounds. The assay shows an inhibition 

rate of 45% to 82% between the hit compounds (Table 5.4 or Study II, Fig. 6), with the highest 

82 % inhibition rate for econazole nitrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

6. CONCLUSIONS AND FUTURE PROSPECTS 

6.1 Structural and functional studies of the SALM protein family  

Structural studies of the SALM protein family indicates that SALM proteins are dimeric 

synaptic organizer molecule. The crystal structures of mouse SALM3 LRR and SALM5 LRR-

Ig constructs reveal the formation of dimers through the LRR domains. Biophysical 

characterization confirms that the ectodomains of SALM3 and SALM5 are dimeric in nature, 

and the sequence alignment shows that the LRR dimer interface residues of SALM3 and 

SALM5 are highly conserved in all SALMs. These results indicate that all proteins of the 

SALM family form dimeric structures through LRR domains.   

 

In our study, we have analyzed the binding affinity of SALM3 and SALM5 with PTPσ, and 

measured the Kd-values to be in the low micromolar range, with higher binding affinities in the 

presence of meB. The dimerization of the SALM protein family is unique among the 

postsynaptic ligands of LAR-RPTPs  (Han et al., 2016). The studies of the crystal structures of 

SALM5-PTPδ by other groups  (Goto-Ito et al., 2018; Lin et al., 2018) revealed the 2:2 

stoichiometry of SALM5 for PTPδ ligand binding and located the ligand-binding site on 

SALM5 surprisingly to the C-terminal to the LRR domain and the Ig domains. Our study further 

highlighted the SALM3 and PTPσ interaction using SAXS analysis. We were able to crystallize 

the SALM3-PTPσ complex, but the resolution of the diffraction data was too low for structure 

solution. SAXS studies enabled us to model the structure of the SALM3-PTPσ complex in 

solution, and the structure shows 2:2 binding interaction of SALM3 and PTPσ, with LRRCT 

and Ig domains of SALM3 involved in the interaction with the Ig2-Ig3 of PTPσ, similar to that 

of SALM5-PTPδ.  

 

In addition to the LRR and Ig domains of the SALM3 protein, the extracellular region of 

SALM3 contains a FnIII domain, and the SALM3ecto construct is more flexible compare to 

the SALM3 LRR-Ig construct based on the SAXS data. The flexibility is caused by the presence 

of the unstructured region between the Ig and FnIII domains of SALM3. This region is present 

in all SALM proteins and therefore, it is likely that this flexibility is also characteristic of the 

whole protein family.   
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The synaptogenic activity of SALM3 and SALM5 remained unclear until their presynaptic 

ligands were identified as the LAR-RPTPs (Choi et al., 2016; Lie et al., 2016). Structure-based 

mutational studies in SALM5 showed that the interaction with LAR-RPTP was required for 

synapse formation. The studies also showed that the dimerization of SALM5 is required for 

synaptogenic activity  (Goto-Ito et al., 2018; Lin et al., 2018). Our mutational study shows that 

the SALM3-PTPσ binding interface mutants and the SALM3 dimer interface mutants abolish 

the binding interaction as well as synaptogenic activity. Similar to SALM3 and SALM5, a 

structural study conducted by (Lin et al (2018) shows the interaction of SALM2 with PTPδ, but 

the biological importance of this interaction is not clear. The structural studies of SALM 

complexes show that the LRRCT region in SALM2, SALM3, and SALM5, is involved in the 

LAR-RPTP interaction. Based on the crystal structures, the LRR dimer concave platform of 

SALMs has a large surface area. In the case of SALM5, LRR dimer concave surface area is 

3800 Å2 Lin et al (2018) with highly conserved amino acid residues in the concave surface in 

between SALM3 and SALM5 (Study I, Fig. 1), which raises the question of possible ligand 

binding site at the concave surface of the LRR domain. The role of the LRR concave surface in 

the protein function requires further studies. SALM1, SALM2 and SALM4 have not been 

reported to have synaptogenic activity, but to be essential in the regulation of synapse formation 

and development, and the role of SALM1, SALM2 and SALM4 in regulating synapse 

formation need to be investigated in more detail. 

