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Abstract
Cell polarity refers to the asymmetric distribution of cellular components between
two distinct ends of metazoan cells for normal biological processes. Loss of cell
polarity represents one of the key hallmarks in cancer development. Scribble, a core
polarity regulator can exert tumour suppressor or oncogenic properties during
carcinogenesis. Deregulation of Scribble is also associated with poor prognosis in
prostate and breast cancer. Scribble belongs to the LAP family that comprise of 16
Leucine Rich Repeats (LRR) at the N-terminus and 4 PSD-95/Discs-large/ZO-1
(PDZ) domains at the C-terminus. The PDZ domains coordinate the majority of
Scribble biological interactions, which have implications for cell proliferation,
survival, migration and apoptosis. The interplay between PDZ domains and Scribble
ligands is thus key to determining Scribble function as an adaptor protein in
orchestrating cellular signalling complexes. Nonetheless, the exact mechanistic
regulatory system that governs PDZ domains interactions remains elusive.
This thesis deciphered the PDZ domains mechanism of action by characterising
Scribble binding to β-PIX. β-PIX is the best characterised physical binding partner of
Scribble, where their interactions regulate apoptosis and exocytosis pathways. In
this thesis, each isolated PDZ domain was characterised to establish a binding
hierarchy of PDZ1>PDZ3>PDZ2, with PDZ4 showing no affinity towards β-PIX.
Structural and functional studies of all four PDZ domains together (4PDZ) revealed a
ligand dependent exposure of PDZ binding grooves, where clustering of PDZ
domains are suggested to regulate interaction. Through systematic truncations and
mutations of 4PDZ, the role for each PDZ domains is revealed, where a model is
proposed to describe 4PDZ binding mechanism. The work presented here
underscores the importance of a higher ordered structure for Scribble PDZ domains
activity in regulating Scribble function in development and disease.
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Introduction
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Chapter 1: Introduction

1.1 Cell polarity
Cell polarity is an essential property for all biological organisms. The growth and
development of an embryo, determination of body axis, orientation of hair growth,
down to the movement of cells are dictated by polarity. At the cell level, exertion of
cell polarity can be observed during cell death, immunity response and neuronal
cells differentiation. Cell polarity can be loosely characterised by the asymmetric
distribution of cellular constituents, such as lipids, membrane proteins as well as
cellular proteins. Some examples of the types of cell polarity that are involved in
biological processes include apical-basal cell polarity (ABCP), front-rear polarity
(FRP), asymmetric cell division (ACD) and planar cell polarity (PCP) (Figure 1.1)
(Dow and Humbert 2007).

Figure 1-1 Examples of cell polarity in biological processes.
Various types of cell polarities such as apical-basal, front-rear, asymmetric cell
division and planar cell polarity are shown. Additionally, examples of the biological
processes in which each cell polarity is involved in are given in the brackets.

2
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1.2 Cancer and cell polarity
Loss of polarity represents one of the hallmarks in cancer progression (Wodarz and
Nathke 2007, Etienne-Manneville 2008). In epithelial cancer, tissue architecture and
cell polarity is often disrupted, implicating the involvement of polarity regulators in
this process. Cancer is a disease that involves multistep cooperative events through
the acquisition of various mutations that lead to abnormal cell activities. Indeed,
studies now point towards an important role of deregulated polarity regulators in
epithelial cancer progression (Huang and Muthuswamy 2010). As most cancers are
derived from epithelial cells, I will here focus on the polarity regulators that govern
epithelial cell polarity.

1.2.1 Apical-basal cell polarity
Epithelial cells generate apical-basal cell polarity (ABCP) to create a barrier that
regulates molecular transport from one side to the other, as well as to act as a
protective layer. There are at least three key sets of determinants that are
responsible for the establishment and maintenance of ABCP. They are the Crumbs
complex, Par complex and Scribble cluster. The Crumbs complex consists of a
transmembrane protein Crumbs (Crb), protein associated with Lin seven 1 (Pals1)
and Pals1-associated tight junction (PATJ); whilst members of the Par complex are
Partitioning defective 3 (Par3), Partitioning defective 6 (Par6) and atypical protein
kinase C (aPKC). The Scribble cluster consists of Scribble (Scrib), Disc large (Dlg) and
Lethal giant larvae (Lgl). These polarity determinants were mainly discovered
through genetic screening in the worm Caenorhabditis elegans and the vinegar fruit
fly Drosophila melanogaster (Bilder and Perrimon 2000, Legouis, Jaulin-Bastard et al.
2003). Orthologs of these protein complexes as well as their functions have been
found to be extremely well conserved from flies to worms and vertebrates (Table
1.1). For more thorough reviews see St Johnston et al. and Elsum et al. (St Johnston
and Ahringer 2010, Elsum, Yates et al. 2012).
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Polarity

Organisms

Drosophila

Mammals

Crb

Crb1, Crb2, Crb3

Sdt

Pals1

dPatj

Patj

Baz

Par3, Par3L

Par-6

PAR6α, PAR6β, PAR6γ

daPKC

aPKCι, aPKCζ

Scrib

Scrib

Dlg

Dlg1, Dlg2, Dlg3, Dlg4

Lgl

Lgl1, Lgl2

Groups
Crumbs groups
Polarity

Par

Scribble

Table 1-1 Homologs of Drosophila polarity proteins in mammals.

Studies from C. elegans, Drosophila and vertebrates revealed that the ABCP is
established by the mutual exclusion of Crumbs, Par and Scribble complexes. aPKC, a
member of the Par complex is known to be key to the establishment of ABCP
(Sotillos, Diaz-Meco et al. 2004). During the initial phase of ABCP establishment, Lgl
competes with Par3 to form independent complexes with Par6 and aPKC
(Yamanaka, Horikoshi et al. 2003). Phosphorylation of Lgl by aPKC displaces Lgl
from Par6:aPKC complex (Betschinger, Mechtler et al. 2003, Plant, Fawcett et al.
2003). The phosphorylated Lgl antagonises the Par complex, and joins the Scribble
cluster at the basolateral region (Betschinger, Mechtler et al. 2003, Hutterer,
Betschinger et al. 2004, Chalmers, Pambos et al. 2005, Yamanaka, Horikoshi et al.
2006, Beatty, Morton et al. 2010, Hoege, Constantinescu et al. 2010). This then
allows Par3 to interact with Par6:aPKC, forming the Par complex (Yamanaka,
Horikoshi et al. 2003). The resulting Par3 complex recruits Crumbs complex to the
apical lateral domain through aPKC phosphorylation of Crb (Sotillos, Diaz-Meco et al.
2004). Furthermore the Scribble cluster functionally antagonises both Par and
Crumbs to establish the basal identity in epithelial cells (Bilder and Perrimon 2000,
Bilder, Schober et al. 2003). These events promote the formation of tight junctions in
epithelial cells to establish the boundary between the apical-basal regions (Wodarz,
4
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Hinz et al. 1995, Grawe, Wodarz et al. 1996, Koppen, Simske et al. 2001, McMahon,
Legouis et al. 2001). The final established polarity determinant complexes are
shown in Figure 1.2. For the purpose of this thesis, I will focus on the Scribble cluster
and the significance of this module will be discussed.

Figure 1-2 The interaction between the polarity complexes during apical-basal polarity
maintenance.

1.2.2 The Scribble cluster
All three members of the Scribble complex are found to be tumour suppressors. In
Drosophila studies, homozygous mutations in any of these members displayed
disrupted epithelial structure and neoplasia tumour growth (Gateff, Ravisse et al.
1974, Mechler, McGinnis et al. 1985, Woods and Bryant 1989, Bilder and Perrimon
2000). Hence, it is thought that Scribble, Lgl and Dlg function through a similar
pathway in regulating polarity (Bilder, Li et al. 2000). The precise interactions

5
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between the members of the Scribble cluster are still under investigation, though
some physical interactions have been reported. In mammalian epithelial cells, Lgl2
associates with Scribble LRR domain (Kallay, McNickle et al. 2006), whilst
phosphorylation of any conserved Ser residues at the central linker region of Lgl2
allows binding to Dlg4 guanylate kinase (GUK) domain (Zhu, Shang et al. 2014). In
Drosophila synapses, Scribble proper localisation requires a ternary complex
formation with Dlg through the GUK-holder (GUKh) protein (Mathew, Gramates et
al. 2002). Nonetheless, such complex formation has not been shown for the NanceHoran syndrome (NHS) protein (GUKh mammalian homolog). During the facial
branchiomotor neurons migration in zebrafish, a NHS like 1b protein (homolog to
NHS and GUKh) showed genetic and physical interaction with Scribble and Dlg
(Walsh, Grant et al. 2011). This shows a promising role of NHS to be involved in
Scribble and Dlg interactions in mammalian cells.
Initially, great attention to the Scribble cluster came from its involvement in cervical
cancer as the majority of cervical cancers are caused by the high risk human
papilloma virus (HPV) oncoproteins interaction with specific PDZ-containing
substrates (Thomas, Dasgupta et al. 2008). Members of the Scribble cluster, Scribble
and Dlg are individually targeted by both high risk HPV strains, HPV-16 and HPV-18,
for ubiquitin mediated degradation (Kiyono, Hiraiwa et al. 1997, Nakagawa and
Huibregtse 2000, Thomas, Massimi et al. 2005), allowing HPV to exploit signalling
pathways that are normally regulated by the Scribble cluster.
In ensuing studies, deregulation of Scribble, Lgl and Dlg were rapidly identified and
investigated in prostate, skin, lymphoma, leukaemia and breast cancers (Frese,
Latorre et al. 2006, Pearson, Perez-Mancera et al. 2011, Vaira, Faversani et al. 2011,
Hawkins, Oliaro et al. 2014, Savi, Forno et al. 2014, Pearson, McGlinn et al. 2015,
Hawkins, Oliaro et al. 2016). In mammals, there are four homologs of Dlg, two
homologs of Lgl and only one homolog of Scribble (Table 1.1). As the functions of
Scribble, Lgl and Dlg are highly conserved in multicellular organisms, the fact that
only a single Scribble mammalian homolog exists has made it highly amenable for
the functional studies of the Scribble cluster.
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1.3 Scribble
Scribble was firstly identified in the vinegar fruit fly Drosophila melanogaster, where
the scribble mutation exhibited a corrugated cuticle phenotype (Bilder and Perrimon
2000), accounting for its name Scribble. Loss of Scribble in Drosophila disturbed
localisation of the apical proteins, resulting in defective ABCP, disruption of the
embryonic epithelia monolayer and over-proliferation (Bilder, Li et al. 2000, Bilder
and Perrimon 2000). In Drosophila larval imaginal disc, Scribble mutant disturbs cell
polarity and causes massive over-proliferation, inferring Scribble role in controlling
cell growth and tumour suppressor properties (Bilder, Li et al. 2000). Nonetheless,
the overgrowth of Scribble mutant cells is often controlled by neighbouring wild
type cells and do not metastasise (Brumby and Richardson 2003, Pagliarini and Xu
2003). In a Drosophila clonal system akin to human cancer, Scribble depletion in the
presence of oncogenes such as Ras, Raf and Notch bypasssed the normal clonal
defensive pathway, and led to a more aggressive metastatic tumour behaviour
(Brumby and Richardson 2003, Pagliarini and Xu 2003, Leong, Goulding et al. 2009,
Wu, Pastor-Pareja et al. 2010). The resultant aggressive tumour phenotype obtained
in Drosophila eye disc mirrors the characteristics of human’s cancer cells, where the
pathologies include degradation of basement membrane, E-cadherin depletion, promigratory characteristic and formation of secondary tumour (Pagliarini and Xu
2003).
The mammalian homologue of the Drosophila Scribble exhibited similar properties,
where mammalian Scribble was able to rescue the Drosophila Scribble mutant’s
aberrant and overgrown wing disc phenotype (Dow, Brumby et al. 2003). Like
Drosophila Scribble, loss of mammalian Scribble can cooperate with Ras activation to
promote invasion and tumour progression in mammalian cells (Dow, Elsum et al.
2008, Zhan, Rosenberg et al. 2008, Pearson, Perez-Mancera et al. 2011, Elsum, Yates
et al. 2014). Thus, it is not surprising that deregulation of Scribble has been
associated with cancer progression in humans as well (Vaira, Faversani et al. 2011).
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1.4 Structural aspects of Scribble
Scribble belongs to the LRR and PDZ (LAP4) family and consists of 16 Leucine-rich
repeats (LRR), two LRR-like domain (LAP) and 4 PSD-95/Disc-large/ZO-1 (PDZ)
domains at the C-terminal. The LRR and PDZ domains interact with many different
ligands, allowing Scribble to play a role in many signalling pathways.

1.4.1 LRR domains
The canonical LRR domain is a binding motif that folds into an arc shape consisting
of β-strands at the concave side with α-helices at the convex side (Figure 1.3) (Kobe
and Kajava 2001). The LRR domain is important in targeting and restricting Scribble
to the plasma membrane (Zarbalis, May et al. 2004, Navarro, Nola et al. 2005, Kallay,
McNickle et al. 2006). A single point mutation at position 305 from Proline to
Leucine in the LRR domain (p305L) disrupts Scribble localisation to the plasma
membrane in mammalian cells (Legouis, Jaulin-Bastard et al. 2003). Let-213, a
Scribble homolog found in C. elegan also displays altered membrane localisation
similar to mammalian Scribble when mutated at the LRR domain (Legouis, JaulinBastard et al. 2003). The Rumpelstilzchen mouse containing a single point mutation
of Isoleucine to Lysine in Scribble’s third LRR domain display severe neural tube
defects known as craniorachischisis (Zarbalis, May et al. 2004) that can also be of
significant lethality in humans.

PDB ID: 2BNH

Figure 1-3 The LRR domain of ribonuclease inhibitor (Kobe and Deisenhofer 1996).
Figure was prepared using PyMOL (Schrodinger 2015).
The structure of the ribonuclease inhibitor displays a convex side consisting of alpha
helices coloured in cyan, whilst the concave side consists of beta strands coloured in
magenta.
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1.4.2 PDZ domains
The PDZ domain family was named after the first three proteins that were
discovered PSD-95, Disc-large and ZO-1. The PDZ domain family normally consists of
about 90 amino acids. The canonical PDZ structure consists of six β-strands and two
α-helices (Cho, Hunt et al. 1992, Doyle, Lee et al. 1996). The PDZ domain binding
groove consists of a β2 strand and α2 helix, together with a GLGF motif positioned
between β1 and β2 strands, which recognises the ligand PDZ binding motif (PBM)
(Cho, Hunt et al. 1992, Doyle, Lee et al. 1996, Saras and Heldin 1996) (Figure 1.4).
Initial attempts were made to classify the PDZ domains specificity based on their
ligand recognition sequences into three major groups: Class I recognises a X-T/S-XØCOOH motif, while Class II recognises a X-Ø-X-ØCOOH motif, and Class III prefers XD/E-X-ØCOOH motif (Songyang, Fanning et al. 1997, Sheng and Sala 2001, Nourry,
Grant et al. 2003). X represents any amino acid residue, and Ø refers to a
hydrophobic residue. Although the majority of PDZ interactions occur through the Cterminus of their ligand, studies have shown that PDZ domains can also bind to
internal PBM motifs (see review (Ivarsson 2012)). PDZ domains can form dimers
and interact with other PDZ domains as part of their interaction regulatory system
(Ivarsson 2012). Additionally, PDZ domains binding specificity can also be regulated
by phosphorylation of the PDZ domain or their ligand PBM (Ivarsson 2012).

PDZ1
PDB ID: 2W4F

PDZ2
PDB ID: 1WHA
RMSD: 1.52 Å

PDZ4
PDB ID: 1UJU
RMSD: 1.82 Å

Figure 1-4 Atomic structures of individual Scribble PDZ domains.
All isolated structures of the PDZ domains adopted the canonical PDZ fold. The
binding groove of each PDZ domain is highlighted in red. The program PyMOL
(Schrodinger 2015) was used to generate these structural figures.
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The Scribble PDZ domains are categorised as Class I PDZ domains. The Scribble PDZ
domains interact with micromolar affinities, unlike the related Erbin PDZ domain
that is capable of tighter interactions with nanomolar affinity due to the binding
preference of tryptophan at the -1 C-terminal position of the ligand (Zhang, Yeh et al.
2006). The numbering of residues at the C-terminus starts with 0 being the last Cterminus residue, and followed by the numbering of the consecutive residue -1
moving away from the C-terminal. Most of the Scribble interactions occur through
the PDZ domains (Table 1.2). It is not uncommon for each Scribble PDZ domain to
show overlapping preferences towards similar ligands, while each domain is capable
of binding numerous binding partners (Table 1.2). How these multiple interactions
are prioritised and regulated in vivo remains mostly unknown.
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LRR domain
1

PDZ domain

APC
β>catenin
ZO>2
β>PIX
MCC
Vimentin

+
+
+

GUKh
Lgl2
Vangl2

+

PHLPP1

+

+
+

+

+
+

+

+
+
+

+

TRIP6
LPP
TSHR
NMDAR'GluN2A
NMDAR'GluN2B

+

+
+

+
+

+

References

+ Cell'adhesion
+
+

(Takizawa,'Nagasaka et'al.'2006)
(Sun,'Aiga'et'al.'2009)
(Metais,'Navarro'et'al.'2005)

+

Cell'migration

(Audebert,'Navarro'et'al.'2004)
(Arnaud,'Sebbagh'et'al.'2009)
(Phua,'Humbert'et'al.'2009)

Cell'polarity

(Mathew,'Gramates et'al.'2002)
(Kallay,'McNickle'et'al.'2006)
(Kallay,'McNickle et'al.'2006)

Cell'proliferation

(Li,'Yang'et'al.'2011)

Signalling'between'cell'
adhesion'and'nucleus

(Petit,'Crombez et'al.'2005)
(Petit,'Meulemans'et'al.'2005)

+

+
+

NOS1AP
HPV'E6
Influenza'A'virus'NS1
TBEV'NS5

Cellular-processes

+
+

1656 aa

4

}
}

Ligands

3

}

2

}

1

+
+
+

+ Receptor'recycling
+

+

+ Dendritic'spine'development (Richier,'Williton et'al.'2010)

+

+
+

Viral'infection

(Lahuna,'Quellari et'al.'2005)
(Piguel,'Fievre'et'al.'2014)
(Piguel,'Fievre'et'al.'2014)

(Takizawa,'Nagasaka et'al.'2006)
(Liu,'Golebiewski'et'al.'2010)
(Werme,'Wigerius et'al.'2008)

Table 1-2 A summary of the domains involved in Scribble interaction.
Binding partners of Scribble are shown together with the cellular processes that are
involved. Any Scribble domains that have affinity towards the specified ligand is
marked with the ‘+’ symbol. APC: Adenomatous polyposis coli; ZO-2: Zona occludens
protein 2; β-PIX: p21 activated kinase interacting exchange factor beta; MCC:
Mutated in colorectal cancer; GUKh: Guanylate kinase holder; Lgl2: Lethal giant
larvae 2; Vangl2: Vang-like protein 2; PHLPP1: PH domain and leucine rich repeat
protein phosphatase 1; TRIP6: Thyroid receptor-interacting protein 6; LPP: Lipoma
preferred partner; TSHR: Thyroid stimulating hormone receptor; NMDAR: Nmethyl-D-aspartate receptor; NOS1AP: Nitric oxide synthase 1 adaptor protein; HPV:
Human papillomavirus; TBEV: Tick-borne encephalitis virus.
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1.4.3 Scribble C-terminus
The Circletail mouse contains a premature truncation of Scribble PDZ domains
lacking PDZ3 and PDZ4 and similarly to the Rumpelstilzchen Scribble mislocalised
mutant mouse mentioned above exhibits eye open at birth as well as severe neural
tube defects (Murdoch, Henderson et al. 2003). The almost undetectable protein
levels of Scribble protein expression reported in the lung of Circletail mouse has
been used to support a role for PDZ3 and PDZ4 in stabilising Scribble protein
stability (Yates, Schnatwinkel et al. 2013). However, further work has suggested that
the C-terminal of Scribble itself may contribute to the stabilisation of Scribble at the
plasma membrane (Kallay, McNickle et al. 2006). Indeed, more recent work has
shown that the C-terminal of Scribble contains SADH (Scribble, Actin Binding
Lin11/Isl-1/Mec-3 Dematin Homology) motifs that directly interact with the CH1
domain of β-spectrin, facilitating Scribble stability at the cell cortex (Figure 1.5)
(Boëda and Etienne-Manneville 2015).

LRR domain

PDZ domain
1

1

2

3

4

1656 aa

YxxR motif: AP2 binding site
KIM: Kinase interaction motif
ERK phosphorylation sites
KLDY motif: PP1 binding site
CD74 associated phosphorylation hot spots
PKA phosphorylation sites

Figure 1-5 The domains structure of the Scribble protein.
AP2: Adipocyte protein 2; ERK: Extracellular signal-regulated kinase; PP1γ: Protein
phosphatase 1 γ; CD74: The γ subunit of the major histocompatibility complex class
II complex; PKA: Protein kinase A.
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1.4.4 Post-translational modifications
1.4.4.1 Phosphorylation
Recent studies in human keratinocytes revealed several phosphorylation sites in
Scribble by Protein Kinase A (PKA) and Extracellular Signal-Regulated Kinase (ERK)
(Figure 1.5) (Nagasaka, Pim et al. 2010). The interaction between Scribble and ERK
is mapped to a putative kinase interaction motif (KIM).
In mouse mammary epithelial cell lines, a Ser1601-phosphorylation site in Scribble
was identified to be associated with Scribble interaction with E-cadherin-catenins
(Yoshihara, Ikenouchi et al. 2011). Additionally, the major histocompatibility
complex class II γ subunit, CD74 showed a link to multiple phosphorylation hot spots
in Scribble (Figure 1.5) (Metodieva, Nogueira-de-Souza et al. 2013). Overexpression
of CD74 in human embryonic kidney cells mislocalises Scribble from the cell
adhesion to the cell apical and cytoplasm region (Metodieva, Nogueira-de-Souza et
al. 2013). As the abundance of CD74 is associated with the invasiveness of lymph
node-metastatic triple-negative breast tumours (Greenwood, Metodieva et al. 2012,
Metodieva, Nogueira-de-Souza et al. 2013), the Scrible:CD74 interaction has been
proposed to have implications in cancer progression.
Using a proteomics approach, protein phosphatase 1γ (PP1γ) was found to bind to
and dephosphorylate Scribble through the KLDY binding motif, regulating the ERK
signalling pathway (Figure 1.5) (Nagasaka, Seiki et al. 2013).
1.4.4.2 Lipid modifications
Palmitoylation is a process of adding a type of fatty acid, palmitate, onto the
substrates Cysteine residues. It is demonstrated that Erbin, a member of the LAP
protein family, requires palmitoylation at Cysteines 14 and 16 for proper
localisation at the plasma membrane (Izawa, Nishizawa et al. 2008). During a
sequence comparison between Scribble and Erbin, Scribble was also found to have
similar Cysteine residues at the N-terminus, suggesting the possibility of
palmitoylation modulating Scribble function (Izawa, Nishizawa et al. 2008).
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From the studies of T-cell polarity, lipid rafts appear to have a role in exerting cell
polarisation (Gomez-Mouton, Abad et al. 2001, Millan, Montoya et al. 2002, LudfordMenting, Crimeen-Irwin et al. 2011). Lipid rafts are 10-200 nanometer particles that
are heterogeneous, dynamic and rich in cholesterol and sphingolipids, whose
functions is to micro-organise protein-protein/lipid interactions (Hancock 2006,
Pike 2006). As an example, CD46 associates with lipid rafts to reorientate T-cell
polarity in order to inhibit formation of immunological synapses for T-cell receptor
signalling (Ludford-Menting, Crimeen-Irwin et al. 2011). The lipid-raft mediated
polarisation is speculated to be involved in the machinery of segregating polarity
determinants in epithelial cell polarisation. As Scribble is a membrane associated
protein, it is possible that Scribble is associated with lipid rafts and this may be
important for Scribble’s proper function. For a more comprehensive understanding
of lipid raft in polarity see Russell et al. (Russell and Oliaro 2006).

1.4.5 Summary
Altogether, Scribble structural domains and post-translational modifications govern
Scribble interactions with important biological partners. As the majority of the
interactions occurred through the PDZ domains, the overlapping binding
redundancies of these PDZ domain interactions with biological partners pose
important questions as to the significance of this redundancy and how specificity is
achieved during ligand engagement. Post-translational modifications of Scribble may
also help compartmentalise specific signalling complexes at different spatiotemporal
locations in the cell. A better understanding of how these structural aspects work in
unison to coordinate Scribble interaction would provide substantial insights into
how Scribble regulates cell polarity and tumourigenesis.

