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Abstract

Autism Spectrum Disorders (ASDs) are neurodevelopmental disorders characterized by deficits in
social communication as well as repetitive behaviors. The analysis of genetic causes for ASDs has
identified a significant contribution of risk genes that mainly encode proteins involved in synapse
formation, development and function, suggesting that ASDs may be described as synaptopathies.

The SHANK3 gene, coding for the postsynaptic scaffold protein Shank3, was one of the first genes
shown to be associated with ASDs. A variety of mutations in this gene have been identified in
association with an autism phenotype. Loss of one copy of the SHANK3 gene located on chromosome
22 leads to 22g13 deletion/Phelan-McDermid syndrome, which is associated with severe intellectual
disability and autism. Interestingly, several missense mutations associated with ASDs affect the N-
terminal part of Shank3 which contains the highly conserved Shank/ProSAP N-terminal (SPN) and
Ankyrin repeat (Ank) domains. Still the relevance of these mutations for Shank3 function and autism
pathogenesis is unclear.

The SPN domain is engaged in an intramolecular interaction with the Ank domain. Importantly, it also
constitutes a high affinity binding site for several Ras family G-proteins, including active, GTP-bound
variants of Ras and Rapl. The ability of Shank3 to bind to active small G-proteins via its SPN domain
might affect signal transduction at synapses in different ways. Either Shank3 could be a downstream
effector of Ras signaling in a so far unidentified pathway, or it could function as a negative regulator of
pathways that require small G-proteins by sequestering and thus limiting their availability.

Interestingly, two autism-associated mutations in SHANK3 (L68P and R12C) disrupt the interaction
between Shank3 and the small G-proteins of the Ras family. In addition, L68P directly affects Ank
domain interactions by disrupting the regulatory effect of the SPN domain on the Ank repeats.

This study represents an attempt to clarify the role of the Shank3 N-terminus in the functioning of
synapses and to determine the mechanisms in which the molecular interactions of the Shank3 N-
terminus and ASD-associated mutations in this part contribute to the development of autism.

Super resolution imaging applied for the investigation of the spatial distribution of Shank3 in the
postsynaptic density revealed that Shank3 co-clusters with the synaptic marker PSD95 in distinct
nanodomains within a same synaptic unit.

Activation of the Ras/MAPK pathway in a human cell line, and overexpression of active GTP-bound Ras
in neurons showed that the Ras-SPN interaction causes a significant attenuation of the interaction of
Shank3 with SAPAP1, another postsynaptic scaffold protein. This subsequently results in separation of
Shank from the synaptic PSD95/SAPAP/Shank complex, which constitutes the core of the postsynaptic
density, and leads to colocalization of Shank3 with active Ras.

Further experiments revealed that overexpression of Shank3 WT in neurons suppresses filopodia
formation and neurite outgrowth by sequestering active Rapl and inhibiting the integrin activation
pathway.

Several approaches were taken in this study to identify new interaction partners of the N-terminus of
Shank3; initial work in @ human cell line revealed that the Ank domain of Shank3 is a high affinity



binding site for RNA binding proteins such as DDX5 which might be functionally relevant in a Shank3
isoform-dependent manner. More importantly for the synaptic function of Shank3, two members of
the Catenin family, B-Catenin and &-Catenin, were identified as novel interaction partners of Shank3
at postsynaptic sites. These two proteins appeared to target distinct binding domains on Shank3. B-
Catenin binds to the PDZ domain of Shank3, most likely through a putative internal PDZ ligand, whereas
6-Catenin binds to the Shank3 Ank domain via its Armadillo-repeat domain. Further investigations
revealed that the lack of Shank3 proteins containing an N-terminal Ank domain results in loss of
postsynaptic 6-Catenin. On the other hand, the L68P mutation in the Shank3 SPN domain, that causes
an open conformation of the Shank3 N-terminus according to the results of FRET analyses in this study,
significantly increased the interaction of Shank3 with 6-Catenin.

The data presented in this thesis show that Shank3 is integrated in small G-protein as well as Catenin
dependent signaling pathways which may be disrupted in autistic patients due to mutations in
SHANKS3.



Abbreviations

aa.
Ank
AMPA
ASD
bp
BSA

°C
CamKiIi
cm
CNS
CREB
C-terminal
Dapi
ddH20
DMEM
DNA
dNTP
E. coli
EGF
EGFP
EPSC
ERK
F-actin
FBS

8
GABA
GKAP
GTP

hr
HBSS
HCN1
HEK

kb

kDa
KO

L

LB

LTD
LTP

amino acid

Ankyrin repeat region

a -Amino-3-hydroxy-5-Methyl-4-isoxazole Propionic Acid
Autism Spectrum Disorder

base pair(s)

Bovine Serum Albumin

degree Celsius

Ca ?*/calmodulin-dependent protein Kinase Il
centimeter

Central Nervous System

cAMP Response Element-Binding protein
Carboxy terminal
4’,6-Diamidino-2-phenylindole

double distilled water

Dulbecco’s Modified Eagle’s Medium
Deoxyribonucleic Acid
deoxyribonucleoside 5’-TriPhospate
Escherichia Coli

Epidermal Growth Factor

Enhanced Green Fluorescence Protein
Excitatory Post Synaptic Current
Extracellular signal-Regulated Kinase
Filamentous actin

Fetal Bovine Serum

gram(s)

y-Aminobutyric Acid

Guanylate-Kinase Associated Protein
Guanosine-5'-triphosphate

hour(s)

Hank's Balanced Salt Solution

Hyperpolarization-activated Cyclic Nucleotide-gated cation channell

Human Embryonic Kidney
kilobase(s)

kilo Dalton

Knockout

liter(s)

Lysogeny Broth
Long-Term Depression
Long-Term Potentiation
Molar




Map2
MAPK
MEM
mGIuR
71

min
mRFP
mRNA
mTOR
n

NLS
NMDA
N-terminal
NHS
oD
PALM
PBS
PCR
PDZ
PLL
PMSF
Proline-rich
PSD
RIPA
rpm
sec
SAM
SAPAP
SH3
Shank
SDS
SPN
STED
TAE
TBS-T
TEMED
TNIK
U

Microtubule-associated protein 2
Mitogen-Activated Protein Kinase
Minimum Essential Medium
metabotropic Glutamate Receptor
micro

minute(s)

monomeric Red Fluorescent Protein
messenger Ribonucleic Acid
mammalian Target Of Rapamycin
nano

Nuclear Localization Signal
N-Methyl-D-Aspartate

amino terminal
N-Hydroxy-Succinimidyl

Optical Density

Photo-Activated Localization Microscopy
Phosphate-Buffered Saline
Polymerase Chain Reaction
PSD-95/DLG/Z01

Poly-L-Lysine
Phenyl-Methyl-Sulfonyl Fluoride
Proline-rich region

Post Synaptic Density
Radioimmunoprecipitation Assay
revolutions per minute

second(s)

Sterile Alpha Motif
SAP90/PSD-95-Associated Protein
Src Homology 3

SH3 and multiple ankyrin repeats
Sodium Dodecyl Sulfate
Shank/ProSAP N-terminal
STimulated Emission Depletion
Tris-Acetate/EDTA

Tris-Buffered Saline-Tween20
N,N’N,N’-Tetra-Methyl-Ethylene-Diamine
TRAF2 and NCK-Interacting protein Kinase
Unit(s) of enzyme activity




Table of Contents

Abstract i
Abbreviation iii

Table of contents v
Chapter 1 Introduction

1.1 Synapse 1
1.1.1 Neurons 1
1.1.2 Synapses 1
1.1.3 Postsynaptic density 2
1.1.4 Synaptic plasticity 2

1.2 Synaptopathy 3
1.2.1 Autism spectrum disorders (ASDs) 3

1.3 Shank 4

1.4 Shank3 6
1.4.1 The structure and function of the Shank3 N-terminus 8
1.4.2 Mutations affecting the Shank3 N-terminus 8
1.4.3 The molecular interactions of Shank3 N-terminus 9
1.4.4 The functional relevance of mutations affecting the Shank3 N-terminus ------------------ 9

1.5 Aim of the project 11

Chapter 2 Materials and Methods

2.1 Materials 12
2.1.1 Chemicals 12
2.1.2 Microbial Strains, Laboratory Animals and Cell Lines 12
2.1.3 DNA Plasmids 12

2.1.3.1 Basic Vectors 12
2.1.3.2 Full length Shank3 Vectors 13
2.1.3.3 A-Shank3 Vectors 13
2.1.3.4 Expression Vectors for Interaction Partners 14
2.1.3.5 Shank1 Vectors 14
2.1.3.6 A-6-Catenin Vectors 14
2.1.3.7 B-Catenin Vectors 14
2.1.4 Sequencing Primers 15
2.1.5 Antibodies and Toxins 15
2.1.6 Enzymes 16
2.1.7 Commercial Kits 16
2.1.8 Oligonucleotides 16

2.2 Methods 17

2.2.1 Molecular Biology Methods 17
2.2.1.1 Transformation of Competent Cells 17
2.2.1.2 DNA Mini Preparation 18

2.2.1.3 DNA Midi Preparation 18




2.2.2 Cell Biology Methods

2.2.3 Biochemical Methods

2.2.4 Microscopic Imaging Methods

2.2.5 Quantitative Analysis and Statistics
Chapter 3 Results
3.1 Shank3 in the postsynaptic density

3.2 Shank3 and the small G-proteins of Ras family
3.2.1 Activation of Ras pathways affects Shank3 interactions
3.2.2 SPN-Ras interaction downregulates binding to SAPAP1
3.2.3 SPN-Ras interaction alters the conformation of Shank3 N-terminal

3.2.5 Shank3 regulates small G-protein pathways
3.3 Novel interaction partners of Shank3
3.3.1 RNA binding proteins interact with Shank3

2.2.1.4 Restriction Digestion

2.2.1.5 Agarose Gel Electrophoresis

2.2.1.6 Extraction of DNA Fragments
2.2.1.7 Ligation

2.2.1.8 DNA Sequencing

18
18
19
19
19

2.2.2.1 Cell Culture

2.2.2.2 Transient Transfection of Cells

2.2.2.3 Cell Starvation and EGF Stimulation Assay

2.2.2.4 Primary Hippocampal Neuron Culture
2.2.2.5 Neuron Transfection

2.2.2.6 Nucleofection

2.2.3.1. Cell Lysis and Co-Immunoprecipitation (Co-IP)

2.2.3.2 RNA Digestion

2.2.3.3 Expression of His-tagged Proteins
2.2.3.4 Purification and Covalent Coupling of His-tagged Proteins
2.2.3.5 Brain Lysis and Pulldown Assay

2.2.3.6 Preparation of Samples for Mass Spectroscopy Analysis
2.2.3.7 Preparation of Post Synaptic Density (PSD)

2.2.3.8 SDS-Polyacrylamide-Gel-Electrophoresis (SDS-PAGE)

2.2.3.9 Western Blotting

2.2.3.10 Immunocytochemistry

2.2.4.1 Confocal and Super Resolution Microscopy

2.2.4.2 Live FRET Imaging

3.1.3 Shank3 nanoclusters form Y shape structures in the mushroom spines

3.1.1 Shank3 colocalizes with the synaptic marker PSD95 in hippocampal neurons ----------
3.1.2 Shank3 and PSD95 belong to distinct nanodomains at the postsynaptic sites ----------

3.2.4 WT Shank3 shows colocalization with active HRas in cultured neurons

3.3.1.1 Identification of a nuclear localization signal in Shank3

3.3.1.2 Shank3 Ank domain is a binding site for RNA binding proteins

3.3.1.3 The interaction of Shank3 with DDX5 and hnRNP-U is RNA-independent ---------
3.3.1.4 The SPN domain does not affect the Shank3- RNA binding proteins

interactions

3.3.1.5 Brain extracted DDX5 binds to the Shank3 N-terminus fragment

20
20
20
21
21
22
22
22
22
23
23
24
25
26
26
27
28
28
29
29
29
29

30
30
30
32
33
33
34
35
36
39
40
40
42
43
44

45

vi



3.3.1.6 DDX5 shows a nuclear localization in neurons 47

3.3.2 Catenin proteins are the novel postsynaptic interaction partners of Shank3 ----------- 47
3.3.2.1 6-Catenin is the interaction partner of the Shank3 N-terminus 49
3.3.2.2 Shank3 colocalizes with B-Catenin and 6-Catenin in 293T cells 49
3.3.2.3 Only B-Catenin and 6-Catenin bind to Shank3 50
3.3.2.4 B-Catenin and &-Catenin bind to distinct domains of Shank3 51
3.3.2.5 B-Catenin binds to the Shank3 PDZ domain via an internal PDZ ligand ------------- 52
3.3.2.6 6-Catenin binds to the Shank3 Ank domain via its Armadillo repeat domain ----- 54
3.3.2.7 B-Catenin and 6-Catenin colocalize with Shank3 in the dendritic spines ---------- 55
3.3.2.8 The SPN-Ras interaction does not affect the binding to Catenin proteins --------- 57
3.3.2.9 The L68P mutation significantly improves binding to §-Catenin --------------------- 57
3.3.2.10 The P141A mutation slightly increases the binding to 6-Catenin ------------------- 58
3.3.2.11 The L68P and P141A mutations affect the distribution pattern of the Shank3
N-terminus in U20S cells 60

3.3.2.12 6-Catenin phosphorylation via TNIK does not affect its binding to Shank3 ---- 61
3.3.2.13 Overexpressed 6-Catenin is colocalized with endogenous Shank3 in

cultured neurons 61
3.3.2.14 Shank3 contributes to the postsynaptic targeting of 6-Catenin -------------------- 62
3.3.2.15 N-Cadherin protein level is decreased in the postsynaptic fraction
of Shank3 KO mice 64
Chapter 4 Discussion
4.1 Shank3 co-clusters with PSD95 in interlinked nanodomains in the PSD 65
4.2 Shank3 is a downstream effector of Ras GTPases in the postsynaptic density ---------------- 67
4.3 Ras-SPN interaction might affect the conformation of the Shank3 N-terminus --------------- 70
4.4 Shank3 is a negative regulator of the Rap1 signaling pathway 71
4.5 The Ank domain of Shank3 is a binding site for RNA-binding proteins 72
4.6 Catenins are the novel interaction partners of Shank3 73
4.7 Conclusion and final remarks 78
References 80
Appendix 91

Declaration on oath
Acknowledgments

Vii



Chapter 1

Introduction

1.1 Synapse

1.1.1 Neurons

The human brain contains approximately 85—100 billion highly complex cells known as nerve cells or
neurons that form a network of connectivity throughout the brain via specialized structures called
synapses (Lin and Man, 2013). Neurons consist of a cell body (or soma) containing cell organelles and
long branching neurites called axons and dendrites (figure 1.1). The single axon is a dominating neurite
that conducts signals from the cell body to presynaptic terminals, whereas dendrites are branched
processes that receive synaptic input from other neurons and conduct signals to the integration site,
which is often the cell body (Chklovskii, 2004, Franze and Guck, 2010).

Figure 1.1 Typical morphol-

ogy of a neuron. Typical

neurons consist of a cell

presynaptic terminals  body containing nucleus

Q and other organelles, an

) axon and multiple den-
drites. From (Franze and
Guck, 2010).

: axon
dendrites

1.1.2 Synapses

Synapses are intercellular junctions specialized to transfer information. Synapses occur where a signal
is transferred from a neuron to a target cell which is usually another neuron, via a contact between a
presynaptic axon and a postsynaptic dendrite (Stidhof, 2008, Sheng and Hoogenraad, 2007). The two
major types of the brain’s synapses are known as excitatory and inhibitory synapses. Excitatory,
glutamatergic synapses form through contact between glutamate-releasing axon terminals and
postsynaptic sites containing glutamate receptors which include ionotropic glutamate receptors such
as N-methyl-D-aspartat (NMDA) and a -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors as well as metabotropic glutamate receptors (mGluRs). Inhibitory synapses form through
contact between postsynaptic specializations containing GABA or glycine receptors with the
presynaptic terminals positive for GABA or glycine (Sheng and Kim, 2011, Fogarty et al., 2016, Levinson
and El-Husseini, 2005). The number and integration of excitatory and inhibitory synaptic inputs
regulates the likelihood of firing action potentials and mediates neuronal signal processing to maintain
neural networks in a balanced state (Schummers et al., 2002).



The morphology of inhibitory and excitatory synpases is depicted in figure 1.2. Inhibitory synapses
form on the dendritic shafts, whereas excitatory synapses are often localized on dendritic spines which
are small membranous actin rich protrusions harbouring the postsynaptic apparatus of glutamatergic
receptors and other postsynaptic components. A gap of 20 to 25 nm called the synaptic cleft separates

the pre- and postsynaptic sites. (Franze and Guck, 2010, van Spronsen and Hoogenraad, 2010).
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Figure 1.2 Molecular architecture of inhibitory and excitatory synapses. The microanatomy of the inhibitory
and excitatory synapses and their organization of proteins and protein—protein interactions are depicted in the
left and right panels, respectively. From (van Spronsen and Hoogenraad, 2010).

1.1.3 The postsynaptic density

The postsynaptic density (PSD) is a highly complex protein network in dendritic spines typically located
on the head of the spine that closely opposes the presynaptic active zone. It contains a large number
of proteins including receptors, scaffolds, and signal transduction molecules (figure 1.2). As clusters
of synaptic vesicles containing neurotransmitters are docked to the presynaptic active zone which are
ready to release the neurotransmitters to the synaptic cleft via vesicle exocytosis, the PSD guarantees
a successful synaptic transmission by organizing the neurotransmitter receptors opposite to active
zones (Nimchinsky et al., 2002, Meyer et al., 2014, van Spronsen and Hoogenraad, 2010).

The PSD appears as an electron-dense thickening of the postsynaptic membrane under electron
microscopy. However, recent studies using super-resolution imaging techniques have investigated the
molecular architecture of synapses and revealed that the major postsynaptic proteins are organized
into nanoclusters in the postsynaptic density (MacGillavry et al., 2013, Nair et al., 2013, Fukata et al.,
2013).

1.1.4 Synaptic plasticity

The synaptic connections between neurons can undergo long-lasting changes in strength (Ramiro-
Cortés et al., 2013). The bidirectional ability of synapses to strengthen or weaken in response to a
persistent pattern of synaptic activity is known as synaptic plasticity, which is thought to be the cellular
basis of learning and memory. These changes that occur locally at individual synapses can be
experimentally observed as long-term potentiation (LTP) or long-term depression (LTD) (Bailey et al.,
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2015, Diering and Huganir, 2018). LTP is a persistent increase in synaptic strength induced by brief
high-frequency stimulation which is associated with increasing synapse size as well as insertion of
AMPA receptors, whereas LTD is a persistent decrease in synaptic strength induced by longer episodes
of low-frequency stimulation that results in shrinkage or loss of synapses (Zhou et al., 2004, Bailey et
al., 2015, Han et al., 2017, Makino and Malinow, 2009). Since the imbalance of excitatory/inhibitory
(E/1) synapses underlies several neurological diseases including epilepsy and ASDs, the size and
number of excitatory and inhibitory synapses is tightly regulated, and the long-term plasticity of
glutamatergic and GABAergic synaptic transmission occurs in a concerted manner in order to adjust
the balance of E/I synaptic transmission (Bourne and Harris, 2011, Bonansco and Fuenzalida, 2016).

1.2 Synaptopathy

Both synaptogenesis and synaptic plasticity are highly complex processes which are subject to precise
regulatory mechanisms to maintain neuronal homeostasis and proper functioning of the brain.
Impairing the function of a single component in this system can lead to a group of brain diseases
arising from synaptic dysfunction which have been termed synaptopathies. Synaptopathies are
believed to be the major determinant of several neurodevelopmental and neurodegenerative
diseases such as autism spectrum disorders (ASD), epilepsy, Alzheimer and Parkinson disease (Grant,
2012, Lepeta et al., 2016).

1.2.1 Autism Spectrum Disorders (ASDs)

Autism Spectrum Disorders (ASDs) are a heterogeneous group of neurodevelopmental disorders
characterized by deficits in social interactions, poor language development, stereotyped behaviours
and restricted patterns of interest and activities. According to the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV), ASD encompasses three different pervasive disorders including autistic
disorder, Asperger disorder, and pervasive developmental disorder not otherwise specified (PDD-
NOS) (American Psychiatric Association, 2013). In 2003 autism spectrum disorders have been defined
as a form of synaptopathies caused by an E/I imbalance (Rubenstein and Merzenich, 2003), but still
the causes of autism are largely unknown.

Molecular genetic studies have shown a high genetic contribution. In particular, chromosomal
rearrangements, rare de novo copy-number variants and de novo coding-sequence variants have been
found to contribute to up to 25% of ASD cases (Geschwind, 2009, Huguet et al., 2013).

Contrary to the wide genetic landscape of ASD, the genes associated with this disorder are mainly
involved in a limited number of biological pathways including chromatin remodelling, protein transla-
tion, actin dynamics, and synaptic functions (Bourgeron, 2009, Huguet et al., 2013, Toro et al., 2010).
In several cases, the proteins encoded by ASD risk genes have been shown to be involved in synapse
formation, development and function (Kelleher et al., 2012). These include cell adhesion proteins of
the Neuroligin and Neurexin families (Jamain et al., 2003); proteins involved in signaling (e.g., regula-
tors of small G-protein signaling such as Epac or SynGAP (Clement et al., 2012, Woolfrey et al., 2009));
and scaffold proteins of excitatory, glutamatergic synapses, including all three members of the Shank
family (Berkel et al., 2010, Durand et al., 2007, Gauthier et al., 2009, Moessner et al., 2007) (figure



1.3). These studies confirm the theory considering ASDs as synaptopathies which result from an aber-
rant synaptic transmission affecting specific brain circuits (Leblond et al., 2014, Martella et al., 2018).
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1.3 Shank

SH3 and multiple Ankyrin repeats (Shank) proteins are ‘master’ scaffolding proteins in the postsynap-
tic density of excitatory synapses that integrate intermediate scaffolding proteins, and their proper
performance is critical for synaptic development and function. These multiple domain proteins with
around 2000 residues in length encoded by the three genes SHANK1, SHANK2, and SHANK3 and share
63-87% homology in their sequences (Guilmatre et al., 2014, Sheng and Kim, 2000). Deletions, dupli-
cations and coding mutations in the SHANK genes have been repeatedly reported in patients with ASD
(Leblond et al., 2014).

