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Introduction

\Introduction

1.1 Synapses

Nerve cells communicate with each other and with other cells through specialized
intercellular junctions called synapses. The transfer of information via synapses from
a presynaptic to a postsynaptic nerve cell is fast and highly efficient. Communication
between neurons is mediated by two classes of synapses: electrical and chemical
synapses (Pereda, 2014; Connors and Long, 2004). In electrical synapses, the
cytoplasm of adjacent cells is connected directly by clusters of intercellular channels
called gap junctions (Pereda, 2014). Gap junctions allow the transfer of ions and small
metabolites between two neurons (Bennett and Zukin, 2004). Electrical synapses
promote the coordinated activity of networks of extensively coupled neurons
(Connors and Long, 2004) and promote mechanisms of lateral excitation in sensory
systems (Pereda, 2014).

In contrast, chemical synapses are formed by presynaptic and postsynaptic terminals
separated by the synaptic cleft. Neurotransmitters released from presynaptic terminals
diffuse through the synaptic cleft to activate specific receptors located in the
postsynaptic cells, which generates a postsynaptic response. There are two main types
of chemical synapses: inhibitory and excitatory synapses, which differ in the protein
composition of synaptic densities (Rollenhagen and Liibke, 2006; Barberis, 2020). In
principal neurons, excitatory synapses occur mainly on dendritic spines (Bourne and
Harris, 2008). Meanwhile, inhibitory synapses can be found on the shafts of dendrites,

initial axon segments, or on cell bodies (Sheng and Kim, 2011).

1.2 Cell adhesion molecules

Cell adhesion molecules (CAMs) are a functional category of membrane-anchored
glycoproteins located on the surface of cells. Most CAMs are transmembrane proteins
or are attached to the cell membrane via glycosylphosphatidylinositol (GPI) anchor. A
typical example of CAMs contains multiple cell adhesion domains in the extracellular
region and a short cytoplasmic tail. That tail often possesses a PDZ binding motif at
the carboxy-terminus, a binding target of the synaptic scaffolding proteins. The
extracellular domains of CAMs form adhesion bonds by binding to molecules on

adjacent cells, which can occur homophilically by binding to the same molecules or
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heterophylically, where binding occurs between distinct proteins (Missler, Sudhof and
Biederer, 2012). CAMs are also expressed in neurons, and there is a separate group of
CAMs present at synapses. Synaptic cell adhesion molecules (SCAMs) connect
neuronal pre- and postsynaptic sites and mediate essential trans-synaptic signaling
operations (Siidhof, 2021). SCAMs mediate the mechanical stabilization of neurons
(Sytnyk et al., 2002) and promote the formation of synapses (Dityatev, 2004).
Moreover, SCAMs recruit neurotransmitter receptors and synaptic scaffolding
proteins, which together take part in neurotransmission and maturation of
neurotransmitter release mechanisms (Shetty er al, 2013). It has also been
demonstrated that SCAMs mediate stabilization of synaptic ultrastructure in mature
neurons (Mendez et al., 2010; Puchkov et al., 2011; Benson and Huntley, 2012),
remodeling and plasticity (Schachner, 1997; Gerrow, 2006; Sytnyk et al., 2006) and
regulate neurotransmitter release (Sytnyk et al., 2006; Andreyeva et al., 2010).
SCAMs are represented by members of many cell adhesion molecules families,
including cadherins, integrins, immunoglobulin superfamily (IgSF) CAMs,

neuroligins, and neurexins (Stidhof, 2021).

1.2.1 Synaptic cell adhesion molecules: Neurexins

Neurexins are a family of synaptic cell adhesion proteins essential for Ca?*-dependent
transmission, synapses formation, and differentiation. Initially, neurexins were
identified as receptors for a-latrotoxin, a spider toxin that triggers a massive release of
synaptic vesicles (Ushkaryov and Siidhof, 1993; Ushkaryov et al., 1994). Neurexins
are mainly expressed in brain neurons (Ushkaryov et al., 1992), but it was also
reported that Nrxnl mRNA is abundantly produced in astrocytes (Zhang et al.,
2013a). In mammals, neurexins are encoded by three different genes (nrxn 1-3)
expressed in both excitatory and inhibitory synapses of the central and peripheral
nervous system. Moreover, nrxnl and nrxn3 genes are the longest in the mammalian
genome occupying nearly 0,1% of the entire human genome (Rowen et al., 2002;
Tabuchi and Siidhof, 2002). The size of nrxn genes suggests that their expression is
limited to postmitotic cells like neurons since their transcription in fast-dividing cells
would take too long to be completed (Rowen et al., 2002; Reissner, Runkel and
Missler, 2013). Although Nrxns are mainly expressed in the brain, it has also been
reported that mRNAs of distinct neurexins isoforms are differentially distributed in

the central nervous system (CNS) (Ullrich and Siidhof, 1995). Each neurexin gene
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Figure 1.1. Domain organisation of neurexins and neurexophilins. Schematic
representation of the domain structure of a-neurexins (a-Nrxn), B-neurexins (B-Nrxn), and y-
neurexins (y-Nrxn) with approximate positions of alternative splice sites indicated by arrows.
Neurexophilins bind to the LNS2 domain of a-neurexins and contain a signal peptide (green),
pro-domain that goes through a proteolytic cut (violet), and the mature domain of Nxph
(yellow). a-neurexins are characterised by an LNS (blue)-EGF (orange)-LNS(blue) cassette
that is repeated three times. B-Nrxn starts from its exon that encodes signal peptide (green),
unique 37 residues long histidine-rich B-neurexin sequence (pink), and LNS domain identical
to aLNS6 (blue). y-neurexin is also synthesised from its promoter in the nrxn1 gene and
contains, a signal peptide, a y-specific sequence (dark green) and the stalk region (gray).
Transmembrane sequence (red) and the intracellular domain (brown) do not differ between
neurexins. Sites of N-glycosylation and O-glycosylation are marked. EGF, epidermal growth
factor-like domain; LNS, laminin-neurexin-sex hormone-binding globulin (modified from
Wilson et al., 2019 and Reissner et al., 2013).

produces two main isoforms synthesized from independent promoters: a longer o-
neurexin and a shorter B-neurexin (Figure 1.1). A single a-neurexin locus was also
found in invertebrate genomes like in Drosophila melanogaster, Apis mellifera, and
Caenorhabditis elegans; B-neurexin was reported only in C. elegans (Haklai-Topper
et al., 2011). It was also shown that the murine nrxnl gene possesses a third promoter
that produces short Nrxnly (Figure 1.1). The extracellular sequence of y-neurexin
contains only the extracellular juxtamembrane sequence of Nrxnla and Nrxnlf

(Sterky et al., 2017).

1.2.2 The function of neurexins

Neurexins were identified as essential SCAMs required for proper synaptic
transmission. A constitutive a-neurexins knockout (KO) studies revealed that even a
single Nrxnl KO showed a reduced survival rate of mice (Missler et al., 2003). The

deletion of all three o-neurexins in mice is lethal, caused by an impairment of Ca*
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influx during an action potential (Missler et al., 2003). Moreover, constitutive
knockout studies of all B-neurexins showed a significant synaptic phenotype without
reducing a survival rate of animals (Anderson ef al., 2015). B-neurexins deletions also
demonstrated suppressing presynaptic release probability in cultured hippocampal
neurons (Anderson et al., 2015). Surprisingly, KO of B-neurexin revealed that -
neurexins perform an independent function from o-neurexins by regulating
postsynaptic endocannabinoid synthesis (Anderson et al., 2015). Another report
showed that neurexins perform different tasks in distinct classes of neurons.
Conditional deletion of all a- and B-neurexins from parvalbumin-positive interneurons
in the prefrontal cortex caused a 30% decrease in the number of synapses and 50%
decay of the synaptic strength without any impairments in action-potential-driven
Ca?" influx (Chen et al., 2017).

On the other hand, deletion of neurexins in somatostatin-positive interneurons did not
change the number of synapses but caused a 50% loss in Ca?" influx driven by action
potential (Chen ef al., 2017). Although pan-neurexin KO produced different results in
distinct classes of neurons, there are not many reports about the function of individual
neurexin variants. Conditional deletion of Nrxn3 in the hippocampal CA1 region
showed two interesting phenotypes: a 40% decrease in AMPAR-mediated excitatory
responses caused a loss of postsynaptic AMPA receptor numbers; and a block of
postsynaptic NMDAR-mediated long-term potentiation (LTP) (Aoto et al., 2015). In
contrast, the same conditional KO of the Nrxn3 gene introduced in the olfactory bulb
caused a 60% decrease in GABAR-mediated inhibitory response, which was rescued
by the GPI-anchored Nxph3f (Aoto et al., 2015). Taken together, it seems that Nrxn3
performs distinct molecular functions in different brain localizations, and Nrxnl and

Nrxn2 might also have specific roles in various classes of synapses.

1.2.3 The structure of neurexins and their binding partners

Neurexins are N-glycosylated, but heavily O-glycosylated at the stalk region (Fig.
1.1) (Ushkaryovso et al., 1994). It has recently been shown that neurexins are heparan
sulfate proteoglycans (HS), and this glycosylation mediates the binding of neurexins
to their synaptic partners (Zhang et al., 2018). Moreover, mice lacking HS showed
structural and functional impairments in synapses and reduced survival rates (Zhang
et al., 2018). Neurexins belong to the presynaptic type I membrane proteins, which

possess an extensive extracellular N-terminal sequence and a short cytoplasmic C-
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terminal tail. The extracellular domains of a-Nrxns and B-Nrxns differ in length;
however, their transmembrane and C-terminal regions are the same (Reissner, Runkel
and Missler, 2013). Extracellular sequences of a-Neurexins possesss six Laminin-
Neurexin-Sex hormone domains (LNS) interspersed by three epidermal growth
factor-like domains (EGF) (Fig.1.1). The crystal structure of a Nrxnla fragment from
LNS2 to LNS6 domains showed an L-shaped form. The longer arm comprises the
LNS2-LNS3-EGF2-LNS4-LNS5 domains, while EGF3-LNS6 domains form the
shorter component (Chen et al., 2011; Miller ef al., 2011). In contrast, B-neurexins
contain only a single LNS domain, which is identical to LNS6 of a-neurexins and 37
residues long N-terminal sequence characteristic for B-neurexins (Ushkaryov et al.,
1992; Ushkaryov & Siidhof, 1993; Ushkaryov et al., 1994; Reissner ef al., 2013). One
of the characteristic motifs of neurexin LNS domains is a f-sheet sandwich composed
by strands 3, B8, B9 and P10, B4, BS, B6 and B7 and a neighboring two-stranded sheet
of B2 and B11 (Reissner et al., 2013). Every neurexin LNS domain has a Ca?
coordination site at its rim, which is rigid and does not go through conformational
change upon calcium-binding. Moreover, Ca®* binds to the negatively charged pocket
of aLNS6/BLNS and neutralizes it, allowing neuroligin and other proteins (Table 1) to

make mainly hydrophobic contacts with neurexins (Reissner ef al., 2008).

Table 1. Interaction partners of neurexins.

Protein Binding site Requirement for Reference
Splice insert Ca?
binding
Binding partners specific a-
Nrxn
Neurexophilin aLNS2 - - (Missler, Hammer and Siidhof, 1998)
Shared by a-Nrxn and p-Nrxn
Neuroligin aLNS6, BNrxn (-/+)SS#4 + (Ichtchenko ef al., 1995)
Dystroglycan aLNS2, aLNS6, -SS#2, - + (Sugita et al., 2001)
BNrxn SS#4
GABA(A)R aLLNS6, PNrxn -SS#4 - (Zhang et al., 2010)
LRRTM aLNS6, PNrxn -SS#4 + (de Wit et al., 2009)
Cerebellin aLNS6, BNrxn +SS#4 - (Joo et al.,2011)
CL1 aLNS6, BNrxn +SS#4 - (Boucard, Ko and Siidhof, 2012)
ClqL stalk region Nrxn3 +SS#5 - (Matsuda et al., 2016)
SorCS1 aLNS6, BNrxn - - (Savas et al., 2015)
amyloid-§ extracellular domain - - (Brito-Moreira et al., 2017)
IgSF21 extracellular domain - - (Tanabe et al., 2017)
CaV2 0233 subunit aLNS1, aLNS5 - - (Tong et al., 2017)
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Calsyntenin aLNS6, Nrxn - - (Luetal, 2014)
Synaptotagmin cytoplasmic domain - + (O’Connor et al., 1993)
Znf804a cytoplasmic domain - - (Owen, Williams and O’Donovan,
2009)
CASK PDZ motif - - (Hata, Butz and Sudhof, 1996)
Mint PDZ motif - - (Biederer and Siidhof, 2000)

AF-6 PDZ motif - - (Zhou et al., 2005)

CA10/CA11 stalk region - - (Sterky et al., 2017)

Summary of a-neurexins and B-neurexins (Nrxn) interacting proteins. Note that neuroligins
preferentially bind to neurexins with the out insert in splice site 4 (~-SS#4) and the presence of
+SS#4 modifies that binding. LNS, laminin-neurexin-sex-hormone-binding globulin changed

from (Reissner, Runkel and Missler, 2013).

Up to now, only a few LNS domains were identified as the ones involved in binding
to extracellular partners of neurexins, including: (1) the aLNS2 domain specific for a-
neurexins that binds to neurexophilins and dystroglycan (Missler, Hammer and
Stidhof, 1998; Sugita et al., 2001; Reissner ef al., 2014), (2) the aLNS6/BLNS that
binds to neuroligins, LRRTMs, GABAAR, cerebellins, latrophilins and CL1
(Ichtchenko et al., 1995; de Wit et al., 2009; Ko et al., 2009; Siddiqui et al., 2010;
Uemura et al., 2010; Zhang et al., 2010; Boucard, Ko and Siidhof, 2012); (3) the
juxtamembranous sequences on the stalk region of both a- and B-neurexins that bind
to CA10 and CA11 and Clqls (Matsuda et al., 2016; Sterky et al., 2017). It has also
been reported that isolated LNS1 and LNS5 domains co-immunoprecipitated with
0263 domain of voltage activated calcium channel (Cav2) (Tong et al., 2017).
Interestingly, although neuroligins and LRRTMs do not have similar structures, they
both complete for the same Ca**-binding epitope on aLNS6/BLNS (Arag ef al., 2007;
Fabrichny et al., 2007; Chen et al., 2008; Siddiqui et al., 2010). Dystroglycan binds
Ca’*-dependently to both aLNS2 and oaLNS6, although these two domains do not
have similar surfaces (Reissner et al., 2014). Intracellularly, C-terminus of neurexins
contains a potential endoplasmic retention signal, a cytoskeleton integrating protein
4.1 and a PDZ-domain-binding motif that allows binding of MAGUK proteins like
CASK and MINTs and is required for trafficking of neurexins (Hata, Butz and
Sudhof, 1996; Biederer and Siidhof, 2000, 2001; Fairless et al., 2008). Besides
MAGUKSs, other proteins bind to the cytoplasmic domain of neurexins, including
synaptotagmin and Znf804a (O’Connor et al, 1993; Owen, Williams and
O’Donovan, 2009). As mentioned above, there are six conserved alternative splice

sites in a-neurexins coding sequences (SS#1-SS#6) and two in B-neurexins (SS#4 and
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SS#5), and their permutations allow thousands of possible variants of neurexins
isoforms (Reissner, Runkel and Missler, 2013). Alternative splicing plays a crucial
role in all neurexin genes because binding to postsynaptic interacting proteins is
splice site-dependent (Table 1). Positions of splice sites as well as sequences of splice
inserts are evolutionary conserved, which also points to the importance of alternative
splicing in neurexin genes (Ullrich and Siidhof, 1995; Rowen ef al., 2002; Rissone et
al., 2007; Zeng et al., 2007; Biswas et al., 2008).

1.3 Neurexophlins

Neurexophilins are the family of low molecular weight cysteine-rich glycoproteins
exhibiting a domain structure like that of neuropeptides (Murthy, Mains and Eipper,
1986; Missler and Siidhof, 1998),. Nxphl is the best described member of the
neurexophilin family. Initially, it was discovered as a 29-kDa protein co-purified with
neurexin la from a mouse brain by immobilized a-latrotoxin (Petrenko et al., 1996).
However, Nrxnlo binds to a-latrotoxin separately without Nxphl and does not
require Nxphl for binding (Davletov ef al., 1995). Nxphl forms a tight complex with
neurexin lo, which could be dissociated only in near desaturating conditions in

guanidinium thiocyanate presence (Petrenko et al., 1996).

1.3.1 Expression of neurexophilins

In contrast to neurexins that are expressed in the whole brain (Ullrich and Siidhof,
1995), expression of neurexophilins is restricted only to neuronal subpopulations
(Petrenko et al., 1996; Beglopoulos et al., 2005). This suggests that complexes of a-
Neurexins with neurexophilins are not ubiquitous (Beglopoulos et al, 2005).
Molecular cloning of cDNAs from mammalian brains revealed that there are at last
four genes related to neurexophilins (nxphl, nxph2, npxh3, nxph4), where rodents
express only neurexophilins 1, 3, and 4 on detectable level (Missler and Siidhof,
1998). Nxphl was reported to be expressed in inhibitory GABAergic interneurons
(Petrenko et al.,, 1996). Moreover, mRNA of Nxphl was detected within
periglomerular cells in the olfactory bulb during the early postnatal period and not in
the embryonic olfactory bulb, which suggests that Nxphl might be involved in late
glomerular formation and maturation (Clarris, Mckeown and Key, 2002). Nxph3 is
mostly expressed in excitatory neurons of layer 6b of the cerebral cortex, mainly in

excitatory neurons, granule cells in the vestibulocerebellum, and Cajal-Retzius cells
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during development (Beglopoulos et al., 2005). Nxph4 is expressed in subsets of
neurons interconnected in components of several functionally defined brain circuits,
among other things, sensory circumventricular organs: subfornical organ, which
controls fluid balance (Fry and Ferguson, 2007) and area postrema essential for
energy homeostasis (Cottrell and Ferguson, 2004) (Tan et al., 2016). The Knock-in
approach of Nxph4 coexpression with LacZ showed that Nxph4 is also expressed in
nuclei cerebellar Golgi cells (Meng et al., 2019).

1.3.2 The structure and properties of neurexophilins

Sequence analysis revealed that neurexophilins are composed of four domains: a N-
terminal signal peptide (I), a N-terminal non-conserved region (II), a highly conserved
central N-glycosylated domain containing no cysteine residues (III), a short linker
region (IV), and a C-terminal cysteine-rich domain (V) (Fig. 1.2). There are three
disulfide bonds near loop regions, which link cysteine pairs C194-C231, C210-C21
and C239-C256 (Reissner et al, 2014, Wilson et al., 2019).

Domains
Identity (%) O 2 52 0 43
Homology (%) n.a. 34 95 7 98

Figure 1.2. Domain structure of neurexophilins. Neurexophilins are composed of five
domains (roman numbers). Unfiled ellipses represent conserved N-glycosylation and letter C
represent conserved cysteines, which are present on domain V. The arrow indicates a
proteolytic cleavage site between domains Il and Ill. The sequence identities and homology
between four neurexophilins are shown below the skim (modified from Missler and Sidhof,
1998b).

The signal peptide presence and the fact that no other hydrophobic regions present in
neurexophilins initially suggested that they are secreted glycoproteins (Missler and
Stidhof, 1998). Neurexophilins are translated as pro-forms and processed to mature
proteins by proteolytic cleavage in the secretory pathway, shown by a time-dependent
proteolytic digest from neuron-like cells (PC12) infected with full-length Nxphl
(Missler and Siidhof, 1998). Sequence analysis revealed that the cut occurs directly
after putative proteolytic cleavage motif KXKK (Missler and Siidhof, 1998),

conserved and present in all four neurexophilins (Fig. 1.3, Lys-118).
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Figure 1.3. Primary structure of rat neurexophilins. The amino acid sequences of the four
neurexophilins (Nxph1-Nxph4) are aligned for maximum homology, with hyphens indicating
gaps. Sequences are identified on the left and numbered below. Residues that are identical
in all sequences are marked in the same color. The putative signal sequences are shown at
the beginning. The putative signal sequences are shown in jtalics. Pro-domain of Nxph1,
Nxph2, and Nxph4 is marked by the black line, which starts after the signal peptide and ends
on the conserved KXKK/RXKK proteolytic cutting site. The Pro-domain of Nxph3 is marked
by the red line, which begins after the signal peptide and ends on the PRKR proteolytic
cutting site suggested in this work (Chapter 3.1.3), which is not conserved in the other three
neurexophilins. Black boxes mark three conserved N-glycosylation sites in all mature
neurexophilins, and red dots mark N-glycosylation sites of Nxph2 (N94), Nxph3 (N62), and
Nxph4 (N86) in their pro-domains. Arrows indicate six cysteines present in all neurexophilins.
The green line marks the loop that is characteristic only to Nxph4. Figure modified from

(Petrenko et al., 1996). Sequences were obtained from www.uniprot.org.
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Pull down with Fc-tagged Nrxnlo from neurons showed that Nrxnla preferentially
binds to the processed form of Nxphl (Missler and Siidhof, 1998). Nxphl/aNrxn
complex formation is required for neurexophilins to reach the neuronal presynaptic
site, shown in neuronal cell culture studies (Neupert et al., 2015). Since
neurexophilins colocalize with a-neurexins, it is suggested that the function of
neurexophilins depends on their complex formation with neurexins.

