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Abstract

N1- and N2Src are neuronal specific splice variants of the ubiquitously expressed
tyrosine kinase €rc. They differ onlyoy short aminaacid inser$ within their SH3
domairs, a region known to confer substrate specifiditye to their highly identical
sequence it habeen difficult to attribute specific neuronal functions to each Src
enzyme, howevemany C-Src SH3 domain substrates dot bind to the Nsrc SH3
domains. Thdimited functional N:Src data indicatéhat itis involved in neuronal
differentiation. Furthemore, high expression levels ¢fie N-Srcs in childhood
neuroblastoma correlate with cases in which the tumour spontaneously differentiates
to a harmless neunal phenotype. In this study,sbught to explain how the amino
acid insers in the NSrc SH3 dmairs affect substrate specificity and kinase activity
and how theynightact todrive neuronal differentiation.

| employed amulti-disciplinary approach to investigate the functions of the
N-Srcs. Studiesin heterologous cells revealed a specific role for th&rds in
cytoskeletal rearrangement. A sensitivevitro kinase assawas developed and this
showedthat the NSrc SH3 domain ligand preferences differ from those-&r€ A
subsequent phage displacreen was able to identify a novel consensus sequence for
the NESrc SH3 domain and peptides taining this consensus motif were shown to
be highly specific NiSrc inhibitorsbothin vitro and in cellsBioinformatic analyses
revealed the consensus seqce to be present in many neuronal proteind
identified a number of putative N3rc substratedn culturedneurons lidentified a
specific role for NiSrc acting in the LACAM pathway to modulate neurite
outgrowth.

The data presented here providéence that the inserts in the SH3 domains
of the N-Srcsconfer significandifferences in their substrate preferences and that the
functions mediated by the-Nrcs are different to those of&c. A role for N1Src
has been identified in the modulationaxfon outgrowth in cultured neurons and the
putative substrates identified now provide promising targets for the further study of
N1-Src function. Future investigations will be able to utilise the data presented here
to elucidate how N&Brc regulate the muronal cytoskeleton, while tools | have
developed; including &ighly specific N1Src inhibitor will greatly aid these

investigations.
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Chapter 1

1 Introduction

1.1 Protein phosphorylation

The opposing actions of phosphorylation and dephosptaylare able to regulate

a protein in almost every conceivable way. They can increase or decrease activity,
stabilise a protein or mark it for destruction, promote or prevent movement between
subcellular compartments and initiate or disrupt prepeotan interactions. The
addition of a phosphate group to a protein is simple, flexible and reversible. It is now
thought to represent the most general regulatory mechanism within the eukaryotic
cell, its prevalence possibly driven by the ready abundance Bfwthin the cell. It

has been estimated that as many as 30% of proteins within the human genome can be
phosphorylated, many of them at multiple sii€shen, 2002b)However, the ability

of the simple incorporation of a phosphate moiety to alter so many aspects of a
proteinds characteristics means that unc:
recognised both as a major cause and consequence of a huge ratigeasé
processefCohen, 2002a)

Addition of a phosphate group to an amino acid is mediated by kinase
enzymes while phosphatases reverse the probgsemoving the phosphate. The
human genome contaitwo broad classes of protein kinase; serine/theonine kinases
and tyrosine kinase$18 (1.7%) genes in the human genome code for protein
kinases, 90 of these are known tyrosine kinases and an extra 43 are predicted to have
tyrosine kinase activitgManning et al, 2002b)For the purposes of this study the
majority of the discussion will be focussed on the tyrosine kinases and their
functions.

There are two classes of tyrosine kinase. Receptor tyrosine kinases (RTKSs)
are type | transmembrane proteins with ateNninal extracellular domain that can
bind ligands, a single transmembrane domain, andear@inal cytoplasmic domain
that includes theatalytic domain. RTKs comprise 58 of the 90 tyrosine kinases in
the human genoméManning et al, 2002b)Most RTKs are activated through
binding of their extracellular domain to specific protein ligands, such as growth
factors and cytokines. Ligand binding promotesTKR oligomerization and
subsequent activation of the cytoplasmic catalytic domain by transphosphorylation

of tyrosine residues in the juxtamembrane region. Transphosphorylation can also

11



Chapter 1

result in the creation of binding sites for cellular adapters andlkmgnenolecules,
resulting in the transduction of extracellular signals across the plasma membrane
(Hubbard & Till, 2000)

Nonreceptor tyrosine kinases lack a transmembrane domain and may either
be soluble intracellular preins or associate with membranes via membrane
targeting lipid modifications. Nonreceptor tyrosine kinases are also activated by
ligand binding, commonly resulting ireither a conformational change or
oligomerisation. They mediate a wide range of cellutacesses including growth,
differation, proliferation and migratiofHubbard & Till, 2000)

1.1.1 The study of protein phosphorylation

Tyrosine phosphorylation was first identified within immunoprecipitates of the
polyomavirus nddle T antigen(Eckhart et al, 1979)This discovery represented a
new form of protein phosphorylation bititinitially came to be associated with the
ability of cytoplasmic retroviral oncoproteirfg-Src, +Abl, v-Fps) to elicit cellular
transformation(Rodrigues & Park, 1994Yhe normal cellular counterparts of these
viral proteinswere rapidly identified and shown tmave intrinsic tyrosine kinase
activity. Importanly, this kinase activity washown to function within cells, acting

to influence a wide range of signalling processes ranging from migration and
differentiation to wound healing and immune cell functi@pawson, 2004)
However, the unregulated signalling resulting from tyrosine kinases has continued to
be associated with skase processes, in particutarcer. A notable example is the
prevalence of the BeAbl fusion protein in chronic myeloid leukaemia (CML)
(Konopka et gl 1984) Therefore, as well as continuing to understand the normal
signalling processes of the kinasescent work has been focussed tamgeting
kinases for therapy.

Prior to the discovery of tyrosine phosphorylation a precedent for the
importance oprotein modification by phosphorylation had been set by seminal work
elucidating the functions of serine/threonine kinases. Tidigation of the first
kinaseenzyme, cAMP dependent protein kinase (PKA) followed by the elucidation
of its composition angtructural requirements for activation began to allow analysis
of the functional consequences of kinaggnalling at a molecular lev€Taylor et al,
1990) The first crystal structure of a kinase, phosphorylagBarford & Johnson,

12



Chapter 1

1989) facilitated further understanding of how kinases function and how they are
regulated.

It was only when this knowledge of kinase structure was combined with the
discoveries of cCAMP, heterotrimeric-@oteinsand Gprotein coupled receptors that
the outlire of a canonical signal transduction pathway was put together, with
serine/threonine phosphorylation established as a key mechanism for rapidly
modulating protein function. These discoveries resulted in a new way of thinking
about protein phosphorylatiomé established it as a major target of research to
understand how cells respond to extracellular cues and the signalling pathways that
elicit biological responses. The discovery of tyrosine phosphorylation provided an
additional mechanism that the cell &utilise to regulate signal transduction.

Modern genomic and proteomic techniques mean that we now know most, if
not all, of the kinases within the human gengmek nown a s (Marmieget ki nom
al, 2002b) Large numbers of phosphorylated sites within proteins Haeen
established through high throughput techniques including mass spectrometry. The
currentchallenge in the field is to match kinases with their substrates in order to
separate functions performed by different kinases within the loelddition, we
neel to begin to understand the mechanisms of spatiporal regulation of kinase
substrate interactions and to elucidate the roles of 4sitdtiand multPTM (post
translational modification)pf proteins. These complex modes of regulation may
mean that pri@in modification by kinases will come tval RNA splicing and gene

regulation as a method of biological contf@awson & Scott, 2005)

1.1.2 The evolution of tyrosine kinase signalling

Tyrosine phosphorylatioappeardo be a feature of eukaryotes and has been linked

to the emergence of multicellularity. PhospHation in prokaryotes is dominated by
histidine phosphorylation, a process that is very much in the minority in eurkaryotic
cells. Prokayoteshave the more evolutionary ancient serine and threonine kinases
but tyrosine kinases are nearly abs@vtanning et al, 2002a)The pokaryotic
tyrosine kinases that do exist do not share the same common ancestor as eukaryotic
tyrosine kinases, which are all derived from the same initial tyrosine kinasect)n f
tyrosine kinases appear relatively recently in evolution, edtkaryoticlike tyrosine

kinasesabsent in plants, yeast and fungi. Tyrosine kinase signalling is thought to be

13



Chapter 1

specific to metazoans and tyrosine kinases seem to have evolved primarily to
function as signalling enzymes allowing cell to cell communicatiimg et al,
2003)

It has been suggested that theeegence of the signalling components of
tyrosine phosphorylation was the crucial step that allowed the rapid development of
multicellular organisms. True tyrosine kinase signal transduction emerges about 600
million years ago, just por to the developmerof multicdlularity (King et al, 2003;
Manninget al, 2008; Pincus et al, 2008)yrosine kinase signalling is now known to
be crucial for the complex cell to cell communication that is a feature of metazoan
biology and is involved in diverse processes ranging from the regulation of
proliferation, differentiation, adhesion, hormormesponses and immune functions
(Hunter, 2009) This diverse ad complex signalling is possible due to the tripartite
system of kinases, phphataseand phophotyrosine binding SH2 domairRecent
work sequencing the genomes of many organisms has allowed speculation about
how the evolution of these components ocedirr

Surprisingly, it was not the tyrosine kinase domaitemselvegshat were
first observed during evolution. The genome of the single celled eukaryote
Sacchromycescerevisiaehas no tyrosine kinases, one pr&id2 domain and3
phosphatase domairfRincus et al, 2008)Most fungi have no tyrosine kinase or
SH2 domains but ~5 phosphatase domains. Sheerevisia proto-SH2 domain
shares overall sequence and structural similarity with modern SH2 domains but does
not possess phosphotyrosine binding ability. Instead, it has been shown to bind
phosphorylated serine and theonine residDesgl et al, 2009)

The appearance girotein yrosine phosphatase (PT&)mains prior to the
advent of tyrosine kinases maye due to the presence of dual specificity
serine/threonine kinases that are able to phosphorylate tyrosine residues.
Serine/threonine kinases are more ancient than tyrosine kinases, dating
approximately from the emergence of eukaryotes. Organisms latkmogine
kinases, such as yeast, do have a small but detectable level of phosphotyrosine that
must be present due to the action of dual specificity kingsgseven et al, 1986t
is known that some processes, such as the activatiomtofienactivated protein
(MAP) kinases mad the inhibiton of cyclin depena¢ kinase 1 (cdkl)require
phosphorylation on tyrosine residues and that these phosphorylation events must
have taken place before dedicated tyrosine kinases existed. Therefore, the evolution

14
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of PTP domains that could rewe these phosphotyrosine residues would provide a
mechanism of negative regulation for these ,rdvat functionally important
phosphorylation events. In addition they would provide a way to buffer the
occasional errant phosphorylation of a tyrosine residt is likely that these first
dedicated PTPs arose from a common ancestor of the dual specificity phosphatases
that are still found in most single celled eukarydi@&enso et al, 2004; Kennlg|

2001) The catalytic domains of PTPs and dual specificity phosphatases are distinct
from each other but evolutionarily related.

The next portion of the tyrosine kinase signalling machinery to emerge was
probably the SH2 domai The slime mouldictyostelium discoideuns a soil
dwelling amoeba that is unicellular in the presence of abundant bacterial food but it
is able to aggregate and form a pseuoddticellular organism in the absence of a
sufficient food source. It possesses the simplest SH2 domain genome conmgiemen
any sequenced genome and probably representsldkest living relative of the
second stage of tyrosine kinase signalling evolutibohinger et al, 2005)

The ability of Dictyosteliumto aggregate iseliant on he PTP and SH2
domains. Its genome contains 12 SH2 domains that fall into 5 classes of protein.
Notably, the Shk proteins are kinases that contain aspealificity kinase domain
followed bya SH2 domain. This domain arrangement is similathtt observed in
Src Family Kinase¢SFKs) (Moniakis et al, 2001)Dictyosteliumhas no dedicated
tyrosine kinases, indicating that they probably evolved following the emergence of
tyrosine specific SH2 domains, but there is a massive expansion of the putative dual
specificity kinsse comfement in the genome to approximat&® (Manning et al,
2008) This shows the increasdunctionality of kinase signalling when it can be
controlled and directed ByH2 domains

True tyrosine kinase domainsre only present in metazoans and
choanoflagellates, the closest knovimgge-celled relatives of metazoafising et al,

2008) This indicates that tyrosine kinases arose very close to the separation of
metazoans from choanoflagellategiobably as a branch of the pgristing
serine/threonine kinasesChoandlagellates and metazoans both have a full
complement of tyrosine kinases, PTPs and SH2 donmaihthe proteiis that they

are contained imand the functions that they perform vary widely. This reinforces the
opinion thatthe tripartite system waacquired only shortly before their divergence.
There are some tyrosine kinases present in the germfnbacteria (known as BYs),
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however these are not evolutionarily related to the eukaryotic tyrosine kinases and
have emerged separatélye & Jia, 2009)

Interestingly, all choanoflagellates and metazoans sequenced have between
30 and 150 tyrosine kinaséSlanning et al, 2008; Pincus et al, 2008here is a
notable absence of genomes with small numbers of tyrosine kinases. This implies
that tyrosine kinase signalling was very important for the functions of multicellular
organisms and resulted in their rapigpansion within the genome. Thapid
increase irthe number ofyrosine kinases also coincides with a dramatic irserea
the numbers ofSH2 and PTP domains in genom@incus et al, 2008)Where
Dictyosteliumhas ~10 SH2 domains and ~5 PTP damain its genome, the
genomes of all available metazoans and choanoflagellates have ~100 SH2 domains
and 3040 PTP domainper genome. As well athe increase in number, proteins
containing SH2 and PTP domains also became more complex, with proteins
contahing SH2 or PTP domains commonly also containifi 3ther domaingJin
et al, 2009) It seems that the advent of the true dedicated tyrosine kinase made the
PTP and SH2 domasnmore useful in themselves, this is reflected in the large
increase in their prevalenosithin the genome following the emergence of the
tyrosine kinase domairfhe tripartite system also allowed for a widagre diverse
range of regulatory roles mediated by tyrosine kinase signalling.

The emergence of tyrosine kinase signalling reptesea novel mechanism
for regulation of proteins. Therefore, it allowed for the rapid accumulation of new
regulatory functions that, importantly, did not interfere with existing networks of

regulation such as those mediated by the serine/threonine kinases.

1.2 The Src Family Kinases

Src Family Kinases (SFKsre a group of structurally and functionally related-non
receptor tyrosine kinas¢Brown & Cooper, 1996; Thomas & Brugge, 1993jc is

the founding member of the family and it was first identified as the transforming
protein of the oncogenic retrovirus, Rous sarcoma virus. This viral form of the
protein (+Src) was soon shown to have a normal cellular copater GSrc, a
ubiquitously expressed tyrosine kinase that is highly conserved through evolution.
Following the identification of Src, 8 other tyrosine kinases with a high degree of

both amino acid and structural similarity have been identified in vessbidte SFK
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family members ar&rc, Fyn, Yes, Yrk, Blk, Fgr, Hck, Lck and Lyn. The expression
patterns of the SFKs are varied with some expressed ubiquitously and sonmgshow
restricted expressiofThomas & Bruggel997) It is likely that all cells will express

at least one SFK member, with some expressing multiple isoforms of the same
protein. The variety in the specificity of these related kinases along with their broad
expression patterns mean that they raguh wide variety of biological functions
including proliferation, cytoskeletal rearrangement, differentiation, survival,
adhesion and migratiaiThomas & Brugge, 1997)

1.2.1 Structure of the SFKs

The SFKs rangdetween 52 and 62 kDa and share a conserved modular domain
organisation composed of 6 regions: i) SH4 domain, ii) unique domain, iii) SH3
domain, iv) SH2 domain, v) kinase domain, vi) negative regulatetgr@inal tail
(Figure 1.2.1.1)

Myr
PXXP p Y PYGEF

I A N
N SH3 = SH2 ———p C
Y527

Y416

Figure 1.2.1.1 Domain organisation of the SFKs.

SFKs share a common, modular domain organisation They are N-terminally
myristoylated and some family members are additionally palmitoylated. The SH3
domain interacts with ligands containing the consensus motif PxxP. SH2 domains
interact with phosphotyrosine residues. The SH3 and SH2 domains function in
substrate selection. The kinase domain is responsible for substrate phosphorylation.
The approximate positions of two important phosphorylation sites are indicated.
Phosphorylation at Y416 in the kinase domain promotes the active conformation of
the kinase and phosphorylation of Y527 in the C-terminal tail promotes the inactive
conformation of the kinases are discussed in section 1.2.2.

1.2.1.1 SH4 domain

SFKs are generally foundssociated with the plasma membrane and other
intracellular membranegCourtneidge et al, 1980; @Geer et al, 1983) Their

signalling is reliant on this membrane associa{i8pencer et al, 1995)ndicating

17



Chapter 1

that they predominantly phosphorylate substrates that are also membrane associated.
The SH4 domain is a ~15 amino acid sequentkeaextreme Nerminal tail of the
kinase that contains the sequences required for lipid modification of the kinases,
although the 7 residues located at the extremteriinus are sufficient for
myristoylation to occur(Cross et al, 1984)Myristoylation is an irreversible
modification that occurs during translatiQBuss et al, 1984)A glycine residue at
position 2 (all residue numbering referto the amino acid sequence of the
prototypical chicken Srdp required as the site of myristoylation and is essential for
the addition to occurThe residues in positions-B3 are also important and are
relatively conserved between the family members. ridfigylation enhances
membrane association of the kinase and-mgristoylated Src is not membrane
associatedDavid-Pfeuty et al, 1993)A small amount of myristoylated Src, is
however found free in the cytoplasKBuss et al, 1984)

Src and Blk contain a high proportion of basic residues within their SH4
domains(Resh, 1994) These are thought to contribute to membrane &d8uv,
most likely by interacting with the polar headgroups of the phopholipid membrane.

All SFKs other than Src and Blk lack these basic residues but do have one or
more cysteine residues within their SH4 domains. The cysteine at position 3, and
potentally others,canbe palmitoylatedShenoyScaria et al, 1993Palmitoylation
occurs post translationally and can lynamically regulated by a cycle of
palmitoylation and depalitoylation (Koegl et al, 1994; Paige et al, 1993)his
cycle may be a mechanism to allow theloealisation of the kinase upon
stimulation. The addition of a palmitoyl group acts to stabilise the kinase at the
membrane. Experimenissing mutants of Hck that cannbe palmitoylatd have
shown that, while the palmitoylated protein is essentially all membrane bound, only
about 30% of the noepalmitoylated protein ifLock et al, 191; Robbins et al,
1995)

The processes of palmitoylation and myristoylation allow membrane
association but also facilitate membrane clustering within domains of the plasma
membrane. fie palmitoyl modification allows certain SFKs to enter lipid rafts and to
associate with specific signalling complexes. Therefore, these lipid modifications are
essential for the localisation and signalling of the kinases.
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1.2.1.2 Unique domain

As the name suggsts, the unique domain of the SFKs is the only dothaitvaries
greatly between the members of the family. The SFK unique domains are between
50 and 80 amino acsdn length. Their roles are not entirely clear but they would be
predicted to mediate pi@n-protein interactions that are specific to each member of
the family. The unique domain is dispensable for the regulation of the kimases
vitro (Carrera et al, 1995)Serine and threonine phosphorylation sites have been
identified within the Src and Lck unique domains, although the cellular
consequences of these phosphorylation events remairauncle

Src, but not other SFKs$s phosphorylatedn the unique domaity Cdc2
during M phase at Y34, Y46 and S{Zhackalaparampil & Shalloway, 1988;
Morgan et al, 1989; Shenoy et al, 1989j)c can also bphosphorylated within its
unigue domain in response to PKC activation in cells and is constitutively
phosphorylated by PKA at S1Zollett et al, 1979; Cross & Hanafusa, 1983)

S42 and S59 in the Lck unique domain are also phosphorylated in response to
PKC activation in cells. S42 has been shown to b@& aiiro PKC site, while S59 is
anin vitro MAPK site (Winkler et al, 1993)

1.2.1.3 SH3 domain

SH3 domains are small, globular roatalytic domains, approximately 60 amino
acids inlengththat are important for both intrand intermolecularinteractions of
the kinases. The SH3 domain acts to modulate the dual rolkmaxfe activity
regulation and substrate specificity determination.

The structure of the Src SH3 domain was first solved bt al(1992)and
this revealed that it consists of two three stranded-@ratir a isheetd. Thé two
sheets pack against each other at approximately right angles, forming a hydrophobic
core. The ligand binding site consists of a slightly curved, hydrophobic depression
onthe SH3 domain surface with an acidic cluster at one end.

SH3 domains bind to short, contiguous amino acid sequences that are rich in
proline. The high proline content means that they adopt ahdmitled helical
conformation (a polyproline type Il (PPII) heliXYu et al, 1994) Combinatorial
peptide library and phage display studies have shown that the Src SH3 domain is
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able to bind to two idtinct classes of substrate, both with the core nfibtdP. The

consensuss equences ar e RPIRPPLWheard (iPP&PKeE
hydrophobic amino acid) and are termed Class | and Class Il respe(figaly et al,

1994; Rickles et al, 1994%LIass | sequences have an arginine residue befexgR

motif and Class Il sequences have an arginine residue aftBxue They bind to

the SH3domain in opposite orientatiofiBeng et al, 1994)

The binding affinity of these short peptides is |@di.s are typically low
micromolar)and their sequence specificity is poor (small changes in the amino acid
sequence has little effect on binding affiniffyu et al, 1994) However, phage
display experiments using biased peptide library with theoe residues of the
interaction fixed have revealed that the flanking residues play an important role in
establishing specificityFeng et al, 1995; Rickles et al, 199Byportantly, when the
flanking residues are considered, the binding preferences of the individual SFK
members are different. This would allow each SFK to be able to specifically select
its own substrates viva

The affinity of the SH3 domain for protein substrates is higher than that for
the isolated peptide. This is partbecause many Src substrates are ralgihain
proteins,able to form contacts with both the SH2 domain and the SH3 domain.
Additionally, some substrates, such as the p85 subupih@$phoinosidide-Rinase
(PI3K), contain multiple SH3 domain binding motifs. This increases the local
concentrathn of SH3 domain binding sites and results in a reduction,in K

The molecular basis for subste binding to the Src SH3 domain was
elucidated byFeng et al(1994) These solution structures showed th&r€ SH3
domain bound to both Clas$snd Class Il ligands antbnfirmed the prediction that
the two substrates would bind to the same surface but in oppomtegatons.
Previous structures of the PI3K, Abl and Fyn SH3 domains had shown that SH3
domain ligands adopt a PPII he(iMusacchio et al, 19945rc SH3 domain ligands
were also shown to bind as a PPII helix, confirming this as a general mechanism for
interaction with SH3 domaingéru et al, 1994) Theligand bound structure of the
C-Src SH3 domain is essentially the saasethe free structure, but ligand binding
appears to slow the unfolding rate, stabilising the dorfi@ng et al, 1994)

The PPII helix has three residues per turn, meaning that residues i and i + 3
within a substrate will be on the same face of the helix. Taking the ClasSr¢ C
SH3 domain peptide RLPPLPRY® as an example binding peptide, residues 1, 4
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and 7on one face and 3 and 6 on a second face all form contacts with the SH3
domain surfacgFeng et al, 1994)The ligand binding site contains three binding
pockets. The first is an arginine binding pocket that binds the arginine residues in
both Class | and Class Il substrates and is commonly known as the specificity
pocket. R1 of the Class | peptide interactshvi¢118 of the Src SH3 domain via a
hydrogen bond and D99 via a salt bridge. The importance of this interaction is
demonstrated by the fact that SH3 domains with the mutation D99NHendlass |
ligand with a ~40 fold decrease in affinity compared towild type SH3 domain
(Feng et al, 1995)The second and third pockets are responsible for docking the
proline residues. They are commonly referred to as dipeptide binding pockets as they
also bind the residue immediately prior to the proline. Residues Y92, W118, P133
and Y136 form the second bindimgpcket and it makes extensive hydrophobic
contacts with L3 and P4. The methyl group of L3 also form additional contacts with
the side chains of D117 and N135. L6 and P7 dock into a binding site formed by
Y90 and Y136(Yu et al, 1994)The residues that form the binding interactions are

shown in Figure 1.2.1.

<«— N-Src loop

Figure 1.2.1 Structure of the C-Src SH3 domain.

The C-Src SH3 domain (red) bound to a Class I ligand (blue). The sidechains of the
C-Src SH3 domain amino acids that form binding interactions with the ligand are
shown. W118 and D99 form the first binding pocket for the arginine residue (R1).
Y92, W118, P133, Y136, D117 and N135 form the first dipeptide binding pocket and
contact L3 and P4. Y90 and Y136 form the second dipeptide binding pocket and
contact L6 and P7. The n-Src loop is the location of the extra residues contained in
N1- and N2-Src and can be seen to be adjacent to the substrate binding site.
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An increasing number of SH3 domain binding peptides identified do not
conform to thePxxP consensus motif originally identified. Whileome bind to
surfaces entirely separate to the well characterised SH3 domain binding site, others
bind to the same surface but utilise other cont@d<asni et al, 2002)1t has become
clear that it is not necessary for an SH3 domain binding peptide to adopt a PPII helix
to form binding contacts. In general, atypical SH3 domain ibghanotifs form

extensive contacts around the negatively charged area of the specificity pocket. This

area consists of a shallow groove for med

end by parts -8rfloop &nd thebRT loept MaaynStH3 damsahave
one or more subpockets within this area that are able to contribute to the binding
interactions. Ligands that bind in this area may or may not also utilise additional
contacts in the dipeptide binding pocké&ksela & Permi, 2012)Surprisingly,
many atypical SH3 domain binding peptides bind with a higher affinity than
substrates containing the canonical binding motifs.

Notably, interactions with the residues of th&m loop often contribute to
the bindirg of atypical SH3 domain ligands. In both the interactions of the Csk SH3
domain with the PERBBP1(Ghose et al, 2001gnd the &erminal SH3 domain of
p6 7" with p47"° (Kami et al, 2002}he ligands bind in the minus orientation via
both canonical contracts with the dipeptide bigdipockets but also additional
interactions with an acid pocket adjacent to the specificity pocket. Both binding
peptides adopt a helical conformation but the nature of their interaction with the SH3
domain differs slightly. The PEBBP1 peptide forma 3o helix that presents a
hydrophobic isoleucine residue to K33 of the Csk SH3 domain, a residue contained
within the nSrc loop. In the p&7™pa7"** complex the 47 peptide forms a
helix-turn-helix structure that is able to interact with residues efttd st r an d
n-Src loop of the p6f°*SH3 domain.

Some SH3 domains are able to interact in both canonical and atypical modes.
The Fyn SH3 domain is known to bind to classiéakP motifs but has also been
shown to bind to the atypical sequence RKxxYxi the immune cell adaptor
SKAP55 (Kang et al, 2000) This interaction also constituted the first reported
example of a SH3 domain interamti that was not reliant on at least one proline
residue. Prior to this the atypical motif PxxD¥longiovi et al, 1999had been

reported but it still required the proline residue in order to bind.
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1.2.1.4 SH2 domain

SH2 domains bind phosphotyrosine residues within prot@fwan et al, 1990)
The specificity of this interaction is achieved by individual SH2 domain recognition
of the residueflanking the phosphotyrosine. Songyang ef1@93a)used a random
library of phosphopeptideto identify the binding preferences ofnamber of SH2
domains.SFK members$rc, Fyn, Lck and Fgr all select the sequence pY®&hile

the SH2 domain of Abl selects pYENP and Crk selects pY8&hgyang &
Cantley, 2004; Songyang et al, 1993b)

The molecular basis for this interaction is apparent from the structures of the
Src and Lck SH2 domair(&ck et al, 1993; Waksman et al, 199Rdth have a deep
hydrophobic pocket that is able to accept the isaheum position pY + 3Other
b-branched amino acids, such as valine, are also able to fit into the pocket, but
methionine and leucine are too long. Th&dic residues at positions pYl and
pY + 2 are positioned in a shallow groove on the SH2 domsarface, oriented
towardsbasic residues on the otherwise neutral SH2 domain surface.

The residues in the binding sites of the individual SH2 domains directly
modulate the sequences that are able to bind. Chaagnegidue adjacent to the
Y + 2 binding site (Y215) taryptophanin the Src SH2 domajras it is in the Grb2
SH2 domain alters the binding preferences of the SH2 domain to pYENP. The
binding preference of the Grb2 SH2 domain is pYQNY/Q. Therefore the Src SH2
domain now favours asparagine in the Y + 2 posit#snGrb2 des(Songyang et al,
1993a)

The ability of SH2 domains to select ligands from random peptide libraries
indicated that they would be labto bind to similar short contiguous sequences in
their substrates. Investigation of the sequences of their substrates has shown this to
be partially trueFocal adhesion kinasé-AK) is known to be phospinglatted at
Y397 and to bind to the Src SH2 damaThe sequence that the SH2 domain is
binding to in his instance is pYAEI, which closely matches the idealisege of
PYEEI (Xing et al, 1994) Some substrates do not contain such apparently ideal
sequencesThe platelet derived growth factor recept®?DGFR) and colony
stimulating factorl (CSF1) are phosphorylatedt pYIYV and pYTFI respectively
(Alonso et al, 1995)Both of these sequences lack the acidic residues selected by the

SH2 domainn vitro; they dg however both retain the long, branched amino acid at
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position pY + 3. It is likely that, as there are more contacts from the SH2 domain
surface to the residue at pY + 3 than to the other two residues that binding of an
appropriate amino acid ithis position is able to compensate for the lack ofiacid
amino acids. In addition the tyrosine residue at position pY + 2 in the PDGF binding
sequence is itself phosphorylated and this phosphorylation increases the acidity of
the local peptide sequence and enhances the interaction. Therefore, there can be
multiple layers of modulation that influence the affinity of the interaction.

It is also common that longer range interactions are also involved when the
phosphorylation of a protein is considered as opposed to that of a peptide. In general,
the binding affiity of SH2 domains to phosphoproteins is lower than thahéo
phosphopeptides derived from them. In the case of the SFKs, it is known that
substrates arthemselves commoniyodular and able to interact with both the SH2
domain and the SH3 domain. Thered,in vivo substrates may not require the ideal
binding motif to be able to bind to the SH2 domain.

In addition tophosphotyrosine binding, certain SH2 domaitsoseem to be
able to interact with phospholipid¢Zhao et al, 1993) Association with
phospholipids of the plasma membrane would be able to aid membrane association.
However, it remains to be shown how the baka between substrate binding and
phosplolipid binding is achievedn vivo and how the balance between the two is
regulated.

1.2.1.5 The kinase domain

The Src kinase domain is broadly conserved across all SFK members and other
tyrosine kinases. It is both nesasy and sufficient for kinase activity. It also plays a
major role in the determination of substrate specifiditghe kinase domain of the
v-ErbB kinase, a heterologous tyrosine kinase oncoprotein, is replaced with the
kinase domain of Src then the stiate preferences tie resulting kinase become
more similar to those of-Src(Chang et al, 1995)

Studies using combinatorial peptide libraries have shown that the substrate
preferences of the two kinases are indeed different with Src preferring
EEEIYG/EEFD and EGIR (the normal cellular coumrpart ofv-ErbB) preferring
EEEEYFEUG (where G r epr es gSonggangetah ¥985a)0 p h o b |

Importantly, this study also showed that the substrate preferences of the individual
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members of the SFKs also differ, with the Lck kinase domain selecting
XEXI YGVGOGUG (where G repr esen3osgyarg ethay,dr oph
1995b) It has also been noted that the kinase domain substrate preferences resemble
the SH2 domain preferences of the kinases. The SrcdBhkhain binds to substrates
containing pYEEI. This means that the SH2 domain is able to dock onto tyrosine
residues phosphorylated by the kinase domain, allowing further phosphorylation of
the substrate by the kinase domain. This is a process known asssprece
phosphorylatior{fMayer et al, 1995)

The first struture of a tyrosine kinaselucidatedwas that of the insulin
receptor kinase (InsR kinagg@jubbard et al, 1994 his allowed for the comparison
of a tyrosine kinase structure with theise/threonine kinase PKA. The specificity
of the InsR kinase for tyrosine over serine or threonine was shown to be caused by
the proximity of a loop that is conserved between all tyrosine kinases to the substrate
binding site. In Src this loop is FIKWTA. The proline residue within this
sequence binds to the phenyl ring of the substrate tyrosine, aiding its binding. This
would not be beneficial for the binding of either serine or threonine.

A major site of autophosphorylation for Src occurs in the kinase domain at
Y416 (Smart et al, 1981)There has been a large amount of debate about whether
this phosphorylation occurs intrar intermolecularly. Initial studies found that the
phosphorylation occurred entirely or mostly intramalady (Feder & Bishop,
1990; Sugimoto et al, 1985)Subsequent experiments have shown that
autophosphorylation of catalytically inactive &ses can occur and therefore
phosphorylatiormust be able to proceed in trafiSooper & MacAuley, 1988)It
remains unclear whether other kinases are able to contribute to phosphorgtatio
this site. The phosphorylation event at Y416 is important for regulation of the kinase

conformation and activity and will be discussed further in section 1.2.2.

1.2.1.6 The C-terminal tail

All vertebrate SFKs have a-terminal extension of 237 residuesdilowing their
kinase domains. This region contains a tyrosine residue (Y5Zhigken Src)
contained within a conserved sequence at a constant position. TtkisniGal
phosphorylation site has been shown to be a major site of phosphorylation within the

cell and in resting fibroblasts, both Src and Lck are quantitatively phosphorylated at
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this site(Cooper et al, 1986; Kussick & Cooper, 1992; Marth et al, 1988 cycle

of phosphorylation md dephosphorylation of this-terminal site is involved in the
regulation of the activity and conformation of the SFKs, the mechanism by which
this is achieved is discussed further in section 1.2.2.

1.2.2 Regulation of the Src Family Kinases

The first crystalstructure of full length €Src was obtained in 1997 byu et al
(1997)and it revealed the nature of the intramolecular associatiatsegulate Src
kinase activity. It was already known that a highly conserved itgoresidue
(Y527) in the Gterminal tail region interacts with the phosphotyrosine binding site
in the SH2 domain and this was confirmed by the crystal structure. In addition,
another unexpected association was observed. The linker between the SH2 domain
and the kinase domain is able to adopt a polyproline type Il (PPII) helix, despite
containing only one proline residue, and bind to the SH3 domain.

The SH2:tail association is facilitated by a regulatory kinase known as Csk
(C-terminal Src kinase) and thelosely related kinas€SK-homologous kinase
(Chk) that phosphorylate the highly conserved tail residue Y(B&da et al, 1991;
Okada et al, 1991Knockout studies suggest that Csk is a master regulator of SFK
activity; the Csk knockouts embryonic lethaland biochemical analysis showead
substantial overall increase in SFK activity in the embfiyesamoto & Soriano,
1993; Nada et alL993)

When the tail residue is phosphorylated it is able to interact with the
phosphotyrosine binding SH2 domain, forcirthe kinase into an inactive
corformation. The importance ahis interaction in the regulation of lase activity
becomes apparent when the product of thestaaming retroviral oncogenesrc is
considered. The primary structural difference betwe&icvand ESrc proteinis a
deleted tail region in~&rc. As a esult, +Src is constitutively active, its kinase
activity is unregulated and it has a transforming phenotype when transfected into
cells. Mutation of the single residue Y527F iRS@ was subsequently shown to
recreate the constitutive activity ofSrc(Briggs & Smithgall, 1999)

When the SH2:tail and SH3:linker intramolecular interactions are in place,
the kinase activity of &rc is downregulated. The crystal structure revealed that, in

this conformation, the activation loop in the kinase domain adopastelly helical
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conformation which results in the autophosphorylation site (Y416) pointing inwards.
In contrast, the crystal structure of the activated kinase shows that the activation loop
is re-orientated to a position more compatible with ATP andssate binding. In

this conformation Y416 becomes surface exposed, allowing autophosphorylation

which acts to stabilise the open (active) conformat¥unet al, 1997)
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Figure 1.2.2.1 SFK activation scheme

SFKs can be activated by the displacement of the intramolecular interactions that
serve to constrain the kinase activity in the absence of a substrate. Substrate
binding can displace either the SH3:linker interaction or the SH2:tail interaction. It
remains unclear whether displacement of one intramolecular interaction acts to
destabilise the second interaction and produces a fully open and active kinase or if it
can result in two distinct partially activated forms of the kinase that phosphorylate
different subsets of substrates.

Mutation of the residues involved in the SH2:tail and SH3:linker interactions
result in an increase in the kinase activity of the SFKs. This led to the hypothesis that
interaction of the SH2 and SH3 domains with their high affinity substrates could

hawe the same effed@h vivo. Numerous studies have shown that disruption of either
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SH2:tail or SH3:linker interactions, either by mutation, interaction with other
proteins, or tail dephosphorylation, is sufficient to induce SFK activatioitro but

the mnhimal component for activatiom vivois still a matter of much debate. It has
been suggested that disruption of the SH3 association alone may result in transient
kinase activation, substrate phosphorylation and release, followed by a return of the
kinaseto its inactive state (Pellicena and Miller, 2002).

One of the best studied examples of kinase activation resulting from SH3
domain displacement is the association between the Hck SH3 domain and Nef, a
HIV accessory factor that is involved in AIDS progies (Lee et al, 1995; Saksela
et al, 1995)Nef binds to the Hck SH3 domain by the sequence PQV{SéRsela et
al, 1995) This sequence is able to form a PPII helix that contacts the Hck SH3
domain surfacéGrzesiek et al, 1996Nef binding to full length Hck results in an
increase in kinase activity that has been demonstratedro (Moarefi et al, 1997,

Trible et al, 2006)and in cell based assayBriggs & Smithgall, 1999; Lerner &
Smithgall, 2002) Mutagenesis of th&xxP motif in Nef prevents this association and
in turn prevents the increase in kinase acti@@ioi & Smithgall, 2004)

SH3 danain release is also shown to result in an increase in kinase activity
when binding to p130Ca@urnham et al, 2000; Pellicena & Miller, 2001he
progesterone recept@Boonyaratanakornkit et al, 200&hd Stat3Schreiner et al,
2002) among others. This supports the theory that SH3 domain displacement primes
the kinase for activation.

SFK activation by SH2 domain displacement has also been shown taroccur
vivo. SFK activation by growth factor eceptor tyrosine kinases involvebe
displacement of the SH2 domain from the SH2:tail interaction and onto the
phosphorylated residues of the activated, autophosphorylated receptor. This is able to
activate the kinase to phosphorylate the receptor, initiating a signalling cascade
(Parsons & Parsons, 1997)

The presence of two distinct regulatory interactions within the kinase
molecule means that there are a number of structural possibilities upon activation. If
the displaement of either SH2:tail or SH3:linkenteractions is sufficient to
independently induce kinase activity, there would be more than one active
conformation. This raises the possibility of the existence of distinct active states with

distinct signalling prperties. Alternatively, the disruption of one intramolecular
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association may serve to destabilise the second leading to only one, fully open,
active state.

Molecular dynamics experiments using Hck kinase support the second
hypothesis, indicating that theavements of the SH2 and SH3 domains are highly
correlated in the inactive statgroung et al, 2001) However, there issome
compelling evidencehat in vivo, alternate mechanisms of activation are possible.
Rat2 fibroblasts transfected with either Hck Y527F (SH2 activated) or Hck bound to
a SH3 ligand (SH3 activated) have been analysed for phosphotyrosine content by 2D
electrophoresis followed by detection using an antiphosphotyrosine an{iBadgn
et al, 2008) Multiple unique phosphotyrosine containingotgp were observed in
each case, supporting the idea that Hck substrate selection can be influenced by the
mechanism of activation. If this can be demonstrated to be true for other SFK
members and to occur under physiologically relevant signalling conslitiowould
provide evidence that there are distinct mechanisms of activations and that the mode
of activationcan impact upon the substrates phosphorylated and the downstream
signalling events that occur.

A more recent €Src crystal structuréCowanJacob et al, 2005ppears to
support the idea that a similar mechanism of alternaiwation could also be true of
C-Src. The structure wastained using unphosphorylated3tc andas a resujthe
tail is released from the SH2 domain. The activation loop okiteese domain can
be seen to adopt a conformation similar to that observed in active kinase domains.
Despite this, the linker remms bound to the SH3 domain khe SH2:SH3:linker
complex is rotated approximately £3fbmpared to its position in the dowmgulated
kinase structureThe biological relevance and kinase activity of this structure have
not been determined and further investigation is needed.

There is mounting evidendbat suggestthe SFKs can adopt multiple active
conformationsin vivo. This conformational plasticity may go some way to
explaining how the SFKs are able to function in such a diverse range of cellular

processes.

1.3 Functions of SFKs

SFKs play diverse roles in many different cellular processes; including cytoskeletal

rearrangement, differentiation, adhesion, migration, survival and immune function
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(Thomas & Brugge, 19979nd function in all mmmalian tissues. For the purposes

of this study only the neuronal roles of SFKs are considered in detail.

1.3.1 SFKs in development

SFK signalling is crucial for a wide range of functions in neuronal development
including neural tube formation, axonal growéimd guidance, myelination and
synapse stability. These functions are pritgamediated by Src, Fyr¥es and Lyn;

the major SFKs expressed in neurons. Src, Fyn and Yes are all broadly expressed
throughout thecentral nervous systen€NS) (Maness, 1992)vhile Lyn expression

is more restrictedChen et al, 1996)The expression of Src and Fyn appears to be
developmentally regulated, while the expression of Yes remains relatively
unchanged throughout developmégimomata et al, 1994)Src and Fyn expression
first occurs in neuroectodermal cells during neural fold formation at thet ahs
neuronal differentiatiofManess et al, 1986Both Src and Fyn are enriched in the
growth cone, or growing tip, of neurons and expression of both declines, although
remains detectable, during neurometuration(Bixby & Jhabvala, 1993; Wiestler &
Walter, 1988) However, there are differences in the expression patterns of Src and
Fyn. Fyn expression is more highly enriche@xons than that of Src, and following
sciatic nerve transection injury, Src exgs®n is upregulated while Fyn expression
remains constar{Zhao et al, 2003)This indicates that, despiteing highly related,

they mediate specific and individual roles within the neuron.

Surprisingly, the single knockout mice of Src and Yes have no detectable
neurological deficits(Lowell & Soriano, 1996) although it is possible that
reassessment using modern techniques for assessment of neuronal function may
reveal more subtle phenotypes. In support of this, ntieé @re lacking Fyn will
upregulate Src activity, presumably as a mechanism to compensate for the loss of
Fyn activity(Grant et al, 1995; Stein et al, 1994)

The single knockout of Fyn does have some mild cognitive impairment,
characterised by a reduction in long term potentiation (LTi#®)acivity dependent
signalling cascadassociated with the capacity to learn and form mea@Grant et
al, 1992) Fyn"" mice also show an associated defect in a test of the conversion of
short term to long term memory. These phenotypes are thought to be due to mild

morphological abnormalities observed in the hippocanphe granule cell layer of
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the dentate gyrus and the pyramidial cell layer of the CA3 region in the hippocampus
have pproximately25% nore neurons than wild type mice, indicating a role for Fyn

in the regulation of neuronal differentiation and prolitema, possibly by
influencing theextentof cell death.The brains of mice lacking Fyn have reduced
global levels of yrosine phosphorylation arghosphorylation of the SFK substrate
FAK is reduced. FAK is also known to be a substrate of Src so it wowddrpasing

if the effects of Fyn knockout were mediated through FAK as it would be thought
that compensation through Src phosphorylation could occur.

Fyn’

mice with a different strain background were shown to have a
neurological defect in that the nexas fail to suckldYag et al, 1993) This has
been partially attributed to the 4H0% decrease in the amount of myelination
observed in these mid&perber et al, 2001Y herefore, it seems that Fyn also plays
a role in the myelination of neurorByn is expressed ialigodendrocytes, the dsl
responsible for myelination, btihe mechanistic requirement for Fyn in myelination
remains tobe elucidated. It isnteresting that the two different Fyriines showed
different phenotypeand thereforemportant that further investigation is carried out
to rule out effects due to the strain backgrouhi possible that the production of a
Sr¢” mouse in a different strain background would reveal a phenotype.

Elucidation of SFK function from knockout studiesscomplicated byther
high degree of functional redundancy and abildycompensateA good indication
that there is functionaledundancy between the kinases is that the double knockout
of Src and Fyn has a much more severe phenotype and the triple knotiSrat
Fyn and Yess embryonic lethalStein et al, 1994)

Src, Yes and Fyn are all expressed in the growth cone, the growing tip of the
developing neuron(Maness, 1992)but the functions of Src and its roles in
mediating axon guidance are the most well studied. Srcalsig is required
downstream of axon guidance receptors and cell adhesion molecules including L1
and NCAM. Neurons taken from Stanice are unable to extend on a substrate of
L1-CAM but show wild type growth on laminifignelzi et al, 1994)Conversely,
neurons taken from Fyhmice are unable to grow on a substrate of NCAM, while
growth is normal on both LCAM and laminin(Beggs et al, 1994)These results
indicate that both Src and Fyn play a role in the procedse=uoite outgrowth, with
Src signallingdownstream ot.1-CAM and Fyn signalling downstream BICAM.

These results indicate that, despite some amount of functional redundancy, the
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individual isoforms of the SFKs are able to mediate individual functionlirwit
neurons.The subtle phenotypes were maiservedin neuronal slices taken from
single knockout micas in the intact brainthe neurons would be migrating through
regions containing both LCAM and NCAM.

Inhibition of Src results iran increase of lminin mediated outgrowth in
chick sensory neurons and application of tyrosine kinasebiints are able to
promote neurite outgrowth in culturdHoffmanKim et al, 2002) In addition,
application of the extradelar domains of LICAM or NCAM results in a decrease
in tyrosine phosphorylation mediated by endogenous sSFKthe growth cone
(Atashi et al, 1992)Thesedata are in contrast with thgrevious neurite outgrowth
studies that demonstratedrequirement for SFK si@iling in neuronal outgrowth
This is probably because the SFKs play specialised rolé®iprocesses of neuronal
outgrowth and maype able tgplay opposing roles depending the developmental
stage. The differing effectsould be achieved through thight regulation of kinase
activity and localisation.

In addition to roles in regulating neurite outgrowth as a response- @AM
signalling, Src is also involved in the internalisation and recycling of L1 between the
plasma membrane and the endosoni@shaefer et al, 2002)Therefore, Src
signalling is able to influence neurite growth as a result e€AM by at least two
different mechanisms. The molecular basis for the role of Src48AM signalling
will be discussed further isection 1.6

Studies inDrosophilamelanogasr have also provided evidence for a role of
the SFKs in neuronal developme@wverexpression ddrosophilaSrc in embryos is
lethal and pecific inhibition in the neuronal precursors of the developing eye results
in a block of neuronal specification andfferentiation (Kussick et al, 1993;
Takahashi et al, 1996)rhis result would imply that Src kinase activity plays a
positive role in the specification and differentiation of neurons.