Shank genes show distinct patterns of expression. In the adult rat, Shank1 is exclusively expressed in
brain, Shank2 mRNA is expressed not only in brain but also at lower levels in kidney and liver and
Shank3 is predominantly expressed in brain, spleen and heart. In the brain, Shank1 is expressed in
hippocampus, cortex, amygdala, substantia nigra, and thalamus. Shank2 and Shank3 share a common
expression in different brain regions, including hippocampus and cortex. In the cerebellum, Shank1
and Shank2 are expressed in Purkinje cells, whereas Shank3 is expressed in the granular cell layer (Lim
et al., 1999, Zitzer et al., 1999, Boeckers et al., 1999).

All three members of the Shank family share a similar set of domains including a Shank/ProSAP N-
terminal (SPN) domain, a set of multiple ankyrin repeats (Ank), a Src homology 3 (SH3) domain, a PSD-
95/DLG/Z01 (PDZ) domain, a long Proline-rich region (Proline-rich) and a C-terminal sterile alpha motif
(SAM) domain (Sheng and Kim, 2000) (figure 1.4). Through these domains Shank proteins bind to a



large number of postsynaptic proteins and have the potential to establish an indirect interaction be-
tween the glutamate receptors and the actin cytoskeleton. Several transcript variants are generated
through alternative splicing and the use of alternative promoters, leading to omission of individual
protein interaction motifs. Thus only the Shank2 proteins expressed in epithelial cells, but not those
expressed in brain, possess N-terminal SPN and Ank domains (McWilliams et al., 2004).

Shank m @ m Proline-rich

Figure. 1.4 Domain organization of Shank family proteins. All three members of the Shank family share a similar
set of domains. The binding sites for the interaction partners of the Prolin-rich region (including Abi-1, IRSp53,
Homer, Dynamin and Cortactin) have been depicted by rectangles.

Well characterized interaction partners of the Shank PDZ domain are members of the GKAP (also
known as SAPAP) protein family that mediate an indirect interaction between Shank proteins and the
NMDA receptors through binding to postsynaptic scaffold proteins of the PSD-95 family (Naisbitt et
al., 1999, Boeckers et al., 1999). Homer, an interaction partner of the Proline-rich region of Shank,
binds to metabotropic glutamate receptors (mGIluRs) and IP3 receptors (Tu et al., 1999, Xiao et al.,
1998). Cortactin, another interaction partner of the Proline-rich region, is an actin binding protein that
along with the other interaction partners such as IRSp53, Abi-1 and a-Fodrin connects Shank proteins
to the actin cytoskeleton (Du et al., 1998, Wu and Parsons, 1993, Bockmann et al., 2002, Proepper et
al., 2007, Boeckers et al., 2001, Soltau et al., 2002). The SAM domain of Shank that has an essential
role in synaptic targeting of Shank proteins (Boeckers et al., 2005, Baron et al., 2006) , in fact enables
them to multimerize in a tail-to-tail manner and allows cross-linking of multiple sets of Shank-associ-
ated protein complexes at postsynaptic sites (Sheng and Kim, 2000). Interestingly the SAM domain of
Shank2 and Shank3 (but not Shank1) is Zn?* sensitive. Therefore, the synaptic targeting and the
postsynaptic level of these two proteins is dependent on the SAM domain and regulated via Zn** ions,
respectively (Baron et al., 2006, Grabrucker, 2014). In contrast, the postsynaptic localization of Shank1
is mediated by the PDZ domain binding to SAPAP and follows the formation of the PSD 95/GKAP com-
plexes (Sala et al., 2001, Romorini et al., 2004).



SHANK1 SHANK2 SHANK3
DNA chromosome 19q13.3 119133 22q133
damaging mutations in 1.02% 2.66% 1.07%
Controls
truncating mutations in 0% 0% 0%
Controls
RNA & Proteins mRNA localization in neurons soma and dendrites soma and dendrites (Purkinje cells) soma and dendrites
(hippocampal & Purkinje cells) (hippocampal neurons)
expression pattern high in cortex broad in brain (cerebellar Purkinje cells) high in striatum (cerebellar
granule cells)

Synapses localization glutamatergic synapses glutamatergic synapses glutamatergic synapses
expression dynamics 3" Shank at the synapse 1% Shank at the synapse 2" Shank at the synapse
effect loss decrease in GKAP & Homer increase in NMDAR NR1 decrease in NMDAR NR1 and

AMPAR
zinc dependence independent dependent dependent

Spines effect of loss decreased size of spine heads decreased number of mature spines decreased number of mature

spines
effect of gain increased number of mature spines increased number of mature
spines
effect of mutation in ASD reduction of synaptic density affect reduction of synaptic density
spine induction & morphology affect spine induction &
morphology

Synaptic currents effect of loss normal NMDA and AMPA increase/decrease NMDA* decrease NMDA and AMPA

Mouse behavior social interactions reduced reduced reduced
vocal behaviors abnormal abnormal abnormal
activity reduced increased reduced
stereotypies increased increased
learning enhanced reduced reduced

(but reduced memory)

Truncating mutations ASD 0.04% 0.17% 0.69%
ASD (1Q>70) 0.12% 0.30% 0%
ASD (IQ=70) 0% 0.33% 2.12%

1Q ASD 95+11 62+17 30+8

Penetrance males high high high
females incomplete not reported high

Table 1.1 Summary of the functions of Shank proteins and of the main findings obtained for patients with
ASDs. From (Leblond et al., 2014).

1.4 Shank3

SHANK3 was the first gene in the SHANK family which was shown to be associated with ASDs. Loss of
one copy of the region on chromosome 22 including the Shank3 gene leads to 22q13 deletion/Phelan-
McDermid syndrome, which is associated with severe intellectual disability and autism (Bonaglia et
al., 2006). Animal models of Shank3 loss or mutation show several circuit defects in a wide range of
brain regions and various degrees of synaptic dysfunction and autistic-like behaviours (Bozdagi et al.,
2010, Kouser et al., 2013, Peca et al., 2011, Tatavarty et al., 2018, Wang et al., 2011). In addition,
duplication of the SHANK3 gene in patients or overexpression of Shank3 in mice leads to synaptic
dysfunction and a neurological phenotype that highlights a SHANK3 gene dosage effect (Han et al.,
2013). A variety of insertions, deletions, nonsense, splice site and missense mutations have been
identified in this gene in autistic patients (Leblond et al., 2014) (figure 1.5). In 2010 SHANK3 was
reported as a common gene between ASDs and schizophrenia (SCZ) by identifying two de novo
mutations (R1117X and R536W) in the gene coding for this postsynaptic scaffolding protein in patients



ascertained for SCZ. The non-sense mutation (R1117X) results in a severely truncated Shank3 variant,
leading to childhood-onset of schizophrenia and intellectual disability (Gauthier et al., 2010).
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Through alternative splicing and intragenic promoters Shank3 undergoes a complex transcriptional
regulation in brain that results in diverse Shank3 isoforms. These isoforms are expressed in a cell type,
developmental, and activity-dependent manner and display different subcellular distribution and
differential effects on dendritic spine morphology (Wang et al., 2014) (figure 1.6).
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Figure 1.6 Diverse Shank3 isoforms result from intragenic promoters and alternative splicing. The predicted
Shank3 protein isoforms were deduced from the combination of intragenic promoters and alternative splicing
of MRNAs. Interestingly, the alternatively spliced exons are concentrated in the conserved SH3, proline-rich, and
SAM domains of Shank3 and result in protein species with different combinations of the five functional domains.
Some of these splice variants result in truncated isoforms only containing the N-terminal portion and some pro-
duce C-terminal truncated Shank3 isoforms lacking the SAM domain which most likely cannot be targeted to the
synapses, very similarly to the already reported Shank3 variants resulted from truncating mutations. E stands
for exon and S represents splice variants. Adapted from (Wang et al., 2014).



1.4.1 The structure and function of the Shank3 N-terminus

In 2013 Mameza et al. reported that in the long variants of Shankl and Shank3 the N-terminal Ank
repeats are preceded by a highly conserved domain termed the Shank/ProSAP N-terminal (SPN)
domain which is affected by two autism-associated mutations (L68P and R12C) in SHANK3 (Mameza
et al., 2013). Further analysis of a SPN-Ank containing fragment of Shank3 using X-ray crystallography
showed that the SPN domain is in a ubiquitin like (ubl) fold, very similar to the FO domain of Talin (Lilja
et al., 2017). In this three-dimensional structure, the seven ankyrin repeats of Shank3 are linked (by a
19 amino acid long linker region) to the 90 amino acid conserved SPN domain (figure 1.7). This
structure confirms biochemical data indicating that the Shank3 SPN domain is engaged in an
intramolecular interaction with Ank and forms a large interface with this region (Mameza et al., 2013).

1.4.2 Mutations affecting the Shank3 N-terminus

The N-terminal part of Shank3 is affected by seven missense mutations found in patients with ASDs
(figure 1.7). The relevance of these mutations for Shank3 function and autism pathogenesis is still
unclear (Boccuto et al., 2013, Durand et al., 2007, Gauthier et al., 2009, Moessner et al., 2007). Among
these mutations, P141A and Q321R are de novo mutations (Boccuto et al., 2013, Moessner et al.,
2007), whereas the rest are inherited, mainly from healthy parents (A198G, R300C and S341L) (Durand
et al., 2007, Moessner et al., 2007). The two mutations that affect the SPN domain are inherited from
an epileptic father (L68P) and a mother with social phobia (R12C) (Durand et al., 2007, Gauthier et al.,
2009).

Linker

N-terminus

Figure 1.7 Three-dimensional structure of the N-terminus of Shank3, comprising the SPN and Ankyrin repeat
(Ank) domains. The central part shows an overview, where both the SPN domain and the set of seven Ankyrin
repeats can be clearly seen as individual domains connected by a short linker. Both the linker region and SPN
domain are engaged in an extensive intramolecular contact with the Ank domain. To the right and left, enlarged
and slightly rotated pictures show in red the positions and side chains of residues which have been shown to be
altered in autistic patients. From (Hassani Nia and Kreienkamp, 2018).



1.4.3 The molecular interactions of Shank3 N-terminus

In 2001 two interaction partners for the Ank domain of Shank proteins were reported. First, the
signalling protein Sharpin showed an interaction with the Shank Ank domain via its ubiquitin like
domain. Sharpin was described to colocalize with Shank in the excitatory synapses (Lim et al., 2001).
Furthermore, the actin-binding protein a-Fodrin provides another link to the actin cytoskeleton by a
direct interaction with the Shank Ank repeats (Bockers et al., 2001). Yi et al. in 2016 reported the ion
channels of the hyperpolarization-activated cyclic nucleotide-gated cation channel (HCN) family as
novel interaction partners for the Shank3 Ank domain. HCN proteins form the I, current, and mutation
in SHANK3 was shown to cause an Ip-channelopathy (Yi et al., 2016). The Ank domain also has the
intramolecular interaction partner SPN domain that blocks access of Ank domain ligands a-Fodrin and
Sharpin (Mameza et al., 2013). Intriguingly, these interactors do not share any common sequence
motifs which might predict a common way of binding to the Ank domain.

The SPN domain exhibits structural similarity to Ras binding/Ras association domains such as FO
domain of Talin (figure 1.8 A). Subsequent interaction studies confirmed that the SPN domain of
Shank3 is in fact a novel Ras association domain that constitutes a high affinity binding site for several
Ras family G-proteins, including active GTP-bound forms of Ras and Rap proteins (Lilja et al., 2017)
(figure 1.8 B).

A B Figure 1.8 Structural analysis of
the Shank SPN domain. A.
Superposition of Shank3 SPN
(cyan) and talin FO (grey) domain
structures. B. Model of the Shank3
SPN domain in complex with Ras
based on the structure of
RalGDS/active H-Ras complex.
From (Lilja et al., 2017).

1.4.4 The functional relevance of mutations affecting the Shank3 N-terminus

Several studies have shown that the normal synaptic targeting of Shank3 is not affected by the
mutations in the N-terminus (Arons et al., 2012, Durand et al., 2012, Mameza et al., 2013). Although
overexpression of Shank3 WT in primary hippocampal neurons significantly increases dendritic spine
density, the expression of N-terminal mutant variants show a moderate effect on the spine formation
(Arons et al., 2012, Durand et al., 2012).

Shank3 WT (but not the N-terminal mutant variants) is shown to be involved in spine maturation by
forming spines with larger heads (Durand et al., 2012). However, these results have been obtained
using confocal microscopy and it is not clear whether the N-terminal mutations affect the spine
morphology by changing the nanoscale organization of the Shank3 proteins in the postsynaptic
density.



In 2013 Mameza et al. showed that the L68P mutant variant supports normal excitatory synaptic
transmission by restoring the reduced mEPSC frequency in Shank3 knockdown neurons (treated with
shShank3) to the control levels, similar to Shank3 WT (Mameza et al.,, 2013) . In another study,
overexpression of Shank3 WT in hippocampal neurons significantly increased mEPSC frequency
compare to the control neurons transfected with GFP, while missense mutations (R12C, R300C,
Q321R) slightly increased mEPSC frequency but not as much as WT (Durand et al., 2012).

Shank3 has been reported to affect not only the excitatory postsynaptic but also presynaptic function
by directly interacting with the cytoplasmic tails of Neuroligins (Meyer et al., 2004). Arons et al.
showed that ASD-associated mutations in Shank3 (R12C, R300C and Q321R) interfere with the role of
Shank3 in transsynaptic signalling. Unlike the overexpressed Shank3 WT, these three mutants failed
to increase the level of postsynaptic Homer1 and presynaptic VGLUT1. In addition, the size of the total
recycling pool (TRP) of synaptic vesicles (SVs) at presynaptic sites contacting dendritic profiles of
neurons expressing these mutant variants of Shank3 significantly decreased compare to Shank3 WT
neurons. Also, the authors observed that the amplitude of both AMPAR and NMDAR EPSCs
dramatically decreased, and the synaptic failure rate highly increased when these mutant forms of
Shank3 were compared to Shank3 WT (Arons et al., 2012).

A study in 2011 showed that the R12C mutant variant impairs the regulatory effects of Shank3 on the
mGIuR5 pathway. Using DHPG as an agonist of group | metabotropic glutamate receptors, the authors
observed that upon loss of Shank3 the signaling pathway of mGIuRs and subsequently
phosphorylation of ERK1/2 and CREB was impaired. While reexpression of Shank3 WT and also of
mGIuR5 was able to rescue the DHPG-induced ERK1/2 phosphorylation, Shank3 R12C was not able to
rescue the ERK1/2 phosphorylation induced by DHPG (Verpelli et al., 2011).

Interestingly, the two inherited mutations affecting residues in the Shank3 SPN domain (L68P and
R12C) disrupt the interaction between Shank3 and the small G-proteins of Ras family. As predicted
from the structural analysis, Arg 12 is involved in forming an ion pair with Glu 37 of Ras (figure 1.8 B).
The side chain of Leu 68 is one of the key residues of the hydrophobic core and is involved in the
proper folding of the SPN domain (figure 1.7). By disrupting any of these ion-pair and hydrophobic
interactions, these two mutations interfere with Shank3 binding to the small G-proteins (Lilja et al.,
2017). Moreover, the L68P mutation but not R12C was shown to disrupt the blockade of Ank by the
SPN domain and improve the interaction of Shank3 with three Ank ligands (Sharpin, a-Fodrin and
exogenous SPN), suggesting that this mutation most likely represents a permanent open conformation
of the Shank3 N-terminus that not only dysregulates Ank domain function but also hinders Shank3 of
interaction with small G-proteins of Ras family (Mameza et al., 2013, Lilja et al., 2017).
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1.5 Aim of the project

The Shank3 N-terminus is the target of several missense mutations associated with ASDs. Intriguingly,
the functional relevance of these mutations on a structural, molecular and cell biological level is poorly
understood. So far, it has been clarified that two of these N-terminal mutations, R12C and L68P affect
molecular interactions of the Shank3 protein. Both R12C and L68P mutations located in the SPN
domain of Shank3 disrupt the interaction between Shank3 and the small G-proteins of Ras family. In
addition, L68P directly affects Ank domain interactions by disrupting the regulatory effect of the SPN
domain on the Ank repeats. How this may contribute to the autistic phenotype in the patients is
unclear. More importantly, the effect of the other five mutations which alter residues in the Ank
domain is completely unknown on a molecular level. It seems likely that the proper functioning of the
Shank3 N-terminus and subsequently the full-length Shank3 protein is dependent on a precise
cooperation between the SPN domain and Ank-repeat region which itself is regulated through an
intramolecular interaction between these two domains.

In this study, | sought to determine the mechanisms in which the molecular interactions of the N-
terminus of Shank3 contributes to the function of the Shank3 protein, and how this is altered by the
ASD-related mutations affecting this part of the protein.

In this regard one important aspect was to define the relevance of the Shank3 N-terminus interaction
with G-proteins of the Ras family for synaptic function, and for the development of autism. We assume
that Shank3 is part of a synaptic Ras GTPase dependent signalling pathway which is disrupted by
mutations in the N-terminal part of Shank3. Therefore, | aimed to clarify on a molecular level how the
small G-proteins of Ras family affect the interactions and scaffolding capabilities of Shank3 and also,
to assess the role of WT and mutant forms of Shank3 in mediating the effects of Ras on synapse
formation. Along with this, | aimed to determine which interaction partners of the Shank3 N-terminus
play a role in the CNS and more specifically, in the postsynaptic density. This also required finding so
far unknown interaction partners of this part of the protein in neurons.

Additionally, since there is not much information about the spatial distribution of the Shank3 protein
in the postsynaptic density, | aimed to resolve the nanoscale organization of Shank3 using super-
resolution microscopy.

11



2.1 Materials

2.1.1 Chemicals

Chapter 2

Materials and Methods

All the chemicals used in this project were purchased from Merck, Sigma or Carl Roth unless otherwise

indicated.

2.1.2 Microbial Strains, Laboratory Animals and Cell Lines

Shank3 KO Mice

Organism Name Source

Bacterial E. Coli strains Top10F Thermo Fisher Scientific
NEB Stable New England BiolLabs
BL21 (DE3) New England BiolLabs

Cell lines HEK293-T ATCC
u20s ATCC

Laboratory animals Rattus norvegicus Envigo

Tobias Bockers, Ulm

2.1.3 DNA Plasmids

2.1.3.1 Basic Vectors

Name Remarks Source

pEGFP-C1 cmv promotor, green | Clontech
fluorescent protein, Kan®

pEGFP-C3 cmv promotor, green | Clontech
fluorescent protein, Kan®

pET SUMO Bacterial expression; Hise- | Thermo
SUMO-tag, Kan®

pmRFP N1 CMV promotor, monomeric | RG Kreienkamp
red fluorescent protein, Kan®

pmRFP N3 CMV promotor, monomeric | RG Kreienkamp
red fluorescent protein, Kan®

pFRET N-terminal GFP, C-terminal RG Kreienkamp
mCherry sequence, Kan®

PMT2sm -HA CMV promoter with HA tag, RG Rosenberger

AmpF
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2.1.3.2 Full length Shank3 Vectors

EGFP pHAGE- Shank3 WT

RG Kreienkamp

EGFP pHAGE- Shank3 L68P

RG Kreienkamp

EGFP pHAGE- Shank3 R12C

RG Kreienkamp

pmRFP- Shank3 WT

RG Kreienkamp

pmMRFP- Shank3 L68P

RG Kreienkamp

pmRFP- Shank3 R12C

RG Kreienkamp

pmMRFP- Shank3 P141A

RG Kreienkamp

MYC His- Shank3 WT

RG Kreienkamp

MYC His- Shank3 L68P

RG Kreienkamp

MYC His- Shank3 R12C

RG Kreienkamp

MYC His- Shank3 R300C

RG Kreienkamp

MYC His- Shank3 Q321R

RG Kreienkamp

MYC His- Shank3 A198G

RG Kreienkamp

MYC His- Shank3 S341L

RG Kreienkamp

2.1.3.3 A-Shank3 Vectors

pMRFP- Shank3 WT aa. 1-1334

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-979

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-934

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-835

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-782

RG Kreienkamp

pmRFP- Shank3 WT aa. 1-698

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-676

RG Kreienkamp

pmRFP- Shank3 WT aa. 1-576

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-538

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-376

RG Kreienkamp

pmMRFP- Shank3 WT aa. 1-339

RG Kreienkamp

pmMRFP- Shank3 L68P aa. 1-339

RG Kreienkamp

pmRFP- Shank3 R12C aa. 1-339

RG Kreienkamp

pmMRFP- Shank3 P141A aa. 1-339

RG Kreienkamp

pFRET- Shank3 WT aa. 1-339

RG Kreienkamp

pFRET- Shank3 L68P aa. 1-339

RG Kreienkamp

pFRET- Shank3 R12C aa. 1-339

RG Kreienkamp

pET SUMO- Shank3 WT aa. 1-348

RG Kreienkamp

pET SUMO- Shank3 WT aa. 99-348

RG Kreienkamp
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2.1.3.4 Expression Vectors for Interaction Partners

