Characterisation of the novel

postsynaptic scaffold protein MPP2

Inaugural-Dissertation
to obtain the academic degree

Doctor rerum naturalium (Dr. rer. nat.)

submitted to the Department of Biology, Chemistry, Pharmacy

of Freie Universitiat Berlin

by

Bettina Schmerl

February, 2021



The experimental work of this thesis was conducted from October 2014 to January
2021 under the supervision of Prof. Dr. Sarah Shoichet at the Neuroscience Research
Centre (NWFZ) of the Charité - Universitdtsmedizin Berlin.

15t Reviewer: Prof. Dr. Sarah Shoichet

Charité - Universitatsmedizin Berlin

ond Reviewer: Prof. Dr. Markus Wahl

Freie Universitat Berlin

Date of disputation: June 7, 2021



Affidavit

I declare that my dissertation entitled ‘Characterisation of the novel postsynaptic scaf-
fold protein MPP2’ has been written independently and with no other sources and

aides than quoted.

Berlin, Bettina Schmerl



Contents

Acknowledgements

Synopsis

Zusammenfassung

List of figures
List of tables

1 Introduction

1.1 Synapses . . . . o oo e
1.2 Components of the postsynapse . . . . . . .. .. .. ... ... .....

1.2.1 Transmembrane proteins. . . . . . . . . . . ... ... ......

1.2.2  Cytosolic proteins . . . . . . . .. .. o
1.3 Membrane-associated guanylate kinases ( MAGUKs) . . . ... ... ..
1.4 MPP family proteins . . . . . . . . . . ... ...
L5 Aim . ... e

2 Material and Methods

2.1 Material . . . . . ..
2.1.1  Vectors . . . . . . . e e e e
2.1.2 Oligonucleotides . . . . . . . . . ... .. .. . L
2.1.3 DNA constructs . . . . .. . .. ... ...
2.1.4 Antibodies . . . . . . .. ...
2.1.5 Chemicals and Consumables . . . .. ... ... ... ......
2.1.6 Compositions . . . . . .. .. L L e

2.1.7 Software

2.1.8  Devices

2.2 Methods . . . . . . . ..
2.2.1 Molecular Biology . . . . .. .. .. ... ... ... ..
2.2.2  Cell Biological Techniques . . . . . . . ... ... ... .. ....
2.2.3 Biochemical Techniques . . . .. . ... .. ... ... ......
2.24 TImaging . . . . . . . . e
2.2.5 Image Analysis . . . . . . .. . ...
3 Results
3.1 MPP2 is a novel postsynaptic scaffold protein . . . . . . ... ... ...
3.1.1 Neuronal expression of MPP2 . . . . . .. ... ... ... ....

3.1.2 MPP2is

a novel postsynaptic scaffold protein . . . . . ... ...

3.1.2.1

MPP2 is expressed in neurons at postsynaptic sites

10

11

12
12
12
12
15
17
18
22

23
23
23
24
27
28
32
37
41
42
43
43
47
49
95
o8

63
63
63
65
65



3.1.2.2  The sub-synaptic positioning of MPP2 is peripheral to

PSD-95 . . . ... 65
3.1.2.3 MPP2 is expressed at high levels in a subset of excita-
tory meurons . . . . .. ... 68
3.1.3 MPP2 is associated with AMPA receptor complexes . . . . . .. 69
3.1.4 MPP2 interacts with multiple synaptic scaffold proteins . . . . . 70
3.1.4.1 MPP2 interacts with PSD-95 . . . . . . ... ... ... 70
3.1.4.2 MPP2 interacts with GKAP . . .. ... ... ..... 72
3.1.4.3 MPP2 interacts with Lin7b . . . . . . .. .. ... ... 74
3.1.4.4 MPP2 homomultimerises . . .. ... ... ....... 75
3.2 Novel MPP2 PDZ domain ligands . . . . ... .. ... ... ...... 76

3.2.1 Identification of putative interactors with a yeast-two-hybrid screen 76

3.2.2 MPP2 binds multiple synaptic cell adhesion molecule C-termini . 78
3.2.3 Synaptic cell adhesion molecule SynCAM1. . . . . ... ... .. 79
3.2.3.1 MPP2 binds the C-terminus of SynCAM1 . . . . . . . . 79

3.2.3.2 MPP2 co-localises with endogenous SynCAMI1 at
dendritic spines . . . . ... ... L 80

3.2.3.3 SynCAMI1 binding is mediated by the PDZ domain of
MPP2 . . . . 82

3.2.3.4 MPP2 binds the SynCAMI1 C-terminus with high affinity 83

3.2.4 MPP2 and SynCAM1 are located at the border of the postsy-

Discussion

napticdensity . . . . .. ... 84

3.2.4.1 The sub-synaptic positioning of MPP2 is peripheral to
PSD-95 . . . . . 84

3.2.4.2 Quantitative super-resolution imaging and analysis of
synaptic proteins and MPP2 . . . . ... ..o 86

3.2.4.3 Clusters of MPP2 and SynCAM1 are distinctly localised
to the PSD periphery . . . . ... ... ... ... ... 90
3.3 Interactions of the MPP2 SH3GK tandem domain . . ... ... .. .. 91
3.3.1 Differential interactomes of MPP2 and PSD-95 . . . . ... ... 91
3.3.2 Novel specific interactors for the MPP2 SH3GK tandem domain 95
3.4 MPP2 interacts with GABA , receptors at excitatory synapses . . . . . 99
3.4.1 MPP2 binds multiple GABAAR subunits . . . . ... ... ... 99
3.4.2 MPP2 co-localises with GABA A Rs at excitatory synapses . . . . 100
3.4.3 MPP2 and GABA s Rs co-localise at the PSD periphery . . . . . 104
107
4.1 MPP2 is a novel component of postsynaptic protein complexes . . . . . 108
4.2 Linking peripheral and central structural elements of the postsynapse 109
4.3 MPP2 is engaged in regulatory interaction networks . . . .. .. .. .. 111
4.4 MPP2 links elements of excitatory and inhibitory transmission . . . . . 112




5 Conclusion and Outlook

References

Appendix
Validation of commercial antibodies . . . . . . . . . . . . ... ... .. ...

Knock-down of endogenous MPP2 . . . . .. ... ... ... ... ......




Acknowledgements

I would like to express my sincere gratitude to all the people who have supported and

inspired me during my PhD and contributed to this work.

First of all, I would like to thank my supervisor Prof. Sarah Shoichet, who gave me the
opportunity to work in her lab and develop this exiting project. I am grateful for her

mentoring, motivation and enthusiasm and the constant support I received.

I want to thank Prof. Markus Wahl for accepting to be the second reviewer of this

thesis.

My sincere gratitude goes to all members of my lab, for being always open and
supportive and creating such a friendly work atmosphere. My special thanks go to
Dr. Nils Rademacher for his supervision, great ideas, excellent support and impressive
memory for the literature. I want to thank Dr. Stella-Amrei Kunde for her immense
help, constant support, the great and precious discussions and the guidance she pro-
vided. My thanks also go to current and previous members of the lab, Hanna Zieger,
Judith von Sivers, Melanie Fuchs and Sabine Hahn, for their help, lots of fun and snacks
and their great company during my PhD. I would also like to thank our students who

helped me become a better teacher.

I owe special thanks to Dr. Niclas Gimber not only for his great contributions to my
project, but also for eliciting my interest in image analysis and inspiring me to pursue
this. Thanks to his friendly and supportive attitude and his expertise, I really enjoyed
this collaboration. Moreover, I would like to thank Dr. Jan Schmoranzer and the
Advanced Medical Biolmaging Core Facility (AMBIO) for the support.

I would also like to thank Dr. Benno Kuropka and Prof. Christian Freund for the
collaboration that provided an unexpected, yet exciting direction to my project. Many
thanks go also to Dr. Alexander Stumpf and Prof. Dietmar Schmitz for their motivation
and help. I would also like to thank Jakob Rentsch and Prof. Helge Ewers for the nice
collaboration. Thanks to Bettina Brokowski, Thorsten Trimbuch and the Viral Core

Facility for their help and service.

Many thanks go to the many people who helped, inspired and accompanied me in
my activities and responsibilities outside of the lab, making them joyful and valuable

experiences and who helped me to keep sane and carry on.

Last, but most importantly, I would like to express my deepest gratitude to my friends
and my family, who were always at my side, supported me not just morally and were

always patient and encouraging.



Synopsis

Proper cellular function requires precise and dynamic assembly of multiple structural,
regulatory and signalling molecules. Scaffold proteins serve exactly this purpose by
functioning as protein-interaction hubs and providing interaction surfaces to a broad
variety of proteins. Especially in polarised cells and at cell-cell contact sites, scaffold
proteins are indispensable for the positioning and anchoring of diverse classes of pro-
teins. A very particular type of cell-cell contact in highly polarised cells are chemical
synapses, where different scaffold proteins, like the prototypical PSD-95, are critical
for the proper recruitment and membrane localisation of transmembrane proteins, re-
ceptors and ion channels. Scaffold proteins assemble assemble them together with
regulatory and additional scaffold proteins into large multiprotein complexes that are
responsible for synapse formation, maintenance and plasticity. MPP2 belongs to the
MPP subfamily of membrane- associated guanylate kinase (MAGUK) scaffold proteins,

which has primarily been studied for its importance at epithelial cell-contact sites.

The present thesis describes MPP2 as a novel scaffold protein at the postsynapse of
central neurons. It is demonstrated to be associated with core components of AMPA
receptor complexes and directly interacting with the abundant postsynaptic scaffold
proteins PSD-95 and GKAP. MPP2 was found at postsynapses of hippocampal neu-
rons, where it co-localises with the transmembrane cell adhesion protein SynCAM1
that was identified as a specific ligand to the MPP2 PDZ domain. SynCAMI1 is an
important synaptic cell adhesion protein with functions for the formation and mainte-
nance of stable synaptic contacts. Taking advantage of diverse super-resolution imaging
approaches, MPP2 and SynCAM1 were found in a particular spatial arrangement at
the border of the postsynaptic density (PSD). Distinct nanoclusters of both proteins
are positioned juxtaposed and almost alternating, forming a bracelet-like structure
surrounding the PSD border. MPP2 being positioned at the PSD border together
with SynCAMI1 as synapse-stabilising protein, suggests an important role for MPP2
in the formation and maintenance of glutamatergic synapses. Subsequent compara-
tive investigations of the protein complexes, which are organised by the PSD-95 and
MPP2 SH3GK tandem domain, revealed an unexpected association of MPP2 with
multiple proteins, which are important for inhibitory synaptic transmission, foremost
seven different GABA 5 receptor subunits. A direct interaction between MPP2 and the
GABA\R subunits ol, a2 and 33 was confirmed. Moreover, MPP2 co-localises with
multiple GABA AR subunits in a subset of dendritic spines of excitatory glutamatergic,

but not inhibitory synapses.

In summary, this dissertation provides evidence that the novel postsynaptic scaffold
protein MPP2 sits at the PSD periphery of glutamatergic synapses, where it serves
as a link between central protein complexes of excitatory synapses and peripheral
elements for the inhibitory regulation of synaptic transmission. These results provide
further insights into the postsynaptic architecture and a new perspective for studying

its functional regulation.



Zusammenfassung

Zellfunktionen werden durch das prézise und dynamische Zusammenspiel verschiedens-
ter struktureller und regulatorischer Elemente und Signalmolekiile bestimmt. Geriist-
proteine sind hierbei zentrale Elemente, die vielfdltige Protein-Interaktionen, insbe-
sondere in polar organisierten Zellen und an Zellkontakten, ermdéglichen und die fiir
die Anordnung und Verankerung verschiedenster Klassen von Proteinen von Bedeu-
tung sind. Chemische Synapsen, die Kontaktpunkte zwischen Nervenzellen, sind eine
besondere Form von Zellkontakten. Hier sind Geriistproteine, wie PSD-95, essentiell
fiir die Rekrutierung vielféltiger Proteine, wie Transmembranproteine, Rezeptoren und
Tonenkanile an die synaptische Membran, sowie deren korrekter Positionierung. Dar-
iiber hinaus stellen diese Gertiistproteine eine Verbindung zu anderen regulatorisch und
strukturell wichtigen Elementen her und organisieren dadurch die grofien Multipro-
teinkomplexe, welche die Bildung, Stabilitdt und auch Plastizitdt von Synapsen erst
ermoglichen. MPP2 gehort der MPP Unterfamilie der Membran-assoziierten Guanylat-
kinasen (MAGUK) an und wurde bisher vor allem wegen seiner Funktion an Epithel-

zellkontakten untersucht.

Die vorliegende Arbeit beschreibt MPP2 erstmals an der postsynaptischen Dichte
(PSD) zentraler Neurone. Es wird gezeigt, dass MPP2 mit zentralen Elementen AMPA-
Rezeptor-assoziierter Proteinkomplexe verbunden ist und mit wichtigen Proteinen wie
PSD-95 und GKAP direkt interagiert. MPP2 co-lokalisiert in Postsynapsen hippocam-
paler Neurone mit SynCAMI1, welches als spezifischer PDZ-Ligand von MPP2 identi-
fiziert wurde. SynCAM1 ist ein transsynaptisches Zelladhésionsprotein mit Bedeutung
fiir die Bildung und Stabilisierung von Synapsen. Mithilfe superauflésender Mikros-
kopieverfahren konnte gezeigt werden, dass MPP2 und SynCAM1 auf besondere Weise
zusammen am Rand der PSD arrangiert sind: Nanocluster beider Proteine liegen fast
abwechselnd unmittelbar nebeneinander und bilden dadurch eine Struktur &hnlich ei-
nem Armband, dass die PSD umgibt. Analyse und Vergleich der Proteinkomplexe,
die jeweils durch die SH3GK Tandemdoménen von MPP2 und PSD-95 organisiert
werden, ergab eine unerwartete Verbindung von MPP2 zu mehreren Proteinen, die
fiir inhibitorische Signaliibertragung verantwortlich sind, allen voran sieben GABA 4-
Rezeptoruntereinheiten. Zwischen MPP2 und den Rezeptoruntereinheiten ol, a2 und
33 konnte eine direkte Interaktion und dariiber hinaus eine Co-Lokalisation von MPP2
mit einigen Untereinheiten gezeigt werden. Diese Co-Lokalisation zeigte sich in einer
Subpopulation dendritischer Spines an erregenden glutamatergen, jedoch nicht inhibi-

torischen Synapsen.

Zusammenfassend zeigt die vorliegende Arbeit, dass MPP2 ein neues postsynaptisches
Gertistprotein ist, welches sich am Rande der PSD exzitatorischer Synapsen befindet
und dadurch eine physische Verbindung zwischen zentralen Proteinkomplexen glut-
amaterger Synapsen und peripheren Elementen der inhibitorischen Regulation synap-
tischer Signaliibertragung herstellt. Diese Ergebnisse erweitern das Verstdndnis tiber die
Architektur der Postsynapse und bieten eine weitere Perspektive fiir die Erforschung

ihrer funktionellen Regulation.
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1 Introduction

1.1 Synapses

The mammalian brain is a fascinating organ of mesmerising complexity. It computes
sensory input from a vast variety of receptive cells and organs into meaningful responses
with consequences for the whole organism. Not only does it orchestrate release and
contraction of various muscle fibres to create movement, but it also filters countless
sensory inputs and converts these experiences into stored memories, which eventually

make up our self.

All this complexity of the brain’s actions is realised by billions of neurons and their innu-
merable connections to other neurons cells (Herculano-Houzel, 2009). The contact sites
between neurons are called synapses. Although there are different kinds of synapses
throughout the body (symmetrical synapses, electrical synapses, neuro-muscular junc-
tions), the brain mainly contains asymmetrical contacts between neurons, which are
referred to as chemical synapses. Those are typically characterised by an asymmet-
ric arrangement of structural and functional elements between pre- and postsynaptic
sites. They consist of a presynaptic terminal, which releases a chemical compound
upon receiving an electrical stimulus. This compound, called a neurotransmitter, dif-
fuses through a physical gap of few nanometres width, known as the synaptic cleft,

until it reaches a structure called dendritic spine.

1.2 Components of the postsynapse

Postsynaptic protrusions from a neuronal dendrite, also referred to as dendritic spines,
are highly dynamic structures. They typically consist of a thin stalk or neck and a
terminal spine head of varying size, leading to filamentous, stubby or mushroom-like
morphologies, which are associated with different developmental stages (Yuste and Bon-
hoeffer, 2004) as well as functional specialisations (for review see Sheng and Hoogen-
raad, 2007; Berry and Nedivi, 2017). Manifold proteins are present at postsynaptic
sites and the dynamics and interactions between them require sensible orchestration
to provide a stable and simultaneously dynamic basis for synaptic function. Dendritic
spines are specific arrangements of more than a thousand proteins, including trans-
membrane proteins, different classes of receptors, ion channels, structural proteins,
cytoskeletal components and regulatory molecules (Figure 1; for review see Sheng and
Hoogenraad, 2007).

1.2.1 Transmembrane proteins

At the postsynapse, receptive elements for the presynaptically released neurotrans-
mitter are central for signal transmission and synaptic functioning. The predomi-

nant neurotransmitters in the central nervous system are glutamate for excitatory and

12
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Figure 1: Scaffold proteins organise protein complexes at excitatory synapses.
Schematic glutamatergic synapse highlighting selected proteins important for synaptic structure
and function. Scaffold proteins that are relevant in the present thesis, in particular of the
MAGUK family, are drawn with their domains. Double-headed arrows indicate multimerisation
of MAGUK family proteins (membrane-associated guanylate kinases), which may contribute to
local clustering of AMPA receptors. Such clusters, referred to as nanodomain, are aligned with
presynaptic vesicle release sites. Figure modified from Zhu et al. (2016).

y-aminobutyric acid (GABA) for inhibitory signalling. Neurotransmitter receptors are
typically transmembrane proteins assembled from several receptor subunits. They can
be classified into metabotropic receptors, which are G protein-coupled receptors with a
broad range of down-stream effector cascades (reviewed in Reiner and Levitz, 2018), or
ionotropic receptors, which provide selective ion permeability upon transmitter binding
and thereby allow for changes in membrane potential and also trigger further down-

stream signalling.

Tonotropic glutamate receptors can be further sub-classified based on their specific
agonist into kainate, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
and N-methyl-D-aspartate (NMDA) receptors (reviewed in Reiner and Levitz, 2018).

While all bind glutamate, they clearly differ in their structures, molecular kinetics,

downstream effects and their selective ion permeability e.g. NMDARs are additionally

13



permeable for Ca?*, what allows for effects on calcium-sensitive and/or dependent

downstream signalling processes (reviewed in Wollmuth and Sobolevsky, 2004).

The postsynaptic receptor composition is rather dynamic in that it changes upon mat-
uration of a synapse (e.g. the NMDAR/AMPAR ‘switch’; Petralia et al., 2005), and is
adjusted to regulate synaptic transmission in response to activity (for review see Cho-
quet and Triller, 2013). Therefore, postsynaptic neurotransmitter receptor number and
clustering are considered indicators of synaptic strength, as they increase proportionally

with spine size and enclosed PSD volume (Schikorski and Stevens, 1997).

Receptors, in particular AMPA receptors, are additionally equipped with several trans-
membrane auxiliary subunits (TARPs, e.g. Stargazin; for review see Straub and
Tomita, 2012), which facilitate proper localisation and clustering of receptors and mod-
ulate their trafficking and gating properties (e.g. L. Chen et al., 2000; Elias et al., 2006;
Milstein et al., 2007).

Cell adhesion molecules (CAMs) are typically transmembrane proteins, which con-
tribute to the interaction of a cell with its surrounding substrate and/or neighbouring
cells. They not only act as molecular anchors for cells, but also mediate downstream
signalling effects and help determine cell polarity and guide the formation of various
cell junction complexes (Cavallaro and Dejana, 2011). Neurons express several specific
sets of CAMs, which may further contribute to the specialisations of synaptic contacts
and their regulation (Ullrich et al., 1995; Chubykin et al., 2007; for review see Missler
et al., 2012).

Different synaptic CAMs have been identified to facilitate their trans-
cellular and trans-synaptic role via diverse modes of protein interac-
tions. The ‘prototypical’ synaptic cell adhesion proteins Neurexin and
Neuroligin  interact  via  LNS-domains  (Laminin/Neurexin/sex  hormone-
binding globulin-domains) with three intercalated EGF-like domains at their
N-terminus (reviewed in Sudhof, 2008), while SynCAMI1 (also referred to
as TSLC1/CADMI1/Nectin-like 2) and Nectin proteins contain N-terminal
IgG-like domains, residing in the extracellular space, which facilitate their
trans-synaptic activity. ~ Together with other proteins like SALM, NGLs and
N-Cadherins, this class of proteins is critical for neuronal function (for reviews see
Missler et al., 2012; Sudhof, 2008).

In neurons, CAMs have been found to be able to initiate synapse formation (Biederer
et al., 2002; Scheiffele et al., 2000) and as critical signalling factors for the conversion of
initial inter-neuronal contacts into functioning synapses, as e.g. knock-out of SynCAM1
causes memory deficits (Robbins et al., 2010) while Neuroligin defects are associated
with autism (Tabuchi et al., 2007) and knock-out of all three Neuroligin isoforms was

even found to be lethal (Varoqueaux et al., 2006).

After an initial contact between two neurons has been established, synaptogenesis in-

volves the recruitment of vesicle release and recycling machinery components to the

14



presynaptic terminal, while postsynaptic assembly requires trafficking and anchoring of
transmembrane receptors and assembly of cytosolic signalling complexes (for review see
Biederer and Stagi, 2008). Transmembrane CAMs guide the assembly of additional and
downstream synaptic proteins and thereby also influence the functional specification
of a synapse (reviewed in Missler et al., 2012). Moreover, CAMs are not only devel-
opmentally important, but also contribute to synaptic stabilisation and maintenance
(Chubykin et al., 2007; Korber and Stein, 2016). They have been shown to delineate
PSD boundaries and are further thought to contribute to sub- cellular compartmental-
isation and also to determine the width of the synaptic cleft (for review see Missler et

al., 2012) as well as the edge of the postsynaptic density (Perez de Arce et al., 2015).

Of course, due to their relevance in stabilising the cell-cell contact and their role in
recruiting specific synaptic proteins, CAMs are highly relevant in processes of synap-
tic plasticity, which require re-organisation of postsynaptic sites. Consequently, their
loss has been associated with memory deficits (Robbins et al., 2010), autism (Jamain
et al., 2008; Fujita et al., 2012) and epileptic seizures (Penagarikano et al., 2011; for re-
view also see Sudhof, 2008). Remarkably, most of the synaptic cell adhesion molecules
contain distinct recognition motifs at their C-terminus, which are bound specifically by
PDZ-domains of several postsynaptic scaffold proteins. It is well established that the
C-terminus of e.g. Neuroligin is bound by the membrane-associated protein PSD-95,
and this interaction is characterised in detail (Irie et al., 1997). Interestingly, despite
their importance for synaptic development and function, when the present study was
initiated, no postsynaptic PDZ-binding partner for SynCAM proteins had been identi-
fied.

1.2.2 Cytosolic proteins

Right below the synaptic membrane, large multi-domain scaffold proteins serve as in-
teraction hubs providing surfaces for multiple protein-protein interactions and thereby
mediating synaptic function. They enable recruitment and anchoring as well as dy-
namic movement of transmembrane proteins, receptors, ion channels, structural and
regulatory proteins as well as elements of the cytoskeleton (for review see Choquet and
Triller, 2013; for a more general review see Good et al., 2011). In this role, they are
also critical for the regulation of signalling processes that eventually mediate synap-
tic structure and function (for review see Won et al., 2017). Scaffold proteins also
confer signalling processes from the synaptic membrane into deeper synaptic layers by

connecting the involved signalling components (Hayashi et al., 2009).

A very peculiar element of excitatory synapses is the postsynaptic density (PSD): an
electron-dense array formed by multiple scaffold proteins and regulatory molecules that
cooperate in order to regulate glutamatergic synaptic transmission and plasticity. The
PSD is a structure of ~360 nm diameter and accounts to a mass of ~1500 MDa, mainly
contributed by the Ca?* /calmodulin-dependent protein kinase II (CamKII), which is

15



the most abundant protein in neurons and critical in modulating synaptic function
(X. Chen et al., 2005; Lisman, 2017). The predominant scaffold protein in the PSD,
however, is the membrane-associated guanylate-kinase (MAGUK) protein PSD-95 (X.
Chen et al., 2005; for review see Sheng and Hoogenraad, 2007). The scaffold proteins
of the PSD can grossly be assigned to three different groups that even have distinct
localisations within dendrites: PSD-95 family proteins sit just below the membrane and
interact with multiple transmembrane proteins and cytosolic scaffold proteins. Deeper
into the spine (Dani et al., 2010), GKAP family proteins (GK-associated protein, also
SAPAPs; Takeuchi, 1997; E. Kim et al., 1997), connect those membrane-associated scaf-
folds with the third group of cytoskeleton-associated scaffold molecules: SHANK (SH3
and multiple Ankyrin repeat domains protein) and Homer family scaffold molecules,
which are closely associated with the actin cytoskeleton (Hayashi et al., 2009; for review

see Sheng and Hoogenraad, 2007).

PSD-95 family proteins have been found to mediate NMDA receptor clustering by di-
rectly binding receptor subunit C-termini (Kornau et al., 1995) and influence AMPA
receptor accumulation indirectly, by interacting not with the receptors but their
transmembrane auxiliary subunits (TARPs) such as Stargazin/TARPy2 (Bats et
al., 2007).

Recent developments in super-resolution imaging techniques have revealed that these
scaffold proteins, in particular PSD-95, are not only concentrated at postsynaptic mem-
branes. Instead, they are further organised as nanodomains within the PSD (Dani et
al., 2010), which are thought to assist in clustering neurotransmitter receptors with con-
sequences for synaptic transmission (El-Husseini et al., 2000b; MacGillavry et al., 2013;
Nair et al., 2013).

PSD-95 family proteins, like SAP102, PSD-93, and SAP97, have been shown to be
critically important for the recruitment of synaptic proteins during development and the
dynamic processes of synaptic plasticity at mature stages (Kornau et al., 1995; Schnell
et al., 2002; Dakoji et al., 2003; Opazo et al., 2012; for review see Elias and Nicoll, 2007;
Choquet and Triller, 2013). The importance of PSD-95 family proteins for synaptic
transmission is also apparent from their frequent implication in neurodevelopmental

defects such as autism and intellectual disability (for review see Coley and Gao, 2018).

Moreover, the postsynaptic PSD-95 family proteins are also able to confer retrograde
effects towards the presynaptic terminal, as they also interact directly with transmem-
brane cell adhesion molecules like Neuroligin (Irie et al., 1997; Futai et al., 2007),
which mediates alignment of pre- and postsynaptic membrane by interacting with e.g.

Neurexin family proteins (for review see Missler et al., 2012).

The connection between ion channels and cytoskeletal elements that is provided by this
network of scaffold proteins is critical for the dynamic regulation of synaptic structure
and function. Two basic principles of synaptic plasticity are the up-scaling of synaptic

strength in form of long-term potentiation (LTP) and downscaling in form of long-term
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depression (LTD) (reviewed in Malenka and Bear, 2004; Kasai et al., 2010). These plas-
ticity processes are realised e.g. by changes in protein activity, protein-protein interac-
tion affinities (mediated e.g. via protein phosphorylation by PIP-kinases, MAP kinases;
for reviews see H. K. Lee, 2006; Yokoi et al., 2012) or alterations in protein diffusion
and cycling, in particular of receptor proteins (reviewed in Choquet and Triller, 2013).
Beyond these effects, synaptic plasticity also involves morphological changes of the den-
drite, which requires intense remodelling of the spines’ actin-cytoskeleton (for review
see Hotulainen and Hoogenraad, 2010). Mediated by the dense protein interaction net-
work that is the PSD, synaptic activity can be translated into cytoskeleton-dynamics:
Neurotransmitter binds to respective receptors, which may cause entry of extracellu-
lar Ca?* to the cell (e.g. via ionotropic NMDA receptors, which exhibit a certain
calcium conductivity; reviewed in Reiner and Levitz, 2018) or from internal stores
(e.g. via metabotropic glutamate receptors mediated by activity of the downstream
signalling cascade involving phospholipase C generating the second messenger inositol
tris-phosphate; reviewed in Niswender and Conn, 2010). This increase in Ca?* then
is able to cause release of CaMKII from F-actin, thereby unbundling those actin fila-
ments which become accessible to actin-binding proteins like Cofilin, a-actinin, Profilin
and Drebrin, which then facilitate re-assembly and stabilisation of the cytoskeleton,
e.g. via links to scaffold proteins (reviewed in Borovac et al., 2018; Hotulainen and
Hoogenraad, 2010).

1.3 Membrane-associated guanylate kinases (MAGUKSs)

A large family of scaffold proteins are membrane-associated guanylate-kinases
(MAGUKs). These proteins are characterised by their common ‘MAGUK core’ do-
mains, consisting of a PDZ domain connected via a linker region to an SH3 and GK
tandem domain with distinct interaction dynamics (McGee et al., 2001; Li et al., 2014;
Rademacher et al., 2019). As illustrated in Figure 2a for a selection of important
MAGUK proteins, this is most often complemented by a variety of additional protein-
protein-interaction domains e.g. L.27 domains which form hetero-dimers with other L27
domains (Li et al., 2004; W. Feng et al., 2005; Petrosky et al., 2005; Zhu et al., 2016).
Moreover, the N-terminal domains may also vary, depending on alternative splicing,
as is known from e.g. PSD-95 family MAGUKSs, which may contain either L27 do-
mains or a palmitoylation site that is necessary for their positioning and function at
the membrane (Chetkovich et al., 2002).