Determination of the neurexophilin binding site in a-neurexins showed that only the
LNS2 domain of a-neurexins bind to neurexophilins (Missler, Hammer and Siidhof,
1998) and the binding occurs calcium independently (Sugita et al., 2001, Reissner et
al., 2014). Both Nrxnla LNS2 domain and Nxphl are mainly composed of pB-
sandwiches formed by B-strands (Wilson ef al., 2019). The B-sandwich of Nxphl is
formed by two anti-parallel B-sheets built of six B-strands (Bi-P3, P4, B7-Bs) and two
anti-parallel to each other B-strands that are exposed to the solvent (Wilson et al.,
2019) (Fig. 1.4). The binding epitope of Nrxnla to Nxphl has been narrowed to a
region on the Pio sheet of Nrxnla LNS2 domain (Reissner et al., 2014). Later, the
crystal structure of Nrxnlo LNS2-Nxphl complex showed that both 10 and B7
strands of Nrxnla take part in binding to Nxphl (Wilson et al., 2019). It was shown
that complex formation requires hydrophobicity on Ile-401 residue (Fig. 1.5), but not
on nearby side chains of Leu-402 or threonines 403-405.

Further analysis of Nxphl-Nrxnla interaction revealed that it occurs in a side chain-
independent B-f sheets manner, where even a single T404P mutation impaired
complex formation (Reissner ef al., 2014). This result also explains why the binding
between Nxphl and a-Neurexins occurs calcium- and splice site-independently
(Missler, Hammer and Siidhof, 1998). Alternative splicing on LNS2 domains of
Nrxnl showed to modulate the structure of Nxphl-LNS2 complex. Nrxnla LNS2
domain occurs in two main populations: LNS2552" with no insert and LNS2552A* that
contains eight residues long insert (Fig. 1.4). Interestingly, LNS 552A* domains show a
six-times higher affinity to Nxphl than insert-free LNS2 domains (Wilson et al.,
2019). This result is opposite to Nrxnl-Nlgnl interactions where it was revealed that
the Nrxn1f that contain a 30-residues long insert in SS4 binds to Nlgnl with a lower
affinity than its insert-free isoform (Boucard et al., 2005, Elegheert et al., 2017). The
binding epitope of neurexophilins to LNS2 domain of a-neurexins has only been
proved for Nxphl so far but based on sequences of other neurexophilins it is very well

possible that they all could act similarly. The only neurexophilin that stands out from
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other members of neurexophilin family is Nxph4. Although Nxph4 has a similar
domain structure as Nxphl, it possesses a ~50 glycine- and proline-rich residues loop
sequence that connects B4 and B5 (Fig. 1.3), which is not present in the other three
neurexophilins (Missler & Sudhof, 1998). The difference in sequence length could
lead to some distinct binding properties and functions of Nxph4, however, it has not
been investigated so far.

It also has been reported that neurexophilins have a competitor for the binding epitope
on LNS2 domain of a-neurexins. Nxphl occupies the same binding epitope as a-
dystroglycan (DAGI) and binds to a-neurexins with a higher affinity (Reissner ef al.,
2014). Nxphl binds to a-Neurexins splice site 4 (SS#4) independently, but aDAG
binds to Nrxnla/Nxphl complex only in absence of an insert in SS#4. This
phenomenon suggests an antagonistic relationship and a competition between these

two binding partners of neurexins (Reissner et al., 2014).

Without Splice Insert With Splice Insert

Nxph{-LNS25S2 \xph1-LNS28S2A+

A

~60 A

Figure 1.4 Crystal structures of Nxph1-LNS2%52 and Nxph1-LNS25%2A* complexes. The
figure shows an overall architecture of Nxph1-LNS2 complexes with numbered 3-strands and
indicated C- and N- terminals. SS2A insert is marked in magenta. Disulfide bonds are
presented as red sticks and dashed lines show disordered regions. Adapted from Wilson et
al., 2019.
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Figure 1.5 Primary and secondary structures of the splice insert-free neurexin-1
LNS2 domain in complex with neurexophilin-1. The crystal structure revealed that
Nxph1-LNS2 interaction occurs between B7 and B10 of LNS2 and B+ and Bs of Nxph1.
Residues labeled in red (Val-358, lle-401, Leu-402, Thr-404) were mutated and tested in a
co-immunoprecipitation assay with neurexophilin 1. lle-401 was identified as a residue
involved in binding to neurexophilin 1 (Reissner et al., 2014). Residues of Nxph1 labeled in
green (Tyr-249, Leu-251) form a deep hydrophobic binding pocket of Nxph1. Residues of
LNS2 labeled in cyan (Thr-405, Tyr-407) were also indicated as the ones which also take
part in binding to Nxph1 (Wilson et al., 2019). 6PNP structure was downloaded from the
protein data bank. Modified from (Wilson et al., 2019).
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1.3.3 Function of neurexophilins

Although the structure of neurexophilins has been under investigation for many years,
it is still not known what the exact function of these a-neurexin specific ligands are.
Nxphl knockout in mice is not lethal and revealed no obvious phenotype related to
the loss of one of the neurexophilins (Missler, Hammer and Siidhof, 1998). Later it
was shown that Nxphl plays a role in short-term synaptic plasticity. Genetic deletion
of Nxphl impaired GABAB receptor (GABABR)-dependent short-therm depression of
inhibitory synapses in the nucleus retricularis thalami (NRT), the region where Nxphl
is highly expressed. However, the ectopic expression of Nxphl in excitatory terminals
of the neocortex, which generally do not contain this molecule, showed an inverted
phenotype and reduced short-term facilitation (Born et al., 2014). There are not so
many reports about other neurexophilins. In case of Nxph3, Nxph3 knockout mice
showed no structural phenotype; however, it displayed impairments in sensorimotor
gating and motion coordination tasks but not in other behavioral tests (Beglopoulos et
al., 2005). Nxph4 knockout mice showed anxiety, defects in motor coordination, and
reduced weight (Meng et al., 2019). Deletion of nxph4 caused reduced Golgi-granule
cell inhibitory synapse number and impaired neurotransmission onto granule cells,
which possibly contributed to the observed motor deficits in mice (Meng et al., 2019).
Neurexinlo was confirmed to interact with Nxph4 in vivo when both proteins
coimmunoprecipitated together from synaptosomes obtained from Nxph4 KI mice
brains (Meng et al., 2019). Moreover, it was also shown that Nxph4 interacts with
postsynaptic receptor GABAARs in the cerebellum (Meng et al., 2019). In case of
Nxph2, it was shown that patients with the chromosomal deletion in 2q22.1, a region
where there are loci of inter alia: Nxph2, histamine N-methyltransferase (HNMT),
low density lipoprotein receptor-related protein 1B (LRP1B) and Rho GTPase
activating protein 15 (ARHGAPI15), have severe intellectual disability, omphalocele,
hypospadias, and high blood pressure (Mulatinho ef al., 2012).
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1.4 The aim of the study

In this PhD project, I focused on neurexophilins, specific ligands of a-neurexins. The
crystal structure of Nxphl in complex with the LNS2 domain of Nrxnla has been
revealed recently (Wilson ef al., 2019), which makes Nxphl the most investigated
member of the neurexophilin family so far. However, It is still unclear if other
neurexophilins use the same interface to interact with neurexins and what is the
function of these neurexin-specific ligands.

At first, I asked if the other three neurexophilin family members (Nxph2, Nxph3,
Nxph4) interact with the same binding epitope on the LNS2 domain of Nrxnla. I
performed in vitro protein-protein interaction studies where I co-expressed various
neurexophilins with neurexinla in a heterologous system to map if they share the
same interface as Nxphl-Nrxnla. In the second part of my project, I wanted to gain
more knowledge about the function of neurexophilins by a search for novel binding
partners of Nxphl and Nxph3. To do so, I performed brain pull-down experiments
from transgenic mice ectopically overexpressing Nxphl-GFP and Nxph3-GFP to
screen through synaptic receptors that could potentially interact with neurexophilins

or neurexophilins n complex with neurexins.
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Materials and Methods

2.1 Materials

2.1.1 Animals

Mice of Nxphl transgenic (Nxphl-GFP%¥~) and Nxph3 transgenic (Nxph3-GFP®")
were used in pull-down assays in search for novel binding partners of neurexins.
Animals were held at the animal facility of the Universititsklinikum Miinster and in
the Institute of Anatomy and Molecular Neurobiology under local institutional and
governmental regulations for animal welfare. Both Nxph1-GFP'¥- and Nxph3-GFP¢"-
were generated in our lab by Kerstin Piechotta from WT C57BL/6N mouse strain
obtained from JANVIER LABS, France.

Nxph1-GFP®¥" transgenic mice were designed to ectopically overexpressing GFP-
tagged Nxphl under the control of Thyl.2 promoter (Born et al., 2014). The
transgenic vector used for the preparation of mice was constructed using plasmid
pCMVD?2, which encodes full-length Nxphl (Missler & Sudhof, 1998b). EGFP was
inserted (junctional amino acid sequence: Nxphl . . . PYFPSGPGPGMVSKGEE
...EGFP... GMDELYKPGstop . . . Nxphl 3’-UTR) and transferred to pEX21 to
generate pThyNxphlC'EGFP. Nxphl-GFP¥~ mice were produced by pronucleus
injection, and PCR genotyped founder mice and progeny. Heterozygous Nxphl-
GFP'¥-mice were used to perform pull-down experiments.

Nxph3-GFP'%" transgenic mice line used in this study was designed similarly as
Nxph1-GFP®- but overexpressed GFP-tagged Nxph3 under Thyl.2 promoter. In
brief, 800 bp PCR fragment of Nxph3 ORF from full-length Nxph3 cDNA (Missler &
Sudhof, 1998b) was cloned into EcoRI/BamHI sites of pCMV5. The Kpnl site was
introduced in front of the Nxph3 stop codon through QuikChange™ protocol
(2.2.1.2), and a PCR fragment of EGFP was cloned into this Kpnl site to form the
pCMV5-Nxph3C’EGFP construct. Next, a 1.5 kb of EcoRI-BamHI fragment coding
for Nxph3-GFP was cut from pCMV5- Nxph3C’EGFP and blunt-end cloned into the
unique Xhol site of the mouse Thyl.2 expression vector pEXThyl resulting in the
transgenic vector pThyNxph3C’EGFP. Finally, Nxph3 transgenic mice were
generated by pronuclear injection of linear pThyNxph3C’EGFP. Heterozygous

Nxph1-GFP®¥" mice were used to perform pull-down experiments.
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2.1.2 Antibodies
Primary antibody Species Dilution WB Producer
anti-Actin (A5060) rabbit 1:1000 Sigma
anti-CASK (PAB2776) rabbit 1:250 Abnova

anti-a-Dystroglycan  (05-

mouse 1:500 Millipore
593)
anti-GABA-A receptor al Synaptic
rabbit 1:500, unboiled
(224203) Systems
anti-GABA-B receptor R1 Santa
rabbit 1:500, unboiled
(sc-14006) Cruz
anti-GFP (ab290) rabbit 1:3000 Abcam
. Synaptic
anti-GIuN1 (114011) mouse 1:250; 8M Urea
Systems
Anti-GluN2A (AB1555P)  rabbit 1:250 Millipore
Anti-GIuN2B (AB65783)  rabbit 1:250 Abcam
Chemica
anti-GluR1 (AB1504) rabbit 1:500 |
) ) Chemica
anti-GluR2/3 (AB1506) rabbit 1:500 |
anti-GIuR5 (07-258) rabbit 1:500 Upstate
anti-mGIuR3 (AB166608)  rabbit 1:1000 Abcam
anti-mGIluR5 (AB5675) rabbit 1:1000 Millipore
anti-LRRTM2 (AB106627) rabbit 1:500 Abcam
anti-Myc (11667149001) mouse 1:500 Roche
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anti-Neurexin 123 (175003) rabbit

anti-Neuroligin 1 (129111) mouse

anti-Neuroligin 2 (129203)  rabbit

anti-Neuroligin 3 (129103)  rabbit

anti-Neurexophilin 1

rabbit
(Loop99)
anti-Neurexophilin 1+3

rabbit
(F508)
anti-PSD95 (75-028) mouse
anti-Synapsin (E028) rabbit
anti-SSTRS (PA3-112) rabbit

anti-turbo GFP (AB513) rabbit

Secondary antibody
Mouse-IgG (H+L) (170-
goat
6516)
Rabbit-IgG (H+L) goat

1:500

1:5000

1:500

1:1000

1:1000

1:500

1:1000

1:10000

1:2000

1:1000

1:15000

1:15000

Synaptic

Systems

Synaptic

Systems

Synaptic

Systems

Synaptic

Systems

Eurogen

etec

UTSW

Neuro

Mab
UTSW

Thermo

Fisher

Evrogen

BioRad

BioRad

2.1.3 Apparatus

Apparatus

Model

Company name

Acrylamidgel chamber

Agarose gel chamber

Analytic balance

Mini-Protean

LA 120S

Bio-Rad, Miinchen

GE Healthcare,
Freiburg

Sartorius,

Gottingen
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Autoclave

Bacterial shaker

Benchtop Shaker

Bath chamber

Digital scale

Filter-Set
Gel documentary system

Heating block

Incubator

Materials and Methods

Innova 40

Custom made

Chroma ET Filter-Set

2D ECL

Integra Bioscience,

Fernwald

Eppendorf,
Wesslingen-

Berzdorf

IKA, Wilmington,
USA

UKM Werkstatten

Sartorius,

Gottingen
Chroma, Olching
INTAS, Goéttingen

Eppendorf,
Wesslingen-

Berzdorf

Sanyo,  Gunama,

Japan

2.1.4 Cell cultures

Human embryonic kidney (HEK293) cells (Life Technologies, Darmstadt) were used

to transfect membrane-associated proteins and secreted Fc-tagged proteins.

Consumables

Consumables Model Company name

Plates, for Cell culture @ 100 mm Corning,
Wiesbaden

SDS-Page gel-loading tips Round tip, 0.5 mm OD Corning,
Wiesbaden

Spectrophotometry cuvettes UVette, disposable, 220 - 1.600 nm Eppendorf,
Wesslingen-
Berzdorf
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2.1.5 Chemicals

Chemicals

Company name

Acetic acid (AcOH)

Adenosin-5 -triphosphat disodium salt (Na2-ATP)

Acrylamid-Bisacrylamid
Agarose

Alcalic Phosphatase
Ammonium acetate
Ammoniumpersulfat (APS)
B-mercaptoethanol

Calcium chloride (CaCy)
Disodium phosphate (Na;HPO4)
DNAse

DNA- standard

dNTP’s

Dithiothreiol (DTT)
Ethylenediaminetetraacetic acid (EDTA)
ECL Western Blot reagent (ECL)
Ethanol (70%, 96%) (EtOH)
Ethidium bromide

GFP-Trap Magnetic Agarose
Glucose, D-(+)

Glycerol

Glycine

HEPES

InstantBlue

iProof Taq, High Fidelity DNA Polymerase

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Biozym, Hessisch Oldendorf
NEB, Frankfurt a. M.

Sigma, Taufkirchen

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe

Sigma, Taufkirchen

Life Technologies, Darmstadt
Life Technologies, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe

GE Healthcare, Freiburg
UKM Apotheke

Roth, Karlsruhe

Chromotek

Sigma, Taufkirchen

Roth, Karlsruhe

Roth, Karlsruhe

Life Technologies, Darmstadt
Merck, Darmstadt

Bio-rad, Miinchen
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Isopropyl alcohol Roth, Karlsruhe
Lysozyme Roth, Karlsruhe
Magnesium chloride (MgCl,) Roth, Karlsruhe
Methanol (MeOH) AppliChem, Darmstadt
Milk Powder Bio-rad, Miinchen
Monosodium phosphate (NaH,PO4) Roth, Karlsruhe
Paraffin Roth, Karlsruhe
Phosphate buffered saline (PBS) BioChem, Karlsruhe
Potassium chloride (KCI) Roth, Karlsruhe
Potassium hydroxide (KOH) AppliChem, Darmstadt

Precision Plus Protein™ All Blue Prestained Protein Bio-rad, Miinchen

Standards

Protease Inhibitor Cocktail Set III Merck, Darmstadt
Protein-A Sepharose beads (SephA beats) GE Healthcare, Freiburg
Sucrose Roth, Karlsruhe

Sodium acetate Roth, Karlsruhe

Sodium bicarbonate (NaHCO3) Roth, Karlsruhe

Sodium chloride (NaCl) Roth, Karlsruhe

Sodium dodecylsulphate (SDS) Roth, Karlsruhe

Sodium hydroxide (NaOH) Roth, Karlsruhe
Tetramethylethylendiamin (TEMED) Sigma, Taufkirchen
Tris-HCI Roth, Karlsruhe

Triton X-100 Roth, Karlsruhe
Tryptanblue Life Technologies, Darmstadt

2.1.6 Media and Supplements

Media and Supplements Company name

Ampicillin Sigma, Taufkirchen
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Bovine serum albinum (BSA) GE Healthcare, Freiburg
Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma, Taufkirchen

Fetal calf serum (FCS) Life Technologies, Darmstadt
Normal goat serum (NGS) Life Technologies, Darmstadt
NZY+-Medium Roth, Karlsruhe
Penicillin/Streptomycin Life Technologies, Darmstadt

2.1.7 Solutions and media for cell culture
HEK293 cell culture medium
490 ml DMEM, 5 ml penicillin/streptomycin

HEK?293 cell culture medium 2% FCS
490 ml DMEM, 5 ml penicilin/streptomycin, 2 ml FCS

HEK293 cell culture medium 10% FCS
490 ml DMEM, 5 ml penicilin/streptomycin, 50 ml FCS

Calcium buffer for HEK93 transfection
250 mM CaClz * 2H2O (sterile filtrated)

Freezing medium

90% FCS, 10% DMSO

Phosphate buffer for HEK293 transfection (2X HEPES)
274 mM NaCl, 40 mM HEPES, 12 mM D(+)-Glucose, 10 mM KCI, 1,4 mM
NaxHPOu4 (pH 7.05, sterile filtered)

Solutions and media used in biochemical assays
Blocking solution

5% milk powder, 5% NGS in PBS
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Homogenisation buffer
50mM Tris-HCl pH 7.5, 5 mM CaClz, 80 uM NaCl, 50 ul Proteinase inhibitor

cocktail

Loading buffer (10x)
57% glycerol, 100 mM Tris (pH 8.0), 10 mM EDTA, 0,001% bromophenol blue

Lower Tris (for separation polyacrylamide gel)

1,5 M Tris (pH 8.8), 0.4% SDS

Lysis buffer for cells
NaCl 80mM, 50 mM Tris/HCI (pH 7.5), 5 mM CaClz, 1% Triton X-100, 1:100

Protease inhibitors cocktail (added just before use)

Ponceau S

0,2% Ponceau-S, 5% acetic acid

2x sample buffer +
20% glycerol, 4.6% SDS, 0.125 M Tris (pH 6,8), 5% P-mercaptoethanol,

bromophenol blue
2x sample buffer with 8M urea
20% glycerol, 4.6% SDS, 0.125 M Tris (pH 6,8), 5% B-mercaptoethanol, 8M urea,

bromophenol blue

SDS-PAGE 10x running buffer (for 1L)
30,3 g Tris, 144 g glycine, 10 g SDS

5x Soriano Buffer (blue, ready to load; 10 ml)
IM (NH4)2SO4, IM Tris (pH 8.0), IM MgCl2, 1M B-mercaptoethanol, 0,005 M

EDTA, 4,528 ml dH:0, 0,640 ml Tween 20, Bromophenol blue

STET buffer
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8% sucrose, 0.5% Triton X-100, 10 mM Tris (pH 8.0), 50 mM EDTA (pH 8.0)

TE-buffer
10 mM Tris, 1 mM EDTA (pH 8.0)

TEA-buffer (50 x)
2 mM Tris, 50 mM EDTA, 4% acetic acid (pH 8.5)

Transfer Buffer for Western Blot (1L)
3g Tris, 14,4 g glycine, 20% methanol

Upper Tris (for stacking polyacrylamide gel)
0,5 M Tris (pH 8.0), 0,4% SDS

2.1.8 Molecular biology Kkits

Kit name Application Company name

QUIAEX II Gel Extraction Kit DNA extraction QIAGEN,
Diisseldorf

NucleoSpin Plasmid Mini-Prep Macherey Nagel,
Diiren

NucleoBond PC500 Maxi Prep Macherey Nagel,
Diiren

iProof™ High Fidelity PCR Bio-Rad, Miinchen

QuikChange® Lightning Site- Mutagenesis Agilent

directed Mutagenesis Kit Technologies,
Waldbronn

2.1.9 Oligonucleotides
Oligonucleotides used for amplification of a gene of interest and site-directed

mutagenesis. All oligonucleotides were produced by Sigma, Taufkirchen.

