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Abstract

The ubiquitous non-receptor tyrosine kinase C-Src functions in proliferation, migration
and differentiation, and is well characterised in terms of the ligands, substrates and
signalling pathways driving these functions. A neuronal-specific splice variant of C-Src,
N1-Src, is formed by the insertion of six residues (RKVDVR) in the n-Src loop of the
substrate binding SH3 domain. N1-Src is evolutionarily conserved in vertebrates and is
expressed in both the developing and adult brain, where it is implicated in neuronal
development, differentiation and morphology. However, the ligands and substrates
through which N1-Src carries out these functions are unknown. This study aimed to
assess the structural impact of the N1-Src insertion, and its effects upon the interactome
and phosphoproteome of N1-Src.

The ligand and substrate specificity of C- and NI-Src were compared via mass
spectrometry analysis of GST-SH3 domain pull-downs and a novel in vitro whole cell
lysate kinase assay in a developmental neuronal lysate. Thirty three N1-Src SH3 domain
ligands were identified as a lower affinity subset of the 176 C-Src ligands, suggesting
that N1-Src could function as a tailored C-Src in neurons. Furthermore, N1-Src had 239
in vitro substrates, with the phosphorylation sites mapped in over 70 % of the proteins.
The ligands and substrates of N1-Src enriched for Gene Ontology terms spanning
neuronal development, differentiation, morphology and cytoskeletal regulation, in-line
with its cellular functions. A number of the C- and N1-Src SH3 domain ligands were
also in vitro substrates, providing strong candidates for follow up studies. Indeed, an
uncharacterised neuronal isoform of the actin remodeller, Enah, was preferentially bound
and phosphorylated by N1-Src.

The ligand consensus of the N1-Src SH3 domain was investigated by peptide arrays.
Interestingly, the C- and N1-Src SH3 domains both selected for canonical Class 1/II SH3
domain peptide ligands, and despite N1-Src interacting with a subset of C-Src ligands,
they displayed differential peptide ligand binding profiles via nuclear magnetic
resonance spectroscopy. The function of the NI1-Src six residue insertion was
investigated, and changes to the N1-Src SH3 domain were identified that could aid in
explaining its tailored ligand binding, and importantly, N1-Src’s increased catalytic
activity. Taken together, these proteomic and structural studies have provided a solid

basis for the structural and in vivo molecular characterisation of N1-Src.
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Chapter 1 Introduction

1.1 Cellular signal transduction pathways and protein phosphorylation

Cellular signal transduction pathways are complex but controlled cascades that occur in
response to external stimuli. Signalling pathways are comprised of a variety of small
molecules and second messengers including calcium, cyclic adenosine monophosphate
(cAMP) and lipids. They also comprise proteins, including enzymes (kinases,
phosphatases, lipases, proteases), adapters/scaffolds, and diverse downstream targets
including cytoskeletal regulators and DNA/RNA regulatory proteins. In addition,
multiple points within a signalling pathway can be subject to positive or negative
regulation, and there can be crosstalk between pathways. A key component of signal
transduction is protein phosphorylation, which is the covalent addition of a phosphate
group (PO,*) onto the side chains of the residues serine, threonine, tyrosine, and less
commonly, histidine and aspartate. Phosphorylation is a reversible post-translational
modification (PTM) and is therefore tightly controlled by a balance between kinases, and
their opposing phosphatases, which remove the phosphate by hydrolysis. The
importance of this is highlighted in multiple diseases including cancers that are caused
by dysregulated phosphorylation (Shchemelinin et al. 2006). Src kinase was first
identified as its oncogenic mutant v-Src which contains an activating mutation (Sefton
and Hunter 1986), and as such, kinases can also be considered druggable targets

(Okamoto et al. 2010).

There are approximately 568 protein kinase domains in the human genome and up to 30
% of cellular proteins may be phosphorylated (Ardito et al. 2017). Thus, it is inevitable
that phosphorylation impinges on most cellular processes. 518 human protein kinases
have been classified as serine/threonine kinases, tyrosine kinases, or dual-specificity
kinases that can phosphorylate all three residues (Ardito et al. 2017). Protein tyrosine
phosphorylation was identified after serine and threonine phosphorylation, in part due to
its lower abundance. It is estimated that the relative abundance of phospho-S/T/Y in
vertebrate cells is 1800:200:1 respectively (Hunter 1998). The discovery of protein
tyrosine phosphorylation was an accident, due to a change in pH of a chromatography
buffer. Following acid hydrolysis from a *P- labelled in vitro kinase assay,
chromatography revealed a product that resolved between the phosphoserine and

phosphothreonine markers. This was identified as phosphotyrosine, which had
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previously evaded detection by co-migrating with phosphothreonine (Eckhart et al.
1979).

Protein phosphorylation can exert its effects through several mechanisms and Src is an
excellent example of this. Phosphorylation can act as molecular switch that activates or
inhibits protein function. Src kinase activity is positively regulated by
autophosphorylation of Y416, and negatively regulated by phosphorylation of Y527
(Roskoski 2004). Phosphorylation can also disrupt and/or create transient protein
interactions. For example Src contains a phosphotyrosine binding Src homology 2 (SH2)
domain, which forms an intramolecular interaction with its phosphorylated C-terminal
residue Y527 (Murphy et al. 1993). Whereas in other instances, the phosphorylation of a
residue that is structurally in proximity to an interaction motif may disrupt binding. The
phosphorylation status of a protein might also regulate its subcellular distribution.
Phosphorylation of Src has been shown to result in its translocation to a variety of
structures including the cytoskeleton (Weernink and Rijksen 1995) and membrane
ruffles (Hamadi et al. 2009). In addition, phosphorylation can prime neighbouring sites
for processive phosphorylation. The protein Mintl is tyrosine phosphorylated by Src,
which then binds via its SH2 domain to carry out phosphorylation of a further two
tyrosine residues (Dunning et al. 2016). Overall, the function of a protein’s
phosphorylation site can be diverse, and can have differing effects depending on the
signalling context, therefore it must be assessed for each protein and scenario

individually.

1.1.1 Receptor tyrosine kinases

Tyrosine kinases are broadly classified as receptor (RTKs) and non-receptor tyrosine
kinases (nRTKs). Humans have 58 characterised RTKs that are classified into 20
subfamilies, all of which are cell surface receptors (Schlessinger 2000). Structurally,
RTKs comprise an extracellular ligand binding domain, a transmembrane domain and a
cytoplasmic region that provides the tyrosine kinase activity (Lodish et al. 2000). RTK’s
are activated by polypeptide growth factors binding to the extracellular domain, which
induces receptor dimerisation, or in some cases oligomerisation. Ligand binding induces
an active confirmation that stimulates the kinase activity and transphosphorylation of the
kinase. Transphosphorylation in turn increases the catalytic efficiency and the kinase

further auto-phosphorylates. Phosphotyrosine-rich patches are able to scaffold and
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recruit interactors containing domains such as SH2 and phosphotyrosine binding (PTB)
domains. These docking proteins can then interact with and accumulate more proteins,
generating large multi-protein signalling complexes that are able to propagate the signal
downstream (Lemmon and Schlessinger 2010; Ségaliny et al. 2015). Examples of
receptor tyrosine kinases include the Epidermal growth factor receptor (EGFR),
Fibroblast growth factor receptor (FGFR) and Platelet-derived growth factor receptor
(PDGFR) (Schlessinger 2000), which are activated by their ligands EGF, FGF and
PDGEF respectively. Non-receptor tyrosine kinases are often found signalling alongside,
or downstream of RTK’s. For example the nRTK, C-Src, phosphorylates the EGF
receptor (Biscardi et al. 1999; Stover et al. 1995), and mutation of one of the sites
reduced the downstream DNA synthesis that is induced upon receptor activation (Kloth

et al. 2003).

1.2 Non receptor tyrosine kinases: The Src family kinases

The Src family kinases (SFKs) are one of nine families of non-receptor protein tyrosine
kinases (Gocek et al. 2014), which differ from RTK’s due to their cytoplasmic
localisation, however, some nRTKs, including the SFKs, associate with intracellular
membranes. C-Src, the founding member of the SFKs, was first identified as its
oncogenic mutant v-Src that was carried by the Rous sarcoma virus (RSV). Src was
identified as a kinase via immunoprecipitation with viral anti-sera from RSV infected
cells. The immunoprecipitated extract contained Src and resulted in the incorporation of
2P, providing the first link between Src and kinase activity (Collett and Erikson 1978).
The in vivo tyrosine kinase activity of Src was confirmed by **P labelling of RSV
infected cells, which revealed a 7-8 fold increase in tyrosine phosphorylation in
comparison to those uninfected (Hunter and Sefton 1980).

The SFKSs are present only in multicellular animals (Brown and Cooper 1996) and C-Src
is present in both vertebrates and invertebrates (Parker et al. 1985; Hoffmann et al.
1983). In humans the Src family consists of 11 members, Src, Fyn, Yes, Blk, Yrk, Frk,
Fgr, Hck, Lck, Srm and Lyn (Manning et al. 2002). The SFKs can be broadly grouped
based on their expression. Src is expressed in all cell types (Roskoski 2004) and Fyn and
Yes are also in most tissues. However, expression varies between tissues and Src has
5-200 fold higher levels in platelets, neurons, and osteoclasts (Brown and Cooper 1996).

Blk, Fgr, Hck, Lck and Lyn are primarily haematopoietic (Bolen and Brugge 1997) and
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Frk in epithelial cells. Therefore a single cell type can express multiple SFKs, which has
made deciphering their individual functions challenging. Further diversity is generated
by splicing as Src and Fyn undergo splicing to generate neuronal isoforms termed
N1-Src, N2-Src and FynB respectively (Rouer 2010; Goldsmith et al. 2002).

The SFKs have been intensely studied due to their participation in diverse cellular events
including proliferation, differentiation, adhesion, migration and cytoskeletal remodelling
(Thomas and Brugge 1997). The signalling pathways for many of these have been
dissected, resulting in the assignment of a variety of ligands and substrates. The structure
and function of the kinases’ individual domains have also been investigated. The
conserved domain architecture of the SFKs, termed Src homology domains (SH) is
shown in Fig.1.1. The SFKs comprise an SH4, unique domain, SH3, SH2 and
SH1/kinase domain, as well as a C-terminal tail containing a key regulatory residue

(Y527). The function of each domain will be discussed in the proceeding sections.

®
Myr Y416

®
NI'—SH4 Unique | SH3 || SHZ2 Linker, Kinase domain l527C

A~ PRI IR S
PP & EENGEF

Figure 1.1 The domain structure of the Src family kinases and features of their
substrates. The N-terminal SH4 domain undergoes myristoylation and then
palmitoylation (excluding Src and Blk) to enable membrane association. The highly
variable unique domain undergoes a number of post-translational modifications as well
as interacting with the SH3 domain and lipids. The SH3 domain binds proline rich
ligands within binding proteins and kinase substrates. The SH2 domain also binds the
kinase ligands and substrates via phosphotyrosine motifs, which can enable processive
phosphorylation by the kinase. The SH1/kinase domain provides the tyrosine kinase
activity to enable substrate phosphorylation (ideal substrate sequence depicted). The
domain also contains the residue Y416, which is auto- or trans- phosphorylated to
stabilise the kinases active conformation.

1.2.1 The Src SH4 domain and membrane localisation

To participate in signalling, Src cycles between the plasma membrane and other
intracellular membranes resembling late endosomes/lysosomes (Resh 1993). Src
associates with membranes via its SH4 domain at the N-terminus of the protein. SH4
domains are approximately 15-17 amino acids and are myristoylated on the consensus
motif of MGxxx(S/T/C). Myristoylation occurs via the formation of an amide bond
between the N-terminal glycine residue (G2) and myristic acid, which occurs

co-translationally after the initiating methionine is cleaved (Resh 1994). Myristoylation
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is a permanent and essential modification as Src mutants lacking myristoylation do not
associate with membranes or conduct downstream signalling (Kamps et al. 1985). In
addition, SH4 membrane association is enhanced by three lysine residues interacting

with negatively charged lipid headgroups (Resh 1999).

With the exception of Src and Blk, SFKs are also palmitoylated. Palmitoylation occurs
after myristoylation and is the covalent addition of the fatty acid palmitate onto the side
chains of the cysteine residues (C3, C5 or C6). Unlike myristoylation, palmitoylation is
reversible, thus providing a means of regulation (Resh 1999). The SFKs vary in their
ability to be mono or dual palmitoylated, and their palmitoylation status is important for
cellular trafficking. Indeed, mutation of the palmitoylated cysteine residue in Lyn
generated trafficking similar to Src (Kasahara et al. 2007). Similarly, chimeric SFKs
generated by swapping their SH4 domains revealed three main pathways for trafficking
depending on their lipid modifications (Sato et al. 2009). The authors proposed that 1)
myristoylation alone mediates late endosome/lysosome to plasma membrane cycling ii)
mono-palmitoylation drives traffic from the Golgi to the plasma membrane via the
secretory pathway, and iii) dual palmitoylation directly targets the kinase to the plasma
membrane. This has since been assigned some molecular basis, for example Fyn
localises to the Golgi due to palmitoyl acyl-transferase, and Src is concentrated at
endosomes due to the UNC119 and Arl2/3 proteins, and electrostatic interactions of its

SH4 domain with the endosome membrane (Konitsiotis et al. 2017).

The mechanism of Src translocation and cycling from endosomes/lysosomes to the
plasma membrane was shown to require the cytoskeleton as the actin disrupting drug
cytochalasin D prevented the translocation of C-Src to the cell periphery. Although
kinase dead v-Src was able to translocate (Fincham and Frame 1998), the translocation
process was shown to activate Src, so that it formed a gradient of activity from the
perinuclear region to the plasma membrane where Src was most active (Sandilands et al.
2004). Knockout of the actin cytoskeletal regulatory protein RhoB in cells resulted in the
loss of Src activation and translocation, and Src and RhoB were shown to co-localise in
translocating intracellular structures, which was prevented by cytochalasin D. Thus it
was concluded that Src resides in RhoB associated endosomes that utilise the actin
cytoskeleton to enable Src translocation (Sandilands et al. 2004). The SH4 domain was

shown to be responsible for this behaviour, as Src SH4 domain mutants that gained
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palmitoylation behaved like Fyn, and were resident in RhoD associated endosomes.
Similarly, Fyn mutants lacking wild-type palmitoylation behaved like C-Src,
co-localising with RhoB endosomes that were required for both its activation and
translocation (Sandilands et al. 2007). Thus the SH4 domain plays a key role in the

activation and localisation of the SFKs.

Evidence for the regulation of membrane association beyond the SH4 domain was
obtained by fusion proteins of Src with the cytoplasmic protein pyruvate kinase (PK)
(Kaplan et al. 1990). The Src fusion proteins all contained the myristoylation sequence,
but truncated at either the unique, SH3 or SH2 domain. Interestingly, the mutants
resulted in variable distributions between cytoplasmic granules, the plasma membrane
and perinuclear membranes, suggesting that other domains function alongside the SH4
domain to direct localisation (Kaplan et al. 1990). In line with this, recent literature has

shown that both the C-Src unique and SH3 domain also bind lipids (Pérez et al. 2013).

1.2.2 The Src Unique domain

Amongst SFKs the variable SH4 domain defines unique functions via their differential
lipid modifications and cellular trafficking. Further variation is generated by the
proceeding unique domain, a 50-90 residue domain that is intrinsically disordered and
displays the lowest sequence conservation amongst SFK domains. However, individual
unique domains are conserved across species (Amata et al. 2014). The unique domain
has been shown to regulate kinase activity, undergo post-translational modifications,
interact with lipids and participate in intramolecular interactions with the Src SH3

domain (Pérez et al. 2009; Pérez et al. 2013; Shenoy et al. 1992).

Surprisingly, (Pérez et al. 2009) demonstrated an interaction between the Src
SH4-unique domain and SH3 domain via NMR. Chemical shift perturbations (CSPs)
were observed throughout the unique domain and in the n-Src and RT loops of the SH3
domain, which partake in ligand binding. Titrations of a proline-rich SH3 domain
peptide ligand abolished the interaction between the SH3 and unique domain. However,
this was through an allosteric effect as the unique domain was shown to bind on the
opposite side to the canonical SH3 ligand binding site. Interestingly, the unique domain
was also shown to bind lipids via the same region that interacts with the SH3 domain

(Pérez et al. 2009). The authors suggested that interactions of the unique domain with
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the SH3 domain and lipids may represent an additional layer of kinase regulation that

will be further discussed in Section 1.2.7.

The Src SH4 and unique domain are phosphorylated on residues S12, S17, T37 and S75
(Pérez et al. 2009). To assess the function, an SH4-unique domain construct was in vitro
phosphorylated at S17, T37 and S75 by protein kinase A (PKA) and cyclin dependent
kinase 5 (CDKS5). NMR analysis revealed that p-S17 abolished the SH4 domain
interaction with lipids, but not the unique domain, whereas p-T37/p-S75 had no effect on
the SH4 domain, but significantly reduced lipid binding by the unique domain. The
CSPs of the phosphorylated constructs were local around the phosphorylated serine and
threonine residues, suggesting that the effects were not conformational, and likely
electrostatic, particularly for p-S17, which disturbed a positively charged patch that
contributes to lipid binding (Pérez et al. 2013; Pérez et al. 2009).

Biological context has been assigned to the phosphorylation of the unique domain. For
example, active Src translocates from the cell periphery to the cytoplasm upon
stimulation of the PDGF receptor. The translocation correlated with the phosphorylation
of serine/threonine residues in Src’s N-terminus, and was blocked by a PKA inhibitor
(Walker et al. 1993). The authors speculated that the translocation was caused by
changes to electrostatic interactions, which was confirmed by the NMR study of the
phosphorylated unique domain (Pérez et al. 2009). In addition, mutation of the
serine/threonine phosphorylation sites prevented the increase in kinase activity observed
for Src during mitosis (Shenoy et al. 1992). This suggests that the unique domain
phosphorylation can also play an activatory role. Furthermore, a striking phenotype has
been observed during the maturation of Xenopus laevis oocytes, where mutation of the
conserved serine and threonine phosphorylation sites in Src resulted in defects and
subsequently death in ~50 % of the mutants (Pérez et al. 2013). Thus SH4/unique

domain phosphorylation modulates both the localisation and activation status of Src.

1.2.3 The Src SH3 domain

SH3 domains are approximately 60 amino acid residues in length and function as
protein-protein interaction domains in eukaryotes (Kaneko et al. 2008). The human
genome contains 296 SH3 domains (Kérkkdinen et al. 2006), which are present in

diverse signalling proteins including the SFKs. The Src SH3 domain functions to
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regulate kinase activity via intramolecular interactions, and importantly to direct

intermolecular interactions with proline rich ligands and substrates.

The Src SH3 domain can act to scaffold and target the kinase to subcellular locations,
often in cooperation with the phosphotyrosine-binding SH2 domain (Section 1.2.4). For
example, peptides from focal adhesion kinase (FAK) that contained both the C-Src SH2
and SH3 domain ligand motifs bound Src with increased affinity, and activated Src in
vitro (Thomas et al. 1998). The Src SH3 domain also has a key role in directing substrate
phosphorylation. For example, mutation of the Src SH3 domain binding site in FAK
reduced FAK phosphorylation by Src (Thomas et al. 1998). Similarly, the mutation of
the Src SH3 domain binding site in Sam68, or competing concentrations of Sam68
proline rich peptides, prevented Sam68 phosphorylation by Src (Shen et al. 1999). The
expression in cells of C-Src with an SH3 domain deletion also resulted in reduced
phosphorylation of Src ligands (Weng et al. 1994). Thus the SH3 domain can be key for
substrate interactions and subsequent phosphorylation. Other examples of Src ligands
that contain SH2 and SH3 ligand motifs include p130Cas, paxillin and Sam68; all three
of which are phosphorylated by Src (Sachdev et al. 2009).

The structure of the C-Src SH3 domain has been solved by crystallography (Musacchio
et al. 1992) and NMR (Yu et al. 1992). The SH3 domain comprises five antiparallel beta
strands that form two beta sheets, each sheet consists of three strands with one shared
(Fig.1.2). There is also a 3-10 helix between the beta-strands B4 & BS, and in addition
two variable loops termed the RT and n-Src loops (Fig.1.2). The ligand binding site has
been identified by NMR with the C-Src SH3 domain and proline rich peptide ligands,

which are generally low affinity (Kd ~ 1-100 uM) (Stamenova et al. 2007).

RT loop
Figure 1.2: The C-Src¢ SH3 domain in

complex with a Class II ligand.

The solution structure of the C-Src SH3
domain (purple) in complex with a Class II
peptide ligand (blue; PDB:1QWE). The C-Src
beta strands (B1-B5) are shown, and the n-Src
and RT loops. The residues contributing to the
core binding pockets (Y90, Y92, D99, W18,
Y131, P133 and Y136) are depicted in pink,
and the peptide ligand (P2, P5 and R7) in blue.

R
’—\ T SH3 domain 1

Y90 Y92 D99
Y136 W118 W118
P133

22


https://paperpile.com/c/rGkr9m/FW6Z4
https://paperpile.com/c/rGkr9m/FW6Z4
https://paperpile.com/c/rGkr9m/WWMi7
https://paperpile.com/c/rGkr9m/CTk8t
https://paperpile.com/c/rGkr9m/8Ovbh
https://paperpile.com/c/rGkr9m/QYblK
https://paperpile.com/c/rGkr9m/QYblK
https://paperpile.com/c/rGkr9m/rujbv
https://paperpile.com/c/rGkr9m/f8Rgo

The defining feature of the SH3 domain is its interaction with proline-rich ligands. Early
studies identified PxxP as the minimal consensus for SH3 ligands via phage display and
peptide ligand mutagenesis (Feng et al. 1994). The PxxP motif is present in two types of
ligand, Class I (+xxPxxP) and Class II (PxxPx+) (+ is positively charged), which adopt a
polyproline type II helix (PPII). The two classes of ligand bind the SH3 domain in
reverse backbone orientations as the charged residue is N-terminal for Class I ligands
and C-terminal for Class II ligands. The SH3-ligand interaction involves three core
pockets. The specificity pocket is formed by D99 and W118 and it accommodates the
positively charged residue, which flanks the PxxP motif via the formation of a salt
bridge with the SH3 domain RT loop residue D99 (Feng et al. 1995a). There are also two
hydrophobic pockets that each accommodate a proline residue as a xP di-peptide (Feng
et al., 1994). The first pocket is formed by the residues Y90 and Y136, and the second
by Y92, Y131, W118 and P133 of the SH3 domain. The importance of these residues in
SH3-ligand interactions is clear as GST-SH3 domain alanine mutants of Y90, Y92,
Y136, P133 and W118 all abolished ligand binding via pull-downs in a lysate (Erpel et
al. 1995). Similarly, pull-downs with a D99N GST-C-Src SH3 domain mutant reduced
binding to most proteins in a cellular lysate. Those that were retained were referred to as
‘D99-independent’ ligands, that appear to bind by alternative contacts (Weng et al.
1995). However, the simple model of SH3 domains binding PxxP motifs is not
compatible with their diverse ligand specificity, which can be influenced by a number of

factors that will be discussed in the proceeding sections.

The orientation of the conserved ‘tryptophan switch’ (W118 of the SH3 domain) is able
to direct Class I/Il ligand binding. Interestingly, the conformation of the tryptophan
depends on the residue at position 131, and the aromatic amino acids (Y/W/F) at this
position all enable the tryptophan to bind Class I/II ligands. A single point mutation to I
or M hinders the movement of the tryptophan to direct Class II specificity
(Fernandez-Ballester et al. 2004). However, 75 % of SH3 domains do not possess the
restrictive amino acids, suggesting that the tryptophan switch is only a small element in

determining specificity (Fernandez-Ballester et al. 2004).

The phage display technique has played a major role in determining SH3 domain ligand
specificity, and has yielded motifs such as the Class | RPLPxxP (Cheadle et al. 1994). A
large screen of 115 SH3 domains by phage display revealed that only 66 SH3 domains
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bound Class I/II motifs. Thus, half of the SH3 domains bound non-canonical motifs
(Teyra et al. 2017). The study included the C-Src SH3 domain and the SH3 domain of its
neuronal splice variant N1-Src. C-Src was characterised as a Class I/II binder, in line
with the literature. The N1-Src SH3 domain also interacted with Class I peptides, but
surprisingly peptides from ‘Class IX’, which contained SH3 domains with diverse
non-canonical specificities. The N1-Src SH3 domain was also more selective, and bound
a total of 204 unique peptides, in contrast to 1364 by the C-Src SH3 domain (Teyra et al.
2017).

It has become increasingly clear that additional SH3-ligand interactions occur outside of
the core ligand motif, in a region termed the ‘specificity zone’ (Saksela and Permi 2012).
The specificity zone contains the D99 charge binding pocket, and can function alongside
or without it. However, it also contains additional sub-pockets that make affinity and
specificity contacts, and between SH3 domains the specificity zone is structurally
diverse (Saksela and Permi, 2012). Unsurprisingly, the specificity zone is flanked by the
variable n-Src and RT loops (Fig.1.3). The influence of the RT loop on ligand selection
has been demonstrated using random hexapeptide mutants of the Hck SH3 domain RT
loop, where mutants were generated that bound wild-type ligands with higher affinity,
and in some instances novel ligands (Hiipakka and Saksela 2007).

The Eps8 family of SH3 domains highlights the function of the n-Src loop in
determining ligand specificity. Due to a positively charged R/K residue in the n-Src loop
(Fig.1.3), the SH3 domain selects a PxxDY motif, via the formation of a salt bridge with
the aspartate residue. In addition, the Eps8L1 SH3 domain does not bind PPII helical
peptides, and only the second hydrophobic binding pocket is utilised, as the first pocket
is dysfunctional due to a distorted conformation (Aitio et al. 2008). Interestingly the
Nck-a SH3 domain also binds PxxPxxDY motifs via a positively charged residue in its
n-Src loop. However, unlike Eps8L1, Nck binds ligands that have a PPII helix (Santiveri
et al. 2009). Thus, SH3 domains can bind similar motifs by different mechanisms.
Further examples of alternative binding modes by the n-Src loop include the
amphiphysin II isoform that has an acidic insertion in its n-Src loop (Fig.1.3), which aids
its interaction with basic residues in the dynamin I proline rich domain (Owen et al.
1998). A residue in the n-Src loop of the Csk SH3 domain also contributes to high
affinity interactions with residues flanking the PPII helix (Ghose et al. 2001).
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Interestingly, in the Candida albicans Rvs167-3 SH3 domain, which has a 10 residue
n-Src loop insertion, mutation of only two residues abolished binding, whereas other
conserved residues had no effect (Gkourtsa et al. 2016). In addition, the n-Src loop can
also have steric effects, for example the Abl SH3 domain was unable to bind a Src SH3
domain peptide ligand due to steric clashes with its n-Src loop (Feng et al. 1995a).

The Mlk3 SH3 domain contains a six residue insert in the n-Src loop (Fig.1.3) that
undergoes a large conformational change upon peptide binding. Interestingly, the Mlk3
SH3 domain bound a canonical proline rich peptide ligand via the characterised binding
site, but also an atypical peptide ligand at a novel site formed by the n-Src loop and B3
strand (Kokoszka et al. 2018). The Fyn SH3 domain also binds Class I and an atypical
RKxxYxxY motif (Kang et al. 2000), and the N1-Src SH3 domain has been reported as
binding canonical and atypical motifs via phage display (Pérez et al. 2013; Teyra et al.
2017; Keenan et al. 2017). However, there is minimal literature on whether the atypical

interactions are physiological.

Figure 1.3: Sequence alignment of SH3 domain splice variants and isoforms.
Alignment of the human SH3 domains Fyn, C-Src and its neuronal specific splice
variants N1- and N2-Src, the Amphiphysin I and II isoforms, Intersectin 1 and its
neuronal specific splice variant, Eps8L1 and MIk3. The residues spanning the SH3
domains variable RT- and n-Src loops are indicated, and those from specific isoforms are
shown in bold. The conserved tryptophan residue that is essential for ligand binding is
boxed.

Due to their diverse binding capacity, it is unsurprising that some SH3 domains undergo
splicing (Fig.1.3). Both the C-Src and intersectin I SH3 domains are spliced to generate
neuronal specific variants. The splicing of intersectin I inserts five residues (KGEWYV)
into the start of the n-Src loop (Fig.1.3). This displaces negatively charged residues in
the SH3 domain towards the interaction interface, which results in high affinity binding
to ligands that have positively charged flanking residues (4-5 residues downstream of the

PxxP motif) (Dergai et al. 2010). Intersectin I and its neuronal isoform vary in their
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affinity for ligands (Tsyba et al. 2008). The neuronal splicing of the C-Src SH3 domain
to generate N1- and N2-Src inserts 6 and 17 residues into the centre of the n-Src loop
respectively (Fig.1.3), suggesting they could be directly involved in binding as opposed

to a displacement mechanism.

Whilst amino acids flanking the core ligand motifs can function as specificity/affinity
determinants, residues at an even greater distance have since been identified. (Luo et al.
2016) analysed the binding of the syndapin SH3 domain to the dynamin I proline rich
domain (PRD) by NMR. Interestingly, CSPs were observed around the characterised
PxxP ligand, however there were also CSPs of a similar magnitude in residues that were
nine and > 50 residues away from the binding site. These two sites were termed short
(SDE) and long distance elements (LDE) respectively. Point mutations of the SDE and
LDE residues abolished binding, however neither site bound independently of the PxxP

motif, suggesting that they provide an additional affinity element (Luo et al. 2016).

SH3 domains may also be regulated by tyrosine phosphorylation. The Y90 residue of the
C-Src SH3 domain that forms the first proline binding pocket, has been found to be
phosphorylated in cells (Hornbeck et al. 2015). The equivalent residue of the Cas SH3
domain is phosphorylated in vivo, and GST-SH3 domain pull-downs with its
phosphomimetic mutant (Y12E) disrupted ligand binding, whereas the phospho-null
(Y12F) had no effect (Janostiak et al. 2011). The crystal structure of the tyrosine
phosphorylated Abll SH3 domain has since been obtained, confirming that the

phosphorylation sterically blocks the ligand binding pocket (Mer6 et al. 2019).

In summary SH3 domain ligand specificity is regulated by:

o C(Cellular context; the expression profile and cellular localisation of the SH3
domain containing protein and its ligand.

e A preference for Class I or II motifs (tryptophan switch), atypical motifs, and the
sequence closely flanking these motifs.

e Structural determinants of the ligand; PPII helix or atypical ligands.

e SH3 domain structure including the utilisation of hydrophobic binding pockets,
steric inhibition, and importantly the interactions with the structurally diverse
specificity zone formed by the variable n-Src and RT loops.

e Additional long and short distance affinity elements within the ligand.
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e Putative tyrosine phosphorylation of the SH3 domain.

The C-Src SH3 domain is also essential for the formation of intramolecular interactions
that regulate kinase activity. The C-Src SH3 domain interacts with a linker between the
SH2 and SH1 domain in order to inactivate the kinase (Roskoski 2005). The expression
of Src mutants lacking the SH3 domain result in an upregulation of phosphotyrosine
content (Erpel et al. 1995). Similarly, mutation of the linker elevates both auto- and
substrate phosphorylation by the kinase (Briggs and Smithgall 1999). The SH3 domain
can also activate the kinase upon forming ligand interactions to relieve the negative

regulatory conformation (Fig.1.6).

1.2.4 The Src SH2 domain

Proceeding the SH3 domain is the non-catalytic SH2 domain. SH2 domains are
approximately 100 residue phosphotyrosine-binding domains, there are 111 SH2-domain
containing proteins in the human genome including kinases, phosphatases, cytoskeletal
regulators and scaffold/adaptors (Kiikenshoner et al. 2017; Liu et al. 2011). SH2 domain
containing proteins are often found associated with the phosphotyrosine rich regions
generated by receptor tyrosine kinases. Similar to the SH3 domain, the Src SH2 domain
i1s multifunctional participating in the regulation of cellular localisation, kinase activity

and substrate/ligand interactions.

One function of the Src SH2 domain is to bind the kinase’s ligands and substrates. A
number of phosphotyrosine containing proteins were identified following pull-down
with the GST-Src SH2 domain from v-Src transformed cells (Koch et al. 1992).
Phosphopeptide libraries revealed that the Src SH2 domain selects for a p-YEEI motif,
and this resembles the consensus phosphorylation motif of the kinase domain (Songyang
et al. 1993) (Section 1.2.5). Therefore, the SH2 domain can enable Src to anchor to its
phosphorylated substrates and conduct multisite processive phosphorylation (Dunning et

al. 2016; Pellicena et al. 1998).

The Src SH2 domain binds ligands via two hydrophobic pockets, the first accommodates
the pY—+3 residue, and the second is a deep pocket that binds phosphotyrosine. The
acidic glutamate residues of the p-YEEI motif orientate towards basic residues on the
surface of the SH2 domain (Waksman et al. 1993). Affinity and selectivity is obtained by

the flanking residues, generally the 3-6 residues C-terminal to the phosphotyrosine
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residue (Liu et al. 2006). Furthermore, residues that do not make direct contacts can also
regulate binding through electrostatic repulsion and structural restrictions. SH2 domains
are also highly selective, even towards conservative mutations, as the Crk SH2 domain
bound leucine at pY+3 but not isoleucine or valine. Similarly, the Grb SH2 domain

favoured glutamate at pY+1 but not aspartic acid (Liu et al. 2010).

In terms of negative regulation of kinase activity, the SH2 domain contributes to Src
inactivation via its intramolecular interaction with the phosphorylated C-terminal residue
p-Y527 (chicken Src numbering) to form the repressed conformation. The SH2 domain
also contributes to positive regulation of kinase activity via the formation of interactions
with phosphotyrosine ligands to relieve the negative regulatory conformation (Section

1.2.6/7) (Roussel et al. 1991; Seidel-Dugan et al. 1992).

1.2.5 The Src SH1/Kinase domain

The Src SH1/kinase domain possesses the catalytic tyrosine kinase activity. Active Src
binds MgATP and its substrate, and the y-phosphate of ATP provides the phosphoryl
group (PO,”) that is transferred to the substrate tyrosyl group, which is then released
alongside MgADP (Roskoski 2004).

The Src catalytic domain consists of a small N-terminal (N), and large C-terminal (C)
lobe, and together the lobes form the active site (Fig.1.4A). The bi-lobed structure is
conserved in both serine/threonine and tyrosine kinases (Huse and Kuriyan 2002). The
two lobes contain polypeptides that adopt active and inactive conformations. In the small
lobe this is the ‘C-helix’, and in the large lobe, a loop termed the ‘activation loop’ that
contains the activatory residue Y416 (Williams et al. 1997; Harrison 2003). A structure
termed the regulatory spine is formed by residues from the N- and C-lobes, including the
C-helix and activation loop. The spine can be made and broken to activate and inactive
the kinase (Xu, Harrison, and Eck 1997).

The kinase domain contains four residues constituting the ‘K/E/D/D’ motif, which is
critical for ATP, magnesium and substrate binding. The highly conserved K295
(K/E/D/D) of the N-lobe is a phosphate binding lysine that interacts with ATP. A glycine
rich loop (G-rich loop) from the N-lobe, and residues from the C-lobe also support ATP
docking (Roskoski 2004, 2015), including D404 of the activation loop that binds

magnesium, which in turn orientates the ATP. The residue D386 of the C-lobe, is present
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in a region termed the catalytic loop, and it functions to orientate and prepare the
substrates tyrosyl group (Roskoski 2004; Huse and Kuriyan 2002; Roskoski 2015). In
addition, K295 also forms a salt bridge with E310 of the C-helix that is essential for the
formation of Src’s active state (Fig.1.4B). As such, kinase dead mutants are generated by

the mutation of this residue (K295M; (Florio et al. 1994).

N-lobe C-lobe

Figure 1.4: The structure of the inactive and active C-Src kinase domain. A) The
structure  of the inactive C-Src  kinase domain in complex with
adenylyl-imidodiphosphate (AMP-PNP). The N- (orange) and C-lobes (blue), K/E/D/D
motif residues K295, E310, D386 and D404 and Y416 (yellow) that is
auto-phosphorylated upon activation are shown (PDB 2SRC). This conformation
orientates the C-helix to prevent the K295:E310 salt bridge that is essential for activity.
B) The structure of the activated C-Src kinase domain (Thr338lIle) in complex with
ATPgS (PDB 3DQW). The K/E/D/D motif residues K295, E310, D386 and D404
(yellow) are shown, including the salt bridge between K295:E310 that occurs upon
activation.

The catalytic activity of Src involves two major conformational changes, the first is the
generation of an active kinase from its inactive state (Fig 1.6), and the second is the
activated kinase domain cycling between its open and closed forms, to bind substrate
and ATP, and then release p-Y substrate and ADP. When inactive Src forms
intramolecular interactions via its SH2 and SH3 domains, and the activation loop adopts
a conformation whereby the side chain of Y416 is concealed. The activation loop also
orientiates the C-helix to prevent the K295:E310 salt bridge and the regulatory spine
assumes a ‘broken’ conformation (Fig.1.4A). Upon the disruption of the intramolecular
interactions by the formation of SH2/SH3 domain-ligand interactions (Section 1.2.7), the
activation loop and C-helix adopt active conformations, enabling the K295:E310 salt

bridge (Fig.1.4B), and auto/trans-phosphorylation of Y416 to stabilise the regulatory
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spine and lock the kinase in an active state (Xu et al. 1999; Roskoski 2004; Huse and
Kuriyan 2002; Sugimoto et al. 1985; Roskoski 2015). The active kinase then cycles
between open and closed conformations. The open kinase binds Mg-ATP and the protein
substrate, and catalysis occurs during closing. Upon reopening, the phosphorylated

substrate and Mg-ADP are released, ready for a new cycle (Roskoski 2015).

Peptide library screening identified EEEIY[G/E]EFD as an optimal v-Src substrate motif
(Songyang and Cantley 1995). Interestingly, the acidic residues are selected for by some
phosphatases, demonstrating that there was co-evolution to add and remove phosphate.
Phosphorylation motifs can often tolerate amino acid substitutions, suggesting that
whilst the kinase domain has sequence preference, the overall determinants go beyond
this in vivo (Roskoski 2004). This likely includes factors such as phosphorylation site

accessibility, and co-localisation/scaffolding to ligands.

1.2.6 The Src C-terminal domain (CTD)

The C-terminal domain (CTD) of Src contains a key regulatory residue, Y527, which is
conserved in all other vertebrate Src family kinases and inhibits Src activity when
phosphorylated. Y527 is phosphorylated by C-terminal Src kinase (Csk), which is
expressed in most tissues, including high levels in the developing brain (Inomata et al.
1994). Csk is capable of regulating both C-Src and its neuronal isoform N1-Src (Inomata
et al. 1994). A phosphopeptide library revealed that the Csk SH2 domain selected for a
motif resembling Src’s p-Y416 motif (Songyang et al. 1994), suggesting it could be a
means of targeting Csk to activated Src. However, p-Y527 was readily detected in a Src
Y416F mutant suggesting that SH2 domain docking via Csk is not the only means to
achieve Y527 phosphorylation in vivo (Kmiecik and Shalloway 1987). The importance
of negative regulation of the SFKs is apparent in mice deficient for Csk, which exhibit
embryonic lethality, likely caused by an 11-fold increase in Src activity, and increased
cellular protein tyrosine phosphorylation (Imamoto and Soriano 1993). Csk homologous
kinase (Chk) also phosphorylates Y527, and interestingly, whilst Csk has a higher
catalytic activity, Chk possesses greater inhibitory properties. This occurs by a
non-catalytic mechanism, which involves high affinity binding of the Chk kinase domain
to activated SFKs (Advani et al. 2017). In addition, Src may also autophosphorylate at
Y527, which could form a negative feedback loop, however this has not been confirmed

in vivo and could be an in vitro artefact (Osusky, Taylor, and Shalloway 1995).
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The Src SH2 domain interacts with p-Y527 to induce a negative regulatory conformation
that suppresses kinase activity. This was demonstrated using immobilised phospho- and
dephospho Y527-containing peptides. C-Src interacted with the p-Y527 peptide, and this
was abolished by an SH2, but not SH3 domain deletion. Furthermore, the
phosphopeptide inhibited C-Src auto-phosphorylation in a kinase assay, suggesting it
was also negatively regulating kinase activity (Roussel et al. 1991). Consistent with this,
the mutation of Y527 to a serine or phenylalanine, or premature truncation of C-Src at
residues 518 or 523, all stimulate in vivo tyrosine kinase activity, whereas truncation at
residue 530 had no effect (Reynolds et al. 1987). Similarly, SH2 domain mutations also
activate kinase activity in vivo, likely through the loss of interaction with p-Y527

(Seidel-Dugan et al. 1992).

p-Y527 is also dephosphorylated by phosphatases that activate Src. Phosphatases
including Pest (Chellaiah and Schaller 2009), PTPa (Chen, Chen, and Pallen 2006),
PTP1B (Dadke and Chernoff 2003), Syp (Peng and Cartwright 1995), and Shp1 (Somani
et al. 1997) have all been identified, and integrate into signalling pathways to activate
Src. For example, Src participates in EGFR signalling and PTPa is positively regulated

in response to EGF stimulation (Wang et al. 2013).

1.2.7 Regulation of Src activity

The crystal structure of human C-Src revealed how the SH3 domain, SH2 domain and
C-terminal tail all contribute to forming intramolecular interactions to regulate Src
activity (Xu et al. 1999). In the inactive conformation, the SH2 domain interacts with the
C-terminal p-Y527 residue (Williams et al. 1997; Roussel et al. 1991; Xu, Harrison, and
Eck 1997), and the SH3 domain interacts with the linker between the SH2 and SH1
domains (Xu, Harrison, and Eck 1997; Briggs and Smithgall 1999). In this conformation
the catalytic domain is locked and inactivated (Roskoski 2004) (Fig.1.5).

The inactive Src structure is destabilised by a number of mechanisms, including
dephosphorylation of p-Y527 by activating phosphatases (Section 1.2.6) and high
affinity SH3 and SH2 domain ligands (Section 1.2.3 & 1.2.4) that relieve the repressed
structure to enable auto/trans-phosphorylation of Y416 in the activation loop (Section
1.2.5) (Fig.1.6A). This mechanism has been demonstrated by the addition of SH2/SH3

domain peptides and ligands to recombinant SFKs, which increases substrate
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phosphorylation (Keenan et al. 2015). The combination of both SH2 and SH3 domain
ligands generates maximal activity (Moarefi et al. 1997). Src can then be inactivated by
phosphatases, such as PTP-BAS, which dephosphorylate p-Y416 (Roskoski 2005), and
kinases such as Csk and Chk that phosphorylate Y527 (Section 1.2.6). However, this

may represent a simplified model.

C-terminus

Figure 1.5: The crystal structure of inactive C-Src kinase. The SH3 domain (purple)
interacts with the linker (green) between the SH2/SH1 domain, and the SH2 domain
(pink) interacts with the C-terminal region (grey). The SH1 domain N- (orange) and C-
(blue) lobes that form the catalytic site are shown (PDB: 2SRC).

Upon kinase activation, Y416 1is auto-phosphorylated (Section 1.2.5), and
auto-phosphorylated Src has an increased affinity for substrate peptide (Foda et al.
2015). However, p-Y416 has been detected in a mutant repressed Src, and the
phosphorylation of a Src substrate has been weakly correlated with p-Y416 content
(Irtegun et al. 2013). Similarly, in comparison to v-Src, C-Src had a 10-fold reduction in
substrate phosphorylation, whereas its autophosphorylation was only reduced 1-2 fold
(Coussens et al. 1985). Thus, the extent of auto-phosphorylation does not always
correlate with catalytic activity and instead, the auto-phosphorylated state might ‘prime’

Src for further activation by other events such as ligand interaction.

The role of the SH3-domain in SFK activation was investigated using inactivated SFKs,
generated by mutation of the C-terminal tail to p-YEEI. The mutant is locked in a SH2
domain-bound state, meaning that any kinase activation is only attributable to the SH3

domain (Moroco et al. 2014). Interestingly, all SFKs tested were catalytically activated
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by a proline rich peptide (VSL12), and auto-phosphorylated C-Src was more susceptible
to further activation by VSL12. This suggested that auto-phosphorylated Src was still
regulated by its SH3 domain. This was confirmed by the mutation of the SH2:SH1 linker
that interacts with the SH3 domain, which prevented the increase in activity by VSL12.
Furthermore, this study suggests that the SH3 domain can activate Src without
disrupting the SH2:C-terminal tail interaction, and that auto-phosphorylation and
SH2/SH3 domain-ligand interactions can function somewhat independently in activating

the kinase domain (Moroco et al. 2014).

The tyrosine kinase Abl is regulated like Src in that its SH3 domain interacts with the
SH2:SH1 linker (Panjarian et al. 2013). However, the SH2 domain plays a key role in
the allosteric regulation of the kinase domain. Interestingly, in contrast to an SH2-kinase
domain construct, the Abl kinase domain alone was unable to auto-phosphorylate. The
structure revealed that the SH2:kinase domain interaction was essential to generate an
open activation loop to enable autophosphorylation (Lamontanara et al. 2014). Similarly,
comparison of the C-Src kinase domain and a SH3-SH2-kinase domain construct,
revealed that there were small CSPs in the kinase domain when expressed with the SH2

and SH3 domains, suggesting a transient interaction (Tong et al. 2017).

Recent studies have provided insight into the potential for a whole new layer of Src
regulation by the intramolecular interactions of the SH4 and unique domains (Maffei et
al. 2015). As discussed in Section 1.2.2 the Src SH3 domain interacts with the unique
domain, which is abolished by the addition of a proline rich peptide ligand, due to
allosteric competition (Pérez et al. 2009). Interestingly, in a Src SH4-unique domain
construct, the addition of a proline rich peptide ligand did not affect binding by the SH4
domain. It was shown that the SH4 domain interacted with the n-Src loop of the SH3
domain, whereas the unique domain interacted with the RT loop. The interaction
between the SH3 and SH4 domains was confirmed independently using a synthetic
peptide of the SH4 domain. However, surprisingly, the CSP profile differed from that of
the SH4-unique domain construct. Thus, the unique domain was directing the interaction
of the SH4 domain with the n-Src loop of the SH3 domain, regardless of the unique
domain’s interaction status (Maffei et al. 2015). As the unique domain bind lipids via the
same region that interacts with the SH3 domain, the authors propose that when Src is

activated by SH3 domain ligands, the SH3 domain would no longer interact with the
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unique domain, and this may feed back onto the unique domain to modulate its

interactions with lipids (Pérez et al. 2013; Maffei et al. 2015) (Fig.1.6).

The studies described here demonstrate how Src activation is highly complex, and that
auto-phosphorylation does not always correlate with activity, and that the kinase may
still be under a degree of control by the SH2/SH3 domains. There is also the potential for
additional allosteric control of kinase activity. Not only does the Src SH3 domain receive
input from the SH2/SHI1 linker and its proline-rich ligands, but also from the SH4
domain, unique domain, kinase domain and lipids (Maffei et al. 2015; Pérez et al. 2013).
These interactions could generate myriad states of kinase activity, and modulate cellular
localisation, however, this has not yet been investigated. It is also interesting to consider
how the composition of the variable n-Src and RT loops of SH3 domains could regulate

these interactions and contribute to functional diversity.
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Figure 1.6: Regulation of Src activity by intra- and intermolecular interactions.