SFK signalling hasisobeen implicated in growth cone guidance signalling
originating from a large number of pathways inclydiesponses to netrin, brain
derived neurotrophic factor (BDNF), ephrin A and semaphorin 3A (Sema3A). The

molecular basis for these responses will be discussedrfurtbection 1.5.
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1.3.2 SFKs in the mature brain

Synaptic transmission is the mechanism byclwimeurons in the CNS communicate.
This communication occurs at specialised intercellular connections between the
presynaptic nerve terminals and postsynaptic targeafled synapses. In the
mammalian CNS, signalling at synapses is primarily chemicadigiated and can be
segregated broadly into two classes; excitatory and inhibitory. Transmission at
excitatory synapses increases the likelihood that an action potential will be produced
in the postsynaptic neuron and that the signal will be potentiated. odturs
through membrane depolarisation in the postsynaptic neuron. Conversely,
transmission at an inhibitory synapse reduces the likelihood of an action potential
being produced by eliciting membrane hyperpolarisation. Both excitatory and
inhibitory syraptic transmissions are mediated by binding of neurotransmitters
released from the presynaptic neuron to transmembrane receptors on the postsynaptic
neuron. Normal CNS function is based on a balance between excitatory and
inhibitory synaptic transmissiomd abnormality in this can result in neurological or
psychiatric diseasgCline, 2005)

Signalling at excitatory synapses is predominantly mediated by glutamate
released from the presynaptic cel calcium dependent exocytosi synaptic
vesiclesand binding to ionotrophic glutamate receptors in the postsynaptic cell
membrane. There are three phaowmbgically and molecularly defined classes of
ionotrophic glutamate receptors, named accordinghéir preferred agnists; the
N-methytD-a s p ar t at e-an(inbidvhpdloxy:5-methylisoxazole3-proprionic
acid (AMPA) and kainate receptdi@ingledine et al, 1999)

Glutamatergic synaptic transmission is dynamically controlled and highly
plastic. This pasticity is essential for key physiological processes, but can also lead
to disease state€hanges in the functigror numbey of postsynaptic glutamate
receptors is associated with the control of learning and meniBligs &
Collingridge, 1993) but also chronic pain, epilepsy and neurodegeneration.
Phosphorylation has emerged as a key regulatory process in the functions of
glutamate receptorfKdles et al, 2001; Soderling & Derkach, 2000; Swope et al,
1999) with tyrosine phosphorylation, predominantly carried out by SFKs, crucial for
the regulation of NMDAR function and numbdAli & Salter, 2001; Salter & Kalia,
2004)
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The neuronal functions of SFKs were originally thought to be limited to
proliferation and differentiation. However, the discovery of SFKs in-pusitic,
differentiated neuronfCooke & Perlmutter, 1989; Cotton & Brugge, 1983; Sudol &
Hanafusa, 1986; Zhao et al, 1999)ggested a role beyond development, in the
mature brain. In support of this, mice lacking Fyn or Lyn have behavioural
abnormalitiegGrant et al, 1992; Umemori et al, 2003his suggests a role for the
SFKs in the molecular processes of neuronal plasticity which often presents as a
defect in learning and memory or belmawr in maise models. fie molecular
mechanisms underlying these effects and the specific kinases and substrates involved
are only recently beginning to be understood.

A major role of SFKs in the developed CNS is now thought to be the
regulation of ion channels. THest ion channel identified as being regulated by
SFKs was the NMDAR (Wang & Salter, 1994)Subsequently potassium channels
(Fadool et al, 1997)alcium channel@Cataldi et al, 1996) -aminobutyric acid type
A (GABA,) receptors(Moss et al, 1995\nd nicotinic acetylcholine receptors
(Wang et al, 2004have all been shown to be regulated by SFK phosphorylation.

Native NMDA-Rs are multiprotein complexes, with the NMDA receptor
subunits at their core and physical associations with numerous scaffold proteins,
adaptor proteins and signalling enzyn{étusi et al, 2000) NMDA-R activation
requires binding of both glutamate and theagonist glycine to sites in the
extracellular domain. Oncetivated the channel becomes permeable tdNK and
Ccd*. As an additional mechanism of regulatiohe tcurrent passing through the
channels can be mediated by a balance between phosphorylation and
dephosphorylation.

Inhibition of endogenous tyrosine ridse activity or upregulation of
phosphatase activity results in a reduction in NMRAmediated currents.
Conversely, inhibition of phosphatase activity or increase of tyrosine kinase activity
results in an enhancement of NMBERA mediated currenfWang & Salter, 1994;
Wang et al, 1996)Therefore, it was concluded that NMERs are regulated by the
opposing actions of phosphorylation and dephosphorylation.

Both Src and Fyn are able to potentiate currents through recombinantly
expressed NMDARs in HEK cells(K6hr & Seeburg, 1996dr Xenopusoocytes
(Chen & Leonard, 1996)Single channel recordings of NMBRs showed that
increasing tyrosine phosphorylation and inhibition of phosphatases results in an
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increase in the gating properties of the channels with no change in the single channel
conductancéWang et al, 1996)

SFKs were ifst implicated in the regulation of NMDRs because the SFK
activating peptide (pYEEI), which works by binding to the SH2 domain of the SFKSs,
is able to increase the activity of NMBR mediated currents in both cultured
neurons(Yu et al, 1997)and hippocampal slicgu et al, 1998) Src (Huang et al,
2001) Fyn (Suzuki & OkumuraNoji, 1995) Lck, Lyn and Yes(Kalia & Salter,

2003) are all found within the postynaptic density (PSD) in the postsynaptic cell
and SrqYu et al, 1997)Fyn(Yaka et al, 2002)Lyn and YegKalia & Salter, 2003)

are all preent within the NMDAR complex. Therefore, there are multiple SFK
family members located in the correct position to be able to regulate NRIDA
function. Src itself was implicated because application of both the inhibitory
ant i b-sra)fRoc¢h&et al, 1995nd the inhibitory peptide (Src4B) (Yu et al,
1997) that are able to inhibit Src selectively over the other SFK family members,
results in a reduction in NMDAR mediated currents. This reduction occurs through
a reduction in channel gating, the same effect observed whe®RKs were
inhibited nonspecifically. The peptide Src48B binds to the corresponding residues
within the uniqgue domain of Src. It has therefore been hypothesised that Src may be
interacting directly with the NMDAR via its unique domain and that applioatiof

the peptide prevents this interaction.

Direct SFK phosphorylation of neurotransmitter receptors is beginning to be
established as the method by which SFKs may regulate synaptic transmission.
NMDA-Rs are tetramers that consist of two NR1 subunits two modulatory
subunits (either NR2A or NR3AD). Both Src and Fyn phosphorylate residues in
the tails of NR2A and NR2BNakazawa et al, 2001; Yang & Leonard, 20(8ite
directed mutagenesis studies have identified specific tyrosine residues that are
phosphorylated by Src or Fyn when the NMBAsubunits and the kinases are
co-expressed in heterologous ce{lSheung & Gurd, 2001)The phosphorylation
events have been demonstrated to have functional conseqaedcesitation of the
residues required results in learnirgfidits (Nakazawa et al, 2006)

Src is also enriched in pmynaptic vesiclegLinstedt et al, 1992and has
well characterised prgynaptic targets including the synaptic vesicle proteins
dynamin, synapsirfFosterBarber & Bishop, 1998and synaptophysin (reviewed by
(Evans & Cousin, 200%) The presynaptic association between Src and sgimajs
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the best characterised and results in the regulation of synaptic vesicle trafficking
(Messa et al, 2010)

1.4 Neuronal Src kinases

C-Src kinase has two splice variants expressed solely in neuronal (Bssigge et

al, 1985; Pyper & Bolen, 1989; Pyper & Bolen, 199h)ese have been termed-N1
and N2Src and contain shortserts within their SH3 domains, 6fand 17 amino
acids respectivelyMartinez et al, 1987; Pyper & Bolen, 1990he splicing event
occurs between exons 3 and 4 of th&€ mRNA. The NZSrc protein is a product

of expres®n of both the N1 and N2 exonexpression of the N2 exon alone has
never beer observed. The reason for this remains unclear because expression of exon
3 and exon N2 would not result in an alteration of the reading f(Biaek, 1992)
Expression of the neuronal Src isoforms is suppressed imeunonal cells by
binding of the polypyrimidine tract binding protein (PTB) to the intron sequence
upstream of the N1 exofChan & Black, 1997; Chou et al, 2000§euronal Src
expression is also under positive control in neuronal cells, with a sexuenice
intron downstream of the N1 exon acting as a splice enh@hoetafferi & Black,
1997)

The presence of @tnative splicing of the Grc gene product to produce
neuron specific i sof or ms appears t o be
conserved in mammals, birdgptilesand teleost fistfRaulf et al, 1989; Yang et al,
1989) It was later demonstrated that frogs have a neuraifigpgplice variant of €
Src butit has only a 5 amino acid ied in the SH3 domain rather than the 6 amino
acids seen in other organisni$ie chargeof the amino acids contained within the
insert is retained and it ihereforepredicted to carry out similar functions to the
kinases with a 6 amino acid insé@ollett & Steele, 1992; Collett & Steele, 1993)
There is no NZrc equivalent in frogs. In contrast to the comparatively late
emergence of the N3rc gene product, -Src appears for the first time in the most
primitive of multicellular organisms, the spond8arnekow & Schartl, 1984, Ottilie
et al, 1992) This has ld to the suggestion that the neuronal Src kinases may
function in advanced brain functions including the molecular mechanisms
underlying learning and memory. However, ihevivo substrates of the neuronal

Srcs largely remain to be identified
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Figure 1.4.1 The N-Src kinases contain SH3 domain inserts.

The only structural difference between C-Src and the N-Src kinases is the presence
of short SH3 domain inserts in the neuronal isoforms. The amino acid sequences of
the insets are indicated. As previously indicated in Figure 1.2.1.1 the SH3 and SH2
domains are involved in substrate selection while the kinase domain is responsible
for substrate phosphorylation. The important regulatory phosphorylation sites Y416
and Y527 are indicated and their significance discussed in section 1.2.2.

The SH3 domain insertare within the rSrc loop,directly adjacent to the
substrate binding sit®ue to the critical role played by the SH3 domain in substrate
recognition, it would be predicted that their binding to know6r€ ligands would
be alteredYu et al, 1992) Indeed, all studies that have looked specifically £8rbl
binding have shown that it is either reducedbolished, as compared teStc. The
N1-Src SH3 domain does not interact with FAK or the neuron specific isoform
FAK™ (Messina et al, 2003pynamin or synapsi(FosterBarber & Bishop, 1998)
Tau (Reynolds et la 2008) 3BP1 (Cicchetti et al, 1992)and shows reduced
interaction with Sam68 (Finan Kellie, 1996). In fact, the-$tt SH3 domain has
been shown to interact with far fewer substratemn the GSrc SH3 domain in
resting 3T3 cell§Weng et al, 1993)

Some putativeN1-Src SH3 domairbinding partnershave been identified.
The Ena/VASHike protein (EVL), a PKA substrate shown to play a role in the
regulation of actin dynamics, has been demonstratedirtd the NX:Src SH3
domain, while binding to the -Src SH3 domain is minima{Lambrechts et al,
2000) Currently, the functional implications of this interaction, and whether EVL is

a substrate of the N&rc kinase domain remains bbe determined.
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A yeast twehybrid experiment performed in 1997 in the laboratory of Eric
Kandel using the NBrc SH3 domain as bait produced a single positively reacting
fusion produc{Santoro et al, 1997 he protein they isolated was shown to interact
strongly with N1Src but not €Src, Fyn or Abl (a nomeceptor tyrosine kinase
belongirg to a different family). Western blot analysis confirmed that the protein
identified was expressed specifically in the brain, with no expression observed in any
other tissue tested. Sequence analysis of the protein identified led Santoro et al to
identify it as a novel CAMP and voltaggted potassium channel.

It is now known that the protein identifiedy the Kandel lab is a
hyperpolarizatioractivated and cyclic nucleotide gat€HHCN) channel, HCNL1.

HCN channels are expressed both in the heart andréne and are unique in that
they are activated by membrane bggolarization rather than depoization. A
number of important neuronal functions are thought to be in part regulated by the
currents produced by HCN channels. These are reviewallahySchdt and Biel
(2009) and include maintenance of membrane potential, dendritic integration,
constraint olLTP, motor learning and synaptic transmission.

The interaction of N4Src with HCN1 has not beecanfirmed beyond the
initial yeast wo-hybrid interation, although regulation oHCN channels by
phosphorylation is not unprecedented. HCN2 hamnlshown to interact with the
C-SrcSH3 domain in yeast twhybrid and GST pulldown experimentie resulting
phosphorylatiorbothenhances the activation kinetics of the chaanel regulates its
trafficking (Zong et al, 2005) Regulation of HCN channel current by
phosphorylation has been demonstrated under physiologpealitions in the rat
heart(Arinsburg et al, 20063s well as neuronZong et al, 2005)This supports the
idea that the HCN channels are indeed under phosphorylation dantihab and that
members of the SFKs are responsible. In addition, HCN channels contain extensive
proline rich domains whichre attractive potential SH3 domain ligands.

A second, biased, yeast thgbrid experiment has identified another
possible NiSrc substratdvliyagi et al(2002)demonstated that the SH3 domain of
N1-Src can bind to Delphilin. Delphilin is a PDdomain containing protein that
interactswith the orphan glutamt e r e c e p(Migagi et@ll 20GR)ITBere is
currently no biological r ol mlingateBelplgin ed t o

is under phosphorylation control, this phosphorylation is thought to be carried out by
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PKA. Sequence ana$ys of Delphilin reveals that itloes contain a proline rich
region with a number dxxPmotifs that could potentially bind to &H3 domain.

In addition to differing substrate specificities, the expression patterns and
subcellular localisation of the neuronal Srcagas may differ from those of&rc.
C-Src and NiSrc are both enriched in axons and dendrites compared to the cell
sama (Sugrue et al, 1990N1-Src activity first occus slightly later than that of
C-Src but N1Src activity increases sharply at E12 and remains substarighegr
than GSrc into the adult moug®Viestler & Walter, 1988)It is geneally agreed that
both G and N1Src are present in the growth cones of developing neBrangge
et al, 1985; Maness et al, 199®ut it has been reported that MNkc may be
preferentially recruited to lipid raft@viukherjee et al, 2003)Lipid raft localisation
of Src would not be expected because it is normally the dual lipid modified SFKs
(not Src or BIKk) that are found in lipid rafts.

The presence of the additional residues within th8r&l SH3 domia has
also been shown to result in an increase in the tyrosine kinase activity of the proteins.
This increased activity has been repeatedly reported in association with the neuronal
kinases(Brugge et al, 1985; Levy & Brugge, 198®ut there do seem to be some
instances in which the activities of-@nd NSrc do not differ greatlfYang &
Walter, 1988) implying that the activity of the #¥rcs can be regulated. Highly
active SFKs, such as-Src, are known to illicit cellular transformation while their
normal celllar counterparts are not transformigigmiecik & Shalloway, 1987)The
transforming potential of NBrc was found tobe intermediate between the
nontransforming GSrc and the highly transformingSrc(Levy & Brugge, 1989)

Mutational analysis of the-Src SH3 domain hagvealed the importance of
the nSrc loop in the regulation of the kinasbhutation of a residugvithin the nSrc
loop (D117N) results in an increase in kinase actiy@yabek et al, 2002)This
increase in activity has been interpreted as a reduction in the ability of the SH3
domain to form theSH3:linker intramolecular associatidhat normally constrains
the activity of the kinaseThe presence of an insert in theéSrc loop is thought to
decrease the folding rate but not affect the overall structure of SH3 domains on a
large scal¢Grantcharova et al, 20Q0)

Existing studies nto the functions of the NSrc kinasespoint to roles in
neuronal developmentKotani et al (2007) showed that overexgssion of a
constitutively active form of N4Src specifically in the Purkinje cells of mice
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resulted in aberrant neurite outgrowth and cell body mislocalisation, while
overexpression of constitutively active-SEc had little effect. The aberrant
outgrowth was shown to be restricted to the dendrites, with axons appearing
morphologically normal. Overexpression of @nd N1Src in the developing
Xenopugetina were also shown to differentially impair neurite outgrofMitorley
et al, 1997)In this case, it is the axons that are primarily affected, with the axons of
C-Src overexpressing ventral forebrain neursherter tharthe controland NtSrc
overexpressing neurorlenger. Conversely, in the neurons of the optic pathway,
overexpression of constitutively active 1$tc acted to inhibit axonogenesWork
by Schmidt et a(1992) has also identified a role for Ndrc in the inhibition of
neuronal differentiationlt is not yet clear why the overexpression has differing
effects in he two neuronal types but it @ssiblethat the kinase may be interacting
with different substrates in the various neuronal cell types investigated.
There are currently nonlown potential N2Src substratedHowever, there is
a known association betwedt?-Src expression levels and prognosis for the cancer
neuroblastoma. Neuroblastoma is a childhood cancer of neural crest derivation and is
the most common solid tumour diagnosed in children. The tumour cells of
neuroblastoma are arrested at various stalgesg their differentiation and the
grade of differentiation is related to the clinical course and prog(Ramolph et al,
1997) In general, a nme differentiatedtumour is considered to be less aggressive.
Neuroblastomas are divided into stages 1 to 4 and 4s according to the International
Neuroblastoma Staging SystefBrodeur et al, 1988)An intriguing property of
stage 4s tumours is their ability to spontarsbpudifferentiate to matar
nonproliferative cells resembling ganglion cefisvans et al, 1980)'he age of the
patient is known to be an important facito this phenomenon. Infants (under 1 year)
are commonly diagnosed with stage 4s disease and an associated good prognosis,
whereas older children frequently have a more aggressive form of the cancer.
Interestingly, infant stage 4s tumours appear by luggoto be poorly differentiated
but the occurrence of spontaneous remission into histologically differentiated cells
means that they do possess the ability to differentiate oveEwams et al, 1980)
Neuronal Src has been shown to be expressed in neuroblastoma and
retinoblastoma tumours but not in Askin tumours or esthesioneuroblastoma, which
are also derived from neuronalstige(Bjelfman et al, 1990a)The neuronal Srcs are
not expressed in nemeuronal derived tumours. Importantly, low stage and stage 4s
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infant neuroblastomas havegh levels of N2Src expresion, indicating that N3rc
expression is an indicator of the capacity of a tumour to differentiate. In contrast
neuroblastomas expressing onlyS@&: or G and N1Src are more often malignant;
this type of tumour is typical in older childr¢Bjelfman et al, 1990a; Matsunaga et
al, 1993) In general, tumours that are expressing moreSN2than CSrc are less
aggressive than the converse situation and have a good prognosis.

N2-Src has therefore beawonsidered to be a potential marker both for the
identification ofneuroblastoma as opposed to other neuronal derived tumours and a
prognostic marker of the severity of t h

capacity to spontaneously differentiate.

1.5 Neuronal development mediated by guidance cues

The complex array of information processing carried out by the brain relies on an
intricate network of connections forming between neurons. In the adult human
approximately 1 trillion neurons make on avera@éQLconnections and the precise
patterning of these interactions is essential for normal nalrdémction.
Connections between neurons form during neuronal development when each
developing neuron produces an axon. At the growing tip of this axon iscaustru
called the growth cone thatresponsible for the guidance of the axon to the correct
location. The growth of a new axam vivo appears to occur in a directed manner
with few errorsand it was therefore assumed that axon grow in direct response to
guidance cues.

Over a century ago Ramon y Cajal proposed that axon guidance may be
mediated by chemoattractiohis model was refined in the 1940s by Roger
Sperry6s ¢ hemo a$periy,nlogl)Cell kcyltypreo éxpeansents have
since confirmed that neurons will grow towards their target cells, indicating the
presence of diffusible chemoattractive substances. The converse is also true, with
axons shown to grow away fropells that they would not make contacts wirth
vivo. In addition to the long range actions of chemoattraction and chemorepulsion,
axon growth has also been shown to be regulated by short range -coathated
mechanisms involving nediffusable cell sudce or ECM moleculedt is known
that axon growth in culture requires a substrate for growth that is both adhesive and

allows growth, as not all neuroaseable to grow a all adhesive substrates. Cactt
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repulsion is also observed in culturéhese proesses are reviewed by Tessier
Lavigne and Goodmaf1996)

Chemorepulsion Contact mediated repulsion
Secreted semaphorins Ephrins
Netrins Semaphorins

l ECM e.g. tenasins

»—.°°° "?l

©
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Contact mediated attraction Chemoattraction
Ilg CAMs Netrins
Cadherins

ECM e.g. laminin

Figure 1.5.1 The principles of guidance molecule regulation of axon growth.

There are multiple signalling pathways capable of regulating axon guidance,
meaning that a growing axon can be guided, probably simultaneously, by multiple
guidance cues. The growth of an axon can be directed away from one area by
chemorepulsion while attracted towards another by chemoattraction.

Developing neurons can respond to multiple signals to modulate the extent
and direction of their @wth. These broadly fall into two classes; attractive and
repulsive and can be either diffusible or contact mediatatactmediated attractive
and repulsive cues can allow the fine tuning of directionality. Many of the molecules
that mediate these guidee cues and their cell surface receptors have been
establishedhave commonly been shown to Imeodulated by phosphorylation,
specifically SFK phosphorylation. The major signalling pathways and the roles of

SFK mediated phosphorylation are outlined below.

1.5.1 Eph family of ephrin receptors

The Eph family are a family oRTKs that bind to and are activated by the
extracellular domain of their ligands, ephringhich are tethered to neighbouring

cells. EphA signalling results in the regulation of neurite owtgndy linking to the
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actin and microtubule cytoskeletgWeinl et al, 2003) These signalling events are
mediated through a large number of hyeys ncluding MAP kinase, PI,
p190rhoGAP/rasGAP and SFK signallingCullander & Klein, 2002) EphA
activation results in a repulsive response, mediated by growth cone collapse.

SFKs bind to the juxtamembrane regiontioé activated EphA receptor via
two conserved and phosphorylated tyrosine resi(@iesh et al, 1998)This results
in the activation of EphA kinase activity and allows it to phosphorylate substrate
proteins. Inhibition of SFKghough chemical means or by overexpression of the
regulatory kinase Csk results in the abolition of EphA mediated repyMiong et
al, 2004. The main protein targets of the SFK were shown by IP to be ephexin and
cortactin (Knoéll & Drescher, 2004)Ephexin is a RhoGEF that is activated by
phosphorylation and signals to RhoA, Rac and Cdc42 in order to regulate
cytoskeletal dynamics. Ephexin signalling activates RhoA, a negative regulator of
neurite outgrowth.

Cortactin is an actin binding protein that plays a key roldemovoactin
polymerisationWeed & Parsons, 2001lf is known to localise to growth coné3u
et al, 1998)and to interact with EphA receptors (in muscle cdlis)i et al, 2001)
SFK phosphorylation is knowto be Src dependerfThomas et al, 1995nd to
decrease the activity of cortactjlluang et al, 1997)esulting in a decrease in the
amount of neurite outgrowth. The SFK member responsible remains to be elucidated
but it is known that while Src, Yes and Fyn all bind to Eph A, Src does so with the
highest affinity(Zisch et al, 199).

In addition to the phosphorylation of downstream signalling molecules, the
SFKs are also able to directly phosphorylate EphA receptors. This was demonstrated
by overexpressiomf Fyn and EphAin SYF cells, cells that lack essentially all
tyrosine kinase activity (Klinghoffer et al, 199). It is predicted that this
phosphorylation would act to create binglirsites for other EphA interacting

partners.

1.5.2 Trk family of neurotrophin receptors

The Trk proteins are also a family of RTKs and act as receptors for members of the
neurotrophin familySeminal work by Rita LevMontalcini identified nerve growth

factar (NGF) several decades prior to the discovery of Trk receptorsLéae
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Montalcini, 1987for review). Trk receptors are now known to lighly expressed
throughout the CNS and their expression is developmentally regulated, a property
that first indicated that tlyemay play a role in the regulation of neurite outgrowth
(Ringstedt et al, 1993)Trk proteins are involved in a large range of neuronal
processes including the regulation of proliferation, survival, axonal and dendritic
growth and remodelling, association with and remodelling of the cytoskeleton and
synapse formation, fution and plasticityHuang & Reichardt, 2001)There are
three main Trk recepts; TrkA, B and C that can be generally considered to be
activated by the neurotrophins NGF, BDNF or NT3 or NT4 respectively, however
alternative splicing adds to the complexity of their signalfHgang & Reichardt,
2001)

Classically, Trk receptor activation results in the activation of the MAP
kinase signalling pathway, resulj in gene transcription by CREB and the
promotion of neurite outgrowthlhere is also evidence that Trk receptors can be
activated by at least two-@otein coupled receptors; the adenosinehd PAC1
receptors(Lee & Chao, 2001; Lee et al, @®). Activation by this nechanism has
different kinetics to classical activation and acts over hours rather than minutes. This
form of activation is dependent on both intracellular calcium and SFKs but not on
PKA or PKC. The SFK member required and how it acts remains to beakgtid

Src itself is also directly implicated in mediating Trk signalling. Classical Trk
signalling results in Ras activation and activated Ras can induce the sequential
activation of RalGDS (guanine nucleotide disassociation stimulator), Ral-&rd C
(Ouwens et al, 2002)Activated GSrc is then able to mediate effects on neuronal
outgrowth through phosphorylation of proteins that playoke in cytoskeletal
dynamics.

In addition to signalling downstream of Trk activatiorS@ can be directly
recruited to the Trk signalling complex. Activated Trk becomes phosphorylated at
Y490, resultingin the recruitment of the FGF receptor substat@rs2). Frs2 is
then itself phosphorylated, creating a binding site for a number of adaptor proteins
and signalling molecules, including®&c(Yan et al, 2002)Recruitment of €Src to
this position has been suggested to increase neurite outgrowth in a manner distinct to
the MAP kinase signalling pathway becaas#ivation of GSrc is able to increase
neurite outgrowth without affecting the kinetics of MAPK signalling in PC12 cells
(Marshall, 1995)
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1.5.3 Netrin receptors and netrin

Netrins act to promote neurite outgrowth and pathfinding through binding to netrin
receptors.Netrin and netrin receptors are highly conserved in invertebrates and
vertebrategSerafini et al, 1994and therefore a largeumberof the studies into

their functions have been carried out @aenorhabditiselegans a genetically
tractable organismNetrinl is the prototypical member of the netrin family in
vertebrates and its homolog @ eleganss UNCG6. The netrin receptors are UNC40
and UNC5 inC. elegansand their mammalian homologues are DCC (deleted in
colored¢al cancer), neogenin and UNCHA DCC/UNC40 are thought to mediate
both attractive and repul®vforces while UNC5 solely mediates repulsive forces.
Vertebrate netrin signalling is thought to act predominantly though phospholipase C
(PLC), PI3K, MAP kinases and the small GTPases Cdc42 and Rac in order to
mediate neurite outgrowiiMoore et al, 2007) Netrin  binding to netrin
receptors is known to induce phosphotigia of FAK, a cytoplasmic tyrosine kinase
with documented roles in a wide range of processes including adhesion, spreading,
migration, survival, cell cycle progression and proliferat{@erafini et al, 1994)

The phosphorylation of FAK is required for netrin mediated neurite outgr@wdh

et al, 2004) The activity of SFKs is required for netrin induced FAK
phosphorylation and chemical inhibition of SFKs results in reduced neurite
outgrowth(Li et al, 2004) Therefore, SFKactivity is required to mediate the neurite
outgrowth effects of netrin signalling. It is thought that SFK signalling activates a
signalling cascade through RhoGTPases resulting in the regulation of actin

polymerisation and cytoskeletal dynamics.

1.5.4 Semaphoins

Semaphorins are a large family of cell surface and secreted guidance proteins that
are defined by a Sema domaih approximately 420 residueat their Ntermini.
Semaphorins signal through large, multimeric receptor complexes and their primary
recepbrs are thought to be plexins. Semaphorin class 3 proteins are vertebrate
Semaphorins that are secreted and bind to vertebrate PlexinA proteins in a receptor

complex that also containsurepilin (Nakamura et al, 2000)
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As previously described for netrin signalling, an activation and association
between FAK and SFKs is also required for Semaphorin3B (Sema3B) signalling
(Falk et al, 2005) Interestingly, in this case FAK/SFKs are only required for
attractive signalling and not repulsive, etbaugh both can be mediated by Sema3B
binding. In the attractive condition, Sema3B binding results in the recruitment of Src
to membrane associated FAK. Fyn only beceptesphorylated and associates with
FAK under attractive conditions. Notably, the apalion of a SFK inhibitor not
only abolished the attractive response of axons to Sema3B but converted it to a
repulsive response.

More recently, evidence has emerged that Src/FAK signalling may be
involved in repulsive signalling pathways mediated by skeenaphorin Sema3A
(Bechara et al, 2008; Chacon et al, 2010)

1.5.5 Slit and Robo

Slits are secreted proteins that bind to their receptor Robo (Roundabout) and act to
modulate axon guidancéBrose et al, 1999) There is currently no known
requirement for tyrosine phosphorylation or SFK signalling in the modulation of
Slit/Robo signalling.

1.6 Cell adhesionmoleculesin neuronal development

At all stages during their development, growing neurons are able to respond to
extracellular cues to regulate their development. Signalling resulting telin
adhesion moleculess required at the early a&les of develapent for neurite
induction, proliferation and migtian and later in developmeistinvolved in growth

cone guidance to postsynaptic targets and synapse formadielh. adhesion
molecules arexpressed throughout development in the mammalian nervous system
and their general role is to medidteth homophilic or heterophilic interactions with
neighbouring cells and with the extracellular mafikalsh & Doherty, 1997)These
interactions initiate signalling cascades that ultimately either positively or negatively
regulated neurite outgrowth. In this way the extension length and position of the
growing neuron is heavily influenced by the signalling arising from the interactions

of neuronal recognition molecule®Vith relevance to the findings presented in
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Chapter 5further discussion afell adhesiormolecules will focus on the functions

of the L1family of cell adhesion molecules belonging to the Ig superfamily.

1.6.1 L1-CAM family

L1-CAM is the founding member of the L1 family of cell adhesion molecules. The
family consists of L1, CHL1 (close homolog of L1), NrCAM and neurofascin. L1
family members Isare a conserved domain organisation with a largeaedtular
portion and a short-@rminal cytoplasmic tail. The extracellular portion consists of
6 Ig domains and-8 fibronectin type Il (Fnlll) domains. It is the site of interaction
for a wide rangeof ligands including integrins, components of the ECM and
homophilic interactions with other L1 molecules. The intracellular portion links to
the actin cytoskeleton and acts to relay extracellular messages across the plasma
membrane and initiate intracelhr signalling cascadg®Valsh & Doherty, 1997)
The structural similarity of the LCAM family members results in partial functional
overlap(Sakurai et al, 2001)

L1-CAM signalling plays important roles throughout neuronal development
and is implicated in migration, growth, pathfinding, synapse formatidnpéasticity
(Crossin & Krushel, 2000)From early embryonic development (E9.5)CAM is
found expressed on the cell bodies of migrating neurnddader in development is
strongly expressed on growing axof&llunki et al, 1997) This then declines to
more moderate levels postnatallyl-CAM knockout mice have errors in axon
guidancg(Cohen et al, 1998nd defects in LTRBIliss et al, 200Q)indicating a role
for L1-CAM in both the developing and mature brain.

The importance of LLLAM mediated signalling in neuronal functiaa
indicated by the large number of mutations in theQAM gene that have been
associated with impaired cognitive ability. The-CAM mutations have been
grouped together into the syndrome CRASH, characterisedobyus callosum
hypoplasia, retardationgdductedthumbs, spasticity andyirocephalugYamasaki et
al, 1997) A similar phenotype is also observed in mice lacking th€ AM protein
(Demyanenko et al, 1999)

L1-CAM is known to act as a potent regulator of axogabwth and

branching inexperiments where is it employed a substrate or overexpressed. The
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mechanism of this is thought to involve the linkage betweefCAM and the

cytoskeleton, mediated by ankyrins amtinradixinrmoesin ERM) proteins.

1.6.1.1 L1-CAM and ankyrins

Ankyrin B (ANK2) and ankyrin G (ANK3) are both known to bind to the
cytoplasmic tail of LICAM and to provide a link to the actin cytoskeleton. This
association is thought to act to stabilise-CAM expression at the plasma
membrane. Homophilic binding &fLl-CAM is known to result in the recruitment of
ankyrins and this binding is then mediated by a MAP kinase dependent pathway
(Malhotra et al, 1998)

The conserved segquce FIGQY in the cytoplasmic tail is phosphorylated as
a result of ERK activatioWhittard et al, 2006)The tyrosine kinase that carries out
the phosphorylation remains to be elucidated but does not appear to be Src.
Phosphorylation at this residue prevents theCQAIM interaction with akyrin and
results in the promotion of neurite outgrowi@il et al, 2003) Transgenic mice
carrying amutation at the residue required for phosphorylation (Y1229H) have
altered morphology of retinal are and abnormal interstitial branching (branching
that occurs along an established axon rather than at the growth(Bahe}i et al,
2008) They also have impaired elongation and branching of interne(Guen &
Maness, 2010)

The interaction with ankyrin G is quite well established to promote stationary
behaviour(Gil et al, 2003) However, the role of ankyrin B remains less clear.
Neurons of mice lacking ankyrin B displdypoplasia of axonal tractand also
reduced steady state levels of CAM expressior(Scotland et al, 1998Y his would
indicate that ankyrin B mediates similar functions to ankyrin G in Igtady L1-
CAM. Ankyrin B is also shown to elmcalise with LECAM in developing axons
while ankyrin B does not. Furthermotége L1-CAM interaction with ankyrin B has
been demonstrated to be involved in neurite formation but not elondBiko et
al, 2007) These results are somewhat contradictory to the findihGsl et al (2003)
and Cheng et al (2005) and the roles of ankyrin B interaction wHBANM remain

controversial.
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1.6.1.2 L1-CAM and ERM proteins

The ERM proteins are known to function to link the actin cytoskeleton to various
transmembrane proteins, incladi L1-CAM (Dickson et al, 2002)There are two
ezrin binding sites in the cytosplasmic tail of-CAM, one of which is located in

the neuron specific sequence YRS(Eheng et al, 2005a; Sakurai et al, 2008)e
interaction with ezrin is known to be involved ihe modulation of neurite
outgrowth and branching. Overexpression of a dominant negative form of ezrin
results in an increase in the amount of branching of neurons grown on a substrate of
L1-CAM (Dickson et al, 2002) This indicates that ezrin interaction normally
functions to negatively regulate outgrowtutation of the ezrin binding siean the
cytoplasmic tail of LICAM resuls in a decrease in the amount of branching
observed(Cheng et al, 2005a)The reason for these contradictory results for the
function of ezrinL1-CAM interaction remains unclear.

The YRSLE motif also forms the binding site for the p2 subunit of the AP2
adaptercomplex. Binding of both ezrin and AP2 is abolished by phosphorylation at
this tyrosine residugSakurai et al, 2008; Schaefer et al, 200Bherefore, in
addition to modulating the interactiovith ezrin, phosphorylation at this site is also
able to regulate the trafficking of LEZAM to and from the plasma membrane. It is
thought that ezrin and AP2 are within different membrane domains within the cell
and that competitive binding does not ocditamiguchi & Lemmon, 2000;
Kamiguchi & Yoshihara, 2001)Phosphorylation at this residwsuld therefore
allow for two distinct mechanisms of regulation of-CIAM signalling.

1.6.1.3 Interplay between L1-CAM and other guidance pathways

In addition to direct linkage to theytoskeleton, classical activation of HJAM
through homophilic binding results in the activation of FAK in a SFK dependent
manner and subsequent activation of the MAPK pathway resulting in neurite
outgrowth(Schafer & Frotscher, 2012This mechanism of signal transduction has
previously been introduced in relation to netrin and semaphorin signalling and will
be discussed furthen isection 1.7L1 homophilic binding is also known to result in
the transient activation of Src, which in turn initiates the sequential activation of

phosphoinositide -Binase (PI3K), the Vav2 guanine nucleotide exchange factor
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(GEF), Racl and PAK1, again resulting in MEK1/2 and ERK1/2 activéBohafer

& Frotscher, 2012) Therefore, LICAM signalling can proceed by at least two
different signalling pathways that converge on the MAP kinase pathway to modulate
outgrowth.

L1-CAM can also signal throughneterghilic interactions with other
guidance cue receptors, including tfieroblast growth factor receptor (F&®
(Saffell et al, 1997)This interaction ultimately results in neurite outgrowth in a
calcium dependent mann@doherty et al, 2000)L1-CAM and the netrin receptor
DCC have been shown to-tmcalise in response tie application ofNetrin, resulting
in an increase in axn growth(Antoine-Bertrand et al, 20119ndL1-CAM expression in
growth cones has been demonstrated to increase in response to neurotrophin stimulation
(Marsick et al, 2012)Both of these respsas are thought to be mediated through the
L1-ezrin interaction. A requirement for LZAM is also known in Sema3A mediated
growth cone collapse, a signalling pathway that mediated negative effects on neurite
outgrowth(Castellani et al, 2000; Castellani et al, 2004)

L1-CAM signalling in conjunction with integrins to promote cell migration
and neurite extension e&so anestablished mechanism of heterophilic interaction.
Clustering of [1-CAM molecules in the cell membrane promotes adhesion to the
extracellular matrix through certain members of the integrin family and acts to
potentiate mobility and migratiofiFeldingHabermann et al, 1997)he mechanism
of this action is unclear. In some cases a conserved RGD motif iff' tieed®main
of L1-CAM is required(Thelen et al, 2002)ut it can also occur through n®GD
binding integrins. In this case the interaction is possibly mediated by a dibasic motif
in the 3 Fn 11l domain(Silletti et al, 2000) Therefore, it is unclear whether there is
a direct interaction between the -ICIAM extracellular domain and the integrins or
whethe intermediate binding partners facilitate the interactions.

Signalling through b1l integrins <can
just as LICAM signalling doegRidley et al, 2003) Therefore it can be assumed
either that L1CAM is able to signal directly through its association with integor
that the two pathways converge at an early point and mediate the same effects. It is
known that LXCAM can associate with RanBPM, an adaptor protein that couples
integrins and growth factor receptors to the Ras/ERK patli@agng et al, 2005b)

This interaction provides a possible mechanism by which thR€ANM and integrin

signalling pathways couldonverge.
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1.7 Src/FAK activation i a general mechanism forthe modulation
of neurite outgrowth

In addition to the numerous guidance cue specific SFK mediated signalling
pathways, an associatidoetween SFKs and FAK has been shown to play an
important role inthe signalling resulting from netrins, semaphorins, ephrins (in
prostatic carcinoma ce)lgParri et al, 2007)cell adhesion molecules and integrins,

as described above. Therefore it seems that SFK activation and signalling represents
a general mechanism used by cells to redptn guidance cues. The signalling
cascades activated and how the integration of the numerous inputs is achieved

remains unclear.
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Figure 1.7.1 The Src/FAK complex acts through many distinct pathways to
modulate neurite outgrowth.

The interaction of Src with FAK forms an active complex that is able to feed into
many signalling pathways that act to both positively and negatively modulate neurite
outgrowth. The activation of this complex is known to occur as a result of activation
by many guidance cue and cell adhesion mediated interactions at the plasma
membrane. The downstream signalling events of the Src/FAK complex occur
predominantly through the modulation of the activities of the small GTPase Rac,
Ras and Rho.

51



Chapter 1

Extracellular guidance cues and adhesion ecues interact with their
binding partners at the plasma membrane through homophilic and heterophilic
intertactions, triggering signalling cascades in the growth cone. In order to respond
appropriately to these cues a cell must be able egiate them rad to produce a
co-ordinated response. This led to tmgpothesisof a master regulator of guidance
cue signalling. FAK is a cytoplasmic kinase that interacts with a complex network of
adaptors and signalling molecules via multiple phosphorylation sigmrtantly, it
is known to regulate the responses to both attractive and repulsive guidance cues in
response to a wide range of guidance cues, outlined above.

FAK signalling is able to link external signals to multiple intracellular
pathways and to controcell shape and motility through modulation of the
cytoskeleton. This link to the cytoskelates crucial to elicit the cedl response to
guidance cueandFAK has come to be regarded asud forintegration of guidance
cue signallingChacon & Fazzari, 2011)

The mechanisms by which FAK signalling is able to result in cytoskeletal
rearrangement aneot quite well establishednd have beeshown to be reliant on
the signalling of SFKs. The autophosphorylation of FAK is known to be an early
event in its signalling and this creates a binding site for the SH2 domain of Src
(Schaller et al, 1994)Src binding to this residue results in Src activation and the
creation of a dual activated SFAK signalling complex. Src phosphorylates FAK at
Y576 and Y577, residues within the FAK activation Id@alalb et al, 1995)This
results in the stabilis@n of the active conformation of FAK and the perpetuation of
FAK signalling. Src is also able to phosphorylate FAK at multiple other residues
resulting in the creation of binding sites for other proté@isacon & Fazzari, 2011)

Src phosphorylation of FAK at Y861 results in the SH3 domain mediated
recruitment of pl30Cas to FAKLIm et al, 2004) p130Cas is subsequently
phosphorylated by the SFAK complex whichresults in the recruitment of the
adaptor protein Crk via its SH2 domdiBrabek et al, 2004; Cho & Klemke, 2002)
This results in an increase in Rac activity ancdoaetated increase in motility and
neurite outgrowth.

By a mechanism similar to the p130Cas mediated neurite outgrowth, the Src
FAK complex also phosphorylates paxillimhich again results in Crk bindir(@etit
et al, 2000; Turner, 200@hd an increase in motilifSubauste et al, 2004)
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Src phosphorylation of FAK at Y925 creates a binding site for the Grb2 SH2
domain. This stimulates Ras activity and signalling through the ERK1/2 and MAP
kinase pathways. It is known that one consequence of this is the ERH#iated
phosphorylation of myosin light chain kinase that results in growth cone collapse
and contraction(Chen et al, 2002) However, as previously described, ERK1/2
activation also results in gene transcription of factors that promote neurite outgrowth.
How the balance between these similar pathways is achieved is unknown.

FAK signalling commonly acts thogh modulating the activity of small
GTPases including Ras and the Rho family Rho, Rac and Cdc42. This can occur
downstream as a result of recruitment of signalling proteins including p130Cas,
paxillin and Grb2 as discussed above but FAK can also medratet dffects on
Ras/Rho signalling through modulation of thgiranine nucleotide exchange factors
(GEF9 andGTPase activating proteif&AP9 (Tomar & Schlaepfer, 2009GEFs
and GAPs positively and negatively regulate Ras/Rho activities respectively.

FAK activation results in the binding and segtering of p120RasGAP,
reducing its association with active Ras and resulting in Ras actibtemker et al,
2004) The consequence of this is an increase in neurite outgrowth.

In FAK” cells Rha\ activity is elevatedRen et al, 2000)indicating that
FAK normally has an inhibitory effect on RhoA signalling. In support of this,
integrin signalling is known to promote neurite outgrowth by reducing RhoA activity
via SreFAK mediated phosphorylation of p190RhoG/Mathur et al, 2000; &g et
al, 2000) This phosphorylation event ireases the GAP activity and results in an
inhibition of Rho A resulting in a positive effect on neurite outgrowthcontrast,

FAK can also act through p190RhoGEF to activate RHbiA et al, 2008; Zhai et
al, 2003) which results in a stabilisation of the actin cytoskeleton and the inhibition
of outgrowth.

FAK also acts through Cdc42 to modulate cell motility. FAK binds to and
phosphorylates the Cdc42 effectorVIWASP after it has been activated by Cdc42
(Wu et al, 2004)N-WASP acts to regulate the cytoskeleton through activation of the
Arp2/3 complex. FAK phosphorylation of-WASP results in an activation of the
Arp2/3 complex and an increase in neurite outgrdtiang et al, 2005)

FAK can be seen to feed into a large number of signalling pathways.
Stimulation by different input mechanisms is able to fine tune the FAK resgonse
that it can mediate the diverse responses of attraction and repulsion. It remains to be
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elucidated how different inputs are able to activate FAK by different mechanisms
and whether any of the pathways predominate in the cell. However, the role played
by the SFKs is crucial to the actions of FAK and therefore the cellular response to

guidance cues.

1.8 Hypothesis

The work presented in this thesis aimed to address the hypothesis that, due to their
altered SH3 domains, the substrate preferences of thenatuBoc kinases are
different to those of &rc It was also predicted that their altered substrate
specificities would tailor theactivities of the neuronal Srcdo brain specific
functions.

In order to investigate the substrate preferences of the kirsas@ vitro
kinase assay was dewpkd.This assay was able to assess phosphorylation of short
GST-tagged peptides and to reveal differences in substrate preferences due to the
altered SH3 domainsThe technique of phage display was subsequently used to
identify a novel SH3 binding motif for the N&rc SH3 domain.

The functional roles of the neuronal Src kinases were assessed by
transfectionof the individual kinase isoforms into both fibroblasts and cultured
neurons. The morphology of these cells waantlanalysed to reveal roles for the
neuronal Srcs in the control of cell morphologynally, a role for NiSrc in the
L1-CAM signalling pathway was identified by measuring the outgrowth of neurons

grown on a substrate of LKZAM.
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2 Materials and Methods

2.1 Materials

Oligonucleotides were ordered from Eurogentec (Seraing, Belgium). Ligase and
ligase buffer were purchased from Promega (Fitchburg, WI). The enzymes BamHlI,
EcoRl, Sall, Notl and Bglll were purchasedrfrda\EB (lpswich, MA). Mini prep

kits were ordered from Macheiyagal (Duren, Germany) and migiep kits and gel
extraction kits were ordered from Qiagen (Venlo, Netherlands). Taq polymerase was
a kind gift from Dr Daniel Ungar, University of York. The piaisl pPGEX6P-1 was

from GE Healthcare (Waukesha, WI), pFLAG was made in house by Dr Gareth
Evans by replacing GFP in peEGHRL with the FLAG tag sequence and pmiCdr

was a gift from Dr Rory Duncan (Herriot Watt UniversityRizzo et al, 2004)
GlutathioneSepharose, Ki-Sepharose anfirotein GSepharose beadsdpeptides

were purchased from GenScript (Piscataway, NJ). PreScission Protease was
purchased from the Technology Facility in the Department of Biology, University of
York. Protein ladders were purchased from BioRad (Hercules, CA). PVDF
(Immobilon-P) was puchased from Millipore (Billerica, MA). The primary
antibodies used for Western Blotting, immunocytochemistry  and

i mmunopreci pPYaoi émomeBd® Bi osci e@FPe ( Sar
ser um; a kind gift from Dr-FLAG(M2) frokvr y or
Sigma (St. -ph¥4i6,-pyH2® jrah Cell Signalling Technology
(Boston, NNA-Brc; eust@m made by GenScript (Piscataway, NJ).
Secondary antibodies for Western Blotting were purchased from Sigma (St. Louis,
MO). Secondary antibodieused for immunocytochemistry werérmouse Alexa
Fluor-5 6 4  arabdit Aléxa Fluor488 and purchased from Molecular Probes,
Invitrogen (Paisley, UK). The EClused was Immobilon Westerpurchased from
Millipore (Billerica, MA). The phage display kit usedas the Ph.D12 kit and was
purchased from NEB (Ipswich, MA). Culture media (MEM and DMEM) and EBSS
were purchased from GIBCO, Invitrogen (Paisley, UK). EcoTransfect was purchased
from Oz Biosciences (Marseille, Fran@d the calcium phosphat@nsfetion kit
purchased from Promega (Fitchburg, WI). RecombinatCAM extracellular
domain was purchased from R&D Systems (Minneapolis, MN). All other materials

were purchased from Sigma (St. Louis, MO).
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2.2 Molecular biology protocols
2.2.1 Agarose gelelectrophoresis

DNA separation was carried out using agarose gel electrophosesis. Agarose
concentrations between 0.7 and 2% were used depending on the size of the DNA
plasmid or fragment to be analysed. The appropriatuat of agarose was added to

1x TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) and dissolved using a
microwave. 3 ul SYBRSafe was added to allow visualisation of DNA. The mixture
was poured into a gel tray and allowed to set. Samples loaded onto agarose gels were
diluted in 5X Orangé& buffer (0.5% Orange G, 25% glycerol).