Name

Source

pEGFP- Abil

Tobias Bockers, Ulm, Germany

MRFP- N-Cadherin

RG Kneussel, ZMNH, Hamburg, Germany

pPEGFP- a-Catenin

Addgene

Emerald- B-Catenin

Addgene

pEGFP- 6-Catenin

Kenneth Kosik, UC Santa Barbara, California, US

pPEGFP- Cortactin

RG Kreienkamp

pPEGFP- Densin-180

RG Kreienkamp

pPEGFP- Fodrin

Tobias Bockers, Ulm, Germany

pEGFP- HCN1

R. Bender, UKE, Hamburg, Germany

pEGFP- Homer

RG Kreienkamp

pPEGFP- IRSp53

RG Kreienkamp

HA- Rapla G12V

RG Rosenberger, UKE, Hamburg, Germany

HA- Rapla S17N

RG Rosenberger, UKE, Hamburg, Germany

HA- HRas WT

RG Rosenberger, UKE, Hamburg, Germany

HA- HRas G12V

RG Rosenberger, UKE, Hamburg, Germany

HA- HRas S17N

RG Rosenberger, UKE, Hamburg, Germany

pPEGFP- SAPAP1

Stefan Kindler, UKE, Hamburg, Germany

pPEGFP- Sharpin

RG Kreienkamp

HA- TNIK

Ken-ichi Kariya, Okinawa, Japan

HA- TNIK KM

Ken-ichi Kariya, Okinawa, Japan

2.1.3.5 Shank1 Vectors

pET SUMO- Shank1 N-terminal

RG Kreienkamp

MYC His- Shank1B

RG Kreienkamp

2.1.3.6 A-6-Catenin Vectors

GFP- 6-Catenin aa. 518-1225

RG Kreienkamp

GFP- 6-Catenin aa. 934-1225

RG Kreienkamp

GFP- 6-Catenin aa. 1014-1225

RG Kreienkamp

GFP- 6-Catenin aa. 1040-1225

RG Kreienkamp

GFP- 6-Catenin aa. 1084-1225

RG Kreienkamp

2.1.3.7 B-Catenin Vectors

GFP- B-Catenin T779A

RG Kreienkamp

GFP- B-Catenin A PDZ ligand

RG Kreienkamp
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2.1.4 Sequencing Primers

Name Sequence (5’ - 3’)
GFP-n- fwd AATGTCGTAACAACTC
pmRFP fwd CCTACAAGACCGACATCAAG
pmRFP rev GTCACCTTCAGCTTGGCG
SVPA2 rev ATTCATTTTATGTTTCAGGTTCAG
T7 TAATACGACTCACTATAGGG
2.1.5 Antibodies and Toxins
Primary Antibodies WB ICC Source
rb anti- Actin 1:200 1:80 Sigma #A2066
ms anti- N-Cadherin 1:3000 1:1000 BD Trans. Lab #610921
ms anti- B-Catenin 1:1000 Cell Signaling #2698
ms anti- 6-Catenin 1:250 BD Trans. Lab
rb anti- 62-Catenin 1:1000 1:500 Abcam #ab 184917
rb anti- Densin 180 1:2000 1:200 RG Kreienkamp
rb anti- DDX3X 1:500 Bethyl Laboratories
rb anti- DDX5 1:2500 1:250 Bethyl Laboratories
rb anti- DHX9 1:2000 Bethyl Laboratories
rb anti- (ERK1/2) p44/42 MAPK 1:1000 Cell Signaling #9102S
rb  anti-phospho-(ERK1/2) p44/42 | 1:1000 1:400 Cell Signaling #9101S
MAPK (Thr202/Tyr204)
ms anti- GFP 1:5000 Covance MMS-118P
rb anti- GFP 1:1000 1:2000 Abcam #ab6556
ms anti- HA 1:1000 1:200 Sigma Aldrich #H9658
rb anti- HA 1:1000 1:200 Sigma Aldrich #H6908
rb anti- hnRNP-H 1:10000 Bethyl Laboratories
ms anti- hnRNP-U (3G6) 1:2000 Antibodies Online
ms anti- Homer 1:1000 1:500 Synaptic Systems #160011
chk anti- MAP2 1:20000 1:1000 Antibodies Online
rb anti- c-MYC 1:5000 1:200 Sigma #C3956
rb anti- NONO 1:2000 Bethyl Laboratories
Phalloidin 546 1:40 MoBiTec
Phalloidin 488 1:40 MoBiTec
ms anti- PSD 95 1:2000 1:500 Thermo Fisher #MA1-046
rb anti- HRas 1:1000 1:50 Thermo Fischer #PA5-14863
rat anti- RFP 1:1000 Chromotek (5F8)
gp anti- Shank3 1:1000 1:500 Synaptic Systems # 162 304
ms anti- o Tubulin 1:5000 Abcam #ab7291
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Secondary Antibodies wB ICC Source

HRP Goat anti- ms IgG 1:2500 Jackson ImmunoResearch
HRP Goat anti- rb IgG 1:2500 Jackson ImmunoResearch
HRP Goat anti- rt IgG 1:2500 Jackson ImmunoResearch
HRP Goat anti- gp I1gG 1:2500 Jackson ImmunoResearch
Alexa 633 goat anti-chk IgG 1:1000 Invitrogen

Alexa 405 goat anti-chk I1gG 1:1000 Abcam

Alexa 448 goat anti-ms IgG 1:1000 Invitrogen

Alexa 633 goat anti-ms IgG 1:1000 Invitrogen

Alexa 594 goat anti-ms IgG 1:250 Invitrogen

Alexa 555 goat anti-gp IgG 1:1000 Life Technologies

Alexa 633 goat anti-rb I1gG 1:1000 Life Technologies

Cy3 goat anti-rb I1gG 1:1000 Dianova

Abberior STAR RED goat anti-gp IgG 1:250 Abberior

Abberior STAR RED goat anti-ms IgG 1:250 Abberior

Abberior STAR RED goat anti-rb IgG 1:250 Abberior

Abberior STAR RED Phalloidin 1:250 Abberior

2.1.6 Enzymes

The FastDigest restriction enzymes were purchased from Thermo Fisher Scientific.

2.1.7 Commercial Kits

Commercial Kits

Manufacturer

Nucleofection kit for rat neurons

Lonza

NucleoBond Xtra Midi Kit

Macherey-Nagel

Genelet Gel Extraction Kit

Thermo Fisher Scientific

2.1.8 Oligonucleotides

The custom synthesized oligonucleotides were purchased from Sigma Aldrich and reconstituted with
ddH20 to the working dilution of 10 uM for PCR or 1 uM for sequencing.
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2.2 Methods

2.2.1 Molecular Biology Methods
2.2.1.1 Transformation of Competent Cells

Competent E. coli cells of the ToplOF'strain were slowly thawed on ice. The DNA mixture was
prepared by diluting 10 ul of DNA plasmid or the product of a ligation reaction with 20 pl 5x KCM
buffer followed by adding 70 ul ddH20 (final volume of 100 pl). 100 ul of thawed competent cells were
added and the reaction was incubated on ice for 20 min. The cells were heat-shocked at 42°C for 20
sec and immediately after that were placed onice for 2 more minutes. 1 mL of pre-warmed LB medium
without selective antibiotics was added to the cells and cells were incubated in a shaker-incubator at
37°Cfor 1 hr at 300 rpm. The transformation reaction was then centrifuged at 13000 rpm for 30 sec
and the supernatant was discarded. The pellet was resuspended in 100 ul of LB medium and plated
on a pre-warmed LB-agar plate containing selective antibiotic followed by an overnight incubation at
37°C.

The NEB stable competent cells (recommended for isolation of plasmid clones containing repeat ele-
ments and unstable inserts) were used to prepare Shank3 pHAGE constructs, according to the manu-
facturer's instructions.

Cultures of single colonies were prepared in LB medium containing selective antibiotic and incubated
in a shaker-incubator at 37°C, 200 rpm overnight.

5x KCM buffer

KCl 500 mM
CaCl2 150 mM
MgCl2 250 mM

LB (Luria Broth) medium

Bacto Yeast Extract (pH 7.6) 5g/L

NaCl 171 g/L

MgS04 4 mM

KCl 10 mM
LB agar

Bacto Yeast Extract (pH 7.5) 5g/L

Bacto-Peptone 10 g/L

NaCl 10 g/L

Agar 15 g/L
Antibiotics

Ampicillin 100 pg/mL

Kanamycin 50 pg/mL
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2.2.1.2 DNA Mini Preparation

Mini preparation of plasmid DNA was performed using buffers from the NucleoBond Xtra plasmid
purification kit. 1 mL of the E. coli culture grown overnight was centrifuged in an Eppendorf tube at
13000 rpm for 30 sec. The supernatant was discarded, and the pellet was resuspended in 100 pL of
resuspension buffer containing RNase, followed by adding 100 pL lysis buffer. The tube was inverted
a few times and incubated for 2 min at RT. 100 uL of neutralization buffer was added to the reaction
and the tube was centrifuged for 20 min at 13000 rpm at RT. The supernatant containing DNA was
collected and mixed with 70% (V/V) isopropanol. Samples were centrifuged for 20 min at 13000 rpm.
The supernatant was discarded, and the pellet was washed twice with 500 uL 70% ethanol in a 5 min
centrifugation step at 13000 rpm. After discarding the supernatant, the pellet was dried at RT for 15
min and then resuspended in 50 uL ddH20. The purified DNA was further analysed by a restriction
enzyme digest or sequencing.

2.2.1.3 DNA Midi Preparation

For the purpose of large-scale plasmid purification, Midi preparation was performed according to the
manufacturer's instructions of NucleoBond Xtra Midi kit from 100 mL cultures. The purified DNA was
dissolved in an appropriate volume of buffer TE for 1 hr at RT and the DNA concentration was
determined using Epoch ™ Multi-Volume Spectrophotometer System.

2.2.1.4 Restriction Digestion

Restriction digestion was performed using appropriate restriction endonucleases that recognize short,
specific DNA sequences and cleave double-stranded DNA (dsDNA) at specific sites within or adjacent
to their recognition sequences. To control the correctness of a purified DNA plasmid or create
fragments for a ligation reaction, 1 ug of DNA plasmid was mixed with 2 pL of 10x Fast Digest buffer
and 1 plL of each corresponding Fast Digest restriction enzymes. The reaction was then filled up to 20
pL with ddH20 and incubated at 37°C for 45 minutes. To avoid the vector re-closure by intramolecular
ligation, 5’-phosphate groups were in some cases removed using the alkaline phosphatase FastAP. For
this, 1 uL FastAP was added to the digestion reaction 10 min prior to the end of incubation time.

2.2.1.5 Agarose Gel Electrophoresis

The DNA fragments generated by restriction enzymes were further analysed using agarose gel elec-
trophoresis. 6 pL of Midori green DNA stain was added to 100 mL of 1 or 1.3% agarose-TAE solution
prior to the gel casting. The samples were then mixed with the appropriate volume of loading buffer
and loaded into the solidified agarose gel. The gel was electrophoresed in 1x TAE buffer at 100 V for
20 min, leading to separation of DNA fragments according to their molecular weight. The size of DNA
fragments was determined using a 1kb DNA marker. The DNA bands were detected by a UV transillu-

minator.

TAE buffer (pH 8.0)
Tris-Acetat 40 mM
EDTA 2mM
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6x DNA-loading buffer (pH 7.6)

Tris-HCI (pH 7.6) 10 mM
Bromophenol blue 0.03 % (v/v)
Xylen-Cyanol FF 0.03 % (w/v)
Glycerol 60 % (v/v)
EDTA 60 mM

2.2.1.6 Extraction of DNA Fragments

The separated DNA fragment of interest was excised from the agarose gel under UV light and purified

using Genelet Gel Extraction kit according to the manufacturer’s instruction.

2.2.1.7 Ligation

In order to subclone a DNA fragment (insert) into a new vector, the ligation reaction was performed
using T4 DNA ligase. For this, insert and vector were mixed in a 3:1 ratio and 1 pL T4 DNA ligase was
added. The reaction was made up to 20 ul by a ligation buffer containing 1 mM ATP and was incubated

overnight at 16°C.

2.2.1.8 DNA Sequencing

The sequencing reactions to define the arrangement of nucleotides in DNA plasmids were performed

using the Sanger method, using BigDye Terminator Cycle Sequencing Kit (Thermo Scientific). The

sequencing reaction was set up as follows:

PCR Reaction
DNA plasmid 1lug
5x sequencing buffer 2 uL
Big Dye 1ul
Primer 1pL
ddH20 Up to 10 puL

The reaction tubes were placed in the PCR machine to pass through thermal cycles as follows:

Thermal Cycles

Step Temperature Time Number of cycles
Initial denaturation 96°C 1 min 1

Denaturation 96°C 10 sec

Primer annealing 50°C 5 sec 25

Extension 60°C 4 min

Final extension 60°C 4 min 1
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This was followed by a Sodium Acetate Precipitation Reaction:

Sodium Acetate Precipitation Reaction

PCR product 10 pL
3M NaAc (pH 5.5) 2 uL

100% EtOH 50 pL
ddH20 10 uL

After a brief mixing, the precipitation reaction was incubated at RT for 15 min, followed by a 20 min
centrifugation at RT at 4000 rpm. The supernatant was carefully discarded, and the pellet was washed
with 70% EtOH in a 10 min centrifugation step at RT at 4000 rpm. The supernatant was discarded, and
the pellet was dried at RT for 15 min. The precipitated DNA was then dissolved in 20 L HiDi (highly
deionized) formamide and analysed by capillary electrophoresis performed at the diagnostic depart-
ment of the UKE Institute for Human Genetics.

2.2.2 Cell Biology Methods
2.2.2.1 Cell Culture

Human embryonic kidney 293T (HEK293T) cells were cultured in 10 cm plates with growth medium
and passaged every 2-4 days using Versene buffer to rinse the cell layer, followed by 3 min
trypsinization with 1 mL Trypsin 1x (in Versene). Dissociated cells were then re-plated with fresh
growth medium in the intended passage ratio.

Growth Medium

DMEM with high glucose and pyruvate 450 mL
Fetal Bovine Serum 50 mL
Penicillin/Streptomycin (100x) 5mL

Versene (pH 7.4)

NacCl 137 mM
Na;HPO4 8.8 mM
KCl 2.7 mM
KH,PO4 0.7 mM
EDTA 1mM

2.2.2.2 Transient Transfection of Cells

Transient transfection of HEK293T cells was performed using TurboFect Transfection Reagent (Thermo
Scientific). For this, 5 pg of DNA were diluted in 1 mL of serum-free DMEM. 18 pL of TurboFect were
added, followed by immediate mixing. After 10 minutes incubation at room temperature, the
transfection mixture was drop-wise added to the 10 cm cell plate and the plate was gently rocked to
achieve an even distribution. The transfected cells were then incubated overnight at 37°C in a CO;
incubator, followed by the subsequent analysis.
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2.2.2.3 Cell Starvation and EGF Stimulation Assay

To activate the Ras/Raf/MAP kinase pathway, an EGF stimulation assay was performed in transfected
HEK293T cells. 4 hours after transfection, cells were split into two plates and cultured overnight in
starvation medium (DMEM+ 0.1% FBS). On the following day, one plate was stimulated by adding 10
ng/mL EGF to the medium 20 min before lysis and the other plate remained non-stimulated as control
plate.

2.2.2.4 Primary Hippocampal Neuron Culture

Pregnant animals (rats at day E18 of pregnancy/mice at E16) were sacrificed by anesthesis with CO,,
followed by decapitation. The embryos were removed and collected in a 90-mm Petri Dish containing
cold dissection medium. Under sterile conditions, pups were decapitated with a pair of sterile surgical
scissors; after removing head skin and the skull under the dissecting microscope the hippocampi were
separated from the cortex and collected in a 15 mL falcon tube containing cold dissection medium.
The hippocampi were trypsinized by adding Trypsin to the dissection medium and incubated at 37°C
in the water bath for 15 min. The enzymatic solution then was discarded, and the hippocampi were
washed in 8 mL plating medium 4-5 times. During the last wash, the hippocampi were completely
dissociated into a single cell suspension using Pasteur pipettes. The dissociated hippocampal neurons
were plated on poly-L-lysine (PLL) coated coverslips in plating medium. The plating medium was then
removed one day after dissection (DIV 1), and cells were grown in complete Neurobasal medium at
37°C, 5 % CO..

PLL Buffer (pH 8.5)
Boric acid 100 mM
Poly-L-Lysin 100 mg

Dissection Medium
HBSS 500 mL
Penicillin/Streptomycin (100x) 5mL

Plating Medium

DMEM + GLUTAMAX 450 mL
Horse Serum 50 mL
Penicillin/Streptomycin (100x) 5mL

Complete Neurobasal Medium

Neurobasal 500 mL
B27 10 mL
Glutamax 5mL
Penicillin/Streptomycin (100x) 5mL
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2.2.2.5 Neuron Transfection

Neurons were transfected on DIV 7 using the calcium phosphate method. One hour before transfec-
tion, the complete Neurobasal medium was collected from the multi-well plate and replaced by 500
ul of pre-warmed transfection medium (MEM+Glutamax) per well. To prepare the transfection reac-
tion, a maximum of 10 pg of plasmid DNA was diluted in 80 pul of ddH,0 and mixed with 10 pl of 2.5 M
CaCl; (final volume of 100 pl). 100 ul of 2x HBS were then added drop-wise to the reaction tube under
continuous vortexing. The transfection reaction was incubated at RT for 30 min. 100 pl of this mixture
was added to each well. The cells were incubated at 37°C in a humidified atmosphere of 5% CO; for
another 2 hours. The cells were washed 7 times with 1xHBSS and after the last wash, the previously
collected Neurobasal medium was added to the cells.

HBS 2X (pH: 7.05 adjusted with NaOH)

NaCl 274 mM
KCl 10 mM
Na;HPO, 1.4 mM
D-Glucose 15 mM
Hepes 42 mM

2.2.2.6 Nucleofection

Nucleofection was performed according to manufacturer’s instructions using the Amaxa nucleofection
kit before the plating of neurons. Coverslips were coated with ornithine and laminin and incubated
with 300 pL complete Neurobasal media before plating of the neurons. 500 pL of neuron plating
medium per each coverslip was pre-incubated in the incubator. Approximately, 4-5 x 10° freshly
dissociated primary neurons for each reaction were centrifuged at 80 g for 5 min at RT. The
supernatant was removed, and the pellet was gently resuspended in 100 plL nucleofection solution
(already mixed with supplement solution). The cell suspension was mixed with 3 pug plasmid DNA and
transferred into a certified cuvette (sample covered the bottom of the cuvette without air bubbles).
The cuvette was placed into the Amaxa-Nucleofector cuvette holder and program 0-03 was applied.
Immediately after finishing the program, the cuvette was taken out of the holder. 500 pl of the pre-
incubated plating medium were added to the cuvette and the sample was gently transferred into the
plate with the coated coverslips. 4 hours later the plating medium was replaced by complete
Neurobasal media and incubated overnight at 37C.

2.2.3 Biochemical Methods
2.2.3.1. Cell Lysis and Co-Immunoprecipitation (Co-IP)

The transfected HEK cells were washed twice with ice-cold 1x PBS and incubated with 1mL IP buffer
containing protease inhibitors for 15 min on ice. The lysed cells were collected in 1.5 mL Eppendorf
tubes and centrifuged at 20,000 g for 20 min at 4°C. Then the supernatant was collected, and immune-
precipitation was performed using GFP/RFP trap beads. 80 uL of supernatant were kept as whole cell
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lysate (input) sample and the rest was incubated with 20 pL of beads for 2hrs at 4°C on a rotator. The
beads were collected by centrifugation at 1000g for 1min at 4°C and the supernatant containing
unbound proteins was removed. To avoid non-specific binding, the beads were washed 5 times with
500 L of lysis buffer, followed by centrifugation at 1000g for 1 min at 4°C. After the last wash, the
supernatant was discarded, and the precipitated beads were treated with 50 L of 1x Laemmli buffer,
heat denatured at 94°C for 5 min followed by incubation on ice for 2 min. After a brief spinning, 15 uL
of the prepared sample were loaded into each well of an SDS gel and subsequent experiments were

carried out.

1x PBS (pH 7.4)

NaCl 140 mM
KCl 2.7 mM
Na;HPO4 10 mM
KH2PO4 1.8 mM
IP buffer (pH 8.0)
Tris 50 mM
NaCl 120 mM
NP40 0.5%
EDTA 1mM
1x Laemmli buffer (pH 6.8)
Glycerine 10% (v/v)
DTT 20 mM
SDS 1.5 % (w/v)
Tris/HCI 60 mM
Coomassie G-250 0.05%

2.2.3.2 RNA Digestion

To remove RNA from the cell lysate, an RNase treatment was performed using RNAase One (Ambion).
After 2hrs incubation of cell lysate with beads and prior to the final washing steps the lysate was
treated with 1U/uL RNAase and incubated at RT for 30 min on a rotator.

2.2.3.3 Expression of His-tagged Proteins

Aliquots of competent BL21 (DE3) E. coli cells were slowly thawed on ice and incubated with B-
mercaptoethanol (dilution 1:40) for 10 min. 1 L of a bacterial expression plasmid (1 pg/uL) was added
to 40 L of cells and incubated on ice for 30 min. The samples were then heat-shocked at 42°C for 20
sec and again incubated on ice for 2 min. 300 pL of pre-warmed SOC medium were added to each
reaction. The samples were incubated in a shaker-incubator at 300 rpm for 1 hour at 37°C. 60 L of
each transformation reaction were plated onto a pre-warmed LB plate containing the appropriate
antibiotic for plasmid selection. The plates were incubated overnight at 37°C. Individual colonies were
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picked and incubated in 3mL of LB medium containing the appropriate selective antibiotic in a shaker-
incubator at 37°C and 200 rpm overnight. Then, cultures were added to 100 mL complete TB medium
(90 mL TB, 10mL TB 10x salts and appropriate antibiotic) and incubated at 37°C 200rpm. 6-8 hours
later, protein expression was induced with 100 pL IPTG, and the culture was incubated at 20 °C

overnight at 200rpm.