A) In the inactive conformation the Src SH3 domain interacts with a linker between the
SH2 and kinase domain. The SH2 domain also interacts with p-Y527. Upon the
formation of SH3/SH2 domain ligand interactions and/or p-Y527 de-phosphorylation,
the inactive conformation is disrupted. The kinase domain can then autophosphorylate
and conduct substrate phosphorylation. B) Schematic of intramolecular Src interactions
identified by (Maffei et al. 2015; Pérez et al. 2013). 1) Current model of inactive Src as
described in Section A). 2) The Src SH3 domain interacts with the SH4 and unique
domain via its n-Src and RT loops respectively. 3) The Src SH3 and unique domain
interact with each other and lipids via the same binding site. 4) In the presence of proline
rich peptide ligands, the SH3 domain continues to interact with the SH4 domain.
However, the interaction with the unique domain is lost due to allosteric modulation.
This may feedback to the unique domain to regulate its interaction with lipids. 2-4 It is
unknown how the SH4, unique and SH3 domain interactions relate to the SH3
domain:linker and SH2:p-Y 527 interactions.
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1.3 Functions of C-Src in the nervous system
C-Src signals alongside receptors in the immune system (FcuR, IL-2R), receptor

tyrosine kinases (RTKs; PDGFR, EGFR, FGFR), G-protein coupled receptors (GPCRs),

cell-adhesion molecules (integrins, cadherins) and channels (calcium, potassium, IP3R).
Through these diverse signalling events, C-Src functions in proliferation, migration,
apoptosis, differentiation and regulation of transcription (reviewed by (Thomas and
Brugge 1997). In the developing and mature brain, C-Src has been associated with
neurite extension, morphology, axon guidance and synaptic transmission. Unfortunately,
many studies have utilised techniques such as Western blotting and immunofluorescence
with Src antibodies against epitopes common to both C-Src and its neuronal variants,
N1- and N2-Src (Section 1.4). Similarly, the use of broad specificity SFK inhibitors,
such as PP1 and PP2, fail to distinguish between the isoforms. Thus, in many studies it is

undetermined which SFK member or C-Src isoform is responsible.

Surprisingly a C-Src knockout mouse was not lethal and the main phenotype was
osteoporosis (Soriano et al. 1991). The osteoporosis is not unexpected as C-Src has
5-200 fold higher levels in platelets, neurons, and osteoclasts compared to other cell
types (Brown and Cooper 1996). However, there were no obvious abnormalities in the
brain or platelets. This is believed to be due to functional redundancy, as a Fyn knockout
mouse was also viable, whereas most Src/Fyn double mutants died perinatally (Stein et
al. 1994). The embryonic Src/Fyn double mutants displayed axon pathfinding defects

and defasciculation of the olfactory nerve (Morse et al. 1998).

During nervous system development, neurons send out axonal projections that sense
attractive and repelling environmental cues (Plachez and Richards 2005). This complex
process is mediated by axon guidance molecules residing in the growth cone at the tip of
the axon. The growth cone also undergoes cytoskeletal remodelling, including filopodial
and lamellipodial extensions, and the formation of stable and dynamic microtubule
bundles (Dent et al. 2011). C-Src is present in growth cone membranes (Maness et al.
1988) where it phosphorylates tubulin (Maness and Matten 1990) and may modulate
neurite extension. C-Src has also been implicated in dendritic morphogenesis (Skupien
et al. 2014). A Src inhibitor prevented the rapid neurite outgrowth observed upon the
transfection of the Src substrate p190 RhoGAP into neuroblastoma cells (Brouns et al.

2001). It was later shown that pl190 RhoGAP promotes neurite outgrowth upon its

36


https://paperpile.com/c/rGkr9m/YYkhy
https://paperpile.com/c/rGkr9m/YYkhy
https://paperpile.com/c/rGkr9m/LE68I
https://paperpile.com/c/rGkr9m/NXZih
https://paperpile.com/c/rGkr9m/PZ25X
https://paperpile.com/c/rGkr9m/PZ25X
https://paperpile.com/c/rGkr9m/YysKT
https://paperpile.com/c/2Yx4A4/OVPk
https://paperpile.com/c/rGkr9m/mK127
https://paperpile.com/c/rGkr9m/Ov9kO
https://paperpile.com/c/rGkr9m/Ov9kO
https://paperpile.com/c/rGkr9m/b8tRE
https://paperpile.com/c/rGkr9m/vmA18
https://paperpile.com/c/rGkr9m/vmA18
https://paperpile.com/c/rGkr9m/imaYP
https://paperpile.com/c/rGkr9m/imaYP

activation by Src and subsequent inhibition of RhoA (Jeon et al. 2012). Similarly, neurite
outgrowth from a rat pheochromocytoma cell line (PC12) was concomitant with the
association of activated Src with the cytoskeleton, and an increase in cellular protein
tyrosine phosphorylation, which was prevented by the expression of dominant negative
Src (Rusanescu et al. 1995). The induction of neurites in PC12 cells by NGF and FGF
was also inhibited by microinjection of neutralising Src antibodies (Kremer et al. 1991).
Thus, there is extensive evidence linking Src to neurite outgrowth. Aside from tubulin
(Maness and Matten 1990) and p190 RhoGAP (Brouns et al. 2001), the cytoskeletal
substrates of C-Src include Cortactin (Amanchy et al. 2008), Cofilin 1 (Yoo et al. 2010),
Wasfl (WAVE1) (Ardern et al. 2006), N-WASP (Park et al. 2005), Raphl (Carmona et
al. 2016) and RhoA (Kim et al. 2017). All of which have been associated with neurite
outgrowth (Hall and Lalli 2010; Khodosevich and Monyer 2010; Hansen and Mullins
2015; Figge et al. 2012; Kinnunen et al. 1998).

C-Src interacts with axon guidance molecules and their ligands including the L1 cell
adhesion molecule (L1-CAM), Ephrin receptors, and the Deleted in colorectal cancer
receptor (DCC). Ephrin receptors are RTK’s, and the SFKs are recruited to Ephrin
receptors via their SH2 domains (Zisch et al. 1998; Knoll and Drescher 2004), where
they regulate axon guidance and neuronal migration via phosphorylation of cytoskeletal
regulators including N-WASP, cortactin and pl90RhoGAP (Knéll and Drescher 2004).
Netrin-1 is a secreted axon guidance cue that interacts with the DCC receptor to
stimulate neurite outgrowth. C-Src was shown to interact with the intracellular region of
DCC and phosphorylate the receptor, and both PP2 and kinase-dead Src prevented
netrin-1 induced axon outgrowth (Li et al. 2004). L1-CAM is a cell adhesion molecule
that participates in neuronal migration (Kiefel et al. 2012). Cerebellar neurons from Src
knockout mice demonstrated impaired neurite outgrowth on L1-CAM in comparison to
those from Fyn” and Yes” knockouts (Ignelzi et al. 1994). C-Src phosphorylates
L1-CAM in vitro, and the phosphorylation prevents its interaction with the endocytic
molecule AP-2 (Schaefer et al. 2002). The authors suggest that the disrupted trafficking
of L1-CAM could explain the neurite outgrowth defects in Src knockout neurons. The
neuronal splice variant of C-Src, N1-Src, has also been associated with neurite

outgrowth on L1-CAM (Keenan et al. 2017).
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C-Src also regulates neurotransmission, including the modulation of excitatory and
inhibitory neurotransmitter receptors, and voltage-gated channels that regulate
membrane potential. A role for the SFKs in the regulation of synaptic transmission was
identified by PP2, as it enhanced calcium-dependent neurotransmitter release in primary
neurons (Ohnishi et al. 2001). In-line with this observation, expression of v-Src
suppressed neurotransmitter release, suggesting that Src negatively regulates
neurotransmission (Ohnishi et al. 2001). Synapsin is a synaptic vesicle associated C-Src
substrate and SH3 domain ligand, and its interaction with Src was shown to stimulate
kinase activity, and tyrosine phosphorylation of synapsin. Inhibition of this interaction
increased calcium-dependent neurotransmitter release, suggesting that synapsin might be
the Src-regulated protein in neurotransmission (Onofri et al. 2007). In addition, Src also
phosphorylates the synaptic vesicle-associated protein synaptophysin (Barnekow 1991;
Evans and Cousin 2005), and dynamin I, which participates in synaptic vesicle

endocytosis (Smillie and Cousin 2005; Ahn et al. 2002).

The N-methyl-D-aspartate (NMDA) receptor is a post-synaptic glutamate receptor that
mediates excitatory synaptic transmission. NMDA receptor activation is central to
synaptic plasticity and memory (Li and Tsien 2009). Upon membrane depolarisation,
and the binding of glutamate and glycine to its extracellular region, the NMDA receptor
gates sodium and calcium ions, which triggers signalling required for learning (Neveu
and Zucker 1996). C-Src immunoprecipitates with the NMDA receptor, and its
expression increases the NMDA receptors current in neurons. This was shown to be via
the phosphorylation of the receptor’s NR2A subunit, as its phosphorylation site mutant
prevented regulation of the receptors current (Yu et al. 1997; Yang and Leonard 2001;
Zheng et al. 1998). Infusion of the Src inhibitor PP2 into the hippocampus of rats
prevented both short and long term memory formation (Bevilaqua et al. 2003). In
addition, spatial maze learning in rats increased hippocampal Src activity, and the
interaction of Src with synaptic proteins, including synapsin, synaptophysin and the

NMDA receptor, increased (Zhao et al. 2000).

C-Src also regulates a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors, which are also excitatory post-synaptic glutamate receptors that mediate
synaptic transmission and plasticity. The AMPA receptor GluR2 (Gria2) subunit is
phosphorylated in vitro by C-Src (Scholz et al. 2010), and in vivo by the SFKs, which
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regulates its trafficking by promoting its internalization and is thus likely to inhibit

communication at excitatory synapses (Hayashi and Huganir 2004).

C-Src regulates a host of other neurotransmitter receptors and voltage gated channels.
For example, inhibitory GABA receptor currents were enhanced by v-Src
phosphorylation (Moss et al. 1995). Similarly, C-Src phosphorylation of neuronal
acetylcholine receptors enhanced the current (Wang et al. 2004). Conversely, v-Src
phosphorylation of the neuronal voltage-gated potassium channel Kv1.3 suppressed the
current (Fadool et al. 1997). Thus, C-Src regulates a variety of receptors and channels in

the brain via the common mechanism of phosphorylation to modulate their currents.

1.4 Identification of N1- and N2-Src Kinases

N1-Src kinase was initially referred to as pp60Src” and was first identified due to its
slightly slower electrophoretic mobility on SDS-PAGE, which occurred only for Src
from neuronal tissues (Brugge et al. 1985). Many of the early experiments used the
differential mobility of full-length Src or its peptides from partial proteolytic digestion to
detect what is now known as N1-Src. Initial investigations into N1-Src focused on the
cause of the electrophoretic shift, and its location within the Src protein. The location of
the modification was mapped by partial proteolytic peptide mapping of Src by V8
protease. The digestion generated multiple fragments, including a fragment referred to as
VI, which was further cleaved to generate either the V3 or V4 peptide from the
N-terminus of Src (Brugge et al. 1985). The V1, V3 and V4 peptides all showed
differential electrophoretic mobility in comparison to non-neuronal Src and therefore

established that the alteration was in the N-terminus of Src.

Differential phosphorylation was a candidate for the retarded mobility of N1-Src.
However, partial digestion of **P-labelled Src did not reveal a phosphorylation
stoichiometry in the V3 or V4 fragments that was capable of explaining the shift (Lynch
et al. 1986). Similarly, phosphatase treatment of Src from neuronal cultures had no effect
on the electrophoretic mobility (Brugge et al. 1987). A second possibility was a lack of
N-terminal myristoylation. However, *H-mystric acid labelling revealed that N1-Src was
also myristoylated (Brugge et al. 1987). Thus, it was speculated that N1-Src was
modified at the level of the protein sequence. Initial evidence for this was obtained by

the in vitro translation of polyA RNA from chicken embryo brain, as the translated Src
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exhibited the same electrophoretic mobility as N1-Src (Brugge et al. 1987). Shortly after,
using a cDNA library it was confirmed that there was an 18-base-pair insertion between
exons 3 and 4 of C-Src (Levy et al. 1987). As final confirmation, a chimeric construct of
C-Src containing the 18 base pairs (NI exon) was transfected into fibroblasts. Indeed, the
expressed protein displayed the same mobility as N1-Src at the level of peptides and full
length protein (Levy et al. 1987). As such, N1-Src was characterised as a 6 residue insert
(RKVDVR) in the N-terminal SH3 domain (Fig.1.7).

A second Src splice variant was later identified by PCR from human cDNAs in the
region containing the N1-Src insertion (Pyper and Bolen 1990). Three different sized
products were amplified, and sequencing identified both C-Src and N1-Src. The third
product, N2-Src, comprised the 18 bp NI exon, coupled to a second 33 bp exon, termed
NII. This second splicing event inserted 17 residues (RKVDVSQTWFTFRWLQR)
between exons 3 and 4 (Fig.1.7). The final arginine of the N1-Src insert is mutated to a

serine in N2-Src due to the N1-NII exon splicing (Pyper and Bolen 1990).

N2 NNTRKVDVSQTWFTFRWLQREG

N1 NNTRKVDVR---ecmeceememmemmemmee EG
C NNT. EG
B
N SH4 | Unique SH3 SH2 Kinase domain 1
domain

Figure 1.7 N1- and N2-Src are neuronal specific splice variants of C-Src. The N1-
and N2-Src splice variants are formed by the insertion of 6 (RKVDVR) and 17
(RKVDVSQTWFTFRWLQR) residues respectively in the C-Src SH3 domains n-Src
loop.

1.4.1 The evolution of neuronal Srcs

N1-Src is specifically expressed in neurons and has not been detected in non-neuronal
cells or glia (Lynch et al. 1986; Brugge et al. 1987; Cotton and Brugge 1983; Brugge et
al. 1985). Evolutionarily, N1-Src expression has been detected in vertebrates including
the chicken, mouse and human (Levy et al. 1987; Martinez et al. 1987). The teleost fish
Xiphophorus is a lower vertebrate that also has N1-Src, however the insertion encodes
RKINCR, which deviates from the human, mouse, and chicken sequence of RKVDVR
(Raulf, Robertson, and Schartl 1989). The two Xenopus laevis Src genes encode N1-Src
as five residue insertions (RPDIR & RPDMR) (Collett and Steele 1992). However,

overall all species contain the positively charged arginines at each end of the insert, and
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with the exception of the fish, a central aspartic acid. In-line with the proposed
vertebrate-specific expression of N1-Src, the insertion was not detected in Drosophila or
hydra (Raulf, Robertson, and Schartl 1989). The N2-Src splice variant has been detected
in the human brain, but not in avian cDNA clones, or Xenopus (Collett and Steele 1992),
suggesting N2-Src is specific to mammalian species (Pyper and Bolen 1990), and could

be important for higher brain functions.

1.4.2 Neuronal Src splicing mechanism and regulation
The splicing of C-Src to generate N1- and N2-Src occurs in the C-Src SH3 domain. As

discussed in Section 1.2.3, the SH3 domain is involved in the regulation of Src kinase
activity via intramolecular interactions and, importantly, intermolecular interactions with
C-Src ligands and substrates.

The neuronal-specific splicing of C-Src to yield the N-Srcs is tightly regulated. The
repression of the NI exon in non-neuronal cells is mediated by the polypyrimidine tract
binding protein (PTB; PTBP1). PTB binds two conserved CUCUCU repeats within the
N1 3’ splice site and in a downstream intron, which blocks the assembly of the
spliceosome (Fig.1.8). PTB was shown to be essential for the repression of N1-Src, as
the addition of RNA containing the N1 exon 3’ splice site to nuclear extract enabled
N1-Src splicing. The repression was restored upon the addition of purified PTB,
suggesting it was the trans-acting factor that was titrated out by the RNA competitor
(Chan and Black 1997). Interestingly, hnRNPA1 also represses N1-Src splicing in vitro.
However, this occurs through a different mechanism as mutation of the PTB binding

sites did not prevent hnRNPA 1-mediated inhibition (Rooke et al. 2003).

Upon neuronal differentiation, PTB is downregulated and replaced by de novo
expression of neural PTB (nPTB; PTBP2), and thus the isoforms have mutually
exclusive expression (Fig.1.8). A number of neuronal-specific exons, including that of
N1-Src are repressed by PTB and are induced upon the switch to nPTB, which functions
as a weaker repressor (Boutz et al. 2007). N1-Src splicing is also positively regulated by
an enhancer element in a downstream intron, which binds the splicing activator FOX1
(Fig.1.8). The FOX proteins show tissue specific expression including in the brain, and
like PTB, multiple neuronal-regulated exons contain the FOX enhancer element
(Underwood et al. 2005; Black 1992). In addition, there is also an enhancer complex

consisting of KH-type splicing regulatory protein (KHSRP), hnRNPH and hnRNPF
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(Fig.1.8). KHSRP induces the assembly of the proteins on to the enhancer element, and
its depletion from in vitro splicing reactions prevents N1-Src splicing. Similarly, the loss
of hnRNPH also results in the partial inhibition of splicing, whereas the re-addition of
both purified proteins rescues splicing (Chou et al. 1999; Min et al. 1997). Splicing
factor 2 (SF2) has also been shown to stimulate N1 splicing (Rooke et al. 2003). Thus,
the splicing is under tight positive and negative regulatory control by a number of
proteins. Splicing of the NII exon has not been observed alone (Pyper and Bolen 1990),
which is surprising as it would not disrupt the reading frame. The NII exon alone would
generate an 11 residue insert, however, the serine that is generated at the N1-NII exon

boundary would instead be a threonine.

Non-neuronal cells

T

Figure 1.8: Schematic of Src splicing to

’\ generate neuronal Src. In non-neuronal

Spliceosome  ;e1js PTB binds to the N1 exons 3’ splice
Exon 4

Exon 3

site and a downstream intron, which

blocks the assembly of the spliceosomal

Exon 3 | Exon 4

complex. In neuronal cells PTB is

Neuronal cells Spliceosome replaced by neural PTB and NI-Src
splicing is positively regulated by an

Eox)
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Exon 3] N1 exon | Exon 4

1.4.3 N1-Src cellular expression and localisation

The expression profile of N1-Src implies a function in development. In the developing
mouse brain, N1-Src was identified as the predominant form, and Western blotting
revealed that Src expression increased upto ~ 15-fold between embryonic day 12 (E12)
and postnatal day 1 (P1) in the forebrain and midbrain, and expression was maximal at
P1 (Wiestler and Walter 1988). Src auto-phosphorylation also increased, suggesting that
there were both high levels of activity and expression during this period. During the
period E10-E18 there are diverse processes spanning the development of brain
structures, neuronal migration, differentiation, and some neurons entering a post-mitotic
state. The authors were unable to attribute the rise in N1-Srcs expression to a particular

cell type or process (Wiestler and Walter 1988).
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The cellular localisation of N1-Src in the developing spinal cord of chick embryos was
assessed via an antibody raised against the N1-Src insertion. N1-Src was detected in the
neuronal cell soma, surrounding the nucleus, and in developing dendrites. However, it
was not detected within the nucleus. Electron microscopy revealed that N1-Src was
associated with polysomes and the rough endoplasmic reticulum, where it is likely been
translated. Interestingly, N1-Src was present at the presynaptic membrane of developing
synapses, including synaptic vesicle membranes, as well as in the signalling hub of the
post-synaptic density (Atsumi et al. 1993). In the adult rat forebrain, N1-Src has been
shown to mostly associate with the presynaptic membrane, and C-Src with highly
purified synaptic vesicles (Onofri et al. 2007). Whilst N1-Src was predominantly present
at immature synapses, it was also found in mature synapses, suggesting it may function
in both synapse development and their maintenance/general function (Atsumi et al.
1993). A surprising finding that goes against the neuronal specificity of N1-Src, was its
detection in chick embryonic but not adult skeletal muscles. Therefore N1-Src may be
expressed temporarily in early muscles (Atsumi et al. 1993), although its function is not

clear and the finding has not been repeated in mammals.

In order to compare the relative expression of C-, N1- and N2-Src in the fetal and adult
brain, RNAase protection assays were performed. Whilst N2-Src was found at
comparable levels in fetal and adult brain, both C- and N1-Src were significantly higher
in fetal brain (Pyper and Bolen 1990). This suggests that N1- and N2-Src could have
unique functions. A similar study did not distinguish between the Src isoforms, however,
they also noted that Src was most expressed in the human fetal brain, and that its kinase
activity was increased ~ 3.5 fold in the fetal brain in comparison to the adult. However,
kinase activity was raised in all fetal tissues assayed, consistent with a broad function of

Src in development (Sorge et al. 1985).

In the adult rat nervous system, N1-Src was detected in all CNS tissues via Western
blotting, including the forebrain, hippocampus and cerebellum. However, N1-Src was
only detected in trace amounts in one peripheral nervous system (PNS) tissue (Le Beau,
Wiestler, and Walter 1987), in comparison to C-Src, which was detectable in both the
CNS and PNS. Similarly, via in situ hybridisation, N1-Src mRNA was shown to be
pronounced in the CNS of 15-19 day old rat fetuses (Ross et al. 1988). It has been

proposed that the CNS-specificity of N1-Src could suggest a function in neuronal
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plasticity (Le Beau, Wiestler, and Walter 1987). Indeed, in situ hybridisation in the adult
rat brain indicated N1-Src is most expressed in the hippocampus, olfactory bulb, and
granule cell layer of the cerebellum, all of which are associated with synaptic plasticity
(Ross et al. 1988). In addition, whilst the expression of C- and N1-Src mRNA was
similar in the hindbrain, N1-Src was expressed at higher concentrations in the forebrain,
and showed more ‘pronounced regional variations’ (Ross et al. 1988). A differential

expression profile could also suggest unique functions by C- and N1-Src.

The localisation of N1-Src in adult rat neurons has also been investigated by an antibody
against the N1-Src insert (Sugrue et al. 1990). Interestingly, N1-Src immunoreactivity
was observed throughout the brain, although not in all neurons. The authors note a
similar finding to the pronounced regional variations described by (Ross et al. 1988), in
that N1-Src appeared to be expressed in populations of neurons, however there was no
clear classification for them in terms of their morphology or neurotransmission. Thus, it
could represent an uncharacterised system or specialised function. At the cellular level
N1-Src was mostly detected in the cell body and dendrites and to a lesser extent in the
axons and their terminals. However, there were some regions including the brain stem,
where axonal N1-Src was increasingly detectable. Interestingly, the cerebellar Purkinje
neurons and granule cells were some of the most intensely stained, in line with the in situ
hybridisation by (Ross et al. 1988), and the phenotype observed upon NI1-Src

overexpression in Purkinje neurons (Kotani et al. 2007) (Section 1.4.4).

Lipid rafts are signalling hubs enriched in lipids, structural proteins, receptors and signal
transduction molecules (Simons and Sampaio 2011). In the CNS, lipid rafts are
associated with broad functions including cell adhesion, endo- and exocytosis, axon
guidance, and regulation of neurotransmission (Korade and Kenworthy 2008). In total,
5-20 % of Src, with N1-Src as the dominant isoform, resided in lipid rafts in the
embryonic and adult mouse brain, with the highest levels found in the adult brain.
N1-Src only entered lipids rafts in the brain and not in fibroblasts, and this is believed to
be due to their unique protein and lipid composition. Src was shown to enter lipid rafts
via its myristoylated SH4 domain, and the isolated C-Src SH3 domain did not enter
(Mukherjee et al. 2003). However, this does not rule out C- and N1-Src forming unique
SH3 domain interactions and signalling events upon entry. Indeed, the N1-Src in lipid

rafts was shown to be highly active with raised auto-phosphorylation and exogenous
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substrate phosphorylation (Mukherjee et al. 2003), suggesting they could be a signalling
platform for N1-Src.

In summary, N1-Src is the predominant form of Src during neuronal development and
shows CNS specificity. In the adult brain, N1-Src is present throughout the neuron
including the cell body, dendrites, axons, synaptic vesicles and post-synaptic density.
Whilst differences have been observed between C- and NI1-Src, including their
expression in the forebrain, association with synaptic vesicles, and overall localisation
within the brain, it is unclear what the cellular and developmental functions of N1-Src

are.

1.4.4 The cellular functions of the neuronal Srcs

One of the first proposed functions of N1-Src was a role in differentiation, as N1-Src
was the major Src isoform present upon retinoic acid induced neuronal differentiation of
embryonal carcinoma cell lines (Lynch et al. 1986). Similarly, N1-Src mRNA was
expressed upon neural induction in Xenopus (Collett and Steele 1993). However, in these
studies it is unclear whether N1-Src was driving the differentiation process or was
expressed as a result of neuronal differentiation. Evidence that NI-Src can drive
neuronal differentiation was obtained from studies of neuroblastoma (NB). NB is
commonly a childhood cancer, and is derived from immature neuroblasts from
embryonic neural crest that fail to undergo neuronal differentiation (Ratner et al. 2016).
A perplexing phenotype is the ‘spontaneous regression’ of neuroblastoma, for which it
has the highest rate of any human cancer (Challis and Stam 1990). This could be
mediated by the immune system (Kataoka et al. 1993) or the neuroblasts successfully
undergoing neuronal differentiation. Interestingly, favourable prognosis NBs were
shown to express high levels of Src mRNA. Therefore, the expression of C-, N1-, and
N2-Src mRNAs were assayed in NB cell lines upon the induction of neuronal
differentiation. The expression of N1-Src correlated with the ability to differentiate in
vitro, in comparison to a cell line expressing only C-Src that did not show morphological
changes upon induction of differentiation (Matsunaga et al. 1993). Good prognosis cases
expressed high levels of N2-Src, in contrast to advanced cases, which expressed little or
no N2-Src. Thus, whilst N1-Src induced a differentiated phenotype, N2-Src may be
essential for complete maturation and differentiation (Matsunaga et al. 1993). The

expression of N2-Src has been proposed as a prognostic marker for NB (Matsunaga et al.
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1998). However, the molecular basis of N1- and N2-Src in NB differentiation is

currently unknown, and their potential to be therapeutic targets remains ambiguous.

Studies in both heterologous cells and neurons have linked N1-Src to cytoskeletal
remodelling and regulation of neurite outgrowth. For example, the expression of N1-Src
and its constitutively active mutant (N1-Src Y527F) in a Xenopus epithelial cell line
resulted in more than 60 % of the cells presenting elongated morphologies and ‘neurite’
like processes. In comparison, cells transfected with C-Src Y527F had flattened and
round morphologies (Worley et al. 1997). Similarly, the overexpression of N1-Src in a
COST7 fibroblast cell line resulted in a significant increase in both the average length of
processes/neurite-like extensions, and the average number of neurites per cell (Keenan et
al. 2017), thus generating a neuron-like morphology. The overexpression of C- and
N1-Src in rat hippocampal and cerebellar granule neurons also generated differential
morphologies. Whilst the overexpression of C-Src had no significant effects, the mean
number of neurites, mean length of neurites, and the length of the longest neurite were
all significantly reduced for N1-Src (Wetherill 2016; Keenan et al, 2017). Interestingly,
the specific knockdown of NI1-Src by shRNA mirrored the overexpression data by
significantly reducing the neurite number and length (Wetherill 2016; Keenan et al,
2017). The equivalent effects of the knockdown and overexpression could be due to
aberrant  substrate = phosphorylation and pathway modulation, or the

sequestering/formation of promiscuous ligand interactions upon overexpression.

Transgenic mice expressing N1-Src or its constitutively active mutant (N1-Y527F)
under the control of the Purkinje cell-specific L7 promoter, were generated to assess the
role of N1-Src in neuronal development (Kotani et al. 2007). A number of phenotypes
were observed, including abnormally localised Purkinje cells in cerebellar tissue
sections, which was worse in the N1-Y527F transgenic. The dendrites also displayed
defects, including multiple dendritic shafts and minimal neurite extension, which could
be due to the microtubule cytoskeleton, as electron microscopy revealed that the
microtubules from N1-Y527F were at a higher density, and had structural abnormalities,
appearing intertwined and curved. Cerebellar cultures from the N1-Y527F transgenic
also presented thick dendritic shafts, large growth cones, and minimal neurite outgrowth.
This phenotype was rescued by the Src inhibitor, PP2, which produced a morphology

comparable to control cells (Kotani et al. 2007). As discussed in Section 1.4.3,
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endogenous N1-Src expression has been detected in the Purkinje neurons and granule
cells of the cerebellum (Ross et al. 1988; Sugrue et al. 1990), and using strains of mutant
mice that display cerebellar developmental abnormalities, a large loss of N1-Src
expression occurred alongside cerebellar neurodegeneration (Brugge et al. 1987). In
addition, one mutant had significantly reduced N1-Src expression from an early time
point and the granule cells failed to migrate, although a causal relationship was not

confirmed (Brugge et al. 1987).

The role of C-Src and N1-Src in axon guidance and neuronal differentiation was assayed
in the developing Xenopus retina (Worley et al. 1997). Interestingly the overexpression
of constitutively active C- or NI-Src (Y527F) resulted in fewer photoreceptors.
However, there was not an increase in other differentiated cell types, suggesting that
differentiation was inhibited as opposed to the cells adopting an alternative fate. The
retinal ganglion cells (RGCs) were used as a model system for axon guidance as they
sprout axons that travel along a characterised pathway to the optic tectum. A large
percentage of the axons from cells overexpressing wild-type C- or N1-Src reached the
optic tectum. However, none of the axons from the cells overexpressing the
constitutively active mutants did. N1-Src-Y527F-expressing axons progressed further
along the pathway than those expressing C-Src-Y527F, suggesting that active C-Src
impaired axonogenesis to a greater extent. Overexpression of wild-type C- or N1-Src
increased the phosphotyrosine content in the neuronal cell soma, dendrites and axons,
and this was further increased by the constitutively active mutants, in particular N1-Src
Y527F. Thus, the authors concluded that enhanced impairment of axonogenesis by
C-Src could not be attributed to an increase in overall phosphorylation (Worley et al.
1997). However, this does not rule out the increased phosphorylation of a unique C-Src
substrate(s). The authors also assessed the role of C- and N1-Src in neuritogenesis in
Xenopus neuroepithelial cells. The C- and N1-Src Y527F mutants each decreased the
average length of the longest neurite in comparison to their wild-type counterparts.
However, wild-type N1-Src increased the average length of the longest neurite by
2.4-fold in comparison to C-Src, suggesting that N1-Src could promote axonogenesis
(Worley et al. 1997). Thus, the extent of axonogenesis impairment, neurite outgrowth

and phosphotyrosine content varied between C- and N1-Src. However, there was also
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functional overlap in that both constitutively active mutants inhibited photoreceptor

differentiation.

The function of C- and NI-Src have been studied in the context of Xenopus
development. RNA encoding C-Src, N1-Src or their constitutively active mutants were
injected into Xenopus embryos. In terms of lethality, the wild-type C-Src had no
significant effect, whereas 27 % of embryos expressing wild-type N1-Src died.
C-Src-Y527F yielded 70 % lethality, while embryos expressing N1-Y527F had a 100 %
mortality rate (Worley et al. 1997). This again highlights that the kinases have

differential functions, and suggests that lethality is proportional to kinase activity.

More recently, the role of NI1-Src in Xenopus tropicalis development has been
investigated in our laboratory through a collaboration with the laboratory of Dr Harry
Isaacs (Lewis et al. 2017). The expression of N1-Src mRNA was shown by PCR to
increase during both primary and secondary neurogenesis, and in situ hybridization
revealed that N1-Src was enriched at the neural plate, a structure that gives rise to the
nervous system. Next, the specific knockdown of N1-Src was achieved by antisense
morpholinos directed to the NI exon splice site, selectively inhibiting N1-Src expression
whilst maintaining C-Src expression. N1-Src knockdown generated morphological
phenotypes in larval stage embryos and they also presented an abnormal dart response.
The larvae did not swim away when a touch stimulus was applied, suggesting that there
was a defect in the neuronal circuitry. The motor, sensory and interneurons of the
Xenopus primary nervous system form a distinct pattern and can be identified by their
expression of the neuronal-specific tubulin (tubb2b) protein. Interestingly, the
knockdown of N1-Src was shown to almost completely ablate the tubb2b-positive
neurons, thus explaining the loss of the touch reflex, and providing a role for N1-Src in

primary neurogenesis in amphibian development (Lewis et al. 2017).

1.4.5 Regulation of N1-Src Kinase activity

A commonly observed feature of N1-Src is its increased autophosphorylation of Y416,
which has been detected for endogenous N1-Src in neurons (Brugge et al. 1985) and
upon overexpression of N1-Src in COS7 fibroblasts (Keenan et al. 2017) and B104
neuroblastoma cell lines (Keenan et al. 2015). Furthermore, Src from neuronal lysates

incorporated **P with an 8-10 fold increase, and phosphorylated the exogenous substrate
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enolase with a 6-fold increase, in comparison to Src from cultured astrocytes (Brugge et
al. 1985). The increased autophosphorylation of N1-Srcs is suspected to be a result of a
weakened interaction between its SH3 domain and the SH2:SHI linker that forms the

negative regulatory conformation (Keenan et al. 2015).

In addition, serine phosphorylation has been detected in the N-terminal 16 kDa of
N1-Src in neurons. The modification was not present in Src from astrocytes (Brugge et
al. 1987) or N1-Src overexpressed in chicken embryo fibroblasts (CEFs) (Levy and
Brugge 1989), confirming its neuronal specificity and the possibility that it is
phosphorylated by a neuronal kinase. However, the authors did not identify the function
of the phosphorylation event, or whether the phosphorylation was unique to only N1-Src
and not C-Src in neurons (Brugge et al. 1987). As the N-terminal 16 kDa encompases
the SH4, unique and SH3 domain, it is possible that the phosphoserine is one of the
SH4/unique domain modifications discussed in Section 1.2.2 that has roles in activation

and localisation.

The kinase activity and regulation of N1-Src has been assayed in heterologous cells. The
expression of C-Src, v-Src and NI1-Src in CEFs resulted in whole cell lysate
phosphotyrosine levels of C-Src < N1-Src < v-Src, suggesting that N1-Src may be a
partially activated C-Src (Levy and Brugge 1989). Interestingly, despite the raised
substrate phosphorylation by N1-Src, its p-Y 527 phosphopeptide was detected but not its
p-Y416 phosphopeptide (Levy and Brugge 1989). This could suggest that the activity
was not representative of neuronally expressed N1-Src. Conversely, (Keenan et al. 2017)
successfully identified raised autophosphorylation of N1-Src in COS7 fibroblasts. Thus
some caution should be taken when assaying NI1-Src in heterologous cells due to

variations in autophosphorylation and N-terminal serine phosphorylation.

The role of the SH2 and SH3 domains in N1-Src kinase regulation were assessed by the
expression of mutants in HEK cells (Groveman et al. 2011). In comparison to the
wild-type NI1-Src, its constitutively active mutant (Y527F) had increased p-Y416
immunoreactivity. However, upon coupling the Y527F mutation to inactivating SH3
domain (D101N; human equivalent of D99N) and SH2 domain (R183K) mutations,
p-Y416 content was slightly and greatly reduced respectively. The in vitro

phosphorylation of Src substrate peptides was also reduced for the kinase mutants,
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correlating with the reduced auto-phosphorylation. The equivalent experiments were not
conducted for C-Src, however, it suggests that N1-Src might require SH2 and/or SH3
domain-ligand interactions to enable autophosphorylation in vivo. As the Y527F
mutation relieves the negative regulation of the SH2:p-Y527 interaction, the fact that the
Y527F/SH2 domain mutant possessed reduced auto-phosphorylation suggests that the
SH2 domain-ligand interactions do not simply relieve the negative regulation, and there

could be allosteric effects on kinase activity as discussed in Section 1.2.7.

1.4.6 Neuronal Src SH3 domain ligands and substrates

C-Src is well characterised in terms of its SH2 and SH3 domain ligands, substrates,
phosphorylation sites, and their downstream functional effects. However, a huge gap in
the field remains with regards to the interactors and substrates of N1-Src. To date the
N1-Src SH3 domain has only 5 in vitro ligands, dynamin I (Abdelhameed 2010),
Ena/VASP like protein (Evl) (Lambrechts et al. 2000), Delphilin (Miyagi et al. 2002),
hyperpolarization-activated cyclic nucleotide-gated channel 1 (HCN1) (Santoro et al.
1997), and the NMDA receptor (Groveman et al. 2011). Only the NMDA receptor was
phosphorylated as well as interacting with N1-Src in vitro (Groveman et al. 2011).
N2-Src is even less understood and currently has no SH3 domain ligands or in vivo

substrates.

The N1-Src six residue insertion (RKVDVR) occurs in the SH3 domain n-Src loop. As
discussed in Section 1.2.3, the n-Src loop participates in ligand binding and contributes
to the structurally diverse specificity zone. As the specificity zone forms additional
affinity/specificity contacts, it is extremely likely that the six residue insertion in some
way alters ligand binding. Indeed, other SH3 domain splice variants in the n-Src loop
have modulated ligand binding (Tsyba et al. 2008). Thus far, the neuronal insertion has
been shown to raise N1-Src autophosphorylation (Brugge et al. 1985) and this may be
the cause of its increased catalytic activity (Section 1.4.5). However, unique N1-Src
ligands could explain the differential cellular localisation (Section 1.4.3) and cellular
functions (Section 1.4.4) via the generation of unique substrates and signalling

pathways.

To date, no structure of the N1- or N2-Src SH3 domain has been obtained, and the

mechanism of ligand binding is unknown. Despite this, early studies pointed towards
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differential binding by N1-Src, as GST pull-downs with the C- and N1-Src SH3 domains
demonstrated that multiple C-Src SH3 domain ligands including synapsin (Foster-Barber
and Michael Bishop 1998), tau (Reynolds et al. 2008), FAK (Messina et al. 2003), Snp70
(Craggs et al. 2001), Asapl (Brown et al. 1998), and Rich (Richnau and Aspenstrom
2001) do not bind, or very weakly bind the N1-Src SH3 domain. Furthermore,
pull-downs from lysates demonstrated that N1-Src had an overall reduced SH3 domain

interactome (Weng et al. 1993).

Yeast-2-hybrid with the N1-Src SH3 domain identified the HCN1 channel (Santoro et al.
1997) as the only interactor from a screen of 5x10° independent clones. HCN1 is one of
four members of the HCN family of cation channels that are found in excitable cells
(Biel et al. 2009). The HCNI channel is a voltage gated potassium channel that is
exclusive to the brain, and functions in the regulation of action potentials (Magee 1998,
1999). However, there has been no follow up to confirm the interaction, and since the
Yeast-2-hybrid technique can generate false positives it remains a questionable ligand.
However, the HCN4 channel is a C-Src substrate, and the phosphorylation sites
(Y531/Y554) (Li et al. 2008) are conserved in HCN1, thus it has the potential to be an

N1-Src substrate.

Delphilin was also identified as an N1-Src SH3 domain ligand by Yeast-2-hybrid
(Miyagi et al. 2002). Delphilin is a neuronal-specific formin that interacts with the
GluR32 receptor in the dendrites of Purkinje neurons, thus it potentially correlates with
N1-Src expression (Sugrue et al. 1990). The GluRd2 receptor is associated with synaptic
plasticity and motor learning (Zanjani et al. 2016). However, Delphilin is poorly
characterised, although it is known to have actin nucleating and capping abilities (Dutta
et al. 2017; Silkworth et al. 2018), and is suspected to function as a post-synaptic
scaffolding protein that partakes in cytoskeletal remodelling and downstream signal
propagation from the glutamate receptor (Miyagi et al. 2002). However, like the HCN1
channel, the interaction between N1-Src and Delphilin was not confirmed beyond

Yeast-2-hybrid.

Ena/VASP-like protein (EVL) of the Ena/VASP family was identified as an N1-Src SH3
domain interactor via GST-SH3 domain pull-down (Lambrechts et al. 2000). The

Ena/VASP proteins regulate the actin cytoskeleton through direct interactions with actin
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and the actin binding protein profilin (Krause et al. 2003). The Ena/VASP proteins are
associated with neurite initiation, dendritic morphology and axon guidance via signalling
downstream from plasma membrane receptors, and the formation of growth cone
filopodia (Drees and Gertler 2008). The interaction between the N1-Src SH3 domain and
EVL was abolished by PKA phosphorylation of EVL on a site adjacent to its proline rich
motifs. Furthermore, the N1-Src SH3 domain was shown to compete with profillin for
EVL binding, but only binding to the NI1-Src SH3 domain was disrupted by PKA
phosphorylation. The authors speculate that profilin could function to compete away
bound N1-Src SH3 domain, or interact with EVL upon the loss of its interaction with
N1-Src by PKA phosphorylation (Lambrechts et al. 2000). Thus EVL is an attractive

N1-Src SH3 domain ligand, however, this has not been investigated in vivo.

Dynamin I was initially identified as interacting with the C-Src SH3 domain, and the
interaction between full length C-Src and dynamin I was confirmed by
immunoprecipitation (Onofri et al. 2007). The N1-Src SH3 domain was later identified
as interacting with dynamin I via mass spectrometry analysis of GST-C- and N1-Src
SH3 domain pull-downs from rat brain synaptosomes (Abdelhameed 2010).

Dynamin I is an endocytic protein and the 100 kDa dynamin GTPases are known for
their role in vesicle membrane fission to complete endocytosis, which occurs due to the
formation of a dynamin helix at the vesicle neck and subsequent GTP hydrolysis.
Dynamin I is highly expressed in neurons and is abundant in nerve terminals, where it
participates in synaptic vesicle recycling (Cao et al. 1998). The conserved structure of
dynamin comprises an N-terminal GTPase domain, a stalk that mediates
oligomerisation, a pleckstrin homology (PH) domain which binds lipids, a GTPase
effector domain (GED) that promotes GTPase activation, and a C-terminal proline rich
domain (PRD), which has 13 PxxP motifs, mediating protein-protein interactions with a
plethora of SH3 domain-containing proteins (Ferguson and De Camilli 2012).

Dynamin oligomerises into tetramers, rings and helices, and its GTPase activity
increases with oligomerisation. Utilising in vitro assays (Krishnan et al. 2015)
demonstrated that a panel of SH3 domains differentially bound dynamin I and
modulated its oligomerisation and GTPase activity. Interestingly, oligomerisation did not
always correlate with the ability to stimulate GTPase activity, and it was proposed that

SH3 domains may induce unique dynamin oligomers with unique GTP hydrolysis rates.
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In unpublished data in a PhD thesis, dynamin I was shown to differentially bind the C-
and N1-Src SH3 domains (Abdelhameed 2010). In resting neurons, the dynamin I PRD
is constitutively phosphorylated at S774/S778. However, upon synaptic stimulation and
calcium influx, the calcium dependent phosphatase calcineurin is activated. This results
in the de-phosphorylation of dynamin at S774/S778, and dynamin is then directed to the
membrane, where it is later re-phosphorylated by CDKS5. Thus the dephosphorylation of
dynamin I is a major event upon nerve terminal stimulation. Interestingly, via GST-SH3
domain pull-downs, the N1-Src SH3 domain preferentially bound dynamin I lacking the
phospho-S774 modification (Abdelhameed 2010). This suggested that the C- and N1-Src
SH3 domains could differentially interact with dynamin I in a synaptic
stimulation-dependent manner. This hypothesis requires further investigation, but in
support of the proposed mechanism, both the syndapin and amphiphysin II SH3 domain
interactions with the dynamin I PRD are regulated by serine phosphorylation in response

to synaptic activity (Anggono et al. 2006; Huang et al. 2004).

A variety of truncation and substitution mutants of the dynamin-I PRD were used to
identify the N1-Src SH3 domain binding site. However, mutation of several sites
independently reduced binding (Abdelhameed 2010), suggesting that N1-Src could be
utilising additional affinity elements like the syndapin SH3 domain (Luo et al. 2016)
(Section 1.2.3). Alternatively, like the C-Src SH3 domain (Solomaha et al. 2005),
N1-Src might bind multiple sites within the dynamin I PRD in vitro.

Dynamin I is phosphorylated by C-Src in vitro and in vivo (Ahn et al. 2002). Tyrosine
phosphorylation is required for receptor mediated endocytosis of the EGF receptor, as
the dynamin I phosphorylation site mutant (Y597F) reduced receptor internalization by
60 %. Electron microscopy revealed that tyrosine phosphorylated dynamin I formed
oligomerised rings, that in turn promoted GTP hydrolysis and enabled receptor
internalisation (Ahn et al. 2002). C-Src phosphorylation of dynamin has also been
reported in the internalisation of the B2-adrenergic receptor (Ahn et al. 1999), and the

endocytosis of the transferrin receptor by dynamin II (Cao et al. 2010).

The function of the NMDA receptor is discussed in Section 1.3. The C-tail fragment of
the NMDA receptor NR2A subunit is the only in vitro N1-Src SH3 domain ligand that is
also a substrate (Groveman et al. 2011). Furthermore, upon the addition of NMDA to

HEK cells co-expressing the NMDA receptor and constitutively active N1-Src, the
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receptor currents were enhanced. Thus like C-Src (Zheng et al. 1998), N1-Src appears to

activate the NMDA receptor in vivo.

The synaptic vesicle protein synaptophysin was also in vitro phosphorylated by N1-Src,
however, it was to a lesser extent than by C-Src (Keenan et al. 2015). A caveat of in vitro
phosphorylation assays is that some proteins possess Src substrate motifs and are
phosphorylated without SH2/SH3 domain mediated interactions, whereas substrates with
SH2/SH3 domain docking motifs are considered more likely to be physiological. An
example of this is enolase, as its phosphorylation by Src was unaffected by the addition
of proline rich peptides, in contrast to the in vivo Src substrate Sam68, where
phosphorylation was abolished (Shen et al. 1999). It remains unclear whether the NR2A

subunit and synaptophysin represent physiological substrates.

The N1-Src SH3 domain has only a few in vitro ligands, and none of the interactions
have been confirmed by further assays such as immunoprecipitation, pull-down, NMR or
SPR, or investigated in vivo with full length N1-Src in heterologous or neuronal cells. As
such the putative N1-Src SH3 domain ligands have no characterised in vivo effects, with
the exception of the NR2A subunit (Groveman et al. 2011), and it remains unclear which
are the physiological ligands and substrates of N1-Src. Furthermore, the current small
number of candidates is unlikely to explain the diverse functions of N1-Src (Section

1.4.4).