2.2.2 Preparation of competent cells

CompetentEscherichia coli (E. coli)cells were either purchase&tfatageng or
produced in the lab using ti@&aChL method.For in-house production, 10 ml LB was
inoculated with asmall amount of competent cells and grown overnight with an
appropriate antibiotic. The overnight culture was diluted into 150 ml fresh LB to an
ODgoo~0.1 and grown at 37°C, shaking 200 rpm until thesgoiBeached ~0.9. At

this point the culture was immiadely chilled in an ice bath. The culture was
centrifuged at 5000 rpm, for 10 minutes at 4°C to pellet the cells. The supernatant
was decanted, the pellet placed on ice and then resuspended in 100 ml ice cold 100
mM MgCl,. The cells were pelleted and repended in 10 ml 100 mM CaCiIThe
solution was incubated on ice for 6090 minutes with occasional agitation. The
cells were spun down, drained and resuspended in 9.5 ml 85 mM, Q&b
glycerol. The cell suspension was distributed into 200 pl aliquotsterile
eppendorfs and snap frozen in liquid nitrogen. Competent cells were ste38dGit

2.2.3 Bacterial transformation

DNA plasmids were transformed into competErtoli strain XL-10 for all cloning
stepsand stran B2 1 f or pr ot ei of algatipnrmexerd0 mgofa 5 ¢ |
purified plasmid was added to 50 pul competéntcoli and incubated on ice for 15

30 minutes. Heat shock was carried out for 45 seconds at 42°C. The mixture was

returned to ice for 2 minutes and, following addition of 400ppe-warmed LB
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media (10 g tryptone, 1@ NaCl, 5g yeast extract per litre), incubated at 37°C,
shaking at 200 rprfor 1 hour. 10Qul was then plated onto an agar plate containing
an appropriate antibiotic and incubated at 37°C overnight.

2.2.4 Plasmid purification

Plasmid DNA was purified from transformesl coli cultures, cultures inoculated
with a single colony from an agar plate or a scraping from axigting glycerol

stock using commercially available kits. Faulture volumes of 5- 10 ml a mini

prep kit was used (Macheiipagal) and for volumes of 160200 ml a midi prep kit

was used (Qiagen). Purified plasmids were eluted in 10 mM Tris, pH 8.5 and stored
at-20°C. DNA quantification was carried out by analysis of absorbancegsaigng

a spectrophotometer.

2.2.5 DNA ligation

Ligation of annealed oligonucleotides into digested plasmids was carried out using a
3:1 molar ratio of insert to vector. Standard ligations used 100 ng plasmid DNA and
were carried out in a volume of 10 pl usihgul of DNA ligase. Ligation reactions

were carried out overnight at 4°C or for 3 hours at room temperature.

2.2.6 DNA Sequencing

DNA sequencing was carried out in the Technology Facility at the University of
York, Department of Biology. ~100 ng of a DNA phaisl was submitted and
sequencing was carried out using 3.2 uM of an appropriate primer. Primers were
either selected from the list of available primers or supplied along with the DNA.

Analysis of the sequence obtained was carried out using Sequence Scanner

2.2.7 Cloning

Plasmids were prepared for usdrrvitro kinase assays and cell based assays by the
inclusion of short (=50 PpsequencesAppropriate oligonucleotide sequences were
synthesised by Eurogentec and annealed in an annealing buffer (39ERES, pH

7.4, 100mM NaCl) by heating to 95°C followed $&tgppedcooling to 4°Cin 1 hour
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in a PCR machine. Annealed oligonucleotides were inserted into DNA plasmids as
described in sections 1.2.7.1 and 1.2.7.2.

2.2.7.1 pGEX-6P-1 plasmid generation

The plasmidcontaining the ideal Src substrate (Y) was generated by insertion of the
relevant nucleotide sequence (Table 1.2.7.1.1) using the enzymes BamHI| and EcoRI.
Al l subsequent oligonucl eotides were i
enzymes Sall and NofFigure 2.2.7.1.1)The oligonucleotides used were designed

to retain the enzyme sites following insertion and therefore a 5 amino acid linker was
retained between the ideal Src substrate and the SH3 domain binding motifs. The
linker had the sequence Glud&PRro Gly Arg and consisted of the region of the
pPpGEX-6P-1 multiple cloning site (MCS) between EcoRI and Sall as shown in Figure
2.2.7.1.1. The enzymes that were used for the cloning were chosen because they
allowed the disruption of the Class Il PXXP nia@ontained within the pGEXP-1

MCS.

GST

MCS
pGEX-6P-1

Gly Ser Pro Glu Phe Pro Gly Arg Leu Glu Arg Pro His
lGGA TCCI CCG IGAA TTICl CCG GIGIT CGA JCITC GAIGJ CGG CCG CIAT

BamHI EcoRI—— Sall ———— Notl
Smal Xhol

Figure 2.2.7.1.1. Cloning strategy for G&Igged peptide generation.

To produce the GST-tagged peptides for use in in vitro kinase assays relevant
oligonucleotides were inserted into the pGEX-GP-1 plasmid. The ideal Src substrate
(Y) was inserted into the pGEX-6P-1 multiple cloning site (MCS) using the enzymes
BamHI and EcoRIl. The SH3 domain binding motifs were inserted using the
enzymes Sall and Notl. The oligonucleotides were designed to retain the enzyme
sites and therefore the resulting plasmids retained a 5 amino acid linker between
the ideal Src substrate and the SH3 domain binding motif.
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~1 ug pGEX6P-1 was digested in NEB Buffer EcoRI + BSA (BamHlI,
EcoRI double digest) or Buffer 3 + BSA (Sall, Notl double dipésr 1 hour at
37°C. The DNA was separated using a 0.7% agarose gel and the digested plasmid
extracted using a commercial gel extraction kit (Qiagen). Appropriate annealed
oligonudeotides were ligated into the digested plasmids as described in section
1.2.5. The products of the ligation reactions were transformed into competeoit
strain XL-10 (Section 1.2.3). Clones containing the insert were identified by PCR
screen using the primers 50GGGCTGGCAAGCCACGTTTGGTG
50CCGGGAGCTGCAT GT GIhe Al@aidgGoB the YL plasmid was
carried out by Kathryn Hogan, under my supervisiaositive clones were isolated
using a miniprep kit (MacheryNagal). The identity of the insert confirmed by DNA
sequencing using the 50GGGCTGGCAAGCCACGT"

2.2.7.2 pmCer plasmid generation

PD1 and PD4P5A were inserted into the pmCEd plasmid using the enzymes
Bgl I | a n d g pCerRl was digésted in NEB buffer EcoRI + BSA for 1

hour at 37°C. All subsequent steps were carried out as for gFEX plasmid

generation. PCR  cseens were carried out the primers
56CATGGTCTTGCTGGAGTTCGTG and 56 GAAATTT
DNA sequencing was carried out using the primer

50CATGGTCTTGCTGGAGTTCGTG.

59



Chaper 2

Table 2.2.7.1.1 Oligonucleotide sequences inserted into pGEX-6P-1 for use in
in vitro kinase assays.

Oligonucleotides were annealed and then ligated into digested pGEX-6P-1. For
6YO, oligonucel otides wer e i nserted

pl asmid

EcoRI
enzyme sites Sall and Notl.

Al ot her oligonucel otides were

Name Primers
v Sense |AATTCGGTGGCGGTGCAGAAGAGGAAATTTACGGTGAATTTGG
Anti TCGAACAAATTCACCGTAAATTTCCTCTTCTGCACCGCCACCG
YA Sense |TCGACTCGGTGGCGGTGTGAGCCTGGCGCGTCGTGCGCTGGCAGCTCT(
Anti GGCCGCTTACGCCAGAGCTGCCAGCGCACGACGCGCCAGGCTCACACC
YP1 Seqse TCGACTCGTGAGCCTGGCGCGTCGTCCGCTGCCGCCGCTGCCGTAAGC
Anti GGCCGCTTACGGCAGCGGCAGCGGACGCGCCAGGCTCACGAG
YP2 Seqse TCGACTCGGTGGCGGTGCGCCGCCGCTGCCGCCGCGTAACCGTCCGCG
Anti GGCCGCTTACTGACGCGGACGGTTACGCGGCGGCAGCGGCGGCGCACC
YL Sense |TCGACTCGGTGGCGGTGCGTCCAAGCCTCAGACCCAGGGCCTGGCCAA(C
Anti GGCCGCCGCATCCTTGGCCAGGCCCTGGGTCTGAGGCTTGGACGCACC(
PD1 Sense | TCGACTCGGTGGCGGTGCGTGGCATCGCATGCCGGCGTATACCGCGAAA
Anti GGCCGCCGGATATTTCGCGGTATACGCCGGCATGCGATGCCAGCCACCA
PD2 Seqse TCGACTCGGTGGCGGTGCCGGCCATTGGCATAGCCCGCATAAACTGACC
Anti GGCCGCGTTGCGGGTCAGTTTATGCGGGCTATGCCAATGGCCCGCACCA
PD3 Seqse TCGACTCGGTGGCGGTGCCAAGAACCCGACCAGCACGCCGGCGATGTAT
Anti GGCCGCGTTCGCATACATCGCCGGCGTGCTGGTCGGGTTCTTCGCACCG
PD4 Seqse TCGACTCGGTGGCGGTGCCGGCCATCGCAACCGCGCGAACACCAGCAAC
Anti GGCCGCCGGGTTCTTGCTGGAGTTCGCGCGGTTGCGATGGCCCGCACC(
PD5 Sense |TCGACTCGGTGGCGGTGCCAAACCGCCGCAGCATACCAGCGCGCCGTAT
Anti GGCCGCCGGCAGATACGGCGCGCTGGTATGCTGCGGCGGTTTCGCACC
PD6 Sense |TCGACTCGGTGGCGGTGCCTGGCATCGCATGCCGATGCATACCGCGAAA
Anti GGCCGCCAGCGGTTTCGCGGTATGCATCGGCATGCGATGCCACGCACCC
PD1- Sense |TCGACTCGGTGGCGGTGGCTGGCATGCGATGCCGGCGTATACCGCGAAA
R3A Anti GGCCGCCGGATATTTCGCGGTATACGCCGGCATCGCATGCCAGCCACCG
PD1- Sense |TCGACTCGGTGGCGGTGGCTGGCATCGCATGGCAGCGTATACCGCGAAA
P5A Anti GGCCGCCGGATATTTCGCGGTATACGCTGCCATGCGATGCCAGCCACCG
PD1- Sense |TCGACTCGGTGGCGGTGGCTGGCATCGCATGCCGGCGTATGCTGCGAAA
T8A Anti GGCCGCCGGATATTTCGCAGCATACGCCGGCATGCGATGCCAGCCACCA
PD1- Sense |TCGACTCGGTGGCGGTGGCTGGCATCGCATGCCGGCGTATGACGCGAAA
T8V Anti GGCCGCCGGATATTTCGCGTCATACGCCGGCATGCGATGCCAGCCACCG
PD1- Sense |TCGACTCGGTGGCGGTGGCTGGCATCGCATGCCGGCGTATACCGCGGC(
K10A |Anti GGCCGCCGGATACGCCGCGGTATACGCCGGCATGCGATGCCAGCCACC

Table 2.2.7.2.1 Oligonucleotide sequences inserted into pmCer-C1 for use in
cell based assays.

Oligonucleotides were annealed and then ligated into digested pmCer using the
enzyme sites Bglll and EcoRl.

Name Primers
PD1 Sense | GATCTGGCGGTGGCTGGCATCGCATGCCGGCGTATACCGCGAAATATC
WT Anti  |AATTCGACTACGGATATTTCGCGGTATACGCCGGCATGCGATGCCAGC(
PD1- Sense | GATCTGGCGGTGGCTGGCATCGCATGGCAGCGTATACCGCGAAATATC
P5A Anti  |AATTCGACTACGGATATTTCGCGGTATACGCTGCCATGCGATGCCAGCC
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2.3 Protein expression and purification
2.3.1 Protein expression

10 ml of LB media containing an appropriate antibiotic was inoculated with either a
single colony from an agar plate or a scraping taken from -&xséing glycerol
stock containing the relevant plasmid. This culture was incubated at §78King at
200rpm, overnight. The overnighculture was transferred to 1 UB media
containing an appropriate antibiotic and grown at 37°C, shaking at 200 rpm, until the
ODgoo reached ~0.8. Protein expression was then induced by the addition of
isopropytb-thiogalactopyraaside (IPTG) to a final concentration of 1 mM. The
recombinant protein was expressed fef Bours at 37°C or overnight at 18°C. The
low temperature condition was only used for expression of active Src kinases. Cells
were pelleted (4,50pm, 10 minutes, 4C) and the pellets frozen overnigh8@°C).
Bacterial pellets were defrosted on ice and resuspended in PBS plus PMSF (final
concentration 1 mM) and lysozyme (13.3 mg/l of culture). The suspension was
incubated on ice for 30 minutes. DTT (final concemra® mM) and TritorX-100
(1.5 % w/v) were added and the suspension soniedt&é8kHzon ice for a total of
5 minutes 30 seconds (30 seconds on, 30 seconds off). The lysate was clarified
(12,000 rpm, 30 minutes, 4°C). The clarified lysate was transfésradclean tube
and purified using affinity bead capéufsection 3.2).

The extent of protein expression was assessespgratingg uni nducedd
6i nducedd sa+mpGEgmed. on an SDS

2.3.2 Purification of GST-tagged proteins

Protein expressiowas carried out as in sectiorB2l. GluathioneSepharose beads
(GenScript) (1 ml per litre of culture) were washed x3 in PBS, added to the clarified
lysate and the tube incubated, rotating -emdrend at 4°C, for approximately
4 hours. The beads wereslfeted (5,000 rpm, 5 minutes, 4°C) and washed x5 in
PBS, x1in 1.2 M NaCl in PBS and x2 in PBS. The beads were then resuspended to a
50% slurry in PBS and stored at 4°C overnight.

GST-fusion proteins were eluted from glutathiesepharose beads using an

excess of glutathione. Glutathione elution buffer (100 mM Tris, pH 8.0,
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20 mM glutathione, 100 mM NaCl) was added to an equal volume of beads and
rotated enebverend at room temperature for 20 minutes. The beads were then
pelleted and the supernatantleoted. Fresh glutathione elution buffer was added
and the process repeated until 4 elutions had been collected. The protein content of
these elutions was analysed by Bradford assay ledptirity of the protein by
SDSPAGE (®ction2.4.1). The protein prparation was considered to be pure if it
contained a single band of the correct molecular weight on a Coomassie stained
SDSPAGE gel.If all fractions were of a high concentration and pure then they were
combined and the final concentration determinedguBiradford assay. For useim

vitro kinase assays the proteins were dialysed into 100 mM Tris, pH 7.5 using a

Slide-A-Lyzer cassette (Thermo Scientific).

2.3.3 Preparation of active Src kinases

Src kinases were expressed as @&&Jged fusion proteins andrnified as described
in sections 2.3.1 and.22. Src proteins were expressed as a fusion to the
phosphatase PTP1B. A PreScission Protease site was engineered between PTP1B

and Src and therefore active Src was obtained by treatment with PreScission

Proteas8C. 5 el Pr e S8QG @ ang/mih (Départmeéne af sBelogy,
Technol ogy Facility) was a esdphadosetbeadsin0o 0 ¢ |
500 ¢l PreScission Protease buffer (50

mM DTT, pH 8.0) and incubated, ading endoverend at 4°C, overnight. The beads
were pelleted, the supernatant recovered and immediately diluted in an equal volume
of kinase storage buffer (KSB) (50 mM Trig0 mM NaCl, 0.05 mM EDTA,

1mM DTT, 10% glycerol, 1 mg/ml BSA, 0.05% NAO, pH 7.5). The solution was
immediately aliquotted and st at-80°C. The amount of kinase present and its
purity was assessed by SIPAGE of a sample taken prior to the addition of KSB.
The kinase preparation was considered to be pure if it contained alsanglef the
correct molecular weight on a Coomassie stained-BBGE gel.A kinase assay

with the control substrate (YA) was used to testahtvity of the kinases and to
normalise G, N1- and N2Src activity.
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2.4 Protein based methods

2.4.1 SDSPAGE

Protein separation was carried out by Sp8lyacryamide gel electrophoresis
(SDSPAGE) using a BieRad mini Protean Tetra gel electrophoresis kit. Resolving
gel composition; 375 mM Tris pH 8.8, 0.18BDS, 0.05% APS, 0.01% TEMED with

an appropriate acrylamide camtration depending on the size of the protein to be
examined. Stacking gel composition; 512mM Tris, pH 6.8, 0.1% SDS,

4% acrylamide, 0.05% APS, 0.01% TEMED. Bim samples were diluted in

2x Laemmli loading buffer and boiled for 5 minutes prior to logdiGels were run

at 120 V for approximately 20 minutes until the dye front passed through the staking
gel and then at 160 V until the dye front reached the bottom of the gel. Running
buffer composition; 25 mM Tris, 198M glycine, 0.1% SDS. A ladder of giein
standards was used (BioRad). Gels were either staimedCoomassie
(0.3%Coomassie Brilliant Blue R, 55% methanol, 9% acetic acid) followed by
destaining in 14% acetic acid, 7% methanol or transferred to PVDF for

immundlotting (Section 1.4.2).

2.4.2 Transfer to PVDF and Western Blotting

SDSPAGE gels were transferred to PVSing the BioRad transfer system.
Transfer was carried out at 66 V for 1 hour or at 20 V overnkgltowing transfer
membranes were blocked in eitf&@ Marvel or 3% BSA in PBS (1.4D). Primary
antibodies wer used as indicated in Table 1.4.2or approximately 2 hours at room
temperature or overnight at 4°C. Following the application of primary antibody,
membranes were washed x3 (5 minutes eaclPBB. Secondary antibodies used
were conjugated to HRP and wemsed as indicated in Table 1.4.2for
approximately 1 hour at room temperature. Following the secondary antibody
application,membranes were wash&8 (10 minutes each) in PBS. ECL reagents
were either made in the lab (Solution A: 811Tris, 450 pg/mlluminol, pH 8.5.
SolutionB: 0.1M Tris, 0.06% HO,, pH 8.5) or purchased and detection was carried
out using photographic film (Fisher
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Table 2.4.2.1 Antibodies used for Western Blotting.

Conditions used for blocking, primary antibody and secondary antibody application
to PVDF membranes.

Chaper 2

Primary antibody Secondary antibody
Ab Block Conc. Buffer Ab Conc. Buffer
3 % BSA in|, Umouse|, .
PY20 PBS 1:1000 |PBS HRP 1:500 PBS
3 % Marvel |, PBS, 0.1% Urabbit |, PBS +0.1 %
pY416 L pgs 1000 hieen20, 5% BSAHRP  [299 frween20
3 % Marvel|, . PBS, 0.1% Urabbit |, PBS + 0.1 %
PYS27 hipes  (F1000 hieen20, 5% BSAHRP 299 rween20
FLAG % Marvel |, . PBS + 0.1 % Umouse|, . PBS + 0.1%
(M2) |in PBS 1:1000 Tween20 HRP 1:500 Tween20
5% Marvel |, . PBS + 0.1 % Urabbit |, PBS + 0.1 %
GFP in PBS 1:500 Tween20 HRP 1:500 Tween20
N1-Src 5% Marvel |As PBS + 0.1 % U-rabbit 1:500 PBS + 0.1 %
in PBS indicatedTween20 HRP ' Tween20

2.4.3 Invitro kinase assays

In vitro kinase assays were carried out in 200 mM Tris, 10 mM Mg 7.5. The
reaction was carried out at 30°C and initiated by the addition of 0.5 mM ATP final
concentration. Kinase assays to obtain kinetics were carried out using a kinase
concentration of 5M and a duratiorof 90 minutes. Substrate concentrations were
altered as indicated in the text. In kinase assays where the kinase concentration was
varied, a substrate concentration of 25 uM and a duration of 90 minutes was used.
The kinase concentrationas varied as indicated in the text. For timecourse
experiments the kinase concentration was 5 nM tedsubstrate concentration
25uM. Samples were taken at timepoints as indicated in the text. Assays were halted
by transfer to ice and immediate addit@in2x Laemmli buffer (Sigma). 10% of the
assay mix was loaded onto a 15% SBPSGE gel followed by transfer to PVDF for
analysis of substrate phosphotyrosine content by Western Blot. All experiments were
carried out 3 times.

For peptide titration experiments a kinase concentration of 5 nM and a
substrate concentration of 25 uM was used. The substrate used was YA. Free
PDWT (CWHRMPAYTAKYP) PD1P5A
(CWHRMAAYTAKYP) were synthesised commercially. Individual kieaassays

peptides of and
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containing increasing peptide concentrations were set up. The peptide concentrations
used werel, 5, 10, 25, 50, 7and 100 uM Assays were caed out at 30°C for 90
minutes before analysis as previously described.

For analysis of kinetics idéinal substrate concentrations phosphorylated by
all 3 kinases were loaded onto the same blot. A standard sample was included on all
blots. Densitometry of the blots was analysed using ImageJ and normalisation to the
standard sample used to reproduce théree curve. Densitometry of stained
Coomassie gels was used to normalise protein |edetsphorylation by each of the
kinases wastherefore directly comparable. The highest value obtained by
densitometry analysis was set to 1 and all other values saatsdingly. The
kinetics of the phosphorylation reaction wetben calculated using SigmaPlot
according to the laws of Michaelidenton kinetics. The densitometry data from the

3 independent experiments was used to calculate the K

2.4.4 Immunoprecipitation

75 cnf flasks containing a confluent layer of COS7 cépproximately 3 x 10

cells) transfected with the appropriate plasmids (see section 1.5.2) were lysed in ice

cold lysis buffer (20 mM Tris, pH 7, 1 mMEDTA, 1 mM EGTA, 10 mM
sodiumb-glycerophosph®, 1 mM sodiurorthovanadate, 5% w/v glycerol,

270mM swucrose, 1 mM b emeraard mti add tnlregan o0 , 1 %
leupeptin) 48 hours following transfection. Lysatesre centrifuged (13,000 rpm,

1 minute, 4°C) to pellet debris. Clarified lysates wdrentprec | ear ed wusi ng
(settled volume) washed ProtéBisepharose beadsnig cell lysatethe appropate

antibody (20 g -FIAG or 401 -GRP containings er um) and 30 ¢g
ProteirG-sepharose beads were made up to a total volume of 1 ml arighiad at

4°C, rotating engbverend, for at least 4 hours or overnight. Beads were washed x3

in ice cold lysis buffer. Bound proteins
analysed by SDAGE.

2.4.5 Phage display

Phage display experiments were carrimat using theP h . B12 PPhage Display
Peptide Library Kit according to the ma
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volume) glutathionesepharose beads were wedhx1l in 1ml TBS (50 mM Tris
150mM NaCl, pH 7.5) + 0.1% Twe@0 (TBST). Beads were pellatg the
supernataincarefully removed and thensespended in inl blocking buffer (0.1
M NaHCG;, 5 mg/ml BSA, 0.02% Nail pH 8.6) and incubated for 60 minutes at
4°C, rotating enebverend. During the incubation a 180ld representation of the
phage libray (2 x 13* plaque forming units (pfu)) was incubated with 1 pMafi
concentration of GSN1-Src SH3 domain in 200 pl total volume TBST. Following
blocking the beads were washed x4 in 1 ml TBST. The ®81SrcSH3 solution
was then transferred into thabe with the washed beads and incubated at room
temperature for 15 minutes, rotating emgerend. The beads were pelleted, the
supernatant removed and the beads washed x10 in TBST. Bound phage were eluted
in 1 ml of Glycine Eltion Buffer (0.2 M GlycineHCI, pH 2.2, 1 mg/ml BSA) with a
10 minute incubation at room temperature, rotating-@retend. The beads were
pelleted and the supernatant transferred to a clean eppendorf. The eluate was
neutralised MMrissgH91.50 €1 of 1

A small amount othe eluate wasitreed as described in section 1.4.5.1. The
remaining eluate was amplified by addition to 20Enlcoli strain ER2738 at early
log phase (Oky 0.0110.05) and incubation at73C, shaking at 200 rpm for
4.5hours. Amplification was carriedut either on the same day as phage binding or
the next day following overnight incubation of the eluate at 4°C. Following
amplification the culture was pelleted by spinning at 12@@& 10 minutes at 4°C.
The supernatant was then transferred to a ¢l#aa and spun again. The top 80% of
the supernatant was transferred to a fresh tube and 1/6 of the volume of 20% PEG,
2.5 M NaCl added. The phage were allowed to precipitate at 4°C either for 2 hours
or overnight. Tle PEG precipitation was spah 12,000 dor 15 minutes at 4°C and
the supernatant removed. The pellet was resuspended in 1 ml TBS, the solution
transferred to a clean eppendorf and spun at 13,000 rpmnfonues at 4°C to
pellet residual cells. The supernatant was transferred to a cleandegdpand
reprecipitated with 1/6 volume of 20% PEG, 2.5 M NaCl for 60 minutes on ice. The
solution was spun at 13,000 rpm for 10 minutes at 4°C. The supernatant was
removed, the tube respun briefly and any remaining supernatant removed. The pellet
was resapended in 200 pl TBS, spun at @30 rpm to removeany remaining
insoluble material and transferred to a clean tube. This is the amplified eluate. A
small amount of the amplified eluate wareed as described in section 1.4.5.1.
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Some of the remainingmplified eluate was used for a subsequent round of
panning. From round 2 onwards the Tween20 concentration in all washing steps was
increased to 0.5%. A negative selection step was introdocesmove phage bound
directly to the beads. 25 ul beads (ssttivolume) were washed and blocked as
previously described. The amplified eluate containing the phage library was diluted
in 200 pl TBST as previously but the GSHIL-SrcSH3 domain was excluded. The
correct volume of amplified eluate was calculated fromresults of theitreing so
that it contained 2 x f&phage (see section 1.4.5.1). The phage solution was added
to the washed beads and incubated for 15 minutes at room temperature, rotating end
overend. The beads were pelleted, the supernatant cgredatioved and added to
GST-N1-Src SH3 domain to produce a final target concentration of 1 puM. Panning
steps were then continued as previously described. A total airélsoof panning

were performed

2.4.5.1 Phagetitreing

10 ml LB was inoculated witl. coli strain ER2738 either from a glycerol stock
scrape or a single colony from an 1&yjar plate and grown until mithg phase
(ODsoo ~ 0.5). Unamplified phage were serially diluted *10 10" and amplified
phage diluted 10i 10" in 1 ml final volumes. When thER2738 culture reached
mid-log phase200 pl aliquots were dispensed into sterile eppendorfs, one for each
phage dilution required. 10 pl of each phage dilution was added to a tube, vortexed
briefly and incubated at room temperature for up to 5 minutes.ififected cells
were added, onaliquot at a time, to 3 ml aliquots of T&mwar (10 g Tryptone,
5gyeast extract, § NaCl, 7g Agar per litre), vortexed briefly and poured
immediately onto a prewarmed LB/IPTG/Xgal plate. The plates were allowed to cool
at room temperature until the TopAgar had set and then inverted and incubated
overnight at 37°C. The next morning, blue plaques were coufedphage plasmid
( M13) c o ngdalactosidase gdamnsw growth on IPTG containing plates meant
phage plasmiaontaining plagues were coloured blue. White plagues were present
due to contaminating wild type phage and were not counted.

Plates from unamplified phagireing were used for sequencing (see section
1.9.2) Plates from amplified phagéreing were usd to calculate the eluate volume

needed to add to the next round of panning. The number of blue plaques on the
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plates were counted. On plates with approximately 100 plaques, the number of
plagues was multiplied by the dilution factor tocdhte the numdr of pfu per
10 pl. This number was then used to calculate the volume that contained thé*2 x 10

phage needed for the next round of panning.

2.4.5.2 Preparation of phage clones for sequencing

Phage plasmids were sequenced from round 3 onwards. An overnityhe af

E. coli ER2738 was diluted 1:100. 1 ml of diluted culture was dispensed into 15 ml
falcon tubes, one for each clone to be sequenced. Individual blue plaques were
picked from unamplifieditre plates with approximately 100 plagues using sterile
pipette tips and the tips dropped into the diluted culture. The tubes were incubated at
37°C, shaking 200 rpm for 4.5 hours. The cultures were transferred to eppendorfs
and spun at 13,00@pm for 30 seconds at 4°C. 500 pl of the supernatant was
transferredtma fresh eppendorf tube. 200 ¢l of
inverted to mix and incubated for 220 minutes at room temperature. The solution
was spun at 13,00@m for 10 minutes at 4°C and the supernatant discarded. The
pellet (not always visible was resuspendedodide Buffer (10 mM Tris,

1 mM EDTA, 4M Nal, pH 8.0), 250 pl ethanohdded and incubated for

10- 20 minutes at room temperature. The solatiwas spun at 13,000 rpm for

10 minutes at 4°C and the supernatant discarded. The pellet wasdwagh 0.5 ml

70% icecold ethanol, respun, the supernatant was removed and the pellet allowed
to air dry. The pellet was then resuspended inuBOE buffer (10 mM Tris, 1

mM EDTA, pH 8.0). Prior to sequencing, the presence of an insert was confirmed by
PCR. Primers either side of the peptide insgte were designed (Forward:

> ACCGATACAATTAAAGGCTC and Reverse:
*ECCTCATAGTTAGCGTAACG). A band of 25Bp represented the presenaf

the 12mer inserts and a band of 24@ represented an empty phage plasmid. Clones
shown to contain the i@er peptide insert were sequenced in the Technology
Facility at the Univesity of York using the primer
®ECCTCATAGTTAGCGTAACG as suggested bEB.

2.5 Cell culture methods
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2.5.1 Culture of cell lines

COS7 cells were maintained in culture in 25°@n75 cnf flasks. The culture medium

was DMEM with pyruvate, high glucose amglutamine 10 % FCS, 100 units/ml
penicillin and 0.Img/ml streptomycin. Cellsvere passaged and split 1:3 asythe
reached confluency, approximately 3x per week. Cells were detached from the
culture flask with 1 ml prevarmed trypsin/EDTA. The action of trypsin was halted

by the addition of culture medium. Cells were spun at 1000fgpré minutes. The
supernatant was discarded and cells resuspended in 1 ml culture medium. If required
for plating, cells would be counted using a haemocytometer and plated at a density
of 3 x 1d cells per 13 mm coverslip in a 24 well plate. Coverslipsensterilised in

an oven prior to us€ells were maintained at 37°C in a humidified atmosphere of 5 %
CO, and 95% air.

2.5.2 Transient transfection of cell lines

Cells were plated as described in section 1.5.1. The following day cells were
transfected usindec o Tr ansf ect (Oz Biosciences) ac
instructions. Single transfections were carried out using 1 pg plasmid DNA and 2 pl
EcoTransfect each in 50 pl DMEM. Double transfections were carriedusog
1ug of each plasmid and 4 pl EBansfect, both in 5l DMEM. The two
solutions were mixed and incubated at room temperature for 15 minutes before
pipetting into a well of a 24 well plate containing 500 pul media. The plate was then
returned to the incubator. For transfection of morentbae well volumes and
amounts were scaled accordingly. For all Western Blotting and
immunocytochemistry experiments COS7 cells were transfected for 48 hours. For
immunoprecipitation experiments, 1 x°®1€ells were added to a 75 eriask and
co-transfectd the following day with 7.9 g of each pl asmi d
EcoTransfect, each in 300 pl DMEM.

COS7 cells transfections were carried out using the following construgts. C
N1- and N2Src constructs were contained in the pFL-AG vector and visualised
using an UFLAG antibody.The cloning of the FLAG tagged Src constructs was
carried out by Kathi Mahal under the supervision of Dr Chris Dunning in the Evans

lab. PD1 and PD4P5A constructs were contained withirethbmCerC1 vector and
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visualised using at}GFP antibody. Details of the cloning carried out to produce
PD1 and PDAP5A constructs are found in section 2.2.B2e section 2.5.6 for

details of antibody application.

2.5.3 Preparation of CGN neurons

Preparation of cerebellar granule neurons were carrie@ssgntially as described
previously (Tan et al, 2003)P7 Wistar rat pups were killed using a single lethal
pentobarbital injectionCerebellar weredissected and placed ifiter sterilized
solution B (100 mM PBS, 0.3 % BSA, 10 mM glucoBe38 % MgSQ.7H,O. The
cerebellar were finely chopped using a razor blade and the diced tissue then
incubated in trypsin (4 mg/ml) in solution B at 37°C for 120 minutes with
agitation every 3Bninutes. The action of trypsin was halted by the additbn
solution W (solution B plus 0.5 mg soybean trypsin inhibitor and 500 units DNAase
[). The tissue solution was spun at 1@0dor 1 minute and the supernatant
discarded. The pellet was resuspended in solution C, a 6x concentrated solution W,
and the cellsnechanically dispersed by triturating through flamed glass pipettes of
decreasing bore size. The resulting single cell suspe was centrifuged through

4% BSA in EBSS to remove debris. The pellet was resuspended in MEM culture
medium (MEM withoutC&* and Md*, 25mM KCI, 10 % FCS, 30 mM glucose,
1mM glutamine, 25 mM NaHC§) 100 units/ml penicillin, and 0.1 mg/ml
streptomycin).

Cell yield was calculated using a haemocytometer and the cells plated onto
poly-D-lysine coated 13 mm coverslips. Coversliyere prepared by first soaking in
ethanol for ~2 hours, sterilising in an oven for at least 3 hours and then incubating in
sterile polyD-lysine (15 mg/l) for 2 hours at room temperature. Coverslips were
allowed to air dry, placed into the wells of a 2¢lwplate and allowed to dry
compleely overnight at 37°C. Cells wepated at a density of 2.5 x 16ells per
coverslip and transfected 24 hours following plating (section 1.5.5), following
transfection cells were grown in MEM culture medium plus 10 ikl
concentratiorarebinofuranosykytidine (AraC) (+ media) for 24 hours before fixing
for morphological analysis. Cells were maintained at 37°C in a humidified
atmosphere of 5 % GQ@nd 95% air.
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2.5.4 Preparation of hippocampal neurons

Preparation of hippcampal neurons was carried out by Dr Sangeeta Chawla
(University of York) Hippocampal neurons were prepared from newborn Wistar rats
as described previousl§Belfield et al, 2006) and cultured in Neurobasal medium
(Invitrogen) containing 2% B27 (Invitrogen), 5% foetal calf serum APkab,
Pasching, Austria), M L-glutamine, 35 mM glucose, 100 units/ml penicillin, and

0.1 mg/ml streptomycin (Invitrogen).

2.5.5 Transfection of neuronal cultures

Neuronal cultures were transfected using a calcium phosphate transfection Kkit
(Promega) accdri ng to the manufacturerds instru
removed, replaced with 500 pl prewarmed MEM and incubated for 30 minutes at
37°C. Meanwhile, 0.5 pg plasmid DNA was mixed with 12.52i8M CaCl and

made up to 10Ql with ddH,O. 100 ul HBS(HEPES buffered saline) was added to a

second tube and the DNA mix added dropwise while vortexing. The mixture was
incubated for 30 minutes in the dark, then addedh#o cells and incubated for

45 minutes. he media was removed and the cells washed twitle prewarmed

MEM before the media was replaced with + media. Unless otherwise stated, all
neuronal transfections were carried out for 24 hours before the cells were fixed for

morphological analysis.

2.5.6 Immunocytochemistry

Transfected cells were cultured 24 well plates containing 13 mm coverslips as
described in section2.5.1 and 5.2. The culture media was removed and cells
washed x3 in PBS. Cells were fixed in 4% parafaldehyde (PFA) or 4% PFA, 4

% sucrose for 2@ninutes at room temperature anenhwashed x3 in PBS. Cells

were permeabilised and blocked in 0.1% TrHX#100, 1% BSA in PBS for 30

minutes at room temperature. Primary antibodies were applied in 1% BSA in PBS
for approximately 2 HbBAG(M2) (mdusey wa®usediae mper
1: 1 0 0 OGFR sertlm (Jabbit) (to detect CFP transfected cells) was used at 1:500.
Cells were washed x3 in PBS. Secondary antésodvere applied at 1:500 in

1% BSA in PBS for approximately 1 hour in the dark. Secondary antibodies u
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w e r -enoukk Alea Fluor568a n drabbit Alexa Fluor488. Cells were washed x3
in PBS and x1 in dpD. Coverslips were removed from wells, allowed to dry and
mounted onto microscope slides using Mdw{@.2 M Tris, pH 85, 12 %
w/v Mowial, 33.3 % w/v glycerol).

Images wee acquired using a 40x objective on the Nikon TE 200
epifluorescence inverted microscope using a RoleraXR CCD (Qlmaging) camera

controlled by SimplePCI Software (Hamamatsu).

2.5.7 L1-CAM neurite outgrowth assay

Coverslips were prepared as described in sedtibr8. Prior to cell plating, a 10 pl
spot containing LACAM extracellular domainat 25 g/ml and fluorescein
isothiocyanatgFITC) at 1 mg/mlwas pipetted onto the centre of a pOlylysine
coated coverslipThe spot was allowed to air dry for approxietatl hour or until
completely dry. CGNs were plated as described in section 1.5.3, transfected as
described in section 1.5.5 and fixed for morphatafianalysis (section 1.5.8)
24 hours after transfection.

The constructs transfected into neuronal caluwere the same as those

transfected into COS7 cells and are detailed in section 2.5.2.

2.5.8 Morphological analysis using ImageJ

Image analysis was carried out using ImageJ. To measure cell area, the outline of a

cell was traced using theegthand tool anche area of thehapewascalculated. A

calibration image was used to allow calculation in?pmhe NeuronJ plugin

(Meijering et al, 2004)vas used for the calculation of neurites in both COS7 cells

and neurons. Neurites were traced using
For neurons, the neurite was categorised raoeg to whether it was an axon,

a dendrite or a branch based on morpgpl An axon is a process originating from

the cell body and measuring over %0n for CGNs and over300 em for

hippocampal neuron§ he measured parameter Oaxon | e

the primary axon originating from the cell body and does not include the length of

branches or dendrite& branch is a neurite that does not originate from the cell

soma and instead originatesrh an axon or dendritdranches must measure more
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than 10em. Dendrites are defined as processes longer #latm and less than

40 um originating from the cell soma, typically from the opposite pole to the axon.
For hi ppocampal neutmabnsneuhet pat amgt 8D
length of all axons, branches and dendrites measUieel.traced neurites were
measured using a calibration image to set the scale for calculatanfor each cell

werecompiled in Microsoft Excel and averaged $tatistical analysis.

2.6 Bioinformatics

Bioinformatic analysis was carried out using web based bioinformatic programmes.

All data collected was collated using Microsoft Excel.

2.6.1 Scansite

A position site scoring matrix (PSSM) was constructed for the tingdreferences
of the N:Src SH3 domain (experimental data obtained in this study) &n@-8rc
SH3 domain(Sparks et al, 19963ccording to the directions @¢Obenauer et al,
2003) A score was assigned to each amino acid representing the probability of
finding it in each position of the consensus motif. Scores were in the range of O to
21. A score of 0 meant asidue was excluded from that position and a score of 21
meant that a residue must be found aegainposition. Scores of 1L 20 represemd
an increasing likelihood of finding an amino acid in a position. Within theixnatr
the residue at position 0 wdixed (given a score of 21) and residues varied 7
residues either side of it. In this study the proline residue ¥65i1SH3 domain
consensus and the first P of PxxP in th&€ SH3 domain consensus were chosen
as the fixed residues. As the peptidesdus the phge display experiments were
12-mers, there were 4 residues in the PSSM (positio to -4) for which there were
no input data. For these positions a score of 1, representing neither a positive or
negative preference, was selected.

The PSSMwas used to carry out a database search of proteins in the human
genome containing the input motif. User defined input motifs are carried out with a
medium degree of stringency by default and return protein hits in the top 5% of those

examined.
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Scansiteoutput orders protein hits according to how well they fit the

consensus motif and identifies them by their UNIPROT ID as well as their full name.

2.6.2 DAVID

Protein hits from Scansite analysis were entered into the DAVID datéBaang et

al, 2009b) as UNIPROT IDs. DAVID analysis was carried towsing
GOTERM_BP_ALL as the Gene Ontology term (where BP stands for Biological
Process). The Functional Annotational Clustering tool was then used to identify the
biological processes that were enriched i.e. present more than would be expected
based on thir prevalence in the genome. An enrichment factor cubbff.5 was
enforced(Huang et al, 2009bProteins within enriched clusters were exported from
DAVID identified by UNIPROT IDs.

2.6.3 GPS

GPS (Xue et al, 2008)requires that input sequences are in FASTA format.
UNIPROT IDs were converted to Accession numbers using the DAVID ID
conversion tool(Huang et al, 2008a)lhe Accession numbers were entered into
NCBI using the batch entry function to obtain FASTA sequences for all proteins.
GPS analysis was carried out using high stringency criteria, producing a maximum
false positive rate of 4%Xue et al, 2008)GPS was used to predict phosphorylation
sites for all available tyrosine kinases. The output was transferred to Microsoft Excel
and individual pragins were assessed for both predicted tyrosine phosphorylation
and predicted SFK phosphorylation. Subsequently, all proteins predicbedSteK
phosphorylated were entered into GPS and prediction of phosphorylation by
individual SFK members carried outhdse were analysed individually in Microsoft

Excel.

2.6.4 PhosphoSite

UNIPROT IDs of proteins predicted to be Src phosphorylated were entered into the
PhosphoSite databagelornbeck et al, 2004)Residues with evidence of tyrosine
phosphorylation were collated in MicrosaVord and compared to sites predicted to

be phosphorylated by GPS. Proteins were included in the final list of putati$ed\N1
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substrates if there was evidence in the PhosphoSite database for phosphorylation at

the same site as was predicted by GPS.
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3 In vitro characterisation of N-Src activity and substrate
specificity.

3.1 Introduction

3.1.1 Methods for assessingyrosine kinase activity

The activity of a tyrosine kinase can be investigated either bgssisg the
activation state of the kinase itself or by monitoring the phosphorylation of a
substrate. These experiments can be carried out either in cell basedtmr assays

and multiple methods of both forms have been developed to investigate ¢hierfsin

of SFKs.

Early experiments using a total Src antibody identified Src localised to
endosomes and the tra@®Igi network using specific markeasd wasalso present
diffuse in the cytoplasngKaplan et al, 1992)Iin contrast, constitutively active Src
was primarily localised to focal adhesions at the plasma membrane, but again had
some diffuse cytoplasmistaining (Kaplan et al, 1994)Thesestudies gave no
information however,about the activation state of the kinase enzymes in these
different locations. Subsequent studies used overexpression eS@FR®stained
with an antibody againsctive, autophosphorylated Src (pY416) and this résga
that inactive Src is predominantly localised in the perinuclear area while active Src is
found predominantly at the plasma membré®andilands et al, 2004 ytoplasmic
Src is predominantly inactive with some active pun@andilands et al, 2004)
These puncta are thought to be actived®tached to the membranewasicles being
trafficked to theplasmamembrangSandilands et al, 2007Lell bagd studies of
SFK activity therefore revealed that tyrosine kinasgnalling is regulatedby the
activity state of the kinase enzymes ritselves but also by their sulioér
localisation.

It is more chdenging to measure substrate phosphorylation attributed to
specific kinases in cell based assays. Cells express multiple kinases and proteins are
often plosphorylated oimmore than one site. The opposing action of phosphatases
also makes kinetic analysis sdibstrates in celldifficult. Therefore, a number af
vitro methods have been developed to closely monitor substrate phosphorylation by

individual kinases.
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The identification of Src substrates allowed monitoring of substrate
phosphorylationn vitro and therefore assessment of the effect of Src manipulation.
Enolase is phosphorylated at a single residue by SFKs both in celis aitdo
(Cooper et al, 1984)his made it a useful tool for the study of Src function as many
Src substrates are phosphorylated at multiple sites, making the assessment of kinetics
less simple. Phosphorylatior enolase was used to confirm that the kinase activity
of v-Src is higher than that of-6rc (Courtneidge, 1985)as a model substrate to
assess Src aetty (Golden et al, 198&nd has been used multiple times since.

The mappingof the specific residues phosphorylated by tyrosineddsan
substrate proteins allowed the development of peptide assays that could specifically
monitor the phosphate incorporated into a particular residue. Work by Bruce Kemp
was crucial in developing these methods and assessed phosphorylation of peptides
derived from chicken egg white lysozyme to determine the importance of primary
sequence in phosphorylation by the serine/threonine kinase(R&®Ap et al, 1976;

Kemp et al, 1977) Subsequently, Casnellie et €1982) used the amino acid
sequence surrounding Y416, the site of Sutophosphorylation, to carry out the
first assessment of peptide phosphorylation by Src. mikan drawbackto these
methods was that the kinases used were derived from celidgsates as methods
to recombinantly express kinases had not yet beeragede

The development of methods for the recombinant esmesof kinases
allowed more irdepth analysis of phosphorylation events. Expression of kinases in
standard bacterial expression systems is toxic because bacterial genomes do not
contain eukarytic-like tyrosine kinases. Expression of tyrosine kinases in these
systems therefore causes aberrant phosphorylation and activation of signalling
pathways. A number of methods have now been developed to allow the expression
and purification of active SFKand these all involve a method to restrict the kinase
activity during expression. Caspers e{H94)overexpressed bacterial chaperones
to enable the preparation of soluble Csk, Fyn and Lck fiongoli. Sicheri et al
(1997) used Spodoptera fruguperda(Sf9) cells that were cmfected with
baculoviruses expressing Hck and Csk to obtain pure, active Hck. Csk constitutively
phosphorylates Y527 in the SFK -t€rminal tail, promoting an inactv
conformation. Wang et g2006) createda vector that expresses Src as a fusion
protein with maltose binding protein (MBP) artde phosphatase PTP1B. The
phosphatase can dephosphorylate Src at Y416, promoting the inactive state of the
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kinase, and can also dephosphorylate any aberrant bactetegihgohosphorylation

that does occur. A thrombin cleavage site between PTP1B and Src allowed
purification of isolated, active Src. A similar method has been employed in the
Evans lab with the cloning carried out by Dr Chris Dunniny vector was created

that expresses Src as a fusion @irotwith GST and PTP1B (Figure 3.54). A
PreScission Protease site was engineered between PTP1B and Src and the resulting
active Src proteinretainsakHisag. The constructs used ar e
the first80 residues of the Src sequence; the unique domain. This region is primarily
involved in regulating the subcellular localisation of the kinases and is not required
for kinase activity. Recently, Marin et @010)obtained active N‘Brc kinase using

low temperature expression alone. It is not clear how this was achievedngs

other groups have reported tlosv temperaturdacterial expression of SFKs to be

toxic.