ID Mutation Sequence RE Direction

Neurexin

MMO08-67  Nrxnlp-Fc GGACATGGTCATCATTGTGGCTGT  Kas! Forward
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GGCTGGCGCCGTGA
MMO08-68  Nrxnlp-Fc CAGAGTCAGGCCGCTCACGGCGCC  Kasl Reverse
AGCCACACAGAGTCAG
MMO5- Nrxnlpf DI137A- TGAAAGGACTCCGCTTGTGAAAGG BamH1 Forward
188 Fc ACTCCGCTTGTGAAAG
MMO5- Nrxnlf DI137A- AGGCCGCTCACGGCGCCAGCCACA BamH1 Reverse
189 Fc CAGAGTCAGGTGAAAG
MMO5- Nrxnla-Fc CAGGCCGCTCCAGGCCGCTCCAGG  Ecol Forward
111 CCGCTCCAGGCCGCTC
MMO5- Nrxnlo-Fc ATGGTCATCATGGTCATCATGGTC  Ecol Reverse
112 ATCATGGTCATCATGGTCATC
MMO5- Nrxnlo LNS2-Fc  GGACTCCGCTTGTGGACTCCGCTT  Ndel Forward
103 GTGGACTCCGCTTGT
MMO5- Nrxnla LNS2-Fc CCGCTTGTGGACTCCCGCTTGTGG  Ndel Reverse
104 ACTCCCGCTTGTGGACTC
MMO08-08  Nrxnla LNS2 TTGTGAAAGTTGTGAAAGTTGTGA  Sall Forward
1401D-Fc AAGTTGTGAAAG
MMO08-09  Nrxnla LNS2 CATCATGGTCATCATGGTCATCCA  Sall Reverse
1401D-Fc TCATGGTCATCATGGTCATC
MMO08-04 Nrxnla LNS2 CATCATGGTTCATCATGGTTCATC Spel Forward
V358D-Fc ATGGTTCATCATGGT
MMO08-05  Nrxnla LNS2 AAAGGACTCCGCTTGTGAAAGAA Spel Reverse
V358D-Fc AGGACTCCGCTTGTGAAAG
MMO8- Nrxnlo LNS2 CTTGTGAAAGCTTGTGAAAGCTTG Clal Forward
124 L402D-Fc TGAAAGCTTGTGAAAG
MMO8- Nrxnla LNS2 TGTGAAAGCTTGTGTGTGAAAGCT Clal Reverse
125 L402D-Fc TGTGTGTGAAAGCTTGTG
MMO8- Nrxnla LNS2 AGGACTCCGCTTGTGAAAGAAAG BamH1 Forward
144 T404P-Fc GACTCCGCTTGTGAAAG
MMO8- Nrxnla LNS2 AGGACTCCGCTTGTGAAAGAAGG BamH1 Reverse
145 T404P-Fc ACTCCGCTTGTGAAAGA
MMO8- Nrxnla ECD ACTCCGCTTGTGAAAGAAAACTCC  Ecol Forward
100 GCTTGTGAAAGAAA
MMO8- Nrxnla ECD TGTGAAAGCTTGTGATGTGAAAGC  Ecol Reverse
101 TTGTGATGTGAAAG
Neurexophilin
MMO8- Nxphl mat ACTCCGCTTGTGAACTCCGCTTGT  BamHI Forward
150 GAACTCCGCTTGTGA
MMO8- Nxphl mat TGAAAGCTTGTGATGTGTGAAAGC BamHI Reverse

151

TTGTGATGTG
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MMO09- Nxph3 mat CTTGTGAAAGCTTGTGAAAGCCTT  Spel Forward

160 GTGAAAGCTTGTGAAAGC

MMO09- Nxph3 mat CTTGTGAAAGCCTTGTGAAAGCCT  Spel Reverse

161 TGTGAAAGC

MMO09- Nxph1-GFP CTTGTGAAAGCCTTGTGAAACTTG  Agel Forward

140 TGAAAGCCTTGTGAAA

MMO09- Nxphl-GFP TGAAAGCCTTGTGAAATGAAAGCC  Agel Reverse

141 TTGTGAAATGAAAGCC

MMO09-17  Nxph3-GFP GAAAGCTTGTGAAAGCCGAAAGC  HindIlll  Forward
TTGTGAAAGCC

MMO09-18  Nxph3-GFP AGCCTTGTGAAAGCCTTAGCCTTG  HindIll Reverse
TGAAAGCCTT

MMO09-70  Nxph2-tGFP CCGCTTGTGAACTCCGCTTGTGAA  Spel Forward
CTCCGCTTGTGA

MMO09-71  Nxph2-tGFP AGCTTGTGATGTGTGAGCTTGTGA  Spel Reverse
TGTGTGAGCTTGTGATGTGTG

MMO09-67  Nxph4-Myc TCCGCTTGTGAACTCCTCCGCTTGT Clal Forward
GAACTCCTCCGCTTGTGAACTCC

MMO09-68  Nxph4-Myc TCCGCTTGTGAACTCCTCCGCTTGT Clal Reverse
GAACTCCTCCGCTTGTGAACTCC

2.1.10 Plasmids

Plasmid Description Reference

pcl-EGFP-NR1 GluN1-GFP Barria et al,

2002
pCMV D2 Nxphl Petrenko et al.,

pCMV-LNS2-Ig

pCMYV LNS2-1401D-Ig

pCMVIg-LNS2-L402D

pCMVIg-LNS2-V358D

Nrxnloa LNS2-Fc

Nrxnlo LNS2 1401D-Fc

Nrxnlo LNS2 L402D-Fc¢

Nrxnloa LNS2 V358D-Fc¢

1998

C. Reissner,

Miinster

M. Klose,
Magdenburg

M. Klose,
Magdenburg

M. Klose,
Magdenburg
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Materials and Methods

Nrxnlo LNS2 T404P-Fc

Nrxnlo ECD-Fc

Fc control protein

M. Klose,
Magdenburg

Ushkaryov et al.,
1994

Reissner et al.

2008

pCMV5 Nrxnla-1sol-ASS4 Nrxnla ECD M. Klose,
Magdenburg

pCMYV NrxIb-1-Ig NrxnlpB-Fc C. Reissner,
Miinster

pCMV NrxIb/D137R-Ig Nrxnlp D137A-Fc C. Reissner,
Miinster

pCMV Nxphl-C'EGFP Nxphl-GFP Kerstin Pichotta,
Miinster

pCMV Nxph2-tGFP Nxph2-turboGFP Origene

pCMV Nxph3 #1 Nxph3 C. Reissner,
Miinster

pCMV Nxph3-C 'EGFP Nxph3-GFP E. Eismann,
Miinster

pCMV Nxph3mat-Ig mature Nxph3-Fc E. Eismann,
Miinster

pCMV Nxph4 myc (#1) Nxph4-Myc V. Beglopoulos,
Gottingen

2.1.11 Software

Program name Application Company name

ImageJ 64

DNASTAR
Adobe Photoshop

Adobe Illustrator

WB Image analysis

Molecular cloning design
creation of WB figures

creation of WB figures

NIH, Bethesda,
USA

DNAStar, USA
Adobe Inc., USA

Adobe Inc., USA
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2.2 Methods

2.2.1 Molecular biology methods

In this section, I describe all molecular biology methods that I had to create plasmids
encoding genes of interests. These plasmids were then used to transfect cell lines,
produce proteins, and test their interactions in vitro. Molecular cloning, which is a
term used to describe the construction of plasmids includes following methods: the
amplification of DNA sequences that encode proteins or fragments of proteins by
polymerase chain reaction (PCR), restriction digestion of multiplied DNA fragments
and DNA vectors by specific endonucleases and ligation of both components together
to obtain functional plasmids. After constructed plasmids were verified by restriction
digest and DNA sequencing, they were transfected in cell lines to produce soluble or

membrane proteins that could be used in my PhD project

2.2.1.1 Polymerase chain reaction for cloning

Polymerase chain reaction (PCR) is a method that allows amplifying specific
sequences of DNA in vitro. To its proper working, it requires not only the DNA
template from which the segment must be multiplied but also specific primers
designed to bind to two ends of this sequence, DNA polymerase,
deoxyribonucleotides and buffer that contains Mg?" cations required for the proper
function of DNA polymerase. The annealing temperature was calculated based on %
of GC of matching region in primers (melting temperature minus 3°C). PCR products
were tested on an agarose gel, purified by QIAEXII gel extraction kit, digested with
restriction enzymes and cloned into the vector.

Optimal primers flanking region of interest were designed with DNAstar software.
The procedure was performed according to the protocol of the manufacturer (iProof™

) as follows:

Volume Substance
14,5l H20

1l 10x PCR buffer
Tul dNTPs

1l Forward primer
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1l Reverse Primer
1l DNA template
0,5ul DNA polymerase

and the following program was applied:

Cycle step Temperature Time Number of cycles
Initial denaturation 98°C 30s 1

Denaturation 98°C 5-10s

Annealing 45-72°C 10-30 s 25-35

Elongation 72°C 15-30s/kb

Final elongation 72°C 5-10 min 1

Store 4°C end

2.2.1.2 In vitro site-directed mutagenesis using QuikChange Kit

To introduce point mutations on plasmids carrying recombinant genes of interests, |
used QuikChange Kit. This site-specific mutagenesis of double-stranded plasmids is
based on the PCR method and requires two synthetic oligonucleotide primers
containing the desired point mutation. Extension of the oligonucleotide primers
generates a mutated plasmid containing staggered nicks. Following temperature
cycling, the product is treated with Dpnl for 5 min at 37°C, leaving newly synthesised
non-methylated DNA untouched. The Dpnl endonuclease is specific for methylated
DNA and is used to digest the parental DNA template and to select for mutation-
containing synthesised DNA. DNA isolated from almost all E. coli strains is dam
methylated and therefore susceptible to Dpnl digestion. The nicked vector DNA
containing the desired mutations was transformed into chemical-competent cells
(2.2.1.3) supplied by manufacturer or stored at -20°C until were needed.

The reaction mixture for mutagenesis PCR:
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Volume Substance

Sul 10x reaction buffer

1wl dNTP mix

1l Forward primer

1l Reverse primer

1,5 Quik solution reagent

39,5 ul dH,O

1l QuikChange Lighting enzyme
Thermal cycling

Cycle step Temperature Time Number of cycles

Initial denaturation 95°C 2 min 1

Denaturation 95°C 20 sec

Annealing 60°C 10s 18

Elongation 68°C 30 sec/kb

Final elongation 68°C 5 min 1

Store 4°C end

2.2.1.3 Heat pulse transformation and culturing on plates

E.coli XL10-Gold ultracompetent cells were transformed with mutated plasmid DNA
by the heat pulse method. 45ul aliquot of cells was taken from -20°C, gently thawed
on ice and transferred to pre-chilled 14 mL round-bottom Snap tube. 2ul of B-
mercaptoethanol was added to cells and incubated on ice for 2 min. 2ul of Dpnl-
treated PCR products were added, gently mixed and incubated for 30 min on ice.
Snap tubes were placed in a pre-warmed water bath (42°C) for the 30s. Next, tubes
were incubated on ice for 2 min, 0,5mL of preheated (42°C) NZY-medium was
added and incubated for 1h at 37°C under shaking at 250 rpm. Each transformation
reaction was plated on LB-agar plates containing appropriate antibiotics (1:1000).

Transformation plates were incubated at 37°C for less than 16h.
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2.2.1.4 Express Mini (Holmes and Quigley, 1981)

This standard procedure of quick isolation of plasmids from E.coli cells was first
described by Holmes and Quigley (Holmes and Quigley, 1981). In this method, cell
membranes are being enzymatically destroyed, which allows purifying enough DNA
that can further be used to perform restriction analysis of, e.g., mutated constructs
obtained by QuikChange™.

5 ml LB medium with an appropriate antibiotic (1:1000) were inoculated with single
colonies from LB agar plates and grown overnight at 37°C under shaking at 250 rpm.
Next day, 1,5ml of culture aliquot was spun down at 12.000xg for 1 min and
resuspended with 300 pul STET-buffer. The reminder (3,5 ml) of the overnight culture
was spun down, and pellets were stored at -20°C until usage for Mini-Prep of
successfully identified clones. Freshly prepared 25 pl of lysozyme (10 mg/ml) was
added to the STET mixture and incubated precisely for 45 s at 99°C. This was
followed by centrifugation for 10 min at 12.000xg at RT and pellets were removed by
toothpicks. Soluble DNA in supernatant was precipitated by 50 pl sodium acetate and
500 pl 100% ethanol through centrifugation for 15 min at 12.000xg rpm at RT. The
supernatant was discarded, and remaining DNA pellets were washed briefly by
rinsing with 500 pl ice-cold (-20°C) 70% ethanol. Pellets were dried for 15 min at
37°C and resuspended (10 min, 50°C) in 30ul 10mM Tris-HCI buffer pH 8.5 and

directly proceed with endonuclease restriction digestion.

2.2.1.5 Restriction enzyme digestion of DNA

Restriction enzyme digestion of DNA is a method used for molecular cloning of DNA
and to identify positive clones after site-directed mutagenesis. This happens with the
help of bacterial endonucleases that cut double-stranded DNA at specific palindromic
recognition sites. Digest occurred overnight in 20-50 pl reaction volume at 37°C or
other temperature, suggested by the manufacturer. NEB recommended buffers used.
Approximately 300 ng of DNA was needed, and reaction last for minimum 1h.

Reaction mixture:

Volume 20 Volume 50 Substance
2 ul 5ul 10x reaction buffer
2wl 5ul DNA plasmid
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0,4 pl 1l Restriction enzyme (1 U/ul)

15,6 pl 39l dH20

2.2.1.6 Agarose gel electrophoresis

DNA fragments can be easily separated by agarose gel electrophoresis according to
their size, where the smaller the fragment is, the faster it migrates (Meyers et al.,
1976). Gel concentration varies from 0,8 % to 1,2 %. Bigger fragments migrate better
in higher gel concentrations, and smaller fragments separate better in low
concentrated gels. 0,56 g or 2,4 g of agarose were dissolved accordingly in 70 ml or
300 ml of 1x TAE buffer in a microwave. After the solution was cooled down,
ethidium bromide was added to the final concentration of 1pg/ul (1:10000). Agarose
solution was poured to the chamber, and the comb was placed in it. After cooling at
RT, the gel was placed in the electrophoresis chamber and covered with 1x TAE
buffer. Samples were mixed 6 to 1 with loading buffer and were loaded on a gel next
to a DNA molecular weight standard. Samples migrated at 80V for a small gel and at
120V for a big gel for around 30-60 min. After electrophoresis bands were made
visible by UV transilluminator and photographed. The size of DNA bands was
estimated by a DNA molecular weight marker that migrated together with samples on

a gel.

2.2.1.7 Purification of DNA by QIAEX® II Gel Extraction Kit

QIAEX® II Gel Extraction Kit (QIAGEN) was used to isolate DNA fragments from
agarose gels. It is commonly used as a purification step after DNA restriction digest
or PCR reactions. In this method DNA bands of the correct size can be easily
extracted after electrophoresis, bound to the affinity resin to purify them from agarose
and eluted to obtain pure DNA fragments. DNA bands were cut out from agarose gel
and put into a 1,5 ml microcentrifuge tubes. 750 ul QX1-buffer (pH-indicator) and 12
ul of QIAEX® DNA-binding beads suspension was added to tubes and incubated at
50°C for 10 min under shaking (1200 rpm) on a heating block. Beads were
precipitated (11.000xg for 30s), washed once with QX1-buffer and twice with PE-
buffer. Resulting pellets were air-dried for about 15 min before DNA was eluted by
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incubation in 20 ul dH20 at 50°C for 5 min after final centrifugation (11.000xg for

30s) supernatants contain purified DNA fragments.

2.2.1.8 Dephosphorylation of 5> DNA ends
To prevent vector re-ligation during cloning procedures in which vector has been cut
with only one enzyme or a blunt-ended, 5’ phosphate groups were removed by

treatment with 1 pl alkaline phosphatase at 37°C for 30 min.

2.2.1.9 Ligation

The amplified PCR fragment was cloned into the vector with T4 DNA-ligase at 16°C
overnight. The ligation mixture contained the vector and the PCR fragment of interest
in a molar ratio of 1:5.

The following reaction mixture was used:

Volume Substance

12 pul dHO

1wl Vector DNA (~2100 bp, 40ng/ul)
1l Insert DNA (~700 bp, 40ng/ul)
1wl Ligation buffer 10x

jn| T4 DNA Ligase (400 U/ul)

2.2.1.10 Electrotransformation of bacteria with plasmid DNA

Electrotransformation is a technique in which an electrical field is applied to cells to
increase the permeability of the cell membrane, allowing DNA to be introduced into
the cell (Neumann et al., 1982). It is used in molecular biology to transform FE.coli
cells with plasmid DNA, which happens once cells are exposed to high voltage (2,5
kV). 160 ng of plasmid DNA (ligation mixture diluted 1:4 with TE for mini-prep or
1:300 for maxi-prep) was mixed with 40 ul of electro-competent bacterial cells, which
were kept on ice for 45s in advance. The mixture was transferred to an ice-cold
electroporation cuvette (0.2 cm, BioRad) and pulsed at 2,5 kV in a pulser (E.coli
Pulser, BioRad). Electroporated bacteria were then mixed with 1 ml of LB medium
and incubated at 37°C for 1h under shaking (250 rpm) in snap tubes. For mini-prep

DNA preparation, bacteria were then plated on LB agar plates containing appropriate
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antibiotic (1:1000) and grown overnight at 37°C. For maxi-prep DNA preparation, 4
ml of LB medium was added to each tube along with proper antibiotic and incubated
for further 4h. 1 ml of culture was then added to 500 ml of LB medium containing

antibiotics (kanamycin or ampicillin; 1:1000) and incubated overnight at 37°C.

2.2.1.11 Plasmid DNA mini-preparation (NucleoSpin® Plasmid)

Minipreparation of plasmid DNA is rapid, small-scale isolation of plasmid DNA from
bacteria. Mini-preps are used in the process of molecular cloning to analyse bacterial
clones transformed with plasmids. Purification of plasmid DNA from bacterial cells
required for DNA sequencing (GATC, Konstanz) was performed by using
NucleoSpin® Plasmid kit (Macherey-Nagel). An E.coli cell pellet from 3,5 ml
overnight culture was resuspended in 250 ul buffer A1 by pipetting. After the addition
of buffer A2, the tube was gently inverted 6-8 times, and the solution was incubated
for a maximum of 5 min at RT. Neutralisation was done by addition of 300 ul of
buffer A3 and inverting 6-8 times again to avoid isolation of genomic DNA. The
mixture was spun down for 5 min at 11.000 xg at RT and obtained supernatant was
placed on DNA-binding matrix Spin-columns. DNA was bound to the matrix by
centrifugation for 1 min at 11.000 xg rpm, and flow-through was discarded. Silica
membrane was washed by preheated (50°C) 500 ul AW buffer and 600 pl buffer A4
followed by centrifugation for 1 min at 11.000 xg. After removal of flow-through,
silica membrane columns were dried by an additional centrifugation for 2 min at
11.000 xg rpm. DNA was eluted after incubation with 50 ul buffer AE for 1 min at
RT, followed by centrifugation at 11.000 xg for 1 min.

2.2.1.12 Plasmid DNA maxi-preparation (NucleoBond® PC500)

Maxi-preparation is a technique of plasmid DNA isolation, which allows obtaining
high concentrated plasmid DNA for long time storage. Here, I used NucleoBond® PC
500 kit (Macherey-Nagel). 500 ml of bacterial cell culture (E.coli XL-Blue MRF) was
spun down for at 6.000xg 4°C for 15 min. Pellet was carefully resuspended in 12 ml
RES buffer (containing RNase A). After addition of 12 ml of LYS buffer (provided
by manufacturer) cell suspension was gently mixed by inverting and afterwards
incubated for 5 min at RT. Next, 12 ml of NEU buffer (provided by manufacturer)
was added to stop cell lysis, and the mixture was loaded on pre-equilibrated

NucleoBond® column by 25ml of EQV buffer (provided by manufacturer).
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NucleoBond® columns contain filter and matrix, which bind plasmid DNA. Flow-
through was discarded, and 15 ml of EQV buffer was added on a filter. Next, the filter
was discarded, and the column matrix was washed by 25 ml of WASH buffer. Flow-
through was discarded, and 15 ml of ELUTION buffer (provided by manufacturer)
was added, and the through-through was collected in 50 ml falcon tube. This was
followed by addition of 10,5 ml of isopropanol and briefly vortexing to precipitate
DNA. Tubes were then centrifuged at 15.000 rpm at 4°C for 30 min. After discarding
the supernatant 4ml of 70% ethanol was added to DNA pellet, which was followed by
centrifugation at 15.000 rpm at RT for 5 min. DNA-pellet was dried at RT for 15-30
min and then dissolved in 500 pl of TE buffer on a Thermo block preheated to 37°C.

2.2.1.13 Concentration analysis of plasmid DNA

Determination of double-stranded plasmid DNA was done wusing UV
spectrophotometer (Eppendorf). DNA was diluted 1:60 in water and absorbance in
260 nm was measured as well as the ratio of 260 nm / 280 nm. The DNA
concentration for mini-preparation is typically around 100-300 ng/ml, while for maxi-

preparation is around 1-5 pg/pl. Optimal 260 nm / 280 nm ratio was 1.8.

2.2.1.14 DNA-sequencing and sequence analysis

GATC Biotech AG, Konstanz performed DNA sequencing. Plasmid DNA was
diluted to 100 ng/ul in 10mM Tris (pH 8.0). Sequencing data were analysed using
SeqMan software (DNAStar).

