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Abstract

Wiskott Aldrich Syndrome (WAS) is an X-linked recessive disease with clinical
symptoms such as thrombocytopenia, eczema and recurrent infections due to immune
deficiency. Identification of the WASP gene led to the discovery of other WAS-related
diseases, X-linked thrombocytopenia (XLT) and X-linked congenital neutropenia (XLN)
that present milder symptoms of WAS. WASP is a 502 —residue multidomain protein,
comprising of, from the N to the C terminus, WH1 domain, basic region (BR), GTPase
binding domain (GBD), proline rich region (PRR) and the VCA domain. The two
fragments of YFP (Yellow Fluorescent Protein) molecule (YFP;.1s4and YFP;s5.35) were
fused to the N- and C-terminus of WASP respectively as a probe (WASP Reporter) for
Bi-molecular fluorescence complementation (BiFC) to elucidate the conformation of
WASP inside the cell. When WASP adopts a closed conformation, the two fragments of
YFP are close to each other resulting in fluorescence and reduction in fluorescence
indicates that WASP is in an open conformation. WASP was found to be in a closed
conformation in yeast and this conformation was stabilized by WIP (WASP Interacting
Protein) or WIRE (WIP related) as seen by the enhanced the fluorescence from the
WASP reporter. On the other hand, Tocal (Transducer of cdc42-dependent actin
assembly) or Nck1 (Nonbinding catalytic region of tyrosine kinase) caused a reduction in
YFP fluorescence, suggesting that SH3 domain-containing proteins altered the
conformation to an open one. Cells expressing WASP reporter with mutations in WHI1,
GBD and VCA domains showed reduced fluorescence even in the presence of WIP

suggesting that the conformation was affected by these mutations.
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The mutation L270P in WASP (WASP**""") causes XLN and BiFC assay showed that
WASP""" is in an open conformation, correlating with earlier studies which showed that
WASP"" is constitutively active. WASP"*""" had enhanced phosphorylation at residue
Tyr291. JurkatVASP* (WASP knock down) had impaired chemotaxis towards SDF-1a
and decreased velocities (0.0383um/sec) compared to WT Jurkat cells (0.0986um/sec).
Expression of WASP in Jurkat"**™ rescued both cell motility (0.0709um/sec) and

L270F rescued the cell motility (0.0817um/sec) but

chemotaxis, while expression of WASP
not chemotaxis towards SDF-1a. WASP and WASP**"" induced filopodia in N-WASP™"
fibroblasts however WASP“’"" was more efficient than WASP. WASP"PY#1E apq
WASPYOPYPIE rescued the growth defect of lasI7A cells just like WT WASP and
WASP WASP-OPYIIF as not able to rescue both the motility (0.0554pum/sec) and

WASPkd " and was inefficient in inducing filopodia in fibroblasts.

chemotaxis defect of Jurkat
On the other hand, WASP“*"""Y®'E rescued the impaired motility of Jurkat™ 5™ cells
(0.0952 pm/sec) but not the chemotaxis defect. WASPR7PY2IE 4p quced filopodia in

fibroblasts to a lesser extent than WASP-?7%

. These results indicate that the activity of
WASP requires cyclical phosphorylation and dephosphorylation and XLN mutation

probably causes the disease by enhancing phosphorylation.

WASP is a substrate of calpain, a calcium-dependent protease. However the role of
calpain in regulating WASP activity has not been elucidated due to the lack of calpain
resistant WASP. To generate calpain resistant WASP, the putative cleavage site was

mapped and subsequently site directed mutagenesis was carried out to generate

XTIT



WASPYRY (Y102W, T111R, P112G). WASP™?C was more stable than WASP in both in

vitro and in vivo proteolysis assays. WASP and WASP"R¢

suppressed the growth defects
of lasI7A cells in the presence of WIP, indicating that WASP"RY is able to form a
functional complex with WIP. WASPVRY was able to induce filopodia in N-WASP™"
fibroblasts just like WT WASP. Expression of WASP but not WASPY*¢ rescued the

WASPkd

impaired motility of the Jurkat T cells towards SDF-1a. The results suggest a novel

role of calpain-mediated proteolysis of WASP in Jurkat T cell motility.
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1. Introduction

The cell is the basic functional unit of life and it contains all of the critical hereditary
information that defines a species. Cells can be categorized into two basic types; the
eukaryotic cells and prokaryotic cells. Despite the evolutionary differences, eukaryotic
and prokaryotic cells share similarities in the structural organization of the cell and
mechanisms in which cellular processes are carried out. How molecular components
within a cell work together to produce complex cell behaviours can be better understood,

perhaps by examining the mechanisms behind remodelling of the cytoskeleton.

1.1 The Cytoskeleton

The cytoskeleton serves as a scaffold and spatially organizes the contents within a cell
which gives the cell its shape, assists in the communication of the cell with the external
environment and provides coordinate forces required for the cell to change its
morphology in response to the signals it receives (Fletcher and Mullins, 2010). There are
three types of cytoskeletal filaments in eukaryotic cells; actin filaments, microtubules and
intermediate filaments (Figure 1.1). All three types of filaments are made up of smaller
subunits that can self associate either from end to end or side to side to form elongated
structures. The differences in their mechanical properties and the network they form can
be attributed to the differences in the structure of their subunits, their method of assembly
and the associated proteins (Bruce Alberts, 2002). The effectiveness of the cytoskeletal
system also relies on the accessory proteins that associate with these filaments. There are
several classes of accessory proteins which include the nucleation-promoting factors,

capping proteins, depolymerizing factors, severing factors, crosslinkers and stabilizing



proteins (Fletcher and Mullins, 2010). These three types of cytoskeletal filaments,
together with their regulatory proteinsare capable of forming a dynamic network that can
disassemble and reassemble efficiently in response to both internal and external stimuli,
and yet at the same time maintain the integrity of intracellular components (Bruce Alberts,

2002).

Microtubules Intermediate Actin filaments
filaments

Figure 1.1 The three types of cytoskeletal filaments. Adapted from (Fletcher and Mullins, 2010).

1.1.1 Microtubules

Microtubules are polymers made up of 13 protofilaments linked tightly to form a stiff
hollow tube. Each protofilament is made up of an assembly of a-B-tubulin heterodimers.
Both a-tubulin and B-tubulin can bind to GTP. However, B-tubulin binds to GTP at a
lower affinity and this contributes to the filament assembly and disassembly dynamics.

Microtubules emanate from a microtubule organizing center (MTOC) and are involved in



long-range intracellular transport, mitosis and cell movement (Kavallaris, 2010).
Microtubules are also the stiffest and least flexible of the three types of filaments, as

indicated by their persistence length of about Sum (Fletcher and Mullins, 2010).

1.1.2 Intermediate filaments

Intermediate filaments are the least stiff of the three kinds of cytoskeletal filaments and
are made up of tetrameric subunits formed by monomers with a central a-helical domain.
Two monomers associate in parallel to each other forming a dimer. A tetrameric subunit
is then formed through antiparallel association of two dimers, resulting in the absence of
polarity in the intermediate filaments unlike actin filaments and microtubules.
Intermediate filaments function to resist mechanical forces in a cell. The most well-
known class of intermediate filaments is the nuclear lamins which lies below the nuclear
envelope that maintains the integrity of the nucleus (Tsai et al., 2006). Intermediate
filaments can be bundled together and also be cross-linked to actin filaments and

microtubules through cross-linking proteins such as plectins (Wiche, 1998).

1.1.3 Actin Filaments

Actin filaments make up the last type of cytoskeletal polymers and they complement
microtubules and intermediate filaments in eukaryotic cells. Actin is one of the most
abundant and highly conserved proteins on earth, evident from the presence of actin
counterparts in prokaryotic cells. Eukaryotic cells depend on actin filaments for a myriad
of processes like cell movement, mechanical support and transport of intracellular

materials. The dynamic nature of the actin cytoskeleton facilitates these crucial processes.



Actin exists in two states; the monomeric globular-actin (G-actin) and the filamentous-
actin (F-actin), which is formed through the self-assembly of G-actin. G-actin is made up
of two major domains, which have two smaller subdomains each (Graceffa and
Dominguez, 2003). The association of the four subdomains gives rise to two clefts; the
large cleft which binds ATP while the other cleft, also known as the target-binding cleft
binds to most actin-binding proteins (ABPs) (Dominguez, 2004). Actin filaments are
asymmetrical as each actin monomer is rotated at 166° in the filaments. They are made up
of two helices of head-to-tail bound actin subunits (Lee and Dominguez, 2010). The actin
monomers are oriented in the same direction which gives actin filaments a polarized

characteristic, similar to microtubules.

The process of actin polymerization can be divided into three distinct steps. The first step
is actin nucleation, which is the rate-limiting step. In this step, an aggregate of three actin
monomers is formed and serves as the nucleus for actin polymerisation. Next is the
elongation step where actin monomers are added reversibly to both sides of the filament.
The rate of elongation depends on the concentration of actin monomers available.
However, the barbed (+) end of the filament grows faster than the pointed (-) end. During
the elongation step, ATP-bound G-actin is preferentially added to the barbed (+) end and
lost through the pointed (-) end in the ADP-bound state. This results in F-actin growing at
the barbed end and shortening at the pointed end (Lee and Dominguez, 2010). Actin is an
ATPase and through the hydrolysis of ATP that occurs along the way, the difference in

free energy in the association and dissociation reactions, at the barbed and pointed end



respectively, drives the treadmilling process (Bruce Alberts, 2002). Finally, further

growth of the filament could be stopped at the equilibrium step (Maly and Borisy, 2001).

Many biological processes depend on actin polymerization and cellular motility is one of
the most well-known example. Pools of actin monomers are assembled at specific
subcellular locations rapidly in respond to cellular signals. These assembled actin
filaments can cause a change in the cell shape, forming protrusions that assist cell
movements. Each assembled actin filament can produce piconewton (pN) forces (Kovar
and Pollard, 2004), which allow the leading edge of the cell to move forward. Cell
migration is an essential process required in immune cells to search and destroy foreign
pathogens. It is also crucial during embryo development and in the cell process extension
of nerve cells (Pollard and Cooper, 2009). Actin filaments have also been shown to be
involved in cytokinesis, where a contractile ring, consisting of actin filaments and myosin
II, work together in segregation of the cell into two at the last stage of cell division in all
cells (Pollard and Cooper, 2009). During the process of endocytosis, assembly of network
of actin filaments and proteins are also required to induce curvature in the cell

membranes. (Doherty and McMahon, 2009).

Actin polymerisation can be initiated from free barbed ends or by de novo filament
nucleation. Free barbed ends can be generated either by uncapping of existing filaments
or severing of filaments (Condeelis, 2001). De novo nucleation refers to the spontaneous
assembly of actin from a pool of free monomers. However, the formation of an actin

trimer, which is the first step of nucleation, is kinetically unfavourable (Sept and



McCammon, 2001). Thus, in order to overcome this barrier, cells make use of a variety

of actin nucleators to regulate the timing and location of actin assembly.

1.2 Arp2/3 complex and the actin nucleators

Arp2/3 (Actin-related protein) complex is the first identified major nucleator. It is a 220
kDa complex that is made up of seven proteins, Arp2, Arp3 and subunits ARPCI1-5
(Actin-related protein complex 1-5). The Arp2/3 complex promotes actin polymerization
of a new filament from a pre-existing filament at an angle of 70°, generating branched
actin networks (Figure 1.2) (Campellone and Welch, 2010). Arp2/3 complex caps the
actin filament at the pointed end and actin is elongated at the barbed end. Studies have
indicated that subunits ARPC2 and ARPC4 form contacts with the pre-existing filament
while Arp2 and Arp3 interact with the pointed end of the new filament (Rouiller et al.,
2008). Arp2/3 complex has low nucleation activity on its own (Mullins et al., 1998),
however, binding to filaments and phosphorylation of tyrosine and threonine residues in
Arp2 (LeClaire et al., 2008) can increase its activity. Another contributor that enhances
the activity of the Arp2/3 complex involves the interaction of nucleation promoting
factors (NPFs) with the Arp2/3 complex. These proteins induce conformational changes
in Arp2/3 complex, bringing Arp2 and Arp3 in closer proximity, which mimics an actin
dimer. Actin monomers are then recruited to the complex by the NPFs (Chesarone and
Goode, 2009). These crucial steps help to overcome the kinetically unfavourable barrier

during nucleation.
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Figure 1.2 The structure of Arp2/3 complex and a model for nucleation and branching of actin.
Adapted from (Campellone and Welch, 2010).

(A) The Arp2/3 complex is made up of seven proteins, including Arp2, Arp3, ARPC1-5. The electron
micrograph shows the structure of a Y-branched actin filament and the Arp2/3 complex.

(B) Model depicting the sequence and proteins involved in the nucleation and branching of actin filaments.

Other than the Arp2/3 complex, there are two more classes of actin nucleators. Formins,
which form the second group of nucleators, catalyse the formation of unbranched actin
and assemble actin networks like stress fibres, filopodia and contractile rings during
cytokinesis (Faix and Grosse, 2006; Goode and Eck, 2007). Formins contain the
conserved formin homology (FH) domains, FH1 and FH2. Based on the FH2 sequence
divergence, formins are classified into seven subclasses; Diaphanous (DIA), formin-
related protein in leukocytes (FRLs), Dishevelled-associated activators of morphogenesis
(DAAMs), forming homology domain proteins (FHODs), formins (FMNs), delphilin and

inverted formins (INFs) (Higgs and Peterson, 2005). The FH2 domains in these proteins



bind to the barbed ends of actin filaments, unlike the Arp2/3 complex, and stabilize the
actin dimers and trimers that are formed spontaneously (Figure 1.3) (Pring et al., 2003).
As a result, formins prevent the association of other capping proteins, allowing
elongation of the filament to continue (Harris et al., 2004). Dimerisation of the FH2
domains has been shown to stabilize the association of two actin monomers and after
nucleation, the FH2 domains remain associated with the growing barbed end, adding new

actin subunits progressively (Chesarone and Goode, 2009).
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Figure 1.3 The three classes of nucleation factors. Adapted from (Chesarone and Goode, 2009).

Class I: Arp2/3 complex is recruited to the acidic domain of nucleating promoting factors (NPFs) like N-
WASP. The WH2 domain of N-WASP, adjacent to the acidic domain, recruits actin monomers.
The resulting complex is stabilized and actin polymerization occurs.

Class II: Formins bind to barbed ends of actin filaments and stabilizes actin dimers or trimers formed
spontaneously.

Class III: Spire, Cobl and Lmod have between one to four tandem WH2 domains separated by linkers. The
nucleation mechanisms used are similar but the actin nucleus generated varies.

The third class of nucleators includes the proteins Spire, Cordon bleu (Cobl), and
Leiomodin (Lmod). Spire has four tandem Wasp Homology 2 (WH2) domains separated
by short linkers. These four WH2 domains bind to four actin monomers cooperatively

and the pre-nucleation complex formed resembles a short actin filament (Figure 1.3)



(Quinlan et al., 2005). It has been suggested that Spire caps the pointed ends of filaments
to inhibit the disassembly (Quinlan et al., 2005). However, subsequent studies showed
that Spire associates with barbed ends to prevent profilin-actin association after
nucleation and severs filaments at the pointed end to enhance disassembly (Bosch et al.,
2007). Importantly, it has also been indicated that Spire cooperates with Formins in actin
assembly (Rosales-Nieves et al., 2006). Further biochemical and structural studies would

be required to fully resolve the post-nucleation effects of Spire.

Nucleation of actin by Cobl involves three WH2 domains and the linker region between
the last two WH2 domains. The length of the linker appears to be crucial for actin
assembly. This suggests that the WH2 domains and the linker stabilize both short-pitch
and long- pitch associations allowing the formation of a trimeric nuclei (Figure 1.3)

(Campellone and Welch, 2010; Chesarone and Goode, 2009).

Lmod has a N-terminus that contain actin- and tropomyosin-binding helices, a central
Leu-rich repeat (LRR) region and a C-terminus with a polyproline peptide, two predicted
helices and a WH2 domain (Chereau et al., 2008). Full nucleation activity of Lmod
requires the actin-binding elements in these domains. Two to three actin monomers are
organized and stabilized at the pointed end, allowing elongation at the barbed end.
However, little is known about how activities of Lmod are regulated and further

characterization of the protein is needed (Campellone and Welch, 2010).



1.3 Nucleation promoting factors (NPFs)

The Arp2/3 complex, by itself, is a poor nucleator (Mullins et al., 1998). However,
activation of the Arp2/3 complex via the interaction of NPFs can increase actin
polymerization (Campellone and Welch, 2010). There are two classes of NPFs; Class |
and II NPFs. They are classified based on the presence of binding sites for either G-actin

or F-actin and the mechanisms used to activate the Arp2/3 complex.

Class I NPFs utilize a CA domain, which binds to the Arp2/3 complex, and an adjacent
WH2 domain, which bind to G-actin, to stimulate Arp2/3 mediated nucleation (Figure
1.4). Activation of Arp2/3 by these proteins involves the formation of Arp2/3 complex-
NPF-G-actin complex (Welch and Mullins, 2002). Within the complex, interaction
between the Arp2/3 complex and the CA domain may cause a conformational change.
Nucleation could then be initiated through the presentation of G-actin by the WH2
domain of the NPFs (Robinson et al., 2001). Mammalian class I NPFs include Wiskott
Aldrich Syndrome protein (WASP), neural-WASP (N-WASP), WASP family verprolin
homologue (WAVE/SCAR) 1-3, WASP and SCAR homologue (WASH), WASP
homologue associated with actin, membranes and microtubules (WHAMM) and junction-

mediating regulatory protein (JMY). These NPFs have diverse N-terminus sequences.

Class II NPFs, which includes cortactin and hematopoietic-specific protein 1 (HS1),
possess acidic peptides at the N-termini that bind to Arp2/3, proline rich domains (PRDs)
containing phosphorylation sites, SH3 domains that interact with proteins like N-WASP

and repetitive sequences that bind to F-actin instead of G-actin (Campellone and Welch,
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2010). It is hypothesized that the binding of the acidic peptides to the Arp2/3 complex
may cause a conformational change that facilitates the binding of an existing filament,
leading to activation of the Arp2/3 complex (Welch and Mullins, 2002)(Figure 1.4).
Class II NPFs are weaker Arp2/3 activators compared to class I NPFs, however, cortactin
can enhance Arp2/3 activation by N-WASP (Martinez-Quiles et al., 2004). Figure 1.5

shows schematic representations of the two classes of mammalian NPFs.

NPF class |
Actin polymerisation
NPF class Il

- .

Actin polymerisation

Figure 1.4 Schematic Figure showing the difference in association of Class I and II NPFs with the
Arp2/3 complex. Class I NPFs utilize a CA domain, which binds to the Arp2/3 complex, and a WH2 (VH)
domain which bind to G-actin to stimulate actin polymerisation. Class II NPFs utilize the acidic peptides at
the N-terminus to bind to the Arp2/3 complex, which causes a conformational change that facilitates the
binding of an existing filament to the repetitive sequences, leading to actin polymerisation.
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Figure 1.5 Class I and II NPFs. Adapted from (Campellone and Welch, 2010).
Class I NPFs contain WCA domains that bind to Arp2/3 complex and G-actin. Class II NPFs contain N-
terminal acidic domains that bind ARP2/3 and central F-actin-binding repeats.

1.4 Wiskott Aldrich Syndrome (WAS)

One of the best characterized members of the class I NPFs is the Wiskott Aldrich
Syndrome protein (WASP). WASP was identified as the protein mutated in Wiskott
Aldrich syndrome and the gene was mapped to chromosome region Xp11.23 (Derry et al.,
1994) and isolated by positional cloning. Since then, many reports showed several
clinical phenotypes such as X-linked thrombocytopenia (XLT) and X-linked severe
congenital neutropenia (XLN) (Devriendt et al., 2001; Villa et al., 1995) are associated
with the missense mutations in different regions of this gene. The classic Wiskott Aldrich
Syndrome (WAS) occurs at an incidence of between one and ten in a million individuals
and is an X-linked recessive disorder. It is characterized by thrombocytopenia, eczema
and immunodeficiencies (Ochs and Thrasher, 2006). Patients frequently suffer from
recurrent infections, autoimmune diseases and hemorrhages (Thrasher, 2002). The
severity of the disease is largely dependent on the mutation and resulting effect on the
expression of WASP. Currently, the only curative treatment is hematopoietic stem cell
transplantation where a related human leukoctye antigen-identical donor is needed to

prevent higher rates of survival for the patients. Another fast emerging therapy that is still
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undergoing trials is using the autologous gene therapy (Thrasher, 2009). Gene-corrected
hematopoietic stem cells from the patients are transplanted back to themselves, avoiding

rejection like in the case of mis-match donors.

1.5 Wiskott Aldrich Syndrome protein (WASP)

The Wiskott Aldrich Syndrome protein (WASP) belongs to the WASP/WAVE family of
proteins which include N-WASP (neural-WASP) (Miki et al., 1996) and SCAR/WAVEI-
3 (Suppressor of cAMP receptor/WASP-family verprolin homologous proteins) (Miki et
al., 1998; Suetsugu et al., 1999). WASP is a 502- residue protein and has 1506 nucleotide
residues. It is expressed predominantly in hematopoietic cells unlike N-WASP and
SCAR/WAVE 1-3, which are expressed ubiquitously. The differences in expression
patterns could be because of the different roles played by WASP and N-WASP in the cell
types they are expressed in. WASP” mice showed defects in T-cell activation and while
N-WASP” was an embryonic lethal mutation (Miki and Takenawa, 2003). Together with
other studies, this indicates that WASP is crucial for hematopoietic cell functions while
N-WASP is important for many cell types due to the ubiquitous expression (Miki and

Takenawa, 2003; Snapper et al., 2001; Thrasher and Burns, 2010).

The five members of the WASP family (WASP, N-WASP, SCAR/WAVEI1-3) share
three common domains at the carboxy terminus; the verprolin homology (VH), cofilin
homology (CH) and acidic region (AR). Collectively, these independent domains form
the VCA module which is necessary for the activation of Arp2/3 dependent actin

polymerization (Panchal et al., 2003). The WASP family proteins also share the basic
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region (BR) and proline rich region (PRR) which are upstream of the VCA module. In
addition, WASP and N-WASP possess a central GTPase binding domain (GBD) and a
WASP homology domain 1/ Ena-VASP homology domain 1 / Pleckstrin homology

(WHI1/EVH1/PH) at the N-terminus (Callebaut et al., 1998) (Figure 1.6).

R
WAVE/SCAR 1-3 BH PRR | vH]—{ cH

NVWASP

Figure 1.6 Schematic diagram illustrating the common domains shared by the WASP family of
proteins. PH/WHI1/EVHI1: PH/WASP homology domain 1/ Ena-VASP homology domainl; BR: Basic
Region; GBD: GTPase Binding Domain; PRR: Proline Rich Region; VH: Verprolin homology; CH:
Cofilin homology; AR: Acidic Region.