The elucidation of the consensus sequences for the domains of Src allowed
detailed kinetic analysis of phosphorylation events mediated by pure preparations of
kinases. Songyang et @995a)identified AEEEIYGEF as the consensus motif for
the Src kinase domain. This sequence has now been used multiple times to assess
substrate phosphorylation by Src both in c@Bsaness et al, 200@ndin vitro. The
versatility of peptide systemallowed the investigation of how the intramolecular
associations of SFKs influence substrate specificity and kinase activity. Pellicena et
al (1998) used peptide substrates to assess how the phosphorylation of an ideal
substrate was affected by the additional ability of tHessate to bind to the SH2
domain. They found a Hold increase in substrate phosphorylation when SH2
domain binding could occur. Subsequent work from the saméSladitt & Miller,
2000)showed that the presence of a SH3 domain binding motif resulted-fola 3
decrease in the Kof phosphorylation of the ideal substrate.

These studies all used isolated peptides and monitored the incorporation of
phosphate usintfP. Peptides were either separated from ¥feeby HPLC followed
by scintillation counting or by dotting onto phosphocellulose paper followed by
autoradiogram analysis. The use of G&gged peptidetKim et al, 1999)allows
their resolution by SD®AGE before”?P detection by autoradiogram.

To avoid the use of?P other groups have developed spedtodpmetric
techniqgues. The advantage of this is that the phosphate incorporation can be
monitored continuously. Barker et @995) developeda spectrophotometric assay
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based on the conversion of NADH to NARnd the corresponding change in
absorbance. Development of a similar assay was attempted in the course of this study
but was demonstrated to be prone to artefactual results and was motesensugh

to detect the changes in substrate affinities required.

Another alternative to the uss 3P is to assess phosphate incorporation
using a phosphotyrosine antibody and detection using Western Blotting. The
development and charactei®n of an assay basednothis technique will be
described in this chapter.

3.2 Aims

The substrate preferences and functions of the neuronal Src kinases are currently
poorly understood. We hypothesise that their substrate preferemzesherefore

their functions will differ to those of CSrc due to the inserts contained within their
SH3 domains, a domain known to influence both substrate specificity and activity.
To enable the investigation of g&highly related kinases sensitre in vitro kinase

assay has been developed. In parallel studies, the morphology and subcellular

localisation of Src overexpressing cells was analysed.

3.3 Overexpression of neuronal kinases induces large scale
morphological alterations

Compared to the larg@mount of research that has been carried out into the functions
of C-Src, little is known about the functions of the neuronal Src kinases. There are
technical difficulties in studying individual SFK members in cells. Most of the
available inhibitors areampetitive ATP analogues and the high degree of structural
similarity in SFK members mearthat they act with low specificityBain et al,
2007) As the kinase domains of ON1- and N2Src are identical, kinase inhibitors
that target the kinasdomain cannot be used to study the functions of individual
isoforms in cell based assays. Primary investigations into the functions ofShe N
kinases were therefore carried out in heterologous cells to allow greater control over
the isoform being invegated. The cell line chosen for the overexpression
experiments was COS7 cells, a fibroblast cell line that endogenoxghgsses

C-Src but not the neuronal Src isoforms.
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Control

N1-Src

N2-Src

Figure 3.3.1 N-Src overexpression induces neuronal morphology in
heterologous cells.

C-, N1- and N2-Src FLAG tagged constructs were overexpressed in COS7 cells for
48 hours. Control cells were transfected with CFP for visualisation. For control cells
CFP signal is shown in green, for all Src constructs FLAG signal is shown in green
Representative epifluorescent images. Scale bar = 10 em. n=3 experiments, 20
fields of view, containing an average of 60 cells imaged per condition per
experiment.
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Figure 3.3.2 N-Src transfection results in reduced cell body size and
production of neurites

C-, N1- and N2-Src FLAG tagged constructs were overexpressed in COS7 cells for
48 hours. Control cells were transfected with CFP for visualisation. Transfected cells
were analysed for cell body area (A), process length (B) and neurite number (C)
using ImageJ. n=3 experiments, 20 fields of view, containing an average of 60 cells
analysed per condition per experiment. Error bars show SEM. Statistical analysis
carried out using ANOVA and post hoc Tukey test. * p<0.05, ** p<0.01, *** p<0.001,
all conditions are compared to control (CFP transfected) cells.
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FLAG-Src DAPI Merge
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N1- and N2-Src FLAG tagged constructs were overexpressed in COS7 cells for 48 hours. Representative epifluorescent images shown.

Figure 3.3.3 COSY7 cells transfected with N1- or N2-Src show perinuclear localisation.
Transfected cells identified by FLAG staining (green). Nuclei identified by DAPI staining (bliue). Scale bar = 10 em.
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C-, N1- and N2Src sequences were afiserted into a FLAG tagged vector for
mammalian expression. The cloning of the Src constructs was carried the
Evans labby Kathi Mahal under the supervision of Dr Chris Dunning. As the
extreme Gterminus of the Src sequence is involved in an intlagular association
with the SH2 domain, the FLAG tag was separated from the Src sequence by a
GSGS linker. Thigpreventghe tag from interfering with the regulation of the kinase.
Tagging at thé\-terminus was not possible as the extreragishinus is mvolved in
membrane localisation and is required for targeting of the kinases. fadged Src
constructs have been pramkd previously and shown not &iter the subcellular
localisation of Sr¢Schmitt & Stork, 2002)Other groups have added alternative tags
including HA (Miller et al, 2000)and GFRQI et al, 2006; Sandilands et al, 200d)

the Gterminus of Src with no effect on kinase location or activity. Therefore, the
addition of a FLAG tag is not predicted alter the properties of the kinases in this
study.

The Src constructs were transfected into COS7 cells and the kinases
expressed for 48 hours before fixing and staining for morphological analysis.
Control cells were transfected with CFP to allow visadion of individual cells for
guantification. The most striking effect of-8rc overexpression in heterologous
cells was on their morphology. Overexpression of both &l N2Src resulted in
striking changsin cell morphology (Figur&.3.1A). COS7 cés are normally large,
rounded cells but Msrc overexpression resulted in a dramatic contraction of the cell
body, with NSrc transfected cells approximately 60% smaller than control cells
(Figure 3.3.1B) N-Src overexpression also resulted in the pradocof fine
Onedriikteed p3x3dC and B)eThe djfference between the morphology of
N-Src transfected cells and control cells was highly statistically significagtire
3.3.)

In contrast, overexpression of-&c had little effecton overall cll
morphology. Quantification of the transfected cells revealed tHatcGransfected
cells were approximately 1%0% larger than control cells (Figug3.1 B) and had
slightly longer neurites (Figur@ 3.1 C) than control cells but the overall appeaean
of the cells was not substantially altered. Even cells overexpressing very high levels
of C-Src (Figure3.31 A right hand panel) did not show any gross morphological
phenotype.
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For initial examination of morphogy, all fine protrusions originatingdm
the cell body were measured as processes (Figwé C). Control and €rc
transfected cells had an average process length of approximately 15 pum. Fibroblastic
filopodia are typically approximately 10 pum loriiylallavarapu & Mitchison, 1999)
and therefore the majority of these processes are probably filopodia. Thef@fore,
subsequent analyse6 n e ur i t @deinéd asv processes more than 15 pm in
length Figure3.31 D shows that these abnormally long protrusions are much more
common in N1 and N2Src transfected cells than they are in either control-8rcC
transfeced cells.

N2-Src overexpressing cells were, on average approximately 160agpger
than N1Src transfected cells (Figu®&31 B) but this increase is not statistically
significant. This is probably a result of the variability of the morphology of
transkcted cells but indicated that Mg2c overexpression does not cause as great a
cell retraction as N'Brc overexpression. N3rc overexpression also results in cells
with more and longer neurites, although again this was not significant (FAdite
C and D). Therefore, although both Nland N2 Src overexpression induces
neuronal morphologythere are some subtle differences in the morphology ef N1
and N2Src transfected cells. This implies thathile both seem to be involved in
processes regulating cell morphology, they mediate slightly different functions.

In addition to morphological differences, analysis of transfected cells also revealed
interesting insights into the subcellular localisation e kinases. The subcellular
localisation of GSrc is well characterise@Kaplan et al, 1994; Kaplan et al, 1992)
and is in agreement with the localisation observed in this study (RBdgi23. Under

basal coniions GSrc adopts a generally diffuse localisation with more intense
staining of the perinuclear area. This is known to relocate to intense plasma
membrane staining following -Src activation(Sandilands et al, 2004nd this
relocalisation has been demonstrated within the Evans(HabMahal persoal
communication) indicating that the Src constructs used here are physiologically
active.

The subcellular localisation of the-8Fcs has not been previously reported
and is hindered here by the small cell body size ¢rdl transfected cellsThe
majoiity of N-Src transfected cells do seem to have staining adjacém tmicleus
but as there is so little cytoplasm surrounding the nucleus it is difficult to assess
whether this is true perinuclear localisation. Assessment of the localisatio®@sSN
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is also hindered by the long exposure times needed to visualise the weakly stained
processes. Examples of Src overexpressing cells more clearly showing perinuclear
localisation are shown in Figu832. In these cells, perinuclear staining can clearly

be sen but correlative experiments usiggecific markers are required for further
comparisons to &rc to the made.

While G- and N1Src staining is generally diffuse, closer analysis ofS\@
overexpressing cells revealed a much more punctate localightionghout the
cytoplasm (Figure3.32). This is unusual for a SFK and indicates that3¥e is
localised to membrane microdomains or present in large asmamtrafficking
vesicles. There is some evidence thabmds are able to enter lipid raftdlukherjee
et al, 2003)but the significance of this in relation to their signalling remains
unknown.

Taken together, the results of the individuale@xpression experiments
provide important insights into the roles of theSKkt kinases and provide strong
evidence that thegliffer functionallyfrom C-Src. These data also provide evidence
that the functions and possibly subcellular localisations of it N2Src are not
identical. The fact that these striking alterations in cell morphology are observed in
nortneuronal heterologous cells indicates thattall ofthe cellular substrates of N1

and N2Srcareneuronal specific.

3.4 Increased basal kinase awvity levels in the neuronal kinases

Morphological analysis has revealed that thé&sfd kinases are able to induce a
striking alteration of COS7 cell morphology. This could be due to the substrate
preferences of the neuronal Srcs being different to tbb€eSrc but it could also be
atributed to the increased levef basal kinase activity that fideen repeatedly
reported for the N6rc kinasegBrugge et al, 1985; Levy & Brugge, 198%) order

to assess the activation state of the kinases and enable comparison between the
isoforms, transfected COS7 cell lysates wamalysedoy Western mt. There are a
number of phosphospecific antibodies available that are used to assess the activation
state of the kinases. Phosphorylation of a residue within the kinase domain (Y416)
stabilises the active state of the kinase. Tioeee phosphorylation at Y416 is

associated with an active state of the kinase. Phosphorylation oftdmnial tail
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Figure 3.4.1 N-Srcs have higher levels of Y416 phosphorylation than C-Src.

C-, N1- and N2-Src FLAG tagged constructs were transfected into COS7 cells and
lysed 48 hours following transfection. Transfected COS7 cell lysates were analysed
for total phosphotyrosine content (PY20), active Src (pY416) and inactive Src
(pY527). Equal expression levels shown by FLAG signal and equal loading shown
by PKA. loading control.
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residue Y527 enables the formation of the SH2:tail intramolecular association and is
associated with the inactive form of the kinase.

Blotting using antibodies specific for these residues revealed that the intrinsic
kinase ativities of NI and N2Src are much higher than that ofStc. This
experiment was ceed out under basal conditionsder these conditions no pY416
signal was observed for-Src but a pY527 signal was detected. Tihdicatesthat
the majority of the kase in the cell is in a closed, inactive conformation.
Constitutive phosphorylation of -Src at Y527 in resting fibroblastshas been
reported previouslyChackalaparampil & Shalloway, 1988 contrast, strong
immunoreactivity was seen at Y416 for N\Ndnd N2Src, whereas no pY527 signal
was observed. Taken together, these testlow that the neuronal Srcs have a much
higher basal levebf autophosphorylation than-Src, inferring a higher basal level
of kinase activity.

It is interesting, however, that the high kinase activity of th®rbs does not
result in high levels osubstrate phosphorylation. Blotting for total phosphotyrosine
content of the cells revealed that the main phosphorylated protein within the cells are
the neuronal Srcs themselves (Figur¢.B- PY20 blot). This is probably detection
of the phosphorylatedY416 residue. If the high basal kinase activity of th&mds
resulted in unregulated substrate phosphorylation, it would be expected that the
substrates phosphorylated would be detected by the phosphotyrosine antibody. The
absence of this indicates ththe signalling of the Msrcs is regulated despite their
high constitutive kinase activity and raises the question of how this is achieved.

These data from heterologous cells raise important questions about the
functions of the NSrc kinases. Firstly, howo the SH3 domain inserts of Nand
N2-Src exert their impact on kinase activijmd what is the result on substrate
phosphorylation? Secondly, what substrates are tisechl able to interact with and
does this result in the regulation of cytoskeletalregagement? The first question
will be addressed using vitro biochemical techniques presented in Chapters 3 and
4. The functional aspects of-8rc signalling and their impact on cytoskeletal

remodelling in neurons will be addressed in Chapter 5.
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3.5 Desgn of anin vitro assay for kinase activity

Experiments in heterologous cells have provided useful insights into the potential
functions of the NSrc kinases but, as there are limited tools available to manipulate
specific Src isoforms in cell based assayore detailed analysis into the substrate
preferences of the kinases was carried out usingtro techniques. To facilitate
these investigations it was necessary to desigmantro kinase assay that was
capable of detecting differences in the stdistpreferences of the kinases.

The in vitro method chosen for these vestigations was the use of
GST-tagged peptides. The peptides were designed to contain a tyrosine residue that
could be phosphorylated by the kinase domain and also sequences diésitpst
the SH3 domain binding of the kinases. Appropriate oligonucelotides were
commercially synthesised (Eurogentec) and cloned into a-&@ression vector.

The kinase domain is identical for all three splice variants and therefore any
differences inphosphorylation observed will be due to differences in the binding

ability of the SH3 domain. The basis of this assay is depicted in F&j&reB.
Detection of the extent of phospho+yl ati
phosphotyrosine antitaly (PYZ20) and detection by Western Blotting.

The peptide containing the tyrosine residue able to be phosphorylated by the
kinase domain consisted of the sequence AEEEIYGEF. This was defined as the
consensus sequence for recognition by the Src kinasaiddmy Songyang et al
(1995a) This sequence is present in all of the G&ptides produced and is referred
t o as 0Y épeptide namimg coréhom.

A linker of 5 amino acids was present between the Y peptide and the peptides
inserted to assess binding to the SH3 domain due to the nature of the cloning carried
out (see Materials and Methgdsection 2.2.7.Xor details). This meant that there
was a linker of 13 amino acids between the phosphorylatable tyrosine residue and
the first amino acid known to play a structural role in the contact of {8ecGGH3
domain. This is the same as the linker separating kinase and SH3 domain interacting
elemerts in a study oHck phosphorylatior{Scott & Miller, 2000) who calculated
that it was sufficient to allow simultaneous interaction of both contacts with the

kinase.

88



Chapter 3

The SH3 domain binding peptides introduced into the assay were based on

the known binding preferences of the SH3@&in of GSrc as the preferences of the

N-Src SH3 domains were not known. Two classes of ligand are known to bind to the

A Precission protease site :
t GST PTP1B A8O kinase }
H
! Bx His-tag
B C-Src ...NNT------ EGDWW

-
o

-
-
I

c @—AEEE IYGEF—VLSARRALAPLA YA
@—AEEEIYGEF—VLSARRPLPPLP YP1
@MEEIYGEF—GGGGAPPLPPRNRPRL YP2
@—AEEEIYGEF—GGGGSKPQTQGLAKDA YL

Figure 3.5.1 Schematic representation of the kinases and substrates used in
the in vitro kinase assay.

A) Recombinant Src was expressed as fusion protein with GST and PTP1B.
Isolated His-tagged Src is obtained by PreScission protease cleavage. B) The in
vitro kinase assay. GST-peptide substrates contain a tyrosine residue that can be
phoshorylated by the Src kinase domain. Sequences inserted at the position of
PxxP assess the changes in phosphorylation induced by SH3 domain binding. C)
The GST-peptide substrates. All substrates contain the phosphorylatable tyrosine
resi due; 0 Y-geptidennamting eonvéh&om, contained within a sequence
known to bind well to the Src kinase domain. YP1 and YP2 represent the Class |
and Class Il C-Src SH3 domain binding sequences. YA is a control sequence that
cannot bind to the SH3 domain. YL contains the amino acid sequence found in the
linker region between the SH2 domain and the kinase domain of the Src kinases.
This sequence is known to bind to the SH3 domain of C-Src, forming an
intramolecular association that promotes the inactive conformation of the kinase.
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C-Src SH3 domain, both ith the ore consensus motif PRx These are termed
Class | and Class Il based on the presence of a positively charged arginine (R)
residue before or after the AXxmotif respectively. The sequence of the Class |
peptide used was VSLARRPLPPLP and the Class Il geptias PPLPPRNRPRL as
defined byRickles et a(1995) An additional 4 residue glycine (G) linker was added
prior to the Class Il sequence to ensure that the first residue involved in binding the
SH3 domain was situated an equal distance away from the phosphorylatable tyrosine
residuefor both the Class | and Cladispeptides. The GSpeptides containing both

the kinase recognition sequence (Y) and the Class | or Class Il SH3 domain binding
motifs were termed YP1 and YP2 respectively. To provide a control peptide, alanine
substitutions of altesidues involved in SH3 domain binding in the Class | peptide
were made. This control was necessary as it mimicked the steric properties of a
peptide not able to bind the SH3 domain. The control peptide was termed YA. The
peptides are grcted schematidly in Figure3.5.1C.

The ultimate aim for thén vitro kinase assay was to allow it to be used to
assess the kinetics of phosphorylation of the three substrate peptides by each of the
kinases. As the binding preferences of th&r€ SH3 domain were knawthey
could be used to assess the sensitivity and accuracy of the assay. Once the validity of
the assay had been confirmed it could then be used to assesuding preferences
of the NSrcs and discover whether they differ to the preferencesSifc(Before
these experiments could be carried out the assay needed to be optimised so that the
incorporation of phosphate was linear with respect to both time and kinase
concentration. When the incorporation of phosphate is linear the reaction will
proceed aawding to the laws of Michaeh§lenton kinetics. Varying the substrate
concentration around the approximatg ¥Would then allow the elucidation of an
accurate kg and Vjhax for the phosphorylation of each substrate by each of the
kinases.

The control expements to establish concentrations where phosphate
incorporation was linear were all carried out by assessing the phosphorylation of YA
by C-Src. Varying the kinase concentration resulted in a concentration dependant
increase in phosphorylatiqiigure 3.52 A). Densitometry analysis showed that this
increase was linear at lower concentrations and saturated at higher concentrations
(Figure3.5.2B). Based on these data a kinase concentration of 5 nM was chosen for

subsequent investigations.
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Figure 3.5.2 Characterisation of the in vitro kinase assay.

All kinase assays were carried out at 30 °C, initiated by the addition of ATP and
halted by transfer to ice and immediate addition of Laemmli buffer. A) Optimisation
of kinase concentration for use in the in vitro kinase assay. C-Src kinase
concentration varied as indicated. Y A
after 90 minutes. B) Densitometry analysis of kinase concentration optimisation, n=3
experiments. C) Timecourse of YA phosphorylation. C-Src concentration 5 nM, YA
concent r at, samples falken at Me timepoints indicated. D) Densitometry
analysis of timecourse experiment, n=3 experiments. E) Comparison of YA and YP1
phosphorylation by C-Src. C-Src concentration 5 nM, samples taken after 90
minutes. Substrate concentrations varied as indicated F) Densitometry analysis of
substrate comparison, n = 3 experiments. Phosphotyrosine detected using the
antibody PY20. All densitometry analysis carried out in Image J. All error bars show
+/- SEM.

91

subst



Chapter 3

A timecourse experiment revealed that, using a kinase concentration of 5 nM,
phosphoylation occurs linearly between approximately 75 and 150 minutes. A long
lag phase is observed before any phosphorylation can be detected. The phosphate
incorporation satates at later timepoints (Figudes.2C and D). A timepoint for all
subsequent experiments of 90 minutes was selected based on these data.

In order for thein vitro assay to be able to report on substrate specificity it
needed to be able to distinguisétlween the phosphorylation of substrates that can
bind theSH3 domain and those that cannlbts known that the Grec SH3 domain
binds to the YP1 sequence but not to the control YA. Therefore, it would be
predicted that phosphorylation of YP1 would bénamced over that of YA. To
assess this, the substrate concentration was varied while the kinase concentration and
duration of the experiment were fixed at 5 nM and 90 minutes as previously
described. Figur&.5.2E and F show that the assay is able torbledistinguish
between the phosphorylation of the two substrates. Phosphorylation of YP1 can be
detected at approximately a-8ld lower substrate concentration for YP1 than for
YA (Figure 3.5.2 E), although both saturate at apgroately the same poirfEigure
3.5.2F). Therefore then vitro kinase assay was able to report on the SH3 domain
binding ability of the kinases to GSfeptide substraseand was suitable for use to
assess the binding preferences of the neuronal kinases.

3.6 The N-Src SH3 domain tas a different ligand specificity to G
Src

It is known that the neuronal Src kinases do not bind to the majoritySy€ Ggands

that have been tested. It is also known that tHeréé have a higher level of basal
kinase activity than &rc (Figure 34.1). However, the substrate preferences of the
neuronal kinases and how their substrate phosphorylation is affected by the increased
constitutive activiy were not known. The development of the sensitigevitro

kinase assay allowed the investigation ebid substrate preferences.

Increased basal kinase activity is commonly a trait of oncogenic mutation of
kinases and results in unregulated and aberrant substrate phosphorylation. If this
were true of the neuronal Src kinases, it would be predicted thatdBhh&in
docking would not be required for substrate recognition and that phosphorylation of

the control peptide, YA, would be increased ove8I1C. Figure3.6.1 shows that,
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Figure 3.6.1 N-Srcs do not show increased phosphorylation of a control
substrate.

Phosphorylation of the control substrate YA by C-, N1- and N2-Src was assessed.
YA concentration varied as indicated, kinase concentration 5 nM, timepoint 90
minutes. A) Analysis of phosphorylation by western blot. Detection using the
phosphotyrosine antibody PY20. B) Densitometry analysis of YA phosphorylation
carried out using ImageJ. Equivalent substrate concentrations were loaded onto the
same blot and normalised using a standard to allow direct comparison between the
three kinases. See materials and methods for more details. C) Analysis of the rate
of reaction, computed by SigmaPlot
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surprisingly, N1Src and N2Src phosphorylation of YA occurs with the same
kinetics as for €Src. The densitometry data obtained from the phosphotyrosine blots
was used to calculate the kinetics of the phosphorylation, according to Michaelis
Menton parameters. This analysis was carried out using SigmaPlot and the binding
curve produced fitted well to the model for single site saturation. This would be
predicted as # phosphorylation of a single tyrosine residue was being monitored.
The calculated K for the phosphorylation of YA by all three kinases was
approximately 30 uM (Figur8.6.2E). This correlates well with the knowf, of

the AEEEIYGEF peptide for the kinaglomain of 33 uMSongyang et al, 1995a)

The Vimax Of the phosphorylation reactions was also calculated and, although it is not
possible to calculate the rate of the reaction in terms of théuadsate of phosphate
incorporation, this showed that the,) of all three phosphorylation reactions was
equivalent (Figure3.6.1 C). These datandicated that an appropriate SH3 domain
interaction is required for 1$rc substrate recognition as it is @iSrc.

In order to assess whether the SH3 domain substratergmees of the
N-Srcs differ from those of CSrc phosphorylation of YP1 and YP2 was
investigated.This revealed that the -8rcs phosphorylate these substrates poorly
when compared to -Src. Figure 3.6.2A - D shows that €Src phosphorylation of
both YP1 and YP2 occurs at much lower substrate concentrations than-fandN1
N2-Src. This indicates that the SH3 domains of th8rbk are not able to bind to the
Class | and Class Il sequences Y1 and YP2 that are able to enhance
phosplorylation by GSrc and implies that the substrates preferences of {8ec$\
differ from those of E€Src.

Analysis of the kinetics of the phphorylation reactions (Figure 3.6E)
showed that the presence of Y&YLYP2 was able to significantly reduce thg &t
the phosphorylation by Src. The affinity of the €src SH3 domain is known to be
slightly higherfor Class | sequencebkan for Class Il sequences. It is encouraging
for the sensitivity of the assay thaid is reflected in the calculated,&of the YP1
and YP2 phosphorylation. The known,¥ of the Class | and Class Il sequences
binding to the Src SH3 domains are 0.45 uM and 1.2 uM respecfiiFehg et al,
1995) The K;s obtained in this study a® & M a n dor B¥P1 &bdMYP2
respectively. his assay does not directly report the binding affinity of the SH3
domains to theirugbstrde; instead, it quantifies the change in affinity of the kinase
domain for the ideal kinase domain substrate induced by SH3 domain binding.
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Figure 3.6.2 N-Src substrate preferences differ to those of C-Src.

Phosphorylation of substrates containing the C-Src SH3 domain binding motifs (YP1
and YP2) was analysed. A) and C) Analysis of phosphorylation by western blot.
Substrate concentration varied as indicated. Kinase concentration 5 nM, timepoint
90 minutes. Detection of phosphate incorporation using the phosphotyrosine
antibody PY20. B) and D) Densitometry analysis of phosphorylation carried out
using ImageJ. Equivalent substrate concentrations were loaded onto the same blot
and normalised using a standard to allow direct comparison between the three
kinases. See materials and methods for more details. E) Comparison of the K, of
substrate phosphorlyation. Calculated using SlgmaPlot kinetics module. Data
shown are n=3 experiments, error bars show SEM. Statistical analysis carried out
by ANOVA and post hoc Tukey test *p<0.05, all conditions compared to YA
phosphorylation.
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Thereforethetrend for Class | preference over Class Il implies that the assay
is able to detect subtle differences in substrate affinity and report them accurately.

For N1 and N2Src reither the presenced &P1 or YP2 had a significant
effect on the kK, of phosphorylation. However, the Kof phosphorylation was
partially reduced by the presence of YP2 for-8it and by both YP1 and YP2 for
N2-Src. This indicates that some weak bindinguaen the substrates and theSke
SH3 domains may have occurred. It is interesting that phosphorylation-Byd\4
only enhanced by YP2. The Class | and Class Il sequences are differentiated by the
presence of a positively charged arginine resigithe before or after the Pk
motif. In the Class Il sequence thbarged residue is after the Pxxnotif and the
partial enhancement in N3rc phosphorylation by a Class Il motif may indicate that
a charged residue in this position is important for bindingpé N:Src SH3 domain.

Phosphorylation by N&rc was partially enhanced by both YP1 and YP2.
This indicated that the substrate preferences of th&M2SH3 domain may not be
substantially different to those of&rc. It may be that N&rc is able to bid to the
same core consensus motif but that the preferences for the flanking residues are
altered. This is surprising as the 482c SH3 domain hake largest insert within its
n-Src loop and this would be predicted to significantly alter its substrdergmees.

Taken together, these data provide evidence that the increased basal kinase
activity of the NSrcs does not result in unregulated substrate phosphorylation and
that an appropriate SH3 domain interaction is required for t&ecN to select their
in vivo substrates. The SH3 domain binding preferences ofSid1lwill be

investigated further in Chapter 4.

3.7 Conformation of the kinases

The increased basal activity of theS¥ics has previously been suggested to be due to
a decreased ability to form the SH3:linker association that normally constrains SFK
kinase activity. The existence of this linker was indicated by the fact that deletions
and mutations in the SH3 domains of Src and Hck result in increased kinase activity
(Murphy et al, 1993; Superkturga et al, 1993)The structure of full length Src
revealed the residues that form the linker; it was not obvious from the primary
sequence as the polypeptide contains only one proline rgs{duet al, 1997) The

linker sequence identifidoly Xu et al(1997)was***SKPQTQGLAKDA. This
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Figure 3.7.1N-Srcs interact poorly with the SH2:linker sequence.

Phosphorlyation of the YL substrate by C-, N1- and N2-Src was investigated. A)
Schematic representation of the basis of the assay. The amino acid sequence of the

linker region between the SH2 domain and the kinase domain (purple) was cloned

into to GST-peptide system. This substrate was termed YL where L stands for
linker. If the linker sequence in YL is able to bind to the SH3 domain of the kinase

then substrate phosphorylation will occur as depicted in the cartoon on the right

hand side. C, N1- and N2-Src kinases were incubated individually with the YL
substrate at 30°C and the amount of substrate phosphorylation assessed by
western blot using an U-phosphotyrosine antibody. YL concentrations of
e M, 2.8 e®MMamdged, 9 ki nas enMgtomepoist ®Q mirates. B)n 5
Detection of phosphotyrosine by the PY20 antibody. C) Densitometry analsysis of

YL phosphorylation carried out using ImageJ. D) K, of YL phosphorylation by C-,

N1- and N2-Src. Calculated using SigmaPlot kinetics module. n=1 experiment.
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sequence was cloned into the Gdptide system and termed YL (where L is an
abbreviation ofinker). A schematic representation of this substrate and the location
of the amino acid sequence it is derived from are shown in Figure 3.7.1 A with the
relevant regions highlighted in purple.

It was hypothesised that the amino acid inserts within tH& d&ihains of the
neuronal Src kinases would result in a reduced affinity between the SH3 domain and
the linker region. If the SH3 domains of the neuronal kinases interact more weakly
with the linker region then this would reduce the strength of the intemoiar
associations constraining the kinase activity and result in a more open and active
kinase.This could begin to explain the increased activity observed in the neuronal
Src kinases.

In order to test this hypothesis phosphorylation of YL by the tkiegses
was investigatedf the SH3 domain of the kinase is able to bind to the YL substrate,
as shown in the right hand panel of Figure 3.7.1 A, then the tyrosine residue in the
substrate would be phosphorylated by the Src kinase domain and this could be
detected by western blothis experiment relies on the linker sequence in the YL
substrate being #&bto bind to the SH3 domain in preference to the linker sequence
in the endogenous kinaselncubation of the kinases at @D results in
autophosphorylatio of Y416 and promotion of the active conformation of the
kinase. This conformational rearrangemeistuptsthe interaction between the SH3
domain and the linker and allewinding of YL to the SH3 domain.

This experimentrevealed thathe neuronal kinass do indeed phosphorylate
the linker substrate less efficiently thanStc (Figure 3.7.1). The K of the
interaction with GSrc is 5 M. This is surprising as it is equivalent to thg idr the
phosphorylation of the ideal substrates YP1 and YP2. Asirikerlsequence does
not contain a PxxP motif, this would not be expected. Thefkhe phosphorgtion
by both Nt and N2 Src are ~10 and 15Mu respectively This implies that the
N-Src SH3 domains are able to bind weakly to the linker sequence b wetlas
the GSrc SH3 domainThe difference in affinity is presumably duettee inserts
within their SH3 domains alterg the SH3 domain binding site sufficiently to inhibit
binding.

Another surprising insight into the conformati@i N1-Src was gaing
during the characterisation of an I$ic specific antibody. A custom antibody
specific for the NiSrc SH3 domain was commercially generated (GenScript) for use
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Figure 3.7.2 The N1-Src antibody detects the SH3 domain of N1-Src
specifically.

A) The epitope that the antibody is raised against covers the 6 amino acid inset and
is unique to N1-Src, highlighted in red. B) Detection of the recombinant GST-N1-Src
SH3 domain by the N1-Src antibody. 100 ng GST-N1-Src SH3 domain loaded into
each lane, antibody concentration varied as indicated. C) The sensitivity of the
N1-Src antibody was tested against C- and N2-Src. Amount of GST-Src SH3
domain loaded as indicated, N1-Src antibody concentration 1:500.
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Figure 3.7.3 Kinase activation is required for detection by the N1-Src antibody.

A) Full length N1-Src kinase can be detected specifically from transfected cell
lysates. COS7 cells were transfected with C-, N1- and N2-Src and lysed 48 hours
following transfection. FLAG blot shows equal expression levels. N1-Src antibody
blot shows specific detection of N1-Src. B) Recombinantly expressed C-, N1- and
N2-Src were activated by incubation with ATP at 30°C. The N1-Src antibody
specifically detects gBO0 N1-Src following this activation.
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in studying thein vivo roles of N1Src. The epitope that the antibody was raised
against covered the six amino acid insertion in theSRkLSH3 domain (Figurg.7.2

A) and has previously been used to produce atsidlspecific antibody bgugrue

et al (1990) This antibody was shown to be able to specifically recognise the
isolated GSTtagged SH3 domaionf N1-Src Figure 3.7.2B and C). However, no
signal was detected using thdl fength recombinant kinase. In the full length kinase
the antibody epitope will be on the surface of the SH3 domain adjacent to the kinase
doman and would be masked if tikenase were in a closed conformation.

As an alternative to the recombinant kindgeates of COS7 cells expressing
FLAG-tagged kinases were used. Under these conditions, the antibody was able to
recognise NiSrc and do so specifically over- @nd N2Src (Figure3.7.3A). As
previously shown (Figure .8.1), the neuronal kinases are an open, active
conformation within cells and it was therefore hypothesised that the antibody epitope
might be masked in the recombinant kinase but accessible in the kinases contained
within the lysates. To test this, recombinant kinases were activat@&icilyation
with ATP at 30C; resultingin autophosphorylation at Y416. Surprisingly, under
these conditions, the antibody was able to detéhet recombinant kinase
(Figure3.7.3B). This indicates that the antibody epitope is blocked in recombinant
N1-Src prior to activaion by autophosphorylation amarovides evidence that the
neuronal kinases are partially constrained by intramolecular associations and are not
permanently in an open state. It can be concluded that, although the SH3:linker
intramolecularassociation constraining the activity of the neuronal IBnases are
weaker than for €rc, they are not entirely absent and regulation of the activity of
the neuronal kinases is possible.

The characterisation of the MN8rc specific antibody revealed émesting
insights into the conformation of the kinases. However, when it was tested for
immunofluorescent applications it was found that the degree of background staining
was too highd allow it to be used further. While N3rc transfected cells coulze
detected using the N3rc antibody in conjunction with FLAG stainimgtransfected
COS7 cells the background fluorescence madedifficult to identify N1-Src

transfected cellsr endogenous protein in cultured neurbna s e dN1®m aldne.
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3.8 Discusson

3.8.1 Neuronal Srcs are implicated in the regulation of cytoskeletal
rearrangement

Morphological analysis of neuronal Src transfected cells has revealed that their
overexpression induces large scale morphological alterations, presumably due to
cytoskeletarearrangement. Cells transfected with-iL N2-Src have much smaller

cell somathan either €Src transfected or control cells.-Stc transfection also
results in the prbdbuedbi pmoobssemeandnehbi
broad role for theN-Src kinases in the regulation of cytoskeletal rearrangement,
particularly in the development of neuronal morphology. This redsti provides

evidence that the neuronal Srcs carry out roles substantially differehbse of

C-Src.

The morphology of the Mrc transfected cells is similar to that observed
following overexpression of a dominant positive form of Rho GTREséyada et
al, 2003) The Rho famiy GTPases are able to link surface receptors to the
organisation of the actin cytoskelet@rall, 1998)and signalling resulting from the
Rho family has been shown to be important in neuronal cells in the processes of
axonal growth and guidandggiall & Lalli, 2010). The similarity in morphology
means that it is possible that the neuronal Srcs are acting directly in the same
pathway as the Rho proteins. However, it is also possible that they are acting in a
parallel pathway also able to influence cell shape, sudigasilling arising from
adhesion molecules. Further elucidation of the substrate preferences of the neuronal
Srcs will allow discrimination between these two possibilities. The potential for Src
involvement in small GTPase and cell adhesion molecule IBignpathway will be
discussed in detail in Chapter 6.

The striking morphological changes caused b$m transfection ledis to
guestion whether drc overexpression waable to induce a functional neuronal
differentiation. However, analysis up to l4ydafollowing transfection did not
identify any expression of the neuronal tubulin (Tujl). It has previously been shown
that it is possible to directly convert fibroblasts into functional neurons through the
expression of a combination of transcription dast (Abdullah et al, 2012,

Vierbuchen et al, 2010)The effect of NSrc overexpression seems to be purely
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morphological but it is possible that a stable form of transfection would allow
sustained NsSrc expression and enableprogramming of the cells to a neuronal
lineage.This type of reprogramming would rely on3c signalling feeding into a
transcription programme in addition to the cytoskeletal rearrangement observed here.

The role in cytoskeletal rearrangement ideatifin this study is in agreement
with the available data for neuronal Src function. Kotani €2@07)identified a role
for N1-Src in the regulation of dendritic morphogenesis and concluded, through
ultrastructural analysis, that this occurred tlglo modulation of microtubule
organisation. However, this study used a constitutively active form of the kinase
(Y527F) and observed only a mild phenotype follaygvoverexpression of the WT
N1-Src. This supports the theory that, despite the high basaldekaase activity
in the neuronal kinases, further activation is required for substrate phosphorylation.
The mechanism by which signalling downstream of3\é is able to influence cell
morphology remains to be elucidated and will be further discuss€tapters 5 and
6.

The induction of neuronal morphology in heterologous cells implies that
neuronal Src signalling is involved in cellular differentiation. This would correlate
with the fact that high levels of the neuronal kinases, in particulaSid2are
associated with a good prognosis for the childhood cancer neuroblastoma
(Matsunaga et al, 1998Tumours expressing high levels of 482c kinase have an
increased likelihood ofpontaneously differentiatingnto benign neuronal tissue
(Matsunaga et al, 1993)t is postulated that the NRrc is able to drive this
differentiation although the mechanisms underlying this are not clear.

One caveat tthe data presented here is that the morphological analyses were
all carried out following overexpression of the Srcs. It is known that kinase
overexpression can result in aberrant signalling and the activation of signalling
pathways not normally controtleby the kinases. But, in the case of Src, this seems
to act predominantly to exaggerate the normal signalling of the kinases. Kamps and
Sefton (1988) found that the majority of the proteins phosphorylated by the
oncoprotein vSrc were also phosphorylated byStc. Ongoing work in the Evans
lab is currently aiming to establish stable cell lines expressingtBeed Stable cell
lines will express lower levels of the kinases and will be more comparable to the

endogenous levels. These will bseful toos for further study of NSrc function and
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repeating the morphological analysis in these stable cell lines will confirm its

validity.

3.8.2 An in vitro assay capable of detecting SH3 domain binding preferences of
SFKs

The development of a novah vitro kinase assay has enabled the first reported
investigation of the substrate preferences of thgréé. The testing of the assay has
resulted in a lgh degreeof confidence in its ability t@ssess the phosphorylation
and, by implication, the SH3 domain binding ability of G@dptide substrates.

The assay is carried out by detentimf phosphorylation using an
Uphosphotyrosine antibody followed byeshiluminescent detection on film. It has
been suggested that the use of photographic film to detect chemiluminescence does
not give linear results. However, this does not seem to be an issue in the context of
this study. To ensure that the densitometryadaillected was accurate, an initial
comparison between film and computerised detectisimg a BioRad Versadowas
carried out and this gave the same calculatgdd the phosphorylatiotidata not
shown) The predominant factor in determining a change&,, seems to be the
detection of a band in a lane of lower substrate concentration. Therefore, even if the
subsequent analysis and calculationab&oluteK,, valueswere not accurate, the
differences in the blots alone show that the phosphorylation lastraties able to
interact with the SH3 domains occurs more efficiently (i.e. at lower substrate
concentrations) than those that cannot.

Throughout the kinetic experiments, great care was taken to ensure that direct
comparison of substrate phosphorylatipneach of the kinases was possible. Equal
substrate concentrations phosphorylated by the three kinases were run on the same
blot, along with a control sample present on all blots. Densitometry data from these
blots was analysed and normalised to the obnsample to reconstruct the
phosphorylation curve. Therefore, there is a high degree of confidence that the
differences in phosphorylation observed are due to differential substrate preferences
of the kinases rather than experimental variation.

One draw a c k t o -phosphotyrgsine Udetection of incorporated
phosphate as opposed ¥® is that calculation of the rate of reaction cannot be

calculated as an absolute value. Analysis of thg df the reactions revealed that
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they all proceed at the sameerabut comparison of this rate to other reported rates
cannot be carried out.

A caveat to the use of recombinantly expressed kinases i& tlzali does
not express the kinase that carries out tier@inal phosphorylation of Src (Csk).

Csk phosphorylation of Y527 enables the formation of the regulatory SH2
domain:tail interaction that constrains the activity of the kinases. Therefore, the
kinases usd for allin vitro applications in this study are only constrained by the
SH3 domain:linker association. Yadav and Mil[2007)have confirmed that further
activation of the kinase by SH3 domain displacement is possible in the absence of
the SH2:tail interaction. The kinetics ofethphosphorylation observed may be
slightly affected by the lack of the SH2:tail interaction. It may be that the K
obtained are slightly lower than they would be if the SH2:tail interaction were in
place but the trends should be unaffected.

The effectoon substrate phosphorylation observed have been attributed solely
to differences in the SH3 domabinding preferences btite kinasesisedalso have
functional SH2 domains that can influence substrate binding. The SH2 domain can
dock onto phosphorylategrbsine residues, displacing the SH2:tail interaction and
resulting in an activdon of the kinase. @ce there are phosphorylated substrates
within the reaction, SH2 domain binding may provide a mechanism for further
enhancement of phosphorylation. To assthe role of the SH2 domaio;oduction
of a lossof-function mutation (R175A) in the SH2 domain was attempted tey si
directed mutagenesis bwias not successful. Therefore, the contribution of the SH2
domain to the kinetics in the vitro assays remas unknown. However, the results
are still valid and physiologically relevant as in endogenous kinases both SH2 and
SH3 domains influence substrate preferences and kinase activity.

The primary difference in the phosphorylation observed in this study
compared to other studies is the long lag phase before phosphorylation is observed in
the timecourse experiment. There are a number of possible reasons for this. The
substrate used in the timecourse experiment (YA) could not bind to-8re GH3
domain and & initial phosphorylation therefore required activation of the kinase by
autophosphorylation. Moarefi et €1997) carried out a comparable experiment on
Hck activation and found a 30 minute lag period before phosphorylation was
observed when downregulated Hck was used. The faster timepoint used in other
studies are probably exphead either by the use of higher substrate concentrations or
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use of preactivated kinases either by prior incubation with ATP or extraction from
mammalian cell lysates.

Thein vitro kinase assay developed here has been shown to be both accurate
and sensitig in reporting changes in affinity for the Src kinase domain ideal
substrate by the presence of SH3 domain binding matits/zidinga valuable tool
for the assessment of-8kc function. The versatility of the G§J¥eptide system
means that it can be readiltered to assess potential substrates of H8rds but

also other tyrosine kinases.

3.8.3 Insights into the effect of rSrc loop inserts on kinase activity and
substrate preferences

It has previously been suggested that th®rbks are more basally actibecause they

are less able to form the SH3:linker intramolecular association. Both the increased
basal activity of the kinases and the decreased ability to form the intramolecular
association with the linker have been confirmed in this study. This isiréte f
demonstration of the prediction that theSxts show reduced binding to the linker
sequence.

This result provides interesting insights into the conformation of #&rd\
kinases. The MNsrcs are less constrained by the SH3:linker interaction but deis d
not seem to result in aompleteactivation of the kinase. Kotani et &007)
observed gairof-function phenotype bynutating Y527F in N4Sr¢, indicating that
the SH2:tail interaction remains intadh vivo and functions to prevent
phosphorylation until an appropriate ligand is encountefidds is interesting
becausg in other SFK members, the SH3 domain intramolecular interaction is
thought to be dominant. In HclMoarefi et al(1997) showed that further kinase
activation does not occur by SH2 domain displacement following SHE&despent.

Also, in a form of Hck with a strengthened SH2:tail interaction, SH3 domain
mutation overrides even this strengthened SH2:tail intera(f@oier et al, 2000Q)

To confirm the role of the SH2:tail interaction inc activity it would be
interesting to mutate the residue that forms the SH2:tail interati2/) to assess
whether further activation of the neuronal kinases occursvitro, the Y527F
mutation would not be expected to further activate the kinases as they are not

phosphorylated at Y52in vitro. In cell based assays, there is the potential for Y527
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phosphorylatia by Csk. The absence of the SH2:tail interaction may therefore result
in a full activation of the kinase. It would be interesting to assess the morphology of
Y527F N-Src transfected COS7 celis assess whether further®tc activation is

able to exacerha the change in morphology observed.-Stt with a Y527F
mutation has previously been genergfddrin et al, 2010and was reported to have
faster activation kinetics, assessed by autophosphorylation. However no substrate
phosphorylation or cell based assays were carried out.

In vitro studies confirm that the decreased linkesociation does not result
in a complete activation of the kinase and that substrate phosphorylation remains a
highly controlled process that requires appropriate ligand binding at the SH3
domain. It has been demonstrated that the knov8raCconsensus aiifs are poor
substrates for the neuronal Src SH3 domains and the enhancement in
phosphorylation observed for-8&c when a SH3 domain ligand is present is not
observed for either neuronal Src isoforirhis indicates thain vivo the neuronal
Srcs requiresubstrate recognition via the SH3 domain in order to phosphorylate
substrates. Therefore, the increased basal levels of kinase activity that are more
commonly associated with disregulation of the kinase and disease states does not
cause unregulated protgghosphorylation in the #$rcs.

Analysis of the subcellular localisation of the kinases has revealed some
interesting properties of the-8rcs. Both N1 and N2Src display some perinuclear
association. In the case GfSrq this is associated with the inactive form of the
kinase(Kaplan et al, 1992and not the active forifKaplan et al, 1994; Sandilands et
al, 2004) indicating that some {$rc in the cells may be in an inactive conformation
or that active NSrc is found in different subcellular localisations than activer€
Further analysis is needed to identifie markers that this population is associated
with. It should also be confirmed that this perinuclear Src is not the result of
overexpression and subsequent accumulation in the biosynthetic pathway. The
production of stable cell lines will allow this eeqpment to be carried out. Further
analysis would also be aided by the use of confocal as opposed to epifluorescent
microscopy.

The basal kinase of the-8kcs has been shown to be greatly increased
whole cell lysates but it would be interesting to diser whether the localisation of
the kinases has any effect on activation. This could be carried out by pY416 staining
in cells as has been described feBf€ (Sandilands et al, 2004Activation of GSrc
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results in its relocalisation to the plasma membrane. The effectSot Mctivation is
unknown This could be investigated using vanadate treatment of the cells which
results in a potent activation of kinases.

It is possible that the hypeaictive state of the neuronal kinases observed in
cell based assays in this study is partly a result of thetrexpression. SFKs are
able to carry out transphosphorylation at Y4O®oper & MacAuley, 198&nd an
increase in local concentration caused by overexpression may be sufficient to allow
extensive transphosphorylation, thus drivirge tactive state of the kinase. The
phenomenon may be more exaggerated in the neuronal kinases tharSfor C
because the weaker interaction of the SH3 domain with the SH2 domain: kinase
domain linker makes the transition to the active state more eneligdtwaurable.