Several hundred proteins containing PDZ (PSD-95, Dlg, Zonula Occludens-1) domains
are encoded in the human genome (http://smart.embl.de/smart/do_annotation.
pl?DOMAIN=8SM00228). Many of them are MAGUK family proteins that can be found
at various types of cell-cell contacts, including tight-, adherens- and septate junctions,
as well as neurons (for review see Funke et al., 2005). PDZ domains form a binding

pocket that is able to interact with a specific sequence of the four amino acids at a
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proteins’ C-terminus, also referred to as PDZ domain-binding motif (PBM). Based on
the -2 position of the PBM and the respective binding preferences, PDZ domains are
typically classified into canonical class I or IT PDZ domains (for reviews see H. J. Lee
and Zheng, 2010; Ernst et al., 2014), however, much narrower specificity classes exist
(Tonikian et al., 2008) and contribute to the importance of PDZ domain-mediated
interactions. These differences in PBM specificity are also reflected by the very amino
acids that form the PDZ domain ligand binding grove (Songyang et al., 1997; Tonikian
et al., 2008; H. J. Lee and Zheng, 2010) and greatly contribute to the organisation of
protein complexes by scaffold proteins, especially at synapses (for review see E. Kim
and Sheng, 2004).

Interestingly, the former guanylate kinase domain of MAGUKSs is no longer catalyti-
cally active or binding nucleotides. Instead, it has evolved into another protein-protein
interaction domain (Olsen and Bredt, 2003; Zhu et al., 2011) in conjunction with the
SH3 domain, which is also altered in that it no longer binds specific proline-rich PXXP
motifs (McGee et al., 2001). MAGUKSs have been identified as critical players in the for-
mation and maintenance of protein complexes critical for e.g. epithelial contacts, tight
and adherens junctions and, in particular, synapses (Gonzalez-Mariscal et al., 2000;
Assemat et al., 2008; Fanning and Anderson, 2009). The importance of this family
of proteins is impressively demonstrated at glutamatergic synapses of central neurons,
where MAGUKSs, in particular of the PSD-95 subfamily at the postsynapse (Elias et
al., 2006) and CASK at the presynapse (Butz et al., 1998), are critical for synaptic

assembly, maintenance and plasticity.

The human MAGUK protein family is homologue to the Drosophila tumour suppres-
sor discs-large (DLG). DLG also exhibits the prototypical domain structure of the
‘MAGUK core’ PSG module and was found to be localised to septate junctions of
epithelial tissues as well as neuronal cells (Woods and Bryant, 1991). Hence, MAGUKs
are also referred to as discs-large (DLG) proteins (Lue et al., 1994), e.g. SAP102 being
known as DLG1 or PSD-95 as DGLA4.

1.4 MPP family proteins

The focus of the present thesis is the protein MPP2, which belongs to a different sub-
family of MAGUKs called membrane proteins, palmitoylated (MPP). In mammals,
this subfamily contains seven members with a remarkably conserved domain struc-
ture: In addition to the ‘MAGUK core’ PSG module all but one MPP proteins contain
an N-terminal L27 domain tandem (see also Figure 2a). In contrast, MPP1 also re-
ferred to as p55, which was eponymous for the subfamily (Alloisio et al., 1993), does
not have L27 domains, but instead contains palmitoylation sites at the N-terminus
that are critical for its function in erythrocyte lateral membrane integrity (Lach et
al., 2012; Biernatowska et al., 2013). Prototypically for MPP family proteins, MPP1

binds the C-terminus of a transmembrane protein, glycophorin C, to form membrane-
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associated complexes involving additional cytosolic proteins, e.g. protein 4.1 (Marfatia
et al., 1994). Consequently to the description of two additional structurally well con-
served proteins, DLG2/MPP2 and DLG3/MPP3, Smith et al., 1996 have proposed to
consider MPP proteins as a novel protein family, which couples cytoskeleton elements
with the cell membrane. MPP proteins are not only structurally, but also evolutionary
well preserved, as homologues of MPP proteins are also found in in zebrafish (MPP5:
nagie oko, nok) or Drosophila (MPP5: stardust; MPPG6: varicose).

The MPP protein family has to date been best characterised regarding the importance
of MPP1 in red blood cells for the role of multiple MPP proteins in epithelia. A big
body of literature is available regarding MPP5, also known as Palsl, which shares the
domain structure with MPP2 (reviewed in Assemat et al., 2008).

MPP5 is an MPP family MAGUK that is crucial for cell polarity determination as
well as the assembly and maintenance of tight junctions (for reviews see Margolis and
Borg, 2005; Assemat et al., 2008; Gosens et al., 2008). It binds the C-terminus of
the apical transmembrane protein Crumbs (Fogg et al., 2005) with its PDZ domain
(Ivanova et al., 2015) and is further connected to the tight junction stabilising proteins
Claudin and JAM proteins via PATJ (Makarova et al., 2002; Roh et al., 2002; Michel et
al., 2005). Moreover, the multiple interactions of MPP5 allow for a connection of these
apical membrane proteins with actin cytoskeletal components via the Par6 complex
(Hurd et al., 2003; Q. Wang et al., 2004; for review see Margolis and Borg, 2005;
Assemat et al. 2008; Gosens et al., 2008) Cytosolic interactions of MPP proteins also
include a different mode of interaction, e.g. protein 4.1 super family proteins where
FERM domains interact with the Hook-GK region of MPP family MAGUKs (Gosens
et al., 2007a).

Studies investigating MPPs in retinal epithelia have demonstrated that various MPP
proteins are able to specifically dimerise with each other in a manner likely involving
the SH3GK tandem domains (Kantardzhieva et al., 2005; Kantardzhieva et al., 2006;
Gosens et al., 2007a; Stucke et al., 2007). Additionally, in various cellular contexts
MPP family proteins were frequently found to interact with other scaffold proteins, in
particular Lin7/Veli/Mals, CASK /Pals3 and SAP97/DLG1, via their L27 and SH3GK
domains (Kamberov et al., 2000; Karnak et al., 2002; Stohr et al., 2005; Mburu et
al., 2006; Bohl et al., 2007; Stucke et al., 2007; J. Yang et al., 2007; X. Yang et al., 2010;
Kamijo et al., 2015).

The importance of MPP proteins in maintenance of epithelial integrity is impressively
demonstrated in studies interfering with MPP protein expression causing e.g. retinal
degeneration, cell polarity inadequacies and developmental defects (Straight et al., 2004;
Gosens et al., 2007b; Dudok et al., 2013a; Mroczkowski et al., 2014; Park et al., 2015).
In line with the important role of MPP proteins in the establishment and maintenance
of cell-cell contacts, in various types of cancer and cancer cell lines the expression of
MPP proteins is altered and associated with differences in malignancy (Seo et al., 2009;
Guerreiro et al., 2011; X. Feng et al., 2012; Ibrahim et al., 2012; T. Cai et al., 2013;
Ma et al., 2014; New et al., 2019).
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In cancer cells MPP proteins have also been found to interact in a PDZ domain-
dependent fashion with various transmembrane cell adhesion proteins, most impor-
tantly CADM1/TSCL1/SynCAM1/Nectin-like 2 and Nectins, which seem to recruit
MPP proteins specifically to cell-cell contact sites (Shingai et al., 2003; Sakurai-Yageta
et al., 2009; Murakami et al., 2014).

Tight junctions, where MPP proteins are critical elements for assembly and mainte-
nance, share certain features with synapses: Both establish connections of transmem-
brane cell adhesion systems, which are tightly linked to actin cytoskeletal structures,
which are realised by several MAGUK protein interactions (reviewed in Gosens et
al., 2008).

Given that many of the interacting proteins, like SAP97 and SynCAMI1 are also relevant
for synaptic function, it is particularly interesting that some MPPs have been associated
with nervous tissue already. There is evidence suggesting a direct or indirect role of
MPP proteins in regulating neuronal function: MPP5, for example, was found to bind to
the GAT1 GABA-transporter and increase cellular GABA uptake upon co-expression
in heterologous cells (McHugh et al., 2004). Additionally, there is already evidence
illuminating a functional, rather than only structural, role of MPP3: the protein was
found to bind to serotonin receptors and is further able to prevent its desensitisation
(Gavarini et al., 2006).

Apart from these studies there are several reports indicating that MPP family pro-
teins are indeed essential proteins with importance in brain development and function.
The most striking evidence might be a conditional MPP5 knockout, which is lacking
the entire neocortex, indicating a critical neurodevelopmental role of MPP5 (S. Kim
et al., 2010). A less severe phenotype was observed in MPP3 knockout experiments,
leading to cellular disorganisation at the ventricular (neurogenic) zone in the developing
cortex (Dudok et al., 2013b). Furthermore, the authors observed an influence on the
localisation of MPP5 upon loss of MPP3, indicating complex scaffolding interactions
among MPP subfamily members, similar to the PSD-95 subfamily. Moreover, an in-
teraction between MPP and PSD-95 family proteins has been described and was found

to mediate protein complex assembly at retinal synapses (Aartsen et al., 2006).

In line with the idea that MPP family proteins have important functions at synapses,
MPP1 and MPP6/Pals2 have been isolated from brain lysates, where they are associ-
ated with the well-established synaptic MAGUKs PSD-95, SAP97 and CASK (Kamijo
et al., 2015) as well as other scaffold molecules, like GKAP (Jing-Ping et al., 2005),
or functional elements, such as Kir2.2 potassium channels (Leonoudakis et al., 2004a;
Leonoudakis et al., 2004b).
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Figure 2: Domain structure of selected MAGUK family scaffold proteins.

a) Selection of important MAGUK family proteins. Most important for synaptic function are
proteins of the PSD-95 subfamily of MAGUKSs. The structurally similar MPP subfamily has
primarily been described for their role at epithelial cell contacts, where also Zonula-occludens
(ZO) subfamily proteins are highly important. The main feature common among all MAGUK
proteins is the C-terminal ‘MAGUK core’, consisting of a PDZ domain and an SH3GK tandem
domain, which are connected with specific ‘linker’ and ‘hook’ regions. Figure modified from
Zhu et al. (2016). b) Amino acid sequence alignment of the C-termini of human PSD-95,
CASK, MPP1 and MPP2. PDZ, SH3 and GK domains are coloured according to a. Note the
high degree of similarity, especially in the SH3 and GK domains. Main differences between
PSD-95 and MPP family MAGUKSs are the length of the ‘linker’ region between PDZ and SH3
domain and of the ‘hook’ between SH3 and GK. Sequences and alignment were obtained via
the respective protein ID (blue) at www.uniprot.org. Asterisks mark identical amino acids,
while points and colons indicate similar and very similar residues.
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1.5 Aim

Prior to the work described here, MPP2 has only been investigated in conjunction
with other MPP family proteins in cancer cell lines (Fukuhara et al., 2003; Shingai et
al., 2003; Sakurai-Yageta et al., 2009) and epithelial cells (Baumgartner et al., 2009).
However, recently several studies investigating protein complexes associated with glu-
tamate receptors have isolated MPP2 by multi-epitope immunoaffinity purification and
LC-MS (Schwenk et al., 2012; Shanks et al., 2012).

Since the well-established synaptic scaffold proteins of the PSD-95 family are crucial
for the function of excitatory synapses, the isolation of the structurally remarkably
similar MPP2 from glutamate receptor complexes prompted further investigations to

characterise the role that MPP proteins, and MPP2 in particular, have at synapses.

The first aim of this project was to confirm the expression of MPP2 in neurons and to

investigate its expression and localisation at synaptic sites.

The second aim was to search and validate proteins that interact with the different
protein-protein interaction domains of MPP2 in synaptic context. This would reveal
protein complexes and regulatory mechanisms that involve MPP2 as a novel structural
component and thus deepen the current understanding of synaptic architecture and

functional regulation.

As a final aim, manipulations of the MPP2 protein and investigation of their con-
sequences should enable a better understanding of the role of MPP2 in neuronal

function.

22



2 Material and Methods

2.1 Material

2.1.1 Vectors

Table 2.1: Vector backbones used for the generation of expression constructs

Name Source Catalogue number
pEGFP-C1 Clontech 6084-1

pCMV-2A Stratagene 211172

pCMV-3A Stratagene 211173

pGEX-6P-1 GE Healthcare 28-9546-48

pGW1-NoTag Dr. Nils Rademacher Custom
pCMV-HSTKV-mCherry Dr. Nils Rademacher Custom, based on pCMV
pSUPER.neo+GFP Oligoengine VEC-PBS-0005/0006
BL100-f(syn)w Viral Core Facility, f(syn)w

Charité - Universitats-
medizin Berlin

BL-360 f(U6)s0w Viral Core Facility, BL360
Charité - Universitats-
medizin Berlin
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Table 2.2: Oligonucleotides

Name Sequence 5’—3’ Construct
CMV__for CGCAAATGGGCGGTAGGCGTG
T7 rev AATACGACTCACTATAG

MPP1 BamHI for

MPP1_ Sall rev
EFGP-MPP2 Xhol noStart for
EGFP-MPP2__EcoRI_stop_rev
mMPP2-H174F-V177T_ for
mMPP2-H174F-V177T_rev
MPP2 PSG GEX for

MPP2 SH3GK GEX for
MPP2-PDZ_Xhol_rev
MPP2-PSG__CMV-EcoR1__ for
MPP2 SH3-GK__EcoR1_ for
MPP2-Hook-GK EcoR1 for
MPP2-R387A_ for
MPP2-R387A_rev

rat_ MPP2_BglIl_for

rat_ MPP2 Xhol rev

ratMPP2 shRNAls GGTCTA-
GATCCCACGTTT A

AAGGATCCAACGCTCAAGTCGAGCGAAGG
TTGTCGACTTAGTAAACCCAGGAGACAGGC
AACTCGAGTGCCGGTTGCTGCC
TTGAATTCTCAGTACACCCAGC
CTGCAGGAGAATTCCTGGGTACGACATTC
GTCGTACCCAGGAATTCTCCTGCAGTC
AGGAATTCCCCCCAAGCCCAGGCCTG
AGGAATTCCAGGAACCCCACCTGCC
TTCTCGAGTCAGTAGCTGGGCAAGATCTT

AAGGAATTCCCCCCCAAGCCCAGGCCTGGAT

AAGAATTCCCAGGAACCCCACCTG
AAGAATTCACAGCTGTTGGAGGAGAAACGG
CCCTACACATCAGCGAGGCCCAAGGAC
CCTTGGGCCTCGCTGATGTGTAGGGCACC
AAAGATCTAATGCCGGTTGCTGCCACGAA
TTCTCGAGTCAGTACACCCAGCTCACAGG

GATCCCCGGTCTAGATCCCACGTTTATTCAA-

GAGATAAACGTGGGATCTAGACCTTTTTA

pCMV-V5a-MPP1

sapnospnuolQ 717

pEGFP-C1-mMPP2

pEGFP-C1-mMPP2-H150V153T

pGEX-mMPP2-PSG
pGEX-mMPP2-SH3-GK
pCMV-3a-mMPP2-PDZ
pCMV-Tag3a-mMPP2-PSG
pCMV-3a-mMPP2-SH3GK
pCMV-3a-mMPP2-GK
pCMV-3a-mMPP2-R387A

pCMV-3a-rMPP2

pSUPER-GFP-rMPP2-shRNA1




514

Name

Sequence 5'—3’

Construct

ratMPP2 shRNAlrc GGTC-
TAGATCCCACGTTTA

ratMPP2 shRNA2s GGCACT-
GCAGGAACTCCTA

ratMPP2 shRNA2r¢c GGCACT-
GCAGGAACTCCTA:

ratMPP2 shRNA3s GAT-
GCTGGTTCCCATGCTA:
ratMPP2_shRNA3rc_ GAT-
GCTGGTTCCCATGCTA:

rMPP3 EcoRI fwd
rMPP3 Xhol rev
MPP6 BamHI for
MPP6 Sall rev
SynCAM-EAFA_ rev

SynCAMI1 rev

AGCTTAAAAAGGTCTAGATCCCACGTT-
TATCTCTTGAATAAACGTGGGATCTAGAC-
CGGG
GATCCCCGGCACTGCAGGAACTCCTATTCAA-
GAGATAGGAGTTCCTGCAGTGCCTTTTTA
AGCTTAAAAAGGCACTGCAGGAACTCC-
TATCTCTTGAATAGGAGTTCCTGCAGTGC-
CGGG
GATCCCCGATGCTGGTTCCCATGCTATTCAA-
GAGATAGCATGGGAACCAGCATCTTTTTA
AGCTTAAAAAGATGCTGGTTC-
CCATGCTATCTCTTGAATAG-
CATGGGAACCAGCATCGGG
AAGAATTCGCCGGTACTGTCCGAAGAC
AACTCGAGTTACCTCACCCAGCTGATG
AAGGATCCACAGCAAGTTTTGGAAAACC
TTGTCGACTCAGTACACCCAGCTAATTG
TTGTCGACCTAGGCGAAGGC-
CTCTTTCTTTTC
TTCTCGAGCTAGATGAAG-
TACTCTTTCTTTTCTTCGGAGTTTGATC-
CGCCGCCACCAGACCCACC

pSUPER-GFP-rMPP2-shRNA2

pSUPER-GFP-rMPP2-shRNA3

pCMV-Tag2a-rMPP3

pCMV-2a-MPP6

pCMV-HA-SynCAM-EAFA

pCMV-HSV-mCherry-SynCAM




9¢

Name

Sequence 5'—3’

Construct

mCherry-

SynCAM__EAFA_ Xhol_rev

Cherry-Nectin-1_rev_ Primer

Cherry-Nectin-3_ rev_ Primer

Cherry-Cntnap2_ rev_ Primer

TTCTCGAGCTAGGCGAAGGC-
CTCTTTCTTTTCTTCGGAGTTTGATCCGC-
CGCCACCAGACCCACC
TTCTCGAGCCTACACATACCACTCTTTCTTG-
GAAATGAAAGATGATCCGCCGCCACCAGACC-
CACC
TTCTCGAGTTAGACATACCACTCCCTCCTG-
GAAATTACGGATGATCCGCCGCCACCAGACC-
CAC

TTCTCGAGTCAAATGAGCCACTC-
CTTTTTGCTCTCGTCAATTGATCCGCCGC-
CACCAGACCCACC

pCMV-HSV-mCherry-SynCAM-

EAFA

pCMV-mCherry-Nectinl

pCMV-mCherry-Nectin3

pCMV-mCherry-Cntnap2




2.1.3 DNA constructs

The expression constructs used throughout this thesis were generated by PCR using the
primers provided in Table 2.2 on custom-made cDNA reverse-transcribed from rat and
mouse brain RNAs as well as a human testis library or based on existing DNA plasmids.
Mouse (NM_016695), rat MPP2 (NM_053513), mouse MPP1 (NM_ 008621.3), rat
MPP3 (NM_ 053668), mouse MPP6 (NM_001164734) were cloned into pCMV-2a and

-3a using restriction sites as indicated in Table 2.2.

The bacterial expression constructs GST-MPP2-PSG and GST-MPP2-SH3-GK were
generated by cloning the fragments encoding amino acids 119-552 (PSG) and 220-552
(SH3GK), respectively, of mouse MPP2 into pGEX-6P-1.

Full-length rat SynCAM1 (NM__001012201.1) was synthesised with an HA tag intro-
duced after the signal peptide by eurofins and subcloned into pCMV vector with Notl

and Sall restriction sites.

FLAG-tagged expression constructs for MPP2 (NM_016695.3), MPP5
(NM_001108034), GKAP (NM_001360665), Arhgef2 (NM_001012079), Ppp3ca
(NM_017041), Farpl (NM_001107287), HA tagged Gnaol (NM_017327) and
HSVTK-mCherry-constructs with the ten amino acid C-termini of NR2B, GluA2,
CKAMP44, Stargazin/TARPy2, Neuroligin and NGL-1 as well as expression con-
structs for untagged PSD-95 (NM_019621) and GST-tagged PSD-95 SH3GK, were
generously provided by Dr. Nils Rademacher.

Moreover, the following constructs were obtained from Addgene: GFP-PIPKI-
gamma 90 (#22299; http://n2t.net/addgene:22299; RRID: Addgene_ 22299; Di
Paolo et al., 2002), GABA (A) receptor subunit alSE (#49168; http://n2t.net/
addgene:49168; RRID: Addgene 49168; Tretter et al., 2008) and GABA(A) receptor
subunit a2SE (Addgene plasmid #49169; http://n2t.net/addgene:49169; RRID:Ad-
dgene 49169; Tretter et al., 2008) and GABA(A) receptor subunit B3SE (#49171;
http://n2t.net/addgene:49171; RRID:Addgene_49171; Jacob et al., 2005).
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Table 2.3: List of primary and secondary antibodies used throughout this study

Clone or ) Catalogue Application
Target ] Host Supplier

Conjugate number IP WB IF
Endogenous proteins
GluA2 mouse NeuroMab 75-002 1:3000 1:200
Homerl (b+c) rabbit (poly) Abcam ab97593
Homerl guinea pig (poly)  Synaptic Systems 160004
GABA R al mouse (mono) NeuroMab 75-136 3 ng 1:1000 1:200
GABAAR o2 mouse (mono) NeuroMab 75-384 1:200
GABAR o4 mouse (mono) NeuroMab 75-383 1:200
GABAAR B1 mouse Abcam ab93612 1:200
GABAAR 83 mouse Abcam ab98968 1:200
Gephyrin Clone L106/93 mouse (mono) NeuroMab 75-444 1:200
Gephyrin Clone L106/83 mouse (mono) NeuroMab 75-443 1:200
MAP2 guinea pig (poly)  Synaptic Systems 188004 1:500
MAP2 rabbit (poly) Millipore/Chemicon  AB5622 1:500
MAP2 Clone 5F9 Mouse (mono) Millipore/Chemicon  05-346 1:500
MAP2 chicken (poly) Synaptic Systems 188 006 1:500
MPP2 mouse (poly) Sigma SAB1400169 1:100  1:10
MPP2 rabbit Abcam ab97290 2 ng 1:5000 1:250-1:500
MPP2 rabbit (mono) Abcam ab156874 1:1000
PSD-95 mouse NeuroMab 75-028 3 ng 1:5000 1:500
PSD-95 guinea p (poly) Synaptic Systems 124014
PSD-95 rabbit Abcam ab76115 1:5000

salpoquuy $'1°g
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Clone or ) Catalogue Application
Target ] Host Supplier

Conjugate number IP WB IF
PSD-95 mouse NeuroMab 75-028 2 ng 1:5000 1:250-1:500
SynCAM Biotin chicken MBL CMO004-6 3 pg
SynCAM chicken MBL CMO004-3 1:5000 1:500
Stargazin mouse NeuroMab 73-242 2 ng 1:5000
Stargazin rabbit Cell Signalling 25038 1:3000
Tubulin rat Abcam ab6160 1:20000
Velil/2/3 goat (poly) Santa Cruz sc-11499
vGlutl mouse NeuroMab 75-066
Tags
oFLAG Clone M2 mouse (mono) Sigma F1804 2pg  1:5000 1:500
aFlag-HRP HRP mouse Sigma AR592 1:5000
oDDDK chicken (poly) Abcam ab1170 1:5000
aHA mouse Covance MMS-101r 1:5000 1:500
oHA rabbit Sigma H6928 1:5000 1:500
aMYC mouse Clontech 631206 2 ng 1:5000 1:500
aMYC rabbit Cell Signalling 22728 1:5000 1:500
oHSV rabbit Abcam ab3414 1:5000
aGFP chicken (poly) Abcam ab13970 1:50000 1:5000
aGFP Atto 488 Nanobody Chromotek gbad88-10 1:200
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Clone or ) Catalogue Application
Target ] Host Supplier

Conjugate number IP WB IF
Normal immuneglobuline
normal IgG mouse Santa Cruz sc-2025 2 pg
normal IgG rabbit Santa Cruz sc-2027 2 g
normal IgY chicken Santa Cruz sc-2718 2 pg
Secondary antibodies
aMouse-HRP HRP Dianova 115-035-003 1:5000
aRabbit-HRP  HRP Dianova 111-035-003 1:10000
aRat-HRP HRP Santa Cruz sc-2032 1:10000
aMouse Alexa Fluor 405 goat Invitrogen A-31553 1:1000
aMouse Alexa Fluor 488 chicken Invitrogen A-21200 1:1000
aMouse Alexa Fluor 568 goat Life Technologies A-11031 1:1000
aMouse Alexa Fluor 647 goat Jackson Immuno 715-605-150 1:1000
aRabbit Alexa Fluor 405 goat Invitrogen A-31556 1:1000
aRabbit goat Jackson Immuno 111-007-008
aRabbit goat AffiniPure 111-005-003
aRabbit Alexa Fluor 488 donkey Invitrogen A-21206 1:1000
aRabbit Alexa Fluor 568 goat Life Technologies A-11036 1:1000
aRabbit Cy3b Custom (AG Ewers) 1:10
aRabbit Alexa Fluor 647 donkey Abcam ab150075 1:1000
aRabbit CF 680 Custom (AMBIO) 1:100
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Clone or ) Catalogue Application
Target ] Host Supplier

Conjugate number IP WB IF
aGuinea pig goat Jackson Immuno 106-007-008
aGuinea pig Alexa Fluor 405 goat Abcam ab175678 1:1000
aGuinea pig DyeLight® 405 donkey Dianova 706-475-148 1:1000
aGuinea pig Alexa Fluor 568 goat ThermoFisher A-11075 1:1000
aGuinea pig Alexa Fluor 647  goat ThermoFisher A-21450 1:1000
aGuinea pig CF 568 Custom (AMBIO) 1:100
aChicken Alexa Fluor 405 goat Abcam ab175675 1:1000
aChicken Alexa Fluor 488 donkey Jackson Immuno 703-545-155 1:1000




2.1.5 Chemicals and Consumables

2.1.5.1 Molecular biology

Table 2.4: List of supplies for cloning and molecular biology

Name Source Catalogue number
Agar-Agar Roth 5210.1
Agarose Serva 11404.07
Ampicillin Na-Salt Roth K029.1
Competent E.coli OneShot Topl0 Invitrogen C4040-03
DTT Solution 1 M AppliChem A3668
Hexamer random pdN6 primer Amersham Pharmacia 27-2166-01
Hyperladder I Bioline bio-33026
Kanamycin (-sulfate) Roth T832.1
Nuclease Free Water Life Technologies AM9937
Oligo dT Primer (12-18) Invitrogen 18418012
RNAse Inhibitor Fermentas N8080119
RNAse Zap Ambion AMIT80
Yeast extract Roth 2363.2

Table 2.5: List of kits for DNA and plasmid purification

Name Source Catalogue number
Qiagen Maxi Kit Qiagen 12163
QIAprep Spin Mini Kit Qiagen QIA27106
QIAquick Gel Extraction Kit Qiagen QIA28704
QIAquick PCR Purification Kit Qiagen QIA28106
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Table 2.6: List of enzymes used for cloning

Name Source Catalogue number
RE Bspl1407 I (BsrG 1) Fermentas ER0931
RE FastDigest Afl 11 Fermentas FD0834
RE FastDigest Age I (BSHT I) Fermentas FD1464
RE FastDigest BamHI Fermentas FDO0055
RE FastDigest Bgl I Fermentas FDO0074
RE FastDigest Bgl 11 Fermentas FDO0084
RE FastDigest BLP I (BPU1102I) Fermentas FD0094
RE FastDigest Bsp14071 (BsrGI) Fermentas FD0933
RE FastDigest EcoNI (Xag I) Fermentas FD1304
RE FastDigest EcoRI Fermentas FDO0275
RE FastDigest EcoRV (Eco321) Fermentas FD0303
RE FastDigest Hind III Fermentas FDO0504
RE FastDigest Kpn I Fermentas FD0524
RE FastDigest Nde I Fermentas FDO0584
RE FastDigest Nhe I Fermentas FD0974
RE FastDigest Not I Fermentas FD0594
RE FastDigest Pac I Fermentas FD2204
RE FastDigest Sac I Fermentas FD1134
RE FastDigest Sal I Fermentas FDO0644
RE FastDigest Sca I Fermentas FD0434
RE FastDigest Xba I Fermentas FDO0685
RE FastDigest Xho I Fermentas FDO0695
RE Fse I NEB R0588S
T4 DNA Ligase MBI EL0014
DNA Polymerase Phusion High-Fidelity NEB MO0530L
DNA Polymerase Mango Taq Bioline bio-21083
Superscript III RT Polymerase Invitrogen 18080-093
Alkanine Phosphatase Fast AP Fermentas EF0651
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2.1.5.2 Cell culture

Table 2.7: List of supplies for cell culture applications

Name Source Catalogue number
B27 Supplement 50x Gibco 17504-044
Cell Culture Flask 75 cm? TPP P 90075
Cell Culture Plate 12-well TPP TPP92012
Cell Culture Plate 6-well TPP TPP92006
Cell Scraper 24 cm TPP TPP99002
Collagen 1 Corning 354236
Coverslips high precision 22x22 mm Roth LH24.1
Coverslips high precision @ 22 mm  VWR 631-0172
Coverslips 918 mm VWR 631-1580
DMEM Low Glucose Sigma D5546-24X500ML
DPBS Lonza 17-512F
FBS Superior Biochrom S0615
Laminine Sigma L2020
L-Glutamine 200 mM Lonza BE 17-605E
Lipofectamine2000 ThermoFisher 116680-19
Neurobasal Medium Gibco 21103-049
Opti-MEM Gibco 51985-026
Penicillin-Streptomycin (10.000 U)  Lonza 17-602F
Poly-D-Lysine Sigma P7886
Trypsin EDTA Lonza 17-161E
Trypsin-EDTA Mixture Lonza 17-161F
Water for Cell Culture Lonza 17-724F
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2.1.5.3 Biochemistry

Table 2.8: List of compounds for biochemical experiments

Name Source Catalogue number
Acetic Acid Merck 1.000.63
Acetone Roth 9372.1
Ammonium persulfate (APS) Biomol 50404-1
3-Mercaptoethanol Roth 4227.2
Bis-Tris free base Sigma B9754
Blotting Paper 707, 7x10cm VWR 732-0594
Bovine Serum Albumin Sigma A3912
Bromphenolblue Merck 11746
Complete mini, EDTA free Roche 1836170
DAPI-Fluoromount-G Southern Biotech 0100-20
Ethanol denatured Roth K928.4
Ethanol p.a. Merck 107017
Ethidium bromide (1%) Roth 2218.2
Fluoromount-G Southern Biotech 0100-01
Formaldehyde 37% Merck 1.104.003
Glycine (for analysis) Merck/Millipore 1042011000
Hydrochloric acid (HCL 37%) Merck 100317
Kaleidoscope Protein Marker BioRad 161-0375
Magnesium chloride (MgCl2) Roth 2189.1
Mangan chloride Sigma M3634
Methanol p.a. J.T. Baker JB8402.2500
Paraformaldehyde (PFA) Merck 104005
Protein G Agarose Roche 1243233
PVDF Membrane Roche/Sigma 3010040001
Restore™ PLUS Western Blot Thermo Scientific 46430
Stripping Buffer