1.5 Scribble interacting partners
The currently known binding partners of Scribble were identified either as direct
physical interactors or in vivo through a third adaptor protein. These binding
partners can be categorised into different functional classes such as junctional
proteins (ZO-2) (Metais, Navarro et al. 2005), receptors (TSHR, NMDAR) (Lahuna,
Quellari et al. 2005, Piguel, Fievre et al. 2014), cytoskeletal regulators (β-PIX,
Vimentin) (Audebert, Navarro et al. 2004, Phua, Humbert et al. 2009), major
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signalling pathways players (ERK, PHLPP1) (Nagasaka, Massimi et al. 2010, Li, Yang
et al. 2011) as well as viral host proteins (HPV E6, Influenza A virus NS1, TBEV NS5)
(Takizawa, Nagasaka et al. 2006, Werme, Wigerius et al. 2008, Liu, Golebiewski et al.
2010) (Table 1.2, Figure 1.5). Other than downstream signalling activation, the
consequences of Scribble interaction may include proper localisation of the binding
partner (β-PIX, MCC) (Audebert, Navarro et al. 2004, Arnaud, Sebbagh et al. 2009,
Pangon, Van Kralingen et al. 2012), Scribble protein stability (Vimentin, β-spectrin)
(Phua, Humbert et al. 2009, Boëda and Etienne-Manneville 2015) and
phosphorylation state (ERK, PP1γ) (Nagasaka, Pim et al. 2010, Nagasaka, Seiki et al.
2013). However, how all these overlapping interactions are regulated and
coordinated is currently unknown but is obviously critical in understanding Scribble
function.
As depicted in Table 1.2, Scribble’s varied structural determinants are associated
with Scribble’s involvement in distinct cellular processes, including cell polarity,
adhesion, proliferation and directed cell migration. Given that the majority of
celllular processes are intimately linked with cancer, these Scribble functions and
the key Scribble interacting partners implicated in these are further elaborated in
the proceeding section.

1.6 Scribble cellular functions
1.6.1 Cell proliferation
In a genetic screen for the cyclin E hypomorphic mutation dominant modifier,
Scribble was found to negatively regulate G1 to S phase transition in Drosophila
(Brumby, Secombe et al. 2004). This is supported by a prostate cancer mouse model,
where loss of Scribble induced hyperproliferation and neoplasia (Pearson, PerezMancera et al. 2011). The LRR domain of Scribble has an important role in
proliferation by regulating ABCP in epithelial cells (Zeitler, Hsu et al. 2004, Norman,
Wisniewska et al. 2012). Similarly, in mammalian epithelial cells, Scribble’s proper
localisation at the basolateral membrane through the LRR domain and one of the
PDZs domain is required for Scribble regulation of the G1 to S phase cell cycle
transition (Nagasaka, Nakagawa et al. 2006).
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1.6.1.1 APC, β-catenin
Adenomatous polyposis coli (APC) is a regulator of the cell cycle and proliferation
(Ishidate, Matsumine et al. 2000). In embryonic mouse brain tissue, Scribble forms a
complex with both APC and β-catenin (Takizawa, Nagasaka et al. 2006). These three
proteins co-localise in mouse brain tissue and growing mammalian epithelial cells
(Takizawa, Nagasaka et al. 2006). APC localisation at the adherens junction is
dependent on Scribble, and is important for proper adherens junction formation
(Takizawa, Nagasaka et al. 2006). In contrast, disruption of Scribble and β-catenin
interaction mislocalises Scribble from the plasma membrane to the cytoplasm,
resulting in increase cell proliferation (Gujral, Karp et al. 2013). The ternary complex
formation of Scribble, APC and β-catenin infers their involvement in cell cycle and
proliferation through the Wnt pathway.
1.6.1.2 ERK, PP1γ
Another example of Scribble regulation of cell proliferation is through its
interactions with ERK and PP1γ (Nagasaka, Pim et al. 2010, Nagasaka, Seiki et al.
2013). Scribble C-terminal KLDY motif directly interacts with PP1γ and translocates
PP1γ from the nucleus to the cytoplasm (Nagasaka, Seiki et al. 2013). The
Scribbe:PP1γ complex is suggested to dephosphorylate ERK through two conserved
KIM sites of Scribble, inhibiting ERK translocation to the nucleus (Nagasaka, Pim et
al. 2010). The absence of ERK in the nucleus restrains gene expression that may
promote cell proliferation such as pro-tumourigenic cytokines IL-8.
1.6.1.3 CD74
In metastatic breast tumours, a high level of the γ subunit of the major
histocompatibility class II complex (CD74) has been identified (Metodieva,
Nogueira-de-Souza et al. 2013). The phosphorylation state of Scribble is associated
with CD74 overexpression (Metodieva, Nogueira-de-Souza et al. 2013). The
phosphorylation hot spots of Scribble resembled the mitogen-activated protein
kinase (MAPK) or cyclin-directed kinase consensus sequence (Metodieva, Nogueirade-Souza et al. 2013), inferring CD74 may be an upstream regulator of MAPK which
phosphorylates Scribble (Leng, Metz et al. 2003). This infers CD74 induced
phosphorylation of Scribble through downstream MAPK signalling, contributing to
uncontrolled cell proliferation.
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1.6.2 Apoptosis
The process of cancer development involves the ability of cells to resist apoptosis.
Recent studies have unveiled Scribble’s emerging role in apoptosis and anoikis
(Zhan, Rosenberg et al. 2008, Frank, Bell et al. 2012, Massimi, Zori et al. 2012, Godde,
Sheridan et al. 2014). For instance, loss of Scribble in avian influenza A virus NS1
infected cells prevented cells from apoptosis (Liu, Golebiewski et al. 2010). Scribble
loss can impair the epidermal permeability barrier by impeding a p53-independent
apoptotic pathway, and predisposing the microenvironment for tumour growth
(Pearson, McGlinn et al. 2015).
1.6.2.1 JNK signalling
In a Drosophila clonal system, Scribble mutation causes over-proliferation of cells
but a compensatory mechanism via Jun amino-terminal kinases (JNK) pathway
induces apoptosis and clears the Scribble mutant cells (Brumby and Richardson
2003). Nevertheless, activation of oncogene Ras in Scribble depleted Drosophila cells
overrides the apoptosis signalling and subsequently promotes aggressive cell
proliferation (Brumby and Richardson 2003).
1.6.2.2 β-PIX:PAK2
In human keratinocytes and suspension epithelial culture, Scribble sensitise cells to
anoikis upon cadherin mediated cell contact (Frank, Bell et al. 2012, Massimi, Zori et
al. 2012). However, Scribble interaction with β-PIX mediates p21 Protein
(Cdc42/Rac)-Activated Kinase 2 (PAK2) localisation to the adherens junction and
counteracts Scribble induced apoptotic pathway (Frank, Bell et al. 2012). This is
evident in β-PIX knockdown cells where massive apoptosis of cells was observed,
but upon synergistic knockdown of β-PIX and Scribble the number of apoptotic cells
were reduced (Frank, Bell et al. 2012). This is further demonstrated by a kinasedead PAK2 expression in suspended epithelial cells where cells became more
susceptible to apoptosis (Frank, Bell et al. 2012), describing PAK2 function in
counteracting apoptosis.
1.6.2.3 c-Myc
Consistent with these findings, loss of Scribble in mammary epithelia abrogates cell
polarity, promotes neoplasia growth and inhibits apoptosis (Zhan, Rosenberg et al.
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2008). Nonetheless, Scribble depletion in mammalian cells induce cell competition
and undergo apoptosis when surrounded by normal cells (Norman, Wisniewska et
al. 2012). Though, in the presence of activated c-Myc with Scribble depletion
initiates mammary tumourigenesis due to loss of Scribble in transducing c-Myc
induced apoptosis pathway (Zhan, Rosenberg et al. 2008). In a normal condition,
oncogene c-Myc acts upstream of Scribble and activates a series of downstream
signalling β-PIX:GIT1-JNK-Jun-Bim to achieve apoptosis (Zhan, Rosenberg et al.
2008).
1.6.2.4 P38 MAPK
Another pathway in which Scribble may regulate apoptosis is through the p38 MAPK
pathway (Zhou, Chang et al. 2016). In cisplatin treated Scribble deficient cells, p38
MAPK phosphorylation was increased and apoptosis was suppressed (Zhou, Chang
et al. 2016). This is associated with the translocation of the mRNA-binding protein
human antigen R to the cytoplasm, which subsequently promote the translation of
epithelial mesenchymal transition (EMT) transcription factor Snail (Zhou, Chang et
al. 2016). The increased Snail expression enhances drug resistance in cancer cells
(Zhou, Chang et al. 2016).
Overall, Scribble modulates the apoptotic pathway through forming signalling
complexes

that

either

support

or

oppose

apoptosis

depending

on

its

microenvironment.

1.6.3 Migration
Cell migration is an essential part of embryogenesis and wound healing. This
process is often hijacked during the development of invasive cancers. During
directed cell migration, cells at the leading edge polarise their microtubuleorganising centre (MTOC) and Golgi apparatus in the plane of migration (Kupfer,
Louvard et al. 1982). The reorientation of Golgi complexes and subsequent
lamellipodia protrusion are important aspects in cell migration. Scribble dictates
polarisation during directed cell migration (Dow, Kauffman et al. 2007). During
Scribble knockdown, cells suffer from morphological changes and cell migration is
promoted and cell motility is increased (Qin, Capaldo et al. 2005). In addition,
Scribble protein levels in cells are correlated with the ability of Scribble knockdown
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cells in directed migration (Dow, Kauffman et al. 2007). Depletion of Scribble
abolishes proper orientation of the Golgi complex and stable lamellipodia formation
is impacted (Osmani, Vitale et al. 2006, Dow, Kauffman et al. 2007, Phua, Humbert et
al. 2009). In endothelial cells, Scribble is also found to regulate integrin ∝5 recycling,
which is essential in directed cell migration and the initiation of angiogenesis
(Michaelis, Chavakis et al. 2013).
1.6.3.1 Scrib:β-PIX
Scribble forms a complex with β-PIX and G Protein-coupled Receptor Kinase
Interacting ArfGAP 1 (GIT1) in neuronal and epithelial cells. Scribble is essential for
β-PIX targeted localisation at the cell periphery (Audebert, Navarro et al. 2004, Dow,
Kauffman et al. 2007, Nola, Sebbagh et al. 2008). The complex formation and precise
localisation of the Scribble:β-PIX complex is important in forming various signalling
hubs to promote directed cell migration and polarisation. Firstly, loss of Scribble
impedes localisation of activated small Rho GTPases such as Ras-related C3
Botulinum Toxin Substrate 1 (Rac1) and Cell Division Control protein 42 (Cdc42) at
the leading edge of migratory cells (Dow, Kauffman et al. 2007). This interaction
mechanism is thought to occur through Scribble:β-PIX interaction as β-PIX is a
guanine nucleotide exchange factor for Cdc42 and Rac1. Indeed, Scribble:β-PIX
controls Cdc42 localisation and activation at the front edge of polarising astrocytes
(Osmani, Vitale et al. 2006). As a consequence, the interaction signals downstream
drive the recruitment of APC and Dlg1 to the leading edge and promote migratory
polarisation (Osmani, Vitale et al. 2006). Next, Scribble:β-PIX:GIT1 associates with
p21 activated kinase (PAK) at the leading edge of mammalian breast cancer cells
(Nola, Sebbagh et al. 2008). PAK requires Scribble for its proper localisation at the
leading edge of migratory cells, presumably to allow localised Rac activation of PAK
activity (Nola, Sebbagh et al. 2008).
1.6.3.2 Scrib:Vangl2:NOS1AP
In metastatic breast cancer cell lines, Scribble forms a ternary complex with NOS1AP
and Vangl (Anastas, Biechele et al. 2012). In support of this finding, Scribble,
NOS1AP and Vangl co-localises at the leading edge of metastatic breast cancer cell
lines and not in the normal breast cell lines (Anastas, Biechele et al. 2012). The loss
of Scribble and NOS1AP separately abrogates migratory polarity and is associated
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with decreased motility in breast cancer cells (Anastas, Biechele et al. 2012). This
reveals an important role of this signalling complex in driving cancer progression.
1.6.3.3 MCC
Scribble also regulates cell migration through its interaction with Mutated in
Colorectal Cancers (MCC) at the periphery of mammary epithelial cells that is
independent of the Rac1, Cdc42, PAK pathway (Arnaud, Sebbagh et al. 2009).
Scribble and MCC interaction is mediated by phosphorylation of MCC PDZ domain
binding motif (PBM) at position -1, which influences lamellipodia formation
(Pangon, Van Kralingen et al. 2012). During lamellipodia formation, MCC co-localises
and interacts with both Scribble and non-muscle motor protein Myosin II-B (Pangon,
Van Kralingen et al. 2012). Loss of either MCC or Scribble, both disturbed directed
cell migration, implicating their importance in this process (Arnaud, Sebbagh et al.
2009).
1.6.3.4 Vimentin
Vimentin is a positive regulator of cell migration (Gilles, Polette et al. 1999).
Overexpression of Vimentin causes increased migration and invasive carcinomas
(McInroy and Maatta 2007, Zhao, Yan et al. 2008). Scribble and Vimentin co-localises
at the cell periphery in Madin Darby Canine Kidney (MDCK) cells during the early
cell-cell junction formation and at the membrane protrusions in migratory human
endothelial cells (Phua, Humbert et al. 2009). Stabilisation of Scribble is dependent
on Vimentin, where decreased Vimentin expression is associated with reduced
Scribble protein level (Phua, Humbert et al. 2009). Nonetheless, silencing Scribble
does not appear to have any significant effect on Vimentin localization and protein
level (Phua, Humbert et al. 2009).

1.6.4 Recycling and signalling
Proper recycling and compartmentalisation of cell surface receptors at epithelial
membrane domains are important in transducing proper signalling that governs cell
behaviour (Kuwada, Lund et al. 1998). Vesicle trafficking in response to extracellular
signalling is crucial in transporting messages across the cell. Scribble appears to
control both these processes.
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1.6.4.1 Vesicle trafficking
In Drosophila imaginal epithelia, Scribble controls the endocytosis machinery. This is
shown when Scribble is mutated, increased endocytosis was detected, together with
rapid internalisation of a Tumour Necrosis Like-Factor (TNF), inducing apoptosis
through JNK signalling (Igaki, Pastor-Pareja et al. 2009). Scribble also exhibits a
similar function in mammalian neuronal cells, where Scribble regulates vesicle
localisation at synaptic sites through interaction with cadherin-β-catenin complexes
(Sun, Aiga et al. 2009). During vesicle trafficking, Scribble requires β-catenin for
correct localisation (Sun, Aiga et al. 2009). Additionally, Scribble can also modify the
route of vesicle transport (Lohia, Qin et al. 2012). This is evident during E-cadherin
degradation, where Scribble blocks E-cadherin association with the retromer
components, preventing E-cadherin vesicle diversion to the Golgi (Lohia, Qin et al.
2012). Scribble interaction with β-PIX:GIT1 was also shown to regulate calcium
stimulated exocytosis in neuroendocrine cells (Audebert, Navarro et al. 2004).
1.6.4.2 NMDA receptor recycling
The N-Methyl-D-aspartic acid (NMDA) receptor regulates cell growth and survival in
various carcinomas (Nahm, Philpot et al. 2004, North, Gao et al. 2010, North, Gao et
al. 2010, Tamura, Suzuki et al. 2011, Deutsch, Tang et al. 2014). As an example,
functional NMDA receptors in breast cancer are important for malignant cells
survival (North, Gao et al. 2010). The NMDA receptor recycling and levels at the
plasma membrane are mediated by Scribble, where their interaction has been
characterised in mammalian synapses (Piguel, Fievre et al. 2014). The NMDA
receptor recycling is mediated by Scribble through direct binding to an adaptor
protein Adipocyte Protein 2 (AP2), inducing GluN2A subunit internalisation and
thus prevents lysosomal degradation of the receptor component (Piguel, Fievre et al.
2014). The recycling of NMDA receptor back to the plasma membrane occurs
through the interaction of Scribble with ADP-Ribosylation Factor 6 (ARF6) (Piguel,
Fievre et al. 2014).
1.6.4.3 TSHR receptor recycling
Another receptor that is modulated by Scribble is the Thyroid Stimulating Hormone
Receptor (TSHR) (Lahuna, Quellari et al. 2005). In the absence of TSH, Scribble
stabilises TSHR at the cell membrane and thus controls TSHR signalling (Lahuna,
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Quellari et al. 2005). Upon TSH stimulation, Scribble interacts with TSHR and
subsequently recruits β-PIX:GIT1 for ARF6 activation (Lahuna, Quellari et al. 2005).
This results in TSHR receptor recycling instead of degradation (Lahuna, Quellari et
al. 2005).

1.6.5 Summary
Scribble is a scaffold protein that associates with numerous ligands to form distinct
signalling hubs, where Scribble also ensures correct localisation of each of the
signalling hubs to orchestrate intricate cellular processes. This underscores the
importance of proper physical interactions between Scribble and its binding
partners, since this has implications toward the cell behaviours.

1.7 The role of Scribble in signalling
1.7.1 Ras MAPK-ERK
The Ras MAPK pathway regulates cell proliferation, fate determination and survival.
Scribble negatively regulates Ras MAPK signalling to suppress tumourigenesis (Dow,
Elsum et al. 2008, Nagasaka, Massimi et al. 2010, Pearson, Perez-Mancera et al. 2011,
Elsum and Humbert 2013, Elsum, Martin et al. 2013, Elsum, Yates et al. 2014, Godde,
Sheridan et al. 2014). Scribble interferes with MAPK pathway by anchoring ERK at
the plasma membrane, and dephosphorylates ERK phosphorylation through
interaction with PP1γ, preventing ERK nucleus translocation (Nagasaka, Massimi et
al. 2010, Nagasaka, Pim et al. 2010, Nagasaka, Seiki et al. 2013). Importantly,
Scribble localisation is central in regulating MAPK signalling pathway (Elsum and
Humbert 2013, Elsum, Martin et al. 2013).
Cooperation of Scribble deficiency with the oncogene Ras promotes invasive
tumours (Brumby and Richardson 2003, Dow, Elsum et al. 2008). This is supported
by the observation that overexpression of Scribble in Drosophila tissue rescues Ras
induced cell transformation (Dow, Elsum et al. 2008). Likewise in the mammary
gland, Scribble activates the MAPK-Fra1 signalling to promote tumourigenesis
(Godde, Sheridan et al. 2014). Loss of Scribble in a prostate cancer mouse model
promotes activated ERK nucleus translocation, promoting neoplastic growth
(Pearson, Perez-Mancera et al. 2011). Indeed, Scribble regulation of ERK activation
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is highly conserved in different cellular contexts in vivo, as Scribble also regulates
MAPK-ERK signalling in central nervous system myelination, muscle development
and in the immune system (Hawkins, Oliaro et al. 2013, Jarjour, Boyd et al. 2015,
Ono, Urata et al. 2015).

1.7.2 PI3K/Akt signalling
Scribble can regulate cell proliferation through a PH domain Leucine-rich-repeats
Protein Phosphatase (PHLPP1) interaction that negatively regulates Akt signalling
pathway (Li, Yang et al. 2011). Scribble targeting of PHLPP to the cell membrane is
crucial for PHLPP mediated dephosphorylation of Akt, suppressing cell proliferation
(Li, Yang et al. 2011). Scribble and PHLPP1 interaction is mutually dependent where
they work in unison to form a ternary complex with Akt, downregulating Akt
downstream signalling, and hence regulating cell survival (Li, Yang et al. 2011).
A mislocalised version of Scribble through mutation of Proline 305 residue to
Leucine at the LRR domain (LRRp305L) disrupts Scribble function to suppress Akt
promoted proliferation, promoting spontaneous tumourigenesis in mice (Feigin,
Akshinthala et al. 2014). ScribbleLRRp305L fails to localise at cell adhesion, and
ScribbleLRRp305L is speculated to interact with Phosphatase And Tensin Homolog
(PTEN) through the PDZ domains, promoting increased levels of PTEN in the cytosol,
which in turn activates the Akt/mTOR/S6 kinase pathway (Feigin, Akshinthala et al.
2014).

1.7.3 JNK
In Drosophila imaginal eye disc clonal system, Scribble depletion in clones activates
apoptosis through upregulation of JNK signalling pathway (Brumby and Richardson
2003, Leong, Goulding et al. 2009). In Scribble depleted clones, the level of
endocytosis is increased leading to endocytosis of Eiger (a tumour necrosis-like
factor) that triggers the JNK apoptotic signalling (Igaki, Pastor-Pareja et al. 2009).
Consistently in the mammalian system, Scribble positively regulates apoptosis
through c-Myc induced Scribble:β-PIX:GIT1 activation of Rac-JNK-c-Jun-Bim
apoptotic pathway (Zhan, Rosenberg et al. 2008).
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In contrast, loss of Scribble cooperates with activated Ras to induce JNK invasive cell
signalling through various downstream effectors depending on the cellular
microenvironment. Firstly, upregulated JNK signalling in Scribble depleted
Drosophila
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disc

cells

activates

Fos

transcription

of

a

Matrix

Metalloproteinase-1 (MMP1) and promotes cell motility (Uhlirova and Bohmann
2006). In Drosophila imaginal tissue, depletion of Scribble with activated Ras
promotes JNK invasion signalling through PP1-MyosinII-JNK pathway (Jiang, Scott et
al. 2011). In addition, overexpression of a tumour suppressor sds22 that suppresses
MyosinII-JNK activity, also leads to attenuated tumourigenic growth of Scribble
depleted activated Ras cells (Jiang, Scott et al. 2011).

1.7.4 Hippo
The Hippo pathway is important in controlling organ size and tissue homeostasis
(Yu, Zhao et al. 2015). Scribble interacts with the Hippo signalling components, such
as Fat1, YAP and TAZ, suggesting a role for Scribble in the regulation of the Hippo
network. In the Drosophila imaginal disc, Fat receptor activates Scribble interaction
with Expanded and Dachs in stabilising Warts levels and activity, suppressing cell
proliferation (Verghese, Waghmare et al. 2012). Loss of Scribble in Drosophila
imaginal disc impaired Hippo signalling leading to over-proliferation of cells
(Doggett, Grusche et al. 2011). However, silencing of Yorkie and Scalloped
attenuated Scribble-deficiency induced tumour growth (Doggett, Grusche et al.
2011).
A similar role of Scribble in Hippo signalling is observed in the vertebrate system.
During zebrafish embryonic kidney development, Fat1 and Scribble depletion
shared similar cyst formation phenotypes, and was partially counteracted by
depletion of YAP (Skouloudaki, Puetz et al. 2009). This suggests that Scribble and
Fat1-deficiency phenotype may have resulted from an impaired Hippo signalling
pathway (Skouloudaki, Puetz et al. 2009). Additionally, Scribble can mirror Lats
(Hippo signalling member) interaction with YAP to exclude YAP from the nucleus,
therefore inhibiting subsequent transcription activity in mammalian epithelial cells
(Skouloudaki, Puetz et al. 2009). In human breast cancer cell lines, Scribble forms a
complex with Hippo kinases MST and LATS to restrict TAZ from promoting cell self
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renewal (Cordenonsi, Zanconato et al. 2011). Scribble membrane-associated
location has been shown to have implication in TAZ inhibition, as mislocalisation of
Scribble to the cytosol activated TAZ activity (Cordenonsi, Zanconato et al. 2011).

1.7.5 Summary
Overall, Scribble regulation of cellular processes is not limited to intracellular
stimuli, but also stimuli from the cellular microenvironment. Depending on the
cellular microenvironment, Scribble can act as a tumour suppressor or function as
an oncogene. As Scribble is involved in multiple signalling networks, it is not
surprising that depletion of Scribble alters signalling pathways that contribute to
cancer development. In most instances, loss of Scribble appears to promote
signalling pathways that support tumourigenesis.

1.8 Scribble in cancer
Deregulation of Scribble expression has been found in many cancers such as breast,
colorectal, liver and prostate cancers (Gardiol, Zacchi et al. 2006, Kamei, Kito et al.
2007, Zhan, Rosenberg et al. 2008, Woo, Park et al. 2009, Pearson, Perez-Mancera et
al. 2011). Initial studies in Drosophila revealed tumour suppressive properties of
Scribble. Consistent with this, deregulation of Scribble correlates with poor
prognosis in human prostate cancer (Pearson, Perez-Mancera et al. 2011). Similar
observation was found in human breast cancer where Scribble is downregulated and
mislocalised (Zhan, Rosenberg et al. 2008). In epidermal, colon and mammary
carcinogenesis, Scribble depletion substantially elevated tumour multiplicity in
mouse models (Gardiol, Zacchi et al. 2006, Godde, Pearson et al. 2014, Pearson,
McGlinn et al. 2015). Scribble loss in lung and prostate sites in mouse models
demonstrated cooperative activity with KRas hyperactivation to accelerate tumour
growth (Pearson, Perez-Mancera et al. 2011, Elsum, Yates et al. 2014).
In contrast, recent studies have also pointed towards an emerging role for Scribble
as an oncogene, as upregulation of Scribble expression correlates with elevated
tumour progression (Lin, Asmann et al. 2015). For instance, elevated Scribble
transcription levels are found to correlate with high patient relapse (Anastas,
Biechele et al. 2012). In human liver carcinoma, loss of Scribble significantly inhibit
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tumourigenesis, suggesting a role for Scribble in initiating liver carcinoma (Woo,
Park et al. 2009). Silencing of Scribble in lung carcinoma cells suppressed cell
migration and tumour invasion, also indicating a potential role in driving cancer
progression (Vaira, Faversani et al. 2011). Amplification of Scribble is also often
found in human breast cancer, with increased mRNA levels of Scribble being
associated with poor clinical outcomes (Feigin, Akshinthala et al. 2014). In support
of Scribble oncogenic properties, Scribble loss delayed Myc induced B-cell
lymphomagenesis (Hawkins, Oliaro et al. 2016).