1.4.7 Neuronal Src SH2 domain ligands

The N1-Src SH2 domain-ligand interactions are easily overlooked as the domain is
identical to C-Src’s. However, N1-Src differs in its developmental expression, cellular
localisation and activation status (Section 1.4.4/6). Thus the differential processes driven
by the SH3 domain are likely to result in the SH2 domain receiving exposure to distinct
ligands that could further enhance functional diversity between C- and N1-Src. Indeed,
the isolated N1-Src SH3 domain does not interact with focal adhesion kinase (FAK)
(Messina et al. 2003). However, FAK was able to promote the phosphorylation of Cas by
N1-Src in COS-7 fibroblasts, and the phosphorylation was prevented by a FAK mutant
that cannot be bound by the Src SH2 domain (Ruest et al. 2001). Thus the N1-Src SH2
domain also appears to drive protein-interactions and substrate phosphorylation (Ruest et

al. 2001). However, the authors did not confirm a direct interaction between N1-Src and
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FAK, and N1-Src could be recruited through another protein that interacts with the FAK
SH2 ligand motif.
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1.5 Aims

There is a dearth of literature on N1-Src kinase. However, the limited cellular and model
organism-based studies that have been undertaken have identified a function for N1-Src
in neuronal development, specifically, neurogenesis, migration, neuronal differentiation,
and neurite outgrowth/morphology. The signalling pathways, SH2/SH3 domain ligands
and substrates underlying these functions are poorly characterised, and only a few
putative in vitro ligands and substrates have been proposed. Therefore the aims of this
project were to investigate the ligand and substrate specificities of N1-Src and compare

them to C-Src.

The three major aims were to:

1. Identify novel N1-Src SH3 domain ligands:
GST-C- and N1-Src SH3 domain pull-downs in postnatal day 1 rat brain homogenates
were analysed by LC-MS/MS in order to identify, compare and contrast the C- and
N1-Src SH3 domain interactomes in a relevant neuronal background. Bioinformatics
analyses were used to functionally characterise the SH3 domain ligands and how they

relate to the functions of C- and N1-Src.

2. Investigate the mechanism of ligand binding by the N1-Src SH3 domain:
Peptide arrays were employed to identify N1-Src SH3 domain binding motifs within the
ligands identified in Aim 1, and to provide insight into the overall motif preference of
the N1-Src SH3 domain. Furthermore, NMR studies were used to compare the chemical
environments of the C- and N1-Src SH3 domains and also to assess the mechanism of
peptide ligand binding by the N1-Src SH3 domain. Mutagenesis of the N1-Src SH3
domain n-Src and RT loops was also used to investigate their functions in ligand

binding.

3. Identify novel N1-Src substrates in the developing brain:

The postnatal day 1 rat brain homogenate that yielded novel N1-Src SH3 domain
ligands, was also employed to determine the N1-Src phosphoproteome. A novel in vitro
kinase assay was conducted using recombinant C- and N1-Src kinase, and their in vitro
substrates and specific phosphorylation sites were identified via LC-MS/MS. These data
enabled a comparison of the N1-Src interactome and phosphoproteome in a neuronal

background and identified candidates for future studies of N1-Src function in the brain.
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Chapter 2 Materials and Methods
2.1 Materials

2.1.1 Molecular biology reagents

SYBR®Safe DNA stain was from Life Technologies, Nucleospin plasmid mini- and
midi-prep kits were obtained from Macherey-Nagel, DNA HyperLadder I was from
Bioline, XL10 Gold supercompetent E. coli were purchased from Stratagene and
BL21-DE3 E. coli were a gift from Dr. D. Ungar. The pGEX-6P-1 plasmids containing
the rat N1-Src SH3 domain mutants RlinsA, K2insA, V3insA, D4insA, V5insA,
Ré6insA, D9IN and W118A and C-Src SH3 domain D99N mutant were synthesised as
codon optimised for E. coli and cloned via BamHI and Sall restriction sites by General
Biosystems (Gene synthesis service). The pEGFP-C1 plasmid containing full length rat
Neuronal Enah was codon optimised for mammalian cells and cloned via Bglll and
BamHI restriction sites by General Biosystems. The wild-type rat C- and N1-Src SH3
domains in pGEX-6P-1 were described previously (Keenan et al, 2017). C- and
N1-Src-FLAG plasmids were made in-house by replacing the EGFP gene in the
pEGFP-N1 vector with a FLAG tag separated by a glycine/serine rich linker (Keenan et
al., 2015).

2.1.2 Biochemistry reagents

Protein Biochemistry: Precision Plus Protein All Blue Standards protein ladder was from
BioRad, 2X Laemmli SDS sample buffer and His-Select Nickel affinity gel were from
Sigma. Protease inhibitor cocktail (P8849) was from Sigma. Glutathione agarose resin
was from Genscript and 3C Prescission protease was from GE Healthcare. Zeba spin
desalting columns (7K MWCO, 0.5mL) and Slide-A-Lyzer dialysis cassettes (3,500
MWCO) were from Thermo Scientific Pierce. Vivaspin 20 (3,000 MWCO) centrifugal
concentrators were from Sartorius. Spin-X Centrifuge Tube Filters 0.45um Pore CA
Membrane Nonsterile were from Corning Life Sciences. 5'-4-Fluorosulfonylbenzoyl

adenosine (FSBA) was from Santa Cruz Biotechnology.

Peptides: The Dynamin I B8 peptide (PFGPPPQVPSRPNRA) lyophilised at a purity of
>90 %, with N-terminal acetylation and C-terminal amidation was synthesised by
Genscript. Custom-made peptide arrays from Kinexus were designed with 15-mer
peptides with a frame shift of four residues that were N-terminally acetylated and

C-terminally conjugated onto a trioxatridecanediamine (TOTD) membrane.
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Western blotting: PVDF membrane and chemiluminescent HRP substrate were
purchased from Millipore. UltraCruz Autoradiography Film was from from Santa Cruz

Biotechnology.

Antibodies: Phosphotyrosine (clone PY20; BD Bioscience Cat no. 610000), Dynamin I
p-S774 (St John's Laboratory Ltd), Polyhistidine HRP conjugate (Sigma Cat no.
A7058-1VL), Dynamin I (Santa Cruz Biotechnology Cat no. sc-6402), agarose
conjugated anti-PY20 (Enzo Life Sciences Cat no. BML-SA241-0500), Enah/Mena
(Bethyl Laboratories Cat no. A301-500A), Raphl (Novus Biologicals), SF1 (Bethyl
Laboratories), N-WASP (Santa Cruz Biotechnology Cat no. sc-20770), Nono (Bethyl
Laboratories Cat no. A300-587A), Anti-Flag M2 affinity gel (Sigma Cat no. A2220),
anti-mouse, rabbit and goat HRP conjugate (Sigma), agarose conjugated anti-4G10
(Millipore Cat no. 16-101), Actin B (ProteinTech Cat no. 60008-1-Ig), Src p-Y416 and
Src p-Y527 (Cell Signalling Technologies Cat no. 2101 and 2105).

2.1.3 Cell culture reagents

Dulbecco's Modified Eagle Medium and penicillin/streptomycin were from Gibco,
Ecotransfect was from Oz Biosciences, Hygromycin B was obtained from Thermo
Fisher, foetal bovine serum and trypsin/EDTA were from Invitrogen, doxycycline was
obtained from Santa Cruz Biotechnology. Tetracycline-inducible Flp-in T-Rex HeLa cell
lines that stably express C-terminal FLAG tagged C- or N1-Src kinase were generated
in-house by Dr Philip Lewis. B104 and COS7 cells were obtained from ECACC.

2.2 Molecular Biology

2.2.1 Agarose gel electrophoresis

DNA was resolved via agarose gel electrophoresis. In order to prepare the gels 0.7-2 %
(w/v) agarose was added to 60 ml of TAE buffer (40 mM Tris, 20 mM acetic acid, ] mM
EDTA). The suspension was heated via microwave and upon cooling SYBR®Safe DNA
stain was added at 1:20,000 (v/v). Once set in a cassette, the gel was submerged in TAE
buffer and the DNA samples were loaded in Orange G buffer (3 % (v/v) glycerol, 0.04 %
(w/v) Orange G dye). The DNA was sufficiently resolved at ~ 80 V and then visualised

under blue safelight.

2.2.2 Bacterial transformation
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Bacterial transformations were conducted using 50 pl of competent E. coli XL-10 gold
or BL21 DE3. One hundred nanograms of plasmid DNA was added to the bacteria and
incubated on ice for 15-30 min. The bacteria were heat shocked for 45 s at 42 °C, and
then incubated on ice for 2 min. Three hundred microlitres of lysogeny broth (LB) media
(1 % NacCl, 1 % tryptone, 0.5 % yeast extract w/v) was added to the transformed bacteria
and incubated for 30 min at 37 °C and 200 rpm. The bacteria were plated at volumes of
50-200 pl on LB agar plates (1 % NaCl, 1 % tryptone, 0.5 % yeast extract, 2 % agar
w/v) containing the required antibiotic of kanamycin (50 pg/ml) or ampicillin (100

pg/ml) and incubated overnight at 37 °C.

2.2.3 Preparation of plasmid DNA from bacterial cultures

A single colony of transformed XL-10 E. coli grown under antibiotic selectivity on LB
agar plates was used to inoculate 5 ml (mini) or 100 ml (midi) of LB media containing
the required antibiotic. The cultures were incubated overnight at 37 °C and 200 rpm. The
bacteria were pelleted by centrifugation at 5000 x g for 10 min at 4 °C, and the plasmid
DNA was purified from the pellets as per the manufacturer's instructions. The DNA was
eluted in 10 mM Tris, pH 8.5 and stored at -20 °C. The DNA concentration and quality

was determined via the absorbance at A260 using a NanoDrop spectrophotometer.

2.2.4 DNA sequencing

The sequencing of plasmid DNA was conducted by the Genomics unit in the Technology
Facility at the University of York. One hundred nanograms of plasmid DNA and 3.2 uM
of vector specific primer was submitted as a pre-mix. DNA sequence analysis was

conducted using Sequence Scanner software.

2.2.5 Preparation of glycerol stocks
For storage at -80 °C, transformed E. coli XL-10 or BL21 DE3 were stored in cryovials
in LB media with 25 % filter sterilised glycerol.

2.3 Protein Biochemistry

2.3.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were resolved via SDS-PAGE gel electrophoresis using BioRAD
Mini-PROTEAN® Tetra Vertical Electrophoresis Cell equipment. Resolving gels were
prepared in 5 ml with (7.5 — 15 % (v/v) acrylamide, 0.05 % (w/v) ammonium
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persulphate (APS), 0.1 % (v/v) tetramethylethylenediamine (TEMED), 0.1 % (w/v) SDS
and 375 mM Tris pH 8.8). Stacking gels were subsequently prepared in 2.5 ml with (4 %
acrylamide, 0.05 % APS, 0.1 % TEMED, 0.1 % SDS and 125 mM Tris pH 6.8) and were
set with a 10 well comb. Protein samples were loaded in Laemmli sample buffer (2 %
SDS, 10 % glycerol, 5 % beta-mercaptoethanol, 0.002 % bromophenol blue, 125 mM
Tris.HC1 pH 6.8) after heating at 95 °C for 10 min. The gel was submerged in
SDS-PAGE buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS) and ran at ~ 200 V
until sufficiently resolved. The gels were then utilised in Western blotting (Section 2.3.2)
or stained with Coomassie Blue (15 % methanol, 10 % acetic acid (v/v), 0.2 % w/v
Coomassie Brilliant Blue) for 1 h and subsequently de-stained (40 % methanol, 10 %
(v/v) glacial acetic acid) for visualisation of proteins and downstream applications such

as protein quantification by densitometry analysis (Section 2.14.1).

2.3.2 Western blotting

Proteins were transferred to polyvinylidene fluoride (PVDF) membranes via wet
transfer. The membranes were activated in 100 % methanol for 1 min and then
pre-equilibrated in transfer buffer (25 mM Tris, 192 mM glycine, 20 % (v/v) methanol).
The SDS-PAGE gel and PVDF membrane were assembled into the BioRad transfer
apparatus cassette as per the manufacturer's instructions, and transferred at 66 V for 1 h
or 20 V overnight. Ponceau stain (5 % (v/v) acetic acid, 0.1 % (w/v) Ponceau S) was
used to confirm the successful transfer of proteins. The membranes were then blocked
for 1 h at room temperature in 3 % (w/v) Marvel skimmed milk powder (marvel) in PBS
(142 mM NaCl, 2 mM KCl, 8 mM Na,HPO,, 1.5 mM KH,PO, pH 7.4) or overnight at 4
°C. The membranes were then incubated with the appropriate primary antibody (Table
2.1) in PBS for 3 h at room temperature or overnight at 4 °C with agitation. The
membranes were washed for 3 x 5 min in 0.5 % (v/v) Tween-20 in PBS before
incubation with the secondary antibody of anti-mouse, rabbit or goat HRP (Table 2.1) in
3 % marvel and 0.5 % Tween-20 in PBS, for a 1 h incubation at room temperature. The
membranes were washed for 3 x 10 min in 0.5 % Tween-20 in PBS and then incubated
with enhanced chemiluminescence reagent for visualisation with autoradiography film at

the necessary exposure times.
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Table 2.1: Primary and Secondary antibodies utilised in Western Blotting.

Primary antibody Secondary antibody
Antibody and source Concentration Antibody Concentration
Dynamin I 1:200 a-Goat HRP 1:150,000
N-WASP 1:200 a-Rabbit HRP 1:5000
Nono 1:1000 a-Rabbit HRP 1:5000
Raphl 1:400 a-Rabbit HRP 1:5000
Sfl 1:1000 a-Rabbit HRP 1:5000
Enah 1:1000 a-Rabbit HRP 1:5000
PY20 1:1000 a-Mouse HRP 1:5000
His-HRP 1:20,000-120,000 N/A N/A
Dynamin I S774 1:500 a-Rabbit HRP 1:5000
Flag 1:1000-10,000 a-Mouse HRP 1:5000
Src p-Y416 1:1000 o-Rabbit HRP 1:5000
Src p-Y527 1:1000 a-Rabbit HRP 1:5000
Actin 1:1000 a-Mouse HRP 1:5000

2.4 Protein expression and purification

2.4.1 Protein expression in LB media

GST- and His-tagged fusion proteins were expressed in BL21 E. coli. LB media (1 %
NaCl, 1 % tryptone and 0.5 % (w/v) yeast extract) containing antibiotic at the required
dilution (100 pg/ml ampicillin, 34 pg/ml chloramphenicol or 50 pg/ml kanamycin), was
inoculated with an overnight starter culture (50 ml) of transformed E. col/i BL21 DE3 to
a starting OD of 0.05. The culture was incubated at 37 °C and 200 rpm until the OD
reached 0.7-1.0 before induction with isopropyl B-D-1-thiogalactopyranoside (IPTG)
(0.3-1 mM) to induce expression for 3-4 h at 37 °C or overnight at 22 °C. The bacteria

were then pelleted by centrifugation for 15 min at 5000 x g, and when required the

bacteria pellets were stored at -80 °C.
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2.4.2 Expression of °N labelled proteins

An E. coli colony from a fresh transformation was used to inoculate 10 ml of LB media
with the required antibiotic. The culture was incubated at 37 °C and 200 rpm for 8 h. The
bacteria were then pelleted by centrifugation and resuspended in 1 ml of M9 base (42
mM Na,HPO,, 22 mM KH,PO, and 8.5 mM NaCl) and used to inoculate 50 ml of
minimal media (0.4 % (w/v) glucose, 2 mM MgSO,, 200 uM CaCl,, 20 mM NH,CI,
trace metals (50 uM FeCl,, 20 uM CaCl,, 10 uM MnCl,, 10 uM ZnSO,, 2 uM CoCl,, 2
uM CuCl, 2 uM NiCl,, 2 uM Na,MoO, 2 uM Na,SeO;, 2 uM H;BO;), vitamins (2.6
UM riboflavin, 8.1 uM nicotinamide, 5.9 pM pyridoxine, 3.7 uM thiamine), and the
required antibiotic in M9 base) for incubation overnight at 37 °C and 200 rpm. The
overnight culture was pelleted by centrifugation for 15 min at 5,000 x g, and
resuspended in M9 base and used to inoculate 1L of minimal media, whereby in order to
enable uniform N incorporation (U-"N), NH,Cl was substituted with 1 g of "NH,CI.
The litre was inoculated to a starting OD of 0.05, and incubated at 37 °C and 200 rpm
before induction at OD 0.7-1.0 with 0.3 mM IPTG for incubation overnight at 22 °C and
200 rpm. The bacteria were then pelleted by centrifugation for 15 min at 5,000 g and
subsequently used in protein purification (Section 2.4.3) followed by cleavage of the

GST- fusion tag (Section 2.4.4).

2.4.3 Purification of His- and GST-tagged recombinant proteins

The bacteria that were pelleted by centrifugation and stored at -80 °C were thawed on ice
and resuspended in 1 mM phenylmethylsulfonyl fluoride (PMSF), 1x protease inhibitor
cocktail, lysozyme at 13.3 mg/L of induction culture, 1.5 % (v/v) Triton X-100 and 6.5
mM dithiothreitol (DTT) in PBS and incubated on ice for 30 min. The suspension was
sonicated every 30 s for a total of 5 min 30 s at 12 kHz. The lysate was clarified by
centrifugation for 30 min at 4 °C and 17,000 x g. For the purification of GST-tagged
proteins, the supernatant was incubated with 200-500 pl of glutathione agarose resin for
1-2 h at 4 °C with agitation. Following the incubation, the resin was washed 7 x in at
least 10 vols of PBS and once in 1.2 M NaCl via centrifugation at 720 x g for 2 min at 4
°C. The proteins were stored on glutathione agarose resin at - 20 °C in 50 % glycerol in
PBS, for use in pull-down assays (Section 2.7/8). Alternatively, the GST tag was cleaved

(Section 2.4.4) followed by dialysis and concentration (Section 2.4.5).

His-tagged fusion proteins were purified as above. However, protease inhibitor cocktail
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specific for the purification of histidine-tagged proteins was utilised. In addition, after
clarification of the lysate, the supernatant was incubated for 1-2 h at 4 °C with 200-500
ul of His-select Nickel affinity resin with agitation. The resin was washed 7 x in at least
10 vols (50 mM sodium phosphate, 0.3 M NaCl, 10 mM imidazole pH 8.0). The proteins
were then eluted from the resin a total of three times in at least one resin volume of
elution buffer (50 mM sodium phosphate, 0.3 M NaCl, 250 mM imidazole pH 8.0) via
incubation for 10 min with agitation, followed by centrifugation for 5 min at 5000 g to
extract the supernatant. The elutions were then combined and dialysed overnight into the

required buffer (Section 2.4.5).

2.4.4 Cleavage of the GST tag from GST fusion proteins

Purified GST fusion proteins were prepared on glutathione agarose resin in PBS. In
order to cleave the GST tag, the resin was incubated overnight at 4 °C with agitation
with GST-tagged 3C prescission protease (one unit of protease was used per 100 pg of
GST-fusion protein) in 50 mM Tris, 150 mM NaCl, | mM EDTA, 1 mM DTT pH 7.0.
The resin was pelleted by centrifugation for 5 min at 16,000 x g and 4 °C, and the
supernatant containing the cleaved protein was removed. The resin was then
resuspended in buffer and this step was repeated three times to isolate maximal cleaved

protein. The supernatants were then combined and dialysed overnight (Section 2.4.5).

2.4.5 Protein dialysis and concentration

Proteins were dialysed into PBS or 20 mM sodium phosphate, 100 mM NaCl pH 6
overnight at 4 °C using Slide-A-Lyzer™ Dialysis Cassettes with a 3,500 Dalton MWCO,
and subsequently concentrated to an appropriate volume and concentration using

Vivaspin® 20 columns with a 3,000 Dalton MWCO as per manufacturer's instructions.

2.4.6 Protein quantification

The protein concentration of a cell/tissue lysate used for downstream applications such
as immunoprecipitation or pull-down assays was determined by Bradford assay (Kruger
1994). Bovine serum albumin (BSA) was used as a standard to calibrate the protein
concentration (mg/ml) using 300 pl of Bradford reagent (5 % methanol, 10 % (v/v)
orthophosphoric acid, 0.01 % (w/v) Coomassie Brilliant blue G) for each reaction in a 96
well plate.

The concentration of recombinant purified proteins was determined using a NanoDrop
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spectrophotometer. The absorbance measured at 280 nm (A) was converted to
concentration with the Beer-Lambert law (A = & * b * ¢), where & is the extinction
coefficient (calculated with ExPASy ProtParam tool, www.web.expasy.org/protparam/),
b is the path length, and c is the molar concentration. Coomassie stained SDS-PAGE gels
were also used as a semi-quantitative method to compare amounts of protein, using BSA

as a protein standard and analysis by densitometry (Section 2.14.1).

2.5 Preparation of cell and tissue lysates

2.5.1 Preparation of postnatal day 1 rat brain homogenate

Postnatal day 1 (P1) and adult rat brain tissue was provided by Dr Sangeeta Chawla and
Dr Christopher Ugbode (University of York). The animals had been euthanised
according to Schedule 1 of the UK Home Office Animals (Scientific Procedures) Act.
Brains were homogenised using seven up down strokes of a dounce homogeniser at full
speed. The homogenisation was performed in ice cold RIPA buffer (50 mM Tris, 150
mM NaCl, 1 % (v/v) Triton-X-100, 0.5 % (w/v) sodium deoxycholate, 0.1 % (w/v) SDS,
1 mM EDTA, 1 mM Na,VO,, 0.1 % (v/v) beta mercaptoethanol, 0.5 % (v/v) PMSF and
Ix protease inhibitor cocktail) at a ratio of 1 g tissue / 5 ml buffer. The homogenates
were incubated for 1 h at 4 °C with agitation, and clarified by centrifugation for 30 min

at 20,000 g and 4 °C. The supernatant was then retained for direct use in assays.

2.5.2 Preparation of synaptosomal lysates

Isolated adult rat brain nerve terminals (synaptosomes) were prepared previously in
collaboration with Dr Sangeeta Chawla according to the method of Evans, 2015.
Synaptosomes (10 mg/ml protein) were lysed in 1x RIPA buffer and incubated for 15
min at 4 °C with agitation, before centrifugation for 10 min at 4 °C at 16,000 x g to

remove insoluble material. The supernatant was then retained for direct use in assays.

2.6 In vitro kinase assays

2.6.1 In vitro whole cell lysate kinase assays with recombinant and cellular purified
Sre

Preliminary in vitro whole cell lysate kinase assays were conducted with purified
recombinant A80 His-C- and N1-Src kinases (Keenan et al. 2015) and 1 mg of P1 rat

brain lysate (Section 2.5.1) in RIPA buftfer per condition. The P1 lysate was incubated
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with 5 mM FSBA (solubilised in DMSO) for 1 h at 30 °C in order to inhibit endogenous
kinases. The lysate was then centrifuged for 10 min at 16,000 x g, and the supernatant
desalted by Zeba spin desalination columns (7,000 MWCO) as per the manufacturer's
instructions, in order to remove any unbound FSBA. 1x protease inhibitor cocktail,
kinase assay buffer (100 mM Tris, 25 mM MgCl,, 1 mM Na,VO,, pH 7.5), 3 pg (285
nM) A80 His-C- and N1-Src kinases, and 800 uM ATP were added to the lysates and
incubated for 1.5-3 h at 30 °C, before termination with Laemmli sample buffer for

analysis by Western blotting.

In vitro whole cell lysate kinase assays were conducted as described above with purified
full length C- and NI-Src-FLAG from stable HeLa cell lines. The C-terminal
FLAG-tagged Src kinases were immunoprecipitated from confluent 75 ¢cm? flasks using
agarose conjugated anti-flag resin (Section 2.8.2). The immunoprecipitated kinases on
resin were then supplemented into the described assay above and incubated for 1 h 30 at

30 °C.

2.6.2 In vitro whole cell lysate kinases assays in P1 rat brain homogenate for
LC-MS/MS analysis

The triplicate in vitro whole cell lysate kinase assays submitted for LC-MS/MS analysis
were conducted as described in Section 2.6.1. However, following FSBA treatment and
subsequent desalting, 2.6 mg of P1 lysate was utilised per condition. The kinase assays
were conducted with 240 nM of A80 His-C- and N1-Src kinases, and 1 mM ATP, for a 3
h incubation at 30 °C. Upon completion of the assay, the samples were precipitated in
acetone via the addition of 4x the sample volume of cold acetone, followed by vortexing
for 1 min, and incubation overnight at - 20 °C. The following day the samples were
centrifuged for 10 min at 15,000 g and 4 °C. The supernatants were discarded and the
precipitated protein pellets were air dried for 3 min at room temperature, followed by
resuspension in 150 ul of 4 % (w/v) SDS, 100 mM Tris, 100 mM DTT pH 7.6 and 10
min of boiling at 95 °C to aid protein solubilisation in preparation for on-filter tryptic

digestion (Section 2.10.2) and subsequent LC-MS/MS analysis (Section 2.10.3).

2.6.3 In vitro kinase assays with purified recombinant proteins
In vitro kinase assays with GST tagged-Src substrate peptide (Keenan et al. 2015) were
conducted in kinase assay buffer (100 mM Tris, 25 mM MgCl, 1 mM Na,VO, pH 7.5)
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with 60 nM A80 His-C- and N1-Src kinases, 7 uM of GST-tagged Src substrate peptide
and 0.5 mM ATP. The assays were incubated for 1.5 h at 30 °C before termination with

Laemmli sample buffer for analysis by Western blotting.

2.7 Protein-protein interaction assays via pull-downs with fusion tags

2.7.1 Pull-down assays with recombinant proteins and cell lysates

Protein pull-downs from cell lysates were conducted with immobilised GST and
GST-fusion proteins on glutathione agarose resin. An equal molar concentration of GST-
and GST-fusion proteins were incubated with an equal quantity of P1 or synaptosome
lysate (Section 2.5) for 1-2 h at 4 °C with agitation. Post-incubation the resin was
pelleted by centrifugation for 2 min at 16,000 x g and 4 °C. The supernatant was
removed and the resin was transferred to spin-X centrifuge columns that were
pre-equilibrated with wash buffer. The resin was then washed 6-8 times in 800 ul wash
buffer (Table 2.2) for 1 min at 16,000 x g and 4 °C, before a 10 min incubation with

Laemmli sample buffer, and subsequent elution via centrifugation for 10 min at 16,000 x

g.

Table 2.2: Protein concentrations and incubation conditions utilised for pull-downs
with recombinant proteins in cell lysates.

Interaction assay Lysate (mg) GST or GST-SH3 Wash
domain buffer
concentration (uM)

GST-SH3 domain pull 2 mg P1 12.5 uM PBS
downs for LC-MS/MS
analysis (3.3.1)

Dynamin I and Dynamin I mg synaptosome 13 uM RIPA
[-S774 pull downs (4.3.4)
N1-Src SH3 domain 0.5 mg 5uM RIPA
insertion alanine mutants synaptosome
(4.3.11)
C- and N1-Src SH3 domain 1 mg P1 7 uM RIPA

D99N mutats (4.3.12)

2.7.2 Pull-down assays with purified recombinant proteins
Interaction assays with two purified recombinant proteins were conducted with one of

the interactors immobilised on glutathione agarose resin via its GST fusion tag. An equal

67



molar concentration of GST- and GST-fusion protein were incubated with an equal
concentration of His-tagged interactor in PBS for 1-2 h at 4 °C with agitation.
Post-incubation the resin was pelleted by centrifugation for 2 min at 16,000 x g and 4 °C.
The supernatant was removed and the resin was transferred to pre-equilibrated spin-X
centrifuge columns. The resin was then washed 6-8 times in 800 ul wash buffer (Table
2.3) for 1 min at 16,000 x g and 4 °C, before a 10 min incubation with Laemmli sample

buffer, and subsequent elution via centrifugation for 10 min at 16,000 x g.

Table 2.3: Protein concentrations and incubation conditions utilised for pull-downs
with recombinant proteins.

Interaction assay Protein concentrations (uM) Wash buffer

GST-Dynl PRD and His-tagged GST-Dynl PRD- 17 uM PBS
N1-Src SH3 domain (4.3.4) His-N1-Src SH3 domain- 20 uM

2.8 Immunoprecipitation

2.8.1 Phosphopeptide immunoprecipitation for LC-MS/MS analysis

The in vitro kinase assays (Section 2.6.2) were subjected to on-filter tryptic digestion
(Section 2.10.2) and the tryptic peptides were dried by vacuum (by Dr Adam Dowle). In
order to immunoprecipitate the phosphopeptides, the peptides were resuspended in 350
ul of 100 mM Tris pH 7.4 by vortexing. In total 80 pul of pre-washed agarose conjugated
4G10 (50 pl) and PY20 (30 pl) slurry was added to the suspension and incubated
overnight at 4 °C with agitation. The following day the resin was pelleted by
centrifugation for 5 min at 16,000 x g and 4 °C. The supernatant was removed and the
resin applied to a pre-equilibrated spin-X column. The resin was then washed 3 times in
750 pl Tris 100 mM pH 7.4 and 3 times in PBS for 1 min at 16,000 x g and 4 °C. The
immunoprecipitated peptides were eluted twice (90 ul and 60 pl) in (60 % acetonitrile

and 0.15 % trifluoroacetic acid) via centrifugation for 10 min at 16,000 x g.

2.8.2 Immunoprecipitation of FLLAG-tagged Src kinases
C-terminal FLAG-tagged full length C- and N1-Src kinases were immunoprecipitated
from confluent 75 cm? flasks of stable HeLa cell lines that were treated with doxycycline

(1 pg/ml) for 48 h to induce expression. As controls the same cell lines were utilised but

68



without doxycycline treatment. The culture media was removed and the cells washed in
PBS, followed by lysis in 1 ml of cold RIPA buffer. The cells were incubated on ice for 5
min, scraped from the bottom of the flask, and then incubated on ice for a further 5 min.
The lysate was then clarified by centrifugation for 10 min at 16,000 g and 4 °C to pellet
the insoluble material. The supernatant was retained, including a small fraction as input.
The remaining supernatant was added to 20 ul of agarose-conjugated anti-Flag M2 resin
(pre-washed in RIPA) per condition. The resin was incubated overnight at 4 °C with
agitation. The following day the resin was pelleted by centrifugation for 10 min at
16,000 x g and 4 °C. The supernatant was removed and the resin washed eight times

with 1.5 ml of RIPA buffer for use in in vitro kinase assays (Section 2.6.1).

2.9 Peptide arrays

2.9.1 Detection of C- and N1-Src SH3 domain ligands via peptide arrays

Custom made peptide arrays were designed as 15-mer N-terminally acetylated peptides
that were conjugated to trioxatridecanediamine (TOTD) membranes via their
C-terminus. The membranes were activated in 100 % methanol for 10 min and then
washed 3 x 5 min in PBS. The membranes were blocked for 1 h at room temperature in 4
% (w/v) marvel in PBS and controls for non-specific binding by the antibody were
conducted by subsequently incubating the membrane with anti-His-HRP (1:120,000 v/v)
for 2 h at room temperature in 4 % marvel in PBS. The membrane was then washed 3 x
10 min in 0.5 % Tween-20 (v/v) in PBS and incubated with enhanced chemiluminescent
reagent for visualisation with autoradiography film at the required exposure times.
Following confirmation that there was not non-specific binding by the antibody, the
membrane was reactivated in methanol and blocked as previously, and then incubated
with 0.5 pM His-tagged C-Src SH3 domain in blocking buffer for 2 h at room
temperature or 1 pM His-tagged N1-Src SH3 domain in PBS overnight at 4 °C. The
membranes were then washed 3 x 10 min in 0.5 % Tween-20 in PBS, before incubation
with anti-His-HRP (1:120,000) for 2 h at room temperature in 4 % marvel in PBS. The
membrane was then washed 3 x 10 min in 0.5 % Tween-20 in PBS and incubated with
chemiluminescent reagent for visualisation with autoradiography film. All incubations

were conducted with agitation at room temperature, unless stated otherwise.

2.10 Mass spectrometry
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2.10.1 In gel tryptic digestion

Following SDS-PAGE gel electrophoresis of the GST-C- and NI1-Src SH3 domain
pull-downs, the gel was excised into two fractions ~ <40 kDa and > 40 kDa to separate
the GST-SH3 domain bait and the remainder respectively. The gel pieces were then
further excised into 1 mm pieces. The gel was washed twice with 25 mM ammonium
bicarbonate in 50 % (v/v) acetonitrile for 20 min, and then once with acetonitrile for 5
min, followed by drying for 20 min under vacuum. The gel was then incubated with 10
mM DTT in 100 mM ammonium bicarbonate for 1 h at 56 °C. The supernatant was
removed, and the gel incubated with 50 mM iodoacetamide in 100 mM ammonium
bicarbonate in the dark for 30 min at room temperature. The supernatant was removed
and the gel washed in 100 mM ammonium bicarbonate for 15 min, then with 25 mM
ammonium bicarbonate in 50 % acetonitrile for 15 min, and acetonitrile for 5 min. The
supernatant was removed and the gel dried for 20 min under vacuum. The gel samples
were incubated with trypsin at 25 pg/ml in 25 mM ammonium bicarbonate overnight at
37 °C. The following day the supernatant containing the digested peptides was retained,
and any remaining peptide was extracted by incubation with 50 % acetonitrile for 15
min, this was repeated twice and the extracts pooled with the supernatant. The combined
supernatant was then dried under vacuum, and the peptides reconstituted in 0.1 %

trifluoroacetic acid for analysis by LC-MS/MS (Section 2.10.3).

2.10.2 On filter tryptic digestion

The described method was conducted and provided by Dr Adam Dowle (Metabolomics
and Proteomics, Bioscience Technology facility, The University of York).

The solubilised protein was diluted to 2 mL with aqueous 8 M urea in 100 mM Tris pH
8.5 before loading onto a 4 mL, 30 kDa cut-off, regenerated cellulose Amicon spin filter.
Protein was washed on-filter twice with 2 mL aqueous 8 M urea, 100 mM Tris pH 8.5
before alkylating at room temperature for 30 min with 2 mL of 40 mM iodoacetamide in
the same urea solution. Protein was washed once more with 2 mL 8 M urea, 100 mM
Tris pH 8.5 before transferring into aqueous 50 mM ammonium bicarbonate with 4 x 2
mL washes. Centrifugation was performed at 14,000 g for 20 min after all washes.
Protein was digested on-filter with 20 pg sequencing grade modified trypsin and
incubation at 37 °C for 16 h. Resulting peptides were recovered from the filter with

centrifugation at 14,000 g for 20 min pre- and post-addition of 1 mL water. A 5 %
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aliquot was taken from each sample for analysis of non-enriched peptide before drying

all samples under vacuum.

2.10.3 LC-MS/MS

The described method was conducted and provided by Dr Adam Dowle (Metabolomics
and Proteomics, Bioscience Technology facility, The University of York).

Samples were loaded onto an UltiMate 3000 RSLCnano HPLC system equipped with a
PepMap 100 A C,,, 5 um trap column (300 um x 5 mm) and a PepMap, 2 um, 100 A,
C,; EasyNano nanocapillary column (75 m x 500 mm). The trap wash solvent was
aqueous 0.05 % (v/v) trifluoroacetic acid and the trapping flow rate was 15 pL/min. The
trap was washed for 3 min before switching flow to the capillary column. Separation
used gradient elution of two solvents: solvent A, aqueous 1 % (v/v) formic acid; solvent
B, aqueous 80 % (v/v) acetonitrile containing 1 % (v/v) formic acid. The flow rate for
the capillary column was 300 nL/min and the column temperature was 30 °C. The linear
multi-step gradient profile was: 3-10 % B over 7 min, 10-35 % B over 30 min, 35-99 %
B over 5 min and then proceeded to wash with 99 % solvent B for 4 min. The column
was returned to initial conditions and re-equilibrated for 15 min before subsequent
injections. The nanoLC system was interfaced with an Orbitrap Fusion hybrid mass
spectrometer with an EasyNano ionisation source. Positive ESI-MS and MS2 spectra
were acquired using Xcalibur software (version 4.0). Instrument source settings were:
ion spray voltage, 1,900 V; sweep gas, 0 Arb; ion transfer tube temperature; 275 °C.
MSI1 spectra were acquired in the Orbitrap with: 120,000 resolution, scan range: m/z
375-1,500; AGC target, 4¢’; max fill time, 100 ms. Data dependant acquisition was
performed in top speed mode using a fixed 1 s cycle, selecting the most intense
precursors with charge states 2-5. Easy-IC was used for internal calibration. Dynamic
exclusion was performed for 50 s post precursor selection and a minimum threshold for
fragmentation was set at 5¢’. MS2 spectra were acquired in the linear ion trap with: scan
rate, turbo; quadrupole isolation, 1.6 m/z; activation type, HCD; activation energy: 32
%; AGC target, 5¢’; first mass, 110 m/z; max fill time, 100 ms. Acquisitions were

arranged by Xcalibur to inject ions for all available parallelizable time.

2.11 Nuclear magnetic resonance spectroscopy

2.11.1 NMR sample preparation
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All [U-"N] labelled protein samples were dialysed overnight into 20 mM sodium
phosphate, 100 mM NaCl pH 6. The samples were 600 pl in final volume containing 10
% D,0, and were analysed in 5 mm diameter NMR tubes (Wilmad). All spectra were
acquired at 25 °C on a Bruker Avance NEO 700 MHz spectrometer with a liquid
nitrogen cooled triple resonance cryoprobe, and the data processed with TopSpin version
4.  Spectral referencing  values relative to  the internal  standard

4,4-dimethyl-4-silapentane- 1 -sulfonic acid (DSS) were provided by Dr Alex Heyam.
2.11.2 Backbone assignment of the N1-Src SH3 domain

0.5 mM U-"C "N labelled N1-Src SH3 domain was expressed and purified into 20 mM
sodium phosphate, 100 mM NaCl pH 6 by the Potts lab (Dr Andrew Brentnall). The
spectra were acquired at 25 °C on a Bruker Avance 700 MHz spectrometer with a liquid
nitrogen cooled triple resonance cryoprobe at the National Institute for Medical Research
(NIMR). The spectra were processed in NMRPipe and referenced to DSS by Dr Andrew

Brentnall.

The acquired pairs of CBCA(CO)NNH / HNCACB, and HNCO / HN(CA)CO spectra
facilitated the triple resonance backbone assignment of the N1-Src SH3 domain in
CCPN software. Resonance assignment was conducted manually, primarily using the
CBCA(CO)NNH / HNCACB spectra. The assignment was made utilising spin systems,
which contain all resonances belonging to an amino acid. The 3D HNCACB spectrum
correlated each NH group to the Ca and CP of a particular residue (n) and those of the
preceding residue (n-1) via magnetisation transfer. In addition, the CBCA(CO)NNH
spectrum correlated each NH group to the Ca and Cp of the preceding residue (n-1).
These spectra were superimposed to identify sequential and intra residue correlations,
which enabled the spin systems of individual residues to be linked (excluding prolines
which cause a break in the sequence). The primary sequence was then mapped onto the
chains, and amino acids such as alanine, serine, and threonine were readily identifiable

as they have distinct CP3 chemical shifts, and glycine does not have a Cp.

2.11.3 Peptide ligand titrations with the C- and N1-Src SH3 domains

U-"N labelled C- and N1-Src SH3 domains were expressed and purified into 20 mM
sodium phosphate, 100 mM NaCl pH 6 with 10 % D,O. The lyophilised 15 mer
Dynamin I B8 peptide (PFGPPPQVPSRPNRA) was resuspended in milliQ pH 6. The
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peptide was aliquoted and lyophilised overnight to achieve the SH3:peptide molar
concentration ratios of 1:0.1, 0.25, 0.5, 0.75, 1, 1.5, 2 and 4 for 150 uM C-Src, and
1:0.25, 0.75, 1.5, 2.5, 4.5, 8.4, 14.4 and 24.3 for 185 uM N1-Src. A 2D (‘H-"N)
heteronuclear single quantum coherence (HSQC) spectrum was obtained for each SH3
domain in the absence of peptide, and then upon the resuspension of the lyophilised
peptide at each titration point. The pH was monitored for consistency throughout. The
spectra were acquired and processed as described (Section 2.11.1), and the titration
series spectra were superimposed in CCPN software for chemical shift perturbation
analysis (Section 2.11.4). The C-Src SH3 domain was referenced to the assignments
from the Biological Magnetic Resonance Bank (BMRB) source 3433 (Yu et al. 1993)

and the N1-Src SH3 domain was referenced to the manual assignment (Section 2.11.2).

2.11.4 Chemical shift analysis in CCPN software

Chemical shift perturbations between individual 2D (‘H-""N) HSQC spectra were
calculated using CCPN software (Vranken et al. 2005). The data analysis ‘shift
differences’ tool was used to calculate the change in the hydrogen (AdH) and nitrogen
shifts (ASN) (ppm) for each cross-peak/ SH3 domain backbone residue, with the
exception of prolines. The compound chemical shift perturbations were then calculated
for each residue by inserting the (ASH) and (ASN) into the below formula (Schumann et
al. 2007):

& = [(ASH)? + (ASN/5)%]"?
2.12 Cell biology Techniques

2.12.1 Culture of mammalian cell lines

Mammalian cell lines were cultured in a Class 2 biological safety cabinet. Cell lines
were cultured in high glucose DMEM containing glutamine and pyruvate, with 10 %
foetal bovine serum (FBS) and 1 % penicillin-streptomycin. Cells were incubated at 37
°C with 5 % CO?2 in a humidified atmosphere. Hygromycin B (500 pg/mL) was used to
maintain selectivity in the stable C- and N1-Src-FLAG HeLa cell lines.

2.12.2 Bringing up and storage of cells
Cell were stored in cryovials at - 80 °C in FBS containing 10 % DMSO. The cells were

thawed and immediately resuspended in complete media. The suspension was then
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centrifuged at 200 x g for 2 min at room temperature, and the cell pellet resuspended in

fresh media for transfer to a 25 cm? culture flask containing pre-warmed media.

2.12.3 Passage of cell lines

Cells were passaged upon approaching confluency. The media was removed and the
cells were washed in sterile PBS. One millilitre of 1x trypsin-EDTA was incubated with
the cells for 2-5 min at 37 °C. Upon dislodging of the cells the trypsin was inhibited by
the resuspension of the cells in fresh media. The cells were then split according to their

proliferation rates into new 25 or 75 ¢cm? flasks containing pre-warmed media.

2.12.4 Plating of cells

Cells were quantified using a haemocytometer and plated into 6 or 24 well plates at
appropriate densities for transfection the following day. Oven sterilised 13 mm
coverslips were added to 24 well plates to enable cell imaging via microscopy (Section
2.12.7), and 6 well plates were used to analyse transfected cells by Western blotting
(Section 2.12.6). COS7 cell were plated at 50,000 cells per well of a 24 well plate, and
25,000 HeLa and B104 cells.

2.12.5 Transient transfection of cells

Mammalian cells were transfected the day after plating using Ecotransfect reagent as per
the manufacturer’s instructions. Cells were transfected with a DNA:Ecotransfect reagent
ratio of 1pg:2ul. Six well plates were transfected with 3 ug of mini- or midi- prepped
plasmid DNA, and 24 well plates were transfected with 0.5-1 pg of DNA.
Co-transfections in a six well plate were conducted with 1.5 pg of each plasmid. The
DNA and Ecotransfect reagent were prepared separately in DMEM, and then combined
and incubated for 20 min at room temperature, before being added to the wells dropwise.

The cells were then incubated for 48 h at 37 °C.

2.12.6 Lysis of transfected cells for Western blotting

Following transient transfection and incubation of the cells for 48 h at 37 °C, the media
was aspirated from the cells, and the cells washed 3x in PBS. The cells were then lysed
and scraped from the wells in 100 pl (for a 6 well plate) of Laemmli Sample buffer for
analysis by SDS-PAGE after boiling for at least 10 min at 95 °C.

2.12.7 Cell imaging via fluorescence microscopy

74



Following plating and transfection (Section 2.12.3/4), the media was aspirated from the
cells, and the cells were washed 3x in PBS and then fixed in 4 % paraformaldehyde in
PBS for 20 min at room temperature. The cells were washed a further three times in PBS
and once in distilled water. The coverslips were then removed from the wells and air
dried, before mounting onto microscope slides via mowial containing
4’ 6-diamidino-2-phenylindole (DAPI). The slides were imaged at 40x objective using a
Nikon TE200 epifluorescence inverted microscope with a RoleraXR CCD camera
controlled by SimplePCI Software. All image analysis was conducted in Imagel

software.

2.13 Bioinformatics analysis

2.13.1 STRING protein-protein interaction networks and pathway analysis

Protein-protein interaction networks were generated in STRING. All proteins were
inputted by their gene name and searched against Homo Sapiens. Interactions were
obtained from the sources ‘Experiments’ and ‘Databases’ with a high confidence
interaction score. Functional enrichment GO term analysis of the proteins was conducted
using the whole genome as the statistical background by Fishers Exact test with

Benjamini—Hochberg correction.

2.13.2 FuzzPro

The rat protein sequences of the GST, GST-C- and N1-Src SH3 domain ligands were
inputted into FuzzPro as FASTA format. The search pattern tool was utilised to identify
Class I (R/KxxPxxP) and Class II (PxxPxR/K) motifs within the proteins, which were
reported as the number of proteins containing the motif, and the total number of motifs

within the sequences.

2.13.3 BioGRID and PhosphoSite

In order to identify characterised C-Src ligands within the proteomics datasets the
BioGRID database was utilised. The C-Src interactors were filtered to those identified
from either ‘Affinity capture-MS, Affinity Capture-Western, Two-hybrid, Reconstituted
Complex, or Biochemical Activity’. The PhosphoSite database was used to obtain

known substrates of C-Src including their specific tyrosine phosphorylation sites.

2.13.4 PRATT motif analysis
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PRATT software was used to identify motifs common to the N1-Src SH3 domain peptide
ligands from the arrays. The fifteen 15-mer peptide ligands were inputted as FASTA
format and motifs were generated that were present in 100, 90, 80, 70 and 60 % of the

peptides.

2.13.5 Weblogo motifs

Weblogo motifs were generated by the input of all significantly upregulated C-Src
phosphopeptides (p < 0.05) with a significant localisation score (p < 0.05). The 9 mer
peptides were aligned via their central phosphorylated tyrosine residue and inputted as

FASTA format.

2.14 Data analysis
2.14.1 Densitometry analysis of SDS-PAGE gels and Western blots

Densitometry was performed on all Western blots and SDS-PAGE gels using ImageJ
software. Firstly, densitometry was conducted on SDS-PAGE gels. The density of all
bait proteins (C- and N1-Src SH3 domains and mutants) was obtained, and one was set
as a standard (usually the wild-type C- or N1-Src). The density of the remaining bait
proteins were then calculated as a percentage of the standard. The percentage differences
between the bait proteins and the standard were then used to adjust the densitometry
values obtained from the accompanying Western blots displaying ligand interactions, in
order to account for any differences in the amount of bait protein. This was conducted
for the triplicate replicates, and the normalised Western blot density values were then

used to express ligand binding as an average percentage of the wild-type.

2.14.2 Statistical analysis

Statistical analysis was performed on all triplicate data. The GST-SH3 domain
pull-downs and in vitro Src kinase assays that were analysed by LC-MS/MS (Fig.3.2 and
Fig.5.3) are biological replicates having utilised brain homogenate from three
independent rat litters. The remaining GST-SH3 domain pull-downs (Fig.4.5, 4.14, 4.15)
are technical replicates. The proteins spectral counts from the GST-C- and N1-Src SH3
domain pull-downs were analysed by Fishers Exact test with Benjamini-Hochberg
correction in Scaffold 4 software. The phosphopeptides peak areas from the C- and
N1-Src phosphoproteomics study were analysed by the Peaks Q significance model in

PEAKS software by Dr Adam Dowle. The remaining statistical analysis (ANOVA,
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T-test) was conducted in SigmaPlot software. The data are presented as the mean plus

the standard error of the mean (SEM), and significance is considered at p < 0.05.