 

In-addition to the trans-interaction of SALM3 and SALM5 with the LAR-RPTP protein family, 

cis-interaction of SALM3 with SALM4 was recently observed (Lie et al., 2016). The cis-

interaction of SALM3-SALM4 was found to inhibit the interaction of SALM3 with LAR-

RPTPs. Also, the cis-interactions of SALM4 with SALM5 and SALM2 were reported, but their 

importance was not further investigated (Lie et al., 2016). This raises the question of possible 

cis-interactions of SALM proteins in regulating synaptic function.  

 

In the synaptic cleft, in addition to SALM3 and SALM5, different postsynaptic proteins that 

include SLITRK and TrKC, interact with the Ig2-Ig3 domains of LAR-RPTP protein family for 

excitatory synapse formation (Han et al., 2016; Karki et al., 2019), and it is challenging to 

understand how these interactions are regulated in the synapse. Possibly, genetic manipulations 

using KO or RNA interference experiments or application of small molecules to study loss- or 

gain- of function could help in obtaining a more detailed understanding of the mechanism of 

LAR-RPTP clustering by postsynaptic adhesion molecules (Südhof, 2017).  
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6.2 Inhibitor screening assay targeting the LRRTM2-NRXN interaction 

In this thesis, I established a high-throughput method to test for inhibitors of synaptic adhesion 

protein interactions using an AlphaScreen-based assay. Specifically, we used the LRRTM2-

NRXN synaptic adhesion protein binding interaction as the readout to develop the assay. The 

presynaptic NRXNs are hubs for interaction with multiple post-synaptic ligands including 

LRRTMs (Ko et al., 2009; Siddiqui et al., 2010), neuroligins (Arac et al., 2007), dystroglycan, 

neurexophilins, (Reissner et al., 2014), cerebellin (Sudhof, 2018), and calsyntenins (Pettem et 

al., 2013). Most of these proteins have been linked genetically to neuronal disorders. Direct 

studies of the effects of the synaptic adhesion proteins in cell or tissue in animal models are 

quite challenging. Effector molecules would be useful in understanding the functions of 

synaptic adhesion complexes at the cellular or tissue level.   

 

The structure of the LRRTM2 in complex with NRXNβ1 shows that the LRRCT region of 

LRRTM2 interacts with the LNS domain of NRXNβ1, and the closer look in the binding 

interface shows that the binding interface of LRRTM2-NRXNβ1 binding interface conserved 

with the binding interface of NRXNβ1-neuroligin. Possibly the inhibitors would likely inhibit 

NRXNβ1-neuroligin interaction also. In this study, we have screened 2000 compounds and 

obtained eight hit compounds with IC50-values in micromolar (between 30-76 μM). The 

obtained hits show inhibitory potential in the cellular environment, with econazole nitrate being 

the most promising compound.  This assay was developed for a 384-well plate but can be easily 

adapted to higher density well plates. In the future, larger compound libraries could be screened 

to obtain more potent inhibitors. Also, based on the recent crystal structure of the LRRTM2-

NRXNβ1 complex (Yamagata et al., 2018), further virtual screening could be done to screen 

for potential inhibitors targeting the interaction of LRRTM2 and NRXNβ1, and the IC50 values 

of the obtained hit compounds could be determined using our developed AlphaScreen-based 

assay. In this study, we have validated the hits obtained using an orthogonal cell-based assay. 

In addition to cell-based assays, we can also do biophysical and structural characterization of 

the best hit compounds and study the direct effect of synaptic adhesion protein interaction in 

the neuron cells using an artificial synapse formation assay or in a model organism.  

 

For the functional studies of synaptic adhesion proteins, both gain-of-function and loss-of-

function studies using the effector molecule will be important. Loss-of-function studies that 

target a particular interaction would be useful in studying the importance of synaptic protein 

interaction. The developed AlphaScreen-based assay and the cell-based screening assay 
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provide a set of tools for the discovery of protein-protein interaction inhibitors. Although the 

developed assay is targeting the LRRTM2-NRXN interaction, it could be easily adapted 

towards other synaptic adhesion interactions, and the inhibitors obtained could be used for 

functional studies or towards drug discovery.
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