SOC Medium (pH 7.0)

Tryptone 20 g/L
yeast extract 5g/L
NaCl 0.5g/L
KCl 2.5mM
MgCl2 10 mM
Glucose 20 mM
TB (Terrific Broth) Medium
Tryptone 12 g/L
yeast extract 24 g/L
glycerol 5g/L
10X TB Salts
0.17 M KH,PO4 23.1g/L
0.72 M K;HPOa4 125.4 g/L

2.2.3.4 Purification and Covalent Coupling of His-tagged Proteins

For purification of His-tagged SUMO-Shank3 fusion proteins, the bacterial culture was centrifuged at
5000 rpm for 10 min at 4°C. The supernatant was discarded, and the pellet was resuspended in 10 mL
native purification buffer (1 x native buffer + 10 mM Imidazole). 20 mg lysozyme were added, and cells
were incubated for 30 min on ice. The cells were then lysed with two cycles of ultra-sonication (3
times, each time 10 sec) followed by a rapid freezing (at -80°C)/ thawing. The lysate was centrifuged
at 12.000 rpm for 20 min at 4°C. The supernatant was collected and incubated with 0.5 mL Ni-NTA-
Agarose at 4°C for 1 hour on a rotator. The samples were centrifuged at 1500 g for 2min at 4°C and
the supernatant was discarded. The beads were washed 3 times using 10 mL native wash buffer (1 x
native buffer + 20 mM Imidazole) followed by 2 min centrifugation and aspirating the supernatant.
With the last wash, the beads were resuspended in 3 mL of supernatant and poured into small
columns. The unbound proteins were washed out and the purified proteins were eluted from the
columns using 2.5 mL native elution buffer (1 x native buffer + 250 mM Imidazole).

5x Native Buffer (pH 8.0 adjusted with NaOH)
NaH2PO4 250mM
NacCl 2.5M

Imidazole (pH 6.0)
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Imidazole 3M
NaCl 500 mM
NaH;,POq 20 mM

In order to remove the Imidazole from the affinity-purified protein solution and exchange the buffer,
a gel filtration chromatography was performed using NAP™ 25 columns containing Sephadex™ G-25
DNA Grade equilibrated in coupling buffer. The solution of affinity-purified proteins (2.5 mL) was ap-
plied to the column. Then 3.5 mL coupling buffer were added to the columns to elute the proteins.
The protein solution was then incubated with N-hydroxy-succinimidyl (NHS) activated sepharose
which allows for covalent coupling of proteins. The NHS-sepharose was pre-washed with cold 1 mM
HCI to prevent hydrolysis of the active ester group. Samples collected during the purification process
were analyzed using SDS gel electrophoresis and Coomassie blue staining.

Coupling Buffer (pH: 7.8)
NaHCOs 0.1M
NacCl 0.2M

2.2.3.5 Brain Lysis and Pulldown Assay

To prepare whole brain lysate, adult mice were sacrificed by anesthetizing with CO,, followed by
decapitation. Brains (without the cerebellum) were homogenized in ice-cold lysis buffer (4mL per each
brain) containing protease and phosphatase inhibitors using a potter, followed by centrifugation at
17000 rpm for 20 min at 4°C. The supernatant was collected and incubated with pre-washed beads
for 2hrs at 4°C on rotator. The magnetic beads attached to the protein of interest (His-tagged SUMO-
Shank fusion proteins) were washed 5 times using magnetic stands while washing the sepharose beads
was performed by centrifugation, as previously described for RFP/GFP trap. After the last wash, the
precipitated beads were treated with 50 pL of 1x Laemmli buffer, heat denatured at 94°C for 5 min
and incubated on ice for 2 min. After a short spin, 15 uL of the prepared sample was loaded into each
well of SDS gel and subsequent experiments were carried out.

RIPA buffer (pH 8.0)

Tris 50 mM
NacCl 120 mM
NP40 1%
Na-Deoxycholate 0.5%
EDTA 5mM
SDS 0.1%
DOC buffer (pH 9.0)
Tris 50mM
Na-Deoxycholate 1%
NaF 50mM
Na-Orthovanadate 1mM
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2.2.3.6 Preparation of Samples for Mass Spectroscopy Analysis

To provide the samples for mass spectroscopy analysis, the samples from Co-IP or pulldown assays
were loaded into SDS gel wells under a keratin-free condition. Electrophoresis was performed at 100V
for 10min, until the samples passed the first cm of the resolving gel. Then 1 cm of resolving gel
together with 2 mm of the lower part of the stacking gel was cut out and transferred to an Eppendorf
tube to perform the mass spectrometric analysis at UKE mass spectrometry facility.

2.2.3.7 Preparation of Post Synaptic Density (PSD)

Adult mice (27-39 weeks old) were anesthetized with CO, and then decapitated. After removing the
skull bones, the brain was extracted, and the cerebellum was removed. Then the rest of brain tissue
was mechanically homogenized in 3 mL of solution A using a potter. The homogenate was centrifuged
at 1400 g for 10 min at 4 °C. The supernatant was collected, and the pellet was resuspended in 3 mL
of solution A and centrifuged again at 1400 g and 4°C for 10 min. The supernatants were combined
and centrifuged for 10 minutes at 710 g at 4 ° C. The supernatant was centrifuged at 13800 g and 4°C
for 15 min to sediment the cellular membranes including synaptosomes and mitochondria. The pellet
was resuspended in 3 mL of solution B and applied on a freshly-made sucrose gradient consisting of 3
mL each of 1.2 M, 1.0 M and 0.85 M sucrose solutions in an ultracentrifugation tube.
Ultracentrifugation was performed at 82,500 g for 2 hrs at 4°C. The synaptosome fraction (the white
fraction between the 1.0 M and 1.2 M sucrose layers) was recovered using a disposable Pasteur
pipette. It was filled up to 5 mL with solution B and then 5 mL of solution C were added to make a total
volume of 10 mL. The solution was rotated at 4 ° C for 15 minutes and then centrifuged at 32800 g
and 4°C for 20 min. The pellet containing the PSD was resuspended in 150 pl solution B and stored at
-80 ° C in 20 pL aliquots for further analyses. The protein concentration was determined using DC™
protein assay (Bio Rad) according to the manufacturer’s instruction.

Solution A (pH 7.4)

Hepes 4 mM
Saccharose 0.32M
MgCl2 1mM
CaCl2 0.5mM
Pepstatin 2 pug/mL
Leupeptin 10 pg/mL
PMSF 40 pg/mL

Solution B (pH 7.4)

Hepes 4 mM
Saccharose 0.32M
Pepstatin 2 pug/mL
Leupeptin 10 pg/mL
PMSF 40 pg/mL
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Solution C (pH 8.1)

Tris-HCI 12 mM
Saccharose 032 M
Triton X 100 1%
Pepstatin 2 pug/mL
Leupeptin 10 pg/mL
PMSF 40 pg/mL

2.2.3.8 SDS-Polyacrylamide-Gel-Electrophoresis (SDS-PAGE)

The electrophoretic separation of proteins was performed in 1x running buffer using a Mini-PROTEAN
Il System (BioRad). According to the molecular weight of the proteins, 8-12% polyacrylamide SDS-
PAGE gels comprising resolving and stacking gels were cast and used for the protein separation. The
appropriate volume of denatured protein samples (treated with 1x Laemmli buffer and incubated at
94°C for 5 min) were loaded into the gel wells and electrophoresed at 100-150 V. The molecular weight
of the proteins was determined by loading a pre-stained protein marker.

10x Tris/Glycine buffer (pH 8.3)
Tris 250 mM
Glycine 1.92 M

Running buffer

SDS 0.1 % (w/v)
1x Tris/Glycine Up to volume
SDS Gels
Resolving gel Stacking gel
8% 10% 12% 5%
ddH20 4.5 mL 3.9mL 3.2mL 2.8 mL
30% Acrylamid 2.7 mL 3.3mL 4.0 mL 0.7 mL
1.0 M Tris-HCl, 0.0 mL 0.0 mL 0.0 mL 0.5mL
pH 6.8
1.5 M Tris-HCl, 2.6 mL 2.6 mL 2.6 mL 0.0mL
pH 8.8
10% SDS 0.1 mL 0.1 mL 0.1mL 0.04 mL
TEMED 0.007 mL 0.007 mL 0.007 mL 0.003 mL
10% APS 0.1mL 0.1mL 0.1mL 0.04 mL
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2.2.3.9 Western Blotting

For the detection of specific proteins electrophoretic transfer of proteins from SDS gels on
nitrocellulose membranes was performed in transfer buffer using a BioRad MINI PROTEAN Il ™ system
at 100 V for 100 min. The membrane was then incubated in blocking solution for 30 min at room
temperature and subsequently incubated with primary antibodies (diluted in blocking solution) at 4°C
overnight on a tube rotator. The membrane was washed 3 times (10 min each) with TBS-T solution
and incubated with secondary antibodies (diluted in TBS-T solution) for 1 hour at RT. Before imaging,
the membrane was washed 3 times (10 min each) with TBS-T solution and shortly incubated with
Western Bright ™ ECL solution. The labelled bands were detected using ChemiDoc™ MP Imaging
System and images were processed and further analyzed using Image Lab Software.

Transfer buffer

Methanol 20 % (v/v)
SDS 0.02 % (w/v)
1x Tris/Glycin Up to volume

TBS-T (pH 8.0)

Tris/HCI 10 mM
NacCl 150 mM
Tween 20 0.1% (v/v)

Blocking solution

Milk powder

5% (w/v)

TBS-T

Up to volume

2.2.3.10 Immunocytochemistry

To perform ICC, cells grown on coverslips were first rinsed three times with ice-cold 1xPBS and fixed
using fixation buffer (4% paraformaldehyde in PBS + 4% w/v sucrose) for 15 min at room temperature.
The coverslips were then washed 3 times with 1xPBS, followed by permeabilization with 0.1% Triton-
X in PBS for 3-5 min at RT. After three fast washes with 1x PBS the cells were blocked in 10% Horse
serum in PBS for 1 hour at RT. Appropriate primary antibodies were diluted in 2% Horse serum in PBS
and 100 ul of each was then spotted on parafilm. The coverslips were inverted on the drops of
antibodies and incubated overnight at 4°C in a humidified dark chamber. On the following day, the
coverslips were again placed in plate wells and washed 3 times with 1x PBS for 5 min at RT.
Corresponding secondary antibodies were diluted in 1x PBS and incubated with coverslips for 1 hour
at RT. After washing 3 times with 1x PBS for 5 min at RT, the coverslips were mounted onto glass
microscopic slides using ProLong™ Diamond Antifade mounting medium. The mounting medium was
dried overnight at RT and then the slides stored at 4°C before microscopic imaging.
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2.2.4 Microscopic Imaging Methods
2.2.4.1 Confocal and Super-resolution Microscopy

Confocal microscopy was performed using Leica SP5 microscope. Super-resolution imaging was
performed using a STED microscope from Abberior at UKE microscopy imaging facility (UMIF).

2.2.4.2 Live FRET Imaging
The live FRET imaging was performed using Leica SP5 confocal microscope at UMIF.
2.2.5 Quantitative Analysis and Statistics

The quantitative evaluation of the images obtained by confocal and STED microscopy was performed
using the Imagel Fiji software. The profile analysis was done by ZEN. The evaluation of the
fluorescence resonance energy transfer (FRET) was carried out using Bitplane Imaris software.
Statistical significance was determined using the Graph Pad Prism program.
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3.1 Shank3 in the postsynaptic density

Chapter3
Results

3.1.1 Shank3 colocalizes with the synaptic marker PSD95 in hippocampal neurons

To investigate the localization of Shank3, rat embryonic hippocampal neurons were transfected (DIV7)
with the pHAGE-GFP Shank3 plasmid. The neurons were fixed (DIV14) and stained for the endogenous
synaptic marker PSD95 and the dendritic marker Map2. Using confocal microscopy, | observed that
the overexpressed Shank3 is colocalized with PSD95 at the tip of the dendritic spines (figure 3.1)

Dendrite @ Neuron

(@}

Spine

Overexpressed Shank3

Figure 3.1 Shank3
from three different
views. A. An overview
image of a transfected
neuron with GFP-
Shank3 (scale bar 20
pum). B. A dendrite
with noticeable spines
(scale bar 5 um). C. A
single dendritic spine
with Shank3 at the
head, where Shank3
colocalizes with the
synaptic marker
PSD95 (scale bar 0.5
pum). The head of the
spine is indicated in a
blue frame.

3.1.2 Shank3 and PSD95 belong to distinct nanodomains at the postsynaptic sites

To study the nanoscale organization of Shank3 clusters in the postsynaptic density, super-resolution

imaging was performed using a STED microscope. Primary rat hippocampal neurons were fixed
(DIV14) and stained for endogenous proteins Shank3, PSD95 and the dendritic marker Map2.
Interestingly, despite the colocalization of Shank3 and PSD95 in the micrometer scale of the confocal
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microscope, these two proteins appeared in distinct nanodomains in nanoscopic images (Figure 3.2 A,
B). To quantitatively investigate the observed differences between microscopic and nanoscopic
images, | performed a profile analysis using ZEN software. Drawing a line across the same part of the
spine head in the confocal images and their respective STED images to analyse the signal intensity of
both channels (red PSD95 and gray Shank3) showed that, in the confocal images the intensity of both
signals (PSD95 and Shank3) follows the same pattern across the line, whereas in the nanometer scale
the signals diverge and the overlap between signals of two channels decreases to the point that we
can see the distinct nanodomains of two postsynaptic proteins across the same line (Figure 3.2 C, D).
This might indicate the fact that Shank3 and PSD95 are indirectly interacting at the postsynaptic sites
(Naisbitt et al., 1999, Boeckers et al., 1999), therefore they seem to be belong to the same synaptic
unit but do not cluster in the same nanodomains.

Endogenous Staining

A Shank3 PSD95 Merge
Figure 3.2 Nanoscale organization
of Shank3 clusters in the
postsynaptic density. A, B. Single
spines showing endogenous Shank3
(gray), PSD95 (red) and Map2
(green) (scale bar 0.5um). A. Shank3

. . and PSD95 resolved in distinct
nanoclusters within a same synaptic
unit. B. A mushroom spine shows a
unique arrangement of Shank3 and
PSD95 nanoclusters. A single cluster
of PSD95 seemed to be surrounded
by multiple clusters of Shank3 within
a synapse. C, D. The profile analysis
of the spine A. and spine B.

respectively. The left panels show
B Shank3 PSD9S Merge iche result of analysis of.the confocal
images and the right panels

Confocal

STED

represent the analysis results of
their respective STED images. The
f_g line applied for measuring the signal
-.g intensity in each image is indicated
S in yellow.
o
w
-
wv
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3.1.3 Shank3 nanoclusters form Y shape structures in mushroom spines

Since the postsynaptic localization of Shank3 is a result of Shank3 multimerization via the C-terminal
SAM domain (Mangus et al., 2013, Grabrucker, 2014), the synaptic localization of N-terminal mutant
variants remains unaffected (Durand et al., 2012, Arons et al., 2012, Mameza et al., 2013). Shank3 WT
has been reported to affect spine maturation by forming spines with larger heads while some of the
N-terminal missense mutations disrupt the role of Shank3 on spine maturation (Durand et al., 2012).
Here, using super-resolution microscopy, | observed that overexpression of Shank3 increases the
number of mushroom spines. Interestingly, both WT and L68P mutant forms of Shank3 which were
similarly targeted to dendritic spines, often tend to form Y shape structures with their nanoclusters in
the postsynaptic density of the mushroom spines. Although, in some cases the WT Shank3 seemed to
be able to make ultra-structures of nanoclusters at the postsynaptic sites (figure 3.3).

Overexpressed Shank3

Overview Confocal STED Figure 3.3 The overexpressed Shank3
nanoclusters. Rat embryonic
hippocampal neurons overexpressing
GFP-Shank3 WT or L68P were fixed
(DIV14) and stained for Map2 (red) as
dendritic marker and GFP for detecting
overexpressed Shank3. STED imaging
showed that both WT and L68P Shank3
were targeted to dendritic spines,
where the Shank3 nanoclusters often
formed Y shape structures within
mushroom spines (scale bar 5 um for
overview and 0.5 um for enlarged
images).

GFP-Shank3
WT

GFP-Shank3
L68P
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3.2 Shank3 and the small G-proteins of Ras family

3.2.1 Activation of Ras pathways affects Shank3 interactions

To define the relevance of the interaction of Shank3 with small G-proteins of Ras family for the synaptic
interaction partners of Shank3, an EGF stimulation assay was performed using 293T HEK cells co-
expressing RFP-tagged Shank3 with its known GFP-tagged interaction partners. The cells were
overnight incubated in a serum starvation condition. On the following day, the cells were stimulated
with 10ng/mL EGF (which binds to the EGF receptor and thereby stimulates the Ras/Raf/MAP kinase
pathway) 20 min before lysis. At least one interaction partner for each domain of Shank3 was included
in this experiment. Since the Ank domain is in a close connection with the SPN domain (which is the
binding motif for small G-proteins), the interaction partners of the Ank domain were of particular
interest here. Surprisingly, | could not detect specific binding between Shank3 and HCN1 (see below;
figure 3.18), which had been reported to interact specifically with the Ank domain of Shank3 (Yi et al.,
2016). Using co-immunoprecipitation, | quantified the effects of Ras activation on the interaction of
Shank3 with its partners (figure 3.4 A). Surprisingly, the binding of a PDZ domain interaction partner,
SAPAP1, was significantly decreased, whereas a-Fodrin, the interaction partner of the Ank domain
showed a slight increase in binding to Shank3 after activation of the Ras pathway (figure 3.4 B).
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Figure 3.4 EGF stimulation assay. A. 293T cells were transfected with mRFP-Shank3 and GFP-tagged interaction
partners, as indicated. After stimulation for 20 min with EGF, cells were lysed and the overexpressed GFP-tagged
Shank3 interaction partners were immunoprecipitated from cell lysates (Input) using GFP-trap. Input and
precipitate samples were analysed by Western Blot for GFP- and RFP-tagged proteins. Cell lysates were also
analysed with ERK and pERK specific antibodies; positive pERK lanes represent stimulated samples in comparison
to the control samples with no pERK band. B. The effect of stimulation with EGF was determined as the ratio of
coprecipitated Shank3 band intensities from stimulated to non-stimulated samples. The result show that
activation of Ras pathways significantly decreases the amount of Shank3 bound to SAPAP1, whereas the
interaction with Fodrin slightly increases after stimulation (N= 4, paired T-test, *p=0.01, mean % SD).
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3.2.2 SPN-Ras interaction downregulates binding to SAPAP1

To investigate whether the decrease in the Shank3-SAPAP interaction is a general effect of MAPK
pathway activation or due to the binding of active Ras to the SPN domain of Shank3, | performed the
EGF stimulation assay comparing Shank3 WT and two Shank3 mutant variants of the SPN domain that
are not able to bind to the active Ras (figure 3.5 A). Whereas the interaction of Shank3 WT with SAPAP1
was again reduced upon EGF treatment, the two SPN mutant variants of Shank3 did not show any
significant changes in their interaction with SAPAP1. However, the results of the L68P mutant were
affected by high variability (figure 3.5 B). These findings indicate that the SPN domain mediates the
effect of Ras on Shank3 interaction with SAPAP1 protein and the changes observed in the performed
assay is most likely the result of direct interaction between the SPN domain of Shank3 and the active

Ras proteins.
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Figure 3.5 EGF stimulation assay with Shank3 mutants. A. Cells expressing Shank3 WT and the SPN mutants
with GFP-SAPAP1 were treated with EGF; cell lysates were analysed by immunoprecipitation and Wstern blot as
before (Fig. 3.4) B. Individual graphs representing the Shank3 variants pattern of interaction with SAPAP1 (N= 4,
paired T-test, *p=0.01, mean % SD).
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3.2.3 SPN-Ras interaction alters the conformation of Shank3 N-terminal

Activation of the MAPK pathway in the EGF stimulation experiments increased the interaction
between Shank3 and Fodrin. In 2013, Mameza et al. reported that the SPN domain interacts with the
Ank domain in an intramolecular manner, and the L68P mutation unfolds the SPN domain and exposes
the Shank3 Ank domain to its ligands. Since the SPN domain is the binding motif for the active form of
Ras and activation of the Ras pathway improved binding to a-Fodrin (an interaction partner of Ank), |
asked whether the binding to Ras can change the conformation of the Shank3 N-terminus. To address
this question, | performed an intra-molecular FRET assay using Shank3 N-terminal FRET constructs
(WT, L68P and R12C) coding for amino acids 1- 339 of Shank3, including an N-terminal GFP and a C-
terminal mCherry sequence. Based on the three-dimensional structure of the Shank3 N-terminus (Lilja
et al., 2017) we assumed that in the WT form of the Shank3 N-terminus, the SPN and Ank domains
might be close enough to transfer energy from the GFP donor to the mCherry acceptor and create an
intramolecular fluorescence resonance energy transfer (FRET) that can be detected and measured by
confocal microscopy. Accordingly, this method might enable us to clarify the effect of SPN domain
mutations (L68P and R12C) on the eventual conformational changes in the N-terminus.

To perform intra-molecular FRET, 293T cells were transfected with WT or mutant FRET constructs. On
the following day, cells were starved in a serum starvation medium for 4 hrs and then imaged live for
20 min. 2 min after starting the imaging, the cells were stimulated with 10 ng/mL of EGF to activate
endogenous Ras proteins. After imaging, the Imaris software was used to process data and determine
FRET efficiency. The FRET coefficient was calculated after spectral unmix the acceptor channel
(mCherry). The Fret coefficient was calculate point by point in the image by making the following
operation between channels: FRET coeffficient= channel acceptor unmixed/ (channel donor+ channel
acceptor unmixed). FRET coefficient values range between 0 and 1. To display them as 8-bit images,
these values were rescaled ranging between 0 and 255. The values 1(255) represents maximum FRET
efficiency while 0 is equivalent to no FRET.