Rotiphorese Gel 30% Roth 3029.1
SDS Pellets Roth CN30.3
Sodium azide Serva 30175.01
Sodium chloride (NaCl) Merck 1.064.041.000
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Name Source Catalogue number
Sodium hydroxide pellets (NaOH) Roth 6771.1
Syn-PER Synaptic Protein Life Technologies 87793
Extraction Reagent

TEMED Roth 2367.3
Titriplex IIT (EDTA) Merck 108418

Tris Merck 108382
Triton-X 100 Sigma 9002-93-1
Tween20 Sigma P9416
Vectashield Vector Laboratories H-1000
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2.1.6 Compositions

2.1.6.1 Cell culture

Table 2.9: Compositions of solutions and media for cell culture applications

Component Stock concentration

Volume / Amount

CHL V79 and HEK293T Culture Medium

DMEM LOW Glucose 1x
Fetal Bovine Serum (FBS) 1x
L-Glutamine 200 mM
Penicillin/Streptomycin 1000 U/ml

Neuron Culture Medium

Neurobasal Medium 1x
B27 50x
L-Glutamine 200 mM

Neuron Culture Coating Solution

PBS 1x
Poly-D-Lysine 10 mg/ml
Laminin 1 mg/ml

Trypsin Digest Stopping Medium
DMEM Low Glucose 1x
FBS 1x

Cell Line Culture Collagen Coating Medium
Acetic Acid 0.02N
Collagen I 3.36 mg/ml

500 ml
55 ml
5 ml
5 ml

500 ml
10 ml
1.25 ml

1:50
1:500

20 ml
2 ml

1:66
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2.1.6.2 Biochemistry

Table 2.10: Compositions of solutions for biochemical applications

Component

Stock concentration

Volume or Amount

10z PBS, pH 7.4
NaCl

KCl1

KHsPO4
NasHPO4 x 7 H2O
or

NaoHPO4 x 2 HyO
ddH->O

PBST
PBS
Tween 20

50r TAE
Tris

EDTA
Acetic Acid
ddH>O

10x DNA Loading Buffer
Xylene Cyanol
Bromphenolblue

SDS

Glycerin

ddH2O

LB Medium

Trypton

NaCl

Yeast Extract

ddH,0O

autoclave, then optionally
Ampicillin

Kanamycin

1x
0.1%

0.5 M
100%

10%

100 mg / ml
50 mg / ml

11 51
80 g 400 g

2g 10 g
24 g 12 g
268 g 134 g
144 g 2g

ad 1000 ml  ad 5000 ml

11
1 ml

11
242 g
100 ml
57.1 ml

ad 1000 ml

20 ml
025 g
0.25 g
1.25 ml
12.5 ml
6.25 ml

11
10 g
10 g
58
ad 1000 ml

1 ml
1 ml
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Component

Stock concentration

Volume or Amount

LB Agar Plates

Trypton

NaCl

Yeast Extract

AgarAgar

ddH->O

autoclave, then optionally
Ampicillin

Kanamycin

100 mg / ml
50 mg / ml

SDS Stacking Gel Buffer, pH 6.8

Tris pH 6.8
SDS

SDS Separation Gel Buffer
Tris pH 8.8
SDS

10z Laemmli Running Buffer
Tris

Glycin

SDS pellets

or

SDS Solution

ddH,0

Protein Sample Buffer (4z)
SDS

Glycerol

Tris pH 6.8
B-Mercaptoethanol

10z Blotting Buffer
Tris

Glycin

ddH,0O

10%

11
10 g
10 g
58
15 g
ad 1000 ml

1 ml
1 ml

200 ml
0.5 M
0.4%

500 ml
1.5 M
0.4%

11 51
303 g 1515 g
1441 g 7205 g

10 g 50 g

100 ml 500 ml
ad 1000 ml  ad 5000 ml

8%
40%
0.25 M
20%

11
250 mM
1.92 M

ad 1000 ml

39



Component Stock concentration Volume or Amount

Immunoprecipitation Buffer

Tris pH 7.4 50 mM
NaCl 100 mM
EDTA pH 8 1 mM
Triton-X 1%
or

NP-40 0.1%

Bacterial Protein Resuspension Buffer

Tris pH 7.5 20 mM
NaCl 200 mM
DTT 2 mM

Lysozyme 10 mg/1
DNase I 5 mg/ml

Bacterial Protein Washing Buffer

Tris pH 7.5 20 mM
NaCl 200 mM
Imidazole 20 mM
DTT 2 mM

Bacterial Protein Elution Buffer

Tris pH 7.5 20 mM
NaCl 200 mM
DTT 2 mM
Imidazole 400 mM
ITC Buffer

Tris-HCI pH 7.5 20 mM
NaCl 200 mM
DTT 1 mM
GLOX Buffer

Tris-HCI pH 8.8 150 mM
Glucose Oxidase 0.25 mg/ml
Glucose 0.5% (v/w)
B-Mercaptoethanol 1.5%
Catalase 20 pg/ml
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Component Stock concentration Volume or Amount

dSTORM Buffer

Glucose in PBS 10% (v/w)
Glucose Oxidase 0.5 mg/ml
-Mercaptoethanol 100 mM
Catalase 40 mg/ml

2.1.7 Software

Table 2.11: List of software and applications

Name Source or reference
Anaconda Open-Source Distribution
(Python, R, Jupyter) www.anaconda. com/
Arivis Vision 4D Arivis AG, Munich, Germany
DNA Star Lasergene DNASTAR, Inc., Madison, USA
Suite 12-15
Fiji / ImageJ Schindelin et al. (2012)
Schneider et al. (2012)
http://fiji.sc/Fiji
GraphPad Prism GraphPad Software, Inc., San Diego, USA
IXTEX TEXLive CTAN https://ctan.org/
Microsoft Office Microsoft Corporation, Redmond, USA

(Word, Excel, PowerPoint)

Nikon NIS Elements Nikon Corporation, Tokio, Japan
Python 2.7 Python Software Foundation, USA www.python.org
R 3.1.3 R Development Core Team,

R Foundation for Statistical Computing
https://CRAN.R-project.org/

ScientiFig (FIJI plugin) Aigouy and Mirouse (2013)
https://grr.gred-clermont.fr/labmirouse/software

ThunderSTORM Ovesny et al. (2014)
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2.1.8 Devices

Table 2.12: List of technical devices and equipment

Device Name Company

Gel Chamber CRHU15 Midi Bio-Rad
standard horizontal unit

Heated stirring plate Heat-stirr CB 162 Stuart

Horizontal shaker Shaker DOS-20S NeoLab

ImageQuant LAS4000 Mini GE

LED Power light source
Multistep Pipet

Nanodrop

PCR Machine
PCR Machine

pH Meter
Platform shaker
Power supply unit

Roller mixer

SDS PAGE System

Semi-Dry Blot Chamber

Speedvac

Stereo Microscope
Tabletop centrifuge
Tabletop centrifuge
Tabletop centrifuge
Thermo Mixer
Thermo Mixer

Ultrasonic Processor

UV Table

Vortex

Water bath

ZLED CLS 9000
Multipette® stream

Spectrophotometer
ND-1000

Mastercycler gradient
PTC-200

Hi 2211 pH/ORP Meter
Polymax 1040
PowerPac Basic
BTR5-12V

Mini-Protean® Tetra
System

Trans-Blot SD Semi-dry
transfer cell

Concentrator 5301
SZ2 Series

Centrifuge 5418 R
Centrifuge 5702 R

Heraeus BioFuge Primo R

ThermoMixer C
ThermoMixer Compact

UP100H

UV-Transilluminator
Series USDT

Vortex Genie 2"

WNB 14

Zett Optics
Eppendorf
Eppendorf

Eppendorf

MJ Research
Hanna instruments
Heidolph

Bio-Rad

Ratek

Bio-Rad

Bio-Rad

Eppendorf
Olympus
Eppendorf
Eppendorf
Thermo Scientific
Eppendorf
Eppendorf

Hielscher Ultrasound
technology

Biostep

Bender & Hobein SG

Memmert
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2.2 Methods
2.2.1 Molecular Biology

2.2.1.1 Yeast-Two-Hybrid

A yeast-two-hybrid screen (Hybrigenics ULTImate Y2H) was performed taking advan-
tage of Hybrigenics services (Paris, France). The screen was conducted for the MPP2
PSG module (aa 119-552), as an N-LexA-PSG-C fusion protein, performed on a rat
hippocampus library (screen reference number: RHC_RP1_hgx4192vl_pB27). The
results presented in Table 3.1 are ordered according to the Predicted Biological Score as
assigned by the company and explained in the guide for interpretation provided along-
side the results as follows: ‘This score represents the probability of an interaction to
be non-specific: it is a value primarily based on the comparison between the number of
independent prey fragments found for an interaction and the chance of finding them at
random (background noise). The value varies between 0 and 1. Several thresholds have
been arbitrarily defined in order to rank the results in 4 categories from A (the high-
est confidence rank) to D. PBS D generally represents interactions identified through
one unique prey fragment or multiple identical ones. It can be interactions hardly de-
tectable by the Y2H technique (low representation of the mRNA in the library, prey
folding, prey toxicity in yeast...)’

2.2.1.2 Molecular cloning

Cloning strategies were designed based on plasmid vectors and backbones provided in
Table 2.1 on page 23. Primers were designed with desired restriction sites, geneti-
cally encoded peptide tags and/or mutations (see Table 2.2 for details) and synthesised
by BioTeZ (Berlin, Germany). Utilised template DNAs were either custom generated
mouse or rat brain cDNA, human testis library or already existing DNA constructs. The
appropriate template-DNA was amplified by PCR with respective primers. Resulting
PCR-products and the target vector plasmid were digested with appropriate restric-
tion enzymes and purified using gel electrophoresis and gel extraction kits (Quiagen).
Following ligation, chemically competent E. coli were transformed and grown on agar
plates supplemented with a selection antibiotic. Potential clones were picked and grown
as 5 ml cultures, followed by DNA extraction, test digest and sequence validation, even-

tually. Sequencing was performed by LGC Genomics (Berlin, Germany).

2.2.1.3 Synthesis of custom cDNA

For the cloning of target constructs cDNA was generated from adult mouse and rat
brain RNA extracts, which were prepared with Trizol RNA extraction reagent and
stored at -80 °C until use. Desired cDNAs were synthesised with Superscript reverse
transcriptase and Oligo-dT and pdNG6 oligo primers separately according to the protocol

below.
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Table 2.13: cDNA synthesis reaction Table 2.14: Cycle protocol for cDNA

mix synthesis

Component Volume  Time Temperature
Oligo dT primer or 1 ul 5 min Room temperature
pdN6 oligos i 60 min 50 °C
dNTP-Mix (10 mM each) 1nl 15 min 70 °C
RNA 1l Store at -20 °C

ddH,O 10 nl
Incubate at 65 °C for 5 min
Place on ice and add

5x first strand buffer 4 pl
0.1 M DTT 1l
RNAse Inhibitor 1ql

Superscript RT IIT (200 U/qul) 1l

2.2.1.4 Cloning of target constructs

Polymerase chain reaction was used to amplify DNA fragments from cDNA in order to
clone target proteins and to introduce targeted point mutations, genetically encoded
peptide tags, and/or insert desired restriction sites using appropriate primer sequences.
All constructs were amplified with Phusion® High Fidelity DNA Polymerase (New
England Biolabs), except for Lin7b constructs, which were cloned with Mango Taq"
DNA Polymerase (Bioline).

Table 2.15: PCR reaction mix for Table 2.16: PCR reaction mix for

cloning from cDNA cloning from plasmid template
Component Volume Component Volume
5x Phusion HF-Buffer or 10 11l 5x Phusion HF-Buffer 10 nl
5x Mango Buffer MgCls 1-1.5 ul
MgCl, 1-1.5 nl DMSO 2.5l
DMSO 2.5 pl dANTP-Mix (10 pM each) 2 nl
dANTP-Mix (10 pM each) 2 ul forward primer (10 nM) 2 nl
forward primer (10 nM) 2 nl reverse primer (10 pM) 2l
reverse primer (10 pM) 2 ul Template DNA (0.05 pg/nl) 1l
c¢DNA (oligo dT amplicon) 4 qnl Phusion Polymerase 0.5 nl
c¢DNA (pdN6 amplicon) 4 nl ddH,0O 32.5 ul
Phusion Polymerase or 0.5 1l

Mango Taq Polymerase '

ddH->O 22.5 pl
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Table 2.17: Cloning PCR cycle

Stage Temperature Time Cycles
Denaturation 98 °C 30 sec 1
Denaturation 98 °C 10 sec
Annealing 55-68 °C (primer-dependent) 30 sec 18
Elongation 72°C 2 min
FElongation 72 °C 10 min 1
Short term storage 16 °C 00

2.2.1.5 Agarose gel electrophoresis

PCR products as well as digested amplicons, vectors and plasmids were purified with
agarose gel electroporation. For a large gel 1-1.5 g agarose were boiled in 1x TAE buffer
until entirely dissolved, let cool and poured after addition of 5-10 pl ethidium-bromide,
using appropriate combs to create sample pockets. The solid gel was transferred to an
electrophoresis chamber filled with 1x TAE buffer. Samples were mixed with DNA
loading buffer and run next to a Hyperladder size marker at 120 V until fragments
were sufficiently separated, usually for 60-90 min. Separation was checked using a
UV-light table.

2.2.1.6 Agarose gel DNA extraction

Agarose gels, containing ethidium-bromide to visualise DNA, were placed on a UV-light
table and appropriately sized DNA bands were identified in relation to Hyperladder size
marker and cut out using a clean scalpel. DNA fragments were then isolated using the
Qiagen Gel Extraction kit according to the manufacturer’s recommendation. DNA was
eluted with 50 pl nuclease-free water and for further cloning steps concentrated for

17 min at 45 °C in a vacuum centrifuge.

2.2.1.7 Design and cloning of RNAi vectors

For the generation of an effective and specific ShRNA-mediated knock-down of MPP2,
multiple candidate RNAi sequences were designed according to the sequence of rat
MPP2 (NM_053513). Taking advantage of several online computational RNAi pre-
diction tools that were freely available at the time (Oligoengine; Dharmacon, now
HorizonDiscovery; http://sirna.wi.mit.edu/; https://portals.broadinstitute.
org/gpp/public/seq/search) target sequences that were suggested by at least two
tools, each of which relying on a different algorithm, were designed according to the
manufacturer’s recommendation of the pSUPER RNAi vector system (Oligoengine,
see Table 2.2 for selected sequences) with additional BamHI and Pacl restriction sites

to allow easy transfer into a lentiviral backbone. These oligonucleotides, synthesised

by BioTez (Berlin), were then annealed according to the manufacturers’ protocol and
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cloned into pSUPER vectors. The shRNA sequence that was most efficient in prevent-
ing MPP2 expression (see shRNA1 in Table 2.2) was then transferred into a lentiviral

vector provided by the Viral Core Facility (VCF, Charité - Universitdtsmedizin Berlin)

to knock-down endogenous MPP2 in rat hippocampal neurons.

Table 2.18: Annealing of shRNA oligonucleotides

Temperature Time
90 °C 4 min
70 °C 10 min
Step-cool to RT 30 min

Use immediately or store at -20 °C

2.2.1.8 Restriction digest

Either 1 ng of purified plasmid DNA in 20 jl nuclease-free water or 20 pl of concentrated
agarose gel-extraction of PCR product were digested with 2 pl 10x FastDigest Buffer
(Thermo Scientific') using 0.7 11l of the desired FastDigest restriction enzymes at 37 C°
for 1 hour. Subsequent agarose gel electrophoresis and gel extraction was used to isolate

resulting DNA fragments of the desired size.

2.2.1.9 Ligation

To ligate appropriately digested inserts of interest with desired backbones, 2 pl vector
were mixed with 15 nl insert, 2 ul 10x T4-Ligation buffer and 1 U T4-Ligase. Ligation
mix was incubated over night at 16 °C and eventually transformed into chemically
competent F. coli TOP10 cells.

2.2.1.10 Chemically competent E. coli

To generate chemically competent bacteria for cloning and plasmid replication, 5 pl
E. coli were diluted in 1 ml LB medium. Of this dilution 15-20 pl were streaked out
on an LB agar plate without any antibiotic and grown over night at 37 °C. A single
colony was picked and grown as starter culture over night. Then, 4 ml of this starter
culture were used to inoculate 200 ml LB medium. This was grown at 37 °C in a
shaking incubator for approximately 3 hrs until an optical density (OD) of 0.4-0.6 was
reached. Working in a cold room the culture was then divided among four tubes and
centrifuged for 15 min at 4000 rpm (~2600 rcf) and 4 °C. The resulting pellets were
resuspended in 20 ml sterile 100 mM CaCly each. After the resuspensions were pooled
into two tubes, they were centrifuged again for 15 min at 4000 rpm (~2600 rcf) and
4 °C. The two resulting pellets were resuspended in 25 ml sterile 100 mM CaCls each
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and incubated on ice for 1 hr. Finally, the suspension was pelleted again for 15 min at
4000 rpm (~2600 rcf) and 4 °C and cell pellets were resuspended in a total volume of
13 ml sterile 85 mM CaCly with 15% Glycerol. The final mixture was aliquoted into
pre-chilled reaction tubes and snap frozen in liquid nitrogen. Chemically competent

cells were stored at -80 °C until use.

2.2.1.11 Transformation of chemically competent E. coli

Either 1 pg purified plasmid DNA or 20 pl ligation mixture after incubation was added
to 50 ul chemically competent F. coli TOP10 cells. The cells were then incubated on ice
for at least 20 min. Cells were transformed with a 90 sec heat shock at 42 °C, followed
by addition of 1 ml LB medium and incubation at 37 °C for one hour. Transformed
ligations were centrifuged for 3 min at 2000 rpm (~1300 rcf) and the pellet resuspended
in 20 pl LB medium, which was subsequently streaked onto LB agar plates containing
the appropriate selective antibiotic to select for successfully transformed bacteria, and

grown over night at 37 °C.

2.2.1.12 Plasmid purification

Chemically competent FE.coli TOP10 cells were transformed as described above
and grown over night. A single colony was then picked and grown in
LB medium (either 5 ml overnight for cloning or 5 ml for six hours as
starter culture for a 200 ml culture over night). Bacteria cultures were pel-
leted by centrifugation (4000 rpm/~2600 rcf, 15 min, 4 °C) and stored at
-20 °C until plasmid purification. Plasmids were isolated using Qiagen Plasmid Prep
Mini and Maxi kits, respectively, according to the manufacturer’s recommendation.
The DNA pellets were resuspended in sterile, nucleic-free HoO and the concentration

determined using a Nanodrop spectrophotometer (ND-1000, Eppendorf).

2.2.2 Cell Biological Techniques

2.2.2.1 Preparation of coverslips

In order to grow different types of cells on glass coverslips to subject them to later
immunofluorescence analysis, these coverslips need to be prepared. For confocal mi-
croscopy, @ 18 mm class coverslips were dipped in 100% ethanol absolute and flame
sterilised before being placed in 12-well plates. For super-resolution applications, high
precision coverslips (22x22 mm and ) 25 mm) were cleaned in 1 M HCI for one hour,
followed by three washes with ddH0O, one hour in 100% acetone and three washes
with ddH2O prior to one hour each in 70% and 100% ethanol. All steps were per-
formed at room temperature. To cultivate primary neurons, coverslips were coated
with a Laminin (final concentration 2 pg/ml) and Poly-D-Lysine (final concentration

0.2 mg/ml) in PBS over night at 4 °C. For heterologous cells coverslips were coated with
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50 pg/ml Collagen-I solution in 0.02 N acetic acid for two hours at room temperature,

followed by three washes with sterile PBS prior to plating.

2.2.2.2 Cell culture and protein expression

CHL V79 and HEK293T cells were maintained in DMEM (Lonza/Sigma) supplemented
with 10% FBS (Sigma), 2 mM L-glutamine and 1% penicillin/streptomycin at 37 °C
with 5% COg. Cells were passaged (CHL V79 1:10-1:40 and HEK293T 1:5-1:20)
after 7 min trypsin digest (2.5% Trypsin-EDTA, LONZA) and seeded at 5x10*/6-well,
2.5x10%/12-well, or 10°/75 cm? flask (T75, TPP) as determined using a Millipore cell
sceptre with a 60 pm sensor tip. Transient transfection was performed with Lipo-
fectamine 2000 Invitrogen) according to manufacturer’s recommendation. In brief,
required amounts of DNA and 1 ul/12-well or 14 pl/T75 were pre-diluted in 100 pl/12-
well or 750 nl/T75 in serum-free Opti-MEM (Lonza), incubated for 5 min and mixed,
followed by 20 min incubation at room temperature. The culture medium volume
was adjusted to 400 pnl/12-well or 4 ml/T75 before adding the DNA /Lipofectamine
mix. Transfected cells were either fixed or harvested 18-24 hours after transfection and

subjected to further experiments.

2.2.2.3 Primary rat hippocampal neuronal cultures

All animal protocols were approved by the ‘Landesamt fiir Gesundheit und Soziales’
(LaGeSo; Regional Office for Health and Social Affairs) and animals reported permit
number T0280/10).

Adult wild-type Wistar rats at embryonic stage E18 were subjected to anaesthesia
with isoflurane (Forene®) and sacrificed by decapitation. The uterus was removed and
placed in sterile PBS (Lonza). Embryos were removed from uterus, freed of amniotic
membranes and the heads cut off with fine scissors. In a separate dish with sterile
PBS, the heads were briefly washed off blood and drained before transfer to a sterile
dish. While the head was held firmly with fine ridged tweezers, the skull was opened
by puncture with sharp tweezers approximately posterior of the Lambda point. The
skull was then opened and the brain carefully extracted and placed in a drop of ice-
cold DMEM (Lonza/Sigma). Using fine tweezers and a micro-scalpel, the two brain
hemispheres were separated. With gentle separation of cortex and midbrain, the hip-
pocampal formation is exposed and extracted using tweezers and a micro-scalpel. After
careful removal of any remaining meninges, the hippocampi were collected in ice-cold
DMEM. The collected hippocampi were centrifuged (3 min, 300 rpm/10 rcf, RT) and
supernatant removed. Tissue digest was performed by adding 5 ml 2.5% Trypsin-EDTA
Solution and incubation in a 37 °C water bath for 4:30 min and periodic shaking. Tis-
sue digest was stopped with the addition of 20 ml cold DMEM (Lonza/Sigma) with
10% FBS (Biochrom). Hippocampi were then washed twice with cold DMEM and
centrifugation. Next, the hippocampi were taken up in 2 ml pre-warmed, pH-adjusted

neuron culture medium (Neurobasal, supplemented with B27 and 0.5 mM L-glutamine).
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With firm pressure towards the tube, slowly pipetting the solution three to five strokes
created shear-forces to dissociate the tissue to yield a cell suspension. Depending on
the amount of prepped hippocampi, the volume was then adjusted to 15-20 ml with
pre-warmed and pH-adjusted neuron culture medium and cell density was counted with
1:10 dilution in PBS, using a Millipore Cell Counter Sceptre and 60 pm sensor tips.
Neurons were plated at desired density (1.5-2.5x10° cells per well) in pre-warmed and
pH-adjusted neuron culture medium onto wells and coverslips previously coated with
1:50 Poly-D-Lysine (10 mg/ml, Sigma) and 1:500 Laminin (1 mg/ml, Sigma) in PBS.
Except for infections and live cell imaging purposes, the neurons were left undisturbed
typically until 21-22 days in vitro (DIV 21-22).

2.2.2.4 Lentivirus-mediated knock-down and gene delivery and expression

Lentivirus-mediated gene transfer and knock-down was realised with lentivirus particles
generated by the Viral Core Facility (VCF). The underlying constructs were generated
by sub-cloning from mammalian expression vectors into lentiviral backbones provided
by the VCF. Cultured hippocampal neurons were infected at DIV 3 and 10 with Knock-

down/Scrbl or expression vectors, respectively, unless indicated otherwise.

2.2.3 Biochemical Techniques

2.2.3.1 Tissue and whole cell lysates

Adult Wistar rats were anaesthetised with isoflurane and sacrificed by decapitation.
Brains were removed, rinsed with ice-cold PBS and dissected into desired brain re-
gions (olfactory bulbs, cortex, hippocampus, cerebellum and brainstem) with a scalpel.
Isolated regions were then finely minced and lysed in SDS sample buffer (1 ml per
1 g tissue). Cultured primary neurons and CHL V79 cells were lysed in SDS sam-
ple buffer (100 nl per well of a 12-well plate). Lysates were then treated with three
ultrasonic pulses (0.7 cycle, 0.7 amplitude), boiled for 5 min and centrifuged (10 min,
14k rpm/20k rcf, RT) before loading the supernatant on an SDS PAGE gel.

2.2.3.2 Crude synaptosomal fraction preparation

Adult Wistar rats were anaesthetised with isoflurane and sacrificed by decapitation.
Brains were removed, rinsed with ice-cold PBS and immediately frozen and stored
at -80 °C until use. Tissue was thawed on ice, roughly minced with a scalpel and ho-
mogenised in 10 ml/1 g Tissue Syn-PER Synaptic Protein Extraction Reagent (Thermo
Science) according to the manufacturer’s recommendation. For co-IP experiments,
the crude synaptosome fraction was resuspended in 10 ml immunoprecipitation buffer
(50 mM Tris pH 7.4; 100 mM NaCl; 1 mM EDTA, 1% Triton-X; supplemented with
Complete Mini protease inhibitors (Roche) and cleared by 3x centrifugation at 20k rpm.
In GST pull-down experiments the pellet was solubilised in 10 ml 1% Triton-X/PBS.
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2.2.3.3 Co-immunoprecipitation

CHL V79 and HEK293T cells were plated at 10° cells/75 cm? and transfected as de-
scribed before. Transiently transfected cells were harvested 18-20 hrs after transfection
with a cell scraper and collected in PBS. Following centrifugation (1200 rpm/230 rcf,
7 min, RT) pellets were lysed with 7 strokes using a 30G syringe needle in immuno-
precipitation buffer (50 mM Tris pH 7.4; 100 mM NaCl; 1 mM EDTA, 1% Triton-X or
0.1% NP-40; supplemented with Complete Mini protease inhibitors, Roche) and briefly
incubated on ice. Lysates were then cleared by three centrifugations (each 10 min,
20k rcf, 4 °C). Supernatants were then incubated under gentle agitation for 3 hrs with
2-3 ng of appropriate antibodies and respective normal IgGs as negative control. Pull-
down was performed with 30 pg protein G agarose beads (or streptavidin-coupled beads
for biotin-coupled antibodies) slurry (Roche) for 1 hr at 4 °C, followed by three washes
with IP buffer prior to analysis by Western blot.

2.2.3.4 SDS PAGE

All protein samples were separated by electrophoresis on 10% SDS-polyacrylamide gels
using the Mini-Protean® Tetra System (BioRad). Separation gels were cast between
glass plates with 1 mm spacers and overlaid with isopropanol to ensure an even and
bubble-free surface until fully polymerised. Isopropanol was then thoroughly removed
with ddH2O and remaining water carefully removed with strips of filter paper without
disturbing the gel. Next, the stacking gel (optionally stained with bromphenolblue) was
cast and, after adding an appropriate comb to create sample pockets, left to polymerise
for no more than 10 min. Combs were then removed and pockets rinsed with ddH,O
and 1x Laemmli-running Buffer to remove any unpolymerised gel. Whole cell lysates
were prepared by lysing cells in 200 nl per 12-well or 300 ul per 6-well, followed by
sonication (3x, 0.7 cycle, 0.7 amplitude). Samples were boiled in SDS PAGE Sample
Buffer for 5 min at 95 °C, followed by centrifugation (1 min, 20k rcf, RT). Samples were
loaded next to Kaleidoscope size marker (BioRad) and run at 50 V until all sample
entered the collection gel, followed by running 100-130 V until the desired separation,

indicated by the coloured size marker, was achieved.

Table 2.19: SDS PAGE gel

Component Collection Gel Separation Gel
5% (2 ml) 10% (6 ml)
ddH50 1.38 ml 2.46 ml
Rotiphorese 30% Acryl/Bis-acrylamid -Mix 0.34 ml 1.98 ml
Collection Gel Buffer 0.25 ml -
Separation Gel Buffer - 1.5 ml
TEMED 2 ul 2.4 pl
APS 10% 20 ul 60 nl
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2.2.3.5 Western blot

For specific protein detection, SDS PAGE gels were subjected to semi-dry Western blot-
ting. SDS PAGE gels were rinsed with water to remove SDS-running buffer and then
incubated in 1x blotting buffer for 5-10 min under gentle agitation. PVDF membrane
were briefly rinsed with methanol and then incubated in 1x blotting buffer for 5-10 min
under gentle agitation. Thick blotting paper (VWR type 707) was adjusted in size to
be slightly smaller than the target PVDF membrane. Blotting paper was soaked in
1x blotting buffer and blot-sandwich assembled (bottom — blotting paper, membrane,
SDS PAGE gel, blotting paper — top). The blot-sandwich was then carefully milled to
remove any air trapped between gel and membrane and excess buffer removed. Western
blots were run at 20 W for 1 hr. After blotting the stained Kaleidoscope, size labels
were marked and membranes blocked with 5% milk/PBST for at least 1 hour, prior
to incubation with primary antibodies in blocking solution over night at 4 °C under
constant agitation. Subsequently, membranes were washed three times with PBST and
incubated with secondary horseradish peroxidase-coupled (HRP) antibody in blocking
solution for 1 hour at room temperature. HRP-signals were detected using Western
Lightning chemiluminescent substrates (Perkin Elmer) with a luminescent image anal-
yser (ImageQuant LAS4000, GE Healthcare).