The WHI1 domain of WASP has been found to be structurally related to Ena/VASP
homology (EVH1) domains in proteins like Ena/Mena and VASP (Vasodilator-
stimulated phosphoprotein) (Figure 1.7) and has been found to bind to proline-rich motifs
such as those found in the C-terminus of WASP-interacting protein (WIP), WIP related
(WIRE) and glucocorticoid-regulated gene product (CR16) (Aspenstrom, 2002; Ho et al.,
2001; Ramesh et al., 1997). Small GTPases like Cdc42 have also been shown to interact
with WASP and mediate effects on actin cytoskeletal rearrangement by binding to the
GBD region (Badour et al., 2003). The proline rich region of WASP encompasses several
consecutive proline residues and PXXP motifs (where X can be any residue) that allows
for binding of SH3 domain in effectors like Nonbinding catalytic region of tyrosine

kinase (Nck), Growth Factor Receptor-Bound Protein 2 (Grb2) and WASP-interacting
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SH3 Protein (WISH) (Badour et al., 2003). The V domain in the VCA region binds to an
actin monomer while the CA domain binds to Arp2/3 complex. Upon the assembly of
three actin monomers, in which two actin related molecules are from the Arp2/3 complex,

actin polymerization can be initiated (Machesky and Insall, 1998).
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Figure 1.7 Sequence alignment of EVH1 domains from Mena, VASP, Ena and WH1 domain from
WASP. Adapted from (Fedorov et al., 1999) Residues highlighted in red are the three fully conserved
aromatics in the Ena/VASP and WASP WH1 domains that contact the proline-rich core of the peptide, as
well as the four hydrophilic residues in the Ena/VASP family that form the binding pocket for Phe 1003.
Residues highlighted in yellow are residues that contribute to the hydrophobic core in the EVH1 domains.

1.6 Regulation of WASP

The functional domains of WASP enables its interaction with numerous cytoplasmic
molecules, resulting in successful integration of extracellular signals and activation of the
Arp2/3 complex allowing reorganization of the actin cytoskeleton (Thrasher, 2002).
WASP has been shown to adopt a closed conformation in which an autoinhibitory loop is
formed through the binding of the VCA domain to the upstream BR domain. This
prevents the VCA domain from interacting with actin monomers as well as the Arp2/3

complex (Kim et al., 2000) (Figure 1.8).
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Figure 1.8 Schematic diagram showing functional domains of WASP and its conformation in
presence of different regulators.

When WASP is in the closed conformation, an autoinhibitory loop is formed through interaction of the
VCA and BR-GBD domains. Cdc42 activates WASP and dissociates the autoinhibitory loop, allowing the
binding of G-actin and Arp2/3 complex resulting in actin polymerization.

The interaction of GTP-loaded Cdc42 with the GBD domain of WASP is postulated to be
one of the mechanisms of WASP activation. The resulting dissociation of the
autoinhibitory loop can facilitate the interaction and activation of the Arp2/3 complex
(Imai et al., 2003a). Cdc42 is a member of the Rho family of GTPase that is known to
regulate the formation of filopodia, cell-substrate adhesion and chemotaxis (Jaffe and
Hall, 2005). However, recent studies showed that Cdc42 alone is insufficient for the
activation of WASP. Transducer of Cdc42-dependent actin assembly (Tocal) is found to
be required for Cdc42-dependent actin polymerization (Ho et al., 2004). Other regulators
of WASP include SH3 domain-containing proteins that interact with the PRR domain of
WASP. One such adaptor protein, Nck has been shown to be able to promote actin

nucleation in presence of N-WASP and Arp2/3 complex (Rohatgi et al., 2001).
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Phosphatidylinositol-4,5-bi phosphate (PtdIns(4,5)P,) may cooperatively activate WASP
and N-WASP together with Nck to regulate actin polymerization (Rivera et al., 2009).
Dimerisation of WASP has also been shown to increase the affinity of WASP for the
Arp2/3 complex, significantly enhancing actin assembly, adding another level of
regulation (Padrick et al., 2008). Two other mechanisms of WASP activation include
tyrosine phosphorylation on Y291 residue and the regulation of WASP degradation.
Because of the similar structure, domains and biochemical interactions between WASP
and N-WASP, many experimental findings from N-WASP have been extrapolated to

WASP.

1.7 The Verprolin family of proteins

The human verprolin family of proteins, consisting of WASP-interacting protein (WIP),
Glucocorticoid-regulated gene product (CR16) and WIP-related (WIRE), have been
shown to be involved in the regulation of actin cytoskeleton. The effects of the verprolins
are primarily mediated by the WASP family of proteins (Aspenstrom, 2005). WIP and
WIRE are expressed ubiquitously while the expression of CR16 is restricted to the brain,
heart, lung and colon (Aspenstrom, 2002; Kato et al., 2002; Ramesh et al., 1997; Weiler
et al., 1996). The verprolins are proline-rich proteins with N-terminal proline-rich motifs,
XPPPPP (where X can be Ala, Leu, Ser or Gly) that has been implicated in the binding to
profilin (Holt and Koffer, 2001; Purich and Southwick, 1997). The proline-rich motifs
can also bind to SH3 domains. WIP and WIRE have been reported to bind to SH3
domains-containing proteins like Nck and cortactin (Anton et al., 1998; Aspenstrom,

2002; Kinley et al., 2003). Additionally, these verprolins contain WASP homology 2
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(WH2) motifs at the N-terminus and a C-terminal WASP binding domain (WBD). In
verprolin WH2 motif 1, a consensus sequence RXALLXdAIXkGXKLkK (The capital
letters denote identical amino-acid residues and the lowercase letters denote conserved
amino acid replacements or the amino acid residue found predominantly in the position,
observed after alignment of WH2 domain of verprolins from different species) is found

where kLkK is essential for the binding of verprolins to actin (Aspenstrom, 2005).

WIP is a cytosolic protein that is expressed in many tissues particularly in lymphoid
tissues (Ramesh et al., 1997). Interaction between WIP and WASP is mediated through
WASP binding domain (WBD) at the C-terminus of WIP and to the WHI1 domain of
WASP (Chou et al., 2006). Approximately eighty percent of mutations of WASP in
Wiskott Aldrich syndrome patients are in the WH1 domain (Imai et al., 2003a) and some
of these mutations have been shown to abolish the interactions between WASP and WIP
(Stewart et al., 1999). This suggests the importance of the interaction of the WH1 domain
of WASP with WIP, for WASP activity. However, it has also been proposed that the
binding of WIP to WASP stabilizes the inactive conformation of WASP (Martinez-

Quiles et al., 2001).

1.8 Physiological role of WASP

WASP is expressed in all hematopoietic cell lineages. In order to study the functional
importance of WASP, WASP-deficient mice have been generated by several groups to
study the development of hematopoietic cells and the function of WASP in the various

immune cells (Snapper et al., 1998; Zhang et al., 1999).
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1.8.1 Function of WASP in lymphoid development

Development of the early progenitors of several hematopoietic cell lineages appears to be
normal in WASP-deficient mice (Cotta-de-Almeida et al., 2007; Meyer-Bahlburg et al.,
2008; Snapper et al., 1998; Zhang et al., 1999). Also, there are no consistent defects
observed in the hematopoiesis in humans. This may be due to the presence of other
WASP family members that result in the redundancy and compensation in the absence of
WASP (Cotta-de-Almeida et al., 2007). However, development of mature differentiated
WASP-deficient hematopoietic cells is impaired. T cells numbers are reduced in the
thymus of WASP-deficient mice as maturation is altered from the double positive
thymocytes stage onwards. Reduction of peripheral T lymphocytes was also observed
(Zhang et al., 1999). B cell development, on the other hand, appears to be normal as
numbers of splenic and bone marrow B cells populations are comparable between the
WT and WAS™ mice. However, similar to the T cells, peripheral B cell populations are
significantly reduced (Zhang et al., 1999). Further studies need to be done to investigate

the effects of WASP on the different subsets of B cells.

Somatic mosiacism has been found in Wiskott Aldrich Syndrome patients, in which
reversion mutations restore the expression of WASP, indicating that there is a selective
advantage for cells that express WASP in humans. However, this occurs only in mature
lymphocytes like T cells, B cells and natural killer (NK) cells but not for cells of myeloid

lineages (Ariga et al., 2001; Davis and Candotti, 2009).
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1.8.2 Function of WASP in the adaptive immune system

The presence of WASP in all hematopoietic cells conveys the importance of WASP in
humoral and cellular immunity. Other than its effects on hematopoiesis, deficiency of
WASP also affects proper functions of these cells and directly impacts the efficiency of

the mounting of immune responses.

In WASP-deficient T cells, there is a marked reduction of response towards chemokines
(Snapper et al., 2005), resulting in impaired homing of T cells to secondary lymphoid
tissues (Gunn et al., 1999). This may also explain the reduction in numbers of peripheral
T cells. Deficiency of WASP also causes impaired actin polymerization and recruitment
of proteins to the immunological synapse upon stimulation of the T cell receptor (TCR)
(Sasahara et al., 2002). Proliferation and production of IL-2 upon TCR activation is
similarly impaired due to defective TCR signaling (Molina et al., 1993; Snapper et al.,
1998) as WASP functions as a scaffold protein within a signaling complex. Lentiviral
gene therapy, which restores WASP expression, has been shown to rescue the defects in
proliferation (Charrier et al., 2007). WASP may also have an indirect effect on the
transcription of genes in T cells as WASP-deficient T cells fail to produce cytokines upon

TCR activation (Morales-Tirado et al., 2004).

WASP deficiency causes selective subsets of mature B cells in the splenic marginal zone
to be significantly reduced (Meyer-Bahlburg et al., 2008). It may have resulted from
impaired homing of B cells or the retention of them in the marginal zone. This is evident

from a study that have shown that WASP-deficient B cells failed to respond to

20



sphingosine 1 phosphate which is involved in marginal zone homing (Meyer-Bahlburg et
al., 2008). Also, B cell retention in the marginal zone requires WASP, which enables
integrin clustering following B cell receptor (BCR) activation. Due to the latter reason,
WASP-deficient B cells have defects in immunological synapse formation. Thus, WASP

plays an important role in B cell homeostasis as well as humoral immunity.

1.8.3 Function of WASP in the innate immune system

The importance of WASP in phagocytosis has been verified by studies that showed
impaired phagocytosis in various cells of myeloid lineages that are deficient in WASP
(Leverrier et al., 2001; Lorenzi et al., 2000). During phagocytosis, WASP is required for
the formation of phagocytic cups that are enriched in actin (Tsuboi and Meerloo, 2007).
These structures undergo internalisation, allowing ingestion of extracellular particles,
forming phagosomes in the cell (Swanson, 2008). Defects in phagocytosis have been
discovered in macrophages, neutophils and dendritic cells (DCs) (Leverrier et al., 2001;

Westerberg et al., 2003; Zhang et al., 1999).

Human WASP-deficient macrophages and DCs fail to form podosomes as efficiently as
the WT cells (Burns et al., 2001). Podosomes are structures containing an actin core,
surrounded by focal adhesion proteins like vinculin, talin and paxillin (Thrasher and
Burns, 2010). The lack of podosomes in WASP deficient DCs and macrophages results in
a defect in the clustering of the B2 integrins (e.g. talin and paxillin), causing a decrease in
cell binding to ICAM-1 (Inter-cellular Adhesion molecule 1), a ligand for 2 integrins

(Burns et al., 2004). This suggests that WASP may play a crucial role in integrin
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clustering, allowing integrin activation in response to extracellular signals. Filopodia and
lamellipodia formation at the leading edges of these cells are defective, suggesting that
WASP and Cdc42 are in the same signaling pathway (Thrasher et al., 2000). Also,
macrophages and DCs lacking in WASP has impaired chemotatic response towards
specific chemoattractants, like macrophage chemoattractant CSF-1. Restoration of WASP
expression, however, rescued this defect (Jones et al., 2002). Impaired migration of these
cells is probably the cause of abnormal homing of WASP-deficient immune cells to
inflammatory sites and effective mounting of adaptive immune responses in secondary

lymphoid tissues (Thrasher and Burns, 2010).

1.9 Phosphorylation of WASP and its significance

Regulation of WASP activity by Cdc42 and SH3 domains containing proteins like Nck
has been well-characterised by many groups. In recent years, post-translational
modification of WASP has been discovered to play a crucial role in its regulation as well.
WASP has been found to be substrates of many kinases, including the Src family of
kinases like HCK (Cory et al., 2002b) and Fyn (Badour et al., 2004a) and Tec family
tyrosine kinases like Itk (Bunnell et al,, 1996) and BTK (Baba et al., 1999).
Phosphorylation of both serine (such as Ser483 and Ser484) and tyrosine residues (such
as Tyr291), have been reported on several distinct sites on WASP (Blundell et al., 2009;
Cory et al., 2003; Cory et al., 2002b). Using a phosphomimetic mutation and a non-
phosphorylatable mutation, by mutating Tyr to a negatively charged Glu residue (Y291E)
and mutating Tyr to Phe residue (Y291F) respectively, many groups have studied the

importance of phosphorylation in WASP. These mutations are useful as they only alter
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the charges on the residues but have no effect on the binding of other WASP interactors.
The Y291E mutation enhanced actin polymerization and filopodia formation in

macrophages when compared to WASP or WASPY*'*

, indicating that phosphorylation
regulates WASP positively (Cory et al., 2002b). Increased podosome assembly rate also
occurred when WASP"*'F was overexpressed (Dovas et al., 2009). In mice, Y293E
mutation (Y291 in human WASP) also enhanced actin polymerization. However, the in
vivo data showed that Y291E knockin mice shared many similar traits as WASP
knockout mice and Y291F knockin mice (Blundell et al., 2009). These data indicate that
tyrosine phosphorylation plays a critical role in the proper function of WASP. Also, the

expression levels of WASPY*'F

was markedly reduced but could be partially restored by
proteasome inhibitors treatment, suggesting that phosphorylation may target WASP for

degradation by proteasomes (Blundell et al., 2009).

Tyr291 residue lies in the GBD domain of WASP and when WASP is in the
autoinhibitory conformation, Tyr291 is located at the interface of two hydrophobic sheets
(Cory et al., 2002b). Introduction of a negatively charged group, like the phosphate
group, can destabilize the autoinhibited loop formed through the interaction of the BR-
GBD and VCA domain (Kim et al., 2000). This can possibly stabilize the open
conformation, exposing the VCA domain for Arp2/3 complex binding and thus, enhances

actin polymerization.

In view of the results obtained by these studies, a model has been proposed as to how

WASP is regulated in vivo. The binding of Cdc42 to WASP destabilizes the autoinhibited
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conformation, allowing kinases to gain access to the Tyr291 residue. Phosphorylation of
Tyr291 increases the instability of the contacts between the BR-GBD and VCA domains.
This in turn enhances the activation of the Arp2/3 complex, increasing actin
polymerization (Torres and Rosen, 2003, 2006). Additionally, the autoinhibited
conformation of phosphorylated WASP can be disrupted by the binding of SH2 domains
within the SH2-SH3 domains in the Src family kinases, leading to WASP activation
(Torres and Rosen, 2003, 2006). When Cdc42 signal is deactivated before the kinases,
WASP would return to the autoinhibited conformation. This denies the access of
phosphotases to Tyr291, allowing the retention of phosphorylation of WASP for longer
period of times. Subsequently, WASP can regain complete activation again via the
binding of Cdc42 without the presence of the kinases (Torres and Rosen, 2003). Figure
1.9 summarises the regulation of WASP by phosphorylation. However, there have been
contradictory findings in which Arp2/3 mediated actin polymerization by WASP after
phosphorylation by Fyn, can occur independent of Cdc42 (Badour et al., 2004a). It may

be because alternative pathways of activation of WASP exist.

The three mutations 1294T, L270P and S272P causes XLN (Ancliff et al., 2006; Beel et
al., 2009; Devriendt et al.,, 2001) and they are located closed to the site of
phosphorylation at Tyr291. Furthermore, the mutation L270P causes WASP to adopt a
constitutively open conformation (Devriendt et al., 2001). It would be interesting to study
whether these mutations can affect phosphorylation at Tyr291 and in turn contribute to

the pathology of XLN.
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Serine phosphorylation in WASP has also been reported in two sites, Ser 483 and Ser484
in the VCA domain, which is mediated by casein kinase II (Cory et al., 2003).
Phosphorylation of these two residues enhances the affinity of the VCA domain for
Arp2/3 complex and is required for optimal activity of WASP (Cory et al., 2003). The
role of phosphorylation of these two serine residues has not been well-characterised.
Further studies have to be done to elucidate the mechanism of how serine

phosphorylation regulates WASP activity.
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Figure 1.9 Regulation of WASP by phosphorylation. Adapted from (Dovas and Cox, 2010).

A) Recruitment of WASP, in the autoinhibited conformation, to the site of receptor signaling complex by
SH3 domains containing proteins.

B) Activation of WASP by Cdc42 and PIP; allows phosphorylation of WASP by kinases.

C) Phosphorylated WASP may undergo dephosphorylation via phosphotases to return to (A) where it can
be reactivated again or

D) It can be degraded by proteasomes

E) Termination of Cdc42 signal prior to the kinases allows the phosphorylation in WASP to be retained
where it can be reactivated again (F)

F) Further activation of WASP by SH2 domain containing proteins.

1.10 The Calpain family of proteases

The calpain family of proteases consists of a group of cysteine proteases that are calcium
dependent. Some of these proteases are ubiquitously expressed while the expressions of

others are tissue-specific. Calpains share a common structural domain, domain II, which
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can be further subdivided into Ila and IIb. This common element bears the catalytic triad
residues, Cys, which is on subdomain Ila, as well as His and Arg which are present on
subdomain IIb (Huang and Wang, 2001). It has been hypothesized that upon calcium
binding, conformational changes would bring subdomains Ila and IIb together to form a
catalytic pocket (Huang and Wang, 2001). Domain III is hypothesized to maintain the
inactive state of the catalytic core but can also stabilize the active form of it (Reverter et
al., 2001). Domain IV contains five sets of EF-hand structures and is responsible for
calcium binding (Saez et al., 2006) (Figure 1.10). Calpains are classified according to the
presence of the EF-hand module. Typical calpains contain the EF-hand domains while

atypical calpains do not.

The most well studied members of the calpain family are the p-calpain (calpain 1) and m-
calpain (calpain 2). Both members are among the classical or typical calpains have
different sensitivities to calcium. As indicated by their names, p-calpain is activated by
uM levels of calcium while m-calpain is activated by mM levels of calcium (Saez et al.,

20006).

The classical calpains have been associated with many diseases. Mutations in calpain-3
causes limb-girdle muscular dystrophy (Jia et al., 2001) and increased activity of calpain
2 causes cataracts due to enhanced cleavage of lens crystalline proteins (Biswas et al.,
2005). Expression of calpain is upregulated in many types of cancers like brain and breast

cancers causing the degradation of many cytoskeletal proteins like the WASP family of
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proteins, focal adhesion kinase (FAK), integrins and oncogenes eg. c-Fos, c-Jun (Saez et

al., 2006).
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Figure 1.10 Schematic diagram showing the domain structures of the members of the calpain family

of proteases. Adapted from (Huang and Wang, 2001).

1.10.1 Calpain and cell motility

Cell migration is a multi-step process which involves numerous proteins and complex

regulatory pathways (Ridley et al., 2003). The first step in cell migration is the

polarization of cells where several proteins are directed towards the leading edge where

formation of adhesion and protrusions occurs (Lauffenburger and Horwitz, 1996). Focal

complexes are first assembled and actin polymerization takes place where WASP/WAVE
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proteins regulate the formation of actin filaments (Welch and Mullins, 2002). Protrusions
are further stabilized by attachment of integrins and other proteins to the ECM (Geiger et
al., 2001), forming focal adhesions which anchor the cell more tightly . At the rear end of
the cell, adhesions are released, allowing the cell to move forward, completing the
migration process (Ridley et al., 2003). In dendritic cells (Calle et al., 2006a),
macrophages (Linder et al., 1999), and osteoclasts (Calle et al., 2004), podosomes are
formed, in addition to focal complexes and focal adhesions. Podosomes are made up of
an actin-rich core surrounded by proteins such as gelsolin, paxillin, vinculin, talin, WASP

and other adaptor proteins that are linked to integrins (Calle et al., 2006a).

Proper regulation of the cell migration process is required for immune responses and
pathological processes like metastasis of cancer cells. Calpain has been shown to be one
of the critical players taking part in the regulatory process. Proteolytic degradation of
cytoskeletal proteins, including filamins, vinculin, talin, cortactin and WASP family of
proteins by calpain is thought to regulate the assembly and disassembly of adhesion

structures (Lebart and Benyamin, 2006).

Expression of calpain is abundant in T cells and stimulation by phorbol ester or anti-CD3
increased the protein and mRNA levels (Deshpande et al., 1995). One study has shown
that calpain plays a central role in the clustering of LFA-1, facilitating the adhesion to
ICAM-1 (Stewart et al., 1998). LFA-1 associates with the cytoskeleton and it is likely
that calpain cleaves a key protein which releases LFA-1, allowing it to move in the

membrane (Kucik et al., 1996; Stewart et al., 1998).
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1.10.2 Regulation of WASP by calpain

Inhibition of calpain by peptide inhibitors has been shown to reduce the turnover rates of
podosomes and reduce the motility of dendritic cells (Calle et al., 2006b). Analysis of the
cleavage of WASP, which is a podosomal protein, by calpain revealed that calpain
inhibitors reduced the cleavage products of WASP (Calle et al., 2006b). This indicates
that WASP is a substrate for calpain in migrating dendritic cells. Furthermore, WASP has
been shown to be important for podosome formation through RNA1 studies (Olivier et al.,
2006). Loss of WASP expression abrogated podosome formation and increased the
formation of focal adhesions that lack WASP (Olivier et al., 2006). The cleavage
products of WASP have been suggested to also play a role in the formation of actin
filaments although the biological functions remain unknown (Calle et al., 2006b).

Localization of WASP is also found to be regulated by calpain (Calle et al., 2006b).

WASP and N-WASP appear to have differing sensitivities to calpain (Shcherbina et al.,
2001). N-WASP, unlike WASP is not cleaved by calpain (Shcherbina et al., 2001). Since
early stages of platelets activation remain normal in WASP-null platelets, it has been
postulated that N-WASP plays a major role in the organization of actin cytoskeleton in
the early events. Abnormal late-phase stages like aberrant regulation of calcium and
procalpain levels in WASP null platelets indicate that WASP may play a role in adhesion
and protrusion formation in response to changes in calpain levels (Shcherbina et al.,

2001).
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1.10.3 Role of WIP in the stability of WASP

WIP” dendritic cells (DCs) have similar phenotypes as WASP™" dendritic cells, both
display a lack of podosome formation and abnormal integrin clustering (Chou et al.,
2006). WIP"" DCs have decreased expression of WASP but not vice versa, suggesting
that WASP is protected from degradation by WIP. This may be due to the binding of
WASP binding domain of WIP to the WH1 domain of WASP, preventing the exposure of
the domain to proteases (Volkman et al., 2002). Further studies indicate that WIP protects
WASP from calpain cleavage as inhibition of calpain in WIP null DCs, B and T cells

resulted in the stabilization of WASP (Chou et al., 2006; de la Fuente et al., 2007).