The results showed that in a basal condition the SPN and Ank domain of Shank3 are in an optimal
distance and orientation to create a FRET signal (figure 3.6 A) and that the efficiency of this signal is
very similar for WT (43%) and R12C (36%) forms of Shank3 N-terminus whereas the L68P mutation
(17%) clearly affects the intensity of FRET signal most likely through disrupting the intramolecular
interaction between SPN and Ank domains reported by (Mameza et al., 2013). Interestingly, in some
cases the cells transfected with the L68P FRET construct showed a high FRET signal which stemmed
from protein aggregates inside the cell. This might indicate an intermolecular FRET signal (55%) (figure
3.6 B). Furthermore, comparing the FRET signal intensity before (1 min) and after activation (20 min)
of the Ras pathway with EGF revealed that the cells transfected with the WT FRET construct, in total
show a signal intensity decay around 2% whereas both L68P and R12C FRET signals remained quite
stable during 20 min of imaging (figure 3.6 C). Altogether, these data might indicate a conformational
change in the Shank3 WT N-terminus due to binding of the SPN domain to active GTP-bound Ras.
While the L68P mutant variant has a constitutive open conformation due to an unfolded SPN domain
and R12C shows a closed conformation of the Shank3 N-terminus in which SPN domain is not able to
interact with active Ras, the WT Shank3 represent an intermediate state between L68P and R12C that
can switch from closed to open conformation through binding to Ras.
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Figure 3.6 Live FRET imaging. A. 293T cells transfected with Shank3 N-terminal FRET constructs (WT, R12C and
L68P variants) were first starved and then treated with EGF 2 min after starting the imaging (using a FRET imaging
program). The images are selected for three different time points, two minutes (before stimulation), at a middle
time point of stimulation (9 min) and during the last few minutes of stimulation (18 min). The color-coded FRET
signal intensity represents a low FRET signal (FRET = 0) with the dark blue color and a very high FRET signal (FRET
=1) with the dark red color. A cell showing a FRET decay is indicated by red arrow and a L68P protein aggregate
is indicated by yellow arrow. B. The FRET efficiency shows a significant decrease in the cells transfected with
L68P variant compare to WT and R12C (N= 12-15 cells per each condition from three independent experiments,
one-way ANOVA with Dunnett’s Test, ****p< 0.0001, mean + SD). C. The cells transfected with WT FRET
construct show a signal intensity decay around 2% during 20 min of imaging (N= 12 cells from three independent
experiments, mean + SEM).

3.2.4 WT Shank3 shows colocalization with active HRas in cultured neurons

To analyze the effect of active Ras activity on Shank3 in neurons, primary dissociated hippocampal
neurons isolated from embryonic (E18) rats were co-transfected (DIV7) with constructs coding for HA-
tagged G12V mutant HRas (i.e. a constitutively active, GTP bound variant) and GFP-Shank3 WT. The
cells were then fixed (DIV14) and stained for HA and Map2 as dendritic marker; Shank3 was visualized
through the GFP fluorescence. The overexpressed HRas protein showed a membrane associated
localization in the neurons. Interestingly, the result of a colocalization analysis revealed that G12V
HRas is highly co-localized with Shank3 WT (figure 3.7); note that this pattern for Shank3 is different
from the conventional pattern of Shank3 WT clustering in dendritic spines (as shown in 3.1 to 3.3).
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Figure 3.7 Localization of overexpressed HRas and Shank3 in primary cultured neurons. Upper panel shows an
overview image of a neuron co-expressing Shank3 WT and active HRas (G12V) (scale bar 20 um). Lower panel
shows a zoomed in image of a dendritic region (scale bar 5 um). The overexpressed constitutively active form of
HRas (G12V) shows a membrane associated pattern of localization in the neurons. Shank3 WT is highly
colocalized with active GTP-bound HRas along the dendrite membrane.

Further investigation, comparing the colocalization of Shank3 WT and L68P variant with either the
active (G12V) or dominant negative variant (S17N) of HRas showed that only Shank3 WT (but not L68P)
colocalizes with the G12V Ras (but not S17N) and as a result Shank3 WT seems to be removed from
the postsynaptic clusters and follow the pattern of active Ras in dendrites (figure 3.8).

To see whether the alteration of the Shank3 pattern is due to a general disruption of synaptogenesis
caused by overexpression of active HRas, the transfected neurons were also stained for the
endogenous synaptic marker PSD95 in the presence of overexpressed HRas. The results show that
PSD95 is still present at the postsynaptic sites of G12V-HRas expressing neurons with a normal
distribution pattern, indicating no significant alteration in synaptogenesis upon overexpression of
active Ras. Comparing the localization of Shank3 WT and the L68P variant with the postsynaptic
marker PSD95 showed that in the presence of G12V-HRas Shank3 WT colocalizes with Ras while the
L68P variant remains colocalized with PSD95 in synaptic clusters (figure 3.9). In fact, there is no
difference between neurons transfected with G12V-HRas and WT Shank3 and those transfected with
G12V-HRas and L68P Shank3 in the pattern of PSD95 clustering in dendritic spines. The only variable
factor seems to be the distribution pattern of Shank3 WT in the presence of active Ras. This
observation indicates that, due to interaction between an intact SPN domain of the WT Shank3 and
an active form of the Ras protein, the localization of Shank3 in the postsynaptic density changes,
whereas the L68P mutation in the SPN domain results in a resistance to the Ras-induced changes in
localization.
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Figure 3.8 Localization of Shank3 variants in the presence of HRas in cultured neurons. A. Neurons
overexpressing Shank3 WT with either active (G12V) or inactive (S17N) variants of HRas were stained for HA
(red) and the dendritic marker Map2 (magenta). Shank3 WT shows a high degree of colocalization with active
G12V (but not S17N) HRas and subsequently changes in the synaptic clustering pattern. B. The overexpressed
L68P Shank3 shows a punctate pattern of postsynaptic clustering in the presence of both active and inactive
forms of HRas (scale bar 5um).
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Figure 3.9 The pattern of PSD95 distribution in the presence of active Ras. A, B. Neurons were transfected with
constructs coding for GFP-tagged Shank3 WT (A) or L68P mutant (B) in combination with HA-tagged HRas G12V.
Cells were stained for HA (red) and the endogenous PSD95 (magenta). In the presence of HRas endogenous
PSD95 shows a punctate localization. A. The overexpressed WT Shank3 shows a higher colocalization with active
HRas compared to PSD95. B. The Shank3 L68P variant remains colocalized with PSD95 in the presence of active
HRas (scale bar 5um).

3.2.5 Shank3 regulates small G-protein pathways

The ability of Shank3 to bind to active, GTP-bound small G-proteins via its SPN domain might affect
signal transduction at synapses in different ways. Either Shank3 could be downstream effector of Ras
signaling in a so far unidentified pathway, or it can function as a regulator of the pathways that require
small G-proteins for a proper function. One of the pathways that could be indirectly regulated by
Shank3 is the integrin activation pathway which requires active, GTP-bound Rapl proteins; Rapl
belongs to the Ras family of small G-proteins and exhibits a high affinity for binding to Shank3 in its
GTP-bound active form (Lilja et al., 2017). To investigate the effect of Shank3 on this pathway, we
targeted a well-known integrin function in neurons, which is enhancing the neurite outgrowth and
filopodia formation (Plantman et al., 2008). For this purpose, freshly dissociated rat hippocampal
neurons were nucleofected with GFP-Shank3 plasmids (either WT or L68P) using the Amaxa
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nucleofection kit and were plated on coverslips coated with laminin as an integrin ligand. The neurons
were fixed (DIV1) and stained for F-actin and Map2. Here we observed that the filopodia density in
Shank3 L68P transfected neurons was significantly higher than in Shank3 WT transfected neurons
(these data were obtained in collaboration with Johanna Lilja and the group of Prof. Johanna lvaska
from Turku, Finland) (figure 3.10). These data suggest that WT Shank3, but not the L68P mutant is able
to inhibit integrin activity by sequestering active Rap in the neurons and as a result the formation of
filopodia would be suppressed in the presence of this protein (Lilja et al., 2017).
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dendrite length (Lilja et al., 2017).

3.3 Novel interaction partners of Shank3

Previously, HCN1, Fodrin and Sharpin have been reported as potential interaction partners of the
Shank1 and Shank3 Ank domain (Yi et al., 2016, Bockers et al., 2001, Lim et al., 2001). However,
Sharpin is hardly present in the postsynapse, and is probably not relevant for the postsynaptic
functions of Shank proteins. a-Fodrin was identified in a two-hybrid screen using a truncated Ank
fragment. HCN1 is present in the postsynaptic densityand might be a good candidate; however, it
seems likely that additional postsynaptic proteins bind to the Ank domain which have so far not been
identified. Therefore, to further investigate the role of Shank3 SPN-Ank domain in synaptogenesis and
synaptic function, | aimed to identify further interaction partners of the Shank3 N-terminus. For this,
| used two different approaches. First, expressing a Shank3 N-terminal fragment in 293T cells and
purifying endogenous interaction partners using a co-immunoprecipitation assay, considering the fact
that HEK293 cells and human brain share 90% of expressed genes (Ascano et al., 2012) and many
neuronal and also actin binding proteins are expressed in this cell line. Second, purification of
interaction partners directly from an isolated postsynaptic fraction using an isolated Shank3 N-
terminal fragment.

3.3.1 RNA binding proteins interact with Shank3

In order to identify novel interaction partners for the extended Shank3 N-terminus (aa. 1-538)
including the SH3 domain (SPN-SH3) and investigate the effect of active Ras on the potential
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interactions, | performed a co-expression experiment in 293T cells using a deletion construct coding

for the N-terminus of Shank3 and an active Ras variant (HRas G12V). The cells were lysed, and the

Shank3 fragment was purified using RFP-trap, followed by a brief electrophoresis step using SDS-PAGE.

Gel pieces containing purified proteins were analysed via mass spectrometry. Surprisingly, the result

appeared as a list of RNA-binding proteins. Many of these are known nuclear proteins; neither actin

binding nor synaptic proteins were found, while Shank3 is known as a synaptic protein. In addition,

none of these putative interaction partners was significantly affected by the presence of active Ras in

the cells (table 3.1).

Protein names

Gene names

SH3 and multiple ankyrin repeat domains protein 3 SHANK3
Splicing Factor Proline/Glutamine-Rich SFPQ
Non-POU Domain Containing Octamer Binding protein NONO
Tetratricopeptide Repeat Domain 21A TTC21A
Probable ATP-dependent RNA helicase DDX5 DDX5
Nucleolin NCL
Nucleophosmin 1 NPM1
60S Ribosomal Protein L3 RPL3

60S Ribosomal Protein L4 RPL4
ATP-dependent RNA helicase DDX3x DDX3X
Heterogeneous Nuclear Ribonucleoprotein U HNRNPU
40S Ribosomal Protein S3A RPS3A
ATP-dependent RNA helicase A DHX9
40S Ribosomal Protein S8 RPS8

60S Ribosomal Protein L7A RPL7A
Heterogeneous Nuclear Ribonucleoprotein Al HNRNPA1
40S Ribosomal Protein S2 RPS2
Histone Cluster 1 H1 Family Member C HIST1IH1C
Nuclease sensitive element binding protein 1 YBX1

60S Ribosomal Protein L6 RPL6

60S acidic Ribosomal Protein PO RPLPO
Heterogeneous Nuclear Ribonucleoprotein H1 HNRNPH1

40S Ribosomal Protein S4X

RPS4X; RPS4Y1

Probable ATP-dependent RNA helicase DDX17

DDX17

60S Ribosomal Protein L15

RPL15
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Table 3.1. Mass Spectrometric analysis result of screening for Shank3 N-terminus interaction partners in 293T
cells. RFP-tagged proteins were isolated by immunoprecipitation from lysates of cells expressing an RFP-Shank3
(1-538) (with or without Ras G12V) or RFP as a negative control. All three sets of samples were analysed by mass
spectrometry. The label free quantification (LFQ) intensity signals obtained from the negative control samples
were subtracted from the LFQ intensity signals obtained from the Shank3 containing samples. Precipitated
proteins are ranked in the table above starting with the highest residual LFQ intensity signals. The RNA binding
proteins are highlighted in yellow.

3.3.1.1 Identification of a nuclear localization signal in Shank3

Many of the putative interaction partners of Shank3 identified above are nuclear proteins. To
investigate the possibility of an interaction between Shank3 and these proteins, | expressed different
deletion constructs of Shank3 in 293T cells and performed immunocytochemistry. The results showed
that in fact all truncated Shank3 proteins localize in the nucleus, with the exception of the shortest
fragment containing residues 1-339 (figure 3.11 A). A closer inspection of the Shank3 protein sequence
using the NLStradamus software (available at: http://www.moseslab.csb.utoronto.ca/NLStradamus/)
and cNLS Mapper (available at: http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) as
well as previously published data by (Grabrucker et al., 2014) indicated that Shank3 contains four
putative nuclear localization signals (NLS) (figure 3.11 B). Here, | show that the first NLS signal located
right after the Ank repeats is sufficient for nuclear localization of truncated Shank3 proteins; therefore,
as long as this NLS is present, the protein is completely recruited to the nucleus upon expression in
293T cells. Only the shortest Shank3 fragment lacking any NLS shows a diffuse signal in the cell cytosol
and nucleus. Interestingly, the full length Shank3 protein quite often appears in small nuclear clusters
or forms large clusters mostly around nucleus in 293T cells (figure 3.11 A).

diffuse signal in the cell cytosol as well as
in the nucleus, the full length Shank3
either appearsin small nuclear clusters or
more often forms large cytosolic clusters
mostly around the nucleus (scale bar
10um). B. Summary of the localization of
Shank3 truncated proteins in 293T cells.

A
Figure 3.11 Localization of truncated
Shank3 variants in 293T cells. A. Shank3
fragments (aa 1-538) containing SPN-
Ank-SH3 domains and (aa 1-376)
containing SPN-Ank and the NLS1 in the
linker region between Ank and SH3
domain show nuclear localization, While
the Shank3 N-terminus SPN-Ank (aa 1-
339) lacking any NLS sequence shows a
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3.3.1.2 Shank3 Ank domain is a binding site for RNA binding proteins

To verify the interaction of RNA binding proteins with Shank3, different RFP-tagged Shank3 deletion
constructs were expressed in 293T cells. mRFP-Shank3 variants were precipitated using RFP-trap, and
the endogenous RNA binding proteins were detected in input and precipitate samples by Western
blotting using specific antibodies. The results show that some of the RNA binding proteins are indeed
coprecipitated with Shank3. Since they were all precipitated with the shortest truncated Shank3
protein containing only SPN and Ank domains, they appear to be interaction partners of the Shank3
N-terminus (figure 3.12).
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Figure 3.12 Verification of the interaction between RNA-
binding proteins and Shank3 in tissue culture. Different
RFP-Shank3 deletion constructs were transfected into
293T cells, and RFP-tagged proteins were precipitated
using RFP-trap. The results of detection with specific
antibodies for six different RNA-binding proteins found in
the mass spectrometry analyses show that DDX3X, DDX5,
hnRNP-U and NONO are able to specifically interact with
Shank3 via the N-terminal SPN-Ank domains.

3.3.1.3 The interaction of Shank3 with DDX5 and hnRNP-U is RNA-independent

Since the RNA binding proteins are likely to be in a complex with RNA, their interaction with Shank3
could be RNA dependent. Using an RNA digestion assay in 293T cells | showed that the interaction of
NONO and DDX3X with Shank3 is dependent on the presence of RNA, while DDX5 and hnRNP-U stay
bound to Shank3 after digestion of RNA (figure 3.13).
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Figure 3.13 RNA digestion
assay. Co-
immunoprecipitation  of
RNA-binding proteins after
performing an RNA
digestion show that the
interaction of DDX5 and
hnRNP-U with Shank3 is
not RNA  dependent
whereas NONO and
DDX3X most likely bind to
Shank3 in an RNA-
dependent manner.
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3.3.1.4 The SPN domain does not affect the Shank3- RNA binding proteins interactions

Using co-expression and co-immunoprecipitation | showed that the mutations in the SPN domain do
not affect the interaction between Shank3 and RNA binding proteins (figure 3.14 A). To determine the
effect of the Ras binding to Shank3 on the interaction of RNA-binding proteins with Shank3, | also
performed an EGF stimulation assay. Activation of the Ras pathway by a 20 min stimulation with 10
ng/uL EGF in 293T cells overexpressing full length Shank3 showed that the interaction between Shank3
and RNA binding proteins is not altered by Ras activity (figure 3.14 B).
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Figure 3.14 The effect of SPN domain mutations and interaction with Ras on Shank3- RNA binding protein
interaction. A. 293T cells were transfected with RFP-tagged full length Shank3 WT and two mutant variants L68P
and R12C. The endogenous RNA binding proteins were coprecipitated and detected using specific antibodies.
The results show that L68P and R12C mutations in the SPN domain do not interfere with the interaction between
Shank3 and RNA-binding proteins. B. The transfected 293T cells with Shank3 WT were overnight incubated in a
serum starvation condition and on the following day one of the plates was stimulated using 10ng/uL of EGF 20
min before lysis. The result of co-precipitation of endogenous RNA-binding proteins with Shank3 WT do not show
any significant difference after activating the endogenous Ras proteins in 293T cells, indicating that theses
interactions are Ras-independent.

3.3.1.5 Brain extracted DDX5 binds to the Shank3 N-terminus fragment

Further on, to verify the interaction between Shank3 N-terminus and RNA binding proteins in the
brain, | performed an affinity purification using a bacterially expressed Hiss-SUMO fusion protein
containing the SPN domain and the complete set of Ank repeats. This fragment had already been used
for crystallization of the Shank3 N-terminus and can therefore be expected to fold properly. After
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purification, the protein was immobilized by covalent coupling to sepharose beads and used as an
affinity matrix for purifying the binding partners from a whole brain lysate. Here, Shankl N-terminus
fragment was also included due to the fact that Shank1 shares a similar N-terminal SPN-Ank domain
with Shank3. Hise-SUMO expressed from the empty vector was used as control (figure 3.15).
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Figure 3.15 Purification of Hiss-sumo-
fusion proteins of the Shank3 and Shank1
N-termini. Fusion proteins of Shankl,
Shank3, as well as SUMO alone (expressed
from the empty vector) were expressed
and purified as described in Materials and
Methods. Samples from the purification
procedure were analyzed by SDS-PAGE:
Bacterial lysates before (I) and after (ll)
binding to Ni-NTA-agarose; (lll) purified
proteins obtained by Imidazol elution; and
(IV) desalted protein which was used for
immobilization to NHS sepharose. The gel
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Purification of brain proteins using this "sumo pulldown assay" show that among the RNA-binding
proteins only endogenous DDX5 binds to the Shank3 and Shank1 N-terminus (figure 3.16 A). Further
experiments using an isolated postsynaptic fraction of the WT mice brains showed that under basal
conditions, DDXS5 is not present in the postsynaptic density (figure 3.16 B).
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Figure 3.16 Interaction between Shank3 and RNA-binding proteins in the brain. A. The result of sumo
purification using a Shank3 N-terminus fusion protein show that the brain extracted DDX5 is able to bind to
Shank3 and Shank1 N-terminus whereas the other RNA-binding proteins fail to bind to do so. B. Using a DDX5
specific antibody, | investigated the presence of DDX5 in the whole brain lysate as well as an isolated postsynaptic
density (PSD) fraction. The result shows under a normal condition DDXS5 is not present in the PSD.
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3.3.1.6 DDX5 shows a nuclear localization in neurons

To investigate the localization of DDX5 in the presence of Shank3 in neurons, | overexpressed GFP-
Shank3 in primary cultured hippocampal neurons and used specific antibodies to detect endogenous
DDXS5. Here, | observed that in neurons DDX5 is completely recruited to the nucleus and colocalizes
with Dapi (a marker for the nucleus) whereas overexpressed full length Shank3 is recruited to the

dendritic spines, as seen before (figure 3.17).

Figure 3.17 Different localization of Shank3 and DDX5 in neurons. Embryonic E18 rat hippocampal neurons
were transfected with GFP-Shank3 (DIV 7) and fixed (DIV 14) and stained for endogenous DDX5 (red) and Dapi
(blue). The result shows nuclear localization of DDX5 while overexpressed full length Shank3 shows punctate
synaptic pattern (scale bar 20 um).

It has been shown that some truncated variants of Shank3 found in patients with ASDs were localized
in the nucleus. Also, through the alternative splicing, some of the Shank3 isoforms are most likely
recruited to the nucleus (Grabrucker et al., 2014, Wang et al., 2014). On the other hand, an activity-
dependent change in the composition of the postsynaptic density was reported that specifically
increased the postsynaptic level of hnRNPs as well as DDX17 which is the paralog of DDX5 from the
same family of RNA helicases (Zhang et al., 2012). Altogether, these data suggest that under basal
conditions interaction of full length Shank3 (the Shank3a isoform as described in figure 1.6) with an
RNA binding protein such as DDX5 is very unlikely, simply because these proteins are localized in
distinct neuronal compartments and the conditions in which postsynaptic proteins and nuclear
proteins can meet and interact with each other is still widely unclear.

3.3.2 Catenin proteins are the novel postsynaptic interaction partners of Shank3
In order to specifically target direct postsynaptic interaction partners of Shank3 N-terminus, an affinity
purification was performed using a bacterially expressed Hise-SUMO fusion protein containing the SPN

domain and the complete set of Ank repeats, as described above. Hiss-SUMO protein expressed from
the empty vector was used as negative control (figure 3.15). The Shank3 fusion protein was covalently
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coupled to sepharose beads; these beads were then used as an affinity matrix for purification of
putative binding partners from an isolated postsynaptic fraction from mouse brain after solubilization
in DOC buffer. Purified proteins were again identified by mass spectrometry analysis at the UKE Core
Facility for Mass Spectrometric Proteomics. The results revealed, among other proteins, six different
members of the Catenin protein family as potential interaction partners for Shank3 (table 3.2).