1.8.1 Scribble localisation is important for its function
The studies of Scribble in cancer progression showed that Scribble localisation is
important for proper cellular signalling. Mislocalisation of Scribble in primary breast
cancer and prostate cancer has been linked to poor prognosis (Pearson, PerezMancera et al. 2011, Savi, Forno et al. 2014). Additionally, Scribble membrane
associated location is altered in human breast and colon cancer (Gardiol, Zacchi et al.
2006, Zhan, Rosenberg et al. 2008). The targeted interaction of human T cell
leukemia virus type 1 Tax protein with Scribble modifies Scribble localisation to the
cytosol (Arpin-Andre and Mesnard 2007), interfering with Scribble regulated
signalling pathways. During Snail or Twist induced epithelial-mesenchymal
transition in mammalian epithelial cells, Scribble localisation at the cell membrane is
altered, causing Scribble accumulation at the cytosol (Cordenonsi, Zanconato et al.
2011). This hindered Scribble inhibitory effect on TAZ in this study, leading to cell
transformation (Cordenonsi, Zanconato et al. 2011).

1.8.2 Summary
Collectively, Scribble is a signalling adaptor that through its localisation recruits and
regulates signalling at specific spatiotemporal locations in the cell. When Scribble is
depleted or mislocalised, Scribble interactions with biological partners and
signalling pathways are deregulated. This is because mislocalised Scribble could still
act as a scaffold protein to orchestrate different signalling complexes, however the
resultant cellular processes are altered, contributing to abnormal cell activity.
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1.9 β-PIX: a major interacting partner of Scribble
Accumulating studies have unveiled a multitude of Scribble interacting partners to
describe Scribble function in biological process, though the precise mechanism that
governs the coordination of Scribble binding to these ligands remains elusive. As
discussed in this chapter, Scribble and β-PIX interaction has been implicated in
many biological processes and signalling pathways; and β-PIX is the best
characterised binding partner of Scribble (Audebert, Navarro et al. 2004). The
Scribble and β-PIX interaction was therefore chosen for this thesis as a starting point
to unravel the complexity of Scribble:ligand interactions and how these are
regulated to mediate Scribble function in development and disease.

1.9.1 β-PIX
p21-activated kinase-interacting exchange factor beta (β-PIX), also known as Rho
guanine nucleotide exchange factor 7 (ARHGEF7) is a guanine nucleotide exchange
factor (GEF) for small Rho GTPase family members Rac1 and Cdc42. The PDZ
binding motif (PBM) at the C-terminus of β-PIX is responsible for Scribble
interaction (Audebert, Navarro et al. 2004, Arnaud, Sebbagh et al. 2009). When βPIX is truncated at the C-terminus, β-PIX loses its ability to localise at the cell
periphery (Arnaud, Sebbagh et al. 2009). The crystal structure of the β-PIX coiledcoil domain (upstream of the PBM) in complex with the Shank PDZ domain revealed
that the β-PIX coiled-coil domains forms a trimer where only one of the β-PIX Cterminus PBM forms a β-strand and interacts with Shank PDZ domain (Figure 1.6).
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Figure 1-6 High resolution structure of β-PIX coiled-coil domains in complex with
Shank PDZ domain (PDB ID: 3L4F) (Im, Kang et al. 2010).
Three β-PIX coiled-coil helices (Red, Green and Yellow) form a trimer and interact
with Shank PDZ domain (Blue). The structure shows that only one of β-PIX coiledcoil domain C-termini (Red) bind to Shank PDZ domain. PyMOL (Schrodinger 2015)
was used to prepare this structure.

1.9.2 Scribble and β-PIX
The Scribble:β-PIX interaction is reported in different cell lines, including epithelial,
neuronal and early myocardium (Audebert, Navarro et al. 2004, Dow, Kauffman et
al. 2007, Boczonadi, Gillespie et al. 2014). Scribble is essential for β-PIX anchorage at
the plasma membrane (Audebert, Navarro et al. 2004, Dow, Kauffman et al. 2007,
Boczonadi, Gillespie et al. 2014). This Scribble:β-PIX complex appears to be
important in many cellular functions as discussed in this chapter, such as apoptosis,
cell migration and exocytosis (Audebert, Navarro et al. 2004, Dow, Kauffman et al.
2007, Nola, Sebbagh et al. 2008, Zhan, Rosenberg et al. 2008). During the
development of myocardium, Scribble forms a complex with β-PIX and Rac1, and
Scribble is required for both proteins’ membranous localisation (Boczonadi,
Gillespie et al. 2014). Loss of Scribble or Rac1 disrupts myocardium morphogenesis,
suggesting a role for the Scribble:β-PIX:Rac1 complex in this process (Boczonadi,
Gillespie et al. 2014).
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Studies from our laboratory have highlighted the importance of correct localisation
of β-PIX by Scribble at the leading edge of migratory cells (Dow, Kauffman et al.
2007). Our observation supports previously published work by Audebert et al.,
where β-PIX is recruited and co-localised with Scribble at the cell periphery upon
membrane depolarisation (Audebert, Navarro et al. 2004). In addition, our
laboratory has also confirmed that Scribble and β-PIX forms a complex in epithelial
cells through co-immunoprecipitation. As cell migration is affected during cancer
progression, further characterisation of the Scribble and β-PIX interaction will shed
some light in understanding how physical interactions of Scribble is coordinated
during cancer progression.

1.10 Project aims
It is clear that Scribble not only acts as a molecular hub that recruits different
proteins to close proximity, but that Scribble also has a role in signalling where
correct transportation of molecules in a specific spatiotemporal manner is crucial
for Scribble biological function. Mislocalisation of Scribble interferes with Scribble’s
ability to bind and regulate signalling hubs and other proteins, resulting in the
enhancement or suppression of undesired pathways that have implications on
cancer development. As the majority of Scribble ligand recognition occurs through
the PDZ domains, a clearer understanding of how Scribble discriminates among
these binding partners to regulate cellular signalling is urgently needed.
For the purpose of deciphering Scribble interactions, and as a first approach to this
problem, this thesis investigated the Scribble PDZ domains and β-PIX interaction. As
all four PDZ domains of Scribble displayed affinities toward β-PIX (Audebert,
Navarro et al. 2004, Arnaud, Sebbagh et al. 2009), this thesis aimed to understand
the precise mechanism of action of Scribble PDZ domains interaction with β-PIX. The
fundamental questions that I have aimed to address in this thesis are: (A) What is
the significance of Scribble PDZ binding redundancies towards β-PIX? (B) Do all
Scribble PDZ domains have similar affinities toward β-PIX? (C) How do the PDZ
domains achieve specificity during β-PIX engagement?
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To answer these specific questions, I investigated Scribble PDZ domains by firstly
dissecting them into individual components, followed by manipulation of all four
PDZ domains using a wide variety of methods. In Chapter 3, the Scribble PDZ
domains were deconstructed into individual components and their interaction with
β-PIX C-terminal PBM tested. A binding hierarchy was established as a result from
studying these interactions. In Chapter 4, I examined the issue of PDZ domains
binding redundancies with β-PIX by characterising a construct that consists of all
four PDZ domains together. Finally, in chapter 5 I utilised different truncations and
mutations of Scribble PDZ domains to dissect which PDZ domains among the four
Scribble PDZ domains were responsible for the β-PIX interaction.
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2.1 DNA manipulation
2.1.1 Starter/small-scale culture
Luria Broth (LB) (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl,
adjusted to pH 7.0) with 100 µg/mL ampicillin was inoculated with a single colony
and incubated overnight at 37°C shaking.

2.1.2 Restriction digest
DNA was digested in 50 µL reaction volume, with 20 units of restriction enzymes
(RE) (New England BioLabs) in the CutSmart® buffer for 2 hours at 37°C. Vectors
intended for ligation purposes was treated with calf intestinal alkaline phosphatase
(CIP) (New England Biolabs) after the first hour of RE digest.

2.1.3 Agarose gel electrophoresis
1 % (w/v) agarose was dissolved in TAE buffer (40 mM Tris-Cl pH 8.0, 0.11 % (v/v)
acetic acid, 1mM EDTA). Samples were prepared by adding DNA loading dye (New
England BioLabs). Each gel electrophoresis was performed at 100 V in TAE buffer
with an accompanying DNA ladder (New England BioLabs). The separated DNA
bands were revealed with a G:BOX Chemi system (Syngene).

2.1.4 Polymerase chain reaction (PCR)
The PCR oligonucleotides for 3PDZ and 4PDZPDZ1mut DNA amplification were
designed and purchased from Bioneer. Each PCR were setup as 50 µL reactions that
consists of ThermoPol Reactionn Buffer (New England BioLabs), 0.4 µM forward
primer (Bioneer), 0.4 µM reverse primer (Bioneer), 160 µM deoxynucleotide
solution mix (New England BioLabs), 1 µL DNA template and 2 units of Vent DNA
polymerase (New England BioLabs). The initial denaturation temperature was
performed at 95°C for 3 mins, followed by 35 cycles of denaturation step at 95°C for
30 secs, primer annealing step at 65°C for 30 secs and polymerase extension step at
72°C for 1 min (for 3PDZ) or 2 mins (for 4PDZPDZ1mut1), followed by a final extension
at 72°C for 5 mins to complete the PCR. This was performed using a Biorad T100TM
Thermal Cycler (Bio-Rad).
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For 3PDZ PCR reaction, the DNA template was pGex-6P-3-4PDZ amplified by the
forward

primer

(5’-GCGGATCCCGTCAGCGCCA-3’)

and

reverse

primer

(5’-

GCGAATTCTCACACGGTGAGGGTGT-3’). The 4PDZPDZ1mut1 DNA was amplified with
forward primer (5’-GCGGATCCGCGCCCTCTGTCAAGGG-3’) and reverse primer (5’GCGAATTCTCACACGGTGAGGGTGT-3’) using the EGFP-hScribPDZ1mut plasmid.

2.1.5 Miniprep
10 mL bacteria culture are grown overnight and pelleted at 4000 x g for 15 mins at
4°C. Plasmid DNA was purified using a Wizard® Plus SV Miniprep kit (Promega)
following the manufacturers instructions.

2.1.6 DNA extraction
DNA bands from agarose gel electrophoresis were excised and purified using a
Wizard® DNA Clean-up system (Promega).

2.1.7 Ligation
The ligation reaction was prepared in 50 µL volumes overnight at room
temperature. The ligation mixture contains either 100 ng or 50 ng DNA at a
digestion plasmid to PCR product ratio of 1:10 for 3PDZ and 1:20 for 4PDZPDZ1mut1
respectively, 400 units T4 DNA ligase (New England BioLabs) and ligase reaction
buffer (New England BioLabs).

2.1.8 Bacterial transformation
Bacterial transformation of 40 µL was carried out with 20 µL chemically competent
cells and 200 ng plasmid DNA with KCM buffer (500 mM KCl, 150 mM CaCl2, 250 mM
MgCl2). The reaction mixture was incubated at 4°C for 15 mins followed by room
temperature for 15 mins. Transformed cells were isolated on LB agar (LB recipe
with 2% agar) and incubated overnight at 37°C.

2.1.9 DNA sequencing
Successfully ligated plasmid clones were sequenced using the pGex vector forward
(5’-GGGCTGGCAAGCCACGTTTGGTG-3’)

and

reverse

(5’-

CCGGGAGCTGCATGTGTCAGAGG-3’) primers (GeneWorks) by Micromon DNA
Sequencing Facility, Monash University.
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2.2 Protein manipulation
2.2.1 Expression constructs
The pGil-MBP (Rautureau, Yabal et al. 2012) and pGex-6P-3 vectors separately
contain hScrib (NM_182706) native DNA sequences of PDZ1 (2100-2445), PDZ2
(2493-2889), PDZ3 (3012-3279), PDZ4 (3294-3609) and 4PDZ (2181-3579). These
constructs were cloned by Ms. Allison Ogden. Additionally, a PDZ3 (3012-3279)
codon optimised DNA sequence in pUC57 plasmid was purchased from GenScript
and the 3PDZ DNA (2571-3555) was sub-cloned into the pGex-6P-3 vector. Codon
optimised pGex-6P-1 constructs encoding PDZ1t (2172-2442), 2PDZ (2973-3606)
and β-PIX (NM_003899.3) coiled-coil domain (1764-1941) (hereafter termed βPIXcc) DNA sequences were also purchased from GenScript. In-house clones of
pGex-6P-3 vector containing native DNA sequences of 3PDZ and 4PDZPDZ1mut (21003555) respectively were used.

2.2.2 Protein expression
Recombinant proteins were overexpressed using Escherichia coli BL21 (DE3) pLysS
in Super Broth (3.2 % (w/v) tryptone, 2 % (w/v) yeast extract, 0.5 % (w/v) NaCl, 5
mM NaOH) with 200 µg/mL ampicillin. The vectors used for protein expression
include pGil-MBP, pGex-6P-1 and pGex-6P-3 vectors. The pGil-MBP vector produces
recombinant proteins with a N-terminal hexahistidine and maltose binding protein
(His-MBP) tagged followed by a Tobacco Etch Virus (TEV) cleavage site for HisMBP
tag removal; While pGex-6P-1 and pGex-6P-3 vectors produce a glutathione-Stransferase (GST) tag followed by a Human Rhinovirus (HRV) 3C protease
recognition site at the N-terminus of the recombinant protein.
2.2.2.1 PDZ1, PDZ2, PDZ3 and PDZ4 overexpression
The individual recombinant proteins were overexpressed from two separate vectors
for experiment purposes. The pGil-MBP vector was induced by 1 mM isopropyl-β-Dthiogalactopyranoside (IPTG) induction at 20°C for 24 hours shaking once culture
reaches OD600 0.6. Whereas the recombinant proteins from pGex-6P-3 vectors were
overexpressed for 4 hours at 37°C shaking with 1 mM IPTG at culture densities of
OD600 0.6.
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2.2.2.2 Overexpression of 2PDZ, 3PDZ, 4PDZ and 4PDZPDZ1mut
The pGex vectors that contain β-PIXcc, PDZ1t, 2PDZ, 3PDZ, 4PDZ and 4PDZPDZ1mut
DNA sequence respectively were overexpressed in the presence of auto-induction
supplements (0.5 % (v/v) glycerol, 0.2 % (w/v) D-lactose, 0.05 % (w/v) glucose, 100
mM NaCl, 10 mM Tris-Cl pH 7.6, 1 mM MgSO4) (Studier 2005) and incubated at 37°C
shaking to reach OD600 1.0. Then, the incubation temperature was changed to 16°C
and grew for 24 hours before harvesting.
Cultures were harvested by centrifugation at 4000 x g for 15 mins at 4°C using a
Avanti® J-E (Beckman Coulter). Cell pellets were frozen and stored at -20°C until
further use.

2.2.3 Bacterial cell lysis
Bacteria pellets were homogenised in their respective purification buffer in the
presence of deoxyribonuclease I from bovine pancreas. Resuspended pellets were
disrupted using a TS Series 0.75 kw model cabinet (Constant Systems Ltd.) followed
by centrifugation at 20,000 x g using Avanti® J-E (Beckman Coulter) to remove cell
debris. The resulting supernatant was filtered through a 0.22 µm pore size syringe
filter unit (Merck Millipore).

2.2.4 pGil-MBP vector overexpressed protein purification
Tag free PDZ1, PDZ2, PDZ3 and PDZ4 were initially overexpressed as His-MBP
tagged recombinant proteins and purified using HisTrap HP columns (GE
Healthcare) in His Purification Buffer (50 mM Tris-Cl pH 8.5, 300 mM NaCl, 5 mM βmercaptoethanol (BME)). The column was washed with His Wash Buffer (content
similar to His Purification Buffer supplemented with 20 mM Imidazole) before
eluting the bound recombinant protein using His Elution Buffer (same recipe as His
Purification Buffer supplemented with 250 mM Imidazole). The eluted protein was
cleaved with His-MBP-TEV protease (in-house production) in a protein to protease
ratio of 1:100 in the presence of 0.5 mM Ethylenediaminetetraacetic acid (EDTA)
and 1 mM Dithiothreitol (DTT). Meanwhile, the protease treated protein reaction
mixture was dialysed overnight at 4°C stirring. The next day, cleaved proteins were
repurified with HisTrap HP column to remove the free His-MBP tag and His-MBP-
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TEV. The purified proteins are then concentrated to low volumes in preparation for
size-exclusion chromatography (SEC).

2.2.5 Purification of pGex overexpressed recombinant proteins
Overexpressed GST tagged recombinant proteins were purified in GST Purification
Buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1 mM EDTA) using glutathione resins
(Glutathione4B, GE Healthcare). The resins were washed with at least five column
volumes of purification buffer before proceeding with the following steps according
to each recombinant protein.
2.2.5.1 Preparation of GST tagged recombinant proteins for pull down assay
The GST Elution Buffer (GST Purification Buffer with 20 mM L-glutathione reduced)
was used to elute the resin bound proteins. The eluted recombinant proteins were
subjected to concentration and buffer exchange for at least five rounds using an
Amicon Ultra Centrifugal Filter Unit (Merck Millipore) at 4°C with a speed of 4000 x
g in an Allegra X-15R (Beckman-Coulter). The resulting proteins (GST-PDZ1, GSTPDZ2, GST-PDZ3, GST-PDZ4, GST-4PDZ) were snap frozen in liquid nitrogen and
stored at -80°C.
2.2.5.2 Purification of tag free recombinant proteins
Continuing from section 2.2.5, an on-column cleavage was performed on the resin
bound protein to remove the GST tag; HRV 3C protease (similar protein to protease
ratio as TEV protease cleavage) was applied to the column and incubated overnight
at 4°C. Cleaved protein (2PDZ, 3PDZ, 4PDZ, 4PDZPDZ1mut) was collected the next day
and resin bound proteins (containing GST and GST-HRV 3C) were eluted in GST
Elution Buffer. The β-PIXcc and 2PDZ obtained from this step was concentrated for
subsequent SEC; whilst the purified PDZ1t was concentrated and snap frozen for
protein crystallisation trials in section 2.6. The purification of PDZ1t was assisted by
Mr Ivan How (La Trobe University).
2.2.5.2.1 3PDZ purification via cation exchange
Tag free 3PDZ recombinant protein from the previous step was further purified
using a HiTrap Capto MMC column (GE Healthcare) in Buffer A (50 mM CHES pH 8.5,
50 mM NaCl, 1 mM DTT). The column was washed with at least five column volumes
of Buffer A before a gradient elution of the bound protein using Buffer B (50 mM
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CHES pH 10.0, 1 M NaCl, 1 mM DTT) was performed using an ÄKTA pure (GE
Healthcare).
2.2.5.2.2 Cation exchange purification of 4PDZ
Proceeding from the affinity purification, 4PDZ was diluted in Buffer A (50 mM
HEPES pH 7.2, 50 mM NaCl, 1 mM BME) before being subjected to HiTrap FF column
(GE Healthcare) purification. Bound protein was eluted in a gradient of Buffer B (50
mM HEPES pH 7.2, 500 mM NaCl, 1 mM BME).
2.2.5.2.3 4PDZPDZ1mut cation exchange purification
Tag removed 4PDZPDZ1mut was further purified with HiTrap FF (GE Healthcare) in
Buffer A (50 mM MES pH 6.0, 50 mM NaCl, 1 mM BME), followed by a Buffer B (50
mM MES pH 6.0, 250 mM NaCl, 1 mM BME) gradient elution to collect purified
4PDZPDZ1mut. Another cation exchange purification was performed with Buffer C (50
mM HEPES pH 7.5, 50 mM NaCl, 1 mM BME) to capture contaminants. A Buffer D (50
mM HEPES pH 7.5, 500 mM NaCl, 1mM BME) eluted the contaminants from the
column. Hence, the flow through from this purification step containing 4PDZPDZ1mut
was further concentrated for the next SEC step.

2.2.6 Size exclusion chromatography (SEC)
As a final polishing step, all purified tag free recombinant proteins were subjected to
SEC in a buffer that contains 25 mM HEPES pH 7.0 and 150 mM NaCl. All individual
PDZ domains were subjected to Superdex 75 10/300 GL column (GE Healthcare) or
HiLoad 16/600 Superdex 75 prep grade column (GE Healthcare); While the multi
PDZ proteins are purified by Superdex 200 increase 10/300 GL column (GE
Healthcare) or HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare).
SEC treated proteins were concentrated and snap frozen for later use.

2.2.7 Purification of PDZ domains in complex with β-PIXcc
Purified β-PIXcc and PDZ proteins from above were combined and applied to SEC
columns to separate the PDZ:β-PIXcc complex. Columns used includes Superdex 200
Increase 3.2/300 GL (GE Healthcare), Superdex 75 10/300 GL (GE Healthcare) and
Superdex 200 Increase 10/300 GL (GE Healthcare).
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2.2.8 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)
To prepare samples for SDS-PAGE, appropriate amount of loading dye (6x stock:
0.12 % (w/v) Bromophenol blue, 0.6 M DTT, 0.4 M Tris-Cl pH 6.8, 12 % (w/v) SDS,
30 % (v/v) glycerol) was added and then heated at 100°C for 10 mins. Protein
ladders that were used include SeeBlue® Plus2 Pre-stained Protein Standards
(Novex®, Invitrogen), Precision Plus ProteinTM WesternCTM Standards (Bio-Rad)
and Broad Range (10-250 kDa) Unstained Protein Ladder (New England BioLabs).
Pre-cast (4-15 % Mini-PROTEANTM TGX Stain-FreeTM gels, Bio-Rad; 4-12 %
NuPAGE® Novex® Bis-Tris gels, Invitrogen) and handcast polyacrylamide gels were
used. Handcast polyacrylamide gels consists of a stacking gel (5 % acrylamide/bissolution 37.5:1, 125 mM Tris-Cl pH 6.8, 0.1 % (w/v) SDS, 0.1 % (w/v) ammonium
persulfate (APS), 0.1 % (v/v) tetramethylethylenediamine (TEMED)) and a resolving
gel (12 % or 15 % acrylamide/bis-solution 37.5:1, 375 mM Tris-Cl pH 8.8, 0.1 %
(w/v) SDS, 0.1 % (w/v) APS, 0.1 % (v/v) TEMED). Electrophoresis was performed in
an in-house running buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS) or a
NuPAGE® MOPS SDS running buffer (Invitrogen). The SDS-PAGE was performed at
90 V when samples was passing through the stacking gel, and then at 200 V until
desired separation was achieved.
The resulting SDS-PAGE gel was stained with Coomassie Brilliant Blue solution (0.25
% (w/v) Brilliant Blue R, 10 % (v/v) Glacial Acetic Acid, 40 % (v/v) Ethanol) for 30
mins at room temperature. This is followed by destaining the gel in Destain solution
(10 % (v/v) Glacial Acetic Acid, 40 % (v/v) Ethanol) to reveal the protein bands. Gel
images were taken using a G:BOX Chemi system (Syngene).

2.2.9 Protein quantification
PDZ1, 4PDZ and 4PDZPDZ1mut proteins contain amino acid Tryptophan. Hence, their
protein concentrations were determined at 280 nm absorbance via NanoDrop
2000/2000c UV-Vis Spectrophotometer (Thermo Scientific) together with their
respective calculated protein extinction coefficient. In contrast, PDZ2, PDZ3, PDZ4,
2PDZ and 3PDZ proteins lack aromatic residues that give sufficient signal in at
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UV280. These proteins were quantified instead using the Direct Detect® Infrared
Spectrometer (Merck Millipore).

2.3 Protein characterisation
2.3.1 Differential scanning fluorimetry (DSF)
Protein samples of 1–5 mg/mL in the SEC buffer were prepared for DSF experiment,
and was carried out by the Collaborative Crystallisation Centre (C3) (CSIRO,
Parkville) using the buffer conditions from Buffer Screen 9 made by the facility.