1.10.4 Substrates of calpain

Calpain cleaves a wide diversity of proteins and these substrates include cytoskeletal
proteins, transcription factors, receptors and enzymes (Lebart and Benyamin, 2006;
Wang et al., 1989). Knowledge of substrate recognition and the determination of
cleavage sites by calpain is crucial in the understanding of the function of both calpain
and its substrates. Tompa and co-workers have compiled 106 substrate cleavage sites to
analyse the cleavage recognition by calpain (Tompa et al., 2004). They found that the
primary structure of the substrate is important around the scissile bond. Table 1 shows 11
residues, P4to P;’, that have been found around the scissile bond. In position Py, Tyr, Lys
and Arg occur at higher frequencies while Ser, Ala and Thr residues are preferred in
position P;’. However, it should be noted that other than the primary structure, calpain

also recognizes the secondary structure and PEST regions of the substrates.
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P, Py P, P, Py Py Py By Py Py’ Py

Trp 0.00 2847 0.00 0.00 0.00 0.00 3127 0.79 0.00 2.38% 0.79
Tyr 0.90 0.00 0.30 .80 0.00 0.30 0.60 0.60 181 1.52° 0.30
Phe 0.23 023 0.23 1.84 0.46 0.46 0.23 1.38 0.00 0.94 117
Leu 0.69 0.59 297 0.59 0.69 0.40 0.20 0.40 0.90 0.60 101
Ile 0.32 113 081 0.16 0.65 0.65" 0.97 0.33 0.33 0.33 0.99
Val 0.71 157 2.00° .14 0.71 0.71 0.57 168 1.01 118 0.29
Ala 111 0.74 012 0.26 1.73 1.36 0.99 100 0.76 0.588 0.88
Gly 0.69 0.83 0.14 124 0.69 124 0.55 1.25 153 0.84 1.26
Ser 1.20 1.60 0.93 .50 3.38 1.587 .50 108 1.88 136 149
Thr 2.03° 1.02 2.71° 1.86 1.86" 0.68 0.85 171 1.03 1.56 0.69
Pro 154 2.52° 0.77 0.58 0.19 2.89° 5.59™° 2.92%° 1.96 1.37 118
Asp 0.72 0.36 0.64 0.36 0.15 0.72 0.36 0.73 0.73 0.92 0.73
Glu 131 1.60 0.73 0.44 0.73 131 0.73 0.29 0.88 0.89 0.89
Gln 168 0.48 0.72 0.96 1.20 1.68 1.44 0.97 0458 122 0.73
Asn 108 0.65 1.30 0.65 0.43 0.66 0.656 163 1.76 0.588 0.66
Ly= 111 142 0.47 Z.847 111 142 142 0.96 0.96 0.81 145
Arg 145 1.09 0.36 2547 152 0.36 0.91 0.65 0.92 0.74 22900
His 168 0.54 0.00 126 0.42 0.42 0.584 0.85 0.85 0.85 0.85
Cys 0.00 0.00 1.796 0.00 0.00 0.58 0.00 0.68 118 257 0.00
Met 0.80 0.40 0.40 1.59 0.80 0.40 119 0.00 0.00 0.00 122

*Values exceeding 2.00 are in bold.
® Values corresponding to the consensus calpastatin inhibitory segment in positions P, '-P,’ (i.e. TIPPXYR) are underlined.

Table 1.1 Residues preferences of calpain near the cleavage site. Adapted from (Tompa et al., 2004).
Scores represent the frequency of amino acid occurring at each position around the cleavage site.

1.11 Objectives of project

The Wiskott Aldrich Syndrome (WAS) is a rare but fatal disease in which treatments,
other than bone marrow transplantation, are still poorly defined. Classic WAS is
characterized by thrombocytopenia, eczema and immunodeficiencies and current
therapies used are still not effective in lowering the mortality rates in WAS patients.
WAS is caused by mutations in the Wiskott Aldrich Syndrome protein (WASP), which is
found only in cells of hematopoietic lineage. Understanding the molecular basis of the

disease could aid in uncovering new methods to treat the disease.

WASP is known to adopt two different conformations; open or close, depending on the
interaction with various regulators. The Bi-molecular fluorescence complementation
assay is a simplified method of the FRET assay where complementation of the two halves
of YFP, that are fused to either of the two ends of WASP, will cause fluorescence of YFP.

I propose to adopt this assay to simplify the study of the conformation of WASP and the
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changes in its conformation upon interaction with various regulators. This assay will be
developed in the Saccharomyces cerevisiae to eliminate other mammalian regulators that
would otherwise affect the conformation of WASP. The verprolin family of proteins has
emerged as important regulators of the actin cytoskeleton and they mediate their effects
through the members of the WASP family. Other known activators of WASP including
Rho-GTPase Cdc42, Tocal and Nckl, could also potentially induce conformational
changes in WASP. The BiFC assay will be utilized to examine how their interactions

affect the conformation of WASP.

There are three mutations identified in WASP, in X-linked neutropenia patients, namely
WASP"" WASP**"*" and WASP'™*". These mutations have been reported to cause a
constituitively active WASP. Also, these mutations lie near the Tyr291 residue, which
has been shown to be crucial in the positive regulation of WASP activity and for optimal
activity in WASP through its phosphorylation. I hypothesize that the increase in activity
of these mutant WASPs is caused by dysregulation of phosphorylation levels. The
mutation WASP"*""" was selected to be used in the study of the role of phosphorylation
in XLN. A phosphomimetic mutation, Y291E and a non-phosphorylatable mutation,
Y291F, in the presence of L270P mutation will be used. I propose to use these mutations

L270P

to analyse how phosphorylation in WASP affects the motility of Jurkat T cells and

filopodia induction in fibroblasts, in order to characterize the XLN-causing mutation,

WASPL27OP.
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WASP degradation is another method in which WASP is regulated and WASP is known
to be a substrate of calpain. In order to analyse the importance of the effects exerted by
calpain on WASP, I propose to first generate a WASP mutant that is resistant to calpain
cleavage. Using this mutant, [ will examine if calpain proteolysis of WASP is important

for the chemotactic response and motility in Jurkat T cells.

Together, these findings will enable a deeper understanding of the functions of the
different domains of WASP. Also, the dynamics of WASP and its regulators, as well as
mechanisms of the regulation of WASP studied in this project can potentially aid in

uncovering new methods to treat the WAS, XLT and XLN
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2. Materials and Methods
2.1 Materials

2.1.1 Plasmids

The list of plasmids used are listed in Appendix 1.

2.1.2 Plasmid vectors

For DNA subcloning experiments, vectors pUC19 and pUC18 were used. Vector pGEX
was used for expression in the BL21 (DE3) strain of bacteria. For yeast two hybrid assays,
vectors pACT2 and pAS2-1 were used for the expression of Galdp Activation domain
and the Gal4p Binding domain respectively. Vectors YEplacl12, YEplac181 and
YEplac195, which contain different selective markers, were used to express proteins in S
Saccharomyces cerevisiae cells. For expression of proteins in mammalian cells, vectors
pFIV-H1/U6-copGFP and PEPCG were used. Table 2.1 summarized the commercial

vectors used and their applications.

Vector Resistant | Selective | Expression host Used in

gene marker
pGEX Amp - Bacteria Expression in bacteria cells
pUCI18 Amp - Bacteria DNA subcloning
pUCI19 Amp - Bacteria DNA subcloning
pACT2 Amp Leu Bacteria/Yeast Yeast two hybrid
pAS2-1 Amp Trp Bacteria/Yeast Yeast two hybrid
YEplacl12 Amp Trp Bacteria/Yeast Expression in yeast cells
YEplacl81 Amp Leu Bacteria/Yeast Expression in yeast cells
YEplac195 Amp Ura Bacteria/Yeast Expression in yeast cells
pcDNA 3.1 Amp - Bacteria/Mammalian | Expression in mammalian cells
pFIV-H1/U6 Amp - Bacteria/Mammalian | Expression in mammalian cells
PEPCG-CopNeo Kan - Bacteria/Mammalian | Expression in mammalian cells

Table 2.1. List of commercial vectors used.
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2.1.3 Bacterial strains

The bacterial strain, Escherichia coli (E. coli) DH5a, was used for plasmids amplification

and DNA subcloning. E. coli BL21 (DE3) strain was used for protein expression.

2.1.4 Yeast strains

Yeast strain PJ69 (Mat a his3 leu2 ura3 trpl gal 4 Agal80Amet2::GAL7-lacZ GAL2-

ADE2 LYS2::GALI-HIS3) used is described in (James et al., 1996). IDY 166 (Mat a his3

leu2 ura3 trpl las174::URA3 used is described in (Naqvi et al., 1998).

2.1.5 Mammalian cell lines

HEK 293T, Cos7, Jurkat (clone E6-1) were from American Type Culture Collection

(ATCC, USA). N-WASP deficient (N-WASP™") mouse embryonic 6TC fibroblast cell

line was a kind gift from Prof. Scott Snapper (Harvard Medical School, Boston, MA).

2.1.6 Antibodies

The antibodies used in this project are listed as follows:

Primary antibodies:

Antibody

Source

Anti-GFP mouse polyclonal antibody

Clontech Laboratories, Mountain View, CA,
USA

Anti-GAPDH mouse monoclonal antibody

Ambion, Austin, TX, USA

Anti-His rabbit polyclonal antibody

Delta biolabs, Gilroy, CA, USA

Anti-WASP rabbit polyclonal antibody

Kindly provided by A/Prof Thirumaran
Thanabalu

4G10

Upstate biotechnology, Lake placid, NY,USA

Table 2.2 List of primary antibodies used.
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Secondary antibodies:

Antibody Source
Anti-mouse [gG Sigma, St. Louis, Mo, USA
Anti-rabbit IgG Sigma, St. Louis, Mo, USA

Table 2.3 List of secondary antibodies used.

2.1.7 Bacterial and yeast culture media
2.1.7.1 Luria-Bertani (LB) broth

1% bacto-tryptone, 0.5% bacto-yeast extract and 0.5% NaCl was dissolved in distilled

water and autoclaved.

2.1.7.2 LB agar plates
2% of bacto-agar was added to LB broth and autoclaved. Medium was left at room
temperature to cool to below 60°C and 25 ml of medium was poured into each plate and

left to solidify.

2.1.7.3 YPUAD medium
2% of bacto-peptone, 1% of bacto-yeast extract, 0.008% of adenine hemisulphate and

0.004% of uracil were dissolved in distilled water and autoclaved.

2.1.7.4 YPUAD agar plates
2% of bacto-agar was added to YPUAD medium and autoclaved. Medium was left at
room temperature to cool to below 60°C and 25 ml of medium was poured into each plate

and left to solidify.
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2.1.7.5 SD medium
0.67% of Yeast Nitrogen base, 2% of Glucose and the different concentrations of the

dropout supplements as described in Table 2.4 were dissolved in distilled water and

autoclaved.
Supplements Amount in dropout Final working
powder (g) concentration (mg/L)
Adenine 2.5 40
L-arginine (HCI) 1.2 20
L-aspartic acid 6.0 100
L-glutamic acid (monosodium salt) | 6.0 100
L-histidine 1.2 20
L-isoleucine 1.8 30
L-leucine 3.6 60
L-lysine (mono-HCI) 1.8 30
L-methionine 1.2 20
L-phenylalanine 3.0 50
L-serine 22.5 375
L-threonine 12.0 200
L-tryptophan 24 40
L-tyrosine 1.8 30
L-valine 9.0 150
Uracil 1.2 20

Table 2.4 List of supplements used in the SD medium (Baker, 1993).

2.1.7.6 SD agar plates
2% of bacto-agar was added to SD medium and autoclaved. Medium was left at room
temperature to cool to below 60°C and 25 ml of medium was poured into each plate and

left to solidify.

For Yeast Two Hybrid assay, SD agar plates with 2 mM 3-AT but without histidine were
used. 3-AT (1M stock concentration dissolved in distilled water) was filter-sterilised and

added to SD medium without histidine to a final concentration of 2 mM. 2% of bacto-
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agar was added to the SD medium containing 2mM 3-AT but without histidine, and

autoclaved. Medium was left at room temperature to cool to below 60°C and 25 ml of

medium was poured into each plate and left to solidify.

2.1.8 Mammalian cell culture media

Cell lines Media

HEK 293T Dulbecco’s Minimal Eagles medium (DMEM)
- Hyclone (Thermo Scientific)

Cos 7 Roswell Park Memorial Institute medium

(RPMI-1640) — Hyclone (Thermo Scientific)

Jurkat (Clone E6-1)

Roswell Park Memorial Institute medium
(RPMI-1640) — Hyclone (Thermo Scientific)

N-WASP"™ mouse embryonic 6TC fibroblast

Dulbecco’s Minimal Eagles medium (DMEM)
— Hyclone (Thermo Scientific)

Table 2.5 List of cell lines and the respective media used.

Supplements/ Antibiotics

Source

Fetal Bovine serum (FBS)

Hyclone (Thermo Scientific)

Penicillin-streptomycin

Hyclone (Thermo Scientific)

Puromycin Sigma (USA)
Ionomycin Sigma (USA)
PMA Sigma (USA)
SDF-1a Sigma (USA)
G418 PAA Laboratories
Table 2.6 List of antibiotics used.

Disposables Source

Tissue Culture plates Iwaki or Nunc
Tissue Culture flasks Corning or TPP
Pipettes Costar

Table 2.7 List of disposables used.
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2.1.9 Enzymes and Kits

The restriction endonucleases obtained from Fermentas (Hanover, MD, USA) or New
England Biolabs (NEB) (Ipswich, MA, USA) and T4 DNA ligase and buffer from
Fermentas (Hanover, MD, USA) were used for DNA subcloning. For site directed
mutagenesis (SDM) experiments, QuikChange Site-Directed Mutagenesis kit was
purchased from Stratagene (La Jolla, CA, USA). For isolation of plasmid DNA from E.
coli cells, QIAprep Spin Miniprep Kit (Qiagen) (Valencia, CA, USA) was used while for
the isolation of RNA from mammalian cells, RNAeasy Minikit (Qiagen) was used.
QIAquick Gel extraction Kit (Qiagen) was used to extract DNA from agarose gels. The
Bradford assay (Bio-Rad DC protein assays) used for measuring protein concentration
was purchased from Bio-Rad (Hercules, CA, USA). The kits used for developing in
Western blot include Millipore Immobilon Western (Millipore Corp, Billerica, MA,USA)
and Amersham ECL Plus (GE healthcare, Buckinghamshire, UK). The Microporation kit
and instrument used for Jurkat microporation was purchased from Digital Bio

Technology (Digitalbiotechnology, Seoul, South Korea).

2.1.10 Polymerase chain reaction (PCR)

DNA polymerase KAPA HiFi from KAPA biosystems (Woburn, MA, USA) or DNA
polymerase from BIOTOOLS (Madrid, Spain) were used. dNTPs (dTTP, dATP, dGTP

and dCTP) mixtures were obtained from Invitrogen (Carlsbad, CA, USA).
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2.1.11 Chemicals and reagents

2.1.11.1 DNA work
DNA loading ladder and 6X DNA loading buffer were obtained from NEB (Ipswich, MA,
USA). Ampicillin and Kanamycin used in selective plates and medium were purchased

from Sigma-Aldrich (St. Louis, Mo, USA).

2.1.11.2 Protein work

Phenylmethylsulfonyl fluoride (PMSF), 1, 4-Dithiothreitol (DTT) and protease inhibitors
complete-mini protease tablets used in cell lysis were bought from Roche (Indianapolis,
IN, USA). Protein molecular weight marker, Dual Color was purchased from Bio-Rad

Laboratories (Hercules, CA, USA) and nitrocellulose membrane used for Western blot

was obtained from Bio-Rad (Hercules, CA, USA).

2.1.11.3 Others
For actin staining in fibroblasts, Alexa-488-conjugated phalloidin from Molecular Probes
(Eugene, OR, USA) was used. The rest of the chemicals used were purchased from

Sigma Aldrich (St. Louis, Mo, USA) and were of analytical grade.

2.1.12 General buffers and solutions

2.1.12.1 DNA subcloning experiments

2.1.12.1.1 50X Tris-acetate-EDTA (TAE)
® 242 gof Tris base
® 57.1 ml of glacial acetic acid

®* 100ml of 0.5 M EDTA (pH 8.0)
* Deionised water (topped up to 1 litre)
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2.1.12.1.2 Agarose gel

1% agarose was added in 1 X TAE buffer (diluted from 50X TAE in deionised water)

and microwaved till agarose dissolved.

2.1.12.2 Western blots
2.1.12.2.1 10% SDS

10 g of SDS was dissolved in 10 ml of deionised water.

2.1.12.2.2 10% Ammonium persulphate

1 g of ammonium persulphate was dissolved in 10 ml of deionised water.

2.1.12.2.3 5X Tris-glycine electrophoresis buffer

* 15.1g of Tris

* 94 gof glycine

* 5gofSDS

* Deionised water (topped up to 1 litre)

2.1.12.2.4 Transfer buffer

e 7.57g of Tris

¢ 36.1g of Glycine

* 0.625g of SDS

* Deionised water (topped up to 1 litre)

2.1.12.2.5 2X SDS-PAGE gel-loading buffer

* 100 mM Tris-HCI (pH 6.8)
* 200 mM dithiothreitol

* 4% SDS

* 0.2% Bromophenol blue

*  20% glycerol
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2.1.12.2.6 1M Tris buffer
121.12 g of Tris was dissolved in 1 litre of deionised water and the pH of the solution

was adjusted to 8.0 using HCI.

2.1.12.2.7 SM NaCl

292 g of NaCl was dissolved in 1 litre of deionised water.

2.1.12.2.8 1X Tris buffered saline (TBS)
* 10ml 1M Tris
*  30ml 5M NaCl
*  0.05% Triton X-100
* Deionised water (topped up to 1litre)
2.1.12.2.9 Blocking solution
5%, 3% or 1% of non-fat milk powder was dissolved in 1X Phosphate buffered saline to

make the blocking solution. For western blot detecting phospho-proteins, 5% of Bovine

serum albumin (BSA) was dissolved in 1X TBS.

2.1.12.2.10 Wash solution
To make the wash solution, 5 ml of 10% Triton-X was added to 995ml of 1X Phosphate

buffered saline. For western blot detecting phospho-proteins, 1X TBS was used.

2.1.12.3 Gel staining

2.1.12.3.1 SDS PAGE gel destaining solution
*  Methanol
* Deionised water

* glacial acetic acid
mixed in the ratio of 450:450:100
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2.1.12.3.2 SDS PAGE gel staining solution

0.25 g of Brilliant Blue R-250 was dissolved in 100 ml of destaining solution.

2.1.13 Yeast reagents

2.1.13.1 10X LiAc

1 M lithium acetate solution was prepared in deionised water.

2.1.13.2 20% Tri-Chloro Acetic Acid (TCA)

20 g of TCA was dissolved in 100 ml of sterile deionized water.

2.1.13.3 50% PEG 3350

50 g of PEG 3350 was dissolved in 100 ml of sterile deionized water.

2.1.13.4 Loading dye (Urea buffer)
e 8 M Urea
* 50 mM Tris, pH 6.8

* 2% SDS
* 0.04% Bromophenol

2.1.14 His tag pull-down assay

2.1.14.1 Equilibration buffer for Ni-NTA beads

1. 50mM Tris(pH 8)
2. 100mM NaCl
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2.1.14.2 Lysis Buffer (pull-down assay)

*  50mM Tris (pH 8)

¢ 100mM NaCl

The following was added fresh (to equilibration buffer),
* 5% NP40 (50ul in 1ml)

¢ 200mM PMSF stock(5 ul in 1ml)

¢ protease inhibitor stock (5ul in 100 ul)

2.1.14.3 Elution Buffer for Ni-NTA beads

*  50mM Tris (pH 8)
¢ 100mM NaCl

(varying concentrations of imidazole was added to the equilibration buffer)

10mM Imidazole
25mM Imidazole
50mM

100mM

150mM

250mM

500mM

1M mM

TommoOwe

2.1.15 Tissue culture

2.1.15.1 Freezing media
The freezing media was prepared by adding 10% of dimethyl sulfoxide (DMSO) in FBS

and was filter sterilized through a 0.2um filter.

2.1.15.2 Lysis buffer

* 50 mM Tris—HCI, pH 7.5, e ImM phenylmethylsulfonyl
* 200 mM NaCl, fluoride (PMSF),

* 1% Triton X-100, * protease  inhibitor  cocktail
* 0.1% SDS, containing 10 pg/ml of leupeptin,

* 0.5% sodium deoxycholate, pepstatin, and aprotinin each.

¢ 10% glycerol,
e 1 mMEDTA,
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2.1.15.3 Transfection reagent

A 25% solution of Polyethyleneimine PEI (branched) (Sigma, St. Louis, Mo, USA) was
prepared in deionised water. The 25% solution was then diluted to give a 10X solution by
adding 0.9ml in 50ml of deionised water. The 10X solution was then filter sterilized

through a 0.2yl filter.

2.2 Methods

2.2.1 Escherichia coli cells
2.2.1.1 Growth conditions and maintenance of E. coli cells

E. coli was either cultured in LB broth or maintained on LB agar plates at 37°C. E. coli
transformed with plasmids containing ampicillin or kanamycin selection marker were
cultured in LB-broth or grown on LB agar plates supplemented with 75 pg/ml ampicillin

or kanamycin.

2.2.1.2 E. coli glycerol stocks preparation
A single colony of E. coli was inoculated in 5 ml of LB broth and grown until log phase.
800 ul of the bacterial culture was aliquoted out and added to 200 pl of 80% glycerol.

The mixture was stored in a cryo-vial at -80°C.

2.2.1.3 Competent E. coli cells preparation
Competent E. coli cells were prepared using the CaCl, method. A single colony of E. coli
was inoculated in 5 ml of LB broth and grown (incubated with shaking) overnight at

37°C. The bacterial culture was diluted to an ODgyy of 0.01 in 200 ml of LB broth the

46



next day and grown (incubated with shaking) to an ODggg of 0.4 at 37°C. The cells were
spun down at a speed of 4470 g at 4°C for 15 minutes. After decanting the supernatant,
the pellet was resuspended in 100ml of ice-cold 100mM MgCl, that has been sterile
filtered. The cells were spun down again at a speed of 4470 g at 4°C for 15 minutes. After
decanting, the cell pellet was resuspended in 10 ml of ice-cold 100 mM CacCl, that has
been sterile filtered. Cells were incubated in CaCl, on ice for 1-2 hours to become
transformation competent. 5 ml of sterile ice-cold 75% glycerol was added to the cell
suspension and mixed briefly. The cell suspension was aliquoted out in eppendorf tubes

and froze in liquid nitrogen immediately. They were stored at -80 °C until further use.

2.2.1.4 Transformation of E. coli cells

Frozen competent cells in eppendorf tubes were first thawed on ice. For DNA
amplification, 1 pl of DNA was added to 50 ul of competent cells. For subcloning of
plasmids, 1 pl of DNA was added to 100 pl of competent cells. The tubes were incubated
on ice for 20 minutes and heated at 42°C in a water bath for 90 seconds. They were then
placed on ice immediately for 5 minutes. Cells were plated on LB agar plates containing

the selective antibiotic and incubated at 37°C overnight.

2.2.1.5 Plasmid DNA isolation from E. coli cells
A single colony of E. coli was inoculated in 5 ml of LB broth containing selective
antibiotic and grown (incubated with shaking) at 37°C overnight. The cells were spun

down at 4470 g at 4°C for 5 minutes. Isolation of plasmid DNA from the cells was
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carried out using the Miniprep kit, according to the instructions given in the

manufacturer’s manual.

2.2.2 Saccharomyces cerevisiae cells

2.2.2.1 Growth conditions and maintenance of S. cerevisiae cells
S. cerevisiae cells were either cultured in YPUAD or maintained on YPUAD agar plates
at 30°C. S. cerevisiae cells transformed with plasmids containing selection markers were

cultured in Synthetic Defined (SD) or grown on SD agar plates at 30°C.

2.2.2.2 S. cerevisiae glycerol stocks preparation
A single colony of S. cerevisiae was streaked on a YPUAD agar plate and grown at 30°C
for 3 to 4 days. A loopful of cells was inoculated in a cryo-vial containing 500 pl of

YPUAD and 20% glycerol. The cells were then stored at -80°C.