In addition, the NSrcs are predominantly constrained by the SH2:linker
association. The presence of dedminal tag may therefore be sufficient to partially
disrupt this interaction. This is tolerated inStc as it also has the additain
SH3:linker association but may result in a further activation of tHerds. It has
been reported that-Src isolated from neuroblastoma cell lines do not necessarily
have a higher basal kinase activity level thaSr€ isolated from fibroblasterang
& Walter, 1988)or glioblastoma cell§O'Shaughnessgt al, 1987) However, this
activation state rapidly increases following the onset of differentigBgeifman et
al, 1990b) In contrast,it has been consistently reportdtht the NSrcs in mature
neurons havea higher basal level of kinase activity. The contradiction in these
results may ndicate that high MBrc activity is required for the processes of
differentiation and maintenance of a differentiated phenotype and thebeflaneer
in proliferating neuroblasts such as neuroblastoma cells. The identificatioisof N
with low basal kinge activity confirms that the activity of the kinases is able to be
regulatedin vivo and confirms thén vitro data obtained here thahowthe N-Srcs
do not phosphorylate the control peptide to any greater extent tiaue. O'his
capacity for regulatioof kinase activity is necessary to enable substrate selection by
the highly related kinaséSartor & Robbins, 1993)

Taken together, the data presented here show that-tBeedNhave a high
basal level of kinase activity but that this does not result in unregulated substrate
phosphorylation. The SH3 domain is able to inflleeboth substrate specificity and
kinase activity. The current view is that SH3:linker binding acts to constrain the
kinase activity and SH8ubstrate interaction activates the kinase. In the case of the
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N-Srcs, the SH3 domain still seems to be requiredstditastrate recognition but its

role in kinase activation is less clear. The activity of a Src kinase is classically
assessed by the phosphorylation state at Y416 th& link between
autophosphorylation and substrate phosphorylation is emtitely clear. V-Src
phosphorylates substrates-ftlld more than €Src butits autophosphoylation is only
between 1 and 2 fold higher than-Stc (Coussens et al, 1985)Lyn
autophosphorylation results in an increase in kinase activity but a decrease in the
accessibility of the SH2 doma(®otirellis et al, 1995)Therefore, the assessment of
N-Src activity by pY416 may not give an accurate representatitmeqgiotential for

substrate phosphorylation by the kinase.
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4 |dentification of a consensus motif for the NiSrc SH3
domain

4.1 Introduction
4.1.1 The use of phage display in establishing a consensus motif

The ligand binding specificity of the N&rc SH3 domain has been shown to differ
from that of CSrc (Chapter 3). In order to further investigate the functions eSid1
and to identify potentiah vivo substrates, it was necessary to establish a consensus
sequence for the N&rc SH3 domain. Thkiconsensus motif could then be used to
carry out a bioinformatic screen for potential substrates. The technique chosen for
these investigations was phage display. This technique is highly applicable to small,
well folded, isolated domains such as the Sldain (recently reviewed bByodnik
et al(2011) and was the technique initially used to identify a cossemotif for
the GSrc SH3 domaiiiCheadle et al, 1994; Rickles et al, 1994)

Phage display works on the pripie of selective enrichment a&fequences
able to bind with high affinity to the protein of interest. It uses a library of random
peptide sequences and can therefore be used to identify a consensus motif for a
protein with no requirement for prior knowledge of interacting proteins. One
possible drawback is that phage display can only identify interactions with linear
peptide sequences. However, the vast majority of SH3 domains interact with linear
sequences in their substrates rather than via tertiary coifbdater, 2001) It is
reasonable to assume that the 8t SH3 domain also interacts with its substrates in
this manner.As there is such versatility in the sequences able to bind to SH3
domains, a unbiagd peptide library was chosen to assess binding to th&rél
SH3 domain as it cannot be assumed that ai$id1SH3 domain interacting peptide

will be proline rich.

4.1.2 Bioinformatic analysis of large datasets of gene names

In the post genomic era, bioinformatic analysis using-teted prediction tools has
become a powerful technique for the identification of putative substrates. There are a
number of tools available that are able to identify potential substrates basesl on th

presence of a particular amino acid motif, prediction of PTM or assessment of
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biological processes. Bioinformatic techniques are particularly applicable to
assessing NBrc function as it only differs from -Src in the SH3 domain. The
domain interactionsf C-Src are well characterised and can therefore be used to aid
the identification of potential Nbrc substrates. Theeb-based bioinformatic tools
that were used in this study are outlined in Figure 4.8.1.

Scansite(Obenauer et al, 20033 able to search genomes for short linear
peptide motifs withn proteins that are likely to be phosphorylated by specific protein
kinases or bind to well characterised domains such as SH2 domaf8, ddmains
or PDZ domains. This prediction is based on experimental data obtained using
peptide library experimentsish as phage display. The binding peptides are isolated
and sequenced and the relative abundance of each amino acid at each position used
to produce a Position Specific Scoring Matrix (PSSM) that numerically indicates the
probability of findingeach aminoacid at each positiowithin a motif It is also
possible to search Scansiéh a user defined PSSNK¥affe et al, 2001)and this
functionality enables genome searching with a novel consensus motif.

The functional roles of the potential substrates identified by Scansite can then
be assessed usifithe Database for Annotation, Visualisa, Integrated Discovery
(DAVID) (Huang et al, 2009apDAVID assigns a function to proteins based on a
series of Gene Ontology (GO) terms. It is also able to report ethattyfunction is
6enr i c lpeskid atia.frequency higher than would be expected based on
occurrence within the genome. This allows unbiased assessment of the predominant
functions carried out by a large datasepufteins

For a protein containing an @mpriate SH3 domain binding motif to be
considered gotential Src kinassubstrate, it must also comaa tyrosine residue
within a motif likely to be phosphorylated by the relevant kinase. There are &numb
of programmes available thate ablea predict potential Src phosphorylation sites
and, because the kinase domains -0&@ N1Src ae identical, these can be uded
predict which of the potential substraidentified as potential N6rc SH3 domain
targetsare also likely to be Src phosphorgdt The programme chosen for this was
the Group based Prediction System (GP&le et al, 2008)GPS is able to carry out
large scale bah kinase prediction and operategh a higher degree of specificity
than Scansite for Src kinase predicti@due et al, 2008) It is ako able to
differentiate between substrates likely to be phosphorylated by individual members

of the Src Family Kinases (SFKSs).
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Substrates that are predicted to be both SH3 domain and kinase domain

substrates of NBrc can be compared against the Phospdg8ornbeck et al,
2004) databaseof, predominantly Mass Spectrometry (MS) derived, information
about postranslational modification at specific sitesvivo. It is therefore possible
to cross reference predicted phosphorylation sites with known sites to assess whether
there is any prior evidence for phosphorylatiat a particular predicted tyrosine
residue

This series of bioinformatic techniques allows for both broad, unbiased
assessment of large datasets in order to identify general protein functions and also
more drected analysis of individual proteins where there is biological evidence for

phosphorylation.

4.2 Aims

The work presented in Chapter 3 confirntedtthe consensus motif foririding to

the N:Src SH3 domaiwliffers from that of GSrc. The aim of the worgresented in

this chapter was therefore ¢stablish a consensus motif for the-8ir SH3 domain

that could be shown to functionally enhance phosphorylation bgmdlin anin

vitro kinase assay. This consensus motif could then be used to carry out a

bioinformatic search for novel potential N8rc substrates.

4.3 A novel SH3 domain binding motif identified by phage display

The library chosen fophage display experimentgas a commercially available
random 12mer library that contains 2x1@nique peptide§NEB Ph.D-12 Phage
Display Peptide Library Kit)Each peptide is expressed the surface of an M13
phage particle by fusion to one of its coat proteins. The phage are then panned over
the protein of interest andhdse thatoind are collected and amplifiad order to
successively enrich for high affinity peptides (Figure 4.3ldifial phage display
experiments used the surface panning protocol in which the pool of phage was
incubated with NiSrc SH3 domain bound to the plastic surface a petri dish. The
peptides sequenced as a result of this were largely identified as plastic binding.
Therefore, the protocol was adapted to consist of solution phase panning followed by
affinity bead captureThe panning process was carried out for a total of five rounds

andclones were sequenced from round three onwards.
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Figure 4.3.1. Schematic representation of the phage display panning process.

Phage expressing random 12-mer peptides on their surface are incubated with a
protein of interest. Over successive rounds of panning, those peptides that bind with
the highest affinity are selected while the remaining peptides are discarded. Phage
plasmids may be sequenced following any panning round with the aim of
establishing a consensus motif.
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When all of the sequences olotad from rounds -5 were combinedand
analysed for amino acid content, it was revealed that certain amino acids were over
representedFigure 4.3.2). The dotted line Figure 4.3.2represents the expected
amino acid frequency based on codon us&geline (P), histidine (H), ysine (K)
and to a lesser extent tryptophan (W) ayrdgine (Y) occur in the sequences more
often than would be expectdhsed on codon usagEhis indicates that the phage
display method is able to selectively enrich for certaimanaicids, and implies that
these amino acids are selected for by the binding interaction.

Looking more specifically at the sequences obtained by sequgenlines
from round 3 onwardselective enrichment of certain peptidess observe(Table
4.3.1). Inrounds 3 and 4, a total of 18 clones were successfully sequenced and each
contained a unique peptide sequericeontrasta total of 22 clones were sequenced
following the fifth round of panning and 17 tliese containethe same peptide
sequenceWHRMPAYTAKYP. Due to this high level of enrichment it was decided
that further rounds of panning were not requir@dditionally, as the rounds of
panning were carried out, there was an increasing degree of contamination from wild
type phage.

It is interesting to note that one sequence was obtained from both rounds 4
and 5 of sequencing. This sequensas KPPQHTSAPYLP. The fact that an
identical sequence was obtained from two subsetjrounds of panning indicated
that the numbeof unique clones in the pbwasbeing significantly reduced as the
panning processelects for peptides thate able to bind. Were this not the case, then
the probability of obtaining the same sequences from two subsequent rounds would
be very small.

In total, there were Tinique peptide sequences obtained following the fifth
round of panning. One of these, SVWVGMKPSPRP, was immediately discarded as
there is evidence that it is present due to propagation relate(Kloiis& Boiziau,

2005; Vodnik et al, 2011)The remaining peptides were named Phage Display (PD)
peptides 16 (Figure 4.4.1), and this nomenclature will be used from this point

onwards.
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Table 4.3.1. Selective enrichment of peptide sequences by phage display.
Individual phage clones were isolated and their plasmids sequenced following
rounds 3, 4 and 5 of panning. Following the fifth round of panning, one peptide
sequence was identified in 17 of 22 sequenced plasmids.

Round 3 Round 4 Round 5
Sequence Freg. Sequence Freq. Sequence Freq.
FSLPSKALPWQI 1 IELQTIYYSSTS | 1 | WHRMPAYTAKY 17
GVIPPRAFNHGY 1 LPLHGMHLLRSY 1 | GHWHSPHKLTR 1
VSRHQSWHPHL 1 FYQQPPSWPHV 1 | SVWVGMKPSPH 1
YMPHSASLLTTR 1 APHVRDHLSSTE 1 | KNPTSTPAMYA 1
AIPNKLNVWPPH 1 LNAQPLRFNIKV| 1 | GHRNRANTSKN 1
HWKHPWGAWD 1 ATWSHHLSSAG 1 | KPPQHTSAPYLR 1
QHANHQAWNN 1 ITTKYSMRYNTT, 1 | WHRMPMHTAKEF 1
NLGKPNYHAYY!{ 1 KPPQNTSAPYLR 1
HHGHSPTSPQV, 1
ILANDLTAPGPR| 1
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Figure 4.3.2. Amino acid distribution in the sequenced clones.
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Pooled sequence information from all sequences obtained from rounds 3, 4 and 5 of
panning reveal an over-representation of certain amino acids (shown using the
single letter code). Dotted lines represent the expected frequency based on codon

usage.
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4.4 The presence of the PD GST-peptides enhances
phosphorylation by N1-Src

The amino acid sequences of tRD peptideswere cloned into the GSPpeptide
systemdescribed in Chaptersd that they codl be testedor their ability to enhance
phosphorylation by NBrc. A schematic representation dfet PD GSIpeptides is

shown in kgure 4.4.1 A. They contain the same ideal Src substrate as the GST
peptides described in Chapter 3 and the phosphorylafigdheotyrosine residue

contained in this motif can be monitored by western blot usirig@rosphotyrosine

antibodyl n t he schematic this tyrosine residi
sequenceglentified by phage displayave been inserted indgtsame position as the

SH3 domain binding sequenciesthe substrates YP1 and YP2 used in Chapter 3.

In vitro kinase assays were carried out betweerar@@ N1Src and the PD
GST-peptides. If theamino acid sequences identified by phage display are able to
bind to the SH3 domain of N&rc then this will enhance the phosphorylation of the
tyrosine residue within thBD GSTFpeptidesubstrateln these experimest a band
in the highest substrateoncentration lane represents an enhancement in
phosphorylatiorover a construct lacking the ability to bind to the SH3 dor(éA).

The presence of the majority of the PD sequences was able to enhance
phosphorylation by NBrc (Figure 4.4.1B), but with varying degrees of specificity
and affinity A subset of PD segences resulted in arenhancement in
phosphorylation bypoth NtSrc andC-Src. This result implies that the technique of
phage display has been able to ssstully identify peptides thaare able to
functionally interact with the NBrc SH3 domain, resutig in an enhancement of
phosphorylation.

Based on the refts of thein vitro kinase experiments the PD peptidesre
rankedaccording to their specificity for N$rc (Figure 4.4.1C). The two GST-
peptides thashowed absolute spécity for N1-Srcover GSrc werePD1 and PD6.

This is very interesting because the sequenmfethese two peptides are highly
similar, with only fouramino acids difference between them. It is also worth noting
that PD1 is the peptide that was preseritin(77%) of the 22lones sequenced from
round 5.0nce the POGST-peptides were ordered according to their specificity for
N1-Src, it was possible to align the sequences to reweaonsensus motif of

+XPxxTx+ (where + represents a positively charged amino égigiire 4.41 C).
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Figure 4.4.1. Enhancement in phosphorylation by the presence of the phage
display (PD) GST-peptides.

A) Schematic representation of the PD GST-peptides. The amino acid sequences
identified as binding to the N1-Src SH3 domain using phage display were cloned
into the GST-peptide system as shown in panel A. The substrates also contained a
tyrosine residue able to be phosphorylated by the Src kinase domain.
Phosphorylation of this tyrosine residue was monitored by western blot. Binding of
the PD sequences to the SH3 domain would result in an increase in the
phosphorylation observed. B) Phosphorylation of PD GST-peptides by C- and N1-
Src. GST-PD concentrations of 8.3, 2.8, 0.9 and 0.3 ¢M used. A band in the highest
concentration lane represents an enhancement in phosphorylation over a substrate
t hat canot bind to t)AeonseridBd mdtid fioraN1l4src. P A) .
peptide sequences ordered based on their specificity for N1-Src over C-Src. Grey
bars represent amino acids conserved between the sequences. The consensus
sequence is highlighted in bold.
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Figure 4.5.1. Kinetics of PD1 and PD6 phosphorylation by C- and N1-Src.

A) and C) Phosphorylation of A) GST-PD1 and C) GST-PD6 by C and N1-Src.
Substrate concentrations varied as indicated. Analysis by U-phosphotyrosine blot
and detection using the PY20 antibody. B) and D) Quantification of B) GST-PD1
and D) GST-PD6 phosphaorylation by C- and N1-Src. Densitometry analysis carried
out using ImageJ. n=3 experiments, error bars shoe SEM. E) K.,s of the
phosphorylation of PD1, PD6 and the control YA by C- and N1-Src. K, calculated
using curve fitting in SigmaPlot, n=3 experiments. Statistical analysis carried out
using ANOVA followed by post hoc Tukey test *p<0.05, all conditions compared to
YA phosphorylation.

Ki (MM)
- N w By
.2 . . 2 .2
D:

118



Chapter 4

This proposed consensus motif differs from the knowsr€ binding Class | and
Class 1l PxxP motifs (+xxPxxPand PxxPx+ respectively)(Feng et al, 1994and
represents a novel SH3 domain binding sequence.

4.5 The kinetics of PD1 and PD6 phosphorylation are comparable
to good GSrc ligands

Initial experiments identified both PD1 and PD6 as being highly specific fé8id1
In order to determine the extent to which they are able to enhance phosphorylation, a
more detailed analysis of the kinetics of their phosphorylation was cauied o

Full kinetic analysis over a largsubstrateconcentration range (Figure 4.5.1)
revealed that both PD1 and PD6 enhance phosphorylatapptoximately the same
extent and that the Kfor the phosphorylation fallwithin the low micromolar range
The K, for PD1 phosphorylation is 661 . 2 eM aptbr thehP®6 K
phosphorylation is 5.8 1.6 M Therefore, the affinity of the interaction between
the N:Src SH3 domain and PD1/6 is similar to that of known SH3 domain ligands
such as the Class | anldnotifs binding to the €&Src SH3 domairiChapter 3Feng
et al, 1995)

4.6 Mutation of the PD1 sequence reveals critical residues for
binding

PD1 and PD6 have both been shown to enhance phosphorylation-8ycNd a
similar extent. However, it was decided to uke PD1 sequenceas the basis of
future work because it was so highly enriched during the phage display screen.

To determine theesidues within the PD1 sequertbatwere required for the
observed enhancement in phosphorylatisglected mutations were made. These
mutations were based on thesidues that were conserved betweenPDgeptides
shown to enhance phosphorylation by-8kt (Figure 4.4.1)The majority of the
mutations made were substitutions to alar(iAg (Figure 4.6.1A). An additional
mutation of the threonine (T) residuepatsition 8 to valine (V) was made in order to
determine whether the hydroxyl group in the threonine side chain was important for

the interaction.
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Figure 4.6.1B shows the results of these experimeAss for Figure 4.4.1, a
band presentin the highest aacentration lane represents an enhancement in
phosphorylatiorover the control peptiderhe majority of the mutations abolish the
enhancement in phosphorylation previously observed. This implies that they are
required for the binding interaction betweere thubstrate and the MN&rc SH3
domain. The exception to this is the threonine residue at position 8. Here, mutation
to either alanine or valine has little effect on the phosphorylation observed. This
indicates that the presence of a threonine residue stiquo 8 is not absolutely
required. Interestingly, there is a requirement for a positively charged amino acid at
both ends of the consensus motif. The Class | and Class Il SH3 binding motifs have
positively charged amino acid at one end, but this dualiragent is novel for an
SH3 domain binding motif.

4.7 The interaction between PD1 and the Ni4Src SH3 domain is
direct

In order to confirm that the enhancement in phosphorylation caused by the presence
of the PD1 peptide in thim vitro assay is due to aréct interaction between the
N1-Src SH3 domain and the PD1 peptidgeptide titration experiment was carried
out. The free peptide of thBD1 sequence was titrated intopaosphorylation
reaction between the control peptide (YA) and 3t kinaseThe pesence of a high
affinity SH3 domain ligand in conjunction with the ideal substrate is known to
increase substrate phosphorylation (Chapté68ptt & Miller, 2000)but the effect

of titrating in a free peptide was not known. Surprisingly, the titration of the free
PD1 peptide sequee resulted in an inhibition of phosphorylatifffigure 4.7.1).
Importantly, there is no effect of titrating in the point mutant FHIBA, meaning that

the interaction between PD1 and the-8it SH3 domain is sequence specifibis
result implies that théD1 sequence may also act as an3xd inhibitor in cell

based assays.
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Figure 4.6.1. Mutation of PD1 sequence reveals critical residues.

A) Representation of the amino acid substitutions made within the PD1 sequence.
B) Phosphorylation of the mutant GST-peptides by C- and N1-Src. Substrate
concentrations of 83 pM and 2.8 pM used. Analysis carried out by
U-phosphotyrosine blot using the PY20 antibody. C) Quantification of PD peptide
mutant phosphorylation. Densitometry analysis carried out using ImageJ, n=3
experiments, normalised to the PD1 WT signal at 8.3 e M.
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Figure 4.7.1 Titration of PD1 peptide inhibits C-Src phosphorylation of YA.

The free peptides of PD1-WT and PD1-P5A were titrated into a phosphorylation
reaction between N1-Src (5 nM) and YA (25 ¢M). The peptide concentrations
indicated were added to individual in vitro kinase assay reactions. A) Analysis of
phosphotyrosine incorporation into YA using the PY20 antibody. B) Densitometry
analysis of the phosphotyrosine incorporation, carried out using Image J. n=3
experiments, error bars show SEM.
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4.8 Bioinformatics reveals a potential role for N2ISrc in
cytoskeletal rearrangement

The phage displagonsensus sequence obtained has been demonstrated to be able to
specifically enhance N$rc to an extent similar to that of known SH3 domain
ligands. It therefore containspatentiallyphysiologically relevant sequence that can

be used topredict potential NiSrc substrates using bioinformatic techniques. A
series of bioinformatic techniques were utilised (depicted schematically in Figure
4.8.1) that were able to systematically identify potential¥d substrates based
initially on the preence of the consensus motif and subsequently on the prediction of
tyrosine kinase phosphorylation.

In order to identify potential SH3 domain binding partner of$it,a PSSM
was constructed that contained informatiabout the probability of finding
eahamino acid at each position withthe motif (Table 4.8.1). A score of 21
represents an absolute requirement for that residue to be found in that position,
whereas a score of 0 excludes that residue. Scores between 1 and 20 represent an
increasing likelhood of a residue being present in a posigth a score of 1 having
neither a positive or negative effect on the selectidnis matrk was then used to
carry out a 8ansite(Obenauer et al, 2003garch for proteins thabntain sequences
meeting the criteria. This produced a total of 771 unjgageinswithin the human
genome.

To broadly identify the functions of these proteins, analysis was carried out
using the online bioinformatic tool DAVIZHuang et al, 2009b)This analysis
assigned functional roles to 541 (70%) of the Scansiteusitsg the GO Term
O0Bi ol ogi c RroteifPnotassigees @ functional role consistedinly of
uncharacterised or unknown proteins. DAVilas then usetb assign the proteins
into clusters based on their function and to assign these clusters an enrichment factor.
The enrichment factor represenks tprevalence of a functional group within the
dataset compared to the expected prevalence based on occurrence in the genome. An
enrichment factor cut off of 1.5 was enforced as suggestetliagg et a(2009b)

This analysis revealed 10 functional clusteontaining 377 proteinghat
were present more commonly than would be expet&sed on their occurrence
within the genome(Table 4.8.3). The enriched categories fall into six main

functional groups: regulation of neuronal development, cytoskeletal rearrangement,
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Figure 4.8.1. Schematic representation of bioinformatic analysis.

An outline of the bioinformatic toools used and the steps taken in order to identify
both potential functional roles and specific protein targets of N1-Src kinase.
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Table 4.8.1 PSSMs for Scansite predition of N1-Src SH3 domain substrates.

Data from the round 5 sequenced peptides and the mutational analysis was
combined and the probability of finding an amino acid in a given position entered

into the matrix. A score of 21 means the residue must be found in that position and
a score of 0 means that it must be excluded. A score of 1 has neither a positive or

negative influence and was included when there was no data about a residue.

There must be one fixed residue at position 0 (P in this case).
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Table 4.8.2 PSSM for Scansite prediction of C-Src SH3 domain substrates.

Constructed according to the same principles as the N1-Src PSSM but using data

from a phage display experiment carried out by Sparks et al, 1996.
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regulation of Rho/Ras signalling, adhesion molecule signalling, catabolism and
chromatin rearrangement. It is particularly striking that there is such agstron
association with proteins that carry out functions in neuronal development, 309
(51%) of the input proteins are reported as plaginch as roleAlthough, N1Src is
neuronally expressed, there was no requirement for the searches carried out to
produce Buronal hits.

Taken together, the functional clusters of cytoskeletal rearrangement,
regulation of Rho/Ras signalling and adhesion molecule signalling are all processes
that will influence cell morphology. This implies a possible role for-8it in the
modulation of neuronal development and cell shaggchwill be discussed further
in Chapter 5.

To confirm that the DAVID tool is able to providereasonable assessment
of protein function based on consensus matigsimilar analysis was carried out for
C-Src, whose functional roles are already well characterised. A PSSM was produced
using the known €Src SH3 domain binding motiidable 4.8.2 This matrix was
constructed using information about the individual peptides obtained from a phage
display expement using the €rc SH3 domairiSparks et al, 1996 he sguences
used to construct 6PSSM conform to a Class Il Bomotif. This motif was chosen
because, although the &c SH3 domain is able to bind toth Class | and Class Il
PxxP motifs it has a strong bias towards Class || m@ifs et al, 2007.)

Scansite analys was carried outusing the €Src PSSM and this identified
1032 unique proteins containing the consensus motif. 734 of these were assigned a
functional role by DAVID, with 717 being present in enriched clustdise
functional clustersidentified for C-Src are shown in Table 4.8.4 amdaclude
regulation of cellular differentiation, cytoskeletal rearrangement and angiogenesis,
all of which are functions that-Src is known to carry out. Interestingly, although
neuronal development appears as a clusteretare only 11 (1%) proteins ¢amed
within this cluster, fafewer than for the N‘Brc analysis.

There are a number of roles assigned48r€in neuronal development and it
is possible that some of these are actually carried out b8ril1As there ee no
commercially available inhibitors capable of specifically inhibiting only one isoform
it is difficult to assign a function to only one isofarithe overlap between-Gnd

N1-Src kinase substrates predicted by Scansite was very small (FigujeaddBti2is
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Table 4.8.3. Enriched functional roles for N1-Src substrates identified by
Scansite analysis.

DAVID analysis of protein functions that occur more frequently than would be
expected based on their occurrence in the genome (enrichment factor). Input
proteins were those identified by Scansite as containing the N1-Src SH3 domain
consensus motif.

Cluster name Enrichment Factor | No. of proteins
Rho/Ras protein signal transduction | 6.5 62
Chromatin rearrangement 3.3 39
Regulation of Rho/Ras GTPaaetivity | 2.4 27
Cytoskeletal rearrangement 2.4 27
Catabolism 2.3 132
Actin rearrangement 2.3 33
Regulation of neuronal differentiation | 1.9 86
Regulation of neuronal development | 1.6 183
Adhesion molecule signalling 1.5 40
Regulation of celmorphology 1.5 62

Table 4.8.4 Enriched functional roles for C-Src substrates identified by
Scansite analysis.

DAVID analysis of protein functions that occur more frequently than would be
expected based on their occurrence in the genome (enrichment factor). Input
proteins were those identified by Scansite as containing the C-Src SH3 domain
consensus motif.

Cluster name Enrichment Factor | No. of proteins
Regulation of metabolism 13.7 285
Cell differentiation 8.3 54
Actin cytoskeleton organisation 7.6 164
Regulation of transcription 6.9 148
Regulation of gene expression 6.6 135
Embryonic development 5.7 44
Cell differentiation 3.9 108
Chromatinrearrangement 3.4 42
Neuronal development 3.2 11
Angiogenesis 2.3 40

127




Chapter 4

A C-Src N1-Src

Source data: 1032 771
Scansite hits

B C-Src N1-Src

Source data: 717 3r7

Proteins present in
enriched cluters

Figure 4.8.2. There is only a small degree of overlap between bioinformatic C-
and N1-Src substrates.

The extent of the overlap between protein hits arising from both A) Scansite
analysis and B) enriched clusters identified by DAVID analysis for C- and N1-Src.
Circle sizes are proportional to the number of proteins they represent.
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supports the predictn that they interact with different substrates and play different
roles within the cell.

For the potential substrates to be phosphorylated bySmditheyshould
contain a tyrosine residubat canbe phosphorylated by the kinase domain. As the
kinase dmains of G and N1Src are identical, prediction programmes can be used
to assess which of the potentil-Src SH3 domairsubstrates are also likely to be
phosphorylated. The GPS kinase prediction prograrfne et al, 2008was sed
to carry out this analysis.

GPS analysis was initially used pwedict whether a protein can be tyrosine
phosphorylate@nd, if it is, whether that phosphorylation is carried out by Src. This
analysis was carried out for both @d N1Src (Figure 4.8.3) and reveals that a
large proportion (~75%) of both the &d N1Src predictedSH3 domairsubstrates
arealsopredictedto be tyrosine phosphorylated. Of these, ~70% are predicted to be
Src phosphorylatedis the GSrc SH3 domain consensus motif is known to be found
in in vivo phosphorylated substrates, it is encouraging that approximately the same
proportion of G and N1Src predicted substrates are also predicted to be tyrosine
phosphorylated.

More detailed analysisvas then carried out using GPS to predict the SFK
member responsible for a phosphorylation evéhts revealed a preference for the
Src kinase domain over thaf any other SFkmember for both the Nland GSrc
datasets (Figure 4.88B and Q. In order to confirm that this is not a general bias
towards the Src kinase domain a series of controls were carriéby @RS analysis
of Scansite predicted Src kinagdemain Lck SH3domainand PKAkinase domain
substrategFigure4.8.4).

Src wasthe predominant kinase predicténl phosphorylate the substrates
identified by Scansite as being Src kinase domain subs(ftpgse 4.8.3 A). This
confirms that Scansite am@dPS use similar criteria to define a Src substrate and
provides confidence that this method is capable of producing meaningful results.

The Scansite defined Lck SH3 domain substrates were predicted to be
predominantly phosphorylated by Lck kinase (Figdt8.3 B). Importantly, this
demonstrates that there is a link between substrates identified by Scansite as SH3
domain interacting partners and those identified as kinase substrates by GPS. This is
crucial because it shows that substrates identified asd8hain interacting are also
highly likely to be phosphorylated by the relevant kinase. Additionally, this result
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Figure 4.8.3. Scansite predicted N1-Src substrates are also predicted to be
kinase substrates by GPS.

A) GPS prediction of the proportion of Scansite identified C-Src, N1-Src and PKA
which are i) tyrosine phosphorylated and ii) Src phosphorylated. B) and C) GPS
prediction of the SFK member which phosphorylates the substrates predicted to be
Src phosphorylated for B) N1-Src and C) C-Src.
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Figure 4.8.4. GPS is able to accurately predict SFK preferences from known
datasets.

Scansite generated datasets for substrates of the A) Src kinase domain, B) Lck SH3
domain and C) PKA kinase domain were entered into the GPS kinase prediction
programme and were predicted to be predominantly phosphorylated by A) Src, B)
Lck and C) no preference.
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shows that there is not an inbuilt bias into the GPS programmpredictSrc kinase
substrates.This was considered to be a potentmbblem as Src is the most
extensively studied of the SFKSs.

A final control experiment utilise&cansite predied PKA substratef2KA
is not atyrosine kinase and gbere should be no reason for phosphorylation by any
member of the SFKs to be enriched within its prestl substrais. The total number
of substrates predicted to be tyrosine phosphorylated by PKA was approximately
20% lower than for either-r N1-Src (Figure 4.8.2 A) and, of those predicted to be
Srcphosphorylated, there is no bias towards any member of the SkjGsg(B.8.3
C).

As a result of the GPS analysis control experiments, it can be conc¢hated
the approachiakenis able to identify potential kinase substrates from SH3 domain
substrates and that therenig inbuilt bias forSrc kinaseTherefore, therés a high
degree of confidence in the ability of this technique to select potenti&rdlkinase
domain substrates from the list of potential SH3 domain interactors.

The list of proteins identified by GPS as potentially phosphorylated by N1
Src represesta more refined set of potential 1$ic substrateas they are now
predictedto both contain the consensus motif for the-8dc SH3 domain and to be
phosphorylated by the kinase domain. These substrates wsiémstted into
DAVID in order to gain an upated list of enriched cluste(@able 4.8.%. This
analysis revealed that the enriched clusters now no longer contain functions such as
catabolism and chromatin rearrangement. It is likely that the proteins associated with
these functions do not contain a potential phosphorylation site and hagtotbe
been excluded from the analysis. The remaining enriched clusters indicate a strong
relationship between N%rc function and the regulation of cell shape during
neuronal differentiation.

Following the second round of DAVID analysis, 134 proteinsaieed as

potential N1Src substras. To identify whether there wasy evidence oin vivo
phogphorylation of these proteins, PhospheSlatabasearalysis was carried out.
The Phospho& databas is a repository of experimental dagaredominantly
obtaned through high throughput screens, containing information amiéin
residuesthat are post translationally modifie€Comparison of the potential Narc
substrates with the PhosphoSite datalpasduced a final list of 52 potential N8rc
substratesdr which there i®xperimental evidence phosphorylation at theorrect
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Table 4.8.5 Enriched functional roles for potential N1-Src substrates identified
by GPS as being Src phosphorylated.

DAVID analysis of protein functions that occur more frequently than would be
expected based on their occurrence in the genome (enrichment factor). Input
proteins were those predicted by GPS as being Src phosphorylated.

Cluster name Enrichment Factor | No. of proteins
Cell adhesion molecule signalling | 4.1 23
Ras/Rharotein signalling 3.1 21
Post translational modification 2.5 46
Neuronal differentiation 2.1 56
Cytoskeletal rearrangement 1.7 73

tyrosine residue (Table 4.8.60f the 52 final proteins, 25 (48) are assigned by
DAVID as performing a role in neuronal development.

Processive phosphorylation is commonly carried out by SFKs as the SH2
domain docks onto a phosphorylated tyrosine residue, allowing the protein to be
further phosphorylate@nd resuling in sustained kinase activatigMayer et al,

1995) Scange is also abléo predict which tyrosine residues would be able to act as

a scaffold for the kinasé.e. are able to bind to the Src SH2 domagid)jowing
further phosphorylation to occur. When this analysis was carriedrotite final set

of substrats, 14 (27%) of the potential substrates were shown to also contain a
tyrosine residue predicted to act as a SH2 domain scdffaldle 4.8.6) However,

only 5 (10%) of these occur at the same tyrosine residue identified as the site of
potential phosphorytan.

The proteins that fit all of the criteria of adeal potential NiSrc kinase
substrate i.e. they contain the SH3 domain consensus binding motif, are predicted by
GPS to be Src phosphorylated, have prior evidende wivo phosphorylation and
are predicted tact as a SH2lomain scaffold areAHNAK2, collagen alphdl(V)
chain, mitogeractivated protein kinase kinase kinase kinase(MAP4K1),
methionine synthase and tyrosipetein phosphatase noaceptor type §PTPNG)

All of these proteins are expressed in neuronal tissue and have defined roles in the
brain. They thereforeepresent a promisingslti of candidate substrates tlcauld be

further investigated gsutativein vivoN1-Src substrates.
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Table 4.8.6. Potential N1-Src substrates play a role in neuronal development.

Proteins that were shown to be phosphorylated in the Phosphosite database at the same residue predicted to be phosphorylated by GPS were
included in the final list of potential N1-Src substrates. Proteins assigned by DAVID as playing a role in neuronal development are highlighted
(grey). The ability of the protein to act as an SH2 domain scaffold is indicated Yes (Y) or No (N). If Y then the residue(s) predicted to act as the
scaffold is stated. Proteins that fit all of the criteria for a potential N1-Src substrate are highlighted in red.

SH3binding peptide(s) | SH2 scaffold?

UniProt ID | Protein Name

Phosphorylated
residug(s

Phosgphorylated
eptide(s

SH3 binding
residug(s

APOL3 Apolipoprotein L3 193 LMELTQIYQRLNPCH ARARARLPVTTWRIS
ARFGAP3 | ADP-ribosylationfactor GTPas@ctivating protein 3 279 VSSLRLAYKDLEIQM |218 SSIIKKKPNQAKKGL |N
349 NDDSDDSYFTSSSSY
408 TARRKPDYEPVENTD
BIG1 Brefeldin Arinhibited guanine nucleotidexchange protein 1| 662 HPETINRYGSLNSLE |791 FLEGFRLPGEAQKID |Y-Y874
852 NKMTKEQYIKMNRGI

C1QR1 Complement component C1q receptor PQONAADSYSWVPERA TASPTRGPEGTPKAT
644 SRAMENQYSPTPGTD

CBPC2 Cytosolic carboxypeptidase 2 150 LRSRQLLYDELDEVN |175 SILSTKRPLQAPRWP [N
764 RKQRNEQYQKKNLM{
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SH3 binding
residug(s)

SHS3 binding peptidgs) | SH2 scaffold?

CKAP5

Cytoskeletorassociated protein 5

1854

KEGLAELYEYKKKYS

222

EEEWVKLPTSAPRPT |N

CYLD Ubiquitin carboxyiterminal hydrolase CYLD SKSKNTWYIDEVAED GVVRFRGPLLAERTV

Desmogleir2 MVNSENTYSSGSSFP FSVIDKPPGMAEKWK
1013 QHLQDVPYVMVRERE]
1061 ASTLQSSYQIPTENS
1117 HSTVQHSY S*#*#+x
DYHC1 Cytoplasmic dynein 1 heavy chain 1 4357 EDEDDLAYAETEKKT |4239 NISPDKIPWSALKTL |Y i Y3130
GAK Cyclin-G-associated kinase 615 VASTSQEYDKMRDFK| 1167 EERGVRAPSFAQKPK |N
IQGA3 Ras GTPasactivatinglike protein IQGAP3 13 AGPGWAAYERLTAEE| 635 TERVLRNPAVALRGV |N

LMTK3 Serine/threoningrotein kinase LMTK3 296 HSNYKEDYYLTPERL | 1012 ENGGLRFPRNTERPP |Y i Y515
297 SNYKEDYYLTPERLW

NTHLL | Endonuclease Hiike protein 1 68 | AQRLRVAYEGSDSEK SHSPVKRPRKAQRLR

Phospholipase D1

FEGEEVDYDVSPSDP

140

YKAFIRIPIPTRRHT

Histonelysine Nmethyltransferase PRDM9

RERKGHAYKEVSEPQ

135

104

PRQQVKPPWMALRVE|Y 1 Y302
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UniProt ID | Protein Name Phosphorylated | Phoghorylated SH3 binding SH3 binding peptidgs) | SH2 scaffold?
residug(s) peptide(s) residug(s)
PYR1 CAD protein 1890 GTPDGTCYPPPPVPR | 1477 VHVHLREPGGTHKED |Y i Y1749
RBM15 Putative RNAbinding protein 15 608 AATSVPAYEPLDSLD |52 MKGKERSPVKAKRSR |N
684 LSSSRDRYNSDNDRS
RELN Reelin 2821 KGWKRITYPLPESLV |1571 LPQDAKTPATAFRWW | N
RNPS1 RNA-binding protein with serineich domain 1 205 HPHLSKGYAYVEFEN | 26 KKSSTRAPSPTKRKD [N
207 HLSKGYAYVEFENPD
RS10 40S ribosomal protein S10 12 KKNRIAIYELLFKEG |33 DVHMPKHPELADKNYV | N
127 GEADRDTYRRSAVPP
SCG2 Secretograni®2 135 APKENKPYALNSEKN |467 EKVLPRLPYGAGRSR [N
349 PLDSQSIYQLIEISR
SEC63 Translocation protein SEC63 homolog 106 EYQEYNPYEVLNLDP |520 WQQKSKGPKKTAKSK| Y i Y432
SHAN1 SH3 and multiple ankyrin repeat domains protein 1 (Shan| 900 AAEDDRPYLAPPAMK | 506 SPSRGRHPEDAKRQP |N
771 EAVHKKAPQQAKRLP
SHRM2 Shroom2 210 HSKRDSAYGSFSTSS | 363 QPRGDRRPELTDRPW|N
SI1L3 Signatinduced proliferatiorassociated-like protein 3 1265 HSKGEPQYSSHSSSN| 327 EADEGRSPPEASRPW/|N
SLAF5 SLAM family member 5 279 QPAESRIYDEILQSK |270 LNTFTKNPYAASKKT |Y i Y296, Y279,
Y316
299 EEPVNTVYSEVQFAD
SPT6H Transcription elongation factor SPT6 321 EEEADWIYRNAFATP |812 VTDFLRLPHFTKRRT |Y i Y425
TB10A TBC1 domain family member 10A 328 VKACQGQVYETIERLR | 428 SKAKPKPPKQAQKEQ [N
TDRD7 Tudor domaircontaining protein 7 502 EDEMKEYYSKNPKIT [374 EMYKVKFPEDALKNL |N
UBP31 Ubiquitin carboxytterminal hydrolase 31 1123 KSASALTYTASSTSA |1019 PGSLAKKPESTTKRS |N
XIRP2 Xin actin-binding repeatontaining protein 2 90 KSNNTREYGRPEVLK | 1847 EVNLPKAPKGTVKIV |Y T Y1156,
Y3283
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4.9 Discussion

4.9.1 Identification of a novel consensus motif for the NNBrc SH3 domain

The technique of phage display has been successfully used to establish a consensus
motif for the N2Src SH3 domain. This consensus motif is +xPxxTx+ (where +
represents a positively charged amino acid). Brdigplay has been demonstrated
multiple times to be an effective way of determining the consensus sequence of
modular domains such as the SH3 don{@iheadle et al, 1994; Rickles et 4994)
and the sequeaes that it identifiedhave been demonstrated todmmtained inn vivo
substrate{Songyang, 1999)Nonspecific selection of peptides can occur due to
plastic binding and propagation related amplification of certain peptide sequences
(Vodnik et al, 2011)In this study,negative selection steps were carried out during
the panning process and all peptide sequences obtained were compared to known
plastic binding or propagation related sequen@d&sdnik et al, 2011) Only one
peptide was found to be the result of rspecific amplification and it was removed
from consideration in dasequent analis Therefore, peptiddsave been included in
the alignment with a high degree of confidence that they are present due to a specific
interaction with the N4Src SH3 domain.

In vitro kinase assays have been used to demonstrate that thecprede
PD1 is able to enhance phosphorylation specifically bySKl and mutagenic
analysis has confirmed that the residues identified as being part of the consensus
motif are required for thebserved enhancement in phosphorylatibime exception
to thisis the threonine residue, where mutation to both alanine and valine was shown
to have little effect on the phosphorylation observed. The reason for this remains
unclear, but ongoing work in the lab aims to obtain the structure of tHerdéN&$H3
domain in omplex with PD1. This would reveal the structural basis of the
interaction and could inform any future mutations that could be made.

The consensus motif differs from the general SH3 domain consensus motif of
PxxP, meaning that the N®rc SH3 domain bind® an atypical binding motif. The
motif identified is novel and has not previously been shown to bind to any other SH3
domain. As the only difference between the @&nd N1Src SH3 domains is the
presence of an insert within the #tc nSrc loop, this strctural difference must be

the cause of the atypical bindingjhe requirement for a positiyetharged residue
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either side ofthe central motif is a novel property of an SH3 binding motif and
results in the consensus motif for 4$tc being longer than fanany other known
SH3 domaingMayer, 2001) The structural basis for substrate binding to th&r€
SH3 domain was introduced in section 1.2.1.3 and is known to involve resndues
the nSrc loop. Therefore, alteration ofSrc loop residues would be predicted to
alter the substrates able to bittds possible that the extra residues contained within
the NESrc SH3 domain are themselves able to contribute to the substrategbindi
site.

Very few SH3 domaisicontain inserts within them-Src loos. Two known
examples ar¢he amphiphysinl/2 (Amph1/2) and PI3BH3 domainsAmphl/2 are
brain enriched proteins implicated in the regulation of clathm@diated endocytosis.
The Amphl2 SH3 domains bind to the sequence PSRPNR in the proline rich
domain (PRD) of dynamifGrabs et al, 1997)his sequence corresponds to a Class
II PxxP motif. However, phage display using an oriented peptide library identified
the consensus nibtfor the Amph2 SH3 domain as PxRRH)R(H) (Grabs et al,
1997) which is @so longer than most SH3 domain binding sequences and contains
an additional positively charged arginine residlige crystal structure of the Amph2
domain shows that the Src loopprojects out from the core of the SH3 domain but
is positioned adjacent tthe substrate binding si@®©wen et al, 1998)Both the
insers in the NXSrc and the Amphl/2-Src loop contain predominantlpasic
residues(Levy & Brugge, 1989; Owen et al, 1998h the crystal structure of the
Amph2 SH3 domain this is shown to result in an extended negatively charged patch
on the surface of the protein. If ¢his also true of the N$rc SH3 domain then it
could explain the requirement for two positively charged residues within the
consensus motifElucidation of thestructure of the NBrc SH3 domain would

determine whether this is the case.

4.9.2 Validity of the bioinformatic approach taken

The bioinformatic approach used in this stidg provided insight into the possible
functions of N1Src. The validity of the subsequoe bioinformatic approaches relies

on the accuracy of the initial PSSM used to identify pidé N1-Src SH3 domain
binding substrates. The matrix constructed was based on experimental evidence, both

from the initial phage display experiments and from the subsequent validation
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experiments. Therefore, there is a high degree of confidence thaathg contains
accurate information about the amino acid preferences of th@r&NEH3 domain.

The only position at which the information may not be as accurate is the threonine
residue at position 8. As none of the mutations made significantly affeoged t
observed posphorylation of the substraiteis not entirely clear what the substrate
preferences are at this position. In the matrix, the amino Hwatlkave been shown

to facilitate phosphorylation (T, A and V) have been included. However, there is
currently no evidence that other amino acids should be excluded from this position.
The reason for imposing some constraints on the amino acids present in this position
was to limit the number of potential N3rc substrates identified to a humber on
which meaningful further analysis could be carried out. It is not suggested that the
substrates identified may be incorrect but it is possible that some potential substrates
have been excluded by constructing the matrix in this manner.

In order to ascertain wktger there is any amino acid preference at position 8
it would be informative to carry out a phage display experiment using a directed
peptide library. The amino acids that have been confirmed to be required for
phosphorylation can be fixed to be presentll peptides in the librarwith other
positions still randomsed (R/KxPxxxxR/K) This technique has been used in order
to identify the flanking residues for the Class | and ClagxkP motifs that bind to
the GSrc SH3 domain(Feng et al, 1995and would reveal whether there is any
amino acid preferece at positions other than those already shown to be required.

The use of PSSMs to discover novel profgiatein interactions has been
validated previously. Scansite uses a library of PSSMs derived from experimental
data to predict substrates of proteiomains, including a number of SH3 domains
(Obenaue et al, 2003) Other groups have successfully employed user defined
PSSMs to identify physiologically relevant interactions. Chan é2G@l1)produced
a PSSM from peptide array data and used it to carry out a Scansite f@arch
potential 143-3 protein interacting proteins. This led to the identification of two
residues within Cdc25C required for-34 binding and the confirmation of the
interaction by immunoprecipitation.

An oriented peptide library has been used to predec consensus
phosphorylation motif for the leucine rich repeat kinase 2 (LRRK2). Construction of
a PSSM and a Scansite search identified potential novel substrates and peptides
derived from these novel substrates could be phosphorylatétro (Pungaliya et
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al, 2010) User defined PSSMs have alseeb used on a larger scale to map the
interactions of many individual PDZ domai(iBonikian et al, 2008and the yeast
SH3 domain interactom@onikianet al, 2009)

The use of a combination of bioinformatic techniques has been able to
provide an informative list of potential Ndrc substrates that fit all of the criteria of
a Src kinase substrafEhe combination of techniques used is novel to this sandly
the validity of the proteins identified must be treated with cautiddpplying
consecutive algorithmswill inevitably introduce error at each stagdll
bioinformatic techniques were carried owith a high degree of stringency and
therefore it can beoncluded that it is more likely that pateal Src substrates have
been erluded rather than those that aret npotential substrates included
erroneouslyln a recent reviepReimand et a{2012)assessed current methdds
prediction of domain mediated protejrotein interaction and concluded that
combined approaches atemmonlyable tomakepredictionswith a higher degree
of confidence than methods based on a single prediction parameter. The use of GO
terms (used here to select enriched cludgigiBAVID analysis) has also been shown
to reduce the amount of false positive hits in bioinforenptediction of protein
protein interactiongMahdavi & Lin, 2007)

Other groups have also exploited the modular domain organisation of
signalling molecules such as the Src kinases in order to carry ougjraitee
bioinformatic studiesAkiva et al(2012)used Scanst prediction of SH2, SH3 and
PDZ domains coupled with NetPhoregMiller et al, 2008) prediction of
phosphorylation sites in order to demonstrate the existence of intereegiaiation
units whose phosphorylation prevents substrate interaction. In this case the kina
site prediction was confirmed by comparison to low throughput experimental data.