2.2.1.15 Preparation of mouse genomic DNA for PCR

Genotyping of mice was performed to verify if mice specimens are transgenic.
Verification occurred by the PCR from genomic DNA that was isolated from the
tissue. Earpieces were added to 0,5 ml SNET buffer with 0,25 mg/ml proteinase K
and incubated at 55°C overnight. 200 pl of tissue lysate was transferred into an
Eppendorf tube, mixed with the same amount of phenol-chloroform-isoamyl alcohol
and centrifuged at 18.000 xg for 10 min. The supernatant was transferred to a new
tube, and 150 pl of isopropanol was added. The tube was incubated on ice for 5 min,
followed by centrifugation at 16.000 xg for 10 min. The supernatant was removed
carefully, and the pellet was dried at RT. The pellet was resuspended in 200 pul of TE
buffer, and genomic DNA was used in further steps of genotyping.
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2.2.1.16 PCR for genotyping of Nxph1-GFP®¥- and Nxph3-GFP'¢"

PCR was used for regular genotyping of transgenic mice. Genomic DNA was first

extracted from the tissue as described (the above one). PCR reaction, in this case,

requires amplification of GFP fragments of DNA in 5xSoriano buffer that contains

bromophenol blue. After PCR samples are ready to be loaded on a gel.

The following reaction mixture was used:

Volume Substance

12 pl dH20

1wl dNTPs

2,5ul DMSO

0,2 ul BSA (10 mg/ul)

1w Primer forward 10 uM
1wl Primer reverse 10 uM
Sul 5x Soriano buffer

0,1 pl Invitrogen Taq

4 ul DNA

following PCR program was used for Nxph1-GFP'":

Cycle step Temperature Time Number of cycles
Initial denaturation 93°C 10 min 1

Denaturation 93°C 30 sec 40

Annealing 55°C 45s 40

Elongation 65°C 2 min 40

Final elongation 65°C 10 min 1

Store 4°C end
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following PCR program was used for Nxph3-GFP®":

Cycle step Temperature Time Number of cycles
Initial denaturation 93°C 10 min 1

Denaturation 93°C 30 sec 40

Annealing 63°C 45s 40

Elongation 65°C 2 min 40

Final elongation 65°C 10 min 1

Store 4°C end

Genotyping of Nxph1-GFP*¥- was performed using the following primers to amplify a
transgenic allele with a product length around 600 bp: MMO06-68 (5°-
GCTGAGGTATTCATCATGTGCTCCG) versus MMO06-69 (5°-
CAAGTAGACGGTGGGCTGCAGQG).

Genotyping of Nxph3-GFP¥- was performed using " following primers to amplify a
transgenic allele with a product length around 600 bp: MMO06-68 (5°-
GCTGAGGTATTCATCATGTGCTCCG) versus MMO06-70 (5°-
GGCTGATGGAGATGTTACCCTGGO).

2.2.2 Biochemical procedures

To investigate protein-protein interactions, I used three types of experiments. First, |
co-expressed Fc-tagged LNS2 variants with neurexophilins in HEK293 cells to test if
all members of neurexophilin family share the same binding epitope to Nrxnla. In
this case, co-expressed proteins were secreted to the medium and purified from other
medium components by protein A agarose beads (Reissner et al., 2014). Second,
brain pull-down assays where I tested which proteins bind to neurexin/neurexophilin
complex. In this case, brain tissue must be first lysed to release synaptic proteins from
cell compartments and membranes. This allows testing if free brain proteins can
precipitate with the GFP-trap or Fc-tagged fusion proteins. Third, the recombinant
protein pull down assay from HEK293 cells lysates. In this case, GIuN1-GFP was
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expressed in HEK293 cells and later purified by pull-down with Fc-tagged proteins.

Results of all types of experiments were revealed by western blot.

2.2.2.1 Cryonic storage and re-cultivation of HEK293 cells

To express recombinant proteins, I used a mammalian HEK293 cell line. HEK
(Human Embryonic Kidney) cells were derived from embryonic kidney tissue and are
modified by shared adenoviral Ad5 DNA (Thomas and Smart, 2005). HEK293 are
preserved by cryonic storage in liquid nitrogen to ensure a continuous cell supply.
Cells were detached from culture dishes with 0,25% trypsin-EDTA, centrifuged at
300 g at RT for 5 min and resuspended in freezing medium. ,,Slow down freezing”
was done for 2-3 days at -80°C until tubes were stored in liquid nitrogen.

Thawing of cells was carried out using a water bath preheated to 37°C. Afterwards,
cells were collected in pre-warmed 10% FCS DMEM medium, centrifuged at 300 xg
at RT for 5 min, resuspended in fresh 10% FCS DMEM culture medium and
incubated at 37°C with 5% CO:z in culture dishes.

2.2.2.2 Expression of proteins in HEK293 cells

The calcium phosphate method allows modifying HEK293 cells to express
recombinant proteins genetically. The procedure is based on a slow mixing of
HEPES-buffered saline containing sodium phosphate with a CaCl2 solution
containing plasmid DNA. The DNA—calcium phosphate co-precipitates adhere to the
cell surface and are taken up by the cell, presumably by endocytosis (Kingston et al.,
2001). All the recombinant proteins cloned on designed plasmids are expressed from
the CMV promoter, which allows sufficient gene expression in HEK293 cells. One
day before transfection cells were split with trypsin-EDTA, plated on 10 cm dishes
and maintained at 37°C, 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum (FCS) and 5% penicillin-streptomycin.
Transfection procedure: 28 pl of plasmid (8-16 pg/pl) in TE (10mM Tris, pH 8, ImM
EDTA) was mixed with 672 pl of 250 mM CaClz and 700 pl of 2x HEPES buffer (50
mM HEPES, 280 mM NacCl, 1.5 mM Na:HPOs4, pH 7.05). The mixture was incubated
for 20 min at room temperature and dropped on 10 cm Petri dishes with cells. Fresh
FCS-free medium was provided after 16 h of incubation and cells maintained for

another 48 h at 37°C till harvesting.
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2.2.2.3 Preparation of HEK293 homogenates

Cells transfected with plasmids encoding membrane proteins of interests were
harvested 72h after transfection. Sets of 5 dishes were scrapped and transferred
together with medium to 50 ml tubes and centrifuged at 300 xg RT for 5 min. The
supernatant was discarded, cells were resuspended in Iml of the Lysis Buffer. Lysates
were incubated at 4°C for 30 min under rotation, which was followed by
centrifugation for 10 min at 15000 xg to get rid of cells debris. The supernatant was
collected and used for pull-down experiments. A small aliquot of the lysate was taken
and mixed with 2xSB+ sample buffer in 1:1 ratio, boiled at 99°C for 5 min and stored

at -80°C to test it on polyacrylamide gels.

2.2.2.4 Membrane protein extraction from rodent brain

To perform pull-down experiments from mice brains, a protocol for extraction of
proteins from tissues was used. Mice were killed by cervical dislocation, and
forebrains were quickly dissected out from the skull without brainstems. Each
forebrain was placed in a single cold round-bottom tube and homogenised in 2 ml ice-
cold homogenisation buffer. Brains were homogenised by Polytron homogeniser at
22000 xg for 30s. Next, the lysis buffer was added in a ratio of 1:1 and homogenate
were left under rotation at 4°C for 2h. Brain lysates were centrifuged at 220000 xg at
4°C for 30 min (MLA-55, Beckmann). The supernatant was recovered and
immediately used for pull-down experiments. A small aliquot of the brain lysate was
taken and mixed in 1:1 ratio with 2x Sample Buffer to test it on polyacrylamide gels.
Pulldown samples had to be prepared by three different procedures depending on
which proteins of interest I wanted to immunodetect. First, incubated with 2xSB at
RT under rotation for 20 min to detect GABAAR a1l and GABABR R1. Second, boiled
at 99°C for 5 min in 2xSB supplemented with 8 M Urea to detect NMDAR GluN1,
GIluN2A and GIuN2B subunits. Third, boiled with 2xSB at 99°C for 5 min to detect

all other proteins, e.g., Neurexins and Neuroligins.

2.2.2.5 Pull-down experiments with the GFP-Trap

GFP-Trap is an affinity resin used for immunoprecipitation of GFP-fusion proteins. It
consists of an anti-GFP nanobody coupled to magnetic agarose beads. Once
nanobodies are bound to GFP-fusion proteins, the complexes can be easily separated

in the magnetic field. I used GFP-trap in brain pull-downs with transgenic mice lines
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overexpressing GFP-tagged Nxphl and Nxph3. 20 pl of the GFP-Trap was added to
the volume of the brain lysates representing a single brain and rotated at 4°C
overnight. Experiments also included a negative control consisted of magnetic
agarose beads without anti-GFP nanobody. I added 20 ul of control to the volume of a
lysate that represents a single brain. On the next day, resins were collected by placing
tubes on a magnetic rack that allows separation of magnetic beads from brain lysates.
Resins were washed three times in H-buffer containing 0.1% Triton X at 4°C for 5
min. Samples were eluted in three different ways based on which proteins wanted to
be immunodetected by western blot assay: elution in 80 ul of 2x sample buffer and
rotation at RT for 20 min to detect GABAAR al and GABABR R1, elution in 80 pl 2x
sample buffer supplemented with 8 M urea followed by boiling at 99°C for 10 min to
detect NMDAR GluN1, GIuN2A and GluN2B subunits or elution in 80 pl 2x sample
buffer followed by boiling at 99°C for 10 min to detect all other proteins.
Supernatants were collected by separation of magnetic beads from supernatant on

magnetic racks and directly proceeded with SDS-PAGE or were frozen at -80°C.

2.2.2.6 Pull-down experiments with Fc-tagged proteins

Fc-tagged extracellular domains of proteins produced in HEK293 cells allow
investigating protein interactions in vitro. Once fusion proteins are being secreted to
the medium, they can be bound to protein A beads (25ul per medium collected from 5
plates) and used for pull-down experiments. Binding of protein A to Fc-tagged
proteins occurs under rotation at 4°C overnight, followed by washing three times for 5
min in 50mM Tris-HCI pH 7.5. To estimate the amount of protein bounded to beads
that can be used in a pull-down experiment, 1/10 of beads must be boiled for 5 min at
99°C, loaded on SDS-PAGE and stained by coomassie as described. Proper even
amounts of beads must be added to the brain or cell lysate and left on rotation at 4°C
overnight. On the next day, beads must be washed three times for 5 min in H-
buffer+0.1% Triton X. Next, beads are boiled at 99°C for 5 min in 2xSB+ in three
different ways as described above (2.2.2.5). Samples can be tested directly by
Western Blot or froze at -80°C.

2.2.2.7 Polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE is an electrophoresis technique that allows separation of proteins by their

molecular weight in response to an electric field. First, protein samples are being
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denatured in a sample buffer containing SDS and B-mercaptoethanol at 99°C or RT.
SDS provides negative charge to proteins, which then migrate in a gel irrespective of
their isoelectric point. B-mercaptoethanol reduces disulphide bonds which allows
separation of multisubunit into monomers. To allow the best separation, gel
concentration varies from 7,5% to 15% depending on the size of the protein. To
separate high molecular weight proteins, lower gel concentration was used, while
higher concentration is better to separate low molecular weight proteins.

Protein electrophoresis equipment (BIORAD) was used to prepare gels. The glass
walls from the gel casting apparatus were cleaned with water and soap. The
separation gel was poured first, covered with a thin layer of distilled water and left to
polymerise (20-40 min). Next, the water layer was removed, the stacking gel was
poured on the top of the separation gel, and then comb with ten pockets was inserted.
After polymerisation (10-15 min), the comb was removed, the gel cassette was placed
into the electrophoresis chamber and covered with 1x Running Buffer. Before running
the gel, protein samples must be first denatured as described in sections 2.2.2.4,
2.2.2.5 and 2.2.2.6. 20 pl of lysate and 40 pl of sample mix was loaded on the gel.
The electrophoresis was running at 100V till the head reached the separation gel, and
then at 200 V for another 30-40 minutes. After the electrophoresis gel was directly

used for immunoblotting or coomassie staining.

Separation gel Stacking

gel
ingredient 7,5% 10% 12% 15% 3,75%
dH,O 2.5ml 2.5ml 1.75ml 1.5ml 1,25ml
Tris Buffer* 1.25ml 1.5ml 1.25ml 1.5ml 0,5ml
AMBA 1.25ml 2ml 2ml 3ml 0,25ml
10% APS 15ul 17ul 15ul 17ul 12ul
Temed 7ul 8ul Tul 8ul Sul

* Tris buffer, for separation gel pH 8,8 (lower tris) and pH 6,8 for stacking gel (upper

tris).
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2.2.2.8 Western blotting
Western blotting is a technique that allows detection of proteins using specific
antibodies. Protein samples separated by SDS-PAGE have to be first transferred

electrophoretically to a nitrocellulose membrane to allow immunodetection.

2.2.2.8.1 Protein transfer from a gel to a nitrocellulose membrane

Once SDS-PAGE is finished the separation gel must be assembled in a transfer
cassette together with other components in the following order: sponge, blotting
paper, separation gel, nitrocellulose membrane, blotting paper, sponge. This
»sandwich” must be placed in a chamber filled with ice-cold transfer buffer. Protein
transfer occurs at 100 V for 1,5 h or 14 V at 4°C overnight. After the transfer cassette
must be disassembled to remove the membrane. Quick Ponsou S staining was
performed (5-10min) to check the efficiency of protein transfer rapidly. The
background was destained with water, and the membrane was photographed for

documentation.

2.2.2.8.2 Immunodetection

The first step of every immunodetection process is a 1 h incubation of the membrane
in the Blocking Solution to reduce non-specific binding to the proteins. Next, the
membrane has to be incubated with the primary antibody designed to bind a specific
epitope of the protein of interest. Incubation, last overnight at 4°C in blocking solution
on a shaking platform and antibody concentration, used varies depending on the
manufacturer instructions. On the next day, the membrane has to be washed three
times for 5 min in PBS-TWEEN followed by incubation with the secondary antibody
mn 1:15000 dilution at RT. After that, the membrane has to be rewashed three times
for 15 minutes at RT with PBS-TWEEN on a shaking platform. The immunodetection
occurs because heavy chains of secondary antibodies are labelled with horseradish
peroxidase (HRP), which allows detection by chemiluminescence (ECL). In this
process, HRP reduces hydrogen peroxide and resulting active oxygen oxidases
luminol which releases light that can be detected. The ECL reaction was done
according to the manufacturer protocol (Biorad) in which reagents 1 and 2 had to be
mixed in a ratio of 1:1 and the mixture had to be placed on a membrane followed by

incubation for 5 min at RT. The membrane must be placed in a dark chamber where
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the camera detects emitted light after 10 s, 1 min and 10 min of developing. Pictures

are saved in a Western Blot documentation system (Biorad).

2.2.2.9 Coomasie staining

To test amounts of bound Fc-tagged proteins to protein, A beads Coomassie staining
of SDS-PAGE gel was performed. Beads must be boiled in sample buffer at 99°C for
5 min and tested by SDS-PAGE followed by coomassie staining by InstantBlue on a
shaking platform at RT for 15 min. Once proteins are visible gel must be briefly

washed in water, photographed, and analysed by ImagelJ software.

50



Results

Results

3.1 The differences between neurexophilins

In my research, I focused on neurexophilins and their physical interactions with
neurexins and other synaptic proteins. I performed experiments with recombinant
neurexophilins, expressed in heterologous gene expression systems (Nxphl, Nxph2,
Nxph3, Nxph4) and transgenic mice overexpressing GFP-tagged variants of Nxphl
and Nxph3. Although all four Nxph protein sequences have similar lengths, I
observed remarkable differences in molecular weight between calculated and
observed sizes of neurexophilins during the initial phase of my study. To make
identification of the differently sized bands on immunoblots safe, I started by

analyzing and summarizing the size differences.

3.1.1 Nxphl

The calculated molecular weight of the mature rat Nxphl is ~17 kD [D=1g/mol], but
the observed molecular weight of recombinant non-tagged rat mature Nxphl
expressed in HEK293 cells is ~25 kD (Fig 3.1, lane 1). The possible explanation for
such a difference in size might be glycosylation. There are three conserved N-
glycosylation sites at amino acid positions N146, N156, and N162 present in all four
neurexophilins (Fig. 1.3). Analysis of the glycosylation pattern by mass spectrometry
showed that two N-glycosylation sites of Nxphl are occupied by complex type
glycans and one by high mannose-type oligosaccharides (Reissner et al., 2014). These
three N-linked glycans add ~8 kD difference to the calculated molecular weight ~17
kD, resulting in an observed molecular weight of Nxphl ~25 kD (Table 1).

For the Nxphl-GFP expressed in HEK293 cells, the observed molecular weight is
~52 kD, which fits the observed molecular weight of non-tagged Nxphl extended by
the size of the ~27 kD GFP tag (Fig 3.1, lane 2). In my work, I also performed brain
pull-down experiments on transgenic mice overexpressing Nxphl-GFP (Nxphl-
GFP%¥-). Nxph1-GFP was precipitated as a single ~52 kD band from the brain lysate
(Fig. 3.1, lane 3), which corresponds to a calculated molecular weight of the mature

Nxphl-GFP (Table 1).

51



Results

Q Q"@Q R Q Q"‘é\
O
g5, FE N
NN N ¥ 3 &) 3
FHfE ¢ FFE &
SR RN < QT QT N
L e
-65
o & | |50 - .-50 -
N
o 25 » ) 25
1 2 3 4 5 6 7 8

Figure 3.1. Immunoblot alignment of Nxph1, Nxph2, Nxph3 and Nxph4 variants
used in this project. Rat non-tagged Nxph1 and Nxph1-GFP expressed in HEK293
cells are visible at the molecular weight of ~25 kD in lane 1 (anti-Nxph1, Eurogenetec,
1:1000, Rabbit) and ~52 kD band in lane two respectively (anti-GFP, Abcam, 1:3000,
Rabbit). Nxph1-GFP overexpressed in mice brains is visible in lane three as a 52 kD
band (anti-GFP, Abcam, 1:3000, Rabbit). Rat Nxph2-tGFP expressed in HEK293 cells
is present as two bands of ~52 kD and ~70 kD in lane 4 (anti-tGFP, Evrogen, 1:1000,
Rabbit). Rat non-tagged Nxph3 and Nxph3-GFP expressed in HEK293 cells are visible
at the molecular weight of ~38 kD in lane 1 (anti-Nxph3, F508, 1:500, Rabbit) and ~65
kD in lane 6 (anti-GFP, Abcam, 1:3000, Rabbit). Nxph3-GFP overexpressed in mice
brains shows two bands of ~52 kD and ~65 kD in lane 7 (anti-GFP, Abcam, 1:3000,
Rabbit). Rat Nxph4-Myc expressed in HEK293 cells is present as two bands of ~30 kD
and ~40 kD in lane 8 (anti-Myc, Roche, 1:500, Rabbit).

3.1.2 Nxph2

Nxph2 was expressed in HEK293 cells as a rat tGFP tagged variant. Nxph2-tGFP is

present as two bands on western blot: the prominent ~70 kD and the less intense 52

kD band (Fig. 3.1, lane 4). The mature Nxph2 has precisely the same sequence length

as mature Nxphl and Nxph3 and is also proteolytically digested after KXKK motif

(Fig. 1.3). Nxph2 used in this experiment is C-terminally turbo-GFP tagged, which

has the same molecular weight as a GFP tag (~27 kD). It was cloned from copepod

Pontellina plumata gives stronger green signal then the classical GFP (Shagin ef al.,

2004). The calculated molecular weight of the mature Nxph2-tGFP is 44 kD (Table

1), which, combined with 3 N-glycans, fits the observed molecular weight of 52 kD.

However, Nxph2-tGFP is also observed as a higher, more intense band of ~70 kD

52



Results

(Fig. 3.1, lane 4). Full-length pro-Nxph2 that is not exposed to proteolytic processing
is longer and has an additional N-glycosylation site at position N92 (Fig. 1.3). The
calculated molecular weight of pro-Nxph2-tGFP is 54 kD, and it has four N-
glycosylation sites. Therefore, observed value fits more to the calculated weight of the
pro-Nxph2-tGFP that was not processed through proteolytic digest after KFKK motif.
This might be caused by the turbo-GFP tag that hinders the processing of pro-Nxph2-

tGFP to its mature form.

3.1.3 Nxph3

Surprisingly, although mature Nxph3 and Nxphl have precisely the same sequence
length (Fig. 1.3), the observed molecular weight of non-tagged Nxph3 expressed in
HEK293 cells is ~38 kD (Fig 3.1, lane 5). The difference of ~13 kD in size between
Nxphl and Nxph3 cannot represent different glycosylation type of Nxph3 since both
mature forms of Nxphl and Nxph3 share the same three N-glycosylation sites (Fig.
1.3). The explanation for the molecular weight difference between mature forms of
Nxphl and Nxph3 might be another proteolytic cleavage site in Nxph3. Proteomic
data shows that Nxph3 has a second cutting site, which occurs closer to its N-terminal
part after RKG motif (Fig. 1.3, Arg-50), making the mature Nxph3 sequence longer
than Nxphl (Missler and Siidhof, 1998). Different processing of Nxph3 changes the
length of the mature protein and adds a fourth N-glycosylation site at position N62
(Fig. 1.3). The calculated molecular weight of the mature Nxph3 is ~22 kD, which
makes it already ~5 kD higher (Table 1). Four glycosylation sites give an additional
~16 kD, which fits the observed molecular weight of ~38 kD (Fig 3.1, lane 5; Table
1). Another possible explanation of the higher molecular weight of Nxph3 might be
the lack of proteolytical processing when cells are expressed in HEK293 cells. The
calculated molecular weight of the pro-Nxph3 is 27 kD, but together with the same
four already mentioned N-glycosylations gives 37 kD, which is closer to the observed
molecular size of 38 kD.