2.2.2.3 Transformation of S. cerevisiae cells

Transformation of S. cerevisiae cells were performed using the lithium acetate protocol
(Thanabalu and Munn, 2001). A loopful of cells was inoculated in 25ml of YPUAD and
grown (incubate with shaking) overnight at 30°C. The culture was diluted to an ODggo of
0.2 in 25 ml of LB broth the next day and grown (incubated with shaking) to an ODgg of
0.8 at 30°C. The cells were spun down at a speed of 1000 g at room temperature (RT) for
5 minutes. After decanting the supernatant, the cell pellet was washed once with
deionised water. The cells were spun down at 1000 g at RT for 5 minutes and the

supernatant was decanted. The cell pellet was resuspended in 500 pl of 100 mM (1X)
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Lithium acetate (LiAc) and transferred to an eppendorf tube. The cells were spun at
14,300 g for 15s and LiAc was removed. Cells were resuspended with 250 pl of 100 mM
LiAc. The cell suspension was vortexed and 50 pl of cell suspension was aliquoted into
each tube. The cells were spun down at 14,300 g for 30s and LiAc was removed again.
Each tube of cells was added with 240 ul of 50 % PEG, 36 pl of 1 M (10X) LiAc, 5 pl of
sonicated salmon sperm DNA, 1 pl of plasmid DNA containing selection marker and 74
ul of deionised water. The control tube was added with 75 pl of deionised water without
plasmid DNA. The tubes were vortexed for 1 minute and incubated at RT for 30 mins.
After incubation, cells were heat-shocked in the waterbath at 42°C for 20 mins and spun
down at 3332g for 15 s. The supernatant was discarded and 200 pl of deionised water
was added into each tube. 100 pl of the cells were plated in the selective SD plates and

grown at 30°C for 3-4 days.

2.2.2.4 Yeast two hybrid assay

The yeast two hybrid assay was used to identify protein-protein interaction. Proteins,
whose interactions were to be verified, were cloned into these two plasmids, pAS2-1 or
pACT2 which contain Gal4 Binding domain and Gal4 Activation domain respectively.
The interaction of the proteins would bring the binding domain and the activation domain

in close proximity and drive the transcription of the reporter gene, HIS3.

S. cerevisiae strain PJ69-4A was first transformed with bait plasmid pAS2-1 and prey

plasmid pACT2, with proteins of interest cloned in, and grown on SD plates lacking Trp

and Leu. Patching of the transformed S. cerevisiae cells were done on 2 different plates,
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SD plates lacking Trp and Leu as a control and SD plates lacking Trp, Leu, His and
supplemented with 2 mM 3AT to check for the interactions between the proteins. 3AT act

as an inhibitor for non-specific activation of the transcription of the reporter genes.

2.2.2.5 Yeast cell lysis

A loopful of cells was inoculated in 25ml of YPUAD and grown (incubate with shaking)
overnight at 30°C. The culture was diluted to an ODggp of 0.2 in 25 ml of LB broth the
next day and grown (incubated with shaking) to an ODggg of 0.8 at 30°C. ODggo of 7 units
of cells were harvested by centrifugation of the cells at 4470 g for 5 minutes at RT. The
supernatant was decanted and the cell pellet was washed once with deionised water. The
cells were spun down at 4470 g at RT for 5 minutes and the supernatant was discarded.
The cell pellet was resuspended in 1 ml of 1X PBS and transferred to an eppendorf tube.
The cells were spun at 14,300 g for 30s and PBS was removed. The cell pellet was
resuspended with 240 pl mixture containing 1.85 M NaOH and 1.06 M f-
mercaptoethanol and incubated on ice for 10 mins. An equal volume of 20% of TCA was
added to the tube and was incubated on ice for an additional 10 mins. The resulting pellet
was obtained by centrifuging at 14,300 g for 10 mins and was washed in ice-cold acetone
and spun at 14,300 g for 10 mins. The pellet was then resuspended in 100 pl of loading
dye (urea buffer). 15 pl of sample was loaded in SDS-PAGE gel when Western blot

analysis was required.
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2.2.2.6 Fluorescence visualisation

Cells were grown to exponential phase and were harvested. They were washed twice with
PBS, resuspended in PBS and applied to a microscope slide. Fluorescence imaging was
performed using an Olympus microscope with CoolSNAPHQ camera (Roper Scientific).

Fluorescence intensities of 100 cells were quantified using the metamorph software.

2.2.3 Mammalian cell culture

2.2.3.1 Growth and maintenance of mammalian cells

HEK 293T and N-WASP deficient (N-WASP™") mouse embryonic 6TC fibroblast cell
line were maintained in DMEM and 10% FBS, supplemented with penicillin-
streptomycin. Cos7 and Jurkat (clone E6-1) cells were maintained in RPMI and 10% FBS,

supplemented with penicillin-streptomycin.

The cells were cultured at 37°C in a 5% CO, incubator. HEK 293T, N-WASP”
fibroblasts and Cos7 cells were trypsinised and split once every 2-3 days at 1:7 dilution
when they become confluent. Jurkat cells were split once every 2-3 days. Splitting was
done by centrifuging the cell culture at 400 g for 4 mins and the old growth media was
discarded. 10ml of fresh media was added to the cell pellet to resuspend the cells. 2 ml of

the Jurkat cell suspension was added to a new dish that contains 8 ml of media.

For stable WASP expression, Jurkat cells were microporated with WASP constructs and
selected with 2mg/ml G418 after 2 days. Media with G418 was changed once every 2 to

3 days for a week until WASP was stably expressed in the cells.
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2.2.3.2 Preparation of mammalian cell stocks

For adherent cells, cells were first trypsinised and then resuspended in the appropriate
growth media. For both the adherent and suspension cells, the number of cells and cell
viability were determined using the hemacytometer, cell counter and Trypan Blue
exclusion. 5 x 10° to 1 x 107 cells (per ml of freezing medium) were spun down at 400 g
at 4 mins. The supernatant was discarded and the cell pellet was resuspended with cold
freezing medium. The cell suspension was then aliquoted into cryogenic storage vials and
stored at -80°C in an isopropanol cryobox, that has a controlled freezing rate, overnight.

The frozen cells were transferred to liquid nitrogen tank.

2.2.3.3 Transfection of adherent mammalian cells

HEK 293T, N-WASP™" fibroblasts and Cos7 cells were grown in 6-well plates or seeded
in coverslips in the 6-well plates to 80% confluency for one day before transfection.
3.5ug of DNA was added to 15ul of serum-free medium (SFM). The mixture was then
added to 1.3 pl of PEI and 98.7ul of SFM and resuspended. The mixture was allowed to
stand for 1 hr at RT. The old growth media was discarded and replaced with new
complete growth media. When the morphology of the cells has reverted to the normal
state, the reaction mixture was added dropwise onto the cells. The cells were incubated
for 12 hrs at 37°C in the humidified chamber before changing the media to new growth
media. After 36 hrs of incubation at 37 °C in a 5% CO,-humidified incubator, cells were

ready for further analysis.
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2.2.3.4 Microporation of Jurkat cells

Jurkat cells were resuspended in new growth media a day before microporation. The
number of cells and cell viability were determined using the hemacytometer, cell counter
and Trypan Blue exclusion. 5 x 10° cells were spun down at 400 g at 4 mins. The
supernatant was discarded and the cell pellet was resuspended in 100ul of Resuspension
buffer R and 10pg of DNA. Microporation was performed at RT, at 1500 voltage, 10ms
and 3 pulses. After which, cells were distributed into 6-well plates containing 3 ml of
growth media and incubated at 37 °C in a 5% CO;-humidified incubator. After 36 hrs of

incubation, cells were ready for further analysis.

2.2.3.5 Ionomycin treatment of HEK 293T cells

HEK 293T cells were transfected according to Methods 2.2.3.3. 36 hours after
transfection, the old growth media was discarded and HEK 293T cells were washed once
with PBS. New growth media supplemented with 1mg/ml of ionomycin was replaced in
the wells. The cells were incubated for 4 hours at 37 °C in a 5% CO,-humidified

incubator. Thereafter, cells were lysed for western blot analysis.

2.2.3.6 Retrovirus vector mediated RNAi

3 wells (6-well plate) of HEK 293T were transfected with 1.75ug PCL-ampho and
1.75ug shRNA (Refer to Appendix 2) (Total: 3.5 pg) for each well, according to Methods
2.2.3.3. After 48 hrs, the supernatant was pooled together from the 3 wells and spun
down at 2861 g for 4mins to remove the cell debris. The supernatant was filtered together

with 10pg/ml of polybrene, with a 0.45um filter. 2ml of fresh DMEM was added back
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into the wells for collection the next day. A new 6-well plate was coated with10ug/ml
fibronectin (650ul per well) for 1hr at 37°C prior to the addition of the supernatant. The
plate was washed once with sterile 1X PBS. The virus containing supernatant was added
to the well and spun down at 2861 g for 45mins at 4°C. 1 x 10° Jurkat cells were spun
down and resuspended in 2 ml of RPMI. The supernatant was removed from the well
after centrifugation and the Jurkat cell suspension was added into the well. The cells were
incubated at 37 °C in a 5% CO,-humidified incubator for 24 hrs and were spun down at
400 g for 4 mins and resuspended in new media. Supernatant from the previous plate
containing HEK 293T cells was spun down again on fibronectin-coated plated for 2861 g
for 45mins at 4°C. Jurkat cell suspension was added into the new well and incubated at
37 °C in a 5% CO,-humidified incubator for 3-4 days. When the infected cells were
confluent, cells with green fluorescent were sorted using FACSAria cell sorter using the
FL1-FITC filter. These cells were further grown at 37 °C in a 5% CO,-humidified
incubator for 3-4 days before analysis of endogenous WASP expression or expressing

WASP mutants.

2.2.3.7 Mammalian cell lysis

Adherent cells were trypsinised and resuspended in the appropriate growth media. For
both the adherent and suspension cells, the number of cells and cell viability were
determined using the hemacytometer, cell counter and Trypan Blue exclusion. 2 x 10°
were spun down at 400 g at 4 mins. The supernatant was discarded and the cell pellet was
resuspended in 50ul of lysis buffer (Materials 2.1.15.2). Cells were left on ice for 1 hr

and unlysed cells were removed by spinning down at 14,300 g for 2 mins. 50 pl (equal

54



amounts) of 2X loading dye and 2 pl of 1M dTT was added to the lysate. Protein
concentration was quantified with Bio-Rad DC protein assays. The lysate was boiled at

100°C for 5 mins and stored at -20°C until further use.

2.2.3.8 Actin staining of N-WASP™" fibroblasts

Fibroblasts were transfected in 6-well plates with coverslips, with the respective plasmid
DNA. After 36 hrs, cells were washed 3 times with 1X PBS (10 mins per wash) and fixed
with 3.7% formaldehyde for 20 mins at RT. Thereafter, the cells were permeabilised with
0.1% Triton-PBS for 20 mins at RT. Actin staining of the cells were then performed by
incubating the cells with Alexa Fluor® 568 phalloidin (Invitrogen™, USA) (1:100
dilution in 0.1% Triton-PBS) for 45 mins in the dark. Cells were washed 3 times (10 mins

per wash) with 0.1% Triton-PBS and mounted on microscope slides with Perma Fluor.

2.2.3.9 Fluorescence visualization

N-WASP™ fibroblasts on coverslips were transfected with the respective plasmid DNA.
After 36 hrs, the cells were washed twice with 1X PBS and applied on a microscope slide.
Fluorescence was visualized using an Olympus microscope with CoolSNAPHQ camera
(Roper Scientific) with a 40X oil objective lens. Fluorescence and filopodia formation of the

cells were analysed using the Metamorph software.

2.2.3.10 Quantification of filopodia formation in N-WASP™" fibroblasts
N-WASP™ fibroblasts were transfected with the respective plasmid DNA. After 36 hrs,
filopodia formation for each cell was analysed. The cell was defined to have filopodia if

it has 5 or more filopodia since the fibroblasts would contain a basal number of filopodia.
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Filopodia were defined as cell protrusions and have a length of between 8uM to 15uM in
length (Lim et al., 2008). For each set of experiment, 35 cells were analysed and the

experiments were repeated thrice.

2.2.3.11 Fluorescence Resonance Energy transfer (FRET) assay

The FRET constructs were constructed by fusing YFP to the N-terminus of WIP (YFP-
WIP) and fusing CFP to the C-terminus of WASP (WASP-CFP). These constructs were
transfected into Cos7 cells. After 36 hrs, cells on the coverslips were mounted on
microscope slides and were analysed by the CFP-YFP FRET by acceptor photobleaching
method, using the Zeiss LSM 510 Meta confocal microscope where emission from CFP,
excited at 458 nm, and YFP, excited at 514 nm were detected. A random cell was chosen
and a boundary was drawn encompassing it to specify the area for photobleaching. The
acceptor protein YFP was photobleached using the 514-nm laser line and the percentage
change in fluorescence of the donor protein CFP was quantified by calculating the
difference in intensity of the fluorescence before and after photobleaching [(Lyostbicach —
Lprebleach)/ Ipostbieach X 100%]. The FRET values were quantified for at least 20 cells for each

experiment and the experiments were repeated thrice.

2.2.3.12 Flow cytometry

The number of cells and cell viability were determined using the hemacytometer, cell
counter and Trypan Blue exclusion. 3 x 10° cells were spun down at 400 g at 4 mins. The
Cells were washed once with 1XPBS and centrifuged at 400 g at 4 mins. The cell pellet

was resuspended with 1 ml of media and transferred to 12mmX 75mm polystyrene

5A



round-bottom tubes (Falcon). Samples were analysed using FACS Calibur using the FL1-

FITC filter.

2.2.3.13 Analysis of Jurkat cell migration using the Dunn chemotaxis chamber
2.2.3.13.1 Washing of Dunn chamber and glass coverslips

The glass coverslips (18 X 18 mm) (Hawksley & Sons Ltd, Lancing, Sussex, UK) were

individually washed with detergent in deionised water and rinsed 6 times with deionised
water. They were then soaked in fuming HCI for 10 mins and washed with deionised
water to remove all traces of HCI. The coverslips were stored in 100% ethanol until

further use.

The Dunn chamber (Weber ScientificInternational Ltd. West Sussex, UK) was cleaned

immediately after use. It was first washed with detergent in deionised water and rinsed 6
times with deionised water. It was then placed in a beaker filled with 100% acetone to be
washed for 10 mins with agitation. Thereafter, the chamber was rinsed 6 times with
deionised water and soaked in 30% hydrogen peroxide for a further 10 mins. The
chamber was then rinsed 6 times with deionised water again and was stored in 100%
ethanol until further use. The bridge of the chamber was not touched at all times during

the washing (Zicha et al., 1997).
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2.2.3.13.2 Assembly of the Dunn chamber

O\}e‘&h
coverslip _— \‘&Q«,Qif::?sko

B <o

Outer well
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bridge

20um gap between ——FT

coverslip and bridge

Figure 2.1. The assembled Dunn chamber (Zicha et al., 1997).

The Dunn Chamber contains a circular inner well and a circular outer well, separated by an annular bridge
which is 20um lower than the surrounding glass. This leaves a gap between the coverslip and the bridge,
allowing the migration of cells across the bridge.

The coverslips stored in 100% ethanol were flamed until all the ethanol has evaporated.
Jurkat cells suspended in RPMI 1640 supplemented with 9% FBS (2.25 X 10° in 120 pl)
were loaded into both inner and outer wells of the chamber. The wells were covered with
a coverslip, leaving a small slit at one edge and the medium in the outer well was
replaced with the same medium but containing 5nM SDF-1a. Cells were incubated for 3

hrs at 37°C in the 5% CO,-humidified incubator.

2.2.3.13.3 Time-lapse microscopy

Migrating cells on the annular bridge between the inner and outer wells were observed
using an inverted microscope (Olympus IX81) with 10X objective lens. Time-lapsed
images were digitally captured every 30 seconds for a period of 50 mins using an
Olympus CoolSNAP"? camera. Images were processed into videos using the Metamorph

software. Migration paths of the cells were traced and analysed from the series of images
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using Metamorph software. The data were plotted with Microsoft Excel. 20 cells were

analysed for each set of experiment and experiment was repeated thrice.

2.2.3.14 DNA manipulation

2.2.3.14.1 Agarose gel electrophoresis

0.5 pg/ml of Ethidium Bromide was added to 1% agarose in 1X TAE and the gel was left
to set. 6X DNA Loading buffer was added to the samples and they were loaded in the
wells of the gel, submerged in 1X TAE. DNA was resolved by running the gel at 100V

for 50 mins. DNA was visualized under the UV light.

2.2.3.14.2 DNA extraction from agarose gel
The agarose gel with DNA samples resolved was visualized under the UV light. The band
of interest was cut out with a scalpel and the DNA fragment was extracted using the gel

extraction kit according to the manufacturer’s protocol.

2.2.3.14.3 DNA subcloning
The plasmid DNA was digested with appropriate restriction enzymes in the following

reaction mixture:

Reaction mixture components

Vector/Insert DNA 2ul /4pl
Enzyme 1 5 units
Enzyme 2 5 units

Buffer 2ul

BSA (Img/ml) 0.5ul
Deionised water Top up to 20 pul
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The reaction mix was incubated at 37°C for 2 hours and the digested DNA was resolved
by agarose gel electrophoresis. The DNA fragments of interest were cut out and purified.

A ligation reaction mixture as follows was then set up to ligate the purified insert and

vector DNA.

Ligation Reaction mixture

components

Vector DNA Il

Insert DNA 3ul

Ligation Buffer 2ul

T4 ligase 0.5ul
Deionised water Top up to 20 ul

The ligation reaction mixture was incubated at RT for 2 hours and transformed into
competent E. coli cells (Methods 2.2.1.4). The recombinant plasmid DNA was then

isolated from the E. coli cells (Methods 2.2.1.5).

2.2.3.14.4 Verification of recombinant plasmid DNA constructs

The recombinant plasmid DNA was verified by checking with restriction enzymes that
cut at restriction enzyme sites that are unique to it. The digested DNA was then resolved
by agarose gel electrophoresis. The bands obtained in the gel were checked to verify if

they are of the correct sizes.

2.2.3.14.5 Polymerase chain reaction (PCR)
All PCR reactions were performed using the Peltier Thermal Cycle PTC-100. A 25 ul
reaction using KAPA HiFi system was set up as follows:

¢ 5Sul of 5x KAPAHiFi Reaction Buffer
e 0.75ul of ANTP mix
e 0.75u of 5° primer (10 uM)
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e 0.75u of 3° primer (10 uM)
*  0.5ul of Template DNA
¢ 0.5ul of KAPAHiFi DNA Polymerase (1 U/uL)

* Deionised water (topped up to 25 pl)

The cycle conditions used were:

¢ Initial Denaturation: 95°C for 10 mins

* Denaturation: 98°C for 20 sec

* Annealing: 55 °C for 15 sec (25 cycles)
e Extension: 72°C for 30 sec per kb

* Final Extension: 72°C for 5 min

2.2.3.14.5.1 Reverse transcription of RNA to cDNA

1- Sug of RNA was added with 1ul of DEPC-treated water and 1ul of Random primers.
The mixture was incubated at 70°C for 5 mins and incubated on ice immediately for 5
mins. A reaction mixture prepared as follows was added to the RNA and incubated at
37°C for 5 mins.

Reaction mixture:

* 6 ul of 5X reaction buffer

* 3ulof 0.IM DTT

* 0.5 ul of 25mM dNTPs

* 9 ul ofDEPC-treated water
The tube was transferred to the ice and incubated for 5 mins. 0.5 pl of Reverse
Transcriptase was added to the tube and it was incubated for 60 mins at 42°C. The

Reverse Transcriptase was then heat inactivated at 70°C for 5 mins. The tube containing

the cDNA was stored at 4°C.
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2.2.3.14.5.2 Real-time PCR (RT-PCR)

Total RNA was isolated from the cells using the RNAeasy kit and reversed-transcribed to
cDNA according to Methods 2.2.3.14.5.1. A 25 ul Real-time PCR reaction was set up as
follows:

e 12.5ul of SYBR Green Master Mix
e 0.25ul of cDNA
e 12.25ul of diluted primers (Forward + Reverse, 50nm in 25pul)

Each reaction was performed in triplicates and the primers used are listed in Appendix 2.
The RT-PCR was performed on 7500 Real-Time PCR system (Applied Biosystems)
using the comparative Ct method and the relative quantification of WASP expression
was calculated using the formulae below:

Cttarget gene ~ CtEndogenous control = A Ct
Cttarget gene ~ CtReference sample — AA Ct

The standard deviation was calculated using the following formula: S=V(S,* + S,?)

2.2.3.14.5.3 Site directed mutagenesis (SDM)
Mutations were introduced in the gene of interest using the SDM kit or using the Overlap

Extension technique.

2.2.3.14.5.4 SDM kit

SDM was performed according to the manufacturer’s protocol provided. A single colony
was picked from the LB plate containing selective antibiotics and the mutant plasmid
DNA was isolated and sequenced to ensure the mutation has been introduced into the

clone.
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2.2.3.14.5.5 Overlap extension PCR

In the overlap extension PCR, as illustrated in Figure 2.2, two halves of the gene of

interest are first amplified separately with an outer flanking primer and a mutagenesis

primer each (primers a and b, primers ¢ and d). The two mutagenesis primers are

complementary to each other. The PCR products from the two PCR reactions (AB and

CD) are purified and mixed together to be used as template for the third PCR reaction. In

the third PCR reaction, the two outer flanking primers (primers a and d) are used to

amplify the final full length PCR product (AD). Finally, the end product obtained is the

gene of interest bearing the desired mutation.

a c .
| .
5 .
3l — d g
1
AB v
51 3
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5’ 3
) CD°
*
aH ) |
! TTTTI 1 >
. ' ]51
* <_d
AD ]
5l o
3" * lsa

Figure 2.2 Schemetic diagram of the overlap extension PCR.
b and c are the mutagenesis primers while a and d are flanking primers. AD is the final PCR product which

contains the desired mutation.
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2.2.3.15 DNA precipitation

For 20ul of DNA mix, 2.22 pl of NaOAc (1/10 of DNA mix) and 44.44 ul of 100%
ethanol (2X of DNA and NaOAc mix) was added. The mixture was incubated at -20°C
for 2 hours or more and spun down for 10 mins. The resulting pellet was washed with
70% ethanol and spun down for 10 mins. The pellet was air-dried and dissolved in

appropriate amount of deionised water or 1X TE buffer according to the pellet size.

2.2.3.16 SDS-PAGE electrophoresis

A 10% SDS-PAGE gel was prepared as follows:

Resolving gel:

Components ml
1.5 M Tris-HCI, pH 8.8 1.3
10% SDS 0.05
30% Acrylamide/Bis-acrylamide 1.7
10% ammonium persulfate (APS) 0.05
TEMED 0.002
H,O 1.9
Stacking gel:

Components ml
1.0 M Tris-HCI, pH 6.8 0.38
10% SDS 0.03
30% Acrylamide/Bis-acrylamide 0.5
10% ammonium persulfate (APS) 0.03
TEMED 0.003
H,O 2.1

Proteins in samples were resolved by loading the appropriate amounts in the SDS-PAGE

gel and the gel was run at 100V for 100mins, until the dye front has migrated past the end
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of the gel. The gel was then further processed either for the staining of proteins or

Western blot analysis.