Hou et al(2011) utilised differentbioinformatic toolsbut still employed a
hierarchical approach in order to identifyovel potential Akinase anchoring
proteins (AKAPS), that act as scaffolds for PKA signalling. This greapied out
their initial selection of potential substrates usirfSSM in this case obtained from
virtual mutagenesis studies. Further refinement of this dataset was carried out by
sequentl analysis of peptide secondary structure prediction, transmembrane region
prediction and sequence conservatiorvertebrate genome¥alidation of the hits

was carried out by confirmation of the inclusion of known AKAPs and literature
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searchig for evicence thatproteins containing the identified peptides may act as
AKAPs.

Therefore, there is a precedent for the use of a combination of bioinformatic
techniques to generate potential substrates that interact with the protein of interest

under physiologially relevant conditions.

4.9.3 Insightsinto the functions of N:Src

The use oDAVID analysis to identify enriched clusters allows unbiased screening
of the dataset. The majority of the enriched clusters identified pointed to a role for
N1-Src in cytoskelal rearrangement. This is in agreement with the morphological
changesobserved following overexpression of the neuronal kinases (Chapter 3).
DAVID identified that N1-Src may be actinghe Rho/Ras signalling and del
adhesion molecule signalling pathways, both of which have documented roles in the
regulation of cell morphology and cytoskeletal rearrangement.

It is known that signalling through the Rho/Ras pathway influences cell
morphology. The major role of Rho GTddes is to control the assembly,
disassembly, and dynamic rearrangements of the actin and microtubule cytoskeletons
(Hall, 1998) Therefore,they play crucial rolesn axon growth, guidance, and
branching(Hall & Lalli, 2010). Ras GTPases are activated by a largmber of
plasma membrane growth factor receptors and adhesion receptors to promote key
signal transduction pathways, including ERK, MAP kinase, anekiPksse that play
a variety of important roles in axonogengsigll & Lalli, 2010). Overexpression of
a dominant positive form of Rho causes a contractile phendigplyada et al,
2003)similar to that observed in neuronal Src transfected fibroblasts (Chapter 3).

The final list of possible protein substrates regsaime interesting potential
binding partners of NBrc. The list includes some well characterised neuronal
proteins such as Reelin and -CAM. There are also a number of less well
charaterised proteins thagalthough they have been identified as playingla in
neuronal development, are much less well understboe.presence of I-CAM in
this final dataset is interesting as there is some evidence that Src is involved in L1
CAM signalling, but the isoform of Src responsible remains unkn@gmelzi et al,

1994) However, both the SH3 domain interacting site and the potential

phosphorylation site identified in this study are contained withen eéxtracellular
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domain of LXCAM. The Src kinases are not known to phosphorylate extracellular
residues on transmembrane proteins and it seems unlikely th&rd\\ould be
responsible for a physiologically relevant phosphorylation at this site. The link
between LICAM and NXSrc will be discussed in more detail in Chapter 5.

The proteins that fulfil all of the criteria of a potential Sic substrate are of
particular interest and the evidence for tyrosine phosphorylation involvement in the

regulation oftheir functions is discussed further below.

4.9.3.1 AHNAK?2

AHNAK2 is a member of the AHNAK family, also known as desmoyokins. They
are giant proteins (~700 kDa) and #pecific functions of AHNAR, as opposed to
other AHNAK family members, are poorly undersiodHNAK was first identified

as a component of desmosomal plagyeBeda & Tsukita, 1989) It was
subsegently independently identified in a screen for genes that undergo
transcriptional repression in nafifferentiated tumours of neural crest origthe
neuroblastomagShtivelman & Bishop, 1993)ts expression has also been shown to
increase following spinal cord injufyon Boxberg eal, 2006) The full length form

of AHNAK is known to be expressed in the adult CNS but its expression is thought
to be localised to the blood cells of the blood brain baffeamtil et al, 2005)A
smaller (=300 kDa) isoform has also been identifi@drison et al, 2010; Huang et

al, 2008b)and shown to be expressed in cardiac cellstlaad orpedo electric organ;

a structure of the electric eel that is analogous to the mammalian neuromuscular
junction (NMJ). This smaller AHNAK isoformds also been shown by PCR to be
expressed in developing mouse motor neuf@aslson et al, 2010)

In cardiac ells AHNAK is known to link voltage gated calcium channels to
the cytoskeletonHohaus et al, 2002and is able to bind to the (Ba subunit
(Komuro et al, 2004 In the electric organ, AHNAK is found localised to
presynaptic sites and associated with nerve terminals in a complex that also contains
calcium channels, integrins and lamin{i&arlson et al, 2010AHNAK is therefore
predicted to function in the modulation of cytoskeletal organisation as a result of
calcium signalling in the CNS.

AHNAK2 is known to betyrosine phosphorylatednly through high

throughput studies and there is currently no information available about the tyrosine
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kinase that carries out the phosphorylation the functional effect of the
phosphorylation evenfThe sites identified as beiqgptential NtSrc SH2, SH3 and
kinase domain substrates in this study are contained within the smaller AHNAK
isoform and it is therefore possible that-Nic phosphorylation of AHNAK would

occur under physiological conditions.

4.9.3.2 Collagen alphal1(V) chain

Type V collagens are a minor component of collagen that are found in many tissues
including the brain(Rhodes & Miller, 1978) The alphal chain can exisas a
homotrimer or as a heterotrimer in complex with at@hend alphe8 chains(Morris

et al, 1990) Type V collagen fibrils are secreted and function as components of the
ECM. Phosphorylaon of secreted proteins is very unusual dmere is currently no
evidence, other than mass spectrometry data, for tyrosine phosphorylation of Type V
collagen.

4.9.3.3 Mitogen activated protein kinase kinase kinase kinase 1 (MAP4K1)

MAP4K1 is more commonly knen as hematopoietic progior kinase 1 (HPK1). It

is a serinelireonine kinase that is predominantly expressed in hematopoietic cells
but is also present in other tissues, including the l{Hnet al, 1996) The majority

of the work into the function of HPK1 has been carried out in T cells, where it has
been shown to act in the MAP kinase pathway to link cell seinfaceptors to the c

Jun NH2terminal kinase (JNK) pathwafHu et al, 1996) To do this, HPK1 has
been shown to ieract with many adaptor proteins including Grb2, Nck, Crk and
SLP-76 (Anafi et al, 1997; Boomer & Tan, 2005)

More recently, HPK1 has been shown to function in the brain in pathways
that induce injury following cerebral ischemia. Importantly, the activation of HPK1
in this context is dependent on a tyrosine phosphorylaient(Li et al, 2008a) It
is thowght that Src is activated through its phosphorylation of the NMDANd
activated Src subsequently phosphorylates HRKiang et al, 2007)This increases
the activity of HPKL and results in the sequential activation of MLK3, MKK7 and
JNK3 (Li et al, 2008b) a mthway involved in the induction of apoptosis following
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ischemia. The site of phosphorylation in the HPK1 sequence has not yet been
identified.

The Src isoform responsible for the HPK1 phosphorylation is currently
assumed to be-Src(Li et al, 2008b) However, these experiments were carried out
using a broad spectrum SFK inhibitor and #fere the isoform responsibéeuld be
another SFK member or, as would be predicted by this stud@rbllAs HPK1 fits
all of the criteria imposed in this study for an ideal-8It substrate candidate it
would be interesting to carry out vitro experimats to determine the Src isoform

responsible for the phosphorylation.

4.9.3.4 Methionine synthase

Methionine synthase is an enzyme that catalyses the remethylation of homocysteine
to methionine. Mutations in methionine synthase are risk factors for sporadic
Alzhei mer 6 s D(Beyer atale20030udth the resultant accumulation of
homocysteine in the cell. Homocysteine is known to sensitise hippocampal neurons
t o-anfyloid induced damage in cell culture espents(Sai et al, 2002pand to
increase vulnerability to DNA damage induced excitotoxifitsuman et al, 2000)
Therefore, methionine synthase activity is required for normal neuronal function.
The function of tyrosine phosphorylation of methionine synthase remanknown

and hasso faronly been reported in high throughput screbas could potentially
regulate its activity Further investigation is therefore required to ascertain whether
tyrosine phosphgtation of methionine synthase occurs under physiological
conditions and whether the phosphorylation has any effect on enzyme activity. If
methionine synthase is demonstrated to be tyrosine phosphorylated th&rc N1
would be a good candidate for the ki@asarrying out the phosphorylation as it
meets all of the criteria outlined in this study.

4.9.3.5 Tyrosine-protein phosphatase norreceptor type 6(PTPN6)

The tyrosine protein phosphatase #teneptor type §PTPNG6)identified is better
known as SHR1 (SH2 donain-containing tyosine phosphatase 1) or PTP1C
(protein tyrosine phosphatase 1SHR1 (along with other phosphatases) is able to

catalyse the dephosphorylation of Src and catalyses the dephosphorylatioradf Sr
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pY527 more effectively thai does at 416 (Somani et al, 1997F5HP-1 therefore
plays a role in the activation of Src by pY527 dephosphorylation and removal of the
SH2:tail regulatory interactionSHR1 is also able to effectively catalyse the
dephosphorylation of Src substra(Esank et al, 2004)

Interestingly, Frank et af2004) also showed that Src can phosphorylate
Y538 and Y566 oSHP-1. SHR-1 phosphorylation activates its phosphatase activity
and upregulates the dephosphorylation of Src substratiss.ebulatory cycle means
that Src signalling in the presence S8HR1 is transient. These experiments were
carried out using transfection of-&c into HEK293 cells. Therefor€-Src is
definitely able to carry outhe phosphorylation event. However, itpgessible that
N1-Src is also able to phosphoryla&HP-1 at these or other sites. This would
provide an interesting mechanism of regulation and may be a way to explain why we
do not observe large numbers of-8dc phosphorylated proteins in cells desike
high activity of N:Src(Chapter 3) Active N1-Src would also result in activ@HR 1
and therefore any substrate proteins phosylated by NiSrc would be rapidly
dephosphorylated b$HP-1. This supports the idea that #kc signalling may be
involved in dynamic signalling processssich as cytoskeletal rearrangemeather
than more stable phosphorylation events.

The tyrosine residues identified as being potentialSKd substrates in this
study are Y276, Y536 and Y56¥536 andY564 in the humarSHR1 variant 1
sequence aranalogous tor538 andY566 in the humarsHR 1 variant 2 sequence
used byFrank et al(2004) Phosphorylation at thesesidus by C-Src had an
activating effect on SHR. It is possible that NBrc phosphorylation here would
also result inSHP-1 activation and regulation of N&rc substrate phosphorylation.
There is currently ndiochemicalevidence forSHR1 & Y276 and it therefore
remains unknown whaeffect phosphorylation at this sitmay have onSHR1

activity.

The potential NiSrc substates identified in this study provide attractive targets for
further research into the functions of 8ic. The proteins identified in this study are
involved in functions in both the developing and mature brairnSMlis known to

be highly expressed thughout development and in the adult mo@@éestler &
Walter, 1988)and therefore it would be predicted that it is performing functions at
all developmental stages.
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In vitro experiments could be used to confirm firstly an interaction between
N1-Src and the substrate and secondly thatSKil is able to phosphorylate the
substrate. Site directed mutagenesis could then be used to ascertain whether the
interaction takes pla&cat the residues predicted in this study. Alternatively, sites of
phosphorylation could be identified by MS analysis of the recombinant
phosphorylated protein. Cell based experiments using transfected or endogenous
substrates and kinases would then bel aseconfirm that the interaction takes place
under physiologically relevant conditions. The use of functional assays looking at
the activity or localisation of the substrate proteins would allow elucidation of the
biological relevance of the phosphorytatireaction. As there is evidence for the
vivo tyrosine phosphorylation of HPK1 and SHRhey would seem to be the best
candidate substrates with which to begin further investigations ird®rbliunction.
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5 Functional studiesof N1-Src kinase

5.1 Introduction
5.1.1 Culture based models of neuronal development

Thein vitro and heterologous cell techniques presented in Chapter 3 pointed to a role
for N1-Src in the development of neuronal morphology. This was supported by the
bioinformatic analsis carried out in Chapter /A neuronal culture systerwas
therefore required to allow manipulation of the endogenous pro@erebellar
granule neurons (CGNs) are a good model culture system for studying the effects of
proteins that may have a role meuronal developmenf the main cerebellar
neuronal types (granule cells, Purkinje cells and inhibitory interneurons), granule
neurons are by far the most numerous and are the most abundant type of neuron in
the mammalian brain. In rodents, cerebellangie neurons are generated during the
first two postnatal weeks from progenitor cells in the outermost layer of the
cerebellar cortex, the external granule layer (EGI)e development of CGNSs in
culture closely mirrors thein vivo differentiatian (Powell et al, 1997)To prepare
CGNs in culture, the cerebellum is taken from P7 rats, at which stage the CGNs are
still migrating lack processeand therefore are able to survive tlissociation and
transfer to culture. The development of CGNs is very well studied and therefore any
dewuation from this normal development can be clearly identified and quantified.

When CGNs are plated onto culture dishes, they begin as small, rounded
cells thatextend a single neuritéollowed by a second from the opposite pole. One
of these processes livextend further and become the axorfurcatingto form the
two arms of the parallel fibres observedvivo. The second original neurite will
retract and dendrites will form at this opposite pflahirovic & Bradke, 2009)
(Figure 5.1.1)

One drawback to the use of the CGN model culture system is that CGNs
have quite a siple neuronal architecture witimited axonal braching. They are
also very small. Hippocampal neurons are much larger witllsa more complex
branching architecture. Thegn therefore be used to identify mardbtle changes in
neuronal architecturand have been used for this purpose in this stiDdyelopment

of hippocampal neurons follows a similar programme to that of CGNsthath
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Figure 5.1.1. Development of neurons in culture.

Adapted from Tahirovic and Bradke, 2009. A) Development of rodent cerebellar
granule neurons (CGNs). CGNs initially extend several short filopodia (Stage 1) and
then begin to extend one longer process, led by a growth cone (Stage 2). This is
followed by the growth of a second process from the opposite pole, to form a
neuron with bipolar morphology (Stage 3). One of the long process will extend
further, begin branching and go on to form a functional axon (Stage 4 and 5). The
second long process will retract and dendrites will form at the opposite pole to the
axon (Stage 5). B) Development of rodent hippocampal neurons. Hippocampal cells
also begin as small cells with multiple protrusions (Stage 1) but then develop into
multipolar cells (Stage 2). One neurite will rapidly extend and become the axon
(Stage 3). The other neurites will become dendrites (Stage 3) while the axon
continues to extend (Stage 4) and branch (Stage 5).
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initial formation of multiple processes, one of which will go on to become the axon
(Tahirovic & Bradke, 2009)Figure 5.1.1) The final morphology of hippocampal
neurons is much more variable than that of CGNs and this can make analysis of
morphological changesaused by protein manipulationore challenging than for
CGNs. In addition, cells obtained from the hippocampus are a mixed culture with
CAl, CA3 and @5 neurons presenthis can make it difficult to assess a difference

that occurs in only one or a subset of the neuronal types.

5.1.2 Mechanisms regulating neurite ougrowth and branching

The process of neuronal branching is a fundamental property of neurons, with the
vast majority of neurons able to produce branched processes. The process of
branching allows neurons to simultaneously connect to multiple target#afangl

the formation of a complex neuronal network. The guidance cues that mediate axon
guidance were introduced in Chapter 1 and many of the same pathways are involved
in the molecular processes of axon branching.

There are two distinct mechanisms by which an axonal branch may form.
Firstly, a growth cone may split with each half continuing to grow and extend, this
process can only occur during axonal outgrowth and is the mechanism that CGNs
use to branch. Secondlg,new outgrowth may form from the main axonal shaft; this
process is known as interstitial or collateral branching and may occur in mature
neurons. This process is used by hippocampal neurons. Both probasseleen
demonstrated to occum culture andn vivo (O'Leary & Terashima, 1988; Schmidt
et al, 2007) Whether the molecular mechanisms underlying these two processes are
the same or distinct remains to be shown but they are known to involve broadly
similar signalling pathwaygSchmidt & Rathjen, 2010)

Axon guidance is a highly regulated process that needsdodamate neurite
size and position through growth and guidance with the addition of complexity
through branching. Multiple pteins and pathways have been identified as playing a
role in the regulation of the axonal branching process. These include signalling
arising from; axon guidance cues, growth factors, calcium, electrical activity,
extracellular ligandsmorphogens, trangption factors and cell adhesion molecules
(TessierLavigne & Goodman, 1996)These pathways do not appear to be

degenerate as perturbation of only one can be sufficient to inhibit branching and it is
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likely that they respond to a variety of intracellular andraeellular cues to
stimulate branching.

The formation of a branch relies on the convergence of multiple signalling
pathways to result in asymmetrical remodelling of the cytoskeleton. The axonal
cytoskeleton consists predominantly of filamentous actid anHubwin and is
highly dynamic, being continually remodelled both during development and in
mature neurons. The inhibition or destabilisation of the microtubule-actif
networks inhibits axonal branchir{@ent & Kalil, 2001) indicating the reliance of
the branching process on cytoskeletal remodelling.

Some neuronal cells have highly branched and complex dendritic arbours.
The signalling processes underlying dendritic branchinglve the same broad
classes ofmoleculesbut are considered distinct from those underlying axonal
branching. As the neuronal types used within this study do not exhibit any complex
dendritic branching, the molecular mechanisms controlling this process will not be

discussed further (for a recent reviezeglan & Jan, 2010)

5.1.3 N1-Src and L1-CAM

Ignelzi et al(1994)identified that the rate of growth of neurons taken fromi"src
mice is slower than that of control neurons wheowmgn on a substrate of the cell
adhesion molecule LCAM. This effect is specific to signalling arising from the L1
CAM pathway as neurite outgrowth is ureaffed by growth on laminin. It is also
specific to Src, becaughe growth of neurons taken from#yor Yes mice was
normal. However, the nature of the cloning carried out to create the Src knockout
mouse means that it is null for all three Src isoform§r€& NESrc and N2Src. The
particular isoform responsible for the defective neurite outtirolaas not been
identified.

5.2 Aims

Studies in heterologous cells (Chapter 3) and bioinformatic investigations (Chapter
4) have identified a potential role for N8rc in the modulation of neurite outgrowth.
To test this hypothesis, and to investigdtee in vivo functions of N21Src

overexpression and inhibition, experiments were carried out in cultured neurons.
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This allowed the manipulation of endogenous-$it activity and function. The
culture systems chosen for these investigations were CGNs and mmygadca
neurons, two well characterised models of neuronal differentiation. A secondary aim
of this work wasto investigate the possible link between-8Sit and signalling in

the L1-CAM pathway This was achieved by investigating the growth of neurons on
a sibstrate of L1CAM following inhibition of N1-Src.

5.3 N1-Src overexpression causes aberrant neurite outgrowth

In the experiments presented in Chaptesv&rexpression of WT N$rc caused the
induction of a neuronal phenotype in heterologous calwmaractased by the
production of neurondlke processes and a decrease in cell .amea neuronal
system, i has previously been shown that overexpression of constitutively active
N1-Src (Y527F) in Purkinje neurons causes aberrant neurite outgrpvitharily
affecting dendrite morphologyKotani et al, 2007) Kotani et al found that
overexpression of the WT protein had little effentcell morphology

In order to further investigate the functions of-Nfic and its effects on
neuronal morphologyVT N1-Src was overexpressed in cultured CGNs and the cell
morphology analysed 24 hours following transfectibhe morphology of N4Src
transfected cells was compared to control an®&r€ transfected cells. Control
neurons were visualised by transfection with C&Rl stained with artbCFP
antibody. The Src constructs used were the same constructs that seeran u
Chapter 3 for COS7 cell transfection. The constructs were FLAG tagged and
transfected cells detected using @fFLAG antibody. Transfected neurons were
identified as CGNs by morphology.

Transfection of CGNs revealed that contrast to the findings in Purkinje
neurons, neurite outgrowth of CGM&sinhibited byoverexpression of WT Nbrc
(Figure 5.3.1). Morphological analysis showed tlhat &xons argrimarily affected,
with appoximately 40% of the cells havirduplicated axongFigure 5.3.2. During
normal CGN development the cells initially extend two axdikal processes before
one retractand dendrites form (Figure 5.1.1)h& morphology obserdehere may
be as a result of either a delayed developmental programme or a failure in the cues

that distinguishaxonal formation from dendrite formatioRegardless of the
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Control C-Src

N1-Src

(Scale bar 10um)

Figure 5.3.1 Overexpression of N1-Src causes aberrant neuronal morphology

CGNs were prepared from P7 rats and plated onto PDL coated coverslips. Neurons
were transfected 24 hours following plating and fixed for morphological analysis 24
hours after transfection. Control cells were transfected with CFP and visualised with
U-GFP. C- and N1-Src constructs were FLAG tagged and transfected cells were
visualised by U-FLAG staining. Representative epifluorescent images shown.n=3
experiments.
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Figure 5.3.2 N1-Src overexpression induces axon duplication.

The morphology of CGNs transfected with CFP (control), C-Src and N1-Src was
analysed 24 hours after transfection using the NeuronJ plugin for ImageJ.
Parameters measured were A) axon length B) axon number C) branch length D)
branch number E) dendrite length F) dendrite number. n=3 experiments,
approximately 30 cells analysed per condition for each experiment. Error bars show
SEM. Statistical analysis carried out by ANOVA and post hoc Tukey test * p < 0.05,
** p < 0.01, *** p<0.001.All conditions compared to control neurons.
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mechanism, tlsi result indicates that N&rc plays a role in the initial processes of
axon formation.

In addition to the axon duplicationbserved the axons that form are
approximately 50% shorter than either control (CFP transfected)Svc @ansfected
cells. Theyare also much less highly branched, although the branches that do form
are of approximately the same lengthtlagse found ircontrol cells.In contrast to
the study by Kotani et §2007) the dendrite number and length remain unaffected.

While N1-Src owerexpressiorhad striking effecton CGN morpology, G
Src overexpression hdittle effect. The onlymorphologicaffactoranalysed that was
significantly different to control cell§ollowing C-Src overexpression wathe
number of branches per axon, whicitreases by approximately 15%s CGNs
have so few axonal branches it is unclear whether thestige effect of GSrc
overexpression or an artefact caused by the fact that CGN axons are not highly
branched and therefore a small increase in branch numtoeluces a large
percentage increasBepeating the overexpression ofSTc in a neuronal type with
more extensive axonal branching would confirm whether axonal branching is
increased by €Src overexpression.

The reasons why N$rc overexpression has aimaf-function phenotype
while C-Src overexpgssion has little effect remain unclear, maty be related to the
high constitutive activity of N4Src. The high basal activity of N&rc demonstrated
in Chapter 3 may result in N&rc overexpression having eegter effect than Src
overexpression because, even when overexpresseskc Gactivity is tightly
regulated. The differences between the effects-&rcCand NiSrc overexpression
also support the view that tivevivo functions of CSrc and NiSrc are different and
it may be that €Src plays limited roles in the regulation of neuronal morphology

In order to determine whether the differences in cell morphology observed
following N1-Src overexpressioare due to a dejad developmental programme,
the period of maturation in culture following thertséection was extended. Figure
5.3.3shows that even after 72 hours in culture theS\d transfected cells are not
able to form a normal CGN architecture. The average amogih extends slightly
but does not reach that of control cells. This implies that the morphology observed is
not simply the result of delayed development and thaEMloverexpression is able
to influence both the processes of axonal growth and branchiegonly factor that
appears to be rectified by this longer incubation is the axon number with very few
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Figure 5.3.3 N1-Src transfected cell morphology is not rescued by longer
expression

Control (CFP), C- and N1-Src transfected CGNs were fixed 24, 48, and 72 hours
following transfection and morphology analysed using the NeuronJ plugin for
ImageJ. Parameters measured were A) axon length B) axon number and C) branch
number. Plotted data were obtained from 1 experiment with 15-20 neurons analysed
per condition. Error bars show SEM.
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cells displging duplicatedaxons by the 72 hour timepoirithis may be because
there are other signalling processes within the cell that are able to compensate for the
perturbation of NiSrc signalling by these later timepts or it may be that cells
with duplicated axons are identified as defective and destroyed by apoptosis at later
timepoints. The only cells then remaining for quantification would be those with a
less severe phenotype.

At timepoints over 72 hours, both &1d N1Src transfected cells began to die
while control cells remained healthy. ForStc transfected cells this was surprising
as they appeared morphologically normal. This implies that, whiBrcCwas not
influencing neuronal morphological developmerdver longer time periods,
overexpression of the kinase was detrimental to the celfrcCgays well
documentedroles in signalling pathwaysdistinct from the regulation of cell
morphology including cell survival As aberrant kinase signalling is freqtign
associated with disease processes, prolonged overexpression of a kinase can result in

the induction of apoptos{@hong et al, 2002)

5.4 PDL1 is a specific inhibitor of N2Src in cells

To study the functions of N&rc in more detail, a specific inhibitor of Marc was
required. There are no commercially availablampmacological inhibitors of NSrc

but the PD1 peptideharacterised in Chapter 4 hiagen shown to be able to inhibit
N1-Src substrate phosphorylatiom vitro. To confirm that PD1 is able to interact
with N1-Src in cells, FLAGtagged NiSrc and CFRaggel PD1 constructsvere
co-transfected into COS7 cells. Marc was transfected as COS7 cells rut
endogenously expresguronal Src isoforms. CRagged PD1 was used because the
isolated peptidas not predicted to benembrane permeable. The CFP tag also
allowed for the efficient immunoprecipitation of the peptide and its resolution on an
SDSPAGE gel.

In order to confirm an association between -8t and PD1, an
immunoprecipitation experiment waarded out. Thishowed thaN1-Src and PD1
arepresent within a complex (Figure 5.%4dnd ceimmunoprecipitate when the tag
on either protein is used to perform the immunoprecipitatiortontrast, the point
mutant PDIP5A ceimmunopreciptates poorly with N&rc. This Bows that the
interaction between PD1 and Mgkc is due to the specific sequence of PRI-Src
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Figure 5.4.1 N1-Src and PD1 are contained within a complex

An immunoprecipitation experiment was carried out between FLAG-tagged N1-Src
and CFP-tagged PD1 or the point mutant PD1-P5A. COS7 cells were co-transfected
and lysed 48 hours following transfection. The immunoprecipitation experiment was
set up using either U-FLAG or U-GFP (to detect CFP). The top panels show that
CFP-PD1 co-immunoprecipiates with N1-Src following immunoprecipitation using
the FLAG antibody whereas PD1-P5A co-immunoprecipitates much less efficiently.
The lower panels show that N1-Src-FLAG co-immunoprecipitates with PD1
following immunoprecipitation with the GFP antibody but PD1-P5A does not. The
input represents 1% of the cell lysate used in the immunoprecipitation.
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Figure 5.4.2 PD1 expression prevents induction of neuronal morphology

COS7 cells were co-transfected with C-, N1- or N2-Src and PD1-WT or PD1-P5A as
indicated and either fixed or lysed 48 hours following transfection. Control cells were
transfected with CFP (blue) to allow visualisation. Src constructs were FLAG tagged
and visualised using an U-FLAG antibody (red). PD1 and PD1-P5A were CFP
tagged and visualised using an U-GFP antibody (blue) A) Merged images are shown
for co-transfected cells (purple). Nuclei are visualised using DAPI (green). Images
are representative epifluorescent images from n=3 experiments. B) Analysis of Src
activity was apsYsdels6s e(da cutsiivp¥G2B(inactjve Sich. Equal
expression of shown by -FLAG and U-GFP.
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COS7 cells were transfected 24 hours after plating and fixed for morphological
analysis 48 hours following transfection. ImageJ analysis was used to assess A) cell
body area B) neurite number and C) neurite length. n=3 experiments. 20 fields of
view (approximately 50 cells) analysed for each condition per experiment. Error bars
show SEM. Statistical analysis carried out using ANOVA and post hoc Tukey test.
* p<0.05, ** p<0.01, **p<0.001, all conditions compared to control cells (CFP
transfected).
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and PD1 argresumably linked by a direct interaction because PD1 was identified
for its ability to bind to the NSrc SH3 domain. To furtheonfirm the suitaiity of

PD1 as aN1-Src inhibitor, the morphology of the ¢mnsfected COS7 cells was
analysedFor this experiment COS7 cells weretcansfected with a FLAG tagged
Src constructrad CFP tagged PD1 or the point mutant FEBA. Control cells were
visualised by transfection with CFP and staining usingU@@FP antibody. The
results of this experiment are shown in Figure 5.4.Zd@ntrol cells are transfected
with CFP, shown in blue. e cotransfected cells are shown as a merged image of
the FLAGSrc (red) and CHPD1/PD1P5A (blue) staining and appear as purple.
The nuclei are visualised using DAPI and are shown in green.

This experimentrevealed that the neuronal morphology indubgdN1-Src
transfection into heterologous ce{t¥escribed in Chapter) 3s prevented by the eo
expression of CHPD1 (Figure 5.4.2 A Importantly, the induction of neuronal
morphology was not prevented by the point mutant 4PBA, indicating that the
effect is specifically due to the PD1 sequentre.addition to the effect on cell
morphology, biochemical analysis of the activation state of the kinases revealed that
PD1 ceexpression resulted in a specific decrease ifSNdactivity (characterised
by a decease inJpY416 immunoreactivity), while Cand N2Src activity remained
unaffected (Figure 5.4.2 B).

The decr e-®¥e6 sigmal istndt éotalUndicating that some active
N1-Src remains but it does not seem to be enough to induce the morpHologica
changes previously seen. It is also possible that there is someaaaoBsity and the
antibody also detects the corresponding residues of other SFK members. A third
explanation for this result would be that the degm# cetransfection between
N1-Srcand CFPPD1 was poor but this did not appear to be the case as when images
were taken for morphological analysis, a high degree @faswsfection (>90%) was
observed. The binding of PD1 to the 48ic SH3 domain would be predicted to
block the kinasesubgrate interactions and so tlkeéore be expected to perturb
N1-Src function even if some pY416 immunoreactivity remained.

Quantification of the ansfected cells (Figure 5.4.3) showttdht, for all
parameters measured, the morphology of celsamsfectd with N1-Src and PD1
is not statistically different to that of control cellsiportantly, ©ntrol experiments
also showed that the morphology ofStc and N2Src (Fgure 5.4.2 and 5.4)3
transfected cells isot significantly affectedby the presence of the PD1 peptide.
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The PD1 peptide, identified through its ability to bind to the SH3 domain of
N1-Src has been demonstrated to be a potent and specific inhibitor®ifcNiCtivity
and function in cells. Tis® experiments also confirthat thelinkage of the PD1
peptide to CFP does not decrease its abilitynteract with andinhibit N1-Src
activity. CFRPD1 transfection has no demonstrable-taffjet effects as the
morphology of G and N2Src transfected cells was not affected by GHFL
expression. CHPD1 also showed no toxic effects over the timecourse of the
experiments carried out. Therefore, there is ahhiggree of confidence that
CFRPD1 transfection into neuronal cells will act specifically to inhibit-Sit,

allowing the inestigation of endogenoi&l-Src function.

5.5 N1-Src inhibition prevents axonal branching

The PD1 peptidsequence hadeen demonstrated to be a specific$tt inhibitor
andto work effectively as a CFRusion in heterologous cells. The effects of-Sit
inhibition in CGNs were therefore investigated by GHP1 transfection, followed

by morphological analysis. Figure 5.5dhows that the morphologpf PD1
transfected CGNs was perturb&dile neurons transfected with the control peptide
PD1-P5A appead morphologically normal This meansthat the effects of PD1
transfection are sequence speciiit CGNs as well as in heterologous cells
Unfortunately, due to the low transfection of neuronal cultures, biochemical analysis
of the activation state of endogemsoN1-Src in the presence of CHD1 was not
possible.

Quantification of the transfectedGNs (Figure 5.5.2) showetthat N1-Src
inhibition predominantly affectedxonal growth with dendrite number and length
not being significantly different to control It This trend is the same as previously
seen following NiSrc overexpression, bthe effects of N4Src inhibition are not
identical to the effects of N$rc overexpression. The average axonal length for PD1
transfected cells is reducéfigure 5.5.2 A) as it was for NiSrc overexpressing
cells, but the number of cells with an identifiable axon is reduced to approximately
60% (Figure5.5.2B). This is in contrast to NErc overexpression experiments that
identified a tendency for axon duplicatiffigure5.3.2 B) The contrasting results of
N1-Src overexpression and inhibition support the hypothesis th&rblplaysa role

in the initial processes of axon formation.
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Figure 5.5.1 PD1 expression in CGNs causes aberrant neuronal morphology.

CGNs were transfected with PD1-WT or PD1-P5A 24 hours after plating and fixed
for morphological analysis 24 hours after transfection. Control cells were transfected
wi th CFP and al | constr uc4GBP. Imageseshown sual i s

representative from n=3 experiments.
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Figure 5.5.2 PD1 expression in CGNSs results in inhibition of axon formation.

The morphology of CGNs transfected with CFP (control), CFP-PD1-WT and CFP-
PD1-P5A was analysed 24 hours after transfection using the NeuronJ plugin for
ImageJ. Parameters measured were A) axon length B) axon number C) branch
length D) branch number E) dendrite length F) dendrite number. n=3 experiments,
approximately 30 cells analysed per condition for each experiment. Error bars show
SEM. Statistical analysis carried out by ANOVA and post hoc Tukey test * p < 0.05,
** p < 0.01, *** p<0.001, all conditions compared to control cells.
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As previously seen in N&rc overexpressing CGNsxon branching is
inhibited in PD1 trasfected neurongFigure 5.5.2 D) while the length of the
branches that do form remain the same as control (€eflare 5.5.2 C)This result
implies that N1Src plays a role in the formation of branches as well as axon
formation. It is interesting that N&rc overexpression and inhibition has the same
effect on axonal branching in CGNs. If the normal signalling ofSxd is required
for efficient branching, perturbing N&rc activity either by overexpression or
inhibition would result in the disruption of the balance of the signalling pathways
involved and the inhibition of branch formation. In contrast to this, -Sit
overexpression drove axon formation whereasSxd inhibition prevented axon
formation. This may indicate that MN8rc acts in multiple distinct signalling
pathways to regulate both axon fotroa and branch formation.

While CGNs are a good model system for investigating neuronal
development, the cells are relatively small and their branching architecture is quite
simple. As a potential role for N&rc had been identified in the processeaxaal
initiation and branching, further analysis was carried out in hippocampal neurons.
The axons of hippocampal neurons are much longer and more highly branched than
those of CGNsThe analysis of hippocampal neuron architecture can reveal more
subtleeffectssuch as specific effects on branch formation as opposed to elongation
and effects on primary or secondary branching.

Cultured hippocampal neurons were transfected with PD1 andPBR124
hours after plating and morphology analysed 24 hours follpwransfection. The
traces of representative transfected cells produced using the NeuronJ plugin f
ImageJ are shown in Figure 5.5Quantifiation of these images (Figure 5)5.4
revealed that, while the total neurite length measured for PD1 transiesite is
reduced(Figure5.5.4 A) the primary axon length remains unaffec(Edjure 5.5.4
B). All transfected cells analysed had one axonal proagsstified by morphology
This is in contrast to the findings in CGNs and implies that, in the hipgmdam
neuron system, N$&rc is not required for the initial processes of axon formation or
growth.

The reduction in total neurite lengthdioatedthat PD1 tranected cells were
not morphologically identical to control cells. Further analysis showed fimt t
difference is due to a reduction in both the numigégure 5.5.4 Cland length
(Figure5.5.4.D)of branches formed in PD1 transfected céllds supports a role for
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N1-Src in the molecular processes of axonal branching in hippocampal neurons.
PD1-P5Atransfected neurons ditbt show any morphological differences to control
cells(Figure 5.5.4 AD).

Detailed analysis of the cell morphology was carried out using Sholl analysis
(Sholl, 1953) Sholl analysis measurethe number of times concentric circles
originating at the cell body are intersected rieurites and provides a measure of
complexity of the cell.This analysis revealethat PD1 transfected neurons were
indeed less complex than control c€fsgure 5.5.4 E)However,as in the CGNSs,
the differenceswere specific to axonal branching. Thatérsections that occur
closest to the cell body (within ~50 um) will primarily repretsére dendrites and
this peak wasdentical for PD1 and cdrol transfected cells. There wassecond
peak appr oxminomihe tely body&td thess wadso identical for PD1
and control transfected cells. This indicates that branching that occurs close to the
cell body is able to occur in PD1 transfected cells as in control cells. The difference
between PD1 and control cells becomes evident in the region c®er 20m f r om t h
cell body and represents distal axonal branches. Inhibition esridXan therefore

be said to specifically inhibit distal axonal branching in hippocampal neurons.
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Figure 5.5.3. Expression of PD1 in hippocampal neurons causes aberrant
neuronal morphology.

Hippocampal neurons were transfected with the indicated constructs 24 hours after
plating and fixed for morphological analysis 24 hours after transfection. Control cells
were transfected with CFP for visualisation. PD1 WT and PD1 P5A constructs were
CFP tagged. All transfected cells were detected using an U-CFP antibody. Traces
were created using the NeuronJ plugin for ImageJ are shown. Red dot represents
the centre of the cell body used for Sholl analysis. Representative images shown
from n=3 experiments with approximately 20 neurons analysed per condition.
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Figure 5.5.4 Expression of PD1 in hippocampal neurons inhibits axonal
branching.

Hippocampal neuron morphology was analysed 24 hours after transfection using

the Neuron J plugin for |l magelJ. Tr-@GFRsf ect ed
Parameters measured were A) total neurite length, B) axon length, C) branch

number and D) branch length. Sholl analysis (E) was carried out using an ImageJ

plugin. Data shown calculated from n=3 with approximately 20 neurons analysed

per condition per experiment. Error bars show SEM. Statistical analysis carried out

by ANOVA followed by post hoc Tukey test * p<0.05, ** p<0.01, *** p<0.001.
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5.6 N1-Src inhibition impairs L1-CAM dependent neurite
outgrowth

The SFKs have previously been identified as playing a role in the processes of
neuronal outgrowth. In particular, it is known that cerebellar neurons taken from src
" mice are unable to extend neurites when the adhesion molecu2AM is
provided as a substrafggnelzi et al, 1994)Src” mice lackthe Src gee and
therefore G, N1- and N2Src protein.The isoform responsible for thenpaired
neurite outgrowth on LLCAM has not been identified. Due to the link between N1
Src and neuronal outgrowth identified in this study, an experiment was designed to
test whether N1Src is the isoform responsible.

The asay used is depicted in Figure 5.6.1aAd involved plating a spot of
recombinant LICAM (extracellular domainmixed with the fluorescent dye FITC
onto the centre of a 1®m coverslip. The LACAM dried onto he coverslip and its
locationcould subsequently bdentified using the fluorescence of FITC (Figure 12
A). CGNs were then plated over the whole swefat the coverslip. The neurons
weretransfected®4 hours after plating and their morphology analysedd#s after
transfection. The advantage of this technique was that the growth of transfected
neurons on and off the ECAM substrate could be compared on the same coverslip.

Growth of CGNs on LACAM is known to result in an increase in axon
length of WT neurons. A appropriate LACAM concentration was determithéoy
assessing the extent of axelongationof neurons grown on -CAM as compared
to control cells.An L1-CAM concentration that induces a quantifiable increase in
control neuron length was reged in order taassess whether inhibition of Narc
could prevent thisind recapitulate the effect of Srmeurons seen by Ignelzi et al
(199). A concentration of 25 pg/ml was chodegcausehis induces approximately
a 50% increase in the axon length of control (CFP transfected) (fegise5.6.1
B).

Transfection of PD1 resulted in the generation of axons shorter than those in
the contol neurons,as previously seewhen grown on PDL Kigure 5.6.2)
However whenPD1 transfected neurons were grown on theCIAM substrate they
failed to extend any further (Figure 5.6.2). This implies thatSxd is acting within
the signalling pathway thavould normally result in neurite elongation following

interaction with extracellular LCAM. This result positively identifies Nbrc as the
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Figure 5.6.1 Basis of the L1-CAM neurite outgrowth assay.

A) Schematic representation of the L1-CAM neurite outgrowth assay. Coverslips
were coated with PDL followed by a spot of recombinant L1-CAM mixed with FITC.
FITC fluorescence used to identify the location of L1-CAM as shown in the image on
the right. B) Determination of the L1-CAM substrate concentration for use in the
assay. Il ndi vi dual neurons visualised by

GFP. Data shown n=1 experiment, 12-15 neurons measured per condition. Error
bars show SEM.
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Figure 5.6.2 CGN axons cannot extend when grown on L1-CAM following N1-
Src inhibition.

CGNs were transfected 24 hours following plating and fixed for morphological

analysis 24 hours after transfection. Control cells were transfected with CFP and all

transfected neur orCEFP. FITCluosescenseands uses io asgessU
whether a transfected neuron was on the L1-CAM substrate A) Representative

images of transfected neurons on and off the L1-CAM substrate. B) and C)

Transfected neurons were quantified using the NeuronJ plugin for ImageJ. Data

plotted from n=3 with 15-20 neurons analysed per condition per experiment. Error

bars show SEM. Statistical analysis carried out by ANOVA and post hoc Tukey

test.*p<0.05, **p<0.01

170



Chapter 5

isoform responsiblebecausethe neurons in this wtly still have active €and
N2-Src.

5.7 Discussion

The work presented in this chapter compriseslies carried outin two distinct
neuronal cell typeshat have demonstrated a role for {$tc in axonal growth and
branching through both overexpression and inhibition techniqué&sis role in
neuriteoutgrowth has been demonstrated to ddeleast partially, mediated through
the L1-CAM signalling pathwayln order to study the functions of MNarc in cells, a
potent and specific inhibitor of N&rc activity and function has been characterised.

5.7.1 Characterisation of a specific NiSrc inhibitor

The characterisation of the PD1 peptide sequasca specific inhibitor of NBrc
provides a valuable todor the study of the kinadeoth in the context of this study
and for further stugl of N1-Src function The PD1 peptideexpressed as a CFP
fusion, has been demonstrated to be a potadtspecific inhibitor of NiSrc in cell
based assays and is able to functionally inhibit3¥d while not affecting the
activities of either €or N2-Src.

The techniques chosém confirm N1Src inhibition by CFFPD1 give a high
degree of confidence in its effectiveness. In heterologous celsamsfection of
CFRPD1 along with NiSrc was demonstrated to prevent the induction of neuronal
morphology caused by N3rc alone. Theexpression level of NBrc following
overexpression in COS7 cells is likely to be higher than the endogenous levels found
in CGNs or hippocampal neurons because expression in COS7 cells was driven by
the strong promoter CMV. As CHPD1 is able to inhibitthe actions of
overexpressed N$rc, it is thought that transfection of GIPB®1 into neurons will
also effectively inhibit endogenous MBkc. The specific targeting and effective
inhibition of N1-Src by CFPPDL1 is supported by the fact that the resultdlbfSrc
overexpression and inhibition experiments are well correlated, with both indicating a
role for N1:Src in axon formation and elongation.

No off-target effects of CFHPD1 expression were observed in COS7 cells.

The most likely offtarget effects woudl be the simultaneous inhibition of- ©r
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N2-Src because of their high degree of structural similarity. This did not occur when
C- and N2Src were overexpressed in COS7 cells so it would be predicted that cross
reactivity would also not occur in CGNs orppocampal neurons where the
expression levels of the kinases are lower. The low transfection efficiency of neurons
meant that confirmation of N$rc inhibition in neurons by biochemical analysis was
not possible.

In order to confirm that PDttransfectionrdoes not have offarge effects and
that the changes imorphology observederedue toN1-Srcinhibition it would be
informative to also knockdown N&rc expression using shRNA. shRNA constructs
specificto each isoform of the kinase have bgeneratedn the Evans laland their
effectiveness at inhibiting the expression of the specific Src isoforr@OS7 cells
confirmed However, the transfection of the shRNA plasmids into CGN cultures was
toxic to the transfected neurons. This was true even of thieotoempty shRNA
plasmid. Further optimisation of the transfection protocol should allow for the
comparative experiment between PD1 expression andrbllknockdown to be
carried out.

It is likely that there will be a small amount of Mkc remaining aocte
within the PD1 transfected cells but as this is not sufficient to induce morphological
change in COS7 cells then it is not considered to be a significant amount.
Biochemical analysis of transfected COS7 cells showed that, while POAP
expression redecd t h e a-pYdd6 fattivecSfc) iimunoreactivity, it did not
eliminate it. In neurons, where MNarc expression is lower, it may be that less active
Src remains but this cannot currently be tested. As PD1 binding to #8rd\8H3
domain will preventcorrect substrate targeting then the function ofS\ad will be
perturbed even if some pY416 immunoreactivity remains.

Further investigation into the interaction between PD1 and th&mMIISH3
domain by biochemical techniqueschuas ITC will be able tocaurately ascertain
the affinity of the interactionHowever, it is estimated to be in the low micromolar
range as this is typical of SH3 domain interactions with their ligaPddiminary
results show that the phosphorylation of the-¥B1 peptide occunsith a K, of 6.5
UM (Chapter 4) and that the titration of the free PD1 peptide has anofC
approximately 20 uM (Chapter 4).

Peptide inhibitors bkinases have been the focusaofarge amount of recent

research due to the prevalence of unregulatedskirsignalling in disease processes
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including cancer. Inhibitory peptides may target a number of locations within the
structure of a tyrosine kinase. Pseudosubstrates for the kinase domain have been
developed but would not have been applicable in $hisly because the kisa
domains are identical fahe three isoforms of CN1- and N2Src. As an alternative

to the pseudosubstrate, there is also interest in the development of SH2 and SH3
domain inhibitors due to their ability to regulate signalling patfsivia cancer and

their potential as antumour agents. However, therapeutic research into the
development of SH2/SH8omain inhibitors has stalled beca®43 domain binding
peptides commonly interact with too low affinity for therapeutic use and SH2
doman binding peptides have limited cell permeabilite binding preferences of a

large number of tyrosine kinaSH3 domais are known these have not commonly
been shown to be able to inhibit kinase activity in cell based asSayently,the
majority of high affinity SH3 domain peptide based inhibit@@ntain nomnatural

amino acids. These have been devetbfor GSrc, Lck, PI3K and Zaf0 (Vidal et

al, 2001; Yeh et al, 2001)

Within the context of this study, it is not necessary that the SH3 domain
inhibition occurs wih an affinity as low as that required for therapeutic applications
There are examples of SH3 domain inhibitory peptides that have been used to
succesilly inhibit kinase function in cell based assays. For instakKegdinal et al
(2000)developed a SH3 domain peptide inhibitor for the tyrosine kinase Abl that is
capable of inhibiting proliferationhe data presented here show that PD1 is capable
of functionally inhibiting N1Src in cells but further research wadue required
before the isolated peptide could be used because, in its current state, it is not
predicted to be membrane permeable.