The observed molecular weight of the recombinant Nxph3-GFP is ~65 kD, which fits
the observed molecular weight from non-tagged recombinant Nxph3 (~38 kD)
extended by the size of the GFP tag (Fig 3.1, lane 6). In my experiments, I also
performed pull-downs from transgenic Nxph3-GFP®~ mice brains. Results from

transgenic mice overexpressing Nxph3-GFP show two ~52 kD and ~65 kD bands
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precipitated from brain lysates (Fig. 3.1, lane 7). Since the upper band fit the size of
the recombinant Nxph3-GFP expressed in HEK293 cells, the lower band might be a
less glycosylated form of Nxph3-GFP, which fits the calculated mature Nxph3-GFP
without glycosylation ~52 kD. Another explanation for the lower band is that it is on
the same molecular weight as Nxph1-GFP, suggesting that some population of pro-
Nxph3-GFP is proteolytically processed not only from RKG motif but also from
KXKK proteolytic cleavage site (Table 1). The alternative idea is that C-terminal
GFP-tag might hinder proteolytic cleavage of Nxph3-GFP after RKG sequence,
giving two populations of Nxph3-GFP with different molecular weights.

3.1.4 Nxph4

Rat Nxph4-Myc was only tested in the recombinant experiment while co-expressed in
HEK293 cells. Nxph4-Myc is present as two bands: the intense higher ~40 kD and the
lower ~30 kD (Fig. 3.1, lane 8). Nxph4 is unique compared to the other three
neurexophilins because it has an additional 50 glycine- and proline-rich residues long
loop that connects Nxphl analogues of 4 and B5 sheets (Wilson ef al., 2019). Mature
Nxph4 is also processed after KXKK motif and possesses 3 N-glycosylation sites as
Nxphl (Fig. 3.1). Myc-tag is a ten amino acid residues tag of the size of 1,2 kD. The
calculated molecular weight of the mature Nxph4-Myc is 23 kD, which with N-
glycans of ~8 kD (Reissner et al., 2014) fits the observed lower band of Nxph4-Myc.
Pro-form of Nxph4 has an additional N-glycan at position N86, which in total gives
four N-glycosylation sites on pro-Nxph4. The calculated molecular weight of pro-
Nxph4-Myc is 30 kD (Table 1), which, together with four N-glycosylations, fits the
observed molecular weight of Nxph4-Myc as previously reported (Meng ef al., 2019)
The result where pro-Nxph4-Myc is more abundant than its mature form suggests that
50 residues long loop somehow disturbs proteolytic digest of Nxph4 since Myc tag is
a small polypeptide that should not statically disrupt this process.

In summary, recombinant neurexophilins expressed in heterologous cells and brain
show unexpected molecular weights on immunoblots. Interestingly, although mature
Nxphl and Nxph3 have the same sequence length, they differ in size, which can be
explained by a different proteolytic cutting site in Nxph3. In Nxph2-tGFP and Nxph4-
Myc, both proteins were present more abundantly in their proforms, suggesting that

proteolytic cleavage in HEK293 cells could be somehow disturbed. Based on
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sequence analysis and specificity of neurexophilins signals, I assume that obtained
neurexophilins variants are correct, folded, and functional. Post-translational

processing of neurexophilins was not further analyzed in this thesis.

Table 2. Observed and calculated molecular weight of neurexophilins.

mature form Pro-form
calculated size Calculated The
Proteolytic nr. of N- Calculated nr. of N- Calculated
w/t N- size w/t N- observed | possible
cleavage glycosylation size with N- glycosylation size with N-
glycosylation glycosylation size [kD] Nxph
site sites glycosylation sites glycosylation
[kD] [kD] form
KFKK mature
Nxphl 17 3 24,5 28 6 43 25
(Lys-118) form
Nxphl- KFKK mature
44 3 51,5 55 6 70 52
GFP (Lys-118) form
RKR (Arg
Nxph3 22 4 32 27 4 37 38 proform
50)
RKR (Arg
49 4 59 65 proform
50)
Nxph3-
FP ek & e mature
. KFKK
44 3 51,5 52 form
(Lys-118)
(KFKK)
70 proform
Nxph2- KFKK
44 3 51,5 54 4 64
tGFP (Lys-118) , mature
5
form
40 proform
Nxph4- KFKK
23 3 30,5 30 4 40
Myc (Lys-118) ) mature
form

The table shows all non-tagged and tagged rat Nxphl-Nxph4 variants used in this
project. Nxph3 can be processed at two proteolytic cleavage sites (after Arg-50 and
after Lys-118) giving two populations of mature proteins with different length and
number of N-glycosylation sites. Nxph2-tGFP and Nxph4-Myc were observed as two
bands, where the upper one was more abundant and fits to the calculated molecular
weight of proforms with glycosylation. In my calculations, I set the approximate size

of a single N-glycosylation to 2,5 kD (Reissner et al., 2014).

3.2 All neurexophilin isoforms bind to the same epitope of Neurexinla
Since Nxphl and Nxph3 differ in protein size, I asked whether Nxph3, Nxph2 and
Nxph4 bind to the same epitope of Nrxnla. Beside of Nrxnla/Nxphl complex,

interactions of other neurexophilins (Nxph 2-4) with neurexins were not investigated
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extensively so far. Here, I used Fc-tagged LNS2 WT and different variants of LNS2,
which carry point mutations around previously determined Nrxnla binding epitope to
Nxphl: 1aV358D, 1al401D, 10aL402D, 10aT404P (Wilson et al., 2019; Reissner et al.,
2014). Due to the lack of specific antibodies for the detection of some native
neurexophilins, I used their tagged variants: Nxph1-GFP, Nxph2-tGFP, Nxph3-GFP,
Nxph4-Myc (Fig. 3.2A). To brace against potential artefacts from epitope-tagging, I
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Figure 3.2. Mapping Nrxn1a binding epitope to neurexophilins. (A) Binding assay after
co-expression of tagged neurexophilins with WT (lane 3) or mutated (lanes 4-7) LNS2-Fc in
HEK293 cells. Secreted fusion proteins were bound to protein A sepharose beads and tested
by Western Blot. Neurexophilins were immunodetected by anti-GFP (Abcam 1:3000, Rabbit),
anti-tGFP (Origen, 1:1000, Rabbit) and anti-Myc (Roche 1:500, Mouse) antibodies. Double
band in Nxph3-GFP lysate (lane 1) corresponds to two different glycosylated versions of this
protein. Input shows equal amounts of fusion protein used in the experiment. (B) same as in
(A) but with non-tagged Nxph1 and Nxph3. Neurexophilins were immunodetected with anti-
Nxph1 (Eurogenetec, 1:1000, Rabbit) and anti-Nxph3 (F508, 1:500, Rabbit). Input shows
amounts of Fc and LNS2-Fc variants used in the experiment.

have also decided to test non-tagged variants of Nxphl and 3 (Fig. 3.2B).

I started with the validation if GFP-tagged Nxphl has the same binding properties as
non-tagged Nxphl (Reissner ef al., 2014). Nxph1-GFP is visible as a single ~50 kD
band in the lysate (Fig. 3.2a, 1st panel, lane 1), and binds to 1aLNS2-Fc with a
prominent 52 kD band (Fig. 3.2a, 1st panel, lane 3), which corresponds to the
calculated molecular weight of Nxphl extended by the GFP tag (Table 1). 1aV358D-
Fc and 1aL402D-Fc successfully pulled down Nxph1-GFP (Fig. 3.2a, 1st panel, lanes
4 and 6), while 1al401D-Fc and 10T404P-Fc did not precipitate Nxphl-GFP (Fig.
3.2a, 1st panel, lane 5) as it was shown for non-tagged Nxphl (Reissner et al., 2014).
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Since I proved that GFP-tag does not change the binding profile of Nxphl to LNS2, I
tested the other neurexophilin isoforms as tagged variants. The second panel of figure
3.2, shows the mapping of the binding epitope of Nrxnla LNS2 domain to Nxph2-
tGFP. Immunoblotting of anti-tGFP antibody showed a prominent band ~70 kD in the
cell lysate (Fig. 3.2a, 2nd panel, lane 1), which was strongly enriched by 1aLNS2-Fc
(lane 3). Nxph2-tGFP was pulled down by 1aV358D-Fc (Fig. 3.2a, 2nd panel, lane 4)
and 1aL402D-Fc (Fig. 3.2a, 2nd panel, lane 6) but neither by 1al401D-Fc (Fig. 3.2a,
2nd panel, lane 5), 1aT404P-Fc (Fig. 3.2a, 2nd panel, lane 7) nor by a control (Fig.
3.2a, 2nd panel, lane 2). Although the observed molecular weight of Nxph2-tGFP is
higher than expected (Table 1), it binds to the same epitope of LNS2 domain.
Although Nxphl and Nxph3 protein sequences have the same length, they show
different molecular weight on immunoblots. Therefore, I asked whether Nxph3
interacts to the same binding epitope of Nrxnla LNS2 as Nxphl. Nxph3-GFP is
present in the lysate as a double band of ~67 kD (Fig. 3.2a, 3rd panel, lanel), which
got enriched in pull-down samples as a single intense band by 1aLNS2-Fc (Fig. 3.2a,
3rd panel, lane 3), 1aV358D-Fc (Fig. 3.2a, 3rd panel, lane 4) and 10L402D-Fc (Fig.
3.2a, 3rd panel, lane 6). Neither 1al401D-Fc (Fig. 3.2a, 3rd panel, lane 5) nor
1aT404P-Fc (Fig. 3.2a, 3rd panel, lane 7) successfully pulled Nxph3-GFP. These
results show that Nxph3-GFP binds to the same binding epitope of Nrxnlo LNS2
domain as Nxph1-GFP and Nxph2-tGFP.

Nxph4-Myc does not behave exactly in the same way as other members of its family
when co-transfected with LNS2-Fc variants. Although it was profusely pulled down
by 1aLNS2-Fc (Fig. 3.2a, 4th panel, lane 3), Nxph4-Myc was precipitated with forty
times lower amount (ImageJ quantification) by 1aV358D-Fc (Fig. 3.2a, 4th panel,
lane 4) and ten times lower by 1aL402D-Fc (Fig. 3.2a, 4th panel, lane 6) in
comparison to 1aLNS2-Fc. In line with previous experiments, 1al401D-Fc and
1aT404P-Fc completely impaired binding to Nxph4-Myc, therefore I assume that
binding epitope of Nrxnla LNS2 is the same to all four neurexophilins.

Nxph4 possess a very long loop between 4 and B5 strands, which might impair its
binding properties to LNS2 (Wilson et al., 2019). Because of its unique feature
Nxph4 binding affinity to Nrxnla LNS2 domain might differ in comparison to
Nxphl. To test the impact of the long loop in Nxph4 on its binding affinity, I co-
transfected 1aLNS2-Fc with Nxph1-GFP (Fig. 3.3, upper panel) and Nxph4-Myc (Fig

57



Results

3.3, lower panel) using different conditions with variable NaCl concentration (80 mM
to 500 mM). 1aLNS2-Fc pulled down Nxphl-GFP in a profuse way in all six salt
concentration conditions (Fig. 3.3, upper panel, lanes 1-4), which was not a surprise
based on the previous reports that Nrxnlo/Nxphl complex could only be destroyed
under highly denaturing conditions (Petrenko ef al., 1996). However, in case of
Nxph4-Myc, the binding was reduced ten times (ImageJ analysis) in 500 mM NaCl
(lane 1) compared to 80 mM NaCl (Fig. 3.3, lane 4). This result suggests that
additional 50 residues long loop in Nxph4 sterically disturbs the formation of a strong
Nxph4-LNS2 complex.

Since there are two antibodies available to detect non-tagged Nxphl and Nxph3 I also
tested these variants (Fig. 3.2B). The anti-Nxphl antibody is specific for Nxphl,
while the second available neurexophilin antibody detects Nxphl and Nxph3. Nxphl
and Nxph3 were hardly detectable in lysates (Figure 3.2b, both panels, lanes 1), but
both were precipitated by 1aLNS2-Fc (Fig. 3.2b, lane 3). Co-transfection of non-
tagged neurexophilins 1 and 3 with LNS-Fc and different variants carrying point
mutations, showed the same results as for GFP-tagged Nxphl and Nxph3 (Fig. 3.2a).
Non-tagged Nxphl and Nxph3 were pulled down by LNS2 V358D-Fc (Fig. 3.2b,
both panels, lane 4) and LNS2 L402D-Fc (Fig. 3.2b, both panels, lane 6), but neither
by LNS2 [1401D-Fc (Fig. 3.2b, both panels, lane 5) nor LNS2 T404P-Fc (Fig. 3.2b,
both panels, lane 7).

In line with GFP-tagged variants of Nxphl and Nxph3, their non-tagged versions
showed that both neurexophilins interact with the same binding epitope on LNS2
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Figure 3.3. Binding of Nxph4-Myc to Nrxn1a LNS2 is weak at high salt concentration.

Nxph1-GFP (upper panel) and Nxph4-Myc (lower panel) were coexpressed with Nrxn1a
LNS2-Fc. Secreted fusion proteins were bound to protein A sepharose beads and washed in
rising NaCl concentration (80 mM- 500 mM). Binding of Nxph1-GFP remains strong even in
500 mM NaCl, while binding of Nxph4-Myc decreases gradually with increasing NaCl

concentration. Tested antibodies were indicated in Fig. 3.2.
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domain of Nrxnla. Another difference between Nxphl and Nxph3 is that these two
proteins are expressed in a different type of synapses. Nxphl mRNA hybridization
assay showed that it is expressed only in inhibitory interneurons (Petrenko et al.,
1996), while Nxph3 was shown by B-galactosidase staining of Nxph3 knock-in mice
brains to be present in excitatory synapses (Beglopoulos ef al., 2005). Taken together,
it could be possible that Nxphl/aNrxn complex might have different binding partners
than Nxph3/aNrxn complex, which I wanted to investigate further in next

experiments.

3.3 Searching for novel binding partners of the neurexophilin/neurexin complex

After I determined that all four neurexophilins interact with the same binding epitope
on Nrxnla, I wanted to investigate the function of these a-neurexin specific ligands.
Here 1 performed brain pulldowns from transgenic Nxph3-GFP%®~ mice which
ectopically overexpresses Nxph3-GFP under Thyl.2 promoter. By using this mouse
line, I wanted to check if overexpression of Nxph3-GFP changed binding properties
of known partners of neurexins in the brain and hopefully help to find new protein
interactors of neurexophilin/a-neurexin complex. The idea behind the generation of
these animals was to overexpress Nxph3-GFP in the neocortical layer 5, a region
where Nxph3 is usually not present (Beglopoulos et al., 2005). Previous reports
showed that although genotyping of Nxph3-GFP®" confirmed the presence of Nxph3-
GFP in transgenic mouse genome, the green GFP signals were not detected under
fluorescent microscope neither in brain slices nor in cell-cultured neurons prepared
from these transgenic brains (Blanque, 2015). Moreover, although indulgent
neurexophilins are present in interneurons (Petrenko ef al., 1996, Beglopoulos ef al.,
2005), pictures from electron microscopy showed that Nxph3-GFP molecules are
primarily present in excitatory neurons (Blanque, 2015). These interesting features
encouraged me to investigate if Nxph3-GFP'®~ mouse model could provide more
answers to the function of Nxph3. Here I performed pulldowns with Fc-tagged - and
a-neurexins or Nxph3 in complex with Nrxnla (Fig. 3.4) to validate if known and
hopefully any new binding partners of neurexins could be precipitated from these
mice brains. I screened for several pre- and postsynaptic receptors, which required
various purification procedures to establish the protocol that would allow me to detect

all proteins of interests (see Discussion).
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Figure 3.4. Diagram of recombinant proteins used for binding assays. Fusion proteins
of the Fc domain of human IgG with indicated fragments from extracellular sequences of
neurexins and mature Nxph3. B-Nrxn D137A-Fc carries a point mutation in the calcium
coordination site (Reissner et al., 2008). Nxph3-Fc do not contain pro-domain characteristic
for neurexophilins as described in Fig. 3.2. Symbols and colors of domains are the same as
in Fig.1.1. Modified from Missler at al., 1998.

First, 1 purified Fc-tagged extracellular domains of Nrxnla, Nrxnlf, Nxph3
cotransfected with the non-tagged extracellular domain of Nrxnla and a control Fc
tag from HEK293 cells (Fig. 3.4, a, b, f, h). After fusion proteins were secreted into
the medium, they got bound to protein A sepharose beads and incubated with the
brain lysate. Brain lysate from adult animals was prepared as described in Materials
and Methods. I incubated each Fc-tagged fusion protein with the same volume of the
brain lysate, which represents half of a forebrain (Fig. 3.5). Amounts of fusion
proteins used in the pull-down are shown on coomassie staining picture (Fig. 3.5,
input), and were adjusted in a way that all neurexins gave similar quantity. The reason
for this approach was to get as much Nxph3-Fc¢/Nrxnla ECD complex (Fig. 3.5, input
lane 5, 50 and 150 kD bands), since purification of coexpressed Nxph3-Fc and
Nrxnloa ECD gives two populations of these molecules: free Nxph3-Fc and Nxph3-Fc
in complex with Nrxnla ECD. Note that although the amount of Nrxn1p-Fc presented
on input picture (Fig. 3.5, input, lane 3) looks equal to Nrxnla-Fc (Fig. 3.5, input,
lane 4) and Nrxnla ECD (Fig. 3.5, input, lane 5, upper band) it occurs in higher
molarity than its longer analogues because it is a smaller isoform of Nrxnla that
contains only a single LNS6/BLNS domain. With a single experiment, I could test
maximally three antibodies on the immunoblot; therefore, to obtain my results, I had

to perform this pull-down four times.
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In this experiment, I tested synaptic proteins from excitatory synapses, inhibitory
synapses and presynaptic side (Fig. 3.5). I started with the best-characterized neurexin
binding partners: Neuroligins 1 and 2 (Ichtchenko et al., 1995; Ichtchenko, Nguyen
and Siidhof, 1996). Nlgn1 was pulled down by NrxnlB-Fc (Fig. 3.5, lane 3), Nrxnla-
Fc (Fig. 3.5, lane 4) and Nxph3-Fc + Nrxnla ECD (lane 5), however enrichment of
Nlgnl was observed only with Nrxn1B-Fc. Nlgn2 was detected in the lysate as a 100
kD band and pulled down by all three Fc tagged fusion proteins (Fig. 3.5, lanes 3-5),
but the enrichment of Nlgn2 is visible again only in the fraction precipitated by
NrxnlB-Fc (Fig. 3.5, lane 3). Leucine-rich repeat transmembrane protein 2
(LRRTM2) was identified as a neurexin partner by the affinity chromatography (de
Wit et al., 2009). LRRTM2 was immunodetected in the brain lysate as a ~50 kD band
(Fig. 3.5, lane 1), but is also precipitated only with NrxnlfB-Fc (Fig. 3.5, lane 3).
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GABAAR was also reported to physically interact with neurexins in a brain pull-down
(Zhang et al., 2010). GABAAR was pulled by all recombinant neurexins (Fig. 3.5,
lanes 3-5) and the most intense signal was obtained with NrxnlB-Fc. These results
show that it was possible to pull down known postsynaptic partners of neurexins
(Nlgnl, Nlgn2, LRRTM2, GABAAR) from transgenic animals overexpressing
Nxph3-GFP.