The C- and N1-Src SH3 domain peptide ligand titration curves (Fig.4.10B) were
produced in GraphPad Prism 8 software. The K, was calculated using the ‘One site
specific binding’ function and model y = 6, , *x/(K, + x), where x is the ligand

concentration (uM), y is the specific binding (CSP (ppm), and & _, the extrapolated

max

maximum specific binding in ppm.
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Chapter 3
Identification of novel neuronal Src SH3

domain ligands in the developing brain
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Chapter 3: Identification of novel neuronal Src SH3 domain ligands in the

developing brain

3.1 Introduction

The only feature distinguishing N1-Src from C-Src is the insertion of six residues
(RKVDVR) into the n-Src loop of the SH3 domain. The n-Src and RT loops of SH3
domains are highly variable and to date a small number of SH3 domain isoforms in the
n-Src loop have been identified, including N1-Src, Intersectin 1 and Amphiphysin II
(Pyper and Bolen 1989; Tsyba et al. 2008; Ramjaun et al. 1997). The neuronal splice
variant of Intersectin 1 inserts 5 residues into the n-Src loop, and this modulates ligand
binding by both lowering and raising the affinity for Intersectin ligands (Tsyba et al.
2008). Similarly, multiple GST-C-Src SH3 domain ligands including Tau (Reynolds et
al., 2008), Focal adhesion kinase (Messina et al., 2003), Snp70 (Craggs et al., 2001) and
Rich (Richnau and Aspenstrom, 2001) do not bind the N1-Src SH3 domain, suggesting
that the neuronal insert may have affected the affinity, specificity or ligand consensus of
N1-Src.

The C-Src SH3 domain functions in the negative regulation of kinase activity via
intramolecular interactions and positive regulation via ligand/substrate interactions
(Section 1.2.3/7). The C-Src SH3 domain interacts with two canonical proline rich
ligands termed Class I (+xxPxxP) and Class II (PxxPx+), whereby the PxxP motif is
flanked by an N- or C-terminal charged residue respectively (Feng et al. 1994).
However, it is now accepted that this is a simplified model and SH3 domains can possess
atypical ligand motifs, and diverse mechanisms of ligand binding (Section 1.2.3)
(Saksela and Permi 2012) and this will be further investigated in the context of N1-Src in
Chapter 4.

Identifying N1-Src SH3 domain ligand interactions is key to substrate identification due
to the role of the SH3 domain in directing phosphorylation. For example, the C-Src SH3
domain ligands pl30Cas, Paxillin and Sam68 are all phosphorylated by C-Src (Sachdev
et al.,, 2009), and mutation of the Sam68 SH3 domain binding site abolished its
phosphorylation (Shen et al., 1999). Similarly, transfection of cells with C-Src
containing an SH3 domain deletion, resulted in the identification of SH3 domain ligands
via a GST-Src SH3 domain pull-down, however they lacked tyrosine phosphorylation
(Weng et al., 1994), indicating that the SH3 domain can be key for substrate interactions

and subsequent phosphorylation in vitro and in vivo.
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Few cellular studies have directly compared the functions of C- and N1-Src, however,
N1-Src has been shown to initiate ‘neurite like’ protrusions in fibroblasts (Keenan et al.
2017), as well as differential functions to C-Src in axonogenesis and photoreceptor
differentiation (Worley et al. 1997). The SH3 domain must be directly or indirectly
driving the function of N1-Src. To date a number of screens have been employed to
identify NI1-Src SH3 domain ligands, but have only identified a few proteins.
Yeast-2-hybrid identified the HCN1 channel (Santoro et al. 1997) and Delphillin (Miyagi
et al. 2002). An affinity purification approach with GST-tagged C- and N1-Src SH3
domains was also attempted (Abdelhameed 2010). However, mass spectrometry was not
conducted on the entire sample, and only a single N1-Src SH3 domain ligand, Dynamin
I, was identified. Other N1-Src SH3 domain ligands include the NMDA receptor
(Groveman et al. 2011) and Ena/Vasp like protein (Lambrechts et al. 2000) (Section
1.4.6). However these interactions have only been studied in vitro, and only the NMDA
receptor was shown to be in vitro phosphorylated as well as interacting with the N1-Src
SH3 domain. Overall there are significantly fewer characterised N1-Src SH3 domains
ligands than C-Src, and currently no in vivo substrates. Furthermore, the identification of
only five putative N1-Src SH3 domain ligands is unlikely to be sufficient to explain its
roles in neurogenesis, cytoskeletal remodelling, neurite outgrowth and neuronal
differentiation (Lewis et al. 2017; Kotani et al. 2007; Keenan et al. 2017; Matsunaga et
al. 1994). Thus, identifying novel interactors is key to providing a mechanistic basis for

the cellular functions of N1-Src.

Alternative approaches to identify NI-Src SH3 domain ligands include
immunoprecipitation and pull-down assays. Immunoprecipitation, whilst physiologically
relevant can encounter issues including scale up requirements, which would be furthered
by the transfection and overexpression of N1-Src in neurons. Affinity purification via
GST-pull-downs is preferable as GST-SH3 domain fusions often express as soluble high
yield proteins in E. coli. However, the primary disadvantage is that the method enriches
for stable high affinity interactions, with the lower affinity ligands lost during wash
steps. Despite this, affinity purification via GST-SH3 domain pull-downs coupled to
mass spectrometry has been utilised successfully to identify a number of SH3 domain
ligand interactions including CrkL (Cheerathodi and Ballif, 2011), Nck (Lettau et al.,
2010) and Hck (Scott et al., 2002). These mass spectrometry analyses identified 22, 26
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and 101 proteins for Nck, Hck and CrkL respectively. The interactors were validated in
vivo by immunoprecipitation, and also lead to the identification of ligand

phosphorylation events (Scott et al., 2002).

3.2 Aims

The aim of this chapter was to identify the N1-Src SH3 domain interactome and
compare it to that of the C-Src SH3 domain. To achieve this, postnatal day 1 (P1) rat
brain lysates, which provide a developmental neuronal lysate relevant to N1-Src’s
expression and activity, were utilised in GST pull-downs with the C- and N1-Src SH3
domains. The pull-downs were subjected to proteomic identification by shotgun mass
spectrometry (LC-MS/MS). Putative SH3 domain ligands were analysed by various
bioinformatic approaches to determine the N1-Src SH3 domains ligand consensus motif,
and any physical and functional associations. Furthermore, several ligands were
validated by orthogonal techniques and one binding partner, a neuronal splice variant of
Enah, was studied in greater detail. The outcome of these analyses is 1) that the identified
N1-Src SH3 domain interactome is a subset of the C-Src SH3 domain interactome and
i1) the identified ligands could account for the characterised cell biology of N1-Src and

should be considered as candidate N1-Src substrates.
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3.3 Results

3.3.1 Optimisation of neuronal lysates for LC-MS/MS analysis of GST-C- and
N1-Src SH3 domain pull-downs

The only feature distinguishing C- and N1-Src is the six residue insertion in the N1-Src
SH3 domain. Therefore, the ligand specificity of the isolated SH3 domains were assayed
on a proteome wide scale via GST pull-downs. The C- and N1-Src SH3 domains were
expressed with an N-terminal GST-tag in BL21 E. coli, and purified via glutathione
agarose resin in order to conduct affinity purification interaction assays.

Firstly, an optimal neuronal lysate for the pull-downs was selected via binding analysis
on SDS-PAGE. GST-pull downs were conducted with GST, GST-C- and N1-Src SH3
domains in both synaptosomes and postnatal day 1 rat brain cortices (P1) homogenate.
Adult rat brain synaptosomes were previously utilised to screen for C- and N1-Src SH3
domain ligands (Abdelhameed 2010). The P1 lysates were screened as N1-Src has high
expression and activity at this developmental stage in the mouse fore- and midbrain
(Wiestler and Walter 1988). Furthermore, cellular studies have shown that N1-Src’s
function is not limited to the synapse. Therefore, whole cell lysates are preferable over
synaptosomes. The pull-down eluates were analysed by Coomassie staining of
SDS-PAGE gels in order to identify the extent of protein association with the GST-Src
SH3 domains against the GST control. Qualitatively, the P1 lysates provided a

differential subset of interactions than the synaptosome (Fig.3.1B).

The P1 rat brains were homogenised to yield a protein concentration of ~10 mg/ml in
radioimmunoprecipitation assay buffer (RIPA), which extracts nuclear proteins,
membrane proteins and cytoskeletal components, whilst also supporting protein-protein
interactions. The GST fusions were immobilised on glutathione agarose resin and the
pull downs were repeated in triplicate, with GST (26 kDa), GST-C-Src and GST-N1-Src
SH3 domains (~35 kDa) and P1 lysates obtained from three independent rat litters.
Twelve micromolar GST and GST-SH3 domains were incubated with 2 mg of P1 lysate
protein for 1 h at 4 °C. Subsequent wash steps were used to remove non-specific binding
and the bait and interactors were eluted via Laemmli sample buffer. The sample was
resolved via SDS-PAGE and the gel excised into two fractions of above and below ~ 40
kDa, which were analysed separately to avoid quenching via the abundant GST-SH3

domains. In-gel trypsin digestion was conducted on the gel fractions and the peptides
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were analysed via LC-MS/MS on an Orbitrap Fusion mass spectrometer by staff at the
York Technology facility. The peptide spectra were then pooled for data analyses and
cross-referenced against the rat subset of the UniProt database using both Mascot and
X!Tandem (Fig.3.1A).
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Figure 3.1: Methodology for LC-MS/MS based ligand identification from the
GST-C- and N1-Src SH3 domain pull-downs in P1 rat brain homogenate. A) Three
independent post-natal day 1 (P1) rat brain cortices were homogenised with RIPA buffer.
The pull-downs were conducted in triplicate with 12 uM GST, GST-C- and N1-Src SH3
domains and 2 mg of P1 rat brain homogenate. The pull-down eluates were excised from
an SDS-PAGE gel and analysed via LC/MS-MS involving separate analysis of two gel
fractions that were above and below ~ 40 kDa to avoid quenching by the GST-SH3
domain bait. The identified peptides/proteins were subsequently pooled for data
analyses. B) Coomassie stained 12.5 % SDS-PAGE gels of GST, GST-C-Src and N1-Src
SH3 domain pull downs in P1 rat brain homogenate and adult rat brain synaptosomes.
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3.3.2 Processing of C- and N1-Src SH3 domain LC-MS/MS results

The GST control served to identify proteins that are non-specific binders that associated
with the glutathione agarose resin and/or the GST fusion tag (Fig.3.2). Therefore,
statistical analysis was conducted using Scaffold 4 software (Searle 2010) to identify
GST-C- and N1-Src SH3 domain binding proteins that were significantly increased
above binding to the the GST-only control.

The LC-MS/MS was conducted and analysed in the absence of stable isotope labelling
or additional tag incorporation that are necessary for absolute quantification. Label-free
semi-quantitative relative abundance estimates can be obtained indirectly by spectral
counting or directly by measuring the signal intensity of the peptide precursor ion
(Dowle et al. 2016). We employed spectral counting, which measures the total number of
peptide spectra that map to each protein and has been shown to be accurate for
determining the label-free relative abundance of proteins (Cooper et al. 2010, Dowle et
al. 2016).

Using Scaffold 4, pairwise comparisons were conducted between the total spectral
counts data from the triplicate GST, GST-C-Src, and N1-Src SH3 domain pull-downs by
Fisher's Exact test with a Benjamini-Hochberg correction for multiple testing. This
revealed 176 and 33 proteins with significantly increased total spectral counts for C- and

N1-Src respectively, compared to the GST control (Table 3.1).
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Figure 3.2 Triplicate GST-C- and N1-Src SH3 domain pull-downs submitted for
LC-MS/MS analysis. Coomassie stained 12.5 % SDS-PAGE gel of 12 uM GST,
GST-C-Src and N1-Src SH3 domain pull-downs in 2 mg of P1 rat brain homogenate.
Each of the three replicates submitted for LC-MS/MS analysis are shown.

Table 3.1: Pairwise comparisons of proteins total spectral counts from the GST,
GST-C-Src, and N1-Src SH3 domain triplicate pull-downs via Fisher's Exact test
with Benjamini-Hochberg correction. The number of proteins at the level of
significance for each pairwise comparison is shown, alongside the p value for
significance.

No. of proteins at level of significance

Pairwise GST C N1
comparison

GSTvs C 191 176 -
(p<0.01923)

GSTvs N1 26 - 33
(0 <0.00311)

Cvs N1 - 128 78
(p <0.01045)
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3.3.3 Identification of canonical SH3 domain ligand motifs and characterised C-Src
ligands and substrates within the datasets

As non-specific binding proteins were eliminated by the statistical analysis, the
remaining C- and N1-Src datasets should contain direct SH3 domain ligands and indirect
interactors isolated as part of a complex. (Cheerathodi and Ballif, 2011) demonstrated
that the CrkL SH3 domain ligand motif was enriched within a GST-SH3 CrkL pull-down
dataset. Therefore, this rationale was applied to the C- and N1-Src datasets. To validate
the screen and confirm the successful identification of C-Src SH3 domain ligands, a
FuzzPro consensus motif search (Rice et al. 2000) was employed to identify Class I
(+xxPxxP) and Class II (PxxPx+) ligands within the C-Src dataset. Of the 176 C-Src
ligands, 63 % contained a Class I motif, and 60 % a Class II motif, in comparison to 32
% of proteins in the control GST-only interactome. Whilst the ligand preference of the
N1-Src SH3 domain is unknown, surprisingly, of the 33 N1-Src ligands, 69 % contained
a Class I motif, and 72 % a Class II motif, in comparison to 30 % of the GST control
proteins (Fig.3.3A).

The total number of Class I and Class II motifs were normalised to the number of
proteins from which they were derived. For C- and N1-Src the Class I containing
proteins had on average 2.4 and 2.8 motifs per protein respectively. Whereas the Class 11
containing proteins had on average 3.2 and 3.9 motifs per protein for C- and NI1-Src
respectively (Fig.3.3B).

The unrelated PKD phosphorylation consensus motif [L/IJxRxx[S/T] was utilised as a
negative control. 61 % of the C-Src SH3 domain ligands contained the motif in
comparison to 46 % in the GST control. Whereas for N1-Src 60 % of the ligands
contained the motif in comparison to 61 % of the GST control (Fig.3.3C). Total
sequence length would affect the probability of identifying any given motif. However,
this was controlled for as the total length of all the N1-Src SH3 domain ligand protein
sequences was 76 % the length of the GST control. The C-Src proteins total sequence
length was increased by only 0.5 % that of the GST control. Taken together this suggests
that the SH3 domains were enriching for Class I and II motifs with specificity.
Identifying characterised Src ligands and substrates within the datasets is another means
of validation. Therefore, the datasets were screened for known Src ligands and substrates
from the BioGRID (Chatr-Aryamontri et al., 2017) and Phosphosite (Hornbeck et al.,
2004) databases. This revealed that 11 % of the C-Src dataset are C-Src ligands and 13
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% are known C-Src substrates. Within the N1-Src dataset the proteins Evl (Lambrechts
et al. 2000) and Dynamin I (Abdelhameed 2010) are previously identified N1-Src SH3
domain ligands. Furthermore, 27 % of the N1-Src proteins are characterised C-Src

ligands, and 33 % C-Src substrates (Fig.3.3D).
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Figure 3.3: The C- and N1-Src SH3 domain pull-downs ligands contain canonical
SH3 domain Class I and II ligand motifs and known Src ligands and substrates.

A) FuzzPro was used to identify the percentage of C- and N1-Src SH3 domain ligands
containing Class I and Class II motifs in comparison to the GST controls. B) The total
number of Class I and II motifs were normalised to the number of proteins from which
they were derived. C) As described in A) however the unrelated PKD phosphorylation
consensus motif was utilised as a negative control. D) The percentage of C- and N1-Src
SH3 domain ligands that are characterised C-Src ligands (BioGrid) or substrates
(Phosphosite).
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3.3.4 The semi quantitative relative abundance of the N1-Src SH3 domain ligands

Surprisingly, the 33 N1-Src SH3 domain ligands also bound the C-Src SH3 domain.
Thus N1-Src appears to bind a subset of C-Src ligands, as opposed to a unique
interactome. The average total spectral counts were used to assess the semi-quantitative
relative abundance of the 33 N1-Src SH3 domain ligands against C-Src (Fig.3.4). The
proteins Asapl, Caskinl, Cbl, Evl, Nckapl, Nono, Sf3b2, Sfpq, Sh3pxd2b, Sosl and
Synl all had significantly increased spectral counts for C-Src compared to N1-Src,
whereas only Wipf2 was significantly increased for N1-Src. This difference is likely due
to factors such as relative binding affinity and whether proteins are direct or indirect (via
complexes) interactors. As spectral counts are dependent on the abundance of a protein
within a sample, but also the protein’s size and the number of tryptic peptides it yields,
they cannot be directly compared between proteins. Instead, normalisation of peptide
counts can be calculated using emPAI (Section 3.3.5). Therefore, contrary to the spectral
count data in Fig.3.4, Dynamin I and Synapsin I are not the most and least abundant

N1-Src SH3 domain ligands respectively.
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Figure 3.4: The semi-quantitative relative abundance of the 33 N1-Src SH3 domain
ligands against C-Src. The average total spectral counts from the triplicate replicates is
shown for each of the 33 N1-Src SH3 domain ligands/complexes against C-Src. The
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error bars show the SEM and the asterisk (*) indicates statistical significance by Fisher's
Exact test with Benjamini-Hochberg correction at (p < 0.01045).

3.3.5 The relative sample abundance of the C- and N1-Src SH3 domain ligands

In order to quantify the relative abundance of the SH3 domain ligands within the
pull-downs, the protein abundance index (PAI) was utilised. The PAI of a protein is
calculated by dividing the number of identified peptides by the number of theoretical
observable tryptic peptides. Thus PAI takes into account protein size by considering that
smaller and larger proteins will give rise to fewer and more tryptic peptides respectively
(Ishihama et al. 2005). EmPAI (exponentially modified protein abundance index) is the
base 10 logarithm of PAI (10PAI-1) and has been shown to be directly proportional to
protein abundance (Ishihama et al. 2005).

emPAI can be used to calculate the molar percentage (% mol), which represents the
concentration of a protein within a sample (de Souza et al. 2011, Yang et al. 2007, Cabral
et al. 2017). The % mol for each protein is calculated by normalising the emPAI to the
sum of the sample’s emPAI (protein content in % mol = emPAI/ZemPAI x 100). The %
mol was therefore used to assess the relative abundance of the C- and N1-Src SH3
domain ligands within the samples.

Table 3.2 shows the average % mol for the C- and N1-Src SH3 domain ligands listed in
order of decreasing abundance, with the most abundant interacting proteins for C- and
N1-Src, Nono (0.97 mol %) and Dynamin I (0.31 mol %) respectively. Dynamin I was
also the second most abundant interactor for C-Src (0.5 mol %). The GST and SH3
domains are also included and as shown via SDS-PAGE these bait proteins comprise the
majority of the sample protein (Fig.3.2) at 77 mol % and 84 mol % for C- and N1-Src
respectively. The GST-C-Src SH3 bait likely makes up a smaller fraction of the sample
due to C-Src’s increased number of ligand interactions. In addition, the proteins that
bound the C-Src SH3 domain but not the N1-Src SH3 domain are highlighted in grey
(Table 3.2). It is striking that abundant C-Src interacting proteins such as HnrnpK and
Dpysl2 did not interact with the N1-Src SH3 domain.
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Table 3.2: The relative sample abundance of the GST-C- and N1-Src SH3 domain
ligands as determined by their average percentage molarity. The SH3 domain
ligands are listed in order of decreasing sample abundance and the ligands that were

unique to C-Src are highlighted in grey. The GST and SH3 domain bait are also

included.
N1-Src C-Src

Protein Avg % mol Protein Avg%mol Protein Avg % mol
Dnm | 0.31 Nono 0.97 Arhgef7 0.04
Dnm III 0.14 Dnm I 0.50 Asapl 0.04
Enah 0.09 HnrnpK 0.60 Asap?2 0.04
Cpsf5 0.08 Dpysl2 0.40 Abil 0.04
Wasl 0.07 Sfoa 0.32 Dtx3 0.04
Wipf2 0.07 Dpysl3 0.32 Vps37b 0.04
Dnm 11 0.07 Crmp1l 0.30 Prr36 0.04
Srcinl 0.06 Dnm II1 0.24 Prrc2a 0.04
Zc2hcla 0.06 Cpsf5 0.19 Whbp11 0.04
Sf1 0.05 Zc2hcla 0.15 Cvfin2 0.04
Raphil 0.04 Svnl 0.14 Rbmx 0.03
Cpsf6 0.04 Dnm Il 0.14 Snrpd?2 0.03
Ylpm1 0.03 Evl 0.15 Mvb12b 0.03
Evl 0.03 Sf3al 0.12 Raphl 0.03
Nono 0.03 Enah 0.11 Ylmp1l 0.03
Sfpa 0.03 Srcinl 0.11 Satb1 0.03
Vasp 0.03 Sf3a3 0.08 Pabpcl 0.03
Cnsf7 0.03 Sf3b2 0.08 Diaph1l 0.03
Whbn11 0.02 Ppplch 0.08 Git1 0.03
Wipf3 0.02 Sf1 0.07 Tsg101 0.03
Chbl 0.02 Khdrbs1 0.07 Wdr5 0.03
Cblb 0.01 Svnil 0.07 Wasfl 0.03
Asap1 0.01 Sos1 0.07 Pabpcl 0.03
Sf3b2 0.01 Vasp 0.07 Afdn 0.03
Sh3pxd2b 0.01 Nckap1 0.06 Raverl 0.03
Wasf1 0.01 Cpsf6 0.06 Cblb 0.03
Sh3bp2 0.01 Caskin1 0.06 Pak2 0.03
Sosl 0.008 Chl 0.06 Snrpb2 0.03
Ccnk 0.008 Sh3pxdZb 0.06 Phf5a 0.03
Svn1l 0.007 Brk1 0.06 Sf3b3 0.02
Fmn2 0.006 Wasl 0.06 Abi2 0.02
Caskinl 0.005 Pspcl 0.05 Snrpa 0.02
Nckanl 0.0003 Cpsf7 0.05 Brks1 0.02

Sf3b1 0.05

GST 42.05 Wipf2 0.05 GST 38.49
N1-Src SH3 42.02 Snrpal 0.05 C-Src SH3 38.46
Remaining 14.51 Vns28 0.04 Remaining 15.94
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3.3.6 Validation of the C- and N1-Src SH3 domain ligands via Western blotting

The mass spectrometry analysis of the GST-SH3 domain pull-downs was confirmed via
Western blotting. The assay was repeated under the same experimental conditions with
12 uM GST and GST-SH3 domains and 2 mg of P1 lysate, followed by Western blotting
for a number of interactors. Fig.3.5 presents the input P1 brain homogenate, GST control
and GST-C- and N1-Src SH3 domain pull-downs. A Coomassie stained SDS-PAGE
loading control for the GST and GST-SH3 domains is also shown. The Western blots
were consistent with the proteomic quantification for Dynamin I, N-WASP, Raphl, Sfl
and Enah enrichment above GST for both C- and N1-Src. Nono was identified in the
N1-Src data set, however, it was initially not detected via Western blot. The C- and
N1-Src average % mol for Nono was 0.97 and 0.03 respectively (Table 3.2), thus its
sample abundance for N1-Src is ~32-fold lower. Upon increasing the amount of
pull-down eluate assayed by Western blotting, Nono was detected as binding to the
N1-Src SH3 domain via GST-SH3 pull-downs (Chapter 4).
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Fig.3.5: Confirmation of the C- and N1-Src SH3 domain ligands from P1 rat brain
via Western blotting. GST and GST-C- and N1-Src SH3 domain pull-downs were
conducted in P1 rat brain lysates and the eluates assayed by Western blotting for the
putative SH3 domain ligands Dynamin I, N-WASP, Nono, Raphl, Sfl and Enah. The
input brain lysate (1 %) is shown and a 12.5 % Coomassie stained SDS-PAGE gel
loading control.
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3.3.7 Identification of the Neuronal-Enah splice variant as a C- and N1-Src SH3
domain ligand

The Western blot to confirm Enah binding to the GST-C- and N1-Src SH3 domains
revealed two bands, the first at ~75 kDa and the second between 100-150 kDa (Fig.3.5).
Enah has a predicted mass of 66 kDa, but migrates at ~ 80 kDa by Western blotting, and
hence the additional band at ~140 kDa could represent non-specific binding by the
antibody or a larger protein isoform possessing the same epitope. Indeed, there is a
neuronal splice variant of Enah which migrates at 140 kDa by SDS-PAGE (Gertler et al.,
1996), however its peptides were not detected in the LC-MS/MS analysis. This was
found to be due to the isoform being absent from the Uniprot rat database. However, the
manual addition of the rat protein sequence to the Mascot database, revealed peptides
unique to the neuronal splice variant in the samples. The identified peptides are
highlighted on the Neuronal Enah (N-Enah) insert sequence in bold in Fig.3.6A.
Pairwise comparisons revealed the N-Enah variant was significantly increased for both
C- and N1-Src against the GST control.

The domain structure of Enah and N-Enah from the N- to C-termini comprises an EVH1
domain, tandem repeats and then a proline rich and EVH2 domain (Fig.3.6A). The
EVHI1 domain directs intracellular localisation and interacts with proline-rich sequences
found in signal transduction proteins and cytoskeletal regulators. The tandem repeats
likely function as a protein interaction interface. The central proline-rich domain
interacts with SH3 and WW domain containing proteins and the actin binding protein
Profilin (Sechi and Wehland 2004; Kwiatkowski et al. 2003). In addition, the
proline-rich domain is the site of the 249 residue rat N-Enah insertion as shown in
Fig.3.6A (Gertler et al. 1996). The C-terminal EVH2 domain is involved in
oligomerisation, and interacts with actin, recruiting Enah to filopodia and lamellipodia

extensions (Nistico and Di 2011).

The relative abundance of the Enah variants for C- and N1-Src were quantified using
their ‘exclusive unique spectrum counts’. This identifies distinct spectra for related
proteins, on the basis of changes such as in the protein sequence. C-Src had increased
spectral counts for both Enah and N-Enah in comparison to N1-Src. The fold difference
between the counts for Enah and Neuronal-Enah was 3.8 for C-Src, in comparison to 17

for N1-Src (Fig.3.6B). This suggests that the N1-Src SH3 domain has a preference for
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the neuronal variant as borne out by the Western blot where N-Enah is clearly detectable

and Enabh is barely visible. Conversely, for C-Src, Enah is readily detectable (Fig.3.5).
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Figure 3.6: Identification of the Neuronal Enah splice variant within the C- and
N1-Src SH3 domain pull-downs.

A) Domain structure of Enah and the Neuronal-Enah splice variant. The EVH1 domain,
tandem repeats, proline rich and EVH2 domains are shown. The sequence of the N-Enah
insertion is shown with the tyrosine residues highlighted in grey and the Class II SH3
domain ligand motif underlined. The peptide sequences from the neuronal insert that
were identified via mass spectrometry are highlighted in bold. B) Mass spectrometry
quantification of the Enah splice variants in the C- and N1-Src datasets. The average
exclusive unique spectrum counts are shown for Enah and Neuronal Enah for C- and
N1-Src. Error bars show the SEM. The ratio of Enah:Neuronal-Enah is also indicated for
C- and N1-Src.
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3.3.8 Functional enrichments and protein-protein interactions by the C- and N1-Src
SH3 domain ligands

As the GST-SH3 domain pull-downs were conducted in RIPA buffer under
non-denaturing conditions it is likely that intact protein complexes were isolated, which
might provide clues to the cellular functions of the SH3 domains ligand interactions.
Thus, STRING was used to generate protein-protein interaction networks from the lists
of putative SH3 interactors (von Mering et al., 2003). In addition, to further assign
biological function to the ligands, they were also analysed for Gene Ontology (GO) term
enrichment in STRING. This was conducted using the whole genome as the statistical
background and analysed by a Fisher's exact test with multiple test correction
(Szklarczyk et al. 2016).

All of the C- and N1-Src SH3 domain ligands with significantly upregulated spectral
counts compared to GST, were analysed by STRING. STRING was used to generate
interaction networks based on high confidence physical or functional associations
derived from experiments and curation databases. A selection of the significantly
enriched GO terms spanning biological processes and cellular components were used to
annotate the networks and highlight proteins within the terms. The gene counts from the
C- and N1-Src datasets and the false discovery rate (FDR) for each GO term is shown. In
addition, the networks were also manually annotated with characterised C-Src substrates
(Phosphosite database) marked with an asterisk (*) and C-Src ligands (BIOGRID
database) within a square box (Fig.3.7A/B).

As the C-Src SH3 domain had 176 direct or indirect interactors, it yielded a more
complex network than for the N1-Src SH3 domain interactors. Prominent features from
the C-Src network (Fig.3.7A) include the entire complexes or multiple components
from:
e SCAR complex (Cyfipl, Abi2, Abil, Ncakpl, Wasfl, Wasf2, Brkl). FDR
1.78e-11.
e Spliceosomal complex (Rbm22, Snrpal, Srrm2, Sf3b3, Phf5a, Sf3bl, Sf3a3,
Sf3b2, Hnrnpk, Snrpa, Snrpb2, Sf3al, Sf3a2, Sf1). FDR 4.63e-09.
e Paraspeckle complex (Sfpq, Nono, Pspcl, Nudt21, Cpsf6). FDR 2.84¢-08.
e ESCRT I complex (Vps28, Vps37, Fam125b, Tsg101). FDR 1.67e-05.
e SET1C/COMPASS complex (Setd1b, Cxxcl, Wdr5, RbbpS5). FDR 2.74e-05.
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e mRNA cleavage factor complex (Cpsf7, Nudt21, Cpsf6, Fip111). FDR 9.25¢-05.
e Cyclin K/CDK13 complex (Cdk13, Ccnk). FDR 2.08e-03.

The C-Src dataset significantly enriched for proteins within diverse GO terms including
cytoskeletal organisation (FDR 6.16e-16), mRNA processing (FDR 1.39¢-14), neuron
projection morphogenesis (FDR 4.5e-12) and endocytosis (FDR 1.65¢-10). In addition
the molecular function GO term of SH3 domain binding was enriched (FDR 1.87¢-10),
supporting the identification of an abundance of Class I and II SH3 domain ligand motifs
(Fig.3.3A) and characterised C-Src ligands (Fig.3.3D).

Serving as positive controls, the C-Src network highlighted a number of characterised
C-Src ligands (Khdrbsl, Crebbp, Crmpl, Pak2, Sh3kbpl, Evl, Tnk2, Asap2, Map2),
substrates (Sf3b2, Sfpq, Gitl, Sh3pxd2a, Sh3pxd2b, Wasf1, Abil), and both ligands and
substrates (HnrnpK, Cbl, Ctnnd1, Dnm1, Dnm2, Abll, Becarl, Wasl1, Asapl) (Fig.3.7A).

The N1-Src SH3 domain network contained fewer complexes (Fig.3.7B) but also
contained the:

e Paraspeckle complex (Sfpq, Nono, Nudt21, Cpst6). FDR 1.13e-07.

e mRNA cleavage factor complex (Cpsf7, Nudt21, Cpst6). FDR 3.41e-04.

e SCAR complex (Wasfl, Nckapl). FDR 0.011.

The NI1-Src dataset significantly enriched for proteins within the GO term ‘actin
polymerisation and depolymerisation’ (FDR 6.93e-05) including the actin cytoskeletal
regulatory proteins Wasl, Evl, Enah, Vasp and Wasfl. Similarly, the actin-based
‘lamellipodium’ (FDR 1.13e-07) and ‘positive regulation of Arp2/3 complex mediated
actin nucleation’ (FDR 3.68e-04) were also enriched. Furthermore, N1-Src enriched for
proteins involved in ‘axonogenesis’ (FDR 3.11e-03) and neuron projection development
and morphogenesis (FDR 2.89¢-03 and 1.42e-03), alluding to a broad theme of
cytoskeletal remodelling and neurite morphology. In addition, N1-Src enriched for the
GO terms ‘mRNA processing’ (FDR 3.68e-04) and ‘RNA splicing’ (FDR 1.16e-03)
including the proteins Sfpq, Nono, Wbp11, Cpsf7, Cspf6, Nudt21, Sf3b2 and Sfl, some
of which form the ‘paraspeckle’ (FDR 1.13e-07) and ‘mRNA cleavage factor

complexes’ (3.41e-04), highlighting regulation of RNA as a putative function of N1-Src.
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Contained within the N1-Src interactome were Asapl, Raphl, Sh3pxd2b, Synl, Wasfl,
Wasl, Sf3b2, Sfpq, Dnm1, Dnm2 and Cbl, all of which have been identified as C-Src
substrates. The proteins Wasl, Evl, Dnm1, Dnm2, Cbl, Synl, Srcinl, Sh3bp2 and Asapl
have all been identified as C-Src interactors. Thus in total, 14 (42 %) of the N1-Src SH3

domain ligands are associated with C-Src through interactions, phosphorylation or both.
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Figure 3.7: GO term pathway analysis and protein-protein interaction networks
from the C- and N1-Src SH3 domain ligands.

The GST-C- and N1-Src SH3 domain ligands were analysed in STRING. The proteins
were searched against Homo Sapiens to generate high confidence interaction networks
derived from ‘experiments’ (dark pink connection) and ‘databases’ (blue connection)
sources. Proteins with sequence homology are also indicated by a light pink connection.
The proteins are annotated with an asterisk (*) for a characterised Src substrate, or
within a box for a characterised Src ligand. A selection of the significantly enriched GO
terms are listed, including the counts from the datasets and the false discovery rate
(FDR). The proteins from the enriched GO terms that are mapped onto the interaction
networks are colour coded. The network and pathway analysis for C-Src is shown in A
and N1-Src in B.
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3.3.9 Preliminary characterisation of the N-Enah splice variant

The poorly characterised N-Enah splice variant was an interesting SH3 domain ligand
due to its preference for the N1-Src SH3 domain over the canonical Enah (Fig.3.5/6).
N-Enah expression peaks in the developing brain from embryonic day 15 (E15) to P1
(Lanier et al. 1999), a period in which axonal migration occurs. Furthermore, N-Enah
was identified as the major tyrosine phosphorylated form of Enah in the developing
brain (Gertler et al. 1996). The putative N1-Src:N-Enah interaction could provide
mechanistic insight into the role of N1-Src in axon elongation (Keenan, et al. 2017;
Worley et al. 1997). Cell-based assays were conducted to investigate the interaction
further.

No commercial N-Enah vectors were available, thus N-Enah was codon optimised for
mammalian cells and cloned into pEGFP-C1, fused to an N-terminal GFP tag. An
N-terminal GFP tag was selected as it has been used successfully in functional assays
fused to canonical Enah (Geese et al. 2002; Balsamo et al. 2016). Firstly, the successful
cellular expression and detection of N-Enah was confirmed. GFP alone and
GFP-N-Enah were transfected into COS7 monkey fibroblast cells, and the cells were
imaged for GFP fluorescence 48 h post-transfection. GFP transfected cells revealed
green fluorescence in the nucleus and throughout the cytoplasm, whereas GFP-N-Enah
formed cytoplasmic puncta in all transfected cells (Fig.3.8A). In order to investigate the
properties of the N-Enah puncta, the transfected COS7 cells were treated with 0.1 %
Triton X-100 for 5 min prior to fixation (Fig.3.8A). Triton is a nonionic surfactant that
permeabilises the plasma membrane and extracts soluble proteins. Thus Triton-insoluble
proteins such as cytoskeletal and associated proteins are retained. The N-Enah puncta
were retained following Triton treatment, suggesting the puncta are insoluble (Fig.3.8A).
Further investigations are required to establish the nature of the N-Enah puncta and
whether they are physiologically relevant.

Western blot analysis of the GFP-N-Enah transfected COS7 cells with an anti-Enah
antibody identified a protein with a molecular weight of approximately 170 kDa, in-line
with the electrophoretic mobility of N-Enah (140 kDa) with a 27 kDa GFP-tag. The
antibody also detected what is likely to be endogenous expression of the 80 kDa
canonical Enah variant (Fig.3.8B).

As described in Chapter 5, N-Enah was identified as an in vitro C- and N1-Src substrate.

Therefore, preliminary experiments were conducted to assess if N-Enah was
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phosphorylated by N1-Src in cells. A rat neuroblastoma cell line (B104) was employed,
which possesses the ability to undergo neuronal differentiation and expresses many
neuronal proteins (Shastry et al. 2001). GFP-N-Enah and NI-Src-FLAG were
co-transfected into B104 cells, and 48 h post-transfection the cells were lysed in
Laemmli sample buffer for Western blot analysis. N1-Src was successfully detected as a
60 kDa band by an anti-FLAG antibody and as observed in Fig.3.8B, the GFP-N-Enah
migrated just above 150 kDa. Upon the co-expression of N-Enah and N1-Src a ~150
kDa phosphotyrosine containing protein was observed in both experimental replicates.
Importantly, it was not present upon the expression of N1-Src or N-Enah alone,
suggesting that it could be tyrosine phosphorylated N-Enah. This represents the first

tentative evidence that N1-Src 1s a N-Enah kinase in cells.
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Figure 3.8: Characterisation of the N-Enah splice variant. A) Expression and
localisation of GFP and GFP-N-Enah in COS7 cells, after 48 h of transfection. The
solubility of the Neuronal-Enah puncta was assessed by incubation with 0.1 % Triton for
5 min prior to fixation. B) Detection of transfected GFP-N-Enah in COS7 cells by
anti-Enah Western blotting. C) B104 cells were co-transfected with N1-Src-FLAG and
GFP-Neuronal Enah. The cells were transfected for 48 h before Laemmli lysis and
analysis by Western blotting.
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3.4 Discussion

The primary aim of this chapter was to compare the C- and N1-Src SH3 domain
interactomes in a neuronal background. The secondary aim was to conduct
bioinformatics analysis on the N1-Src interactome to assess if the proteins could be
potential substrates and shed light on the functions of N1-Src in neurite outgrowth
(Worley et al., 1997), cytoskeletal remodelling (Kotani et al., 2007) and neuronal
differentiation (Cartwright et al., 1987). Overall this study identified 33 N1-Src SH3
domain ligands, 31 of which were novel. Surprisingly, the NI1-Src SH3 domain
interacted with a subset of C-Src ligands as opposed to a unique interactome. In line with
this, the N1-Src SH3 domain ligands were rich in canonical Class I/Il SH3 domain
ligand motifs, suggesting that N1-Src could interact with similar motifs to C-Src.
Furthermore, the N1-Src SH3 domain ligand interactions appeared to be lower affinity,
in line with the literature. To date, N1-Src has no characterised in vivo substrates, thus it
was encouraging to obtain tentative evidence that N1-Src phosphorylates N-Enah in

vivo, alongside the identification of N-Enah as an in vitro substrate in Chapter 5.

Identification of C- and N1-Src SH3 domain ligands via GST-pull downs

In order to identify C- and N1-Src SH3 domain ligands, GST-SH3 domain pull-downs
coupled to LC-MS/MS analysis were utilised as described in the literature (Cheerathodi
et al. 2015; Lettau et al., 2010; Scott et al. 2002). As NI1-Src is a neuronal specific
kinase, it was essential to screen for ligands in a neuronal background. P1 rat brain
homogenate was selected due to N1-Src’s high levels of expression and activity in the P1
mouse brain (Wiestler and Walter 1988), and its developmental functions (Lewis et al.
2017). The C-Src SH3 domain was used for comparative purposes, and as a positive
control. The 176 C-Src SH3 domain ligands enriched for its characterised Class I and 11
ligand motifs (Fig.3.3). Furthermore, 11 % of the ligands were characterised C-Src SH3
domain ligands, and 13 % were characterised C-Src substrates (Fig.3.3). In addition, two
of the previously identified N1-Src SH3 domain ligands, Evl and Dynamin 1, were
identified in the N1-Src SH3 domain pull-downs. Taken together this suggests that the

assay was functioning with specificity.

A caveat of the analysis is that some ligands could be in vitro artefacts which may not
encounter C- or N1-Src in vivo. The C- and NI-Src interaction networks highlight

multiple proteins that are homologous (Fig.3.7). Thus some interactors could share a
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common SH3 domain ligand motif, however not be exposed to Src within the cell.
Therefore follow up studies in cells are essential. In addition, the pull-downs were
conducted in RIPA buffer which contains SDS and sodium deoxycholate. These ionic
detergents enable the extraction of cytoskeletal components, which is important as
N1-Src has been linked to cytoskeletal regulation (Kotani et al. 2007; Keenan et al.
2017), however they can also disrupt low affinity protein-protein interactions. Despite
this, the method was successful in identifying 176 C-Src SH3 domain ligands and 33
N1-Src SH3 domain ligands, in comparison to the 22, 26 and 101 SH3 domain ligands
identified for Nck, Hck and CrkL respectively via similar methodology (Cheerathodi and
Ballif, 2011; Lettau et al., 2010; Scott et al., 2002).

N1-Src SH3 domain ligand specificity

Previous studies demonstrated that the N1-Src SH3 domain had weak or abolished
interactions with C-Src ligands (Reynolds et al., 2008; Messina et al., 2003; Craggs et
al., 2001; Richnau and Aspenstrom, 2001), suggesting that N1-Src may have a unique
interactome. However, this is the first high throughput study to assess the N1-Src SH3
domain ligand specificity on a proteome wide scale. Most striking was that N1-Src had
no unique interactors, and instead its 33 ligands also interacted with the C-Src SH3
domain (Fig.3.4). This suggests that N1-Src may function as a tailored version of C-Src
in neurons. It is logical for C-Src to possess more SH3 domain ligands due to its
ubiquitous expression and broad functions (Section 1.3). However, N1-Src could have
unique SH3 domain ligands that were too low abundance or affinity for detection via
pull-down.

Eleven of the thirty three N1-Src SH3 domain ligands had a significantly increased
interaction with the C-Src SH3 domain (Fig.3.4). Furthermore, Western blotting of the
pull-downs demonstrated that Dynamin I, N-WASP, Nono, Raphl and Sfl all interacted
with N1-Src to a lesser extent than C-Src (Fig.3.5). Thus this data supports the previous
observations that the N1-Src SH3 domain ligand interactions are lower affinity. (Onofri
et al.,, 1997) reported negligible binding of the N1-Src SH3 domain to Synapsin in
comparison to C-Src, and in line with this, Synapsin was a significantly increased
interactor for C-Src (Fig.3.4). It is unknown if the lowered affinity still renders Synapsin
physiologically relevant to N1-Src, and to expand this study the N1-Src SH3 domain

interactions need to be confirmed in vivo by techniques such as immunoprecipitation,
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preferably in a neuronal related cell line. The 33 % of N1-Src SH3 domain ligands that
are characterised C-Src substrates (Fig.3.7B) should also be assessed for in vivo
phosphorylation by N1-Src, as C- and N1-Src possess identical catalytic domains.

Given that N1-Src interacted with a subset of C-Src ligands, it was unsurprising that like
C-Src, the NI-Src SH3 domain ligands enriched for both Class 1 and II motifs
(Fig.3.3A). This suggests that the N1-Src SH3 domain could interact with similar motifs
to C-Src. Indeed, (Teyra et al. 2017) detected binding of the N1-Src SH3 domain to
Class I ligand motifs by phage display. However they also reported the binding of
N1-Src to diverse atypical motifs, and (Keenan et al. 2017) proposed an atypical motif of
+xPxxT/Vx+ for N1-Src derived from phage display and mutagenesis assays. The ligand
motif preference of the N1-Src SH3 domain was therefore further investigated in

Chapter 4.

The three most abundant N1-Src SH3 domain ligands were Dynamin I, Dynamin III and
Enah respectively. The most abundant C-Src ligand was Nono, followed by Dynamin I
and HnrnpK (Table 3.2), the two latter are characterised C-Src SH3 domain ligands and
substrates (Ahn et al. 1999; Cans et al. 2002). The interaction between the C- and
N1-Src SH3 domains and Dynamin I was further investigated in Chapter 4. The
abundance of the SH3 domain ligands is not necessarily reflective of affinity, and is
likely a combination of both affinity and relative expression within the P1 lysates.
Interestingly, N1-Src fails to interact with a number of abundant C-Src ligands such as
HnrnpK and Dpysl2 (Table 3.2). The loss of these interactions could be due to a change
in the ligand consensus motif of N1-Src. As discussed, atypical N1-Src SH3 domain
ligand motifs have been identified by phage display (Keenan et al. 2017; Teyra et al.
2017). However, as N1-Src enriched for ligands containing Class I/II motifs, and
interacted solely with a subset of C-Src ligands, it would be surprising for it to possess a
highly diverse binding motif. Although N1-Src could have additional filtering of C-Src
ligands, for example the Abl SH3 domain was unable to bind a Src SH3 domain peptide
ligand due to steric clashes by its n-Src loop (Feng et al. 1995). Thus the N1-Src
insertion could be involved in steric repulsion. Alternatively, or in conjunction with this,
the overall affinity of the N1-Src SH3 domain could be lowered so that it no longer
interacts with the lowest affinity C-Src ligands. Peptide arrays of the unique C-Src SH3

domain ligands could be used to identify if the specificity is at the level of the amino
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acid sequence. In addition, when applicable techniques such as surface plasmon
resonance or isothermal titration calorimetry could be used to assess if the unique C-Src
ligands are the lowest affinity. The identification of the N1-Src SH3 domain structure
and mechanism of ligand binding is key to understanding its tailored interactome, and

this was further investigated in Chapter 4.

Functional enrichments and protein-protein interactions by the C- and N1-Src SH3
domain ligands

The C- and N1-Src SH3 domain ligands were analysed in STRING in order to generate
protein-protein interaction networks, and to conduct GO term enrichment analysis. The
C-Src¢ network highlights a number of characterised C-Src ligands and substrates
identified by the pull-down (Fig.3.7A). In addition, there were multiple complexes
linked to the functions of Src. For example the Escrt complex is involved in the transport
of Src to focal adhesions (Tu et al. 2010). The SCAR complex regulates the actin
cytoskeleton through the Arp2/3 complex, and is present in dynamic structures including
the lamellipodia. C-Src phosphorylates Wasfl in the SCAR complex, which regulates
both the stability and activation of the complex (Pollitt and Insall 2009).