5.7.2 Arrole for N1-Src in the regulation of axon and branch initiation

The PD1 peptiderovided a useful tool to allow themparison ofoverexpression
and inhibitionof N1-Src in cultured neuron€€GNs overexpressing N3rc tended
to have a duplicated axamhereas those expressing PD1 were more likelyto
have an identifiable axoffogether, these resukaggest that NBSrc may beplaying
a role in the processes driving the initial formatiomxadns

Evidence for a role of NBrc in the determination of neuronal morphology is

strengthened by thase of thecomplementary techniques of Ngkc overexpression
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and inhibition.Without the correlative result from N3rc inhibition, the effect of
N1-Src overexpression would need to be treated with caution because kinase
overexpression can result in aberrant signalling and effects not mediated by the
kinase under endogenous corwh. In this case both Ndrc overexpression and
inhibition indicate a role for NBrc in axon formation in CGN& hese opposing
results strengthen theevidence that the manipulations are having physiologically
relevant effects.

The axons that do form in INSrc overexpressing or inhibited CGNs are
shorter than control axons. As there seems to be a fundamental defect in the process
of axon initiation caused by N&rc manipulation it is difficult to assess whether the
shorter axons occur as a consequencéeflefect in axon initiation or are due to a
secondary defect in axon elongation. The branching of CGN axons is reduced
following N1-Src manipulation but this may also be a secondary effect of the
reduced axon length. CGN axons bifurcate at the growth aodehe primary axon
therefore needs to reach a certain length before branching occurs. It is likely that
CGN axons do not reach this minimum length following-8t manipulation,
making the assessment of the role of-8tt in CGN axon branching difficult
Therefore, although the data presented here suggest a role f8rcNh axon
initiation, further investigation is required to ensure that this is not due to a
branching defect as it is currently difficult to distinguish the effectsxoh initiation
ard branching.

It is interesting that both N$rc overexpression and inhibitioasulted in a
decrease in axoautgrowthin CGNs In heterologous cell$\1-Src overexpression
resultedn the induction of a neuronal morphology (Chapter 3). The opposingseffect
of N1-Src overexpressioim these cell typemay be due to the fact that Mekc is not
endogenously expressed in CO&ls, they do not normally grow long processes
and probably lack neuronal regulation mechanisNSrc thereforeprovides the
only metanism for process growth and proceeds unhindered. In cultured neuronal
cells there are multiple pathways that are involved in the initiation and elongation of
neurites. Overexpression of NBrc therefore perturbghe normal balance of
signalling processeand results in aberrant neurite outgrowth.

In a previous study of Nbrc function Kotani et al(2007) repated that
overexpression of WT NSrc had little effect on neuronal morphology. This
contradicts the finding in this study that WT {4$ic induces large scale alterations in
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neuronal morphology. Kotani et al (2007) expresseeSklunder the control of the
Purkinje cell specific L7 promoter. This promoter does not drive expression of
transgenes as strongly as the CMV promoter used for overexpression in all
mammalian cell types in this study. Therefore, the greater expression levels and high
constitutive actiity of N1-Src may explain the morphological effects of WT-SIt
overexpression observed in this study.

In this study N1Src overexpression predominantly affected the axons, with
dendrite morphology not significantly altered from control cells. Thisgasmin
contrast to the findings of Kotani et al (2007) angrisbably explained by the fact
thatthe Purkinje neurons studied Byptani et al(2007)have complex dendritic and
simple axonal architectures. Nskc may function in the process of branchindpoth
axons and dendrites but the dendritic arbours of the neurons used in this study were
not complex enough to reveal any effect on dendrite branching. This could be
confirmed by overexpressing and inhibiting-Sic in cultured Purkinje neurons.

In contast to the studies in CGNs, there was no observed decrease in axon
initiation or elongation when N$rc was inhibited in hippocampal neuro@ne
explanation for his is the fact that the hippocampal neurons taken fraunatal
rodentsare predominantly gstmitotic, polarised cells that are already committed to
axon formation (Polleux & Snider, 2010) As CGN development continues
postnatally, CGNs taken from P7ice are still migrating and, at least a
subpopulation, are not committed to a neuronal lind@@ancUchida et al, 2004)

It may be thaiN1-Srcis involved in the molecular processes of axon generation
hippocampal neuronsut thatthis is masked because they are already polapised

to N21-Src inhibition In utero or ex utero electroporationof CFRPD1 into
developing hippocampal neuromefore their exit from the cell cycle would be
required in order to elucidate whether-Bdc is required for axon gendmt in
hippocampal neurons. These techniques have been developed and used successfully
by Saito and Nakatsuj2001)and Tabata and Nakajinfa001)

In hippocampal neuronshe primary axonal projections of PD1 transfected
cellsreachedhe same length as control cell axons. However, wWerg significantly
less highly branchedmplying thatN1-Src activity is required for axonal branches to
form. Sholl analysis revealedatthe effect of N4Src inhibition was specific to the
distal axonal branches. The reason for this is unclear as there is no evidence that the
mechanism of axonal branching is different in different parts of the axon. This result
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may have been caused byetmixed population of neurons in the hippocampal
culture. During the analysis it was noted that there was a large amount of variation in
the size of the transfected cells. It may be that the branching phenotype is specific to
the largest neurons, with tHeanches of shorter neurons appearing as proximal
branches in the Sholl analysis. To test this, markers for specific neuronal types could
be used and analysis of the morphology carried out. This would reveal whether the
branching defect is specific to artaen neuronal cell type.

The differences in the resultsetweenCGNs and hippocampal neurons may
be due to differences in the mechanisms by which axons form and branch in these
two cell types.In vivo, CGNs put out an initial axothat then bifurcates at the
growth cone, with the two portions growing in opposite directions to form parallel
fibres. In culture the same procexsurs,although the lack of guidance cues means
that the parallel fibres do not necessarily grow in oppositxiiins(Tahirovic &
Bradke, 2009)In contrasthippocampal neurons undergo interstitial branching, with
branches formindrom the existing axonal shaft. These two methods of branching
are consideredmechanistically distinctand may involve different signalling
pathways and moleculéBent & Kalil, 2001) There are a limited number of gias
that assess the role of a protein in both bifurcation and interstitial branching, but it is
known that inhibition of the receptor guanylyl cyclase, Npr2, selectively prevents
bifurcation in sensory axons while not affecting interstitial brancf@apmidt et al,
2007)

Taken together, the studies in CGNs and hippocampal neurons provide
informative insights into the endogenous roles ofd. In CGNs NiSrc played a
role in the initial processes of axon formation, while in hippocampal neurons it was
required for the inifation of interstitial branches. There are a number of parallels
between the molecular basis of these processes, notably that both require the
formation of a novel protrusion that extends away from the existing cell body or
axonal shaft. Therefore, it woulde predicted that N&rc plays a role in the
regulation of the cytoskeletal rearrangements that are required in order for these
processes to occur.

All morphological analyses carried out in this study were based on neurite
appearance rather than idemdfiion through the use of specific markers.
Identification of axons and dendrites in this manner means that there is the potential

for mis-identification. As the neuronal types used in this study are highly polarised
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and their morphology is well characwed, we are confident that axon and dendrite
assignments were made correctly. In CGNs, the stunted axons causedSrg N1
overexpression or inhibition were still longer than the dendrites and could therefore
be identified. The dendrite morphology remainadchanged following NBrc
manipulation, which aided their identification. In hippocampal neurons each neuron
had a single long process that was easily identified by morphology as an axon.

In order to further investigate the eobf N1Src in axon formatio it would be
beneficial to repeat the experiments presented here using axonal maddrsas
neurofilament Processethat morphologically appear to be axons and those that are
expressing the relevant axonal markewald then be distinguishednalysisof how

far through the developmt&l programme the stunted axom® able to progress
could then be carried aufhis result would help to identify whether {§tc is
required for the initial steps of axonal formation or is more involved in the
subsequengrowth and elongation processes.

There is a growing body of work investigating the molecules that are able to
promote the formation of an axdwutthere is considerable debate abi@aatorsthat
are true determinants of axon formation and thoseahigt promote growth once
axon formation has been initiated. It is agreldt taxon formation is commonly,
although not exclusivelypromoted by exposure to extracellular factors including
l ami nin, B D (PBlleva & 8niddr,2E10but the downstream signalling
processes that respond to these extracellular factors are less clear.

Cheng and Po¢2012) defined several determinants of axon formation that
adhere to the following critexii) a change in concentration or activity in the neurite
immediately prior to the development of axonal charactesisti} removal or
inhibition prevents axorformaion and iii) upregulation oexpression or activity
triggers axonal differentiation. Under these criteria they identified Ras, CAMP/PKA,
PISK/PIP3 and pLKB1 as being determinants of axon formation. It is likely that
multiple independent axon determinamtssein order to allow integration of diverse
extracellular signalslf N1-Src is able to modulate axon generation, it would be
predicted to be acting within one or more of these pathways.

There is limited evidence for the role of kinases signallingfdihmation of
axons. The serine/threonine kinase PI3K is involved in the cytoskeletal
rearrangement required to form branches in sensory ne(ikatschek & Gallo,
2010) The actions of tyrosine kinases in the processes of axon guidance are quite
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well known and are outlined in Chapter 1, but their specific roles in the processes
governing axon initiation are less well understood. Huo& bf evidence for tyrosine
kinase signalling in neurite initiation is probably because there is so much debate
about the molecular basis of initiation as opposed to elongation. The data presented
here provide strong evidence that-Sfc is required foryon initiation in CGNs and
branch initiation in hippocampal neurons. This implies a role fofSKlin the
modulation of the cytoskeletal rearrangements that need to occur to generate a new
neurite. Further elucidation of the substrates of3¥d will allow determination of

the signalling processes through which-8kt mediates its effects. It is interesting
that small GTPase signalling was identified as a determinant of axon initiation
(Cheng & Poo, 2012ps targets in this signalling pathway were identified in Chapter

4 as possible substrates of-8ic. This will be discussed further in Chapder

5.7.3 Arrole for N1-Src in the L1-CAM signalling pathway

A significant finding of this study ithe link between LACAM mediated signalling
and NZXSrc function.N1-Src function is required for neurite outgrowth onCAM
as CFPPD1 expressing neurons still have functionala@d N2Src. The additional
involvement of C and N2Src in the L1CAM signdling pathway cannot be ruled
out, however, as individual inhibition of these isoforms has not been carried out in
this study.

The neuronal adhesion molecule -CAM is strongly expressed on the
surface of migratig neurons and developing axons from E9.wamis(Kallunki et
al, 1997) There is also a large body of research that has identifiecGAM as a
potent regulator of axon growth when overexpressed, mutated or offered as a
substrate for developing neurofGheng & Lemmon, 2004; Hoffman et al, 2008;
Moon & Gomez, 2010; Schéfer et al, 201Bptably, in relation to this studythe
development and branching of rikites appears to be unaffected by -CAM
manipulation(Schafer et al, 2010Additionally, L1-CAM signalling does not seem
to be equired for initial axon formation(Cohen et al, 1998)and results
predominantly in axon branching rather than groi@meng & Lemmon, 2004)
These findings correlate well with the findings presented here th&rd&lfunction
does not affect dendrite formation andesguired for axonal branching. As {0AM

signalling has not been demonstrated to be required for axon formati@ncNiay
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also act in other signalling pathways that are able to regulate axon formation. This
would be typical of tyrosine kinases as they coonly play diverse roles in multiple
signalling pathways.

Previous studies have shown that branching of wild §@&sis increased
when grown on a substrate of JAM (Cheng and Lemmon, 2004) bilis study
found no effect on axonal branching. Cheng dreimmon (2004) used LXCAM
covakently linked to the coversliphts eliminated the need for the use of FITC. It is
possible that the FITC is hagra slightly toxic effect omeuronal developmerind
that this is preventing the axons from branching. The tomnneurons in this
experiment are shorter thano#e in experiments where no FITG used.
Optimisation 6 the FITC concentration, or galent LECAM linkage, may rectify
this problem.lt would also be interesting to repeat theeCAM outgrowth assay
using cultured hippocampal neurons. The more highly branched architecture of
hippocampal neurons may reveal an effect of9d inhibition on axonal branching.

The mechanisms by which E@AM signalling affects axonal branching are
not fully understoodAnkyrin and ERM proteins can both kirto the cytoplasmic
tail of L1-CAM and provide links to the actin cytoskeletdrl-CAM binding to
ankyrin is controlled by MAPK pathwagiependent phosphorylation of the
cytoplasmic tail(Whittard et al, 2006) Phosphoylation by an unknown kinase
abolishesthe L1-CAM-ankyrin interaction, releasing the tiegtlveen the actin
cytoskeleton antl1-CAM and promoting axon growth. Transgenic mice that cannot
be phosphorylated at the MAPK dependent residue (Y1229) have abnormal
interstitial branching of their retihaaxons (Buhusi et al, 2008)and impaired
elongation and branching of interneuro(Guan & Maness, 2010)However,
truncation of LECAM at residue 1180, prior to the ankyrin interaction site, has no
effect on axon branching (Cheng et al, 2005). Therefore the role of H@GAML
ankyrin interaction in axonal branching is not clear.

In contrast to the association with ankyrin, a direct roletierERM protein
ezrin has been identified in LLAM mediated axonal branchingwo binding sites
for ezrin have been identifiad the LL-CAM cytoplasmic tailand ezrin interaction
via these sites has been demstrated to be required for {0AM mediated axo
branching(Cheng et al, 2005a; Sakurai et al, 2008)

The direct links between ECAM and the actin cytoskeleton araiig well

understood. @&rther research into the regulatory mechanisms controlling these
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interactionsand the downstream effects of -ICIAM signalling is required to
understand how 1-CAM is able to exert its influence on axonal branching. This
study has shown that N3rc is likely to be involved in one or more of these
regulatory pathways but further work is required to ascertain how this regulation is
achieved.

The Src kinases arenkwn to regulate LILAM signalling, with GSrc
directly phosphorylating the LCAM tail at Y1176, the site of interaction of L1
CAM with the adaptor AP2. This affectise trafficking of LXCAM (Schaefer et al,
2002) and also presumably influencagon growth. Stimulation of L-CAM also
results in a transient upregulation of Src expression in embryonic carcinoma cells
(Takayama et al, 1997)ndicatng that Src kinases are also acting downstream of
L1-CAM mediated signalling.

Taken together, the data presented here provide strong evidence for a role of
N1-Src in the regulation of axonal growth and branching. This signalling has been
demonstrated toch through the LACAM pathway, a pathway that is known to
influence axonal growth and branchinfhe immediate effectors of ECAM
signalling are well characterised but much of the downstream signalling pathways
remain to be elucidatedN1-Src has been idd¢ified as acting downstream of
L1-CAM although the mechanism of this action remains unkndws also possible
that the kinase is acting in other pathwaasuch as thesmall GTPasesignalling
pahways, to influence axon initiation. These concepts vélldiscussed further in
Chapter 6.
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6 Discussion

The work presented in this thesis represents the first comprehensive assessment of
N-Src activity and function, with a focus on how these propegtiesaffected by the
presence of inserts within theSrc loop. It was previously known that theS¥cs do

not bind to many of the binding partners identified fe6 (Cicchetti et al, 1992;
FosterBarber & Bishop, 1998; Messinaat 2003; Reynolds et al, 2008)he work
presented here has shown that this difference is due to the altered substrate
preferences of the 48rc SH3 domains (Chapter 3). Further investigation into the
binding preferences of the N3rc SH3 domain has shown that it 8ntb the
consensus motif R/KXPxXTXR/K (Chap#). This requirement for a positively
charged residue at both ends of a SH3 domain binding motif is novel and the
possible structural basis of this binding is discussed in Chapter 4. Functional studies
into the roles of NiSrc kinase have identified a role in cytoskeletal rearrangement
both in heterologous cells (Chapter 3) and cultured neurons (Chapter 5) and a role
for N1-Src in the L1CAM signalling pathway. Finally, a number of putative-Sfc
substrateggpable of mediatinghe observed cytoskeletal rearrangeraéiave been
identified though bioinformatic techniques (Chapter 4) and these will form the basis
of further study into N4Src function.The development of a specific inhibitor of

N1-Src will aid futher investigations.

6.1 Insights into the effect of nrSrc loop insertion on Src kinase
activity and function

The most important point made by the combinatagroaches used here to study
N-Src function is that the SH3 domain mediates two sepéuatgions. Firstly, it

acts as a scaffold to anchor substrates to the kinase. This allows both substrate
selection and phosphorylation. Secondly, the SH3 domain is able to control the
activity of the kinase; constraining it by forming intramolecular asgmeis and
activating it by SH3 domain displacement. In the majority of kinases there is a direct
link between these two processes with SH3 domain displacement directly resulting
in a functional activation of the kinase. Iretbase of the ¥rcs there apgars to be a
distinctionbetween the two processes. The SH3 domains of t8ecblare less able

to form the SH3:linker intramolecular association that normally constrains kinase
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activity and this results in a higher basal level of activity as measureddbg Y
autophosphorylation. However, the SH3 domains of tierd$ are still required for

the substrate selection of the kinases. It may be that, despite the high pY416 levels,
the kinase domain is not able to associate with its substrates with a high enough
affinity unless the SH3 domain is also able to bind.

Kinase activity is generally assessed by the measurement of pY416 but, for
the N-Srcs, there does not seem to be a linear relationship between the level of Y416
phosphorylation and the level of substrahosphorylation. It would be interesting to
monitor the pY416 signah vitro while the N1Srcs are phosphorylating substrates
but the low kinase concentrations (5 nM) used inithétro assay currently means
that assessment of Y416 phosphorylationvitro is not possible under the ideal
conditions required for kinetic analysis.

The identification of NiSrc SH3 domain ligands capable of reducing the K
of ideal substrate phosphorylation indicated that, despite their increased basal level
of kinase activity, the signalling of the-8kcs in cells is regulated and substrate
selection is dependent on appropriate SH3 domain interactions. In support of this, i
the absence of an SH3 binding interaction, phosphorylation by the three Src splice

variants occurs with the same kinetics. In addition, overexpression of-8resNn

heterologous cells does not reveal a large number of phosphoproteins in cell lysates.

The identification of SHA as a potential N&rc substrate (Chapter 4) could explain
the lack of N1Src substrates. Activation of SHP by N1-Src phosphorylation
would result in the rapid dephosphorylation of-Bic substrates. If SHP could be
confirmedas a N1Src substrate then it would provide evidence thaiSXd signals
transiently in highly dynamic signalling processes, such as the modulation of
cytoskeletal rearrangement.

To test whether SHR is an N1Src substrate, SHIP could beexpressed as
recombinant fusion protein for use iniarvitro kinase assayf this confirms SHP1
as a N1Src substrate then the sequence identified as being the SH3 domain binding
region could be cloned into the GPEptide kinase assay system to assess itsyabilit
to enhance phosphorylation of the ideal substrate. The site of phosphorylation in
SHR1 could be confirmed by MS. To assess whether-$HEts to dephosphorylate
N1-Src substrates vivo, SHR1 expressiorcould be knocked down using shRNA
either in COSTcells overexpressing N&rc or in cultured neurons. Analysis of the
cel | |l ysates by Wphssphtyrosindwoud réveaihwipetherithis h
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results in more observable MNBrc substrates. More detailed analysis using
phosphoproteomic MS analgsimay then be able to reveal novel-Sit substrates.
SHR1 acts to dephosphorylate substrates phosphorylated by other kinases, including
C-Src (Frank et al, 2004) Therefore, potential substrates identified by SHP

inhibition must be verified by furtheén vitro kinase assays

6.2 A suggestedole for N1-Src in cytoskeletal modelling required
for neurite outgrowth

A role for N1-Src in the modulation of the cytoskeleton was fimsplied through
investigations in heterologous cells. More specifically, studies in cultured neurons
sugguestecdh role in the regulation of the molecular processes underlytiog a
initiation (in CGNs) and axon branching (in hippocampal neurons). The role in axon
elongation is less clear but as the molecular processes involved in initiation and
elongation use broadly the same pathways then it is conceivable #&Nitts in

both. In contrast to the work of Kotani et @007) no role for N.-Src was identified

in dendriticgrowth.

The dynamic regulation of the actin and microtubule cytoskeletoritisat
in the polarisation of neurons required for axon formation. lsedl actin
depolymerisation in the neurite of a morphologically unpolarised hippocampal
neuron is sufficient to induce that neurite to become an @@ualke & Dotti, 1999)

In contrast, the stabilisation of the microtubule cytoskeleton promotes axon growth
(Witte et al, 2008) There are many signalling pathways that are able to regulate the
neuronal cytoskeleton; see Polleux and Sn{@8d.0) for a comprehensive review.
Modulation of the cytoskeleton for neurite outgrowth is activated downstream of the
interaction of guidance cues with their plasma membrane receptors and as such can
occur through multiple pathways. The signalling cascades stosam of guidance

cue signalling are now quite well established but how they interact with each other to
create a cardinated response is still unclear.

The suggestedole of N1Src in cytoskeletal rearrangement could occur at
any point during the pathay. It is not practical to assess the potential of substrates
of N1-Src at all points in these pathways as the number of candidates is vast. A
recent review by Dent et dR011) produced a comprehensive list of actin and

microtubule associated proteins that have been identified as playing a role in
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neuronal development. Cross referencing this list with that e6iN1SH3 domain
interacting proteins (Appendix levealed NiSrc SH3 domain binding sites in 7
proteins known to both interact with cytoskeletal elements and play a role in axon
growth. The proteins identified in this way were Ankyrin B, dynein, MAP1B,
Neuron Navi gat or-Spectim ©hesputative N1SIT substrades are b
all known to play roles in neuronal development and therefore represent attractive
targets to explain the role of MNarc in cytoskeletal rearrangement. The potential
functional implications of AnkyrilB phosphorylation by NBrc are discussed in
section 6.2.2.

In addition to direct phosphorylation of cytoskeletal interacting proteins, N1
Src signalling could also act further upstream. Two signalling pathways were
highlighted in the course of this study; small GTPase siggadimd the LICAM
pathway.

6.2.1 Small GTPase signalling

The morphology of NSrc transfected cells (Chapter 3) resembled that of RhoA
overexpressing celliolyada et al, 2003)jndicating that NiSrc may act to regulate
small GTPase signalling. In addition, the small GTPases were identified as potential
N1-Src targets in the bioinformatic analysis carried out in Chapter 4.

The small GTPase families play well defined roles in tigelegion of neurite
initiation, elongation, guidance and branching. The major role of Rho GTPases is to
control the dynamic rearrangement of the actin and microtubule cytoskeleton. Ras
GTPases are activated by signalling from many guidance cues and ti@edaimy
signalling transduction pathways including PI3K, ERK and MAPK all known to play
roles in the regulation of axonogene@isiber et al, 2003)

A recent review by Hall and Lal(2010)outlined the roles of Rho and Ras
GTPases in axon initiatioand growth. Cross referencitige proteins in the major
signalling pathvays identified in axon initiation and elongatioith putative N1Src
SH3 domain ligands (Appendix $howed that N-ISrc regulation of small GTPases
is largelyrestricted to regulation of the factors that activate and inhibit the GTPases,
GEFs and GAPs rpsctively (Table 6.2.1.1). GAPs and GEFs for Rho, Rac and Arf
but not Ras or Cdc4avere identified. Domain analysis using UniProt data showed

that the majority of these sites are not contained within any defined domain. This
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implies that NiSrc phosphorgtion may regulate the formation of protgirotein

interactions rather than GAP and GEF activity.

Table 6.2.1.1 GAP and GEF proteins that contain the N1-Src SH3 domain
consensus motif.

ID Protein name Res. [Sequence
GTPase activating proteins (GAPS)
ADP-ribosylation factor GTPa

ARFG2 L ) 218 [SIIGKKKPAAAKKGL
activating protein 2

ARFG3 (\DP-ribosylation —factor  GTPay,, g gk KKPNQAKKGL
activating protein 3

ASAP3 ArfGAP with SH3 domain, ankyrin réPtsos ISEEGLREPPGTSRPS
and PH domain 3

IQGA3 IQ motif containing GTPase actlvatl635 TERVLRNPAVALRGY

protein 3
RGAP1 [Rac GTPase activating protein 1 432 FLRNLKEPLLTFRLN
RHGO1 |Rho GTPase activating protein 1 224 |LKSTQKSPATAPKPM
RHGO5 |Rho GTPase activating protein 5 1361 LLEAAKIPDKTERLH

RHG18 |Rho GTPasactivating protein 18 367 [TEGLLRIPGAAIRIK
RICH2 Srgﬁépe GTPasactivating  protelygn |hp ApRRQPEQARRPI
SRGP2 “;’r'a'tTe'iﬁgBo Rho GTPase activatl,q74ppKKNRSPADAGRG\
GTPase exchange factors (GEFS)

Rho guanine nucleotide exchanfgcto

ARHG1 (GEF) 1 765 [TAGSLKVPAPASRPK

ARHGH Rho guanine nucleotide exchange fa439 ARTRAKGPGGTSRAL
(GEF) 17
ADP-ribosylation factor guanit

BIG1 nucleotideexchange factor 1(brefeldin-791 [FLEGFRLPGEAQKID
inhibited)
ADP-ribosylation factor  guaning

BIG2 nucleotideexchange factor 2 (brefel(736 [FLEGFRLPGEAQKID
A-inhibited)

KALRN [Kalirin, RhoGEF kinase 2948NGSYSKIPLDTSRLA
Obscurin, cytoskeletal calmodulin &

OBSCN titin-interacting RhoGEF 709 | GLTANKPPAAAAREV

PREX? PhosphatidylinositeB,4,5trisphosphate 1587|LGVRDRTPQSAPRLY

dependent Rac exchange factor 2

If these interactions could be confirmed then$tt signalling may represent
a general mechanism of regulation of the activity of small GTP&$esing of the
individual GAPs and GEFs for bacterial expression followedirbyitro kinase
assays would confirm whether they are able to be phosphorylated-BycNi N1-

Src is able to act at multiple points in the pathway and regulate both GEFs and

185



Chapter 6

GAPs, then perturbing its signalling either by overexpression or inhibition would
result in aberrant neurite outgrowth, as has been observed in this study. It is
interesting that GAPs and GEFs for both Rho and Rac were identified. Classically,
Rac signallig is associated with increased neurite outgrowth, while Rho signalling
is associated with inhibition of neurite outgrowttall & Lalli, 2010).

There is a precedent for the regulation of both GAPs and GEFs by tyrosine
phosphorylation. The best characterised of these is probably the phosphorylation of
the Ras GAP p120. p120RasGAP was found to be phosphoryiatea following
activation of receptor and nemceptor tyrosine kinases, including SFK family
membergEllis et al, 1990; Molloy et al, 1989\t was subsequently shown that both
Src and Lck phosphorylate p120RasGAP but that the phodptionyevents have
different effects on GAP activityGiglione et al, 2001) Phosphorylation by Src
results in an increase in GAP activity, whereas phosphorylation by Lck does not
affect GAP activity ot may play a role in mediating interactions with SH2 domain
containing proteingAmrein et al, 1992; Pleiman et al, 1998190RhoGAP has also
been identified as a major Src substrate in the WE&iauns et al, 2001and Src
phosphorylation of p190RhoGAP is required for E@&uced actin disassembly
(Haskell et al, 2001)Therefore phosphorylation of5APs and GEB can modulate
both acivity and interacting proteins and have functional effects on cytoskeletal

rearrangement.

6.2.2 L1-CAM signalling

Signalling in the LICAM pathway has also been identified as a role ofSxd
during this study. A literature search was carried out to identify the downstream
effectors of homophilic or heterophilic EZAM interaction at the plasma
membrane. The proteins identified as containing N:Src SH3 domain motif
(Appendix 1) are shown in Table 6.2.2.1. A direct phosphorylation eCAM by
N1-Src was also identified in the bioinformatic study but this seems unlikely as both
the SH3 domain binding site and predicted phosphorylationrsitexaracellular.

The proteins identified as potential #tc sbstrates in the LTAM
pathwayact at multiple points. Neurocan and EphB2 are plasma membrane receptors

that L1-CAM is able to heterodimerise with to induce intracellular signalling
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Table 6.2.2.1 Proteins in the L1-CAM signalling pathway that contain the N1-
Src SH3 domain consensus motif.

ID Protein Name Res [Sequence

ANK2 |Ankyrin 2 (Ankyrin B), neuronal 2002RVEKEKGPILTQREA

NUMB |Numb 437 | QAGHRRTPSEADRW
EPHB2 EPH receptor B2 993 GQPLARRPRATGRTK
NCAN [Neurocan 317 ADGSVRYPIQTPRRR
RAF1 |Rafl 311 GWSQPKTPVPAQREI
SOS1 [Sosl 1306/ SQHIPKLPPKTYKRE

(Buhusi et al, 2008; Oleszewski et al, 2000nkyrin B provides a direct link
between the @erminal tail of LECAM and the actin cytoskedon (Whittard et al,
2006) Sos ad Raf act in the MAPK signalling pathway known to be activated by
the interaction of many guidance cues with their receptded] & Lalli, 2010).
Numb interacts with LACAM in axonal growth cones and is implicated in the
regulation of LEZCAM endocytosigNishimura et al, 2003b)

Of the potential NiSrc substrates identified in this study, further
characterisation of the potential #tc interaction with ankyrin B would be
particularly interesting. NBrc signalling has been shown experimentatlybe
involved in the L1CAM signalling pathway (Chapter 5). Ankyrin B interacts
directly with both LCAM and the actin cytoskeleton and is able to modulate
cytoskeletal rearrangement. Ankyin binds a weldefined motif on LiCAM
(FIGQY) and phosphorgtion of the tyrosine residue in this sequence prevents the
L1-CAM-ankyrin B interaction(Whittard et al, 2006)The interaction with ankyrin
B is of interest as mutations in 1AM that prevent its interaction with ankyrin are
implicated in the rare Minked neurological disorder CRASeedham et al, 2001)

The association of ankyrin with the cytoskeleton is known to be regulated by
the serine/threonine kinase CKII (casein kinase Il). Phosphorylation of ankyrin by
CKII reduces its ability to bind spectriiichosh & Cox, 2001; Ghosh et al, 2002)
Tyrosine phosphorylation of ankyrin has never been investigated in detail.
Interestingly, a study in MDCK cellsofind that ankyrin G was tyrosine
phosphorylated following ATP depletigiwVoroniecki et gl 2003) The site of this
phosphorylation and its functional effect was not further investigated. Therefore,
there is some preliminary evidence for stimulus dependent ankyrosine

phosphorylation.
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To pursue Ankyrin B as a potential Ngkc substraté would be informative to
carry out anin vitro kinase assayAs ankyrin B is such a large proteinadberial
expression of the entire protemay not be applicableThe region of Ankyrin B
predicted to be Src phosphorylation could be expressed iniesotataternatively,
ankyrin B could be immunoprecipitated from CGN lysates using ankyrin specific
antibodies(Ghosh et al, 2002)The immunoprecipitate could thée heatreated to
eliminate the activity of c@recipitating kinases and am vitro kinase assay using
N1-Src carried out. If ankyrin B was shown to be an®t substrate, mutation of
the predicted SH3 domain binding site would reveal whether this site iseedor
the phosphorylation. The functional effects of the$iti ankyrin B interaction can

be assessed using the-CAM outgrowth assay that has been developed (Chapter 5).

6.3 Development of a specific inhibitor of N1Src

Due to the highly related natuof the SFKs, and in particular&c and its splice
variants, there were no commercially available tools capable of functionally
inhibiting only one splice variant specifically. During the course of this study it has
been discovered that the PD1 seqeeientified for its ability to bind to the N3rc

SH3 domain, also acts as a potent inhibitor of¥d function both in heterologous
cells and in neurons. It therefore represents a valuable tool for the further study of
N1-Src function. The PD1 sequenceuld either be transfected into developing
neuronal cultures using lentiviral transfection or by fusion to an arginine/lysine rich
sequence such as Penetratin, which has been shown to induce membrane
permeability in cultured neuron@hmed et al, 2006) These approaches would
vastly increasethe efficiency of transfection and allow assessment ofShl
function through biochemical techniques such as Western blotting and high
throughput techniques such as MS.

Currently, the affinity of PD1 for the N$rc SH3 domain is unknown but is
likely to be in the region of 1 10 uM as this is typical for SH3 domain peptide
ligands (Pawson, 2004)Also, its presete enhances phosphorylation of the ideal
substrate to approximately the same extent as {8ec(GH3 domain binding Class |
and Class Il sequences known to interact with low micromolar affinity. Planned ITC

experiments will elucidate the precise affinifytioe interaction.
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The establishment of the structure of the-Stt SH3 domain in complex
with PD1 will reveal the nature of the binding interaction and could potentially
inform further mutations that could be made to improve the affinity of the intamact
in a rational design approach. Another approach to produce an inhibitor of a higher
affinity would be to carry out a screen for small molecule inhibitors that are able to
disrupt the interaction of PD1 with the Mekc SH3 domain. A similar approach has
been used by Atatreh et(@008)to design small molecule inhibitors that prevent the
interaction of GSrc with its SH3 domain ligands.

Further functional characterisation of$c function would be benefitted by
the creation of knockout nec The genetics of creating a 1$tc knockout mouse is
complex but its production could potentially be very informative. Th&r€
knockout mouse that exists is also null for-Mbhd N2Src due to the nature of the
cloning carried out but surprisingly shewo gross morphological or developmental
abnormalities. There are examples of strain background having a large effect on Src
knockout phenotypéGrant et al, 1992; Yagi et al, 1998nd this could possibly
explain the lack of phenotype observed. It would therefore be informative to create
individual splice variant krmekouts of G, N1- and N2Src in the same strain
background so that they could be directly compared. As thBrid2Src loop insert
is created from both the NJand N2 exons spliced together then preventing the
expression of the Nlexon would also preverthe expression of N3rc. Therefore,
the simplest way to create a &tc null mouse would be to constitutively express an
N1-Src siRNA. This technique was developed by Tiscornia @Qfl3)and has been
used successfully to assess neuronal morphology following specific protein
knockdown(Grasselli et al, 2011)

The development of a high affinjttnembrane permeabiehibitor of the N1
Src SH3 domain, either a modified peptide or alsmalecule, would open up the
potential for N1Src inhibition to be used as a therapeutic. Evidence from
hippocampal neurons presented in this study shows th&r&inhibition acts to
prevent the formation of axonal branches. There are a number cfalisades that
are associated with an overgrowth of axonal branching but therapeutic usesof N1
inhibition would probably only be applicable if excess branching occurs following
normal initial neuronal development.

Temporal lobe epilepsy (TLE) is onéthe most common types of epilepsy in
adult humans and is characterised clinically by the progressive development of
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spontaneous and recurrent epileptic seizures. Abnormal morphology of hippocampal
neurons is commonly observed in TLE patigiMasukawa et al, 1995nd animal
models(Wenzel et al, 2000)characterised by the addition of axonal branches in a
process known as sprouting. Importantlye theurons are morphologically normal
before the onset of seizures. Therefore;\d inhibition may be able to prevent the
production of these abnormal branches without affecting the morphology of already
established neurons. For the study of TLE in mauséels, normal initial neuronal
development is required. This could be achieved either by chemical inhibition of N1
Src in adult mice or use of an inducible siRN8eibler et al, 2007)hat would

prevent N1Src protein expression only when desired.

6.4 Future directions

The NSrcs have been demonstratecthis study to have a strikingfect on cel
morphology. The insights into N&rc SH3 domain bindingpecificity and the
identification of some potential binding partners should allow further elucidation
into the moleculabasis of NSrc mediated cytosketial rearrangement.

The majority of the potential N$rc substrates identified in this study are
involved in the processes of initial neurite outgrowth and elongatiosrcN
expression is known to remain high throughout development and in the adult mouse
(Wiestler & Walter, 1988and would therefore be predicted to also play roles in the
adult brain. Recent work by Groveman e{2011) hasnvestigated a potential role
for N1-Src in the modlation of the NMDAR. Phosphorylation of the NMDR
subunits by €Src and Fyn is already knowroveman et al, 2012; Salter & Kalia,
2004) Groveman et al2011)identified anin vitro interaction between the N3rc
and the NMDAR NR2A subunit. However, mutation of the kinase, SH2 and SH3
domains of NiSrc had little effect on the interaction. They therefoonclude that
the binding is not mediated by a classical interaction with any of these domains.
However, he SH3 domain mutatiaimeymade is a point mutation known to prevent
C-Src interaction with classical RR motif containing proteins.he N:Src 13
domain is now known to bind an atypical motif and such motifs do not necessarily
form the same contacts with the SH3 domain as classical ligands, further nalitation
analysisof the SH3 domain should be carried out before its role in the interaction is

ruled out.
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| would predictthat as a result of further work into theS¥ic kinases they will
come to be considered functionally distinct fronS€. Currently, there are many
neuronal roles assigned teStc that may in the future be reassigned to tHerdy.
In particular, the role of Grc in cytoskeletal rearrangement and neurite outgrowth
is not supported by the overexpression experiments both in heterologous cells
(Chapter 3) and in cultured neurons (Chapter 5) presented in this Btuthermore,
bioinformatic predictionof N1-Src and CSrc SH3 domain substrates showedyver
little overlap(Chapter 4). There is a high degree of functional redurydaetween
SFK family members and may be that roles assigned teS& through cell based
Src inhibitionstudies are those that cannot be compensated for by Fyn or Yes and
are actually carried out by the-8tcs,that will also be inhibited by €Src kinase
domain inhibitors.This issue will only be resolved when-Sc kinase domain
inhibitors are replaced bypkce-variant specific inhibitors targeted to the SH3

domain, such as PD1.
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ID Protein Res.|Sequence
ABCAC |ATP-binding cassette, stfamily A (ABC1), member 12 1448LY GSIKVPHWTKKQ
ABCAD |ATP-binding cassette, stfamily A (ABC1), member 13 3945LFASIKAPQWTKKE
ABCC8 |ATP-binding cassette, stfamily C (CFTR/MRP), member 8 (1413GIDIAKLPLHTLRSR
ABCC9 |ATP-binding cassette, stfamily C (CFTR/MRP), member 9 (1381GIDISKLPLHTLRSR
IACACB jacetylCoenzyme A carboxylase beta 32 |[EPASHKGPKDAGR
ACOT1 jacylCoA thioesterase 1 138 PPGVRREPVRAGR
ACOX3 lacylCoenzyme A oxidase 3, pristanoyl 20 |LPEFPRGPLDAYRA
ACPH  |N-acylaminoacylpeptide hydrolase 197 EIARLKKPDQAIKGE
ADA19 |ADAM metallopeptidase domain 19 (meltrin beta) 28 |[RPRAAREPGWTSK
ADA1D |adrenergic, alphdD-, receptor 490 PVASRRKPPSAFRE
ADAM9 |ADAM metallopeptidase domain 9 (meltrin gamma) 8 [MGSGARFPSGTLR
ADNP  activity-dependenheuroprotector homeobox 779 TKYFNKQPYPTRRE
ADO aldehyde oxidase 1 1118EPIISKNPKGTWKD
AEBP1 |AE binding protein 1 125 KKGKEKPPKATKKH
AFF3 AF4/FMR2 family, member 3 200 LQTQERPPAMAAKH
AFF4 AF4/FMR2 family, member 4 567 RTVGKKQPKKAEKA
AHNK  JAHNAK nucleoprotein 532 VQGDVKGPQVALK
AHNK2 |AHNAK nucleoprotein 2 1092EMPSFKMPKVALKC(
AIFM3  japoptosisnducing factor, mitochondrieassociated, 3 320 (NVFTIRTPEDANRV
A kinase (PRKA) anchor protein 2; paralemmin 2; PAL-M2
AKAP2 AKAP?2 readthrough transcript 235 SQAVKKNPGIAAKW
ALEX  |GNAS complex locus 12 |PVDPQRSPDPTFRS
AMD peptidylglycine alphamidating monooxygenase 64 [FALDIRMPGVTPKQ
AMPH  |Amphiphysin 294 JAPARPRSPSQTRK(
AMZ1 jarchaelysin family metallopeptidase 1 89 |ASLQHRKPRLARKH
ANDR |androgen receptor 15 |GRVYPRPPSKTYR(
ANK2  jankyrin 2, neuronal 2004RVEKEKGPILTQRE
ANR11 jankyrin repeat domain 11; hypothetical protein LOC100128[{1239KKNKQKLPEKAEKK
ANT3  [serpin peptidase inhibitor, clade(@ntithrombin), member 1 73 |[EGSEQKIPEATNRR
AP2C transqription factor AR2 gamma (activating enhancer binding372 LLSQDRTPHGTSRL
protein 2 gamma)
APOL3 japolipoprotein L, 3 308 ARARARLPVTTWRI
ARFG2 |ADP-ribosylation factor GTPase activatipgotein 2 218 [SIIGKKKPAAAKKGL
ARFG3 |ADP-ribosylation factor GTPase activating protein 3 218 [SSIIKKKPNQAKKGL
ARHG1 |Rho guanine nucleotide exchange factor (GEF) 1 765 [TAGSLKVPAPASRP
ARHG8 |neuroepithelial cell transforming 1 132 LRGDHRSPASAQKEF
ARHGH |Rho guanine nucleotide exchange factor (GEF) 17 439 ARTRAKGPGGTSR
ARP5  |ARPS5 actinrelated protein 5 homolog (yeast) 580 [[YVPIRLPKQASRSS
ASAP3 |ArfGAP with SH3 domain, ankyrin repeat and PH domain 3825 |SEEGLREPPGTSRH
ASH1L fashl (absensmall, or homeotic)ike (Drosophila) 119 IKTTIKHPRKALKSG
ASNS jasparagine synthetase 506 ANAAQKFPFNTPKT]
ATP4B |ATPase, H+/K+ exchanging, beta polypeptide 80 [YQDQLRSPGVTLRH
ATP9A |ATPase, class ll, type 9A 442 DPPAQKGPTLTTKYV
ATR ataxiat.elang?ectasia and Rad3 related.; similar to ataxia 189dNSYRAKEPILALRRA
telangiectasia and Rad3 related protein
ATS16 |ADAM metallopeptidase with thrombospondin type 1 motif, 46 |[SPSVPRPPPPAERH
ATS17 |ADAM metallopeptidase with thrombospondin typendtif, 17 68 |RRRRPRTPPAAPR/
ATS18 |ADAM metallopeptidase with thrombospondin type 1 motif, 852 ILMQGKNPGIAWKY]
B2L10 |BCL2-like 10 (apoptosis facilitator) 102 GTLLERGPLVTARW
solute carrier family 4, anion exchanger, member 2 (erythro
B3A2 membrane protein bandli&e 1) 306 SGREGREPGPTPR
BAI3 brain-specific angiogenesis inhibitor 3 146GNPAPNKNPWDTFK
BAIP3 BAll-associated protein 3 193 RVRKAKAPTYALKYV,
BANK1 [B-cell scaffold protein with ankyrin repeats 1 612 [SFIINRPPAPTPRPT]
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BAZ1B |bromodomain adjacent to zinc finger domain, 1B 902 KLVMRRTPIGTDRN
IADP-ribosylation factor guanine nucleotigxchange factor
BIG1 1(brefeldin Ainhibited) 791 FLEGFRLPGEAQKIL
ADP-ribosylation factor guanine nucleotigxchange factor 2
BIG2 (brefeldin Ainhibited) 736 FLEGFRLPGEAQKIL
BIRC6 |baculoviral IAP repeatontaining 6 252(GIPVAKPPANTEKN
BIRC8 |baculoviral IAP repeatontaining 8 99 [VQTTKKTPSLTKRIS
BMP2K |BMP2 inducible kinase 265 LKPTYRTPERARRH
BMP8A |bone morphogenetigrotein 8a 63 |[GRPRPRAPPAASRI
BMP8B |bone morphogenetic protein 8b 63 |[GRPRPRAPPAASRI
BMS1 homolog, ribosome assembly protein (yeast) pseudo )
BMS1 BMS1 homolog, ribosome assembly protein (yeast) 1076IKKALRAPEGAFRA]
BPTF |bromodomain PHD fingaranscription factor 573 IDIDNVKSPEETEKD
BRD2 |bromodomain containing 2 102 FAWPFRQPVDAVK
BSN bassoon (presynaptic cytomatrix protein) 2249L TSLTRVPMIAPRVH
C1QR1 |CD93 molecule 506 TASPTRGPEGTPKA
CA2D4 |calcium channel, voltagéependent, alph2/delta subunit 4 |73 |AWGQAKIPLETVKL
CABL2 |Cdk5 and Abl enzyme substrate 2 32 [PTSAARAPPQALRK
CAD22 |cadherinlike 22 421 GVVTARDPDAANRI
CAF1B |chromatin assembly factor 1, subunit B (p60) 395 PVLNMRTPDTAKKT
CAN12 |calpain 12 482 |LLRADRSPLSARRD
CBPC2 |ATP/GTP binding protektike 2 175 |[SILSTKRPLQAPRW
CBX7 |chromobox homolog 7 142 LPFPLRKPRKAHKY
CC14A |CDC14 cell division cycle 14 homolog A (S. cerevisiae) 111 VIYLKKTPEEAYRAL
CC14B |CDC14 cell division cycle 14 homolog . cerevisiae) 148 VIYLGRTPEEAYRIL
CD28 |CD28 molecule 199 MNMTPRRPGPTRK
CDA7L |cell division cycle associatedlike 247 DFFPVRTPTSASRK
CE290 |centrosomal protein 290kDa 1719KEANSRAPTTTMRN
CELF3 {rinucleotide repeat containing 4 458 LKVQLKRPKDANRH
CELF4 |brunclike 4, RNA binding protein (Drosophila) 479 LKVQLKRPKDANRH
CELF6 |brunclike 6, RNA binding protein (Drosophila) 474 |LKVQLKRPKDANRH
CENPE |centromere protein E, 312kDa 2369TTQDNKNPHVTSRA
CHD3 |chromodomain helicad@NA binding protein 3 189(PATLSRIPPIAARLQ
CHD4 |chromodomain helicase DNA binding protein 4 1879PATIARIPPVAVRLQ
CHD5 |chromodomain helicase DNA binding protein 5 1886PSMLSRIPPVAARL(
CHD6 |chromodomain helicase DNA binding protein 6 342 IMEELEKDPRIAQKIK
CKAP5 |cytoskeleton associated protein 5 222 EEEWVKLPTSAPRH
CKLF6 |CKLF-like MARVEL transmembrane domain containing 6 (168 QESQLRKPENTTRA
CLC1A |C-type lectin domain family 1, member A 43 RRTEHRAPSSTWR
CLIC5 |chlorideintracellular channel 5 261 [TLTPEKYPKLAAKH
CLK3 |CDCike kinase 3 248 RRSRERGPYRTRK
CLSPN |[claspin homolog (Xenopus laevis) 1238SKSLLRNPFEAIRP(
CO5A1 [collagen, type V, alpha 1 71 [TRRSSKGPDVAYR
CO5A3 |collagen, type V, alpha 3 296 EPTPSKKPVEAAKE
COPE |coatomer protein complex, subunit epsilon 267 [SQHLGKPPEVTNR
CORAL [collagen, type XXVII, alpha 1 385 |SIVPIKSPHPTQKTA
CP250 |centrosomal protein 250kDa 1716RAEEGKGPSKAQR
CP2B6 |cytochrome P450, family 2, subfamily Bolypeptide 6 318 FLLMLKYPHVAERV
CP2C8 |cytochrome P450, family 2, subfamily C, polypeptide 8 317 |LLLLLKHPEVTAKV(Q
CP2C9 |cytochrome P450, family 2, subfamily C, polypeptide 9 317 |LLLLLKHPEVTAKV(Q
CP2CI |cytochrome P450, family 2, subfamily @olypeptide 18 317 LLLLLKYPEVTAKV(
CP2CJ |cytochrome P450, family 2, subfamily C, polypeptide 19  [317 |LLLLLKHPEVTAKV(
CP2U1 |cytochrome P450, family 2, subfamily U, polypeptide 1 392 VIGANRAPSLTDKA
CPEB2 |cytoplasmic polyadenylation element bindipigtein 2 481 [TDPELKYPKGAGRY
CPLX1 |complexin 1 28 |GGDEEKDPDAAKK
CPT1A |carnitine palmitoyltransferase 1A (liver) 175 QTSLPRLPVPAVKD
CPXM2 |carboxypeptidase X (M14 family), member 2 79 |[RPQEPRPPKRATKH
CROCC ciliary rootlet coiledcail, rootletin 145(GLGLGRAPSPAPRH
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CRX conerod homeobox 272 IDSLEFKDPTGTWKH
CSKI1 |CASK interacting protein 1 923 RSHSVRAPAGADK]
CSPG2 |Versican 209 ADQTVRYPIRAPRV
CTBL1 |catenin, beta like 1 254 KRLKAKMPFDANKL
CTRO Ctr9, ngl/RNA polymerase tomplex component, homolog 986 [PKPKKRRPPKAEKK
cerevisiae)
CTRO [citron (rhainteracting, serine/threonine kinase 21) 20071DSSRGRLPAGAVR]
CY24A |cytochrome k245, alpha polypeptide 160 SNPPPRPPAEARKK
CYH1 |[cytohesin 1 155 FLWSFRLPGEAQKI
CYH2 |cytohesin 2 154 FLWSFRLPGEAQKI
CYH3 |cytohesin 3 159 FLWSFRLPGEAQKI
CYH4  |cytohesin 4 154 FLWSFRLPGEAQKI
CYLD |cylindromatosis (turban tumor syndrome) 151 GVVRFRGPLLAERT
DGC14 [DiGeorge syndrome critical region gene 14 340 [TPYVDRTPGPAFKIL
DGKZ (diacylglycerol kinase, zeta 104kDa 440 WILRARRPQNTLKA|
DHB1 |hydroxysteroid (17/beta) dehydrogenase 1 248 FLTALRAPKPTLRYH
DHCR7 ([7-dehydrocholesterol reductase 90 |[SDIWAKTPPITRKAA
DIAP1 (diaphanous homolog 1 (Drosophila) 1218AFRRKRGPRQANR
DIDO1 [(death inducepbliterator 1 68 [LRRSGRQPKRTER
DJC30 [DnaJ (Hsp40) homolog, subfamily C, member 30 141 DPGSPRTPPPTSRT
DLG5 (discs, large homolog 5 (Drosophila) 1195VSSILRNPIYTVRSH
DNLI1 [ligase |, DNA, ATRdependent 221 EEEQTKPPRRAPKT
DNM1L [dynamin llike 274 AFLQKKYPSLANRN
DNMBP ([dynamin binding protein 1459VARDVKQPTATPRS
DNS2B (deoxyribonuclease Il beta 329 IGDLNRSPHQAFRS
DOK5  [docking protein 5 72 VKNVARLPKSTKKH
DPOD3 [polymerase (DNAdirected), delt&, accessory subunit 428 [TSSVHRPPAMTVKK
DPOGL1 [polymerase (DNA directed), gamma 507 AKKVKKEPATASKL
DPOLZ [REV3-like, catalytic subunit of DNA polymerase zeta (yeast2494HVLHQRFPLFTFRYV
DPP9  (dipeptidylpeptidase 9 313 PRTGSKNPKIALKLA
DSG2 (desmoglein 2 538 FSVIDKPPGMAEKW
DTX4  (deltex homolog 4 (Drosophila) 425 APSGYKGPQPTVKH
DUS2 (dual specificity phosphatase 2 21 |LGTLLRDPREAERT
DUX1 |double homeobox, 1 119 AFEKDRFPGIAARE
double homeobox,-#ike; similar to double homeoboic;
DUX4 similar to double homeobox, 4; double homeobox, 4 119 AFEKDRFPGIAARE
DUX5 |double homeobox, 5 146 AFEKDRFPGIAARE
DVL2 (dishevelled, dsh homolog 2 (Drosophila) 32 [TPYLVKIPVPAERIT
DVL3 [dishevelled, dsh homolog 3 (Drosophila) 22 [TPYLVKLPLPAERV]
DYH2 (dynein, axonemal, heavy chain 2 1804RGGSPKGPAGTGK
DYHC1 [dynein, cytoplasmic 1, heavy chain 1 4239NISPDKIPWSALKTL
E2AK1 leukaryotic translation initiation factor&pha kinase 1 485 NRNGKRTPTHTSR
transcription elongation factor golypeptide 3dike;
EA3L1 transcription elongation factor B polypeptide-Bk 2; 459 FNSVAKTPYDASRRK
transcription elongation factor B polypeptide 3C (elongin A3
ECT2 |epithelial cell transforming sequence 2 oncogene 816 AFSFSKTPKRALRR
ELOA2 transcription elongation factor B polypeptide 3B (elongin A2651 [FKSVAKTPYDTSRR
EMAL4 |echinoderm microtubule associated protein like 4 175 PTKSIKRPSPAEKSH
EME1 |essential meiotic endonuclease 1 homolog 1 (S. pombe) [30 |[FAFLKKEPSSTKRR
ENL myeloid/lymphoid or mixedineage leukemia (trithorax 54 [PKAAFKEPKMALKE
homolog, Drosophila); translocated to, 1
ENPP1 lectonucleotide pyrophosphatase/phosphodiesterase 1 598 [LNHLLKNPVYTPKH
ENPP7 lectonucleotide pyrophosphatase/phosphodiesterase 7 266 LVEFHKFPNFTFRD
EPHB2 [EPH receptor B2 993 (GQPLARRPRATGR]
excision repair crossomplementing rodent repair deficiency,
ERCC1 [complementation group 1 (includes overlapping antisense [178 VQVDVKDPQQALKH
sequence)
ERI1 exoribonuclease 1 251 QLSRLKYPPFAKKW
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similar to heat shock 70kD protein binding protein; suppres