2.3.2 Isothermal titration calorimetry (ITC)
A MicroCalTM iTC200 System (GE Healthcare) was used for this experiment. All
experiments were performed at 25°C and stirring speed of 1000 rpm. The PDZ
proteins were loaded into the sample cell, while the peptides were loaded into the
syringe. 15 to 40 sequential injections of 1 to 2 µL (first injection only 0.4 µL) were
applied into the 270 µL sample cells according to the requirements of each binding
events. Each experiments that yielded binding events were repeated at least three
times except for 3PDZ:β-PIX peptide (only twice). The concentration of proteins
titrated with peptides (GenScript) in the ITC experiments are recorded as below:
Protein
name

Protein
concentration
(µM)

WT
superpeptide
(µM)

PDZ1

84

850-900

84

900

PDZ2

50

670

50

700

PDZ3

50-64

620-1000

50

1000

PDZ4

50

900

50

900

2PDZ

18-19

500

19

500

3PDZ

18

300

18

300

4PDZ

10.86-11.61

375-450

12

200

4PDZPDZ1mut

5.33-12.35

350-750

12

350

Protein
name

Protein
concentration
(µM)

WT β-PIX
peptide (µM)

Protein
Mutant
concentration superpeptide
(µM)
(µM)

Protein
concentration
(µM)

Mutant β-PIX
peptide (µM)
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PDZ1

56-84

625-1000

84

1000

PDZ2

50

1400

50

1400

PDZ3

50

520-750

50

780

PDZ4

50

1400

-

-

2PDZ

34-44

1000

42

1000

3PDZ

18-36

300-575

18

300

4PDZ

11-37

300-450

26

350

4PDZPDZ1mut

5-19

300-750

-

-

The heat change resulting from each interaction was processed with MicroCal
Origin® version 7.0 software (OriginLabTM Corporation) using “one-site binding
model” to compute the binding stoichiometry, enthalpy, entropy and affinity.

2.3.3 Partial trypsin digest
Reaction samples of 1 mg/mL 4PDZ in the absence or presence of peptides (peptide
to protein molar ratio: 1.25) were digested with 15 µg/mL trypsin. The digestion
was performed at pH 6.8 on ice for 5 mins. Samples were denatured at 100°C for 10
mins and resolved with SDS-PAGE.
2.3.3.1.1 Mass spectrometry
Dr Colin House (Peter MacCallum Cancer Centre) performed chloroform-methanol
precipitation on the partially digested 4PDZ sample. The mass of 4PDZ samples
before and after trypsin digest were measured using Agilent 6220 LC/ESI-TOF mass
spectrometer and analysed with Agilent Max Hunter Quantitative Analysis Program.
2.3.3.1.2 N-terminal sequencing
The SDS-PAGE gel containing the digested sample was western transferred onto a
PVDF membrane and sent for N-terminal sequencing service (Australian Proteome
analysis facility Ltd.).

2.4 Mammalian cell cultures experiments
2.4.1 Maintenance of mammalian cultures
All cells were maintained in 5 % CO2 at 37°C. Stable cell lines were all sorted by
fluorescence activated cell sorting to select for high intensity green fluorescent
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protein (GFP) fluorescing cells. All cell lines that stably express GFP tagged mutant
full length Scribble proteins were generated by Ms Allison Ogden (Peter MacCallum
Cancer Centre).
2.4.1.1 Human Embryonic Kidney 293 transformed with SV40 large T antigen
(HEK293T) cells
HEK293T cells were maintained in Dulbeccos Modified Eagle Medium (DMEM) with
10 % foetal bovine serum (Gibco), 100 units/mL penicillin and 100 units/mL
streptomycin.
2.4.1.2 Stable Michigan Cancer Foundation 10 A (MCF10A) cells
MCF10A cell lines were cultured in DMEM:F12 supplemented with 5 % donor horse
serum (Gibco), 100 units/mL penicillin and 100 units/mL streptomycin, 10 µg/mL
insulin (Novo Pharmaceuticals), 0.5 µg/mL hydrocortisone (Sigma-Aldrich), 100
ng/mL cholera toxin (Sigma-Aldrich) and 20 ng/mL epidermal growth factor
(Cytolab).

2.4.2 Pull down assay
The GST tagged recombinant proteins purified from section 2.2.5.1 were incubated
with HEK293T cells and rotated at 4°C for an hour. Then, glutathione resin
(Glutathione4B, GE Healthcare) was added to each sample and incubated overnight,
rotating at 4°C. The resins were washed for at least three times with GST
Purification Buffer the following day, and the resin bound proteins were analysed
via SDS-PAGE and Western blot.

2.4.3 Co-immunoprecipitation
Mammalian cells were initally washed with PBS and then scraped down with NETN
lysis buffer (20 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 % NP-40, 100 µM
phosphatase inhibitor sodium vanadate, complete mini protease inhibitor cocktail
(Roche Diagnostics)). The collected cells were incubated on ice for 20 mins. This was
followed by centrifugation of cells at 13,000 x g at 4°C for 10 mins. The supernatants
were incubated with 2 µL of GFP serum or Rabbit IgG antibody (negative control) to
precipitate the GFP tagged proteins for an hour at 4°C rotating. The protein Gsepharose beads 4B fast flow (Sigma-Aldrich) were added to all samples and further
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incubated overnight at 4°C rotating. The bound protein complexes were pelleted by
centrifuging at 13,000 x g at 4°C. Five washes of NETN lysis buffer were performed
on each samples before treating the samples with protein dye. All samples were
denatured at 100°C for 10 mins before analysis them on western blot.

2.4.4 Western transfer
Protein samples separated by SDS-PAGE were transferred to a polyvinylidene
fluoride (PVDF) membrane in the NuPAGE® Transfer Buffer (Invitrogen) at 30 V
overnight in 4°C.

2.4.5 Western blot
To block non-specific sites during western blotting, the western membrane was
incubated with blocking solution (5 % (w/v) skim milk, PBS Tween 0.2 %) for an
hour at room temperature. After that, the western membrane was blotted with
primary antibody diluted in blocking solution for two hours at room temperature.
Three washes of blocking solution were performed on the western membrane with
10 mins interval. This is followed by 45 mins incubation of the western membrane
at room temperature with the horseradish peroxidase secondary antibody diluted in
blocking solution. The western membrane was washed with PBS Tween 0.2 %
thrice, each for 10 mins. Subsequently, the western membrane was treated with the
Lumi-Light

Enhanced

Chemiluminescence

system

(Roche)

following

the

manufacturer product manual. The relevant protein bands were detected by a Super
RX X-ray film (Fujifilm) and developed by a CURIX 60 processing machine (AGFA
HealthCare).
2.4.5.1 Antibodies
The

antibodies

used

for

western

blots,

pull

down

assays

and

co-

immunoprecipitation are listed here.
Primary antibody
α-Tubulin

Type
Monoclonal mouse IgG1

β-PIX

Rabbit polyclonal IgG

β-PIX, SH3 domain

Rabbit polyclonal IgG

GFP

Rabbit serum

Dilution Source
1:15000 T5168,
Sigma-Aldrich
1:1000
4515S,
Cell Signaling
1:2000
07-1450,
Merck Millipore
1:1000
A-6455,
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GST

Rabbit polyclonal IgG

1:6000

IgG
Scribble

Rabbit IgG
Mouse monoclonal IgG

1:150

Molecular Probes
71-7500,
Invitrogen
In-house production
In-house production

Secondary antibody

Target

Dilution

Source

Horse IgG

Mouse

1:2000

PI-2000, Vector Laboratories

Goat IgG

Rabbit

1:2000

1706515, Bio-Rad

2.5 Small-angle X-ray scattering methods
2.5.1 Data collection
Homogeneous solutions of 50 µL 4PDZ and 2PDZ proteins were prepared in four
concentrations between 2.65 and 0.33 mg/mL. The data were collected at room
temperature in SEC buffer (4PDZ in 25 mM HEPES pH 6.3, 150 mM NaCl; 2PDZ in 20
mM HEPES pH 7.0, 150 mM NaCl). The controls for these experiments include
collection of two gel filtration buffer samples at the beginning and end of each
protein dilution series. SAXS/WAXS beamline facility at the Australian Synchrotron
was used for data collection. Camera length of 1600 mm on a Pilatus 1M detector
(Dectris) and exposure time of 1 sec per frame was applied. Collected scattering data
were averaged and subtracted with gel filtration buffer through the auto-processing
scatterBrain software at the Australian Synchrotron (Kirby and Cowieson 2014).
The data were evaluated using the PRIMUS software (Konarev, Volkov et al. 2003),
where the data was plotted into various algorithm to assess data quality. The values
of radius of gyration Rg were obtained from scatterBrain auto-processing (Kirby and
Cowieson 2014). The highest protein concentration scattering data was used for
subsequent SAXS modelling since it has the best signal to noise ratio.

2.5.2 Generation of ab initio models
The pair distance distribution functions P(r) within the Guinier region were
calculated to obtain the maximum particle size Dmax using GNOM (Svergun 1992).
The ab initio models were generated from DAMMIN (Svergun 1999) and GASBOR
(Svergun, Petoukhov et al. 2001), where the model building process is discussed in
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the relevant result chapters. The final DAMMIN models were refined with the
DAMAVER program (Volkov and Svergun 2003).

2.5.3 Generation of rigid body models
2.5.3.1 Computation of atomic structures’ scattering profiles
Available structures from the Protein Data Bank (www.rcsb.org), including PDZ1
(PDB: 2W4F), PDZ2 (PDB ID: 1WHA), PDZ4 (PDB ID: 1UJU) and 2PDZ (PDB ID:
4WYT) were used for rigid body modelling. In the process of rigid body model
simulation, 2PDZ crystal structure was divided into two files in order to process
PDZ3 (283-371aa) and PDZ4 (380-469aa) as single Scribble domains. Solution
scatterings of these structures were prepared using CRYSOL (Svergun, Barberato et
al. 1995) as input files for rigid body modelling.
2.5.3.2 Rigid body modelling
Rigid body modelling was performed using two separate programs BUNCH
(Petoukhov and Svergun 2005) and CORAL (Petoukhov, Franke et al. 2012) with a
P1 symmetry. SAXS modelling was performed with BUNCH and CORAL respectively
using several different combinations of high resolution structures. At least three
independent simulations were carried out for each combination to obtain the model
that best represents the experimental SAXS data.

2.5.4 Data presentation
Both ab initio and rigid body models were superimposed through SUPCOMB (Kozin
and Svergun 2001). Images of all models were prepared by PyMOL (Schrodinger
2015).

2.6 Protein crystallography methods
2.6.1 Sparse matrix screens
All sparse matrix screens were performed in 96-well MRC plates (Swissci) using an
in-house Gryphon LCP (Art Robbins Instruments) or Phoenix Liquid Handling
System (Art Robbins Instruments) at the C3 facility (CSIRO, Parkville) at 20°C.
Sparse matrix drops that were setup in-house comprised 0.2 µL protein and 0.2 µL
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reservoir solution; whilst the C3 facility 0.3 µL drops from equal volumes of protein
and reservoir solution were dispensed.
Crystallisation screens utilised by the C3 facility (CSIRO, Parkville) for 4PDZ (2
mg/ml) and PDZ1 (3.8 mg/ml) in complex with WT β-PIX peptide (peptide to
protein ratio: 1.25) respectively included Hampton Research CS1_CS2, Qiagen PACT
and Anions and Precipitant Synergy Screen. An in-house crystallisation screen for
PDZ1 was also setup using a 24-well plate Cryschem plate (Hampton Research) to
screen 10-35 % (w/v) PEG 400, 150 mM Ammonium chloride pH 6.3 and 15 % (v/v)
Ethylene Glycol. These conditions were designed in reference to PDZ1 (PDB ID:
2W4F) crystallisation.
PDZ3 (4.6 mg/ml) in the absence and presence of WT β-PIX peptide (peptide to
protein ratio: 1.25) were screened for crystallisation conditions using Crystal Screen
and Crystal Screen II (Hampton Research) both in-house and at the C3 facility.
Additionally, a PACT screen was also performed for the PDZ3 complex at the C3
facility.
Sparse matrix screens were performed in-house using the PEG/Ion ScreenTM
(Hampton Research) and the JCSG+ suite (Qiagen) for PDZ1t (2.92 mg/ml) in the
presence of WT β-PIX peptide (peptide to protein ratio: 1.07).

2.6.2 Optimisation of crystallisation conditions
Crystallisation hits obtained from sparse matrix screens were optimised using a
streak seeding tool and micro-seeding beads as described by the manufacturer
(Hampton Research). The final optimised conditions for PDZ1:WT β-PIX peptide and
PDZ3 showed in this thesis are elaborated as below and were conducted with the
24-well plate Cryschem plate (Hampton Research) at 20°C.
PDZ1:WT β-PIX peptide was optimised by micro-seeding in 1.9-2.1 M Ammonium
dihydrogen phosphate (Sigma-Aldrich), 0.1 M Trizma-Cl (Sigma-Aldrich) or 0.08 M
CHES (Sigma-Aldrich) pH 8.5-10.0. Two drop sizes were performed with the aim of
obtaining larger crystals: 3 µL drop (1.5 µLprotein, 1.3 µL reservoir solution, 0.2 µL
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seed stock) and 4.5 µL drop (3.0 µL protein, 1.3 µL reservoir solution, 0.2 µL seed
stock). To prepare the micro-seed stock, micro-crystals (from 2.2 M Ammonium
dihydrogen phosphate and 0.1 M Trizma-Cl pH 9.0 crystallisation condition) was
diluted by 1 in 50 and vortex for one minute.
As for PDZ3 crystal optimisation, screens were performed with a seed stock for 0.1
M MES pH 6.4-6.8 (Sigma-Aldrich), 10-20 % (v/v) 2-propanol (AMRESCO) and 0.2 M
trisodium citrate-citric acid acid pH 7.5. Drop size of 2 µL were setup consisting 1.5
µL protein, 1.0 µL reservoir solution, 0.5 µL seed stock. The seed stock was prepared
as above from a crystallisation condition of 0.1 M HEPES pH 6.8 (Sigma-Aldrich), 20
% (v/v) 2-propanol and 0.2 M trisodium citrate-citric acid acid pH 7.5.

2.6.3 Protein crystal structure determination
2.6.3.1 Data collection
The PDZ1t crystal was flash-cooled in 20 % (v/v) 2-Methyl-2,4-pentanediol (MPD)
supplemented in mother liquor at 100 K. The diffraction data of PDZ1t crystal were
collected on a Quantum 315r CCD Detector, using an X-ray beam (Area Detector
Systems Corporation) with a wavelength of 0.9537 Å at the MX2 beamline,
Australian Synchrotron. The data collection were performed under a cryostream of
100 K over 360° with intervals of 1°.
2.6.3.2 Data processing and model building
Diffraction data were integrated using X-ray Detector Software (Kabsch 2010) and
scaled using Aimless and programs from the CCP4 (Winn, Ballard et al. 2011). The
structure was solved by molecular replacement with PHASER (Storoni, McCoy et al.
2004) using the structure of human PDZ1 (PDB ID: 2W4F) as a search model. The
final model was built with Coot (Emsley and Cowtan 2004) and refined with PHENIX
(Adams, Afonine et al. 2010) to a resolution of 1.9 Å. All data collection and
refinement statistics are summarized in Table 3.2.
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3.1 Introduction
The PDZ domains play an important role in Scribble interactions with a diverse
range of proteins that are key mediators in biological processes. This is because
most of the interactions occur through the PDZ domains binding grooves. Hence, the
ability of PDZ domains in recognising and discriminating ligands at specific
spatiotemporal location is vital in the exertion of Scribble’s proper function.
To deepen our understanding of Scribble PDZ domains ligand recognition system,
the interaction between Scribble and β-PIX was used as a study model in this thesis.
The Scribble:β-PIX interaction is an attractive candidate as this interaction has been
well established in different cell types and both molecules are important for
exocytosis, directed cell migration and apoptosis (Audebert, Navarro et al. 2004,
Dow, Kauffman et al. 2007, Zhan, Rosenberg et al. 2008). Moreover, these cellular
processes that Scribble:β-PIX are involved in have an intimate relationship with
cancer progression.
Studies showed that Scribble PDZ domains are the main platforms for β-PIX Cterminal PDZ binding motif (PBM) recognition. The Scribble PDZ domains share a
sequence identity of ~47 % on average based on the comparison with PDZ1
sequence (Figure 3.1). In addition, the β2 and α2 that forms the PDZ domain binding
groove have very high sequence identity between Scribble PDZ domains (Figure
3.1). In an effort to characterise Scribble:β-PIX interaction, studies have isolated
each individual Scribble PDZ domains and tested their interaction with β-PIX using a
range of biochemical assays including GST pull down assays, ELISA and fluorescence
polarisation assays (Audebert, Navarro et al. 2004, Arnaud, Sebbagh et al. 2009,
Ivarsson, Arnold et al. 2014). The most puzzling observation from these studies was
the extensive binding redundancies adopted by PDZ domains towards β-PIX
engagement, where all isolated PDZ domains appeared to have affinity towards βPIX.
In order to decipher the phenomenon of binding redundancies within the PDZ
domains, I asked the question as to whether the binding affinities are all equivalent.
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If not, is there a binding hierarchy? If so, the most important question becomes
which of the PDZ domains has the highest binding affinity? In this chapter, I assessed
the affinities of each isolated PDZ domains (Figure 3.2) towards β-PIX C-terminal
PBM. This is followed by validation of each isolated PDZ:β-PIX interaction in a
cellular context. Finally, a series of structural approach were used to obtain high
resolution PDZ:β-PIX structure through protein crystallography.

3.2 Results
3.2.1 Protein purification
In order to perform functional studies on individual Scribble PDZ domains,
individual PDZ proteins were purified (Figure 3.2). Initially, all individual PDZ
domains were overexpressed with their native DNA sequence as hexahistidine
tagged Maltose Binding Protein (His-MBP) fusion proteins. This is with the
exception of PDZ3, which required codon-optimisation due to poor protein yield.
The resultant protein is referred to as His-MBP-X, with X being the target protein.
The MBP tag was incorporated during overexpression to facilitate the solubility of
recombinant protein (Figure 3.3).
To provide an example of the purification process, the His-MBP-PDZ1 purification
profile is shown (Figure 3.3A). His-MBP-PDZ1 was purified using immobilised metal
affinity chromatography (IMAC) and then subjected to TEV protease treatment to
remove the His-MBP tag from PDZ1. The cleaved PDZ1 was purified again using
IMAC to isolate PDZ1 from the His-MBP tag and any remaining His-MBP-PDZ1
(Figure 3.3A). This was followed by a size-exclusion chromatography (SEC) step to
ensure high purity and homogeneity of the PDZ1 protein (Figure 3.3B). Similar
procedures were performed to obtain high purity protein for all individual PDZ
domains as shown in Figure 3.3C. These proteins were subsequently used in the
label free functional studies as well as protein structure determination.
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3.2.2 Characterisation of individual PDZ domain interaction with
β-PIX
In order to characterise each isolated PDZ domain interaction with β-PIX, I used a
peptide that encodes for the PBM of the C-terminal sequence of β-PIX (Figure 3.4A).
In the present study, 8-mer peptides were used as published studies have
demonstrated that it is sufficient to determine PDZ domains specificity (Appleton,
Zhang et al. 2006, Zhang, Yeh et al. 2006, Tonikian, Zhang et al. 2008). This was
performed using isothermal titration calorimetry (ITC) studies by measuring the
heat change resulting from the protein-peptide interactions. The interaction of
individual untagged PDZ domains with wild type (WT) β-PIX peptide were tested
(Figure 3.4B). PDZ1 (KD = ~ 3 µM) (Figure 3.5), PDZ2 (KD = ~ 68 µM) (Figure 3.6)
and PDZ3 (KD = ~ 14 µM) (Figure 3.7) showed micromolar interactions towards the
β-PIX peptide, with PDZ2 being the weakest binder (Table 3.1). PDZ4 did not show
any measurable affinity towards WT β-PIX peptide (Figure 3.8). To ensure that the
observed binding was specific, a control peptide with amino acids at position 0 and 2 in the PBM were mutated to Alanine (termed mutant β-PIX peptide) (Figure 3.4B).
As expected, no significant heat change for each PDZ domains titration with mutant
β-PIX peptide was detected (Figure 3.5-7).
All individual PDZ domains were also tested with WT superpeptide (Figure 3.4C) to
ensure each PDZ domain was functionality capable of binding PDZ binding ligands.
The sequence of the superpeptide (Figure 3.4) was originally identified via the
screening of a phage-displayed peptide library (Zhang, Yeh et al. 2006), and was
shown to harbor affinity towards a wide range of different PDZ domains. As
expected, all individual PDZ domains showed interactions with WT superpeptide,
with PDZ4 having the lowest affinity, ~ 26 µM (Figure 3.5-8, Table 3.1).
Furthermore, when isolated PDZ domains were tested with a mutant superpeptide
that had residues 0 and 2 mutated to Alanine (Figure 3.4C), the interactions were
abolished (Figure 3.5-8).
As a conclusion, the ITC results show the order of the strongest binder to the
weakest for WT β-PIX peptide being PDZ1>PDZ3>PDZ2 (Table 3.1). In contrast,
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interaction with WT superpeptide displayed close affinities between PDZ1, PDZ2
and PDZ3, with PDZ4 showing at least five-fold weaker affinity (Table 3.1).

3.2.3 GST pull down assay
In order to validate the hierarchical binding affinities as detected in ITC experiment,
isolated PDZ domains were tested with endogenous β-PIX for binding. All four
individual scribble PDZ domains were overexpressed as N-terminal tagged
Glutathione-S-transferase (GST) recombinant proteins, termed GST-X (with X
referring to the target protein) (Figure 3.9). The GST tag served as an affinity tag
during the recombinant proteins pull down of endogenous β-PIX from whole cell
lysates of HEK293T cells. The GST pull down assay showed that PDZ1 and PDZ3
have significant affinities towards endogenous full-length HEK293T β-PIX (Figure
3.9). This result supports the findings of ITC where PDZ1 and PDZ3 have strong
affinities toward WT β-PIX peptide.