2.2.3.17 Western blot analysis

Proteins resolved in the SDS-PAGE gel were transferred onto the nitrocellulose
membrane using the semi-dry method. The nitrocellulose membrane and the gel were
sandwiched between 6 filter papers, with 3 on each side and placed in a transfer cassette.
The transfer cassette was submerged in the transfer buffer and transfer of the proteins was
carried out at 90V for 90 mins. The membrane was then blocked for 30 mins at RT
(Table 1). After blocking, the membrane was incubated on a roller with the appropriate
primary (1°) antibody (Table 1) overnight at 4°C. The membrane was washed 3X with
PBS-0.05% TritonX or 1X TBS (for detection of phospho-proteins) the next day and
probed with the respective secondary (2°) antibody (Table 1) for 1 hr at RT. The
membrane was subsequently washed 3X with PBS-0.05% TritonX or 1X TBS (for
detection of phospho-proteins) and was detected with Millipore or Amersham detection

kit according to manufacturer’s protocol.

Blocking 1° Antibody 2° Antibody

3% milk in PBS Anti-GFP in 3% milk (PBS) | Anti-mouse IgG in 3% milk
1:10000 dilution (PBS)

5% milk in PBS Anti-GAPDH in 5% milk | Anti-mouse IgG in 5% milk
(PBS) 1:10000 dilution (PBS)

3% milk in PBS Anti-His in 3% milk (PBS) | Anti-rabbit IgG in 3% milk
1:1000 dilution (PBS)

5% milk in PBS Anti-WASP in 5% milk | Anti-rabbit IgG in 5% milk
(PBS) 1:1000 dilution (PBS)

5% BSA in TBS 4G10 in 5% BSA (TBS) Anti-mouse IgG in 5% BSA
1:1000 dilution (TBS)

Table 2.8 A summary of the antibodies used in Western blot and the respective dilutions.
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2.2.3.18 His-tag pull down assay

Mammalian cells transfected with appropriate DNA were lysed by adding 500 pl of lysis
buffer (Materials 2.1.14.2) and incubating on ice for 1 hr. 200 pl beads were aliquoted
into eppendorf tubes for each lysis sample. The Ni-NTA beads (Invitrogen, Carlsbad, CA,
USA) were washed 3X with Iml of deionised water at 100 g for 5Smins. 500 pl of
equilibration buffer (Materials 2.1.14.1) was then added to the beads and the tubes were
rocked for 1hr at 4°C. The beads were further washed with 400 pl of equilibration buffer.
Tubes containing the lysed cells were spun down at 6800 g for 5 mins to remove cells
that were not lysed and the supernatant was transferred to a new tube. 30ul of the
supernatant was aliquoted out as whole cell lysate. 500 pl of beads or equivalent amounts
were added to the supernatant. The proteins were allowed to bind to the beads by rocking
the tubes for lhr at 4°C. The beads were spun down for Smins at 100 g and the flow-
through were stored in new tubes. Proteins were eluted from the beads with the elution
buffers (Materials 2.1.14.3). 250ul of elution buffer containing 10mM imidazole was
used for the first elution. The tubes were rocked at RT for 10 mins and spun down for 5
mins at 100 g. Eluted proteins in the supernatant were collected in new tubes. The elution
was repeated with increasing concentrations of imidazole of elution buffer (25mM,
50mM, 100mM, 150mM, 250mM, 500mM, 1M). Elution buffer containing 50mM
imidazole was determined to be the optimum concentration and was used for subsequent
pull-down assays. Eluted proteins in the supernatant, flow-through and whole cell lysate
were precipitated by adding an equal volume of 20% TCA (250ul) and incubated on ice
for 10 mins. The tubes were spun down at 13,382 g for 10 mins to obtain a pellet. The

pellets were washed in ice-cold acetone and spun at 13,382 g for 10 mins again. The
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acetone was removed and the pellets were air-dried for 2 mins. The pellets were
resuspended in 60 pl of 2X SDS-PAGE loading dye and 1M dTT (4ul in 100ul) and
subsequently boiled at 100°C for 5 mins. The samples were stored at -20°C. 15ul of the
samples were loaded in each lane of the SDS-PAGE gel and Western blot was performed

the next day for analysis of the samples.

2.2.3.19 GST protein expression and purification

E. coli BL21 (DE3) cells were transformed with pGEX plasmids expressing proteins of
interest. A single colony was picked and inoculated in 5 ml of LB broth supplemented
with ampicillin (LB-amp) and grown (incubated with shaking) overnight at 37°C. The
bacterial culture was diluted 1/100 (Iml in 100ml of LB-amp broth) and grown
(incubated with shaking) to an ODggy of 0.5 at 37°C. 1mM of IPTG was added to the
culture and cells were induced by incubating with shaking at 30°C for 2-3 hours. The
cells were spun down at a speed of 4470 g at RT for 20 minutes. After decanting the
supernatant, the pellet was stored at -80°C (optional). 10 ml of PBS was (1/10 of original
starting culture volume) added to the pellet and resuspended. The cells were sonicated
(pulse on for 2s, pulse off for 2s and repeated 200-300 times) and aliquoted into
eppendorf tubes. The cells were spun down at 13,328 g for 15 mins at 4°C. At the
meantime, 500ul of Glutathione-sepharose beads (Sigma, USA) were aliquoted into
eppendorf tubes for each sample and were washed 1X with 1ml of PBS and spun at 833 g
for 5 mins. The supernatant from the cells were transferred to the beads and tubes were
rolled at 4°C for 2 hours for binding of protein to the beads. The beads and supernatant

were transferred to a column and the eluent was collected at stored at - 20°C. The column
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was washed twice with PBS and proteins were eluted with 500 pl of reduced glutathione.
A second elution was performed by adding 250 pl of reduced glutathione to the column
again. 5 pl of eluent were aliquoted out and 100 pl of Bradford assay solution (5X
dilution) was added to check for the presence of proteins. A last elution was performed to
remove all the proteins bound on the beads by adding 250ul of reduced glutathione to the
column. The column with the beads were washed 2X with 1X PBS and stored at 4°C. The
protein concentration was measured using the Bradford assay and 2X loading dye was
added to the sample. The proteins were then resolved by SDS-PAGE gel followed

coomassie staining to check for the expression.

2.2.3.20 Coomassie Staining

After gel electrophoresis, the SDS-PAGE gel was soaked in 50 mL of the gel staining
solution (Materials 2.1.12.3.2) for 30 mins with agitation. The solution was removed and
the gel was washed with deionised water and soaked in 50 ml of gel destaining solution

(Materials 2.1.12.3.1) for 2-3 hours. The gel was stored in 4°C in the destaining solution.
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3. Results
3.1 Conformational analysis of WASP and its mutants using spilt YFP

3.1.1 Introduction

WASP has been suggested to adopt two different conformations; an autoinhibited and an
open conformation, when interacting with different proteins. In the autoinhibited
conformation, the VCA domain of WASP interacts with the BR and GBD domains and
this autoinhibition can be relieved by the binding of GTP-loaded Cdc42 to the GBD (Kim
et al., 2000). The conformation of WASP is crucial for its function. Thus, analyzing the
conformation of WASP in the presence of different regulators or mutations occurring in
WAS patients, will lead to elucidation of the mechanisms regulating WASP and the

molecular defects giving rise to the disease.

The FRET assay has been utilized by many groups to study protein-protein interactions.
In this assay, the two proteins of interest are tagged with different fluorophores in which
one is a donor and the other an acceptor (Figure 3.1), where the fluorescence emission
spectrum of the donor fluorophore overlaps with the absorption spectrum of the acceptor
fluorophore (Kenworthy, 2001). The yellow fluorescent protein (YFP) (acceptor) and
cyan fluorescent protein (CFP) (donor) are typically used for FRET. When the two
proteins are not in close proximity, the emission from the donor is detected by excitation
with appropriate wavelength. However, when the proteins are in close proximity (1-
10nm), the emission from the acceptor is detected after donor excitation because of the

result of FRET from the donor to acceptor fluorophore due to their close proximity. By
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quantification of the quenching of donor fluorescence, protein-protein interactions can be

detected (Kenworthy, 2001).
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Figure 3.1 Schematic illustration of the FRET assay. Adapted from (Bruce Alberts, 2002).

Proteins tagged wtih fluorophores emit fluorescence upon excitation.

(A) When there is no protein interaction, donor emission is detected upon donor excitation. No emission is
detected from acceptor fluorophores.

(B) When there is protein interaction, FRET occurs which results in acceptor fluorescence detection upon
donor excitation.

However, FRET suffers from several drawbacks like spectral bleed-through,
photobleaching and low background to noise ratio. New methods have since been
developed which do not have the shortcomings of FRET assays. Hu and coworkers (Hu et
al., 2002) have developed the Bi-molecular Fluorescence Complementation (BiFC) assay
where fragments of fluorescent molecules are fused to separate proteins. Upon
interactions of these proteins, the fluorescence would be reconstituted. Jeong and
coworkers (Jeong et al., 2006) utilized the same method in which conformation of
maltose binding protein was studied in vitro using the fluorescence complementation
assay. Upon maltose binding, reconstituition of split green fluorescent protein (GFP)

halves on each side of the protein occurs due to changes in conformation, resulting in
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fluorescence (Jeong et al., 2006). YFP and CFP were each fused to the N-terminus and C-
terminus of N-WASP respectively and FRET efficiency was examined to analyze

conformational changes (Ward et al., 2004).

3.1.2 Bi-molecular Fluorescence Complementation (BiFC)

In order to study the changes in conformation of WASP, the Bi-molecular Fluorescence
Complementation (BiFC) method was adopted. The YFP molecule is split into two halves
and fused to the two termini of WASP, forming the WASP reporter. When WASP is in
its closed conformation, YFP fluorescence is expected due to close proximity of the two
YFP fragments, but upon activation, YFP fluorescence will be lost. Analysis of YFP
fluorescence produced by the WASP reporter will allow us to determine the conformation

of WASP.

WASP has been shown to be unstable in the cytoplasm in the absence of WIP (Rajmohan
et al., 2006). Thus, in order to protect WASP from cytoplasmic proteases, WASP was
targeted to the nucleus of S. cerevisiae by fusing a nuclear localization signal to the N-

terminal of the WASP reporter (Figure 3.2A).

cDNA encoding the N-terminal fragment of YFP (YFP,_;s4) and C-terminal fragment of
YFP (YFPiss.233) was amplified using appropriate primers (Appendix 2). YFPj_is4
(Sall/Ncol) was fused to the N-terminus of WASP while YFP;ss5.235 (BamHI/EcoRI) was

fused to the C-terminus of WASP. The nuclear localization signal (NLS) (Xbal/Sall) was
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cloned upstream of YFPj_js4, under the control of Vrpl promoter, forming the WASP

reporter construct (Figure 3.2A).
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Figure 3.2 Schematic diagram showing fusion constructs used.
Constructs were cloned with NLS fused to the N-terminus, under the control of Vrpl promoter. The fusion
constructs were expressed either in YEplac112 (Trp) or YEplac181(Leu) plasmids.
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WASP reporter in YEplac112 (Trp) plasmid was first transformed into S. cerevisiae cells
that were grown to exponential phase. The transformants were selected on SD plates
lacking tryptophan and grown to exponential phase in selective media at 24°C. These

cells were subsequently analyzed using fluorescence microscopy.

YFP fluorescence was observed in the nuclei of the cells expressing the WASP reporter
(Figure 3.3A), suggesting that the two halves of YFP were in close proximity. This could
be due to either intermolecular or intramolecular interaction (Figure 3.3B). In order to
clarify whether the fluorescene is due to intermolecular or intramolecular
complementation, two additional constructs was made, namely N-control-WASP and C-
control-WASP. N-control-WASP (YFP;.;54~-WASP (Trp)) was cloned by fusing the N-
terminal half of YFP to WASP while C-control-WASP (WASP-YFPss.235 (Leu)) was
made by fusing the C-terminal half of YFP to WASP. Both constructs were transformed
into S. cerevisiae cells and selected on SD plate lacking tryptophan and leucine. The
transformants were grown to exponential phase and analyzed using fluorescence
microscopy. Fluorescence was not observed in the cells expressing both N-control-WASP
and C-control-WASP (Figure 3.3A). However, this observation may be because N-

control-WASP and C-control-WASP were not targeted to the nucleus.

In order to verify that both N-control-WASP and C-control-WASP are localized to the
nucleus, two constructs N-control-WASP-GFP (YFP,.;54-WASP-GFP (Trp) and C-
control-WASP-GFP (WASP-YFP55.,33-GFP (Trp) were constructed. The plasmid

constructs were transformed separately into S. cerevisiae cells and fluorescence was
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analyzed. Both constructs were successfully targeted into the nucleus as shown in Figure
3.3C. This shows that both the N-control-WASP and C-control-WASP were in the
nucleus. Western blot analysis showed the expression of both the proteins, N-control-
WASP and C-control-WASP (Figure 3.3D). Thus, the lack of YFP fluorescence in the S.
cerevisiae cells expressing N-control-WASP and C-control-WASP led to the conclusion
that the YFP fluorescence observed in the S. cerevisiae cells expressing the WASP

reporter (Figure 3.3A) is due to intramolecular complementation.

An explanation that inter-molecular YFP fluorescence was not observed is that when the
two fragments of YFP were on different WASPs, either the orientation of the fragments
was not correct or the two YFP fragments are not in close proximity, resulting in failure
of complementation and fluorescence emission. Complementation of the two fragments

of YFP only occurred when fused to the two ends of the same protein.

Together, the observations indicate that the sensor molecule is in an autoinhibited and

closed conformation.
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Intermolecular interaction
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Figure 3.3 Bi-molecular fluorescence complementation observed in S. cerevisiae cells.

(A) S. cerevisiae cells were transformed with either YFP,_154-WASP (Trp) together with (1) WASP-YFP,ss.
»s (Leu) or (2) YFP 1s4-WASP-YFP 55,35 (Trp) together with empty Leu plasmid and selected on SD (-
Trp-Leu) plates. The transformants were grown to exponential phase at 24°C in selective media. YFP
signals in these cells were subsequently analyzed using fluorescence microscopy. Bar = Spm

(B) Schematic diagram explaining two possible models of YFP reconstituition. Fluorescence can occur
through the complementation of the two fragments of YFP either from intermolecular or intramolecular
interactions.

(C) S. cerevisiae cells were transformed with (1) YFP,_;54-WASP-GFP (Trp) or (2) WASP-YFP,55,35-GFP
(Trp) and selected on SD (-Trp-Leu) plates. The transformants were grown to exponential phase at 24°C in
selective media. GFP signals in these cells were subsequently analyzed using fluorescence microscopy. Bar
=5um

(D) Western blot analysis of expression of WASP reporter in S. cerevisiae cells transformed with (1) YFP,.

154-WASP-GFP (Trp) or (2) WASP-YFP s5,33-GFP using anti-GFP (0-GFP) and anti-Hexokinase (a-Hex)
as a loading control.
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3.1.3 WIP and WIRE enhance YFP fluorescence from the WASP

reporter

The verprolin family members (WIP, WIRE, CR16) have been shown to be involved in

regulating the actin cytoskeleton and their effects are mainly mediated through the WASP

family of proteins (Aspenstrom, 2005). Our laboratory has previously found that that

human WASP is able to suppress the growth defects of S. cerevisiae las17A strain only in

the presence of WIP, and WIP is able to mediate the cortical localization of WASP and

stabilize WASP in these cells (Rajmohan et al., 2006).

In order to examine if the verprolin members are able to alter the conformation of WASP,

WASP reporter (Trp) was transformed together with Leu plasmids expressing either

NLS-WIP, NLS-WIRE or NLS-CR16 in §. cerevisiae cells (Figure 3.4).

NLS-WIP @ I wWiP

NLS-WIRE (’/j> I WIRE

NLS-CR16 @ I CR16

Key

Leu

Leu

Leu

G:> : Vrp1 Promoter

I : Nuclear localization signal (NLS)

Figure 3.4 Schematic diagram showing fusion constructs used.

Constructs were cloned with NLS fused to the N-terminus, under the control of Vrpl promoter. The fusion

constructs were expressed in YEplac181 (Leu) plasmids.
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The cells were then selected on SD plates lacking Trp and Leu and transformants were
grown to exponential phase. The cells were subsequently analyzed using fluorescence
microscopy (Figure 3.5A). The fluorescence signals from 100 cells were quantified and
plotted (Figure 3.5B). The YFP fluorescence from the WASP reporter was enhanced in
the presence of either WIP or WIRE, while in the presence of CR16, the fluorescence
from the WASP reporter did not change significantly (Figure 3.5A and B). Western blot
analysis showed that cells transformed with all three verprolin proteins and the empty
vector had equal expression of WASP reporter (Figure 3.5C), suggesting that the increase
in fluorescence from WASP reporter + WIP or WASP reporter + WIRE was not due to

increase in stability of the WASP reporter.

The lack of fluorescence signal enhancement from the WASP reporter in the presence of
CR16 may be due to the lack of expression of CR16 or differential localization of the
WASP reporter and CR16. CR16 may not have been targeted to the nucleus unlike
WASP. Thus, in order to confirm that WIP, WIRE and CR16 are exerting their effects on
WASP in the nucleus, three additional constructs were made in which the Leu plasmids
expressing either NLS-WIP, NLS-WIRE or NLS-CR16 were fused with GFP at the C-

terminus (Figure 3.6).

Cells expressing NLS-WIP-GFP, NLS-WIRE-GFP and NLS-CR16-GFP were analyzed
using fluorescence microscopy. Fluorescence signal detected in the nucleus of these
transformants showed that all three constructs were localized to the nucleus as well

(Figure 3.7). Western blot analysis indicates that all the verprolins (WIP, WIRE, CR16)
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were expressed in the cells. The interaction of WASP and the verprolins has been

previously verified by yeast two hybrid assay in our laboratory (data not shown).
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B 2500 1 c
« WASP reporter +
WASP reporter +
2000 - [
2
¥ & ©
o 5 i * QA & N
5 2 1500 [ s S S §'
£ LGN
S 1000 Y
£$ O-GFP | e—m——_ 31 kDa
29 500 I
< &=
O-Hex | Sum— 50 kDa
0 . . . :
Vector NLS-WIP  NLS-WIRE  NLS-CR16

Figure 3.5 WIP and WIRE enhance fluorescence signals from the WASP reporter.

(A) S. cerevisiae cells were transformed with WASP reporter (Trp) together with (1) empty Leu plasmid,
or Leu plasmids expressing (2) NLS-WIP, (3) NLS-WIRE or (4) NLS-CR16 and selected on SD (-Trp-Leu)
plates. The transformants were grown to exponential phase at 24°C in selective media and YFP signals in
these cells were subsequently analyzed using fluorescence microscopy. Bar = Sum

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing WASP reporter (Trp)
together with (1) empty Leu plasmid, (2) NLS-WIP, (3) NLS-WIRE or (4) NLS-CR16 using metamorph
software. ¥*P<0.001 compared with WASP reporter + vector cells (unpaired student’s t-test).

(C) Western blot analysis of expression of WASP reporter in S. cerevisiae cells transformed with WASP
reporter (Trp) together with (1) empty Leu plasmid (2) NLS-WIP, (3) NLS-WIRE or (4) NLS-CR16 using
anti-GFP (0-GFP) and anti-Hexokinase (a-Hex) as a loading control.
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Figure 3.6 Schematic diagram showing fusion constructs used
Constructs were cloned with NLS fused to the N-terminus, under the control of Vrpl promoter. The fusion
constructs were expressed in YEplac181 (Leu) plasmids.

A NLS-WIP-GFP NLS-WIRE-GFP  NLS-CR16-GFP B

Figure 3.7 NLS-WIP, NLS-WIRE and NLS-CR16 are localized in the nuclei of S. cerevisiae cells

(A) S. cerevisiae cells were transformed with Leu plasmids expressing (1) NLS-WIP-GFP, (2) NLS-WIRE-
GFP or (3) NLS-CR16-GFP and selected on SD (-Leu) plates. The transformants were grown to
exponential phase at 24°C in selective media and YFP signals in these cells were subsequently analyzed
using fluorescence microscopy. Bar = Spm

(B) Western blot analysis of expression of (1) NLS-WIP-GFP, (2) NLS-WIRE-GFP or (3) NLS-CR16-
GFP using anti-GFP (a-GFP) and anti-Hexokinase (a-Hex) as a loading control.
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These results suggest that WIP and WIRE stabilize WASP in the autoinhibited
conformation while CR16 has little or no effect on the conformation of WASP. This
correlates with the observation that either WIP or WIRE can suppressed the growth
defect of lasi7A strain when expressed together with WASP, while CR16 expression
together with WASP does not suppress the growth defect of /as/7A strain (Rajmohan et
al. unpublished data). Although the expression level was higher for NLS-WIRE-GFP than
NLS-WIP-GFP in Figure 3.7, the fluorescence levels detected from WASP reporter that
was transfected with NLS-WIRE was lower than the WASP reporter transfected with
NLS-WIP (Figure 3.5). This indicates that WIP exerts a greater effect on WASP,

stabilizing WASP in the closed conformation, in comparison to WIRE.

3.1.4 Tocal and Nckl reduce YFP fluorescence from the WASP

reporter

Other than the verprolin family of proteins, WASP interacts with many other cytoplasmic
partners such as Cdc42, Tocal and Nckl that regulate its activity (Insall and Machesky,
2004; Kim et al., 2000; Rivero-Lezcano et al., 1995). Activated Cdc42 is known to be
one of the interactors that is able to activate WASP by binding to its GBD domain (Kim
et al., 2000). However, Tocal has been found to bind to both Cdc42 and N-WASP and
may act as an intermediate in the signaling pathway that links Cdc42 GTPase to the

WASP family of proteins (Ho et al., 2004).

Thus, in order to examine the effect of Cdc42, Tocal and Nckl on WASP, WASP

reporter (Trp) was transformed together with Leu plasmids expressing either Tocal,
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Nck1 or Cdc42°'*VAcaax in S. cerevisiae cells. G12V mutation was introduced in Cdc42
to render it constitutively active and the caax motif was deleted so that it does not
associate with membranes in the cells. All constructs were again fused with NLS to target

them to the nucleus (Figure 3.8).

NLS-Toca1 (r‘—> I Toca1 Leu
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Figure 3.8 Schematic diagram showing fusion constructs used.
Constructs were cloned with NLS fused to the N-terminus, under the control of Vrpl promoter. The fusion
constructs were expressed in YEplac181 (Leu) plasmids.

After transformation, the cells were selected on SD plates lacking Trp and Leu and the
transformants were grown to exponential phase. The fluorescence signals from the
transformed cells were then examined using the fluorescence microscopy and the
fluorescence intensities from 100 cells were quantified. From the analysis of fluorescence
signal from the WASP reporter, it can be observed that both Tocal and Nck1 reduced the

2612VAcaax did not affect the

fluorescence signal from the WASP reporter while Cdc4
fluorescence signal from the WASP reporter (Figure 3.9A and B). Western blot analysis

showed that cells transformed with all three proteins and the empty vector had equal

expression of WASP reporter (Figure 3.9C). Thus, the reduction of YFP observed from
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WASP reporter + Nck or WASP reporter + Tocal is not due to reduced expression of the

WASP reporter.
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Figure 3.9 Tocal or Nckl reduced fluorescence signals from WASP reporter.