2.2.3.6 Immunofluorescence staining

Heterologous cells were fixed with 4% PFA/PBS for 10 min at room temperature after
removal of the cell culture medium. Following fixation, cells were washed once with
PBS and stored at 4 °C until staining, not longer than two weeks. Primary rat hip-
pocampal neurons were fixed at DIV 21 with 4% PFA/PBS for 10 min at RT, washed
thrice for 10 min with PBS, followed by 45 min quenching at RT with 50 mM NH,4CI
to reduce auto-fluorescence. After washing with PBS, cells were permeabilised with
0.2% Triton-X/PBS for 5 min and washed with PBS. For dSTORM microscopy, cells
were additionally treated with Image-IT Signal Enhancer (Thermo Fisher) for 30 min
at RT and three washes with PBS. Cells were then blocked for at least 1 hour at
RT with blocking solution (4% BSA/PBST). Primary antibodies were diluted 1:250 in
blocking solution (1:500 for confocal microscopy) and incubated over night at 4 °C,
followed by incubation with desired secondary antibodies at 1:1000 dilution in block-
ing solution for 1 hr at RT and for dSTORM custom-labelled secondary antibodies
at 1 pg/ml (~7 nM) in blocking solution for 20 min, followed by post-fixation and
quenching as above. After final washing with PBS, coverslips were mounted with
Fluoromount-G (SBA) or Vectashield (H1000, Vector Laboratories) for confocal and
3D-SIM imaging, respectively. For triple-colour dSTORM imaging, primary hippocam-
pal rat neurons (DIV 21) were stained for the postsynaptic proteins Homerl as PSD
marker, MPP2 and GABA R ol with respective primary antibodies as described above.
Samples were then incubated with appropriate secondary antibody Fab fragments cou-
pled to Alexa Fluor 647 (goat aMouse AF647, A21236, Invitrogen, USA), CF 680
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(goat aRabbit, custom labelled 111-007-008, Jackson Immuno Research) or CF 568
(goat aGuinea pig, custom labelled 106-007-008, Jackson Immuno Research) for 1 hour
at room temperature, followed by washes and application of fluorescent beads (100 nm,
TetraSpeck ", Life Technologies, USA), 1:200 in 0.01% PLL/PBS. Parts of this section
of Material and Methods have been published as preprint (Schmerl et al., 2020).

2.2.3.7 Custom labelling of primary antibodies

Labelling of secondary antibodies for dSTORM imaging were performed in collabora-
tion with Jakob Rentsch, AG Ewers (Freie Universitdt Berlin) and Dr. Niclas Gimber,
AG Schmoranzer (AMBIO, Charité - Universitédtsmedizin Berlin).

For dual-colour dSTORM imaging, secondary antibodies (goat aRabbit, 111-005-003,
AffiniPure or donkey aMouse, 715-005-151, AffiniPure) were diluted 1:10 in labelling
buffer (0.2 M NaHCOs, pH 8.3). Cy3b NHS Ester (PA63101, Life Sciences) was added
to the diluted antibodies in 10-fold molar excess. The samples were incubated for
1 hour at room temperature. To stop the reaction, 100 mM Tris pH 8.0 was added.
Zebra spin desalting columns (8989, ThermoFisher) were equilibrated with PBS. The
samples were added to the column and centrifuged at 1000 rcf for 2 min. The filtrate
was added to a second column and centrifuged at 1000 rcf for 2 min. For triple-colour
dSTORM imaging, CF 680 and CF 658 secondary antibodies were generated by in-
cubating 100 ng IgG Fab fragments dissolved in in NaHCOg3 (50 mM, pH 8.1) with a
five-fold excess of succinimidyl esters of fluorescent dye CF 680 or CF 568 dyes (Biot-
inum, USA) in DMSO (10 uM) for 1 hour at room temperature under gentle agitation.
Unbound dye was removed with Nap-5 Sephadex G 25 columns (GE Healthcare, UK)
and labelled antibody eluted from the column with PBS. This section of Material and
Methods has been published as preprint (Schmerl et al., 2020).

2.2.3.8 Bacterial protein expression and purification

Bacterial protein expression and purification for ITC measurements was performed in
collaboration with Jennifer Lardong, AG Wahl (Freie Universitéit Berlin).

Protein expression was conducted using chemically competent E. coli Rosetta cells.
The cells were grown in auto-induction ZY medium with kanamycin and chloram-
phenicol for 5 hrs at 37 °C. The temperature was then decreased to 18 °C and the
cells were grown overnight. The cells were harvested by centrifugation and the cell
pellet was resuspended in resuspension buffer (200 mM NaCl, 20 mM Tris pH 7.5,
2 mM DTT, 10 mg/! lysozyme, 5 mg/l DNase I) and subsequently lysed by sonication
for 15 min. The lysate was cleared at 56k rcf for 45 min and the supernatant was
applied to affinity chromatography using a column packed with 2 ml Ni-NTA agarose
(NEB). The average incubation time was 1 hour. Two washing steps were then per-
formed using 25 ml washing buffer (200 mM NaCl, 20 mM Tris pH 7.5, 20 mM imida-
zole, 2 mM DTT) for each step. For elution, the Ni-NTA agarose was incubated with
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20 ml elution buffer (200 mM NaCl, 20 mM Tris pH 7.5, 400 mM imidazole, 2 mM DTT)
for 15 min. The eluted constructs were purified using a Superdex 75 16/60 col-
umn (GE Healthcare). The protein-containing fractions were pooled and concen-
trated using a 30 kDa molecular-weight cut-off concentrator (Millipore). The progress
of protein purification was monitored by SDS-PAGE. Protein concentrations were
determined by UV absorption with extinction coefficients eyppa = 52830/mol*cm
and €mCherry-Syncav1 = 35870/mol*cm, respectively. This section of Material and
Methods has been published (Rademacher®, Schmerl*; et al., 2016).

2.2.3.9 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed in collabora-
tion with Jennifer Lardong, AG Wahl (Freie Universitiat Berlin).

ITC experiments were performed on an I'TC200 microcalorimeter (Malvern In-
struments Ltd., United Kingdom) at 25 °C with constant stirring at 500 rpm and
a buffer containing 200 mM NaCl, 20 mM Tris-HCI (pH 7.5) and 1 mM DTT.
Each experiment comprised a 0.5 pl initial injection, followed by fifteen 2.5 pl
injections every 150 sec. The cell contained 55 pM of the MPP2 PSG module,
and 350 pM of mCherry-tagged SynCAM1 peptide or mCherry-tagged mutated
SynCAMI1 peptide were titrated into the MPP2 PSG solution. Control experi-
ments were carried out titrating mCherry-tagged peptide into I'TC buffer under
otherwise identical conditions. No heat exchange was detected in the control
experiments, confirming that there was appropriate match of buffer conditions
with no indication of dilution effects. The thermodynamic parameters were de-
termined using ORIGIN software (v7.0, Microcal) and fitted by nonlinear least
square analysis using a single-site binding model. This section of Material and
Methods has been published (Rademacher®, Schmerl*; et al., 2016).

2.2.3.10 GST-pull-down

GST-pull-down experiments were conducted in collaboration with Dr. Nils
Rademacher, AG Shoichet (Charité - Universitatsmedizin Berlin).
GST-SH3-GK domain constructs of PSD-95 and MPP2 were expressed in E. coli
BL21 DE3 and purified according to the manufacturer’s manual (GST Gene Fu-
sion System, GE Healthcare). Per pulldown, 30 pl of glutathione agarose (Pierce)
was loaded with GST-SH3-GK proteins (PSD-95 and MPP2) and incubated for
3 hrs with protein lysate from crude synaptosomes. The beads were washed three
times with PBS/1% Triton-X-100 and eluted from the matrix by incubation with
SDS sample buffer for 5 min at 95 °C. This section of Material and Methods has
been published as preprint (Schmerl et al., 2020).
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2.2.3.11 Sample preparation and liquid chromatography-mass spectrometry (LC-
MS)

Proteomics experiments and analysis were conducted in collaboration with
Dr. Benno Kuropka, AG Freund (Freie Universitét Berlin).

Proteins from two technical replicates were separated by SDS PAGE
(10% Tricine SDS PAGE). Coomassie-stained lanes were cut into 12 slices and
in-gel protein digestion and 0 /®O-labelling was performed as described previ-
ously (Kristiansen et al., 2008; Lange et al., 2010). In brief, corresponding sam-
ples (PSD-95 and MPP2) were incubated overnight at 37 °C with 50 ng trypsin
(sequencing grade modified, Promega) in 25 ul of 50 mM ammonium bicarbonate
in the presence of heavy water (Campro Scientific GmbH, 97% '80) and regular
160-water, respectively. Isotope-labels were switched between the two repli-
cates. To prevent oxygen back-exchange by residual trypsin activity, samples were
heated at 95 °C for 20 min. After cooling down, 50 pnl of 0.5% trifluoroacetic acid
(TFA) in acetonitrile was added to decrease the pH of the sample from ~pH 8 to
~pH 2. Afterwards, corresponding heavy- and light-isotope labelled samples were
combined and peptides were dried under vacuum. Peptides were reconstituted
in 10 pl of 0.05% TFA, 2% acetonitrile in water, and 6.5 pl were analysed by a
reversed-phase nano liquid chromatography system (Ultimate 3000, Thermo Sci-
entific) connected to an Orbitrap Velos mass spectrometer (Thermo Scientific).
Samples were injected and concentrated on a trap column (PepMapl00 C18,
3 pm, 100 A, 75 pm i.d. x 2 cm, Thermo Scientific) equilibrated with 0.05% TFA,
2% acetonitrile in water. After switching the trap column inline, LC separations
were performed on a capillary column (Acclaim PepMap100 C18, 2 pm, 100 A,
75 pm i.d. x 25 cm, Thermo Scientific) at an eluent flow rate of 300 nl/min. Mo-
bile phase A contained 0.1% formic acid in water, and mobile phase B contained
0.1% formic acid in acetonitrile. The column was pre-equilibrated with 3% mo-
bile phase B followed by an increase of 3-50% mobile phase B in 50 min. Mass
spectra were acquired in a data-dependent mode using a single MS survey scan
(m/z 350-1500) with a resolution of 60,000 in the Orbitrap, and MS/MS scans
of the 20 most intense precursor ions in the linear trap quadrupole. The dynamic
exclusion time was set to 60 sec and automatic gain control was set to 1 x 10°
and 5,000 for Orbitrap-MS and LTQ-MS/MS scans, respectively. This section of
Material and Methods has been published as preprint (Schmerl et al., 2020).

2.2.3.12 Proteomic data analysis

Proteomics experiments and analysis were conducted in collaboration with
Dr. Benno Kuropka, AG Freund (Freie Universitét Berlin).

Identification and quantification of 90 /!80O-labelled samples was performed us-
ing the Mascot Distiller Quantitation Toolbox (version 2.7.1.0, Matrix Science).
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Data were matched against the SwissProt protein sequence database using the
taxonomy rattus (August 2017 release with 7996 protein sequences). Sequences
of the employed protein constructs and the sequence of the GST tag were man-
ually added to the database. A maximum of two missed cleavages was tolerated
and the mass tolerance of precursor and fragment ions was set to 15 ppm and
0.35 Da, respectively. Methionine oxidation, acetylation (protein N-terminus),
propionamide (Cysteine), and C-terminal ®O;- and '®¥O,-isotope labelling were
used as variable modifications. A significance threshold of 0.05 at the peptide
level was used based on decoy database searches. At the protein level, a min-
imum of two quantified peptides was set as a threshold. Protein ratios were
calculated from the intensity-weighted average of all corresponding peptide ra-
tios. The protein ratio of GST was used for normalisation of protein ratios. Only
proteins that were quantified in both replicates with a geometric standard devi-
ation of <2 were considered. Known contaminants (e.g. keratins) and the bait
proteins were removed from the protein output table. This section of Material
and Methods has been published as preprint (Schmerl et al., 2020).

2.2.4 Imaging

2.2.4.1 Confocal imaging

Cells were fixed and stained as described above and imaged with a Leica
TCS SP5 1T confocal laser scanning microscope run with LAS AF X scan soft-
ware (Leica Microsystems, Wetzlar, Germany). Image stacks were acquired with a
63x oil immersion objective and standard emission filters at 2x zoom for overviews
and 5x zoom for details at 2048x2048 px as 5-7 planes with 0.4 pm step size in Z.
Image analysis was performed in FiJi/ImageJ (Schindelin et al., 2012; Schneider
et al., 2012).

Additionally, cells were fixed and stained as described above and imaged with a
Nikon A1Rsi+ confocal laser scanning microscope run with NIS Elements scan
software. Image stacks were acquired with a 60x 1.4 N.A. oil immersion ob-
jective, an additional 1.5x optovar lens (Nikon) and standard emission filters at
1.8x zoom at 1024x1024 px as 12 planes with 0.175 pm step size in Z. Image anal-
ysis was performed in Fiji/ImageJ (Schindelin et al., 2012; Schneider et al., 2012).
Four-colour confocal images were maximum projected and subjected to further
analysis. Parts of this section of Material and Methods have been published as
preprint (Schmerl et al., 2020).

2.2.4.2 Structured-illumination microscopy imaging

SIM imaging was performed in collaboration with Dr. Niclas Gimber,
AG Schmoranzer (AMBIO, Charité - Universitédtsmedizin Berlin).
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Targets were selected based on the SynCAM]1 signal. Three-dimensional SIM
images were acquired with the OMX V4 Blaze system (GE Healthcare), using
the 405 nm, 488 nm, 568 nm and 647 nm laser lines, a 60x 1.42 N.A. oil objective
(Olympus), an immersion oil with a refractive index of 1.518 and standard emis-
sion filters at 125 nm z-sectioning. Multi-colour registration with an error below
40 nm was done using 100 nm fluorescent beads (TetraSpeck™, T7284, Thermo
Scientific). Images were acquired with the DeltaVision OMX acquisition software
(GE Healthcare) and images were reconstructed with soft WoRx (GE Healthcare).
Parameters for the reconstruction can be found in the supplements (File S1) in
Schmerl et al. (2020). The quality of 3D-SIM reconstructions was tested with
SIMcheck (Ball et al., 2015). The super-resolution channels 642, 568 and 488
show a good signal-to-noise ratio and no signs of hexagonal artefacts. Fast Fourier
transformed images uncover a high amount of information below the diffraction
limit. Due to the limited brightness and stability of the Alexa Fluor 405 dye, the
signal-to-noise ratio and resolution in the 405 nm channel were limited. We thus
decided to use this channel only for vGlutl as a reference for the segmentation of
mature synapses and not as a structural super-resolution readout. This section
of Material and Methods has been published as preprint (Schmerl et al., 2020).

2.2.4.3 Dual-colour dSTORM imaging

STORM imaging was performed in collaboration with Jakob Rentsch, AG Ewers
(Freie Universitat Berlin).

All samples were imaged using a Vutara 352 super-resolution microscope (Bruker)
equipped with a Hamamatsu ORCA Flash4.0 sCMOS camera for super-resolution
imaging and a 60x oil immersion TIRF objective with a numerical aperture of
1.49 (Olympus). Immersion Oil 23 °C (#1261, Cargille) was used. Samples
were mounted onto the microscope in GLOX buffer (1.5% B-mercaptoethanol,
0.5% (v/w) glucose, 0.25 mg/ml glucose oxidase and 20 pg/ml catalase,
150 mM Tris-HCI pH 8.8), illumination at a laser-power density of 5.5 kW /cm?
using a 637 nm laser for Alexa Fluor 647 or a 561 nm laser at a laser-power den-
sity of 4.6 kW /cm? for Cy3b. Images were collected with 20 ms acquisition time.
Per probe (Cy3b or Alexa Fluor 647), 10,000 frames were acquired. Acquired raw
data were localised using SRX (Bruker). Localisations were estimated by fitting
single emitters to a 3D experimentally determined point spread function (PSF)
under optimisation of maximum likelihood. The maximum number of localisation
iterations performed before a given non-converging localisation was discarded was
set to 40. PSFs were interpolated using the B-spline method. Obtained local-
isations were filtered according to precision estimates based on the Thompson
method (Thompson et al., 2002), i.e. all localisations with localisation precision

worse than 20 nm were excluded. Localisations were rendered as Gaussian distri-
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butions with a constant width of 20 nm. Alignment of colour channels and drift
correction were performed in SRX using Tetraspeck’ beads (Thermo Scientific,
T7279). In total, dISTORM images from 2-4 independent experiments (2 for Syn-
CAM1/PSD-95; 3 for MPP2/PSD-95; 4 for SynCAM1/MPP2) were acquired.
Individual synapse panels were prepared using the ScientiFig Plugin for Fiji/Im-
ageJ (Aigouy and Mirouse, 2013). This section of Material and Methods has been
published as preprint (Schmerl et al., 2020).

2.2.4.4 Triple-colour dSTORM imaging

STORM imaging was performed in collaboration with Dr. Niclas Gimber,
AG Schmoranzer (AMBIO, Charité - Universitatsmedizin Berlin).

Triple-colour dSTORM images were generated by using two channels acquired
in SD-dSTORM mode (simultaneous excitation at 642 nm of Alexa Fluor 647
(Invitrogen, USA) and CF 680 (Biotium, USA) Lampe et al., 2015; Lehmann
et al., 2016) and an additional channel (CF 568 (Biotium, USA)) acquired in
conventional dSTORM mode The spectral de-mixing (SD-) mode has the advan-
tage of being inherently free of any registration errors. The dSTORM channel
was registered toward the SD-dSTORM channels using bead-based registration
(100 nm, TetraSpeck ", Invitrogen). Samples were imaged with the N-STORM
super-resolution setup (Nikon Instruments) controlled by NIS-Elements (Nikon)
and equipped with a sCMOS camera (Prime 95B, Photometrics), a 100x oil-
immersion objective (NA 1.49; Nikon), an additional 1.5x optovar lens (Nikon)
and an emission splitter (OptoSplit III; Cairn Research, UK) in the emission
path for the SD-mode. The emission splitter was equipped with a dichroic mirror
(700-DCXXR; AHF Analysentechnik, Germany) for spectral demixing of AF 647
and CF 680. An autofocus system (PerfectFocus II; Nikon) was used to pre-
vent focal drift. Lateral drift was minimised by stabilising the temperature at
26 °C with an incubator (Okolab, Italy) and corrected using immobilised beads
(100 nm, Tetraspeck ", Invitrogen) as fiduciary marks. Samples were mounted
in dSTORM imaging buffer: 0.5 mg/ml glucose oxidase (Sigma-Aldrich, USA),
40 mg/ml catalase (Roche, Switzerland), 10% (w/v) glucose, 100 mM MEA
(B-mercaptoethylamine; Sigma-Aldrich, USA) in PBS. Samples were illuminated
with a 642 nm laser diode at about 3.5 kW /cm? for the SD-mode and with a
561 nm laser at 1.2 kW/cm? for the dSTORM-mode. Typically, 15,000 frames

with an exposure time of 30 ms for all channels were recorded.
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2.2.5 Image Analysis

2.2.5.1 Manual assessment of MPP2-positive neurons in primary cultures

Overview images were acquired with a 20x objective and analysed manually. The
frequency of neurons (as DAPI and MAP2 double-positive cells) with Homerl
staining or MPP2 staining, assessable at this low magnification, was determined.
For analysis, cell numbers were counted individually for every marker together
with DAPI, to exclude background and unspecifically stained structures. At first,
cells positive for MAP2 and DAPI were counted, then the displayed channels
were changed to DAPI and Homerl or DAPI and MPP2, respectively, and again
double-positive cells were counted. Finally, the fraction of cells positive MAP2
and DAPI, which were also positive for Homerl and DAPI or MPP2 and DAPI,
respectively, was calculated.

2.2.5.2 Quantification of MPP2- and GABAAR al-positive Homerl spines

Image analysis was performed with a custom written FIJI/ImagelJ script avail-
able at Github: https://github.com/BettinaSchmerl/MPP2). For segmenta-
tion and skeletonisation of dendritic branches labelled with MAP2, maximum
projections of confocal images were subjected to Otsu’s threshold clustering algo-
rithm, followed by Gaussian blur, binarisation and skeletonisation. For analysis
of the fraction of Homerl spines positive for both proteins of interest, MPP2
and GABAAR al, channels were filtered (Mean filter, 1.5 radius), punctate struc-
tures identified with histogram-based threshold procedures (Otsu’s, Yen’s and the
RenyiEntropy methods), followed by Gaussian blur (sigma = 1.5) and counted
with the build-in ‘Find Maxima’ tool of FI1JI/ITmageJ. To ensure analysis of only
synapses fully enclosed by the image stack, only puncta within a 2 pm periphery
to a MAP2 dendrite skeleton were considered for further analysis. In order to se-
lect spines with immunostaining of MPP2 and GABA R a1 proteins, those point
selections were enlarged by 0.5 nm and checked for co-occurrence of identified
puncta within that perimeter, covering an average synaptic spine area. Fractions
of Homerl-positive spines per image having also MPP2 and GABA,R ol signal
were calculated based on the overall count of Homerl-positve spines per image.

2.2.5.3 Manual analysis of dual-colour dSTORM data

To assess the frequency and dimensions of the described bracelet-like arrange-
ment of SynCAM1 and MPP2 clusters at the periphery of PSDs, synapses were
matched manually from corresponding widefield and dSTORM images based on
the staining pattern of PSD-95 or MPP2 along a dendrite. Those dendritic spines,
which were apparent in images acquired with both techniques, were then indi-
vidually categorised whether SynCAM1 and/or MPP2 (depending on the marker

58


https://github.com/BettinaSchmerl/MPP2

combination of the dual-colour stainings) exhibited a bracelet-like arrangement of
protein clusters or not. Data was expressed as fraction of all synapses identified
in both widefield and dSTORM image (Figure 3). Analysis was performed for 57
synapses per image in 3-6 images per marker combination. Using the ‘line tool’
in F1JI/ImageJ, three measurements per synapse were taken for both channels
(Cy3b and AF 647) independently and were averaged per synapse. Summarised
data were acquired from 170-236 synapses in 6-8 images of 2-4 independent ex-

periments.

2.2.5.4 Automated segmentation of SIM images with Arivis Vision 4D

Image segmentation was performed in Arivis Vision 4D (Arivis AG, Munich, Ger-
many). MPP2, SynCAM1 and vGlutl clusters were identified with histogram-
based threshold procedures (Otsu’s and Yen’s method) after Gaussian filtering
and background subtraction. PSD-95 clusters and their centres were identified
with the built in ‘Blob Finder’ tool, a combination of automatic seed finding
and watershed segmentation (watershed level: 6.7, threshold: 4.5, expected blob
diameter: 0.5 pm). Subsequently, such segmented PSD-95 clusters were further
filtered for sphericity (>0.4) and volume (>000.5 pm?) to exclude unusual seg-
mented clusters that likely only represent background. Further, the co-existence
of MPP2, SynCAM1 and vGlutl staining within the same synapse (2-2.5 pm dis-
tance cut-off to the centre of the next PSD-95 cluster) was ensured by applying
the built-in co-localisation tool. Only synapses within a manually determined
and set range of planes (selected for the best signal intensity for PSD-95) were
considered for further analysis. Staining for the presynaptic protein vGlutl only
served as a marker for mature synapses, but was not further included in the
analysis due to the limited quality in the 405 channel. The Arivis pipeline is
available as XML file in the supplements (File S2) in Schmerl et al. (2020). The
segmentation was performed on 50 images of three independent experiments and

the whole dataset was subjected for further analysis.

To approximate the frequency with which synapses on our imaged neurons ex-
press all three proteins of interest (PSD-95, MPP2 and SynCAMI1), using the
same segmentation pipeline, we examined 8 images from 2 independent exper-
iments with regard to how the incorporation of co-localisation selectors MPP2
and SynCAMI1 affect the total number of segmented synapses. This section of
Material and Methods has been published as preprint (Schmerl et al., 2020).

2.2.5.5 Data analysis of Arivis output

Cluster size histograms (bin size = 15 nm) were generated based on the Arivis
cluster segmentation data using a custom-written script implemented in R+
(https://github.com/BettinaSchmerl/Thesis.git).
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Corresponding widefield and dSTORM images:

Widefield - dSTORM s
PSD-95. - . " PSD-95 1 .

Staining Synapses Synapses with % Mean and SD
with widefield ring-like cluster (min 3 images)
reference in dSTORM

SynCAM and PSD-95 136 93 68.38 69.04 +11.07

MPP2 and PSD-95 169 1 65.68 65.85 +7.43

SynCAM and MPP2 379 276 70.45 69.94 +3.22

Figure 3: Prevalence of synaptic bracelet-like SynCAM1 and MPP2 cluster ar-
rangements.

SynCAM1 and MPP2 clusters are arranged in a bracelet-like manner in the majority of synapses.
Exemplary image to illustrate the manual assessment of the frequency of bracelet-like arrange-
ment of SynCAM1 and MPP2 at synapses. In corresponding sections of widefield (left column)
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and dual-colour dSTORM images (right column) synaptic structures that were captured with
both techniques were identified (white boxes, second row) and then individually assessed
whether SynCAM1 and/or MPP2 (magenta) protein clusters are arranged to form a bracelet-
like structure (white circles, third row) around PSD-95 (cyan), if applicable. Table summarising
counts of 3-6 images per staining combination (SynCAMI1 with PSD-95 MPP2 with PSD-95
and SynCAM1 with MPP2) indicating the number of synapses identified and those with a
ring/bracelet-like structure. Scale bars: overview = 5 pm; detail = 1 pm.

2.2.5.6 Radial profile analysis

A FiJi/Image] macro custom-written by Dr. Niclas Gimber, AG Schmoranzer
(AMBIO, Charité - Universitatsmedizin Berlin) (https://github.com/
ngimber/RadialProfile3D) was used to calculate 3D radial intensity profiles
around PSD-95 centres (segmentation from above). Radial intensity profiles were
0-1 normalised and averaged twice (per image and per experiment) using Python
before plotting with Prism 7 (GraphPad). This section of Material and Methods
has been published as preprint (Schmerl et al., 2020).

2.2.5.7 Nearest neighbour analysis of SIM data

This analysis was performed in collaboration with Dr. Niclas Gimber,
AG Schmoranzer (AMBIO, Charité - Universitatsmedizin Berlin).

Nearest neighbour analysis and randomisations were performed in Python using
custom-written scripts. Nearest neighbour distances between PSD-95, MPP2 and
SynCAM1 clusters were calculated based on the Arivis segmentations. Random
controls were generated by randomly distributing spherical objects, representing
PSD-95, MPP2 and SynCAM1 clusters within a simplified spherical postsynapse
with a diameter of 0.8 pm (Adrian et al., 2017). Randomised distributions were
generated for each image using the object counts and volumes from the cor-
responding segmentation (10 simulation rounds per synapse, ~40,000 synapses
from 50 images). Plotting was done with Prism 7 (GraphPad). This section of
Material and Methods has been published as preprint (Schmerl et al., 2020).

2.2.5.8 Image processing and analysis of triple-colour dSTORM data

Triple-colour dSTORM data processing and data analysis was performed by
and in collaboration with Dr. Niclas Gimber, AG Schmoranzer (AMBIO,
Charité - Universitdtsmedizin Berlin).

2.2.5.8.1 Single molecule localisation and drift correction

The open source Fiji/ImageJ plugin ThunderSTORM1.3 (Ovesny et al., 2014)
was used to localise single molecule blinking events. Specifically, the ‘integrated
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Gaussian’ and the ‘weighted least squares’ functions of ThunderSTORM with a
fitting radius of 4 pixels (292 nm) and an initial sigma of 1.5 pixels (110 nm)
were used to localise the events. Further details are provided in the parameter
files (see File S3, File S4) in Schmerl et al., 2020. Localisations were rendered
as Gaussian distributions (FWHM = 20 nm). TetraSpeck  beads were used for
drift-correction and alignment of the 568 channel to the de-mixed 647/680 chan-

nels.

2.2.5.8.2 Spectral de-mixing of triple-colour dSTORM data

The recently published open source software tool SD-Mixer2 (Tadeus et
al., 2015:https : / / github . com / gtadeus / sdmixer2/) was used for pair-
ing and colour assignment to Alexa 648/CF 680 localisations. Thunder-
STORM localisation files were converted into the SD-Mixer file format (custom
Python script available on GitHub: https://github.com/ngimber/Converter _
ThunderSTORM_SDmixer). Parameter files and binary masks for colour separation
can be found in the supplements (File S3; File S4 and Fig S15) in Schmerl et al.
(2020).

2.2.5.8.3 Cluster detection in triple-colour dSTORM datasets

Clusters were automatically detected with the DBSCAN (Density-based spa-
tial clustering of applications with noise) approach using the Python Package
Scikit-learn 0.22.2 (Parameters: € = 20 nm, min 5 points Pedregosa et al., 2011).
Histograms from 26 images (from three independent experiments) were averaged.
Plotting was done with Prism 7 (GraphPad).

2.2.5.8.4 Nearest Neighbour Analysis in dSTORM datasets

Nearest neighbour analysis and randomisation were performed in Python using a
custom-written script. Clusters were detected, as described above. Nearest neigh-
bour distances were calculated between MPP2 and GABAAR ol cluster centres.
Random controls were generated for each image by introducing a toroidal shift of
20 nm to the MPP2 channel. Histograms from 26 images (from three independent
experiments) were averaged. Plotting was done with Prism 7 (GraphPad).
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3 Results

Scaffold proteins of the family of membrane-associated guanylate-kinases have
been demonstrated to be critical components for the assembly of synaptic struc-
tures and the maintenance of neuronal function. In several high-throughput
proteomics studies investigating AMPA receptor-associated protein complexes
(Schwenk et al., 2012; Shanks et al., 2012), MPP family proteins were identified
as novel proteins among well-established components of the postsynaptic density
proteome.