Surprisingly, nuclear and RNA regulatory proteins complexes were enriched for both C-
and N1-Src including the spliceosome, paraspeckle complex and mRNA cleavage factor
complex. The most prominent complex within the C-Src network is the mRNA
processing/spliceosome complex (Fig.3.7A), which contains two characterised C-Src
substrates, HnrnpK and Sf3b2. The mRNA cleavage factor complex participates in the
3’ processing of mRNA including regulation of polyadenylation and cleavage (Shi et al.
2009). However, there is overlap as the mRNA cleavage factor complex proteins Cspf7
and Nudt21 (Cpsf5) are also associated with Paraspeckles (Naganuma et al. 2012).
Paraspeckles are relatively new to the literature and are defined as ribonucleoprotein
bodies that regulate gene expression by nuclear RNA retention (Bond and Fox 2009).
They have since been associated with RNA regulation at most levels (Knott et al. 2016).
The minimal complex is described as containing Nono, Sfpq, Pspcl and the long
non-coding RNA NEATI (Bond and Fox 2009). Interestingly, all three core Paraspeckle
proteins were identified as C-Src SH3 domain ligands, whereas N1-Src pulled down
Nono and Sfpq (Fig.3.7). Sfpq has been detected outside of the nucleus, in the axons and

growth cones of sensory neurons (Cosker et al. 2016). Sfpq promotes axon survival via
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the regulation of mRNA pools (Cosker et al. 2016), and functions as a coactivator with
the FOX3 protein to enhance neuronal specific alternative splicing (Kim et al. 2011).
Furthermore, in a zebrafish Sfpq mutant, structural brain abnormalities were observed
and some classes of neurons failed to differentiate (Lowery et al. 2007). Similarly, Nono
deficient mice present defects at inhibitory synapses (Mircsof et al. 2015), and upon
NGF induced c-Jun N-terminal kinase (JNK) mediated neuronal differentiation, JNK
interacted with both Sfpq and Nono in an RNA dependent manner (Sury et al. 2015).
Stpq was significantly upregulated in a C-Src phosphoproteomics study (Amanchy et al.
2008), and in vitro phosphorylated by N1-Src (Chapter 5), thus it should be considered
as a potential target for both kinases. Nono was the most abundant C-Src SH3 domain
ligand making up nearly 1 % mol of the sample (Table 3.2). However, there is currently
no functional link between Src and Nono or Sfpq in the literature. Only a few studies
have detected Src in the nucleus, one of which identified nuclear tyrosine
phosphorylation activity (Paladino et al. 2016). Thus is it currently unknown whether
these nuclear and RNA regulatory protein ligands are in vitro artefacts or represent a

physiological role for Src in RNA regulation.

The most enriched GO term for the C-Src SH3 domain ligands was cytoskeletal
organisation, one of its highly cited functions in the literature (Destaing et al. 2008;
Weernink and Rijksen 1995; Tehrani et al. 2007). N1-Src also enriched for the regulation
of actin polymerisation and depolymerisation, neuron projection morphogenesis, and the
actin based structure of the lamellipodia. N1-Src generates a ‘neuronal like” morphology
upon overexpression in fibroblasts (Keenan et al. 2017) and has been associated with the
regulation of microtubule morphology in Purkinje neurons (Kotani et al. 2007) (Section

1.4.4). Thus these ligands are relevant to the characterised functions of N1-Src.

Identification of the N-Enah splice variant as an N1-Sr¢ SH3 domain ligand and
putative substrate

The canonical Enah and Neuronal Enah (N-Enah) splice variants interacted with both the
C- and NI-Src SH3 domains. However, there was differential binding whereby the
N1-Src SH3 domain showed preference for the neuronal variant (Fig.3.5). The lack of
binding by the N1-Src SH3 domain to canonical Enah has previously been observed by
GST-SH3 domain pulldowns (Gertler et al., 1996).
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Enah is an actin-binding cytoskeletal regulatory protein in the Enabled/Vasodilator
stimulated phosphoprotein (Ena/VASP) gene family, also consisting of Vasp and Evl,
both of which also interacted with the C- and N1-Src SH3 domains. As the N-Enah
variant is formed by a 249 residue insert in the Enah proline-rich domain, it's speculated
to have altered interactions with SH3 and WW domain containing proteins (Gertler et al.
1996). Interestingly, the N-Enah insertion contains a Class II motif (Fig.3.6A), whereas
the canonical Enah contains no Class I or I motifs. As the N1-Src SH3 domain ligands
enriched for Class I and II motifs, it is interesting to consider whether this could be the
cause of N1-Src’s preference for N-Enah. This could be investigated via mutagenesis of

the motif in full length N-Enah, or a peptide containing the putative binding site.

Enah has been detected in growth cone filopodia (Lanier et al. 1999), and functions
downstream of axon guidance receptors (Menzies et al. 2004; Lanier et al. 1999). More
recently Enah has been associated with the regulation of mRNA translation in neurons
(Vidaki et al. 2017). N-Enah research has similarities to that of N1-Src in that studies
utilising Enah knockouts, or Enah antibodies in neurons have failed to distinguish
between the isoforms. The few studies on N-Enah have identified that it’s enriched in the
developing nervous system and is present in neurons but not glia. In the embryonic
mouse brain N-Enah expression peaked between E15 and P1, coinciding with rapid
neurite outgrowth and axonal migration. In the adult brain, N-Enah was detected in all
brain regions. Immunocytochemistry identified N-Enah in growth cone filopodia (Lanier
et al. 1999) and its expression in RAT2 fibroblasts induced actin cytoskeletal
remodelling (Gertler et al. 1996). The authors reported enhanced actin remodelling
abilities by N-Enah over the canonical isoform. Interestingly, immunoprecipitation of
Enah from embryos identified only N-Enah as tyrosine phosphorylated (Gertler et al.
1996), however, a responsible kinase was not identified. It is suspected that tyrosine

phosphorylated N-Enah could have a role in axon guidance (Gertler et al. 1996).

Upon overexpression in COS7 cells, GFP-N-Enah formed triton insoluble puncta that
were dispersed throughout the cell (Fig.3.8). It is unclear if the puncta are N-Enah
associating with the actin cytoskeleton or a signalling complex, and this could be
assessed by phalloidin staining. Indeed, other cytoskeletal regulators including N-WASP,
Arp2/3 and Cortactin have been shown to localise at actin-rich puncta (Yu and Machesky

2012). Alternatively, the puncta could be protein aggregates, as overexpression of some

109


https://paperpile.com/c/rGkr9m/wQD7
https://paperpile.com/c/rGkr9m/wQD7
https://paperpile.com/c/n0qoUO/XPbs
https://paperpile.com/c/n0qoUO/jis7
https://paperpile.com/c/n0qoUO/XPbs
https://paperpile.com/c/n0qoUO/3I9z
https://paperpile.com/c/n0qoUO/XPbs
https://paperpile.com/c/n0qoUO/XPbs
https://paperpile.com/c/n0qoUO/DQoh
https://paperpile.com/c/n0qoUO/DQoh
https://paperpile.com/c/n0qoUO/DQoh
https://paperpile.com/c/n0qoUO/DQoh
https://paperpile.com/c/fdjLaQ/DthC
https://paperpile.com/c/fdjLaQ/DthC

proteins has been reported to result in cytoplasmic puncta (Smalley 2005). Thus this
construct requires further characterisation. Interestingly, upon the co-expression of
N1-Src and N-Enah in B104 cells, a prominent phosphotyrosine band at the
electrophoretic mobility of N-Enah was present (Fig.3.8). This suggests that N-Enah
may be tyrosine phosphorylated by N1-Src, or that signalling has been induced resulting
in the phosphorylation of a protein at the same electrophoretic mobility as N-Enah.
However, considering the scale of phosphorylation, and that N-Enah was identified as an
in vitro C- and NI1-Src substrate (Chapter 5), it is likely that of N-Enah. The
phosphorylation could be confirmed following optimisation of N-Enah
immunoprecipitation, as preliminary experiments suggest that upon RIPA lysis a
substantial amount of Enah is lost to the insoluble fraction (data not shown).
Alternatively, mass spectrometry could be used to reveal the in vivo phosphorylation
sites. As phosphorylated N-Enah is suspected to play a role in axon guidance this could
be assayed via morphological analysis upon overexpression and knockdown of N1-Src
in neurons alongside N-Enah phospho-null and -mimetic mutants. In addition, it would
be interesting to assess if C-Src also phosphorylates N-Enah in vivo, and if so, how it

relates to N1-Src.

In vivo implications of a lower affinity SH3 domain

The N1-Src SH3 domain has a weakened intramolecular interaction with the SH2:SH1
regulatory linker (Keenan et al. 2015). This could relieve the SH3 domains negative
regulation and promote auto- and substrate phosphorylation. N1-Src also appears to have
lower affinity intermolecular interactions, however it is unclear how much of an effect
this would have upon the exposure of N1-Src to high local concentrations of cellular
ligands and substrates. The N1-Src SH3 domain could be less likely to participate in
stable interactions, and this could result in a higher substrate turnover. Indeed, peptide
based studies have shown that high affinity substrates compete with and reduce
phosphorylation of low affinity substrates, and with increasing affinity, specific activity
was reduced (Sommese and Sivaramakrishnan 2016). Thus N1-Src could be more
promiscuous, in line with cellular studies that have reported raised substrate
phosphorylation by NI1-Src (Worley et al. 1997; Levy and Brugge 1989). Following
confirmation that N-Enah is phosphorylated by N1-Src, it could provide a means to

assess the regulation of phosphorylation events by C- and N1-Src. For example, N1-Src
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SH3 domain mutants that disrupt ligand binding (Chapter 4) could be used to assess if
the N1-Src SH3 domain is also directing ligand interactions and subsequent substrate

phosphorylation in vivo.
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Chapter 4: Mechanism of ligand binding by the N1-Src SH3 domain

4.1 Introduction

The data in Chapter 3 demonstrated using GST-Src SH3 domain pull-downs in postnatal
day 1 rat brain, that the N1-Src SH3 domain interacted with only a subset of C-Src
ligands, and the interactions appeared to be of reduced affinity. This is consistent with
reports of the N1-Src SH3 domain failing to interact or only weakly interacting with
C-Src SH3 domain ligands (Reynolds et al. 2008; Messina et al. 2003; Craggs et al.
2001; Brown et al. 1998). In contrast to C-Src, N1-Src kinase has high levels of
constitutive auto-phosphorylation (Brugge et al. 1985), and this is suspected to be due to
a weakened interaction between the SH3 domain and the SH2:SH1 negative regulatory
linker (Keenan et al. 2015). Thus, the N1-Src insertion might disrupt both intra- and
intermolecular interactions, tailoring the ligand interactions and activation status of

N1-Srec.

SH3 domain structures have been successfully determined by nuclear magnetic
resonance (NMR) spectroscopy and X-ray crystallography, in both the peptide bound
and unbound forms (Morton et al. 1996; Musacchio et al. 1994; Yu et al. 1992;
Musacchio et al. 1992; Yu et al. 1994). The structure of the C-Src SH3 domain is
described in Section 1.2.3, and a schematic of the peptide-bound C-Src SH3 domain is
shown in Fig.4.1. The C-Src SH3 domain interacts with Class I (+xxPxxP) and Class II
(PxxPx+) ligand motifs via three core pockets. The first pocket is formed by the n-Src
and RT loops, including the residues D99, W118 and Y131 (Feng et al. 1995b). The D99
residue of the RT loop forms a salt bridge with the charged residue flanking the PxxP
motif in the Class I and II ligands. The D99N mutant has reduced affinity for peptide
ligands, and via GST-SH3 domain pull-downs, the C-Src D99N mutant failed to interact
with the majority of ligands, a subset that were retained were referred to as D9IN
independent ligands (Weng et al. 1995). The second and third pockets each bind proline
residues as xP dipeptides. The SH3 domain residues that form these pockets are Y90,
Y92, WI118, Y131, P133 and Y136 (Feng et al. 1994) (Section 1.2.3). As W118
contributes to both the charge binding and xP binding pockets, the WI118A mutant is

used as a means of SH3 domain inactivation (Erpel et al. 1995).
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Peptide: 1-APPLPPRNRPRL-12

Figure 4.1: The solution structure of the C-Src SH3 domain in complex with a Class
IT peptide ligand. The sequence of the 12 mer peptide ligand (blue) is shown and the
peptides interacting residues from the PPLPPR Class II motif P2, P5 and R7 (blue) are
mapped onto the structure. The C-Src SH3 domain (purple) n-Src and RT loops are
labelled, including the interacting residues Y90, Y92, D99, W118, Y131, P133 and
Y136 (pink). PDB:1QWE, drawn using CCP4mg.

As discussed in Section 1.2.3, the mechanism of SH3 domain ligand binding has since
shown to go well beyond this simplified model, including interactions with atypical
ligand motifs that contain only a single proline, or none at all (Kokoszka et al. 2018;
Kang et al. 2000). A recent phage display study found that half of the 115 SH3 domains
analysed had diverse and atypical specificities. The N1-Src SH3 domain was identified
as one of these, as well as binding canonical Class I ligand motifs (Teyra et al. 2017).
Furthermore, a phage display study conducted in our laboratory proposed the atypical
motif of +xPxxT/Vx+ for the N1-Src SH3 domain (Keenan et al. 2017). However,
neither study has validated this atypical interaction beyond phage display.

The ‘specificity zone’ is a region flanked by the SH3 domains n-Src and RT loops,
which makes additional flanking contacts that determine affinity and specificity (Saksela
& Permi 2012). Considering that the n-Src and RT loops are highly variable between
SH3 domains, and that there are also a number of isoforms and SH3 domain splice
variants that occur in these loops, including N1-Src (Tsyba et al. 2008; Gkourtsa et al.
2016; Owen et al. 1998; Kokoszka et al. 2018), it makes sense that this region is

important for controlling binding affinity and specificity.
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NMR spectroscopy can provide a wealth of information on a protein of interest. As
discussed, it has been utilised to determine the structures of SH3 domains, and to
identify peptide binding sites (Yu et al. 1992). It can also be utilised to obtain the K for
an interaction, study the dynamics of a protein, and provide information regarding the
effects of mutations or isoforms/splice variants on the structure/stability of a protein,
which in turn could explain features such as differential binding or loss of interactions.

A simple NMR experiment utilises U-""N labelled protein to acquire a 2D (‘H-""N)
Heteronuclear single quantum coherence spectroscopy (HSQC) spectrum. The spectrum
displays 'H-""N correlations with each cross-peak corresponding to each backbone
residue, with the exception of prolines, and cross-peak(s) are also observed for the side
chains of tryptophan, glutamine, arginine and asparagine residues. The HSQC spectrum
can be considered as the fingerprint of the protein, and the cross-peaks are able to
undergo chemical shift perturbations (CSPs), on a change in the chemical environment
that can be measured accurately. CSPs can occur due to changes in buffer conditions
such as salt and pH, the formation of protein-protein interactions, or mutation in a
protein. CSPs can be observed without the backbone assignment of a protein, however,
the assignment adds power by enabling the region of the protein that is perturbed to be

mapped, if the structure is available (Williamson 2013).

NMR has been utilised to identify the interaction interface of the C-Src SH3 domain
with peptide ligands (Katyal et al. 2013; Yu et al. 1992). The basis of this experiment is
the exchanging system of the protein [P] and ligand [L], which undergo a reversible
reaction of [P]+[L] <=> [PL]. Utilising uniformly "N labelled protein, the protein is
titrated with increasing concentration of ligand, ideally to achieve saturation of
peptide-protein binding, or as close as possible. A HSQC is recorded for each titration
point, while also maintaining constant conditions. Due to the sensitivity of chemical
shift, any real protein-peptide interaction should generate changes that progress in a
ligand concentration-dependent manner, and are classified as fast, slow and intermediate
exchange (Fig.4.2) with respect to the chemical shift timescale. A protein-ligand
interaction generates two distinct states that undergo interconversion: ligand-free (A)
and ligand-bound (B), and the exchange rate (kex) is represented by k(4) + k(B). Fast
exchange (kex > A§®Fee®ound)) g indicative of weaker interactions as the protein-ligand

complex only exists for a fraction of the time taken to record the experiment. As such,
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the cross-peak generated is representative of a weighted average of the free and
complexed species, and the cross-peak shifts across the titration series. Slow exchange
(kex < A§CFreesbomdy oeeyrs for stronger interactions, and results in two cross-peaks at
distinct chemical shifts representing the free and complexed molecule, as throughout the
recording a protein is either free or bound. As the ligand concentration increases, the
bound cross-peak increases in intensity, whilst the unbound decreases. Intermediate
exchange (kex ~ A§©®Free®tound) fa]]s between the two, where the cross-peaks undergo shifts
whilst reducing in intensity, and a cross-peak may reappear upon saturation (Fig.4.2)

(Williamson 2013).

Fast Intermediate Slow

15N

1H

Figure 4.2: Schematic of peak exchange regimes upon ligand interactions.
Cross-peaks can enter slow, fast or intermediate exchange upon ligand interactions. Fast
exchange results in the cross-peak shifting in a concentration-dependent manner.
Intermediate exchange cross-peaks shift in a concentration dependent manner whilst also
reducing in intensity, and a cross-peak may reappear upon saturation. Slow exchange
produces two cross-peaks, and as the ligand concentration increases the bound
cross-peak increases in intensity, whilst the unbound cross-peak reduces.

When a protein undergoes an interaction, the resonance frequency of a given signal
becomes perturbed. The perturbation can be measured accurately by calculating the
chemical shift change of a cross-peak, and this can be applied to all the residues of a
protein. Cross-peaks undergoing a change in chemical shift upon ligand binding are
considered to correspond to either the binding site or nearby residues, or be affected by a
conformational change induced by ligand binding. If the structure of the protein is
known, the residues undergoing CSPs can be mapped to aid interpretation. Furthermore,
by plotting the CSPs of cross-peaks in fast exchange vs the ligand concentration, a
titration curve can be generated to obtain a K, for the interaction (Williamson 2013). As
NMR spectroscopy has successfully yielded SH3 domain structures and peptide binding
sites, and can also provide information regarding affinity, it was selected as an
experimental system to explore the structural and functional properties of the N1-Src

SH3 domain in comparison to C-Src.
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4.2 Aims

The data from Chapter 3 demonstrated that the N1-Src SH3 domain ligands are a subset
of C-Src ligands, and these ligands are enriched in Class I/Il proline rich motifs.
Furthermore, the N1-Src SH3 domain appeared to be of reduced affinity. It is therefore
hypothesised that the N1-Src SH3 domain has a lower affinity than the C-Src SH3
domain, but retains a similar substrate specificity. The aim of this chapter was to address
this hypothesis and to 1) Investigate the N1-Src SH3 domains ligand consensus sequence
by peptide arrays 2) Identify the structural determinants of N1-Src SH3 domain ligand
binding by NMR spectroscopy and binding assays with GST-SH3 domain mutants,

including the function of the N1-Src six residue insertion.
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4.3 Results
4.3.1 Optimisation of peptide arrays for SH3 domain binding assays

The peptide array is an established technique for assessing SH3 domain ligand motifs,
and identifying binding sites within proteins of interest (Rouka et al. 2015; Rufer et al.
2009). Therefore, this approach was adopted to identify the ligand consensus
sequence(s) that bind His-tagged C- and N1-Src SH3 domains. To first optimise the
detection of SH3:peptide interactions, a positive control array containing known C-Src
SH3 domain peptide ligands was utilised (Fig.4.3). The arrays were designed with
15-mer peptides, which were N-terminally acetylated and C-terminally conjugated to the
membrane. The peptides were acetylated to reduce their overall charge and be more
representative of the native protein. The C-Src binding peptides were obtained from
phage display (A1) (Weng et al. 1994), putative binding sites from a surface plasmon
resonance experiment (A3 and AS5) (Solomaha et al., 2005), a peptide competition assay
(A7) (Taylor et al. 1995) and a peptide array (A9) (Sun et al. 2012). In order to confirm
the specificity of binding, negative control peptides were included in which all proline

residues were mutated to alanine (A2/A4/A6/A8/B1; Fig.4.3).

The assay enables the detection of SH3:peptide interactions via anti-His-HRP
immunoreactivity following incubation of the arrays with the His-C- and N1-Src SH3
domains. Firstly, the detection of SH3:peptide interactions was optimised in terms of
SH3 domain concentration, buffer conditions and incubation times. As shown in Table
4.1, reduced stringency conditions were necessary to detect N1-Src binding, as C-Src
peptide binding was detectable at 0.1 pM, whereas NI1-Src binding remained
undetectable at 2 uM, until incubation overnight at 1 uM in PBS. This suggests that the
N1-Src  SH3 domain has lower affinity. Utilising these conditions, firstly an
antibody-only control was conducted to detect any non-specific binding. The membranes
were blocked and incubated with anti-His-HRP for 2 h, and then visualised by
anti-His-HRP Western blotting (Fig.4.3A). Following conformation that there was no
non-specific binding by the antibody, the experiment was then repeated to include the C-
and N1-Src SH3 domains. The peptide array membrane was blocked and then incubated
with the relevant His-SH3 domain (0.5 uM His-C-Src SH3 domain in blocking buffer for
2 h at room temperature and 1 pM His-N1-Src SH3 domain overnight at 4 °C in PBS),
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and bound SH3 domain was detected using anti-His-HRP via Western blotting, as

described for the antibody-only control.

The C-Src SH3 domain bound the peptides A1, A5 and A7 (Fig.4.3). As the peptides Al
and A7 generated white spots, qualitatively these peptides are likely to be higher affinity
ligands, as this occurs due to an excessive signal and rapid consumption of the
chemiluminescent substrate. Surprisingly the N1-Src SH3 domain bound all of the C-Src
peptide ligands (A1, A3, A5, A7, A9), and C- and N1-Src both bound Al, AS, and A7.
The A1 peptide also generated a white spot for N1-Src, suggesting this could also be a
higher affinity ligand (Fig.4.3A). Indeed, the A1l peptide was the only binder detected
upon incubation with N1-Src at 1 pM overnight in blocking buffer (Table 4.1). The
proline-alanine mutant peptides all resulted in loss of binding to the C- and N1-Src SH3
domains, suggesting the observed binding to the experimental peptides was specific
(Fig.4.3B). However, as the arrays were incubated with C- and N1-Src at different
concentrations and buffer conditions, direct comparisons of affinity or ligand preference

cannot be made.
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Table 4.1: The experimental conditions under which the peptide arrays were
conducted in order to optimise peptide binding by the C- and N1-Src SH3 domains

SH3 domain Incubation C-Sre binding N1-Src binding
concentration (UM)
0.1 Blocking buffer-2h Y N
0.3 Blocking buffer- 2h - N
0.5 Blocking buffer-2h Y: Same as 0.1 pM N
plus Enah AS
2 Blocking buffer- 2h - N
1 Blocking buffer- - Y: Only to control
overnight peptide Al
1 PBS-overnight - Y

Figure 4.3: Optimisation of a peptide array assay to identify C- and N1-Src SH3
domain binding motifs. A) Binding of His tagged-C- and N1-Src SH3 domains to
canonical 15-mer C-Src peptide ligands and their proline to alanine mutants. Membranes
were probed with 0.5 uM C-Src SH3 domain for 2 h at room temperature in blocking
buffer or 1 pM N1-Src SH3 domain overnight at 4 °C in PBS (labelled ‘SH3 domain’).
An antibody-only control membrane (labelled ‘Antibody’) was also conducted to detect
non-specific binding. Peptide and non-specific binding was detected via anti-His-HRP
(1:120,000 v/v). B) The peptide sequences (Class I/II) and their proline to alanine
mutants are shown, including the presence or absence of C- and N1-Src SH3 domain
binding.
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4.3.2 Identification of C- and N1-Src SH3 domain ligand motifs

Following the successful optimisation and identification of the C- and N1-Src SH3
domains binding to the control peptides (Fig.4.3), the assay was expanded to identify C-
and N1-Src SH3 domain ligand motifs within the interacting proteins identified in
Chapter 3. The proteins Dynamin I/III, N-WASP and Enah were selected for this
analysis, as the N1-Src SH3 domain directly interacts with the proline rich domain
(PRD) of Dynamin I (Fig.4.5B), and it was the most abundant N1-Src SH3 domain
interactor (Chapter 3). Actin polymerisation was the most enriched GO term for the
N1-Src SH3 domain ligands (Fig.3.7B), therefore the cytoskeletal regulators N-WASP
and Enah were also selected. The proteins all contain PRDs or proline rich regions
(PRR), that often harbour SH3 domain ligands. Therefore, arrays of 15 mer peptides
with an offset of 5 amino acids were generated to span these regions. This relied on the
assumption that N1-Src bound the proline rich domains. However, the preference of
N1-Src for proline was suggested by the control array (Fig.4.3) and the interaction of
N1-Src with the Dynamin I PRD (Fig.4.5). Therefore, a limitation of this assay is that

any atypical or PxxP motifs outside of these domains have been overlooked.

As described in Section 4.3.1, an antibody only control was used to confirm the absence
of non-specific binding by the antibody prior to incubation with the SH3 domains
(Fig.4.4). The arrays were then incubated with 0.5 pM His-tagged C-Src SH3 domain for
2 h in blocking buffer, or 1 uM His-N1-Src SH3 domain overnight at 4 °C in PBS,
followed by visualisation with anti-His-HRP. The C- and N1-Src SH3 domains bound at
least one peptide from each protein, and Dynamin I/III, and N-WASP contained multiple
peptide ligands. The peptides bound by the SH3 domains are underlined in red in the
protein sequences (Fig.4.4), and motifs that were present in multiple bound peptides are
highlighted in bold. Interestingly all of these contained a Class II motif. The C-Src SH3
domain bound peptides corresponding to two regions in the Dynamin I PRD (B4 and
B8), and the N1-Src SH3 domain bound peptides spanning three regions (A8, A9, B4,
B8, B9). The C- and N1-Src SH3 domains both bound the peptides B2, B3, B4 and B8 in
Dynamin III (Fig.4.4A). The binding to N-WASP appeared to be the most differential as
C-Src bound peptides A5 and A6 corresponding to a single site, whereas N1-Src bound
Al, A2, A6 and B3 (Fig.4.4B). It is interesting that N1-Src bound A6 but not A5, and its

possible that it holds some information regarding N1-Src’s ligand preference. However,
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as previously stated, due to the differential concentrations and binding conditions
utilised for C- and N1-Src, peptides should not be categorised as unique to either SH3
domain. C-Src arrays under the same conditions as N1-Src were not attempted due to
technical challenges including high background. Enah was the only protein for which a
single peptide was bound (AS5) by C- and N1-Src (Fig.4.4B). The Enah A5 peptide was
only detected upon increasing the C-Src SH3 concentration from 0.1 to 0.5 uM,
suggesting it’s likely lower affinity (Table 4.1). This is consistent with the peptide
containing no Class I or II motifs. Overall this data mimic Fig.4.3, whereby in many

instances the C- and N1-Src SH3 domains bound the same peptide ligands.
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Figure 4.4: Utilisation of peptide arrays to identify C- and N1-Src SH3 domain
binding motifs within the GST-SH3 domain ligands Dynamin I/III, Enah and
N-WASP. The arrays consist of 15 mer overlapping peptides with an offset of 5 amino
acids from the proline rich domains/regions of Dynamin I/IIl, Enah and N-WASP. The
arrays were incubated with 0.5 uM His-tagged-C-Src SH3 domain for 2 h at room
temperature in blocking buffer or 1 uM N1-Src SH3 domain in PBS overnight at 4 °C. A
control membrane with the antibody alone was used to detect non-specific binding.
SH3:peptide binding was detected via anti-His-HRP at the same concentration
(1:120,000 v/v). A) The protein sequences and 15-mer peptides from Dynamin I and III.
Bound peptides are highlighted in red, and motifs common to overlapping peptides are
highlighted in bold. The His-immunoreactivity is shown for the array alone (antibody)
and the array incubated with SH3 domain. B) The equivalent of A, but for the proteins
N-WASP and Enah.
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4.3.3 The N1-Src SH3 domain bound peptides containing Class I and Class II
motifs

In total the C- and N1-Src SH3 domains bound 10 and 15 peptides, respectively, from
the peptide arrays of their SH3 domain ligands (Fig.4.4). The N1-Src SH3 domain
peptide ligands are shown in Table 4.2 and all Class I and II SH3 domain ligand motifs
within each peptide are highlighted in red. The putative ‘unique’ peptides that were only
bound by the N1-Src SH3 domain are underlined. However, this is only speculative as
the assay was not conducted with the equivalent conditions for the C-Src SH3 domain.

In order to provide insight into the N1-Src SH3 domain ligand consensus, PRATT motif
analysis was used to identify common features in the peptide ligands. This confirmed
that all peptides were proline rich and that 70 % contained a Class II motif (Table 4.3).
The abundance of Class II motifs is in line with the enrichment observed in the N1-Src

SH3 domain ligands in Chapter 3.

In order to demonstrate that the C- and N1-Src SH3 domains were selectively binding
Class I/Il motif containing peptides, the peptides were classified based on their
sequences. In total, the arrays spanning the four proteins contained 77 peptides (Table
4.4). There were 10 peptides that did not contain a PxxP motif, and none of these
peptides were bound. Furthermore, there were 34 peptides that contained a PxxP motif
but no flanking charge, and only one was bound (3 %), which was the Enah A5 peptide.
There were 6 peptides that contained a Class I motif, 17 with a Class II motif, and 10
peptides with both a Class I and II motif, ie. +xxPxxPxx+ or PxxPxRxPxxP (Table 4.4).
C-Src bound 7 (41 %) of the Class II peptides, and N1-Src 9 (52 %), both SH3 domains
bound 1 Class I peptide (17 %), and C-Src bound 10 % of the Class I/Il containing
peptides in comparison to N1-Src’s 40 % (Table 4.4).

As the arrays contained 34 peptides with just a PxxP motif (no flanking charge), and 33
peptides with a Class I and/or II motif, the arrays were not biased, and suggest that the

C- and N1-Src SH3 domains were selecting for Class I/II motifs with specificity.
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Table 4.2: The N1-Src SH3 domain peptide ligands. The Class I and II SH3 domain
motifs with the N1-Src SH3 domain peptide ligands from the proteins Dynamin I, III,
N-WASP and Enah. The peptides underlined are those which were not detected as

binding to the C-Src SH3 domain.

N1-Src

Protein  Peptide Class | motifs Class Il motifs
Dynamin | A8 TPQRRAPAVPPARPG TPQRRAPAVPPARPG
TPQRRAPAVPPARPG
A9 - APAVPPARPGSRGPA
o APAVPPARPGSRGPA
B4 - AGSALGGAPPVPSRP
B5 - GGAPPVPSRPGASPD
B8 = PFGPPPQVPSRPNRA
PFGPPPQVPSRPNRA
B9 PQVPSRPNRAPPGVP PQVPSRPNRAPPGVP
PQVPSRPNRAFPPGVP
Dynamin B2 = PSPGPHSGAPPVPFR
1l
B3 - HSGAPEVPFRPGPLP
B4 PVPFRPGPLPPFPNS -
B8 - APPQVPSRPTRAPPS
APPQVPSRPTRAPPS
N-wasp Al RRQAPPPPPPSRGGP RRQAPFPPPPPSRGGP
A2 PPPPPSRGGPPPPPP PPPPPSRGGPPPPPP
A6 - GPPPPPARGRGAPPP
B3 - SRPSVAVPPPPPNRM
Enah AS n/a n/a

Table 4.3: PRATT motif analysis of the N1-Src SH3 domain peptide ligands. The
motifs that were present in 60-100 % of the 15 N1-Src SH3 domain peptide ligands are

shown.
PRATT motif % of peptides conforming
P-P-x(1,2)-P 100
P-x-[PV]-P-x(0,2)-P 90
P-x-[PV]-P-x(0,2)-P-[AGNPS] 80
P-[PS]-x-P-x-R 70
P-x(0,1)-V-P-x(1,2)-R-P 60

Table 4.4: Categorisation of the peptides presented in the arrays. The types of
peptides (Class I/II, PxxP, no PxxP) presented in the array are categorised, and the

number of each peptide type bound by the C- and N1-Src SH3 domains are shown.

No. of % of peptides No. of % of peptides
peptides bound from peptides bound from
bound by each category bound by  each category

C-Src N1-Src

Class | peptides (n=6) 1 16.7% 1 16.7%
Class Il peptides (n=17) 7 41.2% 9 52.9%
Class I and Il peptides (n=10) 1 10% 4 40%
PxxP peptides (no charge) (n=34) 1 2.9% 1 2.9%
None PxxP peptides (n=10) 0 0% 0 0%
Total peptides =77 N=10 =15
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4.3.4 Differential Dynamin I binding by the C- and N1-Src SH3 domains
It was previously observed that there was differential binding to synaptosomal Dynamin

I by the C- and N1-Src SH3 domains. Whereby N1-Src bound Dynamin I lacking the
p-S774 modification, suggesting the interaction with N1-Src may be regulated by serine
phosphorylation (Abdelhameed 2010). As S774 is dephosphorylated upon synaptic
stimulation (Anggono et al. 2006), it was speculated that this could be a means of linking
the N1-Src:Dynamin I interaction to synaptic vesicle endocytosis regulation. However
this was not confirmed to be causal, and it could be due to another modification/protein
interaction occurring alongside the loss of p-S774. Whilst attempts were made to isolate
the N1-Src SH3 domain binding site using a variety of Dynamin I PRD mutants, the data
was inconclusive as multiple sites significantly reduced binding (Abdelhameed 2010)
(Section 1.4.6).

To confirm this observation, GST-Src SH3 domain pull-downs were conducted with the
C- and N1-Src SH3 domains in synaptosome lysate. The pull-down eluates were
analysed by Western blotting for total Dynamin I and Dynamin I p-S774. Dynamin did
not bind to the GST-only control, and bound both the GST-C- and N1-Src SH3 domains
with specificity (Fig.4.5A). Densitometry analysis was conducted on the Dynamin I and
Dynamin I p-S774 Western blots for the triplicate replicates, and the ratio of p-S744 Dyn
I:Total Dynl was calculated. The C- and NI1-Src ratios were then analysed by T-test
revealing a significant reduction (p < 0.01) in the ratio of p-S744 Dyn [:Dynl for the
N1-Src SH3 domain, thus corresponding to a reduction in N1-Src binding to p-S774
Dynamin I (Fig.4.5A).

In addition, the direct interaction between the N1-Src SH3 domain and Dynamin I was
demonstrated by GST-pull-downs with purified His-tagged N1-Src SH3 domain and
GST-tagged Dynamin I proline rich domain. As a control for non-specific binding the
His-tagged N1-Src SH3 domain was incubated with the equivalent concentration of
GST-only (Fig.4.5B). Confirmation of the direct interaction supports the identification of
N1-Src SH3 domain peptide ligands in the Dynamin I peptide array (Fig.4.4A).

The protein sequence of the Dynamin I PRD, including the serine phosphorylation sites
of S774, S778 and S857 that are de-phosphorylated by synaptic activity (Anggono et al.
2006; Xie et al. 2012) are shown in Fig.4.5B. The Class I and II SH3 domain ligand
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motifs that were identified in the Dynamin I peptide arrays with the C- and N1-Src SH3
domains (Fig.4.4A) are also mapped onto the sequence (Fig.4.5B).
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Figure 4.5: The C- and N1-Src SH3 domains differentially interact with full length
synaptosomal dynamin I and the interaction can be specifically isolated to the
dynamin I proline rich domain. A) Pull down of full length synaptosomal Dynamin I
by 12.5 uM of GST, and GST-tagged C- and NI-Src SH3 domains. A 12.5 %
SDS-PAGE Coomassie stained loading control is shown. Densitometry of the Dynamin
1 and Dynamin I p-S774 Western blots was used to calculate the average ratio of
Dynamin I p-S774/Dynamin I in the C- and N1-Src SH3 domain pull downs. The n=3
experiments were statistically analysed by T-test, and the asterisk indicates significance
at p < 0.01. The error bars show the SEM. B) Pull down of His-N1-Src SH3 domain by
GST-Dynamin I proline rich domain. A 12.5 % SDS-PAGE Coomassie stained loading
control is shown. The sequence of the Dynamin I proline rich domain (750-864) is
shown, including the serine phosphorylation sites (774, 778 and 857) that are
de-phosphorylated by synaptic activity. The C- and N1-Src SH3 domain Class I/I
peptide ligand motifs that were identified via peptide array of the Dynamin I PRD are
shown on the sequence in red and green.
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4.3.5 NMR assignment of the N1-Src SH3 domain backbone

The triple resonance backbone resonance assignment of the N1-Src SH3 domain was
conducted using 3D HNCACB, CBCA(CO)NH, HNCO and HNCACO spectra collected
by the Potts lab using a double labelled N1-Src SH3 domain in 20 mM sodium
phosphate, 100 mM sodium chloride pH 6.

The assignment was conducted using CCPN software, and the entire backbone of the
N1-Src SH3 domain was assigned (Fig.4.6) with the exception of proline residues, as
they do not produce a cross-peak in the 2D ('H-'"N) HSQC spectrum. The 'H-"N
chemical shift assignment of the N1-Src SH3 domain is included in Appendix 3. The
N1-Src SH3 domain side chains were not assigned, however the 18 cross-peaks from the
two tryptophans, three glutamines, three asparagines and four arginines are observable in
the bottom left, top right and centre right of the HSQC spectrum, respectively. The six
residues of the N1-Src insertion (RKVDVR) were identified centrally on the spectrum
and are shown in red (Fig.4.6). The 102F and 129T cross-peaks occur at the same

chemical shift and therefore overlap.

A schematic of the assignment process is shown in Fig.4.6. The 3D HNCACB spectrum
correlates each NH group to the Ca and CP of the residue itself (referred to as 1) and the
Ca and CP of the preceding residue (referred to a i-1). Whereas the CBCA(CO)NH
spectrum correlates each NH group to the Ca and CP of only the preceding residue. The
spectra can therefore be superimposed to identify sequential and intra residue
correlations, which enables the spin systems of individual residues to be linked

sequentially, and then mapped onto the protein sequence (Section 2.11.2).
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Figure 4.6: Triple resonance backbone assignment of the N1-Src SH3 domain. A)
The protein sequence of the N1-Src SH3 domain is shown alongside its assignment onto
a 2D (‘H-"N) HSQC spectrum. The N1-Src insert (RKVDVR) is highlighted in red. B)
The assignment theory via the Ca and CP chemical shifts from the superimposed
HNCACB and CBCACONH spectra is shown for the six residue N1-Src insertion

(R1ins-R6ins).
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4.3.6 Chemical shift perturbations between the C- and N1-Src SH3 domains

The C- and N1-Src SH3 domains (~ 9 kDa) were expressed as [U-""N] labelled (Section
2.4.2) in 20 mM sodium phosphate, 100 mM sodium chloride pH 6.

The C-Src SH3 domain cross-peaks were assigned using previously published data
(BMRB:3433) and the N1-Src SH3 domain via the manual assignment in Section 4.3.5.

The Schreiber lab C-Src SH3 domain construct terminated at 140S. Therefore, the 2D
C-Src cross-peaks 141D-147E are only tentatively assigned based on being present at the
same shift as the N1-Src SH3 domain. The 2D "N-TOCSY spectrum correlates each NH
group to hydrogen atoms in the residue’s side chain, and this can aid in assigning amino
acid types. The C-Src SH3 domain "N-TOCSY spectrum also supported the tentative
assignment of 141D-147E (data not shown). The only discrepancy with the C-Src SH3
domain assignment was the 140S cross-peak, as it occurred at the same shift as N1-Src
1431. The C-Src TOCSY spectrum confirmed the cross-peak was not a serine and was
probably C-Src 1431. This likely occurred due to 140S being the C-terminal residue in
the Schreiber construct. As the C-Src 140S cross-peak could not be identified, and the
residues 141D-147E were only tentatively assigned, analysis was not conducted beyond

139P.

In order to compare the C- and NI1-Src SH3 domains, their HSQC spectra were
superimposed (Fig.4.7), and the hydrogen (‘H) and nitrogen ('°N) shift differences for
each amino acid from 81G-139P were calculated (excluding prolines) in CCPN analysis
software. Residues 141-147 were not analysed due to their tentative assignment for
C-Src, however these cross-peaks were not shifted. The chemical shift perturbation
between each amino acid of the C- and N1-Src SH3 domains was calculated via the
formula: AS = (ASH? + (ASN/5)?)”, and are displayed graphically (Fig.4.7). The largest
CSPs occur for the residues 112N and 118W (1 ppm), that flank the N1-Src insertion
(R1lins-R6ins). In addition, the n-Src loop and flanking residues 113N, 114T, 116G,
117D and 119W were perturbed (> 0.4 ppm). The third largest CSP was observed in the
RT loop residue R95 (0.61 ppm), and 96T, 97E (0.48 ppm), 98T, 99D and 100L of the
RT loop were also perturbed. Thus the N1-Src insertion has altered the local chemical
environment of the n-Src loop, but also that of the RT loop, both of which are important

for ligand binding.
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Figure 4.7: Comparison of the HSQC spectra of the unbound C- and N1-Src SH3
domains. Superimposed 2D ('H-""N) HSQC spectra of the C- (blue) and N1-Src (pink)
SH3 domains. The N1-Src SH3 domain backbone residues were manually assigned via
triple resonance spectra and the C-Src SH3 domain assignment was obtained from
BMRB:3433. The graph shows the chemical shift perturbations (ppm) of each SH3
domain residue from 81G-139P with the exception of prolines, calculated by the formula
AS = (ASH? + (A8N/5)*)"*. The residues spanning the SH3 domain RT and n-Src loops
are shown, including the location of the N1-Src insertion which is highlighted in red.
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4.3.7 The interaction of the C-Src and N1-Src SH3 domains with a Dynamin 1
peptide ligand

NMR spectroscopy was utilised to compare the mechanism of peptide ligand binding by
the C- and N1-Src SH3 domains. The Dynamin I B8 peptide from the peptide arrays
(Section 4.2.2) was selected as it bound both the C- and N1-Src SH3 domains, and was
of interest due to the differential Dynamin I interactions by the C- and N1-Src SH3
domains (Section 4.2.4). The 15-mer peptide (PFGPPPQVPSRPNRA) contains two

canonical Class II (PxxPx+) SH3 domain ligand motifs.

The U-"N labelled C- and N1-Src SH3 domains were expressed and purified as
described in Section 4.3.6. The lyophilised Dynamin I B8 peptide was resuspended to
achieve the N1-Src SH3 (185 puM):peptide molar concentration ratios of 1:0.25 to 1:24,
and C-Src SH3 domain (150 uM) 1:0.1 to 1:4. A HSQC spectrum was acquired for the
C- and N1-Src SH3 domains in the absence of peptide, and then for each subsequent
peptide titration. The HSQC spectra of the unbound SH3 domains and following each
peptide ligand titration were superimposed and analysed using CCPN software. As
described in Section 4.3.6 the formula AS = (ASH* + (A3N/5)*)" was used to calculate

the CSPs of the SH3 domain residues at each titration against the no peptide control.

The C-Src SH3 domain peptide ligand titrations are shown in Fig 4.8. The HSQC
spectrum demonstrates that a number of cross-peaks are not affected by peptide ligand
binding, serving as an internal control. However, some cross-peaks enter fast exchange,
as they shift in a ligand concentration dependent manner without a reduction in intensity,
thus indicating a weak interaction between the C-Src SH3 domain and peptide ligand.
The 95R cross-peak from the RT loop, and the side chain cross-peak from 118W, that
flanks the n-Src loop, did not have a detectable cross-peak after the first peptide titration,
suggesting that these residues entered intermediate exchange. The graph shows the CSPs
of the C-Src SH3 domain residues 81G-139P at the SH3:peptide titration ratio of 1:4
against the ‘no peptide’ control. The C-Src SH3 domain RT loop residues (89L-106E)
and n-Src loop residues (113N-117D) are highlighted on the sequence (Fig.4.8). Overall,
CSPs occur in three regions of the C-Src SH3 domain, the RT loop, n-Src loop and
C-terminus. The largest CSPs occur in the RT loop residues 97E (0.5 ppm) and 100L
(0.32 ppm). The flanking residues 96T, 98T and 99D were also perturbed ( > 0.16 ppm).

As R95 entered intermediate exchange at the first peptide titration, the CSP could not be
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measured and this is indicated by an asterisk. The third largest CSP was 114T (0.31
ppm) of the n-Src loop, and the flanking residues 116G, 118W and 119W were also
perturbed ( > 0.18 ppm). The C-terminal 131Y, 1321 and 134S were also perturbed ( >
0.13 ppm), and this is consistent with the characterised ligand binding site (Feng et al.
1995b). For example, D99 of the RT loop forms a salt bridge with the charged residue in
Class I/IT ligands, and W118 that flanks the n-Src loop contributes to the D99 charge
binding pocket and also one of the proline binding pockets. The C-terminal CSPs
surround Y131 and P133 which also contribute to the proline binding pockets (Feng et
al. 1994; Feng et al. 1995) (Section 1.2.3).

The equivalent experiment for the N1-Src SH3 domain is shown in Fig.4.9. The HSQC
spectrum demonstrates that some cross-peaks enter fast exchange, confirming that the
N1-Src SH3 domain also weakly interacts with the Dynamin I peptide ligand. The graph
shows the CSPs of the N1-Src SH3 domains residues 81G-147E at the SH3:peptide
titration ratio of 1:14 against the no peptide control. Overall, the CSPs dominate the
n-Src loop and C-terminal region. The largest perturbations occur for 118W (0.32 ppm)
and 112N (0.25 ppm) that flank the N1-Src insertion. Interestingly, these are also the two
most perturbed residues between the unbound C- and N1-Src SH3 domains (Fig.4.7),
suggesting that the N1-Src insertion has modulated the chemical environment of residues
involved in peptide ligand binding. The following most perturbed residues are Rlins,
V3ins, D4ins, 116G, and 117D (0.21-0.25 ppm) of the n-Src loop. Interestingly, Rlins,
V3ins, and D4ins are three of the residues of the N1-Src insertion. 2D (‘H-""N) HSQC
sub-spectra are shown for the six residue N1-Src insertion, demonstrating that all the
residues (R1ins-R6ins) undergo fast exchange shifts in a concentration-dependent
manner (Fig.4.9). The C-terminal 134S was also perturbed (0.2 ppm), but strikingly,

minimal perturbations were observed in the N1-Src SH3 domain RT loop.
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Figure 4.8: Interaction of the C-Src SH3 domain with the Dynamin I B8 peptide
(PFGPPPQVPSRPNRA). The superimposed HSQC spectra are shown for the unbound
C-Src SH3 domain (1:0) and at the SH3:peptide concentration ratios of 1:0.1, 1:0.25,
1:0.5, 1:0.75, 1:1, 1:1.5, 1:2 and 1:4 via colour coding. The graph shows the CSPs (ppm)
of each SH3 domain residue at the SH3:peptide ligand titration of 1:4. The residues
spanning the SH3 domain RT and n-Src loops are shown.
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(PFGPPPQVPSRPNRA). The superimposed HSQC spectra are shown for the unbound
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(ppm) of each SH3 domain residue at the SH3:peptide ligand titration of 1:14. The
N1-Src insertion is highlighted in red and the residues of the RT and n-Src loops are also
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4.3.8 Comparison of the mechanism of peptide ligand binding by the C- and N1-Src
SH3 domains

The chemical shift perturbations of the C- and N1-Src SH3 domains upon Dynamin I
peptide ligand binding were analysed in Section 4.3.7. Whilst the C-Src SH3 domains
CSPs were largely in the RT- and n-Src loops (Fig.4.8), the N1-Src SH3 domains CSPs
largely occured in the n-Src loop, with minimal shifts in the RT loop (Fig.4.9). For ease
of comparison, the CSPs of the C- and N1-Src SH3 domain residues 81G-139P at the
SH3:peptide ratios of 1:4 and 1:14 respectively, are plotted against each other
(Fig.4.10A). The C-Src SH3 domain R95 cross-peak entered intermediate exchange
which is indicated by an asterisk, and the N1-Src SH3 domain insertion residues
(R1ins-R6ins) are shown in red. The graph clearly highlights the differential binding by
the SH3 domain RT loops in terms of both the magnitude of CSPs, and relatively to the
rest of the SH3 domain. In contrast, more comparable shifts are observed in the n-Src

loops and C-terminal region (Fig.4.10A).