(A) S. cerevisiae cells were transformed with WASP reporter (Trp) together with (1) empty Leu plasmid,
or Leu plasmids expressing (2) NLS-Tocal, (3) NLS-Nck1 or (4) NLS-Cdc42°'?VAcaax and selected on SD
(-Trp-Leu) plates. The transformants were grown to exponential phase at 24°C in selective media and YFP
signals in these cells were subsequently analyzed using fluorescence microscopy. Bar = Spm

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing WASP reporter (Trp)
together with (1) empty Leu plasmid, (2) NLS-Tocal, (3) NLS-NckI or (4) NLS-Cdc42°'*VAcaax using
metamorph software. *P<0.001 compared with WASP reporter + vector cells (unpaired student’s t-test).
(C) Western blot analysis of expression of WASP reporter in S. cerevisiae cells transformed with WASP
reporter (Trp) together with (1) empty Leu plasmid, or Leu plasmids expressing (2) NLS-Tocal, (3) NLS-
Nckl or (4) NLS-Cdc429"*VAcaax using anti-GFP (0-GFP) and anti-Hexokinase (a-Hex) as a loading
control.

In order to verify that Tocal, Nckl and Cdc42 were localized to the nuclei of the cells,
GFP was tagged to the C-terminus of NLS-Tocal, NLS-Nck1 and NLS-Cdc42°'*Y Acaax

(Figure 3.10) and were transformed into S. cerevisiae cells. Fluorescence signal was
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detected in the nuclei of the transformants indicating that all three proteins, Tocal, Nck1
and Cdc42 were localized in the nucleus. Western blot analysis shows that all three
proteins were expressed, indicating that the lack of any effect on the WASP reporter by

Cdc42 is not due to lack of expression of Cdc42 (Figure 3.11).

NLS-Tocat-GFP [ -

NLS-Nck1-GFP W I Noct - Leu

NLS-Cdc4262VAcaax -GFP W I Cacz - Leu
Key

G:> : Vrp1 Promoter
I : Nuclear localization signal (NLS)
Figure 3.10 Schematic diagram showing fusion constructs used.

Constructs were cloned with NLS fused to the N-terminus, under the control of Vrpl promoter. The fusion
constructs were expressed in YEplac181 (Leu) plasmids.

NLS-Tocal-GFP  NLS-Nck1-GFP NLS-Cdc42-GFP

M - 74kDa
a-Hex | - 50 kDa

Figure 3.11 Tocal, Nckl and Cdc42 are localized in the nuclei of S. cerevisiae cells.

(A) S. cerevisiae cells were transformed with (1) NLS-Tocal-GFP, (2) NLS-Nck1-GFP or (3) NLS-Cdc42
912VAcaax -GFP in Trp plasmids and selected on SD (-Trp-Leu) plates. The transformants were grown to
exponential phase at 24°C in selective media and YFP signals in these cells were subsequently analyzed
using fluorescence microscopy. Bar = Spm

(B) Western blot analysis of expression of WASP reporter in S. cerevisiae cells transformed with (1) NLS-
Tocal-GFP, (2) NLS-Nck1-GFP or (3) NLS-Cdc42°'*YAcaax -GFP using anti-GFP (a-GFP) and anti-
Hexokinase (a-Hex) as a loading control.
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3.1.5 Tocal and Nckl reduce YFP fluorescence even in the presence of

WIP

In extracts and resting cells, WASP/N-WASP is mainly found to be in complex with WIP
(de la Fuente et al., 2007; Ho et al., 2004), adopting an autoinhibited conformation.
Cdc42-GTP is thought to bind and induce conformational change in WASP (Sasahara et
al., 2002). In order to investigate whether Tocal, Nckl and Cdc42 can effectively change
the conformation of WASP even when it is in complex with WIP, WASP reporter (Trp)
was transformed together with WIP (Leu). The transformants were then co-transformed

G12vV : ..
2 Acaax 1n S. cerevisiae

with Ura plasmids expressing either Tocal, Nckl or Cdc4
cells. The cells were then selected on SD plates deficient in Tryptophan, Leucine and

Uracil and the transformants were grown to exponential phase at 24°C for analysis.

These cells were subsequently analyzed using fluorescence microscopy. Consistent with
the results shown in Results 3.1.3, Tocal and Nck reduced the fluorescence signal from
the WASP reporter while Cdc429'?VAcaax had no effect (Figure 3.12A and B). This
reduction in signal is not due to decreased in expression of the WASP reporter as shown
in the western blot analysis (Figure 3.12C). This result indicated that both Tocal and
Nckl1 can disrupt the autoinhibitory loop of WASP and changing its conformation even in
the presence of WIP while Cdc42 did not cause significant change in the conformation of

WASP as analyzed using the BiFC method.
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Figure 3.12 Tocal or Nckl reduced fluorescence signals from WASP reporter even in the presence of
WIP.

(A) S. cerevisiae cells were transformed with WASP reporter (Trp) + NLS-WIP (Leu) together with (1)
empty Ura plasmid, or Ura plasmids expressing (2) NLS-Tocal, (3) NLS-Nckl or (4) NLS-
Cdc429"*VAcaax and selected on SD (-Trp-Leu-Ura) plates. The transformants were grown to exponential
phase at 24°C in selective media and YFP signals in these cells were subsequently analyzed using
fluorescence microscopy. Bar= 5um.

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing WASP reporter (Trp) +
NLS-WIP (Leu) together with (1) empty Ura plasmid, (2) NLS-Tocal, (3) NLS-Nckl or (4) NLS-Cdc42
912VAcaax using metamorph software. *P<0.001 compared with WASP reporter + NLS-WIP+ vector cells
(unpaired student’s t-test).

(C) Western blot analysis of expression of the WASP reporter in S. cerevisiae cells transformed WASP
reporter (Trp) together with (1) empty Leu plasmid, or Leu plasmids expressing (2) NLS-Tocal, (3) NLS-
Nckl or (4) NLS-Cdc429"*Acaax using anti-GFP (0-GFP) and anti-Hexokinase (a-Hex) as a loading
control.
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3.1.6 Fluorescence from WASP reporter with mutations in WH1, GBD

or VCA domain is not enhanced in the presence of WIP

It is known that missense mutations of the WASP gene can cause different degrees of
severity of the Wiskott Aldrich Syndrome (Imai et al., 2003a), with the classic WAS as
the most severe form while X-linked thrombocytopenia (XLT) and X-linked severe
congenital neutropenia (XLN) are the milder forms (Devriendt et al., 2001; Villa et al.,
1995). Thus, examining the effects of mutations in the different domains on the

conformation of WASP would aid in elucidating the pathology of WAS.

One representative mutation from each domain was selected based on mutations
identified in WAS/XLT/XLN patients and the residues were mutated using site directed
mutagenesis (Imai et al., 2003a). In total, five mutations were selected, namely A134T
(WHI1 domain), G187C (BR region), L270P (GBD domain), P373S (PRR region) and
D485N (CH domain) (Figure 3.13). Additionally, the VCA domain was also deleted from
the WASP gene to analyze the effect on the conformation as the VCA domain is crucial
for the formation of the autoinhibited conformation. These mutant WASP constructs were
analyzed using the BiFC method where the two halves of YFP were fused to the N
terminus and C-terminus of the WASP mutants. NLS was also fused to the N-terminus to

these constructs to target them to the nucleus.
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Figure 3.13 Diagram showing the mutations generated in the WASP gene.

The five mutant WASP reporters (A134T, G187C, L270P, P373S, D485N and AVCA)
were each transformed separately together with empty Leu plasmids in S. cerevisiae cells.
Fluorescence microscopy analysis of the transformants revealed that all the mutant
WASP reporters and the VCA domain deleted WASP reporter did not have significantly
reduced fluorescence signal (Figure 3.14A and B) when compared to WASP reporter.
This may be due to the fact that the fluorescence signal of WASP reporter was low and

any further reduction in signal was not significant.

Trp plasmids expressing the WASP mutants, WASP*"*' WASPY'¥C wASP*"""
WASP™7® WASPP*N and WASP*V“* were transformed together with WIP (Leu) in S.
cerevisiae cells to analyze how the mutations affect WASP in the natural state, in the
presence of WIP. Fluorescence microscopy analysis of the cells revealed that
fluorescence from the WASP reporter with mutations in the WH1, GBD, or CH domain
is not enhanced even in the presence of WIP (Figure 3.15). This result suggests that

mutations in these domains alter the conformation of WASP, disrupting its auto-
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inhibitory conformation causing it to adopt an open conformation even in the presence of

WIP.
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Figure 3.14 The selected mutations did not affect the conformation of WASP.

(A) S. cerevisiae cells were transformed with empty Leu plasmid together with (1) WASP reporter (Trp), (2)
WASPA**T sensor (Trp), (3) WASPY'* sensor (Trp), (4) WASP-"" sensor (Trp), (5) WASP""*S sensor

(Trp), (6) WASPP**N sensor (Trp) or (7) WASP*V* sensor (Trp) and selected on SD (-Trp-Leu) plates.

The transformants were grown to exponential phase at 24°C in selective media and YFP signals in these

cells were subsequently analyzed using fluorescence microscopy. Bar=5um

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing 1) WASP reporter (Trp), (2)

WASP***T sensor (Trp), (3) WASPY'* sensor (Trp), (4) WASP-"*"" sensor (Trp), (5) WASP""*S sensor
(Trp), (6) WASPP**N sensor (Trp) or (7) WASP*V“* sensor using metamorph software.
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Figure 3.15 Co-expression of WIP did not enhance fluorescence signals from WASP*"**T, wASP™*""",
WASP"*Nor WASPYA,

(A) S. cerevisiae cells were transformed with NLS-WIP (Leu) together with (1) WASP reporter (Trp), (2)
WASPA**T sensor (Trp), (3) WASPY"* sensor (Trp), (4) WASP"*"F sensor (Trp), (5) WASP™”® sensor
(Trp), (6) WASPP*N sensor (Trp) or (7) WASP*Y* sensor and selected on SD (-Trp-Leu) plates. The
transformants were grown to exponential phase at 24°C in selective media and YFP signals in these cells
were subsequently analyzed using fluorescence microscopy. Bar = Sum

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing WIP (Leu) together with 1)
WASP reporter (Trp), (2) WASP*"**" sensor (Trp), (3) WASPY'*C sensor (Trp), (4) WASP-"*""" sensor
(Trp), (5) WASP™ S sensor (Trp), (6) WASPP*N sensor (Trp) or (7) WASP*Y* sensor using metamorph
software. ¥*P<0.001 compared with WASP reporter + NLS-WIP + vector cells (unpaired student’s t-test).
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3.1.7 WIP and WIRE enhance YFP fluorescence from the WASP

reporter in mammalian cells

WIP and WIRE has been shown to enhance YFP fluorescence from the WASP reporter in
S. cerevisiae cells, in results section 3.1.2. However, many of the regulators of WASP
that are present in the mammalian cells are absent in the S. cerevisiae cells. Thus, to
determine if similar observations of the regulation of conformation of WASP can be

obtained in mammalian cells, the verprolins were expressed in HEK 293T cells together

with the WASP reporter.

WASP reporter in pFIV vector was transfected in HEK 293T cells, together with WIP,
WIRE or CR16 in pFIV vectors (Figure 3.16). After 36 hours, fluorescence of the cells
was quantified with flow cytometry, using the FITC filter. The fluorescence signal of
10000 cells was analysed. Each experiment was performed thrice and the average signal

obtained for each set was plotted.

From the results, WIP and WIRE increased the YFP fluorescence signal from the WASP
reporter (Figure 3.17B) while CR16 did not cause a significant increase in the
fluorescence signal. Western blot analysis (Figure 3.17C) showed that the expression
level of WIRE is lower than WIP or CR16 in HEK 293T cells but was still able to induce
a significant increase in the fluorescence levels of WASP reporter. The results show that
WIP and WIRE stabilizes the close conformation of WASP while CR16 has minimal
effect on the conformation of WASP. This finding is similar to the results obtained in S.

cerevisiae cells (Figure 3.17) which indicates that the observations made on the
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conformational changes in WASP, in the presence of the verprolins, in S. cerevisiae cells

are relevant to the mammalian cells.
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WIRE ‘ : WIRE
CR16 ' CR16

Key
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Figure 3.16 Schematic diagram showing fusion constructs used.
Constructs were cloned with the Verprolins under the control of CMV promoter. The fusion constructs
were expressed in pFIV plasmids.

- *
= WASP reporter — WASP reporter + WIRE 30
= = 2z 25| r
8 2 2
- =3 20
v = o<
E F— £= F— £3 15
S F M1 S = Sc
=3 >0 |
o = 59 51
a0
o = =3
<
107 10! Fﬂqi‘ 1% 1o IR R R R L L L1
FL1H WASP+ WASP+ WASP+ WASP+
= WASP reporter + WIP - WASP reporter + CR16 Vector WIP WIRE CR16
o o
= 2 C P :;g 2
(=1 L ©
5 M e I A Y
is M1 is M1 S § &
a3 =] i
= a-His - 55 kDa
TR T LT T LT R R R B B
L 10 10" 1o 10” 1o «-cAPDH R - 36 kDa

Figure 3.17 WIP and WIRE enhanced fluorescence signals from WASP reporter in HEK 293T cells.

(A) HEK 293T cells were transfected with WASP reporter together with (1) empty pFIV vector, or pFIV
vector expressing (2) WIP, (3) WIRE or (4) CR16. 36 hours after transfection, YFP signals in these cells
were analysed using flow cytometry.

(B) Fluorescence signal quantification from 10000 HEK 293T cells expressing YFP_155-WASP-YFP55.538
(Trp) together with (1) empty pFIV vector, (2) WIP, (3) WIRE or (4) CR16. *P<0.001 compared with
WASP reporter + vector cells.

(C) Western blot analysis of expression of (1) WIP-His, (2) WIRE-His or (3) CR16-His when transfected
together with WASP reporter in HEK 293T cells using anti-His (a-His) and anti-GAPDH (a-GAPDH) as a
loading control.
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3.1.8 N-terminus of WIP is in close proximity to the C-terminus of
WASP

Recent studies have shown that WASP and WIP function together and play important
roles both in actin polymerization and IL-2 transcription (Dong et al., 2007). Interestingly,
the BiFC assay in this project revealed that WASP is in a closed conformation in the
presence of WIP (Results 3.1.2). We propose that the closed conformation of WASP is
also functional and the interaction of WIP with WASP is crucial in the activity of WASP.

The WBD domain of WIP is known to interact with the WH1 domain of WASP (Chou et
al., 2006). However, since WASP has one less V domain in comparison to N-WASP, the

extra V domain in WIP may compensate for it.

The BiFC assay was first used to study if the N-terminus of WIP is in close proximity
with the C-terminus of WASP. YFP, 154 was fused to the N-terminus of WIP (YFP.;s54-
WIP) while YFP,ss5235 was fused to the C-terminus of WASP (WASP-YFP;s5.,33) and
transformed or transfected in either S. cerevesiae cells or HEK 293T cells respectively.
However, low fluorescence levels were observed in both cell types. This observation
could be because the two fragments of YFP were not oriented in the correct position for
fluorescence complementation to take place, even if the two fragments are in close
proximity. Hence, acceptor photobleaching FRET was used to examine the interaction

between WIP and WASP.

In acceptor photobleaching FRET, the acceptor is first photobleached and the donor

emission is measured. If the proteins are in close proximity, the donor emission would
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increase (Kenworthy, 2001). Thus, analysis of the change in the intensity of the donor
fluorescence would relate to the efficiency of energy transfer from the donor to the

acceptor molecule.

In order to examine if the N-terminus of WIP is in close proximity with the C-terminus of
WASP, FRET acceptor photobleaching was performed. YFP was fused to the N-terminus
of WIP (YFP-WIP) while CFP was fused to the C-terminus of WASP (WASP-CFP)
(Figure 3.20B). The two constructs were transfected into Cos7 cells and the YFP and
CFP emission were analysed using confocal microscopy by acceptor photobleaching
FRET after 36 hours (Figure 3.18). A control set was performed in parallel, in which
YFP-WIP and CFP were transfected in Cos7 cells and analysed by FRET in a confocal

microscope (Figure 3.19).

The analysis of the CFP emission from 60 cells after performing acceptor photobleaching
FRET showed that there was a significant increase in the percentage of CFP emission in
cells transfected with YFP-WIP and WASP-CFP in comparison to control cells
transfected with YFP-WIP and CFP (Figure 3.20A). This showed that the hypothesis of
N-terminus of WIP being in close proximity of C-terminus of WASP is correct (Figure

3.19B).
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Figure 3.18 N-terminus of WIP interacts with C-terminus of WASP to produce increased emission of
CFP after photobleaching of YFP.

(A) Cos7 cells were transfected with YFP-WIP and WASP-CFP. After 36 hrs, cells on the coverslips were
mounted on microscope slides and were analysed using confocal microscopy by acceptor photobleaching
FRET. A region of interest (ROI) was selected on the cell and the acceptor protein YFP was photobleached
using the 514-nm laser line.

(B) The intensity of YFP and CFP emission in the ROI was analysed. The arrow indicates the point of
photobleaching.

(C) A series of images of the cell was taken. The sixth frame shows the point of photobleaching.
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Figure 3.19 Co-expression of YFP-WIP and CFP did not produce increased emission of CFP after
photobleaching of YFP.

(A) Cos7 cells were transfected with YFP-WIP and CFP. After 36 hrs, cells on the coverslips were
mounted on microscope slides and were analysed using confocal microscopy by acceptor photobleaching
FRET. A region of interest (ROI) was selected on the cell and the acceptor protein YFP was photobleached
using the 514-nm laser line.

(B) The intensity of YFP and CFP emission in the ROI was analysed. The arrow indicates the point of
photobleaching.

(C) A series of images of the cell was taken. The sixth frame shows the point of photobleaching.
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Figure 3.20 N-terminus of WIP interacts with C-terminus of WASP to produce increased emission of
CFP after photobleaching of YFP.

(A) Cos7 cells were transfected with YFP-WIP and (1) WASP-CFP or (2) CFP. After 36 hrs, cells on the
coverslips were mounted on microscope slides and were analysed using confocal microscopy by acceptor
photobleaching FRET. The percentage increase in CFP emission after YFP photobleaching in 20 cells was
tabulated by calculating the difference in intensity of the fluorescence before and after photobleaching
[postbleach — Iprebleach)/Tpostbleach X 100%]. The experiment was repeated thrice (n=3). *P<0.001 when
compared to control cells.

(B) Schematic diagram illustrating the hypothesized conformation of WIP-WASP. WASP (blue) was fused
with CFP (cyan) at the C-terminus while WIP (pink) was fused with YFP (yellow) at the N-terminus.

(C) Schematic diagram illustrating acceptor photobleaching FRET. When YFP (yellow) is close to CFP

(cyan), after acceptor YFP photobleaching, the emission of CFP would increase as YFP can no longer
undergo excitation.
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Results 3.2
3.2 Molecular characterisation of WASP“*"** mutation related XLN

3.2.1 Introduction

WASP is predominantly in the autoinhibited, closed conformation in resting cells. The
first activator of WASP that was identified is the Rho-GTPase Cdc42 (Aspenstrom et al.,
1996). Recent studies suggest that Cdc42, acting cooperatively with Tocal, binds the
GBD domain of WASP and (Ho et al., 2004) disrupts the interaction of the VCA domain
and GBD domain in WASP, thereby converting to an open conformation. Importantly,
the GBD domain of WASP hosts an important residue, Y291. The role of the
phosphorylation of this tyrosine residue has been scrutinized in detail by many groups
(Badour et al., 2004a; Blundell et al., 2009; Cory et al., 2002b). It is a major
phosphorylation site in WASP as mutation of residue Y291 abolishes tyrosine

phosphorylation of WASP (Cory et al., 2002b).

Many kinases such as the Src family kinases and Tec family kinases have been reported
to phosphorylate WASP at residue Y291 (Baba et al., 1999; Badour et al., 2004a; Bunnell
et al., 1996; Cory et al., 2002b). The phosphomimetic mutant Y291E displayed increased
ability to enhance actin polymerization and filopodia formation in macrophages when
compared to WASP or the non-phosphorylatable mutant Y291F (Cory et al., 2002b).

These findings suggest the importance of phosphorylation in WASP activity.

The mutation L270P in WASP causes XLN and it has been suggested that this mutation

causes WASP to be in a constitutively active conformation (Devriendt et al., 2001).
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Because of the proximity of the residue L270 with the tyrosine residue Y291, we
hypothesize that the mutation L270P can affect the phosphorylation at Y291. Also, the
mutation L270P could mimic the effect of Cdc42 binding to WASP, which activates
WASP. By coupling L270P mutation with Y291E or Y291F, a better understanding of
the role of phosphorylation in the regulation of WASP and the molecular basis of XLN

could be attained.

3.2.2 WASP"*"" adopts an open conformation

The three mutations, identified in XLN patients, L270P, S272P and 1294T are all located
within the GBD domain of WASP (Ancliff et al., 2006; Beel et al., 2009; Devriendt et al.,
2001). These mutations disrupt the closed conformation of WASP through the disruption
of the autoinhibitory loop. These constituitively active WASP mutants have been
reported to have increased actin polymerizing activity (Ancliff et al., 2006; Beel et al.,

2009; Devriendt et al., 2001).

In this study, the mutation L270P was selected as the representative mutation which
causes XLN. First, the reported open conformation of L270P was verified in S. cerevisiae
cells using the BiFC assay. The WASP reporter (Trp) and WASP**"" sensor (Trp)
constructs were each transformed separately together with NLS-WIP (Leu) plasmids in S.
cerevisiae cells. Fluorescence microscopy analysis of the transformants revealed that the
mutant WASP"*’"" sensor had significantly reduced fluorescence signal (Figure 3.21A

and B) when compared to WASP reporter. This confirms the postulation made by other
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groups that reported that L270P mutation causes WASP to adopt an open conformation

(Devriendt et al., 2001).
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Figure 3.21 WASP"*""" adopts an open conformation.

(A) S. cerevisiae cells were transformed with NLS-WIP (Leu) together with (1) WASP reporter (Trp) or (2)
WASP“"" sensor (Trp) and selected on SD (-Trp-Leu) plates. The transformants were grown to
exponential phase at 24°C in selective media and YFP signals in these cells were subsequently analyzed
using fluorescence microscopy. Bar = Spm

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing NLS-WIP (Leu) together
with (1) WASP reporter (Trp) or (2) WASP"*"" sensor (Trp), using metamorph software. * P<0.001
compared with WASP reporter + NLS-WIP cells.

(C) Western blot analysis of expression of the WASP reporter in S. cerevisiae cells transformed with WIP
(Leu) together with (1) WASP reporter (Trp) or (2) WASP“*"" sensor (Trp) using anti-GFP (a-GFP) and
anti-Hexokinase (a-Hex) as a loading control.

3.2.3 WASP with L270 mutation has increased phosphorylation in Tyr
residues

The residue Y291 is sterically protected by the GBD-VCA domains when WASP is in the
autoinhibited conformation (Torres and Rosen, 2003). It is proposed that in order for

kinases to gain access to Y291, binding of an activator such as Cdc42, that can partially
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destabilize the conformation, should first take place. If the mutation L270P is introduced
in WASP, the open conformation adopted by WASP could bypass the requirement of an
activator to destabilize the closed structure, for the access of kinases. To test this
hypothesis, the ability of various kinases, previously shown to interact with WASP (Baba
et al.,, 1999; Badour et al., 2004a; Cory et al.,, 2002b; Labno et al., 2003), to

phosphorylate WASP or WASP"*""" was examined.