3.2.4 Individual PDZ domain crystallisation
Since PDZ1 and PDZ3 domains were consistent high affinity binders of β-PIX, it was
of interest to obtain structural information for the two complexes in order gain an
understanding of the mechanisms involved that yield different binding affinities
during interaction. At the time of this study, high resolution structures were
available for all independent PDZ domains except PDZ3. Therefore, the initial aim
was to obtain structural information on PDZ3. In order to achieve this, PDZ3 in the
absence and presence of WT β-PIX peptide were subjected to sparse matrix screens
of PACT suite and Crystal 1 and 2 suite at 4.6 mg/ml (C3 facility, CSIRO). However,
no crystallisation condition was identified after two months. To improve the chances
of crystallising PDZ3, different approaches were used (see below).
3.2.4.1 Improve protein stability via buffer optimisation
One of the factors that could contribute to the enhancement of finding a
crystallisation condition for PDZ3 was to increase the protein stability of PDZ3. This
was achieved through differential scanning fluorimetry (DSF) in the presence of
SYPRO dye (Ericsson, Hallberg et al. 2006). This method utilises different conditions
to examine protein unfolding whilst increasing the temperature from 20°C to 100°C.
This then allows the SYPRO dye to bind to the hydrophobic core of the unfolding
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protein and lead to the emission of a fluorescence signal. The resultant signal could
then be plotted as a “melt curve” and “melt peak chromatogram”, where the latter
displays the protein melt temperature for each condition. The rationale of this
method is that conditions that promote higher melt temperatures correlate to
greater protein stability, and thus higher likelihood of crystallisation.
The melt curve of PDZ3 in the original buffer (25 mM HEPES pH 7.0, 150 mM NaCl)
shows a relatively linear curve profile that is comparable to the negative control
curves (SYPRO dye only; PDZ3 only) (Figure 3.10A). This indicates that protein
unfolding may not have occurred in PDZ3 as the unfolding process of a well folded
protein would display a bell shape melt curve as exhibited by the lysozyme protein
(Figure 3.10A). This interpretation is supported by the melt peak chromatogram as
shown in Figure 3.10B, where the melting temperature of PDZ3 in its original buffer
could not be determined. On the other hand, in one of the screened conditions (50
mM CHES pH 9.0, 200 mM NaCl), PDZ3 displayed a bell shape profile that resembled
the process of protein denaturation. This new condition resulted in a PDZ3 melt
temperature of ~55 °C (Figure 3.10B). These indicate that PDZ3 was well-folded
from the start of the DSF in the new condition, therefore allowing the subsequent
protein unfolding process with increased temperature.
Following the identification of a new buffer condition that would support a more
stable PDZ3 protein, PDZ3 was re-purified using the new buffer (25 mM CHES pH
9.0, 150 mM NaCl buffer) during the final SEC purification. Sparse matrix screen
using the Crystal 1 and 2 suite was setup again for PDZ3 at 4.6 mg/ml in the absence
and presence of WT β-PIX peptide in-house. On the sixth day of crystallisation
screen, three crystallisation conditions were identified for PDZ3 alone as well as
PDZ3:WT β-PIX peptide. The conditions were (A) 0.2 M Sodium citrate tribasic
dehydrate, 0.1 M HEPES sodium pH 7.5, 20 % (v/v) 2-Propanol; (B) 35 % (v/v) 1,4dioxane; (C) 0.1 M Tris-Cl pH 8.5, 25 % (v/v) tert-Butanol. As the conditions
between PDZ3 alone and the complex were similar, crystallisation hits were
optimised for PDZ3 alone. After optimisation of the crystallisation conditions using a
series of streak seeding and micro seeding, the crystals size and morphology was
improved for one of the conditions. Nonetheless, the size of the crystals was still
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inadequate for data collection (Figure 3.12B). During the course of this study, a
structure containing a tandem of PDZ3 and PDZ4 together (termed 2PDZ in this
thesis and will be discussed in Chapter 5) was published by the Feng group,
resulting in the termination of PDZ3 crystallisation experiments.
Next, whilst there was available structural information for PDZ1, we were
particularly interested in crystallising the PDZ1:WT β-PIX peptide complex, as PDZ1
displayed the highest affinity for WT β-PIX peptide amongst Scribble PDZ domains.
Initially, DSF was performed for PDZ1 to identify buffers that would improve protein
stability, and subsequently increase the probability of identifying crystallisation
conditions as observed with PDZ3. The melt curve of PDZ1 in its original buffer (25
mM HEPES pH 7.0, 150 mM NaCl) yielded a comparably linear profile indicating a
least folded protein conformation (Figure 3.11A). While one of the screened
condition in 50 mM Sodium Acetate pH 5.0, 200 mM NaCl displayed a good bell
shaped melt profile for PDZ1 (Figure 3.11A) and melt temperature of ~50 °C (Figure
3.11B). This indicated that PDZ1 has better protein stability in the new buffer when
compared to the original one. PDZ1 was re-purified in the new buffer (25 mM
Sodium Acetate pH 5.0, 150 mM NaCl) using SEC and WT β-PIX peptide was added to
3.8 mg/ml protein sample before subjected to crystallisation screens. Crystallisation
screening was performed based on the condition of the available PDZ1 crystal
structure in the PDB bank (PDB ID: 2W4F). In addition, sparse matrix crystallisation
screens using Crystal 1 and 2 suites, PACT, Anions, PSS1 and PSS2 screens were also
set up at the C3 facility (CSIRO, Parkville). As a result, one crystallisation hit was
obtained on day fourteen in 2.0 M Ammonium dihydrogen phosphate, 0.1 M TRIS
chloride pH 8.5. Optimisation screens were performed using streak seeding and
micro seeding, alas the final crystal size was too small for data collection and
structure determination (Figure 3.12A).
In short, increasing protein stability through DSF improved the probability of
obtaining crystallisation hits, but further optimisation through other methods is
required to gain larger crystals for suitable data collection.
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3.2.4.2 Purification of individual PDZ domains in complex with β-PIX coiledcoil domain
Another approach to promote larger crystal growth is to increased protein rigidity
and thus stability through protein:ligand complex formation. In this case, β-PIX
coiled-coil domain (β-PIXcc) (Figure 3.13A) that contain the PBM was purified with
the notion of obtaining the β-PIXcc:PDZ1/PDZ3 complex for crystallisation
experiments.
Initially, β-PIXcc was overexpressed as an N-terminal GST fusion protein (Figure
3.13B). The recombinant protein was purified with glutathione resin and the GST tag
removed via on-column cleavage with 3C protease, followed by SEC (Figure 3.13B).
According to the SEC hydrodynamic volume profile, β-PIXcc forms a trimer
(Schlenker and Rittinger 2009, Im, Kang et al. 2010), as shown in Figure 3.13C.
However, mixing of purified β-PIXcc with PDZ1/PDZ3 resulted in protein
precipitation. One possible explanation is that the complex formation of PDZ domain
with β-PIXcc was unstable, causing the complex to fall out of solution. Thus, complex
formation was initiated at lower concentration where obvious precipitation was not
detected for both individual PDZ domain and β-PIXcc. The sample was treated with
SEC to purify the complex, but a peak that corresponded to the hydrodynamic
volume of the complex was not revealed (Figure 3.14). Since the combination of
PDZ1/PDZ3 with β-PIXcc formed precipitate, this indicates that there is interaction
between the proteins but stable PDZ:β-PIXcc formation in vitro could not be
achieved.
3.2.4.3 Improve PDZ1 protein stability through truncated construct
Because attempts to increase the probability of PDZ1 crystallisation through buffer
optimisation,

crystallisation

trials

and

β-PIXcc

complex

formation

were

unsuccessful, the design of PDZ1 construct was revisited at the end of this study.
Using the available high-resolution structure of PDZ1 as a guide (which will be
referred as its PDB ID: 2W4F from here on), sequences at the N-terminal of the PDZ1
construct used in this project were trimmed and extra amino acids (“ETSV”) were
added at the C-terminal accordingly to enhance crystallisation (Figure 3.15A). This
new construct is termed PDZ1t. The PDZ1t was overexpressed as a GST tagged
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recombinant protein and was purified via the GST affinity tag followed by an oncolumn GST-HRV 3C protease treatment. The final high purity PDZ1t is showed in
Figure 3.15B.
The purified 2.92 mg/ml PDZ1t was mixed with the WT β-PIX peptide (1 protein:
1.07 peptide molar ratio) before subjected to crystallisation trials using PEG/ION
and JCSG+ screens in-house. After eight days, numerous crystallisation hits were
obtained. A high resolution structure of PDZ1t was obtained from the needle crystals
grew from 0.2 M Magnesium chloride hexahydrate, 20 % (w/v) PEG 3350 (Figure
3.15C,D). A variety of cryo-protectants (Ethylene glycol, MPD, Glycerol and Sucrose)
were screened during data collection, where 20 % MPD with the base condition gave
the best data set. The PDZ1t crystal structure was refined to 1.9 Å with a space
group of P212121 and an R-free of 22.7 % (Table 3.2). The R-free value reflects the
coordinate error of the model in respect to the experimental data. The R-free value
presented here are commensurate with a high quality protein model, hence the
PDZ1t structure displays a high quality representation of the experimental data.
Nonetheless, the WT β-PIX peptide that was inlcuded during crystallisation setup
was not detected in the binding groove of PDZ1t (Figure 3.15D). The explanation
could be due to the overestimation of peptide or of protein concentration during the
crystallisation setup. Nonetheless, the feasibility of crystallising PDZ1t gives a
promising lead in the future for crystallising PDZ1t:WT β-PIX peptide complex.
3.2.4.4 Summary
After extensive optimisation of individual PDZ domains crystallisation condition in
the absence and presence of WT β-PIX peptide, a few lessons were learnt. Buffer
optimisation, construct design and introduction of additional residues at the Cterminal of PDZ domain are important factors that influence the PDZ domain
crystallisation process. In addition, higher peptide to protein ratio would be
required for future crystallisation of the individual PDZ: WT β-PIX peptide complex.
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3.3 Discussion
3.3.1 The hierarchy of isolated PDZ domains against β-PIX peptide
As the PDZ domains are the building blocks of most Scribble interaction with
biological binding partners, the quest in characterising each individual PDZ domain
binding profiles (in this case β-PIX), was initiated through the purification of high
quality isolated PDZ domains. Recombinant proteins that were produced were
devoid of any tag. This removed any ambiguity in interaction studies due to steric
hindrance incurred by the presence of the purification tag, such as limiting access to
the binding site. Interaction of PDZ1 (KD = ~ 3 µM) with WT β-PIX peptide showed
the highest affinity followed by PDZ3 (KD = ~ 14 µM), with four-fold weaker affinity
(Table 3.1). This is followed by PDZ2 domain (KD = ~ 68 µM) with an additional
four-fold weaker binding profile in comparison (Table 3.1). Whilst PDZ4 affinity
towards WT β-PIX peptide was too weak for detection in our assay if the binding
occurred (Figure 3.8). The hierarchy for WT β-PIX peptide affinity is consistent with
the published work by the Kim laboratory, where the tightest binder is
PDZ1>PDZ3>PDZ2, with PDZ4 showing no affinity using peptide-phage display
technique (Ivarsson, Arnold et al. 2014). The Borg laboratory though discovered
similar binding hierarchy as the present study, they detected PDZ4:WT β-PIX
peptide interaction via ELISA (Audebert, Navarro et al. 2004). Nonetheless, the
difference between isolated PDZ:WT β-PIX peptide affinity demonstrated by these
groups were not as substantial as the ITC data presented in this chapter.
The purified isolated PDZ domains were tested with a WT superpeptide that serves
as a positive control to confirm that the purified PDZ domains were functionally
active in these experiments. Of note, the original study that identified the
superpeptide sequence was not able to show binding for PDZ4, as well as other
interacting partners of Scribble (Zhang, Yeh et al. 2006). This is speculated to be due
to the differences in experimental procedures performed to identify PDZ4 binding
profile, for example Zhang et al. used phage-display whereas ITC was used here.
Nonetheless, the ITC result presented in this chapter showed that PDZ4 has affinity
towards superpeptide (~26 µM), but is the weakest binder among all other PDZ
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domains (Table 3.1). All isolated PDZ:WT superpeptide bindings were specific
interactions as the interactions were abolished when tested with the mutant
superpeptide (Table 3.1). The binding hierarchy obtained for the superpeptide was
similar to that obtained by the Sidhu laboratory where PDZ1 was identified as the
strongest binder followed by PDZ3 and PDZ2 (Tonikian, Zhang et al. 2008). Although
there is a hierarchy system for WT superpeptide recognition among the PDZ
domains, the variance is not substantial especially among PDZ1, PDZ2 and PDZ3
(Table 3.1).
Interactions between isolated PDZ domains and β-PIX were validated using GST pull
down assays. The pull down assays supported the binding hierarchy observed in
ITC, where PDZ1 and PDZ3 exerted similar binding preferences for β-PIX in a
cellular environment (Figure 3.9). In contrast, no binding was detected for PDZ2 and
PDZ4. This is not surprising as PDZ1 and PDZ3 represent the strongest binders of
the β-PIX peptide during ITC studies (Table 3.1). However, the published work by
others showed that all individual PDZ domains engaged with the endogenous β-PIX
via pull down assays, with GST-PDZ3 showing the strongest binding followed by
GST-PDZ1 (Arnaud, Sebbagh et al. 2009). This discrepancy could be contributed by
the difference in the amount of GST tagged recombinant protein used in both GST
pull down assay, since interaction between two proteins are not only affected by
their affinities, but also the concentration of available ligands. If a large amount of
recombinant protein is introduced during GST pull down, non-specific/ weak
interaction between the two proteins would be promoted, resulting in endogenous
β-PIX recognition of all individual PDZ domains.
Taken together, the established binding hierarchy of individual PDZ:WT β-PIX
peptide through ITC demonstrated close relevance to the protein interactions that
occur in a cellular setting. Of note, PDZ1 and PDZ3 are the two consistent binders of
β-PIX, with PDZ1 being the strongest β-PIX interactor.

3.3.2 Improving individual PDZ domain crystallisation condition
In order to gain an atomic view of the different PDZ domains interaction with β-PIX,
crystallisation of these domains individually or in the presence of β-PIX were
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attempted. However, extensive optimisation of protein buffer conditions and
crystallisation conditions yielded crystals that were still too small for data collection
at the Australian Synchrotron.
To provide additional contact interfaces for crystallisation, the β-PIXcc that contains
the PBM was purified to form complexes with isolated PDZ domains for
crystallisation (Figure 3.14). However, when PDZ1/PDZ3:β-PIXcc complex
formation was attempted in vitro, substantial precipitation was observed. Utilization
of a lower protein concentration during complex formation prevented obvious
precipitation, and putative complexes were subjected to SEC. Unfortunately, as
shown in Figure 3.14, no peak corresponding to the complex was observed. My data
suggests that there was complex formation since precipitation occurred only after
mixing of either PDZ1 or PDZ3 with β-PIXcc, however the resultant complex appears
unstable and fails to survive SEC. This suggests that (A) other domains of β-PIX may
play a role in stabilising the interaction; (B) additional environmental factors may be
required for stable complex formation. The later represents a promising explanation
as the complex of crystal structure of β-PIXcc with Shank PDZ domain was attained
by cloning both protein sequences into the same vector and co-expressed in E. coli
(Im, Kang et al. 2010). This indicates that PDZ:β-PIXcc complex requires an in vivo
setting for stable interaction.

3.3.3 The structure of PDZ1t domain
As PDZ1:β-PIX was highlighted in the functional studies, the aim was to attain a high
resolution structure of the interaction. Due to an underestimation of the peptide
amount, WT β-PIX peptide was not present in the crystal structure (Figure 3.15D).
Although PDZ1t and 2W4F share similar protein sequence and molecular weight,
PDZ1t crystals were obtained from a different crystallisation condition from 2W4F
(0.15 M Ammonium Chloride pH 6.3, 20 % PEG 1000, 15 % Ethylene Glycol). When
the structure of PDZ1t was compared to the 2W4F published structure, they appear
to share an identical crystallographic group, which is P212121. Additionally, PDZ1t
and 2W4F displayed only a slight difference of ~3 Å in each unit cell dimension
vector. A superimposition of the PDZ1t crystal structure with the deposited 2W4F
structure using DaliLite (Hasegawa and Holm 2009) revealed a root-mean-square60
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deviation of 0.6 Å over 95 alpha carbon atoms, demonstrating that the structures are
near identical (Figure 3.16). Collectively, this shows that PDZ1t structure shares a
similar conformation to 2W4F, although the crystals grew from different conditions.

3.3.4 Summary
In this chapter, I showed that individual Scribble PDZ domains have different
binding affinities toward β-PIX peptide, except for PDZ4. This enables the
establishment of a binding hierarchy, which is PDZ1>PDZ3>PDZ2. Among these
interactions, PDZ1 binding preferences to β-PIX is suggested to be of significance
due to the strong binding affinity observed throughout the functional studies. This
suggests that other binding partners of Scribble such as APC, β-catenin, MCC and
vimentin that have affinities toward PDZ1 may compete with β-PIX for interaction in
a biological setting. Next, the hierarchy that was established for isolated
PDZ:superpeptide interaction is PDZ1>PDZ3>PDZ2>PDZ4.
The redundancies and distinct binding specificities of individual PDZ:β-PIX raises
questions as to (A) the significance of three out of four PDZ domains having affinities
towards β-PIX; and (B) whether there is a PDZ domain that dominates during β-PIX
interaction? By exploring these factors, this will deepen our understanding of
Scribble preference during ligand recognition, and hence provide a clearer picture as
to how Scribble participates in different signalling hubs within the cell. In the next
chapter, I used a construct that comprise of all four PDZ domains together (termed
4PDZ) to explore the dynamics of PDZ domains during β-PIX binding.
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Sequence identity based on
PDZ1
49 %
44 %
49 %

Figure 3-1 Structure-based sequence alignment of all individual Scribble PDZ domains.
This figure was generated using ESPript (http://espript.ibcp.fr) (Robert and Gouet
2014). The secondary structure and sequence number is indicated at the top based
on PDZ1 (PDB ID: 2W4F). Identical residues are shown in white and highlighted in
red background; Similar residues are shown in red letters. The β2 and α2 that forms
that PDZ domain binding groove is circled in red.
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Figure 3-2 Schematic of the Scribble PDZ domain constructs used in this study.
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3: After induction
4: Supernatant
His-MBP-PDZ1 (55.74 kDa) 5: 1st IMAC Flow through
His-MBP tag (43.08 kDa)
6: 1st IMAC Elution (His-MBP-PDZ1)
7: TEV protease treated His-MBP-PDZ1
8: 2nd IMAC Elution
9: 2nd IMAC Flow through
PDZ1 (12.59 kDa)
10: SEC peak (PDZ1)
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2: PDZ1 (12.59 kDa)
3: PDZ2 (14.15 kDa)
4: PDZ3 (9.86 kDa)
5: PDZ4 (11.46 kDa)

15
10

Figure 3-3 Overexpression and purification profile of isolated Scribble PDZ domains.
Overexpression and purification profile of His-MBP tagged PDZ1 (A). A pGil vector
was used in the overexpression of His-MBP-PDZ1 protein in E. coli. PDZ1 with high
purity was obtained via two-step affinity purification before being subjected to a
size exclusion chromatography (SEC) using a Hi Load 16/600 Superdex 75 prep
grade column (B). The final purified PDZ1, PDZ2, PDZ3 and PDZ4 using similar
purification approaches to PDZ1 are revealed by the Coomassie Blue stained SDSPAGE (C).
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SH3: The SRC Homology 3 domain
DH: Dbl homology domain
PH: Pleckstrin homology domain
GBD: GTPase binding domain
CC: Coiled coil domain

B

C

-PIX peptide

Wild type
Mutant

:PAWDETNL
:PAWDEANA

Superpeptide

Wild type
Mutant

:RSWFETWV
:RSWFEAWA

Figure 3-4 Peptides sequences used in functional studies.
A schematic of the β-PIX peptide sequence used in isothermal titration calorimetry
studies (A). Wild type and mutant sequences of 8-mer peptides are showed for β-PIX
peptide (B) and superpeptide (C). Residues in red refers to the mutated amino acids.
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Figure 3-5 Isothermal titration calorimetry of PDZ1.
A summary of PDZ1 binding affinities for both β-PIX peptide and superpeptide (A).
84 µM PDZ1 binding profiles are shown for interaction with both 1 mM WT and
mutant β-PIX peptides respectively (B), as well as 850 µM WT and 900 µM mutant
superpeptides (C). This is one representation of the three replicates. N:
stoichiometry, WT: wild type, ±: standard deviation, NB: no binding.
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Figure 3-6 Isothermal titration calorimetry of PDZ2.
This table shows the summary of PDZ2 affinity towards β-PIX peptide and
superpeptide (A). Binding profiles of 50 µM PDZ2 are shown for both 1.4 mM WT
and mutant β-PIX peptides respectively (B), together with 670 µM WT and 700 µM
mutant superpeptides (C). The data presented here represent one of three
experiments. N: stoichiometry, WT: wild type, ±: standard deviation, NB: no binding.
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Figure 3-7 PDZ3 isothermal titration calorimetry studies.
This table summarise PDZ3 interaction parameters towards β-PIX peptide and
superpeptide. The raw thermogram and fitted data are showed for 50 µM PDZ3
interaction with 650 µM WT and 780 µM mutant β-PIX peptides respectively (B), as
well as for 620 µM WT and 1 mM mutant superpeptides (C). This represents one of
the three repeats. N: stoichiometry, WT: wild type, ±: standard deviation, NB: no
binding.
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Figure 3-8 PDZ4 isothermal titration calorimetry studies.
The binding preference of PDZ4 towards the β-PIX peptide and superpeptide is
summarised in this table. Each binding profiles of 50 µM PDZ4 interaction is shown
for 1.4 mM WT β-PIX peptide (B), 900 µM WT and mutant superpeptides
respectively (C). These represent one of three replicates. N: stoichiometry, WT: wild
type, ±: standard deviation, NB: no binding, NA: not applicable.
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-PIX peptide

Superpeptide

N

WT, KD ( M)

Mutant

N

WT, KD ( M)

Mutant

PDZ 1

1.04 ± 0.04

3.33 ± 0.30

NB

1.03 ± 0.09

0.72 ± 0.06

NB

PDZ 2

1.22 ± 0.19

67.84 ± 7.90

NB

1.15 ± 0.01

4.52 ± 1.02

NB

PDZ 3

0.77 ± 0.04

14.47 ± 2.09

NB

1.09 ± 0.11

1.84 ± 0.77

NB

PDZ 4

NA

NB

NA

1.04 ± 0.16

25.85 ± 3.98

NB

NB: no binding

NA: not applicable

Table 3-1 A summary of individual PDZ domains interaction with β-PIX and
superpeptide.
N: stoichiometry, WT: wild type, ±: standard deviation, NB: no binding, NA: not
applicable.
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WB:
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37
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20
GST tagged individual PDZ domains
GST tag only

Figure 3-9 Glutathione-S-Transferase (GST) pull down assay of individual PDZ domains.
GST tagged individual PDZ domains incubated with HEK293T cell lysate. Complex
formation of the GST tagged recombinant proteins were pull down through
glutathione resin and analysed via SDS-PAGE followed by Western blotting using
anti-β-PIX and anti-GST antibodies. The amount of recombinant proteins that was
bound to the resin (yellow arrows) was revealed via the anti-GST antibody. The
whole cell lysate (WCL) input is 5%. This experiment was repeated twice.
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Figure 3-10 PDZ3 protein stability optimisation.
This is a differential scanning fluorimetry melt curve that correlates with the
exposure of hydrophobic residues during PDZ3 protein unfolding event in a range of
buffers (A). The first derivative of the melt curve, termed melt peak is shown (B) to
identify the melting temperature of PDZ3 in each condition.

: the buffer condition

identified that provided good protein stability.
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Figure 3-11 Optimisation of PDZ1 protein stability.
A range of buffers were tested for PDZ1 using differential scanning fluorimetry,
where the fluorescence signal that corresponded to the hydrophobic residues
exposure in PDZ1 was plotted as a melt curve (A). The fluorescence signal was
further plotted as a melt peak chromatogram to identify the melting temperature of
PDZ1 in each buffer conditions.

: the buffer condition identified that provided

good protein stability.

76

Chapter 3: Establishing the binding profiles of isolated Scribble PDZ domains
A

B

Day 14

Figure 3-12 Crystallisation conditions optimised for individual domains.
This is the optimised crystallisation condition for PDZ1-WT β-PIX peptide, where
micro-crystals are shown (A). PDZ3 optimised crystallisation condition is also
presented, where micro-needle crystals were grown (B).
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Figure 3-13 Overexpression and purification profiles of β-PIX coiled-coil domains.
The schematic of β-PIX coiled coil domain (β-PIXcc) (A). SDS-PAGE analysis of each
purification steps of β-PIXcc is presented (B). The size exclusion chromatogram
(SEC) of β-PIXcc purification as the last purification step is overlaid with SEC
standards to identify the hydrodynamic volume of β-PIXcc (C). As presented, the βPIXcc elution peak is between the peaks of the 44 kDa and 17 kDa standards,
implying a β-PIXcc trimer formation (22.38 kDa).
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Figure 3-14 Purification of PDZ1 domain with β-PIX coiled-coil domain.
This is an overlap of size exclusion chromatograms of PDZ1, β-PIXcc and PDZ1 with
β-PIXcc using a Superdex 200 Increase 3.2/300 GL column respectively.
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A
Scribble
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C
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PDZ1t (10.61 kDa)
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D

Figure 3-15 Crystal structure of a truncated PDZ1 construct.
The schematic displays a comparison of the full length PDZ1 versus the truncated
version (PDZ1t) (A). A Coomassie Blue stained SDS-PAGE of purified PDZ1t is
presented (B). PDZ1t crystals with needle-like morphology were grown from the
specified crystallisation condition (C). The PDZ1t crystals resulted in a highresolution diffraction dataset that allowed the determination of PDZ1t structure (D).
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PDZ1t
2W4F
RMSD: 0.6 Å

Figure 3-16 A superimposition of PDZ1t crystal structure with the deposited crystal
structure of PDZ1 (PDB ID: 2W4F).
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Wavelength (Å)

0.9573

Resolution range (Å)

29.24 - 1.912 (1.981 - 1.912)
P 21 21 21

Space group

35.49, 41.693, 51.57, 90, 90, 90
12459 (1219)

T

6243 (613)
2.0 (2.0)

Multiplicity

0.99 (0.99)

Completeness (%)

17.27 (4.92)

Mean I/sigma(I)

20.18

Wilson B-factor
R-merge

0.02316 (0.1511)

R-meas

0.03275 (0.2137)
0.999 (0.922)

CC1/2

1 (0.98)

CC*

6243 (613)

R
R

R-free

296 (27)

R-work

0.2196 (0.2302)

R-free

0.2269 (0.2652)

CC(work)

0.939 (0.881)

CC(free)

0.936 (0.832)

Number of non-hy

757

macromolecules

708
96
0.003
0.7

R

ran fav

99

R

r

1.1

R

ran outliers (%)

Rotamer outliers (%)

0
2.9

Clashscore

12.01

Average B-factor

26.36

macromolecules

26.21

solvent

28.55

Statistics for the highest-resolution shell are shown in parentheses.

Table 3-2 The PDZ1t crystal structure data and refinement statistics.
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4.1 Introduction
Following the characterisation of single Scribble PDZ:β-PIX interaction, the question
that I would like to address is the role of PDZ domain redundancies and hierarchical
affinities in the context of all four PDZ domains together (4PDZ) toward β-PIX.
Previous studies have focussed on characterising isolated PDZ domains interaction
with β-PIX, and the precise stoichiometries and affinities of 4PDZ were not
determined. This issue is very important as intramolecular interaction has been
shown to regulate ligand recognition such as the affinity and availability of binding
sites (Wu, Reissner et al. 2000, Qian and Prehoda 2006, Sohn, Grant et al. 2007), and
in view that the majority of Scribble biological relevant partners bind through the
PDZ domains, where multiple PDZ domains have affinities toward the same ligand,
as observed with Scribble:β-PIX in this study. A better understanding of the PDZ
domains dynamic would aid in our understanding of how Scribble modulate various
signalling presumably through binding of multiple ligand through the PDZ domain.
The hierarchy of single PDZ domains towards β-PIX peptide as established in
Chapter 3 will form the basis of this chapter. Herein, I determined the binding
profiles of 4PDZ interactions and subsequently determined the conformation of
4PDZ using limited proteolysis, protein crystallography and small-angle X-ray
scattering (SAXS).