The present study aims to shed light on the characteristics of the membrane-
protein, palmitoylated 2 (MPP2) and investigate its function at synapses, as
MPP2 has not been studied in a neuronal context before.

3.1 MPP2 is a novel postsynaptic scaffold protein
3.1.1 Neuronal expression of MPP2

After successful validation of a commercially available antibody (see also ap-
pendix, page 139), tissue lysates of several brain regions from adult rat brain
were analysed for MPP2 expression. As apparent from Figure 4a, a protein
band between 50 and 75 kDa could be detected, in accordance with a calcu-
lated molecular weight of full-length murine MPP2 according to its amino acid
sequence (~62 kDa). In line with the in-situ hybridisation (ISH) data provided by
the Allen Brain Atlas database (https://mouse.brain-map.org/experiment/
show/68798980), MPP2 protein can be found in lysates of olfactory bulb, cortex,
hippocampus and cerebellum. Interestingly, almost no MPP2 could be detected

in brain stem lysates.

Additionally, analysing MPP2 expression in lysates from cultured primary hip-
pocampal neurons harvested at DIV 24, commonly considered a mature state,
could confirm the expression of MPP2 in mixed hippocampal cultures. Interest-
ingly, in neuron lysates, an additional, faint band below 50 kDa can be detected,
which does not occur in untransfected CHL V79 cell lysates (see also appendix,
Figure Ala), thus seems specific for neuronal tissue and cells. This additional
band is also weakly present in the brain lysates, and might constitute an alter-
natively spliced isoform of endogenous MPP2.

The currently best-characterised MAGUK proteins in the brain belong to the
PSD-95 family. Although they share a well-conserved structure, some have
been found to fulfil very different roles at synapses. For example, SAP102 and
PSD-95 share a high sequence identity, however, they have different functions
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in a developmental context: SAP102 is expressed at higher level early in devel-

opment, and is thought to recruit and traffic synaptic proteins to their targets
(Elias et al., 2006; Murata and Constantine-Paton, 2013). In contrast, PSD-95

expression starts later in development and remains high upon maturity, in line

with its role to anchor transmembrane proteins at postsynaptic sites and mediate

plasticity (Dakoji et al., 2003).
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Figure 4: Neuronal expression of MPP2.

a) Adult rat whole brains were dissected into the
indicated brain regions, minced and lysed in SDS
sample buffer. Cultured hippocampal neurons were
harvested at DIV 21 in SDS sample buffer and
all lysates were separated on an SDS PAGE. En-
dogenous MPP2 was detected by Western blot with
aMPP2 antibody. Immunoblotting with aTubulin
served as a loading control. b) Cultured primary
hippocampal neurons of different DIV were lysed in
SDS sample buffer and analysed by SDS PAGE and
Western blot. The expression levels of MPP2 in-
crease with maturity, similar to the established PSD
scaffold protein PSD-95, as detected with aMPP2
and oPSD-95 antibodies. Immunoblotting with
oTubulin served as a loading control.
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In order to gain a more de-
tailed view on the develop-
mental expression profile of
MPP2, whole cell lysates of cul-
tured primary rat hippocam-
pal mneurons were harvested
every fourth day until DIV 24
(days in vitro), when cultured
neurons are considered ma-
ture. Western blot analysis with
oMPP2 antibody shows that
the protein is expressed at low
levels as early as DIV 4 and in-
creases until DIV 8 (Figure 4b).
Afterwards, MPP2 seems to be
expressed at consistently high
Moreover, MPP2 ex-
pression levels appear similar to
that of PSD-95, which is also

considered as maturity marker.

levels.

Interestingly, while expression
levels of MPP2 remain consis-
tently high during later stages,
an additional lower band at
~50 kDa that was also observed
in brain lysates, increases. The
precise identity of this addi-
tional band was not determined,
however, it might constitute an
alternatively spliced isoform of
MPP2, which is increasing upon

maturation.



3.1.2 MPP2 is a novel postsynaptic scaffold protein

Confirming the presence of MPP2 protein in brain and neuron lysates further sup-
ports previous in vitro studies, suggesting an association of MPP2 with synaptic
AMPA receptor complexes (Schwenk et al., 2012; Shanks et al., 2012). Given
the important role of other MAGUK proteins at postsynaptic sites, this study
continuously focussed on MPP2 and examined its location in greater detail.

3.1.2.1 MPP2 is expressed in neurons at postsynaptic sites

In order to investigate the sub-cellular localisation of MPP2, cultured primary
hippocampal neurons were immunostained with «MPP2 antibody together with
the dendritic marker MAP2 (microtubule-associated protein 2), the postsynaptic
density marker PSD-95 and the presynaptic marker vGlutl (vesicular glutamate
transporter 1). In mixed hippocampal cultures, staining for MPP2 was detected
exclusively in cells that were also positive for MAP2, confirming that MPP2 ex-
pression is specific for neurons and that MPP2 detected in brain lysates does
not originate from e.g. glial cells (Figure 5a, upper panels). As a next step, the
sub-cellular localisation of MPP2 was examined by co-staining with established
pre- and postsynaptic markers. In line with studies reporting MPP2 in postsy-
naptic density preparations (Schwenk et al., 2012; Shanks et al., 2012), MPP2
puncta were co-localising with the core PSD protein PSD-95 (Figure 5a, middle
panels). Moreover, those puncta were located rather adjacent to vGlutl, a presy-
naptic marker, further emphasising its localisation at postsynaptic compartments
(Figure 5a, lower panels).

3.1.2.2 The sub-synaptic positioning of MPP2 is peripheral to PSD-95

With confocal imaging, which provides an optical resolution of ~300 nm, endoge-
nous MPP2 protein was observed at the postsynaptic sites of cultured primary
neurons, where it co-localised with the established postsynaptic density marker
and important scaffold protein PSD-95. Photoactivated localisation microscopy
(PALM) super-resolution imaging had revealed that PSD-95 is not just forming a
homogenous PSD structure that is observed with confocal microscopy, but instead
is organised into sub-synaptic clusters, referred to as nanodomains (MacGillavry
et al., 2013; Nair et al., 2013).

To investigate the precise sub-synaptic localisation and clustering of MPP2, a re-
lated super-resolution imaging technique, dual-colour dSTORM (direct stochas-
tic optical reconstruction microscopy), which allows for resolution of up to
20 nm, was applied. In collaboration with the Membrane Biochemistry Research

Group (AG Ewers) of the Institute for Biochemistry at Freie Universitat Berlin,
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cultured primary hippocampal neurons were fixed at DIV 22 and stained for en-
dogenous PSD-95, SynCAM1 and MPP2 with respective antibodies and subjected
to dSTORM imaging (Figure 5b).

Unexpectedly, based on previous confocal imaging of endogenous synaptic MPP2,
super-resolution imaging revealed that MPP2 is not simply co-localising with
PSD-95. Instead, the protein is present as small clusters, which are surrounding
the PSD in a bracelet-like arrangement (Figure 5b) of in average 791 nm diam-
eter (mean + SD 209 nm). Manual assessment and categorisation of synapses
identified in corresponding widefield and dSTORM images into bracelet-like or
non-bracelet-like (see also Figure 3 in Material and Methods, page 60) revealed
that this novel arrangement of MPP2 protein clusters is found in the majority
of synapses (65%) in mature neurons of mixed hippocampal cultures, supporting

that this arrangement is representative.
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Figure 5: MPP2 localises to postsynaptic sites peripheral to the PSD.
a) Cultured rat hippocampal neurons (E18) were fixed at DIV 28 and stained for MPP2 (cyan,
left panels) together with the microtubule-associated protein 2 (MAP2, dendritic marker), the
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postsynaptic density protein 95 (PSD-95, postsynaptic marker) or the vesicular glutamate trans-
porter 1 (vGlutl, presynaptic marker) and respective secondary antibodies and subjected to
confocal imaging. Overlapping signals are visible in the merged images on the right, with the
indicated regions selected for detailed images. Scale bars: overview = 10 pm, detail = 5 pm.
b) Corresponding widefield (left, top) and dSTORM (left, bottom) images of a dendrite seg-
ment stained for endogenous MPP2 and PSD-95. White box indicates location of the synapse
shown in the detail view (right panel). Clusters of endogenous MPP2 (magenta) show a
similar bracelet-like arrangement at the periphery of the PSD (PSD-95, cyan). Scale bars:
overview = 5 pm, detail = 1 pm. This data and legend have been published in Rademacher*,
Schmerl*, et al. (2016) and Schmerl et al. (2020).

3.1.2.3 MPP2 is expressed at high levels in a subset of excitatory neurons

Immunofluorescence experiments revealed that not every neuron seemed to ex-
press MPP2 at high levels. Some MAP2-positive cells in primary rat hippocampal
cultures did not exhibit a strong staining with the «MPP2 antibody. Since mixed
hippocampal cultures consist of several cell types, e.g. pyramidal neurons, in-
terneurons as well as glial cells, MPP2 may be expressed only in a sub-population
of neuronal cells.

To shed light on the prevalence of MPP2 signal in primary neuronal cultures,
neurons were fixed at DIV 21-22 and stained for the nuclear marker DAPI together
with the neuronal dendrite marker MAP2 in combination with either MPP2 or

the PSD marker Homerl and subjected to analysis with confocal imaging.

Co-expression with MAP2 In mixed hippocampal cultures
1.5+ most  (~92%) of the MAP2-

positive cells were also expressing

10 the postsynaptic marker Homerl
' (Figure 6). This is in line with

the idea that most neurons in

051 hippocampal cultures have ex-

citatory glutamatergic synapses.

Ratio of double-positive neurons

0.0 T T The identity of the remaining
& \&g& fraction of cells, which could
comprise inhibitory interneurons

that make a small percent-
Figure 6: MPP2 is expressed in a subset of m up m percent

primary hippocampal neurons. age in mixed cultures (Craig
Primary neurons were fixed at DIV 21 and stained et al., 1996), was not deter-
for DAPI, a nuclear marker, and the dendritic . .

marker MAP2 together with either the PSD mined. The same analysis
marker Homerl or the protein of interest, MPP2. for MPP2-positive cells revealed,

Confocal images acquired with 20x objective were that ~69% of all MAP2-positive
assessed manually and neurons were marked posi-

tive for each channel individually. Data represent cells express MPP2 at levels
double positive cells as a fraction of all MAP2-
positive neurons. Mean + SD, analysis of 32 im-
ages of 3 independent experiments.

observable by immunofluorescence
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staining and confocal microscopy at low magnification with a 20x objective. This
data is particularly relevant when analysing MPP2 and manipulations thereof on
a single cell level, in order to ensure (either by appropriate controls or by appro-
priate increase in sample size) that any potential result is not masked by analysis

of MPP2-negative neurons.

3.1.3 MPP2 is associated with AMPA receptor complexes

Following establishment of MPP2 as a postsynaptically located protein in neu-
rons, the next aim was to verify the previously reported identification of MPP2
within AMPA receptor complexes. Adult rat brain crude synaptosomal prepa-
rations were subjected to immunoprecipitation experiments, where the well-
established AMPA receptor-auxiliary subunit Stargazin/TARPy2 was pulled
down using a monoclonal antibody, followed by SDS PAGE and Western blot
analysis. As expected, the most prevalent AMPA receptor subunit GluA2 was
detected in the precipitate, similar to the established postsynaptic scaffold pro-
tein PSD-95, both of which are known as directly binding interaction partners
of Stargazin/TARPy2 (Schnell et al., 2002). Most importantly, MPP2 was also
present in the precipitate (Figure 7), further supporting the idea that MPP2
is associated with AMPA receptor complexes, which are crucial for excitatory

synaptic transmission.
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Figure 7: MPP2 is a component of postsynaptic receptor complexes.

The AMPA receptor auxiliary subunit Stargazin/TARPy2 was immunoprecipitated from crude
synaptosomal preparations of adult rat brain with a monoclonal mouse antibody and pre-
cipitates were analysed by Western blot, with antibodies to synaptic proteins, as indicated.
A pull-down with mouse IgGs (mlIgG IP) was performed as negative control (a nonspecific
IgG background band is marked with an asterisk). This figure and legend have been pub-
lished (Rademacher*, Schmerl*, et al., 2016). The data as shown was generated by Dr. Nils
Rademacher and is shown with permission.
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3.1.4 MPP2 interacts with multiple synaptic scaffold proteins

As the association of MPP2 with AMPA receptor complexes has been confirmed,
the interactions that mediate this association remained unclear. These AMPA
receptor-associated protein complexes, however, comprise of multiple other classes
of proteins including various scaffold proteins, which contribute critically to the

complexes’ structure and function.

3.1.4.1 MPP2 interacts with PSD-95

The scaffold protein PSD-95 is among the most frequent proteins that form the
postsynaptic density (X. Chen et al., 2005; for review see Sheng and Hoogenraad,
2007) and, like other MAGUK proteins, it is known to multimerise with struc-
turally related MAGUK proteins (C. Cai et al., 2006; Rademacher et al., 2013; for
review see Funke et al., 2005). In the preceding experiments, MPP2 and PSD-95
were found together at postsynaptic sites in cultured hippocampal neurons and
to co-purify together with AMPA receptor complexes (see again Figure 5 and
Figure 7), hence this potential interaction was explored further.

Indeed, upon pull-down of endogenous MPP2 from adult rat brain crude synap-
tosome preparations, PSD-95 co-precipitates (Figure 8a). To test whether this
is a direct interaction of the two proteins, they were overexpressed together in
heterologous cells. Upon overexpression of untagged PSD-95 together with MY C-
MPP2 in CHL V79 cells (an epithelial cell line, which does not express synaptic
proteins), followed by co-immunoprecipitation with «PSD-95 antibody and West-
ern blot analysis, MYC-tagged MPP2 was present in the precipitate (Figure 8c).
This demonstrates that the two MAGUK scaffold protein PSD-95 and MPP2
are able to directly interact, thus likely mediating the association of MPP2 with
AMPA receptor complexes, of which PSD-95 is a critical structural component.

Interaction of MPP2 and PSD-95 is mediated via the GK domains

MAGUK family proteins contain multiple protein-protein interaction domains,
which allow these scaffold proteins to act as protein interaction hubs in multiple
cellular contexts. Interestingly, the modes of interaction differ a lot, e.g. in terms
of affinity and specificity, depending on the domains that are involved in these

interactions.

In order to characterise the novel interaction between MPP2 and PSD-95 in
greater detail and to identify the domains relevant for this interaction, several
truncation constructs of MPP2 were generated. These constructs were incremen-
tally devoid of N-terminal domains (i.e. lacking the two L27 domains or the L27
and PDZ domains) or consisted of only an isolated domain (PDZ or GK) of the
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Figure 8: MPP2 interacts with the postsynaptic density protein PSD-95.

a) Immunoprecipitation of MPP2 (using a rabbit polyclonal MPP2 antibody or rabbit IgGs
as a negative control) from a crude synaptosome preparation of adult rat brain co precipitates
PSD-95, as detected by Western blot with antibodies to PSD-95 (co-IP) or MPP2 (IP control).
A background IgG signal is marked with an asterisk. This data as shown was generated by
Dr. Nils Rademacher and is shown with permission. This figure and legend have been published
(Rademacher*, Schmerl*, et al., 2016). b) Domain structure overview of full-length MPP2
(MPP2-FL, top) and the truncation constructs used in b. Number on top indicate first and last
amino acids of the respective domains: L27 tandem domain (green), PDZ domain (petrol) and a
tandem domain formed by SH3 (red) and GK (violet). ¢) Untagged PSD-95 was overexpressed
in CHL V79 cells together with MY C-tagged MPP2 full length and several truncated versions.
Upon pull-down of PSD-95 using aPSD-95 antibodies or normal mouse IgG as negative control,
all MPP2 constructs containing the C-terminal GK domain were co-precipitated as detected
by Western blot using «MYC antibodies. Please note that the isolated MPP2-PDZ domain
construct was not expressed at comparable levels.

protein (for overview see Figure 8b). Those constructs were overexpressed to-
gether with untagged PSD-95 and upon immunoprecipitation with an «PSD-95
antibody full-length MPP2 and the SH3GK and GK constructs co-precipitated
with comparative efficiency, suggesting that the GK domain alone is sufficient to
mediate the PSD-95-MPP2 interaction. Interestingly, the MPP2 ‘MAGUK core’
of PDZ-SH3GK domains did co-purify with lower efficiency despite high protein
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content in the input lysate, possibly hinting at a regulatory interplay between the
PDZ domain and SH3GK tandem of MPP2, as has been described for PSD-95
(Rademacher et al., 2013; Rademacher et al., 2019).

3.1.4.2 MPP2 interacts with GKAP

Beside the very important PSD-95 family of synaptic MAGUK scaffold proteins,
several other scaffold molecules are critical for synapse structure and function.
These proteins feature distinct interactomes and facilitate different interactions,
based on their specific interaction domains and protein structure. Moreover, their
different interactions also determine different localisations within dendritic spines:
MAGUK proteins for example are typically membrane-associated, as many of
their interactions involve proteins positioned in the membrane. Other scaffolding
proteins, like e.g. SHANK family proteins, lie deeper within synaptic structures,
where they are directly or indirectly connecting with cytoskeletal elements (Dani
et al., 2010). Yet another family of scaffolding proteins serves at an intermedi-
ate position: Guanylate kinase-associated proteins (GKAP). It is an important
connector of membrane-associated scaffolds with deeper synaptic structures, like
SHANK and Homer, which eventually connect with the cytoskeleton (Petralia
et al., 2005; Tao-Cheng et al., 2015).

GKAP is also referred to as DLGAP (DLG-associated protein, DLG being short
for disk large protein as alternative name for PSD-95 family MAGUK proteins)
or SAPAPs (SAP90/PSD-95-associated proteins). These proteins are well known
for their ability to interact with multiple MAGUK protein GK domains including
PSD-95 (E. Kim et al., 1997; Takeuchi, 1997).

In order to explore whether MPP2 is integrated in protein scaffold complexes of
a similar composition as PSD-95, a putative direct interaction between MPP2
and GKAP was tested. Full-length MYC-MPP2 was overexpressed together
with FLAG-tagged GKAP in CHL V79 cells and following MPP2 pull-down
using oMYC antibodies, GKAP was co-purified as detected by Western blot
(Figure 9a).

In an additional Y2H screen using the MPP2 PSG module as bait (see
section 3.2.1, page 76), multiple clones for GKAP were identified among the prey
proteins (see Table 3.1), what further validates this result. The clones covered two
different selected interacting domains (SID), which correspond to known GKAP
domains that interact with MAGUK protein GK domains (E. Kim et al., 1997;

Takeuchi, 1997).
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Figure 9: The MPP2 GK domain mediates the interaction with GKAP.

a) MYC-tagged MPP2 (MPP2), MYC-tagged MPP2 PDZ-SH3GK (PSG), or MYC-tagged
MPP2 SH3GK (SH3GK) were co-expressed with FLAG-tagged recombinant GKAP in CHL V79
cells and immunoprecipitated with aMYC antibody (mMYC IP) or with mouse IgGs (mlIgG IP)
as a negative control. Co-precipitated proteins were analysed by Western blot with «aFLAG
antibody, pull-down controls with aMYC antibody. This figure and legend have been published
(Rademacher*, Schmerl*, et al., 2016). b) Schematic domain overview of the MPP2 full-
length as well as the used truncation constructs and point mutation used to characterise the
MPP2-GKAP interaction. Number on top indicate first and last amino acids of the respective
domains: L27 tandem domain (green), PDZ domain (petrol) and a tandem domain formed by
SH3 (red) and GK (violet). ¢) MYC-tagged MPP2-WT or -R387A was overexpressed together
with FLAG-GKAP in CHL V79 cells. Upon immunoprecipitation using «MYC antibodies or
normal mouse IgG as negative control, GKAP co-purified much more efficiently with wildtype
MPP2 than the R387A point mutation.
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Interaction of MPP2 and GKAP is mediated via the GK domain of MPP2

GKAP family proteins characteristically interact with multiple GK domains,
primarily of MAGUK proteins (E. Kim et al., 1997; Takeuchi, 1997), hence a
potential interaction with MPP2 was investigated. Indeed, upon immunopreci-
pitation of full-length as well as PSG and SH3GK truncation constructs of MPP2
(see Figure 9b for overview), which were overexpressed together with FLAG-
GKAP in CHL V79 cells, efficiently co-purified FLAG-GKAP, as analysed by
Western blot (Figure 9a).

Moreover, based on previous work and sequence homology with PSD-95
(Rademacher et al., 2013) a mutant MPP2 was generated, carrying an amino acid
exchange of the arginine residue at position 387 for an alanine, hereafter referred
to as MPP2-R387A (see also Figure 9b). For PSD-95 it was shown that mutat-
ing this single homologue amino acid was sufficient to prevent interactions of the
PSD-95 GK domain (Reese et al., 2007). Indeed, introducing this mutation to
the MPP2 GK domain interferes with the interaction between MPP2 and GKAP,
as demonstrated by pull-down of MYC-tagged full-length MPP2-wildtype (WT)
or R387A where only the WT construct was able to co-precipitate FLAG-GKAP
efficiently (Figure 9c).

Taken together, the isolated SH3GK tandem domain of MPP2 is sufficient to
mediate the interaction with GKAP and further introducing a point mutation to
the GK domain abolishes this interaction. This is in line with studies on other
MAGUK family proteins, which demonstrated that the GK domain is no longer
catalytically active, but instead has evolved into an important protein-protein
interaction domain (Zhu et al., 2011) that is critical for binding to GKAP scaffold
proteins (Takeuchi, 1997).

3.1.4.3 MPP2 interacts with Lin7b

MPP2 is a typical scaffold protein in that it harbours a variety of protein-
protein interaction domains: two L27 domains at the N-terminus, followed by
the ‘MAGUK core’ domains (PDZ-SH3GK). According to the EMBL SMART
and Pfam databases (http://smart.embl-heidelberg.de and http://pfam.
xfam.org/family/PF02828), .27 domains are present in relatively few proteins.
In humans, only 13 different proteins contain L27 domains (all of which also
harbour PDZ domains, including MPP2-7 and CASK, as well as certain splicing
variants of PSD-95 family proteins). These domains are known to interact be-
tween different proteins, forming L27-1.27 heterodimers (W. Feng et al., 2004).
Lin7 proteins are small scaffold proteins, containing only a single PDZ domain
in addition to an L27 domain. They are involved in multiple protein complexes,
and known to interact presynaptically with CASK, another MAGUK scaffold
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with high similarity to MPP2 (Butz et al., 1998), but are also present in the
postsynapse (Misawa et al., 2001). Since MPP2 is among these relatively few
synaptic L27 domain-containing proteins, its potential interaction with Lin7 pro-
teins was investigated. N-terminally MY C-tagged Lin7b (one of three synaptic
Lin7 isoforms) was overexpressed together with FLAG-MPP2 and upon pull-
down with aMYC antibodies, MPP2 co-precipitates as analysed by Western blot
(Figure 10a). In line with other studies on different MPP family proteins (Zhang
et al., 2011; Hauri et al., 2013; Stohr et al., 2005). This result confirms Lin7b as
a direct interaction partner for the MPP2 L27 domain.
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75. . %
— — FLAG-MPP2 - - FLAG-MPP2
50- 50-

Figure 10: MPP2 interacts with additional scaffold proteins and homo-
multimerises.

a) MYC-tagged Lin7b was overexpressed together with FLAG-MPP2 in CHL V79 cells. Fol-
lowing immunoprecipitation with aMYC antibodies or normal mouse IgG as negative control,
MPP2 was co-purified as detected by Western blot with «FLAG-HRP antibody. b) FLAG-
and MY C-tagged MPP2 proteins were co-expressed in CHL V79 cells. MYC-MPP2 was pulled
down with aMYC antibody (mMYC IP) and co-precipitated FLAG-tagged MPP2 was analysed
by Western blot with «FLAG antibody. Mouse IgGs (mIgG IP) served as a negative control.
Parts of this figure and legend have been published (Rademacher*, Schmerl*, et al., 2016).

3.1.4.4 MPP2 homomultimerises

In addition to the N-terminal L.27 domains, MPP2 also harbours the characteristic
PDZ-SH3GK domain ‘MAGUK core’. In particular the SH3GK tandem domain,
which has developed to a novel type of protein-protein interaction domain (Zhu
et al., 2011), was found to be critical for the assembly of MAGUK protein hetero-
and homo-multimers (C. Cai et al., 2006; Gosens et al., 2007b), which significantly
contribute to the scaffold function of this protein family.

To explore whether MPP2 is similarly able to form homo-multimer protein com-
plexes, differently tagged full-length MPP2 constructs were overexpressed in
CHL V79 cells. Indeed, after pull-down of MYC-MPP2 with aMYC antibod-
ies (thus targeting the peptide-tag), FLAG-MPP2 was found in the precipitate
(Figure 10b). This result demonstrates that MPP2 is able to form protein homo-
multimers by interacting with other MPP2 molecules, similar to many other
MAGUK proteins.

Subsequent experiments confirmed that the MPP2 PSG module is sufficient to
mediate this interaction with MPP2 (data not shown). This further suggests
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that the SH3GK domain is particularly relevant for homo-multimerisation of
MPP2. Whether also the isolated L27 domains, that form hetero-dimers with L27
domains of other proteins, would suffice to mediate MPP2-homo-multimerisation

was not, explored.

3.2 Novel MPP2 PDZ domain ligands

Many protein-protein interactions of MAGUK proteins are mediated by their
characteristic ‘MAGUK core’ domains (PDZ-SH3GK). After having identified
several interactors for the L27 and SH3GK domains of MPP2 the next aim was
to find a ligand for its PDZ domain. PDZ domain-containing scaffold proteins
have been found crucial especially for synaptic function (for review see E. Kim and
Sheng, 2004). While for other MPP family proteins several PDZ domain-ligand
interactions (e.g. between MPP5/Palsl and its PDZ ligand Crumbs; Ivanova et
al., 2015) are already well characterised, prior to this thesis no studies have tried
to find a synaptic ligand for the MPP2 PDZ domain.

3.2.1 Identification of putative interactors with a yeast-two-hybrid screen

Having identified MPP2 as a novel postsynaptic scaffold protein that is associated
with functionally important protein complexes and interacts with distinct scaffold
proteins, further identification of additional synaptic interactors of MPP2 was
desirable, as this protein has not been studied in a neuronal context before.

Taking advantage of a commercial service, a yeast-two-hybrid (Y2H) screen was
applied in order to identify potential interactors of MPP2. Since only few synaptic
proteins carry L27 domains, which form hetero-dimers in a particular and already
well-characterised fashion (Petrosky et al., 2005), the screen was focussed on
putative interactions of the ‘MAGUK core’ domains, the PSG module of MPP2.
Together with Hybrigenics services (France), a Y2H screen was conducted using
the murine MPP2 PSG module (amino acids 119-552) in form of an N-LexA-
PSG fusion protein as bait in a screen performed on a rat hippocampus cDNA
library.

Out of 77 million interactions, a total of 347 positive clones could be sequenced.
Analysis revealed a total of only 25 genes were found as prey in the screen. Three
of those did not match with the GenBank database, for another three no addi-
tional information was available and two more hits were homologues to humane
and murine genes. Table 3.1 summarises the highest ranked hits of the Y2H
screen, consisting of only 13 different proteins, what indicates a high specificity
and therefore relevance of the screen results. Based on the selected interacting
domains (SID), two groups of potential interaction partners were found: putative
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PDZ-ligands (Table 3.1, white rows), where the SID comprises the C-terminus of
the prey protein (likely carrying a PDZ-binding motif H. J. Lee and Zheng, 2010)
and potential SH3GK interactors, where the SID comprises a sequence enclosed
within the target protein sequence (Table 3.1, blue rows). Indeed, as described
before (see page 72) GKAP was confirmed as interaction partner for the MPP2

GK domain, what further validates the quality of the Y2H screen results.

Interestingly, most proteins identified in this screen belong to the group of trans-
membrane cell adhesion proteins and are potential PDZ domain ligands, whereas
others (e.g. Septin-4 and GKAP/Dlgapl) are scaffold proteins that might rather
interact with the SH3GK module of MPP2. Together this suggests an important
role of MPP2 in mediating interactions between adhesion proteins, positioned
within the synaptic membrane, with deeper synaptic structures, in form of addi-

tional scaffold proteins.

Table 3.1: Selected yeast-two-hybrid screen results

Y2H screen performed by Hybrigenics services (France) using murine MPP2 amino acids
119-552, corresponding to the PSG module, as bait on a rat hippocampal cDNA library. Re-
sults are ordered and clustered according to ‘confidence scores’ assigned by Hybrigenics. White
rows indicate putative PDZ interactors, where the selected interaction domain (SID) of the
prey proteins comprised the very C-terminal amino acids. Blue rows indicate putative GK
interactors, as the SID comprised larger stretches within the prey protein. Proteins are ordered
according to Predicted Biological Score (PBS) of the Hybrigenics system. See Material and
Methods page 43 for details.

(SID) AA Gene ID (Clones
Bait: Mus musculus MPP2 PSG Module 119-552 50997 detected

PBS Prey (Rattus norvegicus)

SynCAM1 / CADM1 / TSLC1 / Igsf4 / Necl-2 402-417 363058 24
SynCAM2 / CADM2 / Igsfdd / Necl-3 418-430 360882 34
A GKAP / Dlgapl / SAPAP 245-399 65040 11
Pvrll / Nectinl 472-515 192183 15
Pvrl3 / Nectin3 480-508 288124 19
SynCAM3 / CADM3 / TSLL1 / Igsfdb / Necl-1 373-395 363058 9
Cntnap 2 / Casprd / Neurexin-like 473-487 360882 37
B Cntnapbb / Caspr5-2 1267-1292 65040 16
similar to contactin associated protein-like 5 isoform 1
Septin-4 352-563 287606 5
Neurexin3 1575-1578 115508 7
GKAP/Dlgapl/SAPAP 28-237 65040 5
C  Faml24a 443-436 691938 4
Neurexin2 1709-1715 287606 3
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3.2.2 MPP2 binds multiple synaptic cell adhesion molecule C-termini

Most of the proteins identified as potential interaction partner of the MPP2 PSG
module in the Y2H screen (where the SID spanned the proteins’ C-terminus)
belong to the group of synaptic transmembrane cell adhesion proteins. They
comprise important components for the development and maintenance of physical
contact between cells and the C-termini of these proteins often constitute ligands
for PDZ domains (for reviews see e.g. Dalva et al., 2007; Missler et al., 2012).
The specificity of PDZ domain-ligand interactions is determined by the amino acid
sequence at the very C-terminus of the ligand (Tonikian et al., 2008). Although
the putative MPP2 PDZ domain ligands belong to different family of cell adhesion
proteins (SynCAMs, Nectins, Neurexins and Cntnap family proteins), they share
a rather unusual class II PDZ binding motif by harbouring large aromatic residues
(see Figure 11a and 11c for comparison with other synaptic PDZ ligands; see also
H. J. Lee and Zheng, 2010 for review). Since no synaptic PDZ ligands for MPP2
were known, these proteins constituted promising targets to validate these novel

interactions.