HEK 293T cells were transfected with WASP or WASP"*""" tagged with Histidine tag,
together with Bruton’s tyrosine kinase (BTK), Hematopoietic cell kinase (HCK),
Tyrosine kinase expressed in hepatocellular carcinoma, (Tec), IL-2 inducible T cell
kinase (ITK) and Fyn tagged with GFP. The transfected cells were lysed and his-tag
pull-down assay was performed to isolate WASP or WASP"*""" from the lysates from
cells with or without co-expression of the kinases. The tyrosine-phosphorylation levels of
WASP or WASP""" was detected using phosphotyrosine specific antibody, 4G10.
Western blot analysis revealed that BTK, HCK and Tec induced increased levels of
tyrosine phosphorylation when mutation L270P was introduced in WASP (Figure 3.22A).
The increased level of phosphorylated WASP mutant detected from cells co-expressing
BTK, HCK and Tec, in comparison to the WT counterpart was not due to unequal levels
of WASP or WASP*""" isolated by the pull-down assay (Figure 3.22B). Low amounts of
Tec were pulled down suggesting that the association of WASP and Tec may be transient
or it may have been poorly expressed (Figure 3.22C). ITK and Fyn, on the other hand,

L270P

did not induce increased tyrosine phosphorylation for WASP when compared to

WASP. This could be because the increase in the phosphorylation levels of WASP"*"%"
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induced by these kinases was too low to be detected. No phosphorylation was detected

when the cells were transfected with only WASP constructs, without any kinases,

indicating that the phosphorylation levels detected in the western blots were due to
exogenous kinases transfected (data not shown). The HEK 293T cells were treated by
pervanadate, which is a phosphotyrosine phosphatase inhibitor, after transfection of
WASP or WASP"*""" and the kinases to enhance tyrosine phosphorylation levels.
However, pervanadate treatment caused non-specific tyrosine phosphorylation to be

detected (data not shown). Together, these results indicate that WASP“*""" has increased

phosphorylation in Tyr residues.
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Figure 3.22 BTK, HCK and Tec induced increased tyrosine phosphorylation of WASP“*"’",
g y puosphory
(A) HEK 293T cells were transfected with WASP-His or WASP"*"""-His together with (1) BTK-GFP, (2)

HCK-GFP, (3) Tec-GFP, (4) ITK-GFP or (5) Fyn-GFP. WASP or WASP"*""" was isolated by His-tag pull-
down assay. Western blot analysis of tyrosine-phosphorylation levels of WASP or WASP,p Was

performed using 4G10 antibody.
(B) Western blot analysis of levels of WASP or WASP"*"" isolated using anti-WASP (a-WASP).

(C) Western blot analysis of levels of kinases isolated using anti-GFP (a-GFP).
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3.2.4 Enhanced phosphorylation of WASP"”"" is due to increased
phosphorylation at residue 291

There are seven tyrosines residues in WASP, at amino acid residues 51, 83, 88, 102, 107,
212 and 291. However, mutation of all the tyrosine residues, except at residue Y291, did
not cause a decrease in phosphorylation levels by HCK as compared to WT WASP (Baba
et al., 1999). The consensus from the findings of many groups is that residue Y291 is the

major phosphorylation site of WASP (Baba et al., 1999; Cory et al., 2002b).

To find out if the increase in tyrosine phosphorylation levels by BTK and HCK in
WASP""F was due to phosphorylation at Y291, the mutation L270P was combined with
a non-phosphorylatable Phe at 291 position, Y291F in WASP. HEK 293T cells were
transfected with His-tag WASP"*""" or WASPH7OPYBIE (yy AGPLPYF) together with GFP-
tagged HCK or BTK (Figure 3.23 and 3.24). WASP"*""" or WASP""™F was isolated by
His-tag pull down assay and western blot analysis of the tyrosine phosphorylation levels
of the WASP mutants showed that when Y291 was mutated to a non-phosphorylatable
mutation Phe in WASP"*"""| the total tyrosine phosphorylation levels in WASP were
reduced. The decrease in levels of phosphorylated WASP*""F detected was not due to
unequal levels of WASP mutant isolated by the pull-down assay or unequal amounts of
HCK and BTK expressed (Figure 3.23 and 3.24). Similarly, when the mutation L270P
was combined with a phosphomimetic mutation at Y291, L270P/Y291E (WASP""YF),
the tyrosine phosphorylation levels of WASP dropped (Figure 3.23 and 3.24). This results
L270P

indicated that increased phosphorylation of WASP is due to increased

phosphorylation at residue 291.
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Figure 3.23 Increased phosphorylation of WASP"*""* by BTK is due to increased phosphorylation at

residue 291.

(A) HEK 293T cells were transfected with BTK-GFP together with (1) WASP-His, (2) WASP**""-His, (3)
WASPY'E_His, (4) WASPY*'"_His, (5) WASP""YE_His, (6) WASP""YF_His. Transfection efficiencies of
cells were analysed using fluorescence mmicroscopy.

(B) HEK 293T cells were transfected with BTK-GFP together with (1) WASP-His, (2) WASP**""-His, (3)
WASPY'E_His, (4) WASPY?'F_His, (5) WASP*""E_His, (6) WASP*""F_His. The WASP mutants were
isolated by His-tag pull-down assay. Western blot analysis of tyrosine-phosphorylation levels of WASP or
WASP,70p was performed using 4G10 antibody. Expression levels of WASP and BTK isolated in the pull-
down assay were detected using anti-WASP (a-WASP) and anti-GFP (a-GFP) respectively.
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Figure 3.24 Increased phosphorylation of WASP"?’"" by HCK is due to increased phosphorylation at
residue 291.

(A) HEK 293T cells were transfected with HCK-GFP together with (1) WASP-His, (2) WASP"*"""-His, (3)
WASPY'E_His, (4) WASPY*'"_His, (5) WASP""YE_His, (6) WASP""YF_His. Transfection efficiencies of
cells were analysed using fluorescence mmicroscopy.

(B) HEK 293T cells were transfected with HCK-GFP together with (1) WASP-His, (2) WASP"*"""-His, (3)
WASPY'E_His, (4) WASPY?'F_His, (5) WASP*""E_His, (6) WASP"""F-His. The WASP mutants were
isolated by His-tag pull-down assay. Western blot analysis of tyrosine-phosphorylation levels of WASP or
WASP,70p was performed using 4G10 antibody. Expression levels of WASP and BTK isolated in the pull-
down assay were detected using anti-WASP (a-WASP) and anti-GFP (a-GFP) respectively.
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3.2.5 Phosphorylation causes WASP to adopt an open conformation

Since phosphorylation is known to activate WASP, the conformation of phosphorylated
WASTP is hypothesized to be in the open conformation (Cory et al., 2002b). It would be

L270P

interesting to analyse the conformation of WASP when additional mutations Y291E

or Y291F is introduced.

WASP reporter (Trp) with mutations L270P, Y291E, Y291F, LP/YE or LP/YF was
transformed together with NLS-WIP (Leu) in S. cerevisiae cells. The cells were then
selected on SD plates lacking Trp and Leu and transformants were inoculated and grown
to exponential phase. Subsequently, the cells were analyzed using fluorescence
microscopy (Figure 3.25A). The fluorescence signals from 100 cells were quantified and
plotted (Figure 3.25B). Western blot analysis showed that the transformed cells had equal

expression of mutant WASP reporters (Figure 3.25C).

Y291F .
was similar to

The fluorescence signal from cells transformed with WASP
fluorescence levels detected from cells transformed with WASP reporter, suggesting that
the lack of phosphorylation causes WASP to adopt a closed conformation. On the other
hand, mutation Y291E causes a reduction in the fluorescence levels from the mutant
WASP reporter. Introduction of a glutamic acid residue, resembling the structure of a
phospho group may have disrupted the autoinhibitory loop of WASP, causing it to adopt

an open conformation, similar to the WASP"*""" sensor.
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WASP""YF sensor produced similar fluorescence levels as WASP*"" as the mutation

Y291F has no effect on the conformation of WASP. WASP“"YE sensor surprisingly, had
similar fluorescence levels as WASP*"", It could be due to the fact that WASP*"%" has

already adopted an open conformation and the mutation Y291E had no further effect on

the conformation of WASP.
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Figure 3.25 Phosphorylation causes WASP to adopt an open conformation.

(A) S. cerevisiae cells were transformed with NLS-WIP (Leu) plasmid together with (1) WASP reporter
(Trp), (2) WASP""sensor (Trp), (3) WASP™'* sensor (Trp), (4) WASP"™'" sensor (Trp), (5)

WASPYPYIIE sensor (Trp) or (6) WASP*7Y?!IF sensor (Trp) and selected on SD (-Trp-Leu) plates.

The transformants were grown to exponential phase at 24°C in selective media and YFP signals in thes
cells were subsequently analyzed using fluorescence microscopy. Bar = Spm

&

(B) Fluorescence signal quantification from 100 S. cerevisiae cells expressing NLS-WIP (Leu) plasmid
together with (1) WASP reporter (Trp), (2) WASP**""sensor (Trp), (3) WASP"**'® sensor (Trp), (4)
WASP"' sensor (Trp), (5) WASPH7PYIIE gensor (Trp) or (6) WASPR7PYIE gensor (Trp) using

metamorph software. *P<0.001 when compared to WASP reporter + NLS-WIP cells.

(C) Western blot analysis of expression of WASP mutant sensors in S. cerevisiae cells transformed with
WIP (Leu) plasmid together with (1) WASP reporter (Trp), (2) WASP**"*sensor (Trp), (3) WASPY*'F
sensor (Trp), (4) WASP'F sensor (Trp), (5) WASPR7PYIIE sensor (Trp) or (6) WASP-PYIE gensor

(Trp)using anti-GFP (a-GFP) and anti-Hexokinase (a-Hex) as a loading control.
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3.2.6 WASP mutants bearing mutations at Y291 are able to suppress

growth defects of las174 cells

Las17p is the yeast homologue of WASP and S. cerevisiae cells with the deletion of the
gene have been shown to be unable to grow at elevated restrictive temperatures (Li, 1997).
However, expression of human WASP together with human WIP in the las/74 cells can
suppress the growth defect and absence of the VCA domain of WASP or the V domain of
WIP failed to suppress the growth defects in these cells (Rajmohan et al., 2006). This
suggests that WASP and WIP have to form a functional complex for actin polymerization

in order to suppress the growth defects of las/74 cells.

The activity of WASP*""", WASP'*'¥, WASPY®"F WASP""*F and WASP'™™" in
las174 cells were examined in the presence of WIP in order to determine the effects of
phosphorylation on the function of WIP-WASP complex. The mutants were transformed
into lasi74 cells (IDY166) together with WIP. The transformants were streaked on
YPUAD plates and grown at both 24°C and 37°C. All the mutations were able to rescue
the growth defects of the las74 cells (Figure 3.26). The results indicate that although the
mutations L270P, Y291E, LP/YE and LP/YF affected the conformation of WASP, these

mutations did not affect the formation of a functional complex with WIP.
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Figure 3.26 Co-expression of WASP or its mutants and WIP suppress the growth defects of lasl74
cells.

Las174 cells (IDY166) were transformed with plasmids expressing WASP or WASP mutants. The
transformants were streaked on YPUAD plates and grown at both 24°C and 37°C. Photograph was taken
after 3 days.

3.2.7 WASP knock down Jurkat T cells has impaired motility

Phosphorylation at Y291 has been shown to be indispensable for many roles of WASP in
vivo (Dovas and Cox, 2010). It is required for podosome formation in dendritic cells and
macrophages (Blundell et al., 2009; Dovas et al., 2009), crucial for phagocytic cup
formation in macrophages (Tsuboi and Meerloo, 2007) and chemotaxis in dendritic cells
(Blundell et al., 2009). However, little is known about the function of phosphorylation of

WASP in T cells.
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To determine if phosphorylation of WASP is important for T cell migration and if the
mutation L270P in WASP affects T cell migration, a WASP-deficient Jurkat T cell line
was first generated in order to express the phosphorylation mutants in the cell line for

further characterization.

The RNAi method was used to generate the WASP knock down Jurkat T cell line, in
which stable integration of lentiviral or retroviral vectors encoding shRNA or siRNA into
the genome of the cells can downregulate the expression of WASP for long periods of
time. Two lentiviral vectors encoding siRNA targeting the WASP coding region and 3’
UTR were designed, W7si and W8si (Appendix 2) according to studies done by Olivier et
al (Olivier et al., 2006). The efficacy of the siRNA vectors were tested in both HEK 293T
cells and Jurkat T cells. However, both the siRNA vectors only effectively inhibited
exogenous WASP expression in HEK 293T cells but not in Jurkat T cells (data not
shown). Subsequently, lentiviral vectors encoding shRNA, W7, W8 and S1 (shRNA
targeting another coding region of WASP) (Appendix 2) were designed and tested in both
cell lines but similar results were obtained where no knockdown of WASP expression
was observed in Jurkat T cells (data not shown). Double copies of the shRNAs in
lentiviral vectors were constructed, W7-W7, W8-WS8, S1-S1 but did not knock down the

expression of WASP when transduced in Jurkat T cells (data not shown).

Epstein-Barr virus (EBV) based vectors have been shown to be maintained episomally

after transduction into different cell lines (Hellebrand et al., 2006). EBV-based vector
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harbouring the different shRNAs were constructed and transduced into Jurkat T cells but

did not inhibit the expression of WASP effectively (data not shown).

Finally, retroviral vector encoding the WASP shRNA, S1 was used. The retroviral vector
also encoded GFP to allow detection and sorting of the transduced cells. HEK 293T cells
were transfected with the ShRNA encoding vector to package the shRNA-containing viral
particles. The viral particles were used to infect Jurkat T cells and target cells that were
stably producing GFP were sorted by flow cytometry. The transduction was carried out
once or twice to test if increasing transduction numbers would increase the efficiency of
the knock-down of WASP expression. The shRNA effectively knocked down the
expression of WASP in Jurkat T cells (Figure 3.27A). However, increasing the number
of transduction did not increase the knockdown. Also, real-time PCR showed that

mRNA level of WASP was down-regulated to over 2 folds as well (Figure 3.27B).
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Figure 3.27 Suppression of endogenous WASP expression by shRNA.

(A) Western blot analysis of the expression level of WASP in Jurkat T cells transduced with shRNA vector
using anti WASP (a-WASP) and anti GAPDH (a-GAPDH) as a loading control. Lane 1: WT Jurkat cells,
lane 2: Jurkat cells transduced with WASP shRNA once, lane 3: Jurkat cells transduced with WASP
shRNA twice. *P<0.001 compared with WT cells.

(B) WASP mRNA levels quantified by real-time PCR in WT Jurkat and WASP knock down cells.
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WASP N-WASP

shRNA -+ -7

Figure 3.28 shRNA was specific to WASP.
Western blot analysis of expression of WASP and N-WASP in HEK 293T cells transfected with or without
shRNA using anti GFP (a-GFP) and anti GAPDH (a-GAPDH) as a loading control.

N-WASP has more than 50% sequence homology with WASP (Derry et al., 1994). There
was a possibility that the shRNA could target N-WASP as well. Thus, to check for the
specificity of the sShRNA, both WASP and N-WASP tagged with GFP were transfected in
HEK 293T cells with or without the sShRNA. The Western blot analysis showed that the
shRNA was specific for WASP as N-WASP expression was unaffected by the shRNA

(Figure 3.28).

In order to validate that WASP is important for the migration in T cells, and if partial
down-regulation of WASP would be sufficient to impair migration in T cells, the
chemotactic response of Jurkat T cells in response to SDF-1a was analysed using Dunn
chambers. Using time-lapse video microscopy, the migration tracks of the Jurkat T cells
and Jurkat WASP knock down T cells (Jurkat"***™%) cells on the annular bridge of the
Dunn chamber (Methods, 2.2.3.13.2) were traced. The Jurkat T cells preferentially
migrated towards the source of SDF-1a while the Jurkat"*3™ had impaired movement.

The chemotactic response of the Jurkat™ 5™

cells towards SDF-la was suppressed
(Figure 3.29). Moreover, the migration velocities of the Jurkat™***¢ (0.0383pum/sec)

were significantly decreased (Figure 3.30A) in comparison to the Jurkat T cells



(0.0986um/sec). Additionally, circular histograms were plotted to analyse the overall
directionality of migration of the cells (Figure 3.30B). 61.6% of the final positions of the

Jurkat T cells lie in the 40° arc facing the chemokine source while only 26.6% of the

WASPkd

Jurkat migrated to the region. This data indicated that the migrations of

Jurk atWASPkd

were more random and they had impaired directionality movements towards
SDF-1a. Taken together, these data suggests that WASP plays an important role in the

cell motility of Jurkat T cells and partial down regulation of WASP expression was

sufficient to cause the impairment.
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Figure 3.29 WASP downregulation impairs the motility of Jurkat cells (A)
Vector plots of migration paths of 20 randomly chosen cells from wildtype and Jurkat™ 3™ exposed to

a gradient of SDF-1a in the Dunn chamber. Time-lapsed images were captured over 50 mins at intervals of
30s. The starting point of each cell is at the intersection of the X and Y axes. The source of SDF-1a was at
the top.
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Figure 3.30 WASP downregulation impairs the motility of Jurkat cells (B)

(A) Migration velocity of each cell shown as a mean of velocities of 60 randomly chosen cells (20 cells
each from 3 sets of experiments) * P<0.0001 compared with WT cells (unpaired student’s t-test)

(B) Circular histograms showing percentage of cells where the final positions of cells lie in each of the
sectors (20°). The source of SDF-1a was at the top.

WASPkd

From the results above, Jurkat cells were impaired in cell motility as compared to

the Jurkat T cells. We hypothesize that reconstituition of WASP expression in the

Jurka tWASPkd

cells will be able to rescue the impairment of chemotactic response of the
cells towards SDF-10. However, a mutant version of WASP in which the shRNA cannot

target, but is still able to be translated to WT WASP must first be cloned. 4 residues at the
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target site of ShRNA in WASP were mutated such that the respective amino acids were
converted to be coded with the degenerate code (WASPRr) (Appendix 2) (Figure 3.31).
The construct was tested in HEK 293T cells to verify if it was resistant to the shRNA.
Western blot analysis showed that WASPr could still expressed in the presence of the
shRNA while WASP expression was down regulated when transfected together with the

shRNA (Figure 3.31).

WASP, WASP

shRNA -+t - 7

}7

a-GAPDH
I'!?'I?7'7'77?7'!7"I!'T?l??'?l?"’l'?!?l!T!Tl?!?'l!"!l'?
1300 1310 1320 1330 1340 1350
shRNA GATCALATCCGECAAGGTATCCAACTGAACAAGACCCCT
WASP  GAGCGCTTTTG. « o vooevee s L GEGGCCCC

Figure 3.31 WASP with mutations rendering it resistant to the shRNA.

Western blot analysis of expression of WASP-GFP and WASPR-GFP in HEK 293T cells transfected with
or without shRNA using anti GFP (a-GFP) and anti GAPDH (a-GAPDH) as a loading control. WASPy
contains four mutations that rendered it resistant to the ShRNA.

3.2.8 WASP Y291 phosphorylation is crucial for T cell migration

To ascertain the importance of phosphorylation of WASP in the chemotaxis of T cells,
WASPr or WASPR bearing mutations L270P, Y291E, Y291F, L270P/Y291E (LP/YE) or
L270P/Y291F (LP/YF) were tagged with RFP and expressed in Jurkat" 5™, The cells
expressing the WASP mutants from neomycin resistant plasmids were selected for a
week using G418. Subsequently, the chemotaxis responses of the cells towards SDF-1a

were analysed in a Dunn Chamber using time-lapse microscopy.
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Reconstitution of WASP expression in Jurkat™ 5" (JurkatV 5™ + WASPy) rescued the
impairment in chemotatic response towards SDF-1a (Figure 3.32), similar to the response
of Jurkat T cells (Results 3.28). Jurkat"*SP% + WASPR"""" cells behaved in a similar
manner as Jurkat" 5™ + WASPg cells (Figure 3.32). The average velocity of the
Jurkat™ 45+ WASPRM cells (0.0817um/sec) was similar to the JurkatVASPK 4
WASPg cells (0.0709um/sec) (Figure 3.34A). However, the overall directionality of
JurkatVASPK + WASPRM cells, according to the circular histograms plotted, was
impaired with only 18.2% of the final positions of the cells lying in the 40° arc facing the
chemokine source, compared to 89% for the Jurkat™ 57 + WASPR cells (Figure 3.32).
25% of Jurkat" 5™ + RFP cells were lying in the 40° arc facing the chemokine source
compared to 18.2% of the Jurkat" 5" + WASPR"*""" cells. The higher percentage of

Jurk atWASPkd

+ RFP cells lying in the region close to the chemokine source may be
because the knockdown of the expression of WASP was not complete and WASP may
still be exerting its effects. Expression of WASP"*"" may have dominant negative effect

WASPkd

on the chemotaxis of Jurkat cells, resulting in less percentage of the cells lying in

the 40° arc facing SDF-1a compared to Jurkat" 5" + RFP cells.

JurkatWASPkd 4 WASPRY?'F cells and JurkatVASPkd 4 WASPRYPE cells, on the other hand,
had similar impairment in chemotaxis as JurkatVASPkd - RFP cells (Figure 3.32). The
migration velocities of Jurkat™ 57 + WASPRY?'F cells (0.0387um/sec) were similar to
Jurkat™5"™ + RFP cells (0.0391um/sec), significantly lower than the migration
velocities of JurkatVASP%d + WASPy cells (0.0709um/sec) (Figure 3.34A). Jurkat™ASPkd 4

WASPR?'F cells displayed intermediate velocities (0.0614pm/sec), in between that of



Jurkat™ 5™ + WASPg and JurkatV*3™ cells (Figure 3.34A). The circular histograms
showed that the directionality of migration of Jurkat"*S™* + WASPR"*'F and
JurkatVASPKd 1 WASPRY?!'E cells were more random than JurkatV 5P + WASPy cells.
18.3% and 26.6% of the final positions of Jurkat" "™ + WASPr"*'F and Jurkat™*S*%¢ +
WASP"*'F cells respectively lie in the 40° arc facing the chemokine source while 89%

of the final positions of Jurkat™***! + WASPy cells lie in the same region (Figure 3.33).

Coupling the Y291F mutation to WASP"*"" caused the average migration velocity of the
JurkatVASPK + WASPR"PYF cells to decrease from 0.0817um/sec to 0.0554um/sec. The
Y291E mutation increased the velocities of the Jurkat" 5™ + WASP""YF cells to
0.0952um/sec. This increase in migration velocity is significantly higher than the average
velocities of Jurkat" 5™ + WASPy cells (0.0709um/sec) (Figure3.34A). The circular
histograms revealed that compared to JurkatVASPK + WASPR cells, both Jurkat™ 574 +
WASPR""™F and JurkatV 5™ + WASPR""YE cells showed more random migration, with
only 13.3% (Jurkat" 5™ + WASPR"""") and 23.3% (Jurkat™ 5" + WASPR""*F) of the
final positions of the cells lying in the 40°arc facing the chemokine source (Figure 3.33).
Western blot analysis showed that WASP and WASP mutants were expressed equally
(Figure 3.34B), thus any difference observed was not due to the difference in the

expression of the proteins.
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Figure 3.32 WASP Y291 phosphorylation is crucial for T cell migration (A)

Vector plots of migration paths of 20 randomly chosen cells from WASP knockdown cells expressing (1)
RFP, (2) WASPR-RFP, (3) WASPp ““""-RFP, (4) WASPy ®'E.RFP, (5) WASPR"®'F-RFP, (6)
WASPR-PY2IEREP and (7) WASPR™"""Y¥!F_RFP, exposed to a gradient of SDF-la in the Dunn
chamber. Time-lapsed images were captured over 50 mins at intervals of 30s. The starting point of each

cell is at the intersection of the X and Y axes. The source of SDF-1a was at the top.
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Figure 3.33 WASP Y291 phosphorylation is crucial for T cell migration (B)
WASP knockdown cells expressing (1) RFP, (2) WASPr-RFP, (3) WASP; ““""-RFP, (4) WASP, Y*'"-
RFP, (5) WASPR"?'F-RFP, (6) WASP"""Y*'E.RFP and (7) WASPR"""?'"_RFP, exposed to a

gradient of SDF-1a in the Dunn chamber. Circular histograms showing percentage of cells where the final
positions of cells lie in each of the sectors (20°). The source of SDF-1a was at the top.
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Figure 3.34 WASP Y291 phosphorylation is crucial for T cell migration (C)
(A) Migration velocity of each cell shown as a mean of velocities of 60 randomly chosen cells (20 cells
each from 3 sets of experiments) * P<0.01, ** P<0.05 compared with WASPg-RFP cells (unpaired

student’s t-test).
(B) Western blot analysis of the expression levels of WASP in transfected cells after 36 hours using

appropriate antibodies.