The SH3:peptide ligand titrations can also be used to obtain the equilibrium dissociation
constant (K,) of the interaction. The K is defined as the concentration of ligand required
to achieve 50 % saturation, and because the experiment assays an exchanging system
that can be brought to saturation, the K, can be obtained by plotting titration curves that
display an individual fast exchange cross-peaks CSPs as a function of peptide ligand
concentration. The CSPs of the 119W cross-peaks from the C- and N1-Src SH3 domain
peptide ligand titrations were used to generate titration curves (Fig.4.10B). However, as
the titrations did not reach saturation an exact K, cannot be obtained. Assuming 1:1
max— 0-36-0.43;
95% CI) to be approximately 4.5 fold smaller than that of N1-Src (1361-2096 uM; d__ =

max

binding, saturation curve fitting estimates the K, of C-Src (306-436 uM; 6

0.27-0.32 95% CI). In addition, the titration curves support the comparison of the C- and
N1-Src SH3 domain CSPs at the SH3:peptide ratios of 1:4 (600 uM peptide) and 1:14
(2500 puM peptide) respectively (Fig.4.10A), as the SH3 domains are comparable in
terms of saturation. Thus, direct comparisons can be made between the magnitude of

shifts unlike those at highly different saturation states.

The relative CSPs of the N1-Src SH3 domain upon peptide ligand binding were mapped
onto the C-Src SH3 domain solution structure (PDB:1QWE) via colour coding (second

and third image), and onto a putative model of the N1-Src SH3 domain (first image)
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produced by Dr G.J.O Evans (Fig.4.10C). This further highlights the minimal change to
the N1-Src SH3 domain RT loop upon ligand binding.
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Figure 4.10: Comparison of the chemical shift perturbations and affinity of the C-
and N1-Src SH3 domains upon peptide ligand binding. A) The CSPs of the C- and
N1-Src SH3 domain residues (81G-139P) at the peptide ligand ratios of 1:4 and 1:14
respectively. The R95 residue that entered intermediate exchange in C-Src is indicated
with an asterisk (*). The location of the RT and n-Src loops within the SH3 domain
sequence are indicated, and the residues of the N1-Src insert (RKVDVR) are highlighted
in red. B) The chemical shift perturbation (ppm) of the fast exchange cross-peak 119W
against peptide ligand concentration (uM) for the C- and N1-Src SH3 domains. C) The
relative chemical shift perturbations of the N1-Src SH3 domain upon peptide ligand
binding are colour coded by magnitude onto a putative structure of the N1-Src SH3
domain (first), and the characterised solution structure of the C-Src SH3 domain (second
and third) PDB:1QWE. The largest CSPs are indicated in dark red, and the smallest in
dark blue.
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4.3.9 The chemical environment of the N1-Src SH3 domain RT loop resembles that
of the C-Src SH3 domain upon ligand binding

The CSP profile of the C-Src SH3 domain RT loop upon peptide ligand binding (Fig.4.8)
resembled the difference observed between the unbound C- and N1-Src SH3 domains
(Fig.4.7). The CSPs of the RT loop residues (89L-106E) from both experiments are
plotted together in Fig.4.11. The CSPs for 95R cannot be compared as this cross-peak
entered intermediate exchange upon the first peptide titration (Fig.4.8). The graph
demonstrates that both the relative CSPs of the RT loop residues, and the magnitude of
the shifts are highly comparable. As the C-Src SH3 domain was approaching saturation
at the peptide titration ratio of 1:4 (Fig.4.10), the CSPs of the cross-peaks are

representative of the unbound N1-Src SH3 domain.

Whilst the similar CSP profiles are compelling, they do not hold much meaning without
assessing the chemical environment of the cross-peaks. Superimposed 2D ('H-""N)
HSQC sub-spectra highlight the RT loop residues R95-L100 (Fig.4.11). The spectra
contain the unbound C-Src SH3 domain, the eight C-Src SH3 domain peptide ligand
titrations (1:0.1 to 1:4), and the unbound N1-Src SH3 domain, labelled as *-N1’ for each
cross-peak. The spectra clearly demonstrate that upon peptide ligand binding the C-Src
SH3 domain RT loop cross-peaks 96T-100L undergo concentration-dependent shifts
towards the chemical shift of the equivalent N1-Src SH3 cross-peaks in spectra of the
unbound domain. This could not be demonstrated for R95 as the cross-peak entered

intermediate exchange (Fig.4.8).

Taken together, this data suggests that upon peptide ligand binding, the C-Src SH3
domain RT loop enters a chemical environment similar to that of the unbound N1-Src
SH3 domain. Thus the NI1-Src insertion appears to modulate the RT loop so that it
adopts a constitutively ‘bound’ conformation. The high degree of similarity between the
unbound N1-Src SH3 domain, and the peptide bound C-Src SH3 domain, could also
explain why the N1-Src SH3 domain RT loop underwent minimal CSPs upon peptide
ligand binding (Fig.4.9).
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Figure 4.11: The interaction of the C-Src SH3 domain with the Dynamin I B8
peptide ligand results in the RT loop residues adopting a chemical environment
similar to that of the unbound N1-Src SH3 domain. The HSQC sub-spectra show the
C-Src SH3 domain RT loop residues 95R, 96T, 97E, 98T, 99D and 100L at the
SH3:peptide titration ratios of 1:0, 1:0.1, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.5, 1:2 and 1:4.
The equivalent unbound N1-Src SH3 domain cross-peaks are shown in dark blue, and
are labelled ‘-N1°. The graph shows the CSPs (ppm) of the Src SH3 domain RT loop
residues (89L-106E) at the C-Src SH3:peptide titration of 1:4 (blue) in comparison to
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4.3.10 The N1-Src SH3 domain mutant R1linsA results in the loss of the RT loop
bound environment

The unbound N1-Src SH3 domain RT loop adopts a chemical environment similar to
that of the ligand-bound C-Src SH3 domain RT loop (Fig.4.11). Therefore, alanine
mutagenesis of the N1-Src insertion was used to assess how it modulates the RT loop.
U-"N labelled N1-Src SH3 domain mutants R1insA, D4insA and R6insA (RKVDVR)
were expressed and purified as described in Section 4.3.6. These mutants were selected
as the arginine residues are evolutionarily conserved in vertebrates, and the aspartate
residue also shows high levels of conservation (Section 1.4.2).

The HSQC spectra of the three mutants were superimposed with the wild-type N1-Src
SH3 domain spectra. The protein sequence of the N1-Src SH3 domain is shown for all
three mutants, including the mutated residue (red, underlined and bold) and the N1-Src
insertion cross-peaks (Rlins-R6ins) which are highlighted in red on the spectra.
Unfortunately, due to the crowded central regions of the spectra, it was not possible to
confidently track cross-peak movement, and as such the CSPs of the individual residues
could not be measured. Therefore, as preliminary analysis CSPs are only reported
qualitatively.

The RlinsA and D4insA mutant spectra are shown in Fig.4.12. The majority of
cross-peaks occur at the same chemical shift as the wild-type N1-Src SH3 domain.
However, there are cross-peaks that have undergone CSPs, in addition to the mutated
residues. The CSPs seem to occur mainly in the n-Src loop and flanking regions, thus the
effects appear to be local.

The R6insA mutant (Fig.4.13) results in a large CSP in one of the tryptophan side chains
(bottom left). In addition to residues in the n-Src loop and flanking region showing
perturbations, the RT loop residues 93E, 95R, 96T, 97E, 98T, 99D and 100L all
underwent CSPs. The new position of the cross-peaks cannot be confirmed in this
experiment, however, it is unlikely to be coincidental that these cross-peaks were all
perturbed between the unbound C- and N1-Src SH3 domains (Fig.4.7), and have
undergone CSPs in the R6insA mutant towards the position of those of the C-Src SH3
domain. This is illustrated by the HSQC sub-spectra of the RT loop residues (93E-100L),
containing the wild-type C- and NI1-Src SH3 domains, and the R6insA mutant

(Fig.4.13). Thus this data provides strong preliminary evidence that R6ins of the N1-Src
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insert is responsible for inducing the ‘bound’ chemical environment of the N1-Src SH3

domain RT loop (Fig.4.11).
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Figure 4.12: Comparison of the chemical environments of the N1-Src SH3 domain
and the RlinsA and D4insA insertion mutants. Superimposed HSQC spectra of the
N1-Src SH3 domain (red) and alanine mutants (blue) R1insA (first panel) and D4insA
(second panel). The sequence of the N1-Src SH3 domain is shown, including the
locations of the mutations (red, underlined and bold). The six residue N1-Src insert
(R1ins-6ins) is highlighted in red on the spectra.
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Figure 4.13: The N1-Src SH3 domain insertion mutant R6insA results in the loss of
the RT loop ‘bound’ environment. Superimposed HSQC spectra of the N1-Src SH3
domain (red) and R6insA alanine mutant (blue). The sequence of the N1-Src SH3
domain is shown, including the location of the mutation (red, underlined and bold). The
six residue N1-Src insert (Rlins-R6ins) is highlighted in red on the spectra. The
superimposed HSQC sub-spectra show the RT loop residues 93E, 95R, 96T, 97E, 98T,
99D and 100L, for the wild-type C- (green) and N1-Src (red) SH3 domains and the
N1-Src R6insA mutant (blue).
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4.3.11 The role of the N1-Src SH3 domain insertion in Dynamin I binding

The NI1-Src insertion perturbs the local chemical environment of the n-Src loop
(Fig.4.7), and upon Dynamin I peptide ligand binding, the N1-Src insertion residues
underwent some of the largest CSPs (Fig.4.9), suggesting that they could be directly
involved in ligand binding, or were in close proximity to the interaction interface.
Therefore, the role of the N1-Src SH3 domain insert (RKVDVR) in ligand binding was
further assessed via alanine scanning mutagenesis.

The NI1-Src SH3 domain alanine mutants were N-terminally GST-tagged and
immobilised on glutathione agarose resin for utilisation in pull-downs as described in
Chapter 3. The binding to the C- and NI-Src SH3 domain ligand Dynamin I was
assessed by 5 uM GST and GST- SH3 domain pull-downs from 500 pg of adult rat brain
synaptosome. The binding was assessed via an anti-Dynamin [ Western blot (Fig.4.14A).
This includes the GST control for non-specific binding, the GST-C-Src SH3 domain as a
positive control, the wild-type N1-Src SH3 domain, and the N1-Src SH3 domain
insertion alanine mutants R1insA, K2insA, V3insA, D4insA, V5insA and R6insA. A
Coomassie stained SDS-PAGE gel loading control is also shown.

The assay was conducted in triplicate, and the extent of Dynamin I binding for each
mutant was quantified by densitometry analysis of the Western blot. In order to
normalise the extent of Dynamin I binding to the amount of each SH3 domain mutant,
densitometry analysis of the Coomassie stained SDS-PAGE gel loading control was also
conducted. The wild-type N1-Src SH3 domain was set as the standard, and the Dynamin
I binding by each mutant was expressed as percentage of the wild-type N1-Src SH3
domain (Fig.4.14B). The data was analysed by One-way ANOVA, which revealed that
Dynamin I binding was significantly reduced for the V5insA (p < 0.05) and R6insA
mutants (p < 0.01) to the wild-type N1-Src SH3 domain. The HSQC spectrum of the
R6insA mutant revealed that it induced the ‘bound’ chemical environment of the N1-Src
SH3 domain RT loop (Fig.4.13), thus it was interesting that this mutant also significantly

reduced ligand binding.
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Figure 4.14: Dynamin I binding is significantly reduced by the N1-Src SH3 domain
insertion alanine mutants VS5insA and R6insA. A) GST-SH3 domain pull-down of
Dynamin I from 500 pg of adult rat brain synaptosomes by 5 uM GST, GST-C- and
N1-Src SH3 domains and the N1-Src insertion alanine mutants R1insA-R6insA. The
samples were resolved on a 12.5 % SDS-PAGE gel and subjected to Western blotting
with anti-Dynamin 1. A 12.5 % Coomassie stained SDS-PAGE gel loading control is
shown. B) Densitometry was used to normalise the Dynamin I Western blot to the
SDS-PAGE loading control, and average Dynamin I bound as a percentage of the
wild-type N1-Src SH3 domain is shown. The experiment was performed 3 times and
statistical significance was assessed by one way ANOVA (*p < 0.05; **p <0.01). Error
bars show the SEM.
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4.3.12 The role of the C- and N1-Src SH3 domains RT loop in ligand binding

The unbound N1-Src SH3 domain RT loop adopts a chemical environment similar to
that of the ligand bound C-Src SH3 domain RT loop (Fig 4.11). However, the role of the
N1-Src SH3 domain RT loop in ligand binding remains unclear, as it underwent minimal
CSPs upon peptide ligand binding (Fig 4.9), which is speculated to be due to it already
been present in the ‘bound’ conformation. The C-Src SH3 domain RT loop residue D99
forms a salt bridge with the charged residue flanking the Class I/Il SH3 domain ligand
motifs (Feng et al. 1995b). The C-Src SH3 domain D99N mutant abolishes the majority
of interactions, and only a small subset are retained that are referred to as D99
independent ligands (Weng et al. 1995). The C- and N1-Src SH3 domains both
interacted with Class I and II motif containing peptide ligands (Table 4.2/4), and the
C-Src SH3 domain D99 residue underwent CSPs upon peptide ligand binding (Fig.4.8).
Therefore the D99N mutation was selected in order to assay the role of the RT loop in
ligand binding, and to identify D99 dependent and independent C- and N1-Src SH3
domain ligands. As a positive control the conserved tryptophan W118 was mutated to

alanine as this abolishes SH3 domain ligand binding (Erpel et al. 1995).

The C- and N1-Src SH3 domain mutants were expressed N-terminally GST-tagged and
were immobilised on glutathione agarose resin in order to conduct pull-downs in
postnatal day 1 rat brain lysate. The pull-downs were conducted with 7 uM GST and the
GST-C- and N1-Src SH3 domain mutants in 1 mg of postnatal day 1 rat brain
homogenate. The pull-down eluates were subjected to Western blotting for a number of
the identified C- and N1-Src SH3 domain ligands including Dynamin I, N-WASP, Nono
and Neuronal Enah (Chapter 3). As described in Section 4.3.11, the assays were
conducted in triplicate and densitometry of the Western blots and Coomassie stained
SDS-PAGE loading controls was used to normalise ligand binding as quantified by
Western blot, to the amount of SH3 domain present.

The wild type C- and N1-Src SH3 domains were set as standards, and the ligand binding
of the SH3 domain mutants was expressed as an average percentage of the wild-type
(Fig.4.15). The data was analysed by T-test, which revealed that the C-Src D99N mutant
significantly reduced binding to Dynamin I (p < 0.05) (Fig.4.15A). This could suggest
that the C-Src SH3 domains interactions with Neuronal Enah, Nono and N-WASP are

‘D99 independent’. Indeed, Nono does not contain any Class I/Il SH3 domain ligand
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motifs. The D99N N1-Src SH3 domain mutant significantly reduced binding to
Dynamin I, Neuronal Enah (p < 0.01) and N-WASP (p < 0.05) (Fig.4.15B), and the
NI1-Src SH3 domain WI118A mutant significantly reduced binding to all four ligands
assayed in comparison to the wild-type N1-Src SH3 domain (p <0.01) (Fig 4.15B).
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Figure 4.15: The D9IN C- and N1-Src¢ SH3 domain mutation modulates ligand
binding. GST pull-downs were conducted with 7 uM GST, wild-type GST-C- and
N1-Src SH3 domains, and the GST-SH3 domain mutants D99N and W118A in 1 mg of
postnatal day 1 rat brain homogenate. The samples were resolved by SDS-PAGE and
subjected to Western blotting for Dynamin I, Neuronal Enah, N-WASP and Nono. A
Coomassie stained 12.5 % SDS-PAGE gel loading control is also shown. Densitometry
was utilised to quantify the extent of ligand binding via Western blot, and normalise it to
the amount of SH3 domain present via densitometry analysis of the SDS-PAGE gels.
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The average ligand bound for each mutant is expressed as a percentage of the wild-type
SH3 domain. The experiment was performed 3 times and statistical significance was
assessed by T-test (*p < 0.05). Error bars show the SEM.

4.4 Discussion

The aims of this chapter were to 1) determine the ligand consensus motif of the N1-Src
SH3 domain 2) compare the mechanism of ligand binding by the C- and N1-Src SH3
domains and 3) assess the structure-function determinants of the six residue N1-Src
insertion. The N1-Src SH3 domain appears to show preference for canonical Class I/I
SH3 domain ligand motifs. However, interestingly, the C- and N1-Src SH3 domains
presented differential ligand binding profiles. In particular, the N1-Src SH3 domain RT
loop failed to undergo CSPs upon peptide ligand binding and this is believed to be due to
a conserved arginine of the N1-Src insertion causing the RT loop to adopt a constitutive
‘bound like’ chemical environment in the absence of ligand. The N1-Src SH3 domain
RT loop was shown to be involved in ligand binding as mutation of the salt bridge
forming aspartate D99, was able to abolish ligand interactions. Although the overall
impact of the ‘bound’ RT loop is unclear. Furthermore, upon peptide ligand binding the
N1-Src SH3 domain CSPs dominated the n-Src loop, including the six residues of the
N1-Src insertion. The mutation of two of the insert residues significantly reduced ligand
binding and suggest that the N1-Src insert could be directly involved in ligand

interactions.

Identification of N1-Src SH3 domain binding sites and peptide ligands

Peptide arrays were employed to rapidly screen for binding sites within N1-Src SH3
domain ligands and also provide insight into the ligand consensus motif. In total the
NI1-Src SH3 domain bound 15 peptides from the proline rich domains/regions of its
ligands (Dynamin I/III, N-WASP and Enah) and a further five peptides from the control
array comprising characterised C-Src SH3 domain peptide ligands. Any putative binding
sites should now be confirmed in the context of the full length protein via techniques
such as pull-downs and immunoprecipitation. The mutation of SH3 domain binding sites
within ligands has previously been used to demonstrate the role of SH3 domain docking
in directing substrate phosphorylation (Shen et al. 1999). Furthermore, introducing
binding site mutants into N1-Src ligands overexpressed in cells, could be used in the
future to dissect the signalling pathways of N1-Src. Similarly, cell penetrating peptides

containing the binding site could also be used to disrupt in vivo interactions. In addition,
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N1-Src SH3 domain peptide ligands could be utilised for assaying in vitro SH3 domain
based activation kinetics as described by (Moroco et al. 2014).

Analysis of the peptide sequences bound by the N1-Src SH3 domain provided insight
into its ligand consensus motif. Interestingly, all but one of the peptide ligands contained
a canonical Class I/l SH3 domain ligand motif, and this is consistent with the
enrichment of Class I/Il motifs in N1-Src SH3 domain binding proteins (Chapter 3).
Furthermore, analysis of the peptide ligands with overlapping sequences revealed that
the common sequences all contained Class II motifs, and proline to alanine mutants
within a selection of the peptides all abolished binding to the N1-Src SH3 domain. Thus,
these data suggest that like C-Src, the N1-Src SH3 domain may also bind canonical
Class I/Il ligand motifs. Indeed, the C-Src SH3 domain bound 9/15 of the N1-Src SH3
domain peptide ligands, although this might be an underestimate since the C-Src arrays
were conducted under more stringent conditions (Fig 4.4). The arrays contained an
equivalent number of Class I/II motif peptides and PxxP-only motifs (without flanking
charge), suggesting that a PxxP type II helix and flanking basic charge represent

determinants of specificity for N1-Src SH3 domain ligands.

The N1-Src¢ SH3 domain ligand consensus motif has also been investigated by phage
display. (Teyra et al. 2017) identified the binding of Class I peptides, as well as peptides
possessing diverse non-canonical specificities, and a previous study from the Evans lab
proposed an atypical motif of +xxPxxT/Vxx+ (Keenan et al. 2017). To date however, in
vivo N1-Src ligands containing this motif have not been identified. Although, the M1k3
and Fyn SH3 domains are both able to bind canonical and atypical peptide ligand motifs
(Kokoszka et al. 2018; Kang et al. 2000). However, the interaction of the N1-Src SH3
domain with atypical motifs has not been validated beyond phage display, and SH3
domains can generate false positives by binding diverse motifs without true affinity
(Kleino et al. 2015), thus it would be interesting to confirm these interactions by NMR.
It would be peculiar for N1-Src to bind a subset of C-Src ligands via a differential motif,
however if physiological, the atypical motifs could be present in ligands that were not
identified by the pull-downs in Chapter 3. The motif preference of the N1-Src SH3
domain could be further refined by peptide arrays with alanine mutagenesis across entire
peptides, and conservative and non-conservative mutations. In addition, arginine/lysine

mutants of the Class I/II peptide ligands are essential to confirm if N1-Src is interacting
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with these motifs. The peptide arrays also suggested that the N1-Src SH3 domain has a
lower binding affinity than C-Src, as an increased SH3 domain concentration and
reduced stringency conditions, were required to detect its peptide interactions. This is
in-line with the N1-Src SH3 domain ligand interactions in Chapter 3, the NMR peptide
ligand titrations in Fig 4.10 and those reported in the literature (Messina et al. 2003;
Craggs et al. 2001; Reynolds et al. 2008). A precise K, could be obtained by extending
the peptide titration series to a higher concentration of peptide ligand, or preferably by

isothermal titration calorimetry.

The interaction of the C- and N1-Src SH3 domains with dynamin I

The endocytic GTPase Dynamin I is a characterised C-Src substrate (Ahn et al. 1999;
Ahn et al. 2002) and the most abundant interactor of the N1-Src SH3 domain (Chapter
3). It was previously proposed in a PhD thesis that the interaction of the N1-Src SH3
domain with Dynamin I may be regulated by serine phosphorylation (Abdelhameed
2010). This observation was confirmed and it was shown that the ratio of p-S774
Dynamin I/ total Dynamin I was significantly reduced for N1-Src in comparison to
C-Src (Fig.4.5B). Thus N1-Src was selecting for Dynamin I lacking phosphorylated
S774, however the phosphorylation event has not been shown to be causal in disrupting
N1-Src binding. The proline rich domain of Dynamin I was analysed by peptide array
(Fig 4.4). Encouragingly, the peptide ligands (B4/B8) that bound the C-Src SH3 domain
have previously been identified as distinct C-Src binding sites in the Dynamin I PRD
(Solomaha et al. 2005). The NI1-Src SH3 domain bound six Dynamin I peptides
corresponding to three sites (Fig 4.5B). Interestingly, (Abdelhameed 2010) identified six
mutations across the Dynamin I PRD that significantly reduced binding to the N1-Src
SH3 domain in vitro, and four of these mutations were found within the peptide array
ligands (B5/B8/B9). The peptide binding sites could also explain how the
N1-Src-dynamin [ interaction is modulated by serine phosphorylation, as the A8/A9 and
B8/B9 peptides contain binding sites utilised by the Syndapin and Amphiphysin II SH3
domains, which are both positively regulated by serine de-phosphorylation at p-S774
and p-S857 respectively, in response to synaptic activity (Huang et al. 2004; Anggono et
al. 2006). Thus an N1-Src interaction with both or either of these sites could explain its

regulation by serine phosphorylation in response to synaptic stimulation.
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As NI1-Src potentially binds multiple sites across the Dynamin I PRD, truncation
mutants could be used to distinguish the individual binding sites and phosphorylation
sites with phospho-null and phospho-mimetic mutations, as utilised by (Luo et al. 2016).
Cell-based assays employing immunoprecipitation could also be conducted with full
length Dynamin I containing serine phospho-null and -mimetic mutants with C- and
N1-Src kinases. Dynamin I and Enah/Neuronal Enah (Chapter 3) both exemplify how

the C- and N1-Src SH3 domains can interact with the same ligands differentially in vitro.

The N1-Src SH3 domain has a novel mode of ligand binding, and regulates the RT
loop via its n-Src loop insertion

This study conducted the first NMR assignment of the N1-Src SH3 domain backbone in
order to assess the effect of the N1-Src insertion on the conformation of the SH3 domain
and upon ligand binding. NMR spectroscopy revealed that the N1-Src SH3 domain
insert transmits effects throughout the SH3 domain, modulating the local chemical
environment of the n-Src loop, but also that of the RT loop, both of which are involved
in ligand binding.

Considering that the N1-Src SH3 domain interacts with a subset of C-Src SH3 domain
ligands (Chapter 3), and has a preference for canonical Class I/II motifs, it was
surprising that the C- and N1-Src SH3 domains had differential contributions of n-Src
and RT loop residues to binding the same peptide ligand. The ligand-induced CSPs of
the C-Src SH3 domain occurred in the RT loop, n-Src loop and C-terminal region, which
are consistent with the previously characterised C-Src SH3 binding pockets (Feng et al.
1995b) and peptide ligand titrations described in the literature (Wu et al. 2015). In
contrast, following introduction of the dynamin I B8 peptide to the N1-Src SH3 domain,
the CSPs were concentrated in the n-Src loop, including the six residues of the N1-Src
insertion, and unexpectedly there were minimal shifts in the RT loop.

There is a precedence in the literature for n-Src loop insert residues making critical
interactions with ligand peptides (Section 1.2.3). Upon ligand binding to the Eps8L1
SH3 domain, the CSPs of greatest magnitude were observed in the n-Src loop and
flanking region. The n-Src loop contains an arginine residue that forms a salt bridge with
an aspartate in the peptide ligand (Aitio et al. 2008). Similarly, the n-Src loop of the
MIk3 SH3 domain undergoes a large conformational change upon peptide ligand binding

(Kokoszka et al. 2018). Thus the N1-Src insertion residues could be directly involved in
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ligand binding, in close proximity to, or affected by, a ligand-dependent conformational
change. In support, two mutants of the NI-Src insertion, V5insA and R6insA
significantly reduced binding to dynamin I in a GST-N1-Src SH3 domain pull-down (Fig
4.14).

The striking lack of CSPs in the RT loop of the N1-Src SH3 domain upon peptide ligand
binding is a novel observation and suggests the loop does not participate in peptide
ligand interactions. Canonical SH3 domain-ligand binding is critically dependent on
residues in the RT loop, such as Y90, Y92 and D99 (Feng et al. 1994), and highlighted
by the loss of ligand binding by mutations such as D99IN (Weng et al. 1995). A
comparison of the structures of several unbound and ligand-bound SH3 domains
highlights a highly conserved switch mechanism involving the RT loop. In the unbound
state, D99 (or the equivalent residue), makes an intramolecular interaction with the
peptide backbone of the RT loop, which is broken upon binding to form a salt bridge
with the flanking basic residue in Class I or Class II motifs (+xxPxxP or PxxPx+;
Fig.4.16A). From here on, this conformational change is referred to as the ‘aspartate
switch’. Loss of the RT loop ‘aspartate switch’ in the N1-Src SH3 domain was explained
by HSQC spectra of the unbound SH3 domain, and upon peptide ligand titrations,
revealing that in an unbound state, the N1-Src RT loop residues were adopting a
chemical environment similar to that of the ligand-bound RT loop residues in the C-Src
SH3 domain (Fig.4.11). It is therefore hypothesised that the RT loop ‘binding switch’ is

constitutively in the bound state in N1-Src (Fig.4.16C).
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A) The ‘aspartate switch’ in the RT loop of the C-Src SH3 domain
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Figure 4.16: Putative model of how the N1-Src SH3 domain RT loop interacts with
the n-Src loop. A) The C-Src SH3 domain RT loop residue D99 forms an intramolecular
interaction with the RT loop peptide backbone in the absence of ligand (first image).
Upon ligand interactions D99 forms a salt bridge with the charged residue flanking PxxP
motifs in Class I/Il ligands (second image). We refer to this conformational change as
the ‘aspartate switch’. B) Schematic of the C-Src SH3 domain D99 residue interacting
with charged residues flanking Class I/II PxxP motifs. C) Putative model of how the
N1-Src SH3 domain aspartate switch may be lost via an intramolecular salt bridge
between Ro6ins of the NI1-Src insertion and D99, resulting in the RT loop ‘binding
switch’ being constitutively in the bound state.

A mutagenic screen of the N1-Src insert strengthened the binding switch hypothesis, by
showing that in the N1-Src SH3 R6insA mutant (but not RlinsA or D4insA), the RT
loop residues underwent CSPs (in comparison to the wild type SH3 domain) that
mapped onto those observed in the unbound C-Src SH3 domain (Fig.4.13). A caveat is
that double labelling of the mutant is required to assign the backbone and confidently
identify the new position of the cross-peaks. However, it is tempting to speculate that

R6ins in the N1-Src insert forms an intramolecular salt bridge with D99, triggering the

aspartate switch and causing the RT loop to adopt a bound state (Fig.4.11).

The N1-Src SH3 domain mutants D99N and R6insA both resulted in the loss of ligand
interactions (Fig.4.14/15). This suggests that the putative salt bridge could position the
RT- and n-Src loop for ligand interactions. Indeed, (Arold et al. 1998) demonstrated that
the Hck SH3 domain RT loop was highly flexible and readily adopted the bound
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environment which raised affinity. The putative D99:R6ins salt bridge contradicts the
enrichment of Class I/Il motifs by the N1-Src SH3 domain (Table 4.4). However, the
N1-Src SH3 domain could have selected for these peptides on the basis of their optimal
PxxP motifs. Therefore, Class I/II peptide ligands with arginine mutations are essential
to determine if N1-Src is binding the flanking charge. The lack of interactions with the
flanking charged residue could explain the reduced affinity of N1-Src, since the loss of
the D99 salt bridge reduces the affinity for C-Src ligands (Weng et al. 1995).
Alternatively, an aspartate in the n-Src loop of the Mlk3 SH3 domain forms a salt bridge
with arginine residues in the peptide ligands (Kokoszka et al. 2018). Therefore, D4ins of
the N1-Src insertion could replace D99 in binding the flanking charge. Indeed, D4ins
underwent a CSP upon peptide ligand binding, and the D4insA mutant although not
significant, bound dynamin I by an average of 40 % of the wild-type N1-Src SH3
domain (Fig.4.15). It is unlikely that an arginine-containing peptide ligand would
compete with the D99:R6ins salt bridge, as there is no change in the chemical

environment of D99 upon peptide ligand binding by N1-Src (Fig.4.9).

The lowered affinity of the N1-Src SH3 domain could also be explained by steric clashes
with its n-Src loop, as described for the Abl SH3 domain (Feng et al. 1995a). In addition,
the C-Src residue N135 makes side chain contacts with ligands via the second xP
binding pocket (Feng et al. 1994). A large CSP is observed for the C-Src SH3 domain
N135 side chain cross-peaks upon peptide ligand binding (Fig.4.8), and whilst the
N1-Src SH3 domains side chains were not assigned, they have much smaller CSPs upon
ligand binding (Fig.4.9). Thus there could be changes to the core binding pockets that

are lowering the affinity.

Solving the structure of the N1-Src SH3 domain, including in the peptide bound form,
would reveal the conformation of the n-Src and RT loops, including whether there is a
constitutive salt bridge between them. This would also overcome the limitations of
pull-downs in terms of a lack of clarity with regards to whether the mutations are
directly or indirectly influencing ligand binding. In addition, mutagenesis experiments
have been used to disrupt salt bridges by reversing the residues charges (e.g R6insD and
D99R mutants), and double mutants (R6insD/D99R) with swapped charges to
potentially restore the salt bridge (Venkatachalan and Czajkowski 2008; Jiang et al.

2010). The R6insA mutant resulted in the loss of the RT loop ‘bound’ environment, and
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if D99 forms a salt bridge with R6ins to generate the RT loops environment, the D9IN
mutant should also do the same. It would also be useful to compare the mechanism of C-
and N1-Src SH3 domain ligand binding to other peptides from the arrays, in order to

confirm if the mechanism of ligand binding is universal.

Concluding remarks

This study proposes a novel mechanism for how an SH3 domain n-Src loop insertion
switches the RT loop into a ligand-bound state. The C-Src SH3 domain RT loop is
critical for ligand interactions, but also negative regulatory interactions with the kinase
domain and SH2:SH1 linker (Xu et al. 1997; Xu et al. 1999), which could explain why
N1-Src has increased auto-phosphorylation and catalytic activity. This will be further

discussed in Chapter 6.
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Chapter 5
Identification of novel Src substrates in

the developing brain
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Chapter 5: Identification of novel Src substrates in the developing brain

5.1 Introduction

Fundamental to understanding the function of N1-Src is to identify its SH3 domain
ligands (Chapter 3), and importantly its substrates, presumably by which N1-Src carries
out its cellular functions in neuronal development, differentiation and neurite outgrowth
(Kotani et al. 2007; Worley et al. 1997; Lewis et al. 2017). As the Src SH3 domain
ligand interactions can direct substrate phosphorylation (Shen et al. 1999), identifying
N1-Src SH3 domain ligands that are also phosphorylated should provide meaningful

candidates for deciphering the in vivo signalling events of N1-Src.

Studies in neurons have observed enhanced constitutive auto-phosphorylation by N1-Src
compared to C-Src (Brugge et al. 1985). The expression of N1-Src in Xenopus retinal
neurons and chicken embryo fibroblasts raised cellular phosphotyrosine levels above
that mediated by C-Src (Worley et al. 1997; Levy and Brugge 1989), suggesting that
N1-Src has altered regulatory control and is more active. N1-Src currently has only two
in vitro substrates, synaptophysin and the NMDA receptor NR2A subunit (Section
1.4.6). Interestingly, synaptophysin was phosphorylated by N1-Src to a lesser extent than
C-Src (Keenan et al. 2015). The NR2A subunit is the most convincing in vitro substrate
as it also interacts with the N1-Src SH3 domain, and N1-Src enhances NMDA receptor
currents (Groveman et al. 2011). The only in vivo substrate of N1-Src is Crk-associated
substrate (p130“*). Cas is a characterised C-Src substrate at focal adhesions (Harte et al.
1996), and was also also shown to be phosphorylated by N1-Src in heterologous cells
(Ruest et al. 2001). The phosphorylation appeared to be mediated by focal adhesion
kinase and the N1-Src SH2 domain (Section 1.4.7), however, it is unknown whether Cas
is an N1-Src substrate in neurons. Thus, there are only a few poorly characterised
putative N1-Src substrates, and like the N1-Src SH3 domain interactome, a gap remains
in the field regarding the substrates of N1-Src in the adult and developing brain, and how

they integrate into signalling pathways to enable N1-Src’s cellular functions.

Phosphoproteomics is the large scale study of phosphorylation, including kinases
substrates. The coupling of phosphoproteomics to mass spectrometry is crucial for the
quantification and identification of substrates and their phosphorylation sites. A typical

phosphoproteomics workflow is depicted in Figure 5.1. Following experimental
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manipulation such as kinase overexpression or inhibition, the cell/tissue lysate of interest
is digested into peptides via an enzyme, commonly trypsin. However, analysis at this
stage is unfavourable as peptides from abundant proteins may overshadow lower
abundance peptides. In addition, as phosphorylation is even less abundant, it becomes
increasingly challenging to detect phosphopeptides. Therefore, phosphopeptide
enrichment is essential. Phosphotyrosine can be enriched by antibodies, whereas
immobilised metal ion-affinity chromatography (IMAC) is preferred for phosphoserine
and phosphothreonine due to the high specificity of phosphoserine/threonine antibodies
(Thingholm and Larsen 2016).

The enriched phosphopeptides are then analysed by LC-MS/MS, which acquires two
mass spectra. The first spectrum (MS') identifies the phosphopeptide precursor ion.
Phosphopeptides are identifiable due to a mass shift of +79.97 Da for each phosphate
present in the peptide. The MS? spectrum is generated from a second ionisation process
that fragments the peptide. The spectrum consists of N- and C-terminal fragments of the
peptide ions at the amide bond, referred to as b- and y- ions respectively (Olsen et al.,
2004). The fragmentation of the phosphopeptide enables the identification of the specific
phosphorylation site(s), which is important as peptides can contain multiple serine,

threonine and tyrosine residues.

Comparing the abundance of phosphopeptides between samples can be achieved by
labelled or label-free methods. The latter is less costly but is only considered
semi-quantitative. Labelling can be achieved metabolically or in vitro. Metabolic
labelling is conducted by stable isotope labelling with amino acids in cell culture
(SILAC) (Ong and Mann 2006), whereas in vitro labelling is conducted with isobaric
amine-specific tandem mass tags, which include iTRAQ and TMT reagents (Ross et al.
2004). Label-free quantification can be conducted using spectral counting, which is the
number of spectra containing the phosphopeptide (Dowle et al. 2016). Alternatively, a
more direct measurement is the peptide peak area. Plotting a peptide’s intensity versus
retention time generates a bell-shaped curve and the area beneath the curve is
proportional to the peptide’s abundance (Zhang et al., 2013). The quantified
phosphopeptides are then compared against a control experiment to determine those that
are significantly up- or downregulated. This provides a list of putative kinase substrates,

or in some cases where a specific kinase is not assayed, databases and tools such as
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Phosphosite and Netphos can enable the prediction of the kinase responsible. The kinase

and substrate(s) will then require further confirmatory assays in vivo (Kosako and
Nagano 2011).
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Figure 5.1: Schematic of phosphoproteomics methodology. A general
phosphoproteomics methodology consists of the following steps, kinase manipulation
(overexpression, inhibition), enzymatic digestion, phosphopeptide enrichment, and
acquisition of MS' and MS? spectra. The phosphopeptide is identified by database
searching (Mascot, X!Tandem), and the location of the specific phosphorylation site by
the MS? spectra. The phosphopeptides are then quantified against a control experiment
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by spectral counts or peak area, and those that are significantly changed are considered
putative kinase substrates, which require further in vivo characterisation.

A number of in vitro, in vivo, and bioinformatics prediction techniques exist to identify
kinase substrates. These include in vitro kinase assays with purified kinases and
substrates, lysate kinase assays, protein/peptide arrays, and cellular manipulation of
kinases including shRNA knockdown, mutants (kinase dead, constitutively active),
inhibitors, and genetic knockouts. The advantages and disadvantages of each method are
reviewed in detail by (Johnson and Hunter 2005). /n vitro assays are beneficial as they
can reveal direct phosphorylation events, however, they lack cellular context. Whereas in
vivo assays provide cellular context, however, it is harder to infer direct phosphorylation
due to downstream signalling. Thus, characterisation will likely involve a combination

of the two.

Regarding Src phosphoproteomics, studies have utilised techniques such as activation of
receptors upstream of Src to study its signalling pathways (Amanchy et al., 2009),
however, this can result in cascades of direct and indirect phosphorylation events.
Similarly, as a single cell type can express multiple SFKs, ATP-competitive Src
inhibitors such as PP1/PP2 lack specificity as they target a broad range of Src family
kinases; for example, C-, N1- and N2-Src have identical kinase domains (Brandvold et
al., 2012). Thus, it is possible that some neuronal substrates and signalling pathways
have been wrongly assigned to C-Src. SU6656 is considered a more selective inhibitor
of Src-family tyrosine kinases, however, at high concentrations it also produces off target
effects (Amanchy et al. 2009). Alternative techniques include kinase mutants, such as
kinase dead C-Src vs constitutively active C-Src (Amanchy et al. 2008). Furthermore, a
Src kinase domain mutant was engineered to accept a non-native ATP analogue, to
enable the identification of direct phosphorylation events (Liu et al. 1998). Additional
kinase domain mutants include R390A, which has reduced catalytic activity that is
rescued by imidazole to ~ 40 % of the wild-type. The imidazole functions in cell culture,
thus enabling the identification of in vivo substrates, and is believed to rescue activity
without affecting selectivity (Ferrando et al. 2012). A method has recently been
developed to covalently crosslink Src to its substrates upon phosphorylation via a

reactive nucleotide based analog of ATP (ADP-methacrylate; (Wong et al. 2019).
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In vitro kinase assays with recombinant or cellular purified C-Src and its substrates are
abundant in the literature (Dunning et al. 2016; Keenan et al. 2015; Amanchy et al.
2008; Wang et al. 2018). However, a limitation is that proteins can be phosphorylated
simply due to their Src substrate-like motifs, whereas substrates that interact with Src via
its SH2/SH3 domains are more likely to be physiological (Shen et al. 1999). Thus in vivo

characterisation is essential.

In vitro kinase assays with cell lysates were previously challenging due to the activation
and high background from endogenous kinases, making phosphorylation events
unattributable to a specific kinase. However, (Knight et al., 2012) developed an in vitro
lysate kinase assay using the ATP analogue, and universal kinase inhibitor,
5’-4-fluorosulphonyl-benzoyl adenosine (FSBA). FSBA irreversibly inhibits the
endogenous kinases in the lysate via the covalent modification of a conserved catalytic
lysine in the ATP binding site (Fox et al., 1999), this is K295 in C-Src (Section 1.2.5)
(Miller and Taunton 2014). FSBA therefore generates a kinase inactivated cell lysate.
Thus, upon removal of unbound FSBA by desalting, and the addition of a recombinant
exogenous kinase of interest, it enables the identification of kinase-specific direct
phosphorylation events (Knight et al., 2012). The FSBA method enables the use of
wild-type kinases, and is non-denaturing, which is preferable over methods such as heat
inactivation of kinases. The FSBA-based method has been successfully utilised to
identify in vitro p38 MAPK substrates. The 94 substrates included those previously
characterised, and enriched for the p38 MAPK phosphorylation consensus motif (Knight
et al., 2012). This methodology has since been applied to identify substrates of the
tyrosine kinases Abll (Miiller et al. 2016) and Syk (Xue et al. 2013), and was adopted in
this study to identify novel N1-Src substrates in postnatal day 1 (P1) rat brain lysate. The
P1 lysate is relevant to N1-Src’s developmental expression and catalytic activity
(Wiestler and Walter, 1988), and avoids the use of heterologous cells. However,

orthogonal studies to validate candidate substrates in cells is essential.
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5.2 Aims

C-Src has been assigned diverse substrates, and for many the specific phosphorylation
site(s) and cellular effects have been deciphered. N1-Src has been linked to core
neuronal functions including neurogenesis, neurite outgrowth and differentiation,
however, it currently has no characterised in vivo substrates. Therefore, the primary aim
of this chapter was to identify C- and N1-Src substrates in the developing brain via
LC-MS/MS analysis of an FSBA-based in vitro whole cell lysate kinase assay. The
secondary aims were to, 1) identify specific Src phosphorylation sites to enable follow up
studies with phospho-null and phospho-mimetic mutants, ii) identify if any of the C- and
N1-Src SH3 domain ligands are also substrates, as these should be considered strong
candidates for in vivo characterisation and ii1) utilise bioinformatics to assess the cellular

functions of the C- and N1-Src substrates.
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5.3 Results

5.3.1 Optimisation of Src kinase substrate phosphorylation in P1 rat brain lvsates

The FSBA-based in vitro whole-cell lysate kinase assay developed by (Knight et al.
2012), was applied to recombinant C- and N1-Src kinases, in order to identify their
substrates in Pl rat brain lysate. First, in order to reduce the background tyrosine
phosphorylation that occurred upon the addition of ATP to the lysate, the concentration
of FSBA required to inhibit endogenous tyrosine kinases within the P1 lysate was
optimised. The P1 lysate was incubated with 0-5 mM FSBA for 1 h at 30 °C. The FSBA
was removed by desalting and 1 mM ATP was added and incubated for 1 h at 30 °C.
Western  blotting ~ with  anti-phosphotyrosine  revealed there was a
concentration-dependent inhibition from 0-5 mM and at 5 mM FSBA background
phosphotyrosine signals were no longer identified (Fig.5.2A). Therefore, 5 mM FSBA
was carried forward to enable the identification of C- and N1-Src phosphorylation events

with minimal background phosphorylation.

His-A80 C- and NI1-Src were utilised for the in vitro kinase assays, as the first 80
N-terminal residues of Src are not required for phosphorylation in vitro (Keenan et al.
2015). Thus the constructs comprise the SH3-SH2-SH1 domain and C-terminal region,
but lack the N-terminal SH4 and unique domain. The catalytic activity of the purified
recombinant C- and N1-Src kinases was assessed via the in vitro phosphorylation of a
purified GST-tagged ideal Src substrate peptide motif (AEEEIYGEFF). The assay was
conducted with 65 nM kinase, 7.5 uM substrate and 0.5 mM ATP for 1.5 h at 30 °C and
assessed by Western blotting for phosphotyrosine. Approximately equal substrate
phosphorylation by the two kinases was observed (Fig.5.2B) and confirmed they were

catalytically active.