SynCAM family proteins were identified as synapse formation-inducing factors
during synapse development (Biederer et al., 2002) and have since then been in-
tensely investigated for their function in synaptic differentiation and maintenance
(Perez de Arce et al., 2015, Korber and Stein, 2016; for reviews see Biederer and
Stagi, 2008 and Biederer et al., 2017). SynCAM proteins, also known as CADMs,
are important at epithelial cell-cell contacts, where they interact with MPP family
proteins (Sakurai-Yageta et al., 2009; Murakami et al., 2014). Another alternate
denotation for SynCAM family proteins is Nectin-like (Necl) proteins.

Nectins belong to a different family of cell adhesion proteins that is structurally
very similar to SynCAMs in that they assemble via their extracellular N-terminus
that harbours several immunoglobulin-like loops (Momose et al., 2002; for review
see Sakisaka and Takai, 2004). Just like SynCAMs, Nectin family proteins have
been described to be involved in synapse formation (Mizoguchi et al., 2002).
Moreover, in epithelial cell lines, Nectin trafficking and processing were found to
be regulated by interaction with MPP3 and -5 (Dudak et al., 2011).

Cntnap proteins belong to the Neurexin superfamily but have been shown to be
located at postsynaptic membranes (Horresh et al., 2008), where they seem to be
involved in AMPA receptor trafficking (Varea et al., 2015). Alterations in Cntnap
family proteins have been associated with neurodevelopmental alterations and e.g.
epilepsy (Strauss et al., 2006; Friedman et al., 2008; Penagarikano et al., 2011),
making it an interesting putative interaction partner for MPP2.

Neurexins were found in the Y2H screen results too, however, they are well-
established cell adhesion proteins positioned in the presynaptic membrane (for
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review see Sudhof, 2008) and known to bind to the presynaptic MAGUK CASK
(Mukherjee et al., 2008), hence Neurexins were not considered for subsequent

experiments.

In order to validate the Y2H screen results, suggesting a binding of MPP2 to the
C-termini of SynCAM1, Nectin-1, Nectin-3 and Cntnap2, expression constructs
were generated that consisted of the ten C-terminal amino acids of each protein
fused to an N-terminal monomeric mCherry and an additional HSVT-tag. Indeed,
when co-expressed together with MYC-MPP2 all four candidate PDZ ligands co-
purified in an MPP2 pull-down similar to SynCAM1, as analysed by Western blot
(Figure 11b).

3.2.3 Synaptic cell adhesion molecule SynCAM1

The importance of SynCAMI1, in different cellular contexts also known as
CADMI1, TSCL1, IGSF4 or Nectin-like 2, in synapse development and main-
tenance was demonstrated in multiple studies, however no postsynaptic PDZ
domain interaction partners had been identified so far. Therefore, subse-
quent experiments focussed on characterising the interaction between MPP2 and
SynCAMI1 to investigate its importance for the structure and function of excita-

tory synapses.

3.2.3.1 MPP2 binds the C-terminus of SynCAM1

Having confirmed the interaction between MPP2 and multiple of the putative
PDZ domain ligands from the Y2H screen, a second strategy was applied to con-
firm the specificity of these interactions. Since MPP2 was demonstrated as a
novel protein present at postsynapses and associated with AMPA receptor com-
plexes (see section 3.1.3), in a targeted approach, several established postsynaptic
PDZ domain ligands were tested for binding to MPP2. Multiple mCherry fusion
constructs of synaptic PDZ ligands were generated, as described above, contain-
ing the last ten amino acid residues, also referred to as C-terminal PDZ binding
motives. This targeted approach included the C-termini of transmembrane pro-
teins, which belong to several groups of protein that are especially relevant for
excitatory synaptic function: glutamate receptor subunits (NR2B and GluA2),
receptor auxiliary subunits (CKAMP44 and Stargazin) and synaptic cell adhe-
sion molecules (Neuroligin, NGL1 and SynCAM1). Figure 11c depicts the tested

proteins’ names and C-terminal amino acid sequences.

Following co-expression of these most abundant synaptic PDZ ligands (for
review see E. Kim and Sheng, 2004) and subsequent pull-down of MPP2, no
co-precipitation for NR2B, GluA2, CKAMP44, Stargazin, Neuroligin or NGL-1
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was observed (Figure 11d). Additional co-IP experiments, utilising full-length
constructs of the central AMPA receptor complex proteins GluAl and GluA2
(two different AMPA receptor subunits) as well as Stargazin/ TARPy2 (an AMPA
receptor auxiliary subunit), where no co-precipitation with MPP2 was found
(data not shown), further support that MPP2 is not directly interacting with
glutamate receptors or additional subunits.

However, with this experimental strategy the C-terminus of the synaptic trans-
membrane cell adhesion protein SynCAMI1 could be identified as a specific
PDZ ligand for MPP2, as among the PDZ ligands tested, only the SynCAM1
C-terminus co-purified efficiently upon MPP2 pull-down (Figure 11d). More-
over, when the C-terminus was mutated to alanine at positions 0 and -2, the
co-precipitation was abolished, further confirming the specificity of this interac-

tion and validating the Y2H screen results.

Among the amino acid sequences of the tested C-termini, SynCAM1 (like Nectinl,
-3 and Cntnap2) is remarkably different from the other tested PDZ domain lig-
ands: other than most of these established postsynaptic PDZ ligands, SynCAM1
shows a class II C-terminal PDZ ligand sequence harbouring two large aromatic
residues at positions -1 (phenylalanine) and -2 (tyrosine).

Most importantly, this in vitro result was confirmed by co-IP of endogenous pro-
teins from rat brain crude synaptosome preparations. Following pull-down with
aSynCAM1 antibody from the lysate, endogenous MPP2 was co-precipitated, as
analysed by Western blot (Figure 1le), demonstrating that the previous results
reflect a true and specific interaction between MPP2 and SynCAMI.

3.2.3.2 MPP2 co-localises with endogenous SynCAM1 at dendritic spines

Next, to further support the biochemical interaction data, a putative co-
localisation of MPP2 and SynCAM1 at postsynaptic sites was examined using im-
munohistochemical stainings and confocal microscopy. Primary rat hippocampal
neurons were fixed at DIV 21 and stained for endogenous MPP2 and SynCAM1
with respective primary and secondary antibodies. In these neurons, signal for
both proteins of interest is observable at dendritic spines, where they widely
co-localise (Figure 11f), further supporting the idea that MPP2, as a novel post-
synaptic scaffold protein is engaged in SynCAMI1 binding at postsynapses of

glutamatergic neurons.
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Figure 11: MPP2 binds the C-terminus of the transmembrane cell adhesion protein
SynCAM1.

Targeted identification of putative MPP2 PDZ domain interactors: a) The ten C-terminal amino
acids of the potential MPP2 PDZ domain ligands SynCAM1, Nectin-1, Nectin-3 and Cntnap2,
which were identified in a Y2H screen, were fused to the monomeric mCherry tag and tested
for interaction with MY C-tagged MPP2 in co-immunoprecipitation experiments. b) Following
pull-down with aMY C antibodies or normal mouse IgG as negative control, all tested ligands co-
precipitated as detected by Western blot probed with aMYC and «HSVT antibodies. ¢) The ten
C-terminal amino acids of common synaptic PDZ-ligand proteins were fused to the monomeric
mCherry tag and d) tested for interaction with MYC-tagged MPP2 in co-immunoprecipitation
experiments. Pull-down control (MYC-MPP2) and co-precipitated proteins (mCherry-PDZ-
Ligand) were detected by Western blot (upper panels); input controls are shown below.
e) Endogenous SynCAM1 was immunoprecipitated (using a chicken aSynCAM1-Biotin anti-
body or chicken IgYs as a negative control) from a crude synaptosome preparation of adult
rat brain. The co-precipitate contained MPP2, as detected by Western blot with antibodies to
MPP2 (co-IP) or SynCAM1 (IP control). f) Cultured rat hippocampal neurons (E18) were fixed
at DIV 21 and stained for endogenous SynCAM1, MPP2 and MAP2 (depicted together with
merged image on the right). White box indicates the region selected for detailed image. Scale
bars: overview = 10 pm, detail = 5 pm. Parts of this figure have been published (Rademacher*,
Schmerl*, et al., 2016).
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3.2.3.3 SynCAM1 binding is mediated by the PDZ domain of MPP2

Different proteins have been described to interact with the C-terminus of Syn-
CAMI. Interestingly, however, these are not PDZ domain-mediated (Cheadle and
Biederer, 2012). Thus, the identified interaction between MPP2 and SynCAM1
was further characterised to establish that it is dependent on the PDZ domain of
MPP2.

Full-length SynCAM1 constructs with wildtype or mutated C-terminus (see again
Figure 11c for C-terminal amino acid sequences) were generated, containing an
HA-tag positioned N-terminally immediately after the signalling peptide that is
cleaved from the protein upon transport (Biederer et al., 2002). In heterologous
cells, wildtype or mutant HA-SynCAM1 were co-expressed together with either
wildtype MYC-tagged MPP2 or a truncation construct consisting only of the
SH3GK tandem domain, thus lacking the supposedly interacting PDZ domain
(see also again Figure 8b, page 71 for construct overview). Following immuno-
precipitation of SynCAM1 with aHA antibodies, only wildtype MPP2 co-purified
efficiently. Neither wildtype MPP2 co-precipitated with mutant SynCAM]I, nor
did the MPP2 SH3GK co-purify with wildtype SynCAM1 (Figure 12a). Using
site-directed mutagenesis, a targeted point mutation of MPP2 within the PDZ
domain binding pocket was created by exchanging histidine at position 150 for
phenylalanine (H150F) and valine at position 170 for threonine (V153T), referred
to as HFVT. When overexpressed together with wildtype HA-SynCAM1, this
N-terminally EGFP-tagged H150F-V153T-MPP2 did not co-precipitate upon IP
with aHA antibody, in contrast to wildtype MYC- and EGFP-MPP2, which were
efficiently co-purified (Figure 12b). In summary, these results clearly demonstrate
that the C-terminus of SynCAM1 specifically interacts with the PDZ domain of
MPP2.
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+ -+ + -+ + - + HA-SynCAM1 + o+ 4+ + o+ 4+ + o+ o+ HA-SynCAM1
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Figure 12: The MPP2-SynCAM1 interaction is PDZ domain-dependent.

a) Full-length HA-tagged SynCAM1 (HA-SynCAM1) and MYC-tagged MPP2 (MYC-MPP2),
HA-tagged mutant SynCAM1 (HA-SynCAMI1mut) and MYC-MPP2, or HA-SynCAM1 and
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MYC-tagged MPP2 SH3-GK (MYC-MPP2-SH3GK) were co-expressed in CHL V79 cells and
immunoprecipitated with oHA (mHA IP) or mouse IgGs (mIgG IP) as a negative control.
Pull-down controls are shown (HA-SynCAM); co-precipitated proteins are detected by Western
blot with «MYC antibody below. This figure has been published (Rademacher®, Schmerl*,
et al., 2016). b) Full-length HA-tagged SynCAM1 was overexpressed together with MYC- or
EGFP-tagged full-length wildtype MPP2 or EGFP-tagged MPP2-HFVT double point muta-
tion. Following immunoprecipitation with «HA antibodies or normal mouse IgG as negative
control, wildtype MPP2 was co-purified while HFVT did not co-precipitate as detected by
Western blot with «MPP2 and aSynCAM1 antibodies.

3.2.3.4 MPP2 binds the SynCAM1 C-terminus with high affinity

Next, in collaboration with the Structural Biochemistry Research Group
(AG Wahl) of the Institute for Biochemistry at Freie Universitat Berlin, this
novel interaction was further characterised, using isothermal titration calorime-
try (ITC). This experiment is not only suitable to validate the finding of this novel
interaction, but additionally provides insight to the binding affinity between the
MPP2 PDZ domain and the SynCAM1 C-terminus.

Bacterially expressed MPP2 PDZ-SH3GK (‘MAGUK core’ PSG module) binds
to the mCherry-fused C-terminus of SynCAMI1 with a K4 of 3.1 nM, whereas the
mutated SynCAM1 (harbouring alanine substitutions at positions 0 and -2) did
not bind at all (Figure 13).

Compared with other MAGUKSs’ PDZ domain ligand interactions (Li et al., 2014;
Wei et al., 2015; Zeng et al., 2018), this might be considered a high-affinity bind-
ing, further supporting the idea that MPP2 is an important interacting scaffolding

protein for the transmembrane cell adhesion molecule SynCAMI.
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Figure 13: Binding affinity of MPP2 and the C-terminus of SynCAMI1.

Isothermal titration calorimetry measurements with 350 M mCherry-SynCAM1 and
SynCAM1,,,, respectively, injected to 55 pM MPP2-PSG module revealed a robust binding of
the SynCAM1 C-terminus with a Kq of 3.1 4+ 0.239 pM (left panels). Results for the mutated
SynCAM1 C-terminus control are shown on the right. This data was generated by Jennifer
Lardong and is shown with permission. This figure and legend have been published
(Rademacher*, Schmerl*, et al., 2016).

3.2.4 MPP2 and SynCAML1 are located at the border of the postsynaptic density

Using confocal imaging, which provides an optical resolution of 300 nm, en-
dogenous MPP2 protein was observed at postsynaptic sites of cultured primary
neurons, where it co-localised with its novel PDZ domain-ligand SynCAM1 (see
again Figure 11f).

Studies on SynCAM1 at synapses applying super-resolution imaging techniques
have found it tightly associated with the postsynaptic density, however, also
mapped its localisation in form of clusters towards the periphery of the PSD,
where it is potentially defining PSD size (Perez de Arce et al., 2015). Taken
together with SynCAM1 binding to the MPP2 PDZ domain, this lead to the
hypothesis that at synapses the scaffold protein MPP2 might be the structural
element linking peripheral SynCAM1 with central components within the post-
synaptic density.

3.2.4.1 The sub-synaptic positioning of MPP2 is peripheral to PSD-95

To investigate how MPP2 might link peripheral SynCAM1 with central
PSD-95, the localisation of these proteins within dendritic spines was analysed
in collaboration with the Membrane Biochemistry Research Group (AG Ewers)
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of the Institute for Biochemistry at Freie Universitat Berlin, taking advantage
of super-resolution imaging by using dual-colour dSTORM imaging. Cultured
primary hippocampal neurons were fixed at DIV 22 and stained for endoge-
nous PSD-95, SynCAM1 and MPP2 with respective antibodies and subjected
to dSTORM imaging (Figure 14).

In line with previous studies (Perez de Arce et al., 2015), SynCAM1 clus-
ters were observed positioned around a central postsynaptic density, as
marked by staining for PSD-95. The analysed postsynaptic densities (mean
diameter 448 nm 4+ SD 105 nm) were surrounded by clusters of Syn-
CAM1 protein that appeared like beads of a bracelet (Figure 14a), simi-
lar to what has been observed for MPP2 before (see again Figure 5b on
page 67). These bracelet-like arrangements had an average diameter of 894 nm
(mean + SD 162 nm) and delineated the edge of the PSD as determined by
PSD-95, what is in line with published data (Perez de Arce et al., 2015). Manual
analysis categorising synapses that were apparent in corresponding widefield and
dSTORM images revealed that 68% of all synapses exhibited such a bracelet-like

arrangement of SynCAMI1 clusters surrounding a PSD.

Widefield
>

Figure 14: Nanoclusters of SynCAM1 and MPP2 surround the postsynaptic den-
sity

E18 rat hippocampal neurons were fixed at DIV 21 and subjected to immunostaining for endoge-
nous SynCAM1, PSD-95 and/or MPP2 proteins followed by dual-colour dSTORM imaging.
Localisations were filtered according to precision estimates based on the Thompson method
(Thompson et al., 2002), i.e. all localisations with localisation precision worse than 20 nm
were excluded. Localisations were rendered as Gaussian distributions with a constant width of
20 nm. a) Corresponding widefield (left, top) and dSTORM (left, bottom) images of a neu-
ronal dendrite stained for endogenous SynCAM1 and PSD-95. White box indicates location of
the detail view of the individual synapse enlarged in the right panels. Clusters of SynCAM1
(magenta) are arranged in a bracelet-like fashion surrounding postsynaptic densities marked
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by PSD-95 (cyan). b) Corresponding widefield (left, top) and dSTORM (left, bottom) images
of a neuronal dendrite stained for endogenous SynCAM1 and MPP2. White box indicates the
location of the detail view of the individual synapse enlarged in the right panels. Adjacent
protein clusters of SynCAM1 (magenta) and MPP2 (cyan) form a bracelet-like arrangement at
post synaptic sites. See again Figure 5b on page 67 for dSTORM images of MPP2 together
with PSD-95). Scale bars: overview = 5 pm; detail = 1 pm. These data were acquired in
collaboration with Jakob Rentsch.

Subsequently, primary neurons were stained for MPP2 and SynCAM1 together
to examine how the individually observed nanoclusters are positioned in relation
to each other. Examination of endogenous SynCAM1 together with MPP2 shows
that at postsynaptic sites multiple small clusters of both proteins are arranged
together almost alternating upon forming a bracelet-like structure, however, with
only minor overlap with each other (Figure 14b). Unfortunately, by using dual-
colour dSTORM it was not possible to combine the staining of MPP2 and Syn-
CAMI1 with an additional marker of the postsynaptic density. However, synapses
were identified based on a widefield reference and again manual categorisation
of the cluster arrangements into bracelet-like and non-bracelet-like accounted the
prevalence of these MPP2 and SynCAMI1 bracelets to approximately 70% of all
synapses, what is in accordance with the prevalence observed for MPP2 and
SynCAM1 in combination with PSD-95.

A major advantage of the used dual-colour dSTORM imaging is the great spatial
resolution of up to 20 nm it provides. However, to examine whether these rather
qualitative observations of bracelet-like SynCAM1 and MPP2 cluster arrange-
ments in selected synapses are indeed representative, an efficient quantitative

super-resolution approach was necessary.

3.2.4.2 Quantitative super-resolution imaging and analysis of synaptic proteins and
MPP2

Despite providing less spatial resolution compared to dual-colour dSTORM
imaging, structured illumination microscopy (SIM) inherently generates three-
dimensional data and allows for easy multi-channel application. To evaluate
whether the slightly lower resolution provided by SIM is sufficient to resolve the
bracelet-like arrangement of MPP2 and SynCAMI1 clusters surrounding PSDs;,
fixed primary neurons were subjected to four-colour immunostaining and SIM
imaging, performed in collaboration with Dr. Niclas Gimber (AG Schmoranzer)
and the Advanced Medical Bioimaging Core Facility (AMBIO) at Charité - Uni-

versitatsmedizin Berlin.

As shown in Figure 15a, depicting a maximum projection of a dendrite segment

(first row) and detail view of a single synapse (second row), SIM proved sufficient
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to resolve the observed bracelet-like arrangements of SynCAM1 and MPP2 pro-
tein surrounding postsynaptic densities. Clusters of PSD-95 (Figure 15a, blue,
second column), the most abundant scaffold protein within the postsynaptic den-
sity of glutamatergic synapses, was positioned centrally to a bracelet-like - almost
alternating - arrangement of MPP2 and SynCAM1 puncta (Figure 15a, green,
third column and red, fourth column, respectively). The three-dimensional imag-
ing data allowed for creation of a 3D rendering, which further indicates that a
central postsynaptic density is surrounded by a bracelet-like structure of MPP2
and SynCAMI1 clusters in a planar fashion (Figure 15a, third and fourth row).
This is in line with the idea that the transmembrane cell adhesion protein Syn-
CAML1 is positioned in the synaptic membrane and located to the periphery of the
synaptic cleft, where it might be involved it delineating PSD size (Perez de Arce
et al., 2015).

Next, taking advantage of a semi-automatic image segmentation sequence imple-
mented in Arivis Vision 4D software, images were segmented and object counts
and sizes, as derived from the segmented volume information, were assessed quan-
titatively. In accordance with the previous dSTORM images and published data
(Perez de Arce et al., 2015) this analysis revealed PSD-95 cluster radii over a range
of expected sizes (Figure 15b, upper graph, blue). Similarly and in line with the
previous dSTORM results, the average cluster sizes for MPP2 and SynCAM]1
are much smaller, in average under 100 nm in radius (Figure 15b, middle panel,
green and bottom panel, red). Using the same segmentation pipeline demon-
strated that most, i.e. more than 90%, of the imaged synapses indeed contain all
three proteins of interest.

Following a quantitative assessment of the sub-synaptic protein distribution, the
three-dimensional radial intensity profiles of PSD-95, MPP2 and SynCAM1 in
relation to PSD-95 clusters were measured. The central coordinate of PSD-95
clusters, as determined by the semi-automated segmentation, served as the start-
ing point for this analysis (see inlet in Figure 16a). PSD-95 as a central post-
synaptic scaffold protein is a well-established marker of the PSD and its relative
co-localisation with a presynaptic marker (vGlutl that was used as criterion for
the segmentation procedure) is an indicator for mature and functional synapses.
Consistent with reported sizes of the PSD and the previously discussed dual-
colour dSTORM data, the 3D radial intensity profile of PSD-95 immunofluores-
cence is highest at the PSD centre and drops at a radial distance of 250-300 nm
(Figure 16a, blue curve).

In contrast, SynCAM1 immunofluorescence is low at the PSD centre and increases
to its highest values at the PSD edge as derived from the steep decrease in PSD-95
intensity. This difference in PSD-95 and SynCAM1 distribution is in line with
reported data suggesting that SynCAM1 is involved in defining the edge of the
PSD (Perez de Arce et al., 2015).
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Interestingly, the distribution of MPP2 immunofluorescence reflects that of Syn-
CAM1 in that there is little signal within the postsynaptic density (at radial
distances below 250 nm) while the highest values are measured towards the PSD

border (Figure 16a, red and green curves).

This quantitative assessment further validates the previous qualitative super-
resolution data suggesting that MPP2 and SynCAM1 are distributed together at
the periphery of the postsynaptic density.
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Figure 15: Clusters of MPP2 and SynCAM1 form bracelet-like arrangements at
the PSD edge.

Mature (DIV 21) primary rat hippocampal neurons immunostained for endogenous PSD-95
(blue, second column), MPP2 (green, third column) and SynCAM1 (red, fourth column)
and subjected to 3D structured illumination microscopy (3D SIM). a) More than 90% of the
imaged dendritic spines express all three proteins of interest (overview maximum projection,
first row). A single synapse detail (second row) depicts the bracelet-like arrangements of MPP2
and SynCAM1 surrounding central PSD-95 puncta. A 3D rendering of that particular synapse
in top (third row) and side view (fourth row) reveals that SynCAM1 and MPP2 clusters are
arranged in an interlocked, bracelet-like form, surrounding a central cluster of PSD-95. Scale
bars: overview = 1 pm; detail = 1 pm. 3D rendering box size = 2.8 nm. b) Histograms illustrat-
ing the distribution of protein cluster sizes for PSD-95 (top, blue), MPP2 (middle, green) and
SynCAM1 (bottom, red). Indicated radii were calculated based on extracted cluster volumes,
assuming a spherical shape. The final bin in each histogram contains summarised data for
cluster sizes greater than 400 nm. Histograms reflect clusters associated with 40,000 synapses
(in 50 images from N = 3 independent experiments). This data was generated in collaboration
with Dr. Niclas Gimber. These figures and legend have been published as preprint (Schmerl
et al., 2020).

88



1.04
- ~ PSD-95
G -~ MPP2
> -~ SynCAM1
=
N
C
[0}
IS
= 0.51
©
(0]
R
@©
£
p
(o]
Z
0.0 T . . ' ' .
0.0 02 04 06 08 1.0 1.2 14 16 18 20
Radial distance (um)
b c
Centre distances from MPP2 to SynCAM1 Centre distances from SynCAM1 to MPP2
5+ 5-
AL m Data N M Data
S 4 P . & 4 PN --- Randomised
< 4 --- Randomised < ' ' andomise
g ; g
[on [on
o o
o o
(0] Q
@ )
© ®
£ £
o o H
“ ‘L‘bbbﬂ’b D A0 oM SV O z N > P A2 o )\ O
>
RN NN NN SIS SIS
Nearest neighbour distance (um) Nearest neighbour distance (um)
Surface distances from MPP2 to SynCAM1 Surface distances from SynCAM1 to MPP2
10 6
M Data m Data
3 s : <) --+ Randomised
c --- Randomised c andomise
g : g
o o
o o
O ]
[0 [0}
© k2]
© ®
£ £
[} <] :
< P LV 4R o0 o (P © AL o b < Vo R o0 W P O D AC ok GV, O
SNV Qb‘bb RACIS QQ N ’L AL AEN @ AP
Nearest neighbour distance (um) Nearest neighbour distance (um)

Figure 16: Quantitative analysis of MPP2 and SynCAM1 positioning at the PSD
periphery.

a) 3D radial intensity profiles of PSD-95, MPP2 and SynCAM!1 signals in relation to the centres
of PSD-95 clusters. Plot shows averaged normalised mean £ SEM from three independent
experiments (~40,000 synapses from 50 images). For details on the analysis, please see the
Materials and Methods. Inlet illustrates that the geometrical centre of a PSD-95 cluster served
as starting coordinate for the three-dimensional radial profile analysis. b,c) Nearest neighbour
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(NN) analysis of MPP2 and SynCAM1 protein clusters after 3D segmentation. b) NN distances
from MPP2 to the nearest SynCAM1 cluster were calculated between cluster centres (top) and
cluster surfaces (bottom). Dashed lines represent the upper and lower envelopes of complete
spatial randomness (CSR). CSR was calculated by randomly distributing MPP2 within the vol-
ume and SynCAMI1 on the surface of spheres of 0.8 pm diameter as indicated by the grey dotted
line (mean + SEM, 95% confidence interval, 10 simulations per synapse, N = 3 independent
experiments, ~40,000 synapses from 50 images). ¢) NN analysis in the reverse direction. These
figures have been published as preprint (Schmerl et al., 2020).

3.2.4.3 Clusters of MPP2 and SynCAM1 are distinctly localised to the
PSD periphery

Quantitative analysis of super-resolution imaging data has validated that MPP2
and SynCAMI1 are positioned likewise at the PSD border. However, the 3D ra-
dial profile analysis does not provide information whether clusters of these two
proteins overlap and co-localise significantly or whether they are organised rather

adjacent to each other, as suggested by the super-resolution imaging data.

To address this question, in collaboration with Dr. Niclas Gimber
(AG Schmoranzer) and the Advanced Medical Bioimaging Core Facility at Char-
ité - Universitdtsmedizin Berlin, a nearest neighbour (NN) analysis was per-
formed, which interrogates nanoscale distances between any cluster of the three
proteins of interest to the closest neighbouring protein cluster. Given, that
PSD-95, MPP2 and SynCAM]1 were observed in a tight arrangement, this analy-
sis was performed in two modes, assessing distances from centre-to-centre as well

as from surface-to-surface for each three-dimensional object.

Having established with diverse imaging strategies and analyses that PSD-95-
labelled PSDs are surrounded by smaller clusters of SynCAM1 and MPP2, the
next important question to ask was how clusters of SynCAM1 and MPP2 relate
to each other. Hence, NN analysis was applied to investigate the interconnection
of SynCAM1 and MPP2 regarding their centre-to-centre and surface-to-surface
cluster distances. In line with the previously presented data, NN distances be-
tween centres of MPP2 and SynCAMI1 clusters are mostly 200 nm - 500 nm
(Figure 16b, top). These distances are well above the resolution limit offered by
SIM and therefore further support that MPP2 and SynCAM1 are distinctly lo-
calised around the PSD. The reversely directed analysis (Figure 16¢c, top) reveals
roughly the same distribution of NN distances; however, it is slightly broader,
likely due to the broader distribution on SynCAMI1 being less restricted to den-
dritic spines compared to MPP2. Moreover, taking the extracted cluster volumes
into account (see again Figure Eb), it is apparent that the average centre-to-
centre NN distances correspond to the sum of both proteins’ average cluster
radii.

Analysis of the NN distances between MPP2 and SynCAM1 cluster surfaces pro-
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vides further evidence that the two proteins are positioned juxtaposed at the
PSD periphery. Most cluster surfaces are at a distance of less than 100 nm
(Figure 16c, bottom). Again, analysing the reverse direction (measuring from a
given SynCAMI1 to the nearest MPP2 cluster) indicates a slightly broader distri-
bution of NN distances (Figure 15c, bottom), likely reflecting the differences in
distribution of the two proteins within the dendrite.

3.3 Interactions of the MPP2 SH3GK tandem domain
3.3.1 Differential interactomes of MPP2 and PSD-95

A combined super-resolution imaging approach allowed to demonstrate a distinct
localisation of clusters of MPP2 and PSD-95 in relation to PSD centres, where
PSD-95 is a central element while MPP2 and its PDZ domain ligand, the trans-
membrane cell adhesion molecule SynCAM1, are located to the edge of the PSD.
This arrangement suggests that further differences in the interaction specificities
of MPP2 and PSD-95 must exists to realise their different positioning. One obvi-
ous aspect here are the different interaction specificities of the MPP2 and PSD-95
PDZ domains: MPP2 binds to the C-termini of peripheral transmembrane pro-
teins such as SynCAM1 as opposed to central synaptic proteins like Stargazin
which is a PSD-95 ligand.