4.2 Results
4.2.1 4PDZ purification
In order to study the PDZ domains, 4PDZ protein with high purity was required. I
overexpressed 4PDZ as a GST tagged recombinant protein and employed affinity
chromatography (Figure 4.1). This was followed by an on-column protease
treatment to remove the GST tag and liberate the 4PDZ protein. Cation exchange
chromatography was performed at pH 7.2 to remove the remaining background
contaminants (Figure 4.1), followed by a size exclusion chromatography (SEC) step.
As the protein quantification using the absorbance at 280 nm (A280nm) is mainly
dependent on the presence of amino acids with aromatic rings (Stoscheck 1990),
4PDZ that consists of only one aromatic ring which is Tryptophan, produced a low
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A280nm of 25 milli arbitrary unit (mAU) SEC elution peak (Figure 4.1D). The purified
4PDZ is used for subsequent functional studies.

4.2.2 4PDZ interaction with β-PIX peptide and superpeptide
To directly assess 4PDZ interaction profiles, ITC was performed against β-PIX
peptide and superpeptide respectively. This is to examine how comparable is the
affinity and stoichiometry of 4PDZ:peptides versus isolated PDZ:peptides.
Interestingly, given that 4PDZ has three potential binding sites (PDZ1, 2 and 3) for
WT β-PIX peptide interaction, 4PDZ:WT β-PIX peptide occurred only through one
binding site (N = 0.91 ± 0.30) with KD of 13.84 ± 2.30 μM (Figure 4.2). In contrast to
WT superpeptide interaction, all binding sites of 4PDZ were involved, where a
stoichiometry of four (N = 3.93 ± 0.58) was obtained (Figure 4.2). When attempting
to determine each binding site’s affinity for the 4PDZ:WT superpeptide, the one site
binding model showed the best fit, in which the fitted sigmoidal curve shows that all
binding sites share the same affinity, KD = 6.31 ± 2.39 μM (Figure 4.2C). To show that
the 4PDZ interaction with both peptides are specific, 4PDZ was tested with both
mutant forms of the peptides. In Figure 4.2, no major heat changes were observed
for 4PDZ:mutant β-PIX peptide/superpeptide respectively. This shows that the
interactions of 4PDZ with WT β-PIX peptide and WT superpeptide were specific.
Additionally, the 4PDZ interaction profile is shown to be ligand dependent as the
involvement of each PDZ binding groove within the 4PDZ appeared to vary between
ligands, or at least in the case of these two peptides.

4.2.3 Buffer optimisation of 4PDZ
Since the ITC studies showed binding discrepancies between 4PDZ and WT β-PIX
peptide versus WT superpeptide interactions, the aim was to obtain structural
information for 4PDZ to understand how the structure influence ligand recognition.
In preparation for the structural studies, 4PDZ protein stability was determined.
Differential scanning fluorimetry (DSF) as previously discussed in Chapter 3 was
performed to investigate the effects of buffers on 4PDZ protein stability (Figure 4.3).
The purple curves in both melt curve and melt peak resembled the profiles of
lysozyme protein and serve as a positive control in DSF (Figure 4.3). 4PDZ melting
profile in its original buffer (25 mM HEPES pH 7.0, 150 mM NaCl) appeared
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indistinguishable to other buffer conditions (Figure 4.3A). Moreover, 4PDZ melting
temperature in the original buffer lies closely with other tested buffers (Figure
4.3B). This suggests that the original buffer condition provided adequate protein
stability that is comparable to the tested buffers. As a consequent, the original buffer
was used for the preparation of 4PDZ protein for subsequent experiments.

4.2.4 4PDZ crystallisation screens
To gain an atomic view of 4PDZ to decipher the PDZ domains mechanism of action,
crystallisation trials were performed for 4PDZ. As 4PDZ precipitates at 3 mg/mL, a
concentration of 2 mg/mL was used in crystallisation trials. Despite extensive
screens, no crystallisation condition for 4PDZ protein was identified. In order to
improve the chances of 4PDZ crystallisation, purification of 4PDZ in complex with βPIXcc was performed. Unfortunately, like the isolated PDZ constructs in chapter 3,
the 4PDZ:β-PIXcc precipitated upon contact and was not able to be purified through
SEC (Figure 4.4). Thus, in order to increase the probability of attaining a
crystallisation condition for 4PDZ, re-evaluation of the construct design and
successful purification of the 4PDZ:β-PIXcc would be required.

4.2.5 Small-angle X-ray scattering analysis of 4PDZ
Since structures of the isolated PDZ domains are readily available, small-angle X-ray
scattering (SAXS) was used to gain low resolution structural insights of 4PDZ. This is
important as previous studies have not investigated the entire region of Scribble
that bears the four PDZ domains together. Consequently, SAXS scattering curves of
4PDZ at 2.65 mg/mL with three dilution series were collected. The reasoning for the
dilution series was to ensure similar scattering patterns across different
concentrations, which denotes that the protein species is not concentration
dependent (Figure 4.5A). In order to evaluate the quality of 4PDZ scattering curves,
the guinier region of the curves (Figure 4.5B) were assessed for their linear fit, in
combination with the stable radius of gyration (Rg) values obtained from the
concentration range (Figure 4.5D). Both guinier region and the Rg values supported
the existence of a single species. To examine the flexibility of 4PDZ, scattering curves
were plotted as kratly plots, which indicates 4PDZ consists of both globular and
flexible regions as the curves resemble a bell shape with an extended tail (Figure
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4.5C). The 2.65 mg/mL SAXS curve provided the highest signal to noise ratio, thus it
was used for subsequent SAXS modelling.
4.2.5.1 4PDZ rigid body modelling
Initially, the rigid body modelling of 4PDZ was performed using two separate
programs, BUNCH and CORAL (COmplex with RAndom Loops). The reasoning is that
both BUNCH and CORAL perform simulated annealing of available atomic
structures/models; whereas BUNCH reconstructs missing regions with dummy
residues (Petoukhov and Svergun 2005); and CORAL searches from a loop library to
reconstruct missing linkers (Petoukhov, Franke et al. 2012).
High resolution structures were used in rigid body modelling, which includes PDZ1
(PDB ID: 2W4F), PDZ2 (PDB ID: 1WHA), PDZ4 (PDB ID: 1UJU), 2PDZ (PDB ID:
4WYT) as well as isolated PDZ3 and PDZ4 structures from the 2PDZ structure. The
2PDZ structure will be discussed in depth in the next chapter. Different
combinations of the listed structures were used to generate atomic models that
correspond well with the experimental data. Among the models generated from both
programs, the model generated by CORAL showed the best correlation with the
experimental data, with χ2 = 2.26 as shown in Figure 4.6A. This model was
reconstructed by the input of PDZ1 (PDB ID: 2W4F), PDZ2 (PDB ID: 1WHA), isolated
PDZ3 and PDZ4 from the 2PDZ structure (PDB ID: 4WYT). The CORAL model
displays an extended 4PDZ conformation with some PDZ domains clustering
together (Figure 4.7). Given that SAXS is a low resolution technique, the
arrangement of the domains would need further validation.
4.2.5.2 4PDZ ab initio modelling
In order to validate the elongated shape of 4PDZ as revealed by the rigid body
modelling, ab initio low-resolution envelopes of 4PDZ were generated using the
programs DAMMIN and GASBOR. The program DAMMIN reconstructs lowresolution shapes from scattering curves through randomly assigned dummy atoms
with appropriate penalties to ensure dummy atoms are inter-connected and
compact (Svergun 1999); in contrast GASBOR implements dummy residues in a
chain-like manner during model building (Svergun, Petoukhov et al. 2001).
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To perform ab initio modelling, the maximum particle size (Dmax) of 4PDZ is
determined (Dmax = 177 Å) via the pair-distance distribution function (P(r)) as
derived from the scattering data using the program GNOM (Figure 4.6B) (Svergun
1992). The DAMMIN generated models consistently showed a lower χ2 fit with the
4PDZ scattering curve compared to GASBOR models, leading to the choice of the
DAMMIN program for subsequent modelling. Twenty DAMMIN models were
generated and averaged by DAMAVER, followed by another round of model
reconstruction by DAMMIN. The resultant DAMMIN model as shown in Figure 4.7,
correlated well with the experimental data, with a χ2 = 1.40 (Figure 4.6C).
4.2.5.3 Summary
Both ab initio and rigid body models reconstructed 4PDZ as an extended molecule
(Figure 4.7). In addition, the envelope and atomic models superimposed reasonably
well on each other, where their computed scattering curves also corresponded well
with the experimental data, indicating the reliability of the models (Figure 4.6). In
summary, the in-solution models illustrate an elongated conformation of 4PDZ,
showing PDZ domains clustering with flexible loop regions, inferring the
possibilities of ligand binding regulation through the hindering of PDZ domains
binding site accessibilities.

4.2.6 Limited proteolysis region in 4PDZ alone and with ligands
Given that the SAXS models displayed such extended and flexible conformation of
4PDZ, I wanted to assess whether 4PDZ conformation changes upon and between
different ligand interactions. Additionally, as 4PDZ:WT β-PIX peptide occurred
through one-binding site as observed in ITC experiments, I asked the question if
there is a PDZ domain that is more accessible among the 4PDZ and acts to initiate
the interaction.
To address the first question, limited trypsin proteolysis was performed on 4PDZ
alone as well as in the presence of ligands. The rationale is that if a conformational
change occurred upon 4PDZ:peptide interaction, the limited proteolysis profiles
across samples would differ. This may shed some light in the stoichiometry of
4PDZ:WT β-PIX peptide complex formation. Upon five minutes of trypsin digest,
4PDZ alone or in complex with peptides were reduced to a 36 kDa product (Figure
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4.8). Of note, 4PDZ with and without ligand exhibited similar proteolysis profiles
(Figure 4.8), inferring the absent of major structural change during 4PDZ
interaction. Nonetheless, this does not exclude the possibility of a structural change
that failed to alter the proteolysis profile.
In order to further elucidate 4PDZ:WT β-PIX peptide interaction, I hypothesised that
the earliest region to be removed from 4PDZ would represent the most flexible
region within 4PDZ. As a consequence, the region would be most accessible to the
protein surroundings, and may have implications on 4PDZ:WT β-PIX peptide
interaction. When the limited trypsin digested sample of 4PDZ (hereafter termed
tryp4PDZ) in the absence of ligand was further examined using mass spectrometry,
two major molecular species with a molecular weight of 36.332 kDa and 36.488 kDa
were identified (Figure 4.9). To accurately identify the 36 kDa product region within
the 4PDZ, N-terminal sequencing was performed using reversed phase HPLC (by
Australian Proteome Analysis Facility Ltd). Based on this, the sequence of the 36 kDa
product at the N-terminus was identified as amino acids (R)/G-G-G-L-(L)/R-(L)/R(L)/R/P, with “( )” illustrating a tentative sequence obtained (Figure 4.10A).
Incorporating both the mass spectrometry and N-terminal sequencing results, the
identification of the 36 kDa region within the 4PDZ sequence was found to consists
of PDZ2, PDZ3 and PDZ4 (Figure 4.10B), which makes PDZ1 the most accessible
domain in the 4PDZ molecule. Interestingly, the trypsin digested site occurred
within the kinase interaction motif (KIM) of 4PDZ, implicating the exposure of this
region for 4PDZ phosphorylation in the context of a cell.
During the analytical process of tryp4PDZ using mass spectrometry, two major
molecular species of 17.056 and 17.213 kDa cleaved products were identified when
the tryp4PDZ was re-processed at a later date (Figure 4.9). The 17 kDa molecular
weight corresponded to PDZ2 domain with some linker regions (Figure 4.10B). In
summary, during limited proteolysis PDZ1 was the first to be removed from 4PDZ,
followed by PDZ2.
These results infer that PDZ1 is the most accessible/flexible within the 4PDZ
followed by PDZ2, and that PDZ3-PDZ4 adopts a comparably tight conformation,
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which is less prone to proteolysis. In light of these findings, a hierarchy system in the
accessibility of PDZ domains is demonstrated through proteolysis. This led to the
speculation that PDZ1 represents the most flexible domain within the 4PDZ system,
and so may be involve in the initiation of β-PIX engagement.

4.3 Discussion
4.3.1 PDZ domains binding groove exposure is dependent on
ligand interaction
The interaction of 4PDZ with WT β-PIX peptide was of high interest as it only
involved one binding site despite three potential binding sites in 4PDZ. This suggests
that among PDZ1, PDZ2 and PDZ3 binding sites, only one of them directly binds WT
β-PIX peptide. Based on 4PDZ:WT β-PIX peptide affinity (13.84 ± 0.58 µM), one
could speculate that the interaction occurred through PDZ3 since PDZ3:WT β-PIX
peptide affinity is comparable (14.47 ± 2.09 µM). Nonetheless, it is not uncommon
for binding affinities to alter between isolated state and multi-domains form as
inter-domain activity could influence binding (Sheng and Sala 2001, Ren, Feng et al.
2015).
The stoichiometry of 4PDZ:WT β-PIX peptide (N = 0.91 ± 0.30) suggests that the
steric hindrance between PDZ domains influenced the availability of binding sites
during ligand engagement. Nonetheless, in 4PDZ interaction with WT superpeptide,
where all single PDZ domains have affinities toward WT superpeptide,
demonstrated the involvement of three to four binding sites (Figure 4.2). This
suggests that all four binding grooves in 4PDZ were accessible. Altogether, the 4PDZ
binding studies describe a ligand dependent regulatory system that controls the
exposure of binding sites, potentially through PDZ domains steric hindrance.

4.3.2 4PDZ intra-molecular communication may govern ligand
recognition
The overall shape of 4PDZ through SAXS shed some light in my efforts to untangle
the 4PDZ:ligand regulatory machinery (Figure 4.7). The SAXS models (particularly
the rigid body model) revealed an elongated and rather compacted 4PDZ
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conformation, suggesting potential clustering of the PDZ domains. This infers that
intra PDZ domain activity may regulate the accessibilities of 4PDZ binding sites for
inter molecular recognition. This is in line with the findings of 4PDZ:WT β-PIX
peptide binding stoichiometry that supports a regulatory system through PDZ
domains steric hindrance.
Additionally, the SAXS models revealed that a considerable volume is occupied by
the linkers between PDZ1-PDZ2 and PDZ2-PDZ3 (Figure 4.7). The length of these
linkers prompted speculation of their influence in 4PDZ binding profile. This was
demonstrated in the Par3 protein that consists of a flexible Cdc42/Rac interactive
binding (CRIB) region and a PDZ domain. It was shown that the flexible CRIB region
could modulate PDZ domain binding affinity through local rearrangements upon
Cdc42:GTP binding to CRIB (Whitney and Volkman 2015).
Taken together, a glimpse into the 4PDZ conformation delivered new insights into
the PDZ domains ligand recognition machinery. The close proximity of PDZ domains
observed in 4PDZ SAXS models support a system where interaction specificity is
achieved not only through PDZ inter-domain packing but also through the
coordination of linkers. These findings explain the unsuccessful crystallisation trials
of 4PDZ given that the SAXS model depicts a rather flexible 4PDZ protein, which is
unlikely to be suitable for crystallization on its own.

4.3.3 PDZ1 is important in 4PDZ interaction
Another aspect that required further investigation was the ligand binding induced
alternative orientation of PDZ domains. The limited proteolysis of 4PDZ alone or in
complex with ligand displayed similar trypsin digest profiles, implying similarities in
PDZ domains overall arrangements (Figure 4.8). This indicates that the
4PDZ:peptide interaction did not cause re-orientation of the PDZ domains, but
subtle changes possibly through the local rearrangements of backbone and/or sidechains’ positions of 4PDZ. Since PDZ1 is the most accessible domain within 4PDZ,
PDZ1 is proposed to be of advantage in ligand binding when compared to other PDZ
domains. This led to the speculation of PDZ1 being responsible for 4PDZ:peptide
initiation or binding event.
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4.3.4 Models proposed to portray 4PDZ interaction
Taken together the findings of this chapter, two models are proposed to explain
4PDZ interaction (Figure 4.11). The first model depicts that all PDZ domains binding
sites are accessible, but upon ligand binding other available sites are masked (Figure
4.11A). This speculation arose from studies on the PDZ domain family that often
demonstrate open access of all binding groove in the presence of multiple PDZ
domains (Im, Lee et al. 2003, Kang, Cooper et al. 2003, Long, Tochio et al. 2003,
Fanning, Lye et al. 2007, Chen, Pan et al. 2008). This model suggests PDZ1 is
responsible for 4PDZ:peptide binding since it is the most accessible domain within
4PDZ. Additionally, this model suggests that PDZ1:peptide binding regulates the
accessibility of PDZ2 and PDZ3 binding grooves, while PDZ4 binding groove is
always accessible. During 4PDZ:β-PIX peptide interaction, it is suggested that PDZ1
out competes PDZ2 and PDZ3 as PDZ1 has the highest affinity for β-PIX peptide.
PDZ1:β-PIX peptide interaction induce changes to PDZ2 and PDZ3 binding sites,
resulting in PDZ2 and PDZ3 binding groove to be unavailable for interaction. Whilst
in 4PDZ:superpeptide binding, PDZ1, 2 and 3 have very close binding affinities
toward superpeptide, therefore PDZ1 could not dominate the interaction, leading to
the binding of superpeptide to all binding groove.
The second model describes a limited number of binding sites being exposed in
4PDZ at any given time, and through PDZ4:ligand recognition the exposure of
additional binding sites are induced (Figure 4.11B). In this model, the two binding
sites that are proposed to be accessible are PDZ1 and PDZ4. In 4PDZ:β-PIX peptide
interaction, only one binding site is involved because β-PIX peptide only has affinity
for PDZ1 but not PDZ4. On the other hand, superpeptide has affinities for both PDZ1
and PDZ4. Upon PDZ4:superpeptide binding additional binding sites are induced,
explaining the stoichiometry of 4PDZ:superpeptide that involved three to four
binding sites.
Altogether these models illustrate the involvement of 4PDZ binding sites’ in each
interaction to be ligand dependent, where PDZ1 and PDZ4 are always accessible and
responsible for peptide recognition in 4PDZ. Though these models underscore PDZ1

93

Chapter 4: Characterisation of Scribble PDZ domains
role in 4PDZ interaction, the potential role of PDZ3 in 4PDZ is not to be overlooked
since PDZ3:β-PIX peptide affinity is very similar to 4PDZ:β-PIX peptide interaction.

4.3.5 Summary
In this chapter, I have demonstrated that although multiple PDZ domains are
capable of binding to β-PIX, not all PDZ domains bind directly with β-PIX when the
PDZ domains work in concert. Despite fruitless crystallisation trials, low-resolution
SAXS models delivered substantial insight into the putative mechanism utilised by
4PDZ to achieve selectivity during ligand binding. It highlights the putative role of
PDZ domain arrangements and loop involvement during ligand discrimination. This
notion is supported by the 4PDZ:β-PIX peptide weak binding affinity when
compared to other protein-protein interactions that occurs at nano-molar affinity, as
it allows greater flexibility for 4PDZ to initiate transient ligand binding and release.
Results from this chapter also points toward PDZ1 playing an important part during
4PDZ interaction. Thus, in the next chapter the role of PDZ1 in 4PDZ will be
examined using a variety of mutation and truncated constructs through various
functional studies.
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Figure 4-1 Overexpression and purification profile of Scribble 4PDZ construct.
Schematic of 4PDZ domain construct utilised in this study (A). Overexpression and
purification profile of 4PDZ from pGex vector that produces GST tagged 4PDZ. GST
tagged Human Rhinovirus (HRV) 3C protease was used for GST tag removal of GST4PDZ. Chromatogram of cation exchange gradient elution of 4PDZ at pH 7.2 to purify
4PDZ from contaminants (C). Size exclusion chromatogram (SEC) of 4PDZ using Hi
Load 16/600 Superdex 200 prep grade column (D).
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Figure 4-2 4PDZ interaction with β-PIX peptide and superpeptide.
(A) A summary of the binding results fitted using one-binding site model for 4PDZ
interactions. NB: no binding. (B) Titration of 450 µM wild type β-PIX peptide into 11
µM 4PDZ; whilst 350 µM mutant β-PIX peptide was titrated into 26 µM 4PDZ. (C)
Titration of 400 µM wild type superpeptide into 11 µM wild type 4PDZ; whereas 200
µM mutant superpeptide was titrated into 12 µM 4PDZ. The top panels show the
raw thermogram while the bottom panels show the binding isotherm fitted to a onesite binding model. Data represents one of the three replicates.
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Figure 4-3 Investigation of 4PDZ protein stability.
This is a melt plot that shows the profile of 4PDZ unfolding under a series of buffer
conditions across 20 to 100 °C (A). This is a first derivative of the melt curves to
show the melting temperature identified for 4PDZ in each buffer conditions (B). All
curves are representation of one of the triplicates.
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4PDZ

Figure 4-4 Purification of 4PDZ complex formation with β-PIXcc.
A size exclusion chromatogram of 4PDZ in complex with β-PIXcc using Superdex 200
Increase 3.2/300, where the peak that corresponds to the complex was not detected
(C).
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A

B

C

D

Figure 4-5 A summary of 4PDZ SAXS data.
SAXS scattering profiles of 4PDZ at different protein concentrations were
represented as a log plot (A). The guinier region is shown for all concentrations at
low-angle (B). Kratky plot (C) and the radius of gyration calculated (D) from each
concentration is plotted.
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Figure 4-6 Demonstration of the SAXS models resemblance to the experimental data.
An overlay of the experimental curve with the CORAL rigid body model is shown as a
log plot (A). Pair-distance distribution functions of 4PDZ as computed from the
scattering data through GNOM (B). The theoretical scattering curve of DAMMIN ab
initio model is compared against the experimental data (C).
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Figure 4-7 SAXS generated models of 4PDZ.
Superimpositions of the CORAL generated atomic model (PDZ1 in green; PDZ2 in
blue; PDZ3 in magenta; PDZ4 in yellow; linkers in black) onto the DAMMIN ab initio
model (orange). View of superimposed models rotated 90° around the x-axis is
shown. Exposed binding sites within the 4PDZ model are highlighted with red
dashed line boxes.
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Figure 4-9 Identifying the molecular mass of the limited trypsin digested proteins.
These are the chromatograms of ESI-TOF mass spectrometry of 4PDZ, 4PDZ limited
digest product and the subsequent limited digest product. The 4PDZ molecular
weight is identified as 49.17 kDa, whilst the initial digested product is 36.33 kDa and
36.49 kDa. A product of 17.06 kDa and 17.21 kDa is obtained when the initial
digested product is further digested.
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Figure 4-10 Determination of the limited trypsin digest products.
N-terminal sequencing result of the ~36 kDa proteolysis product (A). “( )” in the
figure indicates tentative sequence. A diagram to illustrate the proteolysis cut sites
and the relevance products (B).
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Figure 4-11 4PDZ models representation.
In both models, PDZ1 is illustrated to be the most accessible domain in 4PDZ. In the
first model, all binding sites of 4PDZ are available (A). Upon WT β-PIX peptide
binding to PDZ1, other binding site loses binding ability to WT β-PIX peptide;
Whereas upon WT superpeptide binding, all binding sites remain accessible. The
second model illustrate a scenario where initially two of 4PDZ binding sites are
embedded due to steric hindrance (B), but upon WT superpeptide interaction, extra
binding sites becomes accessible. On the other hand, the binding of 4PDZ with WT βPIX peptide does not induce extra binding sites.
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5.1 Introduction
In light of the findings from the 4PDZ studies, inter PDZ domains interaction could
influence binding specificity, where PDZ1 is hypothesised to be of importance
during ligand interaction. The subsequent aim was to test the proposed models in
Chapter 4 using different truncated and mutated constructs. During the course of
this study, an atomic structure of 2PDZ that consists of tandem linked PDZ3 and
PDZ4 gave valuable insights to the regulatory system of 2PDZ machinery (Figure
5.1) (Ren, Feng et al. 2015). The structure revealed inter-domain activity between
PDZ3 and PDZ4 formed by hydrophobic interactions and supported by electrostatic
interactions (Ren, Feng et al. 2015). 2PDZ forms an “open book” orientation where
the binding sites of each domain is parallel to each other (Ren, Feng et al. 2015). A
co-crystallised structure of 2PDZ in the presence of a peptide further revealed an
extended PDZ3 binding pocket that emerged from PDZ3 interface with PDZ4 (Figure
5.1) (Ren, Feng et al. 2015). The resultant binding pocket alters ligand affinity when
compared to its individual PDZ3 counterpart (Ren, Feng et al. 2015). The structure
shows that a 2PDZ “open book” orientation could be formed in the absence of
peptide and could regulate ligand interaction by altering binding affinity (Ren, Feng
et al. 2015).
In this chapter, I utilised this new construct 2PDZ, together with 3PDZ and a
mutated 4PDZPDZ1mut construct to deepen our understanding of PDZ domains intramolecular activity through functional and small-angle X-ray scattering (SAXS)
studies.