F10A1 |of tumorigenicity 13 (colon carcinoma) (Hsp70 interacting 43 |[ESMGGKVPPATQK
protein)
FAKD1 |FAST kinase domains 1 771 EIVGSRLPPGAERIA
FBX21 |F-box protein 21 240 RGINSRHPSLAFKA
FBX46 |F-box protein 46 28 |[SQNQPRPPSAALKH
FBXL6 [F-box and leucingich repeat protein 6 75 |[PRQPPRGPSAAAKJ
FBXW8 [F-box and WD repeat domain containing 8 29 |APKKRRRPEAAERH
FGD2 |FYVE, RhoGEF and PH domain containing 2 25 [VFENSRTPEAAPR(Q
FGD5 |FYVE, RhoGEF and PH domain containing 5 881 EDSASRDPSVTHKY
FGD6 [FYVE, RhoGEF and PH domain containing 6 10 |SAAEIKKPPVAPKPH
FGF5 fibroblast growth factor 5 248 |[SPIKPKIPLSAPRKN
FHOD3 formin homology 2 domain containing 3 29 |FPEPSRPPLFTFRE
FIG4 FIG4 homolog (S. cerevisiae) 718 [SPFTVRKPDETGKS
FMNL  formin-like 1 103ZEPPAPKSPPKARRH
FND3B ffibronectin type Ill domain containing 3B 1011FISIYRGPSHTYKV(Q
FOXS1 forkhead box S1 126 (GAEGTRGPAKARR
FREM3 [FRAS1I relateextracellular matrix 3 8 [MAGASRHPTGTPR
GAK cyclin G associated kinase 1161 EERGVRAPSFAQKH
GCN1L |GCN1 general control of amiracid synthesis-like 1 (yeast) 891 FLPLLKSPLAAPRIK
GCYB1 |guanylate cyclase 1, soluble, beta 3 411 NELRHKRPVPAKRY
GDF5 |growth differentiation factor 5 246 LRILRKKPSDTAKPA
GMDS |GDP-mannose 4&lehydratase 178 [TPFYPRSPYGAAKL
GP157 |G proteincoupled receptor 157 307 SQPPTKSPAGTPKA
GP179 |G proteincoupled receptor 179 1728AEAIRKSPNDTGKV
GPI8 phosphatidylinositol glycan anchor biosynthesis, class K (140 RVLTGRIPPSTPRSH
GPNMB |glycoprotein (transmembrane) nmb 18 |LLLAARLPLDAAKRFH
GPR56 |G proteinrcoupled receptor 56 193 LSQFLKHPQKASRR
H11 histone cluster 1, Hla 159 [TPKKAKKPAATRKS
H12 histone cluster 1, Hlc 131 GGTKPKKPVGAAKH
H13 histone cluster 1, H1d 132 GAAKPRKPAGAAKH
H14 histone cluster 1, Hle 131 GAAKAKKPAGAAKEK
H15 histone cluster 1, H1b 156 KKAVKKTPKKAKKP
H1BP3 [HCLS1 binding protein 3 216 [SKKPKKHPKVAVKA
HAUS5 HAUS augminlike complex, subunit 5 27 |VPVAARAPESTLRR
HELC1 [activating signal cointegrator 1 complex subunit 3 1103IALRKRWPTMTYRL
hect (homologous to the E&P (UBE3A) carboxyl terminus)
HERCL | 1omain and RCC1 (CHCAike domain (RLD) 1 AS0aNASDLRLPSRAWK
HIP1R |huntingtin interacting protein 1 related 1038RSVTTKKPPLAQKP
HPLN2 |hyaluronan and proteoglycan link protein 2 207 LEGSVRYPVLTARA
HPS1 |HermanskyPudlak syndrome 1 137 IRKELRPPDLAQRYV
HRH1 |histamine receptor H1 276 (GGSVLKSPSQTPKEH
HSPB8 |heat shock 22kDa protein 8 73 |[SGMVPRGPTATAR
HUWE1 HECT, UBA and WWE domain containing 1 3128LSAILRSPAFTSRLS
HXAl1 |homeobox Al 214 WMKVKRNPPKTGK
HXB1 |homeobox B1 189 WMKVKRNPPKTAK
HXK2 |hexokinase 2 pseudogerexokinase 2 421 (GSVYKKHPHFAKRL
HYOU1 |hypoxia upregulated 1 93 |ASMAIKNPKATLRY
IDHC isocitrate dehydrogenase 1 (NADP+), soluble 95 [LKQMWKSPNGTIRN
IDHP isocitrate dehydrogenase 2 (NADP+), mitochondrial 135 LKKMWKSPNGTIRN
IF140 intraflagellartransport 140 homolog (Chlamydomonas) 734 YYYFTRKPEEADRHE
IFT88 intraflagellar transport 88 homolog (Chlamydomonas) 59 [RTSHGRRPPITAKIS
IKBE nucle_ar faptor of kgppa light polypeptide gene enhancer in E101 PHSPGRRPPRAGR
cells inhibitor, epsilon
IL16 interleukin 16 (lymphocyte chemoattractant factor) 783 [SSTVKKGPPVAPKH
IL31R |interleukin 31 receptor A 312 [YNSLGKSPVATLRIHR
ILDR2 [immunoglobulinlike domain containing receptor 2 518 PRLVSRTPGTAPKY
ILK integrinlinked kinase 365 PEALQKKPEDTNRH
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IMB1 karyopherin (importin) beta 1 307 AAEQGRPPEHTSKEH
INP5E finositol polyphosphat&-phosphatase, 72 kDa 552 [STSKQRTPSYTDRV
INP5K finositol polyphosphat&-phosphatase K 265 [TSEKKRKPAWTDRI
INT1 integrator complex subunit 1 12 KPTTVRRPSAAAKP
INVS Inversin 688 QGTNSRRPNETAR
IPO9 importin 9 99 |QSEKFRPPETTERA
IQGA3 [IQ motif containing GTPase activating protein 3 635 [TERVLRNPAVALRG
IRX3 iroquois homeobox 3 406 |[SAPLGKFPAWTNRH
ISL1 ISL LIM homeobox 1 178 RPHVHKQPEKTTR

ITAD integrin, alpha D 696 [FNETKNPTLTRRKT
ITCH itchy E3 ubiquitin protein ligase homolog (mouse) 260 PPRPSRPPPPTPRH
JAG1 jagged 1 (Alagille syndrome) 1194NGTPTKHPNWTNK
JHD2C |jumonji domain containing 1C 1646EQRTKRQPKPTYKHK
K1C12 [|keratin 12 464 STDSSKDPTKTRKIHK
KALRN [kalirin, RhoGEF kinase 2948NGSYSKIPLDTSRLA
KCD19 |potassium channel tetramerisation domain containing 19 [712 JAGAKDKGPEPTFKH
KCNQ2 gotassium voltaggated channel, KQike subfamily,member 597 [DQIVGRGPAITDKD
KCNT1 [potassium channel, subfamily T, member 1 944 LAFMFRLPFAAGRYV
KCNT2 [potassium channel, subfamily T, member 2 881 LAFMFRLPFAAGRYV
KDM3B [lysine (K)-specific demethylase 3B 790 FSQENKAPFEAVKR
KDMB6A [lysine (K)-specific demethylase 6A 1078SGRRRKGPFKTIKF
KI18B [kinesin family member 18B 815 RSRIARLPSSTLKRH
K167 antigen identified by monoclonal antibody-B¥ 845 NGNVAKTPRNTYKN
KIF1A  kinesin family member 1A 43  [TIVNPKQPKETPKSH
KIF1B [kinesin familymember 1B 43 |SIINPKNPKEAPKSH
KLF10 [Kruppetlike factor 10 141 FKEEEKSPVSAPKL
KLH12 [kelchlike 12 (Drosophila) 225 LLQYVRMPLLTPRY
KLH13 [kelchlike 13 (Drosophila) 520 DKWIQKAPMTTVR(
KLH36 [kelchlike 36 (Drosophila) 478 DVWEERRPMTTAR
KLHL9 [kelchlike 9 (Drosophila) 478 DKWMQKAPMTTVR
KPRA |phosphoribosyl pyrophosphate synthetassociated protein 1178 [AVIVAKSPDAAKRA
KPRB |phosphoribosyl pyrophosphate synthetassociated protein 2190 |AVIVAKSPASAKRA(
KRIT1 |[KRIT1, ankyrinrepeat containing 595 [TKLKSKAPHWTNRI
KS6B2 [ribosomal protein S6 kinase, 70kDa, polypeptide 2 467 APLPIRPPSGTKKSH
L1CAM [L1 cell adhesion molecule 139 JAEGAPKWPKETVKE
LAMA1 [laminin, alpha 1 2221MSSNQKSPTKTSKS
LAMA3 [laminin, alpha 3 280 ISKAQRDPTVTRRY
LAMA4 [laminin, alpha 4 435 EEIRSRQPFFTQRE
LAMAS [laminin, alpha 5 281 MGKALRDPTVTRR

LASS1 g;(;\t/\;]tgsdeifflerentiation factor 1; LAG1 homolog, ceramide 100 PRDAAKMPESAWK
LEG12 |ectin, galactosidéinding, soluble, 12 124 WQREARWPHLALR
LHX1 LIM homeobox 1 183 LGAKRRGPRTTIKA
LHX5 |LIM homeobox 5 183 SGTKRRGPRTTIKA
LIN54 llin-54 homolog (C. elegans) 315 JAISPLKSPNKAVKST
LINCR |neuralized homolog 3 (Drosophila) pseudogene 14 |FEANAKAPREALRF
LMTK3 [lemurtyrosine kinase 3 101ZENGGLRFPRNTERH
LOX5 [arachidonate fipoxygenase 575 APPTMRAPPPTAK(
LT4R2 |leukotriene B4 receptor 2 166 LAPRLRSPALARRL
LTBP2 |latent transforming growth factor beta binding protein 2 10 |PRTKARSPGRALRN
M3K11 |mitogenactivated protein kinase kinase kinase 11 626 EPEEPKRPVPAER(
M4K1 |mitogenactivated protein kinase kinase kinase kinase 1 [352 RGMETRPPANTAR

MADD |MAP-kinase activating death domain 1096PQLGPRAPSATGK(
MAF \(/émga)musculoaponeurotfdarosarcoma oncogene homolog 36 |KFEVKKEPVETDRII
MAGT1 |magnesium transporter 1 242 MWNHIRGPPYAHK

MAP1A |microtubuleassociated protein 1A 292 HLDFLRYPVATQKD
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MAP1B |microtubuleassociated protein 1B 514 HLDFLKQPLATQKD
MAP9  |microtubuleassociated protein 9 16 [TLAYTKSPKVTKRT]
MAST2 |microtubule associated serine/threonine kinase 2 868 LLEERRTPPPTKRS
MAST4 |microtubule associated serine/threonine kinase family mem[1906FKRDRKGPHPTARS
MAZ MYC—a_ss_ociated zinc fingrotein (purinebinding 521 IGAKAGRVPSGAMK
transcription factor)
MBD1 |methytCpG binding domain protein 1 409 PYRRRKRPSSARRI
MED1 |mediator complex subunit 1 1043STGGSKSPGSAGR
MED26 |mediator complex subunit 26 222 IDKHSGKIPVNAVRP
METH [5-methyltetrahydrofolatdlomocysteine methyltransferase 640 [DLIWNKDPEATEKL
MGRN1 |mahogunin, ring finger 1 451 |IGRPQSKAPDSTLRS
MILK2  [MICAL -like 2 135 EPSGKKAPVQAAKL
MINT spen homolog, transcriptional regulator (Drosophila) 1971EENEAKEPAETLKP
MIS anti-Mullerian hormone 446 RGRDPRGPGRAQR
MOSC1 [MOCO sulphurase @rminal domain containing 1 290 GVMSRKEPLETLKS
MOSC2 [MOCO sulphurase @rminal domain containing 2 289 (GVIDRKQPLDTLKS
MRE11 |MRE11 meiotic recombination 11 homolog A (®revisiae) [300 KMNMHKIPLHTVR{
MRF chromosome 11 open reading frame 9 744 VPHKKRPPKVASKS
Mdm2, transformed 3T3 cell double minute 2, p53 binding
MTBP protein (mouse) binding protein, 104kDa 16 [WGEGKFPSAASRE
MTCH1 |mitochondrial carrier homolog (C. elegans) 43 VEARARDPPPAHR/
MUC20 |mucin 20, cell surface associated 599 (MDIATKGPFPTSRD
MVP major vault protein 555 EVNDRKDPQETAKI
MYCB2 [MYC binding protein 2 382(IKIELKGPENTLRVR
MYT1 |myelin transcription factor 1 432 KSYYSKDPSRAEKH
MYT1L |myelin transcription factor-like 496 KPYYGKDPSRTEKK
NAL12 [NLR family, pyrin domain containing 12 125 LVTPRKDPQETYRD
NANG2 [Nanog homeobox pseudogene 1 20 [TSPKGKQPTTAEKS
NANOG [Nanog homeobox pseudogene 8; Nanog homeobox 77 [TSPKGKQPTSAEKS
NAT8BL |N-acetyltransferase-ke (GCN5related, putative) 104 DGIMERIPNTAFRG
NAV2  |neuron navigator 2 1114ASQVKRSPSDAGR
NCAN |Neurocan 317 ADGSVRYPIQTPRR
NEIL1 |nei endonuclease VHike 1 (E. coli) 321 JALPPSKAPSRTRRA
NEK5  |NIMA (never in mitosis gene akglated kinase 5 334 HRNEWRPPAGAQK
NFE2 |nuclear factor (erythroiderived 2), 45kDa 236 RALAMKIPFPTDKIV|
NLGN2 |neuroligin 2 623 FTTTTRLPPYATRW,|
NOG1 |GTP binding protein 4 509 NTQGPRMPRTAKK
NOP2 |NOP2nucleolar protein homolog (yeast) 692 KAEGIREPKVTGKL
NPHP1 |nephronophthisis 1 (juvenile) 9 |LARRQRDPLQALRH
NRCAM |neuronal cell adhesion molecule 93 [HFDIDKDPLVTMKP
NRX2A |neurexin 2 1698APAAPKTPSKAKKN
NRX2B 653 APAAPKTPSKAKKN
NTHL1 |nthendonuclease Hlike 1 (E. coli) 58 [SHSPVKRPRKAQRI
NTRK3 |neurotrophic tyrosine kinase, receptor, type 3 577 AVKALKDPTLAARK
NUMB |numb homolog (Drosophila) 437 QAGHRRTPSEADR
NUMBL |numb homolog (Drosophild)ke 410 QPGHKRTPSEAER
NUP54 |nucleoporin 54kDa 249 [YVVERSPNGTSRR
NXF2  |nuclear RNA export factor 2; nuclear RNA export factor 2B [618 |LQTEGKIPAEAFKQI
010A3 |olfactory receptor, family 10, subfamily A, member 3 229 |[LFAILKMPSTTGROQ}
0O10A6 |[olfactory receptor, family 10, subfamify, member 6 229 |LFAILKMPSTTGROQ}
O10C1 |olfactory receptor, family 10, subfamily C, member 1 228 LVTIFRIPSVAGRRK|
O11A1 |olfactory receptor, family 11, subfamily A, member 1 230 [VVAVLRVPAGASRR
011G2 |olfactory receptor, family 11, subfamily G, memier 267 VRAVLRVPSAAGRH
OBSCN |obscurin, cytoskeletal calmodulin and tiinteracting RhoGEF|[709 [GLTANKPPAAAARE
ODB2 |dihydrolipoamide branched chain transacylase E2 245 |PILVSKPPVFTGKDH
OLA1 |Obglike ATPase 1 328 IRKGTKAPQAAGKIH
OR1B1 |olfactoryreceptor, family 1, subfamily B, member 1 235 [GAAILRLPSAAGRR
OR1L1 |olfactory receptor, family 1, subfamily L, member 1 279 [LITVLKIPSAAGKRK
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OR1L3 |olfactory receptor, family 1, subfamily L, member 3 229 |LIAVLKIPSAAGKHK
OR1L4 |olfactory receptorfamily 1, subfamily L, member 4 230 [[VTVLRIPSAAGKWAK
OR1L6 |olfactory receptor, family 1, subfamily L, member 6 266 MVTVLRIPSAAGKW
OR6T1 |olfactory receptor, family 6, subfamily T, member 1 229 LATVLRAPTAAERR
OSB10 |oxysterol binding protektike 10 224 [TITHHKSPAAARRA
OSR1 |oddskipped related 1 (Drosophila) 168 KPTRGRLPSKTKKE
OSR2 |oddskipped related 2 (Drosophila) 165 KPSRGRLPSKTKKE
P20D2 |peptidase M20 domain containing 2 99 |[EPPEARAPSATPRH
P53 tumor protein p53 67 [PDEAPRMPEAAPR
P66B GATA zinc finger domain containing 2B 566 [GIGGHKGPSLADR(
PABP1 pply(A) binding protein, cyyoplasmic pseudogene 5; poly(A) 162 RPAAPRPPESTMREF
binding protein, cytoplasmic 1
PABP3 |poly(A) binding protein, cytoplasmic 3 456 RPGAPRVPFSTMRI
PALLD |palladin, cytoskeletal associated protein 678 (QEAGARQPPPAPR
PARF  ichromosome 9 open reading frame 86 615 PPPPPKLPLPAFRL}
PCD10 [protocadherin 10 1034TRAPYKPPYLTRKR
PCD21 [protocadherin 21 744 RRVLRKRPSPAPRT
PCDHS8 |protocadherin 8 290 FAFGARTPPEARRL
PD1L2 [programmed cell death 1 ligand 2 261 SKDTTKRPVTTTKR
PDE2A |phosphodiesterase 2A, cGMiimulated 199 QVLQOQRGPREAPR
PDzZD2 [PDZ domain containing 2 851 LGTPLKSPSLAKKD
PECI peroxisomal D3,DZ2noytCoA isomerase 341 LKAFAKLPPNALRIS
PERE (eosinophil peroxidise 79 [LLSYFKQPVAATRT
PERM [Myeloperoxidase 105 LLSYFKQPVAATRT.
PEX19 |peroxisomal biogenesis factor 19 55 [SGPQKRSPGDTAK
PGCA |Aggrecan 212 ADQTVRYPIHTPRE
PGCB |Brevican 216 [SDQTVRYPIQTPRE
PHX2A |pairedlike homeobox 2a 275 LSSFHRKPGPALKT
PIAS4 |protein inhibitor of activated STAT, 4 123 LNGLGRLPAKTLKP
P1SD phosphatidylserine decarboxylase 42 |LQPLRKLPFRAFRT
PITM1 |phosphatidylinositol transfer protein, membrassociated 1 [1213QLLRSRGPSQAERE
PJAL praja ring finger 1 71 [TTKRSRSPFSTTRR
PK1L3 |polycystic kidney diseaselike 3 1269INSPTKHPERTLKKK
PKHG3 pleckstrin homology domain containing, family G (with Rho(489 RRPSGRSPTSTEKH
domain) member 3
PLD1 phospholipas®1, phosphatidylcholinspecific 140 [YKAFIRIPIPTRRHT
PM2L3 |postmeiotic segregation increasetike 3; zinc finger protein 135 |RLDLPRSPARAPRE
PPIB peptidylprolyl isomerase B (cyclophilin B) 40 |ADEKKKGPKVTVK\
PPIC peptidylprolyl isomerase @yclophilin C) 34 [EGFRKRGPSVTAK
PPM1D |protein phosphatase 1D magnesidapendent, delta isoform 68 |GEVSGKGPAVAAR
PPR3A [protein phosphatase 1, regulatory (inhibitor) subunit 3A 756 [KAIIAKLPQETARSD
PPRC1 E)eelg?éijscime proliferateactivatedreceptor gamma, coactivator11 14TRPREKPPLPATKA
PRD16 |PR domain containing 16 758 VKAEPKSPRDALKV
PRDM7 [PR domain containing 7 104 PRQQVKPPWMAFR
PRDM9 [PR domain containing 9 104 PRQQVKPPWMALR
PREX2 phosphatidylinositeB,4,5trisphosphatelependent Rac 1587LGVRDRTPQSAPRI
exchange factor 2
PRG4 |proteoglycan 4 467 TPTTPKEPAPTTKE
PRELI domain containing 1; similar to Px1iRe protein (25
PRLD1 [kDa protein of relevant evolutionary and lymphaiterest) 63 [LTKTNRMPRWAER
(PRELI)
PROF4 |profilin family, member 4 56 [VNGFAKNPLQARRE
PRS4 proteasome (prosome, macropain) 26$ subunit, ATP.ase, 143 KKKKTKGPDAASKL
similar to protease (prosome, macropain) 26S subunit, ATP
PTN11 proteintyrosi_ne phosphatase, nogceptor type 11; similar to 215 TVLQLKQPLNTTRIN
protein tyrosine phosphatase, A@teptor type 11
PTN6  |protein tyrosine phosphatase, a@teptor type 6 212 AFVYLRQPYYATRV
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PTPM1 |protein tyrosine phosphatase, mitochondtial 30 [TLFRGKVPGRAHRI
PURG phosphor@bosylam@noim!dazole carbpxylase, _ 206 VTSAHKGPDETLRIM
phosphoribosylaminoimidazole succinocarboxamide synthe|
PUS7 |pseudouridylate synthase 7 homolog (S. cerevisiae) 431 EWAKTKDPTAALRK
PYR1 carbamoprhosphate synthetase 2, aspartate transcarbamy1 477VHVHLREPGGTHKE
and dihydroorotase
RAF1  y-raf-1 murine leukemia viral oncogene homolog 1 311 (GWSQPKTPVPAQR
RAG1 [recombination activating gene 1 42 VRSFEKTPEEAQKE
RBM15 [RNA binding motif protein 15 52 |[MKGKERSPVKAKR
RECQ5 |RecQ proteidike 5 543 EASSRRIPRLTVKAFR
RELN  |Reelin 1571LPQDAKTPATAFRW
RFAL1 [replication protein Al, 70kDa 374 KFDGSRQPVLAIKG
RFNG |RFNG Ofucosylpeptide detaN-acetylglucosaminyltransferg39 |APAPARTPAPAPRA
RFX6  [regulatory factor X, 6 175 KTIRQKFPLLTTRRL
RGAP1 Rag: GTPase aqtivating protein 1 pseudogene; Rac GTPa:se432 FLRNLKEPLLTFRLN
activating protein 1
RGL3 ral guanine nucleotide dissociation stimuldike 3 369 WGAVSREPLSTFRH
RANBP2like and GRIP domain containing 5; RANBHHRe
and GRIP domain containing 4; RANBHRe and GRIP doma
RGPD7 [containing 3; RANBP2ike and GRIP domain containing 8; 1466 KQLFHRLPHETSRL
RANBP2like and GRIP domain containing 7; RANBHRe
and GRIPdomain containing 6
RGRF1 [Ras proteirspecific guanine nucleotigeleasing factor 1 731 YGEPPKSPRATRKH
RGS20 [regulator of Gprotein signaling 20 94 |SHLLRRPPPEAPRR
RGS22 [regulator of Gprotein signaling 22 258 HPRTKKDPSKTNKL
RGS7 [regulator of Gprotein signaling 7 223 KSSRMRNPHKTRK
RHGO01 |Rho GTPase activating protein 1 224 LKSTQKSPATAPKP
RHGO5 |Rho GTPase activating protein 5 1361LLEAAKIPDKTERLH
RHG18 |Rho GTPase activating protein 18 367 [TEGLLRIPGAAIRIK
RICH2 |Rhotype GTPasactivating protein RICH2 485 DPADRRQPEQARR
RIF1 RAP1 interacting factor homolog (yeast) 697 [FSEQRFPVATMKT
RL3 ribosomal protein L3; similar to 60S ribosomal protein L3 (L241 RWHTKKLPRKTHR
RL3L ribosomal protein L3dike 241 RWHTKKLPRKTHK(
RL9 ribosomal protein L9; ribosomal protein L9 pseudogene 25 30 RTVIVKGPRGTLRR
RNF17 ring finger protein 17 1540PSHLMRYPARAIKV
RNPS1 simila}r to ribon_uclleic acid b_inding protein S1; RNA binding b6 KKSSTRAPSPTKRK
protein S1, serineich domain
RPC4  |polymerase (RNA) Il (DNA directed) polypeptide D, 44kDa 235 EEAKMKAPPKAARK
RRP5  |programmed cell death 11 51 |[RKKSQKGPAKTKKL
RRS1 |RRS1 ribosome biogenesis regulator homolog (S. cerevisia93 |[EAIVARLPEPTTRLHA
ribosomal protein S10; ribosomal protein S10 pseudogene ¢
RS10 ribosomal protei.n _810 pseudoge_ne 11; ribosomal protfair_w S 33 [DVHMPKHPELADKN
pseudogene 22; ribosomal protein S10 pseudogene 7; ribog
protein S10 pseudogene 13
RS20  [ribosomal protein S20 57 [VKGPVRMPTKTLRI
RTN3  [reticulon 3 1024EKIQAKLPGIAKKKA
RTN4  [reticulon 4 982 KEAEKKLPSDTEKE
S12A5 ;oé%(te):ragrier family 12 (potassiuahloride transporter), 114 NEGGKKKPVQAPR
S15A4 |solute carrier family 15nember 4 188 DQVKDRGPEATRR
S1PR4 |sphingosinel-phosphate receptor 4 238 (QASGQKAPRPAAR
S38AA |solute carrier family 38, member 10 653 [SDHGGKPPLPAEKH
S40A1 |solute carrier family 40 (iromegulated transporter), member 231 WKVYQKTPALAVK/
SAHH2 |adenosylhomocysteinadike 1 55 [MQEFTKFPTKTGRA
SC16A |SEC16 homolog A (S. cerevisiae) 1913PAPETKRPGQAAKK
SC31B |SEC31 homolog B (S. cerevisiae) 112 ILSSGKEPVIAQKQK
SCG2 [secretogranin Il (chromogranin C) 467 EKVLPRLPYGAGRS
SCN1A |sodiumchannel, voltaggated, type |, alpha subunit 473 JASEHSREPSAAGRI,
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SCNNB [sodium channel, nonvoltaggted 1, beta 18 |LHRLQKGPGYTYKE
SEC63 |SEC63 homolog (S. cerevisiae) 520 WQQKSKGPKKTAK
SEM7A Etlamaphorin 7A, GPI membrane anchor (John Milaigen 385 FQVADRHPEVAQR
ood group)
SEPT9 |septin 9 143 EVLGHKTPEPAPRR
SET1A |SET domain containing 1A 1192TPPQAKFPGPASRK
SF3B1 |splicing factor 3b, subunit 1, 155kDa 110 PFAEHRPPKIADRE
SG269 [NKF3 kinase family member 69 |[RPPVAKKPTIAVKPT
SGOL1 |shugoshidike 1 (S. pombe) 487 ASVNYKEPTLASKL
SH319 |SH3 domain containing 19 35 [TSGLPKKPEITPRSL
SHAN1 |SH3 and multiple ankyrin repeat domains 1 506 [SPSRGRHPEDAKR
SHAN3 |SH3 and multiple ankyrin repeat domains 3 986 (GGSFAREPSPTHR(
SHRM?2 |shroom family member 2 363 (QPRGDRRPELTDR
SHRM3 |shroom family member 3 545 [LSPVEKKPEATAKY
SI1L3  |sighatinduced proliferatiorassociated 1 like 3 327 EADEGRSPPEASRH
ST6 (alphaN-acetytheuraminyl2,3-betagalactosyil,3)-N-
SIATA acetylgalactosaminide alptZg6-sialyltransferase 1 116 PEEQDKVPHTAQR/
SIRT2 sirtuin (si!e_nt mating type information regulation 2 homolog)277 ASLISKAPLSTPRLL
(S. cerevisiae)

SIX4 SIX homeoboxd 248 LYKQNRYPSPAEKHR
SLAF5 |CD84 molecule 270 LNTFTKNPYAASKK
SMTN  [Smoothelin 282 JAQSPTRGPSDTKRA
SN sialic acid binding l¢gike lectin 1, sialoadhesin 601 VLYPPRQPTFTTRL
SNCAP |synuclein, alpha interacting protein 860 [SGDQLKRPFGAFRS
SNRK  |SNF related kinase 471 QVVLRRKPSVTNRL
SOBP  |sine oculis binding protein homolog (Drosophila) 682 HVKAEREPSAAERH
SORC1 |sortilin-related VPS10 domain containing receptor 1 147 PGTRERDPDKATRH
SORC2 |sortilin-related VPS10 domain containing recegor 13 |PSRASKGPGPTARA
SORC3 |sortilin-related VPS10 domain containing receptor 3 922 EHVHLRVPFVAIRN
SOS1 |son of sevenless homolog 1 (Drosophila) 1306SQHIPKLPPKTYKRI
SOS2  |son of sevenless homolog 2 (Drosophila) 1306SPHLPKLPPKTYKR
SPT18 |spermatogenesis associated 18 homolog (rat) 260 RSSRSRSPSPAPRS
SPT6H |suppressor of Ty 6 homolog (S. cerevisiae) 812 VTDFLRLPHFTKRR
SPTA1 |spectrin, alpha, erythrocytic 1 (elliptocytosis 2) 781 RFEALKEPLATRKK
SPTA2 |spectrin, alphaponerythrocytic 1 (alphdodrin) 772 RYEALKEPMVARK(
SPTB2 |spectrin, beta, nearythrocytic 1 354 YRTVEKPPKFTEKG
SPTN2 |spectrin, beta, nearythrocytic 2 357 YRTVEKPPKFTEKG
SPTN4 |spectrin, beta, nearythrocytic 4 1053ALLAERFPAQAARL
SPTN5 |spectrin, beta, nearythrocytic 5 2504TSPAPRSPVEARRN
SRCAP |Snf2related CREBBP activator protein 2431SPARERVPRPAPRH
SRGP2 |SLIT-ROBO Rho GTPase activating protein 3 287(PPKKNRSPADAGR(
SRRM2 |serine/arginine repetitive matrix 2; hypothetit@C1001327791928RRSRSRTPPVTRRH
SSF1  |PPAN-P2RY11 readthrough transcript 452 IGAQARRGPRGASR
SSH1  |slingshot homolog 1 (Drosophila) 1025PQGTPRDPAATSKH
SSH3  |slingshot homolog 3 (Drosophila) 593 [GQQVDRGPQPALK
STAR8 |StAR-related lipid transfe(START) domain containing 8 209 PVASFRHPQWTHR
STEA3 |STEAP family member 3 61 [VVVGSRNPKRTARL
STIM1 |stromal interaction molecule 1 645 ASRNTRIPHLAGKK
STIP1 |stressinducedphosphoprotein 1 525 [LSEHLKNPVIAQKIQ
STK39 |serine threonine kinase $8TE20/SPS1 homolog, yeast) 357 EKLLTRTPDIAQRAK
STK6  |aurora kinase A; aurora kinase A pseudogene 1 58 [SNSSQRVPLQAQKI
STRBP |spermatid perinuclear RNA binding protein 156 [IRNTKEPTLTLKVI

SYCP2 |synaptonemal complex protein 2 184 INAMLDKMPQDARK
SYDE1 |synapse defective 1, Rho GTPase, homolog 1 (C. elegans)|160 KASRTKSPGPARRL
SYDE2 |synapse defective 1, Rho GTPase, homolog 2 (C. elegans)|106 GPSFLRPPAVTVKK|
SYEM |glutamyHRNA synthetase 2, mitochondrial (putative) 183 JAQKLAKDPKPAIRFF
SYG glycyl-tRNA synthetase 479 HARATKVPLVAEKP
SYNJ1 |synaptojanin 1 11353PPSGARSPAPTRKE
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SYNJ2 |synaptojanin 2 1057LAPPSKSPALTKKK
T2FA  |general transcription factor IIF, polypeptide 1, 74kDa 19 [TEYVVRVPKNTTKK
TAF2 RNA polymerase I, TATA bokinding protein (TBPR)
TAF2 associated factor, 150kDa 673 ILALEKFPTPASRLA
TAU microtubuleassociated protein tau 246 PAQDGRPPQTAAR
TB10A [TBC1 domain family, member 10A 428 ISKAKPKPPKQAQKE
TBL1R [ransducin (betalike 1 X-linked receptor 1 268 [TLGQHKGPIFALKW,|
TBL1X ransducin (betalke 1X-linked 331 [TLGQHKGPIFALKW,|
TBL1Y [ransducin (betalke 1Y-linked 278 [TLGQHKGPIFALKW,|
TBX2  [T-box 2 236 JANDILKLPYSTFRTY
TBX3 [T-box 3 264 JANDILKLPYSTFRTY
TCF25 [transcription factor 25 (bashelix-loop-helix) 48 |RELGVRRPGGAGK
TDRD7 [tudor domain containing 7 407 AILYAKLPLPTDKIQ
TITIN  [Titin éel KMHTWRQPIETERS
TMPS4 transmembrane protease, serine 4 25 [PLRKPRIPMETFRK
TNR1L ':Jcr;r;\(/);tr(;(racrosis factor receptor superfamily, member NE&B 601 IGPEGLREPEKASRH
TNR4  tumor necrosis factor receptor superfamily, member 4 247 LRRDQRLPPDAHKH
TNR8  tumor necrosis factor receptor superfamily, member 8 140 AGMIVKFPGTAQKN
TP53B tumor protein p53 binding protein 1 1444SRVVPRVPDSTRRT
TPST2 tyrosylprotein sulfotransferase 2 41 VLAGLRSPRGAMRI
TPX2  [TPX2, microtubuleassociated, homolog (Xenopus laevis) 487 PITVPKSPAFALKNH
TREM1 (riggering receptor expressed on myeloid cells 1 155 TONVYKIPPTTTKAL
TRIO triple functional domain (PTPREF interacting) 1769SSPGPKRPGNTLRK
TRM44 ichromosome 4 open reading frame 23 748 GPAELRPPRTTPRK
TRPM1 ';Laer;ﬁibe;rtlreceptor potential cation channel, subfamily M, 120 [TEKEKKPPMATTKG
TSG10 estis specific, 10 12 |RSKSPRRPSPTARC(
TUSC3 tumor suppressor candidate 3 254 MWNHIRGPPYAHK
TXD16 [thioredoxin domain containing 16 791 KSAVRKEPIETLRIK
TXND6 [thioredoxin domain containing 6 254 TVMGPRDPNVARR
UB2E1 |ubiquitin-conjugating enzyme E2E 1 (UBC4#molog, yeast)|111 PEYPFKPPKVTFRT
UB2E2 |ubiquitin-conjugating enzyme E2E 2 (UBC4/5 homolog, yeal119 PDYPFKPPKVTFRT
UB2E3 |ubiquitin-conjugating enzyme E2E 3 (UBC4/5 homolog, yeal125 [SDYPFKPPKVTFRT
UB2L3 |ubiquitin-conjugating enzyme E2L 3 66 |AEYPFKPPKITFKTK
UBP26 |ubiquitin specific peptidase 26 159 [TGVLQRMPLLTSKL
UBP31 |ubiquitin specific peptidase 31 1019PGSLAKKPESTTKR
UBP38 |ubiquitin specific peptidase 38 515 [FFEASRPPWFTPRS
UBP43 |ubiquitin specific peptidase 43 1074APSSLRLPRKASRA
UBP49 |ubiquitin specific peptidase 49 236 LPTSRRVPAATLKLE
UBP54 |ubiquitin specific peptidase 54 978 RQGLPKAPGWTEK
UBR1 |ubiquitin protein ligase E3 componentecognin 1 1088ALGPKRGPSVTEKE
UBR2 |ubiquitin protein ligase EBomponent frecognin 2 823 AVAHFKKPGLTGR(
UBR4 |ubiquitin protein ligase E3 componentécognin 4 4027LQKLIKPPAPTSKKN
UHRF2 |ubiquitin-like with PHD and ring finger domains 2 658 KGQSKKQPSGTTKH
UTY ubiquitously transcribed tetratricopeptidgpeat gene, Yinked [1025SGRRRKGPFKTIKF
V1AR [arginine vasopressin receptor 1A 80 |[LLALHRTPRKTSRM
VTDB groupspecific component (vitamin D binding protein) 431 ERLKAKLPDATPKE
WBS14 |MLX interacting proteirlike 836 LTDPGRIPEQATRA
WDR67 WD repeat domain 67 19 |GKIWHRKPSPATRL
XIAP X-linked inhibitor of apoptosis 360 VRTTEKTPSLTRRIL
XIRP2 [xin actinbinding repeat containing 2 18471EVNLPKAPKGTVKI
XRRA1 [X-ray radiation resistance associated 1 592 KEKDQKKPPTAPREH
YETS2 |YEATS domaincontaining 2 1162TAVVKKIPLITAKSE
YSK4  [YSK4 Spsl/Ste2@elated kinase homolog (S. cerevisiae) [595 PRFQKKMPQIAKK(Q
YYAP1 |YY1 associated protein 1; gahlike (C. elegans) 446 KPVADRFPKKAWR
Z3H7B |zinc finger CCCHtype containing 7B 406 NSQDHRPPSGAQK
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Z512B |zinc finger protein 512B 334 TRSENKAPRATGRN
ZBT12 |zinc finger and BTB domain containing 12 160 LLPPARTPKPAPKP
ZC3H3 |[zinc finger CCCHtype containing 3 321 [VAASSKSPRVARRA
ZF161 |zinc finger protein 161 homolog (mouse) 191 SQEDGKSPTTTLRYV
ZN213 |zinc finger protein 213 127 VEDLQKQPVKAWR
ZN335 |zinc finger protein 335 553 [SRDRKKRPDPTPKL
ZN566 |zinc finger protein 566 64 |YLEQGKEPWLADR
ZN592  [zinc finger protein 592 335 [SPKSPRSPLEATRK
ZN624 |zinc finger proteir624 112 HLENGKGPWVTVR
ZN727 |zinc finger protein 727 62 |YLEQRKEPWNARR
ZN837 |zinc finger protein 837 330 AERHRRGPVLARR/
ZN862 |zinc finger protein 862 211 NALAARDPIWAARF
Z01 tight junction protein 1 (zona occludens 1) 1294DTGSFKPPEVASKR
ZRAN1 |[zinc finger, RANbinding domain containing 1 217 GNSQRRSPPATKR
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List of abbreviations

AKAP A Kinase Anchoring Protein

AMPA 2-amino-3-(3-hydroxy-5-methytisoxazot4-yl)propanoic acid

Amph Amphiphysin

ATP Adenosine triphosphate

BDNF Brain-derived neurotrophic factor

CAM Cell adhesion molecule

cAMP Cyclic adenosine monophosphate

CFP Cyan fluorescent protien

CGN Cerebellar Granule Neuron

Chk Csk-homologous kinas

CML Chronic myeloid leukaemia

CMVv Cytomegalovirus

CNS Centralnervous system

CRASH Corpus callosum hypoplasia, Retardation, Adducted thumbs, Spasticit
Hydrocephalus

CSF1 Colony Stimulating Factor 1

Csk C-terminal Src kinase

DAVID Database foAnnotation Visualization andntegrate®iscovery

DCC Deletedin Colorectal Cancer

ECM Extracellular Martix

ERK ExtracellularSignatRegulated kinase

ERM EzrinRadixinMoesin

FAK Focal Adhesion Kinase

FGF Fibroblast Growth Factor

FITC Fluorescein isothiocyanate

Frs2 Fibroblast growth factor receptor substrate

GABA 2-Aminobutyric acid

GAP GTPase activating protein

GEF Guanine nucleotide exchange factor

GFP Green fluorescent protein

GO term Gene Ontology term

GPS Groupbased prediction System

GST GluathioneS-transferase

HCN Hyperpolarizatioractivatedcyclic nucleotidegated

HPK1 Hematopoietic Progenitor Kinase 1

HPLC High-performance liquid chromatography

Ig Immunoglobulin

JNK c-Jun Nterminal kinase

LRRK2 Leucinerich repeat kinase 2

LTP Long term potentiation
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MAPK Mitogen activated proteikinase

MCS Multiple Cloning Site

MBP Maltose binding protein

MS Mass spectrometry

NGF Nerve growth factor

NMDA N-Methyl-D-aspartic acid

NT Neutotrophin

PD Phage Display

PDGF Plateletderived growth factor
PI3K Phosphoinositid® kinase
PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C

PPII Polyproline type II

PRD Proline rich domain

PSSM Position Site Scoring Matrix
PTM Posttranslational modification
PTP Protein tyrosine phosphatase
RTK Receptor tyrosine kinase
Sema Semaphorin

SFK Src Family Kinase

SH2 Src homology 2

SH3 Src homolgy 3

SHR1 Src homology region 2 domagontaining phosphatase
shRNA short hairpin RNA

SiRNA short interfering RNA
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