After I validated that it was possible to pull down already known partners of
neurexins from Nxph3-GFP®- brains, 1 tried to investigate if the
neurexin/neurexophilin3 complex could also precipitate any other known receptor.
GABAGBR is a presynaptic metabotropic y-butyric acid receptor present in both
excitatory and inhibitory synapses (Jones ef al., 1998). R1 subunit of GABABR is

visible as a double band in lysates at a molecular weight around 100 kD, which

Figure 3.5. Screening for potential new binding partners of neurexins in transgenic
Nxph3-GFPtg/- mice brains. Transgenic Nxph3-GFPtg/- brain lysates show strong protein
signals of selected excitatory, inhibitory, and presynaptic proteins (lane 1). Lysates were
incubated with Nrxn1B-Fc (line 3), Nrxn1a-Fc (line 4) and Nxph3-Fc+Nrxn1aECD (line 5)
immobilized on protein A sepharose beads for pull-down experiments. Nrxn1B-Fc, Nrxn1a-Fc
and Nxph3-Fc+Nrxn1aECD pulled down Nign1 (lanes 3-5, 5th excitatory panel), Nign2 (lanes
3-5, 1st inhibitory panel; anti-Nlgn2 Synaptic systems 1:500, Rb), GABA(A)R (lanes 3-5, 2nd
inhibitory panel), GABA(B)R (lanes 3-5, 1st presynaptic panel) and LRRTM2 but with very
weak signal (lanes 3-5, 10th excitatory panel; anti-LRRTM2 Abcam 1:500, Rb). mGIuR5
(lanes 3-5, 1st excitatory panel; anti-mGIuR5 Millipore 1:1000, Rb), mGIuR3 (lanes 3-5, 4th
excitatory panel, anti-mGIuR3 Abcam 1:1000, Rb), NMDAR subunits: GIuN2A (lanes 3-5, 2nd
excitatory panel; anti-GIuN2A Millipore 1:250, Rb), GIuN2B (lanes 3-5, 3rd excitatory panel;
anti-GluN2B Abcam 1:250, Rb), GIuN1 (lanes 3-5, 6th excitatory panel), AMPAR subunits:
GluR1 (lanes 3-5, 8th excitatory panel; anti-GluR1 (lanes 3-5, 8th excitatory panel; Chemicon
1:1000, Rb) and GIuR2/3 (lanes 3-5, 9th excitatory panel), GIuR5 (lanes 3-5, 7th excitatory
panel; anti-GIuR5 (Upstate, 1:500, Rb), actin (lanes 3-5, 2nd presynaptic panel anti-Actin
Sigma 1:1000, Rb) and SSTR5 (lanes 3-5, 3rd presynaptic panel; anti-SSTR5 Thermo Fisher
1:2000, Rb) were not successfully pulled by Fc-tagged neurexins. Input shows equal amounts
of fusion proteins used in the experiment, however since Nrxn1B is a smaller isoform of
Nrxn1a that contains only single LNS domain Nrxn1B-Fc is present in higher molarity than
Nrxn1a-Fc and Nxph3-Fc+Nrxn1aECD and therefore pulled down more proteins from brain
lysate. None of the listed proteins was pulled down by control which consists of Fc-tag alone
(lane 2). Protein panels were combined into groups of excitatory, inhibitory and presynaptic

proteins and arranged by molecular weight (kD).
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corresponds to two isoforms of a receptor, higher R1a with two sushi domains and
lower R1b without sushi domains (Blein ef al., 2004). Interestingly, GABABR gave a
signal in the pulldown (lane 3), which although is very weak it points on the
specificity since the conrol remained empty (lane 2). NMDA receptors (N-methyl-D-
aspartate [NMDA] receptors) are glutamate-gated cation-passing channels that play a
significant role in neurotransmission in excitatory (glutamatergic) synapses. NMDAR
consists of GIluN1 subunits, GluN2 subunits of four types (GIuN2A, GIluN2B,
GluN2C, GluN2D) and/or GIuN3 (GluN3A, GluN3B), which are encoded by distinct
genes in the mammalian genome (Sanz-Clemente et al., 2013). GluN1, GluN2A and
GIluN2B subunits of NMDA receptor were detected as ~120 kD (GluN1) and ~150
kD bands (GluN2/B) in brain lysate (Fig. 3.5, lane 1), but unfortunately were not
pulled down by Fc-tagged proteins (Fig. 3.5, lanes 3-5). I also checked if other
glutamate receptors could be precipitated from transgenic brains. However, neither of
them was pulled by Fc-tagged proteins, including AMPA receptor subunits GluR1
and GluR2/3, detected only in the lysate as two ~100 kD bands (lane 1); kainite
receptor GluRs, visible as a ~110 kD band in the lysate (Fig. 3.5, lane 1);
metabotropic glutamate receptors mGluR3 and mGIuRS, detected as ~250 kD and
~150 kD bands in the lysate (Fig. 3.5, lane 1). As the last try, I also tested
somatostatin receptor 5 (SSTRS), which was detected in the pull-down samples from
Nxph3-GFP*¥" brains tested by proteomics (data not shown), which could suggest that
it might be a binding partner of aNrxn/Nxph3 complex. SSTR5 was not
immunoprecipitated (Fig. 3.5, lanes 3-5) but were detected in the lysate as ~37 kD
band. Actin was also not pulled down (Fig. 3.5, lanes 3-5) and was detected only in
the lysate as a 43 kD band (Fig. 3.5, lane 1), which indicates no contamination and no
unspecific binding to agarose beads. None of the listed synaptic receptors was pulled
down by a control Fc protein (Fig. 3.5, lane 2).

These results shows that overexpression of Nxph3-GFP did not alter binding
properties of known partners of neurexins, since it was possible to pull known Nlgnl,
Nlgn2, LRRTM2 and GABAaR. Binding to these proteins occurs through
LNS6/BLNS domain of neurexins, therefore it is not a surprise that Nrxnlp-Fc
precipitated the highest number of postsynaptic receptors. Nrxnlf contains only a
single LNS6/BLNS domain responsible for binding to i.e., Nlgnl, Nign2, LRRTM?2,
GABAAR (Tanaka et al., 2011, de Wit et al., 2009, Zhang et al., 2010). Nrxnlp-Fc
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(Fig. 3.5, input, lane 3) is a smaller molecule than Nrxnla-Fc and Nrxnloa ECD (Fig.
3.5, input, lanes 4 and 5). Therefore, it occurs in higher molarity than its longer
isoforms and therefore it precipitated more synaptic receptors. Surprisingly, GABABR

was also precipitated although with a very weak signal.

3.4 GluN1 binds to neurexins in adult brains

After I validated that known binding partners of neurexins and GABABR could be
pulled from Nxph3-GFP®" brains by Fc-tagged neurexins, in a search for new binding
partners of neurexophilin/neurexin complex I decided to try a different approach.
Here, I performed a pull down with the GFP-trap, which is a specific nanobody
coupled to magnetic agarose beads that binds to GFP-tagged proteins and allows their
immunoprecipitation from biological material, i.e., from the brain tissue lysate.
Performed pull down from transgenic animals hopefully could precipitate Nxph3-GFP
together with some new binding partners of Nxph3/a-neurexins complex, i.e.,
previously tested GABABR and NMDAR. Moreover, since my recombinant
experiments revealed that although mature Nxphl and Nxph3 share the same binding
epitope to LNS2 domain of Nrxnla, they do differ in molecular size (Fig. 3.1).
Another difference between these two neurexophilins is that Nxphl and Nxph3 are
present in two distinct subpopulations of synapses, since Nxphl is present in
inhibitory neurons, while Nxph3 is expressed in excitatory neurons (Petrenko et al.,
1996, Beglopoulos et al., 2005). Different molecular weight and synapse localization
suggest that Nxphl and Nxph3 might be parts of distinct protein clusters and might
have different binding properties. Therefore, to investigate if Nxphl and Nxph3 have
different binding partners I also performed the GFP-trap pull down from Nxphl-
GFP'¥- mouse line, that overexpress Nxphl1-GFP in the neocortical layer 6b, where
Nxphl is normally not expressed (Born ef al., 2014). In my research I used lysates
obtained from adult (10-16 weeks old) transgenic Nxph1-GFP®~ an d Nxph3-GFP%"
mice forebrains and each pulls down was performed from lysate that represents half
of a brain. Instead of testing all the potential novel partners of neurexins like before
(Fig. 3.5), I started with a smaller experiment, which was focused on the detection of
GABABR and NMDAR from adult brains.

Nxphl-GFP was detected as two 52 and 60 kD bands in brain lysate (Fig. 3.6, anti-
GFP, lane 1) but only the lower band was enriched in a pull-down (Fig. 3.6, lane 3).
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Nxph3-GFP was also detected in the lysate as two bands of 52 kD and 60 kD (Fig.
3.6, lane 4), but precipitated as two 52 kD and 65 kD bands (Fig. 3.6, lane 6,
explained in the paragraph 3.1.3). The immunoprecipitated signals of Nxph1-GFP and
Nxph3-GFP and a double band of Nxph3-GFP were already described above (Table
1). a-Neurexins immunoprecipitated with Nxph1-GFP and Nxph3-GFP, as expected
from previous studies that neurexophilins stay in a tight complex with a-neurexins
(Petrenko et al., 1996). Neurexins were detected as 150-250 kD signals in brain
lysates (Fig. 3.6, lanes 1 and 4) and they got extensively enriched by the GFP-trap
(Fig. 3.6, lanes 3 and 6). Neuroligin 1 was pulled down in this experiment as a ~120
kD band, as expected from previous studies (Ichtchenko et al., 1996), but without an
enrichment (Fig. 3.6, lanes 3 and 6). GABAAR al subunit was detected in brain
lysates as a 47 kD band and was successfully precipitated with GFP-tagged
neurexophilins (Fig. 3.6, lanes 3 and 6). After I validated these already known
partners of neurexins could be precipitated from both transgenic brains by the GFP-
trap, I focused on GIuN1 subunit of NMDAR. GluN1 was detected in both Nxphl-
GFP*¥" and Nxph3-GFP*¥" brain lysates around 120 kD (Fig. 3.6, lanes 1 and 4) and
was successfully pulled down with both Nxph1-GFP and Nxph3-GFP (Fig. 3.6, lanes
3 and 6) but without an enrichment. The positive result from NMDAR encouraged me

to test also AMPAR, which is another type of glutamate receptor. Although AMPA
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receptor subunits GluR2 and GluR3 were both detected as a double signal at 100 kD
in lysates (Fig. 3.6, lanes 1 and 4), GluR2/3 were pulled down neither from Nxphl-
GFP'¢" nor Nxph3-GFP'- brains (Fig. 3.6, lanes 3 and 6). In case of GABAER, it was
unfortunetly not immunoprecipitated from the adult brain, although it was present in
the lysates of both mice lines as a double ~100 kD band. Actin signals at 43 kD
indicate equality of both lysate immunodetection (Fig. 3.6, lanes 1 and 4). Still, it was
not pulled down (Fig. 3.6, lanes 3 and 6), which indicates no contamination and no
unspecific binding to magnetic beads. Essentially, none of the listed proteins were
pulled down by controls which are magnetic beads without GFP-specific nanobody
(Fig. 3.6, lanes 2 and 5).

To sum it up, a GFP-trap pulls down from transgenic Nxphl-GFP'¥~ and Nxph3-
GFP'¢" brains revealed two main observations. First, Nxphl-GFP and Nxph3-GFP

were successfully precipitated together with known partners of neurexins, including

Figure 3.6. a-Nrxn/Nxph-GFP pulled down NMDAR from adult mice brains. Brain lysates
from transgenic Nxph1-GFPYY- and Nxph3-GFP'9- show intense protein levels of selected
postsynaptic receptors (lanes 1 and 4, 2nd-6th panels from top), while neurexin and
neurexophilins are hardly detected (1st and 7th panel). Total amounts of proteins in the
lysates of Nxph1-GFP'9"- and Nxph3-GFP%Y- are comparable as indicated by actin levels (lane
1 and 4; lowest panel; anti-actin Sigma 1:000, Rabbit) as well as amounts of individual
proteins. GFP-trap immunoprecipitation successfully pulled down Nxph1-GFP (lane 3, 7th
panel, anti-GFP, Abcam 1:3000, Rabbit) and Nxph3-GFP (lane 6) in complex with aNeurexins
(lane 3 and 6, 1st panel; anti-Nrxn123, Synaptic Systems 1:500, rabbit), Nign1 (lane 3 and 6,
2nd panel; anti-Nlgn1; Synaptic systems 1:5000, mouse), GABAAR (lane 3 and 6, 6th panel;
anti-GABA(A)Ra1; Synaptic Systems 1:500, Rabbit) and NMDAR (lane 3 and 6, 3rd panel;
Anti-GluN1; Synaptic Systems 1:250, mouse) and a very weak signal for GABA&R (lane 3 and
6, 4th-panel anti-GABA(B)R R1; Santa Cruz 1:1000, Rabbit) but not AMPAR (lane 3 and 6,
5th panel; Chemicon 1:1000, Rabbit). As expected, signals for Nrxns and Neurexophilins
show enrichment of bound proteins in precipitates (lanes 3 and 6, 1st and 7th panels)
compared to lysates (lanes 1 and 4). Note, that the lysates of neurexophilins show two bands
at about 50 kD and 60 kD and that Nxph1-GFP precipitates only as a 50 kD protein, while
both fragments of Nxph3-GFP were bound to beads. Interestingly, the levels of bound
receptors were lower than in lysates, although 100-times more volume of lysate was used for
the pull-down. Nearly, none of the proteins was pulled down by a control (lane 2 and 5). Some
samples were treated differently from my standard method (boiled) as samples for GluN1
were boiled with 8M urea, GABA(A)R and GABA(B)R were not boiled. Panels are arranged

according to the molecular weight of proteins (kD).
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Nlgnl and GABAAR (Fig. 3.6, lanes 3 and 6). Second, GluN1 subunit of NMDAR
was immunoprecipitated from both transgenic mice lines. Although the amount of
pulled GluN1 was not enriched, the control remained empty, which I saw in three
biological replications. This result together with the recombinant experiment with the
GFP-tagged GIuN1 shows that NMDAR might be a novel binding partner of
neurexins.

Quantitative in vitro receptor autoradiography shown that GABABR densities were
significantly lower in 90-day old rats compared to newborns in the olfactory bulb and
striatum (Behuet et al., 2019). Therefore, 1 asked if GABAB receptor and other

synaptic proteins could be precipitated easier from younger mice brains. I performed
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Figure 3.7. Neurexins pulled GABABR from P7 mice brains. Brain lysates from transgenic
Nxph1-GFP¥- and Nxph3-GFP'9- show strong protein levels of selected postsynaptic
receptors (lanes 1 and 4, 2nd-5th panels from top), while neurexin, neurexophilins are hardly
detected (1st, 2nd and 6th panel). Total amounts of proteins in the lysates of Nxph1-GFP'9"
and Nxph3-GFP!9- are comparable as indicated by actin levels (lane 1 and 4; lowest panel) as
well as amounts of individual proteins. GFP-trap immunoprecipitation pulled down Nxph1-GFP
(lane 3, 6th panel) and Nxph3-GFP (lane 6) in complex with aNeurexins (lane 3 and 6, 1st
panel), however not as strong as on Fig. 3.7 in the adult experiment. GABAE&R (lane 3 and 6,
4th panel) and GABAAR (lane 3 and 6, 5th panel) were also immunoprecipitated but not Nign1
(lane 3 and 6, 2nd panel) and GIluN1 (lane 3 and 6, 3rd panel). None of the listed proteins was
pulled down by a control (lane 2 and 5). Details of antibodies were already shown in Fig 3.5.

Panels are arranged according to the molecular weight of proteins (kD).
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GFP-trap pull down on lysates obtained from 7 days old (P7) mice brains to
investigate if Nxph/Nrxn complexes could precipitate different synaptic proteins than
from the adult tissue. Moreover, younger neurones are less myelinated, which could
help to release more synaptic receptors from cell membranes during lysis and easier
purification.

First, I again tested if GFP-tagged neurexophilins, o-neurexins and the known
partners of neurexins immunoprecipitate with GFP-trap. Nxph1-GFP was successfully
pulled down as a single 53 kD band (Fig. 3.7, lane 3) and Nxph3-GFP as a double 52
and 65 kD band (Fig. 3.7, lane 6), although the upper band is weaker than in adult
pull-down (Fig. 3.6). The reason for this difference in signal intensity might be that in
younger cells, more Nxph3-GFP molecules are being proteolytically processed,
giving more mature Nxph3-GFP (Table 1). Although a-Neurexins and GABAAR al
were precipitated with both Nxphl1-GFP and Nxph3-GFP (Fig. 3.7, lanes 3 and 6),
Nlgnl was detected only in both brain lysates (Fig. 3.7, lanes 1 and 4) but not
precipitated (Fig. 3.7, lanes 3 and 6). This result might suggest that Nlgnl do not form
a major complex with Nxph-GFP/a-neurexins in 7 days old mice brains, therefore
was not precipitated by the GFP-trap.

After 1 gained knowledge of which partners of neurexins could be
immunoprecipitated from P7 brains, I again tested synaptic receptors starting with
GABAGB receptor. In contrast to adult pull-down (Fig. 3.6), GABABR was pulled from
both Nxph1-GFP®¥- and Nxph3-GFP'¢~ P7 brains (Fig. 3.7, lanes 4 and 6). This result
is interesting because although binding between neurexins and GABABR has never
been reported, there are reports of functional crosstalk between GABABR and
neurexins. As previously mentioned, impaired facilitation of evoked postsynaptic
currents at excitatory synapses in Nxphl-GFP brain slices could partially be rescued
by the GABABR-specific blocker treatment (Born ef al., 2014). Moreover, the Gabbri
knock-out gene in a single parvalbumin-positive neocortical interneuron resulted in
increased dynamics of B-neurexins at presynaptic terminals, which stayed insensitive
to the GABABR antagonist (Fu and Huang, 2010). These results indicate that
GABABR might be a novel binding partner of neurexins. Although GluN1 is present
in the brain lysate of both mice lines (Fig. 3.7, lanes 1 and 4), it was pulled down
neither with Nxph1-GFP nor with Nxph3-GFP (Fig. 3.7, lanes 3 and 6). The lack of
binding of GluN1 to neurexins in P7 brains suggests that although GluN1 is expressed

68



Results

in virtually all neurones and during all stages of development (Monyer et al., 1994), it
starts to form a complex with neurexins after the seventh day of postnatal life.
Essentially, actin is present in both lysates in equal amount (lanes 1 and 4) and was
pulled down neither by Nxph1-GFP nor by Nxph3-GFP.

In summary, performed GFP-trap pull-downs from P7 and adult animals show
different results. First, GluN1 subunit of NMDAR was immunoprecipitated by GFP-
tagged neurexophilins from both Nxphl-GFP®¥~ and Nxph3-GFP¥- mice lines but
only from adult brains (Fig. 3.6), while GABABR was pulled only from P7 animals
(Fig. 3.7). Although the amount of pulled GIuN1 and R1 of GABABR was not
enriched, the control remained empty, which I saw in three biological replicates. It
shows that interaction of GIuN1 and R1 with neurexin/neurexophilin complexes was
specific and suggests that NMDAR and GABABR might be novel binding partners of
neurexins. Second, Nlgnl was precipitated only from adult and not from P7 brain
lysates, but still without an enrichment, which is characteristic for Nrxn-Nlgn pull-
downs (Ichtchenko et al., 1996). GABAAR was pulled from both mice lines of both
ages, but the intensity of pulled signals is even higher than for Nlgnl. Third, these
results do not show differences in binding partners or intensity signals between pull-
downs from Nxph1-GFP®¥" and Nxph3-GFP'?", Interestingly, GluN1 of NMDAR and
al of GABAAR were pulled from both Nxphl-GFP®- and Nxph3-GFP'¥- brains.
Nxphl is normally restricted to inhibitory synapses (Born et al., 2014), but Nxphl-
GFP pulled down the GluN1 of NMDAR, which is exclusively present in excitatory
synapses only. Nxph3 normally occurs in excitatory synapses (Beglopoulos et al.,
2005), but Nxph3-GFP pulled GABAAR al, which is a characteristic receptor for
inhibitory synapses. It can be explained by the fact that both Nxph1-GFP and Nxph3-
GFP were expressed in both brains the neocortical layer 6b and their expression was
not synapse-specific (Born et al., 2014, Blanque, 2015). Since I did not see any
differences between results obtained from Nxphl-GFP®- and Nxph3-GFP'¥~ mice

lines, I performed my next experiments on Nxph3-GFP*¥- mice only.

3.5 NMDAR, GABAsR, LRRTM2, Nignl, mGluR3 and mGluRS interact with
Nxph3-GFP/aNrxn complex during different stages of development
GFP-trap experiments showed that GluN1 subunit of the NMDA receptor could be

immunoprecipitated from adult brains together with Nxph/Nrxn complex (Fig. 3.6). In
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contrast, R1 subunit of GABAgR was pulled only from P7 brain lysates (Fig. 3.7). To
validate if NMDAR forms a transsynaptic cluster with Nxph3/aNrxn complex, I
wanted to test if also GIuN2A and GIuN2B could be pulled with GFP-tagged
neurexophilins from adult Nxph3-GFP®" brain lysate. Beside of NMDAR, I wanted to
validate if GABABR and other synaptic receptors could also be precipitated from
adult brains.

Nxph3-GFP and a-neurexins precipitated together as expected (Fig. 3.8, lane 3). Both
Nlgnl and Nlgn2 were pulled down, but only Nlgn2 was precipitated with an
enrichment. Although Nlgn3 was immunodetected as a ~130 kD band in the lysate, it
was not precipitated by the GFP-trap. This result is surprising because it has been
reported that Nlgn3 is a binding partner of neurexins (Ichtchenko et al., 1996). As
expected, Nxph3-GFP again precipitated GABAAR al subunit (Fig. 3.8, lane 3). To
test more partners of neurexins, I also checked my samples on the presence of
LRRTM2, but it was not detected in the pull-down samples either (Fig. 3.8, lane 3).
To validate if NMDAR interacts with Nxph3/a-Nrxn complex in adult brains, I tested
not only GIuN1 but also GIuN2A and GluN2B subunits of NMDAR. Nxph3-GFP
successfully co-precipitated GluN1, GluN2A and GluN2B (Fig. 3.8, lane 3). Although
visible signals were not enriched in comparison to signals from the lysate (Fig. 3.8,
lane 1), precipitated GluN1, GluN2A and GIuN2B give more evidence that NMDAR
is indeed a novel binding partner of neurexins. In contrast to these results, GABAB
receptor R1 subunit again could not be immunoprecipitated from adult brain lysate
(Fig. 3.9, lane 3). Since it that has been shown that PSD95 interacts with NMDAR
intracellularly in the two-hybrid system (Kornau et al., 1995) and PSD95
coimmunoprecipitates with Nignl by immobilized neurexins (Irie, 1997), I also asked
if postsynaptic density protein 95 (PSD95) could be precipitated with Nxph3-GFP.
PSD95 was detected in the lysate as a 95 kD band (lane 1); however, was not pulled
down with Nxph3-GFP (Fig. 3.8, lane 3). Testing other glutamate receptors did not
show positive results as both AMPA receptor subunits, kainite receptor GluRs, and
metabotropic glutamate receptors mGIluR3 and mGlur5 were not pulled down in this
experiment. SSTRS5 also did not show a positive result of binding.
Calcium/calmodulin-activated serine kinase (CASK) was identified as an intracellular
binding partner of neurexins by the recombinant pull-down and a pull-down from

subfractioned synaptic plasma membranes of a brain homogenate (Butz, Okamoto and
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Stidhof, 1998). Although CASK was detected as a ~100 kD band in the lysate (Fig.
3.8, lane 1), it was not immunoprecipitated with Nxph3-GFP (Fig. 3.8, lane 3).
Synapsin, a presynaptic protein which is an essential factor in neurotransmitter release
was also not immunoprecipitated (lane 3), although it is visible in the lysate as a 75
kD band (Fig. 3.8, lane 1). Actin was again not pulled with Nxph3-GFP (lane 3).
None of the proteins tested in these experiments was precipitated by the control (Fig.
3.8, lane 2).