5.2 Results
5.2.1 Identification of PDZ1 role in 4PDZ interaction
5.2.1.1 PDZ2mut interaction with β-PIX and superpeptide
To study the role of PDZ1 during 4PDZ interactions, a dysfunctional PDZ1 in the
context of 4PDZ was required. This was achieved by targeted mutations at the PDZ
domain binding groove to abrogate interaction. The design of the mutations was
previously shown in the PDZ domains of zonula occludens (ZO)-1 and ZO-2 to
disrupt the ligand C-terminal PDZ binding motif (PBM) recognition (Kausalya, Phua
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et al. 2004). As a proof of concept, a PDZ2mut construct was used due to the
availability of the construct. PDZ2mut contains similar sequence identity and length
to PDZ2 from Chapter 3, but with mutations at the binding groove (Figure 5.2).
The PDZ2mut was overexpressed and purified following similar procedures as its
wild type form (PDZ2) as stated in Chapter 3. The final purification of PDZ2mut
using SEC displayed two main peaks, with the first peak representing the His-MBP
tag and the second peak representing PDZ2mut (Figure 5.3). As PDZ2mut does not
contain any aromatic rings, the SEC peak that corresponds to PDZ2mut exhibited a
low absorbance at 280 nm despite a total yield of 1.94 mg from this purification.
Consequently, the purified PDZ2mut was assessed with WT β-PIX peptide and WT
superpeptide using ITC. No major heat change was detected for both interactions
when compared to the wild type PDZ2 protein (Figure 5.4). This shows that the
mutations at the binding groove of PDZ2mut is capable of abolishing ligand
recognition.
5.2.1.2 4PDZPDZ1mut interaction with β-PIX peptide and superpeptide
Proceeding from the validation of the loss of PDZ domain function caused by the
mutations at the PDZ binding groove, similar set of mutations were used in
4PDZPDZ1mut. A 4PDZ sequence with mutations at PDZ1 binding site (similar to
PDZ2mut), termed 4PDZPDZ1mut was cloned into pGex-6P-3 vector to generate GST
tagged 4PDZPDZ1mut (Figure 5.5). The 4PDZPDZ1mut purification procedure was similar
to 4PDZ with the exception that two cation exchange chromatography steps were
performed at pH 6.0 and pH 7.5 respectively to remove background contaminants
(Figure 5.6). As expected, the ITC of 4PDZPDZ1mut interaction with WT superpeptide
showed decreased stoichiometry to three binding sites (N = 2.83 ± 0.10, KD = 3.16 ±
0.08 µM) when compared to WT 4PDZ; whilst surprisingly WT β-PIX peptide
interaction persisted with one stoichiometry (N = 0.88 ± 0.48) with KD = 24.75 ±
9.80 µM (Figure 5.7). This suggests that with the dysfunctional PDZ1, WT β-PIX
peptide could still interact with 4PDZPDZ1mut through other PDZ domains (PDZ2 or
PDZ3), suggesting that PDZ1 may not be the platform for WT β-PIX peptide
interaction in 4PDZ and may have other role in 4PDZ:WT β-PIX peptide binding.
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Nonetheless, the 4PDZPDZ1mut:WT β-PIX peptide interaction also underscores the role
of ligand binding redundancy.
5.2.1.3 3PDZ interaction with β-PIX and superpeptide
In order to further validate the 4PDZPDZ1mut:WT β-PIX peptide ITC results that
indicate PDZ1 is not essential during binding, a construct that consists of PDZ2, 3
and 4 together was generated (Figure 5.2A). This construct resembled the 36 kDa
product identified from Chapter 4 limited proteolysis, and is named as 3PDZ here
after. The 3PDZ was cloned into pGex-6P-3 vector (Figure 5.8) and likewise other
pGex constructs, 3PDZ was overexpressed and purified via affinity chromatography,
protease cleaved followed by cation exchange purification at pH 8.5 (Figure 5.9), and
further purified using SEC (Figure 5.10). 3PDZ interaction was tested with β-PIX
peptide and superpeptide using ITC. It was found that 3PDZ interaction with WT βPIX peptide involved one binding site (1.12 ± 0.12) with KD = 21.49 ± 4.19 µM
(Figure 5.11). Here interestingly, 3PDZ interaction with superpeptide involved one
to two binding sites (N = 1.28 ± 0.38, KD = 4.81 ± 1.83 µM) instead of the
hypothesised three binding sites (Figure 5.11). Given the similarities of
3PDZ/4PDZPDZ1mut:WT superpeptide binding affinities (3PDZ KD = ~5 µM;
4PDZPDZ1mut KD = ~3 µM) and the differences in stoichiometry (3PDZ = 1-2;
4PDZPDZ1mut = 3), the presence of PDZ1 in 4PDZPDZ1mut is indicated to be important
for the extra binding site during 4PDZPDZ1mut:WT superpeptide interaction. This
infers a role for PDZ1 in regulating the accessibility of binding sites for ligand
interaction.
5.2.1.4 Summary
Altogether, the results indicate that PDZ1 may not be solely responsible for
4PDZ:WT β-PIX peptide interaction, as PDZ1 appeared to be dispensable in
3PDZ/4PDZPDZ1mut:WT β-PIX peptide formation.

5.2.2 Characterisation of 2PDZ
5.2.2.1 2PDZ purification
As the ultimate aim is to identify the region of 4PDZ domain that is responsible for
WT β-PIX peptide interaction, a construct was designed to further truncate 3PDZ
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construct. This new construct termed 2PDZ consists of PDZ3 and PDZ4 together
(Figure 5.2A), and is similar to the crystal structure (Figure 5.1) that was discussed
at the start of this chapter.
To prepare sufficient amounts of 2PDZ for functional studies, I expressed and
purified 2PDZ as a GST tagged recombinant protein and followed similar purification
procedures as β-PIXcc in Chapter 3. The final purification step involves a SEC, which
resulted in protein samples of high purity when examined on SDS-PAGE (Figure
5.12).
5.2.2.2 Determination of 2PDZ binding profiles
To determine 2PDZ interaction profiles, β-PIX peptides and superpeptides
interaction were examined via ITC. 2PDZ interacted with WT β-PIX peptide with a
stoichiometry of one (1.14 ± 0.25) with an affinity of ~54 µM (Figure 5.13). In
contrast interaction of 2PDZ with WT superpeptide yielded a stoichiometry between
2 and 3 with an affinity of ~10 µM (Figure 5.13). The mutants of both β-PIX peptide
and superpeptide diminished interaction with 2PDZ as expected (Figure 5.13).
Though 2PDZ has affinity for both WT β-PIX peptide and WT superpeptide, 2PDZ
represents the lowest binder when compared to 3PDZ and 4PDZPDZ1mut (Table 5.1).
5.2.2.3 Determination of 2PDZ overall shape using SAXS
As 2PDZ binding affinities was the lowest among ITC studies, the “open book”
conformation of 2PDZ crystal structure (PDB ID:4WYT) was verified using SAXS to
ensure that 2PDZ adopts a similar conformation in solution. The rationale is that the
extended binding groove of PDZ3 that emerged from the “open book” conformation
may contribute to 2PDZ weak affinities.
SAXS scattering curves were collected for 2PDZ at 2.64 mg/mL with three
subsequent dilution series (Figure 5.14A). Their scattering profiles showed
similarities suggesting that the protein species is not dependent on protein
concentration. The 2PDZ SAXS suggests that 2PDZ is globular in solution as
determined via the kratky plot (Figure 5.14C), which is in agreement with the shape
of the 2PDZ crystal structure. The guinier plot and Rg values from all concentrations
revealed no significant aggregates or inter particle repulsion in 2PDZ samples
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(Figure 5.14B,D). Thus, the 2.64 mg/mL scattering curve was used for subsequent
SAXS data processing due to its highest signal to noise ratio.
To verify that the “open book” conformation of 2PDZ crystal structure is adopted in
solution, 2PDZ experimental SAXS curve was compared with the theoretical
scattering curve computed from the crystal structure, the χ2 = 18.94 (Figure 5.15B).
As χ2 value is rather large and both curves do not fit well, this implies that the 2PDZ
in solution orientation does not agrees well with the configuration observed in the
crystal structure. Considering the in-house 2PDZ construct has more amino acid
residues on both N- and C-terminal (Figure 5.15A), SAXS modelling was performed
using both rigid body and ab initio modelling to visualise the 2PDZ conformation in
solution.
5.2.2.3.1 Rigid body modelling of 2PDZ
The rigid body modelling of 2PDZ was performed using two separate programs,
BUNCH and CORAL. High resolution structures of 2PDZ (PDB ID: 4WYT), isolated
PDZ3 and PDZ4 from the 2PDZ structure, and PDZ4 structure from NMR were used
in rigid body modelling. Different combinations of high-resolution structures were
used during rigid body modelling to obtain the lowest χ2 value that best represents
the experimental curve. The isolated PDZ3 from 2PDZ structure and the NMR
structure of PDZ4 reconstructed models with low χ2 values in both BUNCH and
CORAL. This indicates that the separation of PDZ3 and PDZ4 domain from the 2PDZ
“open book” conformation provided a better representation to the experimental
data. The final model that showed the best fit with the lowest χ2 value of 2.33 was
obtained from BUNCH as displayed in Figure 5.16A and Figure 5.17.
5.2.2.3.2 Ab initio modelling of 2PDZ
In order to validate the rigid body model, ab initio model was generated to ensure
that the overall shape of both models agree with each other. The Dmax of 100 Å was
used for 2PDZ ab inito modelling as determined through the P(r) from the scattering
curve using GNOM (Figure 5.16B) (Svergun 1992). Both DAMMIN and GASBOR
programs were used in 2PDZ ab initio modelling.
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DAMMIN models reliably constructed models of lower χ2 values when compared to
GASBOR reconstructed models. Hence, twenty DAMMIN models were simulated and
averaged using DAMAVER (Volkov and Svergun 2003), and re-modelled using
DAMMIN to ensure the simulated model best represents the experimental scattering
curve. The theoretical scattering curves of the final DAMMIN model showed a good
fit with the experimental data, with a χ2 of 1.34 (Figure 5.16C). As shown in Figure
5.17, the rigid body model fitted well within the ab initio model, indicating that the
models show a good representation of the experimental data.
5.2.2.4 Summary
The SAXS models reveal that 2PDZ adopts a more flexible conformation in solution
rather than the rigid “open book” conformation. This suggests that the low affinities
of 2PDZ for WT β-PIX peptide and WT superpeptide could possibly be affected by
the steric hindrance between PDZ3 and PDZ4 instead of the “open book”
conformation. Meanwhile truncation of the PDZ domains to 2PDZ did not disrupt
peptides binding, this may indicate that the important factor during WT β-PIX
peptide interaction is PDZ3 since PDZ4 has no binding affinities towards WT β-PIX
peptide.

5.2.3 Scribble interaction with β-PIX in a cellular context
Extensive studies of Scribble PDZ domains with WT β-PIX peptide has narrowed
down the possibility of PDZ3 playing an important role during β-PIX interaction. To
determine whether the above finding is relevant in physiological setting, full length
Scribble with mutations at different PDZ domains binding sites (Scribble mutant
cDNAs were a kind gift from Professor Walter Hunziker, A*Star, Singapore) were
overexpressed in stable cell lines as GFP fused recombinant protein and the
interaction with β-PIX was assessed via co-immunoprecipitation. The mutations
made were similar to the ones employed in ITC experiments (Figure 5.2B and Figure
5.18). The notion is to not only inspect the role of each PDZ domains in the context
of full length Scribble, but also to investigate other factors such as post-translational
modifications that may influence Scribble interaction.
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5.2.3.1 Investigation of Scribble interaction with β-PIX in mammalian
epithelial cells.
The HEK293T cell line was chosen for these experiments due to its robustness and
ease of manipulation (Thomas and Smart 2005). Overexpressed GFP tagged fulllength Scribble mutants were co-immunoprecipitated using anti-GFP antibody and
β-PIX interaction were detected through western blotting. GFP fused LRR domain
did not show specificity toward β-PIX, while mutations in PDZ1, PDZ2 and PDZ3
binding site respectively did not interfere with β-PIX interaction. Instead, mutations
in PDZ4 binding groove impeded interaction (Figure 5.19A). This is surprising
because based on the ITC studies, PDZ4 does not have affinity towards β-PIX,
indicating that factors other than binding specificity are crucial during Scribble:βPIX interaction.
To show that the observation in HEK293T cells is replicable in other cell lines and is
not cell line dependent, similar procedures of co-immunoprecipitation were
performed for MCF10A. MCF10A is a non-tumorigenic and well-characterised
human breast epithelial cell line that would be a good candidate for the experiment.
The results from MCF10A’s co-immunoprecipitation are in agreement with
HEK293T’s, where PDZ4 mutation in the context of GFP tagged full-length Scribble
disrupted β-PIX interaction (Figure 5.19B). Similarly, LRR domain does not have
affinity nor influence Scribble interaction with β-PIX as demonstrated by GFP-LRR
and GFP-Scribble LRRp305L. The latter construct represents a full length GFP fused
Scribble with a point mutation at position 305 from Proline to Leucine that abolishes
LRR’s function. This experiment supports PDZ4’s important role during Scribble:βPIX interaction.
5.2.3.2 Summary
Though PDZ4 does not show affinity for β-PIX, the co-immunoprecipitation studies
highlights the importance of PDZ4 in Scribble:β-PIX interaction which suggests that
PDZ4 may play a role in stabilising Scribble interaction with β-PIX in vivo.
Additionally, the mutations in each different PDZ domain that has affinity for β-PIX
failed to abolish interaction, suggesting a redundancy system within the 4PDZ.
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5.3 Discussion
5.3.1 PDZ1 is dispensable during 4PDZ interaction with β-PIX
peptide
The important role of PDZ1 in 4PDZ interaction with β-PIX as hypothesised in
chapter 4 led to the design of three new constructs (4PDZPDZ1mut, 3PDZ and 2PDZ) to
challenge the hypothesis. Initially, the analysis of PDZ2mut confirmed that the
mutations incurred at PDZ binding site abrogates interaction with WT β-PIX peptide
(Figure 5.4). Then the 4PDZPDZ1mut:WT superpeptide interaction showed decreased
stoichiometry from the initial four binding sites in 4PDZ to three binding sites,
which is consistent with the engineered mutation in PDZ1 giving rise to loss of
binding (Table 5.1). By physically eliminating PDZ1 from 4PDZPDZ1mut, which is
represented by 3PDZ, 3PDZ:WT superpeptide interaction would yield three binding
sites. Nonetheless, 3PDZ:WT superpeptide interaction only occurred through one to
two binding sites (Table 5.1). This suggests that PDZ1 might regulate the
accessibility of extra binding sites, as elimination of PDZ1 in 3PDZ impedes access to
additional binding site during 3PDZ:WT superpeptide interaction.
Conversely, 4PDZPDZ1mut:β-PIX peptide interaction persisted through one binding site
(Table 5.1). This suggests that the interaction could still occur through PDZ2 or
PDZ3, inferring a dispensable role for PDZ1 in 4PDZ:WT β-PIX interaction. This is
supported by the 3PDZ:WT β-PIX peptide binding where the interaction was
preserved through a single binding site. The 4PDZPDZ1mut and 3PDZ binding of WT βPIX peptide shared very comparable affinities KD ~20 µM (Table 5.1), suggesting
that a similar interacting mechanism is involved in both interaction. In comparison,
4PDZ:β-PIX peptide showed a tighter binding, 13.84 ± 2.30 µM (Table 5.1). This
indicates the presence of a functional PDZ1 contributed to 4PDZ:β-PIX tighter
peptide binding (KD ~ 14 µM) when compared to 4PDZPDZ1mut:β-PIX peptide (KD ~
25 µM).
Taken together, the 3PDZ/4PDZ/4PDZPDZ1mut:superpeptide infer PDZ1 importance
in the context of 4PDZ and 4PDZPDZ1mut in exposing more binding sites during
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superpeptide interaction. Another argument could be that 3PDZ adopts a different
conformation when isolated compared to the context of 4PDZ hence the
dissimilarity in binding stoichiometries between 3PDZ and 4PDZPDZ1mut:WT
superpeptide. This later argument is less plausible since 3PDZ/4PDZPDZ1mut:β-PIX
peptide interaction yield comparable affinities, indicating a similar mode of action.
Hence the notion that 3PDZ adopts a similar conformation on its own or in the
context of 4PDZ/4PDZΔPDZ1 would be more convincing. A model is proposed to
illustrate these findings and will be discussed in detail in the next chapter.

5.3.2 PDZ3 facilitate 4PDZ interaction with β-PIX peptide
In order to examine which PDZ domain is the key to 3PDZ/4PDZ/4PDZPDZ1mut:β-PIX
peptide interaction, isolated PDZ:β-PIX peptide affinities were compared (Figure
3.8). Of all, PDZ3:β-PIX peptide interaction showed the closest affinity (KD = 14.47 ±
2.09 µM) to 3PDZ/4PDZ/4PDZΔPDZ1:β-PIX peptide interaction (~14-20 µM),
suggesting PDZ3 as a promising factor in facilitating these interaction (Table 5.1).
This notion is supported by the 2PDZ:WT β-PIX peptide interaction, where continual
complex formation was observed with a stoichiometry of one (Table 5.1). This
interaction would occur through PDZ3 within 2PDZ as isolated PDZ3 but not PDZ4 is
capable of binding to WT β-PIX peptide as shown in chapter 3. Though an interesting
finding was in the context of tandem-arranged 2PDZ, the interaction with WT β-PIX
peptide was at least three fold weaker (~54 µM) in comparison to isolated PDZ3:βPIX peptide interaction (~14 µM).

5.3.3 2PDZ adopt a less compact conformation in solution
To appreciate the function of an expanded binding groove unveiled through the
2PDZ crystal structure, 2PDZ in-solution conformation was determined (Figure
5.17). Initial comparison of the 2PDZ crystal structure theoretical scattering curve
with the experimental data were not in agreement (χ2 = 18.94), indicating the
existence of other 2PDZ conformations in-solution (Figure 5.15).
Interestingly, modelling of 2PDZ scattering data with separated PDZ3 and PDZ4
generated a much better representation of the experimental curve (Figure 5.16-17).
Some of the speculation includes 2PDZ does not adopt such an intimate
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conformation in solution as observed in the crystal structure. As SAXS is an insolution technique, a SAXS model would only represent the average of all protein
states. Thus another explanation could be that the “open book” conformation is
constantly being acquired and disassembled, or that the less intimate and “open
book” 2PDZ conformation is in equilibrium. Nevertheless, the 2PDZ SAXS result
shows that the “open book” conformation does not dominate 2PDZ orientation. This
may help explain that the flexible 2PDZ conformation in solution may cause steric
hindrance during 2PDZ interaction with WT β-PIX peptide during ITC studies that
resulted in a weaker binding affinity.
Furthermore, the authors’ structural analysis of PDZ4 hypothesised that PDZ4
possess a distorted binding groove and thus incapable of ligand recognition (Ren,
Feng et al. 2015). PDZ4 engagement with WT superpeptide in chapter 3 disagrees
with their speculation. This is further supported by WT superpeptide binding to
2PDZ, where the stoichiometry of the interaction was between 2 and 3 (Table 5.1).
This implies that the PDZ4 binding groove is indeed functional.

5.3.4 PDZ4 plays a role in full length Scribble:β-PIX interaction
The data presented so far demonstrated that multi PDZ interactions contribute to
ligand specificity and underscore the existence of a layer of regulatory mechanism
underpinning the inter PDZ communication, in which PDZ3 may play an important
part. I attempted to extend the understanding of 4PDZ interaction to full length
Scribble to investigate how binding events could be impacted in a cellular context.
Co-immunoprecipitation from HEK293T and MCF10A that stably overexpress GFP
fused mutant forms of full length Scribble allowed the investigation of the
significance of each PDZ domains in β-PIX binding specificity (Figure 5.19).
Results from two different cell lines were in agreement, indicating that the
interaction is not cell dependent, at least in these two scenarios (Figure 5.19). As
expected, LRR domain has no specificity for β-PIX, nor did its mutation (as seen in
GFP-LRR, GFP-hScrib LRRP305L) impact on the interaction (Figure 5.19). Mutations in
PDZ1 did not disrupt β-PIX interaction. In addition, mutations of PDZ2 and PDZ3 in
full length Scribble that were hypothesised to be important in β-PIX interaction, also
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did not affect binding either. Surprisingly, GFP-hScribPDZ4mut disrupted β-PIX
interaction, despite PDZ4 lack of affinity towards β-PIX peptide (Figure 3.8 in
chapter 3). This suggests a possible role for PDZ4 in regulating β-PIX interaction
rather than acting as the interaction platform. This regulation is not uncommon as
studies of inter PDZ domains have showed how one PDZ with no affinity towards a
ligand would facilitate the stabilisation and reduced state of another PDZ domain
ligand interaction (Feng, Shi et al. 2003, Long, Wei et al. 2008, Liu, Wen et al. 2011).
Nonetheless, the stable cell lines used in these experiments not only contains
overexpressed GFP tagged mutant Scribble, but also endogenous Scribble.
Unpublished data from our lab showed that Scribble is able to form oligomers
through the LRR domain. Thus, interactions between the native Scribble and GFP
tagged Scribble may occur, and may have implications in β-PIX interaction. In order
to obtain a clearer picture of each PDZ domains contribution in Scribble interaction
with endogenous β-PIX, a cell line with null Scribble background would be required.
Lastly, another aspect that the co-immunoprecipitation studies indicate is the role of
PDZ domains binding redundancy in Scribble:β-PIX interaction. This binding
redundancy of PDZ1, PDZ2 and PDZ3 towards β-PIX (as shown in chapter 3, Table
3.1) may have a physiologically relevant role. This is apparent in the mutations of
PDZ1, 2 and 3 respectively in full length Scribble, where β-PIX binding were not
affected. The significance of this redundancy is thought to be in line with the
hypothesis of Scribble being a scaffold protein that allows binding to multiple ligand
at the same time. For instance, when one of Scribble PDZ domains is occupied with a
ligand, another available PDZ domain could then interact with β-PIX, hence
assembling a molecular hub for signal transmission between proteins.

5.4 Summary
This chapter reveals the role of each PDZ domains in Scribble interaction with β-PIX.
Firstly, PDZ1 is involved in the exposure of extra binding sites, together with a role
of inducing a tighter binding affinity for β-PIX in the context of 4PDZ. Second, based
on 4PDZ:β-PIX peptide affinity, PDZ3 is proposed to directly bind β-PIX peptide. This
is followed by PDZ4’s role in stabilising or promoting Scribble:β-PIX interaction in a
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physiological setting. Fourth, the importance of PDZ domains binding redundancies
towards β-PIX is shown in both in vitro and cellular context. For instance, extensive
truncation and mutation of 4PDZ failed to impede binding to β-PIX peptide. Whilst,
mutations in each PDZ domains of full length Scribble had no affect on β-PIX
association except for PDZ4 mutation. All in all, this chapter demonstrated that each
PDZ domains has individual roles during 4PDZ interaction. In order to incorporate
all the findings, the proposed model will be elaborated in detail in the following
chapter.
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A

Figure 5-1 Crystal structures of 2PDZ (Ren, Feng et al. 2015).
This is the 2PDZ crystal structure that consists of PDZ3 (cyan) and PDZ4 (yellow)
tandem bound to an artificial peptide (orange). The peptide interaction with 2PDZ
involves the surface of both PDZ3 and PDZ4 as depicted. The binding pocket of each
PDZ domains is showed in red, whereas the linker that joins both domains is in
black.
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Figure 5-2 Constructs used to decipher the PDZ domains regulatory system.
A schematic of newly designed Scribble constructs (A). Mutations introduced to PDZ
domains binding site to abolish function (B). The highlighted amino acids in red are
the mutated residues.
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Figure 5-3 PDZ2mut purification profiles.
Size exclusion chromatogram (SEC) of PDZ2mut (A). SDS-PAGE of the size exclusion
chromatography samples (B). The final concentrated PDZ2mut sample is also
shown.