Having optimised the FSBA concentration, and confirmed catalytic activity for both C-
and N1-Src, the experiment was then conducted with C- and N1-Src in the P1 rat brain
lysate. Fig.5.2C, lane 1 shows that by Western blotting for phosphotyrosine there was
undetectable basal tyrosine phosphorylation in the untreated lysate, which is not
unexpected due to the low abundance of tyrosine phosphorylation in the absence of
specific stimuli in vivo (Section 1.1), and the tight regulation of kinase signalling. Upon
the addition of 1 mM ATP and incubation for 1 h at 30 °C, there were high levels of

activation of endogenous tyrosine kinases (Fig 5.2C, lane 2), demonstrating the necessity
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for endogenous kinase inhibition. The endogenous tyrosine kinase activity was
prevented by pre-incubation of the lysate with 5 mM FSBA for 1 h at 30 °C (Fig.5.2C,
lane 3). Following desalting to remove the FSBA, 300 nM of C- or N1-Src and 1 mM
ATP were incubated with the P1 lysate for 1 h at 30 °C. In addition, to determine if any
of the tyrosine phosphorylation was attributable to autophosphorylation of the kinases,
300 nM C- and N1-Src were incubated with 1 mM ATP for 1 h at 30 °C without P1
lysate. Phosphotyrosine immunoblotting revealed that overall N1-Src displayed largely
reduced phosphorylation in the lysate in comparison to C-Src, and had only a single
band at ~ 100 kDa (Fig.5.2C, lanes 4&5). In addition, no tyrosine phosphorylation was
detected for the kinases incubated without P1 lysate, suggesting that all detectable
phosphorylation was that of substrates. Due to the low levels of phosphorylation by
N1-Src, the assay was optimised to increase substrate phosphorylation. The
phosphorylation of substrate(s) at ~100 kDa and 150 kDa increased over time, with

maximal phosphorylation at 3 h (Fig.5.2D).
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Figure 5.2: Identification of in vitro C- and N1-Src phosphorylation events in P1 rat
brain homogenate. A) Optimisation of FSBA concentration for endogenous tyrosine
kinase inhibition. The P1 lysates were incubated with 0-5 mM FSBA for 1 h at 30 °C.
The samples were then desalted and incubated with 1 mM ATP for 1 h at 30 °C,
followed by phosphotyrosine Western blotting (anti-PY20). B) Phosphorylation of 7.5
UM recombinant GST-fusion Src peptide substrate by 65 nM recombinant C- and N1-Src
kinase for 1 h at 30 °C. Samples were denatured in Laemmli sample buffer and resolved
via 12.5 % SDS-PAGE gel before Western blotting with anti-PY20. C) P1 rat brain
lysate prior to any treatment (Ctrl), the incubation of P1 lysate with 1 mM ATP for 1 h at
30 °C (ATP), P1 lysate was treated with 5 mM FSBA for 1 h at 30 °C. The lysate was
then desalted to remove the FSBA and reconstituted in kinase assay buffer and 1 mM
ATP (FSBA + ATP), and with 300 nM recombinant C and N1-Src kinases (FSBA +
C/N1-Src) for incubation at 30 °C for 1 h. 300 nM recombinant C- and N1-Src kinases
incubated in kinase assay buffer and 1 mM ATP for 1 h at 30 °C in the absence of P1
lysate (C/N1-Src). Samples were denatured in Laemmli sample buffer and resolved by
SDS-PAGE (10 % gel) before Western blotting with anti-PY20, the anti-His loading
control shows the His-tagged recombinant kinases. D) Time course of NI1-Src
phosphorylation in P1 rat brain lysate. As described in Section C, however, samples
were incubated for a total of 3 h at 30 °C with a fraction removed every 30 min for
analysis by Western blotting. The anti-His loading control shows the recombinant
kinases, the anti-actin is a loading control for the amount of P1 lysate, and the anti-PY?20
shows substrate phosphorylation within the lysate.
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5.3.2 Src phosphoproteomics methodology for LC-MS/MS analysis

A schematic of the phosphoproteomics workflow is shown in Fig.5.3A. The final
experiment for LC-MS/MS analysis was conducted in triplicate, using P1 lysates from
three independent rat litters. Each replicate contained an FSBA-only control for
background tyrosine phosphorylation, and C- and N1-Src kinase. The endogenous
kinases within the lysate were inhibited via incubation with 5 mM FSBA for 1 h at 30
°C. To avoid inhibition of the exogenous C- and N1-Src kinases, the unbound FSBA was
removed by desalting (Fig.5.3A, Step 1). The P1 lysates (2.5 mg per condition) were
then supplemented with kinase buffer, 1 mM ATP and either 250 nM of C- or N1-Src
kinase and incubated for 3 h at 30 °C (Fig.5.3A, Step 2). Prior to further analysis, the
triplicate reactions were analysed by Western blotting for phosphotyrosine content and
His-tag immunoreactivity to confirm equal levels of kinase and tyrosine phosphorylation
between replicates (Fig.5.3B). A Coomassie stained SDS-PAGE lysate loading control is
also shown. The protein lysates were then precipitated with acetone overnight at 4 °C
and resuspended for filter aided sample preparation (FASP) tryptic digestion (by Adam
Dowle; Metabolomics and Proteomics Lab, CoOEMS, Technology Facility, University of
York). A phosphotyrosine peptide immunoprecipitation was then conducted overnight
using a combination of agarose-conjugated PY20 and 4G10 antibodies to enable the
enrichment of tyrosine phosphopeptides (Fig.5.3A, Step 3), which were then analysed by
LC-MS/MS (Fig.5.3A, Step 4).
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1. Inhibit endogenous kinases

Incubate post-natal day 1 (P1) rat brain cortices
homogenate with 5 mM FSBA for 1 hat 30 °C

De-salt to remove the FSBA

2. Phosphorylate with exogenous kinase

Add C- or N1-Src kinase with buffer and ATP.
Incubate for 3 h at 30 °C.

Overnight acetone precipitation of the proteins
to concentrate and remove MS incompatible
substances

Trypsin digestion of proteins by FASP on filter
digestion.

3. Enrich tyrosine phosphopeptides

Immunoprecipitation of tyrosine
phosphopeptides via agarose conjugated
phospho-tyrosine antibodies (PY20 & 4G10)

4. Identify phosphorylation sites

Analyses of enriched phosphopeptides via
LC/MS-MS to ID direct C- and N1-Src tyrosine
phosphorvlation sites.
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Figure 5.3: Schematic of methodology for the C- and N1-Src phosphoproteomics and
characterisation of the triplicate samples that were submitted for LC-MS/MS analysis
A) In brief, the endogenous kinases within the lysate were inhibited by 5 mM FSBA for 1 h
at 30 °C. Exogenous C- and N1-Src was then added to the lysate and incubated for 3 h at 30
°C to elicit specific phosphorylation events. The protein lysates were then concentrated by
acetone precipitation and digested with trypsin, and phosphotyrosine immunoprecipitation
was used to enrich the phosphopeptides for LC-MS/MS analysis. B) N=3 replicates of the C-
and NI1-Src in vitro lysate phosphorylation assays. Anti-PY20 revealed the tyrosine
phosphoproteins, anti-His-HRP the kinase loading control, and the Coomassie stained
SDS-PAGE gel is a P1 lysate loading control.
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5.3.3 Processing LC-MS/MS phosphoproteomics data

The phosphotyrosine immunoprecipitated peptides (enriched), and a fraction of each
replicate taken prior to immunoprecipitation (non-enriched) were loaded onto an
UltiMate 3000 RSLCnano HPLC system. The HPLC system was interfaced with an
Orbitrap Fusion hybrid mass spectrometer and MS' and MS? spectra were acquired.
PEAKS Studio software was used to combine the enriched and non-enriched MS data.
The peptides were searched against the rat Uniprot proteome and PEAKS was used to
identify post translational modifications within the peptides. The location of the
phosphorylation site within the peptide was identified by the MS? spectra, and the
confidence in the identified phosphorylation site(s) were communicated by a localisation
score p-value, with significance at the level of 0.05. The label-free semi-quantitative
relative abundance of the phosphopeptides was determined using peak area based
quantification (by Adam Dowle). Peak area is considered to be both accurate and
sensitive for the detection of small fold changes (Dowle et al. 2016). Therefore, pairwise
statistical analysis of the phosphopeptides peak areas between FSBA, C- and N1-Src was
conducted using the PEAKS Q significance model.

Overall, there were two levels of analysis, the first assessed whether the
phosphopeptides abundance was significantly upregulated against the FSBA-only
control, and the second determined whether the specific phosphorylated tyrosine
residue(s) within the peptide could be identified (localisation p-value < 0.05). Further
complexity arose from variable peptide cleavage products. Trypsin cleaves after arginine
and lysine residues, however if aspartic and glutamic acids are present at the cleavage
site, or if there are consecutive lysine and/or arginine residues, this can result in a
miscleavage (Slechtova et al., 2015). Thus, there were many examples within the dataset
of the same phosphosites contained within peptides of varying length (Appendix 4). In
most instances miscleavage products had the same direction of statistical significance.
However, there were a small number where the miscleavage products varied in their
significance. Therefore, to avoid carrying over significant phosphopeptides that only
occurred due to a low abundance cleavage product, a threshold was set, and miscleavage
products were excluded from further analysis unless they were greater than 5 % of the
total abundance of the phosphopeptides. In addition, peptides were only carried through
if they were quantified in at least two of three experimental replicates.

The phosphopeptides were therefore selected for analysis based on the following criteria:
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1. Significantly upregulated against the FSBA-only control (p < 0.05)
2. Detectable in at least 2/3 sample replicates

3. Miscleavage products must be greater than > 5 % of the total abundance

Using these criteria there were 363 and 340 significantly upregulated phosphopeptides
for C- and N1-Src respectively. These corresponded to 260 in vitro protein substrates for
C-Src and 239 for N1-Src. Of these proteins, 182 and 170 were assigned a specific
phosphorylation site (localisation score p < 0.05) within the peptide for C- and N1-Src

respectively (Fig.5.4A).

Serving as positive controls, previously published C-Src phosphorylation sites described
in the PhosphoSite database were identified in the proteins EnoA, Celf2, Cofl, EfnB1,
Ewsrl, Gabl and Gria2 (localisation score p < 0.05), and in the phosphopeptides from
the proteins Acpl, Arhgap5, Fubpl, Hnrnpk, H-Ras and Khsrp (localisation score p >
0.05) (Fig.5.4B). Furthermore, novel phosphorylation sites were identified in the Src
substrates Arhgdia, Atxn2l, Mapt, Pagl, Sh3glbl, Sh3pxd2b, Ywhaz, Plcgl, RhoA,
Gapdh and Sfpq (Appendix 5). The Src autophosphorylation site (Y419) that occurs
upon activation was significantly upregulated for both C- and N1-Src against FSBA
(Fig.5.4B).

In addition, to confirm the specificity of the phosphorylation events, all significantly
increased phosphopeptides for C-Src with a localisation score p < 0.05, were aligned as
9 mers via the phosphorylated tyrosine residue to generate a phosphorylation consensus
motif in WebLogo (Crooks et al., 2004). Fig.5.4C shows the central phosphotyrosine
residue, and the four flanking residues either side. The phosphorylation motif conforms
to a previously published Src consensus motif, derived from a peptide array:
—opY[p/—]Xo, where ‘=° is acidic and ¢ is hydrophobic and X is any amino acid
(Miller et al., 2008).
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A)

C-Src  N1-Src
No. of signifcantly increased peptides (p <0.05) against FSBAincluding miscleavages
(Peptides must be quantified in 2/3 samples and be >5% in MS response) 363 340
The corresponding no. of proteins 260 239
The no. of proteins with at least one tyrosine phosphorylation site localisation 182 170

score (p <0.05)

B)
Protein Significantly upregulated tyrosine
phosphorylation site or tyrosine containing
phosphopeptide ( p < 0.05)
Acpl QLIIEDPY*YGNDSDFEVVYQQCLR
Arhgap5 GYPDEIY*VVPDDSQNR
Celf2 Y67
Cofl Y68
EfnB1 Y323, Y328
EnoA Y44
Ewsrl Y284
1.QQAAY*YAQTSPQGMPQHPPAPQGQ
Fubpl 2.IGGDAGTSLNSNDY*GYGGQK
Gabl Y285
Gria2 Y876
Hnrnpk GSY*GDLGGPITTQVTIPK
Hras QVVIDGETCLLDILDTAGQEEY*SAMR
Hsp90abl NPDDITQEEY*GEFYK
AAAAATDPNAAWAAYYSHY*YQQPPGPVPGPAP
Khsrp APAAPPAQGEPPQPPPTGQSDYTK
Src Y419
C) Ideal Src substrate

Central pY residue
' consensus motif:

DEEIY[G/E]JEFF

bits

- ¢« o & -
Figure 5.4: Identification of in vitro C- and N1-Src substrates, characterised
phosphorylation sites and consensus motifs. A) The number of statistically increased
phosphopeptides for C- and N1-Src against the FSBA control and the corresponding
number of proteins, including those with a specific phosphorylation site identification
(localisation score p < 0.05) B) Identification of characterised C-Src phosphorylation
sites within the datasets via PhosphoSite. The specific phosphorylation site, or
phosphopeptide that contains the phosphorylation site (marked with an *) are listed for
each characterised C-Src substrate. C) The significantly increased C-Src
phosphopeptides with a localisation score p < 0.05, were aligned via the phosphotyrosine
residue to generate a 9 mer Weblogo consensus motif. An ideal Src substrate motif
(DEEIY[G/E]EFF) is also shown.
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5.3.4 Summary of in vitro C- and N1-Src substrates

A summary of all the identified C- and N1-Src phosphoproteins based on the set criteria
(Section 5.3.3) is shown in Table 5.1. Proteins containing phosphopeptides for which a
phosphorylation site assignment was not significant (localisation p value > 0.05) are
marked with an asterisk (*), the remainder have an assigned specific tyrosine

phosphorylation site(s) within the rat protein (Appendix 5).

In total there were 193 shared in vitro substrates and 67 and 46 unique proteins for C-
and N1-Src respectively. Proteins are classified based on whether or not they were
phosphorylated and not on a shared phosphorylation site. However, the majority of C-
and N1-Src phosphorylation sites were shared (Appendix 5), and the differences
appeared to be the phosphorylation of additional sites on top of these. This is not
unexpected as C- and N1-Src have identical catalytic domains. There are some instances
where neighbouring residues were phosphorylated and this could be indicative of
processive phosphorylation, whereby the SH2 domain docks to promote further
phosphorylation. Examples include Akapl (Y419/425), Cnaripl (Y85/89), Dek
(Y354/360), Siplr (Y20/23) and Zc2hcla (Y119/124) (Appendix 5).

Previously published C-Src substrates (PhosphoSite) in the datasets are shown in bold.
In addition, as Src SH3 domain ligand interactions can drive substrate phosphorylation
(Shen et al. 1999), the proteins that were identified in the GST- C- and N1-Src SH3
domain interaction screen (Chapter 3) are underlined for a C-Src ligand or double
underlined for a C- and N1-Src SH3 domain ligand. Six of the previously identified
N1-Src SH3 domain interactors; Caskinl, Neuronal Enah, Sh3pxd2b, Srcinl, Sfpq and
Zc2hcla were phosphorylated, with the specific phosphorylation site(s) identified for
Sh3pxd2b, Srcinl, Sfpq and Zc2hcla. Another N1-Src SH3 domain interactor, Sf1, was
only identified as phosphorylated by C-Src. In addition, the C-Src SH3 domain ligands
Caskinl, Cepl170b, Ctnndl, Dpysl2, Dpysl3, Hnrnpk, Map2, Neuronal-Enah, Sf3al,
Sfpq, SH3pxd2b, Snrpal, Srcinl, Ywhaz and Zc2hcla were all tyrosine phosphorylated.
The substrates were also screened against the BioGRID database for additional Src
interactors and substrates, and these are labelled with a dotted line (Table 5.1). Thus, in
total 49 of the in vitro C- and N1-Src and substrates are previously linked to C-Src

through interactions or phosphorylation events.

171


https://paperpile.com/c/HgnucO/D1ZY

A caveat of the analysis is that some phosphopeptides, in particular for C-Src, had a
larger average abundance than N1-Src, but were not significant against FSBA, possibly
as a result of variation between replicates. A number of ‘unique’ proteins were also
phosphorylated by the other kinase but only in a single replicate, and were therefore
excluded from further analysis. Therefore, the ‘unique’ assignments should be treated
with caution, and with a larger replicate size, some proteins could be reclassified.
Considering this, there were only 2 N1-Src substrate phosphoproteins that were not
detected in any C-Src replicates, Gng3 and Tex2, and 26 C-Src phosphoproteins that
were not detected for N1-Src. However, the equivalent phosphorylation site of Gng3, is
phosphorylated in Gng2 by C-Src, suggesting that it is not a stand-out novel N1-Src

substrate.

An example of a PEAKS software MS? spectrum used to assign the specific
phosphorylation site p-Y 124 in the C- and N1-Src SH3 domain ligand Zc2hcla is shown
in Fig.5.5. Interestingly, the PhosphoSite database does not contain any reports of
Zc2chcla tyrosine phosphorylation, suggesting that it is a novel C- and N1-Src SH3
domain ligand (Chapter 3), in vitro Src substrate, and tyrosine phosphoprotein.

The spectrum show the B- (blue) and Y- ions (red), and the mass difference between the
ions reveals the location of the phosphorylation site. The fragmented peptide ions enable
the peptide to be scanned one residue at a time from both termini, until a residue is
identified that also contains a mass change indicative of phosphorylation. For example,
the mass difference between the Y3 and Y4 ions corresponds to the addition of a
tyrosine residue, plus a phosphate (+79.97) (Fig.5.5). Thus, specific site identification
relies on the quality of the MS? spectra. However, in practise, fragmentation events are

somewhat random, and some occur more often others.
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3 | 308.23 P 2429.99 | 19
4 | 405.23 P 233294 | 18
5 | 502.29 P 2235.89 | 17
6 | 599.13 P 2138.83 | 16
7 | 696.46 P 2041.78 | 15
8 | 783.91 S 1944.73 | 14
9 | 946.23 Y 1857.70 | 13
10 | 1061.39 D 1694.63 | 12
11 | 1158.58 P 1579.80 | 11
12 | 1273.65 D 1482.58 | 10
13 | 1436.48 Y 1367.56 | 9
14 | 1549.88 I 1204.37 | 8
15 | 1677.82 Q 1091.24 | 7
16 | 1837.85 | C(+57.02) | 963.35 | 6
17 | 1934.90 P 803.30 | 5
18 | 2177.93 | Y(+79.97) | 706.30 | 4
19 | 2337.96 | C(+57.02) | 463.08 | 3
20 | 2466.02 Q 303.17 | 2

Figure 5.5: Identification of p-Y124 within the Zc2hcla phosphopeptides.

The MS? spectrum utilised by PEAKS software to assign the specific phosphorylation
site of p-Y124 in the C- and N1-Src SH3 domain ligand and in vitro substrate Zc2hcla.
The sequence of the phosphopeptide is shown, and the B- (blue) and Y- (red) ions on the
MS?spectra and fragment ion table.
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Table 5.1: C- and N1-Src in vitro substrates

Proteins are statistically classified as shared, C-Src or N1-Src specific substrates via their
significantly up-regulated phosphopeptide(s). Asterisk (*) indicates a localisation score (p
>(0.05) for which the specific phosphorylation site was not assigned. The remainder have a
specific phosphorylation site assigned (p < 0.05), see Appendix 5. Proteins labelled in bold
are characterised C-Src substrates (PhosphoSite database). Proteins identified in the GST-C-
and N1-Src SH3 domain ligand screen (Chapter 3) are underlined once for a C-Src ligand
and double underlined for a C and N1-Src SH3 domain ligand, and those underlined with a
dotted line are C-Src ligands/substrates from the BioGRID database.

C and N1-Src phosphoproteins

Acpl Cepl70b  Ewsrl Me6pr * Nolcl RGD1306271  Stipl
Agl* Cfll Fnbpil Magil Nsfllc RGD1311703  Sugtl*
Akap1l Cherp Fubpl * Magi2 Nsrpl RGD1560065  Thrl

Alb Chi1* Gab2 Map1lb Ntmtl Rnfl113al Tceal
Aldh2 Cic Glccil Map2 * Nucb2 * Rpsa * Timp2
Aldoc Cisd1 Gmds Map6 Nyap1l Rrm1 Tkt
Anksla* Ckap4 Gnpdal* Mapt Nyap2 * Rtn4 TIk2 *
Anxab * Claspl Gpbpl* Mast4 Pagl S1prl Tmem106b
Apool * Clasp2 Gpcd Mavs * Pcbp2 * Sarla Tmem35a *
Arhgdia Cnpy3 Gpx1 Meripl Pdhalll*  Scampl Tmpo
Arpc3 Cnripl Grpell Mdgal Pdia3 Sephsl * Tomm34*
Ashwin Cops7a Gygl Mdh2 * Pgrmcl Serpinal0 Tsn

Atnl Cox4il*  Hcfcl Micalll Pithd1 Sf3al* Tubala
Atp5o Cpe * Hepacam Mlip Pitpna Sh3bgrl Whbp2 *
Atxn2 Cs Hnrnph1l Myle Pitpnb * Sh3glb1 wWdr70
Atxn2l Ctnnd1* Hsp90aal Naca * Plcb1 Sh3glb2 Xpnpepl
Bcan * Cxadr Hspa8 Nacad Plppr3 Sh3pxd2b Xrn2 *
Cab39* Dcx Hspel Napa Poldip3 Sin3a Yars
Cacng8 Dek Hsphl Napb Ppplrldb Sirpa Ywhaq
Cadm3 Denr lgfbp5s * Naxe Ppp2r5d Slcdalap * Ywhaz
Canx Dlg2 ltga5 Ncam1l Prkripl Snhap91 Zc2hcla
Caskinl * Dlg3 ltgbl Nectinl Prrc2b Snrpal* Zc3h14 *
Casp3 Dlgap4 ltpa Nelfe Psmd9 Snrpc* Zfp608 *
Ccdc177 Dnajc5 Khsrp * N-Enah *  Psmel Snwl Zfp609
Cd34 * Dpysl2 Kngl Nfasc * Psmgl * Sox11 * Zfp706 *
Cdc37* Eeflal Lancll Nfya Ptpnl. Spata2

Cdh2 * Efnbl Letm1 Nfyb Pym1 Src

Cdv3 Efnb3 Lin7c Nipsnapl Rablb* Srcinl Total =193

C-Src phosphoproteins

Alm Cat* Fam213a Lemd3 * Pcdhl* Rab4b Tcf3
Actgl™* Cct8 Gabl Magi3 Pcyox1 RGD1305178  Thrap3 *
Actrla * Cops4 Gng2 Mcm3 Pdapl* RhoA Tmed9
Apcs * Cops7b *  Gprc5c Mdga2 Pfdnl Rps21* Ubal
Apoo Ddx41 Histlhdb* Memol* Pfn2 Scg2 * Ubap2
Arhgap5*  Dpysl3 Hivep2 * Mpi * Pgrmc2 Semaéd Ubap2| *
Atpla3 * Eef2 Hnrnpk * MpzI1* Plcgl Sf1 Ugcrl0
Cadm2 Eifdenifl Hras* Ndufv3*  Pragl* Sgta

Capl Enol Hspa5 * Nucksl*  Prdx4 Shb

Casd1 Ensa Klc2 Paics Psma7 Stmn2 * Total =67

N1-Src phosphoproteins

Ambp Crip2 * Gnaol Mapk3 * Nmel Raverl* Tex2

Apc Dcbld2  Gng3 Mat2a*  Park7* RGD1561636  Txnl1*
Arhgapl2  Dcc Gria2 Me2 * Pdcd10 Rilpl2 Ugcrb
Atpébvla* Dctn2* Hspdl* Mgrnl * Pgkl Romol* Zhx3
Celf2 Epha3*  Llcam* Mtdh * Plrgl Sf3bl*

Clstnl Erp29 Lamcl * Mtnd3 Ppplrl3b* Sfpq

Cpd Gapdh Lgalsl Mugl * Raplgap * @2 Total =46
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5.3.5 Functional enrichments within the C- and N1-Src substrates

STRING was used to generate protein-protein interaction networks and to identify
functional enrichments within the N1-Src dataset (Fig.5.6). The interaction network
might identify N1-Src substrates that co-cluster in functional protein complexes, which
would strengthen any conclusions relating to the cellular functions of NI-Src.
Furthermore, the inclusion of NI1-Src itself in the network, due to its
auto-phosphorylation, might reveal known Src interactors that were phosphorylated. All
239 proteins that had significantly upregulated phosphopeptides for N1-Src against
FSBA were analysed. The interaction network was filtered for high confidence
interactions derived from experiments and curation databases. Only the N1-Src network
is presented as C- and N1-Src phosphorylate the majority of the same proteins. The GO
term enrichment analysis was also conducted in STRING using the whole genome as the

statistical background.

The network was annotated to highlight proteins within the significantly enriched GO
terms; Neuron projection morphogenesis (FDR 2.77E-11), Neuron differentiation (FDR
1.06E-09), Axonogenesis (FDR 3.89E-09), Neuron development (FDR 1.44E-08),
Neurogenesis (FDR 6.59E-07) and PolyA RNA binding (FDR 1.48E-10). The gene
count and false discovery rate for each GO term is also shown (Fig.5.6A). The
enrichment of these terms demonstrates that in vitro N1-Src is phosphorylating proteins
involved in the development, differentiation and morphology of neurons. The Src
interactors from the STRING database that were phosphorylated include Itgbl, Itga$5,
Hsp90, EfnB1, EfnB3, EphA3, Slplr, Gnaol, Dcc, Ctnndl and Ptpnl. The C- and
N1-Src SH3 domain interactors that were identified via the pull-downs (Chapter 3) and
BIOGRID database are underlined, and characterised Src substrates (PhosphoSite) are
marked with an asterisk (Fig.5.6A). A standout feature of the network was a cluster of
interacting proteins that were classified within the GO term PolyA RNA binding.
Interestingly the cluster shares proteins from the mRNA processing/splicing cluster
present in the STRING network for the C-Src SH3 domain pull-downs (Chapter 3),
including Snrpal, Sf3al, Sf3b1 and Raverl.

The functional enrichment analysis including the GO terms highlighted in the interaction
network is shown in Fig.5.6B. Each significantly enriched GO term and its false

discovery rate for C- and N1-Src is shown. As C- and N1-Src phosphorylated a similar
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number of proteins, and the majority were shared, it is unsurprising that the FDRs for
many GO terms are comparable. Besides the abundance of enriched GO terms spanning
neuron/nervous system development, differentiation, neurite/axon morphology, there
were also those including the neuronal structures of the synapse, myelin sheath, axon
and growth cone (Fig.5.6). Therefore, phosphoproteins have been identified with
relevance to the cellular expression and functions of N1-Src. In support of the validity of
this analysis, C-Src enriched for proteins at focal adhesions, one of its highly cited
signalling pathways within the literature (McLean et al. 2000; Schaller et al. 1999;
Ferrando et al. 2012). The focal adhesion associated proteins Arpc3, Capl, Cdh2, Cfll,
ItgAS, ItgB1 RhoA, Ywhaq and Ywhaz were all phosphorylated by C-Src (Table 5.1).
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Figure 5.6 GO term functional enrichment analysis and protein-protein interaction
network of the in vitro N1-Src substrates. A) STRING protein-protein interaction
network of the 239 significantly upregulated N1-Src phosphoproteins. The interaction
network is annotated with the listed GO terms, including their gene counts and false
discovery rates. The characterised C-Src substrates (*), and SH3 domain ligands
(underlined) are also annotated onto the network. B) GO term functional enrichment
analysis of the C- (260) and N1-Src (239) phosphoproteins. The FDR for C- and N1-Src

1s shown for each GO term.
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5.3.6 Assessment of activity within the in vitro kinase assays

Cellular studies have reported enhanced auto- and substrate phosphorylation by N1-Src
compared to C-Src (Worley et al. 1997; Brugge et al. 1985). However, recombinant
His-A80 N1-Src in vitro phosphorylated synaptophysin to a lesser extent than C-Src
(Keenan et al. 2015), and the same was observed on a lysate wide scale in this in vitro

assay.

Qualitatively, N1-Src had reduced substrate phosphorylation in the P1 lysates in
comparison to C-Src via phosphotyrosine Western blotting (Fig.5.2/3), and this was
mirrored by the semi-quantitative mass spectrometry analysis. A heat map of all the
phosphopeptides that were significantly upregulated for N1-Src against FSBA is shown
in Fig.5.7A. The average peptide peak area for FSBA, C- and N1-Src were summed for
each phosphopeptide and then expressed as a percentage of the total in order to display
the peptides’ relative abundance. The relative abundance of all FSBA phosphopeptides
was 0 %, likely due to the low abundance of tyrosine phosphorylation in the untreated
lysate (Fig.5.3B), and the statistical analysis eliminating phosphopeptides present in the
control. In addition, the majority of phosphopeptides were greater in abundance for C-
than N1-Src (Fig.5.7A), and the average relative abundance of all the phosphopeptides
was 1:2.7 for N1:C-Src respectively.

Only two of the significantly upregulated N1-Src phosphopeptides (0.6 %) were not
identified for C-Src, and 42 (12 %) of the significantly upregulated C-Src
phosphopeptides were not identified for N1-Src. This confirms that there is little
difference in phosphorylation site (Appendix 5), or substrate selectivity (Table 5.1)
between C- and N1-Src in vitro. Thus, N1-Src appears to be functioning as a lower
activity C-Src in these assays, and the few phosphopeptides unique to C-Src are likely a

result of its increased activity (Fig.5.3).

In order to explain the reduced substrate phosphorylation by N1-Src, the core regulatory
phosphotyrosine residues (p-Y419 and p-Y527) were investigated. Autophosphorylation
of Y419 in the kinase domain is necessary for the stabilisation of Src’s catalytically
active conformation (Meng and Roux 2014) (Section 1.2.5). Thus, lack of
autophosphorylation could equate to reduced substrate phosphorylation. The pY419
phosphopeptide was detected by LC-MS/MS and was significantly increased for both C-

and NI1-Src against FSBA. However, whilst not significant, the relative abundance
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between C- and N1-Src was 83:17 respectively, thus N1-Src autophosphorylation was
reduced (Fig.5.7B). Surprisingly, two other phosphopeptides from the kinase domain
were identified. The p-Y439 peptide was identified in all three C- and N1-Src replicates,
and was significantly increased against FSBA, with a relative abundance of 81:19 for
C:N1-Src (Fig.5.7C). The second phosphopeptide containing p-Y338 was significantly
increased for C-Src against FSBA, however it was only identified in one experimental
replicate (Fig.5.7C). Therefore, it does not pass the stringent criteria outlined in Section

5.5.3, but is acknowledged in this context.

The Src C-terminal Y527 residue is phosphorylated by Csk and Chk to negatively
regulate kinase activity (Advani et al. 2017) via its intramolecular interaction with the
SH2 domain (Section 1.2.4). There is also evidence to suggest that Y527 is
autophosphorylated by Src in vitro (Osusky et al. 1995). The auto-phosphorylation of
Y527 would generate the inactive conformation of Src (Section 1.2.7), and reduce
auto-phosphorylation of Y416, and in turn substrate phosphorylation. The
non-phosphorylated peptide containing Y527 was identified via LC-MS/MS, however,
the phosphopeptide was not. It is possible that the phosphopeptide was not identified due
to factors such as the peptide flying poorly, or being insoluble. Non-phosphorylated
peptides can be used to quantify changes in phosphorylation sites, via their reduction in
intensity upon kinase incubation. However, this was not feasible as the FSBA only
control does not contain recombinant Src. Therefore, in order to confirm the lack of
p-Y527, an in vitro kinase assay was conducted with the same concentrations of N1-Src
and ATP (Section 5.3.2), for 3 h at 30 °C. The assay was analysed by Western blotting,
which did not detect p-Y527 immunoreactivity (Fig. 5.7D). Ideally, this experiment
requires a positive control of Src p-Y527, although, taken together with the LC-MS/MS,
suggests that p-Y527 is not likely to be the cause of the reduced auto- and substrate

phosphorylation.
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Figure 5.7: Recombinant N1-Src has reduced auto- and substrate phosphorylation.
A) Heat map showing the relative percentage abundance of all significantly upregulated
N1-Src phosphopeptides against C-Src and FSBA. B/C) LC-MS/MS quantification of
phosphopeptide peak area for the phosphopeptides containing p-Y419/Y439/Y338
between C-, N1-Src and FSBA. The error bars show the SEM, and * indicates statistical
significance at p < 0.05 via PEAKS Q significance model. D) Assessment of N1-Src
auto-phosphorylation via incubation of 250 nM N1-Src for 3 h at 30 °C with 1 mM ATP.
The Western blots shown an anti-His-HRP kinase loading control, and anti-pY527 for
the Src C-terminal phosphorylation site.
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5.3.7 In vitro phosphorylation by purified cellular N1-Src

The recombinant A80 N1-Src kinase yielded unexpected results in terms of its low auto-
and substrate phosphorylation (Fig.5.3/7). Therefore, the catalytic activity of full length
cellular purified C- and N1-Src-FLAG were compared in the P1 lysate.

A preliminary assay was conducted to assess if the Src-FLAG constructs could be
successfully utilised in an in vitro kinase assay. C- and N1-Src were immunoprecipitated
from stable inducible HeLa cells using anti-FLAG agarose-conjugated resin and
stringent washing was applied to remove any endogenous kinases. The kinase on resin
was incubated with a GST-tagged ideal Src substrate peptide for 1 h at 30 °C. The
supernatant was then removed and the kinase eluted from the resin with Laemmli sample
buffer. The ~ 60 kDa kinases are shown via anti-FLAG immunoblotting (Fig.5.8A), and
tyrosine phosphorylation of the GST-tagged peptide substrate was increased by both C-
and N1-Src as shown by the anti-PY20 Western blot. However, background tyrosine
phosphorylation was detected in the control lysates, suggesting that the washing was not

stringent enough to remove all endogenous kinase (Fig.5.8A).

Having confirmed that the cellular purified kinases were viable for in vitro kinase assays
(Fig.5.8A), the assay was then extended to the FSBA treated P1 lysates (Fig.5.8B). The
FSBA method was conducted as previously described (Section 5.3.1/2), however, the
immunoprecipitated kinases on resin were utilised as oppose to recombinant kinase. The
kinases were incubated with the P1 lysate for 1 h at 30 °C, and not 3 h due to concerns
regarding high levels of background tyrosine phosphorylation. The assay was terminated
via Laemmli sample buffer and analysed via Western blotting. As expected background
tyrosine phosphorylation was observed (anti-PY20 Fig.5.8B), however, C-Src-FLAG
raised the lysate phosphorylation content above that of the background. Surprisingly,
with the exception of a single band ~ 75 kDa, N1-Src did not raise the tyrosine
phosphorylation above the background (Fig.5.8B). However, the anti-FLAG immunoblot
showed that less N1-Src was present than C-Src, thus the extent of phosphorylation
cannot be directly compared. Encouragingly, p-Y416 was identified for both C- and
N1-Src (Fig.5.8B). However, it was increased for C-Src, and despite there been more
C-Src in the assay, suggests that N1-Src is not auto-phosphorylated in excess of C-Src as
shown in previous experiments in our lab (Keenan et al. 2015; Keenan 2012). Thus, the

full length cellular purified kinases mimic the recombinant kinases (Fig.5.3/7). The
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p-Y416 content of the kinases was assessed prior to their addition to the P1 lysates
(Fig.5.8C). However, as p-Y416 immunoreactivity was only detected for C-Src, it was
not possible to compare the ratios of Src p-Y416:Total Src for C- and N1-Src via
densitometry analysis, although qualitatively N1-Src is not autophosphorylated in huge

excess of C-Src in Hel a cells.

In order to demonstrate that N1-Src possess high levels of catalytic activity in vivo, a
B104 neuroblastoma cell line was utilised. C- and N1-Src-FLAG were transfected into
the B104 cells for 48 h prior to lysis in Laemmli sample buffer and analysis by Western
blotting. Unfortunately a poor transfection efficiency was achieved for C-Src, as evident
via the anti-FLAG Western blot (Fig.5.8D). However, NI1-Src raises cellular
phosphotyrosine content above that of the control cells (anti-PY20), and
auto-phosphorylation of p-Y416 by N1-Src was detectable (Fig.5.8D).
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Figure 5.8 In vitro kinase assays with purified cellular C- and N1-Src kinases. A) /n
vitro phosphorylation of a GST-tagged Src peptide substrate by C- and N1-Src-FLAG
immunoprecipitated from HeLa cells. The kinases were immobilised on anti-Flag
agarose conjugated resin and incubated with the GST-tagged ideal Src substrate peptide
for 1 h at 30 °C. The resin was then pelleted by centrifugation, and the supernatant
removed for analysis by phosphotyrosine Western blotting. The kinases were eluted off
the resin in Laemmli sample buffer for analysis via Western blotting. B) In vitro
phosphorylation in P1 rat brain lysates by C- and N1-Src-FLAG immunoprecipitated
from HeLa cells. The P1 rat brain lysates were treated with FSBA, and the kinase assay
conducted as described in Section 5.3.1. However, the immunoprecipitated C- and
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N1-Src-FLAG kinases on anti-Flag agarose-conjugated resin were supplemented into the
assay as oppose to the recombinant kinases, and incubated for 1 h at 30 °C. The assay
was terminated with Laemmli sample buffer, and assayed via Western blotting. C)
Assessment of C- and N1-Src-FLAG p-Y416 content upon purification from HeLa cells,
and prior to supplementation into the in vitro kinase assay described in Section B. A
fraction of kinase on resin was added to Laemmli sample buffer to enable analysis via
Western blotting for Src (anti-Flag) and p-Y416 content. D) C- and N1-Src-FLAG were
transfected into B104 cells for 48 h followed by lysis in Laemmli sample buffer. The
lysate was assessed via Western blotting for phosphotyrosine (anti-PY20), Src p-Y416
content, Src expression (anti-Flag), and actin as a loading control.
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5.4 Discussion

The primary aim of this chapter was to identify the substrates of C- and N1-Src kinase in
the developing brain as N1-Src has no characterised in vivo substrates, and only three
putative substrates. The secondary aims were to compare and contrast the C- and N1-Src
SH3 domain interactomes with their phosphoproteomes to assess whether any SH3
ligands were also phosphorylated. In addition, bioinformatics analyses were utilised to
identify functional enrichments within the N1-Src phosphoproteins that may explain or
shed further light on the function of N1-Src in neurons.

In total, 260 and 239 in vitro substrates were identified for C- and N1-Src respectively,
and these proteins enriched for GO terms spanning neuronal functions that included
morphology, differentiation and development. Furthermore, a number of C- and N1-Src
SH3 domain ligands (Chapter 3) were tyrosine phosphorylated, and these should be
considered primary candidates for follow up studies. Indeed, one of these proteins,
Neuronal Enah, appeared to be phosphorylated by N1-Src in vivo (Chapter 3). While
N1-Src overexpressed in neuroblastoma cells was highly active, and raised cellular
substrate phosphorylation, the in vitro activity of recombinant N1-Src, and N1-Src
purified from HeLa cells, was less than that of C-Src, and this is likely reflective of

differential regulation and activation in neuronal and non-neuronal cells.

FSBA-based detection of in vitro kinase substrates

The FSBA-based method pioneered by (Knight et al. 2012), has since been adopted in
other studies (Xue et al. 2013; Miiller et al. 2016). In this study, FSBA enabled the direct
identification of N1-Src substrates and their phosphorylation sites in a developmental
neuronal lysate. Whereas cellular studies would require NI1-Src expression in
heterologous cells, resulting in the loss of neuronal structures and neuronal specific
proteins. FSBA was an effective inhibitor of endogenous kinases, and combined with the
low levels of basal tyrosine phosphorylation in the lysate (Fig.5.2), and the small amount
of lysate required (2.5 mg), this paradigm proved to be ideal for the identification of Src
substrates. The identification of many previously characterised C-Src substrates
validated the approach (Fig.5.4B), and a Weblogo motif of the C-Src phosphorylation
sites identified a Src-like consensus motif (Miller 2003), suggesting that the kinase

domain was functioning with specificity (Fig.5.4C).
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A caveat, as observed by (Knight et al. 2012), is that the specificity of phosphorylation
appears to be determined only by the catalytic domain and not the SH2/SH3 domain
ligand interactions, as C- and N1-Src phosphorylated the majority of the same proteins,
despite the limited SH3 domain interactome of N1-Src (Chapter 3). As the C- and
N1-Src SH2 domains are identical, they could direct equivalent protein interactions,
however, it would be surprising for all substrates to possess a Src SH2 ligand motif.
Thus, the assay appears to override the in vivo requirements of SH2/SH3 docking. This
is not surprising, as the in vitro phosphorylation of Src substrates, such as enolase, are
unaffected by manipulation of the Src SH3 domain (Shen et al., 1999). Thus the method
appears to be an excellent tool for identifying a kinase’s in vitro substrates but not for
discriminating between isoforms with identical catalytic domains.

Improvements to the method could include the pre-incubation of C- and N1-Src with
ATP to enhance auto-phosphorylation, and in turn substrate phosphorylation. However,
this was not hugely detrimental as C- and N1-Src were still assigned 260 and 239 in vitro
substrates respectively, and specific tyrosine phosphorylation site(s) were identified for
more than 70 % of these. The PhosphoSite database contains 298 Src substrates, a
number that is rivalled by this single study. This is unsurprising, given the ubiquitous
expression and broad functions of C-Src (Section 1.3). However, it's possible that some
proteins are in vitro artefacts, or phosphorylated due to sharing a common kinase
substrate motif. A unique N1-Src phosphoproteome was not identified, however, it is
likely that C- and NI1-Src have differential substrates in vivo due to their variable
developmental expression and cellular localization within neurons (Section 1.3.7),
resulting in exposure to unique substrate pools. This was also observed by (Knight et al.,
2012) as the MAPK isoforms (p38 alpha/beta) did not have unique substrates in vitro,

but showed clear differential localisation in cells.

Phosphorylation of Src SH3 domain ligands by C- and N1-Src

Src substrates containing SH2/SH3 domain ligand motifs are considered more likely to
be physiological substrates due to the potential of the kinase to dock and subsequently
phosphorylate (Shen et al. 1999). Excitingly, a number of C- and N1-Src SH3 domain
ligands in the P1 lysate (Chapter 3) were also phosphorylated (Table 5.1).

Fifteen C-Src SH3 domain ligands (8.5 %) were phosphorylated and six of the N1-Src
SH3 domain ligands (18 %), Caskinl, Neuronal-Enah, Sfpq, Sh3pxd2b, Srcinl and
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Zc2hcla (Table 5.1). Sfpq has been detected as a Src substrate in a cellular
phosphoproteomics study (Amanchy et al. 2008). Interestingly, Zc2hcla has not been
reported as tyrosine phosphorylated in curated phosphoproteomic databases
(PhosphoSite) and the protein is uncharacterised. Neuronal-Enah is also poorly
characterised, however it was identified as the tyrosine phosphorylated form of Enah in
the embryonic brain (Gertler et al. 1996). While the in vitro phosphorylation site(s) for
Enah were not identified, preliminary assays in B104 cells identified it as potentially
phosphorylated by N1-Src (Chapter 3). Thus, proteins that are both SH3 domain ligands
and in vitro substrates, can successfully yield in vivo substrates.

A further nine N1-Src SH3 domain ligands, Asapl, Cbl, Dnm I, Dnm II, N-WASP,
Raphl, Sf3b2, Synl and Wasfl are bona fide Src substrates (Brown et al. 1998;
Miyazaki et al. 2004; Ahn et al. 2002; Ahn et al. 1999; Suetsugu et al. 2002; Carmona et
al. 2016; Amanchy et al. 2008; Messa et al. 2010; Ardern et al. 2006), but were not
detected in this assay. This might be due to factors such as low abundance and
phosphorylation stoichiometry, in addition, the phosphopeptides may not be sufficiently
ionised, or the phosphorylation site might not be flanked by trypsin cleavage sites.
Despite this, 45 % of the N1-Src SH3 domain ligands have the potential to be
phosphorylated by Src. Considering N1-Src’s enhanced constitutive kinase activity in
neurons, it could be speculated that N1-Src has evolved for a prominent role in
phosphorylation, over functions such as scaffolding and directing cellular localisation.
However, it is unclear how many of the GST-C-Src SH3 domain ligands are direct
interactors, as opposed to part of a complex (Fig.3.7). Thus it is unknown whether C-Src

is capable of phosphorylating an equivalent percentage of SH3 domain ligands.

To further highlight in vivo NI1-Src targets, neuroblastoma or primary neurons cells
transfected/infected with N1-Src could be treated with cAMP or retinoic acid and
induced to differentiate. The significantly up-regulated phosphopeptides in comparison
to the control cells could be identified via LC-MS/MS. Furthermore, in order to identify
direct N1-Src phosphorylation events, a fraction of the control lysate could be treated
with phosphatase (if required), and then FSBA, followed by incubation with
recombinant N1-Src for LC-MS/MS analysis. Direct phosphorylation events that were
identified in vitro and in vivo would be considered strong candidates for follow up

studies. A similar approach is described by (Knight et al. 2012) whereby FSBA and
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recombinant kinase was utilised on kinase inhibitor treated cell lysates to rescue

phosphorylation events observed in the control.

Additional auto-phosphorylation within the Src kinase domain

Interestingly, two other phosphorylation sites within the kinase domain, Y439 and Y338
were identified. As endogenous kinases within the lysate were inhibited by FSBA, the
phosphorylation is likely via autophosphorylation by the Src kinases, especially as both
phosphorylation sites are increased for C-Src, in line with the trend of the dataset, and
despite C- and N1-Src been at equal concentrations. The phosphorylation sites have been
previously detected, however neither have been confirmed as auto-phosphorylation. The
p-Y338 modification on its own did not appear to promote catalytic activity (Barker et
al. 1995), and p-Y439 was significantly increased by C-Src expression in cells (Ferrando

et al. 2012), although a function has not been assigned.

Functional enrichment of neuronal processes and phosphoproteins

GO term enrichment analysis of the phosphoproteins was conducted in an unbiased
manner as no information was provided regarding the cell/tissue lysate of analysis.
Therefore, it was encouraging to see core neuronal functions significantly enriched by
both C- and N1-Src, including neuronal structures (myelin sheath, synapse, axon, growth
cone) (Fig.5.6), consistent with N1-Src’s neuronal-specific expression and localisation in
dendrites and axons (Sugrue et al., 1990), as well as the increase of phosphoproteins in
the dendrites, cell body and axon upon N1-Src expression in retinal neurons (Worley et
al., 1997). The GO terms ‘neuron differentiation’ and ‘neuron development’ are in-line
with N1-Src’s function in neuroblastoma differentiation (Section 1.4.4) (Matsunaga et al.
1993). Furthermore, our lab recently implicated N1-Src in primary neurogenesis (Lewis
et al., 2017), and this GO term was enriched (FDR 6.59E-07). The in vitro substrate
Sox11 is an interesting candidate as the transcription factor is essential for neurogenesis

(Wang et al. 2013; Haslinger et al. 2009; Bergsland et al. 2006).

N1-Src induces morphological changes to neurites upon overexpression and knockdown
in neurons and heterologous cells (Keenan et al. 2017; Wetherill 2016; Worley et al.
1997) (Section 1.4.4). Furthermore, the cerebellar Purkinje neurons from a constitutively
active NI1-Src transgenic mouse presented morphological abnormalities of the

microtubules (Kotani et al., 2007). Thus, it was encouraging to identify a number of
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microtubule associated phosphoproteins including Mapt, Map2, Map6, Maplb, Tubala,
Claspl/2 and Cepl70b. Map6 possesses multiple calmodulin binding sites, and
calmodulin binding inhibits its microtubule stabilising activity (Lefévre et al. 2013). The
Map6 phosphorylation site p-Y539 is found within one of the calmodulin binding motifs
(Bosc et al. 2001). The sites p-Y521 and p-Y299 of Clasp1/2 respectively, are also found
within domains that interact with microtubule dimers (Al-Bassam and Chang 2011).
Actin cytoskeletal regulators were also in vitro phosphorylated including Actgl,
Arhgdia, Arpc3, Cfll, Fnbpll, RhoA and Pfn2 (Table 5.1, Fig.5.9). The phosphorylation
site p-Y68 of Cofilin 1 promotes its degradation and prevents actin cytoskeletal
remodelling that leads to cell spreading (Yoo et al. 2010). Additional morphological
regulators include TMEMI106B, an integral membrane glycoprotein which controls
dendritic morphogenesis through lysosome trafficking (Schwenk et al. 2014).
Interestingly, the Src in vitro phosphorylation site (p-Y51) has been detected in vivo
(PhosphoSite), and occurs within the cytosolic domain which mediates interactions with
cytoskeletal and trafficking proteins (Kang et al. 2018). Rtn4, an inhibitor of neurite
outgrowth was also phosphorylated (Sepe et al. 2014).

Proteins that regulate Src splicing and catalytic activity were also phosphorylated,
including Khsrpl and HnrmpH1 both of which are implicated with positive regulation of
N1-Src splicing (Section 1.4.3). Whilst these proteins have diverse roles in splicing, it is
interesting to consider if N1-Src could regulate its own splicing through such
phosphoproteins. In addition, PTPnl, also known as PTP-1B, is a phosphatase that
positively regulates Src activity by dephosphorylation of p-Y527 (Section.1.2.6).