In summary, beside of standard neurexin partners (Nlgnl, Nign2, GABAAR) and all
tested NMDAR subunits (GluN1, GIuN2A, GluN2B) but neither GABABR nor
LRRTM2 were pulled down by the GFP-trap from adult brains.

To validate that GABAs R1 interacts with Nxph3-GFP/Nrxn complex, I repeated
GFP-trap pull-down from P7 Nxph3-GFP'¥- brain lysates. To investigate if other
synaptic proteins interact with Nxph3/aNrxn complex in 7 days old animals, I also

tested the same synaptic proteins as in adult GFP-trap pull-down (Fig. 3.8). Nxph3-
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GFP and a-neurexins are abundantly co-immunoprecipitated from P7 brain lysates
(Fig. 3.9, lane 3). Out of all three tested neuroligins, only Nlgn2 was pulled down
with an enrichment, while Nlgnl and Nlgn3 were not precipitated (Fig. 3.9, lane 3).
GABAAR co-immunoprecipitated with Nxph3-GFP and interestingly, LRRTM2 was
also pulled down in this experiment (Fig. 3.9, lane 3). R1 subunit of GABABR was
successfully pulled with Nxph3-GFP (Fig. 3.9, lane 3), which validated that GABAB
receptor interacts with Nxph3/Nrxn complex in P7 brains. Interestingly, metabotropic
glutamate receptors mGluR3 and mGluRS5 (Fig. 3.9, lane 3) were also precipitated
from P7 brain lysates. As expected from the first GFP-trap experiment from the P7
brains, all NMDAR subunits (GluN1, GluN2A and GluN2B) were not pulled with
Nxph3-GFP (lane 3), which validated that NMDAR can be precipitated from adult
brain homogenates only. GluR1 and GluR2/3 of AMPAR, kainite receptor (GluR5s),
SSTRS receptor, PSD95, CASK, synapsin and actin again did not show positive result
from P7 brains either.

Here, I performed GFP-trap pull down from adult and P7 Nxph3-GFPtg/- brain
homogenates. In this experiment I validated that all subunits of NMDAR interact
with neurexins while being pulled with Nxph3/aNrxn complex from adult brain

homogenates. Interestingly, although GIuN1, GIuN2A, and GIuN2B expression are

Figure 3.8. Searching for new potential binding partners of Nxph3 in adult Nxph3-
GFP'9" mice. Brain lysates from transgenic Nxph3-GFP'9" adult mice show strong protein
levels in all panels (lane 1), while GIuR5 (7th excitatory panel), neurexins (1st presynaptic
panel), neurexophilins (4th presynaptic panel) and actin (5th presynaptic panel) are hardly
detected. GFP-trap pulled down Nxph3-GFP (lane 3, 4th presynaptic panel) in complex with
a-neurexins (lane 3, 1st presynaptic panel), Nign1 (lane 3, 6th excitatory panel), Nign2 (lane
3, 1st inhibitory panel), NMDAR subunits: GIUN2A (lane 3, 2nd excitatory panel), GIuN2B
(lanes 3, 3rd excitatory panel), GIuN1 (lanes 3, 8th excitatory panel), GABAAR (lane 3, 2nd
inhibitory panel) but not mGIuR3 (lane 3, 1st excitatory panel), mGIuR5 (lane 3, 4th excitatory
panel), Nign3 (lane 3, 5th excitatory panel), GIuR5 (lane 3, 7th excitatory panel), AMPAR
subunits: GIuR1 (lane 3, 9th excitatory panel), GIuR2/3 (lane 3, 10th excitatory panel), PSD95
(lane 3, 11th excitatory panel; anti-PSD95 Neuromab 1:1000, mouse), LRRTM (lane 3, 12th
excitatory panel), GABAgR (lane 3, 1st presynaptic panel), CASK (lane 3, 2nd presynaptic
panel; anti-CASK Abnova 1:250, Rabbit), actin (lane 3, 5th presynaptic panel) and SSTRS5
(lane 3, 6th presynaptic panel). None of the listed proteins was pulled down by control (lane

2). Details of some antibodies can be found on Fig. 5.
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Figure 3.10. GIuN1-GFP binds to Neurexins. Fc-tag fusion proteins consisting of Nxph3-Fc
(lane 3), Nxph3-Fc with the extracellular domain of Nrxn1a (Nrxn1a ECD) (lane 4), Nrxn1a-Fc
(lane 5), Nrxn1B-Fc (lane 6), Nrxn1B D137A-Fc (lane 7) and a control Fc-tag (lane 2) were
immobilized on protein A beads and used in pull-down experiments with lysates of HEK293
cells expressing GIuN1-GFP (lane 1). GIuN1-GFP was immunodetected by anti-GFP (upper
panel, Abcam 1:3000, Rabbit) and anti-GIuN1 (lower panel, Synaptic Systems 1:250, mouse)
antibodies. GIuN1-GFP was pulled down predominantly by Nrxn1B-Fc (lane 6) and Nrxn1a-Fc
(lane 5), but neither by Nrxn13 D137A-Fc (lane 7) nor by a control (lane 2). Nxph3-Fc (lane 3)
and Nxph3-Fc+Nrxn1a ECD (lane 4) pulled down GIuN1-GFP in a very weak manner (1st and
2nd panels). Input is visible as a Ponsou S staining picture, which shows an equal amount of

each fusion protein used.

high in P7 animals (Fig. 3.9, lane 1), none of these subunits was immunoprecipitated
by the GFP-trap from 7 days old brain lysates. Besides NMDAR, I also discovered
that GABABR, mGIuR3 and mGIuRS5 interact with neurexins since they were all
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pulled down from P7 Nxph3-GFP®" brain homogenates (Fig. 3.9, lane 3), but not
from adults (Fig. 3.8, lane 3). Another surprising result is that Nlgnl could be
immunoprecipitated from adult Nxph3-GFP*®" brains only (Fig. 3.8, lane 3), while
LRRTM2 was pulled only from P7 brain lysates (Fig. 3.9, lane 3).

Table 3. Synaptic receptors successfully co-sedimented by the GFP-trap
from adult and P7 Nxph3-GFP'9- brain lysates (Fig. 3.9 and 3.10).

References confirm proper immunodetected molecular weight.

Synaptic receptor Molecular weight [kD] Adult P7
Nignl 120 (Ichtchenko ef al., 1996) + -
Nlgn2 100 (Ichtchenko et al., 1996) + +
oNrxns 150-250 (Hata, Slaughter and Siidhof, + +
1993)
GABAAR ol 50 (Dunning et al., 1999) + +
GluN1 120 (Akashi et al., 2009) + -
GluN2A 150 (Akashi et al., 2009) + -
GIluN2B 150 (Akashi et al., 2009) + -
GABAgRI1 100 (He et al., 2001) - +
LRRTM2 50 (Ko et al., 2009) - +
mGIuR3 250 (Hayashi et al., 1993) - +
mGIluR5 150 (Hayashi et al., 1993) - +

3.6 Recombinant GluN1-GFP binds to neurexins

To validate if the a-Nrxn/Nxph3 complex or even Nxph3 alone interact directly with
the NMDA receptor I performed a recombinant pulldown. I expressed commercially
available GFP-tagged GIuN1 subunit of the NMDA receptor (Barria and Malinow,
2002) in HEK293 cells. I used cell lysate for in vitro binding experiments with Fc-
tagged variants of neurexins and Nxph3. I again used HEK293 cells to produce Fc-
tagged fusion proteins: Nxph3-Fc, Nxph3-Fc+Nrxnla ECD, Nrxnla-Fc, Nrxnlp-Fc,
Nrxnlf3 DI137A-Fc and Fc. Fc-tagged mature neurexophilin 3 (Nxph3-Fc) was
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Figure 3.9. The Nxph3-GFP/a-Nrxn complex binds to GABAER, LRRTM2, mGIluR3 and
mGlur5 but not to NMDAR in P7 Nxph3-GFP!9- brain. Brain lysates from transgenic
Nxph3-GFP'9"- P7 mice show strong protein levels in all panels (lane 1), while GIuUN2A (2nd
excitatory panel), GIuN1 (7th excitatory panel), GIuR5 (8th excitatory panel) and
neurexophilins (4th presynaptic panel) are hardly detected. GFP-trap pulled down Nxph3-
GFP (lane 3, 4th presynaptic panel) in complex with a-neurexins (lane 3, 1st presynaptic
panel), NIgn2 (lane 3, 1st inhibitory panel), LRRTM (lane 3, 12th excitatory panel), mGIuR3
(lane 3, 1st excitatory panel), mGIuR5 (lane 3, 4th excitatory panel), GABAAR (lane 3, 2nd
inhibitory panel) and GABA&R (lane 3, 1st presynaptic panel), but not Nign1 (lane 3, 6th
excitatory panel), Nign3 (lane 3, 5th excitatory panel), NMDAR subunits: GIuN2A (lane 3,
2nd excitatory panel), GIuN2B (lanes 3, 3rd excitatory panel) and GIluN1 (lanes 3, 7th

~ -~ ~A A Amarm oA ~1 4 ~ A

expressed alone (Fig. 3.10, input, lane 3) or together with extracellular domain (ECD)
of Nrxnla (lane 4). Neurexophilins are only capable of reaching the presynaptic site
when they secrete with neurexins, which was shown in cell culture experiments
(Neupert et al., 2015). However, when fused to Fc-tag, they are efficiently being
secreted outside the cell as isolated proteins (Reissner et al., 2014). Besides of WT
NrxnlB-Fc, I also tested if Nrxn1f D137A-Fc binds to GluN1-GFP (input, lane 7) in a
calctum-dependent way. D137A mutation disturbs calcium-coordination site on

LNS6/BNrxn, which impairs binding to neuroligins and o-dystroglycan and shows
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that interaction of neurexins with these partners occurs in a Ca**-dependent manner
(Fairless et al., 2008; Reissner et al., 2014). All constructs were secreted to the
medium, immobilized on protein A beads and visualized using coomassie staining
(Fig. 3.10)

Since recombinant GIuN1 is GFP-tagged, I could detect its presence with two
antibodies: anti-GluN1 (Fig. 3.10, lower panel) and anti-GFP (Fig. 3.10, upper panel).
Both antibodies see GluN1-GFP in the lysate with a molecular weight of ~150kD
(Fig. 3.10, both panels, lane 1), which corresponds to the previously reported
observed molecular weight of 150 kD (Barria et al., 2002). Surprisingly, Nrxnla-FC
(Fig. 3.10, lane 5) and NrxnlB-Fc (Fig. 3.10, lane 6) successfully pulled down
GIluN1-GFP, but without an enrichment. In contrast to these results, Nrxnlp-Fc
carrying a point mutation D137A completely abolished binding to GluN1-GFP (Fig.
3.10, lane 7), which suggests that binding of GluNI1-GFP to LNS6/BNrxn occurs
calcium-dependently. In case of Nxph3-Fc (Fig. 3.10, lane 3) alone and Nxph3-
Fc+Nrxnla ECD (Fig. 3.10, lane 4) the binding to GIuN1-GFP is also visible, but it is
weaker than the one shown with Nrxnla-Fc and Nrxn1B-Fc (Fig. 3.10, lanes 5 and 6).
Fc-tag alone did not pull down GluN1-GFP (lane 2), which indicates that visible
signals of GIuN1-GFP pulled with Nxph3-Fc (Fig. 3.6, lane 3), Nxph3-Fc+Nrxnla
ECD (Fig. 3.10, lane 4) Nrxnla-Fc (Fig. 3.10, lane 5) and Nrxn1p-Fc (Fig. 3.10, lane
6) were not specific.

These results show that recombinant GluN1-GFP subunit of NMDAR directly
interacts with neurexins in vifro because GluN1-GFP was precipitated with Nrxnla-
Fc (Fig. 3.10, lane 5) and NrxnlB-Fc (Fig. 3.10, lane 6). It seems that aLNS6/Nrxnf3
domains of neurexins are mainly responsible for this interaction since Nrxnla-Fc and
NrxnlfB-Fc (Fig. 3.10, lanes 5 and 6) precipitated three times more GluN1-GFP than
Nxph3-Fc (Fig. 3.10, lane 3) (ImageJ analysis). Nxph3-Fc+Nrxnla ECD (Fig. 3.10,
lane 4) also precipitated GIuN1-GFP, but 7-times less than Nrxnla-Fc (Fig. 3.10, lane
5). It can be explained by the fact that input used in the experiment was adjusted to
Fc-tagged proteins (in this case Nxph3-Fc) and therefore ten times less Nrxnlo ECD
was used (Fig. 3.10, input, lane 4, 150 kD band) than Nrxnla-Fc (Fig. 3.10, input,
lane 5, 180 kD band). Another interesting observation is that although the expression
of GIuN1-GFP in HEK293 cells is very high (Fig. 3.10, lane 1), none of the Fc-tagged

proteins was able to enrich GluN1-GFP in precipitates. From the other hand, there is
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no observed binding to Nrxnlf DI137A-Fc and to the control, which suggests that
obtained pull-down signals of GluN1-GFP do not show impurities and are not a result
of unspecific binding of the anti-GluN1 and anti-GFP antibodies. Also, D137A point
mutation on Nrxnlp-Fc completely abolished binding to GluN1-GFP (Fig. 3.10, lane
7), which shows that neurexins require Ca>" ions in their calcium-coordination site to
bind to GluN1-GFP, which is characteristic for many other neurexin partners, i.e.,
neuroligins (Reissner ef al., 2008). Interestingly, the same set of Fc-tagged proteins
(NrxnlB-Fe, Nrxnla-Fc, Nxph3-Fc+Nrxnlo ECD) from the previous experiment
(Fig. 3.10) was not able to pull down GIluN1 and other NMDAR subunits from the
brain lysate (Fig. 3.5). It suggests that different biochemical techniques are required to
show binding of NMDAR to neurexins.
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\Discussion

Neurexophilins are specific ligands of o-Neurexins, presynaptic cell adhesion
proteins. Although the neurexophilin/a-neurexin complex has been intensively
studied, many questions about its function remained unanswered. First, I showed that
all neurexophilin family members interact to the same binding epitope of Nrxnla.
Second, I wanted to further investigate the functions of neurexophilins by finding
novel binding partners of Nxphl and Nxph3. Although both neurexophilins bind to
the same interface on Neurexinla, they are expressed in different localisations:
Nxphl in inhibitory terminals and Nxph3 excitatory terminals (Petrenko et al., 1996,
Beglopoulos et al., 2005), which could determine distinct binding partners in
synapses. To screen synaptic proteins in complex with these two neurexophilins, I
performed brain pulldown experiments from transgenic Nxph1-GFP*®- and Nxph3-

GFP'¢" mice brain lysates.

4.1 All neurexophilins bind to the same epitope of Nrxnla

In the first part of my PhD project, I focused on determining the binding epitope of
the Nxphla LNS2 domain to neurexophilins (Fig. 3.2). My results showed that LNS2
[401D impaired the binding to all neurexophilins. The crystal structure of the LNS2-
Nxphl complex recently revealed that Ile-401 interacts with the hydrophobic binding
pocket of Nxphl formed by Tyr-249 and Leu-251 (Fig. 1.3) (Reissner ef al., 2014).
Co-immunoprecipitation validated the interface with point mutations of selected
residues (1401, T405 and Y407) of the LNS2 B10 strand (Wilson et al., 2019).
Mutating these residues to glutamine showed reduced binding to Nxphl (Wilson et
al., 2019), but 1401D mutation also showed the same effect in screening mutagenesis
by coexpressed constructs (Reissner et al., 2014). This means that interaction between
neurexophilins and LNS2 domain requires hydrophobicity on 1401 position of Nrxnla
LNS2 (Fig. 1.3). The binding of all neurexophilins to LNS2 carrying T404P mutation
was impaired (Fig. 3.2). As revealed by the crystal structure, both Nxphl and LNS2
are composed mainly of B-strands, and the interface of the Nxphl-LNS2 complex is
formed by anti-parallel B-sheet extensions mediated by interactions between 1 and s
of Nxphl and 10 and 7 of LNS2 (Wilson ef al., 2019). Site-directed mutagenesis of
one of the central residues of -10 in the LNS2 domain to proline (T404P) completely
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impaired binding to all neurexophilins (Fig. 3.2) Taken together, I demonstrated that
all neurexophilins bind to the same binding epitope of the Nrxnla LNS2 domain.

Interestingly, mutation of Val-358, another hydrophobic residue close to the Nxphl
binding epitope of Nrxnla LNS2, demonstrated reduced binding to Nxph4 (Fig. 3.3).
I also discovered that while Nxphl binding to Nrxnla retained on the same level at all
salt concentrations, Nxph4 binding was strongly impaired at 500mM NacCl (Fig. 3.3).
The difference between Nxph4 and the other three neurexophilins is that it contains an
extra 50 glycine- and proline-rich residues long loop that connects B4 and B5 in
analogy to Nxphl (Wilson et al., 2019). The additional loop might cause steric
changes in Nxph4 structure, which could cause the binding of Nxph4 was almost
wholly abolished to 1aV358D-Fc and partially impaired to 1aL402D-Fc (Fig. 1.3).
This additional unique feature of Nxph4 also could be a reason for a change in
binding affinity to WT LNS2. Initially it was showed that Nrxnlo and Nxph4 do not
interact with each other, since immobilized a-latrotoxin failed to purify Nrxn-Nxph4
complex from mice brain lysates (Missler et al., 1998). Recently it was reported that
Nxph4 interacts with a-neurexins in vivo, not only with LNS2 but also with LNS4
domain (Meng et al., 2019). 50 residues long loop might alter the binding of Nxph4 to
neurexins and their postsynaptic binding partners. This unique feature of Nxph4
might also give a specific function of Nxph4. It was reported that Nxph4 is a secreted
glycoprotein, which interacts with GABAAR (Meng ef al., 2019) and it is expressed in
inhibitory neurons of the hindbrain (Zeisel et al., 2018), which means that it might

have an important role in this specific brain region.

4.2 NMDAR is a novel binding partner of neurexins

NMDA receptors (N-methyl-D-aspartate receptors) are mainly postsynaptic,
glutamate-gated cation-passing channels that play a significant role in
neurotransmission in excitatory (glutamatergic) synapses. In my research I discovered
that this important glutamate receptor makes a physical interaction with
neurexin/neurexophilin complex. I showed that not only GluNI1, but also other
NMDAR subunits were precipitated with Nxph3-GFP, including GIuN2A and
GluN2B (Fig. 3.9). Although obtained signals are not enriched (Fig. 3.9, lane 3), the
control remained empty, which shows that binding of neurexins to GluN1, GluN2A
and GIluN2B was specific. Moreover, I proved in the recombinant study that

neurexins do not need neurexophilins to bind to GFP-tagged NMDA receptor subunit
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GluN1 (Fig. 3.10). Although a pulldown with Nxph3-Fc showed a signal of GIuN1-
GFP, it is still very weak, and it seems that neurexins and LNS6/LNSP domains are
responsible for the interaction with the GluN1 subunit (Fig. 3.6). This domain has
already been identified as a hot spot for many other interactors of neurexins, i.e.,
neuroligins, LRRTMs and cerebellins (Table 2). The binding of aLNS6/BNrxn to
neurexin partners is controlled by alternative splice site SS#4, while most of the
proteins prefer to bind to the isoform, which does not contain an insert (SS#4-) and I
also used this variant in my recombinant experiment (Fig. 3.10). It has been shown
that alternative splicing of neurexins regulates postsynaptic NMDAR responses.
Neurexin 1 carrying SS#4 insert enhances NMDAR responses, while neurexin 3 with
this insert does not alter NMDAR responses (Dai et al., 2019). The interaction
between neurexins and NMDAR occurs Ca’*-dependently since a NrxnlB-Fc with a
mutation in the calcium-coordination site (Nrxnlf3 D137A-Fc) completely abolished
binding to GluN1-GFP just like it was shown for Nlgnl, Nlgn2 and a-DAG (Reissner
et al., 2008; Reissner et al., 2014). Obtained signals of pulled GluN1-GFP were not
enriched, which suggests that the binding between neurexins and NMDAR is not
irreversible like in the case of neurexin-neuroligin interactions (Ichtchenko er al.,
1995). This could also explain why I could not precipitate any of the NMDAR
subunits by Fc-tagged neurexins (Fig. 3.5). Another explanation for obtained weak
pulldown signals might be incorrect NMDAR-Nrxn binging conditions, although I
performed all experiments in buffers imitating physiological environment in the
synaptic cleft.

The functional crosstalk between neurexins and NMDAR was demonstrated before. A
triple knock-out of neurexins in mice showed a reduction of NMDAR-mediated
postsynaptic currents, which indicates that neurexins are required for regular activity
of NMDA receptors (Kattenstroth et al., 2003). Moreover, neurexins mediate
postsynaptic glutamate differentiation in contacting neurons and induce clustering of
GluN1 subunit of NMDAR (Graf et al., 2004). As demonstrated in a different PhD
project from our group, the electrophysiological recordings performed on the same
Nxph3-GFP®- mice brain slices showed altered NMDAR responses (Wang, 2014).
Since neurexophilins are in a tight complex with the LNS2 domain of a-neurexins
(Missler et al., 1998) and the dissociation of aNrxn/Nxph complexes occurs only in
near denaturing conditions (Petrenko et al., 1996), it is likely that the Nxph3/aNrxn

complex mediates observed altered synaptic transmission in Nxph3- GFP'¢" mice.