125

Chapter 5: Structural characterisation of PDZ domains
A

WT -PIX peptide

WT Superpeptide

Time (min)
0

20

Time (min)

40

60

0

60

!"#$%&'"

!"#$%&'"

40

0.00

0.00

-0.20

-0.20

0.00

("#$) *+$ ) +.) /01'"2#02

-1.00

-2.00

0.00

-1.00

,-

("#$) *+$ ) +.) /01'"2#02

-0.40

,-

PDZ2

20

0

B

1

2

3

4

5

-2.00

6

0

1

3

Molar Ratio

WT -PIX peptide

WT Superpeptide
Time (min)

Time (min)
0

2

Molar Ratio

10

20

30

40

50

60

70

0.10

0

10

20

30

40

50

60

70

0.00

!"#$%&'"

-0.10
-0.20

-0.10

-0.30

-0.20

1.00

1.00

("#$) *+$ ) +.) /01'"2#02

0.00
-1.00
-2.00
-3.00
-4.00
-5.00

0.00
-1.00

,-

("#$) *+$,-) +.) /01'"2#02

PDZ2mut

!"#$%&'"

0.00

0

-2.00
-3.00

1

Molar Ratio

0

1
Molar Ratio

Figure 5-4 Isothermal titration calorimetry (ITC) of PDZ2mut.
The ITC binding profiles of the wild type PDZ2 (A) and PDZ2mut (highlighted in red)
(B) with wild type β-PIX peptide and superpeptide are presented. 50 µM PDZ2 was
titrated with 1.4 mM WT β-PIX peptide and 670 µM WT superpeptide respectively.
75 µM of PDZ2mut was tested with 500 µM of WT β-PIX peptide and WT
superpeptide respectively. WT: wild type.
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Figure 5-5 Cloning of 4PDZPDZ1mut into pGex-6P-3 vector.
The 1 % agarose gel on the right depicts the restriction enzymes digested vector and
insert in preparation for ligation. Successful pGex-4PDZPDZ1mut clones liberated
4PDZPDZ1mut insert after restriction enzyme treatment shown on the left.
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Figure 5-6 Overexpression and purification profile of 4PDZPDZ1mut.
The SDS-PAGE illustrates the overexpression of 4PDZPDZ1mut and each succeeding
purification steps (A). Cation exchange of 4PDZPDZ1mut at pH 6.0 to bind 4PDZPDZ1mut
onto HiTrap SP FF columns (B). An additional cation exchange purification at pH 7.5
in order to remove remaining contaminants (C). Size exclusion chromatogram of
4PDZPDZ1mut as the last purification step (D).
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Figure 5-7 4PDZPDZ1mut isothermal titration calorimetry (ITC) studies.
A table to summarise 4PDZPDZ1mut ITC results (A). Raw ITC thermogram (top panel)
and one-site binding model fitted binding isotherm (bottom panel) of 4PDZPDZ1mut
binding studies of β-PIX peptides (B) and superpeptides (C). 400 µM WT and 350
µM mutant superpeptide was titrated into 12 µM 4PDZPDZ1mut respectively. 19 µM
4PDZPDZ1mut was titrated with 400 µM WT β-PIX peptide. N: stoichiometry, WT: wild
type, ±: standard deviation, NB: no binding, NA: not applicable.
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Figure 5-8 Cloning of 3PDZ into pGex-6P-3 vector.
Restriction enzymes digested vector and insert that were used for cloning are as
displayed. The successful ligated pGex-6P-3-3PDZ clone treated with restriction
enzymes is shown.
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Figure 5-9 3PDZ overexpression and purification profile.
SDS-PAGE analysis of 3PDZ overexpression and each subsequent purification steps
of 3PDZ (A). 3PDZ chromatogram of cation exchange gradient elution at pH 8.5 using
HiTrap CaptoMMC column (B). This allows 3PDZ to bind to the column, liberated
from contaminants.
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Figure 5-10 Size exclusion profile of 3PDZ.
The SDS-PAGE presents the protein sample before and after size exclusion
chromatography (SEC) (A). This chromatogram shows the purification of 3PDZ using
Superdex 200 10/300 GL column, with the second peak containing 3PDZ (B).
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Figure 5-11 3PDZ interaction studies.
The binding parameters calculated from 3PDZ interaction studies (A). Isothermal
titration calorimetry (ITC) raw thermogram (top panel) and fitted binding isotherm
(bottom panel) of 3PDZ interaction with β-PIX peptides (B) and superpeptides (C).
36 µM of 3PDZ was titrated with 575 µM WT β-PIX peptide, whereas 18 µM of 3PDZ
was titrated with 300 µM mutant β-PIX peptide. Whilst 18 µM of 3PDZ binding
profiles with 300 µM of WT and mutant superpeptide respectively are shown. N:
stoichiometry, WT: wild type, ±: standard deviation, NB: no binding.
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Figure 5-12 Purification of 2PDZ.

Size exclusion chromatography (SEC) of 2PDZ using Hi Load 16/600 Superdex 200
prep grade (A). The accompanied SDS-PAGE revealed the SEC before and after
fractions (B).
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Figure 5-13 Characterisation of 2PDZ binding profiles through ITC.
A summary of 2PDZ affinity towards β-PIX peptide and superpeptide (A). 34 µM
2PDZ titrated with 1 mM WT β-PIX peptide, and 42 µM 2PDZ titrated with 1 mM
mutant β-PIX peptide binding isotherms are shown (B). The binding profiles of 19
µM 2PDZ interaction with 500 µM WT and mutant superpeptide respectively (C). N:
stoichiometry, WT: wild type, ±: standard deviation, NB: no binding.
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Table 5-1 A summary of isothermal titration calorimetry (ITC) studies for the newly
designed constructs.
The binding parameters of 4PDZPDZ1mut, 3PDZ and 2PDZmut processed with one-site
binding model. The computed values are from at least three replicates, excluding
3PDZ:β-PIX which was repeated twice. N: stoichiometry, WT: wild type, ±: standard
deviation, NB: no binding, NA: not applicable.
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Figure 5-14 SAXS analysis of 2PDZ.
A log plot of 2PDZ scattering curves from a range of dilution series, 2.64 - 0.42
mg/mL (A). Guinier plot for all concentrations is showed (B), as well as the Kratky
plot (C). Radius of gyration calculated from each concentration is plotted (D).
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Figure 5-15 Determination of 2PDZ conformation in solution vs. crystal structure.
A schematic of the 2PDZ SAXS construct illustrating the additional amino acids at
both N- and C- terminal when compared to the crystal structure (PDB ID: 4WYT)
(purple) (A). A theoretical scattering curve of crystal structure 4WYT was calculated
using the program CRYSOL and compared with the SAXS experimental data (B).
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Figure 5-16 A comparison of SAXS models fitting with the experimental data.
A log plot of the theoretical scattering curve of the rigid body model generated from
BUNCH, overlaid with the SAXS experimental data (A). 2PDZ pair-distribution
function of the scattering curve derived from GNOM (B). A theoretical scattering of
the DAMMIN ab initio model is superimposed with the experimental data (C).
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Figure 5-17 Model reconstructions of 2PDZ in solution.
The BUNCH rigid body model (PDZ3 in magenta; PDZ4 in yellow) is overlaid with
the DAMMIN ab initio model (orange). View at 90° rotation at the x-axis is shown.
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Figure 5-18 Mutations incurred in full length Scribble PDZ domains that were used in
co-immunoprecipitation studies.
This diagram shows the residue positions that were mutated in hScribPDZ3mut and
hScribPDZ4mut constructs to abolish the respective domains function.
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Figure 5-19 Co-immunoprecipitation studies of Scribble interaction with β-PIX in a
cellular context.
Various mutated GFP-Scribble full-length constructs were stably overexpressed in
HEK293T cell lines and co-immunoprecipitated by GFP antibody to evaluate β-PIX
interaction (on the left in panel A). WCL of each stable HEK293T cell lines are shown
(on the right in panel A). Different mutated GFP-Scribble full length overexpressed
by MCF10A stable cell lines were immunoprecipitated with GFP antibody and
blotted for β-PIX (on the left in panel B). WCL of each stable MCF10A cell lines were
analysed with GFP, α-tubulin and β-PIX antibody (on the right in panel B). IP:
Immunoprecipitate. GFP: Green Fluorescent Protein. WCL: Whole cell lysate.
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This thesis investigated the mechanism of action involved in Scribble ligand
recognition. The work presented here showed that isolated PDZ domains
interactions with β-PIX C-terminal PDZ binding motif (PBM) are arranged in a
hierarchical system. Moreover, this thesis also presented for the first time the
significance of Scribble PDZ domains cooperative effect on β-PIX binding. Through
extensive characterisation of the PDZ domains, the role of each individual PDZ
during Scribble PDZ domains ligand recognition is demonstrated. Herein, a model is
proposed to summarise all the observations presented and discuss in depth the
relevant implications.

6.1 A model illustrating the supramodule of Scribble PDZ
domains ligand interaction
At the beginning of this thesis (Chapter 1), the role of Scribble as an adaptor protein
to coordinate cellular processes was discussed. Through intricate ligand
interactions, Scribble forms several signalling hubs with specific ligand/s and
localises them to precise cellular compartments for activity. As the majority of these
interactions are initiated through Scribble PDZ domains, the mechanism that
oversees Scribble binding dynamics is key to understanding Scribble’s function as a
polarity regulator as well as its activity during cancer progression.
In chapter 4, characterisation of 4PDZ led to the discovery of β-PIX PBM engagement
through only one binding site. Models proposed in chapter 4 illustrated 4PDZ:β-PIX
interaction through PDZ1. Nonetheless, extensive characterisation of the PDZ
domains using numerous constructs (in chapter 5), disproved PDZ1’s dominant role
in Scribble PDZ domains interaction. By incorporating the binding affinities of
isolated PDZ domains towards β-PIX PBM (from chapter 3), together with the 4PDZ
SAXS reconstructed models, a model is proposed (Figure 6.1). The model presented
here describes PDZ3 as central to β-PIX ligand recognition; the significance of PDZ
binding redundancy at work.
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Figure 6-1 The proposed model for Scribble PDZ domains interaction.
The process of building the proposed model is shown (A). Initially, the presence of
PDZ3 and PDZ4 together caused steric hindrance that decreases PDZ3 binding
specificity. The presence of PDZ2 however moved PDZ4 slightly away from PDZ3.
This is followed by the addition of PDZ1 in 3PDZ illustrated by the far right model
where inter PDZ interaction is speculated between PDZ1, PDZ2 and PDZ4,
decreasing steric hindrance that may impede PDZ3 binding. Since it is not possible
to determine if the availabilities of binding sites are the cause or result from peptide
interaction, two separate models are shown. The proposed model in (B) depicts that
all binding sites are exposed prior to ligand binding, and the subsequent hindrance
of other PDZ domains binding are ligand dependent. Conversely, the model
proposed in (C) suggests that additional binding site accessibility is the result of
ligand binding.
_______________________________________________________________________________________________

6.1.1 PDZ domains interaction mechanism
The model here illustrates two possible starting states adopted by 4PDZ (Figure
6.1A), which are similar to the model proposed in chapter 4; one describes initial
exposure of all binding sites and upon ligand interaction other binding sites become
unavailable (Figure 6.1B); the other illustrates a limited number of binding sites
initially and additional binding sites subsequently being made accessible by ligand
interaction (Figure 6.1C).
6.1.1.1 PDZ3 initiates interactions
This model shows PDZ3 as a key player during PDZ domains ligand engagement. The
rationale for this model was born from the observations in chapter 5, where
progressive truncations of the 4PDZ construct (3PDZ and 2PDZ) did not occlude βPIX PBM interaction. This infers that 2PDZ is sufficient for the physical interaction
with β-PIX PBM. As PDZ4 binding to β-PIX PBM was not detected in chapter 3, PDZ3
binding groove was speculated to be responsible for β-PIX PBM binding. To further
support this, PDZ3:β-PIX PBM binding affinity (Table 3.1) is comparable to 4PDZ:βPIX PBM (Figure 4.2).
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In the proposed model PDZ1, 2 and 4 are suggested to tilt away from the PDZ3
binding site, minimising steric hindrance that may reduce β-PIX binding affinity. The
rationale for this speculation is built on the functional studies of the shortest multi
PDZ construct (2PDZ), and then gradually expanded by observations from larger
multi PDZ domains constructs (3PDZ, 4PDZ and 4PDZPDZ1mut) (Figure 6.1A).
6.1.1.2 PDZ2 facilitate tighter peptides binding
When the 2PDZ:peptides binding affinities (Table 5.1) were compared against
PDZ3:peptides interactions (Table 3.1), 2PDZ affinities were consistently weaker by
at least three fold, inferring that the presence of PDZ4 obstructs PDZ3 interaction.
The 2PDZ weaker binding could arguably be an attribute of the extended PDZ3
binding groove due to the 2PDZ “open book” conformation. Nonetheless, 2PDZ SAXS
data (Figure 5.15) does not agree with the argument since the conformation of 2PDZ
in solution (Figure 5.17) reflects a more flexible and less rigid arrangement,
implying that 2PDZ may not always adopt an extended PDZ3 binding groove in
solution. Thus, a simpler explanation for 2PDZ weaker peptide binding would be the
steric hindrance of PDZ4 interfering with PDZ3 peptide binding.
Following on, the presence of PDZ2 with 2PDZ, represented by the 3PDZ construct,
binding affinities for peptides were increased (Table 5.1). This indicates that PDZ2
contributes to ligand specificity. Thus, the presence of PDZ2 in 3PDZ is proposed to
restrict PDZ4 from interfering with PDZ3 binding to ligand. As a consequence, 3PDZ
could interact with the peptides at higher affinities compare to 2PDZ (Table 5.1)
(Figure 6.1A).
6.1.1.3 PDZ1 opens up extra binding sites
The presence of PDZ1 irrespective of a functional binding groove is suggested to
regulate access to extra binding sites during 4PDZ interaction. In the absence of
PDZ1 in 3PDZ construct, superpeptide interaction only occurred through one to two
binding sites instead of the hypothesised three binding sites; Whilst in the presence
of a mutated PDZ1 in 4PDZPDZ1mut, superpeptide binding involved three binding sites.
In support of this, the identification of the accessibility of the connecting loop
between PDZ1 and PDZ2 from partial trypsin digest (Figure 4.10) suggests that
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PDZ1 flexibility may contribute to regulating availability of binding, possibly
through interaction with other PDZ domains.
6.1.1.4 PDZ4 stabilises 4PDZ interaction
The role of PDZ4 in this model stabilises the PDZ domains interaction (Figure 6.1A).
Through cellular functional studies of the full length Scribble (Figure 5.19),
mutations in PDZ domains binding grooves that have affinities for β-PIX (PDZ1,
PDZ2 and PDZ3) did not abrogate binding, while a mutated PDZ4 binding groove
disrupted β-PIX interaction. Hence, the integrity of the PDZ4 binding groove is
thought to be crucial in maintaining Scribble interaction with β-PIX. Although
Scribble binding partners such as APC, β-catenin and ZO-2 may bind to PDZ4, it
remains to be shown if any of these interactions stabilises Scribble ligand
recognition. Additionally, the differences in 4PDZ interaction stoichiometry with βPIX PBM and superpeptide suggest that the affinity of superpeptide but not β-PIX
peptide towards PDZ4 may have induced the exposure of additional binding sites.

6.1.2 PDZ binding redundancies at work
Moreover, this model also suggests that while PDZ3 is unavailable (due to mutation
or occupied by ligand) the binding redundancies mechanism will direct the ligand
towards the next available binding site (PDZ1 or PDZ2) for ligand interaction,
allowing persistent ligand binding. As mentioned above, mutations in PDZ domain
binding grooves in the context of full length Scribble were not able to disrupt
binding except for PDZ4 mutation in a cell context (Figure 5.19), inferring the
significance of PDZ binding redundancies in play. Similar observations were noted in
the in vitro binding studies where mutations (4PDZPDZ1mut) and truncations (3PDZ,
2PDZ) of the 4PDZ failed to impede interactions with β-PIX C-terminus PBM. This
suggests that the binding redundancies of PDZ domains (as shown in chapter 3) may
be functionally important in ligand recognition. The notion is that when one of the
PDZ domains is unavailable (due to binding to other ligand or mutations), the next
available PDZ domain presumably with the highest binding affinity is speculated to
interact with β-PIX.
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6.1.3 Ligand-dependent binding mechanism
To incorporate the model in explaining Scribble PDZ domains binding profiles
observed in both in vitro (Figure 4.2) and cellular environment (Figure 5.19), 4PDZ
is suggested to interact with β-PIX PBM and superpeptide through PDZ3
respectively. In the model where all binding sites are initially available (Figure 6.1B),
binding of 4PDZ to β-PIX PBM resulted in PDZ1, PDZ2 and PDZ4 to be tilted away
from the binding site, where the binding grooves become embedded. During
4PDZ:superpeptide complex formation, PDZ1, PDZ2 and PDZ3 have closer affinities
for superpeptide, allowing each PDZ to bind superpeptide, thus preventing the
subsequent embedding of binding grooves in the overall structure. Another
explanation could be that the sequence of the peptide binding alters binding
affinities of other PDZ domains towards ligand interaction which results in the
differences in β-PIX PBM and superpeptide binding stoichiometry.
In the model where only limited binding sites (PDZ3 and PDZ4) are exposed (Figure
6.1B), 4PDZ binds β-PIX PBM at PDZ3 binding groove. However, in the case of
superpeptide interaction with 4PDZ, the stronger binding affinity (approximately
seven fold of β-PIX peptide) of superpeptide for PDZ3 (Table 3.1) resulted in PDZ1
facilitating additional binding sites being expose.
In all cases, the basic model (Figure 6.1A) proposes that while PDZ3 binding groove
is mutated, the ligand engagement could occur at PDZ1 or PDZ2. It is
however difficult for the scope of this thesis to identify the precise mechanism
induced by the binding redundancy of the PDZ domains. Nonetheless, the hierarchy
of isolated PDZ domains towards ligand binding is speculated to contribute to the
mechanism involved.

6.1.4 Summary
Collectively, the model proposed the role of each PDZ domains during interaction,
with PDZ3 being the main binding platform for ligand recognition, while others play
a supportive role. Moreover, the redundancy system of the PDZ domains may be an
important aspect of Scribble binding to multiple protein at any given time.
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The proposed model is however limited to in vitro studies of Scribble PDZ domains,
and other cellular environmental factors such as post-translational modification, the
inter domain activity between LRR and PDZ domains would need to be further
investigated. The precise alteration of structural components resulting from ligand
binding, including specific residues and overall structure/orientation of each PDZ
domain in space would also need further elucidation to understand PDZ domains
binding mechanism.
As previous studies have always emphasised isolated PDZ domains interaction with
Scribble biological interactors, the importance of inter PDZ domains cooperation has
very much been neglected. Hence the model described here is intended to bring
attention to the importance of inter PDZ domains activity and that the determination
of isolated PDZ:ligand interaction may not reflect the whole Scribble binding
relationship. In line with the flexibility of 4PDZ observed through SAXS modelling,
4PDZ may adopt multiple arrangement based on its environment. Thus, the model
proposed here intends to serve as a conceptual framework to understand how 4PDZ
interacts in the given binding studies condition and would require additional
validation.

6.2 Validating the model
In order to validate this model, mutations in PDZ4 in the context of 4PDZ
(4PDZPDZ4mut) will be necessary to corroborate the proposed binding redundancy
system and the essential role of PDZ4 in stabilising interaction. A simple isothermal
titration calorimetry of 4PDZPDZ4mut with β-PIX peptide will determine if PDZ4 is
indeed necessary for PDZ domains interaction. If 4PDZPDZ4mut with β-PIX peptide
does not abolish interaction, this infers that other factors in the cell may have
contributed to the endogenous β-PIX interaction with GFP-hScribPDZ1mut, GFPhScribPDZ2mut and GFP-hScribPDZ3mut proteins (Figure 5.19).
Next to test the significance of PDZ3 physical interaction with ligand during 4PDZ
binding, mutations in PDZ3 in the context of 4PDZ (4PDZPDZ3mut) would unveil if
PDZ3 is central to 4PDZ interaction. If 4PDZPDZ3mut failed to abolish interactions with
β-PIX PBM, this would narrow it down to two separately possibilities: PDZ2 is
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required instead to facilitate 4PDZ ligand interaction; the PDZ domains binding
redundancies is indeed important.
To test PDZ2 significance in acting as the 4PDZ interaction platform, a construct with
mutations in 4PDZ’s PDZ2 binding groove (4PDZPDZ2mut) would be functionally
characterised. This will then address the underlying questions about binding
redundancies and also if there is a dominant PDZ during 4PDZ interaction.

6.3 PDZ domain potential regulatory mechanism
The supramodule model proposed (Figure 6.1) for 4PDZ interaction is not
uncommon for scaffold proteins, where dynamic interaction between domains
together with unstructured protein regions (such as linkers) can form to modulate
ligand specificity (Imamura, Maeda et al. 2002, McCann, Zheng et al. 2012).
Although the mechanism underlying the dynamic roles of the Scribble PDZ domains
are currently unknown, studies on other PDZ containing proteins can shed some
light in this matter. The intra molecular dynamic of PDZ domains signalling
proposed by this thesis is also observed in other PDZ proteins. A member of the
Scribble complex, Discs large protein (Dlg) displayed inter domain interactions
between the PDZ3-Src homology 3-Guanylate kinase-like (PDZ3-SH3-GK) domains
for regulatory binding of a synaptic protein GUK-holder (GUKh) (Qian and Prehoda
2006). The Dlg SH3 domain interacts with GK domain to obstruct GUKh access to the
binding site (Qian and Prehoda 2006). In the presence of a linker between the PDZ3SH3 domains, SH3:GK interaction was inhibited, allowing for GUKh binding to SH3GK binding site (Qian and Prehoda 2006). A similar mechanism is observed in Dlg
rat homolog SAP97, where the interaction between SH3-GK domains interfered with
GKAP (GUK-associated protein) binding (Wu, Reissner et al. 2000). However, the
presence of the Dlg N-terminal relieved SH3-GK intra domains binding, consequently
promoting GKAP interaction (Wu, Reissner et al. 2000). These examples underscore
the importance of intra molecular signalling in regulating a binding event that has
implications for protein functionality.
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Next, the proposed model suggests that peptide binding to 4PDZ could initiate
allosteric events that may alter PDZ binding affinities or accessibility of binding
sites. In line with this, the extracytoplasmic heat-shock factor DegP induce an
allosteric event upon peptide binding to DegP PDZ1, and activates DegP proteolytic
site (Krojer, Pangerl et al. 2008, Merdanovic, Mamant et al. 2010). Likewise, the
ezrin binding protein NHERF1 PDZ1 and PDZ2 binding capabilities increases when
NHERF1 C-terminal binds to ezrin (Li, Callaway et al. 2009, Bhattacharya, Ju et al.
2013).
Other factors that may influence inter PDZ interactions are PDZ binding groove
functionality and the positioning of PDZ domains within the full length protein
(Imamura, Maeda et al. 2002). Mutations in the binding groove of PSD-95 protein
that comprise of three PDZ domains was more susceptible to trypsin digestion
suggesting the role of PDZ binding grooves in generating a more intact molecular
packing (Imamura, Maeda et al. 2002). Additionally, inverse positioning of the PDZ
domains in PSD-95 also decreased the efficiency of ligand binding (Imamura, Maeda
et al. 2002).
Together, these examples demonstrate how intra- and inter- molecule interaction
could propagate changes to the PDZ domains module that may regulate their PDZ
counterparts binding affinity, which may further explain the mechanistic of 4PDZ
interaction with WT β-PIX peptide and superpeptide.

6.4 Scribble dynamics in cell proliferation and cancer
progression
Supporting Scribble’s role as an adaptor protein for binding multiple ligands and the
notion that Scribble function is context dependent, the proposed model suggests a
flexible PDZ orientation that allows the domains to work together to regulate
Scribble PDZ domains ligand specificity. Of note, the interesting finding of the Kinase
Interaction Motif (KIM) being embedded in the first trypsin cleavage site suggests an
easy access for Scribble phosphorylation which may have implications in regulation
of cell signalling.
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The presence of other domains (e.g. LRR domain) within the full length Scribble
protein may also contribute to additional intra-molecular interactions that could
influence the supramodule of the isolated 4PDZ domains. As an example, the PSD-95
protein that contains five domains harbours an intricate intra-molecular interaction
that orientates the domains into two supramodules (McCann, Zheng et al. 2012).
During Scribble complex formation with biological interactors, the resulting
interaction may change the overall conformation of Scribble, which may increase
ligand specificity for the next binding partner.
Nevertheless, Scribble complex formation is not solely dependent on the structural
conformation of Scribble but also the ligand’s binding affinity and the abundance of
available ligand, together with possible trans hindrance resulting from multi protein
complex formation. The post-translational state of the Scribble ligand is also crucial
as C-terminal PBM phosphorylation could alter its affinities for Scribble interaction
(Pangon, Van Kralingen et al. 2012).
Given that most of Scribble ligands PBM contains the PDZ class I motif, this would
mean that additional regulatory mechanisms as described above would play a
substantial role in Scribble’s intricate role in cell polarity and cancer progression. As
an example, during cell migration β-PIX, MCC and Vimentin are all involved with
Scribble respectively. This raises the question of how does Scribble induce
specificity during this process. This highlights the importance of deciphering
Scribble delicate ligand binding system. By cooperating the work presented in this
thesis and the literature, β-PIX, MCC and Vimentin can interact with at least both
isolated Scribble PDZ1 and PDZ3 domains. It is thus speculated that the abundance
and post-modification of the ligand, PDZ:ligand affinity, availability of Scribble PDZ
domains will determine the competition of the interaction and have an impact on the
intensity of the signalling pathway involved.

6.5 Conclusion and future directions
This thesis has revealed and highlighted inter PDZ domains interaction as an
important factor during Scribble interaction. While others have focussed on
characterising individual PDZ domains, my work here underscores the prominence
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of characterising beyond isolated PDZ constructs. Future work on determining high
resolution structures of Scribble PDZ domains in the absence and presence of ligand
would provide a considerable step in understanding the PDZ arrangement and
residues that regulate Scribble function through coordinating Scribble complex
formation.
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