In addition to the typical PDZ domain as part of the characteristic ‘MAGUK
core’, PSD-95 and MPP2 contain an SH3GK tandem domain at their C-terminus
(Figure 17a), which also mediates the proteins’ scaffolding function (McGee et
al., 2001). Interestingly, the MAGUK protein GK domain is an inactive guany-
late kinase and no longer shows classical GTP/GMP binding activity, but instead
has developed into an important protein interaction domain (Zhu et al., 2011).
The SH3 and GK domains of MAGUKS have been found to be engaged in an
intramolecular interaction, which is well characterised and moreover involved
in the formation and regulation of multi-protein complexes (Zeng et al., 2018;
Rademacher et al., 2019). Several specific interaction partners for the SHGK
module of PSD-95 have been identified and characterised, however, no specific
binders to this region of MPP2 have been described yet.

Taking advantage of a comparative and quantitative proteomics approach, in
collaboration with Dr. Benno Kuropka from the Protein Biochemistry Research
Group (AG Freund) at Freie Universitdt Berlin, putative differences among
the interactomes of MPP2 and PSD-95 were analysed in order to evaluate the
hypothesis that these proteins orchestrate different protein complexes. Such
differences in turn may be responsible for the distinct sub-synaptic protein

localisations observed for these proteins.
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The SHGK modules of MPP2 and PSD-95 were fused to an N-terminal GST-tag
and expressed in bacteria. In a GST pull-down from a crude brain synaptosome
preparation, interacting proteins were eluted from the beads and separated by
SDS PAGE. Subsequently, proteins were subjected to tryptic in-gel digestions and
thus enzymatic 0 /!80-labelling and relative quantification by nanoL.C-MS/MS
analysis. This experiment was performed in two replicates with switched labels
(in replicate A, MPP2 interacting proteins were labelled with the '°O isotope
and PSD-95 interactors with ®O; vice versa in replicate B, see also Figure 17b
for experimental design overview), and in total 188 proteins were reproducibly
identified and quantified, i.e. were found in both replicates and passed a threshold
of at least two peptides and a geometric standard deviation <2. Of these proteins,
83% have been previously identified in postsynaptic density preparations from
human and/or murine tissue (Bayes et al., 2012), what emphasises the validity
of this approach.

Figure 17c shows all 188 proteins plotted according to their enrichment normalised
to GST in the first (Figure 17c, X-axis) and second (Figure 17c, Y-axis) replicate;
proteins that are either background (not entirely washed off the beads) or not
specifically enriched in the GST-MPP2- nor GST-PSD-95 SH3GK pull-down score
at ratios around ~ 1. In contrast, proteins in the first quadrant were enriched upon
pull-down of GST-PSD-95-SH3GK, and proteins enriched in the third quadrant
with the GST-MPP2 SH3GK pull-down (Figure 17c).

The facts that proteins in the first quadrant include well-established PSD-95
interacting proteins like Mapla, MeCP2, CaMKII and Fxrl (see Figure 17c),
together with the absence of classical PDZ domain ligands (like e.g. NMDA
receptor subunits or SynCAM1 as MPP2 PDZ ligand, one would not expect as
the MAGUK PDZ domain was purposefully not included) further support the
reliability and specificity of this proteomics approach.

Quite interestingly, several of the proteins identified in the MPP2-SH3GK pull-
down can be assigned to certain superordinate groups: proteins that are asso-
ciated with guanine-nucleotides (e.g. GTPB1, GTP binding protein; AGAP2,
ARF-GAP with GTPase; Arhgef2, ANK repeat and PH domain-containing pro-
tein 2, GEF, Rho/Rac Guanine Nucleotide Exchange Factor 2; Gnaol, gua-
nine nucleotide-binding protein G(o) subunit alpha 1 and FARP1, FERM,
ARH/RhoGEF and Pleckstrin Domain Protein 1) and cytoskeleton-associated
and /or regulatory proteins (e.g. band 4.1-like protein; Septin-7 and -11, which are
also GTPases; MAP4, microtubule-associated protein 4; MTAP2, microtubule-
associated protein; multiple tubulin isoforms; Mark-1 and -2, microtubule-affinity

regulating serine/threonine-protein kinase; DCKL1 and -2, doublecortin-like ki-
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nase, serine/threonine-protein kinase). For more information see source data in
Schmerl et al. (2020).

Importantly, this proteomics approach also identifies protein complex members
which are only indirectly associated with MPP2, thus individual interactions need
further targeted validation. Nonetheless, functional clustering of these identified
proteins adds to the idea that MPP2 functions as a connector of membrane-
bound cell adhesion factors to cytoskeleton elements, suggesting an important

role in synaptic structure dynamics.
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Figure 17: Identification of interactors that differentially bind to the C-terminal
SH3GK modules of MPP2 and PSD-95.

a) Schematic domain structures of PSD-95 and MPP2 drawn to scale and aligned by their central
PDZ domain. Both proteins contain two N-terminal domains (PDZ1+PDZ2 for PSD-95 and two
L27 domains for MPP2) in addition to the C-terminal ‘MAGUK core’ domains PDZ-SH3-GK.
Note the differences in the length of the ‘linker’ between PDZ and SH3 domain and of the ‘hook’
between SH3 and GK domains. b) Schematic representation of the quantitative LC-MS/MS
experiment using 190 /18 O-labelling to identify differential interactors from adult rat brain crude
synaptosomal preparations by GST pull-down of bacterially expressed GST-MPP2-SH3GK or
GST-PSD-95-SH3GK. ¢) GST pull- downs were performed in duplicates with inverted labelling
and 188 interacting proteins were identified and quantified by mass spectrometry passing the
threshold settings. PSD-95 / MPP2 protein ratios from both replicates A and B (normalised
to the ratio of GST) are plotted against each other. Proteins in the first quadrant indicate
preferential enrichment to PSD-95 (ratios » 1), while proteins in the third quadrant indicate
preferential enrichment to MPP2 (ratios « 1). Proteins with ratios of ~1 show no preferential
binding, and thus reflect equal binding to both baits or background proteins that were not fully
removed by the washing steps. Selected novel potential interaction partners were validated by
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co-IP (yellow, see also Figure 19). The most significantly enriched proteins to the GST-SH3GK

construct of MPP2 (green cluster) are seven different GABA receptor subunits, of which al,
o2 and 3 have been validated for direct interaction with MPP2 (see also Figure 20). This data
was generated by Dr. Nils Rademacher and Dr. Benno Kuropka and is shown with permission.
For further detail also see Table 3.2 and Source Data in Schmerl et al. (2020). This figure and

legend have been published as preprint (Schmerl et al., 2020).
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Figure 18: GABAAR ol differen-
tially binds with higher affinity to

differential affinity of the newly identified

interaction partners.

In comparative GST pull-down experi-

MPP2 than PSD-95.

Bacterially  expressed ~GST-MPP2-
SH3GK and GST-PSD-95-SH3GK were
incubated with crude brain synaptosome
preparations.  After GST pull-down,
compared to bead control, GABAAR al
was efficiently enriched in the GST-
MPP2-SH3GK pull-down, as detected
by Western blot with aGABAAR «l
and oGST antibodies. This data was
generated by Dr. Nils Rademacher and
is shown with permission.

ments from crude synaptosome prepa-
rations with GST-MPP2-SH3GK and
GST-PSD-95-SH3GK, respectively, the
endogenous GABAAR ol subunit was
identified in the MPP2 SH3GK pull-
down, but not that of PSD-95 (Fig-
ure 18a). This result not only validates
one of the putative novel interactors for
the SH3GK module of MPP2, but also
supports the validity of this approach to investigate differential interactomes of
structurally related synaptic proteins.

3.3.2 Novel specific interactors for the MPP2 SH3GK tandem domain

Given the validity of these qualitative and quantitative mass spectrometry data
regarding PSD-95-SH3GK interacting proteins, the consistently enriched proteins
in the MPP2 pull-down comprise putative novel synaptic and specific interactors
for the MPP2 SH3GK tandem domain. Moreover, most proteins enriched in the
MPP2 pull-down have indeed been reported in postsynaptic density preparations
before (Bayes et al., 2012), further supporting the idea that MPP2 is a scaffold

protein with an important role at synapses.

The next aim was to validate several of these potential novel interactions to gain
further insight into the protein complex composition that is associated with MPP2

scaffolds. Multiple proteins across the whole range of enrichment with MPP2
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Figure 19: Validation of novel interac-
tion partners by co-IP.

a) EGFP-tagged Pipbklc was co-expressed
with FLAG-tagged MPP2 in HEK293T cells.
EGFP-Pipbklc was precipitated with aGFP
antibody or normal mouse IgG as negative
control and analysed by Western blot with
oFLAG and aGFP antibodies. An additional
IgG control lane is marked with an asterisk.
b) FLAG-tagged Farpl was overexpressed
together with EGFP-tagged MPP2 and
co-purifies with «GFP pull-down, as opposed
to normal mouse IgG as negative control.
Co-IP was detected by Western blot probing
with aFLAG and aGFP antibodies.

¢) Co-purification of FLAG-tagged Ppp3ca (a
Calcineurin subunit) overexpressed together
with EGFP-MPP2 after aGFP pull-down
or normal mouse IgG as negative control,
detected by Western blot with «FLAG and
aGFP antibodies.

d) Co-IP of FLAG-tagged Arhgef2 together
with EGFP-MPP2 after pull-down with
oGFP antibody or IgG control, as detected
by Western blot using oFLAG and oGFP
antibodies.

e) HA-tagged Gnaol was overexpressed
together with EGFP-tagged MPP2 in
HEK293T cells. Upon pull-down with Ms
oGFP antibody or normal mouse IgG, Gnaol
co-purification and GFP pull-down control
were detected by Western blot with «HA and
aGFP antibodies.



(protein ratios towards 0 being the most significant enriched with MPP2, while
ratios ~1 suggest no preferential binding with MPP2 or PSD-95) were selected for
further study. Upon co-expression with EGFP-MPP2 in heterologous cells and
immunoprecipitation experiments, several proteins were successfully co-purified
and thus multiple direct interactions were confirmed (see Figure 19 and Table 3.2
for overview). These comprised membrane-associated synaptic proteins like Farpl
and Pip5klc and proteins involved in synaptic signalling cascades like Ppp3ca (a
Calcineurin subunit), the highly abundant brain membrane protein Gnaol and
Arhgef2 (J. Wang et al., 2003; Kang et al., 2009; Danti et al., 2017). Together
with previous experiments related to different research projects, where no inter-
action e.g. between Arhgef2 and PSD-95 could be shown (Dr. Nils Rademacher,
personal communication), these data provide valuable insight how the MPP2 and
PSD-95 interactomes relate to each other. In addition to the validated interac-
tions summarised in Table 3.2, also other potential interactions were tested, e.g.
Mark1 and Clasp2, however, a direct interaction could not be demonstrated with
initial co-immunoprecipitation experiments (data not shown) and was not further
explored. This could be attributed to the fact that in such proteomics approaches
protein complexes rather than only individual isolated interactions partners are
being identified.

Of particular interest, not only Ppp3ca (a subunit of the calcium-dependent,
calmodulin-stimulated protein phosphatase Calcineurin), which is known to in-
fluence GABA 4 receptor-mediated signalling, was enriched in the MPP2-SH3GK
pull-down and confirmed to directly interact with MPP2. Most importantly, the
proteins enriched with the highest protein ratios (all below 0.13 in both replicates)
comprise a cluster of GABA, receptor subunits (Figure 17c, green cluster).
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Table 3.2: Overview of validated novel interaction partners for MPP2
For co-immunoprecipitation data please see Figure 19 and Figure 20.

Name

Uniprot
Accession ID

Description

Remarks

GABA,R 33 GBRB3_RAT

GABAAR ol GBRA1_RAT

GABAAR o2 GBRA2_RAT

Pip5klc

Farpl

Ppp3ca

Arhgef2

Gnaol

PI51C_RAT

FARP1 RAT

PP2BA_RAT

ARHG2_RAT

GNAO_RAT

Gamma-aminobutyric acid
receptor subunit beta-3

Gamma-aminobutyric acid
receptor subunit alpha-1

Gamma-aminobutyric acid
receptor subunit alpha-2

Phosphatidylinositol 4-
phosphate 5-kinase type-1
gamma

FERM, ARHGEF and
pleckstrin domain-
containing protein 1

Serine /threonine-protein
phosphatase 2B catalytic
subunit alpha isoform

Rho guanine nucleotide ex-
change factor 2

Guanine  nucleotide-bin-
ding protein G(o) subunit
alpha

Representative brain ex-
pressed GABA, receptor
subunit from the (3 family

Predominant GABA, re-
ceptor subunit in the brain

Common GABA 5 receptor
subunit in multiple brain
tissues

Binds to FERM domains,
activated by Rho / Rho
GEF signalling

SynCAM interactor

Calcineurin subunit and
known GABA, R interac-
tor

Interacts with AMPA re-
ceptors

Transducer in transmem-
brane signalling systems
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3.4 MPP2 interacts with GABA, receptors at excitatory synapses

3.4.1 MPP2 binds multiple GABAAR subunits

Unexpectedly, the proteins most significantly enriched in the GST-MPP2-SH3GK
pull-down made up a group of seven different y-aminobutyric acid (GABA)
type A receptor subunits (highlighted in green in Figure 17c; see also Ta-
ble 3.2). These seven subunits, namely al, 02, a4, B1, B2, B3, and 5, together

are able to form functional GABA, receptors, which are typically composed of
hetero-pentameric combinations of these subunits (Barrera et al., 2008; Patel et
al., 2014). The subunit composition of GABA 4 receptors has been demonstrated
to vary between receptors at different location in neurons (H. Shen et al., 2010)

and influence receptor kinetics (Chang et al., 1996).
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Figure 20: Multiple GABA recep-
tor subunits directly interact with
MPP2.

GABA, receptor subunit constructs
with an N-terminal pHluorin were ac-
quired from addgene and expressed in
CHL V79 cells together with N-terminally
FLAG-tagged MPP2. Pull-down of a)
GABAAR ol b) GABAAR o2 and c)
GABAAR B3 with oGFP or normal
mouse IgG resulted in co-precipitation of
FLAG-MPP2 as detected by Western blot
with oFLAG-HRP and oGFP antibod-
ies. This data as shown was generated
by Dr. Stella-Amrei Kunde (a,b) and
Judith von Sivers (c) and is shown with
permission.



The fact, that multiple subunits have been highly enriched (more than seven-fold)
and identified in a quantitative and comparative mass spectrometry assay inves-
tigating interacting protein complexes associated with the MPP2 SH3GK module
strongly suggests a potential for MPP2 to interact with functional GABA, re-
ceptors. This is particularly interesting, as GABARs as mediators of inhibitory
signalling are not typically present at high levels at postsynaptic sites of exci-
tatory glutamatergic synapses, where MPP2 has been described (Rademacher™,
Schmerl*, et al., 2016; G. Kim et al., 2016).

Next, N-terminal pHluorin-tagged expression constructs of the GABA receptor
subunits al, o2 and 33 were acquired and overexpressed together with FLAG-
tagged full-length MPP2 in heterologous cells. Following immunoprecipitation
of the GABAAR subunits using «GFP antibodies, MPP2 was successfully co-
purified in all experiments (Figure 20). Together these data strongly support the

idea that MPP2 truly interacts with GABA, receptors and thus may serve as a

mediator between excitatory and inhibitory signalling at dendritic spines.

3.4.2 MPP2 co-localises with GABA,Rs at excitatory synapses

Typically, GABA A receptors are studied for their important function at inhibitory
synapses, which most often are located to the dendritic shaft (rather than den-
dritic spines) and where Gephyrin provides the inhibitory postsynaptic scaf-
fold (Tyagarajan and Fritschy, 2014), comparable to PSD-95 at glutamatergic
synapses.

Thus, to further support the previous data acquired in vitro, clearly demon-
strating a preferential binding of GABA s receptor subunits to the SH3GK mod-
ule of MPP2, the endogenous protein localisations were investigated. Mature
(DIV 21) cultured primary hippocampal neurons were fixed and immunostained
for GABAAR ol and MPP2, together with the neuronal dendritic marker MAP2,
as well as the well-established excitatory postsynaptic density marker Homerl

(Figure 21) and analysed by confocal microscopy.

In line with previous experiments, MPP2 (Figure 2la-c, cyan) was observed
enriched at dendritic spines, marked by Homerl (Figure 2la-c, yellow), which
are positioned exclusively along MAP2-positive dendritic branches (Figure 21a-
c, grey). Quite interestingly, punctate GABA,R ol signal (Figure 2la-c, ma-
genta) was observed not only distributed along the dendritic branches marked
by MAP2, where expected, but also occasionally located at dendritic spines pos-
itive for Homer1, where the GABAAR al staining co-localises with MPP2 (Fig-
ure 21c).
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Figure 21: GABAAR a1l
co-localises with MPP2
in a subset of dendritic
spines.

a) Primary EI18 rat hip-
pocampal neurons  were
fixed at DIV 21 and
immunostained  for  the
endogenous proteins MAP2
(microtubule-associated pro-
tein 2), MPP2, GABAAR al
and Homerl wusing re-
spective primary and
Alexa  fluorophore-coupled
secondary antibodies,
and visualised by confo-
cal microscopy. Box in
this maximum projected
overview indicates location
of detail image in b. Scale
bar = 10 pm. b) Maximum
projection  composite  of
four-colour  confocal im-
munofluorescence image
of a primary to secondary
dendrite branch point of
a mature (DIV 21) hip-
pocampal neuron. MPP2 is
located in the majority of
dendritic spines marked with
Homerl, while GABAAR ol
co-localises with a subset of
these spines. Additionally,
solely GABAAR ol positive
puncta  likely  represent
inhibitory synapses at the
dendrite. Box indicates
location of detail image in
c. Scale bar = 5 pm. ¢)
Enlarged single-plane image
with corresponding orthogo-
nal views of a dendritic spine
exhibiting  immunofluores-
cence staining for Homerl,
MPP2 and GABAAR «al.
Scale bar = 1 pm. d) Quan-
tification of the fraction of
excitatory synapses marked
by Homerl, which also show
MPP2 and GABAAR «al
immunofluorescence. Please
see Material and Methods
for details. Mean + SD;
n = 31 images of N = 4 in-
dependent experiments.



Given that this observed co-localisation applies only to a subset of dendritic
spines, a confocal microscopy-based quantification approach aimed to quantify
the prevalence of this co-localisation at primary to secondary dendrite branch
points in mature cultured hippocampal neurons. A sequence of background
filtering and thresholding algorithms was applied to segment dendritic spines,
marked by Homerl signal, as well as MPP2 and GABAAR ol puncta, allowing
for co-localisation analysis. Segmented spines were tested whether MPP2 and
GABAAR ol puncta were present within a 1 pm diameter around the segmenta-
tion centre, what accounts to a dendritic spine head diameter (Adrian et al., 2017).
Following this approach, the prevalence of those three proteins of interest co-
localising at dendritic spines was accounted to a subset of ~20% of all segmented
Homerl-positive dendritic spines (Figure 21d; Mean £ SD; Median = 16.7%).
This co-localisation was not restricted to the ol subunit, but observed likewise
for the representative beta subunit GABAsR {1 (Figure 22a, cyan), which was
also found at some Homerl-positive spines (Figure 22a, yellow) with MPP2 ex-

pression (Figure 22a, magenta).

GABA, receptors are typically associated with inhibitory synapses, which mostly
reside on the dendritic shaft and are organised by Gephyrin as the main scaffold
protein (Craig et al., 1996; Tretter et al., 2008; Petrini et al., 2014). In this thesis
and other studies MPP2 was consistently found at PSDs of excitatory synapses
(Rademacher®, Schmerl*; et al., 2016; G. Kim et al., 2016). To approach the
question whether MPP2 might also be present at inhibitory synapses, dissociated
cultures of rat hippocampal neurons were fixed at DIV 21 and subjected to im-
munostaining and analysis by confocal microscopy (Figure 22b). Neurons were
stained for the dendritic marker MAP2 (Figure 22b, grey), the excitatory postsy-
napse marker Homer1 (Figure 22b, yellow), MPP2 (Figure 22b, magenta) and the
inhibitory synaptic scaffold protein Gephyrin (Figure 22b, cyan). As expected,
the observed Gephyrin and Homerl puncta along the dendrite were hardly over-
lapping with each other. Further, while almost all Homer1-positive spines also ex-
hibit MPP2 signal, the protein does not seem to be enriched at Gephyrin-postive
sites, likely representing inhibitory synapses (Figure 22biii). Although this ana-
lysis does not rule out that MPP2 might be present at inhibitory synapses at very
low levels, difficult to detect with a confocal microscopy approach, no obvious co-
localisation of MPP2 and Gephyrin was observed. This further supports the idea
that MPP2 is associated with inhibitory receptor subunits that are localised at
excitatory synapses.
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MAP2 Gephyrin Homer1

v

Figure 22: Endogenous MPP2 co-localises with GABA 5 receptors, but not at in-
hibitory synapses.

ai) Fixed DIV 21 hippocampal neurons were stained for endogenous MAP2 (grey), GABAAR 1
(cyan), MPP2 (magenta) and Homerl as PSD marker (yellow). White box indicates detail view
in ii and iii. aii) Detail view on a secondary dendrite segment. Endogenous GABA4R B1 (cyan),
MPP2 (magenta) and Homerl (yellow) occur as punctate structures along the dendrite (MAP2,
grey). aiii) GABAAR B1 puncta (cyan) co-localise with a sub-set of dendritic spines marked
with MPP2 (magenta) and Homerl (yellow). GABAAR 1 puncta located to the dendrite,
which do not overlap with MPP2 and Homerl, likely represent inhibitory synapses. bi) Fixed
DIV 21 hippocampal neurons were stained for endogenous MAP2 (grey), Gephyrin (cyan),
MPP2 (magenta) and Homerl as PSD marker (yellow). White box indicates detail view in ii
and iii. bii) Detail view on a secondary dendrite segment. Endogenous Gephyrin (cyan), MPP2
(magenta) and Homerl (yellow) occur as punctate structures along the dendrite (MAP2, grey).
biii) Gephyrin puncta (cyan) do not significantly overlap with dendritic spines marked with
MPP2 (magenta) and Homerl (yellow). Scale bars: overview = 10 nm; detail = 5 pm.
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3.4.3 MPP2 and GABAARs co-localise at the PSD periphery

Given the previously described tight association of MPP2 and its PDZ do-
main ligand SynCAM1 at the periphery of the postsynaptic density (see again
Figures 14, 15 and 16), it was of particular interest to examine the sub-synaptic
localisation of MPP2 together with GABA, receptors. Taking advantage of
triple-colour super-resolution dSTORM imaging, the position of GABAAR ol
in relation to the PSD-peripheral MPP2 was explored in collaboration with
Dr. Niclas Gimber (AG Schmoranzer) and the Advanced Medical Biolmaging
Core Facility at Charité - Universitatsmedizin Berlin. DIV 21 cultured pri-
mary hippocampal neurons were stained for endogenous MPP2, GABAAR ol
and Homerl and imaged utilising a spectral de-mixing (SD) dSTORM approach
in combination with successively recorded ‘conventional’ dSTORM imaging.
Spectral de-mixing provides the great advantage that two channels are imaged
simultaneously with the same camera, resulting in localisations inherently free of
registration errors. While, MPP2 (CF 680) and GABAAR ol (Alexa Fluor 647)
were imaged in spectral de-mixing mode, Homerl was subsequently imaged
in ‘conventional’ dSTORM mode and aligned manually, according to fiducial
beads.

Again, using this imaging strategy, nanoclusters of MPP2 protein
(Figure 23a, cyan) were observed in a bracelet-like arrangement surround-
ing postsynaptic densities as marked by Homerl staining (Figure 23a, yellow)
confirming the observations described previously with related methods. Most
importantly, at the same synapses that exhibit these MPP2 bracelets, also
clusters of GABAAR ol (Figure 23a, magenta) were found in tight association
with MPP2.

A quantitative analysis of the triple-colour dSTORM data provides additional
detail; automated image segmentation and analysis, utilising the DBSCAN clus-
tering algorithm, provides further information on the observed protein clusters.
Interestingly, MPP2 clusters are slightly larger (longest axis diameters of 30-
60 nm; Figure 23b, cyan) than GABAAR al clusters (20-40 nm in diameter; see
Figure 23b, magenta).

For a more detailed description of the spatial relationship between MPP2 and
GABAAR ol clusters, a nearest neighbour (NN) analysis was performed, which
interrogates the distances between centres of MPP2 clusters to the nearest
GABAAR ol cluster at nanoscale. As shown in Figure 23c¢, the NN analysis
reveals that centre-to-centre distances peak at approximately 10 nm. This is
particularly interesting, as this is well below the cluster size and beyond the res-
olution provided by the utilised dSTORM system. The control NN analysis of
randomly distributed protein clusters (Figure 23c, dashed line) further supports
that clusters of MPP2 and GABAAR ol are highly overlapping at the periph-
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ery of the postsynaptic density. This observation is particularly interesting, as
investigations at super-resolution regarding MPP2 and its PDZ domain ligand
SynCAM1 demonstrated a tight, but adjacent positioning of these interaction
partners, whereas MPP2 and its SH3GK domain interactor GABA,R ol overlap
significantly.

In summary, these imaging and co-localisation studies suggest a close association
between MPP2 and GABA, receptors at the periphery of PSDs of glutama-
tergic synapses and together with the presented in vitro data, further support
the hypothesis that MPP2 may be involved in recruiting and anchoring GABA 5
receptors to these spines and thus influence synaptic function and transmission.
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Figure 23: MPP2 and GABAAR ol form highly overlapping nanoclusters.

Mature (DIV 21) primary rat hippocampal neurons were immunostained for endogenous MPP2
(cyan, second column), GABAAR al (magenta, third column) and the PSD marker Homerl
(yellow, fourth column) and subjected to triple-colour dSTORM imaging. a) Overview of a
dendritic segment (upper row). White box indicates location of detail image below. Zooming
onto an individual synapse expressing Homerl, MPP2 and GABAAR «al (lower row) reveals a
close association between clusters of MPP2 and GABA AR ol and the bracelet-like arrangements
of MPP2 surrounding a centrally positioned Homerl cluster. Scale bars: overview = 1 pm;
detail = 250 nm. b) Histograms illustrating the distribution of nano-cluster sizes (longest
axis) for MPP2 (cyan) and GABAAR ol (magenta). Clusters were detected via DBSCAN.
Mean + SEM; n = 26 images from N = 3 independent experiments. c) Nearest Neighbour
(NN) analysis of MPP2 and GABAR ol protein clusters after DBSCAN. NN distances were
calculated from the cluster centres. Closest GABAAR al to MPP2 were analysed (grey bars).
Dashed lines represent the random control by toroidal shift. Note the close association of
both clusters (~10 nm distance between both centres), which is below the cluster sizes (20-40
and 30-60 nm, see b) and shifted after randomisation. Mean + SEM; n = 26 images from
N = 3 independent experiments.
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4 Discussion

The present study describes the role of a member of the MPP family, which is
mainly known for its important function at epithelial cell-cell contact sites, for

the first time at synapses.

Major findings of this dissertation include the description of the membrane-
associated guanylate kinase (MAGUK) family protein MPP2 as member of
receptor-associated protein complexes at postsynaptic sites. MPP2 is linked
to AMPA receptors, which are crucial for glutamatergic synaptic function, via
several interactions with critical AMPA receptor complex proteins like PSD-95.
Moreover, MPP2 is engaged as a synaptic scaffold protein by interacting with
established scaffolding molecules like Lin7 and GKAP.

With their characteristic PDZ domain, many MAGUK proteins interact with the
C-terminus of transmembrane proteins. To explore potential interaction partners
of MPP2, a yeast-two-hybrid screen was conducted that used the PSG ‘MAGUK
core’ domains of MPP2 as bait. With this strategy, multiple transmembrane
cell adhesion proteins were found that were potentially interacting with their
carboxyterminus. Interestingly, the important synapse formation-inducing and
synapse-stabilising transmembrane cell adhesion molecule SynCAM1 was identi-
fied as a ligand to the PDZ domain of the postsynaptic scaffold proteins MPP2.
Despite SynCAM proteins being present at both, pre- and postsynaptic sites,
mainly presynaptic interactors for SynCAM1 have been described. Thus, this
thesis identified MPP2 as the first postsynaptic PDZ domain-mediated interac-
tion partner for the SynCAM1 C-terminus.

Applying diverse imaging strategies, the sub-synaptic positioning of MPP2 was
localised to the periphery of the postsynaptic density (PSD) where it may be
involved in mediating PSD size and stability together with SynCAMI.

Due to the distinct localisations of the two structurally very similar scaffold pro-
teins PSD-95 and MPP2, a comparative and quantitative mass spectrometry as-
say was performed to gain insight into the different interactions that caused this
differential localisation or are influenced by it. Differential analysis of the interac-
tomes organised by PSD-95 and MPP2 revealed distinct roles of the two proteins
in organising diverging protein complexes. Several new and specific interaction
partners for the SH3GK module of MPP2 have been identified and validated,
including membrane-associated proteins like PipSklc and proteins important for
the regulation of synaptic signalling like Ppp3ca and Arhgef2.

Surprisingly, multiple GABA receptor subunits were specifically enriched with
an MPP2 pull-down and direct interactions could be confirmed for the GABAR
subunits ol, o2 and 33. Subsequent imaging studies confirmed the co-localisation
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of MPP2 and GABAARs at a subset of glutamatergic synapses and helped to
determine the prevalence thereof. Moreover, super-resolution analysis confirmed
a highly overlapping positioning of MPP2 and GABAAR ol at the periphery
of postsynaptic densities. These findings are new and unexpected and suggest
that MPP2 may indeed serve as a physical and functional link between excitatory
glutamatergic synaptic function and GABA 4 receptors, which mediate inhibitory

signalling.
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Figure 24: Graphical summary of MPP2 and novel interaction partners at
glutamatergic synapses.