81



Discussion

4.3 NMDAR interacts with a-neurexin/neurexophilin complex in mature brains

Another interesting observation is that NMDAR subunits could be pulled down from
adult (10-16 weeks old) animals but not from young P7 mice. However, NMDAR
subunits are already expressed at this stage of life. GIuN1 is expressed in virtually all
neurons, and during all developmental stages, GluN2B occurs prenatally, while
GluN2A mRNA is first detected near birth (Monyer et al., 1994) Lack of visible
NMDAR signals in samples obtained by GFP-trap from P7 brains suggests that
although GluN1, GluN2A and GIuN2B are present in cells, they start interacting with
neurexins after the seventh day of postnatal life. This point of time is interesting
because mice begin to open their eyes between P12 and P14 (Hoy and Niell, 2015).
The eye-opening was shown to be the period of fast synaptogenesis in the primary
visual cortex (Blue and Parnavelas, 1983). A conditional knockout of GluN1 subunit
introduced in retinal ganglion cells of P1-P3 animals led to a reduction in expansion
of the dendritic field size, dendritic elongation, and the number of the dendritic
protrusions in retinal ganglion cells before eye-opening (Elias et al., 2018).
Interestingly, when the same mice were reared in the darkness, the number of
dendritic protrusions and the size of the dendritic field did not change after eye-
opening (Elias et al., 2018). This study demonstrates a correlation between a visual
experience that leads to eye-opening and the NMDAR mediated dendritic
development. It cannot be excluded that the formation of new synapses during eye-
opening requires interaction between neurexins and the NMDA receptor. That is why
the physical interaction between these two proteins was not visible on the pulldowns
performed on brain lysates of 7-day old mice; since it probably started to occur after

eye-opening between P12 and P14, more synaptic connections were formed.

4.4 Other age-dependent interactions

The binding between NMDAR and neurexins was not the only age-dependent
interaction observed in experiments with the GFP-trap. Nlgnl was precipitated from
adult (Fig. 3.6 and 3.8) but not from P7 brains (Fig. 3.7 and 3.9), although Nlgnl is
already expressed as visible in the brain lysates on immunoblots. One possible
explanation for the lack of Nlgnl immunoprecipitated from P7 brains is that a-
neurexins without GFP-tagged neurexophilins could “occupy” most of the Nlgnl
molecules since free neurexins including a- and B-neurexins might sterically better

access to Nlgnl. However, it has been reported that the presence of Nxphl does not
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disturb binding to neuroligins in recombinant pulldowns (Reissner et al., 2014). Also,
the lack of the high enrichment in Nlgnl brain pulldown samples characteristic for
Nrxn-Nlgn interactions (Ichtchenko et al., 1995) suggests that overexpression of
Nxph3-GFP may disturb the interaction with neurexins in these brains. However, this
hypothesis can be excluded because it could pull down Nlgnl in a high amount from
Nxph3-GFP®¥" adult brains by the Fc-tagged neurexins (Fig. 3.5). It is also possible
that GFP-tagged neurexophilin-oNrxn complexes in Nxphl-GFP®~ and Nxph3-
GFP'" brains prefer binding to distinct postsynaptic partners than Nlgnl, i.e., Nlgn2
and LRRTM2 that were already visible in the P7 brain pulldown (Fig. 3.7 and 3.9).
Nlgnl, Nlgn2 and LRRTM?2 are all expressed already during embryonic development
(Song et al., 1999; Varoqueaux, Jamain and Brose, 2004; Haines and Rigby, 2007),
which shows that although they are all present in P7 brains, Nlgnl do not get in touch
with neurexin/Nxph3 complexes at this stage. Also, although it was previously
reported that Nlgnl, NMDAR and PSD95 interact together (Frank et al., 2016), it was
impossible to pulldown PSD95 from transgenic brains. That result is also interesting
since both Nlgnl and NMDAR could be pulled from adult brains.

Another attractive new identified binding partner of the neurexin-neurexophilin
complex is GABABR. Nxph1-GFP and Nxph3-GFP pulled GABABR from transgenic
P7 brains (Fig. 3.7 and 3.9) but not from adults (Fig. 3.6 and 3.8), although signals for
anti-GABAGBR are both intense in both P7 and adult brain lysates. This result again
suggests an age-dependency of this complex relationship, which is opposite to
observed NMDAR-neurexin binding that was gained during postnatal development
after seven days of age. As in GluN1, GluN2A and GluN2B, it was not possible to
achieve a robust binding signal of anti-GABABR in GFP-trap samples (Fig. 3.6 and
3.8), suggesting the Nrxn/Nxph-GABABR transient weak nature of this interaction or
not proper binding conditions used in the experiment. A functional crosstalk between
Nxph/Nrxn complex and GABABR has been reported. Electrophysiological
recordings from both Nxph1-GFP'¢~ and Nxph3-GFP*¥" brain slices showed a reduced
frequency of mini excitatory postsynaptic currents (mEPSCs), which were rescued to
WT levels by GABAgBR-specific blockers (Born et al., 2014). Progressive decay in
postnatal development raises questions if Nxph/Nrxn-GABABR complex is formed
during the embryonic state and starts to disappear after birth. Moreover, it was also
reported that the GABAAR y2 subunit interacts with the R1 subunit of the GABAB

receptor and promotes R1 subunit expression in the absence of R2 subunits (Frangaj
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and Fan, 2018). The y2 subunit of GABAAR associates with functional R1/R2
heterodimers and promotes GABABR internalization in response to agonist
stimulation (Frangaj and Fan, 2018). aNeurexin/neurexophilin complex was shown to
interact with both GABAAR ol and GABAB receptors in P7 brains (Fig. 3.9).
However, the immunodetected signal of binding to GABAB receptors are completely
impaired in adult animals (10-16 weeks old), while the binding signal to GABAAR al
become stronger in older brains (Fig. 3.8) Same time immunodetected signals for both
receptors in brain lysates from P7 and adult brain lysates have the same intense level.
Interestingly, although Nxph3-GFP was shown to be present mostly in excitatory
neurons (Blanque, 2015) it pulled GABAAR al, which is a receptor present mostly in
inhibitory neurons. However, it was shown that Nrxns together with 026-2 can
modulate postsynaptic GABAAR abundance, which can lead to a mismatched
localization of GABAAR in glutamatergic neurons (Geisler ef al., 2019). Combining
these pieces of information suggests that aNeurexins with neurexophilins, GABAAR
and GABABR are in a multiplex formed early in development and later dismiss
GABABR from physical contact with other members. However, this interaction
requires further investigation and more shreds of evidence.

Metabotropic glutamate receptors (mGIluRs) and ionotropic glutamate receptors
(1GluRs), i.e., NMDAR, AMPAR, are responsible for glutamate signalling in the
nervous system. iGluRs are ligand-gated ion channels producing glutamate-evoked
currents, and mGluRs are G-protein coupled receptors (GPCRs) that mediate
signalling processes via G protein signalling (Reiner and Levitz, 2018). The best
described binding partners of mGluRs are scaffold proteins that interact via PDZ
domains with C-terminal domains (CTDs) of mGluRs, i.e., PSD-95, HOMER,
SHANK and DLGAP (Tu et al., 1999). Although there is no evidence of trans-
synaptic interactions of metabotropic glutamate receptors with presynaptic proteins,
there are reports of an interaction between metabotropic glutamate receptors and
NMDAR (Perroy et al., 2008, Moutin et al., 2012). Functional measurements in
HEK293 cells and bioluminescence resonance energy transfer (BRET) studies
showed a dynamic interaction between CTDs of mGluRS and NMDAR composed of
GluN1/GluN2B subunits, which resulted in bidirectional inhibition (Perroy et al.,
2008). There are also reports of functional crosstalk between mGluR5 and NMDAR

in dendritic spines of hippocampal neurons showed in BRET studies (Moutin et al.,
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2012). However, more studies must be performed to see whether these phenomenons
are relevant in physiological conditions.

In summary, GABABR, LRRTM2, mGIluR3, and mGluRS5 could be precipitated from
the P7 animals (Fig. 3.7 and 3.9) while Nlgnl and NMDAR were pulled only from
the adult brain (Fig. 3.6 and 3.8). These results are in contrast with experiment using
Fc-tagged recombinant neurexins -1f and -1a and Nxph3/Nrxnla complex (Fig. 3.5)
and the same Nxph3-GFP'¢~ adult mice brains, in which it was possible to precipitate
Nlgnl, Nlgn2, LRRTM2 and GABABR but not NMDAR, mGluR3 and mGluRS5. It
shows that it is only possible to pull down these receptors using GFP-trap that directly
pulled Nxph3-GFP from its synaptic complexes. These proteins are expressed already
in P7 in a high amount, which was visible in the brain lysate input on every
immunoblot (Fig. 3.6-3.9). However, they interact with Nxph/Nrxn complexes at
different point of life. These results suggest that there is a molecular switch that
changes the binding properties of the aNrxn/Nxph3-GFP complex after the seventh
day of age. In my model, at first Nrxn/Nxph complex interact with LRRTM2,
GABABR, mGIuR3 and mGIuRS5 in excitatory synapses. mGIluR3 and mGIuRS are
the glutamate receptors that could be involved in the excitatory neurotransmission till
NMDAR starts to play a leading role after seven days of life (Fig. 4.1). At this stage,
Nlgnl is also involved in the interaction with neurexins, while interaction with
LRRTM2, GABABR and mGIluR3 and mGIluR5 get lost. For instance, Nlgnl was
shown to be present in embryonic rat brains and increases its expression at birth to
peak at postnatal days 5-8 and later again in adulthood (Song ef al., 1999), which also
fits to my model in which Nlgn1 starts to interact with neurexins after P7 where there
is more Nlgnl present in synapses. Moreover, it was shown that NMDA receptors are
present in the brain together with other synaptic proteins as two supermolecular
complexes of 0.8MDa and 1.5MDa size (Frank et al., 2016). Interestingly, 0.8MDa
complexes were observed at all ages of mice, while 1.5MDa increased significantly
after P16. It was shown that 1.5MDa complexes contained NMDAR and Neurexinla
and Nlgnl, which also fits my model in which all these proteins start to interact with

each other in developing mature forebrain.
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Figure 4.1. Model explaining age-dependent interactions between neurexins and
their binding partners in excitatory synapses of Nxph3-GFP®" brain. Simplified
model of the synaptic cleft includes only these proteins that were pulled together with
Nxph3-GFP from both P7 (left) and adult 16 weeks old (right) brain lysates including:
Neurexins, LRRTM, NMDAR, GABABR, Nlgnl and mGluR. Neurexins are shown in
two isoforms: long aNrxn and short fNrxn. Neurexins recruit LRRTM2, GABABR,
mGIluR3, mGluRS5 in P7 transgenic brains (Left) but later in postnatal development
start to interact with Nlgnl and NMDAR (Right).

4.5 Limitations and recommendations

Here I would like to explain what limitations I faced while working with synaptic
receptors. First, I would like to point to the low-intensity signals of pulled proteins
compared to signals obtained in the lysates in all the performed immunoblots. All the
pulldown signals from Nxph3-GFP%¥- and Nxphl-GFP®"~ brains were obtained by
immunoprecipitation from brain lysate that represents half of the transgenic mouse
forebrain. In contrast, signals in brain lysates on immunoblots were detected from
only 0,37% of the total lysate volume used for each pulldown lane. In other words,
signals in input represent 135 times less lysate than was used for the pulldown. The
only enriched signals from GFP-trap are Nxphl-GFP (Fig. 3.7 and 3.8) and Nxph3-
GFP (Fig. 3.7-3.10) that were pulled from half a brain but did not pull any of the
synaptic receptors profusely. Even Nlgnl and Nlgn2, which bind to neurexins
irreversibly, were not precipitated with an enrichment characteristic for this
interaction (Ichtchenko et al., 1995, Ichtchenko et al., 1996), like in the pulldown
with the Fc-tagged neurexins (Fig. 3.5). On the other hand, signals of GFP-tagged
neurexophilins are very enriched. Still, we must remember that we are pulling them

from the brain lysate. We do not know how many molecules from this pull interact
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with all immunoprecipitated synaptic receptors. It seems that only a low number of
pulled GFP-neurexophilin/aNrxn complex interact with pulled proteins, and the
interaction can also be very transient. Although obtained immunodetection signals of
pulled NMDAR, GABABR, Nlgns, LRRTM2 and mGluRs are relatively weak, the
control is always empty, which points to the specificity of the interaction. I saw the
same results in three biological replicates, highlighting NMDAR, GABAgBR, mGIluR3
and mGluRS are novel partners of the neurexin/neurexophilin complex.

Results from the recombinant pulldown also did not give an enrichment of pulled
GluN1-GFP (Fig. 3.6). The very intense signals of GluNI1-GFP were obtained from
15 pl of cell lysate, which is an equivalent of 1/20 of a single HEK293 cells plate
transfected with GluN1-GFP. For pulldown, every Fc-tagged fusion protein bounded
to protein A (Fig. 3.6, lanes 2-7) were incubated with cell lysate prepared from 2,5
HEK293 plates transacted with GluN1-GFP, which is in total 75 times more lysate
volume then loaded in lane 1. NrxnlB-Fc successfully pulled down GluN1-GFP (Fig.
3.6, lane 6, lower panel). However, the band obtained from 2,5 plates of cell lysate in
lane six is five times weaker than lysate loaded in lane 1. NrxnlB-Fc binds to GluN1
probably better because Nrxnlf is a smaller analogue of Nrxnla, which contains only
one LNS domain (LNS6/BNrxn) and therefore molarity of Nrxnlp-Fc used in the
input (lane 6) is higher than the one of Nrxnla-Fc (lane 5), as explained in the
paragraph 3.3. As a result, the Nxph3/Nrxnla ECD complex binds to GluN1-GFP but
in a weaker manner because there are fewer molecules of Nrxnla ECD (Fig. 3.6,
input, lane 4, ~150 kD) than Nrxnlf-Fc (input, lane 6, ~50 kD). However, although
lysis conditions were good enough to release many GluN1-GFP from HEK293 cells
membranes (Fig. 3.6, both panels, lane 1), it was still not enough to pull down GluN1-
GFP in an enriched manner. One explanation for this is that only a specific fraction of
GluN1-GFP molecules bind to neurexins. GluN1 subunit has ten N-glycosylation sites
(Sanz-Clemente, Nicoll and Roche, 2013). It is possible that all the intense GluN1-
GFP band in the lysate (Fig. 3.6, lane 1) represent a variation of N-glycosylated
fractions and probably only the fully N-glycosylated molecule can bind to neurexins.
To further validate the interaction of neurexins with the GIluN1 subunit, the
experiment could be designed oppositely with Fc-tagged extracellular parts GluN1
interacting with full-length neurexins, which would also be easier to detect the

binding epitope of GluN1 to neurexins.
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Another difficulty that I faced was the preparation of brain samples. To detect all of
the synaptic receptors from brain lysates, I had to prepare samples in three different
conditions. Detection of most of the proteins requires boiling of lysates and purified
pulldown samples in sample buffer at 99°C for 5 to 10 minutes. However, some
receptors required different sample preparation steps, which lead to more tissue
material to be used to detect all proteins of interest. To immunodetect GABAAR al,
GABABR RI1, mGlur3, mGIuRS, PSD95 and synapsin with a proper molecular
weight, samples could not be boiled. Boiling at 99°C, in this case, caused a formation
of protein clusters, which did not migrate through polyacrylamide gels. Protein
denaturation had to be performed by rotation of brain samples mixed with sample
buffer at RT for 20 minutes. GluN1 of NMDAR could only be immunodetected in the
presence of 8 M urea in the sample buffer and after boiling. The presence of urea
strongly denatures NMDAR and exposes antibody binding epitope, which allows
immunodetection of GluN1. In summary, to detect all listed synaptic proteins, I had to
prepare brain samples in three different ways. First, samples boiled in 2x sample
buffer at 99°C for 5 min to detect most of the synaptic receptors. Second, samples
boiled in sample buffer supplemented with 8 M urea to detect GluN1; Third, non-
boiled samples prepared by a rotation at RT for 20 min in same sample buffer to

detect GABAAR aland GABABR R1 (see more details in materials and methods).

4.6 Conclusion and outlook

This doctoral study focused on neurexophilins and their complex with a-neurexins.
First, I confirmed that all four neurexophilins bind to the same binding epitope of
Nrxnla. This result was not a surprise since protein sequences of neurexophilins are
homologous, and they do not show many differences. The only neurexophilin that
stands out is Nxph4, which behaved slightly different and showed some impairment
in binding to mutated residues close to the previously determined binding epitope of
Nrxnla to Nxphl (Reissner et al., 2014; Wilson et al., 2019). The reason for this
behavior is probably a unique fifty residues long loop not present in Nxphl, Nxph2,
nor Nxph3 (Wilson et al., 2019), that sterically hinders the binding of Nxph4 to
Nrxnla. I showed that this feature of Nxph4 causes a lower stability to Nrxnla than
Nxphl, which was demonstrated to be in a tight complex with Nrxnla that could be

destroyed only under strongly denaturing conditions (Ichtienko et al., 1995).

88



Discussion

In the second part of my thesis, I searched for novel binding partners of
Neurexophilin/aNeurexin complex. Using transgenic mice that overexpress Nxphl-
GFP and Nxph3-GFP in brain areas that Nxphl or Nxph3 do not occur naturally. I
showed that the Nxph/aNrxn complex was able to immunoprecipitate NMDA,
GABAB, mGIuR3 and mGIuRS5 receptors. Although there were some reports of
functional cross-talks between neurexins and NMDAR (Dai et al., 2019), it has never
been reported before that this primary glutamate receptor physically interacts with
neurexins. I confirmed in a recombinant study that the LNS6/BNrxn domain of
neurexins is responsible for binding to the GIuN1 subunit of NMDAR. The
interaction occurs in a Ca?"-dependent manner, which is characteristic of most
interactions between neurexins and their binding partners (Table 2). Interestingly, the
NMDAR-Neurexin interaction could be observed in a pulldown performed on
sixteen-week-old mice brains but not on seven days old animals, suggesting that these
two proteins start to interact with each other in the second postnatal week or later. On
the other way around to NMDAR, I discovered that GABABR, mGluR3 and mGIluR5
interact with the Nxph/aNrxn complex in 7 days old animals but not adults. It
suggests that neurexins and neurexophilins are involved in an age-dependent

molecular switch that happens during the maturation of synapses.
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‘Summary

Neurexins are synaptic cell adhesion molecules that play an essential role in synaptic
transmission. They are widely expressed in the whole CNS and are primarily located on the
neuronal presynaptic sites. Three genes encode neurexins, and each gives rise to two
isoforms: long a-neurexins composed of six LNS6 domains separated by three EGF domains
and short B-neurexins that possess only a single LNS domain, an equivalent of a-neurexins
LNS6 domain. LNS domains are involved in forming complexes with postsynaptic partners,
and most of them bind to LNS6/BLNS domains, i.e., neuroligins, dystroglycan or LRRTMs.
However, some exceptions like, i.e., neurexophilins combine with o-neurexins and form a
tight complex with a-neurexins LNS2 domain. Although neurexophilins has been studied for
the last thirty years, their functions remain unsolved. Here, I confirmed that although
neurexophilins are expressed in distinct brain parts, they behave similarly by binding to the
same epitope on the Nrxnla LNS2 domain. The only neurexophilin that stands out from other
family members is Nxph4 which seems to act slightly differently, which a difference in
sequence can probably explain.

To further investigate functions of neurexophilins, I performed pulldown screening from
transgenic mice brains, which overexpress Nxphl-GFP and Nxph3-GFP. In my work, I
discovered that Nrxn-Nxph complexes bind to NMDAR, GABABR, mGIluR3 and mGIuRS5 in
an age-specific manner. I also validated in a recombinant experiment that the GluN1 subunit

of NMDAR binds directly to the LNS6/BLNS domain of neurexins.
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‘Abbrevations

AMPA
BSA
CaV
Cbinl
cKO
CMV
CNS
CTD
DMEM
DMSO
EDTA
EGF
eGFP
EPSC
EtOH
FCS
GABA
GluR
GPI
HA
HEK
HEPES
iGluR
IPSC
kb

KO
LNS
LRRTM
mGIluR
NGS

References

a-amino-hydroxy-5-menthyl-4-isoxazole propionic acid

Bovine serum albinum

Voltage-gated calcium channel
Cerebellin precursor protein 1
Conditional knockout
cytomegalovirus

Central nervous system

C-terminal domain

Dulbecco’s Modified Eagle’s Medium
Dimethyl sulfoxide
ethylenediaminetetraacetic acid
Epidemal growth factor-like
Enhanced green fluorescent protein
Excitatory postsynaptic current
Ethanol denatured

Fetal calf serum

y-aminobutyric acid

Glutamate receptor
Glycosyl-phosphatidylinositol
Hemagglutinin

Human embryonic kidney
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Ionotropic glutamate receptor
Inhibitory postsynaptic current
Kilobase

Knockout

Laminin-neurexin-sex hormone binding globulin
Leucine rich repeat transmembrane
Metabotropic glutamate receptor

Normal goat serum
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NMDA N-menthyl-D-aspartic-acid

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PDZ Post-synaptic density 95, Drosophila Discs-large, and Zonula occludens-1
RE Restriction enzyme

rpm Revolutions per minute

SS Splicing sites

TKO Triple knockout
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