Protein names Gene names
Armadillo repeat protein deleted in velo-cardio-facial syndrome Arvcf
14-3-3 protein sigma Sfn
Catenin alpha-1 Ctnnal
Versican core protein Vcan
Probable ubiquitin carboxyl-terminal hydrolase FAF-X Usp9x
Arf-GAP with GTPase, ANK repeat and PH domain-containing protein 3 Agap3
Pancreatic alpha-amylase Amy?2
SH3 and multiple ankyrin repeat domains protein 3 Shank3
Catenin delta-2 Ctnnd2
Dynactin subunit 1 Dctnl
Myosin phosphatase Rho-interacting protein Mprip
Cadherin-2 Cdh2
F-box only protein 41 Fbxo41
Catenin delta-1 Ctnnd1
Disks large-associated protein 4 Digap4
Synaptosomal-associated protein 47 Snap47
Claudin-11 Cldn11
Ras/Rap GTPase-activating protein SynGAP Syngap1
Voltage-dependent N-type calcium channel subunit alpha-1B Cacnalb
Arf-GAP with GTPase, ANK repeat and PH domain-containing protein 2 Agap?
Disks large homolog 3 Dlg3
SRC kinase signaling inhibitor 1 Srcinl
Catenin beta-1 Ctnnb1
Disks large homolog 4 Dilg4
Voltage-dependent R-type calcium channel subunit alpha-1E Cacnale
Catenin alpha-2 Ctnna2
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Latrophilin-1 Lphnl

Sorbin and SH3 domain-containing protein 1 Sorbs1

Brain-specific angiogenesis inhibitor 2 Bai2

Table 3.2 Results of mass spectrometric analysis of Shank3 N-terminus postsynaptic interaction partners. The
isolated postsynaptic fraction from mouse brain was subjected to affinity purification with either a Hiss-
SUMO/Shank3 N-terminal fusion protein or Hiss-SUMO as negative control. Both sets of samples were analysed
by mass spectrometry. The label free quantification (LFQ) intensity signals obtained from the negative control
samples were subtracted from the LFQ intensity signals obtained from the Shank3 N-terminus purified samples.
Partners with the highest residual LFQ intensity signals are listed in the table above. Proteins of the Catenin
family are highlighted in yellow.

3.3.2.1 6-Catenin is the interaction partner of the Shank3 N-terminus

Both B- and 6-Catenin had been shown before to be in a complex with Shank proteins. However, it
was not clear whether these are direct interactions, which domains of Shank might be involved and
what the functional consequences are (Quitsch et al., 2005, Qin et al., 2018). To further differentiate
between different interacting proteins, | performed the sumo-pulldown experiment with 293T cells
expressing different GFP-tagged variants of Catenin, as well as HCN1 and a-fodrin. Here, also a fusion
protein encoding the Ank repeats only is included. The data indicate that &-Catenin binds most
specifically to SPN—Ank and Ank fusion proteins, in contrast to B-Catenin which appeared to bind quite
weakly. a-Fodrin binds stronger when the inhibitory SPN domain is removed in agreement with
previous data from our lab; (Mameza et al., 2013), whereas HCN1 does not bind at all under these
conditions (figure 3.18).

]
g
3 w
s 3 %
a = =
E & & &
Figure 3.18 Sumo-pulldown of Ank interaction partners. 293T
5-Catenin ” - | cells expressing GFP-tagged version§ of the proteins indicated
| were lysed (Input samples) and subjected to a pulldown assay
. — | using immobilized fusion proteins of the complete Shank3 N-
p-Catenin | terminus (SPN-Ank), the SUMO control protein or the Ank repeats
alone. 6-Catenin shows a strong specific binding to Shank3 N-
Fodrin _— | terminus when compared to the other interaction partners.
HCN1 - — ‘

3.3.2.2 Shank3 colocalizes with B-Catenin and &-Catenin in 293T cells

Performing a colocalization assay in 293T cells showed both B-Catenin and 6-Catenin are highly co-
localized with Shank3 but in different ways (figure 3.19). B-Catenin is known to function as a nuclear
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protein and apparently targets Shank3 to the nucleus. 6-Catenin is membrane associated due to its
palmitoylation and leads to partial translocation of Shank3 to the plasma membrane.

Figure 3.19 Colocalization assay in HEK cells. RFP-tagged Shank3 was co-expressed with GFP-tagged Catenin
proteins in 293T cells, followed by fixation and confocal microscopic analysis. | observed (1) no significant overlap
between a-Catenin and Shank3, with Shank3 presenting in large nuclear and cytosolic clusters, as described
previously (Quitsch et al., 2005) (also see above NLS figure 3.11); (2) extensive colocalization of Shank3 and B-
Catenin in nuclear clusters; and (3) extensive colocalization of 6-Catenin and Shank3 at the plasma membrane
(but also in nuclear/ intracellular clusters). Blue: Dapi staining shows nucleus (scale bar 10um).

3.3.2.3 Only B-Catenin and 6-Catenin bind to Shank3

Using co-expression/co-immunoprecipitation methods | compared the ability of three different
members of the Catenin family (a-, B- and 6- Catenin) for binding to Shank3. The results showed that
B-Catenin and 6-Catenin (but not a-Catenin) interact with full length Shank3 while only §-Catenin binds
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to the Shank3 N-terminus. This indicates that 6-Catenin is a novel interaction partner of the Shank3 N-
terminus, and B-Catenin most likely binds to a domain other than the N-terminus (figure 3.20).
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Figure 3.20 Interaction of Catenin proteins
with Shank3. 293T cells co-expressing mRFP-
Shank3 with GFP-tagged Catenin variants
were lysed and subjected to
immunoprecipitation using RFP-trap. The
experiment shows that B- and §-Catenin (but
not a-Catenin) bind to full length Shank3,
while only 6-Catenin binds to the Shank3 N-
terminal fragment (SPN+Ank).

3.3.2.4 B-Catenin and &-Catenin bind to distinct domains of Shank3

As these data indicated a differential mode for the interaction of Shank3 with different Catenins, |
used a set of Shank3 deletion constructs to determine which domains of Shank3 are responsible for
binding to these two proteins (figure 3.21). Again, by co-expression and co-immunoprecipitation, |
confirmed that 6-Catenin binds to the N-terminal Ank repeats of Shank3. B-Catenin binds to the PDZ
domain of Shank3, most likely through its C-terminal PDZ ligand motif (figure 3.21). Therefore, these
results indicate that B-Catenin and 6-Catenin are novel interaction partners of Shank3 that bind to

distinct domains of this protein.
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3.3.2.5 B-Catenin binds to the Shank3 PDZ domain via an internal PDZ ligand

SAPAP proteins (SAPAP1-4) are well-known interaction partners of Shank3 that bind to the PDZ domain
(Naisbitt et al., 1999) (also: see above, figure 3.4). In a recent study an N-terminal extended PDZ
domain including the linker region between PDZ and SH3 domain has been proposed as the SAPAP
binding site on Shank3 which explains the strong interaction between Shank3 and SAPAP, compared
to other ligands of the Shank3 PDZ domain (Zeng et al., 2016). To investigate whether this is also
relevant for B-Catenin, | performed a coimmunoprecipitation assay using a Shank3 N-terminal
fragment which contains the linker region but lacks the PDZ domain. The result showed that B-Catenin
binds only to the PDZ fragment but not the linker region (figure 3.22 A).

In most cases a C-terminal PDZ ligand is responsible for making contact with the PDZ domain of the
interaction partner (Lee and Zheng, 2010). Therefore, using both PDZ ligand mutant (T779A) and a PDZ
ligand deletion construct of B-Catenin, | tried to map the binding site on B-Catenin (figure 3.22 B).
Interestingly, after mutating or removing the C-terminal PDZ ligand of B-Catenin, the interaction with
Shank3 seemed to be intact, meaning that the interaction between Shank3 PDZ domain and B-Catenin
is most likely mediated by an internal PDZ ligand (figure 3.22 C).
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3.3.2.6 6-Catenin binds to the Shank3 Ank domain via its Armadillo repeat domain

Mapping the binding site on 6-Catenin was performed using 6-Catenin deletion constructs that
produce §-Catenin fragments lacking different domains including the N-terminus, the Armadillo (Arm)
repeat region or the C-terminal portion (figure 3.23 A). 293T cells were transfected with mRFP-Shank3
and different 6-Catenin deletion constructs. The result of coprecipitation of these truncated 6-Catenin
proteins with Shank3 showed that with removing the Armadillo repeat region (mainly the first N-
terminal Arm repeats), the interaction with Shank3 is strongly reduced, meaning that the Arm repeat
region of &-Catenin is a new interaction motif for the Shank3 Ank domain (figure 3.23 B).
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Figure 3.23 Mapping the binding sites on &-
Catenin. A. The domain structure of the full
length 6-Catenin, and the truncated proteins
used in this study. The binding site for N-
Cadherin and the phosphorylation and
palmitoylation sites are indicated by arrows. B.
The result of coimmunoprecipitation of
different truncated 6-Catenin proteins with full
length Shank3 show that the Arm repeats bind
to the Ank domain of Shank3.

3.3.2.7 B-Catenin and 6-Catenin colocalize with Shank3 in the dendritic spines

To investigate whether Catenin proteins colocalize with Shank3 in neurons, primary rat hippocampal

neurons were transfected (DIV 7) with constructs coding for mRFP-Shank3 and GFP-tagged B-Catenin

or 6-Catenin constructs. The neurons were fixed (DIV 14) and stained for dendritic marker Map2 and

Dapi for staining the nucleus. The results of imaging show the colocalization of Shank3 with these two
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proteins of Catenin family in the dendritic spine. However, in the neuron overexpressing B-Catenin a
nuclear co-cluster of Shank3 and B-Catenin was observed (figure 3.24).

A

Figure 3.24 Colocalization assay in the neurons. Rat hippocampal neurons were transfected with mRFP-Shank3
with GFP tagged Catenin proteins and stained for Map2 (magenta) and Dapi (blue). A. &-Catenin shows
colocalization with Shank3 in in a punctate pattern along dendrites, indicative of a postsynaptic localization. B.
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In addition to the colocalization of B-Catenin with Shank3 along dendrites, both proteins seem to colocalize in a
nuclear cluster as well (scale bar 20 um).

3.3.2.8 The SPN-Ras interaction does not affect the binding to Catenin proteins

Since | had previously observed that the activation of Ras in 293T cells affects the interactions of both
PDZ and Ank domain interactions with SAPAP and Fodrin respectively, | asked whether this also
includes the newly found interaction partners from the Catenin family that bind to either the PDZ or
Ank domain of Shank3. An EGF stimulation assay was performed in 293T cells coexpressing mRFP-
Shank3 with GFP-tagged Catenin proteins. Using 10 ng/ulL EGF after an overnight starvation condition,
20 min before the cell lysis the MAPK pathway was activated and Shank3 was co-precipitated with the
Catenin proteins in a GFP-trap experiment. Comparing the strength of the co-precipitated Shank3
bands before and after stimulation showed that the binding of Catenin proteins to the Shank3 is not
affected by activation of endogenous Ras proteins in 293T cells (figure 3.25).
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Figure 3.25 EGF stimulation assay. 293T cells overexpressing
mput - .| shank3 together with B- or 5- Catenin were treated with 10ng/mL
Anti GFP of EGF to activate the endogenous Ras proteins, followed by
interaction immunoprecipitation of GFP-tagged proteins using GFP trap. The
pariners J— quantification of Western Blot of input and precipitate samples
Precipitate @ e | showed that the interaction between Shank3 and the proteins of
Catenin family is independent of Ras activation. Activation of the
Ras pathway was verified by analysing cell lysates for active pERK.
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3.3.2.9 The L68P mutation significantly improves binding to 6-Catenin

Since 6-Catenin binds to the Ank domain, | further aimed to determine whether ASD-related mutations
in the Shank3 N-terminal affect binding of 6-Catenin. The results of a series of co-immunoprecipitation
experiments using Shank3 constructs carrying patient mutations with 6-Catenin show that none of
these mutations results in a loss of binding, but the L68P mutation significantly improves binding to 6-
Catenin. The Shankl protein also binds to &-Catenin; this was expected based on the high similarity
between the Shank1 and Shank3 N-termini which both include the SPN-Ank motifs (figure 3.26).
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Figure 3.26 The effect of Shank3 N-terminus mutations on binding to &-Catenin. A. Overexpressed Shank
variants carrying ASD mutations were co-immunoprecipitated with 6-Catenin. B. The L68P mutation improves
the binding of 6- Catenin to Shank3. Shank1 is also able to interact with &-Catenin via its N-terminal domain (N=
4, one-way ANOVA with Dunnett’s Test, **p= 0.001, mean * SD).

3.3.2.10 The P141A mutation slightly increases the binding to 6-Catenin

One of the Shank3 N-terminal missense mutations which previously has not been functionally analysed
is P141A. P141A is a de novo mutation found in an autistic patient (Boccuto et al., 2013). In the 3D
structure of Shank3, P141 is situated in the contact surface between SPN domain and Ank (see figure
1.7). To clarify the effect of this ASD associated mutation on the interaction of the Shank3 Ank domain
with 6-Catenin, | performed a co-expression/co-immunoprecipitation experiment using an RFP-tagged
Shank3 P141A mutant variant as well as L68P variant comparing with WT Shank3 protein. Using the
RFP trap matrix in this experiment also allowed me to verify the effect of the L68P mutation on the
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interaction between Shank3 and 6-Catenin which previously has been obtained from GFP-trap
experiments. The results of co-immunoprecipitation showed that the P141A mutation slightly
increased the binding of 6-Catenin to the Ank domain of Shank3; however, this effect is not as strong
as the effect of the L68P mutation that again reached the same strength as before (figure 3.27 A).
Later, | checked the effect of P141A mutation also on the binding of Fodrin to the Ank domain of
Shank3. A similar effect was observed, with a slight increase in the binding of Fodrin, whereas L68P
very significantly improved the binding to Fodrin consistent with the results published by Mameza et
al. in 2013 (Mameza et al., 2013) (figure 3.27 B).
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Figure 3.27 The effect of Shank3 P141A mutation on binding of Shank3 Ank domain to &-Catenin and Fodrin.
Overexpressed 6-Catenin (A) and Fodrin (B) were co-immunoprecipitated with Shank WT or variants carrying
L68P and P141A mutations. The blots and representative graphs show that the de novo mutation P141A slightly
(and non-significantly) improves the binding of both Ank interaction partners while the effect of L68P is highly
significant in improving binding of both Ank domain interaction partners (N = 4, one-way ANOVA with Dunnett’s
Test, ***p=0.0003, mean + SD).

3.3.2.11 The L68P and P141A mutations affect the distribution pattern of the Shank3 N-
terminus in U20S cells

Interestingly, | observed that the overexpressed Shank3 N-terminal fragment carrying the P141A
mutation often tends to aggregate in cells. | have previously observed a very similar pattern by L68P
mutant variant of Shank3. To investigate the distribution pattern of these Shank3 mutant variants, |
overexpressed the mRFP-tagged N-terminal fragments of Shank3 carrying either L68P or P141A
mutations as well as WT N-terminal fragment in U20S cells. The cells were fixed a day after transfection
and stained for Dapi. The results of confocal imaging showed that the P141A mutant sometimes occurs
in cytosolic clusters in an expression level - dependent manner; therefore it behaves very similar to
the L68P mutant. At lower expression levels, P141A mutant Shank3 is found in a diffuse cytosolic
pattern similar to the overexpressed WT fragment (figure 3.28). Because of the position of this
mutation in Shank3 N-terminus, these results might indicate that P141A is able to transiently disrupt
the intramolecular interaction between SPN and Ank domain and result in an open N-terminal
conformation which then leads to increased interactions between Ank and its interaction partners as
well as clustering in the cell very similar to L68P.

Figure 3.28 The effect of Shank3 mutations on
the subcellular distribution of the Shank3 N-
terminal fragments in U20S cells. U20S cells
were transfected with Shank3 WT N-terminal
fragment (aa. 1-339) or the N-terminal
variants L68P or P141A and were fixed and
stained for Dapi a day after transfection. The
result of confocal imaging shows that the WT
N-terminus shows a ubiquitous diffuse pattern
in the cells whereas the L68P variant appears
in cytosolic clusters. Interestingly, the P141A
variant aggregates at high expression levels
and leads to formation of protein clusters
which are very similar to clusters observed
with the L68P variant., At a lower expression

level it shows a diffuse pattern very similar to
the WT N-terminus (scale bar 10 um).
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3.3.2.12 §-Catenin phosphorylation via TNIK does not affect its binding to Shank3

6-Catenin has been reported as a neuronal TNIK substrate with multiple TNIK phosphorylation sites
(Wang et al., 2016). To investigate the effect of TNIK phosphorylation on the interaction between
Shank3 and 6-Catenin, | performed a co-expression/co-immunoprecipitation assay of Shank3 with &-
Catenin in the presence of either HA-tagged WT TNIK or a TNIK "kinase dead" mutant protein.
Comparing the results of the co-precipitated GFP- 6-Catenin with mRFP-Shank3 protein showed that
the presence of active WT TNIK does not change the state of interaction between Shank3 and &-
Catenin (figure 3.29). Therefore, it seems that the phosphorylation of &-Catenin via TNIK in this
condition most likely does not affect the interaction with Shank3.
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3.3.2.13 The overexpressed &6-Catenin is colocalized with endogenous Shank3 in cultured
neurons

Further, | investigate the localization of the overexpressed 6-Catenin in the presence of endogenous
Shank3 proteins. The rat primary hippocampal neurons were transfected (DIV 7) with GFP &-Catenin
and a week later the neurons were fixed (DIV 14) and stained for endogenous Shank3 and Map2
dendritic marker. The result of confocal imaging showed that the overexpressed 6-Catenin highly
colocalizes with endogenous Shank3 at the tip of dendritic spines (figure 3.30).
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Figure 3.30 Colocalization of overexpressed 6-Catenin with endogenous Shank3 in the postsynaptic sites. An
overview and a zoomed in image of a dendritic area of a neuron transfected with GFP- §-Catenin (DIV 7) and
stained for endogenous Shank3 (red) and Map2 (magenta). The overexpressed 6-Catenin in the primary
hippocampal neurons is colocalized with endogenous Shank3 protein (scale bar 20um).

3.3.2.14 Shank3 contributes to the postsynaptic targeting of 6-Catenin

To determine the in vivo relevance of the interaction between Shank3 and §-Catenin, | took advantage
of a KO mouse line lacking long (SPN+Ank domains containing) isoforms of Shank3 (Shank3a). |
compared the isolated PSD fractions of Shank3 WT and KO mice (6 animal per each condition) by
detecting 6-Catenin with a specific antibody. Here, | observed that the level of postsynaptic 6-Catenin
is significantly reduced in the absence of Shank3a carrying the SPN+Ank repeats (figure 3.31 A). In
agreement with our coimmunoprecipitation results, the postsynaptic localization of B-Catenin does
not show dependency on Shank3 N-terminus and remains intact in the postsynaptic density of these
Shank3a deficient mice (figure 3.31 B). Moreover, | compared the P2 fraction of the WT and Shank3
KO animals which contains the isolated membrane proteins of the brain. Here the level of membrane
associated 6-Catenin is not different between Shank3 WT and KO animals. Altogether, these findings
indicate that the general level of 6-Catenin is not affected by the absence of Shank3a. Instead, Shank3
might be involved in the postsynaptic trafficking or the stabilization of §-Catenin at postsynaptic sites.
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Figure 3.31 The level of Catenin proteins in the postsynaptic fraction of Shank3 KO mice. A. The PSD fractions
from WT and KO mice lacking the larger SPN+Ank-containing isoforms of Shank3 were prepared and analyzed
by Western Blotting using the antibodies indicated. 6-Catenin levels were quantified as the §-Catenin/tubulin
ratio. The two larger bands of Shank3 detected in the WT PSD samples are absent in the PSD of Shank3 KO mice,
indicating the lack of larger isoforms of Shank3 containing N-terminal SPN+Ank domains. B. The postsynaptic
localization of B-Catenin does not show any significant changes resulted from lacking Shank3 N-terminus. C. The
level of 6-Catenin in the P2 fraction of Shank3 KO animals containing membrane associated proteins is not
affected by the absence of Shank3 N-terminus (N= 6, unpaired T-test, **p=0.004, mean * SD).
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3.3.2.15 N-Cadherin protein level is decreased in the postsynaptic fraction of Shank3 KO
mice

It has been reported that the absence of &-Catenin reduces the level of N-Cadherin (NCAD) at
postsynaptic sites (Israely et al., 2004). One reason could be that because &-Catenin reduces
endocytosis of surface Cadherins, loss of §-Catenin reduces Cadherin stability, thereby decreasing
steady state levels (Davis et al., 2003, Xiao et al., 2003). To analyze whether Shank3, through its
interaction with Catenins, contributes to the targeting of N-Cadherin to postsynaptic sites, | compared
the isolated PSD fractions of Shank3 WT and KO mice (from the same animals used for previous
experiments with B- and &-Catenin). Using a specific antibody to detect N-Cadherin, here | showed
that the level of postsynaptic N-Cadherin is slightly but not significantly reduced in the absence of the
Shank3a isoform which carries the SPN+Ank domains (figure 3.32).
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Chapter 4

Discussion

4.1 Shank3 co-clusters with PSD95 in distinct nanodomains in the PSD

In 1999, Shank proteins were reported as a novel family of proteins which are specifically localized in
excitatory synapses and highly enriched in the PSD. Shank directly interacts with SAPAP (GKAP), and
as a major component of the PSD-95/ SAPAP/ Shank protein complex shows a high level of
colocalization with various postsynaptic markers including PSD95 in cultured neurons (Naisbitt et al.,
1999).

Among the various synaptic molecules, PSD95 (Post Synaptic Density protein 95) is one of the most
well-studied proteins. PSD95 is an abundant scaffold protein of the PSD that has been regarded as a
central player in the organization of the PSD core complex which is thought to be critical for synaptic
development and transmission (Zhu et al., 2017, Broadhead et al., 2016, Chen et al., 2008). PSD95
forms complexes comprising glutamate receptors, ion channels, signalling enzymes and adhesion pro-
teins in the PSD that are essential for controlling synaptic strength and plasticity in response to pat-
terns of neural activity (Husi et al., 2000, Ferna’ndez et al., 2009).