The data presented in this thesis indicate an important role of MPP2 (blue) in the sub-synaptic
compartmentalisation of dendritic spines by connecting central components of AMPA receptor
(orange) complexes, like TARPs (yellow) and PSD-95 (grey) not only to cell adhesion molecules
like SynCAM proteins (magenta) and other scaffold and regulatory proteins (like the novel in-
teraction partners PIP5klc or Ppp3ca), but most importantly inhibitory GABAA receptors
(green). For MAGUK proteins, the individual domain structure is indicated. This figure has
been published as preprint (Schmerl et al., 2020).

4.1 MPP2 is a novel component of postsynaptic protein complexes

PSD-95 family proteins are well established modulators of synaptic function and
compose the prototypical synaptic MAGUK scaffold proteins (for review see Won
et al., 2017). In contrast, membrane protein, palmitoylated (MPP) family pro-
teins are well known regulators of epithelial cell polarity, especially MPP5 (also
known as Palsl, a homologue of the well-characterised Drosophila protein star-
dust (std) (Bachmann et al., 2001). Interestingly, although a lot of literature
is available on the role of MPP family proteins at cell-cell junctions, they have
not been investigated in synapses, despite the fact that they resemble the clas-
sical MAGUK PSD-95 family protein structure in that they carry the PSG core
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domain accompanied by two N-terminal protein interaction domains.

A first indication of a potential relevance of MPP family proteins at synapses prior
to this dissertation was provided by Bachmann et al. (2010) at the Drosophila
neuromuscular junction, followed by high-throughput mass spectrometry analy-
sis results of glutamate receptor protein complexes (Schwenk et al., 2012; Shanks
et al., 2012). Since these studies focussed on the diversity of AMPA receptor
interactomes and associated protein complex composition, the role of MPP pro-
teins was not discussed in detail. During the course of the present work, in which
the relationship between MPP2 and AMPA receptor complexes was explored
(Rademacher®, Schmerl*, et al., 2016), another group examined the function
of MPP2 in neurons, after using a proteomic approach that highlighted an in-
teraction between MPP2 and small conductance Ca?*-activated SK2 containing
potassium channels (G. Kim et al., 2016). These SK2 containing channels are
closely associated with NMDA type glutamate receptors, hence this study also
suggests an important role of MPP2 at synapses. Together with other studies,
this thesis provides the first evidence that MPP2 is a postsynaptic scaffold pro-
tein that is associated with glutamatergic excitatory transmission and therefore

relevant for neuronal function.

4.2 Linking peripheral and central structural elements of the postsynapse

PSD-95 family proteins have long been studied for their importance in excita-
tory transmission in that they are critical for proper receptor localisation and
anchoring at synaptic membranes. Moreover, alterations can have detrimental
effects on AMPAR mediated transmission and long term potentiation (Stein et
al., 2003; Elias et al., 2006). Recent advances in super-resolution imaging have
provided further evidence on how delicate and localised this functional regulation
is: PSD-95 as well as glutamate receptors are organised in sub-synaptic clusters
or nanodomains (MacGillavry et al., 2013; Nair et al., 2013), that may be indi-
vidually regulated (for reviews see MacGillavry et al., 2011; Biederer et al., 2017;
Scheefhals and MacGillavry, 2018; X. Yang and Specht, 2019).

Scaffold proteins like PSD-95 and MPP2 are perfectly suited for a central role in
such an arrangement. Their domain structure, in particular the ‘MAGUK core’
PDZ-SH3-GK domain (PSG), facilitates homomultimerisation as well as complex
formation with related MAGUKSs (Zhu et al., 2011; Rademacher®, Schmerl*; et
al., 2016; G. Kim et al., 2016) and further allows to incorporate other cytosolic
proteins into these complexes. This is realised via their various protein-protein
interaction domains, such as the L27 or additional PDZ domains of MPP2 and
PSD-95, respectively (for review see Funke et al., 2005; Ye et al., 2017). The PDZ

domain, however, is critical for the membrane association, as it typically binds
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to transmembrane proteins, most significantly receptor subunits and auxiliary
proteins (Kornau et al., 1995; Elias et al., 2006; Opazo et al., 2012).

In this regard, MPP2 poses a new kind of synaptic MAGUK scaffold protein,
as it shares the domain structure with PSD-95 family proteins, but does not di-
rectly interact with glutamate receptors or their auxiliary subunits; hence is not
a central element of such glutamate receptor complexes. However, the present
work demonstrates that the MPP2 PDZ domain binds to multiple synaptic trans-
membrane proteins that are relevant for trans-cellular adhesion and signalling,
foremost SynCAMI.

SynCAM]1, which is also known as TSLC1, CADMI1 or Nectin-like 2 in dif-
ferent cellular contexts, has been described as an important cell-cell adhesion
factor (Masuda et al., 2002; Yageta et al., 2002; Masuda et al., 2005; Ito et
al., 2011). SynCAM proteins have a large extracellular domain that contains
immunoglobulin-like loops, which facilitate cis-dimerisation prior to interacting
with SynCAM dimers in trans (Fogel et al., 2007), thereby bridging the extracel-
lular space, forming the cell-cell contact and initiating downstream signalling (for
review see Biederer and Stagi, 2008). In neuronal cells, SynCAM family molecules
are known for their ability to induce synapse formation (Biederer et al., 2002),
maintain synaptic stability (Doengi et al., 2016; Korber and Stein, 2016) and
regulate memory formation (Robbins et al., 2010).

In epithelial and cancerous tissues, an interaction of different SynCAM family pro-
teins with several MPP family members has already been described (Fukuhara
et al., 2003; Sakurai-Yageta et al., 2009; Murakami et al., 2014). However,
at synapses, where different SynCAM proteins are found at postsynaptic and
presynaptic sites (Fogel et al., 2007), PDZ domain-mediated interactions have
been described mainly with the presynaptic protein CASK (Biederer et al., 2002;
Hsueh, 2006), a protein that is structurally similar to MPP2.

Nonetheless, SynCAM proteins play an important role also at postsynaptic sites:
Using super-resolution imaging techniques, SynCAM1 was demonstrated to form
clusters located to the edge of the postsynaptic density, and it was implicated in
maintaining and regulating the PSD size and integrity (Perez de Arce et al., 2015).
Of particular interest, SynCAM1 does not interact with postsynaptic PSD-95
family proteins (Biederer et al., 2002; Fujita et al., 2012), but instead, as found
in the present thesis, interacts with MPP2 at postsynaptic sites.

Taking advantage of different super-resolution imaging approaches, the present
work demonstrates a positioning of MPP2 at the edge of postsynaptic densities.
Immunogold labelling experiments by G. Kim et al. (2016) have also suggested a
rather peripheral positioning of MPP2 at synapses. Moreover, the arrangement
of almost alternating MPP2 and SynCAMI1 clusters at the PSD border further
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advances the idea that MPP2 serves to moderate the functional interplay of pe-
ripheral SynCAM1 and PSD-95 as central PSD scaffold, two proteins that do not
directly interact with each other. The fact that MPP2 as well as SynCAM]1 were
observed in sub-synaptic clusters is also in line with the idea that the interplay
of synaptic nanodomains regulates synaptic transmission. Similar to PSD-95 and
glutamate receptor nanodomains, the sub-synaptic clusters of MPP2 (and Syn-
CAM1) may allow for dynamic structural changes, which may not only facilitate
development but also enable and regulate synaptic plasticity at a mature state
as implicated for PSD-95 nanodomains (Nair et al., 2013).

4.3 MPP2 is engaged in regulatory interaction networks

MPP2 and PSD-95 are two proteins with a striking similarity in their domain
structures and their common presence at synaptic sites (Rademacher®, Schmerl*,
et al., 2016; G. Kim et al., 2016), suggesting similar roles in related aspects
of synaptic structure and function. Despite their structural resemblance, there
clearly exist very different interaction specificities between MPP and PSD-95
family proteins (G. Kim et al., 2016; Gavarini et al., 2006). Using a yeast two
hybrid screen and a qualitative and quantitative proteomics approach, this the-
sis provides lists of potential interaction partners of the C-terminal domains of
MPP2. Although the scope of the present thesis did not allow closely addressing
and confirming every potential interaction partner, evaluation of the identified
interactomes suggests that MPP2 is involved in established postsynaptic protein
interaction and signalling networks that provide links between transmembrane
proteins, channels and receptors to cytoskeleton elements and their regulators.

Although no direct binding between MPP2 and glutamate receptors was found,
indirect associations are likely. The newly identified MPP2 PDZ domain ligand
SynCAM1 has been proposed to recruit NMDA receptors to synaptic membranes
(Hoy et al., 2009). In addition to SynCAM1 binding, this thesis demonstrates a di-
rect interaction between MPP2 and Farpl, another membrane-associated protein
that was found to bind to SynCAM via FERM domain interactions (Cheadle and
Biederer, 2012). Whether SynCAM1 and Farpl binding to MPP2 might compete
was not assessed, but given that the domains mediating these interactions are
different (PDZ for SynCAM1 and SH3GK for Farpl binding), these interactions
must not be exclusive, but could rather form a membrane-associated protein com-
plex. Moreover, this potential MPP2-SynCAMI1-Farpl complex might be further
stabilised by protein 4.1. The membrane protein-associated protein band 4.1 has
been shown to be involved in AMPAR surface expression (L. Shen et al., 2000),
and was further identified in the proteomics investigation as an interactor of
MPP2. Interestingly, both, SynCAM1 and Farpl also interact with protein 4.1
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via a FERM domain interaction (Kuo et al., 2018). These FERM domains have
been named amongst others after protein 4.1 and are found also e.g. at the N-
terminus of MPP1, where it is involved in linking cytoskeleton elements with the
cell membrane in a group of peripheral membrane proteins (Chishti et al., 1998).
Indeed, several MPP family proteins have already been shown to interact with
4.1, which might be stabilising interactions between MPP proteins and trans-
membrane proteins (Sakurai-Yageta et al., 2009). Further, these complexes are
associated with filamentous actin in HEK293 cells (Sakurai-Yageta et al., 2009;
Sakurai-Yageta et al., 2015), thus providing a direct link to the cytoskeleton.

The idea that MPP2 at synapses connects transmembrane proteins with cy-
toskeletal components is further supported by multiple proteins identified in the
Y2H and proteomic screens, conducted during the course of this thesis. Another
interesting potential interaction partner, which was found in the Y2H as well as
the proteomics experiments were multiple members of the Septin protein family.
Septins are GTPases that are able to form filamentous structures (for reviews
see Kinoshita, 2003; M. S. Kim et al., 2012) and have been described to form a
diffusion barrier at the dendritic spine neck (Ewers et al., 2014).

GTP-binding proteins, as well as GTPases, GEFs and GAPs are important regu-
lators of dendritic spine actin cytoskeleton elements (for reviews see Spence and
Soderling, 2015; Hotulainen and Hoogenraad, 2010), and therefore identification
of several proteins belonging to these groups associating with MPP2, together
with multiple cytoskeleton components like MAP4 and several tubulin chain pro-
teins, further supports the idea that MPP2 is involved in spine dynamics and
plasticity processes by connecting central synaptic elements with deeper compo-
nents of dendritic spines.

4.4 MPP2 links elements of excitatory and inhibitory transmission

Despite the striking structural similarity between the SH3GK module of MPP2
and PSD-95, the proteomics results presented in this thesis suggest that the
respective associated synaptic protein complexes consist of distinct membrane

and cytosolic proteins.

Unexpectedly, among the identified and validated novel interaction partners for
the MPP2 SH3GK module, multiple different GABA, receptor subunits and
additional signalling molecules, which are already well established for their role
in the regulation of inhibitory signalling processes, were highly enriched. As
SH3GK modules of synaptic MAGUK proteins are not known to bind with high
affinity to GABA receptors, this association seems to be MPP2 specific.

Remarkably, the seven GABA receptor subunits that were identified represent
more than one third of all known subunits (Sigel and Steinmann, 2012) and
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contained the representative ol and B1 subunits (McKernan and Whiting, 1996;
Nusser et al., 1996), as well as the more rare 8 subunit (Fritschy and Mohler, 1995;
Barrera et al., 2008). In co-immunoprecipitation experiments, a direct interaction
of MPP2 with the GABAAR subunits ol, a2 and (33 could be confirmed. While
most studies on GABA, receptor function are based on analysis of inhibitory
synapses (for reviews see Higley, 2014; Tyagarajan and Fritschy, 2014; Boivin
and Nedivi, 2018; Chiu et al., 2019), the results presented in this thesis suggest
a mode of integration of GABARs at excitatory synapses.

MPP2 was shown to co-localise with several GABA R subunits at glutamatergic
synapses of cultured primary hippocampal neurons. Moreover, MPP2 nanoclus-
ters are positioned highly overlapping with GABAR ol clusters at the periph-
ery of the postsynaptic density. At inhibitory synapses, scaffold proteins and
receptors have been reported to cluster to sub-synaptic nanodomains, which are
dynamic and regulated in an activity-dependent manner (Specht et al., 2013; Pen-
nacchietti et al., 2017; Crosby et al., 2019), similar to sub-synaptic nanodomains
at excitatory synapses formed by AMPARs and PSD-95 (MacGillavry et al., 2013;
Nair et al., 2013). Interestingly, the super-resolution imaging of GABAAR clus-
ters that were co-localising with MPP2 revealed small cluster sizes, which might
represent relatively few receptor molecules that are specifically associated with
excitatory synapses, rather than actual inhibitory synapses. Although a certain
fraction of dendritic spines receives inputs via excitatory as well as inhibitory
synapses (J. L. Chen et al., 2012), the absence of the typical inhibitory synapse
marker and scaffold protein Gephyrin at MPP2- and GABAR-positive spines
observed in the present work, suggest that the GABA s receptors might represent
a population independent from inhibitory synapses. Indeed, a peri-synaptic lo-
calisation of GABA, receptors has been observed at even better resolution (using
electron microscopy) in cortical neurons (Kubota et al., 2007), where the GABA o
receptor subunit expression and composition seem to be developmentally regu-
lated (H. Shen et al., 2010).

Another potential explanation for GABA receptors positioned at glutamatergic
dendritic spines is provided by several studies investigating changes in GABA
receptor mobility by trapping of receptors at glutamatergic synapses, following
desensitisation, in order to regulate inhibitory synaptic transmission (de Luca et
al., 2017). Interestingly, another MPP family protein, MPP3, was found to pre-
vent serotonin receptor desensitisation in cortical neurons (Gavarini et al., 2006).
The link between MPP2 and GABAARs observed here might reflect a similar

functional dynamic.

With recent developments in optogenetic tools and advances in imaging tech-
nology, the regulatory influence of GABA , receptors on excitatory transmission,
e.g. via effects on Ca?* influx (J. L. Chen et al., 2012), has become a topic receiv-
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ing increasing attention (for reviews see Higley, 2014; Boivin and Nedivi, 2018).
Several studies have conversely linked NMDAR-mediated activity with inhibitory
synaptic plasticity (Lu et al., 2000; Marsden et al., 2007). Clearly, this dynamic
interplay involves further regulation of Ca?* influx at dendritic spines. In this
regard, it is especially important and interesting that, in addition to GABA
receptors, the calcium- and calmodulin-dependent serine/threonine protein phos-
phatase (Calcineurin) subunit Ppp3ca was identified and validated as a novel
interacting protein of the MPP2 SH3GK module. It not only interacts directly
with GABA, receptors (J. Wang et al., 2003; Bannai et al., 2009; Bannai et
al., 2015), but has also been shown to influence NMDAR signalling-mediated
effects on inhibitory synaptic plasticity (Lu et al., 2000; Marsden et al., 2010).

Interestingly, the only other study investigating MPP2 in neuronal cells beside
this dissertation (G. Kim et al., 2016), provides further context for this potential
relationship between MPP2 scaffolds and Ca?" signalling-mediated regulation of
synaptic function. The authors reported defects in LTP formation after MPP2
knock-down, which caused loss of SK2-containing channel activity that modulates
postsynaptic plasticity in response to NMDAR mediated influx of Ca?t (G. Kim
et al., 2016). Investigations in erythrocyte membranes on a protein complex
consisting of MPP1, protein band 4.1 and glycophorin C, which is influenced by
Calmodulin (Nunomura et al., 2000), additionally support the idea that MPP2-
mediated protein complex function might be associated with Ca®" signalling.

5 Conclusion and Outlook

While the functional role of the newly described MPP2 GABAAR protein com-
plex still needs intense investigation, this thesis provides novel detail on how
the regulated crosstalk between glutamatergic synapses and associated inhibitory
synapses is organised. To coordinate such dynamic interplay, local compart-
mentalisation is indispensable. A synaptic scaffold protein like MPP2, which is
demonstrated here to interact with a variety of synaptic transmembrane, scaf-
fold and regulatory proteins, may be perfectly suited to contribute to these dy-
namics (see Figure 24). It provides a physical link between central elements of
glutamatergic synapses and more peripheral structural and regulatory elements.
Thus, it may play an important role in balancing excitatory and inhibitory synap-
tic transmission, which is essential for proper neuronal circuit function. Further,
MPP2 provides a molecular connection to deeper synaptic structural and regu-
latory proteins as well as elements of the cytoskeleton, suggesting an important

role in the functional and structural plasticity in response to synaptic activity.

Given that MPP2 is expressed in most dendritic spines, of which only a frac-
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tion contains GABA, receptors, it is possible that the interactomes and MPP2-
associated protein complexes differ in composition, thus functional role and regu-
lation. In that regard, it would be important to analyse the co-occurrence of the
novel MPP2 interaction partners that have been described in the present study. A
broad, e.g. proteomics approach, would not allow distinguishing between MPP2-
associated proteins in distinct sub-sets of dendritic spines. Potentially, the earlier
presence of MPP2 at mature synapses is necessary to provide the scaffold to
recruit and anchor GABARs, as these receptors have been shown to differ in
expression and subunit composition upon maturation and activity (H. Shen et
al., 2010). This thesis provides a first, however, admittedly rather static insight
to this new protein complex. A precise analysis, e.g. of the subunit composi-
tion of GABAARs interacting with MPP2 and whether this is subject to change
upon maturation and activity, would pose an interesting, yet challenging future

project.

Although this was not specifically addressed during this study, analysis of den-
dritic spines harbouring clusters of MPP2 together with GABA, receptors sug-
gest that mainly larger synapses belong to the respective sub-population of spines.
Whether this is true could be determined with thorough analysis of spine mor-
phology in culture, or even in brain slices. Especially in light of the connections
between MPP2 and cytoskeletal elements, it would be interesting to pursue the
idea that the morphology of this sub-set of spines is modified in response to

activity (Spence and Soderling, 2015).

A general difficulty for the more detailed investigation of the MPP2 GABAAR
protein complex and its importance, as well as regulation, is posed by the fact
that only a sub-population of dendritic spines has been found to harbour both
proteins at considerable amounts. This likewise poses a challenge for investigating
the functional consequences of manipulating MPP2 expression. More targeted
approaches, e.g. live-cell imaging with single particle tracking of GABA 4 receptor
trapping (de Luca et al., 2017) or combining molecule uncaging and calcium-
imaging (Marlin and Carter, 2014), might be required to monitor the specific
effects of manipulating MPP2 levels in spines.

PSD-95 family proteins are redundant, and assessing the functional effects of
PSD-95 knock-out /-down, studies haven proven difficult due to compensation by
related proteins (Elias et al., 2006). It is conceivable that MPP family proteins
might be likewise redundant, as also other MPP family proteins have been re-
ported in neuronal tissue (Jing-Ping et al., 2005; Dudok et al., 2013b). Despite
efficiently abolishing the expression of MPP2 in cultured primary neurons, using
lenti virus-mediated expression of shtRNA (see also appendix, page 140), no strik-

ing effects on the gross morphology of neurons or expression levels of the main
interacting proteins identified in this study were observed. While alterations
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regarding PSD-95 family proteins have been demonstrated to significantly influ-
ence AMPA receptor-mediated transmission (El-Husseini et al., 2000a; Schnell
et al., 2002; Stein et al., 2003) and surface localisation and anchoring (Schnell et
al., 2002; Elias et al., 2008), it is unlikely that acute manipulations of MPP2 would
have comparable effects, because it is not directly interacting with glutamate re-
ceptor subunits or auxiliary subunits. Instead, an influence on those GABA
receptors that are associated with excitatory synapses and their contribution to
synaptic transmission, might be expected. Indeed, in explorative experiments,
only subtle changes in basic excitatory (miniature excitatory postsynaptic cur-
rents, mEPSCs) upon knock-down of MPP2 and, more importantly, inhibitory
(miniature inhibitory postsynaptic currents, mIPSCs) transmission properties
upon overexpression were observed, which is in line with an interaction of MPP2
with a specific subset of GABA, receptors.

A certain disadvantage in working with primary neurons is that the variability in
dissociated hippocampal cultures is high and the role of MPP2 in synaptic func-
tion seems to be more subtle. Therefore, monitoring the consequences of MPP2
alterations or loss requires more sophisticated approaches, which allow a targeted
investigation of the respective sub-set of synapses. Knock-down of endogenous
MPP2 in primary hippocampal cultures did not result in severe functional ef-
fects on AMPA receptor-mediated transmission. However, this approach does
not allow monitoring effects on plasticity of the system, especially regarding the
novel connection MPP2 poses to GABA 5 receptors. To gain insight into synaptic
plasticity and local regulation of transmission, electrophysiological assessment of
dissociated neurons, as used in the present work is not optimal and analyses in
another system might be necessary. Acute and cultured slices have proven a rel-
atively convenient tool in investigating synaptic networks and function. Taking
advantage of virus-mediated gene delivery, MPP2 expression could be abolished
and/or the protein replaced with a knock-down-resistant targeted mutation con-
struct in vivo. Subsequent comparison of infected and neighbouring uninfected
neurons, which are still integrated into the local circuits, would allow monitoring
and challenging the system at a different level as it is possible in dissociated cul-
tures. The additional combination with e.g. GABA uncaging, optogenetic tools
and single-particle tracking of GABA, receptors (Marlin and Carter, 2014; de
Luca et al., 2017) is an exciting future project that would provide a mechanistic
understanding of the influence of this MPP2-GABAAR interaction on network
activity balance and synaptic plasticity.
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Appendix

Validation of commercial antibodies

In order to visualise and purify endogenous MPP2, this study aiming to charac-
terise MPP2 started with the acquisition and validation of commercially available
antibodies, however, only few companies offered products targeting MPP2. Anti-
bodies from two different companies were obtained: Abcam offered a mono- and
a polyclonal antibody raised in rabbit (ab156874, with an undisclosed synthetic
peptide corresponding to the human MPP2 amino acid sequence, and ab27290
against human MPP2 aal12-432, respectively) and a Sigma polyclonal antibody
raised in mouse (SAB1400169, raised against full-length human MPP2).

The Abcam product data sheets included Western blot examples of different cell
lysates (human cerebellum, T47-D and C6 and A549 cell lysates, respectively),
showing a single band at a reasonable size above 50 kDa and below 72 kDa,
corresponding to the expected molecular weight of ~64 kDa of human MPP2,
based on its amino acid sequence. The Sigma antibody data sheet included
Western blot examples of HEK293T cell lysates with and without overexpression
of MPP2, showing a single band below 75 kDa, corresponding to the expected
molecular weight of human MPP2. At the beginning of this project, none of the

antibodies had been cited in publications.

To test these antibodies, an expression constructs of N-terminally FLAG-tagged
full-length murine MPP2 was generated and overexpressed in CHL V79 cells. At
first, the applicability of these antibodies was confirmed by Western blot anal-
ysis of whole cell lysates of untransfected CHL V79 cells and cells transiently
expressing FLAG-tagged MPP2. Immunoblotting with the monoclonal rabbit
antibody (ab156874) resulted in the detection of a double band at 50 kDa only
in the untransfected cell lysates, whereas probing with the polyclonal rabbit an-
tibody (ab27290) did not bind any protein in lysates of untransfected cells and
clearly detected a single band at 64 kDa in lysates with overexpressed MPP2
(Figure Ala, top). Subsequent immunoblotting with «FLAG antibody detects a
band between 50 and 75 kDa, what corresponds to the expected molecular weight
of murine MPP2 (Figure Ala, bottom), demonstrating that only the polyclonal
rabbit antibody is suitable to detect MPP2 in Western blot.

Testing the polyclonal Sigma antibody similarly for Western application blot has
demonstrated that it is indeed specific, however, at a low sensitivity (data not
shown), resulting in a detection of MPP2 only at comparatively high protein
amounts and a high antibody concentration.

Further, cells transiently transfected with EGFP-MPP2 were fixed and stained
with either of the Abcam antibodies and Alexa Fluor 568-coupled aRabbit sec-
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ondary antibody and DAPI as nuclear marker. Remarkably, the staining patterns
of the two Abcam antibodies differed tremendously. Figure Alb shows a single-
cell layer of cells (indicated by DAPI nuclear staining, blue), with a fraction
of successfully transfected cells, which express EGFP-MPP2 (cyan). While the
mono-clonal antibody (ab156874) seemed to unspecifically stain all cell mem-
branes (Figure Alb, upper panel), the staining pattern of the polyclonal anti-
body (ab27290) entirely matches the signal of EGFP-MPP2 (Figure Alb, lower
panel).

Moreover, when comparing the staining of the two Abcam antibodies on primary
hippocampal neurons, tremendous differences in the structures stained were ob-
served. The monoclonal antibody stained cytoskeleton-like structures across the
whole neuron, while the polyclonal antibody specifically stained punctate struc-
tures along neuronal dendrites. This punctate staining pattern is in line with
what was expected from a protein specifically enriched at synapses (Figure Alc).
Lastly, the specificity of the polyclonal antibody among the MPP protein family
was analysed by Western blot of whole cell lysates of CHL V79 cells that were
transiently transfected with expression constructs of FLAG-tagged MPP1, MPP2,
MPP3, MPP5 and MPP6, all of which have been implicated in studies involving
neuronal tissues. Indeed, the polyclonal rabbit antibody specifically detects only
overexpressed MPP2 and does not bind the other MPP proteins (Figure Ald).
These validation experiments demonstrated that only two of the tested antibod-
ies are specifically detecting overexpressed MPP2. Moreover, only the polyclonal
antibody from Abcam is suitable for immunofluorescence and Western blot ap-
plication and therefore used throughout the present study.
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Figure A1l: Validation of commercially available antibodies targeting endogenous
MPP2.

a) Lysates of untransfected and FLAG MPP2 overexpressing CHL V79 cells were analysed by
SDS PAGE and Western blot probed with a monoclonal (ab156874) or polyclonal (ab97290)
rabbit antibody against MPP2. Control immunoblotting with «FLAG antibody revealed that
the monoclonal antibody detects only unspecific protein bands. Note the re-emergence of the
unspecific double band in the untransfected cell lysates. b) CHL V79 cell were transiently
transfected with an EGFP MPP2 overexpression construct, fixed 24 hrs post-transfection and
stained with «MPP2 antibodies and the nuclear marker DAPI. ¢) Primary hippocampal neurons
were fixed at DIV 21 and stained for the dendritic marker MAP2 together with monoclonal
(ab156874, left) or polyclonal (ab97290, right) rabbit «MPP2 antibody. d) CHL V79 cells were
transiently transfected with expression constructs for FLAG-tagged MPP2, MPP2, MPP3,
MPP5 and MPP6, respectively, and lysates analysed by SDS PAGE and Western blot. Im-
munoblotting with polyclonal rabbit aMPP2 antibody (ab97290) detects only FLAG-MPP2 as
demonstrated by «FLAG antibody control. Scale bars = 20 pm.
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Knock-down of endogenous MPP2

To study the relevance and function of a newly described protein in neurons,
knock-out and knock-down strategies are a common approach to investigate the
consequences of removing this protein. At the beginning of the present study,
no published shRNA sequences or commercial kits to knock down MPP2 were
available. Taking advantage of several freely available online tools for the compu-
tational prediction of suitable siRNA targets (see Material and Methods), candi-
date shRNA sequences specifically targeting rat MPP2, were selected and cloned
into pPSUPER RNAIi vector. Indeed, one of the sequences was effective: Upon
overexpression of MPP2 in CHL V79 cells together with the shRNA or control,
expression of MPP2 was abolished (Figure A2a). Moreover, the specificity of this
knock-down was validated by likewise co-expression with MPP1, MPP3, MPP5
and MPP6. Indeed, the expression of none of the other tested MPP family pro-
teins was affected by the shRNA targeting MPP2 (Figure A2a). This sequence
was then introduced into a lentiviral vector, provided by the Viral Core Facility
(VCF, Charité - Universitdtsmedizin Berlin), to knock-down endogenous MPP2
in primary hippocampal neurons. Indeed, this lentivirus-mediated knock-down
of was highly effective, as demonstrated by Western blot of lysates of mature
primary neuron lysates that were infected at DIV 3 with either shRNA or control
virus (Figure A2b).

Following the successful knock-down of endogenous MPP2 in cultured neurons,
the expression of various synaptic proteins, like PSD-95 and AMPARs as well as
MPP2 interaction partners like SynCAM1, was analysed by Western blot, but
no obvious differences were observed (data not shown). Moreover, analyses of
gross morphological features, such as dendrite branching or synapse density, also
showed no striking differences (data not shown). This suggest that loss of MPP2
might be compensated (e.g. by another neuronal MPP protein like MPP6, which
has already been described at the presynapse) and/or that the main function of
MPP2 is not in establishing neuronal morphology, but probably a more subtle
role in synaptic function and plasticity.
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To facilitate knock-down of endogenous MPP2, several shRNA sequences were computationally
predicted and cloned into pSUPER shRNAi plasmids and the most efficient sequence was further
validated. a) Co-transfection of MPP1, MPP2, MPP3, MPP5 and MPP6 together with sShRNA
targeting MPP2 or control shRNA, respectively, leads to loss of expression of MPP2 together
with shRNA, confirming efficacy and specificity of the selected shRNA sequence. b) The same
sequence introduced to cultured hippocampal neurons at DIV 3 with lentivirus-mediated knock-
down, successfully abolishes expression of endogenous MPP2 as demonstrated by Western blot
analysis of whole cell lysates harvested at DIV 21 probed with «aMPP2 antibody.
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