The role of C-Src in signalling downstream of neuronal channels and receptors was
discussed in Section 1.3. A number of these molecules were in vitro phosphorylated by
N1-Src, including the DCC receptor, neural cell adhesion molecule 1 (NCAM1), the
ephrin receptor Epha3, and the ephrin receptor ligands EfnB1/B3. Furthermore, the
AMPA receptor subunit Gria2 was phosphorylated, as well as the AMPA receptor
regulator, Cacng8. L1-CAM was also detected as tyrosine phosphorylated, and N1-Src
has been implicated in neurite outgrowth by L1-CAM (Keenan et al. 2017) (Table 5.1,
Fig.5.9). Thus, many of the phosphoproteins are in-line with the cellular functions of Src

in the brain and, as discussed in Section 1.3, a number of early studies failed to
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distinguish between C-Src and N1/N2-Src, thus it is possible that some of the functions

are attributable to N1-Src.

Interestingly, the C- and N1-Src phosphoproteins enriched for the GO term Poly(A)
RNA binding, consistent with the GST-C- and N1-Src SH3 domain pull-downs (Chapter
3). Furthermore, the mRNA processing and spliceosome proteins, Snrpal, Sf3bl, Sf3al,
Sf1, Hnrnpk, Raverl and Sfpq were identified in both the phosphoproteomics and SH3
domain ligand screen. Sf3b2 and Sfpq were identified in an in vivo C-Src
phosphoproteomics study (Amanchy et al. 2008). N1-Src has not been detected in the
nucleus by immunocytochemistry, and it remains unclear whether the interaction and
phosphorylation of these proteins is an in vitro artefact or if N1-Src is impinging on
RNA regulation and splicing. A high frequency of splicing occurs during nervous system
development and differentiation (Su et al. 2018), and considering the cellular functions
of N1-Src in neurogenesis and differentiation (Lewis et al. 2017), it is not unreasonable
to predict that N1-Src could be regulating RNA. The Evans lab is currently investigating

the role of N1-Src in splicing using mini-gene reporters.

A summary of the 170 NI1-Src phosphoproteins that were assigned a specific
phosphorylation site are shown in Fig.5.9. The proteins were manually classified into
categories spanning cellular functions and compartments via their Uniprot, GeneCards
and STRING annotations. The phosphorylation sites that have been identified in vivo
(PhosphoSite) are underlined. Encouragingly, many of the in vitro phosphorylation sites
have been identified in vivo (Fig.5.9). Overall the in vitro Src substrates span signal
transduction, cytoskeletal dynamics (Rho GTPases, actin and tubulin), axon guidance

(L1-CAM, N1-CAM, Ephrin) and RNA regulation (Fig.5.9).
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Figure 5.9 Functional characterisation of the in vitro N1-Src substrates assigned a
specific phosphorylation site. The 170 N1-Src proteins that were assigned a specific
phosphorylation site are shown. The proteins were categorised based on their functional
annotations in Uniprot, GeneCards and STRING. Proteins for which the phosphorylation
site was identified in vivo (PhosphoSite) are underlined. Diverse multi-functional
proteins and uncharacterised proteins are listed as unassigned.
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Reduced auto- and substrate phosphorylation by N1-Src

N1-Src phosphorylated substrates in the P1 lysates to a lesser extent than C-Src
(Fig.5.2/3/7). This was surprising as N1-Src displays high levels of autophosphorylation
in neurons (Brugge et al. 1985) and upon expression in heterologous cells raises tyrosine
phosphorylation above C-Src (Worley et al. 1997; Levy and Brugge 1989). However, the
A80 recombinant N1-Src lacks the SH4 and unique domain, and wild-type regulation as
it is bacterially expressed. Whilst the phosphorylation activity of recombinant N1-Src
may not be fully representative of its in vivo behaviour, it does not explain why its
phosphorylation is reduced in comparison to C-Src, as both kinases are A80, thus the

only difference is the six residue N1-Src insertion in the SH3 domain.

Autophosphorylation of Y419 stabilises Src’s catalytically active state (Section 1.2.5),
and reduced autophosphorylation could decrease substrate phosphorylation. Indeed,
whilst not statistically significant, the relative abundance of the auto-phosphorylated
peptide was 83:17 for C:N1-Src respectively. As C- and N1-Src are purified fused to a
phosphatase (PTP1B), and do not have detectable auto-phosphorylation following
purification (Keenan et al. 2015), this is not believed to be due to differences in
auto-phosphorylation prior to the P1 assay.

An unlikely explanation is an inhibitory factor within the P1 lysate with selectivity for
N1-Src. For example Chk inhibits active SFKs through protein-protein interactions
(Advani et al. 2017). However, as N1-Src does not have any unique SH3 domain
interactors (Chapter 3) and the SH2, kinase and C-terminal tail are identical to C-Src, it
is unclear how N1-Src would be targeted selectively. In addition, the FSBA treatment,
and phosphatase inhibitor vanadate should have suppressed endogenous kinases and
phosphatases that regulate Src. However, an alternative cellular lysate could be trialled
to assess if there is a factor within the P1 lysates. Despite having an identical kinase
domain to C-Src, N1-Src could be increasingly sensitive to any residual FSBA that is not
removed by desalting, as it has a reduced affinity SH3:linker interaction (Keenan et al.
2015), and this is proposed to result in a less restrained catalytic domain. Thus the
N1-Src kinase domain may be more accessible to FSBA. In addition, N1-Src could be
negatively regulated by the in vitro autophosphorylation of Y527 to promote the
negative regulatory conformation. However, it is unclear why N1-Src would show

preference to this site over C-Src. Furthermore, the p-Y527 phosphopeptide was not
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detected for C- or N1-Src by mass spectrometry or for N1-Src by Western blotting of an
in vitro kinase assay (Fig.5.7D).

The assay does not appear to require SH2/SH3 docking to direct substrate
phosphorylation. However, the addition of SH2/SH3 domain peptide ligands to
recombinant SFKs increases substrate phosphorylation (Keenan et al. 2015; Moarefi et
al. 1997) via activatory interactions, that relieve the negative regulatory conformation
and promote auto-phosphorylation (Section 1.2.7). As the C- and N1-Src SH2 domains
are identical, and p-Y527 was not detected in the Src constructs, the main mode of
negative regulation is likely that of the SH3:linker. As the N1-Src SH3 domain has both
less and weaker interactions than C-Src (Chapter 3/4), this could result in less positive
regulation by the SH3 domain. Indeed, (Moroco et al. 2014) showed that C-Src was
activated by a SH3 domain peptide ligand, which continued to activate the
auto-phosphorylated kinase as it remained under allosteric control by the linker. Thus,
the raised auto- and substrate phosphorylation of C-Src could be a result of its higher
affinity SH3 domain interactions. To investigate the role of the SH3 domain on N1-Src
activity, the kinase assay could be conducted with mutants including the SH2:SH1
linker, inactivating SH2 and SH3 domain mutants, and SH2/SH3 domain activatory
peptide ligands. This could also explain why the GST-tagged ideal Src substrate did not
show as great difference in phosphorylation by C- and NI1-Src (Fig.5.3B), as the
phosphorylation of the micromolar concentration substrate could be reflective of the
affinity of the kinase domain, whereas at lower concentrations in the P1 lysate, other

regulatory interactions may be at play.

Interestingly, full length N1-Src purified from HeLa cells also did not raise substrate
phosphorylation in the P1 lysate kinase assay (Fig.5.8B). This could support the
proposal of a N1-Src inhibitory factor within the lysate, or an increased sensitivity to
FSBA. However, the auto-phosphorylation of N1-Src did not appear to be in excess of
C-Src directly after purification from the HeLa cells (Fig.5.8C). Previously studies have
failed to identify raised auto-phosphorylation by N1-Src in heterologous cells (Wetherill
2016; Levy and Brugge 1989). This could be due to factors such as a varying regulation
by kinases and phosphatases (Section 1.2.6/7), or even that auto-phosphorylation is
dependent on expression levels. N1-Src purified from cultured neurons or neuronal cell

lines would be more appropriate as its activity is more representative of that in the brain
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(Fig.5.8D). This reaffirms that caution should be exercised when studying N1-Src in

heterologous cells.

Concluding remarks

This study has provided a detailed catalogue of Src substrates in the developing brain,
and has taken the number of putative N1-Src in vitro substrates from three to two
hundred and thirty nine. In addition, two potentially novel auto-phosphorylation sites
within the kinase domain were identified. Regarding candidate substrates to investigate
further, proteins that were also identified as SH3 domain binders should be given more
weight due to their potential to dock and recruit the kinases in vivo, as exemplified by
Neuronal Enah and N1-Src (Chapter 3). Initial lines of enquiry would likely include
confirmation of the interactions via immunoprecipitation, and in vivo phosphorylation,
followed by functional assays which could include phospho-null and -mimetic mutants.
Furthermore, this study identified both reduced in vitro auto- and substrate
phosphorylation by N1-Src in the P1 brain lysate, and this is likely reflective of
differential regulation of N1-Src, for example it could be lacking SH3 domain-based

activatory interactions.
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Chapter 6 Conclusions and future directions

N1-Src possesses diverse cellular functions including neuronal differentiation,
cytoskeletal remodelling, neurite outgrowth and neurogenesis (Lewis et al. 2017; Kotani
et al. 2007; Matsunaga et al. 1993; Keenan et al. 2017). However, it is poorly
characterised in terms of the SH2/SH3 domain ligands, substrates and signalling
pathways driving these cellular functions. This study therefore investigated three core
features regarding the function of N1-Src in comparison to C-Src. These were 1) the SH3
domain ligands of N1-Src, ii) the substrates of N1-Src, and iii) the N1-Src SH3 domain
ligand consensus and mechanism of ligand binding. The outcomes of which are

discussed below.

6.1 The N1-Src SH3 domain interacts with a subset of C-Src ligands

Prior to this study, the N1-Src SH3 domain interactome was poorly characterised, with
only five putative in vitro ligands, which were unlikely to explain its diverse neuronal
functions. As the N1-Src SH3 domain contains a six residue insertion (RKVDVR) in its
ligand binding n-Src loop, it was hypothesised that N1-Src has unique ligands and
substrates that in turn drive unique cellular functions. LC-MS/MS analysis of the
GST-C- and N1-Src SH3 domain pull-downs from postnatal day 1 rat brain revealed that
surprisingly N1-Src had no unique SH3 domain ligands, and instead its 33 ligands were
a subset of the 176 C-Src ligands. It is possible that some unique low affinity ligands
were overlooked as pull-downs enrich for high affinity interactions. However, it is
logical for N1-Src to have a reduced set of ligands considering its neuronal-specific
expression in comparison to the ubiquitous expression of C-Src. Furthermore, the
N1-Src ligands were enriched for actin cytoskeletal remodelling factors, in-line with its
cellular functions in neurite outgrowth (Keenan et al. 2017; Kotani et al. 2007), and
contained two of its previously identified interactors dynamin I and EVL (Abdelhameed
2010; Lambrechts et al. 2000).

Possessing equivalent SH3 domain ligands does not necessarily equate to C- and N1-Src
having the same functions, and it was discussed in Chapter 1 how C- and N1-Src have
differential development expression and cellular localisation (Wiestler and Walter 1988;
Atsumi et al. 1993; Pyper and Bolen 1990; Ross et al. 1988; Sugrue et al. 1990). Thus,
they may not encounter the same ligands despite having the capacity to interact,

alternatively, they might encounter the same ligand but under different signalling
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contexts. Indeed, cellular studies comparing C- and N1-Src have demonstrated that the
kinases possess differential functions in axon guidance and neurite outgrowth (Keenan et
al. 2017; Wetherill 2016; Worley et al. 1997). In addition, this study provided evidence
that C- and N1-Src can interact with the same ligands differentially in vitro. For
example, while C- and N1-Src both bound Enah and Neuronal Enah, N1-Src showed a
preference for the Neuronal Enah variant. Similarly, the N1-Src SH3 domain selected for
dynamin I lacking phosphorylated S774, which occurs upon synaptic stimulation,
however the phosphorylation event has not yet been shown to be casual in disrupting
binding. Thus, differential binding could define unique signalling events for the two
kinases. As the peptide arrays identified C- and N1-Src SH3 domain interacting motifs
within the ligands dynamin I/III, N-WASP and Enah, mutation of these sites could
potentially be used to abolish the interactions with C- and N1-Src and aid in dissecting

their signalling pathways.

6.2 N1-Src splicing reduces the affinity of the SH3 domain

Previous studies demonstrated that the N1-Src SH3 domain bound weakly with, or failed
to interact with, C-Src SH3 domain ligands (Messina et al. 2003; Craggs et al. 2001;
Richnau and Aspenstrom 2001; Reynolds et al. 2008), suggesting it was tailored and
possessed a lower affinity. Multiple experimental approaches used in this study support
this finding. Firstly, the GST-C- and N1-Src SH3 domain pulldowns revealed that via
LC-MS/MS label-free quantification, 11 of the 33 N1-Src SH3 domain ligands had a
significantly enhanced interaction with the C-Src SH3 domain. Western blotting of a
selection of the C- and N1-Src SH3 domain ligands also confirmed that they interacted
with N1-Src to a lesser extent. In addition, in order to detect binding by the N1-Src SH3
domain to arrayed peptides, its concentration had to be increased and the incubations
conducted under less stringent conditions in comparison to C-Src. Direct evidence that
the N1-Src SH3 domain is lower affinity was obtained by NMR, in which titrations of
the same peptide ligand with the C- or N1-Src SH3 domain, demonstrated that the
N1-Src SH3 domain had a larger K.

Interestingly, (Keenan et al. 2015) utilised an in vitro kinase assay with C- and N1-Src in
order to investigate SH3 domain interactions via a read-out of substrate phosphorylation.
The coupling of a Src substrate motif to Class I/Il SH3 domain ligand motifs enhanced

phosphorylation by C-Src but not N1-Src, which in part led to the hypothesis of the
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N1-Src SH3 domain having a unique interactome. However, this result was likely due to
N1-Src having a lower aftinity for these motifs.

It is interesting to consider the in vivo implications of a lower affinity SH3 domain, for
example, could N1-Src be less likely to participate in stable interactions and have a
higher substrate turnover? Indeed, N1-Src has an enhanced constitutive kinase activity in
vivo (Levy and Brugge 1989; Worley et al. 1997). The N1-Src SH3 domain has a
reduced affinity interaction with the SH2:SH1 regulatory linker peptide compared to
C-Src (Keenan et al. 2015), which could relieve its negative regulation and explain its
increased auto-phosphorylation. Thus the main purpose of the SH3 domain insertion
could be to render N1-Src a ‘primed’ kinase, and reduced ligand affinity occurs at the
expense of this.

The reduction in affinity and interactome of the NI1-Src SH3 domain might impose
increased control on N1-Src by its SH2 domain. Indeed, the N1-Src Y527F mutant had
enhanced cellular phosphorylation (Worley et al. 1997) and an N1-Src SH2 domain
mutant greatly reduced kinase autophosphorylation (Groveman et al. 2011), suggesting
that N1-Src is under both positive and negative regulatory control by its SH2 domain.
Thus, it is essential to consider the N1-Src SH3 domain in conjunction with the SH2
domain with regard to kinase activity and ligand binding. C- and N1-Src kinase mutants
spanning the SH3, SH2 and C-terminal region could be used to compare parameters
including p-Y416, p-Y527, and relative substrate phosphorylation on a lysate wide scale
or using a specific transfected substrate in cells, in order to compare the relative
contributions of the SH2 and SH3 domains between the kinases.

The in vitro phosphoproteomics study (Chapter 5) also provided evidence for differential
regulation of C- and N1-Src kinase, as recombinant N1-Src failed to auto-phosphorylate
and conduct substrate phosphorylation in excess of C-Src (Fig.5.5), contrary to previous
studies in the literature. The main mode of kinase regulation in the assay would likely be
via the SH3 domain as Y527 is not phosphorylated in the purified kinases. As the
N1-Src SH3 domain was shown to bind ligand with a lowered affinity, it may be a result

of reduced SH3 domain based activation via ligand interactions.
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6.3 The N1-Src SH3 domain appears to show preference for canonical Class I and
II SH3 domain ligand motifs

Indirect evidence that the N1-Src SH3 domain binds canonical Class I/Il SH3 domain
ligand motifs was obtained by the GST-N1-Src SH3 domain pulldowns, as the ligands
were rich in Class I/II motifs in comparison to the GST control. This was further
supported by the peptide arrays as all but one of the peptides bound by the N1-Src SH3
domain contained either a Class I/Il motif or both. Furthermore, mutation of the proline
residues to alanine within the Class I/Il peptides was able to abolish binding to the
N1-Src SH3 domain, suggesting that N1-Src was selecting for proline to at least some
extent. NMR analysis also confirmed a direct interaction between the N1-Src SH3
domain and dynamin I B8 peptide that contains two Class II SH3 domain motifs. Thus,
these data are in-line with a recent phage display study that demonstrated N1-Src
interacts with canonical Class I motifs (Teyra et al. 2017).

Peptide arrays or NMR analysis could be conducted with alanine scanning mutagenesis
of peptides including those with arginine mutations to remove the Class I/II motifs. This
could provide insight into the overall motif preference of N1-Src and whether it is
selecting for Class I/II motifs. Solving the structure of the peptide bound N1-Src SH3
domain would also demonstrate if and how NI1-Src is binding Class I/Il motifs.
However, considering that N1-Src interacts with a subset of C-Src ligands, it is not
unreasonable to suggest that they interact with a similar motif, and that the neuronal

insertion might slightly alter binding as opposed to conferring a unique consensus.

6.4 N1-Src SH3 domain ligands are phosphorylated by N1-Src in vitro and in vivo
The pull-down experiment identified Caskinl, Neuronal Enah, Sh3pxd2b, Sfpq, Srcinl
and Zc2hcla as N1-Src SH3 domain ligands. The role of SH3 domain ligand interactions
in directing Src substrate phosphorylation is well-documented (Shen et al. 1999; Weng et
al. 1994), thus it was exciting to also identify these proteins as in vitro N1-Src substrates.
Furthermore, the specific tyrosine phosphorylation site(s) were mapped for Sfpq,
Zc2hcla and Sh3pxd2b, thus enabling follow up studies with phospho-null and
phospho-mimetic mutants of these putative N1-Src substrates.

While the specific in vitro phosphorylation site(s) were not identified for Neuronal Enah,
preliminary assays in B104 cells identified a prominent phosphotyrosine signal at the

electrophoretic mobility of GFP-Neuronal Enah, which only occured upon
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co-transfection of Neuronal Enah and NI1-Src. This either represents direct
phosphorylation of Neuronal Enah or signalling by N1-Src and Neuronal Enah that
induced the phosphorylation of a protein at the same electrophoretic mobility as
Neuronal Enah. Either explanation represents an exciting preliminary result in terms of
an in vivo interaction between the two. Neuronal Enah is poorly characterised but is
predicted to have a role in axon guidance (Gertler et al. 1996), which is also one of the
functions of N1-Src (Worley et al. 1997), and this could be an initial line of investigation
via neurite outgrowth assays. Identification of the in vivo Neuronal Enah
phosphorylation sites via LC-MS/MS would also aid in the introduction of
phosphorylation site mutants into such assays. Interestingly, the Neuronal Enah
phosphopeptides that were significantly upregulated in the in vitro phosphoproteomics
were those from the Neuronal Enah insertion in the proline rich domain. While the
ligands of the Neuronal Enah PRD are currently unknown, it could represent a
mechanism for phosphorylated Neuronal Enah to modulate its interactions with SH3
domain containing proteins, including C- and N1-Src and/or cytoskeletal regulators that

also contain proline binding domains.

6.5 A putative function of N1-Src in RNA regulation

The N1-Src SH3 domain interacted with the paraspeckle and mRNA cleavage factor
complex, and its ligands significantly enriched for the GO term ‘mRNA processing’.
Interestingly, the in vitro N1-Src substrates mirrored this result as they significantly
enriched for the GO term ‘poly(A) RNA binding’. C-Src has been associated with RNA
regulation via the slowing down of splicing reactions, and the regulation of RNA export
(Neel et al. 1995). Interestingly, via a C-Src ASH3/Y527F mutant, it was proposed that
the SH3 domain did not direct RNA regulation (Gondran and Dautry 1999). However,
it's possible that the overexpression of constitutively active Src is able to override some
physiological requirements. Furthermore, C-Src enters the nucleus to carry out substrate
phosphorylation (Paladino et al. 2016), and C-Src can impinge on RNA regulation
through its substrate Sam68 as the in vitro interaction of the C-Src SH3 domain with
Sam68 prevents its interaction with RNA (Taylor et al. 1995). Whilst it remains
unknown whether the in vitro interactions and phosphorylation events of nuclear and
RNA regulatory proteins by N1-Src are a physiological, as N1-Src has been implicated

in neuronal differentiation and neurogenesis (Lewis et al. 2017) it would make sense for
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N1-Src to have ligands and substrates involved in gene expression regulation. The Evans
lab is currently collaborating to assess the role of N1-Src on the transcriptional landscape
via knockdown of NI1-Src and RNA sequencing in Xenopus tropicalis embryos.
Preliminary data from these studies have revealed that N1-Src knockdown led to the
upregulation of a cluster of RNA splicing genes and there are many examples of
alternative or mis-splicing events in these embryos.

The paraspeckle protein Sfpq has been detected outside of the nucleus where it has been
associated with promoting neuronal axon survival via regulation of RNA pools (Cosker
et al. 2016). Sfpq has been identified as an in vivo C-Src substrate (Amanchy et al.
2008), and in vitro N1-Src substrate in this study, suggesting it is a strong follow-up
candidate. The tyrosine phosphorylation of Sfpq by the non-receptor tyrosine kinase Brk
promoted its cytoplasmic localisation, and prevented its interactions with RNA (Lukong
et al. 2009). Thus preliminary analysis with N1-Src and Sfpq could involve
immunocytochemical analysis of localisation, and immunoprecipitation with
phosphorylation site mutants could be used to assess if NI1-Src interacts with and
phosphorylates Sfpq in vivo. Pulldowns with poly (U) Sepharose could also be used to
determine if N1-Src affects the interaction of Sfpq with RNA.

6.6 The role of the N1-Src SH3 domain in kinase regulation

The N1-Src insertion was shown to perturb the chemical environments of both the n-Src
and RT loops via NMR analysis of the SH3 domain. The N1-Src SH3 domain RT loop
adopts a similar chemical environment to that of the ligand-bound C-Src SH3 domain
RT loop, and the conserved N1-Src insert residue R6ins was shown to be responsible for
this. This led to the hypothesis that an intramolecular salt bridge between R6ins of the
N1-Src insertion and D99 of the RT loop, results in the RT loop ‘binding switch’ being
constitutively in the bound (Chapter 4). These data could explain some of the regulatory
features of N1-Src, such as its raised auto-phosphorylation (Brugge et al. 1987), and
catalytic activity (Worley et al. 1997), and reduced affinity interaction with the SH2:SH1
regulatory linker (Keenan et al. 2015). The C-Src SH3 domain n-Src loop residue D117,
and the RT loop residues R95 and T96, all make direct negative regulatory contacts with
the kinase domain, and are perturbed between the C- and N1-Src SH3 domains. In
addition, R95 also contacts the SH2:SH1 regulatory linker (Xu et al. 1997). Thus it is

possible that these negative regulatory interactions are disrupted in N1-Src. The RT loop
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is essential for kinase regulation as replacement of R95 or T96, or mutation of R95 to a
variety of amino acids, raises Src kinase activity in vivo (Kato et al. 1986; Potts et al.
1988). This could suggest that the RT loop ‘bound’ environment is a means of
mimicking the ligand-bound SH3 domain, in order to disrupt the negative regulatory
contacts with the kinase domain and SH2:SH1 linker, pushing N1-Src into a higher state
of activity. Interestingly (Moroco et al. 2014) showed that in vitro auto-phosphorylated
C-Src was still under negative regulatory control by the SH3:linker. Therefore, if the
N1-Src SH3 domain interaction with the linker is disrupted, this could also explain how
the autophosphorylated kinase is less regulated, and highly active. It is also tempting to
speculate that reduced negative regulation could lower the activation threshold of
N1-Src, and this could be why the N1-Src SH3 domain functions with lower affinity
ligands. As the R6insA mutant results in the loss of the RT loop bound conformation, it
would be interesting to introduce this mutation into full length N1-Src in cells, as it
could be predicted to lower the auto- and substrate phosphorylation by the kinase. In
addition, an R95 mutant would be expected to activate C-Src to a greater extent than

N1-Srec.

6.7 Why has neuronal splicing of Src evolved?

Neuronal development including neurite outgrowth and synapse formation are under
tight transcriptional and post-translational control, and alternative splicing is prevalent in
the vertebrate nervous system. Micro-exons are often found in protein-protein interaction
domains in order to modulate ligand interactions for neuronal functions (Raj and
Blencowe 2015) and splicing of the C-Src SH3 domain to yield N1-Src is a prime
example. Neuronal splicing of proteins has been reported to alter their interactions
(Irimia et al. 2014; Laurent et al. 2015; Tsyba et al. 2008), and neuronal splicing of
intersectin 1 results in the isoform having both lowered and raised affinity for various
intersectin 1 ligands (Tsyba et al. 2008). N1-Src also interacts with a subset of C-Src
ligands, however in contrast, all of its interactions appear to be lower affinity. The in
vitro N1-Src interactome comprises cytoskeletal remodelers and RNA regulatory
proteins, and its in vitro substrates are those involved in the development, differentiation
and morphology of neurons, in-line with its cellular functions (Lewis et al. 2017;
Wetherill 2016; Kotani et al. 2007; Keenan et al. 2017). However, the purpose of its

lowered affinity is less clear. As discussed, it could be responsible for N1-Src having a
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higher substrate turnover, alternatively, it could be a means to regulate substrate
phosphorylation. C-Src is ubiquitously expressed and has an abundance of SH2 and SH3
domain ligands and broad cellular functions. Therefore, it is not surprising that during
neuronal development, a process essential for the function of an organism, whereby
tightly controlled and timed signalling cascades occur, that a less promiscuous isoform
of C-Src may take precedent. N1-Src might also be a means of temporal regulation of
Sre, as its splicing is positively regulated by neuronal PTB, which is expressed upon
neuronal differentiation and controls ~25 % of neuronal alternative splicing events
(Coutinho-Mansfield et al. 2007). Thus the purpose of NI1-Src might be to link Src
expression to the neuronal PTB-regulated cascade of transcripts that are required for
neuronal differentiation and function, whilst also having N1-Src as a tailored Src that is
optimal for sensitive neuronal functions. Furthermore, if N1-Src regulates neuronal
splicing, it could have positive feedback on its own splicing, and possibly function in

maintaining neuronal identity.

The evolution of the N2-Src splice variant is unclear. However, it is only expressed in
mammals, suggesting that it has evolved for higher brain functions. Unlike N1-Src,
N2-Src expression was not skewed towards the developing brain (Pyper and Bolen
1990), and upon neuroblastoma differentiation, N2-Src was proposed to have a role in
the maturation of differentiated neurons (Matsunaga et al. 1993). This suggests that
N2-Src may have a function in mature neurons. Furthermore, the auto- and substrate
phosphorylation activity of N2-Src is higher than N1-Src (Keenan et al. 2015), and upon
expression in Xenopus, N2-Src generated the most prominent larvae phenotype in
comparison to C- and N1-Src (Lewis 2014). Thus Xenopus may be lacking the means to
regulate N2-Src. It is curious that the kinase activity of Src increases alongside nervous
system complexity, for example, C-Src (invertebrates) < N1-Src (vertebrates) < N2-Src
(mammals). The N2-Src SH3 domain interactome is likely further tailored from C- and
N1-Src, and possibly even unique. Interestingly, R6ins, which is responsible for the
‘bound’ N1-Src RT loop, is mutated to serine at the NI-NII exon boundary, although

N2-Src also contains an arginine residue at both ends of the 17 residue insert.

6.8 Final conclusions and future directions
This is the first study to employ high throughput screens to assess the neuronal

interactome and phosphoproteome of N1-Src. In total, 31 novel in vitro N1-Src SH3
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domain ligands and 239 in vitro substrates of N1-Src were identified, providing a
foundation for the in vivo molecular characterisation of N1-Src. In particular, the SH3
domain ligands that were also substrates should be considered as strong candidates for
follow-up studies. Indeed, preliminary evidence was obtained to suggest that the in vitro
N1-Src SH3 domain ligand and substrate Neuronal Enah, is phosphorylated by N1-Src in
cells. Furthermore, phosphoproteins found within the GO term ‘neuron differentiation’
could be candidates for investigating the signalling of NI1-Src in neuroblastoma
differentiation. The NMR analysis has provided insight into how the N1-Src insertion
affects the RT loop, with implications for ligand binding and kinase activity. However,
solving the structure of the N1-Src SH3 domain would now complement these data, and
enable the characterisation of the binding site, including the function of the N1-Src
insertion and how R6ins is impacting on the RT loop.

Advances in proteomics have provided a variety of techniques for the in depth
characterisation of N1-Src, including in vivo phosphoproteomics, fusion proteins to
enable proximity-dependent mapping and analysis of cellular localisation (Roux et al.
2012), and also the identification of in vivo interactions via photoreactive amino acids
(Okada et al. 2011). Studies with full length N1-Src kinase are essential to understand
how the SH3 domain functions in the context of the entire kinase, and in particular with
the SH2 domain. This could include assays such as immunoprecipitation of ligands, and
analysis of activation kinetics with SH2/SH3 domain ligands and kinase mutants.
Sortase-mediated ligation has also been used to isotopically label single domains of Src,
and this could be used to assess the N1-Src SH3 domain ligand interactions in the

context of the entire kinase (Refaei et al. 2011).

Overall there is a vast amount to be discovered regarding the cellular substrates and
signalling pathways of N1-Src, and in particular the role of the SH3 domain in these
functions. The enhanced auto-phosphorylation of N1-Src suggests that its regulatory
mechanism is altered, and recent literature has demonstrated that the C-Src SH3 domain
is a hub for forming interactions throughout the kinase, including the SH2:SH1
regulatory linker, unique domain, SH4 domain, kinase domain and also with its
proline-rich ligands and lipids. Thus it is important to consider how these interactions

could differ for N1-Src and tailor both its activation status and function.
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total spectral counts from the GST-C and N1-Src
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Appendix 2: 15 mer peptide sequences from the Dynamin I, III, Enah, and
N-WASP proline rich domains utilised for the peptide arrays

Dynamin | PR Dynamin Il PRD
| 123456789 1234567839
000000000 ,000000000 Nowasp-PRO
000000000 000000000 123456789
ceo8d co000 A000000000
| Enah Control Peptides 000000080 ¢
| 12345678249 123456785 cCOOO@
AG00000000 00000000 E
0@

Dynamin | PRD

LY 1]

Dynamin il PRD

Nr. Pos. Sequence Nr. Pos. Sequence
1 A1 INTTTVSTPMPPPVD 1 A1 VSTPAPPPVDDSWLOQ
2 A2 VSTPMPPPVDDSWLO 2 A2 PPPVDDSWLOHSRRS
3 A3 PPPVDDSWLQVQSVP 3 A3 DSWLOHSRRSPPPSP
4 A4 DSWLOVQSVPAGRRS 4 A4 HSRRSPPPSPTTQORR
5 A5 VOSVPAGRRSPTSSP . § A5 PPPSPTTQRRLTLSA
6 AB AGRRSPTSSPTPQRR 6 AB TTORRLTLSAPLPRP
7 A7 PTSSPTPQRRAPAVP.’ 7 A7 LTLSAPLPRPASSRG
8 A8 TPQRRAPRVPPARPG 8 A8 PLPRPASSRGPAPAI
9 A9 APAVPPARPGSRGPA o A9 ASSRGPAPAIPSPGP N-wasp-PRD
10 B1 PRRPGSRGPAPGPPP 10 B1 PAPAIPSPGPHSGAP
11 B2 SRGPAPGPPPAGSAL 11 B2 PSPGPHSGAPPVPFR Nr. Pos. Sequence
12 B3 PGPPPAGSALGGAPF 12 B3 HSGAPPVPFRPGFELP 1 A1 RRQAPPPPPPSRGGP
13 B4 AGSALGGAPPVESRP 13 B4 PVPFRPGPLPPFPNS 2 A2 PPPPPSRGGPFPFFPPP
14 B 5 GGAPPVPSRPGASPD 14 B5 PGPLEPFPNSSDSYG 3 A3 SRGGPPPPPPPPHN3
15 B6 VPSRPGRSPDPFGPP 15 B6 PFPNSSDSYGAPPQV 4 A4 PPPPPPPHNSGPPPP
16 B 7 GASPDPFGPPPQVES 16 B7 SDSYGARPPQVPSRPT 5 A5 PPHNSGPPPFPARGR
17 BB PFGPPPQVPSRPNRA 17 B 8 APPQVESRPTRAPPS 6 A6 GPPPPPARGRGAPPP
18 B9 PQVPSRPNRAFPPGVP 18 B9 PSRPTRAPPSVPSRR 7 A7 PARGRGAPPPPPSRA
19 C1 RPNRAPPGVPSRSGQ 19 C 1 RAPPSVPSRRPPPSP 8 A8 GAPPPPP3RAPTAAP
20 G2 PPGVPSRSGQASPSR 20 G2 VPSRRPPPSPTRPTI 9 A9 PPSRAPTAAPFFFPP
24 C3 SRSGQASPSRPESER 21 C3 PPPSPTRPTIIRPLE 10 B 1 PTARPPPPPPSRPSV
79 C4 ASPSRPESPRPPFDL 92 G4 TRPTIIRPLESSLLD % 11 B2 PPPPPSRPSVAVEEP
12 B3 SRPSVAVPPPPPNRM
, 13 B4 AVPPPPPNRMYPPPP
. 14 B5 PPNRMYPPPPPALPS
Enah Control Peptides 15 BB YPPPPPALPSSAPSG
Nr. Pos. Sequence Nr. Pps. Sequence 1? gg gi];gziﬁiiﬁggié
1 A1 PLAPPPPPPLPPGPA 1 A1 BERSSRPLPPIFGGK 18 B9 PPPPPPSVLGVGEVA
2 A2 PPPPLPPGPAQASVA 2 A2 BERSSRALARIAGGK 16 C 1 PSVLGVGPVAPPPDP
3 A 3 PPGPAQASVALEPEPP 3 A3 QRRAPAVPPARPGSR 20 G2 VGBVAPPPPPPPEEE
4 A4 QASVALPPPPGPPFP 4 A4 ORRAAAVABRARAGSR 1 C3 PPDPPPPPPPPGPER
5 A5 LPPPPGPEPPPPLPS § A5 FGPPPQVESRENRAP 52 G4 PPPEPPGPPPPPGLY
6 AS GPPPPPPLPSTGPPP 6 A6 FGRAAQVASRANRAA
7 A7 PPLPSTGPPPEPPPP 7 A7 IQRIPLPPPFAPETY
8§ A8 TGPPPPPPPPPLPNQ 8 A8 IORIALAAABAARTY
9 A9 PPPPPPLPNQVPPPP * 9 A9 SOQLLRPKPPIPAKPQ
10 B1 PLPNQVPPPPPPPFA 10 B1 SQLLRAKAAIAAKAQ
11 B2 VPPPPPPPPAPPLPA 11 B2 WHRMPAYTAKYP
12 B3 WHRMAAYTBKYA
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Appendix 3: 'H-N backbone resonance assignment (ppm) of the N1-Src SH3
domain

Residue 1H 15N Residue  1H 15N
8G 8.29 110.27 53L 8.95 125.27
9G 8.01 108.5 54A 894  129.68
10V 791 118.81 55H 9.14 116.88
11T 841 118.91 568 8.83 119.68
12T 8.33 119.93 5L 8.87 129.57
13F 943 126.28 588 845 11433
14V 9.45 119.09 59T  8.19  108.29
15A 8.55 126.82 60G T3 110.64
16L 9.47 126.12 61Q 7.5 119.22
17Y 719 112,12 62T 8.61 117.08
18D 8.3 117.49 63G 9.17 113.11
19Y 8.61 120.99 64Y  9.03 119.5
20E 7.49 127.95 651 952 11259
218 8.22 118.31 66P - -
22R 9.14 123.91 675 773 120.78
23T 8.15 113.81 68N 815 11475
24E 8.99 121.96 60Y 792 11945
25T 7.57 105.66 0V 7.23 109
26D 7.64 123.53 T1A 8.7 121.88
27L 8.84 124.92 72P - -
288 7.97 117.36 738 8.11 116.75
29F 8.61 117.11 74D 836 121.17
30K 8.67 119.74 758 8.04 114.92
31K 922 121.13 76l 7.89 122.25
32G 8.99 115.02 77Q 8.4 124.72
33E 8.38 123.66 T8A 8.34 126.06
34R 8.28 122.06 79E 8.36 120.74
35L 9.15 123.44 80E 796  126.78

36Q 9.03 120.72
371 8.98 125.29

38V 8.61 127.19
39N 8.17 120.8
40N 8.51 119.46
41T 8.03 113.63

42R 8.29 123.82
43K 8.49 124.09
44V 8.26 122.26
45D 8.4 125.04
46V 7.99 119.06
47R 8.29 123.44
48E 841 120.77
49G 8.42 110.6
50D 8.05 120.06
SIW 8.54 124.25
52W 9.05 122.41
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lysate kinase assays. The peptides quantitative areas, and specific phosphorylation

site assignments are shown.
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Appendix 5: The in vitro tyrosine phosphorylation sites (rat) of the C- and N1-Src
substrates in postnatal day 1 rat brain homogenates.

Phosphorylation site Phosphorylation site
Protein N1-Src C-Src Protein N1-Src C-Src
Alm - 1039 Dcc 1062 -
Acpl 143 143 Dcx 350 350
Akapl 154 154 Ddx41 - 33
Alb 419, 425 419, 425 Dek 354 354, 360
Aldh2 334 334 Denr 29, 39, 42 39
Aldoc 357 357 Dlg2 737 737
Ambp 343 - Dlg3 618 618
Apc 1076 - Dlgap4 984 984
Apoo - 43 Dnajc5 17 17,149
Arhgap12 241 - Dpysl2 290 290, 499
Arhgdia 156 156 Dpysli3 - 431
Arpc3 47 47 Eeflal 254 254
Ashwin 53 53 Eef2 - 760
Atnl 776 776 Efnbl 328 328
Atp5o 82 35,82 Efnb3 323,337 323,337
Atxn2 34 34 Eifdenifl - 983
Atxn2l 116 116 Enol - 280
Cacng8 307 307 Ensa - 70
Cadm2 - 433 Erp29 66 -
Cadm3 394 394 Ewsrl 284 284
Canx 71 71 Fam213a - 110
Capl - 31 Fnbp1l 291 291
Casdl - 213 Gab1l - 285
Casp3 32 32 Gab2 263 263
Cedcl77 131 131 Gapdh 92 -
Cdv3 213 213 Glecil 64 64
Celf2 67 - Gmds 159 159
Cepl70b 1299 1299 Gnaol 168 =
Cct8 - 30 Gng2 - 13
Cfl1 68, 85 68, 85 Gng3 44 -
Cherp 902 902 Gpcéd 50 50
Cic 1452 1452 Gpre5c - 386
Cisd1 71 71 Gpx1 147 147
Ckap4 53 53 Gria2 876 -
Claspl 521, 1192 521,1192, 1282 Grpell 173 173
Clasp2 299, 1014 299, 1014 Gygl 315 315
Clstnl 150 - Hcfcl it i § 111
Cnpy3 76 76 Hepacam 312 312
Cnripl 89 85,89 Hnrnphl 306 306
Cops4 - 167 Hsp90aal 310 310
Cops7a 137 137 Hspa8 41 41
Cpd 1372 - Hspel 88 88
Cs 80 69, 80 Hsphl 644 644
Cxadr 318 318 Itgas 178 178
Dchld2 744 - ltghl 784 784
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Phosphorylation site

Phosphorylation site

Protein N1-Src C-Src Protein N1-Src C-Src
Itpa 164 164 Pgrmcl 113 113
Klc2 - 431 Pgrmc2 - 137

Kngl 72 57,72 Pithd1 96 96
Lancll 13 13 Pitpna 24,141 141
Letm1 140 140 Plcbl 803 803
Lgalsl 25 - Plcgl - 771
Lin7c 58 54 Plppr3 619 619

Magil 373 373 Plrgl 52 -

Magi2 362 362 Poldip3 182, 236 182, 236

Magi3 - 356 Ppplrldb 29 29

Maplb 1402, 1753 1402 Ppp2r5d 573 573

Map6 539 539 Prdx4 56

Mapt 705 705 Prkrip1 82 82

Mast4 1300 1300 Prrc2b 1496 -

Mcm3 - 706 Psma7 - 159

Mcripl 41 41 Psmd9 70 70

Mdgal 187,191 187,191 Psmel 209 209

Mdga2 - 189 Ptpnl 66 66

Micalll 677 677 Pym1 45 45, 49

Mlip 788 788 Rabdb 189

Mtnd3 37 - RGD1305178 - 147

Myl6 86 86 RGD1306271 1157 1157

Nacad 1316 1316 RGD1311703 84 84

Napa 185 131, 185 RGD1560065 131 131

Napb 184 131, 184 RGD1561636 43 -

Naxe 279 279 RhoA - 66
Ncam1 630 680 Rilpl2 32 -
Nectinl 466 466 Rnfl113al 118 118

Nelfe 133 133 Rrm1 404 404

Nfya 260 260 Rtn4 506, 814 506

Nfyb 58 58 Slprl 20,23 20,23

Nipsnapl 261 261 Sarla 191 191

Nmel 151 - Scampl 37 37

Nolcl 299 299 Semabd - 926

Nsfllc 167 167 Serpinall 400 400

Nsrpl 78 72,78 Sf1 87

Ntmt1 215, 218 215, 218 sfpq 477 :

Nyap1l 215 215 Sgta - 127

165, 183, 224,

Pagl 165, 183, 381 381, 409 Shb 95

Paics - 22 Sh3bgrl 92 92

Pcyox1 - 339 Sh3glbl 80,100 80

Pdcd10 89 - Sh3glb2 77 77

Pdia3 445 445 Sh3pxd2b 558 558

Pfdnl - 61 Sin3a 13 13

Pfn2 - 79 Sirpa 501 477,501

Pgk1 161 - Snap9l 15 15
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Phosphorylation site

Protein N1-Src C-Src
Snwl 420, 430,433 430
Spata2 478 -

Src 419, 439 419, 439
Srcinl 431, 496 431, 435, 496
Stipl 354 354
Sugp2 68 -

Thrl 677 -
Tceal 177 177

Tcf3 - 151
Tex2 299 -
Timp2 62 62

Tkt 202 202

Tmed9 - 152
Tmem106b 51 51
Tmpo 350 37,350
Tsn 264 264
Tubala 272 272
Ubal - 1052
Ubap2 - 1132
Uqcrb 90 i
Ugerl0 - 46
Wdr70 619 619
Xpnpepl 412 412
Yars 134 134
Ywhaq 149 149
Ywhaz 149 149
Zc2hcla 119, 124 119,124
Zfp609 796 796
Zhx3 77 -
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Abbreviations

% mol; Percentage molarity

3’; Three prime

32P; Phosphorus-32

5’; Five prime

AMPA; a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
APS; Ammonium persulfate

ASV; Avian sarcoma virus

ATP; Adenosine triphosphate

B104; rat neuroblastoma cell line

BP; Base pair

BSA; Bovine serum albumin

cAMP; Cyclic adenosine monophosphate

°C; Degrees centigrade

C; Carboxyl

CDKS5; Cyclin Dependent Kinase 5

cDNA; Complementary DNA

CEF; Chicken embryo fibroblast

CHK; Csk homologous kinase

CNS; Central nervous system

COS-7; African green monkey kidney fibroblast-like cell line
CSK; C-terminal Src kinase

CSP; Chemical shift perturbation

CTD; C-terminal domain

DCC; Deleted in colorectal carcinoma
DMEM; Dulbecco's Modified Eagle's Medium
DMSO; Dimethyl sulfoxide

DNA; Deoxyribonucleic acid

DTT; Dithiothreitol

E; Embryonic
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ECL; Enhanced chemiluminescence

EDTA; Ethylenediaminetetraacetic acid

EGF; Epidermal growth factor

EGFR; Epidermal growth factor receptor

eMPAI: Exponentially modified protein abundance index
EVL; Ena/VASP-like protein

FAK; Focal adhesion kinase

FBS; Fetal bovine serum

FDR; False discovery rate

FGFR; Fibroblast growth factor receptors
GABA; Gamma-Aminobutyric Acid

GFP: Green fluorescent protein

GO; Gene ontology

GPCR; G-protein coupled receptor

GPI; Glycosylphosphatidylinositol

GST; Glutathione S-transferase

HEK; Human embryonic kidney

His; A polyhistidine-tag

HRP; Horseradish peroxidase

HSQC; Heteronuclear single quantum coherence spectroscopy
IPTG; Isopropyl B-D-1-thiogalactopyranoside
KD; Kinase domain

kDa; Kilodalton

L1-CAM; L1 cell adhesion molecule

L; Litre

LB; Lysogeny broth

LC; Liquid chromatography

LDE; Long distance element

M; Molar

Min; Minute(s)
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ml; Millilitre(s)

mM; Millimolar

MS; Mass spectrometry

MW:; Molecular weight

MWCO; Molecular weight cut off
nPTB; Neuronal polypyrimidine tract-binding protein
N1-Src: Neuronal Src kinase 1
N2-Src: Neuronal Src kinase 2

NB; Neuroblastoma

NMDA; N-methyl-D-aspartate
NMR; Nuclear magnetic resonance
nRTK; Non-receptor tyrosine kinase

P1: Postnatal day 1

PALI: Protein abundance index

PBS; Phosphate buffered saline

PC12; cell line derived from a pheochromocytoma of the rat adrenal medulla
PCR; Polymerase chain reaction

PDGFR; Platelet-derived growth factor receptors

PI3K: Phosphoinositide 3-kinase

PK; Pyruvate kinase

PKA; Protein kinase A

PMSF; Phenylmethanesulfonyl fluoride

PNS; Peripheral nervous system

PPII helix; Polyproline type II helix

PP1; 4-amino-5-(4-methylphenyl)-7-(t-butyl)pyrazolo-d-3,4-pyrimidine
PP2; 1-tert-Butyl-3-(4-chlorophenyl)-1H-pyrazolo[3,4-d|pyrimidin-4-amine
PRD; Proline rich domain

PRR; Proline rich region

PTB; Polypyrimidine tract-binding protein
PTB; Phosphotyrosine binding (PTB) domains

PTM; Post translational modification
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RGC; Retinal ganglion cell

RIPA; Radioimmunoprecipitation assay buffer
RNA; Ribonucleic acid

RPM; Revolutions per minute

RSV; Rous Sarcoma virus

RTK; Receptor tyrosine kinase

SDE; Short distance element

SDS; Sodium dodecyl sulfate
SDS-PAGE; Sodium dodecyl sulphate polyacrylamide gel electrophoresis
SFK; Src family kinases

SH1; Src homology 1 domain

SH2; Src homology 2 domain

SH3; Src homology 3 domain

SH4; Src homology 4 domain

SPR; Surface plasmon resonance
TEMED:; Tetramethylethylenediamine
TOCSY; Total correlation spectroscopy
ug; Microgram(s)

uM; Micromolar

v/v; Volume per volume

WT; Wild-type

w/v; Weight per volume
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