Until recently, our knowledge of the postsynaptic density was limited to EM studies that described the
PSD as an electron dense region in excitatory synapses. Likewise, the diffraction limited resolution of
conventional light microscopy hindered us from resolving morphological details of the PSD. However,
over the past few years, the advent and development of super-resolution nanoscopic techniques
revolutionized our knowledge of the molecular architecture of synapses and sub-synaptic organisation
of synaptic molecules (Broadhead et al., 2016, Dani et al., 2010, Frank and Grant, 2017, Wegner et al.,
2018).

Electron microscopy first showed the distribution pattern of PSD95 with an orientation towards the
synaptic membrane throughout the PSD (Chen et al., 2008, Petersen et al., 2003, Valtschanoff and
Weinberg, 2001). Further on, super-resolution studies revealed that PSD95 is in fact organized into
nanoclusters (NCs) of approximately 50-250 nm in diameter (MacGillavry et al., 2013, Nair et al., 2013,
Fukata et al., 2013). Since PSD95 super-complexes are ~2 MDa in size (Husi and Grant, 2001), the
PSD95 NCs might represent the local packing of dozens or hundreds of these complexes. These PSD95
nanodomains are building blocks underpinning the structure of the PSD that are also present in vivo.
Some synapses contain multiple NCs suggesting that NCs may be subdomains of the PSD and their
number is a determinant of the PSD size (Broadhead et al., 2016).

In 2013, using a combination of live cell, single molecule imaging and quantitative spatial analysis,

McGillavry et al. showed that the four major PSD scaffold proteins Shank3, PSD95, SAPAP and Homer
were each organized in distinctive ¥~80 nm ensembles able to undergo striking changes over time
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(figure 4.1). While the spatial relation between different scaffold proteins within individual PSDs has
not been measured, it is likely that through their interactions, different scaffold proteins accumulate
in the same or interlinked domains (MacGillavry et al., 2013).
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Figure 4.1 Scaffold molecules are organized in subsynaptic clusters. A. Examples of PSDs resolved with PALM
for mEos2-tagged shrPSD-95, SAPAP (GKAP), shrShank3, and Homerlc. (Scale bar 200 nm) (shr: replacement
construct). Adapted from (MacGillavry et al., 2013).

Here, | used super-resolution STED (STimulated Emission Depletion) nanoscopy to map the spatial
distribution of Shank3 and PSD95 within single synapse at nanometer resolution. Despite the
homogeneous distribution and colocalization of both proteins in confocal images, | observed that in
fact these scaffold proteins are not homogeneously distributed but rather accumulate in subsynaptic
nanoclusters; within the same synapse their signal intensity does not perfectly match with each other.
Due to the fact that Shank3 and PSD95 do not interact directly in postsynaptic sites, | conclude that
Shank3 and PSD95 accumulate in distinct, but closely associated nanodomains and SAPAP as a linker
fills out the gap between their nanodomains in the postsynaptic density. Furthermore, | observed that
the number, shape and position of both Shank3 and PSD95 nanodomains, as well as the arrangement
of Shank3/PSD95 co-clusters differ from one synapse to another.

Durand et al. reported in 2012 that overexpression of Shank3 WT promotes spine maturation, and
that some of the N-terminal missense mutations identified in ASD (R12C, R300C, Q321R) modify this
function of Shank3 (Durand et al., 2012). Here, using STED imaging | investigated the effect of the L68P
mutation in Shank3 on the organization of Shank3 nanodomains in the postsynaptic density. The
results showed that the reported enlargement of spine heads due to overexpression of Shank3 WT
might be a result of accumulation of larger number of nanoclusters in the postsynaptic density of
neurons transfected with Shank3 WT compare to Shank3 L68P. | observed that both overexpressed
WT and L68P mutant variants of Shank3 often tend to form mushroom spines with Y shape patterns
of nanoclustering. It appeared that while overexpression of Shank3 WT increased the size of the spine
and the number nanoclusters, the L68P mutant variant failed to do so. However, due to limited
availability of the STED microscope, these data are not still statistically verified.
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4.2 Shank3 is a downstream effector of Ras GTPases in the postsynaptic density

In 2017 we reported that the SPN domain is a novel binding motif for active GTPases of the Ras family.
Solving the three-dimensional structure of the N-terminal portion of Shank3 (residues 1-348, including
both the SPN and ARR domains) showed that the SPN domain adopts a ubiquitin like (Ubl) fold which
is most similar to the so-called FO domain of the focal adhesion protein Talin. Subsequent interaction
studies confirmed that the SPN domain of Shank3 constitutes a high affinity binding site for several
Ras family G-proteins, including H-Ras, KRas, Rapla and Rap1lb. The high affinity for both Rap1 and H-
Ras (Kp values in the nM to low UM range) suggests that the interaction of Shank3 with Ras family
members is biologically relevant. Importantly, both ASD-related mutations found in the Shank3 SPN
domain, R12C and L68P, completely disrupted the binding of Ras and Rap proteins (Lilja et al., 2017).

The Ras family GTPases (Ras, Rap1, and Rap2) and their downstream effectors and signalling cascades
control numerous physiological processes. At synapses, both Ras and Rap play regulatory roles with
respect to synapse development and synaptic plasticity (Stornetta and Zhu, 2011, Lee et al., 2011)
(figure 4.2).
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Figure 4.2. The output of extracellular signal regulated kinase (ERK) and mammalian target of rapamycin
(mTOR) signaling in mitotic cells and neurons. A. In non-neuronal, mitotic cells, extracellular signals such as
growth factors and cytokines induce proliferation, differentiation and cell cycle progression via activation of ERK
and mTOR pathways. B. Neurons are mostly postmitotic, and the ERK and mTOR pathways are recruited for
processes such as synaptic plasticity, important in memory formation. Adapted from (Krab et al., 2008).
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In neurons, Ras and Rap are differentially activated by different forms of synaptic activity. LTP-inducing
stimuli activate the Ras signalling pathway, that results in phosphorylation of AMPA receptors with
long cytoplasmic termini and drive these receptors into synapses. LTD-inducing stimuli activate the
Rap1 signalling pathway, which phosphorylates AMPA receptors with only short cytoplasmic tails and
leads to synaptic removal of the receptors. Depotentiation-inducing stimuli activate the Rap2 signal-
ling pathway, which dephosphorylates AMPA receptors with long cytoplasmic termini and triggers
synaptic removal of the receptors (Thomas and Huganir, 2004, Tada and Sheng, 2006, Gu and
Stornetta, 2007, Stornetta and Zhu, 2011).

The best characterized Ras signalling pathway is the RAS/MAPK signaling pathway which is initiated
by activation of Ras through receptor tyrosine kinases such as the epidermal growth factor receptor
(EGFR) and mediates the transmission of signals from cell surface receptors to cytoplasmic and nuclear
effectors. Interestingly, this pathway has been reported as one of the commonly affected intracellular
pathways in autistic patients (Faridar et al., 2014, Wennerberg et al., 2005, Colicelli, 2004, Repasky et
al., 2004). In 2019 Wang et al. showed that ERK2, one of the MAP kinases which are downstream
effector of Ras in this pathway, promotes polyubiquitination-dependent degradation of Shank3 via
promoting its phosphorylation in three residues located in the C-terminal Prolin-rich region (Wang et
al., 2019).

Here, | asked whether Ras proteins are able to influence the molecular interactions of Shank3.
Therefore, in order to determine the effect of the SPN-Ras interaction on the Shank3 interaction with
its synaptic interaction partners, | performed a series of stimulation assays using EGF to stimulate the
endogenous epidermal growth factor receptor (EGFR) in 293T cells and activate the Ras/MAPK
pathway. Evaluation of the strength of interaction in a coprecipitation assay of Shank3 with each
individual interaction partner before and after activation of the MAPK pathway revealed that SAPAP1
is the interaction partner of Shank which is highly affected. Interestingly, SAPAP1 is the interaction
partner of the Shank3 PDZ domain and according to the linear Shank3 protein sequence it is far away
from the SPN domain. Activation of the Ras/MAPK pathway significantly decreased the interaction
between Shank3 and SAPAP, but it was not clear whether this effect was an indirect effect of the
activated MAPK pathway (such as phosphorylation by ERK) or whether it is directly mediated by
binding of the Shank3 SPN domain to active Ras proteins. To clarify the role of the SPN domain, |
compared the effect of EGF stimulation on SAPAP1 interaction with Shank3 WT and the two SPN
mutant variants (L68P and R12C) which do not bind to small G-proteins of the Ras family. The result
showed that, although the L68P variant showed a high variability, the interaction of both variants with
SAPAP1 was not affected by stimulation of the MAPK pathway. These data suggest that activation of
Ras strongly affects the interaction between Shank and SAPAP and that this effect is through the direct
binding of Ras to the SPN domain.

SAPAP proteins are among the most abundant postsynaptic scaffolding proteins in the PSD that play
an essential role in recruitment of Shank to excitatory synapses (Naisbitt et al., 1999, Sala et al., 2001,
Romorini et al., 2004). Accordingly, the synaptic SAPAP protein level contributes to synaptogenesis
and dendritic spine morphogenesis (Shin et al., 2012). It has been shown that more specifically,
SAPAP1 mediates the interaction between Shank3 and PSD95 and these three proteins form large
interaction complexes with each other in the postsynaptic density (Li et al., 2017). More recently, Coba
et al. 2018 showed that the association between Shank3 and PSD95 is significantly reduced in SAPAP1
KO mice, while this impairment was not due to alterations in the levels of these proteins at the PSD
and the interaction of Shank3 with the downstream component Homerl was unaffected. These data
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indicate that ablation of SAPAP1 disrupt the organization of the PSD by uncoupling its major scaffold
proteins (Coba et al., 2018).

The Shank3-SAPAP interaction is mediated by the Shank3 PDZ domain binding to the PDZ ligand motif
of SAPAP (Naisbitt et al., 1999, Boeckers et al., 1999). Recently, Zeng et al. discovered a novel binding
site outside the canonical PDZ domain for SAPAP proteins. They showed that an N-terminal extended
Shank3 PDZ domain (residues 533-665) as well as an N-terminally extended PDZ ligand motif
containing the last 12 residues of SAPAP (residues 966—977) are responsible for the strong interaction
between Shank3 and SAPAP (Zeng et al., 2016).

In 2012 Shin et al. showed that SAPAP levels at synapses are controlled through differential
phosphorylation of SAPAP by different CaMKIl isoforms. In a bidirectional regulatory mechanism, a-
CaMKIl activated upon NMDA receptor activation phosphorylates Serine-54 of SAPAP to induce poly-
ubiquitination and degradation of SAPAP. In contrast, activation of B-CaMKIIl via L-type voltage-
dependent calcium channels promote SAPAP recruitment by phosphorylating Serine-340 and Serine-
384 residues, which uncouples SAPAP from the MyoVa motor complex. As a result of this regulation,
over-excitation removes SAPAP from synapses via the ubiquitin-proteasome system, while inactivity
induces synaptic accumulation of SAPAP at synapses of rat hippocampal neurons. Therefore, the
turnover of SAPAP at synapses is required for the normal activity-dependent remodelling of PSD
protein composition, as well as homeostatic synaptic scaling (Shin et al., 2012).

To clarify the relevance of the effect of active Ras on Shank3/SAPAP in synapses, | co-expressed HRas
with Shank3 in cultured hippocampal neurons. In these experiments, Ras showed a membrane
associated pattern along neuronal dendrite. Interestingly, Shank3 WT seemed to follow the pattern of
Ras localization and highly colocalized with active Ras in dendrites. The L68P mutant variant of Shank3
did not show a strong colocalization with active Ras and remained clustered in the postsynaptic
density, in agreement with its inability to bind to small G-proteins. Since it is known that Ras proteins
activate their downstream effectors by recruitment to the plasma membrane (Simanshu et al., 2017),
it seems that in the presence of GTP-bound Ras, Shank3 is no longer a part of the PSD core complex
of PSD95/SAPAP/Shank and instead colocalizes with active Ras.

Despite the fact that a variety of factors, mainly the stimulators of receptor tyrosine kinases (RTKs),
initiate Ras signalling pathways, the activation of Ras in the postsynaptic density is precisely regulated
by SynGAP. SynGAP is a Ras GTPase activating protein (RasGAP), known as a CaMKIl substrate, that
promotes rapid hydrolysis of Ras bound GTP to GDP, leading to inactivation of Ras proteins (Chen et
al., 1998, Carlisle et al., 2008, Oh et al., 2004).

SynGAP plays a critical role in neuronal development and synaptic plasticity, mostly because it couples
NMDA receptor activation to downstream signaling pathways involved in LTP. It has been shown that
through modulation of the Ras/MAPK pathway, SynGAP regulates the spine size as well as AMPA
receptor recruitment to synapses during LTP (Komiyama et al., 2002, Kim et al., 2003, Scannevin and
Huganir, 2000, Hell, 2014, Araki et al., 2015).

In this respect it is importnat that the activation of CaMKII through NMDAR-dependent calcium influx
is required for the induction of LTP (Lisman et al., 2012). Upon LTP induction in hippocampal neurons,
activation of CaMKIl via the Ca*? influx produced by activated NMDA receptors leads to
phosphorylation of SynGAP. The phosphorylated SynGAP disperses from synapse and releases the
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brake on the accumulation of active Ras. This would then lead to spine enlargement, AMPA receptor
insertion and increased synaptic strength (Chen et al., 1998, Araki et al., 2015).

According to these data, | propose a model in which during LTP and through the NMDA receptor
calcium influx, CamKIl promotes phosphorylation and subsequent removal of SynGap from the
synapse which then lead to the activation of Ras in the postsynaptic density. The active Ras binds to
the SPN domain of Shank and results in weakening of Shank/SAPAP binding. Subsequently, Shank
leaves the PSD95/SAPAP/Shank complex (figure 4.3). At the same time, alpha CaMKII activity leads to
degradation of SAPAP. These two aspects of CamKIl signalling might act synergistically to allow for
restructuring of the PSD during LTP. Alternatively, this would allow neurons to weaken PSDs in periods
of overexcitation. In this regard, the SPN mutations hinder synapses to manage over-excitation and
therefore, contribute to synaptopathies such as ASDs.

NMDAR stimulation

Figure 4.3 Schematic representation of the effect of Ras on Shank3 in the postsynaptic density. Activation of
Ras during LTP results in dissociation of some of the Shank3 proteins from the postsynaptic core complex
through weakening of the Shank3-SAPAP1 interaction.

4.3 Ras-SPN interaction might affect the conformation of the Shank3 N-terminus

Another interaction partner of Shank3 which was affected by activation of Ras signalling is Fodrin.
However, the high variability in the observed increase in interaction with Shank3 results affected the
significance of these data. Fodrin is one of the interaction partners of the Ank domain (Bockers et al.,
2001). Based on the structural analysis of the Shank3 N-terminus, | expected that the Ank domain
interaction partners show a higher sensitivity to changes in the SPN domain; in fact, it has already
been shown in the case of the L68P mutation which improves binding of Ank interaction partners
(Fodrin and Sharpin) to the Ank domain (Mameza et al., 2013).

The increase in binding of Fodrin to the Ank domain after stimulation of the Ras signalling was similar
to the improvement of binding due to the L68P mutation. This could be an indication of
conformational changes in the Shank3 N-terminus after binding to Ras. If the L68P mutant represents
an open form of Shank3 N-terminal that exposes the Ank domain to its interaction partners, binding
of active Ras to SPN domain might similarly result in a transient SPN-Ank separation and an open N-
terminal conformation that upregulates Ank domain interactions. Therefore, to explore this
hypothesis, | used a live FRET imaging combined with EGF stimulation to activate endogenous Ras
proteins in 293T cells. For this, | expressed Shank3 N-terminal FRET constructs (WT, L68P and R12C)
coding for amino acids 1- 339 of Shank3, including an N-terminal GFP and a C-terminal mCherry
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sequence. | assumed that in an optimal condition (close distance and correct orientation) the energy-
transfer will occur from the GFP donor to the mCherry acceptor and create an intramolecular
fluorescence resonance energy transfer that can be detected and measured by the confocal
microscopy. | compared the intensity of FRET signals before and after stimulation of WT, L68P and
R12C variants of Shank3.

First, the appearance of a FRET signal in the cells expressing the Shank3 N-terminus showed that in a
WT form and under basal conditions, the SPN and Ank domains are in fact close enough to permit the
energy-transfer from the GFP (N-terminal to the SPN domain) to the mCherry (C-terminal to the Ank
domain), as predicted from our 3D structure of the Shank3 N-terminal region (Lilja et al., 2017).

Further, comparing the intensity of FRET signals between the Shank3 WT N-terminus and the two SPN

mutants showed that the L68P mutant shows a significantly reduced signal compared to the WT and
the R12C mutant (which showed a very similar FRET signal to the WT). This strong reduction of FRET
in the L68P form clearly indicates that, due to disruption of the SPN hydrophobic core by the L68P
mutation, the N- and C-terminus of this Shank3 N-terminal fragment move away from each other and
as a result the energy-transfer is no longer possible. Moreover, comparing the FRET signals before and
after stimulation revealed that the cells transfected with the WT FRET construct in total showed
around 2% signal decrease, whereas both L68P and R12C FRET signals remained quite stable during
20 min of imaging. This could indicate a conformational change in the Shank3 N-terminus due to the
binding of the SPN domain to active Ras. Considering all data together, the FRET assay confirms that
the L68P mutation leads to an open conformation of the Shank3 N-terminus and the R12C variant
represent a closed N-terminus conformation, whereas the WT can be switched between open and
closed conformation via binding to or separation from Ras respectively.

4.4 Shank3 is a negative regulator of the Rap1 signaling pathway

The ability of the SPN domain to bind active, GTP-bound small G-proteins might affect signal
transduction at synapses in different ways. Shank3 could be a downstream effector of the Ras signaling
pathway; alternatively, it could function to sequester active G-proteins, thus limiting their availability
for other pathways. One of these pathways that could be regulated by Shank3 is the integrin activation
pathway which requires active, GTP-bound Rap proteins. Rap1 plays a critical role in the final steps of
integrin activation, where the active GTP bound Rapl recruits RIAM and Talin to the plasma
membrane to facilitate integrin activation (Calderwood et al., 2013).

To investigate the effect of Shank3 on this pathway, | targeted a well-known integrin function in the
neurons, which is enhancing neurite outgrowth and filopodia formation (Plantman et al., 2008). By
overexpressing Shank3 WT and the mutant L68P in the rat hippocampal neurons, | showed that the
filopodia density in Shank3 L68P transfected neurons was significantly higher than the WT transfected
neurons. These data suggest that Shank3 can act as a negative regulators of the integrin activation
pathway where WT Shank3, but not the L68P mutant suppresses formation of filopodia by inhibiting
integrin activity (Lilja et al., 2017) (figure 4.4).
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4.5 The Ank domain of Shanks3 is a binding site for RNA-binding proteins

In search for new interaction partners of the Shank3 N-terminus, first | decided to use 293T cells and
coprecipitate the endogenous interaction partners with the overexpressed Shank3 N-terminus, mainly
because this approach allowed me to investigate the effect of co-expressed active small G-proteins on
the putative interactions. Interestingly, about 90% of mMRNAs expressed in the human brain are also
expressed in 293T cells (Ascano et al., 2012). Neurons would be a better experimental system for find-
ing interaction partners for a synaptic protein such as Shank, but the transfection rate in neurons is
not high enough for performing a coimmunoprecipitation assay. Also, many of the actin binding pro-
teins which shape dendritic spines are also present in tissue culture cells. Mass spectrometric analysis
showed that the RNA binding proteins (RBPs), mainly from the two large families of heterogeneous
nuclear ribonucleoproteins (hnRNPs) and DEAD box RNA helicases (DDX) were found to be in a com-
plex with the N-terminus of Shank3.

The hnRNPs are RBPs involve in packing and stabilizing freshly transcribed pre-mRNAs, whereas DDX
proteins function in most steps of the gene expression process such as transcription, mRNA processing
and translation (Dardenne et al., 2014, Geuens et al., 2016, Ogilvie, 2003).

Results of co-precipitation of the endogenous RNA binding proteins with different expressed Shank3
variants including full length Shank3, SPN mutant variants and the deletion constructs confirmed that
they all bind to the Ank domain of Shank3. Later on, by performing RNase digestion, | showed that the
interaction of some of these proteins is RNA-dependent, whereas DDX5 and hnRNP-U remained
bound to Shank3 after removing RNA from the experimental environment. Interestingly, performing
a pulldown assay using a bacterially expressed Shank3 N-terminal fragment to precipitate brain-ex-
tracted RNA binding proteins, | showed that only DDX5 may interact with the isolated N-terminal frag-
ment of Shank3.

A colocalization assay in the neurons showed that the endogenous DDX5 was completely recruited to
the nucleus, whereas overexpressed full length Shank3 was recruited to the dendritic spines. Further,
using a specific antibody to detect DDX5 in the isolated postsynaptic density revealed that under basal
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condition DDX5 is not present in the PSD. Based on these observations which strongly indicate a dif-
ferent subcellular localization of Shank3 and DDXS5, this question raised whether these two proteins
can really find each other to interact in the neurons.

There are several proteins which shuttle from the synapses or PSD to the nucleus, and a few Shank3
interacting proteins such as Abi-1 have been previously reported to translocate from synapse to nu-
cleus in an activity-dependent manner (Jordan and Kreutz, 2009, Proepper et al., 2007, Schmeisser et
al., 2009). In 2014 Grabrucker et al. claimed that Shank3 also can undergo synapse-to-nucleus shut-
tling to influence the transcription levels of several target genes possibly via alteration of hnRNP com-
plexes. However, it is still unclear if this is an isoform-specific effect or if Shank3 shuttles to the nucleus
in a stimulus-specific manner (Grabrucker et al., 2014, Wang et al., 2014). At least two isoforms of
Shank3 (figure 1.6) are likely to be constantly in the nucleus due to the presence of a nuclear localiza-
tion signal and due to the lack of the synaptic targeting signal (a C-terminal domain including the
Homer and Cortactin-binding sites and the SAM domain) which is necessary for synaptic localization
of the Shank3 protein (Wang et al., 2014, Boeckers et al., 2005). Both of these isoforms contain the
Ank domain, which is necessary for interaction with DDX5.