3.2.9 WASP Y291 phosphorylation is required for filopodia induction in

N-WASP™ fibroblasts
The inducible recruitment of WASP to the membrane has been shown to increase

filopodia formation (Castellano et al., 1999). Since phosphorylation at Y291 of WASP is
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crucial for T cell migration, it would be interesting to analyse the effects of

phosphorylation of WASP on the actin cytoskeleton in the cells.

Filopodia formation induced by the WASP mutants was examined in N-WASP”
fibroblasts since these cells do not express both WASP and N-WASP (Misra et al., 2010).
The effects observed in the cells could thus be mainly attributed to WASP or the mutants.
Also, since N-WASP expression is absent in these cells, filopodia formation due to the
interaction between N-WASP and WIP, when exogenous WIP is introduced, would be
absent. N-WASP™" fibroblasts were seeded on coverslips and transfected with 3.5ug of
appropriate DNA. After 36 hours, the cells were fixed and stained with phalloidin for
actin. Thereafter, the cells on coverslips were mounted on microscope slides and analysed
using fluorescence microscopy. WASP and WIP were first individually assessed for the
ability to promote filopodia formation. Transfection of WASP-expressing construct
caused significant promotion the formation of filopodia while the increase in filopodia
formation by WIP was negligible (Figure 3.35). The co-expression of WASP and WIP
increased the filopodia formation significantly. The expression levels of WASP are equal
in cells transfected with WASP alone or WASP together with WIP (Figre 3.35C). Actin
staining of the cells showed that actin was localized in the membrane projections that
were identified as filopodia. Filopodia are defined as actin-rich membrane projections

with length that is between 8um to 20um (Misra et al., 2010).

Subsequently, N-WASP™ fibroblasts seeded on coverslips were transfected with WASP

mutants, WASPL27OP, WASPnglE, WASPY291F, WASPL27OP/Y291E (WASPLP/YE),
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WASPLTOPYIIE (A GPLPIYE) tagged with GFP (1.75pg of DNA) together with WIP
(1.75pg of DNA), in order to examine how the mutations in WASP affect filopodia
induction in the cells. After 36 hours, cells on the coverslips were mounted on
microscope slides and analysed using fluorescence microscopy. The results showed that
WASP""" induced filopodia formation in 48.37% of cells while WASP induced 26.43%
of the cells. This suggests that WASP"*'"" is more effective than WASP in inducing
filopodia formation. WASPY*'* (31.25%) also induced increased filopodia formation in
the fibroblasts, albeit to a less extent than WASP“*'"", while WASP**'" was least
efficient in promoting filopodia formation (21.07%) (Figure 3.36). This indicates that
phosphorylation of WASP is important for filopodia induction in the fibroblasts. The
percentage of cells with induced filopodia formation by WASP""YE (38.69%) was in
between that of WASP™""" and WASPY®'E. WASP""YF (22.99%) on the other hand
promoted significantly less filopodia than WASP"*’"" (Figure 3.36). Western blot
analysis showed that the difference in filopodia induction is not due to differences in
expression levels of the WASP mutants (Figure 3.36C). The results suggest that
phosphorylation of WASP**""" plays a role in the increase in filopodia induction but it

may not be the sole contributor.
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Figure 3.35 WASP promotes formation of filopodia formation in N-WASP™" fibroblasts in the
presence of WIP.

(A) N-WASP™ fibroblasts were transfected with (1) GFP, (2) WASP-GFP, (3) WIP-GFP or (4) WASP-
GFP together with WIP. After 36 hours, cells were fixed and and stained with Alexa568-Phalloidin to
visualize filamentous actin. Bar represents 15 pm.

(B) Statistical analysis of 30 random transfected cells for filopodia induction was carried out as described
Methods 2.2.3.10. Each experiment was repeated thrice. * P<0.01 compared with cells transfected with
only GFP (unpaired student’s t-test). A cell was defined as having filopodia (8-20 pum) if it contains 5 or
more filopodia.

(C) Western blot analysis of the expression levels of WASP or WIP in transfected cells after 36 hours using
appropriate antibodies.
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Figure 3.36 WASP Y291 phosphorylation is required for filopodia formation in N-WASP™”
fibroblasts.

(A) N-WASP™" fibroblasts were transfected with (1) WASP-GFP, (2) WASP"*"""-GFP, (3) WASP"*'E-
GFP, (4) WASPY?'""_GFP, (5) WASP*""Y*'E.GEP and (6) WASP"*"""Y*'F_.GFP together with WIP.
After 36 hours, cells were analysed for the presence of filopodia. Bar represents 15 pm.

(B) Statistical analysis of 30 random transfected cells for filopodia induction was carried out as described
Methods 2.2.3.10. Each experiment was repeated thrice. * P<0.01, **P<0.05 compared with cells
transfected with WASP-GFP. ***P<0.001 compared with cells transfected with WASP“*’*"-GFP (unpaired
student’s t-test). A cell was defined as having filopodia (8-20 um) if it contains 5 or more filopodia.

(C) Western blot analysis of the expression levels of WASP in transfected cells after 36 hours using
appropriate antibodies.
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Results 3.3
3.3 Role of Calpain-mediated proteolysis of WASP in T cell function

3.3.1 Introduction

Proper regulation of the cell migration is crucial for normal and pathological processes
which involve a myriad of proteins and the coordination of the activity of these proteins
to drive the actin polymerization machinery (Ridley et al., 2003). The formation of
protrusions at the leading edge of cells relies on the regulation of actin filaments in cell
adhesion structures. Calpain has been shown to be important in the cell migration process
(Bhatt et al., 2002; Dourdin et al., 2001) and members of the Calpain family regulates the
assembly and disassembly of adhesion structures through the proteolysis of cytoskeletal
proteins, including filamins, vinculin, talin, cortactin and the WASP family of proteins
(Lebart and Benyamin, 2006). The WASP family of proteins belongs to a class of
nucleation promoting factors that activates the Arp2/3 complex and increases the rate of
actin polymerization (Campellone and Welch, 2010). WASP activates the Arp2/3
complex through the binding of both the Arp2/3 complex and G-actin at the VCA domain
of WASP (Machesky and Insall, 1998). This bypasses the actin nucleation step which is a
rate-limiting step in actin polymerization. WASP has been shown to be a substrate of
calpain as inhibition of calpain results in reduced cleavage products of WASP (Calle et
al., 2006b). The aim of this study was to determine if calpain proteolysis of WASP is
important for the regulation of cell migration and other functions in T cells. In order to
characterize the role of calpain-mediated proteolysis of WASP in the function of T cells,

the calpain cleavage sites in WASP must be mapped in order to generate a calpain-
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resistant WASP. The calpain-resistant mutant can be used to study if these functions were

impaired when regulation of WASP by calpain was inhibited.

3.3.2 Fine mapping of WASP-WIP interaction site

It has been shown that WIP acts as a chaperone for WASP and protect WASP from
calpain-mediated degradation (de la Fuente et al., 2007) and it is likely that the binding of
WASP binding domain (WBD) of WIP to the WHI1 domain of WASP prevents the
exposure of the cleavage sites to proteases (Volkman et al., 2002). Our laboratory has
shown previously that deleting the WH1 domain of WASP renders WASP*V!! to be very
stable in yeast (Rajmohan et al., 2006). Furthermore, western blot analysis of the
expression levels of WASP*V"! showed that WASP*""! is expressed much more stably
compared to WASP in HEK 293T cells transfected with WASP or WASP*™"! (Figure
3.38). Thus, by analyzing the interaction of truncated WASP (with deletion at the WH1

region) and WIP, the region of WASP targeted by calpain could be narrowed down.

Deletion constructs of WASP were cloned, in which increasing number of residues were
deleted from the WH1 domain of WASP. Primers that were designed to bind to specific
sites in the WH1 domain (Appendix 2) were used together with a 3’ primer, which binds

to the end of WASP, to amplify the various length of truncated WASP (Figure 3.38)
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Figure 3.37 WASP expression stabilised after deletion of WH1 domain.
Western blot analysis of expression of WASP in 293T cells transfected with (1) WASP or (2) wAspAVH!
sing anti GFP (a-GFP) and anti GAPDH (a-GAPDH) as a loading control.
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WASPas2-114 I N.D.

Figure 3.38 Deletion constructs of WASP for analysis of interaction with WIP and stability of
expression in the presence of calpain.

The leftmost column indicates if there was positive or negative interaction of truncated WASP with WIP
(V' : positive interaction, X: negative interaction).

Full length WASP, WASP"°® WASP”?” WASP'"% wWASP'*%" wASpP'?%

WASP*VH (WASPP**%) were cloned into the bait plasmid pAS2-1 containing the
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Gal4p Binding domain and WIP was cloned into the prey plasmid pACT2 that contained
the Gald4p Activation domain. A yeast two hybrid assay was performed to check for the

interaction between the truncated WASP and WIP (Methods 2.2.2.4).

N

+WIP
WASp WASp
114-503
WASp WASp
50-503 127-503
WASp WASp
95-503 AWH1
WASp WASp 95-503
100-503 Y102W/107W

~_ -

Figure 3.39 Interaction of WASP and WIP was abolished when first 100 residues of WASP was
deleted.

Deletion constructs of WASP in bait plasmid pAS2-1(Trp) (1) full length WASP, (2) WASP**%, (3)
WASPQS'SOS, (4) WASPIOO'SOS, (5) WASP“HM, (6) WASP127'503, (7)WASPAWH1 (WASPBS'S(B), (8) WASP®
303 VIZWNIOW \ere transformed together with prey plasmid pACT2-WIP (Leu) in S. cerevisiae cells and
grown on SD (-Trp-Leu) plates at 37°C for 3 days. Transformants of cells expressing both truncated WASP
and WIP were streaked on SD (-Trp-Leu) plates and SD (-Trp-Leu-His) plates supplemented with 2mM
3AT and incubated at 37°C for 5 days before analysis.

The yeast two hybrid assay showed that S. cerevisiae cells expressing full length WASP,
WASP*” WASP?% together with WIP were able to grow on SD (-T-L-H) plates
supplemented with 2mM 3AT. 3AT was added to act as an inhibitor for non-specific
activation of the transcription of the HIS3 reporter gene. However, S. cerevisiae cells
expressing WASP'?% WASP'"*> and WASP'*>" and WASP*VH! (WASP'#*°%)
together with WIP were not able to grow on SD (-T-L-H) plates supplemented with 2mM

3AT (Figure 3.39). This result indicates that when the first 100 residues of WASP were
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deleted, the interaction of WASP and WIP was reduced. Also, the result correlated with
existing findings that the WH1 domain is critical for WASP-WIP interaction (Chou et al.,
2006). It could be hypothesized from the result of this assay that the region critical for the
interaction of WASP and WIP lies between residues 95-114 of WASP. Indirectly, it could

also be inferred that the calpain cleavage region of WASP resides within this region.

3.3.3 In vitro proteolysis of WASP by calpain

Previous studies have shown that inhibition of calpain reduced the expression of calpain
cleavage products of WASP (Calle et al., 2006b). However, this could be due to the fact
that calpain is required to activate other proteases, which degrade WASP. In order to
determine if WASP is a direct substrate of calpain, WASP tagged with GST was
expressed and purified in E.coli. GST-WASP*>** was used for purification as we could

not purify the full length WASP, GST-WASP.

Calpain +
kDa 1 2 3
175 - [——
80 - Figure 3.40 WASP is a substrate of calpain.
GST-WASP>?* was purified from E. coli
58 - . (BL21) cells after IPTG induction and
resolved in a 10% SDS-PAGE gel, followed
| — by staining with Coomassie blue. Lane 1 is the
46- protein ladder, lane 2 is GST-WASP*>* that
was incubated with calpain for 2 hours and
lane 3 is the untreated GST-WASP*>%,
30 -
| —
25 -

GST-WASP”??" (50 kDa) was purified and incubated in cleavage buffer containing

100pg/ml calpain 1 (calpain p) and CaCl, for 2 hours. Both calpain treated and untreated
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GST-WASP”* were resolved in SDS-PAGE gel and stained with Coomassie blue. In
the untreated sample, a strong single band at about 50 kDa was detected which
corresponded to the size of GST-WASP”>** (Figure 3.40 lane 3). After calpain treatment,

the 50 kDa band was absent. This result shows that WASP is a substrate of calpain.

3.3.4 Ionomycin treatment decreases the stability of WASP

Ionomycin is a calcium ionophore that is known to activate calpain in the cells (Dreolini
and Takei, 2007). In order to confirm if increased calcium levels in cells can activate
calpain to increase degradation of WASP, HEK 293T cells were transfected with WASP
tagged with GFP and treated with ionomycin for 4 hours before lysis. Expressions of
WASP with and without ionomycin treatment of the cells were analysed using Western

blot.

Stability of WASP decreased after ionomycin treatment of the HEK 293T cells.
Additionally, the expression of WASP™''" was also analysed. The mutation T111P
causes WAS and lies in the WHI1 region of WASP. This mutation abolished the ability of
WASP to suppress the growth defect of S cerevisiae lasl174 cells in the presence of WIP
(las17p is the yeast homologue of WASP) (Rajmohan et al., 2009). Co-expression of
WASP and WIP can however, suppress the growth defects of these cells. Thus, it is likely
that the mutation abolishes the interaction of WASP and WIP, causing WASP to be
susceptible to degradation. Western blot analysis showed that similar to WASP,

ionomycin treatment also reduced the expression of the WASP mutant (Figure 3.41). This
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indicates that ionomycin treatment of HEK 293T cells increases the activity of calpain for

the degradation of WASP.
WASP WASPTH11P
lonomycin - + -+

Figure 3.41 WASP expression reduced after ionomycin treatment of 293T cells.

Western blot analysis of expression of WASP in 293T cells transfected with (1) WASP or (2) WASP™!'*
using anti GFP (a-GFP) and anti GAPDH (a-GAPDH) as a loading control. The transfected HEK 293T
cells were first treated with 1ug/ml of ionomycin for 4 hours before lysis for western blot analysis.

3.3.5 WASP’>** has reduced proteolysis by calpain

The yeast two hybrid assay showed that when the first 100 residues of WASP were
deleted, the interaction of WASP and WIP were abolished (Results 3.3.2). This suggests
that the calpain cleavage sites in WASP may lie around this region. By analyzing the
expression levels of the truncated WASP mutants in the presence of calpain, the region

important for calpain proteolysis in WASP could be determined.

In order to verify if the expression levels of the mutant WASP was affected when the
residues were deleted from the WH1 domain of WASP, HEK 293T cells were transfected
with full length WASP, WASP % WASP*>" WASP'" wWASP'*% wASpP'*"
03 WASPAYH (WASP*%) tagged with GFP. The transfected cells were treated with
ionomycin for 4 hours before lysis. The expression levels of the mutant WASP were

subsequently analysed by Western blot.
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Western blot analysis showed that WASP deleted in the first 95 residues (WASP?>%)
and 100 residues (WASP'*°%) had a slight increase in stability when compared to full
length WASP (Figure 3.42). However, when 114 and 127 residues were deleted from the
WHI1 domain of WASP, the expression levels of the mutant WASPs increased to a level
that was comparable to that of WASPAVHL (WASP!#2%%) (Figure 3.42). This indicated
that by increasing the number of residues deleted from 100 (WASP'®?%) to 114

(WASP''**%)  the expression and stability of WASP had increased.

In order to narrow down the region of calpain cleavage in WASP, three more deletion
constructs were cloned, in which residues 82-95, 82-109 and 82-114 of the WH1 domain
of WASP were deleted. The mutant WASP constructs, WASP***%°, WASP***'% and
WASP** ! were transfected into HEK 293T cells and treated with ionomycin for 4
hours before lysis and Western blot to check for the relative expression for the WASP
mutants. As seen in the Western blots, expression levels of WASP#% WASPA+10%,
WASP***!"* did not increase as significantly as WASP''*” (Figure 3.42). A possible
explanation is that by retaining the front portion of the WH1 domain of WASP, the
sequence of the amino acids has been changed causing calpain to recognize a cleavage
site at the portion of the WH1 domain that has been retained instead. This results in
similar expression levels of WASP***®, WASP**'% and WASP***'!* with WASP.
Figure 3.38 summarised the expression levels of the mutant WASPs and the interaction

with WIP.
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Figure 3.42 WASP’**” has increased expression in presence of calpain.
Western blot analysis of expression of WASP mutants in HEK 293T cells transfected with

(A) (1) full length WASP, (2) WASP*?, (3) WASP*'?
(C) (1) full length WASP, (Z)WASP95-503 Y102W/Y107W’ (3) WASPQS-SOS, (4) WASPASZ-QSYIOZW/Y]WW’ (5) WASP

WASPAVH (W ASP13-503)
88295 (6) WASPY1 (7) WASP 852114 (8) WASP!*5% | (9) WASPAWII(WASP!*50%)
using anti GFP (0-GFP) and anti GAPDH (a-GAPDH) as a loading control. The transfected HEK 293T

(B) (1) full length WASP, (2)WASP®> 303 YIZWNIOTW "3y W ASP?5% (4) WASP!'*5% (5) WASP'?75% (6)
cells were first treated with 1pug/ml of ionomycin for 4 hours before lysis for western blot analysis.
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3.3.6 Mapping of the calpain cleavage site in WASP

The Western blot analysis (Results 3.3.5) showed an increase in the stability of WASP
between the deletion of 100 residues and 114 residues at the N-terminus of WASP, when
transfected cells were treated with ionomycin before lysis. This indicated that the region
critical for calpain cleavage in WASP lies between residue 100 to 114, in the WH1

domain.

N-WASP (Neural WASP), unlike WASP, has been reported to be non-susceptible to
cleavage by calpain (Shcherbina et al., 2001). Given the high sequence similarity between
the two proteins, this finding was surprising. Thus, closer examination and comparison
between the two sequences would be useful in determining residues which are

responsible for the susceptibility of WASP to calpain.

Figure 3.43A shows the sequence alignment of N-WASP and WASP from residue 80 to
140 of WASP. Within residues 100 to 114, there were a number of residues that were not
conserved between WASP and N-WASP, including residues S103, Q104, L105, S108,
T109, T111, P112 and F113. The occurrence of Lys and Tyr at position P; of the calpain
cleavage site were the highest (Figure 3.43B) and in residues 100 to 114 of WASP, there
were 2 Tyr residues, Y102 and Y107. Taken together, the findings and analysis indicate
that the calpain cleavage site of WASP occurs within residues 100-114 in the WH1

domain.
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Residues 100-114
A

) 120 130 140

WASP LLWEQE Y LVY HreEraTFAGDDCOABINFADEBEAQAFRALVORK
N-WASP LLWEQE FVY HRGEFHTFAGDTCOVALNFANEBEAKKFRKAVTHL

Determinants of Calpain Cleavage 20779
B TapLe IT

Amino acid preferences of calpain around the cleavage site

The occurrence of each residue in positions P4-P7’ for all 106 cleavage sites (Table I) has been counted and normalized to the frequency of the
same amino acid in Swiss-Prot and TrEMBL.

Py Py Py Py By By’ Py By Py Py’ By
Trp 0.00 2.34° 0.00 0.00 0.00 0.00 3.12° 0.79 0.00 2.38° 0.79
Tyr 0.90 0.00 0.30 0.00 0.20 0.60 0.60 1.81 1.52° 0.30
Phe 022 023 023 1.84 0.46 0.46 023 1.39 0.00 0.04 117
Leu 0.59 0.59 297 0.59 0.59 0.40 0.20 0.40 0.90 0.60 1.01
Tle 0.32 113 0.81 0.16 065 0.65° 0.97 0.33 0.33 0.33 0.99
Val 0.71 157 2.00° 0.14 0.71 071 057 158 1.01 1.16 0.29
Ala 111 074 012 0.25 172 136 0.99 1.00 0.75 0.88 0.88
Gly 0.69 0.83 0.14 1.24 0.69 1.24 055 1.25 153 0.84 1.26
Ser 1.20 1.60 093 0.50 3.33 1.87 0.0 1.08 1.88 1.36 1.49
Thr 2,03 1.02 2.71= 1.86 1.86 0.68 0.85 171 1.03 155 0.69
Pro 154 2,32+ 077 058 0.19 2,807 550 2,020 175 177 118
Asp 0.72 0.36 054 0.36 018 0.72 0.36 073 0.73 0.92 0.73
Glu 131 1.60 073 0.44 073 121 073 029 0.88 0.89 0.89
Gin 1.68 0.48 0.72 0.96 1.20 168 1.44 0.97 0.48 1.22 0.73
Asn 1.08 0.65 130 0.43 0.65 0.65 153 175 0.88 0.66
Lys 111 142 047 111 1.42 1.42 0.96 0.96 0.81 145
Arg 1.45 1.09 0.36 254 182 026 0,81 055 0.92 074 29t
His 1.68 0.84 0.00 1.26 0.42 0.42 0.84 0.85 0.85 0.85 0.85
Cys 0.00 0.00 175 0.00 0.00 0.58 0.00 0.59 1.18 2.37 0.00
Met 0.30 0.40 0.40 1.59 0.80 0.40 119 0.00 0.00 0.00 122

“ Values exceeding 2.00 are in bold.
“Values corresponding to the consensus calpastatin inhibitory segment in positions P, '-P,’ (i.e. TIPPXYR) are underlined.

Figure 3.43 Mapping the calpain cleavage sites of WASP.

(A) Sequence alignment between WASP and N-WASP. Residues highlighted in yellow are conserved
while residues that are non-highlighted or highlighted in green or are non-conserved. Residue Y102 (Blue
box) and Residues T111 and P112 (Red box) of WASP are residues that were mutated which increased the
resistance of WASP against calpain.

(B) Table showing occurrence of residues at calpain cleavage sites of 106 subtrates of calpain. At P,
position, occurrence of Lys and Tyr residues were the highest. Adapted from (Tompa et al., 2004).

3.3.7 Generation of a Calpain-resistant mutant of WASP

To determine which residues were crucial for calpain cleavage in WASP, a series of site
directed mutants were generated by mutating residues around or within 100 to 114 of the
WHI1 domain. The aim of mutating these critical residues was to abolish the calpain
cleavage sites in WASP to achieve a WASP mutant that was resistant to calpain
proteolysis and it would be useful for further studies. Also, in order to achieve a WASP
mutant that was able to retain its bioch