Furthermore, activity dependent changes in the composition of the PSD have been observed in a study
by Zhang et al. in 2012 which implicates the presence of RNA-binding proteins at postsynaptic sites.
In this study they showed that several RBPs including hnRNPs and DDX17 increased in abundance at
synapses in response to synaptic activity (Zhang et al., 2012). Interestingly, DDX5 and DDX17 are highly
conserved paralog proteins belonging to the family of DEAD box RNA helicase that share 90% identity
(Dardenne et al., 2014, Ogilvie, 2003).

The dendritic trafficking of mRNAs in complex with RBPs has been identified as an important
posttranscriptional process involved in the regulation of synaptic plasticity, and deletions or mutations
of genes encoding RNA-binding proteins result in loss of synaptic plasticity and neuron function
(Sephton and Yu, 2015, Tiruchinapalli et al., 2008). Recently, the protein JAKMIP1 has been shown in
association with ribosomes and mRNP granules where it interacts with FMRP, PABPC1, and DDX5.
Since mRNP granules are important for mRNA transport to synaptic sites, and for regulating the
interaction between specific mRNAs and the translation machinery, these observations suggest that
JAKMIP1 and DDX5 could also be involved in both processes (Berg et al., 2015).

Taken together, these data suggest that under certain conditions the RNA binding proteins could
traffic to the postsynaptic density, or Shank3 could translocate to nucleus as it has been reported
before, with respect to the Shank3 truncated variants (Grabrucker et al., 2014). Importantly, | showed
here that the Ank domain of Shank3 is a binding site for RNA binding proteins and this might be
strongly relevant for the nuclear Shank3 isoforms which all possess an Ank domain. In this way, Shank3
might get involved in the gene expression process through binding to RNA-binding proteins.

4.6 Catenins are the novel interaction partners of Shank3

In a second approach, | looked for direct interaction partners of Shank3 in postsynaptic density. This
led me to the Catenin family of proteins. Catenins are a group of proteins which were first
characterized as proteins associated with the cytoplasmic domains of Cadherins at cell-cell junctions.
The Catenin family subdivides into four separate groups (B-Catenins, Plakophilin, a-Catenins and the
p120 Catenin subfamily) that directly or indirectly link the transmembrane proteins of the Cadherin
family to the cytoskeleton and function in cell-cell adhesion (Arikkath et al., 2008, McCrea and Gu,
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2010, Ozawa et al., 1989, Zhao et al.,, 2011). All Catenins, except for members of the a-Catenin
subfamily, possess a central Armadillo domain consisting of nine to twelve repeats (each of roughly
40 amino acids) of a-helical domains (figure 4.5). These repeats mediate various interactions in
distinct intracellular compartments and associate B-Catenin or pl120 subfamily members with
Cadherins (Choi and Weis, 2005, Huber et al., 1997, Shapiro and Weis, 2009, McCrea and Gottardi,
2016).

A Vertebrate Armadillo-domain proteins of the p120, plakophilin and B-catenin subfamilies

B-catenin subfamily Armadillo domain
B-catenin — QI 751

y-catenin — QI —— 745

(plakoglobin)
p120 subfamily
p120 catenin (4 968
d-catenin [+ 1,225
ARVCEF catenin p————968
p0071 catenin 1,221

Plakophilin subfamily

Plakophilin 1 ——————— (3726
Plakophilin 2 { [-837
Plakophilin 3 { 797
B o-catenin family of F-actin-binding proteins
Dimerization Mechanosensitive F-actin-binding
oE-catenin (s 5 Poo6

oN-catenin ( b— T — Dos3
oT-catenin(C___ B—— (T 0T 6——"" 0895

Figure 4.5 An overview of vertebrate Catenins. A. Vertebrate Catenins containing Armadillo domains were first
identified at cell—cell contacts in association with classic Cadherins (B-Catenin and p120 Catenin subfamily
members), or with desmosomal Cadherins (plakophilin Catenin subfamily members and y-Catenin
(plakoglobin)). B. a-Catenins are filamentous actin (F-actin)-binding proteins that are structurally related to
vinculin. The N-terminal dimerization domain engages in mutually exclusive B-Catenin (heteromeric) or
a-Catenin (homomeric) binding, whereas the central mechanosensitive and carboxy-terminal F-actin-binding
domains are together composed of four to five a-helical bundles. From (McCrea and Gottardi, 2016).

Verification of my initial mass spectrometric results in tissue culture showed that B- and &-Catenin
(but not a-Catenin) can bind to Shank3. It is possible that these Catenin proteins are all in a complex
together and therefore the interaction of only one of them (in this case §-Catenin) with the isolated
N-terminal fragment of Shank3 resulted in appearance of the other Catenins in the mass spectrometric
results.

B-Catenin, the best-known Catenin protein as a key signal transducer of the canonical WNT pathway,
is a multitasking protein involved in both cell adhesion and transcriptional regulation (Clevers and
Nusse, 2012, Valenta et al.,, 2012). This nucleocytoplasmic shuttle protein consists of a central
armadillo repeat domain (with 12 Arm repeats) flanked by N- and C-terminal regions (Huber et al.,
1997, Pokutta and Weis, 2007). The C-terminal PDZ binding motif of B-Catenin mediates the linkage
between Cadherins and PDZ domain-containing proteins in both pre- and postsynaptic sites. There, it
is involved in presynaptic vesicle localization and regulating synaptic AMPA receptors. (Bamiji et al.,
2003, Okuda et al., 2007, Sun et al., 2009).

In addition to its well-studied role in Wnt signalling pathway, B-Catenin is involved in synaptic
plasticity, with regulating both activity-dependent synaptic remodelling as well as gene transcription
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(Maguschak and Ressler, 2008). It has been shown that neural activity alters the distribution of B-
Catenin from dendritic shafts to spines in an NMDA-dependent manner, which coincides with an
increase in the association of B-Catenin with Cadherin (Murase et al., 2002). Since the members of the
a-Catenin family bind to Cadherins indirectly through B-Catenin, B-Catenin is also necessary to recruit
a-Catenin to cell-cell contact sites and prevent the rapid degradation of the Cadherin cytoplasmic
domain (Drees et al., 2005, Yamada et al., 2005, Huber and Weis, 2001). Ablation of postsynaptic -
Catenin decrease the number of mushroom spines and results in an increase in thin, elongated spines
as well as a reduced synaptic AMPA responses (Okuda et al., 2007).

On the other hand, 6-Catenin is a neuron-specific Catenin belonging to the p120 subfamily which has
been implicated in cell adhesion and dendritic branching. Its proper function is critical for normal
cognitive function (Matter et al., 2009, Israely et al., 2004). §-Catenin regulates the maintenance of
dendrites and dendritic spines in mature cortex and as a part of synaptic adhesion complexes has a
key role in spine growth, synaptic plasticity, and synapse morphogenesis during development (Lu et
al., 1999, Kosik et al., 2005, Elia et al., 2006, Arikkath et al., 2009, Matter et al., 2009).

6-Catenin shares a structural similarity with members of the B-Catenin family, with a central domain
that includes ten armadillo repeats plus N- and C- terminal flanking sequences (Pokutta and Weis,
2007, McCrea and Park, 2007). In addition, the 6-Catenin C-terminus includes a four aa PDZ-binding
motif which is the binding site for several PDZ containing proteins including erbin, densin-180, S-
SCAM, PAPIN, ABP, and GRIP (Ide et al., 1999, Deguchi et al., 2000, Izawa et al., 2002, Laura et al.,
2002). It has been shown that 6-Catenin-mediated regulation of spine density requires interactions
mediated through its PDZ binding motif (Yuan et al., 2015, Arikkath et al., 2009, Arikkath and
Reichardt, 2008, Kim et al., 2008).

The human 6-Catenin gene (CTNND2) has been mapped to chromosome 5p15.2 where a deletion
causes the cri-du-chat syndrome (CDCS), a syndrome with severe cognitive and language impairments,
motor delays, and behavioural problems (Medina et al., 2000). In 2008, a rare copy number variation
was implicated in schizophrenia that disrupts the gene encoding &-Catenin (Vrijenhoek et al., 2008).
Recently, CTNND2 has also been implicated as a novel autism gene as loss of function (deletions,
unbalanced translocations) mutations in this gene result in severe autism (Turner et al., 2015).

Loss of 6-Catenin leads to a decrease in overall excitatory synapse density, as well as active synapses
that expressed the GIuA subunit of the AMPA receptors (Israely et al., 2004, Matter et al., 2009). 6-
Catenin promotes surface expression of AMPA receptors and results in enhanced AMPA receptor-
mediated synaptic currents (Silverman et al., 2007).

Both B- and &6-Catenin had been shown before to be in a complex with Shank proteins. However, it
was not clear whether these are direct interactions, which domains of Shank might be involved and
what the functional consequences are (Quitsch et al., 2005, Qin et al., 2018).

Here, | showed that in fact these two members of the Catenin family are able to directly interact with
the Shank3 protein but do not share the same binding site. 6-Catenin is an interaction partner of the
Ank domain, whereas B-Catenin binds to the PDZ domain. Mapping the binding site on Catenin
proteins revealed that the Armadillo-repeat domain of 6-Catenin makes contact with the Shank3 Ank
domain. B-Catenin binds to the PDZ domain of Shank3, but surprisingly, the C-terminal PDZ ligand of
B-Catenin is not involved in binding to the PDZ domain of Shank3. Although the binding of many PDZ-
containing proteins mostly occurs by recognition of the extreme C-terminus of the target protein, it

75



has been shown that some PDZ domains can also bind to internal sequences of target proteins (so
called internal PDZ ligand; (Lee and Zheng, 2010)). Therefore, | suggest that the interaction between
Shank3 and B-Catenin does not proceed through a canonical C-terminal PDZ ligand, but it is most likely
through a putative internal PDZ ligand.

The results of a colocalization assay showed that these two Catenin proteins highly colocalize with
Shank3 in 293T cells as well as neurons. Although in neurons - and 6-Catenin colocalize with Shank3
in the dendritic spines, in 293T cells they show a slightly different pattern of colocalization. Shank3
and B-Catenin were colocalized mostly inside nuclear clusters, whereas 6-Catenin colocalizes with
Shank3 not only in the nucleus but even stronger at the plasma membrane, suggesting that 6-Catenin
reduces Shank3 clustering in the nucleus and recruits Shank3 to the plasma membrane.

Since the focus of my study was on the Shank3 N-terminus, and &-Catenin very specifically binds to
the Ank domain, | aimed to investigate the effect of seven ASD-associated missense mutations in the
Shank3 N-terminus on the interaction between Shank3 and &-Catenin. Interestingly, the results of
coexpression/coimmunoprecipitation assays revealed that the L68P mutation in the Shank3 SPN
domain significantly improves the binding of 6-Catenin to the Ank domain of Shank. This result is
consistent with the previously published effect of the L68P mutation in upregulating the interaction
of the Ank domainwith its partners Fodrin and Sharpin. Another mutation that increased the binding
of 6-Catenin to the Shank3 Ank domain was the de novo mutation P141A (Boccuto et al., 2013) which
has not been functionally analyzed before. Furthermore, | showed that this mutation also improves
the binding of Fodrin to the Ank domain. Intriguingly, the overexpressed P141A protein (N-terminal
fragment only) in 293T cells tends to form aggregates at high expression levels, whereas at lower levels
it looks very similar to the homogenously diffuse appearance of overexpressed WT N-terminus. Due
to the fact that this mutation occurs in the contact surface of SPN and Ank, the results might indicate
that the P141A mutation partially disrupts the intramolecular interaction between SPN and Ank. This
results in upregulating Ank domain interactions and formation of protein aggregates, similar to the
L68P mutation.

In 2016 Wang et al. reported &-Catenin as a neuronal substrate for the kinase TNIK. TNIK is a
serine/threonine kinase highly expressed in the brain and enriched in the postsynaptic density of
excitatory synapses which has been implicated as a risk factor for psychiatric disorders. Identification
of multiple TNIK phosphorylation sites of &-Catenin suggests their phosphorylation by TNIK is
particularly important in synaptic adhesion, and synaptic plasticity (Wang et al., 2016). Therefore, to
investigate whether §-Catenin phosphorylation via TNIK affects the binding to Shank3, | used the WT
TNIK coexpressed with Shank3 and 6-Catenin and compared the results to the condition with an
overexpressed kinase dead variant of TNIK. The results showed that the presence of an active TNIK,
does not change the interaction between Shank3 and §-Catenin.

Very recently, a study revealed a B-Catenin dependent mechanism underlying the social deficits linked
to Shank3 deficiency. In this study, Qin et al. showed that the level of global Histone H3 acetylation in
the frontal cortex of Shank3+/AC mice was significantly lower than that of WT mice. These mice
express a C-terminally deleted Shank3, with a reduced expression of full-length Shank3 and loss of
synaptic localization of the truncated Shank3 protein. Interestingly, they observed that in prefrontal
cortex of these mice the level of synaptic B-Catenin was decreased whereas the nuclear B-Catenin
fraction showed a significant increase. According to these results, they suggested that Shank3
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deficiency induces the redistribution of B-Catenin from synapses to the nucleus, leading to
upregulation of histone deacetylase 2 (HDAC2) and social deficits (Qin et al., 2018).

To examine the effect of the Shank3 N-terminus on the postsynaptic localization of Catenins, |
compared the 6-Catenin content of the isolated postsynaptic density fraction of Shank3 WT mice to
the postsynaptic density isolated from Shank3 KO mice which lack the largest isoforms of Shank3
containing the N-terminal Ank and SPN domains. Interestingly, | found that the level of postsynaptic
6-Catenin in Shank3 KO mice is significantly reduced while the postsynaptic localization of B-Catenin
was not affected. This indicates that there are sufficient levels of Shank3 proteins containing a PDZ
domain in the PSD of these mice, but not of Shank3 proteins containing SPN and Ank domains.
Therefore, | conclude that Shank3 is crucially involved in the postsynaptic localization and stabilization
of 6-Catenin, where the Shank3 KO mice lacking Shank3 N-terminus results in loss of postsynaptic &-
Catenin.

Catenins are best known to interact with the cytoplasmic tail of transmembrane Cadherin proteins.
Cadherins are Ca®*-dependent cell adhesion molecules present in sites of contact between cells,
including adherens junctions and synapses (Pokutta and Weis, 2007). The distal region of Cadherin
cytoplasmic domains binds to B-Catenin, whereas the membrane proximal region contains a binding
site for members of the p120ctn family including 6-Catenin. N-Cadherin is the most widely distributed
neuronal Cadherin that is localized at pre- and postsynaptic compartments in a complex with Catenins
and modifies adhesive contacts, activates signal transduction pathways, and regulate synapses
formation and plasticity (Arikkath et al., 2008, Brigidi and Bamji, 2011).

It has been shown that p120ctn family members, including 6-Catenin and p120ctn, reduce endocytosis
of surface Cadherins. As a result, the absence of 6-Catenin likely reduces Cadherin stability, which
could be the mechanism underlying the decreased level of N-Cadherin in 6-Catenin null mice (Davis et
al., 2003, Israely et al., 2004, Xiao et al., 2003).

Therefore, | asked whether the postsynaptic level of N-Cadherin is also affected in Shank3 KO mice.
Comparing PSD of Shank3 WT and KO mice showed a slight reduction in the postsynaptic levels of N-
Cadherin in the KO mice, which was however not statically significant. Although, probably due to a
compensatory effect of other Catenins such as B-Catenin and p120 Catenin present in the postsynaptic
density, the level of postsynaptic N-Cadherin is not dramatically reduced in the Shank3 KO mice, this
reduction might indicate a mechanism in which Shank3 N-terminus regulates synapse formation
through controlling synaptic level of N-Cadherin proteins. N-Cadherin regulates AMPA receptor
trafficking by increasing surface expression of AMPA receptors in neurons and as a key
transmembrane, cell-adhesion molecule in synaptic sites plays an important role in synapse formation
and synaptic plasticity (Mysore et al., 2008, Nuriya and Huganir, 2006, Tanaka et al., 2000, Bozdagi et
al., 2000).

A study by Brigidi et al. in 2014 revealed that the postsynaptic localization of 6-Catenin is dependent
on palmitoylation via the palmitoyl-acyl transferase DHHCS in an activity-dependent manner. Under
basal conditions, DHHCS5 is bound to PSD-95 and Fyn kinase, and is stabilized at the synaptic membrane
whereas DHHC5’s substrate, &-Catenin, is highly localized to dendritic shafts. Neuronal activity
disrupts DHHC5/PSD-95/Fyn kinase complexes, promotes DHHC5 endocytosis, its translocation to
dendritic shafts and its association with &-Catenin. Following DHHC5-mediated palmitoylation of 6-
Catenin, DHHC5 and &-Catenin are trafficked together back into spines where §-Catenin increases
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Cadherin stabilization and recruitment of AMPA receptors to the synaptic membrane (Brigidi et al.,
2014).

So far, it is not clear whether the Shank3/ 6-Catenin interaction is activity dependent. Comparing the
P2 fraction of Shank3 WT and KO mice showed that there is no significant difference between the 6-
Catenin content of membrane fractions between WT and KO animals. This result indicates that total
6-Catenin protein content in the Shank3 KO mice is not changed but either the postsynaptic trafficking
or stabilization of the 6-Catenin protein in the postsynaptic sites might be affected by the lack of
interaction with Shank3. Despite the ability of Shankl to interact with 6-Catenin, | observed that the
presence of Shankl in the postsynaptic density of Shank3 KO mice is not sufficient to rescue the loss
of postsynaptic 6-Catenin.

4.7 Conclusion and final remarks

This study provides new information about the regulatory effect of the Shank3 N-terminus in
synaptogenesis, and in the development of ASDs. STED imaging showed co-clustering of Shank3 with
PSD95 in the nanoscale organization of postsynaptic density. SAPAP proteins function as key factors
to assemble postsynaptic PSD95/SAPAP/Shank core complex by mediating the indirect binding of
Shank proteins to PSD95. Further, activation of Ras/MAPK pathway in the cells and overexpression of
active Ras in neurons showed a significant negative effect on the Shank3-SAPAP interaction which
subsequently caused separation of Shank from the synaptic core complex and colocalization with
active Ras. This effect turned out to be mediated by SPN domain following the interaction of the
Shank3 SPN domain with active Ras. Additional experiments revealed that Shank3 is not only a part of
a synaptic Ras dependent signalling pathway which is disrupted by mutations in the N-terminal part
of Shank3, but it also negatively regulates some of the pathways which require small G-proteins.
Overexpressed Shank3 WT supressed filopodia formation and neurite outgrowth by sequestering
active Rap1 and inhibiting the integrin activation pathway.

The results of FRET analysis revealed that the L68P mutation leads to a constitutive open conformation
due to an unfolded SPN domain and R12C shows a closed conformation of the Shank3 N-terminus in
which SPN domain is not able to interact with active Ras, whereas the WT Shank3 represent an
intermediate state between L68P and R12C that can switch from closed to open conformation through
binding to Ras.

| showed that the Ank domain of Shank3 is a high affinity binding site for the RNA binding proteins,
namely DDX5 and hnRNP-U, which might be functionally relevant in a Shank3 isoform-dependent
manner. Regardless of RNA-binding proteins, here, | added two novel proteins to the list of Shank3
interaction partners (figure 4.6). Two members of the Catenin family, B-Catenin and &-Catenin directly
interact with Shank3 at postsynaptic sites. However, they target distinct binding domains on Shank3.
B-Catenin binds to the PDZ domain of Shank3 most likely through a putative internal PDZ ligand,
whereas 6-Catenin binds to the Shank3 Ank domain via its Armadillo-repeat domain. Shank3 seems to
be crucially involved in the postsynaptic localization and stabilization of Catenin proteins, as | showed
in this study that the KO of Shank3 proteins containing an N-terminal Ank domain results in loss of
postsynaptic 6-Catenin. Furthermore, the lack of postsynaptic Shank3 results in loss of postsynaptic
B-Catenin (reported in (Qin et al., 2018)). The absence of the Shank3 SPN and Ank domains also causes
slight reduction of postsynaptic N-Cadherin proteins (most likely via a &-Catenin-dependent
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mechanism), suggesting that Shank3 might regulate the synapse formation as well as synaptic
plasticity via controlling the level of postsynaptic N-Cadherins.

Interestingly, missense mutations in the SPN domain, as well as SPN domain interactions with the
small G-proteins of Ras family, strongly influence the Ank domain as well as Shank3 protein function.
The interaction of Shank3 with 6-Catenin is significantly increased due to the ASD associated mutation
of Shank3 SPN domain, L68P. Taken together, | conclude that the Shank3 N-terminus has an essential
role in the proper functioning of synapses, while its proper functioning is highly regulated by the
specific connection between the SPN domain and the Ank repeat region.

RNA- binding o IRSP53
proteins 5-Catenin Densin-180 B-Catenin

o/

e BT O I
of Ras family | \ \ \ / \

HCN1 Sharpin SAPAP Abi-1 Homer Cortactin

a-Fodrin

Figure 4.6 Shank3 binding domains and interaction partners. The proteins indicated in black are the previously
known interaction partners of Shank3 which have been used in this study. The proteins indicated in red are the
novel interaction partners of Shank3 found in this study.
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Appendix |
pmRFP-Shank3 plasmid map
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Appendix Il
pHAGE-EGFP-Shank3 plasmid map
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Appendix IlI
pPEGFP-6-Catenin plasmid map
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Appendix IV

pEmerald-B-Catenin plasmid map
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